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4. The proteins of the Lubrol supernatant liquid
were separated into four fractions, differences in
solubility in strong solutions of magnesium sul-
phate, ammonium sulphate and water being
utilized. The specific radioactivities of these
fractions showed the same pattern of distribution,
whatever the time interval after the injection of
[**C]phenylalanine. The final fraction containing
these proteins least readily precipitated became
labelled very quickly; 2 min. after injection it had
a specific radioactivity as high as that of the
proteins of the sodium perfluoro-octanoate pellet.

5. The present results indicate that a number of
microsomal proteins which can easily be solubilized
become labelled simultaneously.
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Preparation of deoxyribonucleic acid from rat-
liver homogenates by the action of various salts
and phenol (Kirby, 1957) showed that deoxy-
ribonucleic acid free from protein could be isolated
when the salt was p-aminosalicylate but that about
19, of residual protein remained attached to the
deoxyribonucleic acid when benzoate was used.
These results suggested that some deoxyribonucleic
acid may be bound to the protein through metal
linkages, and it was thought that further informa-
tion could be obtained by isolation and analysis of
deoxyribonucleic acid produced by the action of
different salts.

For this investigation fluoride and azide were
chosen as typical inorganic salts with considerable
power of complexing with metals. The action of
diethyldithiocarbamate was compared with that of
diethylacetate and the action of 2-nitroso-1-
naphthol-4-sulphonate with 1-naphthol-4-sulpho-
nate, since the first and third of this group have
considerable chelating abilities. cycloHexanedi-
amine-NNN’N’-tetra-acetate was examined be-
cause this agent was effective in releasing deoxy-
ribonucleic acid from rat liver whereas a very

similar chelating agent, ethylenediamine-NNN’N’-
tetra-acetate, was not (Kirby, 1957). Finally the
effect of benzoate at different concentrations was
investigated to determine the effect of ionic con-
centration on the amount of residual protein
attached to the deoxyribonucleic acid. It had
been demonstrated previously that deoxyribo-
nucleic acid extracted in the presence of 0-15M-
salts contained more protein than when 0-3 M-salts
were used.

MATERIALS AND METHODS

Sodium salts were used in all cases and adjusted to pH 6-5-
7-0 with NaOH or acetic acid with narrow-range indicator
papers or a pH meter.

Isolation procedure. This was essentially as described
previously. The animals were killed and their livers excised
and dropped on to solid CO,. The livers (usually 50-75 g.)
were broken up in the appropriate salt solution (400-
600 ml.) in a Waring Blendor for about 45 sec. The mixture
was stirred and an equal volume of 909, phenol (w/w) was
added immediately and stirring continued for 40 min. The
conditions of centrifuging depended upon the viscosity of
the aqueous layer, which was much more viscous when
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more than about 59, of protein was present with the
deoxyribonucleic acid (DNA). In these cases the mixture
was centrifuged for 1 hr. at 0° at 700 g, the dark phenol
layer removed by suction and the aqueous layer was
centrifuged again in a Servall machine in polyethylene
tubes for 1 hr. at 0° at 10 000 g. When the high viscosity
precluded suction the aqueous solution was separated by
careful pouring. When the salt concentration was less than
0-15 M the aqueous solution was made 49, with respect to
sodium acetate before addition of an equal volume of
2-ethoxyethanol for precipitation.

DNA with only traces of protein which was precipitated
for the first time with 2-ethoxyethanol was more difficult to
collect on a rod or a spatula than DNA with more protein,
and was better separated by centrifuging for about 1 min.
at 500 g.

After further precipitations and treatment with ribo-
nuclease the DNA-protein complex was separated from
residual glycogen by extraction from 1-25M-phosphate
solution with 2-methoxyethanol, when the complex was
extracted entirely into the organic layer and the glycogen
remained partially insoluble and partially in the aqueous
layer. After centrifuging and dialysis of the organic layer
sodium acetate was added and the DNA material was pre-
cipitated by 2-ethoxyethanol. The white fibres were
washed twice with ethanol-water (3:1), and allowed to
stand for several hours over ethanol and then dried in a
vacuum desiccator over CaCl,.

