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A B S T R A C T  

If thin sections of Escherichia coli, labeled uniformly with tritium, are radioautographed 
calculations, based on the distribution of section sizes show that the number  of H 3 decays 
per section should be very close to a Poisson distribution. We might, therefore, expect that 
the distribution of radioautographic grain counts among random cross-sections should 
follow a Poisson distribution. I t  can then be inferred that a deviation from a Poisson indi- 
cates a high concentration of label in a preferred region. This region can then be identified 
by analysis of serial section and comparison with electron micrographs. Sections of cells 
labeled with leucine-H 3 gave a Poisson distribution of grain counts, and it was concluded 
that proteins were distributed fairly uniformly throughout the cell. The situation was not 
changed if labeled cells were placed in chloramphenicol or if very short pulses of label were 
used. When Escherichia coli is grown in presence of chloramphenicol a major morphological 
change concerns the nuclear region: it becomes more regular in outline, nearly spherical, 
and occupies a smaller proportion of the cell length. The  previously described association 
between D N A  labeled with thymidine-H 3 and the nuclear region was confirmed by showing 
that the distribution of the label in the cell followed exactly the morphological changes of 
the nuclear region. It  was also shown that the concentration of DNA in the nuclear region 
was at least 45 times higher than that of the cytoplasm. Several morphological features of 
cells grown in chloramphenicol and examined in the electron microscope are discussed. 

The  limit of resolution of radioautography, using 
trit ium as a label, is of the order of 1 to 1.5 #. In a 
previous note (5) we introduced a method by 
which this limit could be overcome, to some 
extent, in localization studies on microorganisms. 
The techniques used involved the statistical 
analysis of radioautographic grain counts over 
random cross-sections of thinly sectioned bacteria 
and the consideration of serial sections of indi- 
vidual bacteria. The localization of the label was 
correlated to the morphological structures seen 
in the electron microscope. We thus found evi- 
dence of a relation between the localization of 

deoxyribonucleic acid and the nuclear region 
seen in electron micrographs of Escherichia coli. 

In this paper we shall use these methods of 
analysis to study the localization of incorporated 
leucine-H n and that of very short pulses of leucine- 
H ~. We shall also confirm the results obtained for 
DNA by showing that an experimental modifica- 
tion of the nuclear region, such as that brought 
about by growth in the presence of chlorarnpheni- 
col, results in a parallel change in the distribution 
of incorporated thymidine-H *. A brief description 
of electron microscopic observations on cells 
treated with chloramphenicol will be included. 
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T h e  localization of R N A  and  of its possible sites 

of synthesis will be t reated separately in a follow- 

ing article (6). 

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

Growth and Labeling: The organism used was E. coli 
T - U - ,  a thymine- and uracil-requiring mutant  (2), 
obtained through the courtesy of Dr. S. S. Cohen. 
Cultures of E. coli 15 T - U -  were started from slants 
and grown at 24°C. without aeration in tubes con- 
taining 1 ml. of M-9 synthetic medium (1) with 4 
#g. /ml.  of thymidine and 25 gg. /ml ,  of uridine. 
Parallel transfers to control tubes lacking either one 
of the required compounds were made routinely to 
check for back-mutations. The cultures were main- 
tained by serial transfers for several days before each 
experiment and were never allowed to exceed a con- 
centration higher than 109 eells/ml. Logarithmic 
growth was maintained up to that concentration as 
shown by Petroff-Hausser counts and incorporation 
of leucine-H a and thymidine-H a. 

Under these conditions of growth, it was found 
that the cells presented a great uniformity with 
respect to cell length, growth rate, motility, and 
morphology. The generation time was approximately 
140 minutes, giving a conveniently low rate of 
synthesia for pulse experiments. 

Cells were labeled either by substituting 50 #c. /ml.  
of thymidine-H~ (from Schwarz Labs., Inc.) with a 
specific activity of 3000 m c . / m M ,  for the thymidine 
in the medium, or by adding 50 #c./ml.  of nL- 
leucine-4,5 ,H a (from New England Nuclear Corp.) 
with a specific activity of 3750 mc . /mM,  and growing 
the cells in this modified medium for 6 to 7 genera- 
tions. 

Short pulse labeling .with leucine-H a was achieved 
by adding 100 #c. /ml.  of leucine-H a to cells growing 
exponentially. After the desired length of time the 
uptake of label was stopped by adding formaldehyde 
to a final concentration of 4 per cent. It  was deter- 
mined by radioautography and Geiger counting in a 
flow counter that  addition of formalin stopped the 
uptake of leucine almost instantaneously. 

