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The deoxyribonuclease activity of Esdwichia coli is accounted 
for by a number of physically and catalytically distinguishable 
enzymes (1). Of these, an enzyme specific for denatured deoxy- 
ribonucleic acid (2), previously referred to as E. coli phospho- 
diesterase (and now to be designated as E. coli exonuclease I), 
and a ribonucleic acid inhibitable endonuclease (3, 4) (E. co& 
endonuclease I) have already been described. More recently, 
studies of the capacity of extracts of E. coli to depolymerize 
DNA under conditions which effectively mask exonuclease I1 
and endonuclease I have indicated that these extracts contain 
yet a third deoxyribonuclease (5). This activity has been 
purified extensively in parallel with the DNA polymerase and 
is, in fact, physically inseparable from it even in the most highly 
purified polymerase preparations (6). 

The experiments to be described here demonstrate that this 
enzyme, to be designated as E. wli exonuclease II, pursues a 
purely exonucleolytic course of hydrolysis. Like exonuclease 
I, it attacks at the 3’-hydroxyl terminus of a polydeoxyribonu- 
cleotide chain, successively liberating deoxyribonucleoside 
5’-monophosphates. Unlike exonuclease I, which is unable to 
catalyze the hydrolysis of dinucleotides, exonuclease II quanti- 
tatively degrades polydeoxyribonucleotides to their component 
mononucleotides. No other products can be detected. In 
further contrast to exonuclease I, exonuclease II attacks native 
DNA and at a several fold greater rate than denatured DNA. 

In addition to exonucleases I and II, a third exonuclease 
activity, exonuclease III, has recently been identified in E. 
coli and shown to be closely associated or identical with a DNA- 
specific phosphatase (7). This activity is described by Richard- 
son, Lehman, and Kornberg (8, 9). 

EXPERIMENTAL PROCEDURE 

Materials 

ErazymesThe enzyme fractions used in these studies and 
designated as exonuclease II are the phosphocellulose or hy- 
droxylapatite fractions of E. coli DNA polymerase (10). E. coli 

* This work was supported in part by a grant from the United 
States Public Health Service. 

t Postdoctoral Fellow of the United States Public Health Ser- 
vice. Present address, Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts. 

1 Whenever the terms exonuclease I, endonuclease I, etc., are 
used in this paper, they refer to E. coli exonuclease I, E. coli en- 
donuclease I, etc. 

exonuclease I (DEAE-cellulose fraction) (2) and E. coli endo- 
nuclease I (carboxymethyl cellulose fraction) (3) were prepared 
as described elsewhere. Venom phosphodiesterase was purified 
from Crotalua adamanteus venom by the method of Sinsheimer 
and Koerner (ll), and 5’-nucleotidase was purified from the 
same source by the method of Lehman, ROUSSOS, and Pratt (3). 
The alkaline phosphatase from E. coli was purchased from the 
Worthington Biochemical Corporation, Lot 6004; it was assayed 
as described previously (3), and was free of detectable DNase 
or phosphodiesterase activity. Micrococcal DNase (12, 13) 
was the gift of Dr. Charles A. Dekker and was assayed as de- 
scribed by Richardson and Kornberg (8). Purified human 
semen phosphomonoesterase was the gift of Dr. Leon A. Heppel. 

Nucleic Acids and Nucleotides32P-Labeled DNA was isolated 
from E. co& as described previously (2). Heat denaturation of 
the DNA was accomplished by heating the DNA at a concentra- 
tion of 1 pmole of nucleotide phosphorus per ml in 0.02 M NaCl- 
0.02 M Tris, pH 7.5, for 10 minutes at 100” and then cooling 
rapidly in an ice bath. Calf thymus DNA was prepared by the 
method of Kay, Simmons, and Dounce (14). 3*P-Labeled 
dAT copolymer* was synthesized from 3*P-dTTP and dATP 
with E. coli DNA polymerase in a primed synthesis (15). 3*P- 
Labeled dGdC (16) was prepared in a similar way from 3zP- 
dCTP and dGTP. DNA from E. coli and dAT copolymer la- 
beled with S2P-dTMP at their 3’-hydroxyl ends were synthesized 
in a “limited” reaction with E. coli DNA polymerase and 32P- 
dTTP (17). DNA into which ribonucleotide units had been 
enzymatically incorporated was prepared according to Berg, 
Fancher, and Chamberlin (18). 32P-Labeled ribosomal RNA 
(0.5 I.CC per pmole of phosphate) was prepared as described by 
Richardson and Kornberg (8). S-RNA from E. coli and the 
methionine-specific aminoacyl RNA synthetase were prepared 
as described by Berg et al. (19, 20). 32P-dTMP was synthesized 
by treating thymidine with cyanoethyl phosphate according to 
the method of Tener (21) ; this was in turn converted to dTTP 
labeled in its acid-stable phosphate by means of a partially pu- 
rified deoxythymidylate kiise (22). 32P-Labeled dCMP and 
dCTP were prepared as described previously (22). 

The mixed di- and trinucleotides, d-pTpC and d-pTpCpC 
(23), were generously supplied by Drs. A. L. Nussbaum and A. 

2 The abbreviations used are: dAT copolymer, copolymer of 
deoxyadenylate and deoxythymidylate; dGdC, polymer con- 
sisting of homopolymers of deoxyguanylate and deoxycytidyl- 
ate; S-RNA, soluble or transfer ribonucleic acid. 
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TABLE I 
Analysis of deoxyribo-oligonucleotides 

Compound 

d-pTpT. ..................... 23.6 
d-pTpTpT ................... 35.8 
d-pTpTpTpTpT. ............ 8.2 
d-TpTpT .................... 6.5 
d-TpTpTpTpT. ............. 5.4 
d-TpTp ...................... 14.4. 
d-TpTpTp. .................. 22.5 
Cyclic-d-TpTpT ............. 6.7 