Analyses. Determinations of N and P were carried out
on materials containing 10-15%, of moisture. €g, values
(Chargaff, 1955) were determined in 0-1M-NaCl soln. When
little protein was present the samples dissolved easily on
shaking, but when much protein was present it was some-
times necessary to dissolve the product in water and then
add an equal volume of 0-2M-NaCl soln. Base compositions
were estimated as described by Kirby (1957).

Amino acid determination. This was carried out essentially
by the method used before (Kirby, 1957). The complex
(15 mg.) was hydrolysed with 5-8N-HCl, and the HCl
evaporated, and the residue evaporated two or three times
in the presence of acetic acid—water (1:4) and then dis-
solved in 0-1 ml. of acetic acid—water (1:4); 0-02 ml. was
used for separation by paper chromatography and electro-
phoresis. A sample (7-10 mg.) of the product from the 0-07
and 0-14M-benzoate preparation was used for hydrolysis,
and the residue was dissolved in 0-2 ml. of acetic acid-
water (1:4) and 0-01 ml. was used for each separation.
Lysine and arginine were determined on Whatman no. 4
paper by single-way chromatography. After the separation
colours were developed by spraying the papers with a
solution of ninhydrin, and the colours were stabilized by
spraying with a solution of cupric acetate monohydrate
(150 mg., powdered in 6 ml. of water and 94 ml. of eth-
anol). The colours were eluted for 2 hr. with 809, methanol
(809% 2-methoxyethanol has been found to be better than
80 %, methanol) and measured at 500 mu.

Action of p-aminosalicylate and phenol on the deoxyribo-
nucleic acid prepared by the action of 0-07M-benzoate. DNA
prepared by the action of 0-07M-benzoate (54 mg.) was
dissolved in water (100 ml.). To this solution sodium p-
aminosalicylate (6 g.) and 909, phenol (w/w) were added
and the mixture was stirred for 40 min. at room temper-
ature. The mixture was centrifuged at 0° in an Inter-
national centrifuge at 700 g for 45 min. The top layer was
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siphoned off and the DNA was precipitated with an equal
volume of 2-ethoxyethanol. The fibrous precipitate was
collected, and dissolved immediately in water (50 ml.);
sodium acetate (2 g.) was added and the material was again
precipitated with 2-ethoxyethanol (50 ml.). The insoluble
product was removed, washed twice with 759, ethanol and
allowed to stand for 16 hr. with absolute ethanol before
pouring away the ethanol and drying the residue in a
vacuum desiccator over CaCly. The yield was 22 mg.

Action of sodium b te and sodium azide on rat-liver
homogenates. Rat liver (32 g.) was homogenized in a solu-
tion (250 ml.) of sodium benzoate (0-28M) and sodium
azide (0-03M). An equal volume of 90 9, phenol was added
and the mixture was stirred for 40 min. and then centri-
fuged for 1 hr. at 0° at 700 g. The lower phenol layer was
removed and the top layer was centrifuged again. The clear
supernatant was removed, and the DNA was precipitated
with an equal volume of 2-ethoxyethanol and separated by
centrifuging for 1 min. at 700g. The DNA dissolved
quickly in water and the separation procedure followed the
method described previously (Kirby, 1957). The yield was
56 mg.

Isolation of deoxyribonucleic acid from rat-liver homo-
genate by the action of ethylenediamine-NNN’N'-tetra-acetate,

phthalene-2-sulphonate and phenol. Sodium naphthalene-
2-sulphonate (17-5g.) and tetrasodium ethylenediamine-
NNN’N’-tetra-acetate (5g.) were dissolved in water
(500 ml.) and acetic acid (0-5 ml.) was added to bring the
pH to 6-5. This solution (200 ml.) was used to homogenize
25 g. of rat liver and the mixture was stirred for 40 min.
with 909, phenol (w/w) (200 ml.), after which DNA was
isolated exactly as described previously. The yield was
41 mg.

Isolation of deoxyribonucleic acid—protein complex in the
presence of free deoxyribonucleic acid. DNA (41-8 mg.) in
which no protein was present was dissolved in water
(250 ml.), sodium benzoate (5g.) was added and this
solution was used to homogenize 5g. of rat liver. The
homogenate was stirred with 250 ml. of 909, (w/w) phenol
for 40 min. and the DNA was isolated exactly as described
previously. The product had a lower viscosity than that
usually isolated by the 0-14M-benzoate procedure.