Roberts et al. (25) have shown that in E. coli 
exogenous leucine appeared almost entirely as pro- 
tein leucine, Van  Tubergen (28) showed that in the 
case of nL-leucine-H 3 only the L-leucine was utilized 

by E. coli 15 T - U - .  In our preparations digestion 

with trypsin or chymotrypsin after formalin fixa- 

tion of the labeled cells removed 70 to 75 per cent of 
the label. This proportion remained the same in the 

case of short exposures to the label (42 and 60 

seconds). In all cases t reatment  with DNase or 

RNase did not remove a measurable amount  of label. 

The use of a thymidine mutant  insured a high 
labeling of DNA in the presence of thymidine-H a. 

Treatment  with DNase removed 97 per cent of the 
label from the fixed cells, while RNase removed less 
than 5 per cent. 

To achieve an experimental modification of the 
nuclear region, cells fully labeled with thymidine-H '3 
or leucine-H~ were grown in the presence of 50 
#g, /ml.  of chloromycetin (from Parke Davis) for 
60 to 90 minutes. 
Fixation and Embedding: Cultures containing 2 to 
4 X 108 cells were first fixed by adding formaldehyde, 
to a concentration of 4 per cent. After 3 hours the 
cells were precipitated by centrifugation and re- 
suspended in 50 #1. of medium. Approximately 100 
#1. of 2 per cent agar melted and brought to 45°C. 
were mixed with the cells and allowed to gel for a 
few minutes in an icebox. Fixation was then con- 
tinued for 12 hours in the cold (4°C.) in a solution 
of 1 per cent OsOa and 0.4 M sucrose in 0.2 M acetate- 
veronal buffer at p H  7.0. The blocks were cut into 
small cubic pieces of about 8 ram. 3 which were 
washed briefly in water, dehydrated through graded 
alcohols, and embedded in a mixture of 1 : 10 methyl 
methacrylate-n-butyl methacrylate, following stand- 
ard procedures i l l ) .  Measurement in a gas flow 
Geiger counter of the amount  of radioactivity lost 
to the various solutions revealed that  only about 2 
per cent of the thymidine-H 3 and 4 per cent of the 
leucine-H 3 were lost during the entire procedure. In  
both cases most of the loss occurred during the fixa- 
tion and it is felt that it probably represents low 
molecular weight compounds. 
Electron Microscopy: Thin sections (~'~500 A thick) 
were cut with a Porter-Blum microtome and placed 
on carbon-coated grids. They were stained by float- 
ing the grids for a few minutes on a 1 per cent solu- 
tion of l an thanum nitrate (14) or on a solution of 
lead hydroxide (30). The sections were examined 
and photographed in an RCA EMU-3B electron 
microscope. 
Radioautography: Thicker sections, 0.2 # thick, were 
cut in a similar manner  and placed on a slide pre- 
viously coated with a mixture of 0.5 per cent gelatin 
and 0.05 per cent chrome alum. The methacrylate 
was removed with amyl acetate. R a n d o m  fields were 
photographed in a phase contrast microscope. The 
slides were then covered with a strip of Kodak Ltd. 
autoradiographic emulsion AR-10 (10) and exposed 
for suitable lengths of time. After photographic 
processing they were mounted in 65 per cent glycerin. 
The previously photographed fields were identified 
and the number  of photographic grains associated 
with each cross-section of a cell counted, using phase 
contrast for identifying the sections and bright field 
for counting, and correcting for tracks whenever it 
seemed necessary. The practice of photographing 
random fields before placing the emulsion on the 
slide insured against bias in the selection of the sec- 
tions to be counted and helped in identifying the 
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smaller sections, the presence of the emulsion bringing 
about a serious decrease of contrast. Longitudinal 
and oblique sections were also counted and used for 
qualitative interpretation, but not included in the 
statistical analysis. It was verified that  no section of 
individual bacteria was lost during the procedure. 

For serial sections a similar method was used. 
Successive sections of each cell in a given field were 
identified in photographs. Only cells oriented per- 
pendicularly to the plane of the sections were selected 
for analysis. Another criterion was that  the first 
section (at the tip of the cell) be not a grazing sec- 
tion. Such cells were followed through four or five 
sections. Averaging the number  of grain counts over 
thirty to fifty cells gave an estimate of the longitudinal 
distribution of label. Qualitative consideration of 
longitudinal sections gave an estimate of the trans- 
versal distribution. 

Since it is difficult to have an exact measurement 
of the size and shape of an average cell, theoretical 
distributions of label in serial sections were con- 
structed as follows: each preparation for which such 
a model was to be made was photographed in the 
electron microscope and about 200 cross-sections of 
cells were measured and arranged by classes accord- 
ing to diameter. The probability of each class was 
taken to represent the proportional length occupied 
by that  class in the cell (making the assumption that  
all cells have uniform diameters). A block diagram 
was constructed where the heights represented the 
volume of the region in which we assume the label 
to be contained for each position along the length 
of the cell. We then cut imaginary serial sections 
through this diagram and tabulated the area in- 
eluded in each section. The final result of such a 
construction is shown in Fig. 12(A). It  accounts not 
only for the morphological characteristics of a given 
preparation, but also for the fact that  most of the 
sections considered will not be perfectly perpendicu- 
lar to the axis of the cell. It can be guessed that  in 
this particular preparation the cells were not per- 
fectly cylindrical. This was confirmed to some extent 
by examination of longitudinal sections. 

