isotope effect, reported by Baker (6, 7),
for B-NADD of 0.50 = 0.10 based on
kinetic measurements, it is in complete
agreement with our most recent kinetic
results (9). Our observations also indi-
cate that the B-NADD preparation is
more sensitive to deterioration on stor-
age than the usual NADH sample. This
is probably the cause of the discrepancy
between Baker’s results and those re-
ported here.

The isotope effect for equilibrium
dissociation constants with A-NADD
was determined by both the Sephadex
and the fluorimetric methods, and the
two results are identical within experi-
mental error:

”[fd = Kﬂl«:—rv,mn / K‘lxcwu;x,\nm
= 0.65 = 0.14 (Sephadex method)
= 0.52 =+ 0.07 (fluorimetric method)

This kind of (“inverse”) isotope effect
indicates that A-NADD is bound less
tightly to the enzyme than is NADH:

ki
LADH + NADH = LADH — NADH
ks

and that the zero point energies for the
isotopically sensitive vibrations are low-
er in the complex than in the free
NADD.

Since K, (observed) = KH/KDP ="

kolky; ky = kB/kiD, ky = kyH/koP,
then if K; < 1 and k > 1 it follows
that k; >k, > 1 (conversely for k; < 1,
k; < k). Therefore if the isotope effect
on the dissociation reaction (rate con-
stant k,) is normal (752 > 1), a possi-
bility suggested from kinetic data (6,
7, 9), then the isotope effect for the
binding step (rate constant k;) must
also be normal and even larger, thus
indicating an ability of the enzyme to
discriminate kinetically against the co-
enzyme deuterated at the transferable
hydrogen.

Previously Mahler et al. (7) reported
K; for the LADH-(A-NADD) dissocia-
tion constant to be 1.31 %= 0.64; how-
ever, this value was based on an extrap-
olation from kinetic constants derived
from initial rate measurement and as
indicated, exhibited a large experimental
uncertainty. Isotope effects for the cor-
responding equilibrium constants for
yeast alcohol dehydrogenase (I) and
malate dehydrogenase (3) were reported
to be of the same magnitude as that
for LADH. However, “inverse” deu-
terium isotope effects similar to the one
reported here, but based on inverse
rate effects for k;, were reported from
Thomson’s laboratory (4) for the bind-
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ing of A-NADD to heart lactate de-
hydrogenase (I?d = 0.69) and muscle

lactate dehydrogenase (K = 0.43).
These various results in conjunction
with the absence of any real difference
in the binding constant between NADH
and B-NADD, which eliminates the
possibility of secondary interaction be-
tween the B proton and the enzyme,
indicate that dehydrogenases are capa-
ble of recognizing and discriminating
against coenzymes isotopically substi-
tuted in the appropriate position (“A”
for A enzymes) even in the initial bind-
ing reaction. The properly deuterated
coenzyme is bound less tightly than is
its protonated counterpart, so that dur-
ing the binding reaction the equilibrium
(and perhaps also the rate) constant
already reflects the specificity of the

subsequent hydrogen transfer step.
KAReN BusH, H. R. MAHLER
V. J. SHINER, JR.

Department of Chemistry,

Indiana University, Bloomington 47401

References and Notes

1. V. J. Shiner, Jr.,, H. R, Mahler, R. H, Baker,
Jr., R. R. Hiatt, Ann. N.Y. Acad. Sci. 84,
583 (1960).

2. H. R. Mahler and J. Douglas, J. Amer.
Chem. Soc. 79, 1159 (1957); D. Palm, Z.
Naturforsch. 21b, 540, 547 (1966).

. J. F. Thomson, D. A. Bray, J. J. Bummert,

Biochem. Pharmacol. 11, 943 (1962).

4. J. F. Thomson, J. J. Darling, L. F. Bordner,
Biochim. Biophys. Acta 85, 177 (1964); J. F.
Thomson and S. L. Nance, ibid. 99, 369
(1965).

5. D. Palm, Eur. J. Biochem, 5, 270 (1968).

w

6. R, H. Baker, Jr., Biochemistry 1, 41 (1962).

7. H. R. Mahler, R, H, Baker, V. J. Shiner, Jr.,
ibid., p. 47.

8. D. Palm, T. Fielder, D. Ruhrseitz, Z.
Naturforsch. 23b, 623 (1968).

9. K. Bush, H. R. Mahler, V. J, Shiner, Jr.,
in preparation.

10. Abbreviations: LADH, horse liver alcohol
dehydrogenase; A-NADD and B-NADD,
NADH with deuterium in the 4-A and 4-B
nicotinamide positions, respectively; K, dis-
sociation constant.

