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EDITORIALS

Editorial opinions expressed are those of the writers.

Metabolism in Mycobacterium leprae: Its Relation to Other
Research on M. leprae and to Aspects of Metabolism in
Other Mycobacteria and Intracellular Parasites

The main purpose of this editorial is to
present a detailed and critical review of the
information on metabolism in Mycobacte-
rium leprae. Comparisons are made with
other mycobacteria (their metabolism has
been reviewed!: > 3), especially M. leprae-
murium, the etiologic agent of “‘rat leprosy,”
which has only recently been cultured* °.
The suitability of M. lepraemurium (a more
readily available bacterium) as a biochem-
ical model for M. leprae will be considered.
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The bacteriology® 7, morphology® #, and
structural biochemistry® ° of M. leprae have
all been reviewed recently.

An understanding of the biochemistry and
metabolism of M. leprae is important for
fundamental reasons. M. leprae is a highly
successful intracellular pathogen; up to 1%
(dry weight) of the wet weight of some in-
fected armadillo tissues (the best source of
M. leprae) may be leprosy bacilli'?. A figure,
based on a comparison of wet weight of bac-
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teria in armadillo tissue (wet weight), of 4%
has been published!!, although this proba-
bly represents a slightly lower load of bac-
teria. It would be useful to know how A.
leprae survives in vivo and what nutrients
it derives from the host. Knowledge of the
metabolic capabilities of M. leprae may put
attempts to culture M. leprae on a more
rational basis. Finally, findings on specific
inhibition of metabolic activities may help
to provide clues for development of new
drugs.

It is hoped that this review will stimulate
ideas for culturing M. leprae, or at least
stimulate further metabolic studies to that
end. Especially interesting is the discovery
of gaps in metabolic pathways since media
might easily be devised to take advantage
of such knowledge by making specific ad-
ditions. However, finding gaps is necessarily
tedious with M. leprae because it is impos-
sible to do experiments analogous to screen-
ing for auxotrophs in cultivable bacteria.
Individual activities must be looked for.
More general knowledge of metabolic ac-
tivities in M. leprae would allow the poten-
tial cultivator to know what the organism
could use in media, and any unusual met-
abolic activities might suggest specific ad-
ditions which could be tried in media. The
use of aspects of metabolism of M. leprae
for drug screening will also be discussed.

Attempts to culture M. leprae. The prob-
lem of cultivation was reviewed by Pattyn
in 1973'2 and ten years later by Draper®.
Between these reviews, many claims of cul-
tivation have been made. A brief discussion
of these claims is given here, since one of
the paramount objectives in studying me-
tabolism of M. leprae is to provide a ra-
tional basis for cultivation of the organism.
The organisms isolated have generally been
either related to the M. avium-M. intracel-
lulare-M. scrofulaceum group of bacteria'*-!3

"1 Kirchheimer, W. F., Storrs, E. E. and Binford, C.
H. Attempts to establish the armadillo (Dasypus no-
vemcinctus Linn.) as a model for the study of leprosy.
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findings in lepromatoid leprosy in the armadillo. Int.
J. Lepr. 40 (1972) 229-242.

12 Pattyn, S. R. The problem of cultivation of Mjy-
cobacterium leprae. Bull. WHO 49 (1973) 403-410.

13 Ranadive, K. J. Experimental Studies on Human
Leprosy. Wolstenholme, G. E. W. and O’Connor, M.,
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or corynebacteria'®. M. leprae is clearly dis-
tinct from both of these groups on the basis
of taxonomic studies'”'* and detection of
some characteristic lipids'°-?2 which are
clearly mycobacterial.

The most straight-forward explanation of
the appearance of these bacteria in culture
media is that the original inocula were con-
taminated and non-growing M. leprae are
gradually swamped. One source, the skin,
is notoriously difficult to sterilize, and ar-
madillos are known to be both susceptible
to?* 24, and sometimes have natural infec-

¢ds. Ciba Foundation Study Group No. 15. London:
J. & A. Churchill, Ltd., 1963, p. 61.
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2 Draper, P., Payne, S. N., Dobson, G. and Min-
nikin, D. E. Isolation of a characteristic phthiocerol
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Structure and antigenicity of the major specific gly-
colipid antisera of Mycobacterium leprae. J. Biol. Chem.
257 (1982) 15072-15078.
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thel. Soc. 22 (1977) 377-388.
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en armadillos Colombianos. Rev. Invest. Salud Pub-
lica 33 (1973) 61-68.
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tions with?* 2526 mycobacteria. A recent
report confirms the presence of natural my-
cobacterial infections in armadillos in Tex-
as. The organisms involved were M. avium,
M. intracellulare, M. scrofulaceum, M. gor-
donae, and also M. leprae in 4.7% of wild
armadillos®’. An ingenious alternative ex-
planation of the great differences between
M. leprae in vivo and the cultivated organ-
isms is based on the observation that many
bacteria adapt readily to very different con-
ditions of growth. Thus, the characteristics
of M. leprae grown in vitro could not be
predicted by looking at M. leprae grown in
vivo®8. Problems with this explanation are
a) that some common characteristics can be
found between in vitro- and in vivo-grown
mycobacteria of the same species!- 5 '>and
b) the cultured organisms still need to be
identified as M. leprae; they should revert
to typical M. leprae on subculture or sub-
sequent growth /n vivo. Sometimes growth
of these cultivated bacteria has been ob-
tained in mice. It would have been inter-
esting to see how many bacteria in the in-
oculum of cultivated bacteria could actually
grow in mice. Serial dilutions could have be
done before inoculation, and a most prob-
able number—practicable for M. leprae
suspensions?®—could have been worked out.
If the values had been only a few in an in-
oculum of, say, 10* acid-fast bacilli, one
might wonder if these were surviving lep-
rosy bacilli from the original inoculum which

25 Portaels, F., Francken, A. and Pattyn, S. R. Bac-
teriological studies of armadillo livers infected with
Mycobacterium leprae. Ann. Soc. Belg. Med. Trop. 62
(1982) 233-245.

26 Walsh, G. P., Storrs, E. E., Burchfield, H. P., Cot-
trell, E. H., Vidrine, M. F. and Binford, C. H. Leprosy-
like disease occurring naturally in armadillos. J. Re-
ticuloendothel. Soc. 18 (1975) 347-351.

27 Smith, J. H., Folse, D. S., Long, E. A., Christie,
J. D., Crouse, D. T., Tewes, M. E., Gatson, A. M.,
Ehrhardt, R. L., File, S. K. and Kelly, M. T. Leprosy
in wild armadillos (Dasypus novemcinctus) of the Tex-
as Gulf Coast: Epidemiology and mycobacteriology. J.
Reticuloendothel. Soc. 34 (1983) 75-88.

28 Kato, L. The Janus-face of M. leprae. Character-
istics of in vitro given M. leprae are not predictable.
Int. J. Lepr. 45 (1977) 175-182.

29 Colston, M. J., Hilson, G. R. F. and Banerjee, D.
K. The proportional bactericidal test. A method for
assessing bactericidal activity of drugs against Myco-
bacterium leprae in mice. Lepr. Rev. 49 (1978) 7-15.
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had not divided and been swamped by some
other acid-fast organism.

At the time of writing, no cultivation
method for M. leprae had been confirmed
in another laboratory. When organisms grew
in media they did not resemble M. leprae.
Two recent attempts to confirm claims of
growth in “M-Y medium™?, and in a com-
plex medium devised by Veeraraghavan
(Kato, unpublished observations and Ka-
toch and Desikan, unpublished observa-
tions) resulted in no growth of M. leprae.

There is now the possibility of character-
izing organisms claimed to be cultivated M.
leprae. About 10'" M. leprae can be ob-
tained from a suspension inoculated into
the nude mouse?!. Since such numbers can
be obtained after about two years from small
inocula of M. leprae?', the nude mouse could
be used to obtain suspensions of M. leprae
free of the contaminants, such as ADMs?3,
which are often present in armadillo tissues.
Such suspensions would be far more suit-
able for cultivation attempts than those ob-
tained from the armadillo. The organisms
grown in the nude mouse could be identi-
fied, since there are known characteristics
which can be used for identifying M. leprae
grown in vivo. Particularly promising are a
number of lipids, typically mycobacterial,
but characteristic of M. leprae, which have
been identified recently!'®-22,

There is, ultimately, the possibility of iso-
lating deoxyribonucleic acid (DNA) from
the cultured organisms and comparing it
with DNA from M. leprae isolated from
infected tissue. Homologies between DNA
from M. leprae and other mycobacteria or
corynebacteria have been worked out?' but
it is difficult to interpret them since DNA
molecules of very different sizes are in-
volved; very different degrees of homology
were calculated when this was taken into
account (Imaeda, personal communica-

30 Nakamura, M., Matsuo, Y., Mori, T., Okada, S.,
Nakayama, T., Saito, H., Ito, T., Koseki, Y., Ogawa,
T., Ishihara, S., Kohsaka, K., Nakamura, K. and Ishi-
date, M. Failure to validate the growth of Mycobac-
terium leprae on M-Y 14b agar medium. Int. J. Lepr.
50 (1982) 480-487.

31 Lancaster, R. D., Hilson, G. R. F., McDougall, A.
C. and Colston, M. J. Mycobacterium leprae infection
in nude mice: Bacteriological and histological re-
sponses to primary infection and large inocula. Infect.
Immun. 39 (1983) 865-872.
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tion). Nevertheless, the genome has been
successfully isolated from M. leprae™:.

Problems in studying M. leprae metabo-
lism. There are two major difficulties. First-
ly, the amount of material is very limited;
this is particularly acute since, by dry weight
of M. leprae, most metabolic activities mea-
sured have proved to be low relative to the
same activities in other mycobacteria. These
low activities may be partly a reflection of
the low viability of suspensions of M. leprae
with accompanying denaturation of en-
zymes and loss of metabolic activity. De-
spite the great improvements in the avail-
ability of leprosy bacilli for research, the
total amount of bacteria is rather limited.
From 50 g of infected tissue, up to 250 mg
dry weight of bacteria may be obtained. In
practice, this has restricted the work to ex-
periments with whole organisms or crude
extracts.

Secondly, M. leprae organisms must be
purified from the infected host tissue before
they can be used for metabolic studies. This
is tedious rather than problematical, since
a method has been devised for preparing
suspensions almost entirely free of host
debris!®. An easy way to examine suspen-
sions of purified M. leprae is to prepare a
smear and use soluble (aniline) blue which
is useful as a counterstain. Suspensions ap-
pearing to be pure by examination with con-
ventional counterstains (in the Ziehl-Neel-
sen procedure), such as methylene blue or
malachite green, may prove to be heavily
contaminated with tissue debris if soluble
blue is used instead!'® 3.

Related to the problem of purity of sus-
pensions is the possibility of detecting host-
derived activities in suspensions and ex-
tracts of M. leprae. Since more vigorously
purified suspensions of bacteria are more
likely to have host-derived activities re-
moved, methods of purification used by re-
search workers are summarized (Table 1).
But extensive purification is not good

32 Imaeda, T., Kirchheimer, W. F. and Barksdale, L.
DNA isolated from M. leprae: Genome size, base ratio
and homology with other related bacteria as deter-
mined by optical DNA-DNA reassociation. J. Bacte-
riol. 150 (1982) 414-417.

33 Wheeler, P. R. and Draper, P. Soluble blue as a
counterstain in the Ziehl-Neelsen procedure—a rapid
communication. Int. J. Lepr. 48 (1980) 15-17.
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enough; even in highly purified suspensions
of mycobacteria, some host-derived activ-
ities remain®*-*¢, NaOH treatment is one
way of abolishing host-derived activities
from mycobacteria. Originally, NaOH
treatment was used for decontamination of
clinical smears which were to be investi-
gated for M. tuberculosis. While other bac-
teria are killed by this treatment, mycobac-
teria survive well. It is possible that some
damage is done to mycobacteria, possibly
some surface-located enzymes might be af-
fected by such treatment, but some M. tu-
berculosis enzymes’’ and many M. leprae
enzymes can still be detected after incuba-
tion of purified bacteria in 1 N NaOH at
25°C for 1 hr3¢-3%.3% NaOH treatment suc-
cessfully removed host activities which were
adsorbed to M. tuberculosis®* and M.
leprae®®- 3¢, and a large proportion of the lep-
rosy bacilli remained viable after treatment
(A. C. R. E. Lowe, personal communica-
tion).

