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Werner? in which a crystalline product, containing three
moles of acetone per mole of sodium iodide, is prepared.
Distillation of this compound and repeated distillation of the
product was followed by drying over calcium chloride in a
moisture-free dry box. All sampling operations and prepara-
tion of solutions were carried out in the dry box which was
flushed with nitrogen during the operation. Alternatively,
tlie commercial acetone was repeatedly fractionated and the
fraction boiling at 56.1° collected. The products prepared
by both methods gave the same boiling point and refractive
index, f.e., #®p 1.3590. The reported refractive index is
1.3591.8 The acetone purified by these procedures did
not decolorize dilute permanganate solutions. It was
found necessary to transfer the solution into the sample cell
in a dry box because, in some cases, filling the cells in the
laboratory air introduced traces of water. The sample cells
were fixed thickness sodium chloride cells (0.2 mm.) which
were not affected by acetone containing small amounts of
water. All measurements were carried out with cells of the
same thickness and the spectra were measured on the Per-
kin-Elmer Model 21 recording spectrophotometer, with so-
dium chloride optics. Wave length calibrations were
made using the known absorption bands of water vapor and
carbon dioxide.

Results

Figure 1, curve I, gives the absorption spectrum
of an acetone sample partially purified as described
above. The presence of water in the sample is
indicated by the absorption in the 3600 cm.™! re-
gion. Known volumes of distilled water were
added to this sample by means of calibrated micro-
pipets and the increased absorption in this region
is illustrated by curves II and III, which were
taken with samples to which increasing amounts
of water had been added. The Beers’ law plot
was obtained from the absorbance at 3600 cm.—!
plotted against the concentration of water added,

(7) K. Shipsey and E. A. Werner, J. Chem. Soc., 103, 1255 (1913).
(8) N. A. Lange, ""Handbook of Chemistry," Handbook Publishers,
Inc., Sandusky, Ohio, 1949.
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in parts per thousand by volume, to purified ace-
tone. The highest per cent. transmittance ob-
tained in the case of the purest acetone prepared
was of the order of 909%,. In the range 0-20 p.p.t.
of water added to this sample the curve is not linear
but shows positive deviations from linearity and
levels off at higher water concentrations (13-20
p.p.t. added water). Extrapolation of the smooth
curve to zero absorbance gave an estimate of the
amount of water present in the purified sample,
assuming the 3600 cm.~! absorption of the purified
sample was due to traces of water. This procedure
gave approximately 2.5 p.p.t. by volume, or about
0.29%, by weight. In the initial portion of the curve,
to approximately 10 p.p.t. of added water, the
curve gave satisfactory results for the estimation of
water added to the sample. For five different con-
centrations in this range the results obtained gave
an average deviation from the known amount of
water added of 0.089,. However, at higher con-
centrations the absorbance of the sample is less
sensitive to changes in water concentration.

It should be mentioned that a variety of salts
(strontium bromide, strontium sulfate and others),
when added in excess to an acetone—water solution
of known concentration, gave a measurable de-
crease in the per cent. absorption at 3600 cm.~!
but not at 3400 cm.~!. This decrease, probably
due to adsorption of water on the powder, became
greater when the surface area of the solid increased.
However, the variations were too small to permit a
reliable estimate of apparent surface areas.
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A Study of the Kinetics of the Enzymatic Digestion of Deoxyribonucleic Acid!
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In a recent paper from this Laboratory dealing with structural models for deoxyribonucleic acid (DNA) with particular
emphasis on the two strand model proposed recently by Watson and Crick it was pointed out that a detailed study of the
kinetics of the enzymatic digestion of DNA might yield information about different models. For example a one strand
structure would be split at each attack by the enzyme. A two strand structure would require at least two attacks and there-
fore the efficiency of splitting would increase with the square of the number of attacks. A two strand structure with some
“‘preformed gaps,”” a model proposed in the above mentioned paper, would degrade in a manner intermediate between a
single strand model and a continuous two strand model. This communication presents a detailed theory for the degrada-
tion of such long chain macromolecules. From the distribution of fragments formed upon random hydrolysis the decrease
in the viscosity of such a solution is calculated. The calculation is generalized to include solutions of polymiers each molecule
of which contains a definite number of chains bound side by side. Certain parts of this treatment are general for molecules
polydisperse with respect to both molecular weight and shape. This communication also presents new data on the viscosity
and sedimentation changes as a function of the number of enzymatic attacks on the DNA macromolecule. The number of
enzymatic attacks is determined in a “pH-stat’’ by measuring the hydrogen ion liberation resulting from the cleavage of the
phosphodiester bonds. The theory developed may be applied to the experimental data, and thus the single strand model
for the DNA molecule is ruled out. The best agreement is obtained with a doubly stranded model. Moreover the number
of preformed gaps in the structure as determined by this study is less than one in about 3000 nucleotides.

