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TaBLe VIII
PraysicaL CONSTANTS AND ANALYSES
Analysces, 7
N-Acetyl M.op.t [a]n,b Caled. Caleulated 1Yol
derivative of °C. deg. for C H C H N
L-Butyrine 131 —40.0(¢) CsHLO3N 9.7 7.6 9.7 06 7.8 0.7
n.Butyrine 131 +40.0(c) 49 .6 7.9 9.6
L-Norvaline 100 —35.0(c) CiH ;303N 52.8 8.1 8.8 52.8 8.2 8.9
b-Norvaline 100 +35.0(c) 52.5 8.6 8.8
L- Norlettcine 112 —20.0(c) CsH;O5N 35.5 8.7 8.1 35.05 9.0 8.2
v-Norleucine 112 +20.0(c) 55.3 8.9 8.1
L-Heptyline 108 — 8.0(d) CoHypy O N 57.7 9.1 7.5 379 0.3 7.6
p-Heptyline 108 + 8.0(d) 37.9 0.2 7.6
L-Capryline 105 + 7.5(e) CioHsO3 N 5.7 9.5 7.0 60.1 0.7 6.9
p-Capryline 105 — 7.5(e) 60.1 0.7 7.0
r.-Valine 168 + 7.5(e) C;H 30N 528 8.1 8.8 525 8.4 8.7
b-Valine 168 — 7.5(e) 528 8.5 8.8
L-Aspartic acid 142 +57.0(e) CeH05 N 41.1 5.1 8.0 411 5.2 S
p-Aspartic acid 142 —357.0(e) 41.3 5.5 S0
* All inelting poiuts corrected. » All solutions at 1-297 at 25°. ° In water. ¥ In 509 acctic acid. ¢ In glacial acctic

acid,

solved in this solution and the total volume brought to 38 I.
Two hundred mg. of acylase I powder was dissoived in the
solution which was then incubated at 38°. The initial
rate of hydrolysis under these conditions was 6600 umoles
of substrate hydrolyzed per hour per mg. N. Less than one-
third the amount of enzyme was employed than customary in
the absence of added cobalt. The reaction was complete in
24 hr., but the solution was allowed to stand for another 24
hr. In working up each of the optical antipodes!® no diffi-
culty due to the presence of Co* ¥ was encountered, and the
isomers were obtained in a state of high optical and chemical
purity, in yields of 50-609, of the theoretical.

(18) J. P. Greeastein, L., Levintow, C. G. Baker and J. White,
J. Biol. Chem., 188, 647 (1951); J. P. Greenstein, S. M. Birnbaum
wnd L. Levintow, Biochem, Preparations, 3, 84 (1953).

Product of Hydrolysis of Acetyl-p-alanine by Acylase I
in the Presence of Co™*.-—The action of acylase I on acetyl-
p-methionine led to a product which was isolated in good
yield and identified as p-methionine.# The experiment was
repeated with acylase I using acetyl-p-alanine as substrate
and in the presence of 4 X 1072 Co**. At the end of the
reaction p-alanine was isolated in 629, of the theoretical
vield, [«]®%p —380.4 (¢ 0.6, glacial acetic acid). The rota-
tion of r-alanine under these conditions has been reported
as +-29.4°.3

Acknowledgments.—We wish to express our
appreciation to Mr. R. J. Koegel and Miss Rita
MecCallum of the analytical unit of this Laboratory
for the determination of tlie elemental analyses.
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A Deoxyribonuclease of Micrococcus pyogenes’
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Micrococcus pyogenes var. aureus was found to release large quantities of a calciuun-activated deoxyribonuclease (DNasc)

into the culture medium when grown with vigorous aeration.

This enzyme was unusually stable and could be purified by

boiling, followed by precipitation from the culture fluid with (NH¢):SO, and a series of washings, first with saturated NH,CI
containing 2.5% trichloroacetic acid, and then with 83%, ethanol. The pH optimum was 8.6. After completion of the
action of the M. pyogenes DNase on deoxyribonucleic acid, studies with the aid of ion-exchange chromatography indicated
that the number of bonds in the substrate which were attacked was greater than that for pancreatic DNase and less than
that for snake venom phosphodiesterase, Mononucleotides liberated by the action of the bacterial enzyme were not de-
phosphorylated by snake venom 5’-nucleotidase, indicating that M. pyogenes DNase, unlike pancreatic DNase and various

phosphodiesterases, could split the 5-phosphodiester bond in deoxyribonucleic acid.

