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The enzymatic degradation of DNA has been followed by a continuous titration method and simultaneously by light scat-
tering or viscosity. The resulting data, which are in terms of the number of bonds broken per parent molecule and the molec-
ular weight decay, are compared with the expected molecular weight decay, calculated on the basis of several simple models.
The results indicate that the molecule is composed of two polynucleotide strands and that the enzyme cleaves phosphorus—
ester linkages at random. The maximum number of contiguous hydrogen bonds which fail to keep two fragments uni‘ted
is estimated at 2 pairs at 25°. Non-coincident ester-bond breaks have little effect on the over-all molecular configuration.
The intact double helix appears to be “free-draining’’ in character, as evidenced by the simple proportionality between in-
trinsic viscosity and molecular weight; this is in contrast to the impermeability of free polynucleotide chains. Finally, it
appears that a double helix in which there are numerous interruptions in the polynucleotide chains is incompatible with the

evidence.

In an earlier communication® the response of
calf thymus, desoxyribose nucleic acid (DNA), to
mild acidity has been described. A major feature
of DNA in aqueous solutions at pH 2.60 is that al-
most all of the hydrogen bonds which were intact at
neutral pH have been destroyed, and the hydrolysis
of phosphorus diester linkages proceeds very slowly.
It is now of interest to explore the response of native
DNA to the action of a highly specific phosphodies-
terase which might be expected to break only the
ester bonds in DNA, leaving the hydrogen-bond
structure substantially intact.

The Watson—-Crick?® double-helical model for
DNA provides a clear picture of the manner in
which ester bonds and hydrogen bonds codperate in
maintaining the structure of the DNA molecule in
solution. It is of interest to learn whether such a
model is compatible with the observed response of
DNA to acid and enzyme. The degradation of a
double-stranded molecule, united at each monomer
unit by a pair of hydrogen bonds, represents a
unique kind of problem in polymer degradation, the
solution to which can be compared with the experi-
mental results. Finally, it would be interesting to
test the validity of the postulate that there exist
random yet non-coincident interruptions in the
nucleotide chains forming the double helix.*

The action of pancreatic desoxyribonuclease on
DNA recently has been reviewed.® The salient
features of the reaction appear to be: (1) the lib-
eration of hydrogen ion from newly-formed second-
ary phosphoryl groups,®” (2) a decrease in viscos-
ity and molecular weight®® and (3) the appearance
of small nucleotide fragments, %11 1In the case
where the DNA displays transforming ability, this
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decreases rapidly as the enzymatic degradation
proceeds. %13

Our attention was drawn to this problem by some
preliminary light scattering experiments done in
this Laboratory by Dr. M. E. Reichmann.!* He
found that during the initial stages of the degra-
dation the molecular weight remained sensibly
constant, but began to decay more rapidly as time
went on. It was clear from this that if the rate of
cleavage of the phosphorus—ester bonds were uni-
form, more than one phosphorus—ester linkage must
be broken before a complete scission of the mole-
cule could result. This approach seemed capable
of yielding new information about the structure of
the DNA molecule in solution when combined with
titration measurements which could provide an
independent measure of the number of bonds broken
by the enzyme.

In this work we shall focus on two features of the
action of the enzyme on DNA: namely, the cleav-
age of phosphorus—diester bonds as evidenced by
the production of hydrogen ion, and the fall in
weight average molecular weight as determined
by simultaneous light scattering or viscosity meas-
urements. These two kinds of measurements
were performed continuously on the same solution
of DNA, thus we are able to relate molecular weight
decay directly to the number of ester bonds broken.
The mechanism of the degradation thus becomes
our primary interest, while the rate of the reaction,
which depends on the variable activity of the en-
zyme (among other things), becomes of secondary
interest.

Experimental Methods

DNA Preparation.—The DNA used in this investigation
was a lyophilized portion of a preparation made by Dr. R.
Varin which displays the same molecular weight and intrin-
sic viscosity as the unlyophilized material previously de-
scribed.’® Stock solutions were prepared by dissolving ap-
proximately 25 mg. of raw fibers in distilled water and
stirring overnight in the cold. The resulting solution was
made 0.20 M in NaCl. The concentration of the stock
solution was determined after centrifugation by measuring
the optical density of an appropriately diluted sample at
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259 mu and employing an extinction coefficient (E{%’m
213.14

Desoxyribonuclease.—The crystalline pancreatic DNase
(Worthington Biochemical Sales Co.) was dissolved in 0.10
or 0.20 M NaCl in the cold to form stock solutions contain-
ing 200 or 300 v/ml. It was found that solutions of this con-
centration were stable in the cold over a period of days.

