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mixture (1.0 ml) contained 50 pmoles of Tris buffer at pH 7.5,
100 pmoles of potassium phosphate buffer at pH 7.5, 100 ug of
bovine plasma albumin, 3.7 pmoles of ribosomal RNA-P, and 1
to 5 units of enzyme. After 30 minutes at 37°, 0.01 ml of al-
bumin (50 mg per ml) and 1 ml of cold 1 N perchlorie acid were
added. After 5 minutes at 0° the precipitated material was
removed by centrifugation. The supernatant fluid was diluted
10-fold with water, and the optical density at 260 mu was de-
termined. A unit of ribonuclease activity is defined as the
amount which causes the production of 0.1 umole of acid-soluble
RNA nucleotide in 30 minutes, assuming a molar extinction co-
efficient of 10,000. The relationship between enzyme added
and activity observed was only approximately linear. Thus,
with the addition of 0.02, 0.04, and 0.08 ml of a 1:20 dilution
of crude extract, 925, 1010, and 1200 units per ml, respectively,
were observed.

Descending paper chromatography was carried out with
Whatman 3 MM paper, with the n-propanol-concentrated am-
monium hydroxide-water solvent of Hanes and Isherwood (21)
or the ethanol-acetic acid solvent of Loeb and Cohen (22).

Phosphate was determined by the method of Fiske and Subba-
Row (23). Protein was determined by the method of Lowry
et al. (24). P32 was measured with approximately 509, efficiency
in a Nuclear-Chicago model D-47 gas flow counter equipped with
a Micromil window.

The procedure used for isolation of nucleosides liberated after
venom and spleen diesterase digestion of a dephosphorylated
endonuclease digest was as follows. The incubation mixture
for preparation of the endonuclease digest contained 800 umoles
of Tris buffer, pH 7.5, 80 umoles of MgCl,, E. coli DNA con-
taining 20 umoles of P and 3.5 uec, and 200 units of CM-cellulose
fraction of the E. coli endonuclease, in a total volume of 13 ml.
Incubation was at 37° for 4 hours. Aliquots, 0.05 ml each,
were taken for measurement of acid-soluble and monoesterase-
sensitive P®2. Values of 769, and 13.89, respectively, were
obtained. E. coli phosphatase, 0.1 ml, containing 220 units was
added to the digest, and incubation was continued for an addi-
tional 90 minutes. In order to inactivate the phosphatase,
Sodium Versenate was added to a final concentration of 0.012
M, and the digest was heated for 15 minutes at 100° and then
chilled. One aliquot (5 ml) was treated with venom diesterase.
The pH of the digest was adjusted to 8.5 with 1 ¥~ KOH; then
160 pmoles of glycine buffer, pH 8.5, 160 umoles of magnesium
acetate, and 320 units of venom phosphodiesterase (an amount
which releases mononucleotides from a limit pancreatic DNase
digest at the rate of 320 pmoles per hour under these conditions)
were added. The volume was brought to 6 ml with water, and
incubation was allowed to proceed for 7 hours at 37°. At this
time, 97 % of the P32 was sensitive to the action of phosphatase.
The digest was heated for 5 minutes at 100°, and the precipitated
protein was removed by centrifugation. The supernatant fluid
was diluted 3-fold with water and passed through a Dowex 1
column (chloride form, 109 cross-linked, 10 X 1 cm). The
pass-through fraction showed an ultraviolet absorption spectrum
characteristic of deoxycytidine. The resin was eluted with
0.001 ¥ HCl. Approximately 80 resin-bed volumes of eluant
were necessary to remove all of the ultraviolet-absorbing ma-
terial before the appearance of P32-]abeled deoxyecytidine 5’-phos-
phate, which is the first nucleotide to be eluted under these
conditions. The nucleoside fraction (with the exception of the
pass-through) was pooled, taken to dryness by distillation at
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reduced pressure, dissolved in water, applied in a band to What-
man 3 MM paper, and chromatographed in the n-propanol-am-
monia-water solvent. Two bands appeared, one containing
deoxyguanosine and the second, a mixture of deoxyadenosine,
deoxyeytidine, and deoxythymidine. Each band was eluted
from the paper with water, concentrated, and rechromato-
graphed in the ethanol-acetic acid solvent. This procedure
served to resolve the four nucleosides. They were eluted from
the paper with water together with appropriate blanks and iden-
tified spectrophotometrically, and their concentrations were
determined. The total deoxycytidine concentration was taken
as the sum of the deoxycytidine in the pass-through fraction
plus that eluted from the paper chromatogram. The recovery
of ultraviolet-absorbing material from the paper was 729, of
that eluted from the Dowex column.

The pH of a second portion of the dephosphorylated digest
(5 ml) was adjusted to 6.5 with 1 x HCI, and 4 units of splenic
phosphodiesterase were added. After 8 hours at 37°, 979% of
the P2 was monoesterase-sensitive. The nucleosides were iso-
lated as above, with the exception that only 40 resin-bed vol-
umes of 0.001 x HCl were required to elute the nucleoside
fraction from the Dowex column. The recovery of ultraviolet-
absorbing material from the paper was 789 of that eluted from
the Dowex column,

RESULTS

Purification of E. coli Endonuclease

Unless otherwise indicated, all operations were carried out at
0 to 4°. All centrifugations were at 15,000 X g for 10 minutes.