In the course of a survey of deoxyribonucleases
(DNases) from various sources, it was found that an
enzyme present in the supernatant fluid of centri-
fuged cultures of Micrococcus pyogenes var. aureus
(Staphylococcus aureus) had several unusual prop-
erties. It required calcium, instead of mag-
nesium, as cationic activator. Prior to separation
from the original culture medium, it could be boiled
with little or no loss of activity. The enzyme
passed through a dialyzing membrane in easily

(1) A preliminary repore was presented at the meeting oof thie Ameri-
vt Cliemicul Society in Minneapolis, September, 1055,

detectable quantities, providing further evidence
that it was a rather small molecule.

The unusual stability of the enzyine gave prom-
ise that it might be obtainable sufficiently free of
interfering enzymes, so that a study of the mech-
anism of action on deoxyribonucleic acid (DNA)
could be undertaken. After prolonged digestion
of the substrate with various preparations of the
enzyme, monontcleotides and other small molecules
were obtained in rather large yield, without the
production of inorganic phosphate in detectable
quantity. The patterns produced by chromatog-
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raphy of these digests indicated that the extent
of degradation was intermediate between that
brought about by the action of paicreatic DNase
alone, and that obtained by the action of pancreatic
DNase followed by that of venom phosphodi-
esterase.

In the following, the term ‘‘micrococcal DNase”
will be applied to thermostabile calcium-activated
enzyme obtained from M. pyogenes var. aureus,
without necessarily iniplying that these bacteria
produce only one DNase.

Materials and Methods

Materials.—DNA was prepared by the method of Kay,
et al.,? either unmodified (‘‘old”” DNA) or using a Spinco
Model L ultracentrifuge for throwing down impurities in
steps five, eight and nine (“‘new’’ DNA) instead of using
the Servall S8-1.3 After complete digestion with micro-
coccal DNase, much less insoluble material was produced,
using the ‘“‘new’” DNA, then using the ‘‘old.’”” This pre-
cipitate contained no detectable inorganic phosphorus and
less than 19, of the total phosphorus of the DNA prepara-
tions, but was strongly biuret positive.

Dowex 1, 29, cross-linked, was washed with acid and
alkali as recommended by Sinsheimer.* Deoxycytidylic
acid (diammonium salt), thymidylic acid (calcium salt), de-
oxyadenylic acid and a relatively impure sample of deoxy-
guanylic acid—all prepared by the method of Hurst, et al.®
were purchased from the California Foundation for Bio-
chemical Research, 3408 Fowler St., Los Angeles 63, Cali-
fornia, and served as standard deoxyribomononucleotides.
Venom of Crotalus adamanteus was purchased from Ross
Allen Reptile Institute, Silver Springs, Florida, and a one
mg./ml. solution of the crude venom served as a stock solu-
tion of 5’-nucleotidase.

Viscometric Assay of DNase.—The method of Laskowski
and Seidel® was used, with certain modifications. The
volumes of all reagents were reduced tenfold, but activities
of enzyme solutions, as units per ml., were calculated as if
one ml. of the enzyme solution had been used, as in the
original method. The reagents were mixed in an 18 by 37
mm. test-tube and 0.7 ml. was drawn into a microviscometer’
which was then placed in a 37° water-bath for determination
of the flow time of the mixture at intervals. All flow times
were corrected by subtracting the flow time of water as de-
termined in the same viscometer under the same conditions.
After an initial lag period of about ten minutes, inconstantly
observed, the plot of the corrected flow times on semi-
logarithmic paper fell as a straight line for 15-20 minutes,
and this line was used for calculating units of enzyme ac-
tivity. With one unit of activity, there was a reduction of
0.001 per minute in the logarithm of the corrected flow time.
Units calculated using corrected flow times were about one-
half as large as those calculated by the original method.
For some reason which was not understood, a series of dilu-
tions had to be made with each sample of enzyme which was
to be tested, till a dilution was found to give ten units or
less.

