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Previously, all the enzymes involved in the
tricarboxylic acid cycle were extracted in the
cell-free state from Mycobactertum avium, and
some properties of these enzymes were described
(Kusunose et al., 1952; Yamamura et al., 1954).
More recently, these enzymes were separated
into particulate and soluble fractions by differen-
tial centrifugation, and it was found that the
former fraction contained L-malic dehydrogenase,
aconitase, fumarase, and oxalacetic decarboxylase
(Yamamura et al.,, 1955). However, it was
noticed that succinoxidase activity was not
shown in either particulate or soluble fraction
alone, although the combination of the two
fractions showed the apparent activity.

Therefore, the present study was undertaken
in order to determine which fraction contained
succinic dehydrogenase and to elucidate the
mechanism of the combined effect.

MATERIALS AND METHODS

Preparation of particulate and soluble fractions.
Mycobacterium avium strain Takeo was grown
in glycerol-bouillon medium for 4 days, as
described previously (Yamamura et al., 1952).
About 100 g of wet cells were ground with 100 g
of sea-sand in a chilled mechanical mortar for
40 min, mixed with 700 ml of 0.25M sucrose,
and centrifuged at 3,000 rpm for 15 min. The
supernatant fluid was centrifuged in the Spinco
model L preparative centrifuge at 12,000 X G
for 60 min. The precipitate formed was discarded,
and the supernatant fluid was then centrifuged
at 100,000 X G for 40 min. The reddish pellet
formed was washed twice with 0.25 M sucrose by
centrifugation at 100,000 X G for 30 min., and
finally suspended in 20 ml of 0.25 M sucrose. This

1 A preliminary report of this work was pre-
sented at the 27th annual meeting of the Japanese
Biochemical Society, Kyoto, April 2, 1955.

insoluble fraction was designated as Rss;? the
supernatant fluid containing soluble enzymes
was designated as Sz. The former could be
stored in a refrigerator at 2 C for a few days
with little loss of activity; the latter could be
stored in a frozen state for 2 weeks.

Assay method. Succinoxidase activity was
measured by the conventional Warburg mano-
metric procedure at 30 C.

Succinic dehydrogenase activity was measured
spectrophotometrically by following the reduc-
tion of 2,6-dichlorophenol indophenol (DCPP)
at 600 mu in a reaction mixture containing
60 umoles of phosphate buffer, pH 7.3, 10 umoles
of potassium cyanide, 0.1 ml of 0.1 per cent dye,
enzyme preparations, and 50 umoles of succinate
in 4.0 ml.

Succinate-cytochrome ¢ reductase activity was
measured spectrophotometrically by following
the reduction of cytochrome ¢ at 550 mu in
a similar reaction mixture containing cytochrome
c instead of DCPP.

Fumarase activity was determined spectro-
photometrically by following the decrease in
optical density at 300 mp with time, using
fumarate as substrate, according to the method
of Racker (1950) modified by Massey (1955).

Oxalacetic decarboxylase activity was deter-
mined manometrically by measuring CO, evolu-
tion according to the procedure of Herbert (1955).

Materials. Fumarase was crystallized from pig
heart muscle, according to the method of Massey
(1955), and recrystallized before use.

Oxalacetic decarboxylase was prepared from
Micrococcus lysodetkticus according to the method
of Herbert (1955). The cells were lysed by lyso-
zyme followed by acetone and acid precipitation.
The precipitate obtained between the limits 40 to

2 For biochemical properties of R;s see previous
report (Yamamura et al., 1955).
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50 per cent acetone was dissolved in acetate buf-
fer, then poured into several volumes of cold ace-
tone. Finally, the resulting precipitate was dried
and stored in a vacuum desiccator. Forty mg of
this powder contained the activities of 22 units
of oxalacetic decarboxylase and 3 units of fuma-
rase, but did not include malic and succinic de-
hydrogenase activities. :

Cytochrome ¢ was prepared from beef heart
muscle by the method of Keilin and Hartree
(1952).

RESULTS

From figure 1 it is evident that neither Rgs nor
Sss oxidizes succinate aerobically, but the com-
bination of Rss and S;s shows oxygen uptake at
an appreciable rate. Little information has as yet
been given about such absolute requirements of
two different fractions for succinoxidase activity.
Methylene blue, cytochrome ¢, adenosine tri-
phosphate (ATP), heated crude extract of M.
avium, glutathione (GSH), glutamate, or metals
such as Mnt+, Mgt Al*+) or calecium phos-
phate gel cannot at all replace either Rss or Sgs.
Accordingly, this combined action can be ex-
plained neither by deficiency of any electron car-
riers, nor by alteration of colloidal state of the
succinoxidase system (Keilin and Hartree, 1949).

