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A method is described for the preparation of very highly purified acid deoxyribonuclease from 
hog spleen. The procedure involves chromatography on DEAE-cellulose, hydroxyapatite, 
and Amberlite IRC-BO. The enzyme is free of phosphomonoesterase, splenic exonuclease, 
and nucleoside polyphosphatase; RNAase activity is present at a trace level. Besides its action 
on DNA, the enzyme shows a “phosphodiesterase” activity on a series of p-nitrophenylphospho- 
diesters. Evidence is presented 
indicating that both activities are carried by the same protein molecule. 

A preliminary characterization of both activities is given. 

Since an acid deoxyribonuclease (DNAase) activity 
was first reported in spleen and thymus (Catcheside and 
Holmes, 1947; Maver and Greco, 1949a,b), several 
methods for the partial purification of this enzyme have 
been described (see Laskowski, 1961, for a review). 

The isolation of the very highly purified enzyme in 
sizable amount was considered to be of interest, mainly 
on the following grounds: (a) An investigation of the 
kinetics of degradation of DNA by acid DNAase (Ber- 
nardi and Sadron, 1961, 1964a, 196413; MacHattie 
et al., 1963) showed that the enzyme degrades DNA 
according to two independent yet superimposed mecha- 
nisms: a “double-hit” degradation, of the type already 
known for pancreatic DNAase (Thomas, 1956; Schu- 
maker et al., 1956), which becomes effective in actually 
splitting DNA molecules only after a time lag, and a 
“single-hit” degradation which is effective and evident 
from the very start of the digestion. This latter mecha- 
nism is quite peculiar and implies, if DNA molecules are 
continuous double-stranded structures, simultaneous 
scissions of both strands at  the same level. In our 
opinion, this phenomenon alone justifies a further in- 
quiry into the structure of the enzyme molecule. 

(b) An acid-DNAase activity appears to be widely 
distributed, and probably is always present in multi- 
cellular organisms (Laskowski, 1961; De Duve et al., 
1962; Russell, 1963). In  the animal tissues investi- 
gated so far in our laboratory the activity appears to be 
associated with very similar protein molecules1; fur- 
thermore the enzyme concentration in the cells appar- 
ently is somehow related to the ability of the cells to 
divide. 

The present article deals with the isolation and the 
enzymatic properties of spleen-acid DNAase. The 
physical and chemical characterization of the enzyme 
will be presented in a subsequent communication.2 
A preliminary note on both subjects has already been 
published (Bernardi et al., 1963). 

EXPERIMENTAL PROCEDURE 
Materials.-DNA was prepared essentially according 

to Kay et al. (1952) from calf thymus, chicken erythro- 
cytes and Escherichia coli. High-molecular-weight 
RNA from Ehrlich ascites-tumor cells was a prepa- 
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ration, obtained by Drs. J. S. Colter and R. A. Brown 
according to their method (1956), which had already 
been studied in this laboratory (Bernardi and Tima- 
sheff, 1961). E. coli RNA was prepared as described 
by Littauer and Eisenberg (1959). Yeast s-RNA was a 
commercial product (General Biochemicals, Chagrin 
Falls, Ohio). RNA “core” was prepared according to 
Hilmoe (1960), using Pabst yeast RNA as the starting 
product; another RNA “core” preparation was pur- 
chased from Worthington, Freehold, N.J. Calcium 
[bis- (p-nitropheny1)phosphate l2  was prepared by Dr. 
A. Chersi in our laboratory as described by Privat de 
Garilhe and Laskowski (1955). The p-nitrophenyl 
esters of deoxyguanosine-, deoxycytidine-, and thymi- 
dine-3 ’-phosphates were prepared by Dr. H. E. Schaller 
according to Turner and Khorana (1959) and Fiers 
and Khorana (1963). Sodium p-nitrophenylphosphate 
was a commercial product (Calbiochem, Los Angeles, 
Calif.). Crystalline pancreatic DNAase (lots 932 and 
10436) and RNAase (lot 593), calf spleen-acid DNAase 
(lots 6010 and 6011), and spleen phosphodiesterase 
(lot 624) were purchased from Worthington. All the 
reagents used were analytical grade except ammonium 
sulfate, which was a purified, crystalline product from 
Prolabo, Paris, France. 