Preparation of Extracts>—E. coli strain B was grown as de-
scribed previously (18). The cells (450 g wet weight) were
mixed with 300 ml of potassium phosphate buffer, 0.15 M, pH
7.0, in a large Waring Blendor equipped with a cooling jacket
and connected to a Variac. Stirring was begun at approxi-
mately one-third of maximal speed. To the suspension were
gradually added 1350 g of acid-washed glass beads (“Super-
brite,” average diameter 200 w, obtained from the Minnesota
Mining and Manufacturing Company). When the mixture
appeared homogeneous, an additional 1500 ml of buffer were
added, and the homogenization continued for 20 minutes at
maximal speed. During this period, the temperature of the
mixture did not rise above 12°. Approximately 10 minutes were
reduired for the beads to settle out; the broken cell suspension
was then centrifuged, and the supernatant fluid (approximately
2000 ml) was collected (Fraction I, Table I).

Protamine Precipitation and Elution—To 800 ml of extract
were added, with stirring, 400 ml of a 19, protamine sulfate solu-
tion. After standing for 10 minutes, the suspension was cen-
trifuged. The precipitate was transferred to a Waring Blendor
regulated by means of a Variac and homogenized with 800 ml of
potassium phosphate buffer, 0.2 M, pH 7.4, for 5 minutes at
one-fourth of maximal speed. The suspension was centrifuged,
and the resulting precipitate was homogenized with 800 ml of
potassium phosphate buffer, 0.5 M, pH 7.4, for 10 minutes, then
centrifuged as before. To the supernatant fluid were added an
equal volume of distilled water and 5 ml of 0.5 M MgCl,. The

& This procedure for preparation of cell-free extracts is a modi-
fication of one developed by Dr. H. V. Aposhian and Dr. Arthur
Kornberg. We are grateful to Drs. Aposhian and Kornberg for
permission to publish the details of this method.
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TasrLE 1
Purification of E. coli endonuclease
Fraction Step Units Protein i?ﬁf}&;
per ml total Jmi units/
X 1073 mg/m mg protein
I Extract 177 141 17 .4 10.2
11 Protamine eluate 42 67 0.30 140
III | Ammonium sulfate | 444 42 1.70 260
v DEAE-cellulose 264 33 0.50 528
A CM-cellulose 318 20 0.05 6360
diluted solution was incubated at 37° for 2 hours. A heavy

precipitate of inactive protein which formed during incubation
was removed by centrifugation (Fraction II, Table I).

Ammonium Sulfate Fractionation—To 1600 ml of protamine
eluate were added, with stirring, 565 g of solid ammonium sul-
fate. The suspension was allowed to stand for 10 minutes after
the ammonium sulfate had dissolved, and then it was centri-
fuged. To the supernatant solution were added, with stirring,
an additional 512 g of ammonium sulfate. The suspension was
allowed to stand and was centrifuged as before. The resulting
precipitate was dissolved in 80 ml of potassium phosphate buffer,
0.02 M, pH 7.4. This solution was dialyzed for 12 hours against
75 volumes of potassium phosphate buffer, 0.01 M, pH 7.4. An
inactive precipitate which formed upon dialysis was removed by
centrifugation (Fraction IIT, Table I).

DEAE-cellulose Fractionation—A column of DEAE-cellulose
(16 X 3.3 cm) was prepared and equilibrated with 2 liters of
potassium phosphate buffer, 0.01 v, pH 7.4. The dialyzed
ammonium sulfate fraction was applied to the column at the
rate of 80 ml per hour. The adsorbent was then washed with
130 ml of potassium phosphate buffer, 0.01 M, pH 7.4. Approxi-
mately 809 of the activity applied to the column was recovered
in the wash (Fraction IV, Table I).

