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M ycobacterium feprae and M. fepraemu
rium are generally regarded as metabolically 
deficient , I)ost dependent intracellular para
sites. As a result of the failure of these myco
bacteria to mUltiply in bacteriologic media, 
little is known of their physiologic require
ments. M ori et af ( 16) and K usaka et af ( 1> . 14) 
claimed that M. fepraemurium were deficient 
in cytochrome pigments. This deficiency was 
cited as an explanation as to why these ba
cilli , when isolated, had no respiratory re
sponse to glucose or its intermediates (3. 18 ). 
Contrary to these reports, we have recently 
shown the presence of cytochromes of the 
a+a 3 , band c types ( 6.7 ) in M . fepraemu
rium. Our more recent studies have shown 
that whole cell suspensions of M. fepraemu
rium catalyzed oxidation of succinate (8) and 
NADH was also found to be oxidized by cell
free preparations of this organism ( 9). 

In the past, the only source of M. feprae 
has been human infected tissues and it was 
not possible to obtain pure cells in amounts 
sufficient for biochemical studies. As a result, 
little is known about the metabolic proper
ties of this mycobacterium. However, the 
situation has greatly improved since Storrs 
( 20 ) and Kirchheimer and Storrs (1 2) found 
that the nine-banded armadillo (Dasypus 
novemcinctus. L.) is susceptible to human 
leprosy. Armadillos infected with M. feprae 
yield tissues which contain enormous num
bers of hitherto scarce leprosy bacilli. Thus, 
it has now been possible to isolate enough 
bacilli for metabolic studies. This paper de
scribes investigations on the cytochrome sys-
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terns, oxidation of succinate and N AD H by 
M. feprae isolated from leprous tissues of an 
armadi ll o. 

MATERIALS AND METHODS 

Preparation of M. leprae cell suspensions. 
A nine-banded armadillo (AR-H6), infected 
subcutaneously and intraperitoneally 31 
months previously, with a pooled suspension 
of M. feprae obtained from human leproma
tous leprosy ski n biopsies was sacrificed by 
cardiac exsanguination under sod ium amy
tal anest hesia. Subcutaneous lepromas to
gether with the spleen and the liver were 
removed aseptica ll y and transported from 
Hawaii to Montreal in steri le containers on 
wet ice. The tissues were worked up within 
48 hours. The pooled tissues (164 gm) were 
minced with scissors and washed twice with 
cold distilled water. They were then homog
enized in 0.1 M potassium phosphate buffer, 
pH 7.2, in a Sorvall Omnimixer and the ho
mogenate was filtered through a sterile ny
lon filter. The filtrate was centrifuged at 860 
x g using JS-7.5 swi ng bucket rotor for eight 
minutes in a Beckman J-21 B centrifuge. The 
supernatant was carefu lly decanted and the 
sediment was resuspended and similarly 
washed three times. The combined superna
tants were centrifuged at 10,000 x g for ten 
minutes a nd the sedi ment washed twice with 
cold buffer. The fluffy superficia l layer above 
the sedimented bacilli was poured off and 
the lipid sticking on the sides of the tubes 
was washed off. The sediment was resus
pended in 0.1 M KP0 4 buffer, pH 7.2, and 
the final cell suspension, to be used for res
piratory studies, was standardized turbidi
metrically using a 540 mm filter, so that a 
I: 10 dilution gave a Klett unit reading of 450 
which corresponded to about 12 mg of cells 
(dry weight) per milliliter. The cell suspen
sions were checked for purity and the sta ined 
preparations (Ziehl-Neelsen method) as well 
as the phase contrast microscopic examina-
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tions showed that the cell suspensions were 
practically free from such tissue contami
nants as might interfere with the proposed 
st udies ( 10) . 

Preparation of cell-free extracts. The 
washed bacilli were suspended (50% W / V) 
in a sonication medium containing 50 milli
mols tris-HCL (ph 7.2), 300 millimols sucrose, 
5 millimols MgCI 2, 0.5 millimol EDTA-Na 2 

and 0.5 millimol reduced glutathione. The 
cells were disrupted by passing three times 
through a chilled French press (Aminco, Sil
ver Spring, Maryland, U.S.A.) at 1260 pSI. 
The unbroken cells were removed by centri
fugation at 12,000 x g for 30 minutes and the 
cell-free supernatant was used as the enzyme 
source. 