Column Chromatography.-Hydroxyapatite was pre- 
pared according to Tiselius et al. (1955). DEAE- 
cellulose was purchased from Serva, Heidelberg, Ger- 
many, or Calbiochem (Biorad Cellex D); the exchange 
capacities were 0.63 meq/g and 0.6 meq/g, respectively. 
Sephadex and CM-Sephadex were obtained from Phar- 
macia AB, Stockholm, Sweden. Amberlite IRC-50 
was purchased from Fisher, Philadelphia, Pa. (Rexyn 
CG-51) or Serva (CG-50/11, 200-400 mesh); the latter 
product was treated according to Hirs (1955) before 
use. CM-cellulose was a product of Serva; its ex- 
change capacity was 0.65 meg/g. 

Chromatographic experiments were performed in a 
cold room (4 ”) using a Gilson Medical Electronics frac- 
tion collector. The transmission of the effluent a t  280 
mp was continuously recorded. The flow of eluents 
was by gravity; 50- to 100-cm hydrostatic heads were 
used in most experiments. Molarity gradients were 
checked by refractometry using a Zeiss refractometer, 
or by phosphorus analysis. 

Sucrose-gradient centrifugation was carried out in a 
Spinco Model L preparative ultracentrifuge, using a 
swinging-bucket rotor (SW-39) and the experimental 
conditions indicated by Martin and Ames (1961). 

Assay of Enzymatic Activities.-The DNAase activity 
was routinely assayed by measuring the liberationof acid- 
soluble oligonucleotides from DNA. The incubation 
mixture contained 0.8 mg of DNA in 2 ml standard 
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TABLE I 
CHROMATOGRAPHIC PURIFICATION OF ACID DNAASE PREPARATION HS1 (PROCEDURE A) a 

Volume 
Enzyme Fractions (mU 

Starting product 200 
I. DEAE-cellulose 

Phosphate, pH 8 .0 ,  0.005 M 814 
Idem, tail fraction 1.288 
Acetate, pH 5.0 ,  0 .15  M 1.062 

Phosphate, p H  6 . 8  
11. Hydroxyapatite 

0.02 M 1.190 
0 . 1  M 336 
0 . 3  M 289 

111. DEAE-celluloseC 
IV. Hydroxyapatite 

Phosphate, pH 6 . 8  
Tubes 1-21 (0 .2  M) 239 
Tubes 22-46 (0 .2-0.3 M) 285 
Tubes 47-60 (0 .5  M) 160 

V. Hydroxyapatite (Fig. 3) 
Phosphate, p H  6 . 8  

Tubes 48-62 47 
Tubes 63-78 50 
Tubes 79-107 90 

VI. IRC-50d (Fig. 4) 
Phosphate, pH 6 . 0  

Tubes 1-16 42 
Tubes 17-29 34 
Tubes 30-54 65 

Specsc Total Total 
OD280 Activity Activity 

12.200 47.500 3.9 

7.090 51 .ZOOb 7.2 
634 357 0 . 6  

3110 1.074 0 . 3  

5.110 3.450 0.75 
412 5.080 12 .3  
493 36.600 74.1 

188 2.700 14 .4  
157 19.500 124.2 
24 671 28 .3  

30 .2  2.820 93 .4  
60.4 20.680 176.8 
26.0 2.680 103.5 

0 .62  30 .0  48.3 
5 . 5  1.650 302 
3 . 8  48.0 12.8 

Figures in italics refer to the fraction which was used in the following step. b See text for the explanation of this in- 
e No data are available, since the fraction eluted a t  pH 8.0, p = 0.005, was immediately diluted to 0.02 M with 

This chromatography was performed on an aliquot 
crease. 
potassium phosphate buffer, pH 6.8 and adsorbed on hydroxyapatite. 
(1876) of the enzyme obtained from step V. 
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FIG. 1.-+4cid-soluble oligonucleotide liberation (circles; 
left-hand ordinate; values not corrected for the 2:3  dilu- 
tion), and hyperchromicity (points; right-hand ordinate) 
obtained upon digestion of calf-thymus DNA with acid 
DNAase. Digestion was carried out a t  30'. Silica cells 
with a 0.1-cm optical path were used in the experiment on 
hyperchromicity, in order to work with the same DNA 
solution (ODz6, = 7.52) used in the acid-soluble-oligonucleo- 
tide determination. After 200 minutes of digestion a mas- 
sive dose of enzyme was added to the digestion mixtures, 
but no further changes were observed. The acid DNAase 
sample used in this experiment was obtained from step V 
of procedure A. 

