
A SEARCH FOR DI FFERENTI AL POLYPEPTI DE SYNTHESI S

THROUGHOUT THE CELL CYCLE OF HELA CELLS

RODRI GO BRAVO and JULI O E. CELI S. Fr omt he Di vi si on of Bi ost r uct ur al Chemi st r y, Depar t ment of

Chemi st r y, Aar hus Uni ver si t y, 8000 Aar hus C, Denmar k

ABSTRACT

The pol ypept i des synt hesi zed dur i ng t he cel l cycl e of HeLa cel l s wer e anal yzed by

means of t wo- di mensi onal gel el ect r ophor esi s f ol l owed by f l uor ogr aphy under

condi t i ons i n whi ch t he posi t i on of 700 pol ypept i des ( aci di c and basi c) coul d be

r epr oduci bl y assessed. Mi t ot i c cel l s obt ai ned by mechani cal det achment and

synchr oni zed cel l s i n ot her st ages of t he cel l cycl e wer e l abel ed wi t h [ " S] met hi oni ne

f or 30- mi n pul ses or f or l ong t er ms st ar t i ng at t he begi nni ng of each phase . Vi sual

compar i son of t he pol ypept i de maps obt ai ned i n t he di f f er ent st ages of t he cel l

cycl e showed t hat t hese wer e st r i ki ngl y si mi l ar , and t her e was no i ndi cat i on t hat

t he synt hesi s of any of t he det ect ed pol ypept i des was conf i ned t o onl y one of t he

cel l cycl e phases . Quant i t at i on of 99 abundant pol ypept i des ( aci di c and basi c) i n

pul se- l abel ed and l ong- t er m l abel ed cel l s r eveal ed t hat t he r el at i ve amount ( i . e . ,

t he r at e of synt hesi s) of most pol ypept i des, i ncl udi ng t ot al act i n, a- act i ni n, 6

abundant basi c nonhi st one pr ot ei ns, and 13 maj or aci di c pr ot ei ns pr esent i n Tr i t on

cyt oskel et ons, r emai ns const ant t hr oughout t he cel l cycl e . Among t he f ew var i abl e

pol ypept i des ( mar ker s) , we have i dent i f i ed a- and a- t ubul i n ( i ncr ease i n M) , t he

subuni t of t he 100- A f i l ament pr ot ei n " f i br obl ast t ype" ( decr eases i n M) , and a

36, 000 mol wt aci di c cyt oar chi t ect ur al pr ot ei n t hat i ncr eases i n S. A f ew ot her

uni dent i f i ed pol ypept i des have al so been f ound t o var y i n Mand i n M and G2,

but no mar ker was f ound i n G, .
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The cel l cycl e of somat i c cel l s i s di vi ded i nt o f our

st ages, namel y, G, , S, G2 and mi t osi s ( M) ( 17, 18) .

The S phase cor r esponds t o t he i nt er mi t ot i c st age

t hat i s engaged i n chr omosomal DNA synt hesi s .

G, and Gcor r espond t o t he t wo gaps i n t he

i nt er mi t ot i c st age, G, pr ecedi ng t he S phase and

G2 comi ng af t er i t ( 10) . Cel l di vi si on t akes pl ace

i n M, a phase t hat i s char act er i zed by dr ast i c

changes i n cel l mor phol ogy and cel l sur f ace char -

act er i st i cs ( 3, 17, 18) .

St udi es of RNA synt hesi s dur i ng t he cel l cycl e
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have i ndi cat ed t hat most RNA synt hesi s t akes
pl ace cont i nuousl y dur i ng G, , S, and G2, but t hat
i t ceases i n mi t osi s ( 25, 28) . Si mi l ar l y, i t has been

shown t hat pr ot ei n synt hesi s t akes pl ace cont i nu-

ousl y t hr oughout t he mi t osi s cycl e, t hough at a

r educed r at e ( 7, 11) .

Cent r al t o under st andi ng t he pr ocesses t hat con-

t r ol cel l pr ol i f er at i on i s t he el uci dat i on of t he

mechani sms t hat r egul at e macr omol ecul ar synt he-

si s and cel l pr ogr essi on t hr oughout t he cel l cycl e .

Towar d t hi s ai m, we r epor t her e a det ai l ed anal ysi s
of aci di c and basi c pol ypept i des synt hesi zed dur -
i ng t he l i f e cycl e of HeLa cel l s t hat was made
usi ng hi gh- r esol ut i on t wo- di mensi onal gel el ect r o-

phor esi s ( l 5, 16) .
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MATERI ALS AND METHODS

Cel l s and Cel l Synchr ony

HeLa cel l s ( GI BCO Bi o- Cul t Lt d . , st ock sour ce, Amer i can

Type Cul t ur e Col l ect i on) wer e gr own r out i nel y as monol ayer

cul t ur es i n Eagl e' s mi ni mal essent i al medi um( MEM) cont ai ni ng

10%f et al cal f ser umand ant i bi ot i cs ( 100 U/ ml peni ci l l i n, 50 j ug/

ml st r ept omyci n) . Mi t ot i c cel l s wer e obt ai ned by mechani cal

det achment essent i al l y as descr i bed by Ter asi ma and Tol mach

( 26) . Two 250- ml f l asks cont ai ni ng - 1- 2 x 10' cel l s per f l ask

wer e used . The homogenei t y of t he col l ect ed cel l s was assessed

accor di ng t o t he cr i t er i a descr i bed by Ter asi ma and Tol mach

( 26) . The di st r i but i on of phases i n mi t ot i c popul at i ons was det er -

mi ned by phase- cont r ast mi cr oscopy. Count s of t he di st r i but i on

of phases i n a mi t ot i c popul at i on gave: pr ophase, 10%; met aphase,

66% ( i ncl udi ng ear l y and l at e pr omet aphase) ; anaphase, 3%;

t el ophase, 13%; and i nt er phase, 8%.