While detection of a metabolic activity
after NaOH treatment or possibly other sur-
face treatments (a method using diazotiza-
tion has been used with M. leprae®) is evi-
dence for an authentic mycobacterial
activity, it is necessary to have a number of
criteria for distinguishing host activity from
mycobacterial activity. The following tech-
niques have been used to differentiate en-
zyme activities in host tissue and in extracts
of M. leprae:

a) Substrate specificity. Enzymes of M.

3¢ Kanai, K. Detection of host-originated acid phos-
phate on the surface of in vivo grown tubercule bacilli.
Jpn. J. Med. Sci. Biol. 20 (1967) 73-90.

35 Wheeler, P. R., Bharadwaj, V. P. and Gregory, D.
N-acetyl-g-glucosaminidase, -glucuronidase and acid
phosphatase in Mycobacterium leprae. J. Gen. Micro-
biol. 128 (1982) 1063-1071.

3¢ Wheeler, P. R. and Gregory, D. Superoxide dis-
mutase, peroxidatic activity and catalase in Mycobac-
terium leprae purified from armadillo liver. J. Gen.
Microbiol. 121 (1980) 457-464.

37 Kanai, K. Resistance to NaOH treatment of in
vivo grown tubercle bacilli. Jpn. J. Med. Sci. Biol. 20
(1967) 91-96.

38 Wheeler, P. R. Metabolism of carbon sources by
Mycobacterium leprae. A preliminary report. Ann. Mi-
crobiol. (Paris) 133B (1982) 141-146.

3% Wheeler, P. R. Catabolic pathways for glucose,
glycerol and 6-phosphogluconate in Mycobacterium
leprae grown in armadillo tissues. J. Gen. Microbiol.
129 (1983) 1481-1495.
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TABLE 1. Outlines of methods for obtaining suspensions of mycobacteria from infected
tissues™® for metabolic studies.

Principal N : a
research Organisms Aspeoty of Method of purification® Feosiole
. metabolism! no.
worker(s)*
Ambrose, Antia ML DOPA' Homogenization only; activity detect- 119
and Khanolkar Nucleic acid” ed by autoradiography.
Ambrose, Khanol- ML DOPA' Chopping then incubation in distilled 120
kar and Chula- Nucleic acid’ water — trypsin treatment (twice,
wala pH 7.2).
Dhople, Hanks and ML, MLM® ATP levels Homogenization — low speed centrif- 99-102
Storrs ugation to remove tissue debris; su-
pernatant = suspension. Other puri-
fication methods compared with
abovcll)l.l(lz.
Drutz and Cline ML Nucleic acid None; cells infected with M. leprae 131
were harvested and used intact.
Imaeda, Kirchhei- ML, MLM M. leprae genome#  Homogenization — pronase + SDS 32
mer and Barks- treatment — differential centrifuga-
dale tion — DNAase treatment — pro-
nase treatment (all stages at pH
7.6).
Jayaraman, Ma- ML DOPA Chopping then incubation in distilled 123
hadevan and water — trypsin treatment (twice,
Mester pH 7.2).
Kato ML Chemoautotrophism Tissues shipped; storage at ambient 89
temperature at pH 3 in HCI/NaCl
- rinsing in distilled water - ho-
mogenization (pH 7.2) - differen-
tial centrifugation.
Kato, Ishaque and ML, MLM Pyruvate and acetate Rinsing in distilled water —~ mincing  84-86, 90,
Adapoe Electron transport (if skin) - homogenization (pH 95, 96
6.8-7.4) — filtration through nylon
filter — differential centrifugation.
Katoch, Wayne ML Catalase Homogenization in Tris — DNAase 51
and Diaz treatment (pH 7.2) — Percoll-den-
sity gradient centrifugation
(pH 7.2) — separation on aqueous
two phase system (pH 6.9).
Khanolkar ML Glucose® Homogenization then incubation in 64, 121
Amino acids® distilled water — trypsin treatment
(pH 7.2) — Percoll-density gradient
centrifugation (pH 7.2).
Kulkarni and Sey- ML Folic acid synthesis Tissues irradiated; homogenization in 139
del Tris — DNAase treatment (pH
7.2) — Percoll-density gradient cen-
trifugation (pH 7.2) — separation
on aqueous two phase system (pH
6.9).
Kusaka, Sato and MLM Electron transport Chopping then homogenization in iso- 93
Shoji tonic alkaline KCI — repeated dif-
ferential centrifugation at 4°C, with
protease.
Kusunose, Ichihara ML Superoxide dismu- Homogenization in Tris -~ DNAase 56, 57
and Izumi tase treatment (pH 7.2) — Percoll-den-
sity gradient centrifugation (pH
7.2)f - separation on aqueous two
phase system (pH 6.9).
Mori and Khosaka MLM Pyruvate and acetate Mincing then homogenization in dis- 91, 94

Electron transport

tilled water — differential centrifu-
gation — alternate suspension and
then centrifugation of bacteria in
NaOH and distilled water.
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TABLE 1. Continued.

Principal

research . Organisms m’tﬁgﬁfﬁsﬁd Method of purification® Fo?\ton.otc
worker(s)*

Nath, Prasad and ML Nucleic acid Homogenization only; activity detect- 130, 132-
Sathish ed in bacteria phagocytosed by 134

macrophages.

Prabhakaran and ML Dissimilation of car- Washing — mincing — homogeniza- 52, 82, 83,
Braganca bohydrates tion in sucrose — differential cen- 105, 106

Electron transport trifugation in sucrose.
Amino acid

Prabhakaran, ML Hydrolytic enzymes Homogenization in distilled water or 42, 104, 109,
Kirchheimer and DOPA sucrose — differential centrifugation 110, 114-
Harris Glutamate in sucrose and KCl solution; repeat- 116, 125

ed in KCl solution until no methy-
lene blue staining material was ob-
served in smears.

Shetty, Antiaand ML Glutamate Rinsing in saline with penicillin — 40
Krishnaswamy chopping — homogenization in dis-

tilled water — trypsin treatment.

Tepper and Varma MLM Dissimilation of car- Homogenization in distilled water - 70

bohydrates differential centrifugation in dis-
tilled water — NaOH treatment.

Wheeler, Hall, ML Hydrolytic enzymes Homogenization in Tris — DNAase 35, 36, 38,
Khanolkar and Catabolism of oxy- treatment (pH 7.2) — Percoll-den- 39, 61, 81,
Gregory gen-free radicals sity gradient centrifugation (pH 88, 135,

Dissimilation of car-  7.2)f — separation on aqueous two 145
bohydrates’ phase system (pH 6.9) when cell

Iron uptake free extracts were required.

Purines and pyrimi-
dines

2 M. leprae from armadillo liver, lymph nodes, or spleen, or human lepromata; M. lepraemurium from
subcutaneous lepromata in mice or rats; source of tissue is generally specified in the text.

ML = M. leprac; MLM = M. lepraemurium.

< If one paper, up to three names, or the first author. If more than one paper, all first authors and all co-authors
of more than one paper—other co-authors have been omitted from this table. Arranged in alphabetical order
by authors most cited within each group of papers or first authors if one paper.

4 Refers to titles of sections in this review. Evidence for the metabolic activities being authentic M. leprae
activities is discussed there.

< All start with tissue and finish with bacterial suspensions. Washings are done (by centrifugation and resus-
pension of bacterial pellets) between treatments and on the final suspension.

" Long incubation periods with whole M. leprae organisms, so contamination checks were made on the final
suspension.

¢ Not strictly a study of metabolism.

leprae may have different specificities rae but, with caution, simple experi-
from similar enzymes from host tis- ments can be done with crude extracts.
sue. A recent example is that M. leprae For example, the Km values for di-
has a y-glutamyl transpeptidase which hydroxyacetone phosphate of glyc-
is not stereospecific’®. The enzyme erol-3-phosphate dehydrogenase were,
from the host tissues is specific for from armadillo liver, 0.1 mM and from
L-amino acids. M. leprae, 0.5 mM?38- 3%,

b) Enzyme kinetics. These have rather ¢) Inhibition of metabolic activities. This
limited use until enzymes can be puri- has been particularly useful in iden-
fied from cell-free extracts of M. lep- tifying enzymes in extracts of M. lep-

rae as either contaminating activities

. : from the host or authenti i
40 Shetty, K. T., Antia, N. H. and Krishnaswamy, P. fivits F 1 Bl tl)(amelnal
R. Occurrence of y-glutamyl transpeptidase activity in activities. For example, transketolase

several mycobacteria including Mycobacterium leprae. in e).(t.raClS Qf M {eprae is far more
Int. J. Lepr. 49 (1981) 49-56. sensitive to inhibition by sulfate than
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d)

e)
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transketolase in extracts of host
tissues?®- 3°. Conversely, catalase de-
tected in M. leprae extracts is identical
to the host catalase with respect to in-
hibition by 3-amino-1,2,4-triazole*°.
Electrophoretic mobility. It is likely,
since the substitution of one charged
amino acid in a protein can affect this
property, that similar enzymes from
M. leprae and its host will have dif-
ferent electrophoretic mobilities.
When isoenzymes are present, this
method has an advantage over meth-
ods which rely on assaying crude ex-
tracts, when properties of individual
isoenzymes cannot be separated, and
there is a small risk that observed dif-
ferences may be due to differences in
the proportions of host isoenzymes in
host-tissue and M. leprae extracts. Disc
electrophoresis has been done suc-
cessfully with, for example, the two
dehydrogenases of the hexose mono-
phosphate pathway (HMP) which were
shown to be distinct from the host
enzymes?® 3 and with catalase which
co-electrophoresed with host cata-
lase?®. In both cases crude extracts were
used and gels were stained specifically
for the enzymes in question.

Care must be taken not to overload
electrophoretic gels—a problem when
specific activities of enzymes are low,
often the case in extracts of M. lep-
rae—but if there is a risk of overload-
ing, it is possible to mix small amounts
of host-tissue extract (which will usu-
ally have a relatively high specific ac-
tivity) and M. leprae extracts to see
if bacterial and host activities can be
separated on the same gel.
Serological tests. These can be done
by purifying the host enzyme or my-
cobacterial enzyme from species other
than M. leprae (sufficient material for
purifying enzymes of M. leprae is not
available) and raising antisera to the
purified enzymes. Crossreaction with
antiserum raised to host enzyme would
indicate that the host enzyme is pres-
ent in the extract, while any cross-
reaction with antisera to mycobacte-
rial enzymes would depend upon the
relatedness of the enzyme from Af.
leprae to the individual mycobacterial

1984

enzymes used to raise individual anti-
sera.

It is desirable to use several criteria to
differentiate between metabolic activities of
M. leprae and host-derived activities. Thus,
in the case of catalase in extracts of M. /lep-
rae, evidence that it was a contaminating
activity from the host tissue was obtained
from serological work, electrophoresis and
use of an inhibitor, and supported by its
inactivation by NaOH treatment. Finally,
there is the possibility that the activity being
studied may be absent in host tissue or abol-
ished by the methods used for harvesting
M. leprae from tissue. For example, no con-
version of ['“C]-labelled substrates to CO,
could be detected in uninfected armadillo
tissue homogenized in the same way as in-
fected tissue®. This metabolic activity de-
pends on the functioning of whole path-
ways—and presumably the high degree of
organization of the cell which is disrupted
during the homogenization.

Hydrolytic enzymes

Theassociation of two hydrolyticenzymes,
N-acetyl-3-glucosaminidase (GlcNacase)
and B-glucuronidase with M. leprae, was one
of the reasons why Skinsnes and coworkers
persevered with hyaluronic acid as a pos-
sible culture medium for M. leprae. They
demonstrated these two glycosidases using
cytochemical methods*!. Prabhakaran de-
tected the @-glucuronidase in cell-free ex-
tracts of M. leprae but claimed it was a host-
derived enzyme*?. However, it was shown
that this conclusion was erroneous*’ be-
cause it was based on experiments using the
inhibitor saccharo-1:4-lactone at levels too
high to distinguish mammalian and bacte-
rial B-glucuronidase®>: 43, Using concentra-
tions of lactones below those giving com-
plete inhibition of both host and bacterial

41 Matsuo, E. and Skinsnes, O. K. Acid mucopoly-
saccharide metabolism in leprosy. 3. Subcellular lo-
calization of hyaluronic acid and g-glucuronidase in
leprous infiltrates suggestive of a host-M. leprae met-
abolic relationships. Int. J. Lepr. 42 (1974) 399-411.