acetate buffer3 and enzyme in 0.5 ml standard acetate 
buffer. Enzyme preparations of specific activity 
higher than 50 (vide infra) were diluted with standard 
acetate buffer containing 0.05y0 Armour bovine serum 

albumin. After 10 minutes a t  37 O, 0.5 ml of 12% per- 
chloric acid was added; the mixture was chilled in an 
ice bath for 10 minutes and clarified by centrifugation 
at  4 O. The extent of DNA hydrolysis was determined 
by measuring the absorption a t  260 mp of the super- 
natant in a Zeiss PMQ I1 spectrophotometer. Read- 
ings were corrected for dilution with the enzyme solu- 
tion and the perchloric acid.4 

Assays were performed using enzyme concentrations 
so as to obtain ODz6, readings in the range 1 4 ,  Under 
these conditions a linear relationship was obtained be- 
tween enzyme concentration and acid-soluble-oligo- 
nucleotide formation and no time lag was evident. 
Figure 1 shows hyperchromicity and acid-soluble- 
oligonucleotide liberation as functions of digestion time. 
A t  low enzyme concentration both phenomena showed a 
very evident time lag. 

The DNAase activity is defined as the (corrected) 
ODz6, of the oligonucleotides liberated in 1 minute 
by 1 ml of enzyme solution. Since the molar absorp- 
tion a t  260 mp of the oligonucleotide phosphorus present 
in the fhal, completely acid-soluble digest was shown 
to be 9100, one activity unit corresponds to the libera- 
tion of 0.22 pmole of oligonucleotide phosphorus. The 
total activity of an enzyme solution was obtained by 
multiplying its activity by its volume in ml. The 
specific activity was obtained by dividing the activity 
by the optical density at  280 mp of the enzyme solution. 

The determination of RNAase activity was essen- 
tially the same as that of DNAase activity, except that 
the solvents were 0.1 M acetate buffer, pH 5.5, for the 
acid activity and 0.1 M potassium phosphate buffer, pH 

3 Standard acetate buffer is acetate buffer prepared ac- 
cording to Moore and Stein (1954) diluted to 0.15 M, con- 
taining 0.01 M EDTA and 0.01 M cysteine; the final p H  
is 5.0. 

4 This was not done in our preliminary report (Bernardi 
et al., 1963). 
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FIG. 2.-Chromatography of acid DNAase on hydroxyapatite (step V of procedure A; see Table I). Absorbancy of 
the fractions at 280 mp (left-hand ordinate, outer scale), -; DNAase activity of the fractions (left-hand ordinate, inner 
scale), .-c-c-. A linear molarity gradient of potassium phosphate buffer, pH 6.8 was used (right-hand ordinate). 

7.3, containing 0.01 MgC12, for the basic activity (Maver 
and Greco, 1962). The phosphodiesterase and phos- 
phomonoesterase activities were determined accord- 
ing to Burton and Petersen (1960). Phosphodiesterase 
activity was also measured according to Hilmoe (1960), 
using RNA "core" as the substrate; the volume was 
increased ten times as suggested by a Worthington 
leaflet. 

The nucleoside polyphosphatase activity was meas- 
ured using adenosine triphosphate as the substrate 
and the experimental conditions of Laskowski and 
Filipowicz (1958). Inorganic phosphorus was deter- 
mined according to Martin and Doty (1949). 

RESULTS 
Isolation of the Enzyme 

Preparation of the Crude Enzyme.-A method already 
described elsewhere (Bernardi, 1961) was slightly 
modified in order to handle much larger amounts of 
tissue. A description of a standard preparation fol- 
lows. All operations were done at  4 '; the precipitates 
were allowed to stand overnight; the centrifugations 
were carried out in a Lourdes centrifuge a t  8,000 g 
for 1 hour, except where otherwise stated. 

