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A B S T R A C T  

HcLa cells arrested in mitosis were obtained in large numbers, with only very slight inter- 
phase cell contamination, by employing the agitation method of Terasima and Tolmach, 
and Robbins and Marcus. Protein synthesis and RNA synthesis were almost completely 
supprcsscd in mitotic cells. Active polyribosomes were nearly absent in mitotic cells as com- 
pared with intcrphase cells treated in the same way. Cell-free protein synthesis and RNA 
polymcrase activity were also greatly depressed in extracts of metaphasc cells. The dcoxy- 
ribonuclcoprotein (DNP) of condenscd chromosomes from mitotic cells was less cfficicnt 
as a template for Escherichia coli RNA polymcrase than was DNP from interphase cells, al- 
though isolated DNA from both sources was equally active as a primer. Despite very poor 
endogenous amino acid incorporation by extracts of mctaphase cells, polyuridylate stimu- 
lated phenylalanine incorporation by a larger factor in mitotic cell extracts than it did in 
interphase cell cxtracts. These rcsults suggest that RNA synthesis is suppressed in mitotic 
cells because the condensed chromosomes cannot act as a template, and that protein syn- 
thesis is deprcsscd at least in part because messenger RNA becomes unavailable to ribo- 
somes. This conclusion was supported by the demonstration that cells arrested in mctaphase 
supported multiplication of normal yields of poliovirus, thereby showing that the mitotic 
cell is capable of considerable synthesis of RNA and protein. 

I N T R O D U C T I O N  

Robbins and Marcus (15) have modified the 
method of Terasima and Tolmach (19) for the 
harvesting of mitotic cells so that large numbers 
of metaphase cells can be obtained for biochemical 
studies. This method is based on the poor adhesion 
of mitotic cells to glass in monolayer cultures in a 
low-calcium medium. 

Taylor (18) showed by radioautography that 
RNA synthesis is depressed in cells in mitosis, but 
he found normal incorporation of arginine into 
protein. More recent radioautographic evidence 
(12, 14) suggests that both RNA synthesis and 
protein synthesis are inhibited during mitosis in 
mammalian cells. The availability of a method 
for obtaining quantities of metaphase cells nearly 
free of interphase cell contamination made it pos- 
sible to examine the synthesis of protein and 

nucleic acid in mitotic HeLa cells using conven- 
tional biochemical techniques. Marcus and Rob- 
bins (9) used their technique to show that mi- 
totic cells incorporate uridine into RNA at a very 
low level, and that they are refractory to virus in- 
fection as compared with interphase cells. 

M A T E R I A L S  AND METH O D S  

Cell Culture 

HeLa cells were grown in monolayer cultures in 
16-ounce or 32-ounce glass bottles. The medium 
consisted of Eagle's minimal medium with 10 per 
cent calf serum. 

Metaphase arrest cells were obtained essentially 
by the method of Robbins and Marcus (15). After a 
period of growth in calcium-free Eagle's medium 
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supplemented with 10 per cent whole calf serum 
and 0.05 #g/ml vinblastine (Velban, Eli Lilly and 
Company, Indianapolis, Indiana), cells arrested in 
metaphase were freed from the monolayer by gentle 
agitation with warm 0.15 M NaCI. The firmly adher- 
ent interpbase cells did not detach from the glass even 
after fairly vigorous shaking. Occasionally small 
sheets of interphase cells were torn from the mono- 
layer, but it was found that these small cell clumps 
could easily be removed by filtering the cell suspen- 
sion through several layers of gauze. The mitotic cells 
were then collected by centrifugation. 

The remaining interphase cells were collected by 
0.05 per cent trypsin treatment. After the removal 
of the mitotic cells as described above, to assure that 
very few mitotic cells remained, the monolayers were 
shaken vigorously with warm 0.15 M NaC1 solution 
prior to the addition of trypsin. 

RNA Polymerase Assay 

RNA polymerase was prepared from Escherichia 
coli and purified and assayed as described by Cham- 
berlin and Berg (1), except that E. Coli KI2 was 
used and was harvested in logarithmic phase from 
brain-heart infusion broth. 

