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Metabolism of Mycobacterium leprae Separated

‘ from Human Leprosy Nodules'

K. Prabhakaran®

This paper deals with studies on a num-
ber of oxidative enzymes in Mycobacterium
leprae separated directly from human lep-
rosy nodules. In an investigation such as
this, certain limitations are inherent: (1)
the microorganisms have to be separated
from the infected tissue in pure form suit-
able for metabolic studies; (2) only those
enzvmes can be studied for which technics
applicable to small quantities or material
are available.

Study of M. lepraemurium has become a
model system for investigations relating to
human leprosy. Since these organisms have
also not been cultivated in inert media,
they are isolated directly from infected tis-
sues of rats or mice. Gray ("), and
Hanks ('), working with whole cells of
M. lepraemurium separated from testicular
lepromas of rats, could not obtain utiliza-
tion of 50 different substrates, including
various tissue extracts, Ito and Sonoda ('7)
demonstrated increase in oxygen-uptake of
M. lepraemurium with heated extracts of
rat testes and testicular lepromas. In cell-
free extracts of M. lepraemurium, Kusa-
ka (') observed succinate oxidase and
glucose-6-phosphate dehydrogenase, which
were absent from the whole cells. Mori
et al. () demonstrated diaphorase T and
IT and malate dehydrogenase in extracts
prepared from lyophilized cells of M. lep-
raemurium.

METHODS AND MATERIALS

M. leprae was separated from human lep-

romatous mnodules, as described else-
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where (*'). Protein was estimated by a
colorimetric method modified from that of
Johnson (1%).

Heated extract of lepromatous nodules
was prepared by heating the crushed tissue
in distilled water (about 1 gm. in 10 ml.)
for 30 minutes at 100°C, and removing the
particles by centrifugation.

Oxygen-uptake of the separated orga-
nisms with and without added substrates
was studied by the conventional Warburg
manometric method.

Succinate-cytochrome C reductase activi-
ty was estimated spectrophotometrically by
measuring the increase in absorbance at
550 my. in the Beckman spectrophotometer
model DU.

Lactate dehydrogenase mediated by nico-
tinamide-adenine dinucleotide (NAD) was
studied spectrophotometrically by measur-
ing increase in absorbance at 340 my.

Pyruvate formed in the reaction medium
was estimated by the carbonyl test (7),
measuring absorbance of the hydrazone
formed at 450 my.

Peroxidase activity was determined by
measuring formation of purpurogallin from
pyrogallol (#°). Catalase activity was esti-
mated by measuring liberation of oxygen
from H.O. (*).

Kedrowsky's bacillus and M. phlei were
grown in glycerol broth for 21 days; M.
smegmatis was grown in the same medium
for 48 hours. M. tuberculosis H37Ra and
BCG were cultured in Dubos medium for
21 days. The organisms were separated
from the medium by centrifugation at
6,000 g for 10 minutes and were washed
twice with 0.85 per cent NaCl and once
with distilled water.

RESULTS
It is known that M. leprae isolated from
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lepromas shows a tendency to aggrega-
tion (*¥). In the present study various at-
tempts to obtain a well-dispersed suspen-
sion of bacilli by use of Tween 80 and
snake venom were not entirely successtul.
In preliminary experiments on oxygen-up-
take of the intact organisms, a prolonged
lag period was observed (Fig. 1). The pos-
sibility of a permeability barrier due to the
lipopolysaccharide capsule of the bacilli
was considered. To eliminate this, the or-
ganisms were ground with sand in a chilled
agate mortar, and the sand was removed
by slow speed centrifugation. This pro-
cedure resulted in a homogenous suspen-
sion, and apparently disrupted most of the
bacilli, which were found to take up oxygen
without a lag period. Since the method
was found to be of advantage, it was gen-
erally followed throughout this study.

Results of respiration of M. leprae in the
presence of heated extract of lepromatous
tissue are given in Table 1. It is evident
that the organisms showed in vitro respira-
tion, which was enhanced by addition of
the heated extract. The activity was rather
low, possibly because of the small quanti-
ties of material used.