Measurement of succinate oxidation. The 
oxidation of succinate by intact cells of M . 
leprae was measured by the Warburg technic 
as described by Umbreit et al (22) under con
ditions similar to those described for M. lep
raemurium ( 8). 

Measurement of NADH oxidation. The 
oxidation of N ADH by cell-free extracts of 
M. leprae was measured spectrophotomet
rically at 25° C and by following the decrease 
in absorbancy at 340 nm in a Cary model 
118C spectrophotometer. The reaction mix
ture in a total volume of 2 ml contained 180 
Ii mol of 0.1 M potassium phosphate buffer 
pH 7.0- and cell-free extracts containing 1.3 
mg protein. The reaction was initiated by the 
addition of 0.05 limol of NADH in the sam
ple cuvette. 

To study the effect of inhibitors on succi
nate or NADH oxidations, thenoyltrifluoro
acetone, rotenone, antimycin A and HQNO 
(2-n-heptyl-4-hydroxyq uinoline-N -ox ide) 
were dissolved in 95% ethanol. Where indi
cated, the inhibitors were pre-incubated with 
the reaction mixture for three minutes before 
the reaction was begun. 

Absorption spectra. The difference 
absorption spectra of cell-free extracts were 
obtained at room temperature in a Cary 
model 118C spectrophotometer using cu
vettes having a I cm light path. Both cuvettes ' 
contained 2 ml of cell-free extract containing 
protein as indicated in each figure and the 
contents of the sample cuvette were treated 
with various reagents after a satisfactory 
baseline was obtained. In order to detect car
bon monoxide-binding pigments, the con
tents of both cuvettes were first reduced with 

dithionite and then carbon monoxide was 
gently bubbled in the sample cuvette for 
three minutes in the dark . 

Protein determination. Protein was deter
mined by the method of Lowry et al (I S) us
ing bovine se rum albumin (Sigma Chemical 
Co .) as a standard . 

RESULTS 

Difference spectra of M. Jeprae cell-free 
extract. The reduced minus the oxidized dif
ference spectra of cell-free extracts (12,000 
x g) of M. lepra e are shown in Figure I . 
Cell-free extracts treated with dithionite re
vealed a distinct absorption band at 605-607 
nm and a shoulder at 443-445 nm which indi
cate, re spectivel y, the alpha and gamma 
peaks of cytochromes of the a + a 3' type. The 
absorption peaks at 562, 530 and 429 nm rep
resent , respectively, the alpha, beta and gam
ma peaks of cytochromes of the b type. The 
trough in the 465 nm region is attributable 
to flavoprot ein (Trace A). The peaks charac
teri stic of the c type cytochromes were not 
detectable in the dithionite reduced minus 
oxidized difference spectrum. Cell-free ex
tracts of M. leprae were found to oxidize 
NADH and cytochromes can also be reduced 
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FIG. I. Steady-state red uced minus oxid ized dif
ference spectra of cell-free ex tracts of M. /eprae 
isolated from an a rmad illo (Dasypus novemcinc
tus, L.) . The reaction mi xture in a total volume of 
2.0 ml contained cell-free extracts (2 .6 mg pro
tein) in 50 millimols sonication medium described 
in Materials and Methods. Trace A represents 
dithionite-reduced minus oxidized difference 
spectrum. Trace B shows NADH-reduced minus 
oxidized difference spectrum. 
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cytochromes of 0 type (Fig. 2). When the cell
free extracts in both cuvettes were first treat
ed with dithionite and then carbon monox
ide gas was bubbled through the contents of 
the sa mple cuvette, the difference spectrum 
showed absorption maxima in the region of 
570-572, 540 and 418 nm representing, re
spectively, the alpha, beta and gamma peaks 
due to cytochrome o-CO complex. 

