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Streptococcal nicotinamide adenine dinucleotide glycohydrolase (NADase)
with a molecular weight of about 55,000 and an isoelectric pH of 8.55 was isolated
from crude streptolysin 0 (SLO) preparations. NADase differed from SLO in
size, charge, and immunological behavior. Streptococcal NADase is considered
to have no role in the hemolytic process because it has no hemolytic activity;
conversely, partially purified SLO showed no NADase activity. The hemolytic
activity of crude SLO was completely inhibited by anti-tetanolysin, whereas the
NADase activity in the same reaction mixture was unaffected. Experiments
involving double diffusion in agar also demonstrated immunological nonidentity
of the two proteins.

Streptolysin 0 (SLO) belongs to a group of
closely similar oxygen-labile, cholesterol-sensi-
tive, cytolytic toxins produced by diverse gram-
positive bacteria. Other examples are cereoly-
sin, pneumolysin, and tetanolysin (1). These
toxins are antigenically related and presumably
have similar mechanisms of action (1, 13, 16).

Besides SLO a number of other extracellular
products are released into the culture fluid dur-
ing streptococcal growth, including: strepto-
kinase (8), streptococcal proteinase (15), and
nicotinamide adenine dinucleotide glycohy-
drolase (NADase) (EC 3.2.2.5) (7). Recently,
Fehrenbach (10) reported that SLO and NADase
are the same substance, and in a later paper
(11) he concluded that the enzymic breakdown
of cellular nicotinamide adenine dinucleotide
(NAD) is the key process in SLO-induced he-
molysis.
The present report describes the separation of

streptococcal NADase and SLO from culture
supernatant fluids and shows, in addition, that
the two substances are immunologically distin-
guishable. The possibility that NADase has a
role in the hemolytic process was also investi-
gated.

MATERIALS AND METHODS
Organism. The C203U mutant strain of group A

Streptococcus pyogenes was used because it produced
no streptolysin S.

Cultivation of organism. An overnight broth cul-
ture of C203U was slowly frozen in 2-ml samples,
stored at - 20 C, and quickly thawed before use. Five

2-ml samples were routinely inoculated into 9.6 liters
of yeast diffusate medium prepared as previously
described by Bernheimer and Schwartz (5) for staphy-
lococcus, but modified to contain 0.5% glucose and 1%
thioglycolate (Eastman Organic Chemicals).
The organisms were grown at 37 C with slow

stirring and without aeration in a 14-liter fermentor
(Microferm model MF 14, New Brunswick Scientific
Co., New Brunswick, N.J.). After 16 h glucose was
added stepwise to a final concentration of 2%. For the
next 6 to 12 h, pH was monitored and maintained at
7.0 by the addition of 5 N NaOH. Growth was
measured by absorbance at 650 nm. Approximately 2
h after the pH became stabilized and growth no longer
increased, the culture was chilled, centrifuged, and
the cocci were discarded. The supernatant fluid was
brought to 80% saturation by addition of solid am-
monium sulfate. After standing overnight at 4 C, the
precipitate was recovered by centrifugation, collected
in approximately 100 ml of 80% saturated ammonium
sulfate, and stored at 4 C.

Hemolytic activity. Prior to titration, test solu-
tions were activated by mixing an equal volume of 0.1
M dithiothreitol (Nutritional Biochemicals Corp.)
dissolved in 0.067 M sodium phosphate (pH 7.4) and
allowing the mixture to stand for 15 min at room
temperature. Streptolysin 0 was assayed with rabbit
erythrocytes by the method described for the assay of
cereolysin (2). A hemolytic unit (HU) is defined as the
smallest amount of lysin required to produce 50% lysis
of a 0.7% erythrocyte suspension after incubation at
37 C for 30 min.
NADase. The assay of NADase was performed by

the cyanide method of Kaplan et al. (14), as modified
by Carlson et al. (7). A unit of enzyme activity is
defined as the amount of enzyme which destroys 0.01
!umol of NAD in 7.5 min at 37 C.
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Gel filtration chromatography. Crude SLO dialy-
sate was filtered through Sephadex G-100 (Pharmacia
Fine Chemicals, Piscataway, N.J.) equilibrated with
0.02 M phosphate buffer (pH 6.8) in a water-cooled
K25/100 column (Pharmacia). Fractions (7 ml) were
collected in a refrigerated fraction collector and as-
sayed for NADase and hemolytic activities.

Isoelectric focusing. The method of Vesterberg et
al. (18) employing conditions described by Bern-
heimer et al. (3) was followed for the characterization
of isoelectric point (pI). Isoelectric focusing of par-
tially purified SLO was carried out at 4 C in a 110-ml
focusing column (LKB Instruments, Rockville, Md.)
by using pH 3 to 10 ampholine. Fractions (4 ml) were
assayed for hemolytic activity, NADase activity,
absorbance at 280 nm, and pH.