Figure 1 shows oxygen-uptake of M.
leprae in the presence of p-phenylene-
diamine. While the endogenous respira-
tion of the bacilli decreased after 60 min-
utes, in the experiment oxygen-uptake con-
tinued in a linear manner for over 210 min-
utes. When intact organisms were used,
there was an initial lag period of 60 min-
utes, probably due to impermeability of
the capsular coating present in M. leprae.
The results suggest the operation of cyto-
chrome C oxidase in the organisms, since
p-phenylenediamine reduces cytochrome C,
and reduced cytochrome C is oxidized by
cytochrome oxidase.

Tasre 1. Respiration of M. leprae in presence of heated extract of lepromatous tissue.

Expt. No. | Time (min.)
1 ' 160
2 200
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Fic. 1. Cytochrome C oxidase of M. leprae.
The incubation system consisted of: Krebs-
Ringer phosphate buffer, 0.2 ml; PPD, 0.02
M; bacterial suspension, 1 ml (protein con-
centration, 25 mgm.); volume 1.5 ml; tem-
perature 37°C. 1. Endogenous. 2. Intact bacil-
li plus PPD. 3. Crushed bacilli plus PPD.

120 150 180 210
TIME (min )

Oxidation of succinate by M. leprae is
shown in Figure 2. In the presence of suc-
cinate and cvtochrome C, there was stimu-
lation of respiration by the bacilli, which
was inhibited by potassium eyanide (KCN).
The overall activity was rather low. This
was necessarily due to the small concen-
tration of enzyme employed—a restriction
imposed by the limited amounts of human
material available.

Succinate-cytochrome C reductase ac-
tivity was studied spectrophotometrically
by measuring increase in absorbance at
550 my. Results presented in Table 2 show
that there was considerable increase in ab-
sorbance at 550 my., due to reduced cyto-
chrome C, when KCN was present in the
system. This was abolished when cyanide
was omitted, a fact providing further evi-
dence for the presence of cytochrome oxi-
dase in M. leprae.

Oxygen upta!;(;;l.}

Meated extract

Without | W i_th L
| 15.0 1.6
| 15.0 22.3

The incubation system consisted of: 0.5 M Na,HPO,KH.PO, buffer pH 7.4, 0.2 ml; bacterial suspension

one ml. (protein concentration 18 mgm.) ; heated extract, 0.3 ml; volume 1

5 ml; temperatare 37°C.
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TasLe 2. Succinate-cytochrome C reductase activity of M. leprae.

_ Expt. No. | Time (min.)

1 90
2 i 30

Incubation system same as in Figure
ml.

E350 my

Enzyme with succinate-cyvtochrome C

. KCN |
Without With Increase
90 164 74
| 95 22(0) 125

2. Protein concentration: (1) 15 mgm. (2) 26 mgm.; volume 4

n W
= o

0, UPTAKE (ul)
o

o

I1c. 2. Succinate oxidase of M,
leprae. The incubation system con-
sisted of: 0.5 M Na,HPO,-KH.PO,
buffer pH 7.4, 0.2 ml; sodium suc-
cinate, 0.02 M; bacterial suspen-
sion, 0.5 ml. (protein concentra-
tion, 15 mgm.); KCN, 0.05 M;
cvtochrome C, 1 mgm.; volume 1.5
ml.; temperature 37°C, 1, Endog-
enous. 2. Enzyme plus sodium suc-

TIME ( min.)

cinate plus  cytochrome C  plus
KCN. 3. Enzyme plus sodium suc-
cinate plus cytochrome C.

40+
o2
fx 301 0/
. (=]
E /
¢ .
Fic. 3. Lactate dehydrogenase o 291 / P
of M. leprae. The incubation sys- = 5 ,_/‘f‘
tem consisted of: 0.5 M Na,HPO,- / _—t
- - +*
KH,PO, buffer pH 7.4, 0.2 ml; 10 /
L-sodium lactate, 0.02 M; NAD, :
10-% M; bacterial suspension, 1 ml.
(protein concentration 70 mgm.); v , - Y s
volume 1.5 ml; temperature 37°C. 0 30 €0 90 120 10
1. Endogenous. 2 M. leprae plus TIME (Min.)
L-lactate plus NAD,
TasLE 3. Lactate dehydrogenase activity of M. leprac. N
E340 my - -
Enzyme with i B
_ | Lactate, NAD,
Expt. No. | Time (min.) | Lactate Lactate & NAD| KCN Increase
i 60 34 — | 102 68
2 60 — 85 295 210

Incubation system same as in Figure

3. Bacterial suspension, | ml. Protein concentration, (1) 45

mgm. (2) 80 mgm.; KCN, 0.05 M; volume 4 ml,
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TasLe 4. Lactate oxidation of M. leprae in relation to formation of pyruvate.