R E S U L T S  

Electron Microscopy: Figs. 1 and  2 show a com- 
parison between a cell of E. coli 15 T - U -  grown 
under  normal  conditions and  one from a cul ture  
which had  been growing in the presence of chlo- 
ramphenico l  for 60 minutes.  The  morphology of 
the normal  cells is in all respects similar to tha t  of 
E. coli 15 T - ,  grown under  similar conditions. 
previously described (5) and  does not  differ 
significantly from tha t  of other  strains of E. coli 
described by Kel lenberger  and  his group (15, 
16, 27) and  various other  authors  (3, 18). Large 

granules (approximately  600 A in d iameter)  
s tained by La(NO3)3 (5) and  located preferen- 
tially at  the poles of the cell appear  also after 
lead hydroxide staining (Fig. 1). W h e n  the cells 
are stained with uranyl  n i t ra te  these granules are 
replaced by regions of low density of similar size 
and  shape. They might  be similar to the holes 
(" t rous")  described by Ryte r  and Kel lenberger  
(27) in other  strains of E. coli? 

W h e n  the cells are grown from 15 to 90 minutes  
in chloramphenicol  the cytoplasm, cell wall, and  
600 A granules show no obvious change.  The  most  
striking differences concern the nuclear  region. I t  
becomes shorter, occupying only from 45 to 55 
per  cent  of the length of the cell (versus 67 per  cent  
in normal  cells). Its outl ine becomes smoother  
and  more regular  (Fig. 2). I t  seems, therefore, 
tha t  the total area of contact  between the cyto- 
plasm and the nuclear  area has somewhat  de- 
creased. The  distr ibution of fibrillar mater ia l  in 
the nuclear  region appears unchanged,  a l though 
the concentrat ion seems to increase with time. 
As in normal  cells, direct  contact  between these 
fine strands and the granular  cytoplasm appears  
extensive at  the interface between the two regions. 
Small islands of denser  mater ia l  appear  often in 
the center  of the nuclear  region (Fig. 2). In  the 
type of prepara t ion  illustrated in Fig. 2 the finely 
s t randed mater ia l  of the nuclear  region seems 
aggregated into coarser filaments. Such filaments 
often show cont inui ty  between the cytoplasm 
proper  and  the central  islands. If the cells are 
washed in uranyl  acetate after fixation, as sug- 
gested by Ryter  and  Kel lenberger  (27), the fila- 
ments  are much  finer (Figs. 5 to 7) and  such 
relations are not  easily seen, a l though they might  
still exist. 

The  observations presented here are typical of 
cells grown in ehloramphenicol  and agree in 
general  with  the results of Kel lenberger ,  Ryter,  
and S~chaud (15) on E. coli B treated wi th  chlo- 
ramphenico l  and  of Kel lenberger  and  Ryter  on 
E. coli K 12 t reated with aureomycin  (16). Some 

variat ions regarding the existence and  size of 

"cytoplasmic islands" in the nucleus and  the 

size and shape of the nuclear  region itself do 

occur, according to growth rate, medium,  cell 

density, and  other  variables. Accordingly,  careful 

1 A recent paper by B. Cedergren and T. Holme 
(J. Ultrastruct. Research, 1959, 3, 70) has established 
a correlation between these "holes" and the presence 
of glycogen in the cell. 
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electron microscopic measurements  were taken 
on each of the preparat ions  used for radioauto-  

graphy. 
In one prepara t ion  of cells grown for 90 minutes  

in chloramphenicol  the occasional appearance  of 
membranous  structures, both  in the cytoplasm 
(Fig. 8) and  in the nuclear  region (Figs. 5 to 7), 
was observed. These structures showed a variety 
of forms, appear ing  usually as a vesicle bounded  
by a single (Fig. 5) or a double membrane  (Figs. 
6 to 8). A cont inui ty  between the outer  m e m b r a n e  
and  the plasma m e m b r a n e  was sometimes ob- 
served (Fig. 8). Such membranous  structures 
have not  been seen in any of numerous  other  
prepara t ions  of normal  or chloramphenicol -  
t reated cells of various strains of E. coli. Neither  
have they been described, to our knowledge, by 
o ther  authors.  It, therefore, seems difficult to 
judge  whether  they are due to the action of 
chloramphenicol ,  whether  they represent  a normal  
feature of a certain stage of growth,  or whether  
they are due to some other  cause. The i r  presence 
does not  seem likely to affect the rad ioau tography  
results. 
Radioautography. Analysis of Grain Counts from 
Randomly Selected Cross-Sections: If, in a given 
field, there were a n u m b e r  of cross-sections of cells 
of equal  diameter ,  and  if these cells contained a 
r andomly  dis tr ibuted label, the n u m b e r  of grains 
associated with each section might  be expected 
to follow the rules of a Poisson distr ibut ion : 