Considerable interest has been focussed on the
helical model proposed by Watson and Crick? for
the structure of deoxyribonucleic acid (DNA), and

(1) This work was supported by grants from the National Science

Foundation, Lederle Laboratories, and The Rockefeller Foundation.
(2) J. D. Watson and F. H. C. Crick, Nature, 171, 737 (1953).

many lines of evidence support the view that DNA,
as comonly isolated, is a hydrogen-bonded, inter-
twined, two strand structure. X-Ray diffraction
data and chemical analysis furnish the principal
sources of evidence for this model. Furthermore,
the hydrodynamic behavior, as revealed by sedi-



Sept. 5, 1956

mentation,® viscosity* and streaming birefringence
studies,® and the structure factor, from light scat-
tering measurements,® show that in solution the
molecules are highly extended and fairly rigid, per-
haps in the form of curved or bent, thread-like par-
ticles. The ‘‘anomalous’ titration behavior and
the changes in ultraviolet absorption upon degra-
dation are consistent with the view that DNA is a
highly organized structure with the purine and py-
rimidine bases hydrogen bonded to one another and
arranged in a regular fashion.

Another approach to the determination of the
structure of DNA has involved the simultaneous
measurement of a number of physical-chemical
properties during the early stages of the enzymatic
degradation of DNA.” From these studies it was
concluded that the enzymatic attack involved a
splitting of elongated, thread-like structures into a
number of shorter pieces by the random hydrolysis
of phosphodiester bonds in the backbone chains.
This was accomplished during the very early stages
without disrupting the hydrogen bonding between
the purine and pyrimidine rings. However, as the
fragments approached a molecular weight of about
50,000, the ultraviolet absorption began to in-
crease. This was interpreted to mean that the hy-
drogen bonding between the bases was not suf-
ficiently strong to hold these short chains together
at room temperature. Thus no direct action by
the enzyme need be evoked to account for the rup-
ture of hydrogen bonds and the separation of the
chains. In a discussion of various models for DNA,
it was suggested that a study of the kinetics of en-
zyme action would discriminate among a one
strand structure, a two strand structure and the
proposed interrupted two strand structure. The
preliminary results showed that while there did ex-
ist a short ‘‘lag” period between the addition of the
enzyme and the decrease in the viscosity, still only
about five bonds per molecule need be broken to
produce a significant change in the viscosity. This
result seemed to cast doubt upon a one strand struc-
ture but no differentiation was made between a
continuous versus an interrupted two strand model.

In this communication is presented a detailed
statistical theory for the degradation of macromole-
cules. This theory shows that differentiation can
be made readily among one, two or three strand
structures as long as the degrading agent attacks at
random only one strand at a time. Moreover, it is
possible to determine the number of preformed
gaps in a macromolecule and the minimum number
of secondary or cross-linking bonds which are re-
quired to hold the strands together. Also this com-
munication presents new data on the viscosity and
sedimentation changes as a function of the number
of enzymatic attacks on the macromolecules.
These results are then used with the theory in a dis-
cussion of different models for the structure of
DNA. It should be emphasized that we are study-

(3) A. R. Peacocke and H. K. Schachman, Biockhim. Biophys, Acta,
15, 198 (1954).

(4) J. Pouyet, Compt. rend. Azad. sci. (Paris), 234, 152 (1952).

{(3) H. Schwander and R. Cerf, Hely. Chim. Acta, 84, 436 (1951).

(6) M. E. Reichmann, S. A. Rice, C. A, Thomas and P. Doty, THIS
JourNaL, 76, 3047 (1954).

(7) C. A. Dekker and H. K. Schachman, Proc. Natl. Acad. Sci.
(U. S.), 40, 894 (1954),
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ing the structure of the macromolecule as it exists
in solution which, of course, may be different from
the DNA as it exists in the cell.