Reduction of DCPP by succinate. We first in-
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Figure 1. Oxidation of succinate by R;s and
S35 from Mycobacterium avium. Curve I indicates
oxygen uptake when vessel contains 0.5 ml of
Ris, 2.0 ml of S;s, 140 umoles of phosphate buffer
(pH 7.0), and 100 umoles of succinate. Curve II:
no Rgs. Curve IIL: no S;s. Gas phase, air. 30 C.
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Figure 2. Reduction of 2,6-dichlorophenol indo-
phenol by succinate. The standard assay system
(see Methods) was employed. Curve I indicates
change of optical density when vessel contains
0.2 ml of Rss and 0.3 ml of S;4 (dialyzed against
distilled water for 12 hr). Curve II: 0.2 ml of Rgs
alone. Curve III: 0.3 ml of dialyzed S;s alone.
Each curve was corrected for endogenous optical
density change without succinate.

vestigated whether or not such combined effect
was observed in succinic dehydrogenase. Using
DCPP as an electron acceptor, succinic dehydro-
genase was investigated independently from cyto-
chrome systems which linked succinic dehydro-
genase to molecular oxygen. As shown in figure 2,
rapid reduction of DCPP by succinate as well as
aerobic oxidation were observed only in the pres-
ence of Rys and Ss. No activity was observed in
the presence of Si; alone. However, it was found
that Rgs, without the addition of Sss, could cata-
lyze slow reduction of the dye, although the reac-
tion rate was only one-fiftieth of the rate in the
combined system. The change in optical density
of the Rg; controls varies with different prepara-
tions of Rss. However, this variation does not
affect the experimental results since the values
are relative. It was therefore suggested that a
moiety of succinic dehydrogenase was associated
with Rgs, and an additional factor or factors other
than succinic dehydrogenase was present in Sss.
Since this activation effect was found to be de-
stroyed completely by heating S;s in a boiling
water bath for 2 minutes, it appears that some
enzymic mechanism was involved in this effect.
Further, a preparation obtained by fractionation
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TABLE 1

Activation of succinic dehydrogenase assayed with
2,6-dichlorophenol indophenol by ‘‘pur
preparation of S or pig heart muscle

per 2.5 min
D 0.004
“Purified’” Sss. . ..ccovveernnnn.. 0.010
Ris + “purified” Sys*........... 0.334
Fumaraset...................... 0.004
Rss + fumaraset................ 0.331
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* Eluate from calcium phosphate gel.

t Crystalline fumarase from pig heart muscle
containing 20 units of fumarase activity.

Each cuvette contained 0.3 ml of R,s (nitrogen
content 1.66 mg per ml). Other conditions as in
Methods.

of S with ammonium sulfate from 0.2 to 0.6
saturation, followed by adsorption of calcium
phosphate gel and elution with phosphate buffer,
pH 7.3, still showed a pronounced activation ef-
fect (table 1). No pigment was detected spectro-
photometrically in this preparation. On the other
hand, it was noted that this preparation c¢on-
tained considerable amounts of fumarase activity.
Therefore, the effect of mammalian fumarase on
succinic dehydrogenase was examined. As shown
in table 1, fumarase crystallized from pig heart
can replace satisfactorily “purified” S;s for the
activation effect of succinic dehydrogenase. In
the presence of a given amount of Rgs, the reac-
tion rate with crystalline fumarase is actually the
same as the rate with “purified” S;s containing
the same units of fumarase activity, as illustrated
in figure 3. Figure 4 shows that the initial rates
of dye reduction by succinate are strictly propor-
tional to the concentration of Rss in the presence
of pig heart fumarase.

From these results it is apparent that succinic
dehydrogenase is exclusively located in R;s, but
the succinate oxidation by Rss when DCPP is
used a8 an electron acceptor requires the coopera-
tive action of fumarase. In fact, as shown in ta-
ble 2, fumarate at one-tenth of the final concen-
tration of succinate inhibits the reaction about
30 per cent, whereas malate has no effect.

In order to determine whether any additional
factor was stimulatory, various substances were
added in the presence of excess amounts of crys-
talline fumarase. Table 3 summarizes the influ-
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ences of various substances. Cyanide has a pro-
nounced stimulating effect. This effect may be
due to the inhibition of the cytochrome system
associated with Rg. For this reason cyanide was
usually added to the assay system of succinic de-
hydrogenase.