11. H. Theorell, A. Ehrenberg, C. de Zalenski,
Biochem, Biophys. Res. Commun. 27, 309
(1967).

12. R. Pietruszko, H. J. Ringold, T. K. Li, B.
L. Vallee, A. Akeson, H. Theorell, Nature
221, 440 (1969).

13. S. Taniguchi, H. Theorell, A, Akeson, Acta
Chem. Scand. 21, 1903 (1967); H. Theorell,
A. Akeson, B. Liszka-Kopec, C. de Zalenski,
Arch. Biochem. Biophys. 139, 241 (1970).

14. K. Dalziel, Acta Chem. Scand. 12, 459 (1958).

15. S. Taniguchi, ibid. 21, 1511 (1967).

16. S. P. Colowick and N. O. Kaplan, Methods
Enzymol. 4, 840 (1957).

17. A. D. Winer, J. Biol. Chem. 239, PC 3598
(1964).

18. J. P. Hummel and W. J. Dreyer, Biochim.
Biophys. Acta 63, 530 (1962).

19. R. W. Green and R. H. McKay, J. Biol.
Chem. 244, 5034 (1969); H. Jornwall, Eur.
J. Biochem. 16, 25 (1970).

20. G. F. Fairclough, Jr., and J. S. Fruton, Bio-
chemistry 5, 673 (1966).

20. H. Theorell and A. D. Winer, Arch. Bio-
chem. Biophys. 83, 291 (1959).

22. S. R. Anderson and G. Weber, Biochemistry
4, 1948 (1965),

23. K. Dalziel, Acta Chem. Scand. 17, S27 (1963).

24. H. Theorell and J. S. McKinley-McKee, ibid.
15, 1811 (1961).

25. We thank Mrs. Genevieve Adams for techni-
cal assistance in the preparation of the deu-
terated coenzymes and the laboratory of Dr.
Drew Schwartz for performing the starch-
gel electrophoresis. We thank Dr. Henry
Weiner of Purdue University who donated his
laboratory facilities and computer program
for the fluorimetric determinations. Supported
in part by grant RG-8502 from NIH and by
grant AT(11-1)-1008 from AEC (Document
No. C00-1008-17).

9 November 1970; revised 14 December 1970 m

Bacteriophage and the Toxigenicity of

Clostridium botulinum Type C

Abstract. Nontoxigenic and bacteriophage-sensitive bacterial cultures have been
isolated from toxigenic Clostridium botulinum type C, strain 468C, after treat-
ment with either ultraviolet light or acridine orange. Two bacteriophages, desig-
nated CEB and CEy, were isolated from toxigenic strain 468C. Both of these
bacteriophages were capable of infecting the nontoxigenic type C cultures, but
only bacteriophage CERB was involved in the change from nontoxigenicity to

toxigenicity.

Nontoxigenic clostridia resembling
toxigenic Clostridium botulinum have
frequently been isolated from marine
and terrestrial environments (7); oc-
casionally, pure cultures of toxigenic C.
botulinum have also become nontoxi-
genic (2). It has been suggested that the
production of toxin by C. botulinum
might be governed by the presence of
a specific converting bacteriophage in a
system analogous to the production of
diphtheria toxin by Corynebacterium
diphtheriae (3, 4). In a recent report,

Inoue and Iida (5) presented data which
strongly suggested that bacteriophage
may be involved in the toxigenicity of C.
botulinum type C. They were able to
recover toxigenic isolates from nontoxi-
genic cultures incubated in broth with
filtrates of a toxigenic type C (strain
Stockholm). Marked lysis occurred in
the cultures; however, plaques were not
demonstrated on solid medium.

In our studies, two bacteriophages,
designated CEB and CEy, were isolated
from toxigenic C. botulinum type C,
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strain 468C (received from W. P. Seg-
ner, Continental Can Co., Chicago).
This report presents conclusive evidence
for the involvement of CEp in the toxi-
genicity of C. botulinum type C. Bac-
teriophage-producing cultures were ob-
tained from nontoxigenic type C cultures
that had been reinfected with either bac-
teriophage. However, only bacteriophage
CEB caused the change from nontoxi-
genicity to toxigenicity, and these toxi-
genic isolates invariably carried bac-
teriophage CEB. Cultivation of the
CEp-infected isolates in medium con-
taining antiserum against bacteriophage
CER resulted in the loss of bacteriophage
CER and loss of toxigenicity. These iso-
lates were then reinfected with bac-
teriophage CEB and they again became
toxigenic.

