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HETEROGENEITY IN DEOXYRIBONUCLEIC ACIDS

I. Dependence on Composition of the Configurational Stability of Deoxyribonucleic
Acids

By Dr. JULIUS MARMUR anp Pror. PAUL DOTY

Department of Chemistry, Harvard University, Cambridge, Mass.

HE base-pair interactions that unite the two

chaing of deoxyribonucleic acid in its native,
helical configuration are of two kinds: adenine—
thymine and guanine-cytosine'. Because these pairs
involve different numbers of hydrogen bonds® and are
otherwise dissimilar, it is to be expected that they
contribute differently to the stability of the helix.
We wish to report here the magnitude of this effect
(which is substantial), its use in estimating the extent
of heterogeneity in composition within

long, perfectly formed helices, and at temperatures
within the transition region the wviscosity would
quickly reach a constant value and fall further only
if the temperature was increased’. Furthermore,
electron microscopy revealed that within the tran-
sition region only two types of deoxyribonucleic acid
molecules could be discerned, namely, completely
denatured or native ones®. The most reasonable
explanation lay in assuming that the two hydrogen-

samples of deoxyribonucleic acid and 148
to some degree within its molecules,
and its importance in inactivation
studies.

Upon heating neutral solutions of
gleoxyribonucleic acid, striking changes
n some properties® (for example,
Viscosity, extinction coefficient, light
Scattering and optical rotation) are
known to occur in a relatively narrow
range of temperature, These changes
refloct 8 transition from the double-
Stranded helical configuration to a
disordered coil: the transition is
essentially the melting of one-dimen-
Sional crystallites and may be charac-
terized by the temperature at the
midpoint of the transition, T In
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earlier studiest on calf thymus deoxy- S

ribonucleic acid there appeared some
Indications that the transition con-
sisted of & geries of overlapping
t)_:ansi’oions of individual deoxy-
ribonucleic acid molecules having
different melting temperatures.

In particular, the transition was
broader than expected for such very

Temperature (° C.)

. 1. Variation in absorbance (260 mg) as a function of the temperature of
?hig deoxyribonucleic acid solntion. The result for bacteriophage 7'y deoxy-
ribonueleie &eid. is not plotted because of serious overlap with D. pneumoniae.
It was shurpex;i :Lndlhatlo’lgp:zL g%\/}al t&84°. ]i:?ra& cages the solvent was 0-16 M

ium_chloride plug 0- sodium citrate. { . y
x21(23(t1)xus?1?ibonucleic gcid were deproteinized by successive mild shakings with
chloroform and iseamyl aleohol. The samples of animal deoxyribonucleic
asid were prepared by the Simmong technique using detergents (see ref. b).
The bacteriophage 7, deoxyribonuclels acid was a gift from AIr. J. Fleichman

The samples of bacterial
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Tig. 2. Dependence of the denaturation temperature, Z'm, on the
guanine—cytosine content of variﬂls samples of deoxyribonucleic
ac

bonded base pairs (guanine—cytosine and adenine—
thymine) contributed unequally to the stability of
the helix, thereby causing 7'y, o depend on the mean
composition of either whole deoxyribonucleic acid
molecules or large segments thereof.

In order to test this proposal, we have prepared a
number of protein-free samples of deoxyribonucleic
acid of different base composition from various
gources (see Fig. 1) and determined their transition
profiles by measuring the absorbance at 260 my, as a
function of the temperature of the solution. These
are recorded in Fig, 1, and the melting temperatures
are plotted as & function of the guanine—cytosine
content? in. Fig. 2. Tn the solvent used (0-156 M
sodium chloride and 0-015 M sodium citrate), it is
seen that T, ranges from 85° C. for deoxyribonucleic
acid from Diplococcus pneumoniae to 97° C, for that
from Mycobacterium phles in a manner directly pro-
portional to the guanine~cytosine content. The T,
values are reproducible to within 0-5 deg. for different
carefully prepared samples, and hence they may be
considered as intrinsic characteristics of total deoxy-
ribonuecleic acid from a given. species.