Crude flavin adenine dinucleotide (FAD) was
shown to stimulate the reaction rate, especially
when cyanide was omitted from the system. This
fact is worthy of note, since Basford et al. (1955)
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Figure 8. Comparison between the effects of
“purified” 8,5 and pig heart fumarase on succinie
dehydrogenase activity assayed with dichloro-
phenol indophenol. Each cuvette contains 0.1 ml
of Rys and the reaction mixture described in
Methods. @ : “purified’”’ Sss; the same preparation
as described in table 1. O: fumarase crystallized
from pig heart muscle.
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Figure 4. Effect of concentration of Rss on
succinic dehydrogenase activity assayed with
dichlorophenol indophenol. Each cuvette contains
20 units of fumarase.
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TABLE 2
Effect of fumarate on succinic dehydrogenase
Addition gﬁmlu,t)%zu
per 8 min
Nome.......ooovviviiininnnnnnn 0.049
Fumarate, 25 umoles............ 0.035
Fumarate, 50 pmoles............ 0.021

Each value was corrected for control optical
density change without succinate. The cuvette
contained 0.3 ml of Rs, 250 pmoles of succinate,
1.0 ml of phosphate buffer (pH 7.68), 10 umoles of
cyanide and 0.1 mg of dye.

TABLE 3

Effect of various substances on succinic
dehydrogenase assayed with £,6-dichloro-

phenol indophenol
Exp. Addition Shlnee ¢ 690 s
. per 2 Min
1 None 0.082
Cyanide, 10 pmoles 0.140
FAD*, 42 pmoles 0.160
Cyanide + FAD 0.196
2 None 0.135
Mgt 0.173
Mnt+t+ 0.129
Fett 0.165
Al 0.144

Each cuvette contained 1.0 ml of R;s and 20
units of fumarase. Other conditions as in Methods.
* Flavin adenine dinucleotide.

have recently reported that the mammalian “suc-
cinic dehydrogenase complex” contained one
mole of FAD. Among several metals tested, Mg+
or Fett was often observed to stimulate the ac-
tivity. This property resembles somewhat that of
the succinic dehydrogenase prepared from Azoto-
bacter vinelandii by Repaske (1954).

The effect of various inhibitors is given in ta-
ble 4. It is quite unexpected that malonate, oxal-
acetate, and pyrophosphate, all of which have
long been known to be potent competitive inhibi-
tors of succinic dehydrogenases from animal and
other sources (Dixon and Elliott, 1929; Pardee
and Potter, 1948), cannot inhibit the activity of
this system at all, even at a high concentration.
p-Chloromercuribenzoate (PCMB) at a final con-
centration of 7.5 X 10~ M considerably inhibits
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TABLE 4

Effect of various inhibitors on succinic
dehydrogenase assayed with 2,6-dichloro-

phenol indophenol

8ptic_:l

Exp. ; Sasity | Inhib
3 Additio Change | T

per 90 sec
%
1 | None 0.343 —_—
Malonate, 100 pmoles 0.356 0
Oxalacetate, 20 pmoles 0.338 0
Pyrophosphate, 10 umoles| 0.397 0
2 | None 0.287 —_
PCMB,* 7.5 X 104 M 0.029 90
EDTA,t 2.6 X 102 m 0.289 (1]

Conditions as in table 3.
* p-Chloromercuribenzoate.
t Ethylenediaminetetraacetate.

the activity. Optimum pH was found to be around
7.6, as illustrated in figure 5.

Succinate-cytochrome c reductase activity. Ras is
also able to use mammalian cytochrome ¢ as an
electron acceptor for the oxidation of succinate.
Figure 6 shows that the condition necessary for
observing the reduction of cytochrome ¢ is simi-
lar in the reduction of DCPP. Malonate again
has no inhibitory effect. In view of the finding
that a factor sensitive to dimercaptopropanol
(BAL) is linked between succinic dehydrogenase
and cytochrome ¢ in animal tissues, Rss was
treated with BAL essentially according to the
procedure described by Slater (1949). No inhibi-
tion was observed for the reduction of cytochrome
¢ by succinate.