Expt. No. | Treatment
| s
Dialyzed

| ~ Time (min.)

E450 mp
(measure of
pyruvate formed)

0. uptake (ul.)

1 120 : 20 820
2 | Dialyzed 120 | 26 . 740
3 Undialyzed 180 | 34 | 206

Incubation system same as in Figure 3. Protein concentration: (1) and (2) 56 mgm. (3) 70 mgm.

Results given in Figure 3 show that the
organisms actively oxidize lactate; there
was 75 per cent increase in oxygen-uptake
over lh(’ L']ll[(lg(‘n(“ls.

An attempt was made to see if reduction
of NAD could be detected in the oxidation
of lactate by M. lepraec. NAD reduction
was measured by estimating increase in ab-
sorbance at 340 my. in the presence of KCN.
Results given in Table 3 show that there
was significant increase in absorbance at
340 my, a fact suggesting that lactate dehy-
drogenase of M. leprae is NAD-dependent.

Lxperiments in which products of lactate
oxidation were analyzed showed that pyru-
vate was formed in the system. This could
be demonstrated by the carbonyl test; the
hydrazone formed had an absorption maxi-
mum at 450 my. Results given in Table 4
demonstrate that oxygen-uptake of M. lep-
rae in the presence of lactate was inversely
related to pyruvate accumulation in the
reaction medium. This suggested that the
pyruvate produced is further oxidized by
the bacilli. However. attempts to detect in-

crease in oxygen-uptake with added pyru-
vate were unsuccessful, Dialysis of the
bacterial preparation against distilled water
for four hours at 4°C apparently did not
affect oxidation of lactate, whereas the
pyruvate formed was not further oxidized
and accumulated in the system (T;lhlu 4).

Table 5 shows the catalase and peroxi-
dase activities of M. leprae as compared to
those of other mycobacteria. It is evident
that M. leprae has strong peroxidase ac-
tivity, while the saprophytic mycobacteria
showed none. On the other hand, catalase
activity in M. leprae was very low as com-
pared with that in the other mycobacteria.

DISCUSSION

Human leprosy organisms separated from
lepromatous nodules have thus been shown
to oxidize several substrates. It may rea-
sonably be assumed that- the microorga-
nisms universally occurring in lesions of
leprosy are the causative agents of the dis-
case and that the acid-fast bacilli isolated
from lepromatous nodules are in fact con-

Tavre 5. Catalase and peroxidase activities of M. leprae and other mycobacteria.

Peroxidase Concentration of enzyme
(E420 mpu) Catalase S (mgm. protein) ==
Bacteria (Klett units) (ul. 04) Peroxidase Catalase
M. leprae | 150 27.0 12.50 12.50
M. tuberculosis
H37Ra | =5 72.5 11.25 6.25
M. tuberculosis |
BCG , - 99.0 11.25 6.25
Kedrowsky's
bacillus - 75.0 10.00 ! 3.75
M. phlei | — 79.0 12.50 i 3.75

Peroxtdase: The incubation system consisted of 0.2 M acetate buffer, pH 4.0, 5 mlL; HO, 25 mgm;

pyrogallol, 5 mgm.; volume 7 ml; temperature 50°C; time 10 minutes,
Catalase: The incubation system consisted of: 0.5 M, Na,HPO-KH.PO, buller pH 7.0, 0.2 ml; H.O.,
0.02 M; volume 3 mlL: temperature 30°C: time M. leprae 15 minutes, other bacilli 5 minutes,
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centrates of M. leprae. The preparations
employed in this study were practically
free from contamination by tissue debris,
as could be judged from stained slides. In
analogous studies of mycobacteria isolated
directly from animal tissues (M. lepraemu-
rium from infected rat testes), Gray (*)
suggested that enzyvmes of the host tissue
do not interfere with the activity of the
bacterial enzymes if the preparations are
more than 85 per cent pure with respect
to bacilli. In our experiments, when the
organisms were ground with sand, the per-
meability barrier could be overcome, the
lag period observed in the respiration of
intact organisms being eliminated by this
procedure.