Bacterial Cultures.—All typical strains of M. pyogenes
var, aureus (as judged by production of golden pigment and
coagulase, and by growth and acid production on mannitol
salt agar) which were tested were found to produce micro-
coccal DNase. The majority of strains freshly isolated
from clinical sources produced 2,000 to 10,000 units per ml.
under optimum culture conditions; one (designated as
Strain SA-B)® routinely gave over 100,000 units per ml.
Stocks were stored in the refrigerator at 2-5° on slants of
Bacto nutrient agar (Difco) containing 0.5% yeast extract.

(2) R. M. Kay, N. S. Simmons and A. L. Dounce, THIS JOURNAL,
74, 1724 (1952).

(3) Suggested by Dr. A. L. Dounce, oral communication.

(4) R. L. Sinsheimer, J. Biol. Chem., 208, 445 (1954).

(58) R. O. Hurst, A. W, Marko and G. C. Butler, $bid., 204, 807
(1953).

(6) M. Laskowski and M. K. Seidel, Arch. Biochem. Biophys., T, 465
(1945).

(7) Bore 0.45 mm., length 14 cm., flow time 13-20 seconds, single
Lullb.  Obtained from Otto R. Greiner Co., 221-223 High St., Newark
2, N J.

%) Collected by Miss Burbura Weckmaun
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Before inoculation, the strain to be used was serially sub-
cultured several times on nutrient yeast agar plates in-
cubated at 37°. Typical 20-hour colonies were emulsified
in broth and 108 to 10° cells were inoculated into liter
quantities of sterile Bacto brain-heart infusion (Difco) in
4-liter flasks. The flasks were placed on an Eberbach
variable speed shaking apparatus and incubated at room
temperature for 48-72 hours. Maximum enzyme produc-
tion required strong aeration, which was furnished by con-
stant vigorous shaking, accompanied by considerable froth-
ing.

Preparation of Enzyme.—Before opening, each culture
flask was placed in a large 95° water-bath for 15 minutes.
All subsequent procedures were carried out at room tem-
perature, The dead cells (containing relatively very little
enzyme) were thrown down in a Servall SS-1 centrifuge at
14,000 r.p.m. and discarded. The supernatant fluid was
saturated with (NH,),SO, and stored for five days, after which
it was centrifuged again at 14,000 r.p.m. for 15 minutes
and the supernatant fluid discarded. The sediment from
each culture flask contained from two million to one hundred
million units, depending on the strain used.

If desired, the enzyme could be purified further, eliminat-
ing gross contamination with (NH,)%SO,. In a preparation
starting with forty million units (from Strain SA-B) the pre-
cipitate (7 g., from one-half of one culture) was suspended
in 15 ml. of distilled water, to which NH,Cl was added to
saturation, and sufficient 509, trichloroacetic acid solution
to give 2.59, concentration. After centrifugation for ten
minutes at 14,000 r.p.m. the supernatant fluid was dis-
carded and the sediment was suspended in 15 ml. of a satu-
rated solution of NH.CI, containing 2.59, trichloroacetic
acid, and centrifuged as before. The sediment was then
taken up in 5 ml. of water to which was added 37 ml. of 959,
ethanol. The suspension was centrifuged as before (in
two stainless steel centrifuge tubes), thus extracting salt
and trichloroacetic acid. The sediment was washed once
(in one tube) with 20 ml. of 839, ethanol, and finally sus-
pended in 5 ml. of water and lyophilized, producing 76 mg.
of powder. Solutions of the powder, one mg. per ml., were
stored at 5° for 24-48 hours for reactivation, the final ac-
tivity attained being thirty million units per mi. The very
high yield in this particular preparation suggested that an in-
hibitor was removed or inactivated. (However, with other
strains the yield was lower.) For comparison, crystalline
pancreatic DNase (Worthington) had four billion units per
mg. when tested under conditions which have been found
to be optimal-—MgCl; at a final concentration of 0.025 M,
imidazole hydrochloride buffer at a final concentration of
0.1 M, pH 7.4, gelatin® used as for micrococcal DNase (see
below).