- 

B 
Phosphatase- 

sensitive 
phosphate 

A:B 

jmolcs/ml 

11.1 2.1 
11.9 3.0 

1.5 5.4 
0.05 130.0 
0.14 38.6 
7.8 1.9 
7.0 3.2 
0.14 47.8 

Duffield. Deoxythymidine oligonucleotides bearing 5’- or 
3’-phosphomonoester end groups, synthesized according to the 
method of Khorana and Vizsolyi (24) and Turner and Khorana 
(25), were also supplied by Drs. Nussbaum and Duffield. The 
oligonucleotides were further purified by adsorption to and elu- 
tion from Norit; when necessary, they were dephosphorylated 
by means of the E. coli alkaline phosphatase in the following 
manner. d-pTpTpT, 1.2 pmoles, or d-pTpTpTpTpT, 0.5 
pmole, was incubated with 20 units of E. coli phosphatase (3) 
in the presence of 0.04 M Tris buffer, pH 8.0, in a volume of 1.0 
ml for 1 hour at 37”. At the end of this period, the incubation 
mixtures were applied to Whatman 3MM paper and subjected 
to descending chromatography for 16 hours in the l-propanol- 
ammonia-water (60:30: 10) system of Hanes and Isherwood 
(26). Upon development of the chromatograms, the only bands 
visible were those of the dephosphorylated oligonucleotides. 
These were eluted from the paper with distilled water; the eluates 
were evaporated to dryness and taken up in 0.2 ml of water. 
Analyses of the deoxythymidine oligonucleotides used in this 
study are given in Table I. 

Deoxyribonucleoside 5’-mono- and -triphosphates and the 
p-nitrophenyl ester of deoxythymidine 5’-phosphate were pur- 
chased from the California Corporation for Biochemical Re- 
search. 

Other Reagents-Antiserum to E. coli exonuclease I was pre- 
pared by treating a rabbit with an injection of 2 ml of an emulsion 
containing equal volumes of exonuclease I (5.0 mg of the DEAE- 
cellulose fraction protein) and Freund’s adjuvant, prepared in 
the VirTis homogenizer. The injection was repeated after 1 
week. Three weeks after the second injection, 4 mg of the en- 
zyme protein were injected intravenously without adjuvant, 
and a similar injection of 3 mg of protein was made 1 week later. 
Ten days later the rabbit was bled by cardiac puncture and the 
serum was collected. The serum was diluted B-fold with a solu- 
tion containing 0.15 M NaCl and 0.01 M potassium phosphate 
buffer, pH 7, and heated for 1 hour at 70” before use. 

Crystalline bovine plasma albumin was the product of the 
Armour Laboratories, Chicago. 

Concentrations of DNA and dAT copolymer are expressed as 
equivalents of nucleotide phosphorus unless otherwise indicated. 

3 The Norit treatment was required to remove substances in the 
oligonucleotide preparations which were inhibitory to exonuclease 
II. 

Methods 

Assay of E. coli Exonuclease II 

Assay S-This assay measures the conversion of dAT copoly- 
mer labeled with 32P to perchloric acid-soluble fragments. The 
incubation mixture (0.30 ml) contained 20 pmoles of glycine 
buffer, pH 9.2, 2 pmoles of MgCl,, 0.3 pmole of 2-mercapto- 
ethanol, 10 mpmoles of dAT (specific radioactivity, 0.5 to 4.5 
PC per pmole of phosphate), and 0.05 to 0.3 unit of enzyme (in 
0.02 ml). Dilutions of the enzyme were made in a solution 
composed of 0.1% crystalline bovine plasma albumin, 0.25 M 

ammonium sulfate, and 0.05 M Tris buffer, pH 7.5. The reac- 
tion mixture was incubated at 37” for 30 minutes; then 0.2 ml 
of cold “carrier” (calf thymus DNA, 2.5 mg per ml) and 0.5 
ml of cold 0.5 N perchloric acid were added. After 5 minutes 
at 0”, the resulting precipitate was removed by centrifugation 
for 3 minutes at 10,000 X g, and 0.2 ml of the supernatant fluid 
was pipetted into a planchet. One drop each of 1 N KOH and 
a 0.1 y0 solution of sodium lauryl sulfate were added directly to 

the planchet; the solution was taken to dryness and the radio- 
activity was determined. 

The supernatant fluids obtained from control incubations 
with enzyme omitted contained 1.0 to 2.0yo of the added radio- 
activity. A unit of enzyme is defined as the amount catalyzing 
the production of 10 mMmoles of acid-soluble 32P in 30 minutes. 
The radioactivity made acid-soluble was proportional to enzyme 
concentration at levels of from 0.05 to 0.30 unit of enzyme. 
The same assay could be performed with 32P-labeled E. coli 
DNA (20 mpmoles of phosphate) as substrate and 0.5 to 3 dAT 
units of enzyme; however, unexplained variations of from 2- to 
4-fold in initial rate were encountered with several preparations 
of DNB which, as far as could be determined, had been isolated 
under identical conditions (see below). 

Assay B-This assay measures the liberation of inorganic 
orthophosphate from deoxyribonucleoside 5’-phosphates by 
5’-nucleotidase after the reaction of exonuclease II with deoxy- 
ribo-oligonucleotides (Scheme 1). The incubation mixture 
(0.15 ml) contained 10 Mmoles of glycine buffer, pH 9.2, 1 pmole 
of MgC12, 0.2 pmole of 2-mercaptoethanol, oligonucleotide 

x Y z 

I 
E. coli 

Exonuclease 17 

Phosphatase 

HOJp.JOli +ZiOli+ZPi 

A4 

pJpJOH+HOlOH + Pi 

SCHEME 1 
Procedure for measuring hydrolysis of oligonucleotides 

by exonuclease II 
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(usually 0.05 to 0.30 pmole of phosphate), and 0.01 ml of en- 
zyme containing 1 to 5 dAT units. Dilutions of enzyme were 
made in the diluent described for Assay A. Aliquots, usually 
0.05 ml, were withdrawn at 0, 15, and 30 minutes and incubated 
with 5’-nucleotidase. The incubation mixture (0.3 ml) for the 
reaction with 5’-nucleotidase contained 30 pmoles of glycine 
buffer, pH 8.8, 3 pmoles of MgC12, and 1 unit of 5’-nucleotidase. 
In those experiments in which formation of nucleotides with 
3’-phosphoryl or 3’,5’-phosphoryl groups, both of which are 
insusceptible to 5’-nucleotidase, could be anticipated, the E. coli 
alkaline phosphatase was used t.o monitor mononucleotide forma- 
tion. The incubation mixture (0.3 ml) for reaction with alkaline 
phosphatase contained 30 pmoles of Tris buffer, pH 8.0,5 pmoles 
of MgC12, and 0.8 unit of phosphatase (3). In both cases, the 
mixtures were incubated for 15 minutes at 37” and their content 
of inorganic phosphate was determined. 