Viscometer and ‘‘pH-stat.'’-—The apparatus which al-
lowed continuous recording of ester bond breakage and
viscosity on the same solution is shown in Fig. 1. The
viscometer consisted of a helical piece of capillary approxi-
mately 0.061 cm. in radius, 65 cm. in length and a bulb
2.25 em.? in volume, located 11 cm. above the surface of the
liquid in the titration vessel. These constants, together with
the flow time for water, 25 sec., give an average gradient 8
of 340/me1. No kinetic energy corrections were made,
neither was any attempt made to correct for the gradient
dependence of the DNA solution. However since [nep./c]8
for this DNA solution does not depend strongly on ¢ in the
range of 0 < 8 < 1500 sec. 11816 we can assume that this
quantity is equal to the intrinsic viscosity at the average
gradient at which it is measured. The thermostat enclosing
the major part of the viscometer could be held to 25.00 £
0.03°; the temperature of the room was 25.0 & 0.5°,
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Fig. 1.—Viscometer and titration vessel.

The titration vessel into which the viscometer emptied
contaijned 20 ml. of DNA solution {ca. 200 v/ml. in 0.20 M
NaCl) and was covered with a tight-fitting rubber stopper
which mounted a pair of small Beckmann electrodes (diame-
ter of each about 9 mm.), a stainless steel needle conducting
a stream of washed N; and another similar needle to intro-
duce 102 N NaOH.V

As the degradation proceeds, the addition of NaOH is
necessary to hold the pH constant. This operation was
performed automatically by a ‘‘pH-stat’’ constructed by
Mr. T. V. Parke.'® This instrument detects any difference
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in e.m.f. between the pH electrodes and a preset e.m.f.
(which for our experiments was an e.m.f. corresponding to a
pH of 7.0). This difference in e.m.f. is amplified and actu-
ates a servo-motor which delivers the titrant from a 0.10-
ml. microburet, The volume delivered could be read to
10-* ml. and estimated to 2 X 10~% ml. The amount of
titrant added was automatically graphed on a Brown re-
corder, the chart of which was being unrolled at a constant
speed. The resulting graph was a convenient plot of OH -
uptake as a function of time. It now remained for the
operator to measure the viscosity as the degradation pro-
ceeded and record the flow times on the chart opposite the
pen position.

The uptake of OH ~ ion was converted into a value denoted
as Z2pus, the average number of bonds broken per parent z-
average molecule.? The z-average molecular weight has
been assumed to be 3/2 times 6.6 X 108, We have taken
6.6 X 108 as the weight average molecular weight of Varin's
DNA, instead of the published value of 6.85 X 108, because
this is the average of more recent unpublished determina-
tions by the author. It should be noted that the conclusions
we shall attempt to draw from these experiments are not de-
pendent strongly on any assumed value of the molecular
weight, We have decided to described the OH™ uptake
during the degradation in terms of the average number of
bonds broken per parent z-average molecule, rather than the
fraction of all ester bonds broken, to lend conceptual clarity
to the process, as well as for convenient comparison with
calculations discussed later. The sensitivity of the appara-
tus under the conditions used was such that we could easily
detect the cleavage of 8 bonds per parent molecule.

moles of NaOH required ., 1
moles of DNA present 0.91

The factor 1/0.91 appears as a result of the assumption
that the pK.’ of the secondary phosphoryl group is 6.0.1
Thus we can only titrate 919, of these groups by holding the
pH of the solution constant at 7.0.