HeLa cell RNA polymerase activity was assayed 
as the deoxyribonucleoprotein complex referred to 
as aggregate enzyme (21). Aggregate enzyme was 
prepared from nuclei of interphase cells (or the 0.15 
M saline-insoluble deoxyribonucleoprotein of mitotic 
cells), as described by Weiss (21), and assayed for 
polymerase activity in the high ionic strength reac- 
tion mixture of Goldberg (3). 

RNA synthesis by either polymerase was assayed 
as the incorporation of Pa2-uridylate into acid- 
insoluble material which remained after repeated 
alcohol and acid precipitation. The final precipitate 
was collected on nitrocellulose filters and counted 
in a Nuclear-Chicago gas-flow counter. Exact condi- 
tions for each experiment are presented in the ap- 
propriate figure or table in the Results section. 

Preparation of Polymerase Substrate 

UTP labeled in the c~ position with p32 was em- 
ployed as radioactive substrate for RNA polymerase 
reaction mixtures along with unlabeled ATP, GTP, 
and CTP. A modification of the method of Lehman, 
Bessman, Simms and Kornberg (8) for deoxyribo- 
nucleotide kinases was used to prepare crude ribo- 
nucleotide kinases for  the conversion of 5 ' -UMP 32 
to the triphosphate. The UMP 3~ was incubated with 
the crude kinase, phosphoenolpyruvate, pyruvate 
kinase (Calbiochem) and ATP; UTP 32 was isolated 
by chromatography on Dowex 1 X 2 (8). UMP 32 
was chemically synthesized from 10 to 20 mc p32 
orthophosphate and uridine by a modification of the 

method used by Hurwitz (5) for preparation of cy- 
tidylate, and the Y-isomer was separated from the 
2 r- and 3'-isomers by chromatography on Dowex 
1 M 2. Yields of 5 to l0 #moles of UTP ~2 with spe- 
cific activities above 5 X 107 cPM per #mole were 
usually obtained. 

In vitro Amino Acid Incorporation 

Protein synthesis in vitro by cytoplasmic extracts 
of HeLa cells was measured by a modification of the 
method of Keller and Zamecnik (7). The reaction 
mixtures contained in 1.0 ml: 50 #moles of tris- 
HC1 buffer, pH 7.7; 5 #moles of MgCI2; 60 #moles 
of KC1; 250 #moles of sucrose; 5 #moles of mercapto- 
ethanol; 1 #moles of ATP; 0.1 #mole of GTP; 
10 #moles of phosphoenolpyruvate; 20 /zg of pyru- 
vate kinase; 14C-amino acids as indicated; and cyto- 
plasmic supernatant after the removal of nuclei from 
disrupted HeLa cells. HeLa cells were thoroughly 
washed with 0.15 ~ NaC1 before disruption. The 
last wash was with 0.07 M KC1 at 0°C, and the cells 
were quickly concentrated by centrifugation, and 
suspended in 3 to 4 volumes of 0.001 M MgC12 solu- 
tion. The ceils were allowed to swell for 5 minutes 
at 0°C and were disrupted with 5 strokes of a close- 
fitting Dounce homogenizer at a low speed of rota- 
tion. Radioactive amino acids employed for incor- 
poration studies were obtained from New England 
Nuclear Corp., Boston: C14-valine (185 mc/mmole), 
C14-arginine (242 mc/mmole), C14-1ysine (223 me/  
mmole), C14-phenylalanine (334 mc/mmole), and 
C 14 algal protein hydrolysate (1.43 mc/mg). After 
incubation at 37°C the proteins were repeatedly 
washed and precipitated with hot 5 per cent TCA 
(17), and 1 mg or less of the washed precipitate was 
collected on a nitrocellulose filter, dried, and counted 
in a Nuclear-Chicago gas-flow counter. Washing of 
the precipitate with lipid solvents had little or no 
effect, and was not usually performed. 

Sucrose Gradient Velocity Sedimentation 

RNA was analyzed by sedimentation in the Spinco 
SW 39 swinging bucket rotor in a 5 to 20 per cent 
sucrose gradient containing 0.02 M tris-HC1 buffer, 
pH 7.5, 0.002 ~a EDTA; and 0.1 M KC1. Centrifuga- 
tion was carried out at 39,000 RP~ for 4.5 hours at 
2 to 4°C. Polyribosomes were analyzed in the SW 
25.1 swinging bucket rotor in a 5 to 20 per cent 
sucrose gradient containing RSB (0.1 g NaCI, 0.01 
M tris-HCl buffer, pH 7.4, 0.015 M MgCle). Cytoplas- 
mic supernatants were prepared as described by 
Penman, Scherrer, Becker and Darnell (13). Cen- 
trifugation was carried out at 27,500 gPg for 90 
minutes at 2 to 4°C. 
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T A B L E  I 

Incorporation of p32 Into RNA in Mitotic and Interphase HeLa Cells* 

p~2 CPM in total 
HeLa cells employed Labeling time cellular RNA¶ Per cent of labeling 

hrs. 