TABLE II 
Kinetic parameters for hydrolysis of deoxyribonucleotide 

substrates by E. coli exonuclease II 

Substrate” 
I Km” 

V,., (mononucleo- 
tide formed per 
hour per mg of 

enzyme protein)c 

p-Nitrophenyl-d-pTd. 
d-pTpT 
d-pTpTpT 
d-TpTpT... .._..... 
d-pTpTpTpTpT. 
Native E. coli DNA. 
Denatured E. coli DNA 
dAT polymer. 

. 

M Jmwles 

G.0 x 10-s 2.3 
3.4 x lo-’ 8.0” 
1.0 x 10-d 43.8 
0.9 x lo-’ 41.6 
1.5 x lo-’ 82.3 
1.7 X 10-10 4.3 
2.1 x 10-10 1.5 
1 9 x 10-10 59.0 

Km and Vmax values were determined from plots according to 
Lineweaver and Burk (27). 

Other Assays of Exonuclease II 

Hydrolysis of the p-nitrophenyl ester of deosythymidine 
5’-phosphate was measured by observing the increase in extinc- 
tion with time at 400 rnp resulting from the liberation of p-nitro- 
phenol (28). This assay was performed in a Zeiss spectro- 
photometer, model PM& II, equipped with a thermospacer 
through which water at 37” was circulated from a constant 
temperature bath. The reaction mixture (1.0 ml) contained 70 
pmoles of glycine buffer, pH 9.2, 7 pmoles of MgC12, 1 Mmole 
of 2-mercaptoethanol, 0.05 to 4.0 pmoles of substrate, and 35 
dAT units of exonuclease II. Readings of extinction at 400 
mp were taken at l-minute intervals. The molar extinction 
coefficient for p-nitrophenol under these conditions was taken 
as 18,000. 

a Assay A was used for DNA and dAT polymer; Assay B was 
used for deoxythymidine oligonucleotides. 

b These values are expressed per mole of polymer; in the case of 
DNA and dAT a molecular weight of 6 X lo6 is assumed. 

c Hydroxylapatite fraction. The particular fraction used in 
these studies had lost, some activity upon storage, and values as 
high as 103 have been observed for the dAT polymer. 

d p-Nitrophenyl ester of deoxythymidine 5’-phosphate. 
* In calculating this value, a correction has been made to ac- 

count for the fact, that hydrolysis of a single diester bond in d- 
pTpT results in the formation of two 5’.nucleotidase-sensitive 
units. In the case of the tri- and pentanucleotides, only a small 
fraction of the total substrate was utilized, so that only the ter- 
minal pT was hydrolyzed. No correction was therefore re- 
quired. 

Viscosity measurements of nuclease activity were carried out 
at 37” in an Ostwald-type viscometer with a shear gradient of 
approximately 300 seC+. 

for the identity of the products as deoxyribonucleoside 5’-mono- 
phosphates was provided by chromatography of the digest on a 
column of Dowex 1 (Cl- form, 10% cross-linked, 10 x 1 cm). 
Only two products appeared; these cochromatographed per- 
fectly with authentic deoxyadenosine 5’-phosphate and deoxy- 
thymidine 5’-phosphate. Recovery of radioactivity from the 
column was 97%. 

Other Methods 

Phosphate was determined by the method of Chen, Toribara, 
and Warner (29) as modified by Ames and Dubm (30). Protein 
was determined by the method of Lowry et al. (31). 32P was 
measured with approximately 50% efficiency in a Nuclear- 
Chicago model D-47 gas flow counter equipped with a Micromil 
window. 1% was measured in a similar gas flow counter that 
lacked a window. Measurements of optical density were made 
with a Zeiss spectrophotometer, model PMQ II. 

DNA from E. coli could also be hydrolyzed to its component 
deoxyribonucleoside 5’monophosphates; however, the initial 
rate was considerably less than that observed with dAT copoly- 
mer (Table II) and fell off rapidly. For example, treatment of 
40 mpmoles of s2P-labeled DNA with 100 dAT units of exonu- 
clease II (phosphocellulose fraction) for a period of 7 hours 
yielded a digest in which 86% of the radioactivity was in the 
form of deoxyribonucleoside 5’monophosphates as judged by 
the 5’-nucleotidase assay. After 24 hours, hydrolysis was com- 
plete (10201,). 

RESULTS 

Rates cj Hydrolysis of dAT Copolymer, DNA, and 
Deoxythymidine 0ligonuckotide.s Products of Hydrolysis of (EAT Copolymer and DNA 

Exhaustive digestion of 32P-labeled dAT copolymer with exo- Although the concentration of substrate at which half-maximal 
nuclease II (180 mpmoles of dAT incubated for 1 hour with 180 velocity is developed (Km) is quite similar for the dAT copolymer, 
units of phosphocellulose fraction) resulted in the conversion native, and heat-denatured DNAs, the maximal velocities ob- 
of 99% of the s2P to an acid-soluble form. These products could served with these substrates diiered markedly (Table II). In 
all be accounted for as deoxyribonucleoside 5’-monophosphates. one experiment, the maximal velocity reached with the dGdC 
Thus, treatment of an aliquot of the digest containing 18 rnp- polymer as substrate was one-third that found with dAT. The 
moles of nucleotide with 1 unit of 5’-nucleotidase for 30 minutes maximal velocity constant shown for native E. coli DNA is a 
at 37” resulted in the conversion of 99.8% of the 32P to a form in typical one. Values as low as 2.6 and as high as 8.1 have been 
which it could no longer be adsorbed to Norit. Further proof observed with several different samples of E. coZi DNA. Similar 
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variations have been found with heat-denatured DNA. No 
significant variation of this kind has been encountered with 
several preparations of dAT copolymer. 