Spleens were obtained a t  the abattoirs from freshly 
slaughtered pigs; 5 kg was trimmed, minced, and 
homogenized for 3 minutes in a Waring Blendor with 7 
liters of 0.15 M NaC1-0.02 M CaCL. Batches of 250 g 
were treated with 300 ml of solvent to which 1 ml of iso- 
octanol had been added. The suspension was shaken 
€or 18 hours and then centrifuged for 30 minutes a t  3000 
g. The sediment was again homogenized with 4 liters 
of fresh solvent and treated as before. The turbid 
combined supernatants were centrifuged. The super- 
natant now obtained was filtered through cheesecloth, 
brought to 0.34 saturation with solid (",)SO4, and 
centrifuged. The supernatant was filtered through 
cheesecloth and paper and brought to saturation with 

solid (",)Bod. The precipitate that formed was 
collected by centrifugation or filtration, dissolved in 3 
liters of water, adjusted to pH 2.5, by dropwise addition 
of 0.3 N HC1, then centrifuged. The sediment was dis- 
carded and the supernatant was treated with (NH4)$04. 
The precipitate obtained between 0.4 and 0.8 saturation 
was dissolved in 500-750 ml of water, dialyzed against 10 
liters of water with several changes, clarified by centri- 
fugation and freeze-dried. No loss of enzymatic ac- 
tivity was found upon freeze-drying at  this stage of 
purification. Some loss of activity was found during 
storage at  - 15 ' of the freeze-dried preparations for 
periods of several months. The crude enzyme was ob- 
tained in a yield of about 4.5 g, about 1 g/kg of trimmed 
tissue. It contained about 55% of the acid-DNAase 
activity present in the clarified extract and its specific 
activity was 3 4 ;  the total activity was about 15,000. 
The specific activity of the crude enzyme was about the 
same as that of the two commercial acid-DNAase 
preparations, which were prepared according to the 
procedure of Shimomura and Laskowski (1957) through 
dialysis against acetate buffer (step 5). 

Phosphomonoesterase, phosphodiesterase, and nu- 
cleoside-polyphosphatase activities were detected in the 
crude enzyme preparation; both basic and acid RNAase 
were present, the ratios DNAase/RNAase being 3.6 
and 1.8, respectively. These contaminating activities 
were also found in the two commercial preparations. 

Chromatographic Purification.-After many small- 
scale trials of chromatographic purification on sub- 
stances already used by previous authors, namely, 
Amberlite IRC-50 (Koszalka et al., 1957), CM- and 
DEAE-cellulose (Shimomura and Laskowski, 1957; 
Maver et al., 1959; Maver and Greco, 1962; Hodes and 
Swenson, 1962), hydroxyapatite (Fredericq and Oth, 
1958), and combinations of those methods, two pro- 
cedures (A and B, vide infra) were worked out. 

Three large-scale preparations were carried out: 
HS1, HS2, and HS3; amounts of 17 g, 9 g, and 37 g, 
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FIG. 3.-Chromatography of acid DNAase on Amberlite IRC-50 (step VI of procedure A; see Table I ) .  Indications as 
A molarity gradient of phosphate buffer, pH 6.0 (right-hand ordinate lower scale), was followed by 0.5 M in Fig. 2. 

KzHPOl (the pH of effluent is given in the right-hand ordinate, upper scale). 
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FIG. 4.-Rechromatography on IRC-50 (2 X 12.5 cm) 
of the first peak of the chromatographic run of acid DNAase 
on IRCdO (step IV of procedure B; preparation HS2). 
Elution was carried out with a molarity gradient of phos- 
phate buffer, pH 6.0. No optical density was eluted with a 
subsequent pH gradient. Fractions of 5 ml were collected. 
Circles indicate the DNAase activity. 

respectively, of crude enzyme were treated. Prepara- 
tion HS1 was obtained using procedure A; HS2 and 
HS3 were obtained using the simpler procedure B. 
The emphasis in the three preparations was quite 
different. In HS1 yields of optical density and 
DNAase activity were studied in detail; HS2 was in- 
tended to obtain a higher final yield; and in HS3 the 
chromatographic behavior of some accompanying 
enzymatic activities was studied as well. 

Step I. 
DEAE-Cellulose: This step was patterned after Maver 
et al. (1959). The crude enzyme was dissolved in water, 
diluted to 0.005 M in phosphate buffer, pH 8.0, and ad- 
sorbed on four DEAE-cellulose columns (3 X 30 cm). 
Under these conditions DNAase was not retained. The 
total DNAase activity eluted was about 10% higher 
than that of the starting material, because of the ad- 
sorption of an inhibitor on the column. This inhibitor 
was later identified as sulfate ion. The adsorbed pro- 
teins could be eluted with 0.15 M acetate buffer, pH 
5.0; this buffer also eluted sulfate. A brown sub- 
stance, unidentified as yet, was removed from the 
column with 0.1 N HC1. 

