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Ies efforts que font les hommes pour découvrir la vérité sont
donc une espdce de jeu de hazard, dans lequel 1la probabilité de
tomber dans 1'erreur est tres grande, et celle de trouver la vérité
est trés petite. Ceux qui viemnent plus tard sont moins sujets &
erreur, parce qu'ils profitent des erreurs des autres, en trouvant
diminué le nombre des cas, qui conduisent & 1l'erreur. De la, 1tim-
possibilité d'avoir un ouvrage achevé, et original dans toﬁtes ses

parties de la part d'un seul homme, dans un seul siécle.

Fontana 1781 (1a)
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Abstract

The biochemical mechanism of resistance to isoniazid (I.N.H.) has
been investigated in an isoniazid resistant strain designated
M. guegmatis 563[R. This strain was obtained by serial passage
of the parent, isoniazid sensitive M. smegmatis 503 through pro-
gressively increcasing concentrations of INH. The uptake of radio-
active INH was compared in the two strains and it was found that
the resistant strain took up much less INH than the sensitive strain.
The effect of CN, glycerol and cloromphenicol on isoniazid |
-Cl4 uptake was examined individually and it was found that -each
agent decreased isoniazid uptake by sensitive and resistant cells.
Experiments were then performed where it was noeted that thé
degree of inhibition of growth of sensitive cells by INH was depend-
ent on the starting cell numbcr. The latter results indicated that
INH breakdown might be taking place. As a result of the previous
observation, experiments were performed where the following ¥esu1ts
were obtained:

1- Both sensitive and resistant cells broke down INH to iscnicotinic

acid (INo) ard hydrazine (Nuz—rmz) .
2- The enzyme for INH breakdown was induced in both sensitive and
resistant cells in response to the introduction of INH into the buffer.
This induction could be inhibited by cloromphenicol added to the
bufier at zero time.

3- A seccnd enzyme might possibly be induced in response to the

hydrazine production from INI breakdown. Its presence however was never



conclusively shown as the product of the hydrazine breakdown, was

never identified. QOnly hydraziue Jisappearance could he akmwm.

Hydroxylamine and NH, were possibly ruled out as products of this

3
breakdown.

4- Points one, two and thxee accurred in both sensitiva—and

resistant cells but resistant cells broke down INH aﬁ a much greater
rate than sensitive cells with very little or no hydrazine production.
5- Cellé grown with INH also broke down INH at a much greater rate.

The effect of Quabain, CN and Azide on the breakdown of INH
by sensitive and resistant cells was examined individually. It was
found that all the above agents decreased the breakdown of INH by
both sensitve and resistant cells. Glycerol seemed to increase the
rate of breakdown of INH by sensitive and resistant cells but little
hydrazine could be detected. Experiments to test the effect of
temperature on INH uﬁtake and breakdown by sensitive and resistant cells
showed that 25 C decreased both the uptake and breakdown of INH by
sensitive and resistant cells while a .temperature of 4QC decreased
breakdown but seemed to increaseluptake of INH.

Other experiments fested the effects of INH, INA, hydrazine, and
hydroxylamine on the growth of sensitive and resistant cells. It was
found that INA was inhibitory to neither sensitive nor resistant cells
while hydrazine and hydroxylamine were inhibitory to both sensitive
and resistant cells. The latter results plus the above observations
on enzyme induction in response to INH suggest a possible theory of

the mechanism of resistance to INH,
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The metebolism of Isoniazid in Mycobacterium

Smegnatis

Introduction

Isoniazid Historical!

Isoniazid (INH) or iso nicotinic acid hydrazide (Fig. 1) is a
potent anti-tuberculous agent whose discovery resulted from the
active research of several drug firms in the early 1950's. It was
developed as an intermediate to arother drug called amithiazone
and in this case the intermgdiate proved more active than the drug
itself, The group responsible for this work, headed by Bernstein
(16) coined the name isoniazid.

The discovery of isoniazid as an anti-tuberculosis agent proved ’, q!i
tc be a very important one and the drug became one of the major
tools in the fight against tuberculosis. Thus isoniazid has been
in existence for sixteen years and for that same period of time
scientists have tried to deduce the mode of action of the drug.
Their efforts have been unsuccessful and although a number of in-
teresting theories have been advanced to account for the mode of

action of INH, it is still under debate.