Requirements for Enzyme Activity —With a
given enzyme sample ‘“old” DNA gave much
higher values than ‘new” DNA. However, this
could be corrected by making dilutions of enzyme
in 0.19, U.S.P. gelatin® and adding the enzyme
in 0.1 ml. of solution, so that the final concentration
of gelatin was 0.0149,. Boric acid-sodium borate
buffer was used at a final concentration of 0.01 M.
With CaCl; at 0.01 M, the pH optimum was found
to be about 8.6 (using enzyme treated with tri-
chloroacetic acid and ethanol), as shown in Table
1.

TaABLE I
ErrEcT oF pH oN RATE oF DEPOLYMERIZATION OF DNA BY
MicrococcaL DNase
pH 8.2 8.6 8.9 9.7
Units 19 24 16 9

The effect of certain cations at pH 8.6 was as
shown in Table I1,

Preparation and Analysis of Digests

Prolonged Digestion of DNA.-—~DNA fibers were sus-
pended, 20 mg./ml., in a solution containing 0.01 3 CaCl,,

(9) M. McCarty, J. Gen. Physiol., 29, 123 (1946).
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TaBLE II
ErreEcT OF CaTIONS ON AcTIVITY OF MiIcrococcAaL DNase
Cation,?% final conen., M Units
Ca, 0.001 7.5
Ca, 0.01 24.0
Ca, 0.1 4.0
Ca, 0.01, Na, 0.1 14.0
Mg, 0.01 0.0

@ (These cations were introduced as the chlorides. Cal-
cium acetate and calcium chloride were equally effective,)

and the pH adjusted to 8.6 with NaOH, at 37°. The sub-
strate was brought into solution and digested by addition
of enzyme at intervals (for example, 5,000 viscometric units
every three hours for 15 hours, for 200 mg. of substrate),
with frequent additions of alkali to maintain pH 8-9.
Liberation of acid groups gave a measuret of the progress
of the digestion, 50-609%° of the secondary phosphoryl
groups being released at the time digestion was terminated.
Completion of digestion was assumed, when addition of
enzyme in excess failed to result in significant further
production of acid. At this point, and previously during
the digestion, it was found that addition of more calcium,
even to 0.04 3/, did not increase the rate of digestion. Simi-
lar results were obtained, whether the untreated (NH)SO,
precipitate was used (see exp. A, Table III) or the ethanol~
trichloroacetic acid preparation was used (exp. B, C,
Table III), except that ammonia release interfered with the
acid titration in the former case. At 45°, relatively smaller
quantities of enzyme were required for the digestion. No
detectable inorganic phosphorus was formed.,

The larger polynucleotides of the digest of DNA by pan-
creatic DNase,!! which required 2 molar formate buffer for
elution from ion-exchange columns (*2M fraction’’) were
also used as substrate for micrococcal DNase. NH,Ci~
trichloroacetic acid-ethanol treated micrococcal DNase,
0.1 ml. of a solution containing 80,000 units per ml., was
added to two ml. of a 5 mg./ml. solution of the “‘2M frac-
tion’’ containing 0.01 M CaCl; and the mixture was made
alkaline (pH about 8.5, thymol blue indicator) with NH,OH.

2.5

2.0~

6 50 100 150 200 250 300 350 400 450 500
ML ELUATE,

Fig. 1.—Elution diagram of a digest of 50 mg. of DNA by
micrococcal DNase, 0.1 M ammonium formate buffer, pH
4.5, The first peak was identified as deoxycytidylic acid,
and the others as thymidylic acid, deoxyadenylic acid and
deoxyguanylic acid, in that order.

(10) M. Seraidarian, Thesis, Science Faculty, Tufts College, 1952,
Described by G. Schmidt, pp, 567-568 in E, Chargaff and J. N. David-
son ‘“The Nucleic Acids,” Vol, I, Academic Press, New York, N. Y.,
1955.

(11) M. Privat de Garilhe and M. Laskowski, J. Bfol. Chem., 218,
269 (1955).
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Two hours incubation at 37° sufficed to produce the maxi-
mum increase in optical density of the digest at 260 milli-
microns.

Analysis of Digests.—Digests were chromatographed on
anion exchange resin according to the method of Sinsheimer+
as modified,! eluting with ammonium formate buffer at pH
4.5, the ionic strength being increased stepwise.