Theory

Let us consider a solution of homogeneous long
chain macromolecules each of which is composed of
m monomer units linked together by bonds suscepti-
ble to attack by an enzyme. If the enzyme breaks
bonds at random, then a distribution of molecules
of varying size results, Consequently the viscosity
of the solution decreases as the enzymatic degrada-
tion proceeds. For high polymers the intrinsic vis-
cosity, [n], is proportional to 3> where M is the
molecular weight and « is a number varying from
1/4 for random coils to 2 for long rods. The vis-
cosity increments caused by the different species
are additive at low concentrations, and we may

write
[n:’é"]

where the summation is carried out over all of the
species, 7, and where 4 is a constant characteristic
of a given polymer and solvent system. The sym-
bol ¢ is the concentration and 77°bs is the observed
specific viscosity.

If the probability that a bond in any molecule
has been split by the enzyme is p and the probabil-
ity that it has not been brokenis ¢ = 1 — p, then
the number of molecules L(m) still containing m
monomer units is

L(m) = Ngm~! 2
where N is the initial number of molecules. Simi-
larly L(3)¢ is the number of molecules containing ¢
monomer units including the terminal units

L()). = 2Ng~1p (2a)
There can also be molecules containing ¢ monomer

units none of which are originally terminal units
and this can be written as L(4)¢
L(4)y = N¢='p¥m — 1 - 1) (2b)

The sum of 2, 2a and 2b gives the total number of
molecules containing ¢ monomer units. In equa-
tion 1, M; and ¢; are proportional to ¢ and :L(z),
respectively, Substitution of these values in
equation 1 and dividing by the initial intrinsic vis-
cosity [n]o yields

Y Liutte+ 3 L)t e + Lim)mi+e
R=1m_ : )

m1+a

A 1Mi®
Z ‘ (1)

where R is defined as the ratio of the observed vis-
cosity at any time relative to the initial intrinsic
viscosity. The summations can be replaced by
integrals from O to m. The integrals may be eval-
uated directly for integral values of «, and closed
expressions are obtained. After integration the

approximation In ¢ = —p is made, and for the case
for « = 1, we obtain,® where S = mp
R—:Sé(—s‘i‘s—l) (4)

(8) Equation 4 is identical to that derived by A. Charlesby for the
change in molecular weight as a function of time, Proc. Roy. Soc.
(London), A224, 120 (1954). Our approach is much different from
that used by Charlesby and can be generalized for any value of & for a
homogeneous distribution.
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When « has values different from unity we obtain

___(as;aS) OSe “axlta dye (5)

subject? to the condition S<20. Values of the

integral in equation 5 have been tabulated.!®

Equation 5 may also be written
(¢ + a?)S2 o

Ba+D(atd T +
(a + oS (~1)"

e Fnatnty T ©

For computational purposes only terms including
S, 5% and S* need be used for the initial stages of deg-
radation, 7.e., S<1.

It should be noted that equation 6 applies to the
degradation of a solution of macromolecules which
were initially homogeneous with regard both to
shape and to molecular weight. This equation
will now be generalized for any initial distribution
of molecular weights and shapes.!! For small
values of .S we can ignore terms containing higher
powers and write for each species of weight, m,
and shape, j

R=c51+8) -

(24

R=1—a+

2S+

Rpj =1~ -2 s 7
o

where s is the number of scissions per monomer
unit, that is, ms = S. Summing over the distri-
bution of shapes and molecular weights where

SRt D1 = (5, ) (s
Robs = M o & e (8)

Mo N5
(%) msj is the initial specific viscosity of the mj
compounent and 7;, is the total initial specific vis-

cosity. Au averaging process may now be carried
out
[ Z (n%) mi
Robs = | — (;;B—L 2 m)s i T (9)
Since D (1%)n, = 1S We can write
mj
’ Robs = 1 — Kys (L)

where K lies between the minimum and niaximuni
values of a;/{a;+2)m. Itisof interest to note that
from values of R°™, s and g, it is possible to cal-
culate #, the o + 2 average degree of polymeriza-
tion for any initial distribution of olecular
weights,

Thus far we have been considering a single strand
polyvnier in which there would be #p scissions in
the time, f, where m is the number of monotner
units in the macromolecule (m>>1) and p is the
probability that a given bond connecting any two
monomer units is broken in the time, {. For a
polymer composed of two strands, both strands
must be broken if a scission is to occur. This scis-
sionn will occur if the breaks in each strand are op-
posite to one another or if the breaks are staggered

(9) A solution of the same general form as equation 5 may be ob-
tained without restriction to the condition that S < 20.

(10) “'Tables of the Incomplete I'-Function,” Edited by Karl
Pearson, Cambridge University Press, London, 1946.