Mode of Action of Isoniazid:

What is meant by the mode of action of any drug? 1In reality
this is a statement of where or at what point in the cell's meta-
bolism the drug inhibits or interferes with normal Processes of the

cell to affect its growth or structure.



ISONIAZID AND RELATED COMPOUNDS (FiG.1 )
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This interference could be at different levels in the cell such as:
1. Inhibition of isolated bacterial enzymes via competitive inhi-
bition (by being a substrate analogue), chelation or steric hindrance.
2. Inhibition of an organized enzyme system to result in lethal
synthesis,

3. Inhibition of the synthesis of structural components of thé
bacterial cell.

L. Inhibition of the process of transcription.

5. Inhibition of the process of translation.

6. Inhibition of the procéss of normal permeability of the cell
to certain metabolites,

The possibilities of the mode of action of each new drug are
therefore as numerous as the steps in metabolism.

Despite this, the mode of action of such drugs as penicillin (83,
8L) sulfanilamide (85) and streptomycin (86) has been elucidated.
This has not been the case however with INH. The mode of action of
isoniazid has remained an enigma ever since its discovery and the

situation has remained confused.

Isoniazid Action:

The first and most obvious fact about isoniazid is the specifi-
city of its action. Against tubercle bacilli of human and bovine
type isoniazid is effective in very low concentrations, the minimum
inhibiting concentration (M.I.C.) being 0.1 ug/ml. Yet against
other mycobacteria it is much less effeétive (M.I.C. 2-8 ug/ml) and
against nearly all other species of microorganisms it has little or

no inhibitory action even in concentrations as high as 100-500 ug/ml.(2)



Isoniazid is specific also in the sense that tubercle bacilli which
have developed resistance to sﬁreptomycin and other anti-tuberculosis
drugs still remain fully sensitive to isoniazid, while strains which
have developed resistance to INH retain their sensitivity to other
drugs (3). This shows that no cross-resistance occurs as it does
for chemically related compounds and this fact suggests that there
must be a unique metabclic step, in tubercle bacilli only, where
INH acts.

Schaeffer in 1954 (4) found that INH is bactericidal only after
a latent period, that the bacteria have to be in an active state to
be killed by the drug and as the bacteria are killed by INH they
lose their acid fastness. "Acid Fastness" is a property typical,
to varying degrees, of the genus Mycobacteria. Thus when bacteria
are st;ined with fuchsin in phenol the mycobacteria subsequently
retain the stain against washing with acid and are therefore callzsd
acid fasi{ in contrast to other bacteria, which lose the dye. The
‘composition of mycobacteria is unusual, in that the cells are very

rich in fats and waxes. M. tuberculosis mzy contain up to LOF of

its dry weight in the form of ether- or acetone-soluble material (87).
The property of acid fastness of mycobacleria is attributed to this
high 1ipid content. It is thought that the phenol-dye complex has

a much greater solubility in the lipids than in the acid, this being
the reason vhy. the acid does nol remove the dye (88). Thus the

loss of acid fastness under the influence of INH suggests that INH
acts at a metabolic step associated with the elaboration of the -

waxy envelope around the mycobacterium (4).



INH Uptake:

Barclay (5) studied the uptake of radioactive INH (carbonyl Cl4-labelled)

by strains of tubercle bacilli both sensitive and resistant to it.

The sensitive strain took up isoniazid whereas the resistant strain
did not. He also investigated the uptake of Clh—labelled isonico-
tinic acid, nicotinamide and nicotinic acid by resistant and sensitive
strains. Here it was found that very small amounts of each compound
were taken up and no significant difference in uptake was found bet—
ween the sensitive and resiétant strains. Organisms killed by heat
or formalin did not take up INH. Uptake was greater at 5°C than at
37°C.

Youatt (6) confirmed these findings using M. tuberculosis B.C.G.

She also found that only small amounts of INH ﬁere bound if the cells
were treated with CN or Azide or killed by heat. On the other hand,
washed suspensions or isoniazid resistant strains did take up iso-
niazid in certain conditions. Youatt suggested that this was due
to changes in permeability of the cells. She also showed that uptake
increased with increasing temperature which contradicted the results
of Barclay (5), and found that oxidizable substrates in the buffer
depressed uptake. In a paper published in 1961 Youatt (7) found
that nicotinic and benzoic acid hydrazides inhibited INH upt.ake
and were themselves taken up by the cell but at a lower rate which
was Op dependent,

Wimpenny (8) using 'B.C.G. found with C*4-labelled INH that omly

sensitive strains took up INH and that uptake was greatest at 4°C,

AL



vhich contradicted the results of Youatt. In the.same paper Wimpenny
also stated that the activation energy of binding was of the same
order as the activation energy of an enzyme catalyzed reaction.