Oxidation of succinate by whole cells of 
M. leprae and the effect of inhibitors on suc
cinate oxidation. When succinate was used 
as a substrate, whole cell suspensions of M . 
/eprae actively oxidized succinate in the 
Warburg apparatus. While 31 /-11 of endog-

490 .60 600 
640 enous oxygen uptake occurred in two hours , 

in the presence of succinate as a substrate, 
124 /-II of O 2 uptake was observed giving an 
exogenous uptake va lue of 93 /-II (Table I) . 
The oxidation of succinate by M. /epraemu
rium was markedly inhibited by the inhibi
tors of the respiratory chain ( 8). Therefore, 
the effect of the inhibitors rotenone, antimy
cin A, cyanide and thenoyltrifluoroacetone 
on succinate oxidation by M . /eprae was in
vestigated. Table I sh.ows that succinate oxi-

FIG 2. The carbon-monoxide difference spec
trum of cell-free extracts of M. leprae isolated 
from an armadillo (Dasypus novemcinctus. L.). 
The reaction mixture in a total volume of 2.0 ml 
contained cell-free extracts (4 mg protein) in 50 
millimols sonication medium. Trace A, repre
sents baseline when the contents of both the 
sample and the reference cuvettes were treated 
with dithionite. Trace B shows dithionite-reduced 
plus CO minus dithionite-reduced spectrum. 

by NADH. Figure I , Trace B, shows that 
when NADH was added in the sample cu
vette under anaerobic conditions, in addi
tion to cytochromes of the a + a 3 and b, it 
caused the appearance of c type cytochromes 
(550-553 and 523 nm). The gamma peak of 
cytochrome c was still masked by a larger 
peak of b type cytochrome at 429 nm. When 
cytochrome pigments were first reduced with 
NADH and then dithionite was added to the 
sample cuvette , the peak of b type cyto
chrome was obscured by a large peak at 560 
nm. The enzyme preparations also contained 

dation was not affected by 0.2 millimol ro
tenone. However, the process was strongly 
inhibited by 0.1 millimol thenoyltrifluoro
acetone, 0.1 millimol antimycin A and I milli
mol cyanide. 

Oxidation of NADH by cell-free extracts 
of M. leprae and the effect of inhibitors on 
NADH oxidation. The oxidation of NADH 
by ce ll-free extracts, as the decrease in ab
sorbance at 340 nm, is shown in Figure 3. It 
is seen that N A 0 H was readily oxidized by 
cell-free extracts of M. /eprae (Trace A). 
While succi nate oxidation was not affected 
by roten o ne, it was a potent inhibitor of 
NADH oxidation. This process was inhibited 

TABLE I. Effect of inhibitors on succinate oxidation by cell-free 
extract of M. leprae. 

Inhibitor 

Thenoyltrifluoroacetone 
Rotenone 
Antimycin A 
Cyanide 

Concentration 

O. I millimol 
0.2 millimol 
0.2 millimol 
I millimol 

Jl.1 O 2 uptake 
in two hours 

93 
o 

95 
13 
o 

% Inhibition a 

o 
100 

o 
86 

100 

a Actual O 2 uptake values for succinate without any inhibitor were taken as 100 and considered as 0% inhibition. 
Percent inhibition represents percent decrease in the amount of O 2 consumption in the presence of inhibitors 
indicated as compared to succinate . 
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FIG.3. Oxidation of NADH by cell-free ex
tracts of M. /eprae isolated from an armadillo 
(Dasypus no vern cin ct us, L.) and the effect of in
hibitors on NADH oxidation. Trace A shows oxi
dation of NADH (decrease in absorption at 340 
nm). Traces B, C and D represent NADH oxida
tion by cell-free extracts preincubated for five 
minutes with 5 millimols cyanide, O. I millimol 
antimycin A and 0.1 millimol rotenone, respec
tively, followed by the addition of 0.025 millimol 
NADH. 

to 80% by 0.1 millimol antimycin A (Trace C) 
and only to 50% by 5 millimols cyanide 
(Trace B). 