(11) For the particular case in which the initial distribution of
molectlar weights is a Poisson distribution, the appropriate equations
are given by A. Charlesby .8
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only several units apart as long as the interstrand
bonding is not sufficiently strong to maintain the
integrity of the molecule. Let 8 equal the maxi-
mum number of units by which the breaks can be
staggered without preventing scission of the mole-
cule. We can now write for the total number of
scissions per molecule, S

m

S = 3 (28 + 1)p? (11)

where m/2 is the number of units in each strand.
In an analogous manner we shall write for a mole-
cule composed of # strands!?

S

(28 + Do (12)

or
S 28 + n—!
=£_§_*)Pn

5§ = =
m n

(124)

For the initial stage of the degradation we cau cou-
bine equations 10 and 12a to give

logi (1 ~— R°%) = 7 logi p + constant  (13)

Thus the number of strands can be evaluated from
data showing the decrease in viscosity as bonds are
being broken early in the reaction. When the
enzymatic activity is constant during the initial
stage of the reaction,!? p will be proportional to the
time, ¢, and equation 13 may be written

logis (1 — Rob) = n logp ¢ + constaut (13a)

Since it has been suggested’” that the DNA
macromolecule might be composed of two strands
each of which is interrupted at many points, it is of
interest to consider the statistics of such a model.
If mg is the number of preformed gaps in the macro-
molecule, the number of scissions becomes

m

5=+ vp+2(F)es+ e (19

For degradation of two strand nolecules con-
taining preformed gaps, it is necessary to retain
the term in S? in equation 6 and the averaging proc-
ess leads to

e = a \_(afadmt 1,
Rwbs = 1 — (a +2m)5+ ?2[(01—1—2)(0(—1—3)\#”
(15)
=1 — Kis + Kos? — - (154)
Cowmbination of equations 14 and 15a gives
D ot = (K2 + Delp o+ [ B BEL -
K28 + 1) Zgi!pz T+ (1)

To use equation 16, (1 — R°>)/p should be plotted
against p. The initial slope and the intercept of
this plot are given by

- Ky(28 + %g* (17)

(Slope) = K, 28 2+ 1

and

(Iutercept) = K;(28 + 1)g (17a)

(12) For our purposes, equation 12a may be replaced by the more
general expression s = Bp"® where B is independent of ».

(13) For the digestion of DNA, it was found that the enzymatic
activity was constant until about 260 bonds were brokett per weight
average molecule.
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These two simultaneous equations may be solved
for g and (26+1)

_ Intercept
g =1/2 Slope 4 (K,/K %) (Intercept)? (18)
28 +1 = (Slope) + (K2/K;?) (Intercept)? (182)

Ky
Now the coefficient of the (Intercept)? term,
K,/ K?, is approximately equall‘ to

g la + Dl +2)
(a +3)

which has a value less than or equal to 5 for 2 >

@ > 1/;. Hence if 5 (Intercept)? < < (Slope) it
follows that
_ (Intercept)
g=1/2 “(Slope) (19a)
_ (Slope)
(28 + 1) = - (19b)

Thus g may be evaluated without the necessity of
making assumptions as to the average shape or
molecular weight. To obtain 8, on the other hand,
requires that these quantities be estimated.

For the study of the degradation of DNA, which
is described below, certain of the equations just de-
rived are of special importance. These are equa-
tions 13a, 16, 19a and 19b. From equation 13a,
the number of strands in the molecule, #, can be
estimated. Equation 16 is the general expression
relating the viscosity of the solution to the number
of bonds broken, and will be used later. Finally,
the frequency of preformed gaps is given by equa-
tion 19a, while 19b is used to determine the max-
imum number of interstrand bonds which may
occur between interruptions on opposite chains
without a scission of the molecule at that site.

Materials and Methods

Several different preparations of purified thymus DNA
were used in these studies and the authors would like to ex-
press their thanks to Dr. S. Katz of this Laboratory for a
sample prepared by the procedure of Signer and Schwander
and to Dr. N. 8. Simmons of the University of California at
Los Angeles for a sample prepared through the use of sodium
xylene sulfonate. The pancreatic deoxyribonuclease (D-
Nase) was a commercial preparation from Worthington
Enzyme Laboratories.