The maximal velocities at which the t,ri- and pentanucleotides 
are hydrolyzed are not greatly different from that for the dAT 
copolymer. The K,,, values for these small oligonucleotides, how- 
ever, are several orders of magnitude greater than for the poly- 
meric substrates. Thus, the values for the three oligonucleotides 
tested range from 0.9 to 3.4 x 10e4 M; the K, for dST, for 
example, is about 4 X 1OV M in mononucleotide equivalents or 
about 2 X lo-lo M for a polymer with a molecular weight of 6 X 
106. Also of interest is the observation that, the p-nitrophenyl 
ester of deoxythymidine 5’-phosphate is attacked at only one- 
fourth t,he rate observed for d-pTpT, and its K, value is ap- 
proximately 20-fold greater. This is in contrast to venom di- 
esterase (28) and phosphodiesterase I from hog kidney (32), for 
which the p-nitrophenyl ester of deoxythymidine 5’-phosphate 
is an even more effective substrate 1vit.h respect to both K, and 
V max than d-pTpT. 

Evidence for Exonuckolytic Mechanism 

Examination of the acid-soluble products formed in the course 
of incubation of 32P-labeled dAT copolymer with exonuclease II 
showed these to be exclusively deosyribonucleoside 5’-mono- 
phosphates and suggested an exonucleolytic mode of attack. 
Thus, when 13.0% of the 32P was acid-soluble, 11.8% was in the 
form of mononucleotides as judged by the 5’-nucleotidase assay. 
Similarly, when 24.2% of the 32P was acid-soluble, 21.7% was 
susceptible to the action of 5’-nucleotidase. 

Additional support for an exonucleolytic mechanism of attack 

is provided by the observation that the rate of decrease in 
viscosity of a solution of dAT copolymer exposed to exonuclease 
II was nearly equivalent to the rate of mononucleotide formation 
(Fig. 1A). This result closely resembles that observed with 
E. coli exonuclease I (Fig. 1B) and contrasts rather strikingly 
with that found with endonuclease I (Fig. 1C). In a similar 
experiment in which DNA from E. co2i was used as subst,rate 
for exonuclease II, the decrease in viscosity was more rapid than 
the rate of appearance of mononucleotides (Fig. 2). When 
the viscosity of the reaction mixture had fallen to 50% of the 
initial value, only about 10% of the DNA had been converted 
to mononucleotides; when the viscosity had dropped to that of 
the buffer, only 40yo of t,he DNA was in the form of mono- 
nucleotides. 

These results are consistent with an exonucleolytic attack on 
double helical polynucleotides of opposite polarity. In the case 
of DNA, if hydrolysis were initiated at the two 3’-hydroxyl 
groups at opposite ends of the polymer (see below), exonucleolytic 
removal of mononucleotides from one of the chains would leave 
the opposing strand in a single stranded form, presumably of low 
viscosity. Thus, an exonucleolytic attack of this kind on DNA 
has the dual effect of producing monomeric units and single 
stranded polynucleotide regions, both of which contribute little 
to the viscosity. 

In the case of the dAT copolymer, whose primary structure 
consists of a perfectly alternat,ing sequence of deoxyadenylate 
and deoxythymidylate residues (15), the single stranded regions 
produced as a consequence of exonucleolytic attack should be 
capable of folding back on themselves (33), re-forming hydrogen- 
bonded structures whose viscosity is similar to that of the un- 

15 30 45 60 75 Tine 15 30 45 60 75 0 15 30 45 60 75 
in minutes 

FIG. 1. Decrease in viscosity and formation of acid-soluble azP 
on treatment of 32P-labeled dAT copolymer with E. coli deoxyribo- 
nucleases. A, the reaction mixture (3.0 ml) contained 299 amoles 
of glycine buffer, pH 9.2, 26 rmoles of MgC12, 3 pmoles of 2-mer- 
captoethanol, 0.27 pmole of a2P-dAT copolymer, and 18 dAT units 
of exonuclease II (phosphocellulose fraction). Immediately after 
the addition of enzyme, 1.5 ml of the reaction mixture were pi- 
petted into an Ostwald viscometer which was maintained in a 37” 
bath. The remaining 1.5 ml were incubated in a tube inserted in 
the same bath. Outflow times were measured at 5-minute inter- 
vals. The total drop in outflow time during the 75-minute period 

was 6.6 seconds. At the times indicated, O.l-ml samples were 
withdrawn from the tube and diluted with 0.2 ml of water. “Car- 
rier” DNA and 0.5 N perchloric acid were added as described for 
Assay A, and acid-soluble s2P was measured. B, the reaction 
mixture and procedure were the same as for A with the exception 
that 196 units of exonuclease I were used. C, the reaction mix- 
ture (3.0 ml) contained 209 pmoles of tris buffer, pH 8.0, 26 pmoles 
of MgCb, 0.27 rmole of dAT copolymer, and 0.2 unit of endonu- 
clease I. The remainder of the experiment was performed exactly 
as described under A. 
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t,reated polymer. The rate of decrease in viscosity produced 
by a unidirectional exonucleolytic attack should in this case be 
relat.ed only to the rate of formation of mononucleotides. 

A viscometric study of the hydrolysis of dAT copolymer and 
DS.4 by the DNA phosphatase-exonuclease from E. c& (8, g), 
an enzyme known to be free of endonuclease activity, has yielded 
results which are qualitatively similar to those found for eso- 
nuclease II.’ 