The extrapolation of the results in Fig. 2 permits
an estimation of the T, of deoxyribonucleic acid
made exclusively of one base-pair or the other ; for
adenine~thymine this is 69° C. and for guanine—cyto-
sine it ig 110°C. 'The gift of a sample of adenine—
thymine deoxyribonucleic acid® allowed us to check
one of these predictions. The melting profile is shown
at the extreme left of Flig. 1 ; its Ty valueis 65° C. (In
contrast to samples of naturally occurring deoxyribo-
nucleic acid, the absorbance—temperature curves of
which are far from being reversible, this adenine—
thymine deoxyribonucleic acid exhibited complete
reversibility. This behaviour would only be possible
if the adenine~thymine sequence was strictly periodic.)
In addition to verifying the dependence of T on
composition, the magnitude of the hyperchromicity
observed for this sample (52 per cent) supported the
trend seen in the naturally occurring deoxyribonucleic

acid samples between the hyperchromicity and the
composition. In these the hyperchromicity decreased
from about 44 to 34 per cent ag the guanine—cytosine
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content increased from 38 to 67 per cent. Thus, in
the limit of pure guanine—cytosine deoxyribonucleic
acid, the hyperchromicity would probably be only
about 25 per cent. Of course, this can only be a
rough correlation, because the hyperchromicity in a
given sample probably depends on sequence as well
as overall composition.

An estimate of the dispersion of the guanine-
cytosine content among the molecules of a given
sample can be made i the following way. The
melting profile of the adenine-thymine deoxyribo-
nucleic acid, since it is of high molecular weight
(Ssow = 12+6 S.) and with no heterogeneity due to
composition, can be assumed to represent the natural
transition width due to the intrinsic nature of this
co-operative phenomenon. The displacements of this
curve from its T can then be subtracted from the
other melting profiles to give corrected profiles that
should reflect only the spread due to heterogenseity of
composition. This has been done for the samples
studied with the following results. The transition of
Ty bacteriophage deoxyribonucleic acid had the
same sharpness as the adenine~thymine deoxyribo-
nucleic acid ; hence the deoxyribonucleic acid mole-
cules in this case appear to have essentially identical
composition. The profiles for D. pneumoniae and M.
phlet were only slightly broader. The remaining
samples of bacterial deoxyribonucleic acid showed
increased broadening of the transition, indicating
significant heterogeneity in composition. The
broadest profile is that from calf thymus; the
central part of this transition (50 per cent of the
rise in absorbance) covers about 4°. Since the slope
of the line in Fig. 2 equates a change of 1 deg. in T'y, to
a 2+5 per cent change in composition, the half-width
of the distribution of guanine—cytosine residues in
calf thymus deoxyribonucleic acid can be estimated
as extending - 5 per cent about the mean of 49 per
cent guanine-cytosine.

With calf thymus deoxyribonucleic acid appearing
to have a relatively broad distribution of com-
position, an attempt was made to recover undenatured
deoxyribonucleic acid from a partially denatured
sample and to see if it had a higher melting profile.
A sample heated to 90°, corresponding to 80 per cent
of the transition, was cooled and carried through two
successive precipitations with streptomycin. The
resulting sample exhibited a melting curve that was
displaced 1+5 deg. higher than the calf thymus curve in
Fig. 1. Thus, it is seen that components of different
Ty are indeed contained within calf thymus deoxy-
ribonueleic acid.

