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places along the molecule. In  shadowed prepara-  
tions of the D N A  protein films the fi lamentous 
structures show a uniform width  of ~ 5 0  A. This 
is thought  to be due to a coat of protein a round 
the single D N A  molecules, as already suggested 
by Kle inschmidt  and  Z a h n  (16). 

Mixed Surface Films of DNA and Protein 

Mixed films made  from concentrat ions of DNA 
between 10 -2 and 10 -3 m g / m l  and  a ratio of 

DNA to protein between 1 : 10 and 1 : 100 gave a 
suitable dis t r ibut ion of D N A  over the grid (Figs. 
2 and 3). W h e n  D N A  of high molecular  weight 
was used in combina t ion  with cytochrome c, and 
spread from a solution of 1 M NaC1 or N H 4 O H  
on 0.25 M a m m o n i u m  acetate, there was practically 
no aggregat ion of the D N A  molecules, and  all 
molecules showed a uniform width. In  spite of 
this it was seldom possible to trace one molecule 
from end to end, owing to f requent  contact  
points or crossings of molecules. At  low magnifi- 
cations one usually could not  trace an  individual  
molecule at  these points, and at high magnification 
the field of view was too small to contain  a whole 
molecule. However,  for the testing of staining 
solutions and similar purposes these preparat ions 
were very useful, since any field of view would 
conta in  at least par t  of one or several molecules. 

If  the same concentra t ion of D N A  and any of 
the proteins were spread from a 0.01 to 0.1 M 
solution of salt, a different picture was obtained 
(Figs. 4 to 6). Besides a few single molecules, 
"spider- l ike" structures were most frequently 
found. Evidently,  several D N A  molecules usually 
par t ic ipated in their  formation. F rom a dense 
aggregate in the center,  in which little detail  was 
visible, loops and  occasional free ends of single 
molecules extended in a roughly radial  direct ion 
covering an approximately  circular  area of up to 
several square microns (Figs. 4 and  5). Similar 
structures containing several such dense centers 
also occurred. If esterified serum a lbumin  was 
used instead of cytochrome, structures of this 
kind were found in preparat ions  spread not only 

from low but  also from high salt concentrat ions.  
In  DNA-his tone films spread from high salt 
concentrat ion,  they would also occur  but  less 
frequently. 

DNA of lower molecular  weight obta ined  by 
sonication for 2 hours did not show such aggre- 
gates. 

Sprayed Solutions of DNA 

The  spraying of high molecular  weight  DNA 
solutions on copolymer films usually resulted in an  
entangled mass of DNA molecules in areas where 
it was obviously concentra ted dur ing  drying of a 
droplet  of the sprayed solution. The  packing here 
was not  so dense as in the center of the "spiders ,"  
and  single molecules often could be traced over 
short  distances. Around  this area straight  bundles  
and  occasionally single straight molecules were 
found oriented radially. These had  probably  
become at tached to the support ing film dur ing  
drying while the droplet  was retract ing,  and  had  
thus been oriented. The  sonicated DNA showed a 
more even distr ibution and less aggregation,  
giving somewhat  bet ter  pictures. 

Oriented DNA Molecules 

Beer's technique proved to be very useful for 
mater ia l  of high molecular  weight. In  this prepara-  
t ion all the molecules were deposited nearly 
straight  and parallel to one another  (Figs. 7 and  8). 
Since the purpose of this work was not  to measure 
the length of single molecules, we used a ra ther  
h igh concentra t ion of DNA, 0.1 mg/ml .  Therefore,  
in many  places two or more molecules could be 
found in close contact  over long distances unt i l  a 
sudden decrease in width  or a b ranch ing  of the 
s tructure indicated the end of one molecule or a 
separat ion of the const i tuent  molecules of the 
bundle.  The  "b ranches"  usually cont inued in the 
same direct ion and eventual ly divided again 
unt i l  the smallest d iameter  of approximately  20 A 
was reached, indicat ing tha t  only a single molecule 
was present. Sometimes these would show, for a 

FIGURE 3 

(110/61) Same prepara t ion  as in Fig. 2 shadowed with uranium under an angle of 
10 °. Only the protein shell of the molecules is visible. The molecules appear much 
shorter because they cannot be traced where they run approximately parallel to the 
direction of shadowing. X 83,000. 
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very short  distance, a b ranch ing  into two still 
nar rower  strands which would then reunite  
(Fig. 8 ) - - a  feature tha t  was not observed in the 
larger strands. I t  probably  corresponds to pictures 
of shadowed preparat ions where the slender 
thread-l ike molecule seems to disappear  over 
short  distances, its s t ructure merging with the 
background,  which in these preparat ions  is not 
ideally smooth. We assume that  this indicates a 
part ial  separat ion of the double-s t randed molecule 
into the const i tuent  single strands. Mil ler  has 
recently obta ined  evidence tha t  this can occur on 
charged surfaces (20). 