Step 11. Hydroxyapatite: The activity-rich frac- 
tion from Step I was diluted to 0.02 M with potassium 
phosphate buffer, pH 6.8, and adsorbed on four hy- 
droxyapatite columns (2 X 30 cm). Elution was car- 
ried out stepwise, using 0.02 M, 0.1 M 0.3 M, and 0.5 M 
potassium phosphate buffer, pH 6.8. 

Step 111. DEAE-Cellulose: The 0.3 M fraction 
from previous step was freeze-dried, dissolved in water, 
and dialyzed against 0.005 M phosphate buffer, pH 8.0, 
and then adsorbed on DEAE-cellulose (3 X 30 cm). 
The fraction which was not retained was immediately 

Procedure A.-Results are shown in Table I. 
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FIG. 5.-Acid-soluble-nucleotide liberation during the 
digestion of (1) native and (2) heat-denatured calf-thymus 
DNA by acid DNAase. The ODzw of native DNA was 
2.24; that of  denatured DNA, 2.45. Values not corrected 
for the 2 : 3 dilution. 

diluted to 0.02 M with potassium phosphate buffer, 
p H  6.8 and adsorbed on hydroxyapatite. 

Step IV. Hydroxyapatite (3 x 30 cm): Elution 
was carried out in four steps: 0.02, 0.2, 0.3, and 0.5 M 
potassium phosphate buffer, pH 6.8. Activity was 
found in both the 0.2 and 0.3 M fractions. Active frac- 
tions were pooled together and adsorbed on another 
hydroxyapatite column. 

Step V. Hydroxyapatite (2 X 15 cm): Elution was 
carried out with a linear molarity gradient of potassium 
phosphate buffer, pH 6.8, from 0.05 to 0.5 M. A single 
peak was eluted (Fig. 2), but the activity curve did not 
coincide with the optical-density curve. The central 
fractions of the peak were pooled, concentrated by 
being rolled in Visking cellulose tubes over dry Sepha- 
dex, frozen at  an optical density a t  280 mp of about 3.0, 
and stored at  - 60 '. An aliquot of the frozen enzyme 
was thawed and rerun on hydroxyapatite; no im- 
provement whatsoever over step V was obtained. 

Amberlite IRC-50 (Fig. 3): Other aliquots 
of enzyme from the previous step were dialyzed against 
0.1 M phosphate buffer, p H  6.0, and adsorbed on Amber- 
lite IRC-50 (0.7 x 12 cm) equilibrated with the same 
buffer. Some inactive material was not retained. A 
molarity gradient of phosphate buffer, pH 6.0, from 0.1 
to 0.5 eluted the enzyme at  a constant specific activity 
of 300,s the eluting molarity being extremely dependent 
upon the pH of the buffer. Additional inactive mate- 
rial was eluted with 0.5 M KzHPO,. Upon rechro- 
matography the first fraction was again eluted at  a 
constant specific activity of 30O5 with the molarity 
gradient, whereas the inactive fraction still required 
the pH gradient for elution. 

Procedure B.-A scheme of this procedure has been 
outlined elsewhere (Bernardi et al., 1963). Step I. 

&The enzyme fractions were diluted with standard 
acetate buffer, without cysteine, containing 0.1 yo bovine 
serum albumin. This was seen later to give lower activity 
values than when diluting with standard acetate buffer 
containing 0.05 % bovine serum albumin. 

Step VI. 

Aciivib 
% 

FIG. 6.-DNAase activity of acid DNAase, as assayed by 
the acid-soluble-oligonucleotide formation at p 0.15. Ace- 
tate buffer, 0-0; acetate buffer + 0.01 M MgC12, 0-0; 
acetate buffer + 0.01 M EDTA, 0-0; acetate buffer + 
0.01 M Na2S04, W-m; acetate buffer + 0.01 M KH2P04, 
A- A. 

DEAE-Cellulose. This was used as in Procedure A. 
The fraction not retained by the column contained 
DNAase, phosphodiesterase, and acid phosphomono- 
esterase in that order; basic RNAase and some acid 
RNAase were also presented. Adsorbed proteins were 
eluted with a gradient of molarity and/or pH, with 0.15 
M acetate buffer pH 5.0 as the final eluent; this re- 
sulted in a partial separation of a second acid phos- 
phatase and the bulk of acid RNAase. 

