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this reason the kinetic method of Brown and Fletcher cannot
be used to determine accurately the composition of the mix-
ture. The compositions of binary mixtures were deter-
mined by comparing the amount of chloride ion produced
when 0.2 M solutions were solvolyzed in 80%, ethanol at
50° for 48 hours with the amount of chloride ion resulting
from each of the pure isomers under the same conditions.
The chloride ion concentration was determined as described
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above. Analysis of these mixtures was much less accurate
than for the binary mixtures described in the preceding
sections. In order to test the accuracy of the method syn-
thetic mixtures of the approximate composition obtained
from the radical additions were analyzed and in each case
the value gbtained was within 8%, of the correct value for the
amount of frans isomer.
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The interaction of the basic dye rosaniline with calf thymus deoxyribonucleic acid (DNA) isolated according to the pro-
cedure of Signer and Schwander has been examined and the results compared to those obtained with Hammarsten DNA.
Two fundamental differences exist: (a) in the former, the bound dye causes structural alterations of the DNA; (b) the bind-
ing capacity of the former is significantly lower. The results are discussed in terms of structure. It is suggested that DNA
in solution exists as a rather tight aggregate whose smaller units are joined by lateral forces, perhaps hydrogen bonds. It is
further suggested that cleavage of this aggregate leads to degraded DNA. This type of aggregate is distinguished from one

which is dependent upon concentration, z.e., reversible aggregation.

In two?3 earlier investigations the results of the
interaction of the basic dye rosaniline with deoxy-
ribonucleic acid (DNA) were presented. These
studies have now been extended using calf thymus
DNA isolated according to the procedure of Signer
and Schwander! (denoted as the SS sample), and
we have shown that substantial differences exist
between the present preparation and the Hammar-
sten sample’ (denoted as the H sample) used pre-
viously.%>® The most striking difference is that
the binding capacity of the SS sample varies with
dye concentration in a manner indicating that
structural changes occur as a result of the binding
process. In addition, its binding capacity is
lower.

On the basis of the earlier work®? where it was
shown that DNA degraded by acid or alkali had a
higher binding capacity, the present results indicate
that the SS sample is less degraded. It remains to
be shown whether such effects have any biological
significance. In this connection, it is unjustified
from a biological point of view to consider any
particular sample of DNA as being ‘‘better” than
another because less degradation has apparently
occurred during its preparation; this is obvious
since the relation between physical structure and
biological activity is quite nebulous at present.
While this view 1s appreciated for the most part,
there nevertheless appears to be some confusion in
the literature.

Experimental

Materials.—The calf thymus DNA (sodium salt) was

prepared according to the method of Signer and Schwander!

and was the same sample used in another investigation.®
The rosaniline was the same sample employed previously.23
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Method.—Binding studies were carried out at 25 == 0.1°
and pH 7.2, using the method of partition analysis.” The
details of the procedure have been given previously.?

Results

Figures 1 and 2 show plots of #/c vs. » for typical
experiments where 7 is the average number of
molecules of dye bound per phosphate group at a
free dye concentration ¢. The upper curve in Fig.
1 is taken from previous data® and replotted for
comparison; it was obtained using the H sample.
The lower curve represents the SS sample. The
broken curve in this figure approximates the bind-
ing process if both samples had behaved similarly.
In Fig. 3, r vs. ¢ is plotted for different DNA con-
centrations, showing that for any ¢, r increases with
decreasing DNA concentration.

Discussion
In general a simple binding process is represented
by eq. 1
r/c = k(n — r) ¢}

where 7 is the average number of bound dye mole-
cules at a free dye concentration ¢ and % is the as-
sociation constant assumed to be identical for all #
available sites per DNA molecule. In the present
paper 7 is the amount of dye bound per mole of
phosphorus, rather than per mole of DNA. This
has been done to avoid the use of a particular as-
signed molecular weight. Consequently, the maxi-
mum theoretical value of # is one, assuming that
only one dye molecule is capable of being bound at
each phosphate group, although it is apparent from
previous and present data that the calculated value
of # is less than one. That is, not all phosphates
are available for binding, a situation which is dis-
cussed below.

Deviations from a straight line (eq. 1) in the r/c
5. r plots indicate that (a) electrostatic interactions
occur among bound dye ions,® (b) the association
constants of the sites are different® or (c) structural
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Fig. 1.—Upper curve, H sample 0.45 mg. DNA/ml.;
lower curve, SS sample 0.50 mg. DNA/ml. In the lower
curve the broken portion plus the unbroken descending
portion is the theoretical curve discussed in the text. Two
sets of #/c values are indicated at comparable ¢’s.
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Fig. 2.—Binding curves at several DNA concentrations
(SS sample).

alterations take place during the binding process.
Possibilities (a) and (b) would yield curves which
are concave upward. Since our curves show a
maximum,!® the explanation is to be sought in the
third possibility.

