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Biochim ica. —- Synthesis and méthylation of proteins during the 
HeLa cell cycled. Nota di T am illa E remenko, Patrizia Cimarra, 
A ntonio G iuditta e P ietro V olpe, presentata <(*) **) dal Corrisp. 
A. R uffo.

R iassunto. — La velocità iniziale di sintesi e metilazione delle proteine è stata 
esaminata durante il ciclo mitotico di cellule HeLa mantenute in culture sincronizzate. 
Le proteine sono state separate in una frazione solubile in mezzo salino e in una frazione 
solubile in SDS. Ognuna di esse è stata ulteriormente frazionata per elettroforesi su gel 
contenente SDS.

Durante il ciclo cellulare il tasso sintetico varia in maniera sensibile in tutte le frazioni 
proteiche raggiungendo un massimo in Gx e in minor misura in G2. Le oscillazioni di mag
giore ampiezza si ritrovano in un gruppo di proteine solubili in mezzo salino e di media 
grandezza. Le variazioni minime hanno luogo in un gruppo di proteine di basso peso 
molecolare solubili in SDS. La radioattività delle proteine solubili in SDS è considerevol
mente maggiore (2-4 volte) di quella delle proteine solubili in mezzo salino.

Anche la velocità di metilazione delle proteine solubili in SDS va incontro a notevoli 
variazioni raggiungendo un massimo nella fase S. Il tasso di metilazione delle proteine 
solubili in mezzo salino rimane invece costante e a un livello inferiore per tutto il ciclo 
cellulare.

Questi dati confermano i nostri precedenti risultati e convalidano l’ipotesi che l’au
mentata sintesi proteica non coinvolga indiscriminatamente tutte le proteine. La presenza 
di un massimo di metilazione nella fase S per le proteine solubili in SDS ma non per 
quelle solubili in mezzo salino sottolinea la selettività temporale e di tipo molecolare delle 
modificazioni postsintetiche delle proteine durante il ciclo mitotico.

i. I n tr o d u c tio n

Protein synthesis during the m itotic cycle has been investigated in se
veral cell systems using different m ethods of synchronization and adopting 
periods of incorporation of various lengths. These variations m ay explain 
some of the contradictory results present in the literature [1, 2]. O ther con
troversial data  m ay be attribu ted  to the peculiar features of the m itotic cycle 
in some cell types. The Gr phase, for instance, is completely absent in  some 
system s but is ra ther long in others [3}.

Previous results from this laboratory have indicated th a t the initial rate 
of peptide synthesis on HeLa  cell polysomes, as measured w ith a 3 m in pulse, 
shows two peaks which occur in Gt and G2 respectively [4]. The peaks are 
independent of the am ino acid pool and the rate of am ino acid transport [4,5 j . 
T hey  take place approxim ately one hour after the appearance of sim ilar peaks
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of newly-synthesized pre-m RN A [6] and correspond to the increase in poly
some content which is considerably higher in G2 than  in Gx [$]. On the other 
hand, the rate of peptide synthesis on polysomes is higher in G± than  in G2 [4] 
and polysomes are generally smaller in Gx than  in G2 [4]. These findings have 
led to the hypothesis th a t large polysomes m ight exist in an inactive state 
in G2 [4] and have provided some support for the suggestion th a t the elon
gation rate m ight be inversely related to the length of m RN A  [7].

As a first test of these possibilities we exam ined the size of the proteins 
synthesized during the m itotic cycle, using SDS-gel electrophoresis to frac
tionate the protein m ixture. In  addition, we measured the rate of protein
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Fig. I . -  Radioactive profiles obtained from the 
saline-soluble protein fraction extracted at hourly 
intervals from synchronized HeLa cells and su
bjected to electrophoretic separation on SDS-gels. 
For experimental details see legend to Plate I. 
Gels were sliced into 1 mm thick segments. Two 
slices were placed in a vial, dissolved at 40 °C 
overnight with 1 ml concentrated H20 2 and coun
ted in a scintillation spectrometer after addition of 
10 ml Insta-gel. Times of withdrawal -of the cell 
samples are shown on the right of each profile. 
Shaded profiles are intended to mark the times of 
maximal labelling which occur in the G2 (8 hours) 
and in the Gx (12 hours) phases. Distance m igrated
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m éthylation to com pare it w ith the processes of DNA and RNA m éthylation 
which are known to take  place during the S-phase [8, 9]. Knowledge of the 
relative rates o f synthesis and post-synthetic modification of different groups 
of proteins during  the HeLa  cell cycle was also expected to provide some clues 
as to the problem  of m acrom olecular program m ing during the m itotic cycle.