Step 11. Hydroxyapatite: Elution was carried out 
as in step V of Procedure A. DNAase was eluted im- 
mediately after a bright-red fraction showing absorp- 
tion bands a t  280, 414, 520, and 550 mp (tentatively 
identified with cytochrome c). Phosphodiesterase and 
acid phosphomonoesterase were eluted before DNAase, 
in that order. 

Step 111. Hydroxyapatite: Elution was performed 
as before, the enzyme being desorbed at  about 0.2 M 
potassium phosphate buffer, pH 6.8. The active frac- 
tions were concentrated and frozen. 

Step IV. Amberlite IRC-50: Elution was per- 
formed as in Step VI of Procedure A, with the same 
results. The rechromatography of the active fractions 
from the previous step is shown in Figure 4. The cen- 
tral fractions (tubes 3241)  showed a constant specific 
activity and were pooled, dialyzed against 0.01 M phos- 
phate buffer, p H  6.0-0.02 M NaC1, concentrated to an 
ODz,, = 2.5, and frozen. DNAase activity was re- 
covered in a final yield of 25%, taking as 100% the 
activity measured after chromatography I. The 
specific activity was 350. 

Properties of the Enzyme 
Spleen acid DNAase, as obtained by the foregoing 

methods, appears to be a homogeneous protein as judged 
by physical techniques (sedimentation velocity and elec- 
trophoresis on cellulose acetate a t  several different pH 
values; see Bernardi et al., 1963), amino acid analysis,' 
sucrose gradient centrifugation, and enzymological 
methods (see below). 

Properties.-Acid DNAase was found to be active on 
both DNA and a series of p-nitrophenylphosphodiesters. 
DNAASE AcTrvIw.-The enzyme is able to hydrolyze 
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FIG. 7.-“Phosphodiesterase” activity of acid DNAase, 
as assayed on Ca [bis(p-nitrophenyl)ph~sphate]~ at p 
0.15. Acetate buffer, S-0; acetate buffer + 0.01 M 
MgC12, 0-0. acetate buffer + 0.01 M EDTA, C-+; 
succinate buffer, 0-0. 

both native and heat-denatured DNA. The acid- 
soluble nucleotide formation, however, is slower in the 
latter case (Fig. 5). Furthermore the initial degrada- 
tion kinetics is different in the two cases (Bernardi and 
Sadron, 1964a,b). The pH-activity curves a t  p = 0.15 
are shown in Figure 6. No bovine serum albumin was 
added when the enzyme was diluted in these experi- 
ments. The p H  optimum appears to be close to 4.8. 
Magnesium is slightly inhibitory above pH 4.5 and 
shifts the p H  optimum to the lower value of 4.4. 
EDTA enhances the enzymatic activity without shift- 
ing the p H  optimum. Phosphate ion seems to be 
slightly inhibitory only above pH 5.0. Sulfate ion is a 
very strong inhibitor, the inhibition being less pro- 
nounced below pH 4.5. In succinate buffer, p = 0.15, 
pH = 6.7, the activity is less than 3% of that in ace- 
tate buffer, pH = 5.0, p = 0.15. Cysteine has a very 
evident activating effect on preparations having a 
specilk activity higher than 50. 

“P€IOSPHODIESTERASE” ACTIVITY.-The enzyme 
shows an activity on Ca [bis- (p-nitrophenyl)phosphateI2 
and the p-nitrophenyl esters of thymidine-, deoxy- 
guanosine-, and deoxycytidine-3‘-phosphates (the de- 
oxyadenosine derivative was not assayed). The re- 
sults obtained on this latter series of compounds will be 
reported in detail elsewhere.6 

Using as a substrate Ca [bis- (p-nitropheny1)phos- 
phateI2 the pH optimum was found to be between 5.6 
and 5.9. In the 5.1-5.6 pH range the activity in ace- 
tate is about twice as large as in succinate buffer. In 
the pH range 4.0-5.6 no significant changes occur upon 
addition of Mgz+ or Versene (Fig. 7); in the p H  range 
4.0-7.0 S042-  and HP04*- give a very strong inhibi- 
tion a t  a 0.01 M level. 

In  order to show that the DNAase and the “phospho- 
diesterase” activities are carried out by the same pro- 
tein molecule the following experiments have been 
carried out. (A) CHROMATOGRAPHY ON AMBERLITE 

6 G. Bernardi and H. E. Schaller, t o  be published. 
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FIG. 8.-Chromatography of acid DNAase on IRC-50. 
The enzyme was eluted by a molarity gradient of phosphate 
buffer, pH 6.0. The solid line gives the absorbancy at 
280 m p  (left ordinate); the broken line indicates the mol- 
arity (right-hand ordinate). Circles indicate the DNAase 
activity, points the “phosphodiesterase” activity; both 
activities are given in arbitrary units. 