The elimination of CO. deserves special attention. It
was found that if unbuffered solutions at pH 7.0 were ex-
posed to the atmosphere, CO; was absorbed rapidly, mask-
ing any liberation of hydrogen ion by the degrading DNA.
These effects were eliminated by continuously flushing the
titration vessel with washed N;. It was desirable to remove
as much dissolved CO; from the DNA solution as possible,
because its buffering action decreases the shift in pH in re-
sponse to the liberation of hydrogen ion by the degradation.
Thus the presence of such a buffer tends to decrease the pre-
cision of the measurement, although the magnitude of the
OH ~ uptake should be the same in the presence of, as in the
absence of small quantities of buffer. This is because the
buffer itself takes up no titrant if the pH remains exactly
constant. This is a substantial experimental advantage
over those methods which measure the amount of acid
liberated by a change in pH, because the magnitude of this
pH change depends strongly on the presence of dissolved
CO. or any buffer.

In a typical experiment 20 ml. of DNA in 0.20 M NaCl
was introduced into the titration cell which was then flushed
with N; until the pH of the solution increased to 6.5 or
higher. The solution was made 0.020 M in Mg** and the
flushing continued for an additional 30 minutes. The
solution was then gradually brought to pH 7 by the addition
of 10-2 M NaOH from the microburet. The pH-stat was
engaged and the preset potential gradually adjusted to a
potential which would just barefuly initiate the addition of
titrant. This was a small adjustment and never more than
0.10 pH unit from 7.0. The apparatus was allowed to re-
main thus for 15 to 20 minutes to see if: (1) there was any
absorption of CO; or (2) if the DNA was spontaneously de-
grading in the absence of enzyme. Neither 1 nor 2 was ever
observed. {Similar control experiments were continued
for 2 to 3 hours; there was no demand for OH~ and no
change in the viscosity.

A small quantity (102 to 1073 ml.) of enzyme solution
which had been adjusted to pH 7 was then added. In all
cases the titrant began to be introduced within not more than
30 seconds after the addition of enzyme. This short delay
is probably caused by the fact that the preset potential is
at a slightly more acid pH than the actual pH of the solution.

2pu; =
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We have no evidence for any induction period or delay in
the initiation of ester-bond breakage, although we could not
detect an induction period whose duration was less than
10-30 seconds.

Simultaneous Light Scattering and Titration Experi-
ments.—Continuous light scattering and titration measure-
ments are more difficult than viscosity—titration measure-
ments because it is necessary to rigidly exclude dust par-
ticles. It was found almost impossible to clean acceptably a
sodium hydroxide solution. It seems likely that basic
solutions are able to remove and suspend small particles of
silica from glass vessels. Therefore, it was necessary to
turn to gaseous ammonia as the titrant. Nitrogen and
ammonia were mixed in a low pressure steel tank and the
ratio of the two gases adjusted until the ammonia was about
10—* molar in concentration. This gaseous titrant was
measured into the light scattering cell by a thermostated
silicone oil manometer. Both the titrant gas and the
stream of N, which continuously flushed the light scattering
cell, were passed through Millipore type AA filters 20

In order to measure the pH of the light scattering solution
continuously, a cylindrical cell was fitted with the standard
size Beckman electrodes which were mounted in a tightly
fitting Nylon cover for the cell, Measurements were per-
formed in a Brice—-Phoenix light scattering photometer which
had been modified by arranging a magnetic stirrer on the
table of the photometer to allow continuous stirring during

measurements. The apparatus is depicted in Fig. 2.
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Fig. 2.—Light scattering cell in which NH;j titrations can
be continuously performed.

The titrant gas was standardized against a dilute HCl
solution of known molarity and at known atmospheric
pressure, It was found that the ammonia was quantita-
tively absorbed by the liquid without bubbling it into the
solution. This was fortunate because the presence of air
bubbles in the solution makes simultaneous scattering meas-
urements impossible. A centrifuged DNA solution (ca.
190 v/ml.) containing 0.020 M Mg ++ was placed in the cell
which was then thoroughly flushed with nitrogen until the
pH of the solution increased to 6.5 or higher. The solution
was then adjusted toa pH of 7.0 by theintroduction of a small
quantity of ammonia. A drop of centrifuged enzyme solu-
tion was added through a port in the cell cover making the
final solution approximately 102 y/ml.; a gradual down-
ward drift in pH began. The pH was kept as constant as
possible by the addition of NH; from the manometer. Dur-
ing the course of the experiment, three quantities were
measured: (1) time, (2) NH; uptake and (3) angular en-
velopes of scattered light between 30 and 60 degrees.