DISCUSSION 

The results presented here indicate that a 
complete respiratory system is present in M. 
leprae isolated from leprous tissues of an 
armadillo. Thus, cell-free extracts reduced 
with dithionite exhibited cytochromes of the 
a + a J and b type while cytochrome of c type 
was not detected. However, presence of c 
type cytochrome became evident in the 
NADH minus oxidized difference spectrum 
(Fig. 1). Although cytochrome pigments 
were completely reduced by dithionite, b 
type cytochrome was not fully reduced by 
NADH even under anaerobic conditions. 
Based on the CO-difference spectrum, cyto
chrome 0 also appears to be present in M. 
leprae (Fig. 2). There may be quantitative 

differences but similar types of cytochromes 
were present in M. lepraemurium ( 6.7 ) as 
well as in M. leprae isolated from subcuta
neous lepromas of armadillos. Although 
spectral evidence for the presence of cyto
chromes in M. leprae has been obtained, the 
role of these cytochromes in energy conser
vation has not previously been investigated. 

Extensive efforts have been made to culti
vate M. leprae in vitro but no substrate has 
definitely been found to have a respiration 
stimulating effect on this mycobacterium. 
Recently, Skinsnes et al (1 9) have claimed 
successful cultivation of M. leprae in a hyal
uronic acid-based artificial medium . Our 
st udies show that one of these cultures (H 1-
75) did not utilize hyaluronic acid by oxida
tion. Whole cell suspensions prepared from 
host-grown M . lepraemurium were also un
able to oxidize hyaluronic acid ( 6). Tepper 
and Varma ( 21) using radioactive tracer 
technics have shown that c-labeled acetate, 
glycerol, GI' -ketoglutarate, glutamine and 
succinate were oxidized and assimilated at 
extremely slow rates by M . lepraemurium. 
Our recent studies have shown that whole 
cell suspensions of M. lepraemurium when 
frozen for a very short period and thawed , 
catalyzed the oxidation of succinate which is 
mediated through the electron transport 
chain. However, intact cells of M. leprae 
catalyzed succinate oxidation without being 
frozen and this process appears to involve 
the enzymatic transfer of electrons from suc
cinate to oxygen . This is supported by the 
fact that succinate oxidation is markedly sen
sitive to low concentrations of thenoyltrifluo
roacetone, antimycin A and cyanide (Table 
I) . Inhibition of succinate oxidation, not by 
rotenone but by antimycin A, indicates that 
electrons from succinate oxidation couple 
with the electron transport chain at cyto
chrome b level. Marked inhibition of succi
nate oxidation by one millimol cyanide is in
dicative of involvement of terminal oxidase 
in the process . The concentration of cyto
chromes of a + a J type seems to be signifi
cantly higher in M . leprae and M . lepraemu
rium as compared to other mycobacteria and 
several bacterial systems and the terminal 
oxidase may playa major role in energy con
servation in these host-grown mycobacteria. 

Among the cultivable mycobacterial, reac
tions associated with the NAD-linked res
piratory chain have been studied in detail 
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only in M. phlei (1.2) and M. tuberculosis 
( 5. 11). The oxidation ofNADH by M.leprae
murium. cell-free extracts has recently been 
shown to be mediated by ·cytochromes of the 
a +a), band c type (9). The cell-free prepa
rations from M. leprae also catalyzed oxida
tion of N ADH. Although succinate oxidation 
was not affected by rotenone, N A D H oxida
tion was markedly inhibited indicating that 
two different navoproteins are involved in 
succinate and NADH oxidations. The oxida
tion of NADH was sensitive to a lesser ex
tent to antimycin A and relatively higher 
concentrations of cyanide (5 millimols) were 
required to achieve 50% inhibition (Fig. 3). 
These results suggest that the cytochrome of 
the 0 type is involved in the oxidation of 
NADH rather than the normal cytochrome 
oxidase (a + a)). The occurrence of cyto
chromes of the 0 type has been shown in cell
free extracts of M. leprae (Fig. 2) . Cyto
chrome 0 which is characterized by its ability 
in the reduced form to combine with carbon 
monoxide, has been found to be present in 
M. phlei (17), M. lepraemurium (5) and in 
many different strains of bacteria (4). 

