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places along the molecule. In shadowed prepara-
tions of the DNA protein films the filamentous
structures show a uniform width of ~50 A. This
is thought to be due to a coat of protein around
the single DNA molecules, as already suggested
by Kleinschmidt and Zahn (16).

Mixed Surface Films of DNA and Protein

Mixed films made from concentrations of DNA
between 1072 and 107® mg/ml and a ratio of
DNA to protein between 1:10 and 1:100 gave a
suitable distribution of DNA over the grid (Figs.
2 and 3). When DNA of high molecular weight
was used in combination with cytochrome ¢, and
spread from a solution of 1 M NaCl or NH,OH
on 0.25 M ammonium acetate, there was practically
no aggregation of the DNA 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 frequent 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 preparations
were very useful, since any field of view would
contain at least part of one or several molecules.

If the same concentration of DNA 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-like”
found. Evidently, several DNA molecules usually
participated in their formation. From 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 direction
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 albumin was
used instead of cytochrome, structures of this
kind were found in preparations spread not only

structures were most frequently

from low but also from high salt concentrations.
In DNA-histone films spread from high salt
concentration, they would also occur but less
frequently.

DNA of lower molecular weight obtained 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 concentrated during 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 attached to the supporting film during
drying while the droplet was retracting, and had
thus been oriented. The sonicated DNA showed a
more even distribution and less aggregation,
giving somewhat better pictures.

Oriented DNA Molecules

Beer’s technique proved to be very useful for
material of high molecular weight. In this prepara-
tion 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 rather
high concentration of DNA, 0.1 mg/ml. Therefore,
in many places two or more molecules could be
found in close contact over long distances until a
sudden decrease in width or a branching of the
structure indicated the end of one molecule or a
separation of the constituent molecules of the
bundle. The “branches” usually continued in the
same direction and eventually divided again
until the smallest diameter of approximately 20 A
was reached, indicating that only a single molecule
was present. Sometimes these would show, for a

Ficure 3

(110/61) Same preparation 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 branching into two still
narrower strands which would then reunite
(Fig. 8)—a feature that was not observed in the
larger strands. It probably corresponds to pictures
of shadowed preparations where the slender
thread-like molecule seems to disappear over
short distances, its structure merging with the
background, which in these preparations is not
ideally smooth. We assume that this indicates a
partial separation of the double-stranded molecule
into the constituent single strands. Miller has
recently obtained evidence that this can occur on
charged surfaces (20).

In general, the shadowed grids of these prepara-
tions seemed to have more material attached

than the “stained” ones. This probably means
that some molecules float off in the ‘“‘staining”
solution. This would also account for occasional
disoriented molecules in the “stained” prepara-
tions.

DISCUSSION

The conclusion that the structures described
actually represent DNA is based mainly on the
fact that their number varies according to the
concentration and their length according to the
molecular weight of the DNA used (compare
Figs. 1 and 2). The pictures of shadowed prepara-
are essentially

tions identical with electron

Ficure 4

(602/61). Typical “spider” formation as obtained when a high molecular weight DNA cytochrome
¢ complex is spread from a low salt concentration. In this case 2.5 X 10~° mg/ml DNA (Worthing-
ton), 5 X 1072 mg/ml cytochrome ¢ in 0.04 M ammonium acetate was used, and the preparation shad-
owed 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(NO3;);. The DNA part of the com-
plex becomes visible. X 140,000.

W. Srorckenius DNA Molecules “Stained” with Heavy Metal Salts 305



FicuRrE 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(NOj;); and AgNOj; render thin
strands of pure DNA 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 ~20 A is
in good agreement with the width for a double
helix of DNA 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 UO,: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 UO,: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

Ficure 7

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

Ficure 8

(791/61). Lithium DNA prepared as described in
Fig. 2 but stained with 0.5 per 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
DNA 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. It 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
DNA 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 DNA 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
treatment 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
“stained” DNA-protein preparations actually
represent DNA 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
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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
Doty (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 data—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
Jow. This is thought to be due to cross-linking of
the DNA by the protein (1, 21). Even though in
our experiments the DNA and protein were
mixed at concentrations of only 1072 mg/ml 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 DNA 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. That extensive “spider” formation
does occur even under these conditions with the
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esterified serum albumin may be due to the much
higher molecular weight of this protein as com-
pared with cytochrome ¢ or histone. No such
indication of cross-linking was found even in
films spread from low salt concentrations if the
sonicated DNA was used.