The general conclusion seems_to be.that:
1. INH is taken up by sensitive tubercle bacilli.
2, INH is not taken up or very little is taken up by resistant
tubercle bacilli. -
3. INH related compounds such as TNA, NA.and Nicotinamide are not
taken up or are taken up equally well by sSensitive and resistant
strains.
L. INH uptake is a process involving some active metabolic step
although the fact that according Lo some reports it is more rapid
at low femperatures than at high suggests that there may be some
element of physical absorption or thatl the cell loses its permea-
bility'barrier at lower tewmperatures.

Thus it can be seen that an obvious theory of the mechanism
of resistance to isgniazid can be postulated from the above results:

changes in permeability to INH in the resistant strain.

INH and Nucleic Acids

Tsuchamura and Mizuno (9) working with M. smegmalis investi-

gated the effect of INH on the incorpofation of P3.2 into the frac-
tions of cclls obtained by the Schneider procedure (92) which ex-
tracts four different types of phosphorus.compounds from tissue
homogenates: acid soluble phosphorus compounds, phospholipids,

nucleic acids and phosphoproteins. They found that P32 incorporation



into each of the four fractions was reduced under.ﬁhe influence of
INH, but concluded that INH was inhibiting nucleic acid synthesis.

Gangadharam et al (10) in 1963 measured the relative increase
in the concentrations of nucleic acids and proteins in eaqual volu~
mes of cuitures of B.C.G. with and without INH, over a period of 2
hours. Their results showed that in the presence of INH total nucleic
acid synthesis was inhibited while protein synthesis continued. These
results were based on P32 and 835 incorporation studies which showed
a decreased incorporation of 22 into the nucleic acid fraction un-—
der the influence of INH but no effect on the s32 incorporation into
protein.,  Gangadharam et al used the Schmidt - Thannhauser procedure
(93) to fractionate their bacteria.

Winder (11) in 1964 found that cells of B.C.G. which had been
treated with INH had higher concentrations of phosphate and éarbo-
hydrate in the acid soluble fraction and a decreased concentration
of phospholipids. He observed no reduction in the nucleic acid con-
tent and in a later paper (12) characterized the carbohydrate in
the acid soluble fraction as free trehalose. Winder chose to use
his own fractionation procedure (94). Winderts later work (13, 14,17)
showed that no matter how high the INH content was in the suspension
medium there was no accumulation of carbohydrates in the isoniazid
resistant strain of B.C.G. These results suggested that accumu-
lation of the carbohydrate was related to bactericidal ‘action of INH
and from these results he postulated that INH inhibits a reaction at a

central level in metabolism such. as glycolysis.



Youatt (15) using a fractionation procedure designed by Harold
(95) found that cultures of B.C.G. inhibited by INH showed a reduc-—
tion in the acid labile phosphorus fraction without an increase in dry
weight. She tentatively identified the fraction as inorganic poly-
phosphate. From these results she suggested that a degradative process
rather than a blocked synthesis occurs under the influence of INH.
Previous authors (9, 10) had used as controls growing cells which
were not exposed to INH. As INH stops growth Youatt argued that it
is impossible to compare the phosphate content of the INH exposed
cells to the normal cells as Gangadharam (10) had done. Youatt there-
fore compared the phosphate content of INH exposed cells to the zero
time sample cells and found that polyphosphates were reduéed under
the influence éf INH. She suggested that this showed a degradative
~process instead of inhibition of polyphosphate synthesis, However
her interpretation may not be entirely correct, as previous authors
(4, 5) had shown that cells exposed to INH double their mass before
complete inhibition of growth.

