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FIG. 1. High voltage electrophoresis of purified X exonuclease. 
In both gels the anode, toward which the protein migrated, is at 
the right. A (upper), starch gel electrophoresis was carried out 
according to the method of Smithies (38). Gels (15%, w/v) were 
prepared in 20 mM potassium phosphate, pH 8.0-10 mM@mercapto- 
ethanol. X exonuclease, 52 pg, was placed in the gel slit; after 36 
hours at 299 volts, the gel was sliced in half horizontally and 
stained with Amido black. B (lower), polyacylamide gel electro- 

N&l; 5-ml fractions were collected. Enzyme fractions con- 
taining more than 1 mg of protein per ml were dialyzed against 
0.01 M potassium phosphate, pH 7.0. Side fractions of the same 
specilic activity and containing more than 50 pg of protein per 
ml were pooled and concentrated by pressure dialysis (27) to a 
protein concentration of 4 to 5 mg per ml, then dialyzed against 
0.01 M potassium phosphate, pH 7.0. The dialyzed fractions 
represent Fraction VI. The final preparation was purified 
89-fold over the crude extract and represented a recovery of 23 % 
of the initial activity (Table I). Fraction VI was used in all the 
studies to be reported here and in the following paper (15). 

Crystallization of Enzyme-Fraction VI, at a protein concen- 
tration of 4 mg per ml, was dialyzed against 100 volumes of a 
solution of ammonium sulfate, previously adjusted to pH 7.0 and 
containing 0.01 M potassium phosphate, pH 7.0. The initial 
concentration of ammonium sulfate was 25 To of saturation at 5”; 
it was increased by 1 y. of saturation every 12 hours by the addi- 
tion of saturated ammonium sulfate solution at pH 7.0, until a 
faint flocculent suspension appeared (at approximately 31% of 
saturation). This gradually grew denser and acquired the silky 
sheen characteristic of crystalline protein preparations in sus- 
pension. After several days the ammonium sulfate concentra- 
tion was increased by 1% of saturation, and 3 days later the 
suspension was taken from the dialysis bag and stored at 5”. 
The crystals contained more than 90 To of the enzymatic activity. 

Stability-A preparation of the enzyme which had been stored 
in solution for 1 year at -20” and had been thawed twice dis- 
played >90% of the specific activity of a freshly isolated prep- 

phoresis was performed according to the methods of Ornstein (39) 
and Davis (40). The Tris-glycine buffer system (pH 10.3) was 
used; the stacking gel (1 cm) contained 2.5yo acrylamide and 0.6 y. 
bis-acrylamide, while the resolving gel (7 cm) contained 7.5% 
acrylamide and 0.2yo bis-acrylamide. X exonuclease, 34 pg, con- 
taining O.CIOl~o bromphenol blue, was layered on top; electrophore- 
sis at 3 ma and 5” followed until the dye band reached the end of 
the gel (2 hours) ; the gel was then stained with Amido black. 

aration. Little loss of activity was observed upon storage for 2 
months at 0” as well. Repeated freezing and thawing led to some 
precipitation of protein and consequent loss of activity. Heating 
to 60” for 5 min in the absence of substrate completely ( >99%) 
inactivated the enzyme. 

Optimum Reaction Conditions 

pH Optimum-The enzyme displayed optimal activity at pH 
9.2 to 9.5. At pH values of 7.0, 8.0, 10.0, and 10.2, the rates 
were IS’%, 35%, 35%, and S%, respectively, of maximal. 

Metal Ion Requirement-A divalent cation (Mg++ or Mn++) 
was required for enzymatic activity. The optimal Mg++ con- 
centration was 1.0 to 2.5 mu; at 0.05 mu, 0.25 mu, and 20 mu, 
the rates were 13%, 72%, and 19’%, respectively, of that at 1 mu. 
In the absence of Mg+f, with or without EDTA (10v4 M), less 
than 1 To of the activity at 2.5 mu Mg++ was observed. In the 
presence of 2.5 X 10-S M Mn++, the rate was 30% of that ob- 
served with Mg++. Of other metal cations tested (Ca*, Cd++, 
Co++, Cu++, Fe*+, Ni++, and Zn*), none satisfied the re- 
quirement ( <5% of the rate with Mg++). 