Experiment 1 :~ 
Interphase cells 2 500,000 100 (control) 
Mitotic cells 2 16,700 3 

Experiment 2§ 
Interphase cells 2.5 790,000 100 (control) 
Mitotic cells 2.5 40,000 5 

Experiment 311 
Interphase cells (not treated with 2.5 667,000 100 (control) 

vinblastine) 
Interphase cells (treated with 2.5 686,000 - -  

vinblastine) 
Mitotic cells 2.5 53,700 8 

* p82 orthophosphate (0.25 me) in Eagle's medium, minus cold phosphorus, was incubated at 37°C with 
107 interphase ceils. 
J~ Cells were harvested after 20-hr. incubation with 0.05 b:g/ml vinblastine. 
§ Cells were harvested after 12-hr incubation with 0.05/zg/ml vinblastine. 
II Cells were harvested after 24-hr. incubation with 0.1 lt,.g/ml vinblastine (except for the untreated inter- 
phase cells). 
¶ RNA was extracted by the hot phenol-SDS method of Scherrer and Darnell  (16) and repeatedly pre- 
cipitated from ethanol to free bound radioactivity. 

R E S U L T S  

R N A  and Protein Synthesis  by Interphase and 

Mitot ic  H e L a  Cells 

HeLa cells arrested in mitosis and HeLa  cells 
in interphase were obtained by the above de- 
scribed method after treatment with the spindle 
inhibitor vinblastine as employed by Marcus and 
Robbins (9). Interphase cells had been exposed 
to vinblastine for the same period of time as were 
the cells arrested in mitosis by the vinblastine 
treatment and removed from the monolayers by 
agitation. Vinblastine caused no depression of the 
ability of interphase cells to synthesize protein or 
nucleic acid. It  can be seen in Table  I (experi- 
ment  3) and Table  II  (experiment l) that even 
after 24-hour exposure to 0.1 /~g/ml vinblastine 
(twice the usual concentration), interphase cells 
synthesized protein and R N A  at the same rate as 
untreated cells. Furthermore,  it appears that vin- 
blastine was not selectively taken up by mitotic 
cells and excluded from interphase cells. Short 
periods of treatment of interphase cells with 1 
~g /ml  of vinblastine at 37°C followed by thor- 
ough washing and replacement with fresh medium 

led to accumulation for the next 3 to 5 hours of 
cells arrested in mitosis. This indicates that inter- 
phase cells take up vinblastine and maintain an 
intracellular concentration in the absence of vin- 
blastine in the medium. 

Table  I shows that the synthesis of P32-RNA by 
isolated mitotic HeLa cells is only a small frac- 
tion of the rate in interphase ceils, in confirmation 
of the findings of Taylor (1 8), Prescott and Bender 
(14), Monesi (12), and Marcus and Robbins (9). 
Fig. 1 shows the sucrose gradient sedimentation 
patterns of the P3~-RNA synthesized by mitotic 
and interphase ceils. It  can be seen that almost 
no ribosomal R N A  is made during mitosis, and 
the small amount  of p3~ incorporated into transfer 
R N A  probably represents terminal addition of 
nucleotides (4), rather than synthesis. 

Table  II  shows that incorporation of amino 
acids into HeLa  cell protein during mitosis is also 
markedly reduced as compared to similarly treated 
interphase cells. I t  can be seen, however, that the 
uptake of C14-amino acids into the intracellular 
pool of mitotic HeLa  cells is about the same as, 
or slightly greater than, that occurring in inter- 
phase cells. This confirms the radioautographic 
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T A B L E  II  

Incorporation of C14-Amino Acids into Protein and into the lntracellular Pool of Mitotic and 
Interphase HeLa Cells* 

C]4 cPM in intra- C14 o}:'M in protein 
Labeling cellular pool per per mg cell Per cent amino acid 

HeLa cells employed Ct4-aminc acid time mg cell protein protein in protein 

hrs. 

