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A B S T R A C T  

HeLa and conjunctiva tissue culture cells were incubated for various intervals with tri- 
tiated nucleosides and the incorporation into RNA was localized in different parts of the 
cell by means of autoradiography. In order to obtain quantitative measurements of in- 
corporation from grain count data the influence of cell geometry on the absorption of the 
tritium/3 ray was considered. Relative correction factors, E = g/g*, relating an idealized 
grain count in the absence of absorption, g, to the actual grain count, g*, were derived 
for the different cell compartments. For the average HeLa cell the factors for the nucleolus, 
n, non-nucleolar parts of the nucleus, N, and the cytoplasm, C, are in the ratio E n / E N /  
Ee = 2.3/1.6/1.0. The kinetics of incorporation for cytidine and adenosine are similar. 
The n and N curves are characterized by a rapid rise and early saturation, whereas the 
C curves show an appreciable lag and no evidence of saturation for intervals as long as one 
generation time. Estimates of the relative amounts of RNA in each compartment were ob- 
tained from ultraviolet micro absorption measurements and used together with the kinetic 
data to calculate specific activities. For incubation periods of short duration the ratio of 
specific activities n / N  for cytidine is approximately twice that for adenosine. Three hy- 
potheses for the mechanism of ribonucleoside incorporation and RNA synthesis are dis- 
cussed, and arguments favoring a transport of RNA or an RNA by-product from the nu- 
cleus and nucleolus to the cytoplasm are presented. 

Protein synthesis is supposed to be controlled by 
RNA, which derives its specificity from DNA. 
Since DNA resides exclusively in the cell nucleus, 
and protein synthesis occurs in the cytoplasm, a 
corollary to this hypothesis is that RNA is trans- 
ported from nucleus to cytoplasm. The evidence 
substantiating this concept has recently been 
discussed by Brachet (1). 

One approach to the problem has made use of 
autoradiographic methods for the intracellular 
localization of the sites of incorporation of RNA 
precursors (2-9). With all the vastly different 
cell types studied it was found that when RNA 
precursors are presented to a cell they are first 

incorporated in the nucleus and later appear in 
the cytoplasm. From this the conclusion was 
reached that cytoplasmic RNA is of nuclear origin. 
On the other hand, a conclusion based on quali- 
tative studies such as those cited is open to criti- 
cism (10) since the data can equally well be ex- 
plained by assuming that the RNA's in different 
cell parts have different turnover rates. 

The present investigation of the incorporation of 
the ribonucleosides cytidine and adenosine into 
the RNA of actively growing tissue culture cells 
was initiated in conjunction with experiments 
involving the inactivation of the nucleoli with 
ultraviolet microbeam irradiation (11-13). The 



k ine t i c  s tudies  p r e s e n t e d  he r e  e m p h a s i z e  the  q u a n -  

t i t a t ive  r e l a t i onsh ips  b e t w e e n  the  i n c o r p o r a t i o n s  

in d i f f e ren t  cell pa r t s  a n d  also offer  a m e t h o d  for 

e s t i m a t i n g  the  effect  of  the  i r r e g u l a r  g e o m e t r y  of 

t he  t issue c u l t u r e  cell on the  a u t o r a d i o g r a p h i c  

eff iciency.  

T h e s e  d a t a  h a v e  e n a b l e d  us  to e x a m i n e  m o r e  

c losely  the  hypo t he s i s  of  n u c l e a r - c y t o p l a s m i c  R N A  

t r ans fe r  a n d  f u r t h e r m o r e  to d r a w  t e n t a t i v e  con-  

c lus ions  r e g a r d i n g  the  n a t u r e  of  R N A  syn thes i s  

w i t h i n  t he  nuc l eus .  

Br ie f  r epo r t s  of  this  w o r k  h a v e  a p p e a r e d  pre -  

v ious ly  (12, 14, 15). 

M A T E R I A L S  A N D  M E T H O D S  

Two  stocks of H e L a  cells and  one of conjunc t iva  
were used. O n e  H e L a  line, originally obta ined  from 
Mr.  D. DeKegel ,  was g rown  on a m e d i u m ,  4'a0, 
consist ing of H a n k ' s  ba lanced sal ts  solution, yeast 
extract,  l ac ta lbumin  hydrolysate ,  and  10 per  cent  
calf  serum.  T h e  other  cell lines, obta ined  fi'om Dr. L. 
Castor,  were p ropaga ted  in Eagle 's  m e d i u m  with 
10 per cent  calf s e rum (Ei0). 

Cells which  had  been growing 3 or 4 days on 
coverslips were used for the  experiments .  Incuba-  
tions wi th  ZH-cytidine (1.2 m c / m g )  or a l l -adenosine 

(4.15 m c / m g )  in 4'10 were per formed in cuvet tes  in 
a CO2 incubator .  Incuba t ions  with the  tr i t iated 
nucleosides in El0 were carried out  in Le ighton  
tubes. 