(20) Millipore Filter Corp., Watertown, Mass.
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These data were handled in a manner similar to that already
described in the viscosity experiments. The limit of sen-
sitivity for the above experiments was about 5 bonds per
parent molecule.

Experimental Results

Preliminary Experiments.—Three different kinds
of preliminary experiments were performed for
the purpose of duplicating some of the known fea-
tures of the degradation of DNA by DNase.

The first of these was to verify that our DNA
preparation displayed the same ‘“‘delay’ in the de-
crease of viscosity after the addition of enzyme.
Duplicating Zamenhof’s experiments,?! it was found
that the viscosity of the DNA solution remained
constant for 13 to 34 minutes depending on the en-
zyme concentration. After this initial “induction”
period, the vi®cosity decays in a regular fashion with
time. In this case the enzyme was activated with
MnCl,, which was present in a final concentration of
0.0053 molar. The viscosity measurements were
made with an Ostwald-Fenske viscometer that had
a flow time for water of 53 seconds. The results
shown in Fig. 3 indicate that the induction period
observed by Zamenhof can be duplicated with
Varin's DNA.
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Fig. 3.-—Viscosity decay with time in the presence of
DNase, Zamenhof's observations can be duplicated with
Varin's DNA.

Utilizing the “‘pH-stat’’ it was found that approxi-
mately 259, of all the internucleotide linkages were
broken when an excess of Mg++-activated DNase
was added. This is in agreement with the findings
of others.”1

Lastly, it was found that the initial rate of up-
take of NaOH depends roughly on the first power
of the enzyme concentration; this is in agreement
with the experiments of Gregoire® and Cavalieri.?

Simultaneous Viscosity-Titration Experiments.
—The results of a series of experiments are sum-
marized in Fig. 4. The experimental conditions
are listed in Table I.

TABLE I
Initial
DNA Mg+t Enzyme rate,
concen.. concen., concn., bonds/
No. v/ml. M v/ml. min,
4 200 0.02 2 X 10-3 37.8
5 200 .02 2X10°3 10.2
7 198 .02 2xX 10" 87.5
16 182 5.6 X 1073 0.15 69.0

In Fig. 4 we see that about 200 ester bonds per
molecule must be broken in order for the viscosity
to be diminished by a factor of two. If the intrin-
sic viscosity can be taken as a crude measure of

(21) $. Zamenhof, G. Griboff and N. Marullo, Biochim. Biophys.
Acta, 18, 459 (1951).
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molecular weight, we shall see later that this ob-
servation is not compatible with either random or
end-selective bond breakage of a single polynucleo-
tide chain.

1.2

O Run 4
& Run &
e Rur 7
a4 Run 16

(a1/[n]o.

400
2pu;.

Fig. 4.—Fractional decrease in intrinsic viscosity as a
function of the number of bonds broken per parent molecule
of z-average molecular weight.

The reasons for the differences between the four
runs in Fig. 4 are not known at present. While
measurements of this kind would be very sensitive
to the initial intactness of phosphorous ester and
hydrogen bonds, an equal source of variation lies
in the sensitivity of intrinsic viscosity to molecular
configuration. This sensitivity is accentuated be-
cause these measurements were performed at finite
gradients. Thus slight changes in the shape of the
DNA molecules would cause a decrease in viscosity
even if the molecular weight did not change; how-
ever, under these conditions a decrease in molecular
weight would invariably result in a decrease in vis-
cosity. Since it is not intrinsic viscosity but molec-
ular weight which is related to the mechanism of
the degradation, in the next section light scattering
measurements are reported which show the average
molecular weight decay. Molecular weights deter-
mined by this method are independent of whatever
shapes the molecules happen to be.

Simultaneous Light Scattering and Titration Ex-
periments.—In Fig. 5 is shown the fractional de-
crease of weight average molecular weight as a
function of the average number of bonds broken
per parent (s-average) molecule, as determined by
the ammonia required to keep the pH of the solution
constant. Because we are dealing with the frac-
tional decrease in molecular weight, the small error
resulting from the fact that these measurements
were not extrapolated to zero concentration is neg-
lected here.?? It is at once clear that the molec-
ular weight decay parallels the viscosity decay,
and thus the possibility that the viscosity decay
might have come about by an aggregation of the
DNA during degradation is excluded. Here is seen
the initial “‘induction period” observed by Reich-
mann'* where bonds are being broken and the mo-
lecular weight changes only slightly. This is in
agreement with Zamenhof,?! the results shown in Fig.
3 and two runs in Fig. 4. The “induction period’ is
followed by a more rapid decline in molecular weight
reaching one-half its original value when 200
bonds per molecule liave beeu broken. After 1200

