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Metabolism of Mycobacterium leprae Separated 

from Human leprosy Nodules 1 

K. Prabhakaran2 

T his paper deals with studies on a num­
ber of oxida tive enzymes in Mycobacterium 
leprae separated directly from human lep­
rosy nodules. In an inves tigation 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 
enzymes can be studied for which technics 
applicable to small quantities or material 
are avai lable. 

Study of M. lepramnurium has become a 
model sys tem 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 (9), and 
Hanks (10), 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 (.17) 
demonstrated increase in oxygen-uptake of 
M. lepraemul'ium with heated extracts of 
rat testes and testicular lepromas. In cell­
free extracts of M. lepraemurium, Kusa­
ka (18) observed succinate oxidase and 
glucose-6-phosphate dehydrogenase, which 
were absent from the whole cells. Mori 
et al. (19) demonstra ted diaphorase I and 
II and malate dehydrogenase in extracts 
prepared from lyophilized cells of M. le}J­
raemul'ium. 

METHODS AND MATERIALS 

M. leprae was separated from human lep­
romatous nodules, as described else-
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where (21). Protein was es timated by a 
colorimetric method modified from that of 
Johnson (10). 

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 convention al Warburg 
manometric method. 

Succinate-cytochrome C reductase activi­
ty was es timated spectrophotomctrically by 
measuring the increase in absorbance at 
550 mil. in the Beckman spectrophotometer 
model D U. . 

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

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

Peroxidase activity was determined by 
measuring form ation of purpurogallin from 
pyrogallol (20). Catalase activity was es ti­
mated by measuring liberation of oxygen 
from H 20 z (3). 

Kedrowsky's bacillus and M. pl-tlei were 
grown in glycerol broth for 21 days; M. 
smegma tis 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 NaCI 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 (~S) . 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 successful. 
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 elimina te this, the or­
ganisms were ground with sand in a chilled 
aga te mortar, and the sand was removed 
by slow speed centrifuga tion . 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 extrac t of lepromatous 
tissue are given in Table 1. It is evident 
that the organisms showed in v itro 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. 
Zeprae 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. 
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F IG . 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. 

Oxidation of succina te by M. leprae is 
shown in Figure 2. In the presence of suc­
cinate and cytochrome C, there was stimu­
lation of respiration by the bacilli, which 
was inhibited by potass ium cyanide (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 avail able. 

Succinate-cytochrome C reductase ac­
tivity was studied spectrophotometrically 
by measuring increase in absorbance at 
550 mf./ .. Results presented in Table 2 show 
that there was considerable increase in ab­
sorbance at 550 mf./. , 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. 

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

Oxygen uptake ("t! .) 

H('ated extract 

Expt. No. Time (min .) Without With 

1 160 15.0 l R.6 
2 200 15.0 22.3 

T he in cuba lion system conSIsted of: 0.5 M Na,HPO. KH,PO, buffer pH 7.4, 0.2 ml. ; bac leri al sllspension 
one ml. (p rotein concentration 18 mgm.) ; hea ted extract, 0.3 ml. ; volum e 1.5 ml. ; temperalure 37°C. 
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T A BLE 2. Succinate-cytochrome C reductase activity of M. leprae. 
------ ------

I ! E550 In~ 
I I 

Enzyme with succinate-cytochrome C ' 

KCN 
Expt. No. Time (min.) Without With Increase 

------
1 90 90 164 74 
2 30 95 220 125 

In cllba ti on sys lem sa me as in Figure 2, Pro tein co ll cent ra tion : ( I ) 15 III gill , (2) 26 mgm .; VO illlll C 4 
1111. 
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F IG. 3. Lactate dehydrogenase 
of M. leprae. The incubation sys­
tem consisted of : 0.5 M Na2HP04-
KH~PO-l buffer pH 7.4, 0.2 ml. ; 
L-sodium lactate, 0.02 M; NAD, 
10- 3 ~1 ; bacterial suspension, 1 ml. 
(protein concentration 70 mgm. ); 
volume 1.5 ml. ; temperature 37°C. 
1. Endogenous. 2 M. leprae plus 
L-Iactate plus NAD. 
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F IG , 2. Succinate oxidase of M. 
leprae. The incubation system con ­
sisted of: 0,5 M Na~HPO-l-KH2P04 
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 ; 
cytochrome C, 1 mgm.; volume 1.5 
ml. ; temperature 37°C. 1. Endog­
enous. 2. Enzyme p lus sod ium suc­
cinate plus cytochrome C plus 
KCN. 3, Enzyme p lus sodium suc­
cinate p lus cytochrome C. 
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T ABLE 3. Lactate dehydrogenase activity of M. leprae. 
------_ .. _--