42 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Absence of B-glucuronidase in Mycobacterium
leprae and elevation of the enzyme in infected tissues.
Lepr. Rev. 49 (1978) 203-213.

43 Levvy, G. A. Preparation and properties of 8-gluc-
uronidase for inhibition by sugar acids and their lac-
tones. Biochem. J. 52 (1952) 464-471.
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enzymes, it was shown that 8-glucuronidase
and GlcNacase in extracts of M. leprae were
authentic M. /leprae enzymes*®. Surface
treatments (NaOH or diazotization) of M.
leprae inactivated both these glycosidases,
but identical treatments in other mycobac-
teria showed that such inactivation was typ-
ical for B-glucuronidase and GlcNacase lo-
cated on the surface of mycobacteria*?.

Although g-glucuronidase and Glc-
Nacase are present in M. leprae there are
biochemical problems in proposing a path-
way for hyaluronic acid utilization. Hyal-
uronidase, necessary to break down hyal-
uronic acid into the oligosaccharide
substrates for @-glucuronidase, has never
been detected in M. leprae® 4. Key en-
zymes for the catabolism of glucuronate—
one for each of two pathways—by glucu-
ronate oxidase, or by the Entner-Doudoroff
Pathway (detected previously only in glu-
cose-grown M. smegmatis among the
mycobacteria**) were not detected in M.
leprae)®. Thus, pathways for catabolizing
hyaluronic acid seem to be absent from A7.
leprae. 3-Glucuronidase and GlcNacase are
not even unusual activities of M. leprae;
they are very widely distributed in the
mycobacteria*s.

Acid phosphatase, which is also widely
distributed in the mycobacteria, was de-
tected in extracts of M. leprae®®. Most of the
activity was from host tissue but if the bac-
teria were incubated in 1 N NaOH before
an extract was prepared, host enzymes were
inactivated. M. leprae-acid phosphate was
then revealed; the acid phosphatase from
NaOH-treated M. leprae differed in its re-
lationship of activity to pH, and its inhi-
bition by vanadate ions, from the acid phos-
phatase from armadillo liver (i.e., host
tissue)?s.

Catabolism of oxygen-free radicals

Catalase*® and peroxidase*® are present in
most mycobacteria, a notable exception

44 Bai, N. J., Pai, M. R., Murthy, P. S. and Venki-
tasubramanian, T. A. Pathways of glucose catabolism
in Mycobacterium smegmatis. Can. J. Microbiol. 22
(1976) 1374-1380.

4> Grange, J. M. Fluorimetric assay of mycobacteria
group specific hydrolase enzymes. J. Clin. Pathol. 31
(1978) 378-381.

“¢ Tirunarayanan, M. O. and Vischer, W. A. Cata-
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being isoniazid-resistant strains of M. tu-
berculosis which have neither activity and
are susceptible to peroxide*’. These strains
have low virulence, partly due to their sus-
ceptibility to peroxide*’ which is produced
by their host in its defense against the in-
vading bacteria*® 4°, Strains of M. kansasii
isolated from water are generally high-cat-
alase strains®*® which, unlike low-catalase
strains of M. kansasii, are pathogenic?!.

Catalase and peroxidase were first de-
tected in human-derived M. leprae in 1967,
but there was no evidence to suggest that
they were M. leprae (rather than host-de-
rived) enzymes>?. More recently, studies
with the inhibitor 3-amino-1,2,4-triazole?®,
and polyacrylamide gel electrophoresis?® in-
dicate that the catalase activity in armadil-
lo-derived M. leprae extracts is host de-
rived. Serological evidence broadly supports
this view>3, but Katoch, et al. point out that
since 80% of catalase activity in extracts of
M. leprae is removed by immunoprecipi-
tation with anti-armadillo liver antibody, it
remains to be seen whether the remaining
20% is of host or mycobacterial origin>3. If
the 20% proves to be all bacterial, it would
be surprising that it was not detected in the
electrophoretic studies?®.

Could the host catalase be accreted by M.
leprae to compensate for failure of the bac-
terium to make catalase? In Plasmodium
berghei, it is suggested that the parasite spe-

lase, peroxidase, and isoniazid relation in mycobac-
teria. Amer. Rev. Tuberc. 75 (1957) 62-70.

47 Jackett, P. S., Aber, V. R. and Lowrie, D. B. Vir-
ulence and resistance to superoxide, low pH and hy-
drogen peroxide among strains of Mycobacterium tu-
berculosis. J. Gen. Microbiol. 104 (1978) 37-45.

48 Karnovsky, M. L., Lazdins, J., Drath, D. and Har-
per, A. Biochemical characteristics of activated mac-
rophages. Ann. N.Y. Acad. Sci. 256 (1975) 266-274.

49 Segal, A. W. and Allison, A. C. Oxygen consump-
tion by stimulated human neutrophils. CIBA Found.
Symp. 65 (1979) 205-224.

0 Steadham, J. E. High catalase strains of Myco-
bacterium kansasii isolated from water in Texas. J.
Clin. Microbiol. 11 (1980) 496-498.

*! Wayne, L. G. Two varieties of Mycobacterium
kansasii with different clinical significance. Amer. Rev.
Respir. Dis. 86 (1962) 651-656.

52 Prabhakaran, K. Metabolism of Mycobacterium
leprae separated from human leprosy nodules. Int. J.
Lepr. 35 (1967) 34-41.

33 Katoch, V. M., Wayne, L. G. and Diaz, G. A.
Serological approaches for the characterization of cat-
alase in tissue-derived mycobacteria. Ann. Microbiol.
(Paris) 133B (1982) 407-414.
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cifically adopts host cell superoxide dis-
mutase (SOD) on the basis that the host
SOD/hemoglobin ratio is much higher in
the parasite than in the host (P. berghei lacks
its own SOD)**. However, if the host cata-
lase/host acid phosphatase ratio (both en-
zymes are lysosomal) is worked out from
the literature on M. lepraes-3°, the ratio is
lower in extracts of M. leprae than in host
tissue. Inactivation of catalase by NaOH
lends support to the idea that the enzyme
is probably adsorbed to M. leprae when ly-
sosomes are ruptured during tissue homog-
enization.

In recent work, a peroxidase-like activity
of M. leprae was detected on polyacryl-
amide gels, but this could have been a non-
specific peroxidatic activity, perhaps of a
respiratory pigment; it had a different elec-
trophoretic mobility from host (armadillo)
peroxidase and catalase’®. A crossreacting
antigen between M. leprae, M. smegmatis,
and M. bovis BCG was shown to be a
peroxidase®® and in M. leprae this may be
the peroxidatic activity observed on poly-
acrylamide gels3°.

A manganese-dependent SOD in M. lep-
rae was reported independently by two
laboratories3® %¢, It is serologically related
to mycobacterial superoxide dismutases®’
and has a different mobility, on gel electro-
phoresis, to the superoxide dismutases in
host tissues*¢. This enzyme is present in all
other mycobacteria in which it has been
looked for’#-¢°, There is a discrepancy of

4 Fairfield, A. S., Meshnick, S. R. and Eaton, J. W.
Malaria parasites adopt host cell superoxide dismutase.
Science 221 (1983) 764-766.

55 Stavri, D., Niculescu, D. and Stavri, H. The My-
cobacterium smegmatis peroxidase, cross-reacting an-
tigen with Mycobacterium leprae. Arch. Roum. Pathol.
Exp. Microbiol. 40 (1981) 123-126.

%6 Kusunose, E., Kusunose, M., Ichihara, K. and
Izumi, S. Superoxide dismutase in cell-free extracts
from M. leprae grown on armadillo liver. FEMS Mi-
crobiol. Lett. 10 (1981) 49-52.

57 Kusunose, E., Kusunose, M., Ichihara, K. and
Izumi, S. Occurrence of superoxide dismutase in M.
leprae grown on armadillo liver. J. Gen. Appl. Micro-
biol. 26 (1980) 369-372.

58 Kusunose, E., Kusunose, M., Ichihara, K. and Mori,
T. Superoxide dismutase from Mycobacterium leprae-
murium. J. Biochem. (Tokyo) 81 (1977) 1427-1433.

%9 Kusunose, E., Kusunose, M., Ichihara, K. and
Noda, Y. Superoxide dismutase from Mycobacterium
tuberculosis. J. Biochem. (Tokyo) 80 (1976) 1343-1352.

¢ Kusunose, M., Yojiro, N., Kosuke, I. and Kusu-
nose, E. Superoxide dismutase from AMycobacterium
sp., strain Takeo. Arch. Microbiol. 108 (1976) 65-73.
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nearly 100-fold in the level of SOD reported
by the laboratories of Kusunose®’ and
Wheeler?®. This is hard to explain, since the
two laboratories used the same method for
isolation of M. leprae (Table 1) and agreed
on the level of this enzyme in M. phlei3->7.
The availability of a more sensitive assay
for SOD enabled Wheeler to assay a further
17 extracts of M. leprae for the enzyme. A
revised value of 1.31 + 0.21 (mean =+ stan-
dard error) U (in cytochrome c assay) SOD/
mg protein was obtained®'. This was eight
times higher than previously obtained?*¢, but
the level of activity in those extracts used
previously*® was confirmed®'. Some possi-
ble factors were looked at but the
discrepancy?® 37 was not explained. No host
SOD was ever detected in M. leprae®®-°' in
contrast to another obligate parasite, 7repo-
nema pallidum, which is coated with the
host enzyme®?.

Deficiencies in the enzymatic defense
against oxygen-free radicals (no bacterial
catalase detected and perhaps no true per-
oxidase) have been suggested as a factor in
the slow growth of M. leprae in vivo3®, since
the leprosy bacillus is found inside host
phagocytes which produce superoxide and
peroxide as a defense against bacteria®s 49,
Peroxides form in many culture media, and
it is possible that one of the reasons M.
leprae is difficult to grow in vitro is that it
may not be able to remove this peroxide
effectively?®. However, the discrepancy in
the reported SOD level may be important
in formulating ideas about the susceptibility
of M. leprae to oxygen-free radicals; it has
been suggested that very high SOD levels
may compensate for the absence of catalase
in some organisms, e.g., catalase negative
strains of Listeria monocytogenes®3. It would
be useful to determine directly the suscep-
tibility of M. leprae to superoxide and per-
oxide.

6! Wheeler, P. R. Variation of superoxide dismutase
levels in extracts of Mycobacterium leprae from ar-
madillo liver. Int. J. Lepr. 52 (1984) 49-54.

62 Austin, F. E., Barbieri, J. T., Corin, F. E., Grigas,
K. E. and Cox, C. D. Distribution of superoxide dis-
mutase, catalase and peroxidase activities among 7re-
ponema pallidum and other spirochetes. Infect. Im-
mun. 33 (1981) 372-379.

63 Halliwell, B. Superoxide and superoxide-depen-
dent formation of hydroxyl radicals are important in
oxygen toxicity. Trends Biochem. Sci. 7 (1982) 270-
272.
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TABLE 2. Hexose monophosphate pathway in M. leprae and other mycobacteria.
% Glucose
Bacterium Carbon source metabolized Footnote no.
by pentose cycle®
M. leprae NA? 9.3-10 38, 39
M. smegmatis Glucose 9.2 (23) 44
Glycerol 5.3(14)
Pyruvate 0.4 (3)
M. tuberculosis
H37Rv: Glycerol 2.7 (6) 67
Susceptible 3.1
Streptomycin res. . 4.4
PAS res. Citrate + glucose 6.3 66
Isoniazid res. 8.3

» Grown in armadillo liver.

® Calculated from the data by the method of Wood, et al.5. Figures in parentheses were calculated by the
author by the method of Chedelin®. The remainder of the glucose was metabolized by glycolysis.

Dissimilation of carbohydrates

Glucose. The observation that the uptake
of glucose by M. leprae was partially inhib-
ited by azide but that 2-deoxyglucose (which
is not metabolized beyond phosphoryla-
tion) uptake was completely inhibited by
azide indicated that M. leprae has an active
transport system for glucose®. Given the
slow rate of metabolism of glucose by sus-
pensions of M. leprae®®-3°, it is likely that
some glucose is made available for catab-
olism by a process of diffusion driven by
metabolism®*,

Studies with [1-'*C]-glucose and [6-'*C]-
glucose have been done on a number of
strains of mycobacteria (Table 2). The pro-
portion of glucose catabolized by the hexose
monophosphate pathway (HMP) or pentose
cycle (terminology of Wood®%) was calcu-
lated from the proportions of differentially
labelled glucose taken up that were con-
verted to CO,% by whole bacteria in the
work of O’Barr and Rothlauf®® and
Wheeler?® 3°, Bai, et al.**¢’, on the other

¢4 Khanolkar, S. R. Preliminary studies of the met-
abolic activity of purified suspensions of Mycobacte-
rium leprae. J. Gen. Microbiol. 128 (1982) 423-425.