Hydroazinolysis. Anhydrous hydrazine was prepared by
Braunitzer’s (1955) method and the course of the experi-
ments followed from his data. DNA (30 mg. each from
0:07 and 0-14M-benzoate preparations) was used with
0-3 ml. of anhydrous hydrazine and p-nitrobenzaldehyde in
ethyl acetate was used to remove the hydrazones. The final
aqueous solutions were yellow. They were evaporated to
dryness, the residue was dissolved in 0-1 ml. of acetic acid—
water (4:1) and 0-02 ml. was used for chromatographic
analysis, which was carried out as described by Kirby
(1957). Only the DNA prepared by the action of 0-07M-
benzoate developed any colours with ninhydrin and the
amino acids found were: leucine, alanine, glycine, aspartic
acid, glutamic acid and serine.

RESULTS

Yields. The yield of the DNA-protein complexes
isolated by the phenol procedure is usually 160-
220 mg./100 g. of rat liver, irrespective of the
amount of protein in the complex. Hence less
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DNA is actually extracted by 0-07 and 0-14M-
benzoate solutions since about 50 and 309,
respectively of the product is protein. There is no
alteration in the base composition with varying
amounts of protein.

Amino acid analyses. The analytical results of
the various preparations are shown in Table 1.
Apart from the amino acids reported in the table,
cysteine, serine, threonine, glycine, alanine, pro-
line, methionine and valine are present in the
samples prepared by the action of 0-07 and 0-14M-
benzoate and 0-3M-diethylacetate ions. Glycine is,
of course, present in all hydrolysates owing to
decomposition of the purines. Cysteine and proline
are absent from the chromatograms of all other
samples and so, presumably, are present in small
quantities in the three preparations mentioned.
Serine, threonine, alanine, methionine and valine
aro also present in preparations made with 0-21 M-
benzoate, cyclohexanediamine-NNN’N -tetra-ace-
tate, 2-nitroso-1l-naphthol-4-sulphonate and to a
less extent in the azide and fluoride preparations.

Action of naphthalenesulphonic acids. Naphtha-
lene-2-sulphonate was previously reported (Kirby,
1957) to be moderately active in releasing DNA,
but only very little DNA could be isolated when
the salt was used at 0-15M concentration, although
the solution gave a strong Dische (1930) reaction.
1-Naphthol-4-sulphonate (0-15M) yielded 150 mg.
of DNA/100 g. of rat liver but some ribonucleic
acid (RNA) was present. Naphtholsulphonate was
originally considered to be moderately effective
since the DNA was not fibrous on precipitation.
This, however, was due to coprecipitation of 1-
naphthol-4-sulphonate; this was separated during
the two-phase separation with 2-methoxyethanol
when the DNA was extracted into the organic
layer, whereas the naphtholsulphonate was largely
insoluble. After dialysis of the organic layer the
DNA precipitated in a fibrous manner. The
presence of RNA may  therefore be due to some

inactivation of ribonuclease by 1-naphthol-4-

sulphonate.

Since a solution of 2-nitroso-1-naphthol-4-
sulphonate is saturated at a concentration of
0-03M the comparative ability of naphthalene-2-
sulphonate and 1-naphthol-4-sulphonate to release
DNA under the conditions used at this concentra-
tion was examined. No DNA was released by
naphthalene-2-sulphonate and only sufficient to
produce a colour reaction by 1l-naphthol-4-sul-
phonate. A good yield of DNA was produced by
2-nitroso-1-naphthol-4-sulphonate, although the
final product contained some protein and was very
faintly yellow.

Amano acids present after two treatments or
combinations of salts. The analytical figures for the
product of the reaction of p-aminosalicylate on the

Table 1. Analytical figures for deoxyribonucleic acid—protein complexes
Bases are expressed as moles/100 moles of total bases. Amino acids are expressed as a percentage of the DNA-protein complex isolated. ¢, values were estimated

in 0-1M-NaCl solution.
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DNA-protein complex produced by the action of
0:07M-benzoate are shown in Table 2. The values
indicate that about two-thirds of the residual
protein was removed in this reaction.