As the substrate requirements of M. lep-
rae were entirely unknown, a heated ex-
tract of the milien in which it proliferates.
viz.. the lepromatous nodules, was em-
ployed as substrate-source. It was found
that the oxygen-uptake of the organisms
was stimulated by addition of the heated
extract, a fact suggesting that the bac-
terial preparations were metabolically ac-
tive. However, the ox}-'gcn-uptakv was
rather low. This was probably due to the
small quantities of the organisms used.
Electronmicroscopic studies have suggested
that a significant proportion of bacilli pres-
ent in human leprosy nodules are dead ().
Such a condition might be partly responsi-
ble for the low metabolic response of the
M. leprae preparations. However, the fact
that increase in oxygen-uptake was found
consistently in all the experiments suggests
that the phenomenon is real.

It has been demonstrated that the ability
of mycobacteria to oxidize several sub-
strates decreases sharply as pathogenicity
increases (*%). Hanks and Gray (')
showed that as one passes from the sapro-
phytes toward the more parasitic species,
a step-wise limitation of oxidative capacity
is observed. Segal and Bloch (**), who
studied the metabolism of different strains
of M. tuberculosis, found that the avirulent
H37Ra had the maximum activity and the
virulent H37Rv the least, while the at-
tenuated strain BCG was intermediate. Un-
der the experimental conditions of the
studies here reported the metabolic activity
of M. leprae was observed to be rather low.

1967

Hanks ('') and Hanks and Gray ('*) ob-
served that M. lepraemurium subjected to
prolonged refrigeration showed increased
hydrogen transfer capacity and infectivity.
It has been suggested that inhibitors de-
rived from the tissue are destroyed during
refrigeration. In the present study M. lep-
rae separated from the nodules was gen-
erally kept in the frozen condition before
use, a procedure that might inactivate any
inhibitors present.

[t may be recalled that Ito and Sono-
da (') demonstrated stimulation of respira-
tion in M. lepraemurium with added heated
extract prepared from lepromas of infected
rats. The concentration of organisms em-
ployed was about 160 mgm. wet weight.
Hanks (') showed hydrogen transfer ca-
pacity of M. lepraemurium after prolonged
anaerobic incubation with tetrazolium dyes.
Gray (") studied the respiratory metabolism
of M. lepraemurium, but could not obtain
enhancement of oxygen-uptake in the pres-
ence of various substrates, including chick
embryo extract, heated extract of rat testes,
and boiled suspensions of M. phlei and M.
lepraemurium. The organisms employed
consisted of intact cells, and the concentra-
tion was only 0.36 mgm. nitrogen per flask.

Cytochrome oxidase. Oxidation of p-
phenylenediamine indicated that the orga-
nisms possess cytochrome oxidase activity.
By a cytochemical method, Chatterjee
et al. (') demonstrated the presence of
cytochrome oxidase in M. leprae. It has
been pointed out by Hartree ('*) that oxi-
dation of p-phenylenediamine is not strict-
ly specific, and should be considered in
conjunction with other data for evidence of
cytochrome oxidase activity. The fact that
the increased absorbance at 550 my. in the
presence of succinate and cytochrome C
was abolished when eyanide was omitted
from the system, provides confirmatory
evidence for the presence of the enzyme in
M. leprae.

Succinate oxidase. Reduction of cyto-
chrome C in the system shows that the suc-
cinate oxidation is linked with the cyto-
chrome system. Gray (*) and Hanks (1)
and Ito and Sonoda (%) could not demon-
strate oxidation of succinate by intact cells
of M. lepraemurium. When rat liver ex-
tract (which by itself had no effect) was
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added to the system, however, [to and
Sonoda (') found that succinate was oxi-
dized by the bacilli, a fact suggesting the
requirement of some cofactor for the ac-
tivity. Kusaka (') showed that the factor
was derived from heat-stable components
in liver mitochondria. In cell-free extracts
of M. lepraemurium, he demonstrated suc-
cinoxidase activity, which was absent in
whole cells (). In the present study, the
organisms emploved have been  ground
with sand and cytochrome C has been
added.