The results presented here thus indicate that
“staining” with heavy metal salts can be used to
render single molecules of DNA visible in the
electron microscope. Similar results have been
obtained independently by Beer (2, 3) using
uranyl nitrate at pH 3.5. The contrast in his
pictures apparently is lower, and from his chemical
studies (Zobel and Beer, 28, 29) it can be assumed
that the UO2:P ratio in his preparation is ~1:2,
whereas according to the results of Huxley
and Zubay (14), in our preparation, the ratio
should be 1:1 or higher, if not too much of it is
lost during the washing of the grids. Even though

BIBLIOGRAPHY

1. ALEXANDER, P., The combination of protamine
with deoxyribonucleic acid, Biochim. et Bio-
physica Acta, 1953, 10, 595.

2. BEEr, M., The observation of single stained
DNA molecules in the electron microscope,
#th  Annual Meeting Biophysical Soc., Phila-
delphia, 1960.

3. BEer, M., to be published, 1961.

4. Beer, M., Electron microscopy of unbroken
DNA molecules, J. Mol. Biol., 1961, 3, 263.

5. BEEr, M., The examination of unbroken mole-
cules with the electron microscope, 5th An-
nual Meeting Biophysical Soc., St. Louis, 1961.

6. Bireeck, M. S. C., and Stacey, V. A,, The use
of novel supporting films for the electron
microscopy of deoxyribonucleic acid and
other macromolecules, J. Biophysic. and Bio-
chem. Cytol., 1959, 5, 167.

7. Doty, P., Bunce McGirr, B., and Rick, S. A,
The properties of some fragments of deoxy-
ribosenucleic acid, Proc. Nat. Acad. Sc., 1958,
44, 432.

8. FrAENKeL-ConrAT, H., Reaction of nucleic acid
with formaldehyde, Biochim. et Biophysica

. Acta, 1954, 15, 307.

9. Fuoss, R. M., and Catuers, C. J., Polyelectro-
lytes. III. Viscosities of n-butyl bromide addi-
tion compounds of 4-vinylpyridine-styrene co-
polymers in nitromethane-dioxane mixtures,
J. Polymer Sc., 1948, 4, 97.

10. Harr, C. E., Method for the observation of
macromolecules with the electron microscope.
Nlustrated with micrographs of DNA, J.
Biophysic. and Biockem. Cytol., 1956, 2, 625.

11. Harr, C. E,, and Lirt, M., Morphological

W. Srorckextvs DNA Molecules “‘Stained’”’ with Heavy Metal Salts

the additional uranyl does not seem to be bound
as firmly, it obviously is useful in increasing the
contrast of the preparations. In nucleoproteins
the described “‘staining” procedures evidently
render the nucleic acid part visible, which is in
good agreement with the results of Huxley and
Zubay (14) obtained on uranyl acetate-stained
sections of a nuclechistone isolated from thymus
tissue.

This work was greatly aided by frequent discussions
with Dr. G. Zubay. My thanks are due to him and
Dr. H. E. Huxley and also to Dr. M. Beer for making
the manuscripts of papers available to me before
publication. The use of lead perchlorate as an elec-
tron stain was suggested to us when we learned from
Dr. A. Bendich about his work on the reaction of
DNA with lead salts.

Received for publication, July 7, 1961.

features of DNA macromolecules as seen with
the electron microscope, J. Biophysic. and
Biochem. Cytol., 1958, 4, 1.

12. Huxitey, H. E., and Zusay, G., Fixation and
staining of nucleic acids for electron micros-
copy, Proc. 2nd European Regional Conf. Elec-
tron Micr., Delft, 1960, 2, 699.