At  the  t e rmina t ion  of a period of incuba t ion  the  
cells were fixed in cold acetic ac id -e thano l  (1"3), 
washed in 70 per cent  ethanol ,  t reated with 1 per  
cent  perchloric acid (PCA) at 4°C for 20 minutes ,  
and  washed  for 2 hours  in r unn ing  tap  water.  Some 
coverslips were cut  in half  at this point  and  one hal f  
incuba ted  for 1 hour  at 37°C in 0.5 m g / m l  R N a s e  
(phosphate  buffer  p H  7.1), t reated aga in  wi th  cold 
1 per  cent  PCA,  and  washed.  T h e  other  half  was 
incuba ted  in buffer  and  t reated identically. T h r e e  
or four coverslips represent ing different dura t ions  of 
incubat ion  in a labeled m e d i u m  were then  cemen ted  
to a microscope slide. T h e  prepara t ions  were covered 
with l iquid emuls ion  (Ilford G5 or L4),  ei ther by 
spreading the  mel ted  emuls ion onto  p r e w a r m e d  
slides (45-50°C) wi th  a glass rod, or by dipping the  
w a r m e d  slides into a tube  filled with mel ted  emul -  
sion, d ra in ing  t h e m  thoroughly ,  and  drying t h e m  in 
a hor izontal  position. After  an  appropr ia te  exposure 
at 24°C the  emuls ion  was developed in an  amidol -  
Na2SO3 developer (16). T h e  emuls ion  was fixed and  
washed,  and  then  the  cells were s ta ined wi th  me thy l  
g r een -py ron ine  (Unna) .  Grains  over the  different 
cell parts  were counted  in a r a n d o m l y  selected 
sample  of 50 to 100 ceils. 

FIGURE 1 

Examples  of  au to rad iographs  of ~H-cytidine incorpora t ion into H e L a  cells, a, 1/~ hour  incuba t ion ;  
b, 8 hour  incubat ion,  n, nuclcoli ;  N, nucleus ;  C, cytoplasm. It can  be seen tha t  the  grains  are con-  
fined to n and  N after 1/~ hour ,  bu t  tha t  after 8 hours  the  grains are dis t r ibuted over the  entire cell. 
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Examples of autographs of cells incubated for 
}~ hour and 8 hours in 3H-cytidine are shown in 
Fig. 1. 

A U T O R A D I O G R A P H I C  E F F I C I E N C Y  

In order to make a quanti tat ive study of the label- 
ing kinetics, it is necessary to know the relation- 
ship between the incorporation of labeled pre- 
cursor in the various cell compartments and the 
grains counted on the autograph. I t  is sometimes 
assumed that the incorporation is proportional 
to the grain count. This would be the case if 
every /3 particle emitted by an incorporated 
tri t ium atom had equal probability of exposing 
the emulsion. However,  if the /3 rays emanating 
from the different compartments encounter dif- 
ferent thicknesses of cell material before reaching 
the emulsion and thus undergo different amounts 
of self absorption, then a systematic error of 
considerable magnitude may be made in assum- 
ing proportionality. Indeed, the low energy of 
the t r i t ium/3 particle and the irregular geometry 
of a cell growing in tissue culture engender such a 
situation. 

I t  is possible to observe this effect directly in a 
thin microscopic section cut perpendicular to the 
plane of the cell and emulsion. To prepare such 
sections the cells were grown on millipore filters, 
incubated for 4 hours in labeled medium, and 
treated as previously described for coverslips. 
The "sandwich"  of filter, cells, and developed 
emulsion was then embedded in paraffin and 
sectioned at 3 microns. Fig. 2 shows two rather 
extreme examples of these preparations. In Fig. 
2 a the nucleolus is bulging from the cell so that  
there is an extremely thin layer between it and 
the emulsion. A very high grain density is ob- 
served. In Fig. 2 b the nucleolus is buried beneath 
a 0.8 micron layer (arrows) of nucleus and cyto- 
plasm. A very low grain density is observed. I t  is 
desirable therefore to know the three-dimensional 
geometry of the average cell and to derive a set of 
correction factors, designated by E, for the nu- 
cleolus, n, non-nucleolar parts of the nucleus, 
N, and the cytoplasm, C, by which the grain 
counts can be multiplied so as to obtain relative 
isotope incorporations. 

