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Intracellular Localization of Enzymes in Mycobacterium tuberculosis var

Hominis*

(22235)

IrviNG MILLMAN AND RoBERT W. DARTER.!
‘Department of Bacteriology, Northwestern University Medical School, Chicago, Ill.

Millman and Youmans have shown that
crude cell free extracts of Mycobacterium tu-
berculosis var. hominis H37Ra, oxidized lac-
tic, pyruvic, acetic, fumaric, malic, succinic,
citric, oxalacetic, and o ketoglutaric acids(1).
This indicated that this strain of M. tubercu-
losis possessed a tricarboxylic acid terminal
respiratory cycle. Millman and Youmans iso-
lated a particulate red fraction from this ex-
tract by centrifugation at low speeds(2).
This fraction. containing pleomorphic par-
ticles, oxidized fumaric, succinic, malic, oxal-
succinic. oxalacetic, o ketoglutaric, lactic, cit-
ric, and isocitric acids. A clear supernatant
fraction, obtained by centrifuging the crude
supernatant at 144000 x G, oxidized fumaric,
malic, « ketoglutaric, lactic, and isocitric
acids only in the presence of methylene blue
as a hydrogen acceptor. The fact that the
particulate red fraction did not require me-
thylene blue for oxidation to occur led them
to conclude that this fraction might contain a
complete cytochrome system. This together
with the fact that these particles reduced neo-
tetrazolium suggested that these were iden-
tical with the structures which Mudd has
called mitochondria(3). Yamamura isolated
a particulate fraction from cell extracts of
Mxycobacterium avium by differential centri-
fugation(4). This fraction was composed of
particles from 50-100 mp diameter and was
stained with Janus Green B. It was found to
contain malic dehydrogenase and 3 cyto-
chromes with bands at 554 mp, 654 mp and
595 mp respectively. The author stated that
this fraction behaved as a functional unit
comparable to the mitochondria in animal tis-
sue. Millman reported the isolation of a high
speed sedimenting fraction composed of par-
ticles approximately 50 mp in diameter(5).
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The 50 mp particles contained some Krebs’
cycle enzymes which were active in the ab-
sence of methylene blue and were cyanide
sensitive. This fraction proved of greater in-
terest when it was reported by Youmans et al.
that it was capable of immunizing mice
against challenge with a virulent strain of
Mycobacterium tuberculosis var. hominis(6).
Alexander and Wilson have isolated a large
particulate fraction and several fractions con-
taining smaller particles by differential cen-
trifugation of cell-free extracts of Azobacter
vinelandii(7). By quantitative studies they
found that DPNH oxidase and p-phylenedi-
amine oxidase occurred only in the granules,
while the enzymes of the citric acid cycle
were not exclusively localized in them. Iso-
citric dehydrogenase, o ketoglutaric dehydro-
genase and aconitase were found quantita-
tively in the non-particulate cytoplasm. They
concluded that only the particulate fractions
contained an electron transport system to
oxygen. In addition they found that succinic
dehydrogenase and malic oxidase were totally
in the particulate matter.

It is the purpose of this study to apply the
methods first outlined by Alexander and Wil-
son(7) and Alexander(8) to a quantitative
study of the distribution of enzymes in Myco-
bacterium tuberculosis var. hominis H37Ra.

Materials and methods. The work was
carried out with the avirulent H37Ra strain
of M. tuberculosis var. howminis which was
maintained by frequent transfers on the sur-
face of modified Proskauer and Beck Me-
dium(9). Organisms were grown as surface
pellicles on modified P & B medium contained
in 4 liter diphtheria toxin bottles. After 25
to 35 days of incubation at 37°C the pellicles
were harvested by filtration through coarse
sintered glass and washed with distilled water.
Approximately 25 g (dry weight) of- cells
were: obtained from 9 bottles. The slightly
moist washed ‘cells were then made into a
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thick paste with 0.25 M sucrose dissolved in
0.01 M phosphate buffer pH 7.2 and were
ground with powdered glass in a ball mill at
4°C for 18 hours. After grinding the cell
mass was centrifuged at 2,000 rpm for 5 min.
in an unrefrigerated International Centrifuge
to remove intact cells and glass. The crude
supernatant was fractionated as follows:
SUPERNATANT, spin at 2000 X G for 20 min.

¥
SUPERNATANT, com-
bined supernatants are
crude extract, ‘‘CE;,’’
save 14 and spin re-
mainder at 7000 X G
for 30 min.

SUPERNA- /
TANT, recom-
bine with pre-

vious supernatant

PRECIPITATE (remove
red layer with superna-
tant) resuspend in su-
crose buffer, spin at 2000
X G for 20 min.

PRECIPITATE,
discard

v
SUPERNATANT, spin
at 60000 X G for 60 min.

v
PRECIPITATE, resus-
pend in sucrose and spin
at 20000 X G for 30 min.
i

PRECIPITATE,
resuspend in su-
crose. Fraction

(44 L bR

SUPERNA-
TANT, recom-
bine with pre-

vious supernatant

PRECIPITATE, re-
suspend in sucrose.
Fraction ‘A’

J v
PRECIPITATE, re- SUPERNATANT, add
suspend in sucrose. sufficient solid KCl to
Fraction ‘B’ make 0.3 M. Spin

144000 X G ij'or 30 min.

SUPERNATANT, spin
at 144000 X G for 60 min,

PRECIPITATE, re-
suspend in sucrose.
Fraction ¢¢C?’