Nontoxigenic cultures were isolated
after treatment of toxigenic strain 468C
with either ultraviolet irradiation or
acridine orange (AO). Irradiation with
ultraviolet light is a standard method for
inducing lysis of bacteria that harbor
prophages (the form in which bac-
teriophages are perpetuated in lysogenic
bacteria), whereas AO has been used
to remove extra chromosomal elements
from bacteria. Both procedures can re-
sult in bacterial isolates that are “cured”
of either prophages in the former or
extra chromosomal elements in the
latter.

For irradiation, about 10¢ cells of
strain 468C in the logarithmic phase of
growth were spread onto the surfaces of
trypticase, yeast-extract, glucose (TYG)
blood agar plates and irradiated for 60
seconds at a distance of 20 cm (General
Electric germicidal lamp, 15 watts).
The agar plates were incubated anaero-
bically in Brewer jars for 48 hours at
37°C. Isolated colonies surviving the
treatment (approximately 102 cells)
were tested for toxigenicity by the mouse
assay (6) and for sensitivity to the
bacteriophages of the toxigenic parent
culture by the agar-layer procedure (7).
The base agar used in the agar-layer pro-
cedure was TYG agar, and the overlay
was soft agar (0.7 percent) prepared
from the filtered broth of Segner’s forti-
fied egg meat (SFEM) medium (8).
The addition of blood (0.2 ml) to the
overlays was essential for confluent
growth. Cysteine hydrochloride (0.1
percent) was used as the reducing agent
in all media.

For curing with AO, about 105 cells
of strain 468C in the logarithmic phase
of growth were added to TYG broth

30 APRIL 1971

Table 1. Reinfecting cured nontoxigenic bac-
terial cultures with bacteriophage CEg and the
effect on toxigenicity. UV, ultraviolet.

Nontoxi- Method of No. of cultures
genic obtaining -
cured toxigenic Toxi- Tested
culture cultures genic
AO028 Plaques™ 40 40
AO28 30-minute 4 40
contactt
AO28 240-minute 40 40
contacti
UVv171 Plaques 20 20
UVv171 30-minute 2 40
contact
UV171 240-minute 40 40
contact

* Material from plaques produced by bacteriophage
CEB on culture AO28 or culture UV171 was
checked for toxigenicity and bacteriophage produc-
tion. T Cultures AO28 and UVI171 were ex-
posed to bacteriophage and isolated colonies were
checked for toxigenicity and bacteriophage pro-
duction.

(pH 7.4) containing 20 ug of AO per
milliliter and incubated at 37°C for 18
hours. The AO culture was streaked
onto TYG blood agar plates, and iso-
lated colonies were tested for toxigenicity
and sensitivity to bacteriophages by the
same procedures that were described for
the colonies treated with ultraviolet light.

Ultraviolet treatment was more effi-
cient than AO was in curing strain 468C

of its prophage. After a 60-second treat-
ment with ultraviolet light, 15 of the 106
surviving colonies were cured of their
prophages and concomitantly became
nontoxigenic. In comparison, only 2 of
the 68 colonies surviving the AO treat-
ment were cured of their prophages and
toxigenic character. The cured cultures
were subcultured ten times over a period
of 2 months, and all of them remained
nontoxigenic and sensitive to the bac-
teriophages of the toxigenic parent strain
468C.

Each nontoxigenic culture cured of its
prophage was tested for its sensitivity to
lysates of the other cured nontoxigenic
cultures by the agar-layer procedure.
Only one culture, AO28, was sensitive to
the lysates of the other nontoxigenic
cultures. Culture AO28, therefore, had
been cured of two of its prophages,
whereas the other cultures continued to
carry a second prophage.

Bacteriophages were isolated from an
18-hour broth culture of the toxigenic
parent strain 468C. The broth culture
was centrifuged at 6000g for 10 minutes
and sterilized by filtration. Colony-
centered plaques and turbid plaques pro-
duced by bacteriophages designated as
CEB and CEy, respectively, were ob-
served when the filtrate was plated with

Fig. 1. Bacteriophage CEg, from lysate of Clostridium botulinum type C, strain 468C,
which induces toxigenicity (X 247,500). Scale, 20 nm.
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culture AO28. These two different bac-
teriophages were purified by five succes-
sive single-plaque isolations on culture
AO028.

Electron micrographs were prepared
of the two bacteriophages according to
the procedure of Eklund et al. (9). Bac-
teriophage CEB exhibited a hexagonal
head 100 nm in diameter and a tail 400
nm long and 11 nm in diameter sur-
rounded by a contracted sheath 30 nm
in diameter (Fig. 1). Bacteriophages
comparable to CEB in size and mor-
phology have been observed in lysates
of other strains of type C (5, 10). Bac-
teriophage CEy exhibited a hexagonal
head 60 nm in diameter and a tail 185
nm long and 6 nm in diameter sur-
rounded by a contracted sheath 20 nm
in diameter (Fig. 2).