The presented results clearly show that cy
tochrome linked respiration of M. leprae is 
as functional and metabolically competent 
as in any other cultivable mycobacteria thus 
far tested. With such a functional cytochrome 
linked respiratory mechanism , M. leprae 
should be able to grow in culture media , with 
appropriate substrates added. Succinate and 
NADH oxidation by M. leprae are similarly 
indicative that this microorganism is able to 
multiply independently from host cells and 
should not be considered as a metabolically 
deficient, host dependent, obligate intracel
lular parasite. 

SUMMARY 

The bacilli were isolated from an arma
dillo (Dasypus novemcinctus, L.) and cyto
chrome systems as well as oxidation of suc
cinate and NADH by M. leprae were studied. 
Cell-free extracts of M. leprae contained cy
tochromes of the a + a), b , c and 0 type . 
Whole cell suspensions catalyzed the oxida
tion of succinate. The process was unaffect
ed by rotenone but was markedly inhibited 
by thenoyltrifluoroacetone, antimycin A and 
cyanide. Cell-free preparations of M. leprae 
also oxidized NADH with oxygen as the ter
minal electron acceptor. Although NADH 

oxidation was completely inhibited by rote
none, the process was inhibited to only 50% 
by 5 millimols cyanide. The results indicated 
that complete respiratory system is present 
in M. leprae isolated from leprous tissues of 
an armadillo. The effect of inhibitors on suc
cinate and NADH oxidations showed that 
the respiration in host-grown M . leprae is 
mediated through the cytochrome system 
with oxygen as the final electron acceptor. 

RESUMEN 

Se infectaron armadillos (Dasypus novemcinc
IuS. L.) con M. /eprae. Se estudid el sistema de 
citocromos en los bacilos recuperados de un arma
dillo aSI como su capacidad para oxidar al succi
nato y al NADH. Los extractos libres de celulas 
del M. /eprae contuvieron citocromos de los tipos 
a + a J' b, c, y o. Las suspensiones de celulas com
pletas catalizaron la oxidacidn del succi nato. Este 
proceso no fue afectado por la retenona pero se 
inhibid en forma muy marcada por la tenoiltri
fluoroacetona, la antimicina A y el cianuro. Los 
extractos libres de celulas del M . /eprae tam
bien oxidaron al NADH teniendo al oXlgeno 
como aceptor final de electrones. Aunque la re
tenona inhibid completamente la oxidacidn del 
NADH, este proceso sdlo se inhibid en un 50% 
en presencia de 5 milimoles de cianuro. Los re
sultados indicaron que el M. /eprae aislado de los 
tejidos infectados de un armadillo posee un siste
ma respiratorio completo. EI efecto de los inhibi
dores usados sobre las oxidaciones del succi nato 
y del NADH . demostrd que la respiracidn del 
M . /eprae crecido en el armadillo esta mediada 
por un sistema de citocromos donde el oXlgeno 
es el aceptor final de electrones. 

RESUME 

Las bacilles f urent isoles d'un tatou (Dasypus 
novemcinclus. L.) et Ie systeme des cytochromes, 
de me me que l'oxydation du succinate et du 
NADH par M . /eprae. furent etudies. Les ex
traits acellulaires de M. /eprae contenaient les 
cytochromes du type a + a J. b, c et o. Les suspen
sions de bacilles entiers catalysaient l'oxydation 
du succinate. Le processus n'etait pas affecte 
par Ie rotenone, mais on notait une forte inhibi
tion en presence de thenoyltrifluoroacetone . 
antimycin A et la cyanure. Des extraits acellu
laire s de M . /eprae oxydaient Ie NADH avec 
I'oxygene comme accepteur final des electrons. 
Bien que Ie rotenone inhibait completement l'oxy
dation du NADH. Ie proce ss us n'etait inhibe 
qu'a 50% par 5mM de cyanure. Les resultats in
diquent qu'un systeme complet de respiration est 
present chez M . /ep rae i so le de tis s u s le
preux de tatou. L'effet des inhibiteurs sur l'oxyda-
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tion du succina te et du NAD H montre que la re
spiratio n des ce llules de M. leprae cu lti vees dans 
l'hote se fait par la chaine des cytoc hromes avec 
l' oxyge ne co mme accepteur final des electrons. 
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