SUPERNATANT
Fraction ¢¢8§?’

All precipitates were homogenized with a
hand driven glass homogenizer to insure a
homogeneous suspension.

Enzymatic activity. Aconitase, fumarase,
malic and succinic dehydrogenases were
tested by the methods described by Colowick
and Kaplan(10); catalase by the method of
Lawrence and Halvorson(11); DPNH oxi-
dase by the method of Green ef al.(12); iso-
citric dehydrogenase by the method of Hoge-
boom and Schneider(13) and o ketoglutaric
dehydrogenase by the method of Lindstrom
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(14). Cytochrome oxidase was determined
in the following way. To the main com-
partment of Warburg reaction vessels were
added 60 pmoles of p-phenylenediamine, 16
pmoles of histidine buffer pH 7.2, 5.0 umoles
of MgSO, and enzyme preparation. To the
center well of each reaction vessel were added
0.2 m! of 10% KOH. The final volume was
adjusted to 2.2 ml with distilled water and
oxygen uptake measured at 37°C. One unit
of enzyme is that amount causing an uptake
of one pl oxygen in one hour. Oxygen uptake
by control flasks (containing no substrate)
was subtracted from the values obtained with
the test flasks before the units were calcu-
lated.

Results. Fig. 1 to 4 show electron micro-
graphs of the particulate fractions L, A, B,
and C respectively. The preparations were
shadowed with chromium to help make the
particles electron stable as well as aid in vis-
valization. The L fraction is made up mainly
of 100-200 mpu particles. This fraction is
probably equivalent to the particulate red
fraction described by Millman(5). The A
fraction contains particles 50 mu in diameter.
These are probably the same as described by
Millman(5) and Youmans et al.(6). The
B and C fractions contain particles not pre-
viously described by these authors. The B
fraction contains particles 25 my in diameter.
The C f{raction appears to contain particles
of approximately the same dimensions as the
B fraction. On close inspection, however,
these particles appear as aggregates of smaller
units. Because of this it has been difficult to
determine the size of an individual particle.
However, if this fraction is equivalent to the
one reported by Alexander(8) it should con-
tain particles approximately 19 mp in dia-
meter.

In Table I are summarized the results of
the enzymatic localization tests. Better than
79% recovery was obtained with all but two
enzymes, namely DPNH oxidase and cata-
lase. Of the enzymes giving high recovery,
aconitase, fumarase, o ketoglutaric dehydro-
genase, isocitric dehydrogenase, and malic de-
hydrogenase were found almost exclusively
in the supernatant fraction. Cytochrome oxi-
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FIG. 1. Fraection L, shadowed with chromium, Contains intact tubercle bacillus and par-
ticles 100-200 my in diameter. X 30500.
FIG. 2. Fraection A shadowed with chromium, Contains particles approximately 50 mg in
size. X 30500.
FIG. 8. Fraction B shadowed with chromium. Contains particles approximately 25 my in
diameter with some aggregates. X 30500.
FIG. 4. Fraction C shadowed with chromium. Contains mostly aggregates. X 30500.

dase and succinic dehydrogenase on the other
hand were found mainly in the particulate
fractions. Of the less completely recovered
enzymes, DPNH oxidase was located almost
entirely in the particulate fraction, while
catalase was found mainly in the supernatant
fraction. Only one enzyme showed any con-
siderable activity in either the B or C frac-
tion. This enzyme, fumarase, had about
12% of its total activity located in the B
fraction. In relative activity the A fraction
paralleled the L fraction rather closely, ex-

cept that the total amount of enzyme located
in the A fraction was rather less. The par-
ticulate fractions were not tested for the
presence of isocitric dehydrogenase and «
ketoglutaric dehydrogenase since the super-
natant fraction possessed the major portion
of these activities. Succinic dehydrogenase,
on the other hand, gave no measureable ac-
tivity in either the B, C, or S fractions.
Discussion. Our data indicate that the
enzymes of the tricarboxylic acid cycle, with
the exception of succinic dehydrogenase, are
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TABLE I. Units of Enzyme Activity of Fractions of Mycobacterium tuberculosis var. hominis H37Ra.