Det er mi nat i on of t he Dur at i on of t he Phases

of t he Cel l Cycl e

The aver age dur at i on of t he phases of t he HeLa di vi si on cycl e

was det er mi ned i n synchr onous cul t ur es as descr i bed by Ter asi ma

and Tol mach ( 26) . The aver age dur at i on of G, was 11 . 7 h; S was

8 . 8 h; and Gs and Mwas 4 h . The di vi si on t i me was 24 . 5 h. 5%

of t he cel l popul at i on i n G, i ncor por at ed [ ' ' Hi t hymi di ne af t er 7

h.

Label i ng of Mi t ot i c Cel l s wi t h (
3B

SJ-

Met hi oni ne

Mi t ot i c cel l s ( 1- 3 x 10' ) har vest ed at 4' C and washed wi t h

col d Hanks' buf f er wer e l abel ed at 37° C i n 0. 1 ml of Dul becco' s

modi f i ed mi ni mal essent i al medi um ( DMEM) wi t hout met hi o-

ni ne t hat cont ai ned I g/ l i t er of NaHC03, I 0%di al yzed f et al cal f

ser um, 100 pCi of [ : ' S] met hi oni ne ( Amer sham SJ204, Engl and) ,

and I mg/ l i t er of col d met hi oni ne. At t he end of t he l abel i ng

per i od, t he cel l s wer e washed i n Hanks' buf f er and r esuspended

i n l ysi s buf f er ( l 5) . On t he aver age, t he t i me bet ween har vest i ng

and t he begi nni ng of l abel i ng var i ed f r om 10 t o 15 mi n.

Label i ng of I nt er phase Cel l s wi t h [ 35S] _

Met hi oni ne

Mi t ot i c cel l s det ached as descr i bed above and r esuspended i n

compl et e MEMwer e pl aced i n 5- cm Pet r i di shes cont ai ni ng 9-

mi n' cover sl i ps ( Mi cr ocover gl ass, 3 x 3 mm, Bel l co Gl ass, I nc . ,

Vi nel and, N. J . ) . To l abel t he synchr oni zed i nt er phase cel l s, t he

cover sl i ps wer e washed t hr ee t i mes i n Hanks' sol ut i on andpl aced

i n 0 . 25- ml , r ound- bot t omed mi cr ot i t er pl at es ( NUNC, Denmar k)

cont ai ni ng 0 . 1 ml of DMEMwi t hout met hi oni ne, 1 g/ l i t er of

NaHC03 , 100 pCi of [ ' ' Sl met hi oni ne ( Amer sham, Engl and) , I

mg/ l i t er of col d met hi oni ne, and 10%di al yzed f et al cal f ser um

( 5) . Cel l s wer e pul se l abel ed f or 30 mi n st ar t i ng at t he begi nni ng

of each phase . For l ong- t er m l abel i ng, cel l s wer e l abel ed f or t he

f ol l owi ng t i mes : G, , 5 . 5 h ; S, 9 h; and Gz, 3 h. I n al l cases, cel l s

wer e l abel ed f r omt he begi nni ng of each phase. The same pat t er n

of pol ypept i des was obt ai ned when t he cel l s wer e l abel ed i n t he

pr esence of 30 mg/ l i t er of col d met hi oni ne. At t he end of t he

l abel i ng per i od, t he sl i des wer e washed t hr ee t i mes by di ppi ng

t hemi nt o wel l s cont ai ni ng Ca" - and Mg" - f r ee Hanks' sol ut i on

and wer e pl aced i mmedi at el y i n 20 pl of l ysi s buf f er ( 15) .
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Two- di mensi onal Gel El ect r ophor esi s

The pr ocedur es essent i al l y f ol l owed t hose descr i bed' by

O' Far r el l and co- wor ker s ( 15, 16) . A 15%acr yl ami de gel was

used i n t he second di mensi on. Appr oxi mat el y 2 x 10' TCA-

pr eci pi t abl e cpmwer e appl i ed per gel ( aver age number of cel l s :

M( 30 mi n) = 18, 000 cel l s; G, ( 30 mi n) = 8, 000 cel l s ; G, ( 5 . 5 h)