Ion-exchange chromatography. Whatman wet
microgranular diethylaminoethyl (DEAE)-cellulose
(DE 52) was suspended in 0.05 M tris(hydroxy-
methyl)aminomethane (Tris)-hydrochloride (Sigma 7-
9, Sigma Chemical Co.) buffer (pH 8.4), packed in a
water-cooled K26/40 column (Pharmacia), and equili-
brated in the same buffer. After dialysis of precipi-
tated crude SLO against this buffer, the material was
added to the column and washed with approximately
720 ml of equilibrating buffer. Gradient elution was
carried out by use of an upper reservoir containing
0.05 M Tris-hydrochloride buffer (pH 8.4) and 0.6 M
NaCl which fed into a constant mixing chamber
containing 300 ml of 0.05 M Tris-hydrochloride buffer
(pH 8.4). Fractions (9 ml) were collected and assayed
for absorbance at 280 nm, NADase, and hemolytic
activities.

SDS-polyacrylamide gel electrophoresis. Mo-
lecular weights were determined by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis by
the method of Weber and Osborn (19) by using a 10%
acrylamide system with model 12 Canalco equipment
(Canal Industrial Corp.). The gels were stained with
Coomassie brilliant blue (CoLab Laboratories) and
destained as described by the same authors.
The mobility was calculated as the ratio of distance

of test material migration to that of cytochrome c
(Boehringer and Soehne GmbH, Mannheim). The
mobilities of bovine plasma albumin (Armour Phar-
maceutical Co., Chicago, Ill.), ovalbumin (Sigma
Chemical Corp., St. Louis, Mo.), and cytochrome c
were plotted against their molecular weights on a
semilogarithmic scale. The molecular weights of the
test material were determined from their mobilities
on the standard curve (Fig. 3).

Gel diffusion. Gel diffusion on slides, using 1%
Noble agar (Difco, Detroit, Mich.), was performed by
the method of Campbell et al. (6). Samples were
tested against horse antistreptolysin globulins con-
taining 20,000 U/ml (batch no. 7, 19-9-47; Serum
Institute, Carshalton, England) and against horse
anti-tetanolysin (supplied by W. C. Latham; Massa-
chusetts Public Health Biologic Laboratories, Boston)
containing an antistreptolysin 0 titer of 5,000 U/ml.
Gel diffusion was carried out in a humidified chamber
at approximately 25 C for 24 to 48 h.

Streptolysin 0-anti-tetanolysin titration. Crude
SLO was dialyzed against 0.05 M phosphate buffer,
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pH 6.8. The crude SLO dialysate containing 40,000
HU/ml and NADase activity of 381,000 U/ml was
diluted 1: 100 with the dialysis buffer. Decreasing
volumes of this dilution were incubated for 15 min at
37 C with increasing volumes of anti-tetanolysin
diluted 1:100 with the above buffer as described in
Table 1. Hemolytic and NADase activities were
assayed.

RESULTS AND DISCUSSION
Precipitated crude SLO was redissolved by

dialysis against 0.02 M phosphate buffer (pH
6.8) and subjected to gel filtration. This proce-
dure removed most of the pigments and low-
molecular-weight peptides. The material ob-
tained (partially purified SLO) contained both
hemolytic and NADase activities.

Isoelectric focusing of the partially purified
SLO in a pH gradient (Fig. 1) revealed two
major peaks of hemolytic activity at pH 6.1 and
7.55 and a separate peak of NADase activity at
pH 8.55. The pl of 7.55 obtained for one of the
SLO peaks is in good agreement with the pl of
7.5 reported by Halbert (12). The second hemo-
lytic peak of pI 6.1 may be related to the pI of
5.8 obtained in the presence of 1 M glycine also
described by Halbert (12). The pI of streptococ-
cal NADase does not seem to have been meas-
ured previously, but the results of Carlson et al.
(7) by using paper electrophoresis indicate that
NADase has a higher pI than SLO, since it
migrated further toward the cathode.
Crude SLO precipitate was dialyzed against

0.05 M Tris-hydrochloride buffer (pH 8.4) at 4
C. A 25.5-ml sample of this dialysate containing
2.6 x 10 HU and 22.4 x 106 NADase units was
added to a DEAE-cellulose column. The NAD-
ase was eluted from the column by 0.05 M
Tris-hydrochloride buffer (pH 8.4), whereas the
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FIG. 1. Isoelectric focusing of gel-filtered SLO in a
pH 3 to 10 gradient. Fractions (4 ml) were examined
for absorbance at 280 nm (A), hemolytic activity (0),
NADase activity (0), and pH (A).
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FIG. 2. DEAE-cellulose chromatography of crude
SLO dialysate. Fractions (9 ml) were assayed for
hemolytic activity (0), NADase activity (0), and
absorbance at 280 nm (A).

hemolytic activity was eluted only after a 0.6 M
NaCl gradient in the same buffer was applied
(Fig. 2). This separation gave a sharp NADase
peak with a specific activity of 4.0 x 106
NADase units per unit of absorption at 280 nm,
and it contained no hemolytic activity. Al-
though the first hemolytic peak obtained from
the DEAE-cellulose column possessed some
residual NADase activity, the latter was not
congruent with the hemolytic peak and it could
subsequently be removed by means of cation
exchangers. The second hemolytic peak con-
tained no NADase activity.
SDS gel electrophoresis of purified NADase

gave a single band having a mobility corre-

sponding to a molecular weight of 55,000. Under
the same conditions, partially purified SLO
gave a major band of molecular weight 67,000 to
69,000 (Fig. 3).