IRC-50, CM-SEPHADEX, AND SEPHADEX G-50, AND 
G-lOO.-When running pure acid DNAase on these 
columns only one symmetrical peak was obtained 
and the ratio of the two activities was constant through 
the peak. The results obtained on Amerlite IRC-50, 
when using the same experimental conditions as in the 
isolation of the enzyme, are shown in Figure 8. On 
CM-Sephadex the enzyme was eluted by a molarity 
gradient (0.1-0.3 M) of phosphate buffer, pH 6.8. The 
runs on Sephadex G-50 and G-100 were performed using 
0.01 M acetate buffer, pH 5.0, and 0.001 M potassium 
phosphate buffer, pH 6.8, respectively, as the solvents. 

Splenic exonuclease (Hilmoe, 1960), when present, 
shows up as a separate peak in the chromatographies 
on Amberlite IRC-50 and CM-Sephadex, or as a par- 
tially separated component on Sephadex G-50 and G- 
100. 

(B) THERMAL INACTIVATION (Fig. 9) .-Enzyme 
samples (0.4 ml; OD2*,, = 0.148) were kept for 20 
minutes a t  several temperatures ranging from 25 to 
75” in standard acetate buffer, chilled in an ice bath, 
and used in digestion experiments a t  37 ’. The inacti- 
vation curves of both DNAase and “phosphodies- 
terase” activities were identical. The thermal stability 
of the enzyme was lower a t  higher p H  values. 

(c) SUCROSE-GRADIENT CENTRIFUGATION.-A con- 
stant ratio of the two activities was found through the 
peak in several experiments (Fig. 10). When spleen 
exonuclease (Hilmoe, 1960) was added to acid DNAase, 
it showed up as a heavier component. This behavior 
suggests that splenic exonuclease has a higher molecular 
weight than acid DNAase; this is also indicated by the 
fact that both on Sephadex G-50 and G-100 splenic 
exonuclease is eluted before acid DNAase. 

Enzymological Purity.--Several possible contaminat- 
ing activities were assayed in acid DNAase. Phospho- 
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FIG. 9.-Thermal inactivation curve. Acid DNAase 
samples in standard acetate buffer were kept 20 minutes a t  
the temperatures indicated in the abscissa; they were 
chilled in ice bath and assayed a t  37 O for both DNAase (open 
circles) and “phosphodiesterase” activity (solid circles). 

monoesterase activity was found to be zero after 3.5 
hours of digestion a tpH 5.0 and 6.7, using 0.1 ml of acid 
DNAase with an OD,,, = 0.259; under the same condi- 
tions and the same ODz8, the crude enzyme gives off- 
scale readings after 3 minutes. Nucleoside polyphos- 
phatase activity (Laskowski and Filipowicz, 1958) was 
absent; no activity on ATP could be detected with di- 
gestion times up to 24 hours, when using amounts of 
DNAase capable of producing an extensive hydrolysis 
of Ca [bis- (p-nitrophenyl)phosphateI2. 

RNAase activity was present a t  about the same level 
as in Worthington crystalline pancreatic DNAase (lot 
10436), the ratio DNAaseiRNAase being of the order 
of ~5.10~. A much lower ratio was found in the older 
pancreatic DNAase sample (lot 932). In spleen 
DNAase the RNAase activity a t  pH 5.5 was higher 
than a t  pH 7.3, whereas the reverse was true for the 
pancreatic DNAase. Ehrlich ascites-tumor-cell RNA 
was hydrolyzed at  a slower rate than soluble RNA; 
E.  coli RNA was hydrolyzed a t  an intermediate rate; 
RNA “core” was also attacked (vide infra). Splenic 
exonuclease activity (Hilmoe, 1960) was absent, judged 
by the complete lack of activity a t  pH 6.7 (0.25 M 