Aerobic oxidation of succinate. From the results
obtained above, when DCPP or cytochrome ¢
was used as an electron acceptor, it was expected
that the effect of S35 on the aerobic oxidation of
succinate could also be interpreted as due to a
gimilar mechanism. Nevertheless, it was found
that added fumarase from pig heart muscle could
not substitute for S;s in the aerobic oxidation as
given in table 5. This fact strongly indicated that
one or more factors other than fumarase would
be needed for the succinoxidase activity of Ras.
In an earlier communication (Yamamura et al.,
1954), we found that the aerobic oxidation of suc-
cinate by crude cell-free extracts from M. avium
was remarkably stimulated by the addition of
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Figure 6. Effect of pH on succinic dehydro-
genase activity. Each cuvette contains 0.1 ml of
R;s and 120 units of fumarase. Excess amounts of
fumarase were added in order to prevent the pH
dependence of fumarase activity. Curve I shows
the curve of observed optical density change for
90 sec. Curve II shows the curve corrected for the
effect of pH on the dye.
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Figure 6. Reduction of mammalian cyto-
chrome c. Conditions as in table 1 except for
cytochrome c¢ instead of dichlorophenol indo-
phenol. Curve I: 0.1 ml of Rys and 0.3 ml of “puri-
fied”’ 8;5. Curve II: 0.1 ml of Rss and 16 units of
fumarase. Curve III: 0.1 ml of Rs. Curve IV:
0.3 ml of “purified’’ Sy. Curve V: 16 units of
fumarase.
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glutamate. This phenomenon was previously
shown in the succinate oxidation of Azotobacter
extract by Stone and Wilson (1952), who demon-
strated that transaminase was necessary to re-
move oxalacetate formed after the oxidation of
succinate. As described previously (Yamamura
el al., 1955), oxalacetic decarboxylase was con-
tained in significant amounts in S;s, and Rss con-
tained powerful L-malic oxidase. Thus there re-
mained the possibility that the requirement of
Sss might be due to the presence of oxalacetic
decarboxylase besides fumarase. If so, the addi-
tion of oxalacetic decarboxylase purified from M.
lysodetkticus with fumarase should be able to in-
duce the succinate oxidation by Rss.

A definite oxygen uptake was caused by the ad-
dition of fumarase and oxalacetic decarboxylase
(table 5). Thus, there is some evidence supporting
the above possibility. However, S;s was able to
cause succinate oxidation to a much greater ex-

TABLE 5

Effect of fumarase and ozalacetic decarbozylase on
aerobic oxidation of succinate

%pr. Oxygen Uptake (uL)
o 20 min | 40 min | 60 min
1 | None 13.0 | 16.4 | 14.7

Fumarase* 6.7 ]10.1 ] 8.5
Oxalacetic decar- 18.9 | 39.7 | 55.7
boxylaset
Fumarase* + oxal- 31.4|57.7177.0
acetic decarboxylaset
2 | None 6.0 9.0 11.7
Sist (without Rys) 3.2| 6.4 8.1
Sat 11.4 | 25.9 | 42.2
Fumarase* + oxal- 7.6115.2]21.0
acetic decarboxylaset|
Fumarase* + oxalacetic| 8.8 | 27.8 | 43.7
decarboxylaset + S35t

- Each value was corrected for a corresponding
blank without succinate. Each cup contained 0.3
ml of Rss, 200 umoles of phosphate buffer (pH
6.6), 3 umoles of MnSQ,, 100 umoles of succinate
and other additions in a final volume of 3.0 ml.

* Recrystallized from pig heart, contained 38
units of fumarase activity.

t Prepared from Micrococcus lysodetkticus,
contained 6.6 units of oxalacetic decarboxylase
and 0.9 units of fumarase activities.

} Contained 4 units of fumarase and 0.33 units
of oxalacetic decarboxylase activities.
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tent than the combined system of fumarase and
oxalacetic decarboxylase, in spite of the fact that
S3s contained much smaller amounts of fumarase
and oxalacetic decarboxylase activities than
those of the combined system. These results sug-
gest that a factor or factors necessary for maximal
activity of succinoxidase other than fumarase or
oxalacetic decarboxylase were involved in Sss.
But almost nothing is known about the nature of
these factors. It seems likely that it is a protein
or proteins, because heated S;s was quite inactive
even in the presence of added fumarase and oxal-
acetic decarboxylase.

TABLE 6
Effect of various substances on succinozidase

o Adtiin Onye Gpske
uL

1 None 79.8
MnSO,, 4 umoles 123.0
MgSO,, 4 ymoles 93.6
2* | None 57.3
Malonate, 50 umoles 34.4
Malonate, 100 umoles 29.9
3 None 53.1
Oxalacetate, § umoles 11.6
Oxalacetate, 10 umoles 7.5

Each cup contained 0.3 ml of Ry, 1.0 ml of
834, 200 umoles of phosphate buffer (pH 6.6), 100
pmoles of succinate, and other additions in a
final volume of 3.0 ml.