Wimpenny (8) also used the Schmidt ~ Thannhauser fractions pro-
cedure (93) on B.C.G. which were exposed to INH, S35 and P32 at
zero time. He found that INE had no measurable effect on the incor—
poration of 832 and P32 into whole cells, yet the incorporation of
P32 into the T.C.A. insoluble components was inhibited soon after
the cells were exposed to INH. On the other hand, incorporation
of 83 sulphate into T.C.A. -~ insoluble cytoplasmic components of
B.C.G. was not affected by INH over the first 30 to 40 hours; but

then ceased completely. From these results Wimpenny postulated



£hat INH inhibits some aspect of nucleic acid synthesis (reduced P32
incorporation) with the result that after a day protein synthesis
ceases (reduced 535 incorporation).

In summary it can be easily seen that a conflictihg series of
results exist concerning INH action at the INA level. As pointed
out, previously it is impossible to measure DNA against a control
whose DNA is doubling and at the same time one cannot but wonder
why Youatt did not repeat her experiment in buffer to see if there

was DNA breakdown under the_influence of INH.

Isoniazid Destruction:

Knox (18) and Pansy (19) observed that in the presence of mole~
cular oxygen in the absence of bacteria and with hemin as a catalyst
isoniazid is broken down to isonicotinic acid and di-iso nicotinoyl
hydrazine (20,21). The speed of breakdown varies with the composi-
tion of the medium, with temperature, concentration of INH and other
conditions (22,23). The study of this breakdown reaction is compli-
cated by the fact that hemin combines with INH to form a purple
hemochromogen and it may be that this hemochromogen is the real
catalyst in tﬁe further breakdown of INH (24,). If hemin is absent
then INH in the presence of oxygen is oxidized, apparently with the
liberation of hydrogen peroxide which does not appear in the presence
of hemin (25). Winder in 1957 (26) found that the breakdown of INH
in uninoculated media (in absence of bacteria) which is known to be
catalyzed by some metal ions (27) can be greatly retarded by the

addition of chelating agents such as Versene.



Winder (26) suggested that peroxidase greatly accelerates
the breakdown of INH whereas catalase has little or no effect
upon it and claimed that pure peroxidase did not catalyze the break-
down of INH unless phenol and other substances were present. But
though the evidence is conflicting there does seem to be evidence
of a peroxidase like destruction of isoniazid occuring in uninocu-

lated media,

At the same time, in 1955, it was shown by Youmans (28)
that tubercle bacilli themselves may be able to inactivate
isoniazid. Youmans described a heat labile isoniazid inactivating
factor present in isoniazid sensitive but not in isoniazid resis-
tant strains. (57, 58).. Youatt in 1958 (29) showed that living
cells of an isoniazid sensitive strain of B.C.G. could rapidly
break down INH to isonicotinic acid. However Youatt found that
very little INA entered the cells as most could be found in the
supernatant and that there was no lag in INA production {(to be
referred to later). In a later paper in 1960 {30) Youatt showed
that INH breakdown was a direct oxidation as it was inhibited by
CN and Azide and required Op. Further work by Youatt (31, 32) show-
ed that besides isonicotinic acid one of the by-product of isonizid
metabolism was 4-pyridine methanol. The intermediate in this reac-
tion was pyridine aldehyde and Youatt postulated that the formation

of the alcohol occured only in sensitive cells while the formation of

10.



isonicotiniﬁ acid occurred in both the sensitive aﬁd resistant cells.
Youatt did not explain what the later point had to do with the mode
of action of INH and this line of work wes apparently abandoned as
no further papers appeared on the subject.

The question of the possible destruction of isoniazid by
tubercle bacilli is intimately related to the difference between
isoniazid sensitive and isoniazid resistant strains of tubercle
bacilli. Middlebrock (33) observed that INH resistant strains were
lacking in catalase whereas isoniazid sensitive strains possessed
it. These observations were further extended by Tirunarayanon
(34, 42, 43) vho showed that isoniazid resistant mutants are both
catélase and peroxidase negative while sensitive mycobacteria are
both catalase and peroxidase pesitive.

A1l the above observations on isoniazid destruction led to 3
major theories on isoniazid mode of action.

1. Kruger-Thiemer (35) postulated that as an excellent example of
lethal synthesis isoniazid is acted upon by sensitive tubercle bacilli
and converted by peroxidase-like action to isonicitonic acid, which

is then used for the synthesis of an isonicotinamide analog of
‘coenzyme 1 (NAD) in which the nicotinamide portion is replaced

by iso nicotinamide. Kruger suggests that if this occurs, then the
metabolism of the tubercle bacillus is diverted from NAD-cytochrome
pathway to a flavin pathway and that ultimately hydrogen peroxide

is produced which now cannot be destroyed by peroxidase or a catalase-~

like enzyme and is lethal. There is no good evidence for this hypothesis
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and experiments with M. smegmatis that challenge this theory will be

discussed later.