Site of Initial Enzymatic Attack 

The 3’.hydroxyl ends of dAT chains appear t.o be the sites at 
which attack by exonuclease II is initiated. When dAT copoly- 
mer, specifically labeled at, its 3’-hydroxyl end with 32P-deoxy- 
t,hymidylate, was exposed to the action of exonuclease II, 90% 
of the radioactive nucleotides were made acid-soluble; at this 
time, as judged by the appearance of ultraviolet-absorbing mate- 
rial (Fig. 3A), less than 10% of the unlabeled nucleotides from 
the internal portion of the chain had been released. This result 
is entirely analogous to that found upon treatment of an identi- 
cally labeled dAT copolymer with exonuclease I (Fig. 3B), an 
enzyme whose mode of action is characterized by a stepwise 
at,tack on polydeoxyribonucleotides starting at their 3’-hydroxyl 
t,ermini (2). A similar result was obtained when E. coli DNA 
which had been terminally labeled with deoxythymidylate was 
subjected to the action of exonuclease II. 

The possibility that exonucleaae II might initiate its attack 
at t,he 5’-phosphoryl end of a polydeoxyribonucleotide chain 
(1s well as at the 3’-hydroxyl end has been made unlikely by the 
results of an experiment in which d-pTpCpC (0.15 pmole) was 
incubated with 40 dAT units of esonuclease II for a period of 
1 hour and the products were analyzed by descending chroma- 
tography on paper in the isobutyrate-ammonia system (34). 
The only products found in addition to d-pTpCpC (0.090 pmole) 
were d-pC (0.045 pmole) and d-pTpC (0.044 wole).6 No d-pT 
(less than 0.01 pmole) was detectable in this chromatogram, and 
rechromatography of the pTpC area in the 1-propanol-ammonia 
syst,em, which affords a better resolution of d-pTpC and d-pT, 
again failed to reveal any d-pT. Exhaustive digestion of d- 
pTpCpC (0.05 pmole incubated with 100 dAT units for 8 hours) 
resulted in the quantitative hydrolysis of the trinucleotide to a 
mixt,ure of d-pT and d-PC. 

Additional evidence that the 3’-hydroxyl end of a polydeoxy- 
ribonucleotide chain is the only site at which esonuclease II 
might initiate its attack is provided by the observation that the 
hexanucleotide d-pTpTpTpTpTpT, in which the terminal 3’- 
hydroxyl group is acetylated, is entirely resistant to the action 
of exonuclease II. Thus, when 0.07 pmole of this nucleotide 
was incubated with 400 dAT units of enzyme for 4 hours and 
the products were analyzed by paper chromatography in the 
1 -propanol-ammonia-water system (26)) neither d-pT nor the 
acetylated d-pT (less than 0.01 pmole) was detectable in the 
chromatogram. Treatment of 0.07 pmole of the nonacetglated 
hexathymidylate with exonurleaae II under comparable condi- 
tions resulted in quantitative (more t,han 90%) conversion to 
d-pT. 

In an oligonucleotide chain of moderat’e length (6 residues), it 

4 Unpublished results. 
6 Because of the limited amount of d-pTpCpC available, it was 

not subjected to Norit treatment for removal of inhibitory impuri- 
ties. The rate of hydrolysis was therefore lower than that found 
with t,he purified d-pTpTpT. 

$60 
L 
0 

I 

e Time in minutes 
FIG. 2. Decrease in viscosity and formation of acid-soluble 32P 

on treatment of S2P-labeled DNA with E. coli exonuclease II. The 
reaction mixture and experimental procedure were the same as for 
Fig. 1A extent that 0.22 #mole of 32P-labeled E. coli DNA was used 
assubstrateand 80 dATunits of exonuclease II (phosphocellulose 
fraction) were added. The total drop in outflow time during the 
60.minute period was 9.8 seconds. 

would seem unlikely that the presence of an acetyl group at one 
end of the oligonucleotide would prevent initiation of hydrolysis 
at the opposite end of the chain. 

Effect of End Groups on Enzymatic Rate 

With venom diesterase, d-TpT is cleaved at a rat,e 20 t,o 30 
times less than for d-pTpT (28, 35). By contrast, with exo- 
nuclease II there is no significant difference in the V,,,,, values 
obtained for d-pTpTpT and d-TpTpT (Table II). 

Di- and trinucleotides in which the 3’-hydrosyl group is esteri- 
fied to phosphate (d-TpTp or d-TpTpTp) are resistant to t.he 
action of exonuclease II. Thus, incubation of 28 mpmoles of 
d-TpTpTp with 15 dAT units of hydroxylapatite fraction of 
exonuclease II for 3 hours produced less than 1 mpmole of mono- 
nucleotide. Under comparable conditions, d-pTpTpT was 
quantitatively degraded to deoxythymidine 5’-phosphate. 
Oligonucleotides bearing 3’-phosphoryl groups did not signifi- 
cantly inhibit hydrolysis of the analogous compounds with 3’- 
hydroxyl and 5’-phosphoryl groups, even when added in IO-fold 
excess. Removal of the terminal phosphate from d-TpTpTp 
with the E. coli alkaline phosphatase rendered it susceptible to 
exonuclease II, and it was then attacked at essentially the same 
rate as the trinucleoside diphosphate prepared from the oligo- 
nucleotide containing the 5’-phosphomonoester group. 

The presence of a 3’-phosphomonoester group terminating a 
long chain polydeoxyribonucleotide also fails to inhibit the 
hydrolysis by exonuclease II of a polynucleotide terminating in a 
free 3’-hydroxyl group. Under conditions wherein the rat.e of 
hydrolysis of DNA by exonuclease II was limited by the concen- 
tration of substrate, no significant decrease in rate was observed 
when the number of 3’-phosphomonoester groups in a DNA 
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FIG. 3. Hydrolysis by exonucleases I and II of dAT copolymer 
labeled at its 3’.hydroxyl end with 32P-deoxythymidylate. A, 
seven identical reaction mixtures (0.3 ml) were set up, each of 
which contained 29 pmoles of glycine buffer, pH 9.2, 2 pmoles of 
MgClz, 0.3 rmole of 2-mercaptoethanol, 0.03 pmole of terminally 
labeled dAT copolymer containing 2 X lO* c.p.m., and 0.8 dAT unit 
of exonuclease II (phosphocellulose fraction). Incubation was at 
37”. At the times indicated, tubes were removed from the incuba- 
tion bath and chilled in ice, and 0.2 ml of “carrier” DNA and 0.5 
ml of cold 0.5 N perchloric acid were added. After 5 minutes at O”, 

sample was increased by pretreatment with micrococcal nuclease 
(Fig. 4). That DNA was in fact rate-limiting in this experiment 
is demonstrated by the observation that. no significant differ- 
ences could be detected in the substrate saturation curve ob- 
tained with control (untreated) DNA and DNA which had been 
treated with sufficient micrococcal nuclease to produce a 57% 
decrease in its viscosity. 