* Added 3 umoles of MnSO,.
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Figure. 7 Effect of pH on succinoxidase
activity.
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In the presence of S;s, other properties of the
succinoxidase were studied (table 6). It was noted
that Mntt stimulated the oxidation. Either malo-
nate or oxalacetate was shown to inhibit the
oxidation considerably. Maximal activity was at-
tained at pH 6.6, as shown in figure 7.

DISCUSSION

From cytological studies on myecobacteria,
Mudd and associates published evidence suggest-
ing that granules found in Mycobacterium tham-
nopheos and Mycobacterium tuberculosis var. homi-
nig are mitochondria (Mudd et al., 1951; Mudd
and Winterscheid, 1953; Winterscheid and Mudd,
1953). Recently, Millman and Youmans (1955)
reported that the ground extract of M. tuberculo-
8is var. hominis strain H37Ra was divided into
soluble and particulate fractions, and the latter
was suggested to be composed of bacterial mito-
chondria. This particulate fraction contained al-
most all enzymes related to the tricarboxylic acid
cycle. The authors independently reported on the
isolation of a particulate fraction from the cell-
free extract of Mycobactertum avium by differen-
tial centrifugation (Yamamura et al., 1955). It
was elucidated that succinic dehydrogenase, ac-
companied by r-malic dehydrogenase, was lo-
cated in this particle. More recently Millman and
Darter (1956) reported on quantitative studies
of the distributions of enzymes in Mycobacterium
tuberculosis var. hominigs H37Ra and it was found
that cytochrome oxidase, DPNH oxidase and
succinic dehydrogenase were associated mainly
with the two largest particulate fractions.

These results strongly suggest that the gran-
ules or particles in mycobacteria are mitochon-
dria, or active subunits thereof, indicating the
similarity of cytological and enzymochemical
characteristics of bacteria to higher organisms.

As described above, it is very peculiar that a
fumarase requirement was established for the suc-
cinate oxidation by M. avium. This fact is con-
sidered to be responsible for the product inhibi-
tion, although the extremely high sensitivity to
added fumarate was not indicated. Recently,
Kearney and Singer (1954) pointed out that the
succinate oxidation in Proteus vulgaris extract
was inhibited competitively not only by oxalace-
tate but also by fumarate.

With regard to oxalacetate inhibition, several
reports have appeared on the succinoxidase of
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animal tissues (Das, 1937; Pardee and Potter,
1948; Tyler, 1955). M. lysodeikticus oxalacetic
decarboxylase, used as a means for the removal
of oxalacetate, was shown to be less effective than
Sis. Therefore, the possibility for the presence of
one or more factors besides oxalacetic decarboxyl-
ase would remain; however, the possibility could
not yet be rejected that another more efficient
mechanism for the removal of oxalacetate was
actually operating in Sgs.

There are some discrepancies between the re-
sults assayed with DCPP (or cytochrome c) re-
duction and oxygen uptake. In particular, the
lack of malonate inhibition when the dye is used
is unusual,® and this problem awaits further in-
vestigation.

In the latest work in our laboratory, the com-
bined effect was observed in the succinate oxida-
tion by M. phlet. Moreover, it was of interest
that the Sss of M. avium could substitute for the
corresponding fraction prepared from M. phlet,
M. smegmatis or a mycobacterium No. 607. Ac-
cordingly, it appeared that such combined effect
was & common phenomenon for succinate oxida-
tion by mycobacteria.
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SUMMARY

Succinic dehydrogenase is localized in the par-
ticulate fraction from Mycobacterium avium.
This result supports the concept that this par-
ticulate fraction contains mitochondria.

The reduction of 2,6-dichlorophenol indophe-
nol (DCPP) or cytochrome ¢ by succinate with
the particulate fraction requires the addition of
the soluble fraction which can be replaced satis-
factorily by heart muscle fumarase. Succinic de-
hydrogenase assayed with DCPP or cytochrome
¢ i8 quite insensitive to either malonate or oxal-
acetate.

The aerobic oxidation of succinate with the par-
ticulate fraction also requires the soluble fraction.

%A gimilar result was obtained when ferri-
cyanide was used as electron acceptor.

KUSUNOSE, NAGAI, KUSUNOSE AND YAMAMURA
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The latter fraction cannot be replaced by heart
muscle fumarase, but can be partially replaced by
oxalacetic decarboxylase from Micrococcus lyso-
detkticus. Succinoxidase is inhibited by either
malonate or oxalacetate in a manner similar to
animal enzymes.
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