CM-cellulose Chromatography—A column of CM-cellulose
(16 X 2.2 cm) was equilibrated with 1 liter of potassium phos-
phate buffer, 0.01 M, pH 6.5. DEAZE-cellulose fraction, 126 ml,
to which 1.26 ml of 1 M potassium dihydrogen phosphate had
been added, was applied to the column at the rate of 40 ml per
hour, and the adsorbent was washed with 25 ml of potassium
phosphate buffer, 0.01 M, pH 6.5. A linear gradient of elution
was applied with 0.04 M and 0.2 M potassium phosphate at pH
7.4 as limiting concentrations. The total volume of the gradi-
ent was 600 ml. The flow rate was 48 ml per hour, and frac-
tions were collected at 10-minute intervals. Approximately
909 of the activity was eluted in a sharp peak between 4.4 and
6.4 resin-bed volumes of effluent. The peak fractions which
contained enzyme of specific activity of greater than 3500 (ap-
proximately 609 of the total) were pooled (Fraction V, Table
I). This fraction was purified 600-fold over the starting extract
and contained 149 of the activity initially present. It could
be concentrated by lyophilization. The pooled CM-cellulose
fraction (64 ml) was first dialyzed for 5 hours against two 4-liter
changes of Tris buffer, 0.01 M, pH 7.5, then lyophilized, and
finally taken up in 4 ml of distilled water. Approximately 80%
of the activity in the CM-cellulose fraction was recovered after
dialysis and lyophilization. Enzyme at this level of purification
was used in all the experiments to be described. Further puri-
fication of the enzyme could be achieved by chromatography
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on Amberlite XE-64 (IRC-50). A column of Amberlite XT-64
(20.5 X 0.7 cm) was washed with 1 liter of potassium phosphate
buffer, 0.1 M, pH 6.48. CM-cellulose fraction, 34 ml, which
had been dialyzed for a period of 5 hours against the equilibrat-
ing buffer, was added at the rate of 10 ml per hour and washed
into the column with 5 ml of this same buffer. A linear gradi-
ent from 0.3 M KCl to 1 M KCI was applied, both limiting solu-
tions containing potassium phosphate buffer, 0.1 M at pH 7.4.
The total gradient volume was 100 ml. The flow rate was
maintained at 12 ml per hour, and 2-ml fractions were collected.
Approximately 809, of the activity initially applied to the col-
umn appeared in a sharp peak midway through the gradient
(Fig. 6). This procedure removed most of the contaminating
ribonuclease activity present in the CM-cellulose fraction. Such
preparations were not significantly different in their physical
properties or in their action on DNA from the CM-cellulose
fraction.

Studies on Nature of Reaction

Endonucleolytic Attack on DNA—Treatment of P%®-labeled
E. coli DNA with the purified enzyme resulted in a very rapid
drop in its viscosity with no corresponding appearance of small
molecular weight products (Fig. 1). Thus a 50% loss in vis-
cosity at 10 minutes was accompanied by the conversion of less
than 1% of the DNA to an acid-soluble form. This result sug-
gests that the enzyme does not act by cleaving short fragments
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Fic. 1. Decrease in viscosity and appearance of acid-soluble
P32 after treatment of P32-labeled DNA with E. colz endonuclease.
The reaction mixture contained 200 ymoles of Tris buffer, pH 7.5;
20 umoles of MgCl.; Ps2-labeled E. coli DNA (0.20 umole of P);
and 0.20 unit of CM-cellulose fraction, in a total volume of 3.0
ml. Immediately after the addition of enzyme, 2.0 ml of the reac-
tion mixture were pipetted into a viscometer which was main-
tained in a 37° bath. The remainder of the mixture was incubated
in a tube inserted into the same bath. Qutflow times were meas-
ured at 5-minute intervals. The total drop in outflow time
during the 1-hour period was 13.7 seconds. At the times indi-
cated, 0.1-ml samples were withdrawn from the tube and diluted
with 0.2 ml of water. ‘‘Carrier’”” DNA and 0.5 N perchloric acid
were added as described under “Methods’ for assay of the endo-
nuclease, and acid-soluble P32 was determined. At 60 minutes, an
aliquot (0.1 ml) was also removed from the viscometer, and the
level of acid-soluble P? was measured. It was found to be identi-
cal with the value observed in the sample withdrawn from the
tube.
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from the ends of DNA chains, but rather catalyzes the hydroly-
sis of phosphodiester bonds throughout the molecule, producing
fragments which, at least in the early stage of hydrolysis, are
sufficiently large to be precipitated by 0.5 n perchloric acid.

Effect of Secondary Structure of DN A on Enzymatic Rate—The
E. coli endonuclease hydrolyzes native DNA approximately 7
times as rapidly as DNA which has been thermally denatured
(Fig. 2). The kinetics of hydrolysis of native DNA appears to
be biphasic, with aninitially rapid phase followed by a decreased
rate whose slope is comparable to that observed with thermally
denatured DNA. This result would suggest that, when cleav-
age of a sufficient number of diester bonds within the DNA
double helix has occurred, most of the molecule is reduced to
fragments which are no longer hydrogen-bonded. These would
be attacked at the decreased rate characteristic of a single-
stranded polydeoxynucleotide. Supporting this view is the
observation (Fig. 2) that, when native DNA which had been
briefly exposed to the enzyme was heated so as to disrupt the
remaining hydrogen bonds, the rate of hydrolysis observed
changed abruptly to that characteristic of heat-denatured DNA.

Products of Hydrolysis of DNA, dAT, and dGC—In the pres-
ence of high concentrations of enzyme (2 units per ml of stand-
ard reaction mixture), E. colt DNA is converted very rapidly to
a mixture of products, of which 709, are acid-soluble (Fig. 3).
After prolonged incubation for 24 hours, during which time
another addition of enzyme was made, the level of acid-soluble
phosphate in the digest rose to approximately 85% of the total.
In some experiments, values as high as 909 have been observed.
The dAT copolymer is degraded promptly and quantitatively,
under these conditions, to acid-soluble materials. The dGC
polymer, in contrast, is attacked at an extremely low rate even
by relatively high concentrations of enzyme.