A rigorous derivation of such correction factors 

FIGURE 

Profiles of autoradiographs. Adjacent cells on the same preparation, a, cell with nucleolus practi- 
cally touching emulsion; note large grain density, g. b, cell with nucleolus buried beneath 0.8 micron 
layer (arrows) of nucleo- and cytoplasm; note scarcity of grains. 
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requires a fairly precise knowledge of the interac-  
t ion of the t r i t ium /3 rays wi th  mat ter .  Unfor tu-  
nately,  there is a scarcity of exper imenta l  da ta  
and  no general ly accepted theory for the a t tenua-  
t ion of electrons in this very low energy region (1 
to 18 key). However,  for relative factors the prob-  
lem is somewhat  simplified. In this case some of 
the assumptions apply equally to all compar t -  
ments,  and  consequently uncertaint ies  associated 
with the calculat ion are diminished.  

First, we shall t reat  all the emit ted /3 rays as 
if their  t rajectory were normal  to the emulsion. 
I f  the compar tmen t s  are considered as discs of 
different  radii ,  then for each compar t men t  the 
a t t enua t ion  associated wi th  non-norma l  trajec- 
tories is propor t ional  to tha t  for the normal  
trajectories. Thus  the relative factors may  be 
calculated solely on the basis of normal  incidence. 
The  only error  encountered  in such a t r ea tmen t  
is tha t  due to cross-fire, i.e., to a/3 ray or ig inat ing 

from one c o m p a r t m e n t  giving rise to a grain 

over ano the r  compar tment .  I t  may  be deduced 

from an  a rgumen t  analogous to tha t  of Lamer ton  

and  Harriss  (17) tha t  when  the electron energy 

is very low, as it is for t r i t ium, and  the compar t -  

ments  are larger  than  abou t  3 microns in d iam-  

eter, then the cross-fire correct ion is negligible. 

In  fact, for a small compar tment ,  such as n, 

the correct ion would not  exceed 20 per  cent  if 

all compar tmen t s  were equally labeled. Since in 

our  experiments  n usually has about  four times 

as m a n y  grains per  un i t  area as the sur rounding  N, 

this error  is reduced to 5 per  cent  or less. 

Secondly, we shall use a self absorpt ion func- 

t ion of the form: e x p ( - c o n s t  X thickness). A 
justif ication for this, given in detail  elsewhere 

(18), consists in compar ing  a theoret ical  range 

function,  derived from the Bethe-Bloch formula  

and  the emission spect rum of t r i t ium,  wi th  an 

exper imental ly  de te rmined  range curve (19). 

The  theoret ical  curve gives the total  pa th  of the 
electron, which because of its i r regulari ty is longer 

than  the pe r t inen t  s t raight  line distance. T h e  
exper imenta l  curve is measured  with a l u m i n u m  

foils and  a col l imated beam so tha t  it gives a 
shorter  effective pa th  than  tha t  encountered  in 

au toradiography.  I t  may  be shown tha t  for fixed 
cell mater ia l  of density 1.3 an exponential  func- 

t ion with the cons tant  # ~ 1.5 micron -a is a 
reasonable  approximat ion ,  lying between these 

two extremes;  fur thermore ,  it may  be shown tha t  

the factors are no t  strongly dependen t  on the exact  
choice of #. 

The  factors are then derived as follows: Con-  
sider a un i t  a rea  of cell c o m p a r t m e n t  X ,  of thick- 
ness A Z  = Z 2 -  Z1, where ZI  is the surface 
nearest  the emulsion and  Z2 is the far thest  surface. 
Assume tha t  the n u m b e r  of t r i t ium atoms incor- 
pora ted  per  uni t  area,  per  un i t  thickness of X, 
is a constant ,  K. If  all the decaying t r i t ium atoms 
incorpora ted  in AZ produce grains, then  the 
n u m b e r  of grains per  uni t  area of X is g iven by: 

f? (1) g x  = K d Z  = K(Z~ -- Z , ) .  
1 

However,  from the foregoing discussion the ac tual  
n u m b e r  of grains measured,  gx*, may  be wr i t ten  
as :  

f z  ~2 (2) g x  = Ke - " z  d Z .  

1 

T h e  factor for X is then:  

(~) E~, = gx /g* .  

Normal iz ing  the cytoplasmic factor to uni ty  we 
h a v e  ." 

(4) 
J~e = 1, = g N g e / g ~ g e ,  

E n  * * = g n g c / g n g e "  

Measurements ,  using a ca l ibra ted  ocular  mi-  
crometer ,  of 50 cell profiles such as those in Fig. 
2 yielded the average values of Zx and  Z2 shown 
in Tab le  I. Tak ing  # to be 1.5 micron  -1, the  
factors /~x were then calculated from equat ions  
(1) to (4). These  are also given in T a b l e  I. 