Several authors have reported oxidation
of succinate by different mycobacteria (% %).
Whole cells of M. tuberculosis TI3TRv had
no succinoxidase activity, but cell-free ex-
tracts prepared by sonic vibration of the
organisms for 20 minutes showed succinate
dchyvdrogenase with ferricyanide as elec-
tron acceptor (<7).

Lactate dehydrogenase. Oxidation of
lactate by M. leprae was found to be NAD-
dependent, and pyruvate has been detected
as the reaction product. It is well known
that lactate dehydrogenase of mammalian
tissues is mediated by NAD (*1). In yeast,
lactate dehydrogenase is identical with
eytochrome b.. The enzyme brings about
oxidation of lactate by cytochrome C, and
pyvruvate is the reaction product ('). The
lactate oxidase of M. phlei catalyzes the
oxidative decarboxylation of lactate to ace-
tate (#%). Yamamura et al. (*°) isolated
two lactic oxidases from M. avium. Lactic
oxidase I converted lactate to acetate, and
reacted directly with oxygen. Lactic oxi-
dase II catalyzed the oxidation of lactate
to pyruvate; it required the NAD-cyto-
chrome C-cytochrome oxidase system or
methylene blue for activity, Suryanaray-
anamurthy et al. (**) observed that lactate
dehydrogenase of sonic extracts of M. tu-
berculosis H37Rv is NADP-dependent. It
is evident that a variety of lactate oxidases
linked to different carriers are present in
mycobacteria. The lactate dehydrogenase
detected in M. leprae corresponds to the
lactic oxidase II of Yamamura et al. ("),
in converting lactate to pyruvate.

The oxidation of pyruvate by M. leprae
could only be inferred from the results ob-
tained on its lactate dehydrogenase activi-
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ty. When the product of lactate oxidation
by M. leprae was studied, it was found that
pvruvate was formed in the svstem. It was
observed also that accumulation of pyru-
vate in the reaction medium was inversely
proportional to oxygen-uptake in the pres-
ence of lactate, a fact indicating that the
pyruvate produced was further oxidized by
the bacilli. However, externally added
pyruvate was not utilized. Sutton (*7) has
shown that in the oxidation of lactate by
M. phlei, pyruvate-formation could be de-
tected under anaerobic conditions. He sug-
gested that the pyruvate produced is
strongly bound to the enzyme, since car-
bonyl-trapping agents did not inhibit its
oxidation under aerobic conditions. It is
probable that the pyruvate formed in the
oxidation of lactate by M. leprae is bound
to the enzyme and readily oxidized. When
the bacterial extracts were dialyzed, lactate
oxidation remained unaffected, whereas
pyruvate accumulated in the system, a fact
suggesting that some factors essential for
pyruvate oxidation are lost during dialysis.

Catalase and peroxidase. Ito and Sono-
da (') have demonstrated catalase and
peroxidase in M. lepraemurium. Catalase
activity is present in all aerobes and facul-
tative aerobes; anaerobic and lactic acid
bacteria are usually catalase-negative (2).
M. tuberculosis H37Rv has been shown to
possess peroxidase, and nonpathogenic my-
cobacteria such as M. tuberculosis 1137Ra,
BCG. M. phlei and M. smegmatis have
been found to lack this activity (*). By
analogy, the strong peroxidase of M. leprae
is probably correlated with its pathoge-
nicity. It is of interest to note that frozen
human skin tested under identical condi-
tions had no measurable peroxidase ac-
tivity. This probably indicates that the
metabolic property detected in M. leprae
is specific for the bacillus and not due to
tissue enzymes. Several saprophytic myco-
bacteria tested did not have this property.
The catalase of M. leprae has been found
to be very low as compared to that of sev-
eral nonpathogenic strains studied. The
intracellular life of these organisms under
low oxygen tension might explain their re-
duced catalase activity. Whether peroxi-
dase and catalase function physiologically
as protective agents against peroxide toxic-
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ity or as oxidative catalysts is still an open
question (7).

The experiments reported indicate that
M. leprae isolated from human leprosy
nodules possesses enzymes associated with
the citric acid cycle. However, the activity
of the enzymes was rather low. The results
suggest that these organisms have the bio-
logic machinery to oxidize substrates aero-
bically, and might be able to obtain energy,
at least in part, for growth and prolifera-
tion through oxidative mechanisms.