The average chain length of the oligonucleotides present in
digests of DNA and dAT at the end of the rapid phase of hy-
drolysis (30 minutes, Fig. 3) was estimated by determining the
fraction of the total phosphate which is sensitive to the action
of the alkaline phosphatase from E. coli. In the case of the
dGC polymer, a 4-hour digest was examined. The average
chain length of the oligonucleotides produced under these condi-
tions from E. coli DNA was 9.3; from the dAT copolymer, 4.3;
and from dGC, 20.9. Digests of E. colt DNA examined at the
end of 24 hours (Fig. 3) showed an average chain length of 7.1;
values lower than 7 have not been observed.®

On treatment of a digest of E. coli DNA with an excess of
snake venom phosphodiesterase, the oligonucleotides are con-
verted quantitatively to mononucleotides. These are in turn
quantitatively dephosphorylated by the action of purified venom
5’-nucleotidase; the oligonucleotides must therefore bear 3
5’-phosphomonoester end group.

The oligonucleotides produced from DNA. by this nuclease
were further examined by chromatography on paper with the
n-propanol-ammonia-water system. This solvent separates
oligonucleotides primarily on the basis of their chain length and

¢ The validity of this method for estimation of chain lengths is
supported by a determination of the fraction of the total phos-
phate of E. coli DNA which is sensitive to phosphomonosterase
after exhaustive digestion with pancreatic DNase. A value of
28% was obtained, indicating an average chain length of 3.7,
in good agreement with titrimetric studies of such digests which
showed one secondary phosphoryl! dissociation per 4 phosphorus
atoms (25).
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Fie. 2. Rate of hydrolysis of native and heat-denatured DNA
by E. coli endonuclease. The incubation mixtures (2.40 ml) con-
tained 160 umoles of Tris buffer, pH 7.5; 16 wmoles of MgCly;
0.32 mg of cytochrome ¢; 0.32 unit of CM-cellulose fraction; and
0.18 umole of DNA-P, either native or heat-denatured. Incuba-
tion was at 37°. Aliquots (0.2 ml) were removed at the times
indicated and mixed with 0.1 ml of water, and acid-soluble P
was measured as described under ‘‘Methods.”” At 45 minutes,
the tubes were immersed in an ice bath to stop the reaction. An
aliquot (1.2 ml) was removed from the tube containing native
DNA and heated for 10 minutes at 100°. It was then chilled, and
0.16 unit of enzyme was added. Incubation at 37° was resumed,
and aliquots were removed and assayed for acid-soluble P% as
before.
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Fia. 3. The extent of hydrolysis of DNA, dAT, and dGC poly-
mers by E. coli endonuclease. The incubation mixtures (1,50 ml)
contained 100 ymoles of Tris buffer, pH 7.5; 10 umoles of MgCls;
200 ug of cytochrome c; 3 units of CM-cellulose fraction; and either
Ps2.]abeled E. coli DNA, 0.1 ymole of P containing 0.094 uc; P2-
labeled dAT, 0.08 umole of P containing 0.012 uc; or P32-labeled
dGC, 0.12 ymole of P containing 0.10 uc. Incubation was at 37°.
In the case of the E. coli DNA, an additional 2 units of enzyme
were added at 4 hours. At the times indicated, 0.2-ml aliquots
were removed and mixed with 0.1 ml of water, and acid-soluble
P32 was determined.

is relatively insensitive to their component bases’” A limit
digest of P®labeled E. coli DNA with an average chain length

" dAMP, dTMP, and dCMP migrate with approximately the
same Ryp; dGMP is markedly retarded. The Rp of a given oligo-
nucleotide in this solvent is inversely proportional to its chain
length.
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Fia. 4. Paper chromatogram of endonuclease digest of E. coli
DNA. The reaction mixture (0.15 ml) contained 10 umoles of Tris
buffer, pH 7.5; 1 umole of MgCl:; 0.05 umole of DNA-P containing
0.7 pc; and 4 units of the CM-cellulose fraction. Incubation was
carried out at 37° for a period of 6 hours. At the end of this time,
0.03 ml was removed for determination of phosphomonoesterase-
sensitive phosphate as described under “Methods.” To 0.09 ml
of the remainder was added 0.5 to 0.7 optical density unit (at 260
my) of each of the seven thymidine nucleotides shown, and the
mixture was transferred quantitatively to Whatman 3 MM paper.
The chromatogram was developed with the n-propanol-concen-
trated ammonia-water solvent for a period of 90 hours. After
chromatography, the ultraviolet-absorbing areas were identified,
and the paper was cut into a series of 1-cm sections 4 ¢m in width.
These were eluted for 24 hours with 2.5 ml of water. A series of
strips of the same dimensions adjacent to the ultraviolet-absorb-
ing areas was cut out and eluted in the same way. These served
as blanks for the optical density measurements. The total
amount of radioactivity and optical density at 260 mu are plotted
against the distance along the paper from the origin. The over-all
recovery of P* added to the chromatogram was 949,. The roman
numerals refer to the numbers of the P®-containing peaks (Table
II). The subscripts in the thymidine oligonucleotide notations
refer to the number of thymidine residues in a given oligonucleo-
tide; p(T)4, for example, refers to d-pTpTpTpT.

of 7.38 was co-chromatographed in this system with a mixture
of thymidine nucleotides bearing 5’-phosphomonoester end
groups, ranging in size from the mono- to the heptanucleotide.
After development of the chromatogram, the paper was cut into
strips. Each of these was eluted with water, and its content
of P# and ultraviolet-absorbing material was determined. The
contribution of ultraviolet-absorbing material from the DNA
digest was not significant. A series of P%-containing peaks was
obtained which approximately coincided with the thymidine
oligonucleotides used as reference markers (Fig. 4). The aver-
age size of the P®-labeled oligonucleotides in the various peaks
was further verified by determining the fraction of the P% which
was sensitive to phosphomonoesterase (Table II).