aig--a 

where Pi = probabi l i ty  tha t  a section have i 
grains, and  a = average n u m b e r  of grains per  
section. If  we consider n classes of sections con- 
ta ining various amounts  of label, the total prob- 
ability tha t  a section will have i grains becomes 
the sum of several Poisson distr ibutions:  

Pi = ~ P:" afie-af 

where P: = probabil i ty  tha t  a section belong to 
the f t h  class and a: = average n u m b e r  of grains 
for f t h  class. 

The  quant i ty  Pf represents, therefore, a distri- 
but ion factor for the label in the cell. I f  the differ- 
ences between a: for various classes are large, for 
example if some sections include a labeled struc- 
ture and  others do not, then the distr ibution will 
differ greatly from a Poisson. Using the above 
formula it is possible, for a given average grain 
count,  to calculate model distr ibutions based on 
various hypotheses. We can then compare  with 
the actual distr ibution and see which hypothesis 
best fits the data.  The  da ta  necessary to calculate 
Pf and a: are obta ined by examinat ion and  
measurements  on a large n u m b e r  of electron 
micrographs from the same specimens as those 
used for radioautography.  The  results obta ined 
from some such theoretical distributions are wor th  
not ing here. Three  main  classes of label distribu- 
tions can be expected to give a grain dis t r ibut ion 
which is experimental ly indist inguishable from a 
Poisson curve: (a) label randomly  distr ibuted in 
cytoplasm, (b) label randomly  dis t r ibuted in 

FIGURE 1 

A dividing cell of E. coli 15 T - U - ,  stained with lead hydroxide. The nuclear region 
extends to about/2~rds the length of the cell. Fairly deep projections of cytoplasm into 
the nuclear region and of nuclear region into cytoplasm can be observed. The nuclear 
material is slightly clumped. The cytoplasm has the usual granular appearance. Many 
areas of contact between the nuclear threads and the cytoplasmic granules can be 
seen. The large (550 to 600 A) stained granules are preferentially located at the pole 
(or what soon will become a pole) of the cell. The cytoplasmic membrane is visible in 
places. X 60,000. 

FIGURE 
A cell of E. coli 15 T - U - .  Treated with chloramphenicol for 60 minutes, stained with 
lead hydroxide. The nuclear region is shorter, more nearly spherical, more uniform 
in outline. It occupies only ~ the length of the cell. The coarser clumping of nuclear 
material is due to small differences in the fixation. Notice the island of cytoplasmic-like 
material in the center. Many of the clumped nuclear fibers seem to link the island to 
the cytoplasm. Only one stained large granule can be seen. This is due to the growth 
condition, not to the effect of chloramphenicol. X 96,000. 
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FIGURES '3 and 4 

Phase contrast rnicrographs of radioautographs from two consecutive serial sections of 
thyrnidine-Ha-labeled cells. The clumps of photographic grains appear  as bright spots; 
the sections of bacteria are dark. There are many examples of sections unlabeled in one 
field and heavily labeled in the following field (arrows). At a the arrow points to a 
longitudinal section showing a similar effect. From their position in the cell, the labeled 
sections are judged to correspond to sections including nuclear material. The radio- 
autograph exposure was such that the average number  of grain counts over the exposed 
sections is about 20. X 2300. 

FIGURES 5 to 8 

E. coil 15 T - U - ,  treated with chloramphenicol for 90 minutes, washed in uranyl 
acetate after fixation (27). These micrographs illustrate the appearance of mem- 
branous structures in this preparation. 

FIGURE 5 

A nuclear structure, limited by a single membrane,  40 to 50 A thick. An overlapping 
of the membrane  seems to occur in the upper  portion. The structure excludes nuclear 
material, but many nuclear fibrils seem to be attached to the membrane,  or in contact 
with it. )< 94,000. 

FIGURE 6 

A nuclear structure limited by a double membrane.  The inside seems filled with a 
dense, homogeneous material. Again there is a close relation between the membrane  
and the nuclear fibrils. X 90,000. 

FIGURE 7 

A structure similar to that  in Fig. 6, but  smaller. X 87,000. 

FIGURE 8 

A cytoplasmic vacuole bounded by a double membrane.  The outside membrane  seems 
to be continuous with the cytoplasmic membrane.  The separation of the cell wall from 
the cell is a fixation or embedding artifact, X 110,000. 