= 800 cel l s; S ( 30 mi n) = 8, 500 cel l s ; S ( 9 h) = 425 cel l s; Gz ( 30

mi n) = 5, 700 cel l s; and Gz ( 3 h) = 960 cel l s) . The gel s wer e

pr ocessed f or f l uor ogr aphy as descr i bed by Laskey and Mi l l s

( 12) . Pol ypept i des ( i soel ect r i c f ocusi ng [ I EF] and nonequi l i br i um

pHgr adi ent el ect r ophor esi s [ NEPHGE] ) wer e number ed st ar t i ng

f r omt he t op of t he f i r st di mensi on and f r omt he hi ghest mol ec-

ul ar wei ght . For quant i t at i on, t he gel s wer e cut out , r esuspended

f or 12 h i n 10% Bi o- sol y sol ubi l i zer BBS- 3 i n t ol uene- based

sci nt i l l at or , and count ed f or 10 mi n . The i dent i t y of a- act i ni n,

a- t ubul i n, l - t ubul i n, and t ot al act i n was det er mi ned by coel ec-

t r ophor esi s wi t h pur i f i ed mar ker s and by anal ysi s of pol ypept i des

f r omTr i t on cyt oskel et ons t r eat ed wi t h buf f er s of l ow and hi gh

i oni c st r engt h ( 22, 23, and Br avo, Smal l , and Cel i s, submi t t ed f or

publ i cat i on) .

RESULTS

Synt hesi s of Aci di c and Basi c Pol ypept i des

t hr oughout t he Cel l Cycl e. Pul se Label i ng

Synchr oni zed HeLa cel l s i n di f f er ent st ages of

t he cel l cycl e wer e l abel ed wi t h [ " S] met hi oni ne

f or 30- mi n pul ses st ar t i ng at t he begi nni ng of each

phase or af t er col l ect i on, i n t he case of mi t osi s ( see

Mat er i al s and Met hods) . Anal ysi s of t he l abel ed

pol ypept i des by t wo- di mensi onal gel el ect r opho-

r esi s ( 15, 16) f ol l owed by f l uor ogr aphy ( 12) r e-

veal ed - 700 pol ypept i des ( aci di c and basi c) whose

posi t i on coul d r epr oduci bl y be assessed . The gel

pat t er ns wer e super i mposabl e, and l i t t l e r adi oac-

t i vi t y r emai ned at t he or i gi n . Vi sual compar i son
of t he pol ypept i de maps obt ai ned i n t he di f f er ent
st ages of t he cycl e i ndi cat ed t hat t hey wer e st r i k-
i ngl y si mi l ar , i f not i dent i cal , and t her e was no

i ndi cat i on t hat t he synt hesi s of any of t he vi sual l y

det ect ed pol ypept i des was conf i ned t o onl y one of

t he phases of t he cel l cycl e i nasmuch as al l t he

pol ypept i des wer e r epr esent ed i n al l f our st ages,

t hough at a much r educed amount i n a f ew cases

( see bel ow) .

For cal cul at i on of t he r el at i ve pr opor t i on of t he

pol ypept i de spot i n t he di f f er ent st ages of t he

cycl e, 99 abundant pol ypept i des ( 66 aci di c [ I EF]

and 33 basi c [ NEPHGE] ) wer e chosen ( Fi g . 1 A
and B) . The i ndi vi dual pol ypept i des wer e exci sed

f r om t he gel , and t hei r r adi oact i vi t y was det er -

mi ned by sci nt i l l at i on count i ng . The r el at i ve

amount of each pol ypept i de was cal cul at ed on t he

basi s of t he amount of r adi oact i vi t y pr esent i n
spot s 12 ( I EF) and 20 ( NEPHGE) because t he

amount of t hese t wo pol ypept i des was r emar kabl y



FI GURE 1

	

Two- di mensi onal gel el ect r ophor esi s maps of [ " S] met hi oni ne pol ypept i des f r om 100 asyn-

chr onous HeLa cel l s l abel ed f or 24 h . I n t hi s pat t er n, one can see al l t he pol ypept i des synt hesi zed

t hr oughout t he cel l cycl e . ( A) Summar y of pul se l abel i ngs . Onl y number ed spot s wer e quant i t at ed ( see

Tabl e I ) . Pol ypept i des whose r el at i ve pr opor t i on ( Tabl e I ) var i ed by l ess t han t wof ol d dur i ng t he cel l cycl e

ar e i ndi cat ed wi t h a l i ght bl ue ar r ow. The col or i ndi cat es t he phases i n t he cycl e i n whi ch t her e i s var i at i on.

Red = mi t osi s ; yel l ow = S; l i ght gr een ( NEPHGE 2l ) = G2 ; br own = Mand S; gr een = Mand G2 ; apr i cot

( I EF 1) = G, and S. Unnumber ed ar r ows i ndi cat e obvi ous changes i n i nt ensi t i es, but t hese spot s wer e not

quant i t at ed . The gel s have been exposed so as t o keep t he i nt ensi t y of t he spot s wi t hi n t he l i near r ange of
t he f i l m r esponse. Onl y 400 pol ypept i des of 700 det ect ed i n t he f l uor ogr ams ar e seen i n t he phot ogr aphs .

Pol ypept i de spot 47 cor r esponds t o a- , a- , and y- act i n . a- and y- act i n ar e t he pr edomi nant var i ant s i n

HeLa cel l s . ( B) Compar i son bet ween shor t - t er m and l ong- t er m l abel i ng ( see Tabl e I ) . Dar k bl ue ar r ows

i ndi cat e spot s whose shor t - t er m/ l ong- t er m l abel i ng r at i o i n each of t he i nt er phases var i es by l ess t han

t wof ol d . Those spot s whose r at i o var i es by mor e t han t wof ol d i n any phase of t he cycl e ar e i ndi cat ed wi t h

a col or ed ar r ow. Or ange = var i at i on i n G, ; l i ght gr een = var i at i on i n G2; magent a ( I EF 1) = var i at i on i n

al l phases ; apr i cot ( NEPHGE 21) = var i at i on i n G, and S; vi ol et ( NEPHGE 17) = var i at i on i n S and G2.
The ast er i sks i ndi cat e spot s whose r el at i ve pr opor t i on var i es by mor e t han t wof ol d when l ong- t er ml abel ed
i nt er phase cel l s ar e compar ed.



const ant f r om cel l cycl e phase t o cel l cycl e phase .