Almost all of the nucleotides produced are of the magnitude
of pentanucleotides or greater. No P3.containing material is
present in the mononucleotide region of the chromatogram, and
only 0.3% of the P2 is in the dinucleotide region. The prepon-
derance of large oligonucleotides, coupled with the virtual ab-
sence of mono- and dinucleotides in these limit digests, supports

8 A limit digest is defined as one in which the average oligo-
nucleotide chain length is approximately 7.
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the endonucleolytic mechanism of attack by this enzyme sug-
gested by the viscometric analysis of DNA degradation.

Reststance of Products to Further Enzymatic Hydrolysis—Treat-
ment of the isolated P*-labeled oligonucleotide mixtures (Peaks
1, 2, and 3, Fig. 4) with high concentrations of enzyme (4 units
per ml of standard reaction mixture) for a period of 1 hour
yielded no detectable increase in P# gensitive to phosphomono-
esterase, showing that these oligonucleotides are refractory to
further degradation by this enzyme. The same result was ob-
tained with an oligonucleotide mixture from which the phospho-
monoester groupings had been removed by means of the E. coli
phosphatase. Upon treatment with snake venom phospho-
diesterase, 999, of the phosphate of these oligonucleotides be-
came sensitive to the action of phosphomonoesterase. Similarly,
when d-pTpTpT and d-pTpTpTpTpTpT (0.21 and 0.13 pmole
of P, respectively) were treated with 4 units of enzyme for 30
minutes, no hydrolysis of these oligonucleotides could be de-
tected on subsequent chromatography in the n-propanol-conecen-
trated ammonia-water system. Hydrolysis of as little as 109,
of these oligonucleotides would have been detected by this pro-
cedure.

Finally, addition to P%-labeled E. coli DNA (20 mumoles of
P) of an unlabeled limit digest of E. colt DNA (23 mumoles of
P) or an oligonucleotide mixture of average chain length 4 (14
mumoles of P) isolated chromatographically from a similar
digest had no detectable inhibitory effect on the hydrolysis of
the DNA by this enzyme.

From these data, it would appear that the composition of
the digest obtained after extensive treatment of DNA with the
E. coli endonuclease reflects the hydrolytic capabilities of this
enzyme. It probably does not represent enzyme specificity
onto which is superimposed such secondary effects as inhibition
of enzyme action by products generated during the course of
hydrolysis, as appears to be the case with pancreatic DNase (26).

Studies of Base Specificity—In order to determine whether the
E. coli endonuclease exhibits a specificity for diester linkages
adjacent to a particular base, a limit digest of E. coli DNA was
further degraded as shown in Scheme I. The terminal phospho-
monoester groups were first removed by treatment of the digest
with the E. coli phosphatase. One aliquot was incubated with

Tasre II
Distribution of oligonucleotides in chromatographic fractions
from endonuclease digest of E. coli DNA

The indicated chromatographic peaks (Fig. 4) were pooled,
and their content of P32 was determined. Aliquots, 0.2 ml from
Peak 1 and 0.6 ml from Peaks 2 and 3, were taken for measurement
of monoesterase-sensitive P2, In the case of the 0.6-ml aliquots,
the incubation mixture for reaction with E. col¢ phosphomono-
esterase was scaled up 3-fold to accommodate the increased
volume of substrate. The quantity of radioactivity in Peaks 4
and 5 was insufficient for measurement of monoesterase-sensitive
P,

Peak Average chain length Per cent of total P32
1 7.5 93.5
2 4.0 4.8
3 3.2 1.4
4 0.3
5 <0.02
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snake venom diesterase; the second was treated with splenic
diesterase. The venom diesterase hydrolyzes an oligonucleotide
proceeding from the 3’-hydroxyl end of the chain (27); the
splenic enzyme carries out a stepwise attack beginning at the
5'-hydroxyl end of an oligonucleotide (28). As a result, nucleo-
sides resulting from hydrolysis by spleen phosphodiesterase indi-
cate the 3’-hydroxyl end groups of the oligonucleotides, whereas
the nucleosides resulting from digestion with venom phospho-
diesterase indicate the groups at the 5’-phosphoryl end of the
oligonucleotide chains.

The nucleosides from each of the two digests were isolated as
described under “Methods.” All four nucleosides, in approxi-
mately equal proportions, were found after venom diesterase
digestion (Table III). In the case of the splenic diesterase
digest, all four nucleosides were again detected; however, large
variations in their relative concentrations were observed. Thus,
deoxycytidine represented more than 509, and deoxyadenosine,
less than 59, of the total nucleoside equivalents. This result
would suggest that, although the E. coli endonuclease does not
exhibit an absolute base specificity in its attack on DNA, link-
ages of the type ~pApX-? are cleaved less frequently than, for
example, those of the type —-pCpX-.