544 THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME 9, 1961 



L. G. CAaO Macromolecules in E. coll. I 545 



cytoplasm and  nuclear  region, and  (c) label 
d is t r ibuted  in a thin layer on the periphery of the 
cell (e.g., cell wall or cell membrane) .  I t  is im- 
possible to distinguish between the first two possi- 
bilities. The  third one can be separated only by 
careful examinat ion of serial sections. 

Any sharp longitudinal  localization of the label 
will cause a der ivat ion from a Poisson. Such 
localizations might  be: (a) label confined exclu- 
sively to the nuclear  region; (b) label distr ibuted 
in the entire cell but  with  a large concentrat ion 
in the nuclear  region; (c) label restricted to the 
600 A granules, i.e., at the poles of the cell; (d) 
label localized in a small region not  related to 
any recognizable morphological  feature. Cases 
a, c, and d should be easily recognized. Case b 
presents a more difficult problem, depending on 
the concentrat ion,  and will be examined in the 
following paper  (6). 
Radioautography of Cells Labeled with Leucine-H3: 

Per cent 
sections 

Cross-sections of E. coli 15 T - U -  fully labeled 
with leucine-H 3 were examined as described above. 
The  grain count  distribution is shown in Fig. 9 
where it is compared to a Poisson distribution.  
The  agreement  between the two is good. Applying 
the X 2 test we obtain a value X ~ = 4.46. For 5 
degrees of freedom the probabi l i ty  P tha t  X ~ have 
a higher  value is close to 0.50, a good fit. The  
Poisson model is, therefore, acceptable.  

For the purpose of comparison with the DNA 
results we examined the case of cells fully labeled 
with leucine-H~ and whose morphology had  been 
subsequently modified by growth in chlorampheni-  
col for 60 minutes. The  results are shown in 
Fig. 10. Again, the agreement  with a Poisson 
model is excellent: X 2 = 6.5, P = 0.30 for 5 
degrees of freedom, a good fit. 

To test a distribution against a model we must 
choose between two hypotheses: the null hypothesis 
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FIGURE 9 

Distribution of grain counts over random cross-sections of cells labeled with leucine-H 3 (149 sec- 
tions). A Poisson distribution having same average is also plotted. The fit between the two distri- 
butions is good. 
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according to which the  distr ibution arose by no rma l  
variations,  due to small  sampling,  f rom the chosen 
model, and  the al ternat ive hypothesis,  according to 
which  it arose f rom some other, undefined model.  
In  practice we select a critical set of samples  and  
reject the  null hypothesis  whenever  a distr ibution 
falls in this critical set. In  our  work the  chosen critical 
set was all these distributions for which  the  prob- 
ability P tha t  X 2 be h igher  t han  the  obta ined  value  
was less t han  0.05 or more  t han  0.95. If P, on the  
other  hand,  fell between these two values the  model  
was accepted. 

For a given value of x 2 the  value  of P will depend  
on the  n u m b e r  of constraints  placed upon  the dis- 
t r ibut ion of sections a m o n g  the various classes of 
gra in  counts.  In  all our exper iments  this n u m b e r  is 
two: one is tha t  the  total n u m b e r  of sections is equal  
to the  s u m  of the  sections placed in the  various classes, 
a n d  the  other  is tha t  the  theoretical dis tr ibution 
(Poisson or other) is always calculated from the 
average gra in  count  obta ined  f rom the data.  If  we 
have  dis t r ibuted our  sections between i classes, 
this means  tha t  the  n u m b e r  of degrees of f reedom 
will be f = i -- 2. Classes with less t h a n  5 sections 
were g rouped  together  in order  to give one class 
with more  t han  5. (See reference 31 for more  details 
on X 2 test.) 

I t  m i g h t  be of  s o m e  in te res t  to po in t  o u t  t h a t  in 

the  cond i t i ons  of  the  e x p e r i m e n t  the  L - l euc ine -H  8 

was  e x h a u s t e d  in less t h a n  10 m i n u t e s .  Af t e r  

seven  b i n a r y  divis ions  a n d  sec t ion ing  of  the  cells 

e ach  sec t ion  r ep re sen t s  a p p r o x i m a t e l y  1/~000 of the  

or ig ina l  l abe led  s t ruc tu re .  Ye t  the  d i s t r i bu t ion  of  

g r a i n  c o u n t s  ind ica tes  still a fair ly u n i f o r m  a m o u n t  

of  label  in e ach  sect ion.  T h i s  resul t  con f i rms  those  

of  v a n  T u b e r g e n  (28) in p l ac ing  a l imi t  on  the  

la rges t  possible  indivis ib le  un i t  of  p ro te in .  I den t i ca l  

resul ts  were  o b t a i n e d  for cells c o n t i n u o u s l y  
labeled.  