The amino acid residues present after the treat-
ments with ethylenediamine-NNN’N’-tetra-ace-
tate combined with naphthalene-2-sulphonate and
azide combined with benzoate are shown in
Table 3.

Action of liver homogenate on protein-free deoxy-
ribonucleic acid. Since it was possible that DNA
might interact with cellular proteins during its
liberation from the nuclei, an experiment was per-
formed in which DNA free from protein was mixed
with a rat-liver homogenate in 0-14M-benzoate.
The mixture was then extracted with phenol and
the DNA isolated in the usual manner. If the
added DNA absorbed no protein and the DNA from
the liver homogenate had about 309, of protein,
which was the amount found when DNA was iso-
lated from liver in the presence of 0-14M-benzoate,
then the total DNA isolated should have about 6 9%,
of protein. Approximately half this value was found
to be present and the results are shown in Table 4.

Table 2. Analysis of some amino acids after reaction
of the deoxyribonucleic acid—protein complex pro-
duced by 0-07M-benzoate with p-aminosalicylate
and phenol

Amino acids are expressed as a percentage of total
material.

Lysine 3

Arginine 2-9
Aspartic acid 2-9
Glutamic acid 25
Tyrosine 1-3

Table 3. Aminoacid analyses of deoxyribonucleicacid
produced by actions of naphthalene-2-sulphonate
combined with ethylenediaminetetra-acetate (a) and
benzoate combined with azide (b)

Amino acids are expressed as percentage of total weight.
(a) (b)

Lysine 0-23 0-33
Arginine 0-08 0-13
Aspartic acid 0-16 0-16
Glutamic acid 0-16 0-20
Leucine 0-30 —

‘Table 4. Analyses of some amino acids present after
extraction of rat liver with 0-14M-benzoate and
phenol in the presence of deoxyribonucleic acid
Amino acids are expressed as a percentm.ge'j of total

material.

Lysine 0-60
Arginine 0-31
Aspartic acid 0-40
Glutamic acid 0-36
Phenylalanine 0-20
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Physical measurements. DNA samples prepared
by the actions of p-aminosalicylate, diethylacetate
and 0-07M-benzoate ions have been examined by
Dr K. V. Shooter in a Spinco ultracentrifuge fitted
with an ultraviolet-light-absorption optical system.
For these experiments 0-005 9, solutions of DNA in
0-2M-NaCl were used. The sedimentation coeffi-
cient-distribution curves were calculated in the
manner described by Shooter & Butler (1956).

The sedimentation coefficient—distribution curves
for the DNA prepared with p-aminosalicylate
covered a range from 10S to 60S, the average
sedimentation coefficient being 248. This dis-
tribution was very similar to those observed for
DNA from other animal tissues (Shooter & Butler,
1956). DNA from rat liver prepared by the action
of 0-3M-diethylacetate and 0-07M-benzoate ions
had average sedimentation coefficients of 30S and
318 respectively. The distribution curves indi-
cated that the preparation with about 7-59%, of
protein had 6 9, of particles with > 60 and when
509, of protein was present 209, had S>60.
Butler, Phillips & Shooter (1957) have shown that
aggregates of DNA cross-linked by protein can be
broken down by treatment with chymotrypsin.
Treatment of rat-liver DNA with this enzyme
showed that the preparation with 7-5 9%, of protein
had 139, of these linkages broken, whereas 29 9,
were broken when the DNA contained 509, of
protein.

DISCUSSION

The DN A—protein complexes isolated by the use of
various concentrations of sodium benzoate have
the surprising property of being soluble in water
and in 0-1M-sodium chloride solutions even when
30-509, of protein is present. Moreover, these
complexes are sufficiently stable to be extractable
by 2-methoxyethanol from phosphate buffer in
exactly the same manner as free DNA. Cysteine is
present and although Crampton, Stein & Moore
(1957) and Davison (1957) found this amino acid
in calf-thymus histone, Brunish, Farley & Luck
(1951) did not find it in rat-liver nucleohistone.
The inability of p-aminosalicylate to remove all the
protein from a DNA preparation containing 50 %,
of protein is unexpected, although it is possible that
the protein has been modified during the extraction
with phenol. The viscosity. of the solutions was
much higher when proteins were present and hence
a high viscosity alone cannot be a criterion of the
purity of DNA.