2. Materials and Methods

HeLa  cells were grown and synchronized in suspension [10] using calf 
serum  depleted of free am ino acids by chrom atography on Sephadex G -50 
[11 ]. The length of each phase of the cell cycle was m onitored as reported 
earlier [12]. Rates of protein synthesis and m éthylation were exam ined as 
described in the figure legends starting  from  the second S-phase after rem oval 
of the synchronized cells from  the thym idine-enriched medium. A t hourly 
intervals throughout the cell cycle samples were withdraw n from the suspen
sion culture, labelled with 3H-leucine (New England Nuclear) as described 
earlier [4, 5], washed in H an k ’s salt solution and frozen at -  20 °C. Saline- 
soluble and SDS-soluble proteins were separated by hom ogenization in 14 mM  
Tris-33,3 mM  glycine buffer pH 8.2 and centrifugation in a Sorvall SS-34
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Fig. 2. -  Time course o f the radioactivity 
associated with three groups of proteins se
parated from the saline-soluble fraction by 
SDS-gel electrophoresis. The surface areas 
corresponding to fractions 0-6 (A), 7-25 (B) 
and "27-55 (C) of the radioactive profiles 
obtained at intervals of one hour throughout 
the HeLa cell cycle (Fig. 1) were expressed 
in terms of paper weight and reported as a 
function of time.Cell cycle,hours
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rotor at 18.000 rpm  for 60 m inutes. The soluble fraction was dialyzed overnight 
against 200 voi. of i o m M  sodium  phosphate buffer pH  7.2. containing 0.1 % 
SDS and 0.1 % m ercaptoethanol. The insoluble residue was delipidized with 
2 ml ether-ethanol ( 1 : 1 )  followed by 2 ml ether. The residual solvent was 
evaporated at 40 °C and the protein fraction was resuspended in 2.0 ml of 
i o m M  sodium phosphate buffer pH 7.2 containing 1 % SDS and 1 % m ercap
toethanol. The suspension was kept in a boiling water bath for 15 m inutes.
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Fig. 3. -  Radioactive profiles obtained from the SDS - 
soluble protein fraction extracted al hourly intervals 
from synchronized HeLa cells and subjected to 
electrophoretic separation on SDS-gels. For ex
perimental details see legends to PI. I and Fig. 1. 
The radioactive peaks circled by the dashed line 
are presumed to correspond to histome proteins.
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The proteins which rem ained insoluble after this treatm ent (less than  5 %) 
were discarded by centrifugation as above. SDS-gel-electrophoresis was 
carried out according to the m ethod of W eber and Osborne [13]. Protein 
concentration was detem ined using the method of Lowry et al. [14]. R adio
activ ity  of the gel fractions was m easured in a Packard scintillation spectrometer 
after solubilization of the gel slices in concentrated H 20 2 at 40 °C overnight.

3. Results

3.1 -  Electrophoretic fractionation of the proteins.

HeLa  cell proteins obtained at hourly intervals during the m itotic cycle 
were separated into saline-soluble and SDS-soluble fractions as described 
in M ethods. The protein m ixture from each fraction was separated electro- 
phoretically according to the m ethod of W eber and Osborn [13].

As shown in PI. I, each of the two fractions was separated into approxi
m ately 20 bands which were present throughout the cell cycle in essentially 
the same proportions. A  com parison of the two sets of gels indicates th a t 
proteins of relatively large molecular weight prevail in the saline-soluble 
fraction,while proteins of smaller size prevail in the fraction solubilized with 
the SDS-buffer. The m ost heavily stained bands of the latter fraction (arrow in 
PI. I, B) m igrate in a region corresponding to some of the histone proteins.
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Fig. 4. -  Time course of the radioactivity as
sociated with three groups of proteins separated 
from the SDS-soluble fraction by SDS-gel 
electrophoresis. The surface areas corres
ponding to fractions 0-6 (A), 7-25 (B) and 
27-55 .(C) of the radioactive profiles ob
tained at intervals of one hour throughout 
the HeLa cell cycle (Fig. 3) were expressed 
in terms of paper weight and reported as a 
function of time.
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3.2 — Rate of synthesis of different protein fractions.