I t  is found t ha t  on the average there  is a 0.2 
micron  layer of cytoplasm between the nucleus  

T A B L E  I 

Parameters of  Radioautograph Ef fdency  

Compa~ment 

Zl z2 
Minimum Maximum E-X 
distance distance Normalized 

from from efficiency 
emulsion emulsion factor 

Cytoplasm (C) 
Nucleus (N) 
Nucleolus (n) 

0 1.4 1.0 
0.2 2.0 1.6 
0.4 2.3 2.3 
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Total incorporation of 3H-cytidine into various parts of HeLa cells as a function of time. Note the 
decreasing rates of n and N and the increasing rate of C. 

and  the emulsion. Gra ins  produced by /3 par-  
ticles emana t ing  from this thin,  bu t  highly efficient, 
layer are un in ten t iona l ly  counted as nuclear  
whereas  they really belong to the cytoplasm. 
I t  is possible to express the con t r ibu t ion  of the 
layer, l, in terms of the total  n u m b e r  of cytoplas- 
mic grains, g*, the ratio of nuclear  to cytoplasmic 
area,  AN/Ae, the thickness, AZ, and  the factors, -. 

c E. One  obta ins :  6 

JAN Ec AZt I 
(5) g? = g~ "~e El AZeJ" 

Plan imete r  measurements  on photographs  of 
20 cells gave for an  average AN/Ae = 0.36. 
W h e n  the o ther  parameters  are inserted into 
equat ion  (5) we find tha t  g* = 0.11g*. In  o ther  
words, 11 per  cent  of the cytoplasmic count  is 
rout inely counted as nuclear .  A similar compu-  
ta t ion can be made  for the layers of nucleus and  
cytoplasm which overlie the nucleolus, and  one 
finds tha t  only 1.3 per  cent  of the nuc lear  and  
0.6 per  cent  of the cytoplasmic gra in  count  are 
a t t r ibu tab le  to these layers. However,  this last 
computa t ion  is p robab ly  not  very accurate  be- 
cause of the fact tha t  the nuclear  act ivi ty is no t  
homogeneously dis t r ibuted wi th in  the nucleus, 
the nucleolar  associated ch romat in  p robab ly  
being the most active (20). Thus  it is safer hence-  
forth to consider the nucleolus as including its asso- 
ciated chromatin. 

All subsequent  gra in  counts  are corrected for 

zoo C p~~ 

20 -- 

2 I I 
5.0 1.0 0.2 0 . 0 4  

Concentration of 3H eyt idine-.uc/ml 

FmuaE 4 

Incorporation of 3H-cytidine into total cell RNA 
as a function of concentration of labeled cytidine. 
Log-log scale. Note that  the incorporation is pro- 
portional to the concentration of exogenous 
nucolesides for concentrations below 0.5 ~c/ml. 

¢ 

these geometr ical  factors and  expressed as gn, 
gN, and  ge, where 

- , * * 

gn = En(gn -- 0.013gar -- 0-006ge), 
- * * = 1.1 lg*. gN = EN(gN -- 0-11ge), ge 

R E S U L T S  

The  general  pa t t e rn  of the incorpora t ion  of 
cytidine into the average HeLa  cell over a per iod 
comparab le  to one genera t ion  t ime is shown in 
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FIGURE 5 

Autoradiographs of HeLa cells incubated for 4 hours in 3H-cytidine. a, untreated;  note that  all cells 
are labeled in all parts, b, RNase-treated; note that only certain nuclei are labeled, metaphase is not 
labeled. 

Fig. 3. The  curve for the cytoplasm character is-  
tically has a m i n i m u m  slope at  short  incuba t ion  
times, whereas  the n and  N curves have finite 
init ial  slopes which d iminish  appreciably  within 
2 hours. The  re la t ionship between the total in- 

corpora t ion and  the external  concent ra t ion  of 
labeled nucleoside for the concent ra t ion  range  
encounte red  in our  exper iments  is showi / in  Fig. 4. 
In  this exper iment  various amounts  of 3H-cytidine 
at  the same specific activity were di luted in Et0 
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T A B L E  II 

Relative Incorporation of Cytidine and Adenosine into RNA and DNA 

No. of cells counted Grains in nu- 
Grains in nucleus of cleus of RNase 

Durat ion of RNase- untreated cell* treated cells* Nucleoside in Labeled cells 
Nucleoside incubation Untreated treated (per 100 cells) (per loo cells) RNA after RNase 

hr. % % 

Cytidine 2 50 300 7,763 1,202 85 37.5 
Cytidine 4 50 200 14,151 2,538 82 46 
Cytidine 8 30 100 2,100 800 62 52 
Adenosine 1 60 342 5,102 1,029 80 35 
Adenosine 2 60 100 8,715 1,438 83.5 40 

* The absolute grain numbers should not be compared for different incubation periods because different 
exposures of the emulsion and different isotope concentrations were used. 

medium and presented to the cells for }~ hour. 
I t  can be seen that  at concentrat ions below about  
0.5 #c /ml  the incorporation is proport ional  to 
the concentrat ion of exogenous nucleosides. At 
higher concentrat ions there is some saturation. 
Fur thermore,  in this exper iment  the distribution 
of activity in the various compar tments  was the 

same, within very narrow limits, at all concen- 
trations (Table I I I ) .  