The ability of the diethyldithiocarbamate ion to
release DNA with considerably less protein than
the DNA released by the diethylacetate ion, and
the activity of 2-nitroso-l-naphthol-4-sulphonate
compared with 1-naphthol-4-sulphonate at 0-03 M-
concentration could be related in both cases to the
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complexing powers of diethyldithiocarbamate and
2-nitroso-1-naphthol-4-sulphonate with metals.

Fluoride and azide produce DNA with similar
amounts of residual amino acids and both these
ions form complexes with metals. In this respect
it is relevant that Felix, Jilke & Zahn (1956) pre-
pared highly polymerized DNA from bull testes by
treatment at 70° with saturated sodium chloride
and 5 9, sodium fluoride solution.

The DNA isolated after treatment with cyclo-
hexanediamine-NNN’N’-tetra-acetate has rela-
tively high quantities of aspartic and glutamic
acids. Although this compound is used in 0-15M-
concentration it appears to be acting more like an
aliphatic anion than a compound with chelating
properties, and it is noteworthy that ethylenedi-
amine-NNN'N’-tetra-acetate did not liberate DNA
from liver in conjunction with phenol.

It seems reasonable to assume from these and the
previous results that neither the ability of these
salts to complex with metals nor the power to
combine with proteins is alone sufficient to release
DNA free from protein out of rat-liver cells, but
that both capacities are essential. The amount of
protein left then would be a measure of the ability
of the anion both to complex with the metal(s)
concerned and to interact with the nuclear pro-
teins. By choosing a salt and a particular concen-
tration, DNA with almost any amount of protein
could be obtained.

That the combined abilities to complex with
metals and to interact with proteins are essential
is demonstrated by the liberation of DNA by the
action (in conjunction with phenol) of naphtha-
lene-2-sulphonate (0-15M) and ethylenediamine-
NNN’N’-tetra-acetate (0-026M), neither of which
separately released any quantity of DNA from rat
liver. Azide (0-03M), however, made little differ-
ence when used in combination with benzoate
(0-28M). There are two reasonable explanations of
these results: either the chromosomes contain
some DNA linked through a metal bond to the
protein or the complexing agents prevent the DNA
from acquiring metal ions and subsequently pro-
tein by a secondary reaction. It has been demon-
strated previously that DNA could be removed
from solution by collagen which had been treated
with certain bivalent metal ions, but the reaction
was slow and only 50 9%, of the DNA was absorbed
during 14 days. But when DNA which was free
from protein was homogenized with rat liver in the
presence of 0-14M-benzoate the total DNA isolated
had only about 3 9, of amino acids, whereas DNA
isolated directly in the presence of 0-14 M-benzoate
contained about 309, of amino acids. It seems
unlikely then that DNA combines with any protein
released through breaking down the cells under the
conditions used.
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Moreover, calf-thymus DNA does not interact
with bovine serum albumin to any extent unless
the DNA has been heated first (Zubay & Doty,
1957), and mixtures of DNA and protein which did
interact unspecifically would be expected to be
insoluble because the cross-linking would be
random. This is the case when calf-thymus DNA is
mixed with histones (Bernstein, 1956). The protein
moiety of such complexes may be expected to have
a relatively high arginine content since the phos-
phate groups of the liberated DNA would be the
most obvious points of attachment. In fact the
DNA-protein complexes isolated from rat liver are
soluble in water and have lower arginine contents
than histones present in the nucleus (Kirby, 1957,
Table 5), and the analytical values are more
reasonably consistent than might have been ex-
pected from arbitrary mixtures of DNA and
proteins.