% Wood, H. G., Katz, J. and Landau, B. R. Esti-
mation of pathways of carbohydrate metabolism. Bio-
chem. Z. 338 (1963) 809-847.

%6 O’Barr, T. P. and Rothlauf, M. V. Metabolism of
D-glucose by M. tuberculosis. Amer. Rev. Respir. Dis.
101 (1970) 964-966.

$7 Bai, N. J., Pai, M. R., Murthy, P. S. and Venki-
tasubramanian, T. A. Pathways of carbohydrate me-
tabolism in Mycobacterium tuberculosis Hy,Rv. Can.
J. Microbiol. 21 (1975) 1688-1691.

hand, used a method described by
Chedelin®® based on the proportions of dif-
ferentially labelled glucose supplied that
were converted to CO,. Theoretical prob-
lems in quantifying the pathways for carbon
metabolism are discussed in detail by Wood,
et al.%>. 1 have recalculated the involvement
of the pentose cycle in mycobacteria by their
method®® and included the authors’ values
also (Table 2).

Methods based on evaluating the pro-
portion of glucose supplied being converted
to CO, are impracticable for M. leprae; in
a 200 ul incubation, 1 mg (dry weight) lep-
rosy bacilli in 20 hr only take up about 1%
of the glucose (4-20 nmol) supplied3$: 39 ¢4,

A comparison of one overall metabolic
activity, that of rates of conversion of glu-
cose to CO, by mycobacteria, can be made
from the literature. On the basis of the con-
version of similar concentrations of [U-'“C]-
glucose to CO, by a suspension of 1 mg/ml
mycobacteria/20 hr, the rate was 0.05% for
M. leprae®® 3° and 4% for M. phlei*®. With
[6-'*C]-glucose, the rate was 0.03% for A.
leprae’®: 3°, 2% for M. tuberculosis®’, and 10—
15% for M. smegmatis**. In these calcula-
tions it was assumed that scaling up or down
of incubations would not affect the propor-
tion of glucose metabolized, and that the
rate of CO, production was proportional
to the concentration of glucose supplied
to the mycobacteria. While glucose is oxi-

68 Chedelin, V. H. Evaluation of metabolic path-
ways. In: Metabolic Pathways in Microorganisms. New
York: J. Wiley & Sons, 1961, pp. 64-88.
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TABLE 3. Comparison of levels of enzymes of glucose catabolism* in M. leprae®®

compared with other mycobacteria.
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39

Percentage activity® in extract compared with extracts from

Enzyme M. M. tuberculosis M. tuberculosis M.
smegmatis** H37Rve77? H37Ra'+ lepraemurium®

Hexokinase 5 16 ND< ND
Phosphohexoisomerase ND ND 9 ND
Phosphofructokinase ) 0.7 1.5 ND
Aldolase 15 17 46 ND
Pyruvate kinase 0.11 0.40 ND ND
Glucose-6-phosphate dehydrogenase 0.12-0.35 0.6 ND 24
6-Phosphogluconate dehydrogenase 13-17 143 ND 2100

2 Also confirmed as M. leprae enzymes in glucose catabolism : glyceraldehyde-3-phosphate dehydrogenase,

transketolase.

b (Sp. act. in extract of M. leprae = sp. act. in extract of mycobacterium) x 100. Assay conditions (pH,
temperature, use of crude extract) were similar for all extracts of mycobacteria in this table.

¢ Not done.

dized by most mycobacteria®® including M.
leprae®®- 3, it is an extremely poor substrate
for oxidation by M. lepraemurium?® 7°, Cell-
free extracts prepared from mycobacteria
and armadillo tissue from which M. leprae
were harvested did not convert glucose,
glycerol, and succinate to CO,38.

Key enzymes of the Embden-Meyerhoff
Pathway (EMP) of glycolysis and the HMP
were detected in crude extracts of M. leprae,
and they have all been confirmed to be au-
thentic M. leprae enzymes3® 3°. A number
ofinteresting properties of some of these M.
leprae enzymes were noticed. Phospho-
hexoisomerase, phosphofructokinase, and
glucose-6-phosphate dehydrogenase were
inhibited by possible regulators of meta-
bolic activity (6-phosphogluconate, phos-
phoenolpyruvate and stearoyl-CoA, respec-
tively). Phosphofructokinase and pyruvate
kinase have specific requirements for ade-
nine nucleotides®’.

Observations on mycobacterial fructose-
1,6-diphosphate aldolases are interesting.
Aldolases can be divided into two types’!:
Class I aldolases, which form Schiff’s bases
with their substrates under reducing con-
ditions and are insensitive to EDTA, are

69 Ramakrishanan, T., Murthy, P. S. and Gopina-
than, K. P. Intermediary metabolism of mycobacteria.
Bacteriol. Rev. 36 (1972) 65-108.

70 Tepper, B. S. and Varma, K. G. Metabolic activity
of purified suspensions of Mycobacterium lepraemu-
rium. J. Gen. Microbiol. 73 (1972) 143-152.

7t Rutter, W. J. Evolution of aldolase. Fed. Proc. 23
(1964) 1248-1257.

typically mammalian; whereas Class II al-
dolases, which do not form Schiff’s bases,
are inhibited by EDTA and require added
thiols for full activity, are typically bacte-
rial. M. tuberculosis, however, produces a
Class I aldolase when fermenter grown’? and
a Class II aldolase when surface grown’3.
On the other hand, the aldolase isolated from
surface-grown M. smegmatis is Class 174
The aldolase in extracts of M. leprae is Class
II and, therefore, clearly distinguishable
from the host (Class I) aldolase®*. However,
the above information on aldolase in other
mycobacteria suggests that it may be unwise
to attempt to infer very much about the
metabolic state of M. lepraein the host sole-
ly on the basis of this enzyme.

Assay conditions and methods of prep-
aration of crude extracts for a number of
other mycobacteria were similar to those
used for M. leprae, so it is possible to com-
pare the levels of some of these enzymes in
other mycobacteria with levels of similar
enzymes in M. leprae (Table 3). Most of the
work on other mycobacteria has been done
with organisms grown in vitro, so caution
is required in comparing the levels of their
metabolic activities with M. leprae grown

72 Bai, N. J., Pai, M. R., Murthy, P. S. and Venki-
tasubramanian, T. A. Fructose diphosphate aldolase—
Class I (Schiff base) from Mycobacterium tuberculosis
H,,Rv. J. Bioscience 3 (1981) 323-332.

73 Bai, N. J., Pai, M. R., Murthy, P. S. and Venki-
tasubramanian, T. A. Fructose-1, 6-diphosphate al-
dolase of Mycobacterium tuberculosis. Indian J. Bio-
chem. Biophys. 12 (1975) 181-182.
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in vivo. However, the relatively low levels
of most enzymes in M. leprae (Table 3) are
consistent with the slow growth and low vi-
ability of suspensions of leprosy bacilli.

The evidence supports the general state-
ment that the EMP is the main pathway for
glucose catabolism in mycobacteria (includ-
ing M. leprae) and that the HMP (although
quantitative assessments vary) has a minor
but significant role.

6-Phosphogluconate and gluconate. One
notable feature of the enzymes of M. leprae
was that 6-phosphogluconate dehydroge-
nase (6PG-DH) activity was about 100 times
higher3®: 3% than glucose-6-phosphate de-
hydrogenase (G6P-DH). This could not be
accounted for by differential stability of the
enzymes®® 3% and is unique among the my-
cobacteria. The difference in levels of 6PG-
DH and G6P-DH is reflected in the com-
parison in levels of these two enzymes with
other mycobacteria (Table 3). Subsequent-
ly, it was shown that 6PG was oxidized, at
a slightly higher rate than glucose, to CO,*.
An interesting but unexplained observation
was the stimulation of 6PG oxidation by
umbelliferyl phosphate (or possibly umbel-
liferone). This was clearly not a result of
inhibiting phosphatases, since G6P oxida-
tion and uptake were inhibited by the ad-
dition of umbelliferyl phosphate to incuba-
tions?°. The utilization of 6 PG suggested the
metabolic role of scavenging 6PG for the
disproportionately high level of 6PG-DH,
analogous to the situation in plasmodia,
which have no G6P-DH but may scavenge
6PG in erythrocytes’. A possible source of
this substrate was suggested for M. leprae
in vivo, it may be available as a byproduct
of the metabolism of macrophages (partic-
ularly when activated)*® in which leprosy
bacilli reside.

Hydrolysis of the phosphate of 6 PG would
inhibit the rate of evolution of CO, since
suspensions of M. leprae only oxidized glu-
conate very slowly*® to CO,. The enzymes
for gluconate catabolism by M. leprae have
not been detected. Unsuccessful attempts

74 Bai, N. J., Pai, M. R., Murthy, P. S. and Venki-
tasubramanian, T. A. Fructose-diphosphate aldolase
from M. smegmatis; purification and properties. Arch.
Biochem. Biophys. 168 (1975) 230-234.

75 Sherman, 1. W. Biochemistry of Plasmodium (ma-
larial parasites). Microbiol. Rev. 43 (1979) 453-495.
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were made?® to detect phosphotransferases
for gluconate using ATP7%77 or polyphos-
phate”” which are present in other myco-
bacteria. Acetobacter-like conversion of glu-
cose to gluconate’® could not be detected in
M. leprae®®, but the metabolism of gluco-
nate to 2-oxoglutarate’ in the metabolic
pathway for direct oxidation of glucose in
Acetobacter has not yet been investigated in
M. leprae.

The presently available evidence suggests
that gluconate is of little or no importance
as a substrate for M. leprae, but 6-phos-
phogluconate is readily metabolized by both
whole cells and extracts of M. leprae.

Glycerol. Many mycobacteria oxidize
glycerol. M. leprae oxidizes this substrate
at 14% of the rate at which M. lepraemu-
rium, another organism grown in vivo, ox-
idizes it3%, Glycerol-3-phosphate dehydro-
genase3$:3? and glycerol dehydrogenase?’
were detected and confirmed as mycobac-
terial enzymes in extracts of M. leprae. Thus
glycerol can be oxidized by an NAD-de-
pendent enzyme then phosphorylated, or
vice versa, before catabolism of dihydroxy-
acetone phosphate by the EMP*°.

Fate of pyruvate and acetate. In skin
biopsies from multibacillary leprosy pa-
tients, an additional lactate dehydrogenase
isoenzyme was observed®’. It has been sug-
gested that this represents lactate dehydro-
genase from M. leprae. Confirmation of this
suggestion awaits electrophoresis of the en-
zyme from purified leprosy bacilli. Recent-
ly, a value of 0.6 mU lactate dehydrogenase/
mg protein has been obtained in extracts of
NaOH-treated M. leprae from armadillo

76 Szymona, M. and Kowalska, H. ATP: D-gluconate
6-phosphotransferase of Mycobacterium phlei. Ann.
Univ. Mariae Cure Sklodowska [Med.] 25D (1970) 371-
381.

77 Szymona, O., Kowalska, H. and Szymona, M.
Search for inducible sugar kinases in Mycobacterium
phlei. Ann. Univ. Mariae Cure Sklodowska [Med.] 24D
(1969) 1-12.

78 Galante, E., Scalaffa, P. and Lanzari, G. A. Attivita
enzymatiche di Acetobacter suboxydans. 1. Glucosio-
deidrogenasi. Enzymologia 26 (1963) 23-30.

7 Datta, A. G. and Katznelson, H. Oxidation of 2,5-
diketogluconate by a cell-free extract from Acetobacter
melanogenum. Nature 179 (1957) 153-154.