Properties of Enzyme

Absence of Diesterase and Nucleotidase—The absence of mono-
nucleotides after extensive digestion of DNA by the E. col
endonuclease demonstrates that this enzyme preparation is free
from phosphodiesterase activity. It also contains no detectable
acid or alkaline nucleotidase activity. Thus, on incubation of 2
units of enzyme with 0.12 umole of 5’-dTMP*2 (specific activity,
0.1 uc per umole) at pH values of either 5.0 or 8.0 in the pres-
ence of 0.007 M MgCl,, less than 1% of the P*? was converted
to a form which was not adsorbable to Norit. Under the same
conditions, more than 989, of the P*2 of the dTMP was rendered
nonadsorbable to Norit when treated with the E. coli phospha-
tase, pH 8.0, or purified human semen phosphomonoesterase,
pH 5.0.10

Ribonuclease Activity—The CM-cellulose fraction contains an
amount of ribonuclease activity (measured as described under
“Methods”) approximately equal in quantity to its deoxyribo-
nuclease activity. Some preparations of this fraction have been
observed to contain 5 times as much ribonuclease as deoxyribo-
nuclease activity. There are three lines of evidence to support
the view that the two activities are associated with physically
different proteins: (a) on heating at 100°, the two activities show
different rates of inactivation (Fig. 5); (b) the deoxyribonuclease
has an absolute requirement for magnesium or manganese ion
(see below), whereas the ribonuclease does not require any added
divalent cation; (c) the two activities can be largely separated
from each other by fractionation procedures. Although the
RNase~DNase ratio remains essentially constant through
the DEAE-cellulose step of purification (50-fold) (Table IV),
chromatography, first on CM-cellulose, then on Amberlite
XE-64, results in a preparation which has only one-fifth as much
activity on RNA as it has on DNA. Moreover, certain fractions

¢ The abbreviations of the nucleic acid derivatives are those
used by the Journal of Biological Chemistry; however, when frag-
ments of unknown composition are discussed, nucleosides are
represented by the capital letters, K, L, M and X, Y, Z.

10 Gift of Dr. Leon A. Heppel.
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ScuesME I. Procedure for isolation of nucleosides adjacent to
diester bonds hydrolyzed by E. coli endonuclease.

TasrLe III

Nucleostdes isolated after venom and splenic diesterase treatment
of dephosphorylated endonuclease digest

See ‘“Methods’’ for details of isolation procedure.

Nucleoside Venom diesterase Splenic diesterase

% of total

Deoxyadenosine. . ........... 19 4
Deoxythymidine.............. 21 26
Deoxycytidine................ 30 55
Deoxyguanosine. ............. 30 15

100
90
80
70

n
o
o

50

40

30

20

Percent activity remaining

[0} ! | | ]
2 6 10 20

Minutes at 100°

Fi1a. 5. Relative heat inactivation of DNase and RNase activi-
ties of CM-cellulose fraction. Aliquots (0.5 ml) of CM-cellulose
fraction in potassium phosphate buffer, 0.05 M, pH 7.4, were
heated at 100° for the times indicated, then chilled and assayed
for DNase and RNase activity as described under ‘“Methods.”

obtained from the XE-64 chromatogram have an RNase-DNase
ratio of less than 0.1 (Fig. 6).

Regquirement for Divalent Cations—The purified enzyme (CM-
cellulose fraction) requires added magnesium ion for maximal
activity. No activity is detectable in its absence. Under the
conditions of the assay, maximal activity is observed at a Mgt*
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concentration of 7 X 1073 M. At 1 X 107° M and 3.4 X 1072
M, 66% and 509, respectively, of maximal activity was ob-
served. Magnesium ion can, to some extent, be replaced by
manganous ion. Thus, at 7 X 107 M Mn™™*, the activity was
579, of that observed with an equal concentration of Mg',
Catt and Zn' are completely ineffective in replacing Mg*t.
No activity was observed when these ions were added at 3 X
1074Mm, 1.5 X 1073 M, 0r 7 X 1073 M.

pH Optimum—The pH optimum for the purified enzyme with
Tris buffer extends from 7.5 to 8.5 (Fig. 7).

Inhtbition by RNA—The E. coli endonuclease is present in
crude extracts bound to an inhibitory RNA which masks its
activity. As a result, assay of the extract in the presence of
pancreatic RNase (50 ug) results in a 20-fold stimulation in en-
zymatic rate (Table V). Removal of the inhibitor from the
enzyme is accomplished during the protamine step of purifica-
tion, so that the CM-cellulose fraction is inhibitor-free. The
slight stimulation of the purified enzyme by ribonuclease is most
probably due to protection of the enzyme by the ribonuclease,
since 3 similar stimulation is observed when an equivalent weight
of cytochrome ¢, a protein having no ribonuclease activity but
similar to it in its charge and physical dimensions, is added. The
effect of cytochrome ¢ on the purified endonuclease fraction is
one of protection rather than “activation.” Thus, incubation of
the CM-cellulose fraction (0.01 ug) at 37° for 30 minutes under
standard assay conditions in the absence of DNA and ecyto-

TasLe IV
RNase activity in E. coli endonuclease fractions
Assays were carried out as described under ‘“Methods.”