In 0.1 M buffer, four peaks were obtained (Fig. 1), whose
spectra indicated that they were, in order of emergence, de-
oxyeytidylic acid, thymidylic acid, deoxyadenylic acid and
deoxyguanylic acid, These mononucleotides had been ob-
tained in the same order in the same buffer in previous ex-
periments.!  After the materials were lyophilized, the
molecular extinction coefficients* based on phosphorus con-
tent!? were the same as those of the corresponding standard
deoxyribomononucleotides. Each of the four compounds
was then compared, by means of paper chromatography,
with the appropriate standard mononucleotide, using the
isopropyl alcohol-ammonia-water system of Markham and
Smith.1* The spots for each pair of mononucleotides were
found to occupy parallel positions, indicating that all the
compounds were indeed mononucleotides, with two disso-
ciable hydroxyls on the phosphoryl group. The last ex-
periment served to exclude the possibility that the materials
were dinucleoside monophosphates, nucleoside diphosphates
or dinucleotides, all of which are readily separable from
mononucleotides in this system,!¢

The yields of these four mononucleotides were calculated
from the total absorbtion at 260 mu and expressed as per cent.
of the ultraviolet absorbiug material put on the column
(Table III). The molar ratios in Table III were calculated
from the extinction coefficients.4

TaBLE III
MONONUCLEOTIDES RELEASED FROM DNA BY MICROCOCCAL
DNase
Exp. A Exp. B Exp. C
Moles/ Moles/ Moles/
mole mole mole
deoxy- deoxy- deoxy-
LA adenylic % adenylic A adenylic
Deoxycytidylic & 0.7 7 1.0 5 0.8
Thymidylic 7 0.8 7 1.0 6 0.9
Deoxyadenylic 15 1.0 13 1.0 12 1.0
Deoxyguanylic 1 0.1 4 0.4 4 0.4

Total 28 31 27

Figure 2 shows a typical elution diagram obtained in
higher ionic strength buffers. It indicates the presence of
several different dinucleotides and larger polynucleotides.

Further Studies of the Mononucieotides.—An attempt
was made to remove the terminal phosphate of the mono-
nucleotides with snake venom 5’-nucleotidase, with the re-
sult that no detectable inorganic phosphate was produced
(less than 59%). The following conditions were used: sub-
strate 20-30 ug. expressed as mononucleotide phosphorus
(except in the case of thymidylic acid from the micrococcal
DNase digest, of which only six micrograms of mononucleo-
tide phosphorus were available); 0.5 ml. of buffer, 0.15 A
glycine, pH 9.0, containing 0.03 M MgCl;; enzyme 0.1 ml.
of 1/19 dilution of the stock solution in 0.1 M NaCl; incu-
bation 45 minutes at 37°. Under these conditions, the
yield of inorganic phosphorus from commercial 5’-mono-
nucleotides was 159, for deoxycytidylic, 7569 for thymidylic
and 439, for deoxyadenylic (no satisfactory commercial
deoxyguanylic acid was available for this comparison).

In another experiment, the deoxycytidylic acid from a
larger digest was lyophilized as usual and then reprecipi-
tated from a mixture of acetic acid, ethanol and diethyl
ether as small rectangular crystals mixed with amorphous
material. Digestions of this material, and of commercial
deoxycytidylic acid, were carried out as before, except that
the quantity of 5’-nucleotidase was increased tenfold. The
yield of inorganic phosphorus from the 5’-isomer was cal-
culated as 74% at six minutes incubation, and 1069, at ten
minutes, At 13 minutes, too little phosphorus had been
liberated from the deoxycytidvlic acid liberated by micro-
coccal DNase to be determined (less than 5%,).

(12) E. J. King, Biochem. J., 26, 292 (1932),

(13) R. Markham and J. D. Smith, ¢bid., 49, 401 (1951).

(14) L. A, Heppel, P, R, Whitefeld and R. Markham, ibid., 60, 8
(1955).
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Thymidylic acid (identified as such by ionophoresis® as
well as by its spectrum and chromatographic behavior),
obtained from a digest of *“2M fraction,’’ was exposed to the
action of 5’-nucleotidase as described above, except that
paper ionophoresis,®® rather than determination of inorganic
phosphorus, was used to cobserve any dephosphorylation
that might have occurred. Thymidine was not produced in
detectable quantities,

Discussion

Micrococcal DNase was shown to differ from
other DNases by virtue of its calcium requirement
and thermostability. Furthermore, the studies of
the split products, though incomplete, indicated
that this enzyme was also peculiar in its specificity.