SUMMARY

Human leprosy bacilli (separated from
lepromatous nodules) showed consistent in
vitro respiration, which was enhanced by
the addition of a heated extract prepared
from lepromatous tissue.

M. leprae oxidized p-phenylenediamine,
a fact indicating the presence of cyto-
chrome C oxidase in the bacilli.

The organisms oxidized succinate, and
reduction of added cytochrome C was ob-
served in the system.

Lactate dehydrogenase mediated by
NAD was demonstrated. Pyruvate was
found to be the reaction product, and evi-
dence obtained showed that pyruvate
formed in the reaction medium was further
oxidized by the bacilli.

RESUMEN

Bacilos leprosos humanos (separados de
nodulos lepromatosos) mostraron consistente
respiracion in  vitro, que fué¢ aumentada
afiadiendo un extracto calentado preparado de
tejido lepromatoso.

M. leprac oxidé p-phenylenediamine, un
hecho que indica la presencia de cytochromo
C oxidasa en los bacilos.

Los organismos oxidaron el succinato, v se
observé una reduccion del evtochromo C que
fué agregado al sistema.

Lactato dehydrogenaso mediato por NAD
fué demostrado. El pyruvate se encontré ser
el producto de la reaccion, v evidencia obteni-
da mostro que el pyvruvate formado en el seno
de la reaccion fué mas adelante oxidado por
los bacilos.

1967
RESUME

Les bacilles de la 1épre humaine (scéparcs
des nodules I¢épromateux) ont témoigné régu-
licrement d'une respirvation in vitro, qui ¢tait
augmentée par Faddition dun extrait chaunffe
préparé a partir de tissu lépromateux.

Le M. leprae a oxydd la p-phenylenediamine,
phénomene qui a révélé la présence de cvto-
chrome C oxydase dans les bacilles.

Les organismes ont oxvdé le succinate et
une réduction du evtochrome € ajouté an
systeme a ¢té observée,

On a mis en ¢vidence la dehydrogénase
lactique avec intervention de NAD. On a
observé que le produit de réaction était du
pyruvate, et les données obtenues ont montré
que le pvruvate formé dans le milien de réac-
tion était plus tard oxydé par les bacilles.

Acknowledgments, 1 am grateful to Dr. B.
M. Braganca, Chief, Enzyme Chemistry Group,
Indian Cancer Research Centre, tor guidance;
to the Director, Indian Cancer Research Cen-
tre, for provision of the necessary [lacilities;
and to the Superintendent, Acworth Leprosy
Hospital, Bombay, for supplying human lep-
rosy material. The work was aided by a grant
from the Indian Council of Medical Research.

REFERENCES

1. AprLeny, C. A, and Mortox, R. K. Crys-
talline evtochrome b, and lactie dehydro-
genase of veast. Nature (London) 173
(1954) 749-752.

Brocn, H. Biochemical properties of

virulent and avirulent strains of Myco-

bacterium tuberculosis. Anm. New York

Acad. Sci. 88 (1960) 1075-1086.

3. Cuance, B, and Maenvry, A. C. Assay of
catalases and peroxidases. Methods in
Enzymology 2 (1955) 764-775.

4. Cnarrenjee, K. R., Das Guera, N. N,

Muknerjee, N. and Ray, H. N. Some

cytochemical observations in  Mycobac-

terium leprae. Bull. Calentta Sch. Trop.

Med. 4 (1956) 18,

Dorix, M. I, Cytochrome-Independent

Electron Transport Enzymes of Bacteria,

In The Bacteria. Gunsalus, 1. C. and

Stainer, R. Y., Eds. New York, Academic

Press, Vol. II, 1961, p. 319.

6. Epsox, N. L. The intermediary metabo-
lism of mycobacteria. Bact. Rev. 15 (1951)
147-182.

[

Jt



35, 1

7.

9.

10.

11

13.

14.

16.

X

18.

Froeoamax, T. E. and Haveen, G. E.
Pyruvic acid, Il The determination ol
keto acids in blood and urine. ]. Biol.
Chem. 147 (1943) 415-442,

Gourpnmax, D. S, Enzvme svstems in the
mycobacteria. A review. Adv. Tuberc.
Res. 11 (1961) 1-44.

Gray, C.
of murine leprosy bacilli. |,
(1952) 305-313.