Inhibitors-Salt at relatively low concentrations inhibited the 
enzyme. Assays performed in the presence of 0.05 M, 0.1 M, 
and 0.2 M KC1 showed 31%, 83%, and 99% inhibition, respec- 
tively, of the activity in the absence of KCl. A stronger inhibi- 
tion was afforded by Na+ ion; with glycine-NaOH in place of 
glycine-KOH, 0.025 M, 0.05 M, and 0.1 M NaCl produced 520/,, 
82%, and 99% inhibition, respectively, of the activity in the 
absence of NaCl. A strong inhibition by low levels of p-chloro- 
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mother liquor, and the starting material displayed specific ac- 
tivities of 25,000, 23,000, and 25,000, respectively. 

Upon high speed sedimentation of X exonuclease in the analyti- 
cal ultracentrifuge, a single sedimenting component was observed 
(Fig. 2), with an s20 ,w of 5.0 S. At a protein concentration of 10 
mg per ml, a very small peak of rapidly sedimenting (30 S) 
material was seen which represented perhaps 1% of the total. 
The broadness of the peak in these photographs may again be the 

FIG. 2. Sedimentation diagram of purified X exonuclease. 
result of aggregation. 

Schlieren patterns showing the sedimentation of X exonuclease, 
By all these criteria, the enzyme preparation appears to be at 

Fraction VI, at 2.7 mg per ml in 0.1 M KCl-10 mM potassium phos- least 90ro pure. 
phate, pH 6.5. A 2” filled Epon double-sector cell was used, the 
rotor speed was 59,780 rpm, and the temperature was 5”. Left, 

Catalytic Purity 

6 min after speed was reached, phase plate angle, 70”. Right, 70 The purified X exonuclease preparation was assayed for the 
min after speed was reached, phase plate angle, 60”. presence of contaminating enzyme activities. Assays for several 

FIG. 3. Zone sedimentation of T7 phage DNA before and after 
treatment with X exonuclease, endonuclease I, or both enzymes. 
Incubation mixtures (0.3 ml) contained 0.2 M NaCl, 67 mM Tris- 
HCl, pH 8.0, 1.0 mM MgC12, and 67 pM T7 phage DNA. Sample 
a, no enzyme; Sample b, h exonuclease, 4.4 pg (215 units) ; Sample 
c, endonuclease I, 0.0064 unit; Sample d, both enzymes, at respec- 
tive levels indicated in Samples b and c. Incubations were for 30 
min at 37” and were terminated by the addition of 0.5 pmole of 
EDTA, pH 7.0. The reaction mixtures were then dialyzed over- 
night against 400 volumes of Tris-EDTA buffer. Tracings a 
through d, zone sedimentation was performed as described by 
Studier (35), with the use of 1.0 M NaCl-10 mM Tris-HCl, pH 8.0- 
1 mM EDTA as bulk solution; the rotor speed was 35,600 rpm. 

mercuribenzoate has also been reported (14). Unlike endo- 
nuclease I, the enzyme was not inhibited by soluble RNA at a 
concentration of low4 M. 

Physical Purity 

The state of physical purity of the enzyme was judged by 
several criteria. High voltage electrophoresis on starch gel (38) 
(Fig. IA) resulted in the appearance of a single zone of protein. 
Polyacrylamide gel electrophoresis (39, 40) (Fig. 1B) revealed a 
single major component and, in addition, a very faint trailing 
component which represents, at most, 5% of the protein. The 
broadness of the zones in both systems may be due to a rapidly 
reversible aggregation which the enzyme appears to undergo 
(41). 