The experiments with 5’-nucleotidase indicated
that mononucleotides released by micrococcal
DNase differed in some way from 5’-isomers con-
taining the same bases. On the usual assumption?®
of 3’,5'-linking of the nucleoside residues in DNA,
it was concluded that micrococcal DNase was able
to split the 5’-bond, producing fragments having
terminal phosphate attached at the 3’-position.

The property of hydrolyzing the 5’-phospho-
diester bond served to distinguish micrococcal
DNase from pancreatic DNase and the phos-
phodiesterases of intestinal mucosa and snake
venoms. These latter enzymes had been shown to
be specific for the 3’-phosphodiester bond in DNA
by a number of investigations of materials inter-
changed between different laboratories. The phos-
phodiesterases of intestinal mucosal’ and of the
venoms of Crotalus adamanteus® and Russel’s
viperis1® released the same deoxyribomononu-
cleotides, which were dephosphorylated readily
by 5’-nucleotidases of snake venom and bull
semen.?® The specificity of pancreatic DNase was
shown to be the same as that of the above phos-
phodiesterases, by the results obtained when vari-
ous small molecules, released by pancreatic DNase,
were digested with phosphodiesterases®1819.21.22
or with 5&’-nucleotidase,?® Finally, various in-
ferences from enzymatic studies were in agreement
with results of studies of 3’- and 5’-isomers of
thymidylic acid and deoxycytidylic acid obtained
by unambiguous syntheses starting with thymi-
dine?* and deoxycytidine.? The synthetic 3’-
isomers were not dephosphorylated by the 5'-
nucleotidase of the crude venom of Crotalus
atrox,**® and it appeared that crude Crofalus

(15) R. Markham and J. D, Smith, Biockem. J., 82, 552 (1952).

(16) D. M. Brown and A. R. Todd, J. Chem. Soc., 52 (1952).

(17) C. E, Carter, Tuis JOurNAL, T8, 1537 (1951),

(18) R. O, Hurst and G. C. Butler, J. Biol. Chem., 193, 19 (1951).

(19) J. D. Smith and R. Markham, Naiure, 170, 120 (1952).

(20) L. A. Heppel and R. J. Hilmoe, J. Biol. Chem., 188, 865 (1951).

(21) R. L, Sinsheimer and J, F. Koerner, tbid,, 198, 293 (1952).

(22) R. L. Sinsheimer and J. F. Koerner, THIS JOURNAL, T4, 283
(1952).

(23) J. L. Potter, K. D. Brown and M. l.askowski, Biochem, Biophys,
Acta, 9, 150 (1952).

(24) A, M. Michelson and A, R. Todd, J. Chem. Soc,, 951 (1953).

(25) A. M. Michelson and A. R. Todd, ibid., 34 (1954).
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Fig. 2.—Comparison of elution diagrams of digests of
DNA (200 mg.) by micrococcal DNase (upper) and pan-
creatic DNasel! (lower), with concentrations of eluting
buffer (ammonium formate, pH 4.5) shown beneath the
pattern for the pancreatic DNase digest. The earlier peaks
in the pattern for the pancreatic DNase were shown to be
dinucleotides.*!! Only the eluates with buffer of ionic
strength higher than 0.1 M were depicted, because the mono-
nucleotide peaks for the micrococcal DNase digest would
have been inconveniently large if plotted on this scale. The
pattern for the micrococcal DNase digest was broken so
that peaks obtained in the same buffer concentration could
be compared.

venom was a satisfactory reagent for identification
of 5’-deoxyribomononucleotides.

Certain observations indicated that micrococcal
DNase could attack more of the bonds in DNA
than could pancreatic DNase. Pancreatic DNase
released only about one-fourth of the secondary
phosphoryl groups*2 of the substrate and liberated
very small quantities of mononucleotides.*#
Some of the polynucleotides remaining after action
of pancreatic DNase were attacked by micrococcal
DNase. On the other hand, micrococcal DNase
did not degrade DNA entirely to mononucleotides,
and apparently was not a non-specific phospho-
diesterase.
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