	

of t he r at e of synt hesi s of a gi ven pol ypept i de . The

As a f i r st appr oxi mat i on, t hi s val ue i s a measur e

	

r el at i ve amount of 49 of t he 99 spot s anal yzed i s

798

	

RAPI D COMMUNI CATI ONS

TABLE I

Rel at i ve Pr opor t i on of Sever al Pol ypept i des dur i ng t he Cel l Cycl e

Pol ypept i de M

Shor t - t er m l abel i ng- r el at i ve pr opor t i on`

G, s Gi

Rat i o- - shor t - t er m/ l ong- t er m

G, G

l abel i ng$

Aci di c

1 1 . 46 3 . 63 2 . 84 1 . 41 2 . 49 3 . 15 2 . 01

5 0 . 33 0 . 36 0 . 39 0 . 37 1 . 12 1 . 85 1 . 19

6 0 . 62 1 . 21 1 . 88 1 . 65 0. 49 1 . 14 0 . 69

7 0. 77 2 . 05 1 . 45 1 . 20 2 . 10 1 . 48 1 . 26

9 0 . 35 0 . 44 0 . 44 0 . 32 1 . 22 0. 94 1 . 45

10 1 . 53 0 . 75 0 . 35 0 . 67 1 . 23 1 . 06 1 . 52

12 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00

13 2 . 48 4 . 00 3 . 79 3 . 36 1 . 27 1 . 17 0 . 96

17 0. 83 1 . 02 0 . 77 1 . 06 0 . 64 0. 35 0 . 51

18 0. 99 0. 75 0, 96 0 . 99 0 . 99 1 . 41 1 . 11

19 3 . 62 1 . 36 1 . 21 1 . 80 1 . 40 0. 97 1 . 65

20 0. 80 1 . 03 0 . 87 1 . 07 1 . 35 1 . 32 1 . 62

23 0. 69 0. 67 0 . 63 0. 66 1 . 09 1 . 03 0. 97

25 8 . 00 3 . 63 3 . 08 4 . 43 1 . 10 1 . 28 1 . 33

26 1 . 26 2 . 95 2 . 52 2 . 95 0 . 86 0. 93 1 . 02

27 0. 61 0. 31 0. 35 0. 25 1 . 07 1 . 66 0. 93

29 0. 11 0. 12 0 . 18 0 . 14 0 . 86 1 . 20 1 . 27

30 0. 32 0. 17 0 . 16 0 . 42 1 . 21 1 . 45 1 . 50

32 0 . 28 0. 05 0. 06 0. 27 1 . 00 0 . 69 1 . 12

33 0 . 85 0. 78 0. 73 0. 70 1 . 04 1 . 49 1 . 67

36 1 . 88 1 . 82 1 . 71 1 . 41 1 . 01 0. 86 0. 74

37 0 . 92 0. 48 0. 49 0. 43 0 . 75 0 . 62 0. 67

41 0 . 05 0. 02 0. 02 0. 06 1 . 00 1 . 00 1 . 20

45 0. 32 0. 53 0. 45 0. 39 2 . 03 1 . 55 1 . 85

47 37 . 13 42 . 23 41 . 97 40. 06 1 . 02 1 . 05 1 . 01

48 0 . 52 0 . 65 0. 59 0. 66 1 . 51 0 . 95 1 . 73

49 0 . 17 0. 12 0. 24 0. 09 1 . 71 0 . 92 1 . 16

50 1 . 39 1 . 26 1 . 33 1 . 27 1 . 14 1 . 12 1 . 02

51 0 . 55 0 . 47 0. 62 0. 78 1 . 02 1 . 12 1 . 39

53 0 . 46 0 . 46 0. 37 0. 56 1 . 15 1 . 12 1 . 64

56 0. 18 0. 43 0. 49 0. 62 1 . 43 1 . 40 1 . 36

58 0 . 97 1 . 01 1 . 20 0 . 97 1 . 48 1 . 44 1 . 38

61 0 . 34 0 . 29 0. 29 0. 42 1 . 61 1 . 22 2. 20

65 0 . 43 0 . 69 0. 41 0. 56 0 . 93 0 . 95 2. 07

Basi c

1 1 . 44 2 . 03 2 . 12 1 . 64 0. 84 1 . 00 1 . 13

5 0 . 13 0 . 12 0 . 11 0 . 11 0. 63 0 . 78 0. 85

6 0 . 24 0 . 16 0 . 20 0 . 20 0. 94 0 . 87 0 . 60

7 3 . 02 2 . 91 2 . 40 2 . 87 1 . 01 0 . 80 0 . 80

9 0 . 99 1 . 19 0 . 98 0 . 92 1 . 27 1 . 44 0. 92

12 4 . 52 3 . 52 3 . 68 2 . 86 1 . 21 1 . 53 0 . 96

14 3 . 18 3 . 54 2 . 94 3 . 14 1 . 18 0 . 85 0 . 89

15 0 . 30 0 . 38 0 . 16 0 . 29 1 . 40 0 . 80 1 . 38

17 0 . 26 0 . 18 0 . 17 0 . 17 1 . 20 2 . 12 2 . 12

18 5 . 56 6 . 49 5 . 75 4 . 82 1 . 34 1 . 13 0 . 93

20 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00 1 . 00

21 0 . 91 0 . 66 0 . 78 0 . 33 2. 06 5 . 20 1 . 57

26 0. 30 0. 22 0 . 20 0 . 18 1 . 69 1 . 54 0 . 52



Pol ypept i de M G, S