Gel diffusion of crude SLO dialysate, par-
tially purified SLO, and purified NADase was

carried out against antistreptolysin 0 (Fig. 4A).
Crude SLO formed several precipitin lines;
partially purified SLO formed one heavy line
which was continuous with the heavy line from
the crude dialysate. NADase formed a single
thin precipitin line which was also continuous
with one of the thin lines produced by the crude
dialysate. The formation of two separate lines
which crossed indicates immunological non-

identity of SLO and streptococcal NADase. Gel
diffusion of the same samples against anti-
tetanolysin (Fig. 4B) produced a single continu-
ous precipitin line from the crude SLO and the
partially purified SLO; no precipitin line was

formed from the NADase.
Oxygen-labile hemolysins have been shown to

be antigenically related, since they are neutral-
ized by hyperimmune horse antistreptolysin
and anti-tetanolysin (1, 16). In contrast, the

other extracellular products produced by strep-
tococcus are not known to be antigenically re-
lated to the extracellular products of other
gram-positive organisms. This explains the for-
mation of a single precipitin line obtained when
crude SLO is diffused against anti-tetanolysin

1.0]

0.8-

>- 0.6-

-0

E 0.4-

0.2-

k cytochrome C

ovalbummn

, .

0 1.2 2 4 6 8 10

Molecular Weight x 104
FIG. 3. Molecular-weight determination by SDS-

gel electrophoresis of NADase and SLO. The mobility
is the distance of migration divided by the distance of
migration of cytochrome c.

FIG. 4. Agar gel diffusion of: crude SLO dialysate
(1), partially purified SLO (DEAE) (2), streptococcal
NADase (3), against (A) antistreptolysin and (B)
anti-tetanolysin.

TABLE 1. Neutralization of streptolysin activity with
persistence of NADase activitya

Hemno- NADase
Crude SLO: lti units per

Tube SLOb ATLc ATL units ml of
no m)(ml) (vol/vol) pe l crudeof crude SLSLO SL

1 4.0 0.0 0c 40,000 381,000
2 3.5 0.5 7:1 4,000 383,000
3 3.0 1.0 3:1 0 398,000
4 2.0 2.0 1:1 0 371,000
5 1.0 3.0 1:3 0 383,700
6 0.5 3.5 1:7 0 379,600

aAbbreviations: SLO, streptolysin 0; ATL, anti-
tetanolysin.

"Dilution, 1:100.
C Dilution, 1: 100.

733IVOL. 7, 1973

_



734 SHANY

compared with the several lines obtained when
it is diffused against antistreptolysin. For the
same reason, the absence of an immunological
reaction between streptococcal NADase and
anti-tetanolysin is in agreement with expecta-
tion.
Immunological nonidentity is further demon-

strated by the results of Table 1. Titration of
various amounts of crude SLO with various
concentrations of anti-tetanolysin shows com-
plete inhibition of hemolytic activity. In the
same samples NADase activity remained un-
changed. Earlier, it was reported by Carlson et
al. (7) that cholesterol, although inhibiting SLO
activity, did not affect NADase activity.
These results clearly indicate that NADase

activity is not related to the hemolytic activity
of SLO. NADase is not generally found as an
extracellular product of bacteria (4). No NAD-
ase activity has been detected in preparations of
other oxygen-labile hemolysins that have been
tested, namely, pneumolysin (13) and cereoly-
sin (unpublished experiments).
The absence of hemolytic activity in the

streptococcal NADase isolated in the present
study is analogous to the absence of hemolytic
activity found by Johnson (13) in NADase
isolated from Neurospora crassa.

It is evident that the molecular weight of
NADase (approximately 55,000) is close to that
of SLO [61,000, Van Epps and Anderson (17);
67,000 to 69,000, Fig. 3 of this paper]. Sephadex
gel filtration cannot be expected to provide
more than a partial separation of two globular
proteins having these molecular weights. Since
Sephadex gel filtration was the only purification
step reported to have been used by Fehrenbach
(10), the two peaks of NADase activity corre-
sponding to molecular weights of 55,000 and
63,000 (9) may well have been mixtures of
NADase and SLO. The very low specific activi-
ties for both NADase and SLO, as well as only a
2.5-fold purification (10), are also consistent
with an incomplete separation.
Our results lead to the conclusion that hemo-

lytic and NADase activities of crude SLO are
two distinct activities attributable to two differ-
ent proteins which differ in size, charge, and
immunological properties.

It should be of interest to investigate further
the existence of more than one form or variety of
SLO (Fig. 1).
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