In N the nucleosides are incorporated into 
DNA as well as into RNA. In order  to estimate 
the relative incorporations into the two nucleic 
acids for various incubation periods, the cover- 
slips were cut in two after fixation and one half 
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Duration of incubation in 3H-cylidine (hours) 

Incorporation 3 of H-cytidine into RNA of various parts of HeLa cells as a function of time. Note 
that the N curve reaches saturation at the time when the C curve attains constant slope. 
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~IGURE 7 

Incorpora t ion  of ~H-cytidine into R N A  in H e L a  
cells. Rcsul t  of  two exper iments :  one in &i0 me-  
d ium,  the  o ther  in El0 m e d i u m .  Solid points 
exact ly overlap when  El0 da ta  are fitted to ~10 at 
5 m i n u t e  point. O p c n  points  arc f rom ~bl0 experi-  
m e n t  and  il lustrate samples  which  are r emoved  
f rom thc  labeled m e d i u m  at  the  indicated t imes 
and  incuba ted  for a fur ther  l0  minu tes  in un -  
labeled m e d i u m  conta in ing  excess cytidine. It  can  
be seen tha t  the  inc rcmcnt  in activity after transfer 
to unlabe led  m e d i u m  is the  same for 5 and  l0 
minu tes  incubat ion  with label. 
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FIGURE 8 

Incorpora t ion  of 3H-cytidine into R N A  in con- 
junc t iva  cells. Ordina tes  are in arb i t rary  units.  

were t rea ted  wi th  RNase.  This  t r ea tmen t  removes 
all the pyronine  s ta in ing from the cytoplasm 
and  nucleoli  and  leaves only methyl  g reen-  
s ta ined nuclei,  a cer ta in  percentage of which in- 
corporate  label. Cells from the two halves repre-  
sent ing a 4 hour  incuba t ion  in 3H-cytidine are 
shown in Fig. 5. The  fract ion of the nuclei  which  
are significantly labeled after RNase  varies wi th  
incuba t ion  t ime from abou t  one- th i rd  after 2 
hours  to more than  one-half  after 8 hours. W h e n  
grain  counts  were made  on nuclei  from the two 
a l te rna te  halves, the values shown in Table  I I  
were obta ined.  The  percentage of cytidine label  
which  is incorpora ted  into R N A  decreases from 

2OO 

Z rY 
o 150 
.E 
g 
"~- I00 

o 50 c 

V nucleolus 

• nucleus 

I ~ b - ' l L + - l " ~  I -- I I 1 I 
50 60 90 120 150 180 

Duration of incubation in 3H-adenosine (min.) 
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FmURE 9 

Incorpora t ion of ~H-adenosine into R N A  in 
H e L a  cells. Upper ,  in El0 m e d i u m ;  lower, in 
4~i0 m e d i u m .  Ordina tes  are in a rb i t ra ry  units.  

abou t  85 per  cent  after 2 hours  to abou t  60 per  
cent  after  8 hours. For  adenosine the percentage  
of label  in R N A  after short  incuba t ion  periods 
seems a bi t  lower. 

Using these da ta  we may  express the N values 
so tha t  they represent  only incorpora t ion  into 
RNA.  Fig. 6 shows da ta  represent ing the average 
of three  separate  cytidine experiments.  Again 
the striking difference between the C curve and  
those for n and  N is observed. In these experi-  
ments  incorpora t ion  into N almost  reaches a 
steady state at  2 hours. 

To look closer at  the details of early incorpora-  
tion, the kinetics were run  over  shorter  t ime 
ranges (Figs. 7 to 9). As can be seen by compar ing  
Figs. 7 and  8, the general  form of the curves for 
HcLa  and  conjunct iva  cells is the same. However,  
the relat ive sa tura t ion  levels of n and  N are dif- 
ferent  in the two ceils and  may  possibly reflect 
differences in the relat ive contents  of n and  N 
RNA's.  I t  can be seen from Fig. 7 and  by cam-  
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T A B L E  I I I  