13. Huxrey, H. E.; and Zusay, G., Electron micro-
scope observations on the structure of micro-
somal particles from FEscherichia coli, J. Mol.
Biol., 1960, 2, 10.

14. Huxiey, H. E., and Zusav, G., Preferential
staining of nucleic acid—containing structures
for electror microscopy, J. Biophysic. and Bio-
chem. Cytol., 1961, 11, 273.

15. KeLLENBERGER, E., RYTER, A., and SfcHAuD,
J., Electron microscope study of DNA-con-
taining plasms. II. Vegetative and mature
phage DNA as compared with normal bac-
terial nucleoids in different physiological
states, J. Biophysic. and Biochem. Cytol., 1958,
4, 671.

16. KreinscumipT, A., and Zarn, R. K., Uber
Desoxyribonucleinsdure-Molekeln in Protein-
Mischfilmen, Z. Naturforsch., 1959, 14b,
770.

17. Kreinscamipt, A., and Zann, R. K., Morpho-
logie geldster Desoxyribonucleinséure Pripa-
rate und einige ihrer Eigenschaften in Ober-
flichen Mischfilmen, Proc. 4th Internat. Conf.
Electron Micr., Berlin, 1958, 115.

18. Lancrince, R., WiLson, H. R., Hooper, C. W.,
Wirkins, M. M. F., and Hamirton, L. D,
The molecular configuration of deoxyribo-
nucleic acid. I. X-ray diffraction study of a

309



19.

20.

21.

22.

23.

24.

310

crystalline form of the lithium salt, J. Mol.
Biol., 1960, 2, 19.

ManperL, J. D., and Hersuey, A. D., A frac-
tionating column for analysis of nucleic acids,
Anal. Biochem., 1960, 1, 66.

MILLER, I. R., The Structure of DNA and RNA
in the water-mercury interface, J. Mol. Biol.,
1961, 3, 229.

SpitNik, P., Lipsuirz, R., and Cuarcarr, E.
Studies on nucleoproteins. III. Deoxyribo-
nucleic acid complexes with basic polyelec-
trolytes and their fractional extraction,
J. Biol. Chem., 1955, 15, 765.

TERADA, M., and Suisazaxi, K., Detailed clec-
tron microscope studies on purified bacterial
and viral DNA with some considerations on
the relation to genetics, Japan. J. Genet.,
1959, 34, 140.

TrurniT, H. J., A theory and method for the
spreading of protein monolayers, J. Colloid
Se., 1960, 15, 1.

Varenting, R. C., Quantitative electron stain-
ing of virus particles, J. Roy. Micr. Soc.,
1959, 78, 26.

25.

26.

27.

28.

29.

30.

WartsoN, J. D.; and Crick, F. H. C., Molecular
structure of nucleic acids. A structure for
deoxyribosenucleic acid, Nature, 1953, 171,
737.

WatsoN, M. L., Staining of tissue sections for
electron microscopy with heavy metals, J.
Biophysic. and Biochem. Cytol., 1958, 4, 475.

WarsoN, M. L., Staining of tissue sections for
electron microscopy with heavy metals. II.
Application of solutions containing lead and
barium, J. Biophysic. and Biochem. Cytol., 1958,
4, 727.

ZogeL, C. R., and Beer, M., Electron stains. 1.
Chemical studies on the interactions of DNA
with uranyl salts, J. Biophysic. and Biochem.
Cytol., 1961, 10, 335.

Zoggv, C. R., and Beer, M., Chemical studies on
the interaction of DNA with uranyl salts, Jt&
Annual Meeting Biophysical Soc., St. Louis, 1961.

Zusay, G., and Dorv, P., The isolation and
properties of deoxyribonucleoprotein par-
ticles containing single nucleic acid molecules,
J. Mol. Biol., 1959, 1, 1.

Tre JoURNAL oF Bropuysican AND Brocuemical Cyrorocy - Vorume 11, 1961