Exper iment  1 :~ Phenyla lanine  
In terphase  cells (not 1.0 - -  75,000 - -  

t reated with 
vinblast ine)  

In terphase  cells 1.0 - -  92,000 100 
(vinblast ine t reated)  

Mito t ic  cells 1.0 - -  7,900 9 
Exper iment  2§ Arginine  

In terphase  ceils 1.0 4,900 24,500 100 (control) 
Mito t ic  cells 1.0 5,400 2,200 9 

Exper iment  3[[ Val ine  
In terphase  ceils 1.0 5,000 87,000 100 (control) 
Mito t ic  cells 1.0 5,190 17,500 20 

Exper iment  4¶  Lysine 
In te rphase  cells 0.5 4,200 64,000 100 (control) 
Mitot ic  ceils 0.5 3,900 9,000 12 

* All cells were incubated  with 1 #c of C 14 amino acid in Eagle 's  medium prepared without  the labeled 
amino acid. After labeling, cells were washed and repeatedly prec ip i ta ted  with hot TCA (Siekevitz, 
reference 17). 

Cells were harvested after 24-hr. incubat ion  with 0.1 /~g/ml vinblast ine (except for un t rea ted  inter-  
phase cells). 
§ Cells were harvested after 20-hr. incubat ion  with 0.05 /zg/ml vinblast ine.  
[I Cells were harvested after 3-hr. i n c u b a t i o n  with 0.05 # g / m l  vinblast ine.  
¶ Cells were harvested after 20-hr. incubat ion  with 0.05 # g / m l  vinblast ine.  

2000  

=E a. I000- 
¢,.) 

/ ~  I nterphase 

(o 2'0 3'0 
Fraction 

FIGURE 1 Sucrose sedimentation pattern of 
P~-RNA from mitotic and interphase HeLa cells. 
Mitotic ( 0 - - 0 )  and interphase ( O - - O )  cells 
were separated by agitation after l~-hour treat- 
ment with 0.05 mg/ml vinblastinc in Eagle's me- 
dium, then exposed to 0.£5mc 1 ~ orthophosphate 
in Eagle's medium minus cold phosphate for 2.5 
hours at 87°C. Sedimentation was carried out 
with the Spinco SW 89 rotor for 4.5 hours, 
39,000 RP~, ~ to 4°C. 

evidence of Prescott and  Bender  (14). I t  is no t  
clear why Taylor  (18) observed considerable 
C14-arginine incorporat ion in rad ioau tography  of 
HeLa  cells, whereas u n d e r  our  condit ions the in- 

corporat ion of arginine into acid-insoluble poly- 
peptide is greatly depressed (Table  II) .  Experi-  
men t  3 in Tab le  I I  shows tha t  mitot ic  cells 
exhibi ted reduced  prote in  synthesis even when  the 
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Fmvn~ 2 C14-valine-labeled polyribosomes from (A) mitotic and (B) interphase IIeLa cells. Mitotic 
and interphase cells were separated by agitation after 18 hours at 37°C in Eagle's medium with 0.05 #g/ml 
vinblastine. Aliquots of 2 )< 107 cells of each type were then starved for valine for 30 minutes in Eagle's 
medium minus valine at 87°C, pulse-labeled for 2 minutes with 5/~c C14-va]ine, washed 3 times, lysed in 
1.0 ml RSB; the nuclei were removed by centrifugation, and the cytoplasmic supernatants were brought 
to 0.5 per cent final concentration of sodium deoxycholate (Penman et al., reference 13). Sedimentation 
was carried out in 5 to 20 per cent sucrose containing RSB in the Spinco SW 25.1 rotor, 27,500 ReM, 2 to 
4°C. Fractions collected from the bottom of the tube were analyzed for OD at 260 m~, and aliquots were 
precipitated in 5 per cent TCA and carrier serum albumin, collected as precipitates on nitrocellulose 
filters, and counted. 