80 Saoji, A. M., Harshadrai, S. S. and Kelkar, S. S.
Lactate dehydrogenase zymograms of skin biopsies in
patients with leprosy. A preliminary report. Int. J. Lepr.
48 (1980) 425-430.
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tissue (Wheeler and Bharadwaj, unpub-
lished results; lower activity in extracts of
untreated M. leprae). At this level, 0.5 mg
protein derived from about 2 X 10'° M.
leprae would be required for a band to de-
velop on a gel stained for dehydrogenase
activity**- 8!, On this basis, it appears that
insufficient M. leprae lactate dehydrogenase
would be present to account for the addi-
tional isoenzyme?®°,

Previously, lactate oxidizing activity was
demonstrated in partly purified suspensions
(Table 1) of M. leprae’* #2. This could have
been due to lactate dehydrogenase or lactate
oxygenase, a characteristic mycobacterial
enzyme?. The activity described in these
reports>% 82 could, however, have been host
derived.

Lactate dehydrogenase and lactate oxy-
genase may represent a metabolic route for
conversion of pyruvate to acetate in my-
cobacteria but the reaction (pyruvate — ace-
tyl CoA) catalyzed by pyruvate dehydro-
genase is more efficient in energy terms> 3.
In initial studies on the tricarboxylic acid
cycle and related activities (including py-
ruvate dehydrogenase), it was shown that
pyruvate®?- 83 succinate®?- 82.84. 85 yeast
extract®®, and a number of thiol-reagents®*
stimulated oxygen uptake by M. leprae. A
similar, limited range of substrates stimu-
lated oxygen uptake in M. leprae-
muriums* 86,

There may be a problem of permeability
to possible substrates. In M. smegmatis, for
instance, permeases to acetate and fumarate

81 Wheeler, P. R. and Bharadwaj, V. P. Enzymes of
malate oxidation in Mycobacterium leprae grown in
armadillo liver. J. Gen. Microbiol. 129 (1983) 2321-
2325.

82 Braganca, B. M. Observations on metabolism of
Mycobacterium leprae separated from human leprosy
nodules. Univ. Bombay Symp. Lepr. (Feb—Mar 1965)
77-80.

83 Braganca, B. M. and Prabhakaran, K. Metabolic
aspects of human leprosy organisms. Lepr. India 32
(1960) 94-97.

84 Ishaque, M. and Kato, L. Oxidation of various
substrates by host grown Mycobacterium leprae and
Mycobacterium lepraemurium. Rev. Can. Biol. 36
(1977) 277-282.

85 Ishaque, M., Kato, L. and Skinsnes, O. K. Cyto-
chrome-linked respiration in host grown Mycobacte-
rium leprae. Int. J. Lepr. 45 (1977) 114-119.

8 Kato, L., Adapoe, C. and Ishaque, M. The respi-
ratory metabolism of Mycobacterium lepraemurium.
Can. J. Microbiol. 22 (1976) 1293-1299.
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must be induced?®’. In incubations with some
substrates, oxygen uptake was stimulated
when extracts rather than whole M. leprae
were used®? and when suspensions of M.
lepraemurium were frozen and thawed®*. In
this work, bacteria were not very rigorously
purified (Table 1) and it is possible some of
the oxygen uptake was an activity of re-
maining host contamination.

Subsequent work with more rigorously
purified bacteria (Table 1) and radioiso-
topes (more sensitive than measuring
changes in oxygen concentration) showed
that, in a system where tissue or M. leprae
extracts did not oxidize substrates to CO,,
succinate3®, citrate, [6-'4C]-glucose, and
[2-14C]-pyruvate®® were converted to *CO,
by suspensions of M. leprae.

The labelling of glucose and pyruvate was
such that evolution of *CO, would occur
only if they were metabolized through the
Krebs cycle®®. All of the enzymes of the
Krebs cycle were identified in extracts of M.
leprae and shown to be bacterial rather than
host derived?" 88. Of particular interest were
those involved in malate oxidation and fu-
marase. Malate dehydrogenase and malate-
vitamin K reductase were present but malic
enzyme (decarboxylating) was not detected
in M. leprae®'. This pattern is typical of slow
growing mycobacteria3. It has been sug-
gested that through malic enzyme, fast
growers rapidly generate NADPH for bio-
synthetic purposes and slow growers may
generate their less urgent requirements for
NADPH through other reactions. In M. lep-
rae, some of the tricarboxylic acid cycle en-
zymes can use NADP as well as (or in place
of) NAD?®, and NADPH could also be gen-
erated through the HMP?°. Fumarase activ-
ity fell rapidly in extracts of M. leprae kept
at 4°C88, Loss of activity of other tricarbox-
ylic acid cycle enzymes in extracts of M.
leprae was not noticeable, and fumarases in
extracts of armadillo liver or M. phlei were
not inactivated when those extracts were
mixed with M. leprae. The inactivation of
fumarase in M. leprae was strongly inhib-

87 Ellard, G. A. and Clarke, P. H. Acetate and fu-
marate permeases of Mycobacterium smegmatis. J. Gen.
Microbiol. 21 (1959) 338-343.

88 Wheeler, P. R. Oxidation of carbon sources by the
tricarboxylic acid cycle in Mycobacterium leprae grown
in armadillo liver. J. Gen. Microbiol. (in press).
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ited by phenylmethylsulfonyl fluoride, sug-
gesting that the inactivation was due to a
protease. It was suggested that this protease
might control Krebs cycle activity, and
therefore the rate of catabolism of substrates
in M. leprae, if the protease could inactivate
fumarase in the living organism as well as
in extracts in experimental conditions®®.

Finally, it was important to demonstrate
oxoglutarate dehydrogenase to confirm that
the tricarboxylic acid cycle had an oxidative
function in M. leprae. Many organisms in
which the cycle has an anaplerotic function
lack this enzyme, but it was recently dem-
onstrated in M. leprae and shown to be an
authentic bacterial enzyme®. Previously,
Kato and coworkers failed to detect oxoglu-
tarate dehydrogenase in M. leprae from hu-
man lepromata®® but the storage conditions
(pH 3, room temperature for eight days; see
Table 1) were very unusual, and subse-
quently they had difficulty repeating some
of the results obtained in that study. Oxo-
glutarate dehydrogenase has now been
shown to be present in M. lepraemuriumss.
Although it was demonstrated previously in
partly purified (Table 1) M. lepraemurium?®°,
evidence for its authentic bacterial nature
was only obtained recently®s. Initially, it was
claimed that this enzyme was deleted in M.
lepraemurium®', but it appears likely that
NaOH treatment used in that work (Table
1) abolished so much oxoglutarate dehy-
drogenase activity that the enzyme was not
detectable®®. Thus, while there are impor-
tant differences in anaerobic pathways of
carbon metabolism between M. lepraemu-
rium and M. leprae, the operation of the
tricarboxylic acid cycle in the two organisms
is similar.

Chemoautotrophism in leprosy? The de-
tection of ribulose 1,5 diphosphate carboxy-
lase®® together with the absence of NADH
oxidase and oxoglutarate dehydrogenase®®
led Kato to suggest that M. /eprae may be
an autotroph. These results might have sig-

8 Kato, L., Ajdukovic, D., Donawa, A. and Ishaque,
M. Implications of chemo-autotrophism in Mycobac-
terium leprae. Nature [New Biol.] 242 (1973) 179-180.

% Adapoe, C., Ishaque, M. and Kato, L. Occurrence
of a-keto-glutarate dehydrogenase in Mycobacterium
lepraemurium. Rev. Can. Biol. 35 (1976) 91-92.

! Mori, T., Kohsaka, K. and Tanaka, Y. Tricarbox-
ylic acid cycle in Mycobacterium lepraemurium. Int.
J. Lepr. 39 (1971) 796-812.
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nalled a new approach in attempting to cul-
ture the leprosy bacillus but they need to be
confirmed, especially since NADH oxidase
activity in M. leprae was subsequently de-
tected in Kato’s laboratory®>.

A number of strains of mycobacteria—
6Y, AU, and M. gordonae EO2—were
shown to have inducible enzymes for au-
totrophic growth. Little or no ribulose 1,5
diphosphate carboxylase and no hydroge-
nase was detected unless these strains were
grown autotrophically, when both enzymes
were readily detected®?. If these enzymes are
also inducible in M. leprae, then it seems
surprising that they were expressed in bac-
teria growing in host tissue.

Oxidative phosphorylation

Electron transport. The first observations
which suggested an electron transport sys-
tem in M. leprae were the reduction of cy-
tochrome c in the presence of succinate and
the uptake of oxygen in the presence of
p-phenyldiamine by suspensions of the
bacteria’? 83, These activities were observed
after a long lag period which suggested that
unbroken M. leprae presented a perme-
ability barrier®2. If that explanation is cor-
rect, then it is an indirect indication that the
activity is bacterial, rather than host-de-
rived contamination. However, no attempt
was made to detect contamination by host
material apart from staining smears>2—it
would have been easy to overlook contam-
ination, since soluble blue was not used as
the counterstain?3,

Then Ishaque, et al. showed that extracts
of M. leprae isolated from armadillo tissues
had NADH oxidase activity®>, in contra-
diction to an earlier report by some of the
same workers®®. They showed that the
NADH oxidase activity was completely in-
hibited by 0.1 mM rotenone but that oxygen
uptake stimulated by succinate was not in-
hibited by rotenone, suggesting that differ-
ent flavoproteins were involved in succinate
and NADH oxidation®. No attempt was
made to distinguish true bacterial from host
activities, although the use of respiratory

92 Park, S. S. and De Cicco, B. T. Hydrogenase and
ribulose diphosphate carboxylase during autotrophic,
heterotrophic and mixotrophic growth of scotochro-
mogenic mycobacteria. J. Bacteriol. 127 (1976) 731-
738.
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TABLE 4. Cytochromes in M. leprae and other mycobacteria grown in vivo.
Reduced A max .

Cytochrome(s) Source* Footnote
« ﬂ Y no.

A class or a, M. lepraemurium, BCG"« —d - - 93

a+a, M. lepraemurium¢ 605-607 — 445 95, 96

a+ a, M. lepraes 605-607 — 443-445 85

a, M. lepraemurium 630 — 440 94

a,-CO M. lepraemurium 590 — 432 96

B class M. lepraemurium, BCG — — — 93

b M. lepraemurium 560" 530 430 95, 96

b M. leprae 562 530 429 85

b, M. lepraemurium 561 NFe 433 94

(v M. lepraemurium, BCG — - - 93

c M. lepraemurium 552 523 4277 95

(¢ M. leprae 553 523? NFe 85

0-CO M. lepraemurium 572 540 417 96

0-CO M. leprae 570-572 540 418 85

» Extracts or particulate fractions were used except when whole bacteria grown in vivo were used as well as
extracts®®, and when only whole bacteria were used”. Concentrations of bacteria, or estimates of what the
concentrations would have been had no breaking/fractionation been done, were: 5-8 mg/ml®5, 20 mg/m1°5¢,

15-20 mg/ml1°*, and 12-30 mg/ml®:.
b M. bovis BCG.
¢ Mouse grown.
¢ Component or reaction absent.
¢ Armadillo grown.

A max (a-band) was 562 nm when NADH was used instead of dithionite to reduce cytochromes.
¢ NF = None found or not detected. There should be a value for A max, but it was either swamped by A max

for another component or insufficient material was used.

inhibitors®® may provide a useful lead.
NADH oxidation recently has been ob-
served as background activity in other en-
zyme assays, even with extracts from NaOH-
treated M. leprae®®, supporting evidence for
the presence of NADH oxidase in M. lep-
rae.

In early work on cytochromes of myco-
bacteria, Kusaka, er al. failed to demon-
strate cytochromes in M. lepraemurium or
M. bovis BCG grown in vivo, but they de-
tected cytochromes in a number of myco-
bacteria grown in vitro®3. Subsequently, us-
ing similar quantities of bacteria, Mori, et
al®* and then Ishaque, et al.®>°¢ detected

93 Kusaka, T., Sato, R. and Shoji, K. Comparison of
cytochromes in mycobacteria grown in vitro and in
vivo. J. Bacteriol. 87 (1964) 1383-1388.

94 Mori, T., Kohsaka, K. and Dohmae, K. Terminal
electron transport system of Mycobacterium leprae-
murium. Int. J. Lepr. 39 (1971) 813-828.

95 Ishaque, M. and Kato, L. Occurrence of c-type
cytochromes in Mycobacterium lepraemurium. Can. J.
Biochem. 52 (1979) 991-996.