When the enzyme was crystallized under conditions which left 
5% of the activity in the mother liquor, the washed crystals, the 

Photographs were taken at 16, 18, 20, and 18 min, respectively 
after speed was reached, and were traced on a Joyce-Loebl photo- 
densitometer. The spike at the left in each tracing is the meniscus; 
sedimentation is from left to right. Tracings are numbered to cor- 
respond to the reaction mixtures described above. In Tracings e 
and f, the sedimentation conditions were the same as for Tracings 
a through d, except that the bulk solution was 0.9 M NaCl-0.1 -M 
NaOH-1 mM EDTA. Tracings e and f  correspond to Samples 
a and b, respectively. Photographs were taken 17 and 19 min. 
respectively, after speed was reached. Since endonuclease I 
produces double-strand breaks (35), zone sedimentation in alkali 
is a less sensitive criterion for its presence and so was not per- 
formed on Samples c and d. 

nucleases known to be present in E. coli were carried out, but 
none was found at detectable levels, with the possible exception 
of a trace of exonuclease I. 

Endonuclease I-The activity of X exonuclease is inhibited by 
the presence of relatively low concentrations of NaCl (see above). 
In 0.2 M NaCl, for example, X exonuclease exhibits < 1 o/c of its 
maximum activity, while endonuclease I (24) shows 40% of its 
maximum activity. Thus high levels of enzyme protein can be 
assayed for the presence of endonuclease I without degradation 
of the substrate by the X exonuclease activity. Zone sedimenta- 
tion of a homogeneous DXA (34,35) serves as a sensitive measure 
of endonuclease activity, inasmuch as the products of endo- 
nucleolytic cleavage sediment more slowly than intact DNA and 
can be detected as material trailing behind the main zone. The 
product of treatment of T7 phage DNA by X exonuclease, by B. 
coli endonuclease I, or by both enzymes was examined by zone 
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sedimentation at pH 8.0 for assessment of double-strand scissions 
(Fig. 3, Tracings a to d), and in alkali for the detection of single- 
strand breaks (Fig. 3, Tracings e and f). No increase in the 
amount of material trailing behind the main zone was observed 
upon treatment of T7 DNA with 215 units of the X exonuclease 
preparation (compare Tracings a and b, and Tracings e and f). 
In control experiments, treatment of T7 DNA with as little as 
0.0064 unit of endonuclease I gave rise to fragmented material 
sedimenting behind the position of intact molecules; this activity 
was not inhibited by the presence of X exonuclease (compare 
Tracings c and d). On the assumption that scission of 10% of 
the strands is detectable by this assay (such a level would be 
detected above background variations in the densitometer trac- 
ings) and that attack by endonuclease I is random, it can be 
calculated that the X exonuclease preparation produces less than 
1 encZonucleolytic cleavage per 3 X lo7 eZonucleolytic scissions. 

Exonuclease I-Purified X exonuclease displays a high degree 
of specificity toward native DNA as substrate (see following 
paper (15)) and therefore cannot be grossly contaminated by 
exonuclease I (25). To detect smaller amounts of exonuclease I 
activity, antiserum directed against X exonuclease was allowed 
to react with the enzyme preparation. In control experiments, 
treatment with antiserum followed by centrifugation to remove 
antigen-antibody complexes did not inhibit the activity of exo- 
nuclease I, whether carried out in the presence or in the absence 
of the X enzyme (Table II). Thus any exonuclease I present in 
the X exonuclease preparation should be detectable, after anti- 
serum treatment, as activity toward denatured DNA. Treat- 

TABLE II 

Examination of purifced x exonuclease for exonuclease I 

Incubation tubes contained, in a final volume of 0.30 ml, 0.2 ml 
of 0.15 M NaCI-0.01 M potassium phosphate, pH 7.0, or 0.2 ml of 
antiserum against X exonuclease, as indicated; 0.1% bovine plasma 
albumin; 0.01 M p-mercaptoethanol; and 120 units of X exonuclease, 
2 units of E. coli exonuclease I, or both enzymes. Control in- 
cubations omitted enzymes. After incubation for 30 min at 25”, 
tubes were kept at 0” for 24 hours. Following centrifugation for 
15 min at 20,000 X 9, supernatant fluids were assayed by the stand- 
ard assay for activity with native or heat-denatured DNA. 
Background levels, obtained from assay of 25 ~1 of control incuba- 
tion mixtures, have been subtracted from each value given; these 
represented acid-soluble label in the 3*P-DNA substrate and gave 
an apparent activity of 0.003 unit in the assays. 