In a further experiment, calf thymus deoxyribo-
nucleic acid was degraded sonically to one-twelfth of
its original molecular weight. Its melting profile was
then only very slightly brosdened. This indicated
that the heterogeneity observed here exists on a
seale very much smaller than that of whole molecules,

The relatively small dispersion in the distribution
of guanine-cytosine among the samples of bacterial
deoxyribonuecleic acid, viewed in conjunction with
the very broad range of mean composition, leads to
the interesting conclusion that there is essentially no
overlap in the composition of the deoxyribonucleic
acid molecules of many bacteria. This point is con-
firmed and discussed in the following communication.
. The relation between the transition. profile and the
mactivation of the transforming ability of .D. pneu-
moniae deoxyribonucleic acid has been examined in
two ways. When this deoxyribonucleic acid under-
goes extensive inactivation by ultra-violet irradiation,

subito e.V. licensed customer copy supplied and printed for Yerevan State University library (SLI02X00799E)



No. 4673 May 23, 1959

no significant changes in its macromolecular properties
can be detected. However, the transition profile is
relatively semsitive to irradiation, being shiffed to
successively lower temperatures. For example, at
10 per cent remaining streptomyein transforming
activity, T is 1+5 deg. lower, Thus, what is generally
considered to be a very small amount of chemical
alteration. can be detected by the alteration of the
absorbance-temperature profile.

When the thermal inactivation of various genetic
markers is compared with the transition profile, it is
found that the inactivation generally lags behind to
varying degrees. This may arise either from a partial
roversibility of the transition, that is, a re-healing of
some molecules that are only partially melted out,
or from our happening to select markers that are
carried by the deoxyribonucleic acid molecules having
higher T, values.
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Il. Dependence of the Density of Deoxyribonucleic Acids on Guanine-Cytosine
Content

By Dr. NOBORU SUEOKA, Dr. JULIUS MARMUR anb Pror. PAUL DOTY

Departments of Biology and Chemistry, Harvard University, Cambridge, Mass.

Tur discovery by Meselson, Stahl and Vinograd?!
of & technique of banding deoxyribonucleic acids in
the density gradient established in the cell of an
analytical ultracentrifuge has made possible the
precise determination of the density of samples of
deoxyribonucleic acid in microgram amounts. With
this sensitive method available, it was of interest to
see if & variation of density with guanine—cytosine
content could be detected that would parallel that
found for the denaturation temperature, reported in
the foregoing communication. ~A systematic exam-
ination of samples of deoxyribonucleic acid having
different guanine-cytosine contents showed that there
was indeed a significant dependence. We wish to
summarize these results here and to indicate the use
of this effect in estimating the heterogeneity of com-
position in deoxyribonucleic acid samples and in
studying the denaturation of deoxyribonueleic acid.
The estimates of heterogeneity of composition for
samples of bacterial deoxyribonuecleic acid are un-
expectedly small ; the implications of this are briefly
discussed.

The experimental technigue employed was pre-
cisely that described by Meselson et al.l.  Aboub
3 pgm, of deoxyribonucleic acid was added to a con-
contrated solution of ceesium chloride (about 8 M)
adjusted to the anticipated density. This was centri-
fuged in the ‘Spinco’ Model E ultracentrifuge at
44,770 r.p.m. at 25° C. for 24 hr. By this time the
deoxyribonucleic acid had banded and its distribution
In the band had become essentially constant. The
distribution was recorded by photographing the cell
using ultra-violet light and making a microdensito-
meter trace. As an illustration of the effect observed,
Fig. 1 shows a photograph of a solution containing
nearly equal amounts of four samples of deoxyribo-
nucleic acid and the corresponding trace. The
resolution of the four bands is evident. The results
of a systematic study are shown in Fig. 2, where the
density is plotted against guanine-cytosine content.
It is soen that a linear relation is found ; it cor-
responds to a change of 0-:00103 in density per

1-0 per cent change in guanine—cytosine content.
Since the uncertainty in determining densities in this
way is about 0-001, it follows that the guanine—
cytosine content of a sample of deoxyribonuecleic acid
can be determined from its density with a precision
of about 1 per cent.

The extrapolation of the results for naturally
oceurring deoxyribonucleic acid to the extremes of
the composition axis indicates that adenine-thymine
deoxyribonucleic acid should have a density of 1-662
and guanine—cytosine deoxyribonucleic acid 1-764.
The measured density for the former is 1-680. The
difference may be attributed to the adoption of a
slightly more compact structure when guanine—
cytosine pairs need not be accommodated?.
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