(22) C. A. Thomas, Jr., ‘Thesis, Harvard University, p. 47 (1954).
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bonds per molecule have been broken a rapid ag-
gregation invariably begins. Therefore we shall
only consider the character of the molecular weight
decay between 0 and 500 bonds broken, which
should be safely free from any effects of aggrega-
tion. Duplicate runs using Mg++ and Mn*+ as
activating cations yielded points which fell slightly
above those shown in Fig. 5. These experiments
displayed somewhat earlier aggregation, a fact
which tends to obscure the fundamental process.
The experiment which is reported displays the
most rapid molecular weight decay and has been
selected as being most free from the affects of ag-
gregation,

4337057 o
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Fig. 5.—Molecular weight decay as a function of the
number of bonds broken per parent z-average molecule.
The points were determined by the light scattering-titration
method, the lines were calculated from the double.chain

degradation theory.
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The shape of the DNA molecule in solution can
best be approximated at present by a very highly
extended gaussian coil.’* From the initial slope
of K¢/Ry vs. sin? 6/2 one can calculate the quantity
R? which is the mean square distance between the
ends of a randomly coiled polymer chain. We note

that the quantity R?/M(p), which is a measure of
the relative size of the molecule in comparison to its
molecular weight, displays (Fig. 6) a gradual down-
ward drift as the degradation proceeds. Thus it
appears that the relative extension of the molecule
is not changing greatly during the degradation.
This stands in contrast to the response of DNA to
pH 2.60, where a great contraction takes place.!®
After about 500 bonds have been broken, the ex-
perimental points in Fig. 6 show a sudden in-

crease. Since R?is a measure of the dimensions of
1.2 o
. VI |
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Fig. 6.—Fractional change in R2/M(p) as a function of
thie number of bonds broken per parent z-average molectle.
Tlie gentle decrease indicates very little increase in flexi-
bility resulting from broken ester bonds.
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those molecules having a z-average molecular
weight, this quantity is sensitive to the presence of
small amounts of aggregates, which presumably be-
gin to form during this period.

Controls.—The unbuffered DNA solutions are
stable at pH of 7 and the intensity of scattered
light does not change. The presence of metal
activator causes some small immediate increase in
the scattering, but this remains constant over a
period of days. Thus, it appears that DNA in the
absence of enzyme is stable and that the presence of
Mg++ does not cause aggregation in the absence of
the enzyme.

Viscosity Molecular Weight Relationship,—In
an effort to see if there is any simple relationship be-
tween the intrinsic viscosity and molecular weight,
the log (fractional decrease in intrinsic viscosity)
is plotted against the log (fractional decrease in
molecular weight) as shown in Fig. 7. Although
there is a great deal of scatter in the points, it is
clear that they fall in a band about a line with a
slope of unity. It appears that the molecular
weight obeys the simple Staudinger relationship
) = KM over a fivefold range in molecular
weight. From Table I for Varin’s DNA* we can
calculate a value for K of 7 X 1075

It is important to notice that the viscosity meas-
urements were not extrapolated to zero gradient
and further that the average gradient changed dur-
ing the degradation from an initial value of about
170 sec.—! to about 340 sec.~!. The general drift
upward of the experimental points in Fig. 7 is prob-
ably a result of aggregation.

The Degradation of a Double Chain

The analysis of the above experimental results
requires some conception of how the weight aver-
age molecular weight might be expected to decay as
a function of the number of broken bonds per
parent molecule. The character of the molecular
weight decay depends both on the mechanism of
degradation and on the kind of polymer that is be-
ing degraded. Finally, the character of the molec-
ular weight decay will depend on the degree of poly-
dispersity of the starting material. In an earlier
communication? the subject of polydisperse start-
ing material has been explored. If a linear mole-
cule is subjected to random scission, the following
equations describe the molecular weight decay

Mp) _ 2 - monodisperse
My [er+ v —1] starting material ©
K(ﬂ _ 1 ptoly(_iisperse )
Al starting material (2)

- with 1/; M, =

SRRV e P
The variable ~; is the average number of times a
parent molecule of z-average molecular weight has
suffered a complete scission resulting in two frag-
ments, and M,, My and My, are the 2, weight and
number averages of the initial molecular weight dis-
tribution. The symbol v is used to denote the num-
ber of molecular scissions suffered by any one of the

identical starting molecules.