T A B L E  II I  

"Aggregate Enzyme" RNA Polymerase Activity of Cell-Free Extracts from Mitotic and Interphase Hela Cells* 

mD moles of P~-UTP 
incorporated/rag "aggregate Per cent of polymerase 

Cell source of "aggregate enzyme" enzyme" protein activity 

Experiment  1 
Interphase cells (not t reated with vinblastine) 0.85 - -  
Interphase cells 0.135 100 (control) 
Mitotic cells 0.09 11 

Experiment  2 
Interphase cells 0.88 100 (control) 
Mitotic cells 0.09 11 

Experiment  3 
Interphase cells 0.60 100 (control) 
Mitotic cells 0.12 20 
Interphase cells plus 1 mg cytoplasmic protein from 0.84 140 

mitotic ceils 

* Mitotic and interphase cells were harvested after 20-hr. incubation with 0.05 #g/ml  vinblastine. "Aggre- 
gate enzyme" RNA polymerase was prepared from interphase nuclei or 0.15 M NaCl-insoluble chromatin 
from mitotic cells essentially as described by Weiss (21). The reaction mixture of Goldberg (3) contained 
in 0.5 ml: 50 pmoles of tris-HC1 buffer, (pH 8.0); 1.5 pmoles of MnCI~; 0.05 ml of saturated (NH4)~SO4 
(pH 8.0); 7 /zmoles of 2-mercaptoethanol;  0.4 #moles of CTP, GTP, ATP; 0.4/~moles of P32-UTP; and 
"aggregate enzyme" containing 1 mg of protein. The reaction mixtures were incubated at 37°C for 20 
rain. The amount of DNA was about equivalent in preparations of "enzyme"  from interphase and mi- 
totic cells. 
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TABLE IV 

Ability of DNA and Deoxyribonucleoprotein from 
Mitotic and Interphase Cells to Serve as a 

Template /or E. coli RNA Polymerase 

Nature of nucleic acid template, 
and conditions of reaction 

m/z moles of 
nucleotide of 

template Incorpora- 
DNA ticn of m/z 

or DNP moles of 
added P~e-UTP 

Exper iment  1 
In te rphase  cell DNP, no 160 0.1 

added polymerase 
Mitot ic  cell DNP, no added 200 0.1 

polymerase 
In terphase  cell DNP plus 160 4.6 

E. colt polymerase 
Mitot ic  cell DNP plus E. 200 1.6 

colt polymerase 
Interphase  cell DNA plus 160 12.3 

E. colt polymerase 
Mitot ic  cell DNA plus E. 200 10.2 

colt polymerase 
Exper iment  2 

In terphase  cell DNP plus 15 0.57 
E. colt polymerase 

Mitot ic  cell DNP plus E. 15 0.15 
colt polymerase 

In terphase  cell DNA plus 15 3.3 
E. colt potymerase 

Mitot ic  cell DNA plus E. 15 3.4 
colt polymerase 

No template,  plus E. colt 0 0.1 
polymerase 

Reac t ion  mixture  of Chamber l in  and Berg (1), 
conta ined in 0.25 ml:  10 /.;moles of tris-HCl, pH 
8.0; 0.25 #mole MnCI~; 1.0 /zmole of MgC12; 100 
#moles each of GTP,  UTP,  CTP;  100 /zmoles of 
P32-ATP; 3.0 /~moles of 2-mercaptoethanol ;  and  
200 uni ts  E. colt polymerase. 

Enzyme was always added in excess, and DNP 
or DNA was added in low concentra t ions  so tha t  
it would be the ra te- l imi t ing component .  DNA or 
DNP added as indicated.  React ion  allowed to 
proceed for 10 rain. at  37°C, and stopped by addi-  
t ion of cold perchlor ic  a d d .  

Chromosomal  DNP from mitot ic  cells and 
nuclear  DNP from interphase cells was prepared  
by sonication of cells suspended in 10 -a M MgC12 
(two 3-second bursts at max imum intensity with a 
Branson 20 KC sonifier) followed by addi t ion of 
4 M KC1 to br ing the KC1 concent ra t ion  to 0.2 M. 
The  insoluble DNP was sedimented,  washed, and  
resedimented three times in 0.15 M NaC1 solution, 
then  dispensed into aliquots, some of which were 
extracted with phenol  and 1 per  cent  SDS at pH 
7.5 at 60°C to obta in  DNA for paral lel  testing. 

mitotic cells were collected after only 3-hour  incu- 
bat ion in vinblastine. 