Enzyme added DNA substrate 

Activity 

Without With 
antiserum antiserum 

Residual 
activity after 

antiserum 
treatment 

Exonuclease I 
Exonuclease I + X 

exonuclease 
X exonuclease 

Denatured 
Denatured 

Native 
Denatured 

uni1s/Z5 pl 

0.0510 0.090 
0.253 0.081 

5. lb 0.0014 
0.226 0.0009 

% 
97a 
87 

0.03 
0.4 

a Exonuclease I was partially inactivated by incubation in the 
absence of serum; assay of the enzyme without prior incubation 
showed an activity of 0.093 unit. 

b The incubation mixture was diluted for assay in the super- 
natant fluid from the control incubation mixture; the presence 
of NaCl in this diluent partially inhibited the action of the en- 
zyme, lowering the above figure from the expected value of 10.0 
units. 

TABLE III 

Experiment 1, examination of purified X exonuclease 
for DNA phosphatase activity 

Incubation mixtures (0.15 ml) contained 67 mM potassium phos- 
phate, pH 7.0, 6.7 mM MgC12, 10 mM p-mercaptoethanol, and 0.17 
mM 3’-phosphoryl-terminated 32P-labeled DNA (micrococcal 
endonuclease digest) (27). Where indicated, 67 mM potassium 
phosphate was replaced by 67 mM Tris-HCl, pH 8.0, or 67 mM 
glycine-KOH, pH 9.4. After incubation for 30 min at 37”, Norit- 
nonadsorbable 32P was determined as described by Richardson 
and Kornberg (27). 

Buffer 

Potassium phosphate, pH 7.0. 
Tris-HCI, pH 8.0. 
Glycine-KOH, pH 9.4. 

DNA phosphatase activity 

DNA phosphatase- 
exonuclease IISJ 

X10-” 

0.1 (1.0) 
1.5 0.44 
6.6 0.16 

a Expressed as units of phosphatase activity per unit of exo- 
m&ease activity at pH 9.4. 

b Expressed as activity relative to that at pH 7.0 (set at 1.0). 

TABLE IV 

Experiment d, examination of puri$ed A exonuclease 
for DNA phosphatase activity 

Incubation mixtures (0.15 ml) contained 67 mM Tris-HCI, pH 
8.0; 5 mM MgC12; 10 mM p-mercaptoethanol; 0.17 mM 3’-phos- 
phoryl-terminated 32P-labeled DNA; and 0.1 mM ATP. Where 
indicated, polynucleotide kinase, 0.5 unit, was added. Following 
incubation for 10 min at 37”, tubes were heated for 5 min at 60”, 
then chilled. Exonuclease III, 0.11 unit,” or X exonuclease, 22 
units, was added as noted. After incubation for 30 min at 37”, 
Norit-nonadsorbable 32P was determined as in Table III. 

Enzyme 32Ppi released 

None - ......................... 
None ......................... + 
None ......................... +b 
Exonuclease III. - ............. 
Exonuclease III. ............. + 
X exonuclease ................. 
X exonuclease ................. + 

mpwle 

0.0 
0.032 
0.034 
0.123 
0.124 
0.030 
0.165 

0 One unit of exonuclease III releases 1 .O mpmole of orthophos- 
phate in 30 min under conditions described for Experiment 1, 
Table III; one unit of X exonuclease releases 10 mpmoles of acid- 
soluble nucleotide in 30 min under standard assay conditions 
(pH 9.4). 

b Second (30.min) incubation was omitted. 

ment of X exonuclease with antiserum removed >99.9% of the 
activity toward native DNA, but 0.4 ‘% of that toward denatured 
DNA remained. This trace of activity toward denatured DNA 
represented approximately 1 part in lo4 of the activity toward 
native DNA before antiserum treatment. This level of activity 
may not be significant, since the actual radioactivity measured 
in the assay was only 30% above background and represented 
hydrolysis of only 0.57% of the substrate. 