If we are dealing with a single-chain linear poly-
mer, a bond breakage results in a niolecular scission.
In this case the malecular weight falls quite rapidly
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Fig. 7.—Viscosity-molecular weight relationship during
the degradation. Slope of 1.0 indicates free-draining char-
acter of DNA fragments as opposed to the solvent-entrap-
ping character of single polynucleotide chains (see ref. 2).

with the number of bonds broken. In Fig. 5 the
curve marked ‘‘single chain” was calculated by
substituting y; = 2pu; in equation 2. This leads
directly to the conclusion that the enzymatic deg-
radation of DNA is not the random breaking of
bonds in a single-chain polymer.

We make our next hypothesis by supposing that
the Watson-Crick model for DNA describes the
structure of the molecule in solution. Such a model
is in essence a ‘“ladder-like’’ molecule wherein the
rungs of the ladder represent the pairs of hydrogen
bonds between opposite nucleotides, and the side
members of the ladder between the rungs represent
the phosphorus—ester linkages between nucleotides.
This model was considered in attempting to explain
the character of the acidic degradation of DNA.2 At
pH 2.60 most of the hydrogen bonds have been
broken and so the majority of the rungs in the
equivalent ladder model are niissing. In the case of
DNA at neutral pH, however, it is reasonable to as-
sume that all of the hydrogen bonds are intact. If
they are very strong, then the enzyme must break
an ester boud immediately opposite an already exist-
ing broken bond in order to cause a molecular scis-
sion. The probability of breaking both chains in
such a way as to produce two fragments is

s = p?
where s is the probability of a double-chain scission
and p is the probability of an ester-bond breakage.
1f the hydrogen bonds are weaker, 1, 2, . .. k con-
tiguous tiydrogen bonds may fail to hold the two
fragments together. In this case the probability of
a double-chain scission is greater

s=pl1l = (1 —pBryy=p2n+ 1) (3)
Defining % as the degree of polymcrization of one
of the two polynucleotide chains and ay, wuy and uy as
the nuntber, weight and z-average legree of palv-
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merization, respectively, in the polydisperse case,
we can write the average number of double-chain
scissions per parent molecule thus

_ (2pu)¥2h + 1)

vs = suz = (2k + 1)pu, 10

€Y
On substituting in equations 1 and 2 and plotting
in terms of 2pu; (the average number of bonds
broken per z-average parent molecule) we arrive at
the results shown in Fig. 8. If one actually plots
against the quantity 2pus(2h + 1)!/2 the graph can
be used to calculate the molecular weight decay for
any assumed hydrogen bond strength. Since some
degree of polydispersity in DNA undoubtedly ex-
ists, we make the assumption that it is like a ran-
dom distribution in which /; M, = /s My = M,.
Although this is an arbitrary assumption, it is
likely to be nearer the truth than tle assumption of
monodisperse starting material.  Therefore, in
what follows, we shall be using equation 2.
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Fig. 8. —Molecular weight decay for the random degrada-
tion of a double-chained molecule in terms of the number
of bonds broken per parent molecule and the maximum
number of contiguous pairs of hydrogen bonds which fail
to unite double-chain fragments.

In Fig. 5 we have plotted a family of curves
showing the molecular weight decay with increas-
ing values of 2. On the same graph are shown the
experimental points from light scattering-ammonia
uptake experiments. An inspection of this figure
will show that the experimental data can be fitted
over a substantial range of molecular weight decay
by the curve for 2 = 2. The viscosity measure-
ments can also be fitted with the curve for 2 = 2.
Thus it appears that all of the molecular weight de-
cay data could be explained by assuming that the
DNase breaks ester linkages at random, and if
these breaks appear on opposite chains not 1ore
than two hydrogen bonds apart, a scission of the
molecule will result and the average molecular
weight will decrease. If the cuts appear 3, 4, 5 or
more hydrogen bonds apart the molecule will hold
together by the cotperative effort of the intervening
hydrogen bonds.