TABLE I1 
RATES OF HYDROLYSIS OF RNA “CORE” AND Ca[Brs- 

TERASE AND ACID DNAAsE“ 
(p-NITROPHENYL)PHOSPHATE]z BY SPLENIC PHOSPHODIES- 

Rate on Ca[bis-(p- 
Rate on nitrophenyl) phos- 

(A2MI/ (units/ (mpmoles/ 
RNA “core” phate 12 

Enzyme hr). ml[20]) bra) rnl/hrb) 
~~~ ~~ 

Phosphodies- 0.900 21.2 0.007 17 

Acid DNAase 0 0 0.022 62 
terase 

a In 0.25 M succinate buffer, p H  6.6; using the condi- 
tions described under Experimental Procedure with 0.1 
ml of enzyme. b Assuming an Ea,, for p-nitrophenol of 
12,000 (Razzell and Khorana, 1961). 

1 
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F R A C T I O N  N U M  B E R  
FIG. 10.Sucrose-gradient centrifugation of acid DNA- 

ase. A total of 32 fractions was collected. Circles in- 
dicate the DNAase activity; points indicate the “phospho- 
diesterase” activity. Bottom of the cell to the left. A 
linear molarity gradient was obtained using 5% and 20% 
sucrose solutions in standard acetate buffer. Centrifuga- 
tion was camed out for 16 hours a t  4’ a t  38,000 rpm using 
a SW-39 rotor and a Spinco Model L ultracentrifuge. 

succinate buffer) on RNA “core” by acid DNAase 
samples which caused an evident degradation of Ca- 
[bis- (p-nitrophenyl)phosphate], in the same buffer (see 
Table 11), and from the absence of mononucleotides 
in the final DNA digest.6 

When using enormous amounts of acid DNAase (a 
sample particularly rich in contaminating RNAase 
was used in this experiment), an activity on RNA 
“core” could be shown; the pH-activity curve, how- 
ever, was similar to that of contaminating RNAase 
rather than to that of splenic phosphodiesterase. In 
agreement with the interpretation that the activity on 
RNA “core” was due to RNAase is the report that 
spleen RNAases hydrolyzed RNA “core” (Maver et al., 
1959) and the finding that a pure preparation of acid 
RNAase which showed no activity a t  all on Ca [bis- (p- 
nitrophenyl)phosphatee]z was very active on RNA 
“core”.7 

DISCUSSION 

A comparison, in terms of specific activity, of our 
DNAase preparation with those by previous authors is 
very difficult, owing to the scarcity of published data 
and to differences in the assay procedures. According 
to Laskowski (1961), the three best available methods 
for the partial purification of acid DNAase, those of 
Koerner and Sinsheimer (1957), Shimomura and Las- 
kowski (1957), and Fredericq and 0 t h  (1958), lead to 
preparations of similar potency. A very rough com- 
parison of the last two preparations and ours may be 
attempted, as follows. Shimomura and Laskowski 
(1957) obtained a 30-fold purification from their step 
IV to the final product. Assuming that the Worth- 
ington preparations (whose specific activity was found 
to be about 4) had the same specific activity as Shimo- 
mura and Laskowski’s (1957) product a t  step IV, we 
should estimate the specific activity of the final prod- 
uct of those authors a t  about 120, in our units. 

7 A. Bernardi, G. Rialdi, and G. Bernardi, to be pub- 
lished. 
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The preparations of Fredericq and 0 t h  (1958) were 
purified by two or three chromatography runs on 
hydroxyapatite. Taking into account our finding that 
it is impossible to obtain a specific activity higher than 
175 by repeating purifications on hydroxyapatite, we 
may estimate that the preparations by Fredericq and 
0 t h  (1958) had specific activities of the order of 100- 
150. Therefore the purity of the best preparations 
obtained by previous authors may be estimated at  
about 3040% of our preparation. The spleen-acid 
DNAase obtained by the methods described here ap- 
pears to be free of phosphomonoesterase, phosphodi- 
esterase (Hilmoe, 1960), and nucleoside polyphospha- 
tase activity; the only contaminating impurity de- 
tected in the preparation is RNAase activity, which is 
present, however, a t  about the same trace level as in 
Worthington crystalline pancreatic DNAase. 

A surprising and unexpected finding is that acid 
DNAase, besides its activity on DNA, also is en- 
dowed with a “phosphodiesterase” activity on a 
series of p-nitrophenylphosphodiesters like Ca [bis- (p- 
nitropheny1)phosphate 1 2  and the p-nitrophenyl esters 
of deoxyriboside-3 ’-phosphates. Comments on this 
finding and its possible relationship with the degrada- 
tion kinetics of DNA must await further work. 
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