Distribution of Nucleosides 

Nueleos ide  E x p e r i m e n t  

Concen t r a t ion  
of aH-nueleo- 

side 

hour  incubat ior .  1 hour  incuba t ion  
per  cent  of  ac t iv ' ty  pe r  cent  of  ac t iv i ty  

n N C n N C 

Cytidine 

Cyt idine 
Cytidine 

Adenosine 

Concent ra t ion  experi- 
ment  (Fig. 4), four 
separate incubat ions 

4'10 exper iment  (Fig. 6) 
Previously publ ished ex- 

per iment  (13) 
4'10 exper iment  (Fig. 9, 

lower) 
El0 exper iment  (Fig. 9, 

upper)  

Izc / ml 

0.04 
0.2 
1.0 
5.0 

33 63 4 
34 64 2 
39 61 0 
36 62 2 
34 64 2 48 46 6 

41 54 5 

18 77 5 15.5 75 9.5 

21 72 7 20 72 8 

par ing  the uppe r  and  lower parts  of Fig. 9 tha t  
there is no difference in the pa t te rn  of incorpora-  
t ion whe the r  the incubat ions  are carr ied out  in 
Eagle 's  m e d i u m  or in the r icher  ~b10 medium,  
which contains  yeast extract.  There  is a h igher  
total  incorpora t ion  in El0 for a given 3H-cytidine 
concentra t ion ,  bu t  the relative amounts  in each 
c o m p a r t m e n t  are the same for bo th  media.  

The  following features are consistently observed : 
(a) the ra te  of incorpora t ion  of labeled nucleosides 
into the R N A  of the cytoplasm is absolutely 
zero a t  zero incubat ion  time, and  (b) there is a 
br ief  lag of about  5 to 10 minutes  before n and 
N reach their  m a x i m u m  incorpora t ion  rate. 

The  second point  reflects the t ime necessary to 
fill the precursor pools of n and  N. This  is fur ther  
substant ia ted  by the transfer experiments  shown 
in Fig. 7. Samples of cells were removed from 
the labeled m e d i u m  at  5 and  10 minutes  and  
transferred to unlabeled  m e d i u m  conta in ing  ex- 
cess cytidine for an addi t ional  l0 minutes.  I t  is 
seen tha t  the increment  in label du r ing  this second 
10 minutes  is only slightly h igher  for the I0 min-  
ute removal  than  for the 5 minu te  removal,  sug- 
gesting tha t  the pool was pract ical ly filled at  5 
minutes.  

In compar ing  the intracel lular  dis t r ibut ion of 
activity after short  incubat ions  in cytidine me- 
d ium with  tha t  found in adenosine incubat ions,  a 
striking difference is noted (Table  I I I ) .  I t  may  
be seen that ,  relatively to the incorpora t ion  in N, 
more than  twice as much  cytidine as adenosine is 
taken up  in the nucleolus after }~ hour  incubat ion ,  
and  more than  three t imes as much  after 1 hour.  

This  point  will be taken up  later  in terms of specific 
activities. 

In  order  to ob ta in  an est imate of the total  
a m o u n t  of R N A  in n, N, and  C, ul t raviolet  ab-  
sorption measurements  were made  on individual  
cells. Sample  popula t ions  of HeLa  cells were 
t reated exactly as in the au torad iographic  ex- 
per iments  (except for the incuba t ion  in labeled 
medium)  and  then moun ted  in glycerin. A series 
of photographs  at  257 m# of prepara t ions  t reated 
w h h  PCA, DNase,  RNase,  and  bo th  nucleases 
are shown in Fig. 10. Also shown are representa  
tive densi tometr ic  traces made  so as to in tercept  
n, N, and  C. 

An average value of absorbance  was calculated 
from traces th rough  abou t  ten cells in each cate- 

gory. The  absorbance ,  A, due to R N A  was then 

calculated two ways: as PCA minus RNase,  and  

as DNase minus  bo th  nucleases. The  results are 

shown in Tab le  IV. Since the average thickness 

of each compar tment ,  t, is known from Tab le  I, 

the relative concentra t ions  can be calculated from 

the relat ion A / t  = (constant)  (concentrat ion) .  The  

relat ive areas were measured  by p lan imet ry  and  

the relat ive amounts  were calculated from: 

amoun t  = (constant)  (A) (area) . These calculated 

values of concent ra t ion  and  a m o u n t  are also 
given in Tab le  IV. Since the sample of cells 

measured was small and  only an  average ab-  
sorbance trace th rough  each cell was made,  
these values are only rough estimates. However ,  

they are sufficiently accurate  to point  out  tha t  
for R N A  the steady state cytoplasmic compar t -  
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I~GURE 10 

Left, examples  of 257 m~ ul t raviole t  micrographs  of H e L a  cells, a, 1 p c r c c n t  PCA at 5°C, 20 minu tes ;  
b, DNase- t rea tcd ;  c, RNasc- t rea ted ;  d, both nucleascs. Right ,  sample  densi tometr ic  traces across a 

cell in each category.  Traces  were m a d c  so as to pass t h rough  C, N, and  n. 
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T A B L E  IV 