S o m e  i n f o r m a t i o n  r e g a r d i n g  the  possible  sites 

of  p ro t e in  syn thes i s  was  s o u g h t  by c o n s i d e r i n g  the  

d i s t r i bu t ion  of  label  af ter  very  shor t  exposures  to 

l e u c i n e - H  3. Fig. 11 shows  the  g r a in  c o u n t  d i s t r i bu -  

t ion o b t a i n e d  w i th  a 1 -minu t e  pulse  (l/i40 of the  

divis ion t ime) .  T h e  va lue  of  X '2 f o u n d  w h e n  tes t ing  

the  d a t a  aga ins t  a Poisson d i s t r i bu t ion  was  6.13. 

For  5 degrees  of  f r e e d o m  P ~ 0.30, a good  fit. 

S imi la r  Poisson d i s t r i bu t ions  were  o b t a i n e d  for the  

shor tes t  pu lse  used  (42 seconds  or  ~ 0 0  d iv is ion  

t ime) .  D a t a  f r om serial  sect ions  of  cells l abe led  for 

1 m i n u t e  a re  s h o w n  in Fig. 12 (B). 
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In general we find thus that cross-sections of 
cells labeled with leucine, either for a long time or 
for very short pulses, give a Poisson distribution 
of grain counts. The most probable interpretation 
of this is that proteins are evenly distributed 
within the cytoplasm of the cells (at least when 
considered with the still fairly coarse resolving 
power of this method). The data from serial sec- 
tions in the l-minute pulse are consistent with this 
interpretation. They do not indicate an exclusive 
location of the newly synthesized protein along 
the cell membrane,  for, in this case, the first 
section through the tip of the cell would have 
almost the same average grain count as the follow- 
ing ones. This last point is illustrated by Fig. 12 (C) 
which shows the distribution of grain counts in 
serial sections of cells labeled with diamino- 
pimelic acid-H 3 in presence of a high concentra- 
tion of lysine. In such cells most of the label ap- 
pears associated with cell wall material (R. P. van 
Tubergen, personal communication). Only three 

sections are shown in this case, as not enough 
examples of fourth sections were obtained to give 
a reliable average grain count. Examination of 
grazing longitudinal sections showed also a higher 
relative concentration of label in the case of 
diaminopimelic acid than in that of a leucine 
pulse. 
Radioautography of Cells Labeled with Thymi&ne-H 3 
and Treated with Chloramphenicol." In order to 
identify more closely the localization of DNA 
with that of the central, generally lucid region 
seen in the electron microscope, it was interesting 
to study the effect upon the localization of DNA 
of the chloramphenicoMnduced shortening of the 
nuclear region. Fig. 13 shows the distribution of 
grain counts for 307 sections of cells labeled with 
thymidine-H 3 and treated with chloramphenicol 
for 90 minutes. As in normal cells the distribution 
is obviously not a Poisson, and the difference is 
here even more pronounced. The value of X 2, for 
testing against the Poisson model, is 131.6. For 4 
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degrees of freedom the probabi l i ty  tha t  X 2 be 
h igher  is P << 0.0001, an  obviously bad  fit. 

We might  make the following assumptions:  the 
label is localized in a region smaller than  the 
whole cell, it is dis t r ibuted uniformly in tha t  
region and,  therefore, those sections cut t ing 
th rough  tha t  region should show a Poisson distribu- 
tion of grain counts (an assumption supported by 
the leucine data) .  We can then try to de te rmine  
the size of this region by ignoring the sections 
hav ing  zero grains, fitting a Poisson dis t r ibut ion 
to the rest of the da ta  and  count ing the n u m b e r  
of sections in the zero class which lie outside tha t  
dis tr ibut ion (Fig. 14). We thus obta in  the result 
tha t  43 per  cent  of the sections are completely 
unlabeled.  

We then turn to the morphological  da ta  ob- 
tained by electron microscopy of sections of the 
same specimen. Examina t ion  of a large n u m b e r  of 
cross-sections revealed tha t  44.5 per cent  of these 
did not  show any  nuclear  material .  Since the 
sections seen in the electron microscope are th inner  
than  those used for rad ioau tography  a small cor- 
rection must  be introduced.  W h e n  this is done the 

g 
Q 

C g 
g 

<~ 

n u m b e r  of sections depr ived of nuclear  mater ia l  
should be 41 per  cent. This compares quite well 
with  the figure of 43 per  cent  sections excluding 
DNA. 

We can also use the electron microscopic da ta  
to plot a model dis tr ibut ion on the assumption 

tha t  the label is contained in the nuclear  region 

(5). Fig. 13 shows tha t  such a dis tr ibut ion fits the 

rad ioau tography  da ta  closely. The  X 2 value is 8.1. 

For 5 degrees of freedom P > 0. I, a satisfactory fit. 