E340 m~ 
4 ____ 

Enzyme with 

Lactate, NAD, 
Expt. No. Time (min ,) Lactate Lactate & NAD KCN Increase 

1 60 34 -- 102 68 
2 60 - 85 295 210 

Incuba tion system sa me as in Figure 3. Bacteria l suspension , I m!. Pro tein concentra tion, ( I) 45 
mgm. (2) 80 mgm.; KeN, 0.05 J'v£ ; volum e 4 m!. 
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TABLE 4. Lactate oxidation of M. leprae in relation to formation of pyruvate. 

E450 m,u 
(measure of 

Expt. No. Treatment Time (min. ) O~ uptake (ILl. ) pyruvate form ed) 

1 Dialyzed 120 

I 

20 820 
2 Dialyzed 120 26 740 
3 Un dialyzed 180 34 206 

In cubatioll system sa me as in Figure 3. P ro tein con centra tion : ( I) and (2) 56 mgm. (3) 70 mgm. 

Results given in Figure 3 show tha t the 
organisms actively oxidize lactate; there 
was 75 per cent increase in oxygen-uptake 
over the endogenous. 

An attempt was made to see if reduction 
of NAD could be detected in the oxidation 
of lactate by M. Zepme. NAD reduction 
was measured by estimating increase in ab­
sorbance at 340 mI-'. in the presence of KCN. 
Results given in Table 3 show th at there 
was sign ificant increase in absorbance at 
340 m[J., a fact suggesting that lactate dehy­
drogenase of M. leprae is NAD-dependent. 

Experiments in which products of lactate 
oxida tion 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 m[J.. Results given in Table 4 
demonstrate that oxygen-uptake of LVI . Zep­
me in the presence of lactate was inversely 
related to pyruvate accumulation in the 
reaction medium. This suggested that the 
pyruvate produced is furth er oxidized by 
the bacilli . However, attempts to detect in-

crease in oxygen-uptake with added pyru­
va te were unsuccessful. Dialysis of the 
bacterial prepara tion 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 (Table 4 ). 

Table 5 shows the ca talase and peroxi­
dase activities of M. Zepme 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. Zeprae 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 les ions of 
leprosy are the causative agents of the dis­
ease and that the acid-fast bacilli isolated 
from lepromatous nodules are in fact con-

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

Peroxidase Concentration of enzyme 

(E420 mIL) Catalase (mgm. protein ) 

Bacteria (Klett units) (ILl. O2 ) Peroxidase Catalase 

M. Zeprae 150 27.0 12.50 12.50 
M. tuberculosis 

H37Ra - 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 3.75 

Pe roxidase: T he incuba tIOn system conststed of 0.2 M acetate burrer, pH 4.0, 5 ml. ; H 20 " 25 mgm.; 
pyrogallo l, 5 mgm.; volume 7 ml.; temperature 30°C; tim e 10 minutes. . 

r.ata/ase: T he incubation system consisted of: 0.5 M, Na,HPO,·KHYO , b ttrrer pH 7.0, 0.2 ml. ; H,O" 
0.02 r. 1; vo lum e 3 ml. ; temperature 30°C; time M. ie/Jrae 15 minutes, other bacilli 5 minutes. 
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centra tes of M. lepme. The preparations 
employed in this study were practically 
free from contaminatiop. by tissue de'bris, 
as could be judged from stained slides. In 
analogous studies of mycobacteria isolated 
directl y from animal tissues ( M. lepm emu­
dum from infected rat testes) , Gray (9 ) 
sugges ted th at enzymes 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, wh en the 
organisms' were ground with sand, the per­
meability barrier could be overcome, the 
lag period observed in the respiration of 
intact organ isms being eliminated by this 
procedure. 