Exonuclease II (DNA Polymerase)-The exonuclease II ac- 
tivity of E. coli appears to be closelv associated with DNA poly- 
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merase (42). Since exonuclease II activity is routinely assayed 
under conditions similar to those optimal for X exonuclease, a 
more sensitive test for the presence of exonuclease II is afforded 
by an assay for DNA polymerase activity (28). No such activity 
(<0.02 mpmole of nucleotide incorporated) was detectable in 
110 units of the X exonuclease preparation with any of the fol- 
lowing templates: dAT copolymer, native and denatured salmon 
sperm DNA, native and denatured phage X DNA, and phage 
Ml3 DNA. Identical results were obtained when the assay was 
performed under standard X exonuclease assay conditions (pH 
9.4). The activity of DNA polymerase from E. coli B was in- 
hibited 19% at pH 7.4 and 79% at pH 9.4 by this level of X 
exonuclease. By this criterion we judge that if DNA poly- 
merase (and by inference exonuclease II) is present in the purified 
preparation, its level of activity is less than 1 part per 4 X lo4 
of X exonuclease. 

Exonuclease III (DNA Phosphatase)-The purified X exo- 
nuclease preparation was assayed for the DNA phosphatase 
activity which appears to be associated with E. coli exonuclease 
III (27, 43). Under standard DNA phosphatase assay condi- 
tions (pH 7.0), X exonuclease exhibited 1 part of DNA phos- 
phatase activity per 1 x lo5 parts of exonuclease (assayed at 
pH 9.4). 

Two lines of evidence suggest that the actual level of exo- 
nuclease III is even less than 1 part in lo5 and that the phos- 
phatase activity observed may be intrinsic to X exonuclease. 
First, the phosphatase activity of the enzyme preparation was 
higher at pH 9.4 than at pH 7.0, whereas purified exonuclease 
III is more active at pH 7.0 than at pH 9.4 (Table III). Second, 
pretreatment of the phosphatase assay substrate (a micrococcal 
endonuclease digest of a2P-labeled E. coli DNA) with ATP and 
polynucleotide kinase (44) resulted in a large stimulation of the 
phosphatase activity of the X exonuclease preparation, but had 
little effect on the activity of DNA phosphatase-exonuclease in 
control experiments (Table IV). Evidence presented in the fol- 
lowing paper (15) shows that the X enzyme prefers a DNA strand 
terminated by a 5’.phosphoryl group to one terminated by a 
5’-hydroxyl group. Thus the micrococcal nuclease digest, which 
bears 5’-hydroxyl groups, should be a poor substrate for X 
exonuclease, and phosphorylation of the 5’ termini should con- 
vert it to a better substrate. That the release of orthophosphate 
is also stimulated by prior phosphorylation suggests that this 
activity is intrinsic to X exonuclease, rather than due to con- 
taminating DNA phosphatase. Since the phosphatase activity 
of exonuclease III is 3 times greater than the exonuclease activity, 
we conclude that if the purified preparation contains exonuclease 
III, the level as compared to X exonuclease is at, or less than, 1 
part in 3 X 105. 

Other Activities--X exonuclease was examined for (a) ribo- 
nuclease activity (45) by assay on ribosomal RNA substrate, (6) 
alkaline phosphatase (46) by assay on a2P-labeled deoxribo- 
nucleoside 3’-monophosphates, and (c) 5’-nucleotidase (47) by 
assay on 32P-labeled deoxyribonucleoside 5’-monophosphates. 
None of these activities was detectable at levels of 1 hydrolytic 
cleavage per 5 X 103, per 2 X 104, and per lo5 exonucleolytic 
scissions in Assays (a), (b), and (c), respectively. 
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