% Ishaque, M. and Kato, L. The cytochrome system
in Mycobacterium lepraemurium. Can. J. Microbiol.
20 (1974) 943-947.

cytochromes in M. lepraemurium grown in
vivo (Table 4). Mori, et al. treated their bac-
teria with NaOH; this may have removed
some bacterial cytochromes but the two
which they detected would be mycobacte-
rial. On the other hand, Ishaque, ef al. did
not use NaOH treatment, so it is necessary
to distinguish any cytochromes detected in
their work from host cytochromes. Cyto-
chrome ¢ of M. lepraemurium was clearly
bacterial®>. In the only work on the cyto-
chromes of M. leprae, cytochromes a + a,,
b, ¢ and o (Table 4) were detected®>. Some
of these may be derived from host tissue,
but since cytochrome o is not found in
mammalian tissue it may be considered to
be an authentic cytochrome of M. leprae.
Comparisons of the spectral characteristics
of cytochromes from host tissue and host-
derived mycobacteria need to be done in
order to evaluate the remaining cyto-
chromes detected in M. leprae and M. lep-
raemurium. While there is now evidence for
the presence of cytochromes in in vivo-grown
mycobacteria, including M. leprae, none of
the very distinct cytochrome b species ob-
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served in M. phlei (a-band at 574 nm°’) or
multiple forms®® have been seen in M. lep-
rae or M. lepraemurium. The cytochrome
a, of M. lepraemurium®* may be similar to
the “cytochrome a + a;” (a-band at 623
nm®’) of M. phlei.

ATP levels and leakiness. Coupled elec-
tron transport would result in ATP for-
mation. The level of ATP measured in M.
leprae was 12.4 pg/mg (dry weight) bacteria,
about half that detected in M. [eprae-
murium®®. A very simple purification pro-
cedure was used (Table 1), but it was shown
that no ATP from the host would have been
measured in the suspensions of bac-
teria®® ', When mycobacteria are more
thoroughly purified (including NaOH and
other treatments), ATP levels remain con-
stant in all mycobacteria (including M. lep-
rae) studied'®!, except M. lepraemuri-
um'-192 in which ATP levels fall. It has
been suggested that ATP levels can be cor-
related with the viability of suspensions of
mycobacteria and, indeed, the ATP content
of M. lepraemurium has been shown to be
related to the ability of the bacterium to
grow in vitro'®°. However, M. lepraemuri-
um purified very extensively (differential
centrifugation followed by separation on a
sucrose gradient) were still fully infectious
for mice (R. J. W. Rees, personal commu-
nication), although the ATP levels of the
bacteria were very low!°2,

The fall in ATP levels in M. lepraemu-

7 Asano, A. and Brodie, A. F. Oxidative phosphory-
lation in fractionated bacterial systems. XIV. Respi-
ratory chains of Mycobacterium phlei. J. Biol. Chem.
239 (1964) 4280-4291.

98 Cohen, N. S. and Brodie, A. F. Multiple forms of
cytochrome b in Mycobacterium phlei: Kinetics of re-
duction. J. Bacteriol. 123 (1975) 162-173.

% Dhople, A. M. and Hanks, J. H. Adenosine tri-
phosphate content in Mycobacterium leprae. A brief
communication. Int. J. Lepr. 49 (1981) 57-59.

190 Dhople, A. M. and Hanks, J. H. In vitro growth
of Mycobacterium lepraemurium, an obligate intracel-
lular microbe. Science 197 (1977) 379-381.

101 Dhople, A. M. and Storrs, E. E. Adenosine tri-
phosphate content of Mycobacterium leprae: Effect of
purification procedures. Int. J. Lepr. 50 (1982) 83-89.

102 Hanks, J. H., Dhople, A. M. and Funk, W. B.
Fundamental problems of cultivating M. lepraemu-
riumand M. leprae in cell-free systems. In: The in vitro
Cultivation of the Pathogens of Tropical Diseases.
(Proceedings of workshop held in Nairobi, Kenya, Feb.
4-9, 1979.) Basel: Schwabe & Co., A.G., 1979, pp.
297-316.
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rium on purification suggested that the bac-
teria may be “leaky”'°2. In the mycobac-
teria, only M. lepraemurium appears to be
“leaky.” An alternative possibility to leak-
iness of M. lepraemurium is that the organ-
ism has a transport system for ATP like that
found in mitochondria and the rickettsiae'°3.

Amino acid metabolism

General. Some of the earliest observa-
tions on the metabolism of M. leprae were
concerned with amino acid metabolism. In
human tissue from leprosy cases, the level
of tyrosine is low compared with uninfected
tissue and y-aminobutyrate is present out-
side nerve tissue®2. o-Diphenoloxidase!%4 10
and glutamate decarboxylase'®® were sub-
sequently demonstrated in the leprosy ba-
cilli. Both enzymes were demonstrated in
leprosy bacilli from human and armadillo
tissues.

Suspensions of M. leprae take up amino
acid mixtures (['*C]-protein hydrolysate).
Uptake was enhanced in the presence of glu-
cose, included as an energy source, and in-
hibited by azide®, an inhibitor of active
processes. Some of the radioactivity was
incorporated into trichloroacetic acid-insol-
uble material. This incorporation was in-
hibited strongly by puromycin and chlor-
amphenicol, suggesting that the bacteria
were synthesizing protein®®. The time for
maximal uptake of amino acids by M. lep-
rae was 72 hr; by M. tuberculosis H37Rv
(grown in vitro), it was 0.25 hr'?’. Incor-
poration of amino acids in a cell-free protein

103 Winkler, H. H. Rickettsial permeability: An ADP-
ATP transport system. J. Biol. Chem. 251 (1976) 389-
396.

104 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. o-Diphenoloxidase of Mycobacterium leprae
separated from infected armadillo tissues. Infect. Im-
mun. 12 (1975) 267-269.

105 Prabhakaran, K. and Kirchheimer, W. F. Use of
3,4-dihydroxyphenylalanine (DOPA) oxidation in the
identification of Mycobacterium leprae. J. Bacteriol. 92
(1966) 1267-1268.

106 Prabhakaran, K. and Braganca, B. M. Glutamic
acid decarboxylase activity of Mycobacterium leprae
and occurrence of y-aminobutyric acid in skin lesions.
Nature 196 (1962) 589-590.

107 Sundaram, K. S. and Venkitasubramanian, T. A.
Tryptophan uptake by Mycobacterium tuberculosis
H,,Rv: Effect of rifampin and ethambutol. Antimicro-
biol. Agents Chemother. 13 (1978) 726-730.
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synthesizing system has been demonstrated
for M. tuberculosis'®® but not for M. leprae.
3,4-Dihydroxyphenylalanine. o-Diphe-
noloxidase activity can be detected in
extracts'?® or suspensions'®® of M. leprae. A
wide range of 3,4-dihydroxyphenols are ox-
idized, and even mimosine, in which a keto
group replaces a hydroxyl group, is
oxidized''’. Unlike mammalian o-diphe-
noloxidase, the M. leprae activity oxidizes
both D- and L-isomers!'!® of DOPA (3,4-
dihydroxyphenylalanine). DOPA oxidation
in extracts of M. leprae is inhibited by a
number of structural analogues, and more
strongly by the copper chelator, diethyldi-
thiocarbamate''°. Even after sonication, the
activity is still membrane bound'®°,

The enzymatic nature of this diphenolox-
idase activity has been questioned, on the
basis that contaminants of suspensions of
M. leprae such as hyaluronic acid oxidize
DOPA, which is in any case very easily auto-
oxidized'!'!. Artifacts giving false positives
in the similar DOPA reaction for mam-
malian cells occur; these may be related to
processes of importance to the cell but are
not related to tyrosinase!'2. The only evi-
dence for the activity of M. leprae being
enzymatic is the instability of the activity
to heat!!3, while stimulation of DOPA ox-
idation by some cuproproteins''® and hy-
aluronic acid''? is not heat sensitive. Re-
action products of the activity are mainly
indole-5,6-quinone'?>!%? and a melanin-like

108 Shaila, M. S., Gopinathan, K. P. and Rama-
krishnan, T. Protein synthesis in M. tuberculosis H;,Rv
and the effect of streptomycin. Biochem. J. 128 (1972)
47P.

109 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Particulate nature of o-diphenoloxidase in My-
cobacterium leprae and assay by radioisotope tech-
nique. Microbios. 8 (1973) 151-157.

110 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. The nature of the phenolase system in Myco-
bacterium leprae substrates and comparison with other
copper proteins. Microbios. 5 (1972) 273-281.

11 Kato, L., Ishaque, M. and Adapoe, C. Oxidation
of 3,4-dihydroxyphenylalanine by connective tissue
constituents. Identification of M. leprae not related to
phenolase activity. Int. J. Lepr. 44 (1976) 435-442.

112 White, R., Hu, F. and Roman, N. A. False DOPA
reaction in studies of mammalian tyrosinase: Some
characteristics and precautions. Stain Technol. 58 (1983)
13-19.

113 Prabhakaran, K. DOPA oxidation and Mycobac-
terium leprae. Int. J. Lepr. 45 (1977) 185-186.
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polymer!''4, both possible products of auto-
oxidation. Some extracts of M. leprae ap-
pear not to have diphenoloxidase activity.
This has been attributed to an as yet un-
indentified inhibitor from armadillo
tissue''®. Since DOPA is extremely unsta-
ble, especially in the presence of copper
which is associated with the DOPA oxidase
activity, further evidence for the enzymatic
nature of M. leprae diphenoloxidase activ-
ity is essential.

Because diphenoloxidase activity is not
present in any other mycobacteria''®, it has
been suggested as a diagnostic test for M.
leprae''*. Criticism of some claims of growth
have been made on the grounds that the
alleged cultivable M. leprae do not possess
DOPA oxidase'!”. Furthermore, Reza, et al.
claimed that phenoloxidase activity can be
detected in the serum of untreated lepro-
matous leprosy patients, but not tubercu-
loid leprosy patients or uninfected
patients''8. I was unable to repeat their ob-
servations, using serum from human lep-
romatous patients or from armadillos with
a systemic infection (unpublished results).
Debate on this matter must remain of ac-
ademic rather than clinical interest, since
the problems of auto-oxidation and, some-
times, unexplained inhibition make DOPA
oxidation too unreliable and awkward a test
for routine use.

DOPA was the first amino acid shown to
be taken up by M. leprae, either from
human''® 2% or armadillo tissue'?'. The op-

14 Prabhakaran, K. A rapid identification test for
Mpycobacterium leprae. Lepr. Rev. 48 (1977) 145-146.

115 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Metabolic inhibitors of host-tissue in Mycobac-
terium leprae. Lepr. India 51 (1979) 348-357.

116 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Binding of '*C-DOPA by Mycobacterium leprae
in vitro. Int. J. Lepr. 44 (1976) 58-64.

117 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Failure to detect o-diphenoloxidase in cultivable
mycobacteria obtained from feral armadillos. Lepr. Rev.
51 (1980) 341-349.

118 Reza, K., Talib, S. and Imam, S. K. o-Diphe-
noloxidase concentrations in leprosy. Brit. Med. J. 2
(1979) 900-901.

119 Ambrose, E. J., Antia, N. H. and Khanolkar, S.
R. Uptake of radioactive DOPA by Mycobacterium
leprae. Nature 249 (1974) 854-855.

120 Ambrose, E. J., Khanolkar, S. R. and Chulawalla,
R. G. A rapid test for bacillary resistance to dapsone.
Lepr. India 50 (1978) 131-143.
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timal temperature for DOPA uptake was
34°C'2!; this is the only metabolic activity
for which a temperature optimum has been
published. DOPA uptake was inhibited by
the metal-ion chelators diethyldithiocar-
bamate, EDTA, and 8-hydroxyquinoline!>!.
Some importance has been attached to the
inhibitory effect of diethyldithiocarbamate
on DOPA uptake!'?! and metabolism!'? since
italleviates experimental leprosy in mice''°,
This copper-chelator could, however, be
generally inhibiting amino acid uptake into
M. leprae. Copper-mediated amino acid
uptake was reported for other mycobac-
teria'?2. DOPA incorporation was also in-
hibited by deoxyfructose-serotonin'23,
claimed to be a possible antileprosy drug,
and dapsone'?°, an established antileprosy
drug. Caution is needed in interpreting these
results. DOPA uptake may be reflecting the
viability of the suspension of M. leprae'?!
and its inhibition may not be a direct result
of the drug on DOPA metabolism. Deoxy-
fructose-serotonin may have inhibited
DOPA uptake as a structural analogue, but
the significance of this is doubtful since the
DOPA in these experiments!?? was swamped
by at least 70-fold molar excess of deoxy-
fructose-serotonin. It is difficult to postulate
a direct effect of any drug on DOPA me-
tabolism since the function of DOPA up-
take and oxidation is unknown, although
the temptation to look for drugs against what
appears to be an activity unique among my-
cobacteria to M. leprae is great. Perhaps
workers on DOPA metabolism should start
looking at its relation to the metabolism of
aromatic compounds in general, in M. /ep-
rae.