It is clear from eq. 1 that for a maximum to oc-
cur in an 7/c¢ vs. r plot there must be an increase in
either & or » or both. Stated in other terms, the
situation requires that interaction of a dye ion at

(10) A similar effect was first observed and discussed by Karush
(J. Phys. Chem., 56, 70 (1952); ¢f. THIs JOURNAL, 76, 5536 (1954)).
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Fig. 3.—Upper curve, H sample; lower four curves, SS
sample. The binding capacity can be ascertained by com-
paring 7 values at the same ¢.

one phosphate site either increases the strength of
binding or liberates other phosphate sites. It is
important to decide whether the increase in binding
capacity results from an inter- or intramolecular
change in the DNA. There are two facts which
indicate that the former takes place. First, the
position of the maximum is a function of DNA
concentration. It will be seen from Fig. 2 that the
maximum shifts toward lower r values with in-
creasing DNA concentration. Second, the in-
crease in 7/c¢ occurs when only a few per cent. of
all phosphates are bound. This tends to rule out
the contraction of a single molecule. In addition,
alteration of a phosphate per se because of dye inter-
action at an adjacent position appears unlikely be-
cause of the large distance between phosphates.!!

If the inference is correct that intermolecular
changes occur as a result of the binding process
we would expect that changes in the DNA con-
centration should affect the binding capacity.
Results bearing on this are contained in Fig. 3,
where it is shown that the binding capacity is
greater at lower DNA concentrations. This is
not an ionic strength effect since the contribution
of the DNA to the ionic strength is low.!? The
increase in » with decreasing DNA concentration
and the initial increase in /¢, t.e., the maximum,
may result from similar processes. Conceptually,
we may have the following: in the case of the
maximum, the dye may interact at a site on one
DNA molecule displacing (<.e., dissociating) an-
other DNA molecule which in turn is free to bind
dye. In the case of the general increase in binding
in dilute solution, Fig. 3, the effect may be one of
separation of DNA molecules, thus liberating sites.
The identity of the sites liberated in each instance
cannot be ascertained from our data. There is
further evidence which indicates that DNA mole-
cules interact. It was shown previously® that the
value of # for a more weakly bound dye is sig-
nificantly less than that for rosaniline. This was
taken to mean that interaction among DNA mole-

(11) M. H. F. Wilkins, A. R. Stokes and H. P. Wilson, Nature, 171,
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cules resulted in effective competition with respect
to the weaker dye.

It is pertinent to consider in more detail the
nature of the association among DNA entities.
We wish to consider this question within the frame-
work of the double helical structure.!®!* The
greater binding capacity of the H sample suggests
that more phosphate groups are available in this
material than in the SS sample (Fig. 3). It is
highly improbable that these samples are funda-
mentally different; the difference lies principally
in their relative sizes.’® On this basis, the greater
binding capacity of the H DNA appears to result
from cleavage of a larger molecule along its length.
We infer this because the phosphates lie outside the
helix!! along its entire length and these would have
to be liberated in order to give a higher binding
capacity. To restate this, the availability of sites
would not change much if a long molecule were
simply cleaved in halves, quarters, etc., by a plane
perpendicular to the long axis. We envisage cleav-
age which results in the separation of one double
helix from another (s.e., not cleavage of the double
helix itself). This leads to the conclusion that
DNA is actually a rather tight aggregate of perhaps
two double helices joined together by lateral forces;
this is to be distinguished from a head-to-tail type.
We suggest that this entity is the one which we
identify as the DNA molecule and that it is quite
distinct from a micelle; in other words, the aggre-
gate may be thought of as an integral structure.
A similar aggregate was suggested earlier’® on the
basis of the apparent dissociation constants of
DNA.

In order to consider more closely the origin of
the maxima in Fig. 2, it is necessary to discuss
briefly the nature of the binding process itself.
It was shown? that the data obtained with the H
sample could be accounted for in terms of two
widely differing association constants. The inter-
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pretation presented was that the higher constant
represented binding at doubly charged phosphate
groups while the lower was for the singly charged
phosphates. Regardless of the validity of this
view, certain conclusions regarding the difference
between the H and SS samples appear warranted.
The sites with the higher association constants are
those involved in producing the maximum. We
have calculated the theoretical curve for the SS
sample, neglecting the maximum. The broken
line in Fig. 1 indicates the theoretical binding
process had the maximum not existed. The
association constants turn out to be the same as for
the H sample. For the SS sample, #; (higher &)
is 0.04; ne (lower k) is 0.43. For the H sample n,
is 0.06; ns is 0.66. Although the calculations are
approximate, they suggest that fewer sites are
available in the SS sample.

Summary

We have suggested that the DNA molecule is a
tight aggregate composed of units smaller than
those observed, say, by light scattering. We have
further implied that this aggregate acts as a unit.
The dependence of binding capacity on DNA con-
centration indicates that interaction occurs among
these aggregates. The lateral aggregate of the type
suggested would also provide electrostatic hetero-
geneity among the phosphate sites, a condition
which must be fulfilled to account for our data.
The fact that the binding capacity increases after
DNA has been exposed to acid or alkali suggests
that the lateral forces involve, in part at least,
hydrogen bonds in which the phosphate groups
participate. In this connection if a sample such
as the H DNA appears to be degraded as a result
of the isolation procedure it may be that the
aggregate has been disrupted but that no covalent
bonds have actually been cleaved. If our inter-
pretations are correct, an interesting biological
possibility arises: namely, that the bacterial trans-
formations which are caused by DNA may be due
to the smaller units of the aggregate.
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