The in itial ra te  of synthesis of the separated HeLa  cell proteins was con
sidered to be proportional to the am ount of 3H-leucine incorporated w ithin the 
3-m inute pulse (see M ethods). The patterns of rad ioactiv ity  obtained for the 
saline-soluble proteins (Fig. 1) indicate tha t they are not labelled to the same 
extent in the different phases of the cell cycle. M axim al labelling occurs in 
G2 and Gx (shaded areas), as previously reported [4]. On the whole, the 
radioactiv ity  of the gel fractions is distinctly higher in the young G ^cell than 
in the prem itotic G2-cell. This behaviour is m ost m arked in the gel region 
containing medium-size proteins. Proteins of sm aller m olecular weight appear 
to be scantly  labelled at any  point of the cycle. These observations are m ade 
more evident by  plotting the radioactivity  of different protein groups as a 
function of the cell cycle (Fig. 2). W hile distinct oscillations of the level of 
rad ioactiv ity  are present in all three groups, the oscillations are clearly more 
evident in the group of medium-size proteins.

Fig. 5. -  Time course of the total radioactivity of saline-soluble (A) and SDS- 
soluble '(B) proteins separated from HeLa cells at different times during the cycle. 
Each point corresponds to the total radioactivity recovered from SDS-gels whose 

radioactive profiles are shown in Figs. 1 and 3, respectively.

The radioactiv ity  profiles obtained w ith the SDS-soluble proteins also 
indicate the existence of two peaks occurring in Gx and G2, respectively. The 
Gj peak is d istinctly  larger than  the G2 m axim um  (shaded areas of Fig. 3).
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However, while the G2 m axim um  coincides w ith th a t of saline-soluble proteins 
(Fig. 1), the m axim um  occurring in Gi takes place w ith approxim ately two 
hours delay w ith regard to  the homologous peak noted in the saline-soluble 
proteins. A t variance w ith m ost other proteins, the protein bands which 
presum ably correspond to the histones (PI. I) appear to be preferentially 
labelled during  the S-phase [ ï 5—ï 7]. The variations in the level of radioac
tiv ity  of the SDS-soluble proteins become more evident when the gel fractions 
are grouped into classes analogous to those adopted for saline-soluble proteins 
(Fig. 4). T heir overall behaviour is sim ilar to tha t described for saline-soluble 
proteins (Fig. 2), even to the extent th a t the am plitude of the oscillations is

S Gp m Gi

Cell cy c le ,h o u rs

Fig. 6. -  Time course o f the initial rate o f méthylation of saline-soluble {A) and SDS-so
luble (B) proteins extracted from HeLa cells at different times during the cycle. The 
synchronized cells from a 1 - /  suspension (see Methods) were allowed to complete 
a full mitotic cycle, from the first to the second S-phase. At hourly intervals from the 
“ recycled ” onset of DNA synthesis, 25 X io6 cells were withdrawn from the culture, 
harvested and washed with minimum essential medium without serum. They were 
resuspended in 25 ml of the same solution containing 2 % amino acid-free calf 
serum and labelled with 75op.Ci 3H-methyl-S-adenosyl-L-methionine (12.6
Ci/mmole) for 30 min at 37 °C while being stirred and supplied with a continuous 
flow of 5 % C0 2 in air. Labelled cells were washed three times with a large volume 
of Hank’s salt solution and frozen. Protein fractionation into a saline-soluble and 

an SDS-soluble fraction was carried out as outlined in Methods.
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m ost m arked for medium-size proteins. On the other hand, the Gx peak occurs 
with a delay of two hours and is not as prevalent as th a t in G2, as in the case 
of saline-soluble proteins. A  further difference concerns the behaviour of 
the proteins of small molecular weight which appear to lack the increase in 
G2 and to show a relatively m inor oscillation in Gv

The tim e course of the total radioactivity  recovered in the fractions of 
saline-soluble and SDS-soluble proteins is shown in Fig. 5. The occurrence 
of two periods of m axim al labelling in G2 and Gx is clearly confirmed. In  both 
fractions, the G1 peak is considerably larger than  the peak present in G2. In 
the case of SDS-soluble proteins the Gx peak occurs with approxim ately two 
hours delay as com pared to the homologous peak present in saline-soluble 
proteins. Since all gels were charged with the same am ount of protein, the 
total rad ioactiv ity  recovered in each gel provides a measure of specific radio
activity  and allows com parison of different protein fractions. From  this 
point of view it is strik ing th a t the SDS-soluble proteins are m arkedly more 
radioactive (from 2 to 3.5-fold) than  the saline-soluble proteins. The diffe
rence becomes even more evident outside the peaks in G2 and G^

3.3 -  Protein méthylation.

Labelling HeLa  cell proteins throughout the m itotic cycle w ith 3H-m ethyl- 
S-adenosyl-L-m ethionine revealed the occurrence of a differential rate of 
m éthylation between saline-soluble and SDS-soluble proteins (Fig. 6). W hile 
the level of m éthylation rem ained relatively low and essentially unchanged in 
the fraction of saline-soluble proteins, SDS-soluble proteins became m ethylated 
to a considerably larger extent, especially during the S-phase. D uring  the 
same phase the rate of incorporation of 3H-leucine finds its m inim um  [4].