In  general,  the shadowed grids of these prepara-  
tions seemed to have more mater ia l  a t tached 

t han  the " s ta ined"  ones. This  p robably  means 
tha t  some molecules float off in the " s ta in ing"  
solution. This  would also account  for occasional 
disoriented molecules in the " s ta ined"  prepara-  
tions. 

D I S C U S S I O N  

T h e  conclusion that  the structures described 
actually represent  D N A  is based mainly  on the 
fact tha t  their  n u m b e r  varies according to the 
concentra t ion and  their  length according to the 
molecular  weight of the D N A  used (compare 
Figs. 1 and  2). The  pictures of shadowed prepara-  
tions are essentially identical  wi th  electron 

~IGURE 4 

(602/61). Typical "spider" formation as obtained when a high molecular weight DNA cytochrome 
c cornplcx is spread from a low salt concentration. In this case 2.5 X 10 -8 mg/ml  DNA (Worthing- 
ton), 5 X 10 -2 mg/ml  cytochrome c in 0.04 M ammonium acetate was used, and the preparation shad- 
owcd with uranium under an angle of 10 °. The protein shell of the molecules is best seen where the 
long axis is approximately perpendicular to the direction of shadowing; the structure practically 
disappears where it is parallel to it. X 80,000. 
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FIGURE 5 

(607/61). Same preparation as in Fig. 4 but "stained" with La(NO~)~. The DNA part of the com- 
plex bccomes visible. X 140,000. 
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FIGURE 6 

(624/61). Same as Fig. 5 at higher magnification. X 560,000. 
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micrographs of DNA published by others (4-6, 
10, 11, 28), and the "stained" preparations show 
the same general shape and distribution of material 
as the shadowed ones. Most of the heavy metal 
salts used are known to stain nucleic acid or at 
least nucleic acid-rich structures in cells and 
viruses (12-15, 24, 26, 27), and Terada (22) has 
shown that La(NOn)8 and AgNOa render thin 
strands of pure D N A  visible in the electron 
microscope, although he has not resolved single 
molecules in his "stained" preparations. We 
assume that the thin filaments in our preparations 
represent single molecules because they are the 
smallest units found and their width of ~ 2 0  A is 
in good agreement with the width for a double 
helix of D N A  as determined by x-ray diffraction 
(18, 25). 

Little is known about the binding of heavy 
metal ions to nucleic acids. For uranyl salts the 
subject is discussed in several recent publications 
(12, 14, 28, 29). It  appears that in solution at 
pH 3.5 a very stable complex between uranyl ion 
and DNA is formed with a mole ratio UO2:P  = 
1:2. Increasing the pH leads to the binding of 
additional uranyl or complex uranyl ions which 
are less firmly attached to the DNA. Using 2 per 
cent uranyl acetate at pH 4.2, Huxley and Zubay 
(14) obtained a ratio U O : : P  close to 1:1. They 
could also show that under the same conditions a 
nucleohistone will take up a considerable amount 
of uranyl ions and most of it seems to be bound 
by the DNA. Even though we were working 
under somewhat different conditions, our results 
are in general agreement with these findings. 
Uranyl  acetate gave an increase in contrast with 
increasing pH of the "staining" solution. The  
rinsing with water diminished the contrast, 
indicating that part of the heavy metal  bound 
could be easily removed. In mixed films of DNA 

FIGURE 7 

(927/61). DNA (Worthington) deposited on the 
supporting film using Beer's technique (see text) 
and stained with Pb(C104)2 at pH 7.5. X 560,000. 

FmURE 8 

(791/61). Lithium DNA prepared as described in 
Fig. 2 but stained with 0.5 par cent uranyl acetate 
at pH 5.2. Note the partial separation into two 
strands close to the upper and lower edges of the 
picture. X 560,000. 
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and protein the "staining" lent contrast to struc- 
tures which, by comparison with similarly treated 
preparations of pure DNA, appear to be single 
D N A  molecules, thus indicating that a preferential 
"staining" of DNA in a nucleoprotein is possible. 