There  is, therefore, good correlat ion between the 

distr ibut ion of incorporated thymid ine-H ~ among  

sections and  the size of the nuclear  region modified 

by  growth in chloramphenicol .  

Control o] Cell Labeling: T h e  last poin t  tha t  

should be made  is tha t  the variat ions in the grain 

count  dis tr ibut ion reflect truly the localization of 

label within the cells and  not  a non-homogeneous  

label ing of the cells themselves. Since the organism 

used is a thymidine-requi r ing  m u t a n t  and  since 

the cultures were tested continuously for the ab- 

sence of back muta t ions  we do not  expect the 

DNA molecules to show uneven labeling. I t  re 
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label is uniformly distributed throughout the cell. Section volumes have been calculated from elec- 
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(B) Average grain count distribution for serial sections of 37 cells labeled with a 1-minute pulse 
of leucine-H 3. The expected standard deviations are: 0.16 for the first section, 0.25 for the second, 
0.26 for the third, 0.39 for the fourth (this last class included only 20 sections). 

(C) Average grain count distribution for serial sections of 30 cells fully labeled with diamino- 
pimelic aeid-H 3 (DAP) in presence of a high concentration of lysine. The expected standard devi- 
ations are: 0.22 for the first section, 0.26 for the second, 0.26 for the third. In this case, a large frac- 
tion of the label is associated with the cell wall. 
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mains to show that cells of equal sizes contain 
equal amounts of DNA. 

It  has been shown by van Tubergen (29), using 
radioautography of whole cells, that E. coli 15 T -  
grown in conditions exactly similar to those used 
here had incorporated an amount  of thymidine-H 3 
directly proportional to the length of the cell. For 
each length class the distribution of grain counts 
was close to a Poisson, showing uniformity of label 
in cells of similar lengths. Similarly, radioau- 
tography on whole cells from aliquots taken before 
embedding from the cultures used in the above 

experiments showed no gross inhomogeneity in 
labeling. This applied to all the leucine-H 3 experi- 
ments as well as to the thymidine-H s experiments. 

Another method of checking the homogeneity 
of labeling involves the use of serial sections. Thus 
in the case of normal cells grown in thymidine-H '~, 
examined in a previous paper (5), we can select, 
from the data obtained for serial sections, only 
those sections which are known from their position 
in the sequence to cut through the nuclear region. 
Fig. 15 demonstrates that for these sections the 
grain counts approximate a Poisson distribution, 
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u n l a b e l e d  (pu re ly  c y t o p l a s m i c )  sections.  
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although the general distribution of grain counts 
had been markedly different. The X 2 value is 
3.82. For 4 degrees of freedom P ~ 0.45, a good fit. 

A further, more qualitative check can be made 
by increasing the exposure time of the radio- 
autograph to the point in which the average grain 
count becomes very high and the chance for a 
labeled section to have zero grain becomes very 
small. Examination of serial sections of cells 
labeled with thymidine-H 3, as shown in Figs. 3 
and 4, reveals that successive cross-sections 
through the same cell can show a wide variation 
in the amount  of label contained. The same figures 
give an example of a longitudinal section showing 
similar behavior. Although such a technique does 
not lend itself to quantitative work, since it be- 
comes impossible to count the number  of grains 
associated with the labeled sections, it is illustra- 
tive of the fact that the label is localized and is 
especially useful in clearly demonstrating the site 
of localization. Furthermore,  it is now possible to 
make a statement as to the possible amount  of 
D N A  that might be present in the cytoplasm, if 

any. The average grain count above sections cut- 
ting through the nucleus, estimated from the 
length of the exposure, is about 20. That  above 
sections through cytoplasm only is less than 1. 
In a nuclear section the nucleus represents only 
approximately }6ths of the total volume. We can 
thus state that the concentration of DNA in the 
nuclear region is at least 45 times higher than that 
in the cytoplasm. 

D I S C U S S I O N  

The morphological effects of chloramphenicol have 
been used here as a tool for an experimental 
modification of the nuclear region and have 
already been discussed. 

The results of radioautographic studies on 
sections of cells labeled with leucine-H~ establish 
the not too surprising fact that within the resolu- 
tion of the method, proteins are randomly dis- 
tributed throughout the cell. The situation remains 
unchanged for cells placed in the presence of 
chloramphenicol. We have, so far, no way of 
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determining whether the nuclear region contains 
protein or not. This is due to the fact that sections 

through the nuclear region contain also a sizable 
amount  of cytoplasmic material. 

The demonstration that a Poisson distribution 

of grain counts can be obtained, given reasonably 
uniform specimens, is not trivial since cases when 
such a distribution could not be obtained have 

been reported (17, 12). We were able to obtain 

Poisson distributions in all the cases of cells 
labeled with leucine-H a, diaminopimelic acid (7), 
and of cells fully labeled with uridine-H a or 

cytidine-H a (6) (a total of some 15 separate 
experiments). This should probably be attributed 
to the very uniform geometry of the specimens 
examined and to their thinness, which eliminates 

almost entirely artifacts due to self-absorption of 
the beta particles. 