gi ven i n Tabl e I , and a summar y of al l 99 spot s i s

gi ven i n Fi gur e I A. Gi ven t he r epr oduci bi l i t y of

t he gel s and t he const ancy of many pol ypept i des,

we have ar bi t r ar i l y def i ned as var i abl e t hose whose

r el at i ve i nt ensi t i es var y by t wof ol d or mor e . 83 of

t he 99 pol ypept i des showed a l ess t han t wof ol d

var i at i on when t hei r r el at i ve amount s i n t he f our

phases of t he cycl e ar e compar ed . These ar e i ndi -

cat ed wi t h a l i ght bl ue ar r ow i n Fi g . I A . Onl y 16

pol ypept i des var i ed by t wof ol d or mor e ( Tabl e I ) ,

and t hese ar e i ndi cat ed as f ol l ows ( Fi g. 1 A) : r ed

ar r ows : ( M) , I EF spot s 6 ( decr eases) , 7 ( decr eases) ,

19 ( a- t ubul i n [ 9] , mol wt 57, 000, i ncr eases) , 25

( , ( 3- t ubul i n [ 9] , mol wt 55, 000, i ncr eases) , 26 ( 100-

A f i l ament subuni t " f i br obl ast t ype" [ 4, 14] , mol

wt 55, 000, decr eases) , 27 ( i ncr eases) , 37 ( i ncr eases) ,

56 ( decr eases) ; yel l ow: ( S) , I EF spot 49 ( i ncr eases) ,

NEPHGE spot 15 ( decr eases) ; br own: ( M and S) ,

I EF spot 10 ( hi gh i n M, l ow i n S) ; gr een : ( Mand

G2) , I EF spot s 30, 32, and 41 ( hi gh i n Mand G2) ,

and apr i cot : ( G, and S) , I EF spot 1 ( hi gh i n G,

and S) .

The spot s i ndi cat ed wi t h unnumber ed ar r ows i n

Fi g. 1 A cor r espond t o pol ypept i des t hat showed

obvi ous changes i n i nt ensi t i es ( M, r ed ar r ows ; M

and G2, gr een ar r ows) , but t hese wer e not quant i -

t at ed because t hei r count er par t s i n t he same phase,

or i n ot her phases, even t hough vi si bl e af t er l ong

exposur es, di d not l end t hemsel ves t o quant i t at i on.

As an exampl e, Fi g . 2A- C shows t he pol ypept i de

pat t er ns ( I EF) of mi t ot i c cel l s l abel ed f or 22, 30,

and 60 mi n, r espect i vel y . Onl y t he por t i on of t he

gel wher e most changes occur i s shown. Not e t hat

TABLE I Cont i nued

Shor t - t er m l abel i ng- r el at i ve pr opor t i on"

	

Rat i o- shor t - t er m/ l ong- t er m l abel i ng$

G, G,

	

G Gz

28 0. 44 0. 27 0. 35 0. 30

	

3 . 00 1 . 06 0. 91
31

	

0. 32 0. 21 0. 22 0. 18

	

1 . 50 1 . 69 0. 70

' Dat a based on 30- mi n pul ses gi ven at t he begi nni ng of each phase . The dat a ar e based on quant i t at i ons of t wo or
mor e i ndependent sampl es . The aver age pr opor t i on of each spot r el at i ve t o spot s 12 ( I EF) and 20 ( NEPHGE) i s
gi ven f or 48 of t he 99 pol ypept i des anal yzed . When 2 x 10 5 dpmwer e appl i ed per gel , t he aver age number s of
count s i n spot 12 ( I EF) wer e t he f ol l owi ng: M( 30 mi n) = 391 ; G, ( 30 mi n) = 387; S ( 30 mi n) = 388; and G2 ( 30
mi n) = 399 . For spot 20 ( NEPHGE) , t he f ol l owi ng aver age number s of count s wer e obt ai ned : M( 30 mi n) = 326;
G, ( 30 mi n) = 336 ; S ( 30 mi n) = 344 ; and G2 ( 30 mi n) = 381 .