% % % % %o % Te-
Enzyme C“CE’? L’ CE ‘“A” CE B CE “C’ CE 8’ CE -covered
Aconitase 14602 748 5.1 496 3.4 190 1.3 308 2.1 9900 67.8 79.7
Catalase 372509 1255 .33 1030 .28 4278 115 2653 .71 230132 6178 64.25
Cytochrome 4742 1697 35.8 693 14.6 173 3.6 31 6 1175 248 79.4
oxidase”
DPXNH oxi- 24105 7360 30.3 3180 13.2 348 1.4 84 3 1100 4.6  50.0
dase
Fumarase 58528 2550 4.4 1600 2.7 6900 11.9 820 14 35526 60.7 811
a-Ketoglutarie 5006 3973 794 794
debydrogen-
ase
Isocitrie dehy- 15264 59520 131. 131. ¢
drogenase
Malic dehy- 2136000 8400 .4 33600 1.5 16800 .8 19600 .9 1620000 75.8 79.5
drogen:ise ’
Suceinic dely- 76 53 69.7 14 18.6 88.3

drogenise

* For dJefinition of unit, see text.
t High recovery, over 1009, probably due
olite.

either located primarily in the soluble frac-
tion of the tubercle bacillus or in solubilized
portions of the cell fragments. The presence
of DPNH oxidase and cytochrome oxidase
in the particulate fractions confirms the

results reported in previous papers,
(Millman and Youmans(1); Millman
(5): Alexander and Wilson(7); and
Mudd(3)) that the particulate fractions

contain a complete cytochrome system and
are equivalent in this respect to mitochondria
of higher forms. The only metabolic differ-
ence noted between bacterial mitochondria
and those of higher forms is the absence of
the tricarboxylic acid cycle enzymes in the
mitochondria of the former. Our results with
the enzymes of the tricarboxylic acid cycle
differ only slightly from those obtained by
Alexander and Wilson(7). They found malic
dehydrogenase in the particulate fractions
while we found it in the supernatant fraction.
They also found marked enzymatic activity
in the B and C fractions(8) while we found
negligible activity in these two fractions.

The fact that the activity of fraction A
paralleled that of fraction L suggests the
possibility that either the L fraction may be
made up of smaller particles, or that the A
fraction, and possibly the B and C fractions,

to partial inhibition of enzyme in ‘‘CE’’ by some metab-

may have arisen from the breakdown of the
L particles.

Summary. By grinding cells of Mycobac-
terium tuberculosis var. hominis H37Ra using
a ball mill and by differential centrifugation
four particulate fractions and one superna-
tant fraction were obtained. Aconitase, cata-
lase, fumarase, o ketoglutaric dehydrogenase,
isocitric dehydrogenase and malic dehydro-
genase were located almost entirely in the
supernatant fraction, while cytochrome oxi-
dase, DPNH oxidase, and succinic dehydro-
genase were found to be associated mainly
with the two largest particulate fractions.
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New Technic for Study of Drug Actions on Bronchial Resistance in
Isolated Lung.* (22236)

DonNALD J. JENDEN AND JamEs R. TureMAN. (Introduced by Dermot B. Taylor.)
Naval Medical Research Institute, National Naval Medical Center, Bethesda, Md.

In the estimation and evaluation of drug
effects on specific organs and tissues, the use
of isolated preparations perfused with a bal-
anced salt solution has certain evident advan-
tages. Drug and electrolyte concentration
may be accurately and reproducibly con-
trolled without the possible complications of
metabolism, excretion, and binding by plasma
proteins; temperature may be varied at will,
and reflex and endocrine control is elim-
inated. Nevertheless, no completely satis-
factory technic has been described for obser-
vation and measurement of drug actions on
the bronchioles in an isolated lung. The ob-
ject of this report is to describe an isolated
lung preparation in which an attempt has
been made to meet 4 basic requirements of
in vitro technic: 1. Sensitivity to drugs
should approach that shown in the intact ani-
mal. 2. Experimental conditions should sim-
ulate physiological conditions as closely as
possible. 3, The method should not be en-
cumbered with complicated apparatus and
technic. 4. Results obtained should be easily
interpreted and evaluated.

Most of the isolated lung preparations de-
scribed in the literature have been designed
for physiological studies, and technics used
are rather elaborate(4-10). Usually the per-
fusion fluid was defibrinated or heparinised
blood, which has the theoretical advantage of

* The opinions or assertions contained herein are
private ones of the writers and are not to be con-
strued as official or reflecting the views of the Navy
Department or the naval service at large.

reducing oedema formation but introduces
many new variables; it has been shown, for
example, that substances may be liberated
from blood which influence the tone of bron-
chioles(1,2). In cases where drugs were
used, the sensitivity was 10-100 times lower
than in the present method. Sollmon and von
Oettingen(11) suggested perfusion of lungs
with Locke’s fluid through the bronchial tree.
Although this method is very simple, it ap-
pears highly unphysiological and possesses
very low sensitivity to drugs; moreover, the
fluid must flow through the vascular system
as well as the bronchioles, and flow rate will
therefore depend on effects on the vascula-
ture.

A large number of technics using intact
animals have been described, some of which
are based on principles similar to those used
in the present method, e.g.,(12).

Method. General Principles. The object
of this technic is to measure alterations in
bronchial resistance in isolated lungs perfused
through the pulmonary artery with a bal-
anced salt solution. This is achieved by re-
cording the pressure in a semiclosed system
connected with the trachea while applying al-
ternating pressure changes outside of the
lungs. The recorded pressure changes will
then be greatest when the bronchi and bron-
chioles are widely dilated, and smaller when
the resistance to the passage of air between
trachea and alveoli is increased. The appar-
atus is shown schematically in Fig. 1. It
consists essentially of a warming chamber,