As the substrate requirements of M. lep­
rae were entirely unknown, a heated ex­
tract of th e milieu in whi ch it prol ifera tes, 
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 oxygen-uptake was 
rather low. This was probably due to the 
small quantities of the organisms used. 
El ectronmicroscopic studies have suggested 
that a significant proportion of bacilli pres­
ent in human leprosy nodules are dead e2 ) . 

Such a condition might be partly responsi­
ble for the low metabolic response of the 
M. lepm e 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 (2. G) . H anks and Gray ( 12) 
showed that as one passes from the sapro­
phytes toward the more paras itic species, 
a step-wise limitation of oxidative capaci ty 
is observed. Segal and Bloch (23) , 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. Teprae was observed to be rather low. 

Hanks ( II ) and Hanks and Gray (J:l) ob­
served that M . Tepraemurium subjected to 
prolonged refrigera tion showed increased 
hydrogen transfer capaci ty and infectivity. 
It has been sugges ted that inhibitors de­
rived from the tissue are destroyed during 
refrigeration . In the present study M. lep­
me separa ted from the nodules was gen­
erally kept in the frozen condition before 
use, a procedure that might inactivate any 
inhibitors present. 

It may be recalled that Ito and Sono­
da Co) demonstrated stimulation of respira­
tion in M. lepm emuriwn with added heated 
extract prepared from lepromas of infected 
rats. The concentration of organisms em­
ployed was about 160 mgm. wet weight. 
H anks ( 10) showed hydrogen transfer ca­
pacity of M. lepmemurium after prolonged 
anaerobic incubation with tetrazolium dyes. 
Gray (9) studied the respiratory metabolism 
of M. Tepraemuriuln, but could not obtain 
enhancement of oxygen-uptake in the pres­
ence of various substrates, including chick 
embryo extract, hea t~d extract of rat tes tes, 
and boiled suspensions of M. phlei and M. 
lepraemul'ium. 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 aT. (4) demonstrated the presence of 
cytochrome oxidase in M. lepme. It has 
been pOinted out by Hartree (14) 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 miJ. in the 
presence of succinate and cytochrome C 
was abolished when cyanide was omitted 
from the sys tem, provides confirmatory 
evidence for the presence of the enzyme in 
M. leprae. 

Succinate oxidase. Reduction of cyto­
chrome C in the sys tem shows that the suc­
cinate oxidation is linked with the cyto­
chrome system. Gray (9) and H anks (10) 
and Ito and Sonoda (15) could not demon­
strate oxidation of succinate by intact cells 
of M. lepm emurium. When rat liver ex­
tract (which by itself had no effect) was 



:15, 1 Prabhakara n: Metabolism of M. lcprae 39 

added to the sys tem, however, Ito and 
Sonoda ( 1 ~) found tha t succina te was oxi­
dized by th e bacilli , a fac t sugges ting the 
requirement of some cofactor for the ac­
tivity. Kusaka (I7) 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 (1 8) . In the p resent study, the 
organisms employed have been ground 
with sand and cytochrome C has been 
added. 

Several authors have reported oxidation 
of succina te by differcnt mycobac teria (G. 8) . 
Whole cells of M. tuberculosis H37Rv had 
no succinoxidase activity, but cell-free ex­
tracts prepared by sonic vibration of the 
organisms for 20 minutes showed succinate 
dehydrogenase "vith ferricyanide as elec­
tron acceptor (~ 7 ) . 