But in the latter case a possible contribution of 
the protein to the "staining" deserves considera- 
tion. I t  has been shown that histone can take up 
at least one-fifth and serum albumin at least 
one-seventh of the amount of uranyl which DNA 
will take up under the same conditions (14, 28). 
We assume that most of the "background staining" 
in our preparations can be attributed to this 
binding of heavy metals mainly by the carboxyl 
groups in the protein film. This is borne out by 
the observation of a lower "background staining" 
in the esterified serum albumin films as compared 
with films of unesterified proteins. As Kleinschmidt 
and Zahn (16) have already pointed out, the 
structures revealed by shadowing of the DNA- 
protein films, although uniform and similar in 
their general shape to DNA molecules, have a 
diameter of approximately 50 A. They probably 
represent nucleoprotein molecules where the 
D N A  forms the core of the filament and is sur- 
rounded by an outer "shell"  of protein. One could 
assume an orientation of the protein in the 
"shell" with most of its reactive groups located on 
the inner surface, where binding of a heavy 
metal  would then produce an image in the electron 
microscope indistinguishable, at the present 
level of resolution, from a true "staining" of DNA. 
But D N A  in esterified serum albumin films, in 
which the "background staining" is reduced, 
gives essentially the same pictures as the other 
proteins. Moreover,  treatment of films with 
ethyl alcohol at room temperature for 30 seconds 
apparently removes the DNA from its protein 
shell. Staining with heavy metal  salts after this 
t reatment no longer shows the long, thin filaments, 
but patches of dense material distributed more 
or less randomly over the film. If the same prepara- 
tion is shadowed with a heavy metal, the charac- 
teristic pattern of the protein shells can  still be 
seen, apparently unaltered. These observations 
also suggest that the thin filaments seen in 
"s ta ined" DNA-protein preparations actually 
represent D N A  molecules, but  some contribution 
of the protein to the stained structures cannot be 
ruled out. 

In this connection another observation should be 
mentioned. If we "stained" with uranyl before the 

alcohol treatment, the latter did not affect the 
appearance of the DNA in the microscope. Evi- 
dently the heavy metal stabilizes the nucleic acid, 
an effect which Kellenberger (15) has used in his 
method for fixation and staining of bacteria. This 
observation lends support to the contention that 
his technique gives a better preservation of the bac- 
terial nucleoid than the conventional procedures. 

The general shape of our nucleoprotein mole- 
cules is the same as that observed by Zubay and 
Dory (30) in shadowed preparations of sprayed 
nucleohistone solutions. But they found a diameter 
of only 30 A- -which  is in good agreement with 
their x-ray da ta - -as  compared with approximately 
50 A in our DNA-histone films. No conclusive 
explanation for this discrepancy can be given at 
the moment. It  could easily be due to one of the 
many known sources of error that occur in the 
determination of sizes from electron micrographs, 
especially from shadowed preparations. 

The  differences observed in DNA-protein films 
spread from solutions of high and low salt concen- 
trations may tentatively be explained in the 
following way. Most observers agree that in high 
salt concentrations the nucleoprotein molecule is 
dissociated into nucleic acid and protein and that 
actual nucleoprotein molecules exist in solution 
only in low salt concentrations. At intermediate 
salt concentrations the nucleoprotein usually is 
insoluble (1, 21, 30). If  DNA and a basic protein 
are mixed at very low salt concentrations an 
insoluble precipitate is formed, unless the concen- 
tration of both nucleic acid and protein is very 
low. This is thought to be due to cross-linking of 
the D N A  by the protein (1, 21). Even though in 
our experiments the D N A  and protein were 
mixed at concentrations of only 10 -2 m g / m l  and 
no precipitate was visible in a 0.01 M salt concen- 
tration, the "spiders" seem to indicate that some 
cross-linking occurred. The central dense knots in 
these formations are thought to represent segments 
of several D N A  molecules linked by the protein, 
from which free ends or long loops of single 
molecules extend in all directions. If, on the 
other hand, the DNA-protein mixture is spread 
from a high salt concentration onto a substrate 
where the nucleoprotein is insoluble (0.25 M 
ammonium acetate), the nucleoprotein complex is 
actually formed on the surface in a rapidly 
expanding film, where cross-linking is much less 
likely to occur. Tha t  extensive "spider" formation 
does occur even under these conditions with the 
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esterified serum a lbumin  may  be due to the much  
higher  molecular  weight  of this prote in  as com- 
pared wi th  cytochrome c or histone. No such 
indicat ion of cross-linking was found even in 
films spread from low salt concentrat ions if the 
sonicated D N A  was used. 

The  results presented here thus indicate  tha t  
" s ta in ing"  wi th  heavy metal  salts can be used to 
render  single molecules of D N A  visible in the 
electron microscope. Similar results have been 
obta ined independent ly  by Beer (2, 3) using 
uranyl  ni t ra te  at  p H  3.5. The  contrast  in his 
pictures apparent ly  is lower, and  from his chemical  
studies (Zobel and  Beer, 28, 29) it can be assumed 
tha t  the U O 2 : P  rat io in his prepara t ion  is ~ 1 : 2 ,  
whereas according to the results of Huxley 
and  Zubay  (14), in our preparat ion,  the ratio 
should be 1 : 1 or higher,  if not  too much  of it is 
lost dur ing  the washing of the grids. Even though 
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