Consistent with the inability of 3’-phosphoryl groups to 
inhibit the hydrolysis of 3’-hydrosyl-terminated polydeoxyribo- 
nucleotides are the results of pretreat.ment. of E. coli DNA with 
DNA phosphatase. Levels of the enzyme which are sufficient 
to produce up to a 20-fold increase in the rate of DNA synthesis 
in a polymerase-catalyzed reaction as a result of the removal of 
inhibitory 3’-phosphoryl groups (36) had no stimulatory effect 
(less than 10%) on the rate of hydrolysis of comparable DNA 
substrates by exonuclease II. 

Pretreatment of DNA with E. co&i endonuclease I to produce 
an increased number of 3’-hydroxyl groups within a given DNA 
molecule, as evidenced by a 50% drop in viscosity, increased by 
48% the rate at which the DNA was att.acked by exonuclease 
II. No increase in rate was measurable with samples whose 
viscosity had dropped by 10 or 22yo. -1 similar result was 
obtained when the endonuclease-treated samples were further 
treated with E. coli alkaline phosphat,ase to remove 5’-phospho- 
monoester groups. According to calculations by Thomas (37), 
a decrease of 50% in the specific viscosity due to endonuclease 
action indicates about 200 single chain scissions in the DNA 
molecules, assuming a molecular weight of 6 x 106. The con- 
centration of DNA used in these assays was approximately that 
required for half-maximal velocity, so that at least a doubling 
of the initial rate would have been anticipated as a result of 

the samples were centrifuged for 5 minutes at 12,000 X g and the 
optical density at 260 rnp of the supernatant fluid was measured. 
The radioactivity of a 0.5-ml aliquot was determined as described 
in Assay A. The value used for 100% acid-soluble optical density 
(260 rnp) was that obtained upon quantitative degradation of a 
sample of terminally labeled dAT copolymer with a 20-fold excess 
of enzyme for a period of 2 hours. B, the reaction mixtures and 
procedure were the same as for A except that 0.4 unit of exonucle- 
ase I was used in place of the exonuclease II. 

endonuclease treatment. It therefore appears that the kineti- 

cally active unit as far as the substrate is concerned is not simply 
the 3’-hydroxyl group terminating a polydeoxyribonucleotide, 
but that some other features of the polydeoxyribonucleotide 
chain not altered by endonuclease action are involved as well. 

Properties of Enzyme 

Absence of Enclonuclease Activity-The kinetics of inactivation 
of the transforming activity (indole marker) of DNA from 
Bacillus subtilis (80 mpmoles) on incubation with the hydroxyl- 
apatite fraction of exonuclease II (60 dAT units), under the 
conditions of Assay A, suggests that this fraction is free of detect- 
able endonuclease activity.6 Thus, at a point where a 36 Yc drop 
in the specific viscosity of the DNA solution had occurred, 46% 
of the initial transforming activity still remained. This result 
differs markedly from that observed on treatment of this DNA 
with a typical endonuclease (pancreatic DNase). In this case, 
a 10% drop in specific viscosity was accompanied by an 83yo 
loss of transforming activity. When the viscosity dropped 36%, 
less than 0.1% of the initial transforming activity remained. 
Further evidence for the absence of endonuclease activity from 
exonuclease II is provided by the insusceptibility of the cyclic 
deoxythymidine trinucleotide to attack by the hydroxylapatite 
fraction. On incubation of 33 mpmoles of nucleotide with 15 
dAT units of enzyme for 1 hour, less than 1 mpmole of deoxy- 
thymidine 5’-phosphate was produced. The cyclic oligonucleo- 
tide did not inhibit the hydrolysis of d-pTpTpT even when added 
in a 4-fold excess. 

6 We are grateful to Dr. Walter Bodmer of the Department of 
Genetics, Stanford University, for carrying out these experiments. 
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0 

Time in minutes 
FIG. 4. Effect of pretreatment of DNA with micrococcal nucle- 

ase on the rate of hydrolysis by exonuclease II. The reaction mix- 
ture (6.0 ml) contained 600 imoles of glycine buffer, pH 9.2, 60 
rrmoles of CaC12. 1.22 umoles of 32P-labeled E. coli DNA (7 UC ner 

\ .  1 

@mole), and 0.12 unit (8) of micrococcal nuclease. Immediately 
after addition of enzyme, 1.5 ml of the reaction mixture were pi- 
petted into an Ostwald viscometer which was maintained in a 37” 
bath. The remaining 4.5 ml of reaction mixture were incubated 
in a tube inserted in the same bath. Outflow times were measured 
at B-minute intervals. When the specific viscosity of the solution 
reached the values indicated, 0.8-ml samples were withdrawn from 
the tube and added to 0.1 ml of 1 M sodium Versenate, pH 10, at 0”. 
The samples were dialyzed against 260 volumes of 0.2 k NaCl con- 
taining lo-* M sodium Versenate at 2’ for 16 hours, then against 
200 volumes of 0.02 M NaCl for 4 hours. The treated DNA samples 
were tested as described under Assay A except that 0.3 mpmole of 
treated DNA was used as substrate and 0.4 dAT unit of exonu- 
clease II (hydroxylapatite fraction) was added. 