Glutamate. Incubation of suspensions of
human-derived M. leprae with L-glutamic
acid and pyridoxal phosphate at 37°C and

121 Khanolkar, S. R., Ambrose, E. J. and Mahadevan,
P. R. Uptake of 3,4-dihydroxy[*H]phenylalanine by
Mpycobacterium leprae isolated from frozen (—80°C)
armadillo tissue. J. Gen. Microbiol. 127 (1981) 385-
389.

122 Jacobs, A. J., Kalra, V. K., Prasad, R., Lee, S. H.,
Yankofsky, S. and Brodie, A. F. Cu?* ion-mediated
active transport of amino acids in membrane vesicles
of Mycobacterium phlei. J. Biol. Chem. 253 (1978)
2216-2222.

123 Jayaraman, P., Mahadevan, P. R., Mester, M. and
Mester, L. Inhibition of the incorporation of [*H]-
DOPA in Mycobacterium leprae by deoxyfructosero-
tonin. Biochem. Pharmacol. 29 (1980) 2526-2528.
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pH 5 resulted in the formation of y-amino
butyrate!?. Since glutamate decarboxylase
is not present in some of the tissues'?* from
which M. leprae was harvested'?, this sug-
gests that the activity observed is bacterial.
Recently, glutamate decarboxylase was
measured by the rate of '*CO, evolution
from [1-'*C]-glutamate and some differen-
tial inhibition studies were done on whole
bacilli'?>. These results are difficult to in-
terpret since the presence of an intact plas-
ma membrane must be accounted for and
whole organisms may decarboxylate gluta-
mate through the tricarboxylic acid cycle.
Glutamate decarboxylase has been detected
in some but not all mycobacteria®2. I have
detected glutamate decarboxylase in ex-
tracts of M. leprae from armadillo liver. The
specific activity, judged by formation of both
CO, and y-amino butyrate from glutamate,
was 0.68 mU/mg protein, 35 times higher
than that detected in extracts of host tissue
(unpublished results). This confirms the
presence of an M. leprae glutamate decar-
boyxlase but more work needs to be done
before the role of this enzyme in M. leprae
can be judged. One possibility that could
easily be tested, by looking for the key en-
zyme succinic semialdehyde dehydroge-
nase, is that it is a way of catabolizing glu-
tamate into the tricarboxylic acid cycle. Such
a pathway has been demonstrated in ger-
minating spores of Neurospora crassa'*®.
v-Glutamyl transpeptidase has been de-
tected in suspensions of M. leprae from hu-
man biopsy and other mycobacteria*°. The
enzyme activity from M. leprae could be
distinguished from the host-tissue enzyme
since it could use glycyl-D-amino acid di-
peptides as acceptors for glutamate; the host
enzyme is stereospecific for L-amino acid
peptides. Peptidases are important in form-
ing and breaking cross-peptide links in the
cell walls of mycobacteria*®: 27, and both

124 Albers, R. W. and Brady, R. O. Distribution of
glutamate decarboxylase in the rhesus monkey nervous
system. J. Biol. Chem. 234 (1959) 926-928.

125 Prabhakaran, K., Harris, E. B. and Kirchheimer,
W. F. Glutamic acid decarboxylase in Mycobacterium
leprae. Arch. Microbiol. 134 (1983) 320-323.

126 Christensen, R. L. and Schmit, J. C. Regulation
of glutamate decarboxylase during Neurospora crassa
conidial germination. J. Bacteriol. 144 (1980) 983-990.

127 Eun, H. M., Yapo, A. and Petit, J. F. DD-car-
boxypeptidase activity of membrane fragments of M-
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glycine and D-amino acids are present in
the cell walls of M. leprae'*®. The infor-
mation on possible transpeptidase sub-
strates in M. leprae was severely limited by
lack of material.

Nucleic acids

Pyrimidine metabolism. One attraction of
being able to demonstrate nucleic acid syn-
thesis in M. [eprae is that it might be used
to indicate the viability of leprosy
bacilli'?? 139, Methods relying on plating on
nutrient agar or broth are clearly impossible
for M. leprae, and growth in mice takes at
least six months to assess. It is possible to
investigate thymidine incorporation by M.
leprae in macrophages'3% 3! since macro-
phages do not incorporate thymidine. Since
thymidine is a precursor of DNA but not
RNA, its incorporation represents a fun-
damental correlate (DNA synthesis) with
viability of M. leprae.

The first demonstration of thymidine in-
corporation by M. leprae was by Drutz and
Cline'?! who used infected monocytes from
the blood of bacteremic patients. On cul-
ture, silver grains were seen above leprosy
bacilli in macrophages incubated with [*H]-
thymidine. There were no cultivable my-
cobacteria present. Subsequently, macro-
phages from animals not infected with
leprosy were cultured and then infected with
M. leprae. Nath and coworkers showed that
thymidine is incorporated by human-de-
rived M. leprae in infected macrophages
from mice!?° or humans'3?.

cobacterium smegmatis. Enzymatic properties and
sensitivity to 8-lactam antibiotics. Eur. J. Biochem. 86
(1978) 97-103.

128 Draper, P. Cell walls of Mycobacterium leprae.
Int. J. Lepr. 44 (1976) 95-98.

129 Khanolkar, S. R., Ambrose, E. J., Chulawala, R.
G. and Bapat, C. V. Autoradiographic and metabolic
studies of M. leprae. Lepr. Rev. 49 (1978) 187-198.

130 Sathish, M. and Nath, I. The uptake of *H-thy-
midine in M. leprae-inoculated mouse macrophage
cultures as a rapid indicator of bacillary viability. Fac-
tors influencing specificity of the in vitro assay. Int. J.
Lepr. 49 (1981) 187-193.

131 Drutz, D. J. and Cline, M. J. Incorporation of
tritiated thymidine by leprosy bacilli in cultures of hu-
man lepromatous macrophages. J. Infect. Dis. 125
(1972) 416-419.

132 Prasad, H. K. and Nath, I. Factors influencing the
incorporation of tritiated thymidine in Mycobacterium
leprae residing in differentiated human macrophages.
J. Med. Microbiol. 14 (1981) 279-293.
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Thymidine incorporation in the macro-
phage system is inhibited by a number of
antileprosy drugs including dapsone (at 3
ng/ml) and can be used to assess dapsone
(DDS) resistance of M. leprae; incorpora-
tion in macrophages at different levels of
dapsone was related to growth in the mouse
foot pad of isolates of M. leprae with dif-
ferent degrees of dapsone resistance!?3.
Lymphokines from tuberculoid and bor-
derline leprosy patients also inhibited thy-
midine incorporation of M. leprae in
macrophages'**, showing that the macro-
phage system for thymidine incorporation
could be used to assess the killing of M.
leprae mediated by the immune system.

A problem was that not all isolates of M.
leprae incorporated thymidine!3% 32, The
lack of activity was neither accounted for
by the batch of macrophages used'3? nor
correlated with the number of bacteria used,
the concentration of radiolabel, nor the
morphological index (MI) of the bacteria'*°.
In the most recent work, 25 out of 26 strains
incorporated thymidine!'3* 3¢ so the prob-
lem of non-incorporation may be technical.

Thymidine is also incorporated into sus-
pensions of M. leprae in a maintainance
medium'2° 2% or in buffer!?3. It was possible
to inhibit incorporation by dapsone at 10
ng/ml with susceptible M. leprae, but in-
corporation into M. leprae suspected of
being dapsone resistant was not inhibited
by dapsone!?°. Thus thymidine incorpora-
tion into M. leprae in macrophages or sus-
pensions appears to be promising for check-
ing the viability of leprosy bacilli and drug
screening, although the incorporation into
suspensions of M. leprae was not compared
quantitatively with the established foot pad
technique!'?°.

Although uracil may be incorporated into

133 Nath, I., Prasad, H. K., Sathish, M., Sreevatsa,
Desikan, K. V., Seshadri, P. S. and Iyer, C. G. S. Rapid,
radiolabelled macrophage culture method for detection
of dapsone-resistant M. leprae. Antimicrobiol. Agents
Chemother. 21 (1982) 26-32.

134 Prasad, H. K., Singh, R. and Nath, I. Radiola-
belled Mycobacterium leprae resident in human mac-
rophage cultures as an in vitro indicator of effective
immunity in human leprosy. Clin. Exp. Immunol. 49
(1982) 517-522.

135 Khanolkar, S. R. and Wheeler, P. R. Purine me-
tabolism in Mycobacterium leprae grown in armadillo
liver. FEMS Microbiol. Lett. 20 (1983) 273-278.
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TABLE 5. Purine scavenging® in M. leprae. Comparison with pyrimidine incorporation.

pmol/10'° M. leprae
(or extract thereof)/24 hr

In whole M. leprae

In extracts

Rate of conversion to nucleo-

Incorporation into CCl;COOH-insoluble
material supplied at:

side monophosphates®.
Substrate at 80 uM except
for phosphoribosyltransfer-

Substrate 17 uM 80 uM ase assays (60 uM).
Adenine 47 106 180¢
Adenosine 120 465 2.6 x 10%¢
Hypoxanthine 74 280 2400¢
Inosine 6 NDf 70¢
Guanine 71 ND 2450¢
Guanosine 11 38 2904
Orotic acid 10 ND ND

Uracil 9 ND ND
Thymidine 6 19 ND

a Purine synthesis de novo at an extremely low rate was also detected using a different method from that for

scavenging activity.

b Precursors of nucleotides and thus nucleic acid synthesis.

¢ Conversion by phosphoribosyltransferase.
¢ Conversion by nucleoside kinase.

¢ Based on Khanolkar and Wheeler'*.
"ND = Not done.

RNA as well as DNA, it was incorporated
at similar rates in M. leprae as thymidine!'3s.
However, orotic acid, a precursor of all py-
rimidines, was incorporated slightly more
rapidly (Table 5)'3°.

Purine metabolism. In similar conditions,
purine bases were generally incorporated
into M. leprae at six to 20 times the rate of
pyrimidines (Table 5)'3°. Like thymidine,
incorporation of hypoxanthine was inhib-
ited by dapsone and other antileprosy
drugs!'3®. Although the incorporation of ra-
dioisotopically labelled purines and pyrim-
idines reflects uptake, dilution in pools of
precursors, and nucleic acid synthesis, it was
suggested that the pool sizes were quite small
since the ratio of incorporation at 80 uM:
17 uM was similar for labelled substrates
with a 20-fold range of rates of incorpora-
tion at 17 uM!'35, Rates of incorporation of
supplied purines into M. leprae could be
accounted for by the levels of phosphori-
bosyltransferases in extracts of M. leprae,
and it was suggested that these enzymes op-
erated for purine scavenging. The alterna-
tive scavenging pathway (purine base — nu-
cleoside — nucleotide) had one deletion, or
enzyme at extremely low level, for each pur-
ine (Table 5)!33,

The concept of M. leprae as an organism
scavenging purines was strengthened by ob-
servations that whole organisms could in-
terconvert purines (e.g., supplied with *C-
adenine, label could be found in guanine).
Enzymes for such interconversions were de-
tected in extracts. However, M. leprae or-
ganisms also synthesized purines de novo at
a very slow rate; label from '*C-serine was
repeatedly detected in purines from hydro-
lyzed nucleic acids'*®. Thus while purines
are scavenged efficiently by M. leprae, the
bacterium appeared not to be entirely de-
pendent upon a supply of preformed pur-
ines.

Folic acid synthesis

Folic acid biosynthesis in M. leprae is of
great interest because of the extreme sen-
sitivity of the organism to an inhibitor of
folate synthesis'*¢, DDS (dapsone; 4,4’-di-
aminodiphenylsulfone), the most widely
used antileprosy drug. Most other myco-
bacteria are also sensitive to DDS'37, but

136 Seydel, J. K. Reply to Dr. Bergel’s letter to the
editor [mechanism of action to sulfones]. Int. J. Lepr.
44 (1981) 90.