Both bacteriophages were studied for
their relation to the toxigenicity of type
C strain 468C. Bacteriophage stocks
used in these studies were produced by
propagating the purified bacteriophages
with culture AO28 in TYG broth at
30°C. Bacteriophage stocks were
treated with 25 ug of crystalline deoxy-
ribonuclease II (Sigma) per milliliter
for 3 hours at 37°C and then sterilized
by filtration. This step was used to rule
out the possibility of a transformation
principle of the deoxyribonucleic acid
type. Sterility checks were made by
inoculating several milliliters of filtrate
into SFEM broth and then incubating
the medium for several weeks at 37°C.

Two techniques were used to test the
relation of the two bacteriophages to
the toxigenicity of cultures AO28 and
UV171 (which carries bacteriophage
CEy). In the first, dilutions of bacterio-
phage CEB were plated with the recipi-
ent nontoxigenic culture according to
the agar-layer procedure. Material from
the plaques was transferred into TYG
broth and incubated at 30°C for 5 days.
Cultures arising from the plaques pro-
duced by CEB on cultures AO28 and
UV171 produced bacteriophage and
were toxigenic (Table 1). Cultures aris-
ing from the plaques produced by CEy
on culture AO28 also produced bac-
teriophage but were nontoxigenic (data
not shown).

In the second procedure, bacterio-
phage CEQB was added to actively grow-
ing nontoxigenic cultures of AO28 and
UV171 at a multiplicity of infection
(ratio of adsorbed bacteriophage to
bacteria) of 1.8 and 2.6, respectively.
After 30 and 240 minutes of exposure
to the bacteriophage, the cultures were
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Fig. 2. Bacteriophage CEv, from lysate of
Clostridium botulinum type C, strain 468C,
which does not induce toxigenicity (X
247,500). Scale, 20 nm.

streaked onto TYG blood agar plates,
and isolated colonies were transferred
into TYG broth, incubated, assayed for
toxin, and tested for bacteriophage pro-
duction, with culture AO28 as the indi-
cator strain.

After a 30-minute contact with bac-
teriophage CEpB, 10 percent of the colo-
nies of culture AO28 and 5 percent of
the colonies of culture UV171 were
toxigenic (Table 1). The toxigenic cul-
tures were resistant to bacteriophage
CEB. The nontoxigenic cultures con-
tinued to be sensitive to bacteriophage
CEQB, but when they were reinfected
with this bacteriophage they also be-
came toxigenic and produced bacterio-
phage. After a 240-minute contact be-
tween bacteriophage and bacteria, all
of the isolates were toxigenic and pro-
duced bacteriophage (Table 1).

Several of the CEpB-infected cultures
were subcultured in TYG broth con-
taining 50 percent antiserum against
bacteriophage CEB (produced by im-
munizing rabbits with CEB bacterio-
phage). Four successive transfers in
antiserum resulted in the simultaneous
loss of bacteriophage CEB and toxi-
genicity. When these nontoxigenic cul-
tures were reinfected with bacterio-
phage CEQ, they again became toxi-
genic.

The toxins of the different isolates
were neutralized with type C antitoxin.

These cultures were subcultured in
SFEM six times over a period of 2
months, and all of them maintained
their toxigenic and bacteriophage-pro-
ducing characteristics.

Experiments reported in Table 1 were
repeated with bacteriophage CEy and
with bacterial culture AO28 (data not
shown). Colonies from a 240-minute
contact between bacteriophage CEy and
culture AO28 were all bacteriophage-
producers but nontoxigenic.

There is little doubt that in our ex-
periments toxigenicity of C. botulinum
type C (strain 468C) is in some manner
dependent on the presence of bacterio-
phage CEB. Groman (4) also reported
that conversion of toxigenicity of
Corynebacterium diphtheriae is bac-
teriophage specific. The curing of CEQS-
infected cultures by antiserum against
the bacteriophage indicates that this
relation between bacteriophage CER
and host is probably pseudolysogeny,
similar to that which occurs with Bacil-
lus subtilis (11), instead of true
lysogeny.

Some of the other types of C. botu-
linum that we have studied have been
cured of their prophage but still remain
toxigenic. It is possible either that they
carry other bacteriophages or that not
all C. botulinum toxins are induced by
bacteriophage.

M. W. EKLUND
F. T. Poysky
S. M. REeDp
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Technology Laboratory,
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Seattle, Washington 98102
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