Lactate dehydrogenase. Oxidation of 
lactate by M. lepm e 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 (24). In yeas t, 
lactate dehydrogenase is identical with 
cytochrome b 2 • The enzyme brings about 
oxidation of lactate by cytochrome C, and 
pyruvate is the reaction product (1) . The 
lactate oxidase of M. phlei catalyzes the 
oxidative decarboxylation of lactate to ace­
tate ( ~6). Yamamura at al. (30) 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 pyruva te; it required the NAD-cyto­
chrome C-cytochrome oxidase system or 
methylene blue for activity. Suryanaray­
anamurthy et al. (25) observed that lactate 
dehydrogenase of sonic extracts of M. tu ­
be1'culosis 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. (30), 
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-

ty. W hen the product of lactate oxidation 
by M. leprae was studied, it was found that 
pyruva te was formed in the sys tem. It was 
observed also tha t accumula tion of pyru­
vate in the reaction medium was inversely 
proportional to oxygen-uptake in the pres­
ence of lactate, a fac t indicating that the 
pyru va te produced was furth er oxidized b y 
the bacilli. H owever, externall y added 
pyruvate was not utilized . Sutton (~7) has 
shown that in the oxidation of lactate by 
M . ph lei, pyruva te-formation could be de­
tec ted under anaerobic conditions. He sug­
ges ted that the pyruva te 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 form ed 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 accumul ated in the system, a fact 
suggesting that some factors essential for 
pyruva te oxidation are lost during dialysis. 

Catalase and peroxidase. Ito and Sono­
da (15) have demonstra ted catalase and 
peroxidase in M. lepraemurium. Catalase 
activity is present in all aerobes and facul­
tative aerobes; anaerobic and lactic acid 
bacteria are usually ca talase-negative (2). 
M. tuberculosis H37Hv has been shown to 
possess peroxidase, and nonpathogenic my­
cobacteria such as M. tuberculosis H37Ra, 
BCG, M. phlei and M. smegmatis have 
been found to lack this activity (:!O) . By 
analogy, the strong peroxidase of Nt . leprae 
is probably correlated with its pathoge­
nicity. It is of interes t to note that frozen 
human skin tes ted under identical condi­
tions had no measurable peroxidase ac­
tivity. This probably indicates that the 
metabolic property detected in M. leprae 
is specinc 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 theil' 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 ca talysts is still an open 
ques tion (") . 

The experiments reported indicate that 
M. leprae isolated from human leprosy 
nodules possesses enzymes associated with 
the ci tric acid cycle. However, the activi ty 
of the enzymes was rather low. The results 
sugges t 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 ox ida ti ve mechanisms. 

SUMMARY 

Human leprosy bacilli (separated from 
lepromatous nodules) showed consistent in 
v itro 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
chl'ome 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 
form ed in the reaction medium was furth er 
oxidized by the bacilli. 

RESUMEN 

Bacilos leprosos humanos (separados de 
nodulos lepromatosos) mostraron consistente 
respiracion in vitro, que fue aumentada 
aiiadiendo un extracto calentado p reparado de 
tejido lepromatoso. 

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

Los organ ismos oxidaron el succinato, y se 
observo una reduccion del cytochromo C que 
flle agregado al sistema. 

Lactato dehydrogenaso mediato pOI' AD 
flle demostrado. EI pyruvate se encontro ser 
el producto de ]a reaccion, y evidencia obteni­
da mostro que el pyruvate fonnado en el seno 
de la reaccion fue mas adelante oxidado pOI' 
los bacilos. 

RESUME 

Les bacilles de 1a Icpre humaine (separes 
des nodules lepromateux ) ont temoigne regu­
liE~ rement d'une respiration ill vitro, qu i etait 
augmentee par l'addition d 'un extra it chauffe 
prepare a partir de tissu lepromateux. 

Le LVI. /eprae a oxyde 1a p-phenylenediamine, 
phenomcne qui a revele la presence de cyto­
chrome C oxydase dans les bacilles. 

Les organismes ont oxyde Ie succinate el 
Line, reduc~io,n du cytochrome C ajoute au 
systeme a ete observee. 

On a mis en evidence ]a dehydrogenase 
Iactique avec intervention de NAD. On a 
observe que Ie produit de reaction etait du 
pyruvate, et les donnees obtenues ont montre 
que Ie pyru va te forme dans Ie milieu de reac­
tion etait plus tard oxyde par les bacilles . 
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