137 Morrison, N. E. Sequential blockade of the my-
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only “M. lufi” is as sensitive as M. leprae'3®.
Extracts of M. leprae, “M. lufu,” M. smeg-
matis 607 and Escherichia coli synthesize
folate at the relative rates 1:9:11:133 in
identical conditions!?°, and the I, (concen-
tration in inhibiting folate synthesis by 50%)
of dapsone is 0.71 uM in “M. [ufu'3°,0.42
uM in M. leprae'*®, and 35 uM in E.
coli'3*-14°_the latter sensitivity being similar
to that of most mycobacteria!3”- 40, The I,
of DDS for growth of M. leprae (but not
“M. lufi) is lower still. Perhaps levels of
para-amino benzoic acid (PABA) are very
low in M. leprae'?® or maybe DDS is ac-
cumulated; this happens in a strain of M.
kansasii**!'. By antagonizing the action of
DDS on folate synthesis by PABA, it can
be shown that DDS has an extremely high
affinity for the folate synthetase of “M. lufi’”
and M. leprae compared with other
bacteria'3°.

Crossresistance with sulfonamides occurs
in M. leprae'**-'44, Sulfonamides, like DDS,
form a pteroic acid analogue with DDS and
7,8-dihydro-6-OH-methylpterin pyrophos-
phate in E. coli'*®. However, no such ana-
logue forms in “M. lufi” or M. leprae'*®, so
the great sensitivity of the leprosy bacilli to
dapsone appears to be solely due to the ex-

cobacterial de novo folate pathway. A review. Int. J.
Lepr. 39 (1971) 34-43.

138 Portaels, F. Unclassified mycobacterial strain sus-
ceptible to dapsone isolated from the environment in
central Africa. Int. J. Lepr. 48 (1980) 330-331.

139 Kulkarni, V. M. and Seydel, J. K. Inhibitory ac-
tivity and mode of action of DDS in cell-free folate
synthesizing systems prepared from Mycobacterium lufu
and Mycobacterium leprae—a comparison. Chemo-
ther. 29 (1982) 58-67.

140 Seydel, J. K., Richter, M. and Wempe, E. Mech-
anism of action of the folate blocker diaminodiphenyl-
sulfone (dapsone, DDS) studied in E. coli cell-free en-
zyme extracts in comparison to sulfonamides (S. A.).
Int. J. Lepr. 48 (1980) 18-29.

141 Panitch, M. L. and Levy, L. The action of dapsone
on a susceptible strain of Mycobacterium kansasii. Lepr.
Rev. 49 (1978) 131-140.

192 Adams, A. R. D. and Waters, M. F. R. Dapsone-
resistant lepromatous leprosy in England. Br. Med. J.
2 (1966) 872.

143 Pattyn, S. R., Rollier, R., Rollier, M., Muynck,
A., Janssens, P. G. and Verdoolaeghe-van Loo, G. Cor-
relation of laboratory and clinical data during the treat-
ment of leprosy. Ann. Soc. Belg. Med. Trop. 52 (1972)
537-544.

144 Rees, R. J. W. Drug resistance of Mycobacterium
leprae particularly to DDS. Int. J. Lepr. 35 (1967) 625-
638.
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tremely high affinity of DDS for their folate
synthetases. The more readily available ““M.
lufu” (cultivable; in vitro generation time =
24 hr) appears to be an excellent model for
folate synthesis and inhibition in M. leprae.

Iron uptake

The ability to take up iron is essential for
the survival of bacteria. Most produce iron
chelators and mycobacteria are no excep-
tion. Mycobacteria can scavenge iron from
their environment by producing exochelins,
which are powerful chelators, from which
the organisms take up the iron3. Iron che-
lated to the exochelins from M. neoaurum
was taken up by a suspension of M. leprae
over 15 hr. No uptake occurred when the
iron was chelated with exochelins from .
bovis BCG or M. smegmatis or to a single
exochelin from M. vaccae'*®. The latter re-
sult was quite surprising, since M. vaccae
and M. neoaurum are very closely related
and the exochelins are very similar. Uptake
into M. leprae appeared to be by facilitated
diffusion since it was not inhibited by either
HgCl,, NaNj, or 2,4-dinitrophenol. This was
similar to the mode of uptake of ferriexo-
chelin into M. neoaurum itself. These pre-
liminary results!4’ represent the first dem-
onstration of iron uptake into M. leprae.

SUMMARY AND CONCLUSIONS

Recently, some knowledge of metabolic
pathways, rather than individual enzyme
activities of M. leprae, is becoming avail-
able. Ultimately this may be useful in de-
vising culture media for M. leprae. Knowl-
edge restricted to individual reactions may
be misleading. For instance, the detection
of GlcNacase and (-glucuronidase and the
subcellular localization of hyaluronic acid
led to attempts to cultivate M. leprae on
hyaluronic-acid based medium. Subsequent
investigations suggested that there was no
pathway for the breakdown of hyaluronic
acid in M. leprae.

The biochemical pathways for breaking
down glucose and glycerol seem to be com-
plete, and thus similar to many bacteria, but
there is an unusually high level of one en-
zyme, 6-phosphogluconate dehydrogenase

135 Hall, R. M., Wheeler, P. R. and Ratledge, C. Ex-
ochelin-mediated iron uptake into Mycobacterium lep-
rae. Int. J. Lepr. 51 (1983) 490-494.
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(6PGDH). Although 6-phosphogluconate is
oxidized by M. leprae, and this is an un-
usual activity, reflecting very high levels of
6PGDH, glycerol may be a preferable en-
ergy source (on the basis of rates of oxida-
tion by suspensions) for M. leprae in at-
tempts to cultivate the bacterium. The
utilization of 6-phosphogluconate might be
important for other aspects of M. leprae me-
tabolism not yet investigated (e.g., pentose
metabolism) or it may be an adaption, not
needed in vitro, to its existence in host mac-
rophages. Alternatively, its oxidation may
be a way of rapidly generating NADPH at
critical times for the bacterium.

Other unusual activities which have been
reported are the presence of an enzyme
characteristic of chemoautotrophism?3?,
completely surprising in view of the biology
of M. leprae. This report needs to be con-
firmed —some aspects, in fact, have failed
to be confirmed. o-Diphenoloxidase activ-
ity is unique, among mycobacteria, to M.
leprae, but there is still doubt over whether
or not it is an enzymatic activity and its
function is unknown. A transpeptidase
which may be involved in cell wall synthe-
sis, recently demonstrated in M. leprae, is
a typical mycobacterial enzyme.

It is now known that iron could be sup-
plied to M. leprae in potential media in the
form of ferriexochelin from M. neoaurum.

Two “deletions” in the metabolic pro-
cesses of M. leprae have been observed.
Catalase appears to be absent in M. leprae;
its addition to media stimulates the growth
of some organisms!“¢ since peroxides form
in the bacteriological media'4’. Purine syn-
thesis de novo occurred at a very low rate
compared with purine scavenging. Whether
this is an adaption to growth in vivo is not
known. The investigators are planning to
compare these activities in other mycobac-
teria which can be grown in vivo and in vitro

146 Sayed, 1. A. and Kenny, G. E. Effects of reducing
agents, catalase and reuse of medium on toxicity of
media for growth of Ureaplasma urealyticum. J. Infect.
Dis. 139 (1979) 720-723.

147 Barry, V. C., Conalty, M. L., Denneny, J. M. and
Winder, F. Peroxide formation in bacteriological me-
dia. Nature 178 (1956) 596-597.

148 Bastarrachea, F., Anderson, D. G. and Goldman,
D. S. Enzyme systems in mycobacteria: XI. Glycolytic
system in Mycobacterium tuberculosis. J. Bacteriol. 82
(1961) 94-100.
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before deciding whether preformed purines
might be a useful addition to potential cul-
ture media'3s.

Generally, metabolic activities in M. lep-

.rae are low compared with other mycobac-

teria, including in vivo-grown M. leprae-
murium. This seems to correlate with the
low viability of suspensions of M. leprae.
Some of the comparisons of levels of activ-
ities in this review are made with myco-
bacteria grown in vitro and some enzyme
systems may be activated in bacteria grown
in culture medium.

A great difficulty is assessing the efficacy
of additions to potential media, since stim-
ulation of growth cannot be assessed. The
viability of suspensions of M. leprae in me-
dia can be checked by the mouse foot pad
method, but results take too long to obtain
if additions and alterations to media are to
be made on the basis of their effect on the
viability of suspensions of M. leprae. How-
ever, a suggested application of research on
the metabolism of M. leprae is to use levels
of metabolic activity to assess viability. It
is important in this context that the activity
is a function of living bacteria. While in-
dividual activities may persist for a while
in dead bacteria and could be misleading,
two promising potential correlates of via-
bility—synthesis of nucleic acids from la-
belled thymidine or hypoxanthine and ATP
levels—should require the complex orga-
nization of living organisms. A detailed
study is still required to see if these activities
correlate quantitatively with results ob-
tained in the mouse foot pad.

The discovery of unusual or characteristic
bacterial activities in M. leprae may lead to
ideas for developing new drugs. So far, such
development has been restricted to agents
which inhibit DOPA uptake. These agents
are diethylthiocarbamate and deoxyfruc-
tose-serotonin, both of which suppress lep-
rosy in mice. A problem with designing drugs
to antagonize DOPA metabolism is that
since the metabolic significance of DOPA
uptake and oxidation is unknown it is im-
possible to know if, in antagonizing the ac-
tivity, the drug will affect the viability of M.
leprae. Inhibition of a metabolic activity in
whole M. leprae is not, per se, evidence for
that activity being the target for the inhib-
itor, since the activity may be reflecting the
viability of M. leprae and being inhibited
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as a result of killing of the bacteria rather
than directly, for instance, inhibition of thy-
midine incorporation by DDS is known not
to be a primary effect. In using the inhibition
of uptake of DOPA and incorporation of
thymidine into M. leprae to monitor drug
sensitivity (i.e., as a potential drug screen),
the results seem almost too good. When
drugs were tested at their lowest concentra-
tions (e.g., DDS, 3-10 ng/ml; rifampin, 1
ug/ml), they inhibited the activities very
strongly within about one generation time
(a fraction of the time which the drugs, in
particular DDS, take to have an effect on
growing M. leprae). The results are un-
doubtedly reproducible, and significant in-
hibition by a drug does not occur with strains
of M. leprae resistant to that drug'?® '33 cor-
responding with testing for sensitivity to
drugs by growing M. leprae in mouse foot
pads'?*3. An explanation is needed for the
exquisite sensitivity of these metabolic ac-
tivities of M. leprae organisms to antilepro-
sy drugs and the rapid effect of the drugs on
metabolic activities. Perhaps in the case of
dapsone, folate is present at a very low level
in M. leprae or it is rapidly depleted, so that
inhibition of metabolic activities of M. lep-
rae follows quickly after dapsone is added
to suspensions of M. leprae.

I have shown that, despite the difficulties,
and discounting work—particularly where
enzyme and metabolic activities are not
confirmed to be activities of M. leprae—
which one must treat with skepticism, in-
formation on the biochemistry of M. leprae
is becoming available. Can this process be
accelerated by using more readily available
mycobacteria as models for M. leprae me-
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tabolism? Such an approach needs care.
Specific evidence should be sought to show
that another mycobacterium is suitable as
a model. For instance, observations on M.
leprae and “M. lufu” suggested that ““M.
lufi> could be used as a model for folate
synthesis and dapsone sensitivity in M. lep-
rae. The point in this case is that some in-
formation on M. leprae was necessary in the
first place before a model could be pro-
posed. Studies on other mycobacteria can
give leads to the biochemical study of A.
leprae and may be used to look at general
problems, such as the differences between
in vivo- and in vitro-grown mycobacteria.
However, M. lepraemurium, thought of as
a suitable general model for M. leprae, now
appears to be in many ways quite different
from M. leprae. Already differences in the
metabolism of glucose, in the levels of
6PGDH and catalase and in the amino acid
composition of the cell wall peptidoglycan
have been shown. Now that M. leprae is
available in sufficient quantities for exper-
imental work, it is essential that metabolic
studies with leprosy bacilli should continue
to be a very important part of research on
M. leprae.

—Paul R. Wheeler, Ph.D.

National Institute for
Medical Research

The Ridgeway, Mill Hill

London NW7 14A, England
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