Amounts and Concentrations of RNA 

R e l a t i v e  absorbances*  

P C A  m i n u s  
C o m p a r t m e n t  R N a s e  

D N a s e  m i n u s  A v e r a g e  of  
b o t h  first two  

nuc leases  c o l u m n s  
R e l a t i v e  c o n c e n t r a t i o n  T o t a l  a m o u n t  

of  RNA:~ of  R N A §  

Nucleolus (n) 0.35 0.32 0.33 
Nucleus (N) 0.06 0.06 0.06 
Cytoplasm (C) 0.18 0.20 0.19 

5.2 0.33 
1.0  1 .0  
4.1 8.9 

* Normalized for equal  N. 
From average thickness values n: N: C = 1.9:1.8:1.4. 

§ F r o m  average area values n:N:C = 1:17:47. 

l i t  

Medium 

R * 

R _ 

N u c l e o l u s  
Cytoplasm or 

n u c l e u s  

~o~ C- R N A  

ll 
R 4 

NIRNA•R 1L ,°st 

[ ]  
D N A  

dR/' 
. R 

~' preform- r ~ l  

t e r - \ \  I I D N A  
minol \ \  A 7 

add i t ion \ \  11 dR 
1,0p~d) \\/L/~ 

F ~ ~ R 

~ ? X  ~- ;X  

D N A  

dR 7 
/e 

R ~ R 

FIGURE 11 

Hypotheses for mechanism of ribonucleoside (R) 
incorporation (see text). 

men t  is 6 to 7 t imes larger  than  the two nuclear  
compar tmen t s  combined.  

D I S C U S S I O N  

Several in terpre ta t ions  for the dist inct  difference 
in form between the incorpora t ion  kinetics of n- 
or N - R N A  and  of C-RNA may  be offered (Fig. 
l 1): I. Incorpora t ion  into all compar tmen t s  is 
independent .  C has a slower turnover  rate and  a 
much  larger  pool of endogenous precursor,  
R +, than  n or N, and  the observed difference is 

due to different tu rnover  rates and  different  pool 
equi l ibra t ion times. This  hypothesis implies tha t  
R + is more complex than  a nucleoside and  is not 
able to pass f rom the cytoplasm into the nucleus. 
II .  Incorpora t ion  into all compar tmen t s  is in- 
dependent .  The  size of the C, n, and  N pools of 
R + are near ly  the same. The  nucleus (nucleolus) 
has a second and  relatively rapid incorpora t ion  
mechan ism (e.g. te rminal  addi t ion onto " t ransfer  
R N A " )  which  is responsible for the early preferen- 
tial incorpora t ion  into n a n d / o r  N. I I I .  Nucleo- 
sides are no t  direct ly incorpora ted  into R N A  in 
the cytoplasm. Ei ther  all the R N A  is made  in 
the nucleus and  t ranspor ted  to the cytoplasm 
as such, or some complex in te rmedia te ,  X, is 
made  and  then t ranspor ted  to C. 

The  al ternat ives all conta in  a scheme for the 
conversion of nucleosides to DNA precursors. 
The  incorpora t ion  into DNA is slow as compared  
wi th  N-RNA in spite of the fact tha t  the DNA 
content  is a t  least four t imes tha t  of N-RNA.  
Fur the rmore ,  in experiments  in which the in- 

cubat ion  wi th  labeled precursor was followed by 

an  incubat ion  wi th  excess unlabe led  precursor  
the rat io of incorpora t ion  of cytidine into D N A /  

R N A  increases after transfer to the unlabe led  
m e d i u m  (20). This  is explainable  by all the above 

hypotheses if we assume tha t  there  is vir tual ly  no 
tu rnover  of D N A  cytidine and  tha t  there is e i ther  

a tu rnover  of N - R N A  or a t ranspor t  of it to o ther  
parts  of the cell. 

Hypothesis  I is favored by Harr is  (10), who 
performed experiments  wi th  cul tured connect ive 
tissue cells in which  he labeled cells for short  
periods wi th  nucleoside and  then measured  the 

kinetics of nuc lear  and  cytoplasmic fractions 
du r ing  a chase wi th  excess un labe led  precursor.  
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Although he obtained a decrease in nuclear label 
and an increase in cytoplasmic label, he argues 
that the data do not indicate a nucleus to cyto- 
plasm transfer because the increase in cytoplasmic 
activity is greater than the loss in n plus N, and 
that the increase occurs before any appreciable 
diminution in the nucleus. However,  here the 
geometry considerations discussed earlier may be 
applicable. The  thinner cytoplasm is on the aver- 
age 1.6 and 2.3 times as effective in producing 
grains from a given 3H concentration as N and n 
respectively, and hence would show a deceptively 
higher activity. As the cytoplasmic activity in- 
creases, the activity in the cytoplasmic layer over- 
lying the nucleus also increases and hence might  
give rise to an artifactitious lag in the nuclear 
decline. 