Polyribosomes in  Interphase and Mitotic  

HeLa  Cells 

Since the original studies of polyribosomes 
(20, 10, 22), evidence has accumula ted  tha t  most 
protein synthesis takes place on a structure, 
referred to as polyribosomes, which is composed 
of messenger R N A  and  a n u m b e r  of ribosomes. 
We examined mitotic and  interphase H e L a  cells 
for the presence of polyribosomal complexes. I t  
can be seen in Fig. 2 tha t  in terphase HeLa  ceils 
incorporated considerable C14-amino acid into 
acid-insoluble polypeptide in the polyribosomal 
region. However,  the mitotic ceils showed almost 
no incorporat ion in the polyribosomal or the ribo- 
somal area,  and  the optical density profiles show 
an  increase of single 76S ribosomes with very 
little optical density in the polyribosomal area as 
compared  with interphase cells. These results sug- 
gest (but  do not  prove) tha t  messenger R N A  is 
nearly absent  in mitot ic  ceils or else tha t  it is in 
some way prevented from forming active polyri- 
bosomal complexes. 

Synthesis  of  R N A  by "Aggregate E n z y m e "  

R N A  Polymerase in  Cell-Free Extracts of  

Interphase and Mitot ic  HeLa  Cells 

I t  was of interest  to de termine  if the depression 
of R N A  synthesis observed in in tac t  mitotic ceils 
is reflected by a depressed polymerase activity in 
cell extracts. Tab le  I I I  shows tha t  "aggregate  
enzyme"  R N A  polymerase activity (21) is 
markedly reduced in cell-free extracts from mi-  
totic cells. This  indicates tha t  R N A  polymerase is 

not  funct ional  in mitotic HeLa  cells, or else it is 

no longer in an  active complex with D N A  as it is 

in interphase cells, or it is more unstable.  Prepa-  

ra t ion of aggregate enzyme R N A  polymerase de- 

pends on the enzyme being complexed wi th  D N A  
in the insoluble deoxyribonucleoprotein precipi- 

tate (21). Tab le  I I I  also shows tha t  extracts of 

mitotic cells did not  contain  an  inhibi tor  of inter- 
phase cell R N A  polymerase activity, since mix- 

ture of mitotic cell cytoplasmic supernate  with  

interphase cell aggregate enzyme did not  depress 

the activity of the latter. I t  can also be seen (Table  

I) tha t  vinblast ine t r ea tment  has no effect on the 

polymerase activity of interphase ceils. 
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TABLE V 

Effect of Poly U on Incorporation of C14-Amino 
Acids in vitro by Cytoplasmic Extracts from 

Mitotic and Interphase HeLa Cells 

Cts/min Cl4-amlno acid 
incorporated 

Source of cytoplasmic No added With 200 /~g 
extract poly U poly U added 

Experiment l* 
Interphase cells 987 2,556 
Mitotic cells 229 1,839 

Experiment 2* 
Interphase cells 1,300 9,800 
Mitotic cells 380 6,400 

Experiment 3§ 
Interphase cells 1,400 11,000 
Mitotic cells 141 11,800 

Experiment 4~ 
Interphase cells 743 - -  
Mitotic cells 202 - -  

* Mitotic and interphase cells obtained after 20-hr. 
incubation in 0.05 #g /ml  vinblastine. 0.5 #c C 14- 
phenylalanine employed. 

Mitotic and interphase cells obtained after 11-hr. 
incubation in 0.05 #g /ml  vinblastine. 0.05 #c 
Cl4-protein hydrolysate employed. 
§ Mitotic and interphase cells obtained after 7-hr. 
incubation in 0.05 #g/ml  vinblastine. 0.5 #c C 14- 
phenylalanine employed. 
Reaction mixture contained in 1.0 ml:  5 #moles 
of tris-HC1 buffer, pH 7.7; 5 #moles of MgCI~; 
10 #moles phosphoenolpyruvate; 20 #g of pyru- 
vate kinase; C14-phenylalanine, plus 10 -5 M of 
all the other 10 cold amino acids. Incubation was 
at 37°C for 30 rain. 