Absence of Ribonuclease Activity-The hydroxylapatite fraction 
of exonuclease II contains no measurable amounts of ribonuclease 
activity. Incubation of 3ZP-labeled ribosomal RNA (30 mpmoles 
of nucleotide) with 130 dAT units of enzyme under the condi- 
tions of Assay A for 2 hours produced less than 0.3 mlmole of 
acid-soluble 3*P. In a more sensitive assay for RNase activity, 
incubation of S-RNA from E. coli (0.85 pmole of nucleotide) 
with 65 dAT units of enzyme for a a-hour period produced no 
significant decrease in amino acid acceptor activity in the reaction 
catalyzed by the methionyl-RNA synthetase (38). Treatment 
of an equivalent amount of this RNA for a comparable period 
of time with 1 unit7 of snake venom diesterase, an esonuclease 
in many respects similar to exonuclease II but which can attack 
polyribonucleotides (28, 39), caused a 90% loss in acceptor 
activity. 

Ribonucleotide linkages which have been inserted into a DNA 
polymer by the action of the E. coli DNA polymerase, under 
special conditions (18), are susceptible to the action of exo- 
nuclease II (hydroxylapatite fraction). These are attacked at 
about one-seventh the rate found with the corresponding deoxy- 

7 One unit of venom phosphodiesterase is that amount which 
releases mononucleotides from a limit pancreatic DNase digest 
of calf thymus DNA at a rate of 1 pmole per hour. 

ribonucleotide linkages. The enzyme is therefore not greatly 
influenced by the presence of a 2’-hydroxyl group in proximity 
to the phosphodiester bond under attack, but presumably is 
unable to bind a polyribonucleotide. 

Absence of Other Exonuclease Activities-Neither the phospho- 
cellulose nor the hydroxylapatite fraction of exonuclease II 
contains exonuclease I. Thus, incubation of 0.2 dAT unit of 
enzyme with antiserum prepared against purified exonuclease I 
did not significantly diminish its activity in Assay A. The same 
amount of antiserum caused a 97% inhibition of 0.6 unit of 
exonuclease I. 

The hydroxylapatite fraction of exonuclease II contains no 
detectable DNA phosphatase-exonuclease activity (8, 9). Thus, 
a preparation of exonuclease II (3000 dAT units per ml) had 
less than 1 unit of phosphatase-exonuclease activity as assayed 
for stimulation of the DNA polymerase from E. coli (36). 

Absence of Nucleotidme Activity-The hydroxylapatite fraction 
of exonuclease II has no measurable acid or alkaline nucleotidase 
activity. Incubation of 130 mpmoles of 3rP-labeled dCMP 
(specific activity, 0.1 pc per pmole) with 200 dAT units of 
enzyme at either pH 9.2 or 5.0 in the presence of 0.007 M MgClz 
converted less than 0.1% to a form which was not adsorbable 
to Norit. Treatment of the labeled nucleotide with either puri- 
fied human semen phosphomonoesterase (pH 5.0) or 5’-nucleo- 
tidase (pH 9.2) resulted in the quantitative (greater than 99%) 
conversion of the 32P to a Norit-nonadsorbable form. 

E$ect of pH on Reaction Rate-The hydroxylapatite fraction 
of exonuclease II shows optimal activity at pH 9.2 in glycine 
buffer with DNA as substrate (Fig. 5). In potassium phosphate 

B; 
5.C 

0 qlycine (NaOH) 

FIG. 5. Effect of pH on activity of exonuclease II (hydroxylapa- 
tite fraction). Conditions of Assay A were employed with DNA 
as substrate; the indicated buffers were added at a final concen- 
tration of 0.067 M. 
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buffer at pH 7.0, its activity is about 1 %, and at pH 7.4, 6% of 
t.he maximum. In contrast, hydrolysis of dAT copolymer pro- 
ceeds at 12% of maximum at pH 7.0 and 25% of maximum at 
pH 7.4. At pH 6.4, where no activity is detectable when DNA 
is used as substrate, the initial rate of hydrolysis of dAT copoly- 
mer is about 2% of optimal. 

Eject of Divalent Cations and Salts on Reaction Rate--Exe- 
nuclease II has an absolute requirement for either magnesium 
or manganese ions. Under the conditions of Assay A, with 
DNA as substrate, maximal activity is observed at magnesium 
ion concentrations ranging from 7 X 10V3 to 2 X 10e2 M. At 
1.7 X 1OP M and 3.3 X lo+ M, 42% and 75%, respectively, of 
maximal activity is observed. A similar result was obtained 
with dAT copolymer as substrate. The maximal rate developed 
with manganese ion over the range 7 X 10m4 to 5 X 10e3 M, 

with DNA as substrate, is approximately 80% of that found 
with optimal concentrations of magnesium ion. No activity 
can be detected if manganese or magnesium ions are replaced by 
calcium ion at 1OP to 10V3 M. 

The rate of hydrolysis of DNA by exonuclease II under the 
conditions of Assay A is markedly inhibited by sodium and 
potassium chlorides. At a concentration of 0.1 M NaCl or KCl, 
60 to 75% inhibition in activity is observed. At 0.3 M NaCl or 
KCl, no exonuclease activity can be detected. 

DISCUSSION 

A most interesting and unusual feature of E. coli exonuclease 
II is its persistence in preparations of DNA polymerase which 
are chromatographically and electrophoretically homogeneous, 
and which sediment as a single boundary in the ultracentrifuge 
(10). Attempts to inactivate the two activities differentially 
by a variety of physical procedures, including heat and urea 
treatment, have been unsuccessful. In spite of the apparent 
physical association of these two activities, there are a number 
of features of catalytic specificity in which they do differ. First, 
the polymerase shows maximal activity at pH 7.4 with DNA as 
primer (10) ; exonuclease II displays a pH optimum at pH 9.2 
with DNA as substrate. At pH 7.0 (potassium phosphate 
buffer), where polymerase activity is nearly optimal, exonuclease 
activity is only about 1% of maximum. Second, whereas the 
polymerase is unable to ut,iliee small oligonucleotides as primers 
in polynucleotide synthesis (40), exonuclease II can attack struc- 
tures as small as di- and trinucleotides with V,,, values very 
near to those found for the highly polymerized substrates. 
Worth noting in this regard is the observation that the maximal 
velocity constants for the various substrates tested do not differ 
greatly, but that the Michaelis constants for the small oligo- 
nucleotides are higher by a factor of about lo6 than those found 
for DNA and the dAT copolymer. Third, DNAs containing 
3’-phosphoryl groups fail t,o serve as primers for the DNA 
polymerase and are potent inhibitors of DNA synthesis (36). 
By contrast, exonuclease II, although unable to hydrolyze oligo- 
nucleotides bearing 3’-phosphoryl groups, is not at all inhibited 
by such groups in its hydrolysis of oligonucleotides bearing 
3’-hydroxyl groups. 