Haxks, [. H. Influence of physical and
chemical factors on the hydrogen trans-
fer capacity of murine leprosy bacilli. In-
ternat. J. Leprosyv 22 (1954) 162-173.
Haxks, J. H. Relationship between the
metabolic capacity and the infectionsness
of M. lepracmurium. Relrigeration studies.
Internat. J. Leprosv 22 (1954) 450-460,
Haxks, J. H. and Gray, C. T. The appli-
cation of metabolic studies to leprosy re-

T. The respiratory metabolism
Bact. 64

search, Internat. |. Leprosy 22 (1954)
147-161.,

Haxks, J. H. and Gray, C. T. Extracel-
lular  inhibitors in  leprotic  infections

and their role as barriers to experimental
transmission.  Internat. ], Leprosy 22
(1954) 461-468,

Harrree, E. F. Cytochromes in higher

plants.  Advances in  Enzvmology 18
(1957) 1-64.
Ito, T. and Soxopa, R. Biochemical

studies on the murine leprosy bacillus.
II. Respiration and respiration accelerat-
ing substances. Biken's J. 1 (1958) 157-
165.

Jonnson, M. ]. Isolation and properties
of a pure veast polypeptidase. J. Biol.
Chem. 137 (1941) 575-386,

Kusaka, T. Studies on the metabolism of
the murine leprosy bacilli. 1. Stimulating
effect of mitochondrial extract of rat liver.
Japan. J. Med. Sci. & Biol. 2 (1958) 277-
285.

Kusaka, T. Ibid. 1I. Substances contained
in the mitochondria extract of rat liver
which stimulate the metabolism of the
bacilli or some enzymes in the bacilli.
Japan. J. Med. Sci. & Biol. 2 (1958) 287-
293,

19.

20,

30.

Prabhakaran: Metabolism of M. leprae 41

Mont, T., Kosaka, K. and Ito, T. Carbo-
hydrate metabolism of the murine leprosy
bacillus. 1. Studies on the respiratory
enzyme system, especially diaphorase and
malic dehydrogenase activities. Biken'’s ].
4 (1961) 225-233.

Perunr, N, G. Measurement of peroxidase
activity in plant leaft tissue. Current Sci.
31 (1962) 17-18.

Prapuakarax, K. and Bracanca, B, M,
Clutamic acid decarboxylase activity of
M. leprac and occurrence of  q-amino-
butyric acid in skin lesions of leprosy.
Nature (London) 196 (1962) 589-590.
Rees, R. ] W., Varexting, R C. and
Woxe, P. C. Application of quantitative
electron microscopy to the studv of M.
lepraemurium and M. leprae. ], Gen.
Microbiol, 22 (1960) 443-457.

Secar, W. and Brocn, H. Biochemical
differentation of Mycobacterium  tuber-
culosis grown in vive and in vitro. ]. Bact.
72 (1956) 132-141.

Straus, F. B. Crvstalline lactic dehydro-
genase from heart muscle. Biochem. ].
34 (1940) 483-486.
SuRYANARAYANAMURTHY, P Smmst, M.
and RaatakrisuNan, T, Tricarboxyvlic acid
cvele and related enzymes in cell-free
extracts of Mycobacterium  tuberculosis
H37Rv. Biochem. ]J. 84 (1962) 263-269.
Surron, W, B, Isolation and properties of
Jactic oxidative decarboxylase from Myco-
bacterium  phlei. ], Biol. Chem. 210
(1954) 309-320.

Surrox, W. B. Mechanism of action and
erystallization of lactic oxidative decarbo-
xvlase from Mycobacterium phlei. ], Biol.
Chem. 226 (1957) 395-405.

Tavror, C. E. and Haxks, J. H. Removal
of tissue antigens from bacillary suspen-
sions of M. leprae. Intermat. J. Leprosy
30 (1962) 465-476.

Tmuxaravanan, M. O. and ViscHer, W,
A. Relationship of isoniazid to the me-
tabolism of mycobacteria: catalase and
peroxidase, American Rev. Tuberc. 75
(1957) 62-70.

Yanmanmunra, Y., Kusvnose, ]. and Kusu-
~ose, E. Lactic oxidases of Mycobac-
terium tuberculosis avium. Nature (Lon-
don 170 (1952) 207-208.