$ The r el at i ve pr opor t i on of each spot i n l ong- t er m l abel i ngs was cal cul at ed as above . Synchr onous cel l s i n each
phase wer e l abel ed f or t he f ol l owi ng t i mes f r om t he begi nni ng of each phase: G, , 5 . 5 h ; S, 9 h ; and G2, 3 h . The
aver age number s of count s i n spot 12 ( I EF) ( 2 x 10 5 dpmappl i ed t o t he gel ) wer e t he f ol l owi ng : G, ( 5 . 5 h) = 398;
S ( 9 h) = 425 ; and G2 ( 3 h) = 402 . Count s i n spot 20 ( NEPHGE) wer e t he f ol l owi ng : G, ( 5 . 5 h) = 354 ; S ( 9 h) =
372 ; and G2 ( 3 h) = 337 . Fr om t he dat a i n t hi s t abl e, i t i s possi bl e t o det er mi ne t he per cent of any of t hese
pol ypept i des r el at i ve t o t ot al pr ot ei n l abel appl i ed t o t he gel . The dat a have not been cor r ect ed f or t he ef f i ci ency
of count i ng ( 50%) .

t he quant i t y of some pol ypept i des var i es consi d-

er abl y t hr oughout mi t osi s ( unnumber ed and num-

ber ed ar r ows i n Fi g. 2, r ed ar r ows i n Fi g. 1 A) .

Whet her some of t hese pol ypept i des cor r espond t o

pr ecur sor s, have a hi gh t ur nover number , or ar e

subj ect t o modi f i cat i ons i s not known .

Of t he i nvar i abl e pol ypept i des, we have i dent i -

f i ed t ot al act i n ( I EF spot 47, mol wt 43, 000, 16%

of t he t ot al l abel ed pr ot ei ns) ( 21, 27) , a- act i ni n

( I EF spot 8, mol wt 95, 000, 0. 8% of t ot al l abel ) ,

and si x abundant basi c nonhi st one pr ot ei ns

( NEPHGE spot s 2, 3, 5, 9, 13, and 17) t hat ar e

pr esent mai nl y i n kar yopl ast s i sol at ed f r omHeLa

cel l s pr el abel ed wi t h [ " S] met hi oni ne and enucl e-

at ed wi t h cyt ochal asi n B ( Br avo, Mosses, Cel i s,

and Cel i s, i n pr epar at i on) . Al so, anal ysi s of Tr i t on

cyt oskel et ons ( 23) has shown t hat I EF pol ypep-

t i des 6, 7, 8, 12, 13, 24, 31, 33, 35, 36, 37, 52, and

65 cor r espond t o maj or cyt oar chi t ect ur al pr ot ei ns

( Br avo, Smal l , and Cel i s, manuscr i pt submi t t ed) .

Recent r esul t s obt ai ned by Mi l car ek and Zahn

f r om HeLa cel l s ( 13) have shown t hat act i n syn-

t hesi s r emai ns const ant dur i ng t he cel l cycl e .

The per cent r el at i ve t o t ot al pr ot ei n l abel ap-

pl i ed t o t he gel f or al l 49 pol ypept i des r epor t ed i n

Tabl e I can be cal cul at ed usi ng t he dat a gi ven i n

t he l egend of t hi s t abl e . Unf or t unat el y, as a r esul t

of t he poor l abel i ng of t he hi st one pr ot ei ns wi t h

[ " S] met hi oni ne, we have been unabl e t o st udy t he

synt hesi s of t hese pr ot ei ns t hr oughout t he cycl e .

These pr ot ei ns ar e synt hesi zed i n t he S phase ( 8,

20) , al t hough t her e i s evi dence i ndi cat i ng t hat H,

i s al so synt hesi zed i n G, but at a r educed r at e ( 24) .

RAPI D COMMUNI CATI ONS

	

799



FI GURE 2

	

Two- di mensi onal gel el ect r ophor esi s anal y-
si s of pol ypept i des i sol at ed f r om mi t ot i c cel l s l abel ed f or
t hr ee di f f er ent t i me per i ods. Onl y a f r act i on of t he gel i s
shown i n each case . Mi t ot i c cel l s wer e l abel ed f or ( A) 22

mi n, ( B) 30 mi n, and ( C) 90 mi n . Onl y number ed spot s
have been quant i t at ed .

Rel at i ve I nt ensi t i es of Pol ypept i des i n Long-

t er m- l abel ed I nt er phase Cel l s Compar ed wi t h

Pul se Label i ngs

Synchr oni zed HeLa Cel l s i n GI , S, and G2 wer e

l abel ed wi t h [ 35 S] met hi oni ne f or 5. 5, 9, and 3 h,

r espect i vel y, st ar t i ng at t he begi nni ng of each
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phase. The pol ypept i des wer e anal yzed by t wo-

di mensi onal gel el ect r ophor esi s under t he same

condi t i ons descr i bed f or shor t - pul se l abel i ngs, and

t he r el at i ve pr opor t i on of each pol ypept i de was

cal cul at ed r el at i ve t o pol ypept i des 12 ( I EF) and

20 ( NEPHGE) . The r at i o of shor t - t er m vs . l ong-

t er m l abel i ng f or 49 pol ypept i des i s gi ven i n Tabl e

I , and a compl et e summar y i s gi ven i n Fi g . 1 B.

The r at i o of 89 pol ypept i de spot s var i ed by l ess

t han t wof ol d when al l t hr ee i nt er phase st ages of

t he cycl e wer e compar ed, and t hese ar e i ndi cat ed

by dar k bl ue ar r ows i n Fi g . l B. Those pol ypep-

t i des whose r at i o var i es by t wof ol d or mor e i n any

phase of t he cycl e ar e i ndi cat ed as f ol l ows ( Fi g .