Fraction RNase*/DNase

Extract.............
Ammonium sulfate. ................. .....
DEAE-cellulose..........................
CM-cellulose.............................
Amberlite XE-64.............. ... .....

R -S|
RO O © = 0o

* Ratio of micromoles of RNA-P to micromoles of DNA-P
made acid-soluble in 30 minutes per ml of enzyme.

800 T T T
700

600

Units /ml.
X L3}
o o
o o

[
o
o

0 20 40 60 80

Fia. 6. Partial separation of RNase and DNA endonuclease
activities by Amberlite XE-64 chromatography of CM-cellulose
fraction.
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F1c. 7. pH-Activity curve of E. coli endonuclease (CM-cellu-
lose fraction). Conditions of standard assay were employed;
Tris buffers were replaced by indicated buffers at a concentration
of 0.067 m.

TaBLE V

Requirement of E. coli endonuclease for pancreatic
RNase or cytochrome ¢

Endonuclease activity

Enzyme fraction R
No sddition | REISFtEe, | Cytochtome
units/mg protein
Crude extract.......... 0.3* 7.0 0.3*
CM-cellulose........... 2700 4920 4750

* Preliminary experiments suggest that this value represents
action on native DNA of a nuclease which is not susceptible to
inhibition by RNA. See text for experimental conditions.

chrome ¢ resulted in a 509, loss in activity which could be pre-
vented by incubation in the presence of cytochrome ¢ (40 ug).

Stability—The crude extract has been stored at —20° for as
long as 1 year with no loss in activity. Fractions II, III, and TV
showed no significant decrease in activity on storage at —20°
for 6 months. Fraction VI (CM-cellulose) loses activity rapidly
on storage at —20°; however, no loss in activity could be detected
when this fraction was kept at 0° for a 4-month period. The
lyophilized CM-cellulose fraction showed no decrease in activity
when stored at —20° for 2 months.

An apparent loss in activity of the CM-cellulose fraction has
been observed upon prolonged dialysis at 0° for 24 hours or more.
This loss is probably due to passage of enzyme protein through
the cellophane dialysis bag. After dialysis of the CM-cellulose
fraction (1 ml containing 50 ug of protein) against 50 volumes of
Tris buffer, 0.02 M, pH 7.5, containing 0.1 mg per ml of cyto-
chrome ¢ for a 72-hour period, approximately 5% of the activity
initially present in the dialysis bag was detected in the sur-
rounding fluid.

DISCUSSION

The demonstration of an enzyme which catalyzes the hy-
drolysis of DNA to a mixture of oligonucleotides susceptible to
the action of the E. coli phosphodiesterase provides an enzymatic

2702 ‘6 Yyaley uo ‘M!SJQA!Uﬂ piojuels e 6}0'0(}['/\/\/\/\/\/\ wol} pspeojumoq


http://www.jbc.org/

March 1962

mechanism for the degradation of DNA by E. coli to a mixture of
mono- and dinucleotides. The role of a third deoxyribonuclease
in the nucleic acid economy of E. colz is currently under investiga-
tion. A summary of some of the properties of the E. colt endo-
nuclease as compared with the phosphodiesterase is presented in
Table VI.

Unlike the phosphodiesterase, the endonuclease of E. coli ap-
pears to be confined to the particulate fraction of the cell. Thus,
in sonic extracts prepared in the presence of 0.01 M MgCl,, a
large proportion of the endonuclease activity of the extract is
readily sedimentable at 100,000 X ¢g. The enzyme is brought
into solution only by exposure of the cells to high shearing forces
in the absence of magnesium ion. FElson (29) and Spahr and
Hollingsworth (30) have demonstrated deoxyribonuclease
activity in purified ribosomal preparations from E. coli, and it is
likely that the endonuclease described here is identical with the
ribosomal deoxyribonuclease reported by these workers. Of
some physiological interest is the observation that this enzyme
appears to exist within the ribosomal particle bound to RNA,
which serves to mask its hydrolytic activity (7, 29).

Spahr and Hollingsworth (30) have recently purified a ribonu-
clease from ribosomal particles of E. colt which they have found
to be a low molecular weight, basic protein. It would appear,
from the behavior of the E. coli endonuclease on cation exchange
adsorbents (CM-cellulose and Amberlite XE-64), as well as its
tendency to pass through cellophane dialysis membranes, that
this enzyme is a small basic protein of the ribonuclease type.
Their similarity in size and ionic properties is emphasized by the
finding that the DEAE-cellulose fraction, which is approximately
50-fold purified with respect to its deoxyribonuclease activity,
has an RNase-DNase ratio equal to that of the crude extract.
Indeed, CM-cellulose fractions which are some 600-fold purified
have been observed with RNase-DNase ratios equivalent to that
of the extract. The two enzymes are resolved only upon sub-
sequent chromatography on Amberlite XE-64.