Hypothesis I I  has been proposed by Vincent 
and Baltus (21) to account for the R N A  fraction 
from nucleoli of starfish oocytes, which initially 
has an abnormally high cytidine specific activity. 
In our experiments we have also noted that the 
nucleoli, relative to N,  have a higher incorporation 
of cytidine than of adenosine. At 1~ hour, when 
the cytoplasmic incorporation is still negligible, 
the specific activity ratios calculated from Tables 
I I I  and IV are: cytidine, n / , ¥  = 1.7; adenosine, 
n / N  = 0.8. Harris (10) also reported that more 
cytidine than adenosine was incorporated by the 
nucleolus. On  the other hand, we have not iso- 
lated the individual labeled nucleotides after 
hydrolysis and we know from macro scale experi- 
ments on HeLa  cells (22, 23) that the cytidine 
label goes into both pyrimidine bases and the 
adenosine label into both purine bases. Hence, 
it is impossible to decide whether our data reflect 
differences in base composition or differences in 
in metabolic pathway. The answer to this question 
awaits a clean separation of n and N fractions 
followed by nucleotide analysis. Since the mature 
oocvtes studied by Vincent are not growing and 
possibly not synthesizing ribosomes, whereas the 
HeLa  cells are growing rapidly and are com- 
mitted to double their ribosomes every 24 hours, 
the two systems should be compared only with 
caution. 

Hypothesis I I I  has been proposed previously 
(12, 13) to account for experiments which showed 
that when the nucleolar (or nucleolus-associated 
chromatin) activity was reduced to a negligible 
amount,  the cytoplasmic activity was diminished 
by more than 60 per cent. I t  cannot be established 

now whether  the R N A  moves from nucleus to 
cytoplasm as an intact molecule or whether  a 
complex precursor, X,  produced at the nucleolus 
or in conjunction with a nucleolar by-product, 
moves to the cytoplasm. 

From a quanti tat ive standpoint the nearly 
reciprocal relationship between the n or N curves 
and the C curve also argues for a nuclear-cyto- 
plasmic transfer of RNA. Such a reciprocity could 
otherwise occur only through a fortuitous com- 
bination of rate constants if the three systems 
were completely independent. Theoretical  rela- 
tionships for the activity in various compartments 
were derived for a model system similar to type 
I I I ,  and it was shown (12) that they mimic rather 
well the experimental  kinetic curves. 

Prescott (24), working with nucleate and anu- 
cleate fragments of ameba, concluded that there 
is a nuclear-cytoplasmic transfer of R N A  in this 
protozoan; and Edstr6m, making a delicate 
microelectrophoretic separation of the R N A  
bases from n, N, and C in spider oocytes showed 
that n-RNA had the same base composition as 
C-RNA (25). Both these experiments led support 
to the type I I I  mechanism. 

Within the nucleus the two R N A  systems, n 
and N, appear  to be independent. However,  this 
statement is made with the reservation stipulated 
earlier that the nucleolus-associated chromatin 
activity is being counted as nucleolar. Indeed,  
from the data  of Pelling (26) and some of our  
own observations (20) it is possible that all the 
early activity is associated with chromatin,  
that associated with the nucleolus being especially 

active. If we were able, in our system, to make a 
clear distinction between activity in the nucleolar 
substance and activity in the associated chroma- 
tin, perhaps the true n-RNA curve would become 
a sigmoid one similar to that for C-RNA. How- 
ever, our data  do show that a system whereby 
all the R N A  is synthesized in regions remote from 
n (i.e. in N) and then transported to n, as sug- 
gested by some authors (27, 28), does not exist. 

In conclusion, then, the kinetic studies pre- 
sented here, as well as the experiments in the 
literature dealing with pulse labeling and chasing, 
allow, on a qualitative level, several al ternative 
hypotheses. Experiments of a more refined nature 
tend to emphasize hypothesis I I I  as a major  
mechanism, although they do not exclude the 
possibility that the other systems are also operat- 
ing. Certainly the heterogeneity of RNA, i.e. 
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transfer, ribosomal, and possibly also "messenger" 
RNA, as well as the possibility of alternate incor- 
poration mechanisms (29-31), might lead one to 
expect more than one system of R N A  synthesis. 

The ultraviolet microspectrophotometry was per- 
formed in the laboratory of Dr. B. Thorell, Karo- 
linska Sjukhuset, Stockholm. The authors are in- 
debted to Drs. Thorell and L. Akerman for their 
help and hospitality. The work in Brussels was sup- 
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