A Double Chain with Random Yet Non-coinci-
dent Interruptions.—We next turn our attention to
molecular weight decay expected if there are inter-
ruptions in the poynucleotide chain. In a model
of this kind, which has been proposed by Dekker
and Schachmani,* there is one niissing ester bond in
50. Although this model has been criticized on
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other grounds®.? it is informative to consider this
question in the light of these experiments. If the
initial missing bonds are not close enough together
on opposite chains to cause a spontaneous double-
chain scission, then the probability of a double-
chain scission under random enzymatic attack is
approximately
s" = (2h + 1)[p? + ppi) (5)

where p; is the probability that an ester bond is
missing initially. If p; is !/5,* we can substitute
this value of s’ into equation 4 and finally back into
equation 2. This has been done and the results
have been plotted in Fig. 9. It is easily seen that
even for an assumed value of 2 = 0 (meaning a sin-
gle pair of hydrogen bonds between nucleotides is
strong enough to unite partially degraded frag-
ments) the experimental data do not fall on the ex-
pected curve. Neither does the calculated line de-
scribe a salient feature of the enzymatic degradation
of DNA, namely, the initial horizontal slope of the
viscosity or molecular weight decay seen in Figs. 3
and 5. This horizontal slope has also been ob-
served in independent light scattering experiments
by Reichmann.'* Thus it is clear that the process
going on here is probably not the random degrada-
tion of a double helix possessing frequent non-coin-
cident interruption.

1.2

400
2pu; ——>
Fig. 9.—Molecular weight decay expected from the ran-

dom degradation of an interrupted double helix. A z-
average molecule is assumed to have 600 inte:ruptions.

Discussion

The experimental results are in good agreement
with the concept of a long double-chained molecule
united by hydrogen bonds at each monomer to
another monomer on the opposite chain. The
cleavage of ester linkages which do not lead to a
double-chain scission does not appear to increase
greatly the flexibility of the DNA molecule, thus
the short-range, as well as the long-range, struc-
ture probably remains intact in spite of non-coinci-
dent ester-bond breaks. The DNA fragments
which result from the partial enzymatic digestion
of DNA appear to obey the simple Staudinger rela-
tionship [n] = KM, a fact which indicates that they
retain their open and ‘‘free-draining’’ hydrodynainic
character as opposed to the more compact configu-
ration assumed by polynucleotide chains.?

(23) . Doty and S. A. Rice, Diochim. Biophys. Acta, 16, 446
(1955).
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The conclusions presented above have been
drawn from a comparison of the molecular weight
and viscosity decay with the expected molecular
weight decay assuming random cleavage of phos-
phorous ester linkages. These assumptions are
not stringent. Furthermore, the interpretation
of the observations along these lines does not
require that all of the molecular scissions and ester
bond cleavages occur at random, but rather that
only the first 9 or 10 molecular scissions and the
first 29, of the ester-link cleavages occur at random:.

The extreme opposite case of end selective double-
chain scission is not possible, for in this case about
3000 bonds per parent z-average molecule would
have to be broken before the molecular weight
would fall to 909, of its original value. This is not
observed in Fig. 5. In calculating the probability
of a double-chain scission, it is assumed that the
enzyme can split interpurine as easily as inter-
pyrimidine linkages. If the converse were true and
if purines were always paired with pyrimidines on
opposite chains, this would mean that the prob-
ability of having opposite, or nearly opposite, cuts
would be very much smaller. This would cause a
much more gentle decrease in molecular weight as a
function of the number of bonds broken. Thisagain
is not observed in Fig. 5. In the case of Mg*+-acti-
vated DNase, the assumption of equal sensitivity of
interpurine and interpyrimidine linkages cannot be
disproven from the data available. If coincident
cuts were more probable than random, then the
molecular weight decay would be sharper, and the
initial horizontal slope would be eliminated. Thus
this possibility is unlikely. Any discussion concern-
ing selectivity of enzyme attack for particular in-
ternucleotide linkages can only be interpreted, at
present, by assuming that sensitive linkages are
distributed over the molecule in an effectively ran-
dom fashion.