Ability of Deoxyribonucleoprotein from 

Mitotic and Interphase Cells to Serve as a 

Template for E. colt RNA Polymerase 

The above results suggest the obvious possibility 
that R N A  synthesis might  be depressed in mitotic 
cells because the D N A  in condensed chromosomes 
is inaccessible to R N A  polymerase as compared 
with the more dispersed D N A  of interphase cells. 
Table  IV  demonstrates that the deoxyribonucleo- 
protein (DNP) of mitotic cells is less efficient as a 
template for purified R N A  polymerase from E. 
colt than is the same amount  of DNP from inter- 
phase cells. 

However, D N A  extracted from this D N P  was 
cqually active as a template whether it originated 
from mitotic or interphase cells. The  template 
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FIGURE 3 Kinetics of Ct4-phenylalanine incorpora- 
tion into polypeptide by cytoplasmic extracts of 
mitotic and interphase HeLa cells, with and without 
added poly-U template. Reaction conditions exactly as 
for Table V, except that the total reaction mixture 
contained 0.6-ml, and 0.1-ml aliquots, were with- 
drawn at intervals during incubation. A - - A ,  inter- 
phase cell extract with no added polynucleotide. 
A---A,  interphase cell extract with 400 #g po]y-U 
added at 0 minutes. O - - Q  mitotic cell extract with no 
added polynucleotide. Q-- -Q mitotic cell extract 
with 400 #g poly-U added. 

activity which mitotic cell D N P  did exhibit could 
have resulted from partial dispersion of its D N A  
during preparation. 

Amino Acid Incorporation by Cell-Free 

Extracts of Mitotic and Interphase 

HeLa Cells 

We next examined polypeptide synthesis in 
cell-free cytoplasmic extracts from mitotic and 
interphase cells, since the results in Table  I and 
Fig. 2 would indicate that ribosomes from mitotic 
cells might  be relatively inactive in amino acid 
incorporation and free rather than complexed with 
messenger. We also examined the incorporation 
of Ct4-phenylalanine with and without the addi- 
tion of poly-U as a template. Table V shows that 
mitotic cell extracts were greatly depressed in 
their ability to incorporate amino acids into acid- 
insoluble polypeptide, as compared to interphase 
cell extracts. However,  it can be seen that poly-U 
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TABLE VI 

Replication of Poliovirus in Mitotic and Interphase HeLa Cells 

HeLa cells employed 
Total  number of 

Total  cell number infectious centers Tota l  virus yield 

Yield of plaque- 
forming units 

per cell 

Exper iment  1 * 
In terphase  cells 7 X 105 
Mitot ic  cells 7 X 10 ~ 

Exper iment  2* 
In terphase  cells 1.4 X 106 
Mitot ic  cells 8 X 10 ~ 

Exper iment  3;~ 
In terphase  cells 4 ) 106 
Mitot ic  cells 4 X 106 
Mitot ic  cells ( incubat ion in presence of 4 X 106 

10 -8 M guanidine)  

3 X 105 3 X 10 s 430 
3 X 105 3 X l0 s 430 

5 X 105 4 X l0 s 290 
3 X 105 3 X l0 s 370 

B 1.2 X l0 s 300 
1.1 X l0 s 280 

4 X 105 0.1 

* Monolayer  cultures were allowed to adsorb 100 PFU/ce l l  type 1 (Mahoney) poliovirus at 37°C, then 
were washed and incubated  for 9 hrs. in Eagle's medium conta ining 0,05 /zg/ml vinblast ine and 10 -3 M 
guanid ine  (a specific inhibi tor  of enterovirus replicat ion).  After 9 hrs. the mitot ic  and interphase cells 
were separated by agitation,  washed free of guanidine,  and incubated  for another  12 hrs. in the presence 
of vinblast ine before virus assay (or aliquots were plated under  agar medium for infectious center assay). 
:~ Mitot ic  cells and interphase cells were separated after 9-hr. incubat ion  in 0.05 ~g/ml  vinblast ine,  in- 
fected with 100 PFU/ce l l  type 1 poliovirus, washed free of excess virus, and incubated  for an addi t ional  
12 hrs. in vinblast ine medium before cell disrupt ion and virus assay. As a control to prove tha t  virus repli-  
cat ion is involved, one aliquot of infected mitotic cells was incubated  in the presence of 10 -s M guanidine  
to prevent  virus replication.  
All virus assays were performed after disrupt ion of cells by repeated freezing and thawing. Virus assays 
and infectious center  assays were carried out under  Eagle's medium containing 0.6 per  cent agar, 