These differences in catalytic specificity are not in themselves 
decisive and do not eliminate the possibility, inherent in the 
strong physical association of polymerase and exonuclease activ- 
ities, that the same protein is responsible for both activities. 
The differences are, however, striking enough to encourage 

exploration of other, as yet untried fractionation measures to 
determine whether their resolution is, in fact, possible. 

Whatever the outcome of further attempts to resolve the two 
activities, it is already clear that the exonuclease is not an obliga- 
tory component of the polymerization reaction. Thus, under 
conditions in which polymerization proceeds at a nearly optimal 
rate, exonuclease activity is barely detectable. Moreover, the 
DNA polymerase recently purified from B. subtilis (41) has 
little if any nuclease act,ivity, yet differs in no significant respect 
from the E. co& enzyme in its synthetic properties. 

The finding that the catalytic activity of E. coli exonuclease 
II is characterized exclusively by an exonucleolytic attack origi- 
nating at the 3’-hydroxyl end of a polydeoxyribonucleotide 
suggests that this enzyme may find some use in current attempts 
to associate genetic markers with discrete positions on the DNA 
molecule. For example, by carrying out a stepwise degradation 
of biologically active DNA and observing the sequential loss of 
selected markers, it should be possible, in principle, to assign 
regions of the recombination map, as determined by genetic 
crosses, to regions of the DNA molecule in much the same way 
that Kaiser (42) has employed hydrodynamic shear to obtain 
correlations of this kind. 

Exonuclease II provides the only known enzymatic means in 
E. coli for degradation of the dinucleotides produced as a result 
of the combined action of endonuclease I and exonuclease I. 
These three enzymes, acting in conjunction with each other, 
represent a mechanism by which the DNA of E. coli may be 
degraded quantitatively to its mononucleotide components. 
Information derived from studies of the purified nucleases has 
given some insight into the way in which the intracellular activity 
of these enzymes could be controlled. Endonuclease I may be 
inhibited as a result of its close association with RNA, known 
to be a potent competitive inhibitor of this enzyme. Exonuclease 
I is unable to attack the ordered form of DNA, which is very 
likely its conformation within the cell. These two enzymes 
are, quantitatively speaking, the major DNases of E. coli. Stud- 
ies of the properties and specificity of exonuclease II have not 
revealed any mechanism by which the intracellular activity of 
this nuclease might be held in check. One might speculate, 
however, that in view of its absolute requirement for a free 
3’-hydroxyl terminus, any substitution of this position in a DNA 
chain could represent a means for immobilizing and controlling 
this or any other exonuclease with a similar substrate require- 
ment. The other exonuclease activity of E. co&i, the exonucleo- 
lytic component of the DNA phosphatase (exonuclease III), 
although not at all inhibited by the presence of a 3’-phospho- 
monoester group terminating a polydeoxyribonucleotide chain, 
might be unable to attack such a chain were the 3’-hydroxyl 
group substituted in some other way. 

The three exonucleases and one endonuclease thus far de- 
scribed in E. coli are not necessarily the only DNases to be found 
in this organism. In every instance, the search for DNases has 
relied on an assay which measures the formation of small, acid- 
soluble products from DNA. Enzymes whose specificity is 
characterized by a limited number of endonucleolytic scissions 
would not have been detected. A rather comprehensive body 
of information is now available regarding the DNases known 
to be present in E. coli. A search for enzymes which carry out a 
limited attack might therefore prove fruitful, even in spite of 
the formidable technical difficulties inherent in any assay which 
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attempts to measure a few diester bond breaks in the face of 
many other, highly potent DNases. 

SUMMARY 

The specificity and properties of a highly purified deoxyribo- 
nuclease from Escherichia coli (exonuclease II) which is distinct 
from the deoxyribonucleic acid-specific phosphodiesterase (exo- 
nuclease I), the ribonucleic acid-inhibitable endonuclease (endo- 
nuclease I), and the deoxyribonucleic acid phosphatase-exo- 
nuclease (exonuclease III) have been described. The following 
features regarding this enzyme have been established. 

1. It carries out an exonucleolytic attack on DNA (native 
and denatured), deoxyadenylate-deoxythymidylate copolymer, 
and deoxyguanidylate-deoxycytidylate homopolymers, as well 
as on small oligonucleotides, hydrolyzing these quantitatively 
to deoxyribonucleoside 5’-phosphates. The maximal velocity 
constants observed for these substrates do not differ by more 
than go-fold, but the Michaelis constants for the small oligo- 
nucleotides are about lo6 times greater than for DNA and 
deoxyadenylate-deoxythymidylate copolymer, per mole of poly- 
mer. 

2. Its initial site of attack is at the 3’-hydroxyl end of the 
polydeoxyribonucleotide chain. Hydrolysis starting at the 
5’-phosphoryl or 5’-hydroxyl end does not appear to occur with 
model oligonucleotides. 

3. It cannot degrade oligonucleotides bearing 3’-phospho- 
monoester groups; these do not inhibit hydrolysis of substrates 
bearing 3’-hydroxyl groups. 

4. It has no detectable ribonuclease, endonuclease I, exo- 
nuclease I, DNA phosphatase (exonuclease III), or nucleotidase 
activity. 

5. The purified exonuclease 11 is closely associated physically 
with the DNA polymerase and has not yet been dissociated 
from it. 
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