These considerations tend to support the hypothe-
sis that all linkages are equally susceptible to en-
zymatic cleavage. When this assumption is made,
we see in Fig. 5 that the experimental data fall on
the calculated curve for # = 2. This means that
cuts on opposite chains with zero, one or two nucleo-
tides between them will result in a complete scission
of the double-chained molecule. Figure 10 shows a
schematic drawing of this process. This estimate of
the maximum number of unstable pairs of hydrogen
bonds is somewhat dependent on the initial degree
of polydispersity of the DNA. If the degree of
polydispersity has been significantly overestimated
by assuming a ‘‘most probable’ distribution, then
the estimate of the unstable pairs must be reduced
to one pair. This uncertainty in % is of the same
order as the experimental error in these measure-
ments. It must be further noted that the process
taking place during the enzymatic degradation of
DNA could be a very complicated one in which the
kinetics of hydrogen bond rupture could play a
large role. For these reasons the value of % ob-
tained from these experiments is at best an estz-
mate denoting order of magnitude rather than any
discrete value.

In the later stages of each enzymatic degradation
experiment, a rapid aggregation begins. This is
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RUPTURE AT 25°C

DNA DOUBLE CHAIN
Fig. 10.—A schematic diagrain of the enzymatic degrada-
tion of DNA by DNase showing randomn cleavage of ester
bonds and a double-chain scission resulting from thic spomn-
taneous rupture of two hydrogen bonds.

first reflected by an increase in the R*/M value as
seen in Fig. 6 and finally by an increase in molecular
weight after about 1200 bonds per molecule have
been broken. However, it seems that this phe-
nomenon does not affect the interpretation between
0 and 500 broken bonds per molecule. It is quite
possible that this aggregation comes about by the
reformation of groups of exposed hydrogen bonds
between different fragments, in which case this ag-
gregation would be similar to that observed on re-
neutralization of a solution of DNA which had un-
dergone partial acidic hydrolysis at pH 2.60.2

In most of the experiments reported here, the
DNase has been activated by magnesium ion. Al-
though there may be some difference in detail, it
has been possible to duplicate the general features
of both the molecular weight and viscosity decay
using DNase which has been activated with man-
ganese ion.

This picture of the enzymatic degradation process
is also well suited for the explanation of some of the
other known features of the reaction. It is known
that the breakage of the hydrogen bonds in DNA
results in a certain increase?! in the extinction coef-
ficient of DNA.% It is also known that during the
later stages of the enzymatic digestion of DNA there
is a substantial increase in the extinction coeffi-
cient.® If, as depicted in Fig. 10, isolated pairs of
nucleotides, unsupported by ester linkages, soon
rupture, then it would appear that a major part of
the optical density exaltation during the enzymatic
digestion can be related directly to the rupture of
hydrogen bonds. Thus the increase in extinction
coefficient during the final stages of the enzymatic
degradation is easily reconciled with the interpre-
tation of the molecular weight decay given in Fig.
5.

Reversing this reasoning, if the exaltation of the

(24) It is clear that a certain average reduction of extinction coe
efficient results from the formation of an internuclcotide link. See ref.
10.

(23) R. Thomas, Biochim. Biophys. Acto, 14, 281 (1954).
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extinction coefficient is evidence for the fact that
isolated nucleotides are not stable, then this as-
sumption allows one to compare the experimental
data in Fig. 9 with the calculated curve for 2 = 1
or 2 rather than # = 0. The wide disagreement
between the observed and expected results makes it
possible to estimate, under the assumptions made,
that there are fewer than one or two initial inter-
ruptions in 500. However, it is probable that the
number is very much smaller than this in view of
the constancy of molecular weight when subjected
to acid,?16 alkali?® and heat.??

Finally, we note that the estimation of # = 2 is
made at 25°. It is quite certain that as one in-
creases the temperature, the minimum number of
contiguous pairs of hydrogen bonds necessary to
unite two fragments increases. Thus if a DNA
molecule has suffered a number of ester bond break-
ages, but relatively few double-chain scissions, the

(26) P. Ehrlich and P. Doty, in press.
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number of double-chain scissions will increase as
the temperature increases because larger and larger
groups of hydrogen bonds will be able to melt out
at higher temperatures. This decreased heat sta-
bility of the viscosity of DNA which has been sensi-
tized by DNase has been observed by Zamenhof.?!
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