s t imulated C14-phenylalanine incorporat ion by a 
m u c h  greater  factor in mitotic cell extracts than  
it did in interphase cell extracts. T he  kinetics of 
one exper iment  are shown in Fig. 3. In  some ex- 
periments,  the total incorporat ion of C14-phenyl - 
a lanine  by po ly-U-s t imula ted  mitot ic  cell ex- 
tracts exceeded tha t  of in terphase extracts. Since 
poly-U was added a t  sa tura t ing concentrat ions of 
200 #g /ml ,  the l imit ing componen t  in these ex- 
per iments  was probably  ribosomes. These find- 
ings indicate tha t  the enzymat ic  and  r ibosomal 
machinery  for protein synthesis are capable  of 
funct ion in mitot ic  cells, bu t  are lacking in mes- 
senger R N A  template.  

Multiplication of Poliovirus in Mitotic 

and Interphase HeLa Cell.~ 

All of the results presented above suggest tha t  
R N A  synthesis might  be depressed in mitotic ceils 
because the condensed state of the chromosomes 
precludes their  act ing as template  for R N A  syn- 
thesis. Wi thou t  renewal of messenger RNA,  pro- 
tein synthesis would become depressed for lack of 

template.  If this were the case, then  mitotic cells 
might  be expected to synthesize R N A  and protein 
if an  appropr ia te  nucleic acid template  were sub- 
stituted for the condensed chromosomal  DNA. An  
R N A  virus might  be an  ideal candidate.  

Marcus  and  Robbins  (9) have reported tha t  
mitotic cells are resistant to a n u m b e r  of an imal  
viruses and  that  they are resistant to poliovirus at  
low multiplicities. We  have carefully de termined  
the yields of poliovirus f rom mitotic and  inter- 
phase HeLa  cells under  two different conditions 
of h igh mult ipl ici ty infection. Virus  was either 
adsorbed to cells already arrested in mitosis and  
then incuba ted  in the presence of vinblast ine,  or 
it was adsorbed to interphase cells which were 
then kept  in the presence of the specific virus 
inhibi tor  guanidine,  and  in the presence of vin-  
blastine for 9 hours  to allow infected cells to ac- 
cumula te  in mitotic arrest. After 9 hours, the mi-  
totic cells were separated from interphase cells by 
agitation, and  fur ther  incubat ion  in the presence 
of vinblastine,  bu t  in the absence of guanidine,  
was provided. Regardless of which technique was 
employed, it was found (Table  VI )  tha t  mitotic 
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cells supported tile replication of normal yields of 
poliovirus (several hundred plaque-forming units 
per cell). Furthermore, as many mitotic cells as 
interphase ceils produced virus after infection, 
because an approximately equal number  of in- 
fectious centers were found for each. 

I t  can be concluded that mitotic cells are capa- 
ble of synthesizing normal yields of poliovirus 
R N A  and protein. ~his shows that mitotic cells 
have no general mechanism which blocks all pro- 
tein and nucleic acid synthesis, nor is there a lack 
of metabolic energy to drive protein and nucleic 
acid synthesis. I t  is obvious that replication of 
poliovirus does not require an intact nucleus, 
since normal yields were obtained in mitotic cells 
in which the nuclear membrane  was dissolved. 

D I S C U S S I O N  

All of the above data  are compatible with, but 
do not prove, the hypothesis that condensation of 
chromosomes during mitosis renders D N A  un- 
available as a template for R N A  polymerization, 
and that the subsequent failure of renewal of 
messenger R N A  leads to loss of polyribosomes and 
depressed protein synthesis. The  near absence of 
polyribosomes in mitotic cells is similar to the loss 
of polyribosomes in HeLa  cells in which R N A  
synthesis is blocked by actinomycin D (13). There 
might, in addition, be an accelerated breakdown 
of messenger RNA,  or an inhibitor of its function 
in mitotic cells, but the data  in Table V suggest 
that any such mechanism is not able to stop the 
function of poliovirus RNA.  

We have introduced a major artifact into this 
study by the employment of the spindle inhibitor 
vinblastine to hold the cells in mitosis. We found 
this necessary in order to obtain very high yields 
of mitotic cells with a very low percentage of con- 
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