4. D iscussion
I

The results presented in this paper confirm and extend previous data  
from this laboratory [4] concerning the occurrence of higher rates of protein 
synthesis in  synchronized HeLa  cells during the Gt and G2-phases. The oscil
lations occur w ith sim ilar am plitudes in saline-soluble and SDS-soluble proteins 
whose radioactivities reach a m inim um  in the M and S-phases. The peak 
in Gx is considerably higher than  that in G2 in both protein fractions, as pre
viously reported for nascent peptide chains [4]. A  distinct difference between 
the two fractions regards the tim e of occurrence of the G1 peak which appears 
w ith a delay of two hours in the SDS-soluble proteins as com pared to the 
saline-soluble proteins.

In  general, protein size does not seem to play a m ajor role in conditioning 
the rate of synthesis during  the cell cycle, as judged from the occurrence of 
sim ilar oscillations in proteins of large, m edium  and small m olecular weights. 
Some quantitative differences do exist, however, in th a t medium-size saline- 
soluble proteins have a more pronounced oscillation in  Gi than  saline-soluble
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proteins of larger and smaller sizes and SDS-soluble proteins of all sizes. On 
the other extrem e are the small-size SDS-soluble proteins whose rate of syn
thesis rem ains essentially unaffected by the cell cycle. The physiological 
role of these differences is still not clear. In any case they  do not seem to be 
adequate in explaining the quantitative discrepancies which exist between 
polysome content and size an d  rate of peptide synthesis in Gx and G2 [4].

A n additional striking difference between saline-soluble and SDS-soluble 
proteins concerns their respective rate of m éthylation. A  m uch higher rate 
prevails in the latter fraction which shows a peak of labelling in the S-phase. 
A  sim ilar increase in m éthylation is known to occur in the same phase w ith 
regard to DNA and RNA [8, 9].

It is likely th a t a significant fraction of protein m éthylation concerns 
the histones, whose synthesis also takes place in the S-phase [15-17]. In  this 
group of proteins, the delay between form ation and m éthylation should be 
reduced to a m inim um . On the other hand, if other proteins synthesized during 
the Gx and G2-phases are subjected to a sim ilar process of m éthylation, the 
delay between synthesis and m éthylation would be expected to become one 
of a few hours for molecules m ade during the Gx-phase and of several hours 
for proteins synthesized during the G2-phase. In  the latter case proteins would 
pass th rough m itosis and undergo an alm ost full cell cycle before being m ethy
lated. F u rther work is needed to clarify this point.

W ith  regard to the possibility th a t certain groups of proteins m ay be 
m ade at specific periods of the cell cycle, no m ajor differences have been revealed 
in this study. Nonetheless, despite the relatively limited resolution afforded 
by the electrophoretic m ethod of separation on SDS-gels, some quantitative 
differences have been discerned in the behaviour of some protein classes. 
In  particular, saline-soluble medium-size proteins have been found to show 
large am plitude oscillations in synthetic rate, while SDS-soluble small-size 
proteins m ain tain  a constant rate of synthesis throughout the cycle. This 
suggests th a t 1 the increase in synthetic rate present in Gx and G2 m ay not in 
volve all proteins indiscrim inately.
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Electrophoretic separation o f saline-soluble (A ) and SDS-soluble (f>) proteins obtained at hourly 
intervals from synchronized HeLa cell cultures (see Methods;. The synchronized cells from 
a 7.-1 suspension were allowed to complete a full mitotic cycle, from the first to the second 
S-phase. Starting from the “ recycled ” onset of DNA synthesis, 5 X io7 cells were withdrawn 
every hour, washed with Hank’s salt solution, resuspended in 5 ml of the same medium and 
labelled with 20 p.Ci 3H-leucine (35.5 Ci/mmole) for 3 min at 37 °C with stirring. The label
led cells were washed three times with a large volume of Hank’s salt solution and frozen. 
Saline-soluble and SDS-soluble proteins were prepared from each sample as outlined in Me
thods. Each gel was charged with 200 \i.g protein. Electrophoresis was carried out on SDS- 
gels according to the method of Weber and Osborn [13]. The direction of migration was 
downwards. Only eight gels taken at random from the 18 different cell samples examined 
are shown for each protein fraction. The resolution obtained in the other samples and the 

relative proportion of the protein bands were essentially the same as those presented.