In its action on DNA, the E. coli endonuclease resembles
pancreatic DNase. Both enzymes carry out an endonucleolytic
attack on DNA, producing oligonucleotides terminated by a
5’-phosphoryl grouping. Furthermore, both degrade native
DNA more rapidly than DNA which has been thermally de-
natured.® The two enzymes, however, appear to differ in the
extent to which they are capable of degrading DNA. Asa result
of the work of Vanecko and Laskowski (26) and of Ralph, Smith,
and Khorana (31), it is clear that the “tetranucleotide” limit
produced by the action of pancreatic DNase on DNA results
from inhibition of the enzyme by products developed during the
course of digestion. Recent studies by these workers have shown
that pancreatic deoxyribonuclease is capable of hydrolyzing
DNA and polydeoxynucleotides to a mixture of di- and tri-
nucleotides, under conditions of high enzyme concentration and
removal of products during hydrolysis. The E. coli endonu-
clease, on the contrary, produces a digest of DNA whose limit
(average chain length approximately equal to 7) does not appear
to result from inhibition of the enzyme by products formed
during hydrolysis. Thus, oligonucleotides isolated from limit
digests are not hydrolyzed further by high concentrations of
enzyme, nor can such products serve as inhibitors of DNA deg-
radation when added in equal concentrations. Moreover, the
hexanucleotide, d-pTpTpTpTpTpT, is completely refractory to

i1 Unpublished observations.
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TasLe VI
Comparison of E. coli endonuclease and phosphodiesterase

Phosphodiesterase Endonuclease

Preferred substrate | Denatured (single-
stranded) DNA
Exonucleolytic:

stepwise begin-

Native (double-
stranded) DNA

Endonucleolytic: at
many points along

Type of attack

ning at 3’-hy- chain
droxyl end of
chain
Products formed Mono- and dinu- | Oligonucleotides (av-
from DNA cleotides with 5'- erage chain length
phosphomonoes- 7) with 5’-phospho-
ter group monoester group
Specificity Cleaves all bonds | Unable to cleave oli-

up to terminal
dinucleotide

gonucleotides
smaller than chain
length of approxi-
mately 7; bonds of
type -pApX- rel-
atively resistant
Inhibited; K; of
amino acid-acecep-
tor RNA approxi-
mately 1078 m
(RNA-nucleotide)
Small, basic protein

Inhibition by RNA | None

Not determined,
probably acidic
isoelectric point

9-10

Type of protein

Optimal pH range 7.5-8.5

the action of the endonuclease. These findings do not, of course,
preclude the possibility that the E. coli endonuclease could
indeed carry out the degradation of DNA to products smaller
than those isolated in the present study once proper conditions
were found.

One might suppose that the specificity of the endonuclease for
the nucleoside adjacent to a given phosphodiester bond would
contribute to the extent to which DNA can be degraded by this
enzyme. For example, it was observed that only 4% of the
oligonucleotides in the DNase-limit digest are terminated by
adenosine at the 3’-hydroxyl end (-pXpYpA). This finding
indicates that cleavages producing such fragments are relatively
rare. It may be inferred, therefore, that diester bonds of the type
—pApX- are relatively resistant to the action of the endonuclease.
This result, however, is difficult to reconcile with the observation
that the enzymatically synthesized polymer, dGC, which is
composed of chains of polydeoxycytidylate hydrogen-bonded to
chains of polydeoxyguanylate, is highly resistant to the action of
the endonuclease. Equally puzzling is the finding that dAT, a
copolymer composed of alternating residues of deoxyadenylate
and deoxythymidylate, is degraded by this enzyme more rapidly
and to a greater extent than dGC or even DNA. To explain
this result, one might invoke the sensitivity of the E. colf endonu-
Thus, it is
possible that the differences in observed rates of hydrolysis of the
dAT and dGC polymers as compared with DNA reflect certain
inherent, but as yet obscure, features of their secondary structure
which in some way alter the ability of the endonuclease to attack
a specific base sequence within the polymer. A situation
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analogous to the one observed here has been reported by Stevens
and Hilmoe (32) in their studies of the Azotobacter nuclease.
In the case of the Azotobacter enzyme, although enzymatically
synthesized polyadenylate was rapidly hydrolyzed, and poly-
guanylate and polycytidylate were highly refractory, the diester
bonds adjacent to guanosine or cytidine within the RNA mole-
cule were not found to be resistant to this enzyme,

SUMMARY

An enzyme which attacks native deoxyribonucleic acid has
been purified approximately 600-fold from extracts of Escherichia
coli. It has the following properties: (a) It degrades native
deoxyribonucleic acid at a 7-fold greater rate than thermally
denatured deoxyribonucleic acid. (b) It carries out an endo-
nucleolytic attack on deoxyribonucleic acid, yielding a limit
digest whose oligonucleotides have an average chain length of
approximately 7; these are terminated by a 5’-phosphoryl group.
The isolated oligonucleotides are neither cleaved by high con-
centrations of enzyme, nor can they, when added in equal con-
centrations, inhibit the hydrolysis of deoxyribonucleic acid.
(¢) It exists in the crude extract bound to an inhibitory ribonu-
cleic acid which is removed during purification.
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