In the case of short pulses of leucine (1 minute) 
we reached the conclusion that the label was 
randomly distributed and that there was no 
strong evidence for a concentration of label on the 
cell membrane.  Several hypotheses have been 
made regarding the sites of protein synthesis in 
bacteria. On the basis of pa2 suicide kinetics in 
recombination of experiments, Pardee (24) has 
postulated that proteins (specific enzymes) were 
specified directly by DNA. Our  results do not 
present any evidence in favor of a physical contact 
between DNA and newly synthesized proteins. 
The fractionation studies of Butler, Crathorn, and 
Hunter  (4) on B. megaterium and of Connell, 
Lengyel, and Warner  (9) on Azobacter vinelandii 
have led them to the hypothesis of an involvement 
of the cell membrane in protein synthesis. We find 
no evidence for this, but it must be remembered 
that the analysis of data from serial sections 
presents considerable difficulties. Furthermore,  
McQuil len,  Roberts, and Britten (20) have 
reached the conclusion that a protein unit was 
made in approximately 5 seconds, and released 
from its site of synthesis witnin 5 to 15 seconds. 
The time delays used in the experiments described 
here (1 minute and 42 seconds) are, therefore, too 
long to make the results very significant and no 
final conclusion can be reached from them. 

The existence of chromatin bodies in bacteria 
has been clearly demonstrated--e.g.,  Robinow 
(26). Mason and Powelson have shown that similar 
bodies are visible in living cells (19). Several 
authors--e.g., Chapman and Hillier (8), MaalCe 

and Birch-Andersen (18), Ryter  and Kellenberger 

(27), Murray (21)--have sought to identify the 
central lucid region seen in electron micrographs 

with the chromatin bodies. Such an identification 
was well grounded in circumstantial evidence. 
Yet it seemed worthwhile to obtain a more direct 

correlation between the position of the nuclear 
region and that of DNA. 

In an earlier paper (5) we found an association 

between incorporated thymidine-H a and the 
nuclear region seen in electron micrographs. This 

has been confirmed here by showing that a 
morphological modification of the nuclear region 
was correlated with a change in the localization 
of the label. The method of analysis was put on a 

sounder experimental basis by showing that 
Poisson distributions of grain counts were possible 
and that derivations from such a distribution 

were truly due to non-homogeneity of the label 
within the cell. 

Since it is the only morphological feature seen 
in the nuclear region, it seems probable that the 
finely stranded material described by several 
authors (15, 22, 5) represents a DNA complex. 
The works of Forro and Wertheimer (13), Painter, 
Forro, and Hughes (23), and van Tubergen (28) 
show that the division of DNA among the progeny 
of labeled E. coli is not a random process. The 
apparent lack of organization of the nuclear 
material at the electron microscopic level is not, 
therefore, reflected in its behavior during division. 
I t  is possible that the specimen preparation pro- 
cedures have disrupted a morphological organiza- 
tion that was present in the living cell or that some 
organization is still present but is not seen because 
of the thinness of the sections. The situation is not 
very different from that of chromosomes in higher 
organisms in which the high degree of organization 
seen in the light microscope is only rarely per- 
ceptible at the electron microscopic level. 

We hope that we have demonstrated here that 
radioautographic studies of thin sections of micro- 
organisms can be used to identify sites of label 
localization. The analysis of grain counts over 
random cross-sections has revealed, with a fair 
degree of accuracy, the size of a structure too 
small to be resolved by radioautography of the 
whole cell. We should note that such an analysis 
is especially useful in the cases in which the label 
is completely restricted to the structure con- 
sidered. As we shall see in the next paper, cases 
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in which only pa r t  of the label is localized within 

a structure can be more ambiguous.  
Once the size of the label-containing structure 

has been de termined  its position in the cell can 
be found by serial sectioning. It  might  be thought  
tha t  serial sections would suffice to give all the 
information needed. In the case of organisms as 
small  as E. coli this is not  so because of several 
factors, I t  is a much  longer, more painstaking, 
and  difficult method of obta in ing quant i ta t ive  
information than  the use of r a n d o m  sections. 
Fur thermore ,  the necessity of averaging the data  
obta ined  from a n u m b e r  of cells in order to obta in  
statistically significant grain counts in t roduced 
two main  sources of error:  (a) the first section, at  
the tip of the cell, varies in thickness, and  (b) the 
position of the nuclear  region with respect to the 
tip of the cell varies, especially in ch lorampheni -  
col-treated cells. These factors are easily taken 

into account  in the analysis of r a n d o m  cross- 
sections but  not  in the case of serial  sections. The  
two methods are therefore complementary .  
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