1 B) : magent a ar r ow ( t he r at i o var i ed i n al l t hr ee

phases, I EF spot 1) ; or ange ( var i ed i n GI , I EF

spot s 6, 7, 40, 45, and NEPHGE spot 28) ; l i ght

gr een ( var i ed i n G2 , I EF spot s 61 and 65) ; apr i cot

( var i ed i n GI #nd S, NEPHGEspot 21) and vi ol et

( var i ed i n S and G2, NEPHGE spot 17) . At pr es-

ent , i t i s not known whet her t hese changes r ef l ect

var i at i ons i n t he r at e of pol ypept i de synt hesi s, i n

t he r at e of degr adat i on, or bot h . I t i s al so possi bl e

t hat some of t hese changes ar e caused by modi f i -

cat i ons.

Those pol ypept i des whose r el at i ve amount

changes by t wof ol d or mor e when onl y l ong- t er m-

l abel ed GI , S, and G2 cel l s ar e compar ed ar e

i ndi cat ed by an ast er i sk i n Fi g. 1 B, i . e. , I EF spot

l ( l ow i n G2 ) ; 9 ( l ow i n G2) ; 30 ( hi gh i n G2) ; 32

( hi gh i n G2) ; 40 ( l ow i n GI ) ; 41 ( hi gh i n G2) ; 49

( hi gh i n S) ; 65 ( l ow i n G2) ; NEPHGE spot 6 ( l ow

i n GI ) ; 17 ( l ow i n S and G2) ; 21 ( l ow i n S and G2) ;

28 ( l ow i n GI ) . Of t hese pol ypept i des, I EF 30, 32,

41, and 49 var y i n t he same phase( s) as shor t - t er m-

l abel ed cel l s, wher eas pol ypept i des I EF I and 21

show di f f er ences as t o t he phase( s) i n whi ch t her e

i s var i at i on . Pol ypept i des I EF 9 and NEPHGE 6

and 28 have been obser ved t o var y i n l ong- t er m-

l abel ed cel l s onl y . Taken t oget her , t hese r esul t s

suggest t hat , i n a f ew cases, t he r at e of pol ypept i de

synt hesi s, degr adat i on, or modi f i cat i on ( phospho-

r yl at i on, acet yl at i on) may var y i n a gi ven phase or

t hr oughout t he cel l cycl e .

DI SCUSSI ON

Our r easons f or under t aki ng t hese exper i ment s

wer e t wof ol d. Fi r st l y, we wer e i nt er est ed i n st udy-

i ng t he ef f ect of i oni zi ng r adi at i on on gene expr es-

si on, and, secondl y, we wer e i nt er est ed i n sear ch-

i ng f or pol ypept i de mar ker s f or t umor i geni ci t y . I n

bot h cases, i t i s essent i al t o know how much



var i at i on t her e i s i n pol ypept i de synt hesi s t hr ough-

out t he pr ocess of cel l di vi si on.

One of t he st r i ki ng f eat ur es of our r esul t s i s t hat

al l vi sual l y det ect ed aci di c and basi c pol ypept i des

ar e synt hesi zed t hr oughout t he cel l cycl e and t hat ,

when di f f er ences appear ed, t hey wer e cl ear l y var -

i at i ons i n r el at i ve i nt ensi t y ( r at e of synt hesi s)

r at her t han t he appear ance of newpol ypept i des .

Thi s obser vat i on i s i n agr eement wi t h si mi l ar st ud-

i es by Mi l car ek and Zahn ( 13) but t hey cont r adi ct

t he f i ndi ngs of Al - Bader et al . ( 2) who, usi ng

Coomassi e Bl ue st ai ni ng, r epor t ed t hat at l east 9

new pol ypept i des appear af t er t he t r ansi t i on of

HeLa cel l s f r om t he S t o t he Gz phase .

Even t hough our r esul t s ar e i n gener al agr ee-

ment wi t h t hose of Mi l car ek and Zahn ( 13) , t hey

di f f er i n t he assi gnment of t he pol ypept i des whose

r el at i ve pr opor t i on changes dur i ng t he cycl e . I n

par t i cul ar , t hese aut hor s di d not det ect t he changes

we obser ved i n mi t osi s. Of t he pol ypept i des whose

r el at i ve pr opor t i on var i es si gni f i cant l y i n mi t osi s,

we have i dent i f i ed a- and R- t ubul i n ( 9) and t he

subuni t of t he 100- A f i l ament pr ot ei n ( " f i br obl ast

t ype" ) ( 4, 14) . I n mi t osi s t hese pr ot ei ns cor r espond

t o 1 . 4, 3 . 1, and 0. 45%, r espect i vel y, of t he t ot al

l abel ed pr ot ei n as compar ed wi t h 0. 5, 1 . 3, and 1%

f ound i n i nt er phase . An i ncr ease i n t he r at e of

synt hesi s of t ubul i n dur i ng mouse pr ei mpl ant at i on

devel opment has been r epor t ed by Abr eu and

Br i nst er ( 1) , and t hey have consi der ed t he possi -

bi l i t y t hat t hi s change coul d be t he r esul t of i n-

cr eased mi t ot i c act i vi t y . The decr eased synt hesi s

of t he 100- A f i l ament pr ot ei n ( " f i br obl ast t ype" )

i s i nt er est i ng i nasmuch as we have obser ved a

si mi l ar decr ease i n mouse 3T3B cel l s t r ansf or med

wi t h SV40 ( manuscr i pt submi t t ed) . Al so, some cel l

t ypes, such as mouse myel oma cel l s, have ver y

l i t t l e or none of t hi s pr ot ei n ( unpubl i shed obser -

vat i ons) .