Viscosity measurements were made at 25 = 0.002° in a
three bulb viscometer at average shear gradients of 43,
92 and 145 sec.”!. All data were plotted as specific vis-
cosity against shear gradient, and the data were extrapo-
lated in a linear fashion to zero shear gradient. The values
of nep/c obtained by this method are independent of con-
centration as long as low concentrations of DNA are used®
and are assumed to be equal to the intrinsic viscosity. For
the DNA preparations used in this work the intrinsic vis-
cosity was 50 == 1 (g./100 ml.)!in good agreement with the
values reported by Reichmann, et a/., Pouyet,* Sadron,!
and Conway and Butler.!

For measurement of the number of bonds broken per unit
time, experiments were conducted at pH 7.60 In an un-
buffered solution containing 0.2 M sodium chloride and

(14) The actual value of K3/Ki? depends upon the distribution of
molecular weights and shapes in the solution. We have assumed a
value of about 4 for the ratio of the Z 4 1 average molecular weight
to the Z average molecular weight. For the experiments presented
here the magnitude of the slope is such that the ratio (K:/K1)? could
be much greater than the large value assumed and still not affect
equation 19a.

(15) C. Sadron, Progr. Biophys. Chem., 3, 237 (1953).

(16) B. E, Conway and J. A. V. Butler, J. Polymer Sci., 12, 199
(1954).
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0.03 M magnesium sulfate. The pH was maintained con-
stant in a ‘‘pH-stat,’’ described by Neilands and Cannon,
which yields a continuous recording of the amount of alkali
automatically added to the reaction vessel when the ampli-
fied signal indicates departures from the pre-set pH value.
The authors would like to thank Dr. Neilands for making
his instrument available to us.

The ultracentrifuge studies were performed with a Spinco
Model E analytical ultracentrifuge especially fitted with an
ultraviolet absorption optical system. The absorption
patterns were then analyzed with the Spinco Model R
analytrol, a recording photodensitometer which gives the
concentration as a function of position in the cell. Very
low concentrations of DNA may be used for these experi-
ments, and the distribution of sedimentation coefficients
for the undegraded sample is found to be independent of
concentration in agreement with the results of Shooter and
Butler.8 A detajled report in this method will be presented
elsewhere.!?

In preparing the DNA solutions, the solid dry DNA was
placed directly in 0.2 M salt solutions. The enzyme solu-
tion was stored at 4° at a concentration of 100 y/ml. and
dilutions of it were made immediately prior to use in the
kinetic studies. As a measure of enzyme activity, the en-
zyme was added to an unbuffered solution of DNA (0.003}
g./100 ml.) contained in the water jacketed titration cell of
the ‘‘pH-stat.”” The pH was maintained coustant between
pH 7.59 and 7.60, and a stream of nitrogen was continu-
ously blown over the solution. Sodium hydroxide, specially
protected against carbon dioxide, was used as a reagent in
the titrimeter, and the recorder plotted the volume of re-
agent added to the reaction mixture as a function of time.
The initial slopes of such curves, which were straight, gave
a measure of the number of phosphodiester bonds split per
unit time for the enzyme concentration used in the experi-
ment. From experiments of this type it was found that the
initial activity was proportional to the enzyme coucentration.

For the kinetic studies in the viscometer and the ultra-
centrifuge the reaction mixture contained 0.01 3/ phosphate
buffer at pH 7.60 in addition to 0.2 M sodium chloride.
The pH of these solutions decreased only to 7.45 during
the digestion. To determine the number of bonds broken
per unit time comparable solutions of DNA without buffer
and with enzyme concentration about 100 times greater
were studied in the ‘‘pH-stat.”” These studies provide tlic
data for the bonds split at the lower enzyme concentrations
used in the viscosity studies.

Results and Discussion

In Fig. 1 are shown the viscosity data obtained
at different times during the enzymatic digestion.
The data are reproducible; four experiments using
two different DNA preparations gave essentially
identical results. The viscosity data are plotted
in Fig. 2 as logpe [(1 — R°™) 1000] against logyt in
accordance with equation 13a. The slope of the
straight line so obtained is, according to the theory,
equal to 7, the number of strands possessed by each
DNA macromolecule. The wvalue observed is,
however, non-integral and equal to 1.47.

This non-integral value of # is readily explain-
able if a doubly stranded structure is postulated for
the DNA molecule, as will be shown below. There-
fore, let us first investigate the one strand® and
multistrand stryctures in order to see if they too
may be used to fit the experimental data.

The characteristics of a one strand model which
distinguish it from all multistrand models is that
the one strand structure scissions at each enzymatic

(17) J. B. Neilands and M. D. Cannon, A#al. Chem., 37, 29 (1955).