It would be unwise to place too much reliance on
the analytical values of the amino acid in view of
the known limitations of the method used. Davison
& Butler (1954), using the same method, found
variations up to +109%, and similar variations
have been encountered here. However, the
analyses do show that lysine and arginine are not
the predominant amino acids in these proteins and
indeed the amounts of glutamic and aspartic acids
are frequently of the same order as the basic amino
acids. The analytical values bear some similarities
to those described by Davison (1957) for certain
fractions of histones which have been separated on
columns of carboxymethylcellulose. It is not sur-
prising that different salts produce DNA—proteins
with varying amounts of amino acids in view of the
known heterogeneity of nucleohistones (Stedman
& Stedman, 1950; Butler, Davison, James &
Shooter, 1954 ; Grégoire & Limozin, 1954 ; Davison,
James, Shooter & Butler, 1954; Davison & Butler,
1954; Daly & Mirsky, 1955; Crampton, Moore &
Stein, 1955; Luck et al. 1956; Crampton, Stein &
Moore, 1957; Davison, 1957).

It must be emphasized that these results apply
only to rat-liver DNA and there is no reason to
assume that phenol and p-aminosalicylate will
produce DNA free from protein from all tissues and
organisms. In fact this particular combination
does not produce DNA free from protein from
certain rat tumours or from wheat germ (results to
be reported later), and Kay (1956) has reported
that phage 1, which is active on Salmonella typhi, is
inactivated and loses its DNA by reaction with
phosphate, citrate and ethylenediamine-NNN’N’-
tetra-acetate. Calcium and magnesium ions pro-
tect the phage against inactivation. It is quite
possible therefore that a number of agents or
combination of agents may have to be tried before
a suitable system is found for other organisms.
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Since DNA isolated from mammalian sources has
no demonstrable biological activity it is necessary
to compare samples by physical methods. The ey
value (Chargaff, 1955) is an indication that DNA
prepared by the phenol method has the same
optical properties as samples prepared by other
methods. The increase of ep, Wwith increasing
amounts of protein may be due to scattering of the
light, and this is almost certainly the case with
DNA containing 30-509, of protein, where the
solutions were opalescent.

Dr M. H. F. Wilkins and his co-workers have
made a crystallographic examination by X-rays of
DNA prepared from rat liver by the actions of
p-aminosalicylate, cyclohexanediamine-NNN’'N’-
tetra-acetate and diethylacetateions. Allthesamples
showed the ‘A’ pattern characteristic of the unde-
natured sodium salt of DNA (Wilkins, Seeds,
Stokes & Wilson, 1953), and the best photographic
pattern from the specimen prepared by the action
of cyclohexanediamine-NNN’N’-tetracarboxylate
was not distinguishable from the pattern produced
by calf-thymus DNA made by standard methods.
Clearly phenol does not disintegrate the regular
structure of the isolated DNA molecules and their
ability to arrange themselves in a crystalline
structure. Also the same crystalline structure is
produced when the samples contain protein.

The sedimentation coefficient—distribution curves
are further evidence that DNA prepared from
rat liver by the phenol method is similar to other
samples (Shooter & Butler, 1956). The rather
remarkable feature was the relatively small
difference in the weight-average sedimentation
coefficient of the samples with 8 and 509, of
protein. Since a relatively small proportion of the
protein is affected by chymotrypsin it appears
likely that most of this protein must be along the
length of the DN'A molecules and is not involved in
cross-linking. This hypothesis would account for
the observed solubility of the preparations.

SUMMARY

1. Deoxyribonucleic acid has been prepared
from rat liver by the action of a number of salts in
conjunction with phenol. The amount of residual
protein attached to the deoxyribonucleic acid
depends upon the salt used.

2. p-Aminosalicylate and diethyldithiocarb-
amate have been the only salts to produce a deoxy-
ribonucleic acid nearly free from protein.

3. The ability to complex with metals, in addi-
tion to the power to interact with proteins, is
required to liberate deoxyribonucleic acid with
very little protein from rat liver. Neither naph-
thalene-2-sulphonate nor ethylenediamine-NNN’N
tetra-acetate separately liberates any appreciable
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quantity of deoxyribonucleic acid but the two salts
will do so when used together.

4. No protein was taken up on deoxyribonucleic
acid which was mixed with a rat-liver homogenate
in the presence of 0-14 M-benzoate.

5. The relevance of these experiments to the
nature of the deoxyribonucleic acid—protein bond-
ing is discussed.
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