The r el at i ve i nt ensi t y of onl y a f ewpol ypept i des

has been shown t o var y consi st ent l y i n i nt er phase,

and we wi l l comment onl y on t hose pol ypept i des

whose var i at i on can be det ect ed i n shor t - as wel l

as i n l ong- t er ml abel i ngs ( I EF spot s 30, 32, 4l , and

49) . Pol ypept i de I EF 49 ( mol wt 36, 000) i ncr eases

speci f i cal l y i n S and pr ovi des a pol ypept i de

mar ker f or t hi s phase . Thi s pol ypept i de i s most

i nt er est i ng i nasmuch as we have obser ved an i n-

cr ease i n a si mi l ar pol ypept i de i n spont aneousl y

and vi r al l y t r ansf or med mouse cel l s ( manuscr i pt

submi t t ed) . Cur r ent l y, we ar e at t empt i ng t o pur i f y

I EF spot 49 and ar e pl anni ng t o mi cr oi nj ect i t i nt o

senescent ski n f i br obl ast s i n an ef f or t t o assess i t s

f unct i on. I t i s r el evant t o not e t hat Ri ddl e et al .

( 19) have f ound a pr ot ei n ( mol wt 33, 000) t hat

i ncr eases i n 3T3- ar r est ed cel l s st i mul at ed by se-

r um.

A f ew pol ypept i des mar ker s ( I EF 30, 32, and

41) coul d be assi gned t o G2 phase when onl y

i nt er phase cel l s wer e compar ed. The r el at i ve i n-

t ensi t y of t hese pol ypept i des al so i ncr eases i n some

st ages of mi t osi s ( Fi g . 1 A, gr een ar r ows ; Fi g . 2A-

Q, but t hi s does not pr ecl ude t hei r use as mar ker s

i n synchr oni zed i nt er phase cel l s.

We ar e wel l awar e of t he f act t hat some of t he

changes we have obser ved coul d be t he r esul t of

modi f i cat i ons r at her t han var i at i ons i n t he r at e of

synt hesi s, but , wi t h t he dat a at hand, i t i s not

possi bl e t o deci de bet ween t hese possi bi l i t i es .

Among t he pol ypept i des whose r at e of synt hesi s

r emai ns mor e or l ess const ant t hr oughout t he cy-

cl e, we have i dent i f i ed t ot al act i n ( compr i si ng 16%

of t he t ot al pr ot ei n l abel ) , a- act i ni n ( 0. 8% of t he

t ot al pr ot ei n l abel ) , 6 basi c nonhi st one pr ot ei ns,

and 13 maj or aci di c cyt oar chi t ect ur al pr ot ei ns

pr esent i n Tr i t on cyt oskel et ons . Si mi l ar r esul t s

wi t h r egar d t o t he i nvar i abi l i t y of act i n t hr oughout

t he cel l cycl e have been r epor t ed by Mi l car ek and

Zahn ( 13) i n HeLa cel l s . Al so, El l i ot and Mc-

Laughl i n ( 6) have r epor t ed i nvar i abi l i t y i n t he

r el at i ve amount of pol ypept i des t hr oughout t he

cel l cycl e of yeast cel l s .

Our r esul t s wi t h r egar d t o t he per cent of t ot al

act i n ( 16% of t ot al l abel ) di f f er mar kedl y f r om

t hose r epor t ed by Mi l car ek and Zahn ( 2- 4%) ( 13) .

Car ef ul exami nat i on of t he pol ypept i de maps and

t he mol ecul ar wei ght assi gnment s publ i shed by

t hese aut hor s suggest s t o us t hat t he spot t hey

i dent i f i ed as act i n may be di f f er ent f r om our s .

Fi nal l y, i t shoul d be poi nt ed out t hat we have

anal yzed onl y a f r act i on of t he t ot al pol ypept i des

synt hesi zed by HeLa cel l s and t hat t her e coul d be

ot her i mpor t ant changes i n mi nor component s t hat

escaped det ect i on because of t he pr esent t echni cal

l i mi t at i ons . One way i n whi ch one can ci r cumvent

t hi s pr obl em i s by st udyi ng t he pol ypept i des of

pur i f i ed subcel l ul ar f r act i ons. These exper i ment s

ar e now under way .

We woul d l i ke t o t hank A. Cel i s and B. Thomsen f or

t hei r ski l l f ul assi st ance and O. Jensen f or hi s phot ogr a-

phy.
R. Br avo i s a r eci pi ent of an EMBOl ong- t er m f el l ow-

shi p . Thi s wor k was suppor t ed by EURATOMand The

Dani sh Nat ur al Sci ence Resear ch Counci l .

A pr el i mi nar y r epor t of t hi s wor k was pr esent ed at a
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meet i ng of t he Commi ssi on of t he Eur opean Commun-

i t i es/ EURATOMi n Or say, Fr ance, Januar y 1979 .
Thi s paper i s dedi cat ed t o t he memor y of Pr of . E.

Zeut hen .

Recei ved f or publ i cat i on 1 Oct ober 1979, and i n r evi sed

f or m 7 November 1979.
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