(18) K. V. Shooter and J. A, V. Butler, Naiure, 175, 500 (1955).

(19) V. N. Schumaker and H. K. Schachman, in preparation.

(20) A doubly stranded molecule tied together at one end could be
considered to be a singly stranded molecule. In terms of enzymatic
degradation, however, the tying together of the strands at one end

would constitute a trivial effect and the kinetics would be likc those of a
two strand model.
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Fig. 1.—Viscosity of DNA solution undergoing enzymatic
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Fig. 2.—Determination of tlie number of strands for a
multistrand model for the DNA molecule in solution.

attack. In these experiments the rate of enzy-
matic attack is constant and therefore, if a one
strand model is correct, the number of scissions
should be directly proportional to the time. How-
ever, a value of # greater than unity indicates that
the efficiency of scissioning increases with time.
Further emphasizing the inadequacy of the one
strand model are the curves of the distribution of
sedimentation coefficients shown in Fig. 3. After
over 250 bonds are broken per molecule, the sedi-
mentation coefficients have fallen by less than 509,
although if the one strand model is correct the mole-
cule should break into 250 fragments. Hence the
one strand model is inconsistent with the experi-
mental data.

The three strand model is now to be examined to
see if it may account for the observed pattern of the
enzymatic degradation. If there existed a very
large number of preformed gaps in a three strand
model, then the kinetics of degradation would be
similar to those which would be observed for a
doutly stranded model. Hence we are not able to
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differentiate between an “‘interrupted’’ three strand
structure and a continuous two strand model.
Moreover, four, five, six, etc., strand structures
might be postulated, but here the preformed gaps
would have to come in pairs, triplets, quadruplets,
etc., respectively.
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Fig. 3.—Distribution of sedimentation coefficients during

enzymatic degradation of DNA,

It seems to us that the several ad hoc assumptions
which are required if the four, five, six, etc,
strand models are to be evoked are sufficiently
unjustified to exclude these models from further
consideration. The singly stranded structure has
been ruled out because the observed degradation
is very much slower than would be expected from
such a model and also because there seems to be no
reasonable way in which such a structure could be
made to fit the observed pattern of the viscosity de-
crease.

Since the X-ray data point so strongly toward a
two strand model let us assume, for the remainder
of this discussion, that DNA is adequately repre-
sented in solution by a doubly stranded structure
and determine whether such a structure is consist-
ent with the value » = 1.47. For this purpose it
is of interest to investigate the following problems:
(1) Are the two strands continuous, or are they fre-
quently interrupted along the length of the macro-
nmolecule? (2) Could the solution be “contami-
nated” by a large fraction of single strands? (3)
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Fig. 4 —Plot of (1 — R)/p vs. p for the enzymatic digestion
of DNA.



Sept. 5, 1956

Is there a large change in the flexibility of the
DNA macromolecule at the site of an enzymatic
attack? (4) Does the enzyme attack bonds at ran-
dom or does it occasionally break both chains
simultaneously in a non-random fashion?

Each of these possibilities may be satisfactorily
evaluated by assuming that it alone accounts for
the observed value of # being less than 2. Hence
the maximum number of preformed gaps will be
obtained by assuming that the deviation from
double strand kinetics is due only to the presence of
these interruptions. Therefore when (1 — R°%)/p
is plotted against p as is suggested by equation 19a,
one half of the ratio of the intercept to the initial
slope is equal to the maximum number of pre-
formed gaps per nucleotide. The value calculated
in this manner for the data presented in Fig. 4 is
one preformed gap for every 3000 nucleotides.?!
It is interesting that this small number of preformed
gaps is sufficient to account for the deviation from
double strand kinetics. Moreover, that such a
small value may be determined emphasizes the
sensitivity of the viscometer as a tool for following
the kinetics of the degradation of such macromole-
cules.

The second, third and fourth problems mentioned
above may all be investigated through the use of the
same mathematical formulation. In order to
maximize the “‘contamination,” flexibility increase,
or non-random enzymatic attack it is necessary to
set the number of preformed gaps equal to zero.
When this is done, equation 16 becomes
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No first power term appears in this equation and
consequently a plot of (1 — R°)/p vs. p should go
through the origin. That the experimental results
do not give a plot going through the origin is shown
in Fig. 4. Thus some first power term must be
added to equation 20 and it is this term which can
be interpreted according to the possibilities men-
tioned above.

Let us now investigate the possibility that the
first power term is due to the contamination of the
solution by a large fraction of single strands. The
viscosity contribution of a singly stranded mole-
cule will initially decrease an amount which is di-
rectly proportional to the number of enzymatic at-
tacks. Therefore, if the justification for the first
power term is to be found in the assumption that
the solution contains singly as well as doubly
stranded molecules, then the coefficient of this term
is equal to fam/(a+2), where f is the fraction of

(21) The possibility that the enzyme may be partially inhibited in
the region of previously formed interruptions is readily considered. In
this case, let the percentage inhibition in this region be denoted by
the quantity, @. Neglecting very small terms, it is now possible to
show that both terms on the left-hand side of equation 14 are multiplied
by w. This equation is now combined with equation 15a. Again we
may solve for the initial slope and the intercept of the (1 — R°%)/p
against p plot. Two equations analogous to 17 and 17a result,
Solving these simultaneously for the number of gaps, g we find that
the quantity  cancels out of the final expression, and equation 18 is
obtained. Hence the number of gaps determined in this manner is
theoretically independent of this type of enzymatic inhibition. More-
over, since the quantity » may be larger than 1, the number of gaps so
determined is also independent of an enhancement of enzymatic
activity in the region of previously formed interruptions.
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the initial viscosity of the solution which is con-
tributed by the single strands. Making reasonable
assumptions for the single strands that ¢« = 0.8
and m = 8000, we calculate that f = 0.0057. The
order of magnitude of fis, of course, the information
of interest, and we see that the ‘“‘contamination’’ of
the solution by single strands contributes only
a small fraction of the total viscosity of the solu-
tion. Hence if the viscosity of the single strand
is only 59, of the viscosity of a double strand
of the same contour length, then the “contamina-
tion” of the solution by single strands is only about
5%. It is important to realize that if one of the
other possibilities actually explains the departure
from double strand kinetics the actual contamina-
tion is less than this value,

In an analogous manner we may examine the
possibility that at the site of each enzymatic attack
there is created a point of additional flexibility
which decreases the viscosity contribution of the
molecule. This effect certainly would vary di-
rectly with the number of enzymatic attacks dur-
ing the initial stage of the reaction, and the max-
imum value for the effect is obtained by attributing
the coefficient of the first power term to the ad-
ditional flexibility alone. In this case, the intercept
of (1 — Reb)/p plotted against p will be equal to
md, where 8 is the average fractional decrease in the
viscosity contribution of the molecule caused by
the first enzymatic attack. Assuming a value of
16,000 for m, and 13.3 for the intercept, we cal-
culate that & is less than one tenth of one per cent.
Therefore, the molecules change their initial shapes
very little during the first part of the degradation.
It is quite interesting to note that such a slight in-
crease in flexibility is capable of explaining the
deviations from double strand kinetics.

The next problem to be investigated is whether
the enzyme always acts in a random fashion or if it
may occasionally break both strands in a simul-
taneous, non-random attack. Such a non-random
attack will cause the molecule to scission, and the
number of such scissions will be proportional to the
number of enzymatic attacks. The intercept of
the (1 — R°bs)/p against p plot is then equal to
yKi, where v is the fraction of attacks which result
in this type of non-random scission. Assuming
that « = 1 and m = 16,000, v is calculated to be
0.0024. This means that non-random scissions
occur less often than one time in each 400 attacks.
This again is a maximum value and would be less if
any of the other effects contributed significantly to
the decrease in viscosity.

There is another piece of information which this
study affords us. So far we have been considering
largely the intercept of the (1 — R°®s)/p against
p plot. From the initial slope of this plot the
quantity 8 may be calculated. This quantity is
the maximum number of nucleotides which may
occur between two breaks in opposite strands and
yet have a scission occur at that point on the mole-
cule. From equation 19b, it is seen that in order to
calculate 8, the constant K; must be evaluated.
Since « lies somewhere between one-half and two
while m is most likely between 10,000 and 20,000,
we can calculate minimum and maximum values
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for the constant K;. Combining these values with
the slope according to equation 19b we find that
the value of 8 should lie between 0.5 and 5.

The small value for 8 obtained in this manner is
not in agreement with the interpretation given a
previous observation’ that as the degradation prod-
ucts approach a molecular weight of 100,000, the
ultraviolet absorption begins to increase and when
the molecular weight reaches 50,000 the increase
reaches 809 of its final value. This was interpreted
to mean that the hydrogen bonding between the
bases was not sufficiently strong at room tempera-
ture to hold these short chains together. If this
explanation is correct, it is possible to show that the
value of 8 must be large. This may be done in the
following manner: first, if the molecule is to disso-
ciate into single strands, then

28 = 1/p

Secondly, assuming that the initial molecular
weight of the DNA molecules averages 5 million,
then after 100 scissions have occurred the molecular
weight will drop to 50,000. Thus it follows from
equation 11 that

(21)

8pr = 1/160 (22)

where the approximation (284+1) =~ 28 has been
made. Combining equations 21 and 22 gives the
large value for 8 of 40.

In summary, various models for DNA have been
examined, and it has been shown that the theory
for the kinetics of the degradation of a doubly
stranded model essentially fits the experimental
data. The correspondence between theory and
experiment is not exact, however, since the effi-
ciency of the enzyme in causing a decrease in the
viscosity contribution of the macromolecules is
greater than the theory predicts. The discrepancy
may be explained in a variety of ways. If the prepa-
ration of DNA contained some molecules com-
posed of only single strands one would obtain
kinetics like those found experimentally, but it can
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be shown that such DNA molecules, if present at
all, could constitute no more than 5%, of the total.
Alternatively, we might propose that enzyme can
attack both strands simultaneously, but such at-
tacks could occur no more than 1 out of every 400
times. This more rapid decrease in viscosity over
that expected from the theory could also be attribu-
ted to increase in flexibility of the macromole-
cules. Such increase in flexibility due to each en-
zymatic attack on the backbone structure could
cause a viscosity decrease of no more than one
tenth of one per cent. Finally the difference be-
tween theory and experiment can be explained if
there were pre-existing gaps in the original macro-
molecules as in the model proposed by Dekker and
Schachman. If such gaps were present, the theory
shows that there could be no 1more than one in about
3000 nucleotides. This is far less than the number
of gaps suggested by them on the basis mainly of
the number of end groups per macromolecule as ob-
tained from titration studies. From the present
studies it appears therefore that the DNA mole-
cules are formed of two continuous strands. It
should be pointed out, however, that the existence
of preformed gaps occurring in regions of the macro-
molecule which are not susceptible to enzymatic
attack could not be detected by the approach out-
lined above. Finally, it is shown that the 1nini-
mum number of nucleotides which must be present
between two gaps to prevent the molecule fromn
scissioning is no more than six. This is a much
lower number than that inferred previously from
the changes in optical density as a function of
molecular weight.?”

(22) Since the submission of this manuseript, a paper has appeared
by C. A, Thomas, THIS JoUrNAL, 78, 1861 {1134), in which the enzy-
matic degradation of DNA is followed by the teclinique of light scat-
tering. Similar conclusions to some of those presented in this paper
were obtained by assuming that the distribution of molecular weights
in the original sample was Poisson. Too few experimental meastire

ments during the early stages of degradation were made, however, to
allow Thomas' data to he analyzed in the manner we hive described.
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Acetal and Ketal Hydrolysis Rates in Moderately Concentrated Perchloric Acid
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The rates of hydrolysis of four acetals and ketals and the ratio of protonated to unprotonated 2-nitro-4-chloroaniline have

been measured in moderately concentrated perchloric acid solutious containing 539, by volume of dioxane.

The quantities

log { k:1/(HCIOy) } and log {(BH*) /(B)(HCI1O,) } were empirically found to be linear functions of the concentration of per-
chloric acid with the slopes varying only slightly. Some possible implications of these relations are discussed briefly.

In the course of a study?® of the relative rates of
hydrolysis of acetals and ketals it was necessary

(1) The work herein reported was carried out on Project NRO055-328
between the Office of Naval Research and the Pennsylvania State
TUniversity. Reproduction in whole or in part is permitted for any
purpose of the United State Government.

(2) Department of Chemistry, University of Minnesota, Minneap-
olis, Minn.

13) M. M. Kreevoy and R. W. Taft, Jr., Tuis JotrxavL, 77, 5590
(1335); other papers forthcoming.

to study a number of rates as a function of acid
concentration in fairly concentrated perchloric
acid solutions containing 509, dioxane by volume.
(The exact method of making up these solutions is
described in the Experimental section. Pure
dioxane—water mixtures made up as described con-
tained 49.6%, dioxane and 50.4%, water by weight.)
Because the data bear on the interesting problem
of the acidity of strong acid solutions in mixed sol-