2. Another possible mode of action of INH was proposed by Winder
in 1960 (36). Winder proposed that isoniazid works through the for-
mation of free radicals (OHO) from its metal catalysed autoxidation.

This process occurred as follows:

“f’}‘CONH'NHz + 4cutt 4 H,0 = é‘;‘;OH + N, + 40@ + 4}9
\

2c® 4+ 0, + P 2t 4 H,0, N N
® o 0
Cu + HZOZQ;:& Cu + OH~ + 0#;

This hypothesis was shown to be false and will be referred to later.

3. Wimpenny (8) proposed that INH uptake.is an active process, [

i.e. is enzymatic where the uptake enzyme is the peroxidase mentioned L’///,
in the literature (34). This enzyme according to Wimpenny does not

exist in the resistant strain and it converts INH to an unnamed

product A which is not toxic and is released into the ceil. 1In the

cell a second enzyme converts A to a product B which iﬁterferes with

nucleic acid synthesis. This hypothesis will alsc be discussed later

as a possible sequence of isoniazid destruction.

Isolated Enzyme Systems and INH .

Little is known about the precise enzymes which are inhibited
by the majority of antibacterial drugs whereas with some known enzyme
inhibitors the poirt at which the drug interferes with the enzyme
is known. A good example is iodoacetic acid which is a specific in-

hibitor which reacts with SH groups of sulfhydryl group-containing
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enzymes. ‘Yet the inhibition of a specific enzymévby an inhibitor
is not necessarily relevant to the action of that inhibitor on
intact cells. Isoniazid shows this clearly.

INH is an inhibitor of tryptophanase ‘in E. coli extracts yet

whole cells of E. coli are quite resistant to INH (37,38). Other

workers have also shown that isoniazid inhibits diamine oxidase and

decarboxylase (39,40,44,48,49,59) and Youatt (41l) has shown that

isoniazid inhibits a transaminase of M. tuberculosis. As a =
consequence of the latter results the author postulated that the ‘
mode of action of isoniazid was that of a competitive inhibitor
of enzymes which require pyridoxal phosphate or Vit.B6 as a co-factor. §
This is possible as isoniazid and Vit.B6 have very similar structures
(Fig. 1).
This theory is however rather limited as it is difficult to

extrapolate work done on cell free extracts to whole cells. This
is because whole cells present a permeability barrier to the drug
and the drug before entering the cytoplasm can be metébolically changed.
Youatt (47) showed that transaminase extracts of sensitive and
resistant B.C.G. are equally inhibited by INH.

. The first indication that pyridoxal phosphate might antagonize
the action of INH was found with tuberculosis patients. These
patients were treated with INH and as a result of the INH treatment
the patients developed neuropathies i.e. aegenerative changes in
peripheral nerves. Under pyridoxal phosphate treatment the neuro-

. pathies were reversed (45, 46, 47). Other studies §howed that growth



inhibition of M. tuberculosis by INH can be prevented by a large
excess of pyridoxal in the culture media (50,51,52). On the other
hand Youatt (6) had shown that pyridoxal stimulates the‘uptake of
radioactive INH by B.C.G. in buffer. The latter results were chal-
lenged by Beggs in 1967(53) vwho showed a 50% decrease in radioactive
INH entry into B.C.G. in the presence of Vit.Bg. Beggs thus pos-
tulated that exogenously supplied pyridoxal phosphate protects the
organism at an extracellular site rather than at an intracellular
level by preventing the INH from entering the cell.
Hemin has the most striking antagonion for INH yet shown. Fisher
(54,55) showed that; hemin antagonizes the action of INH against sen-
" sitive tubercie bacilli and that INH resistant strains require hemin
as a growth factor in certain media. Fisher suggested that hemiﬁ was
required for the synthesis of porphyrin-containing enzymes. Later,
however;it became clear th;t the apparent requirement of resistant
strains for hemin was not a true nutritional requirement but that
the hemin was acting by destroying peroxides in the media as INH
resistant mutants are peroxidase negative. The antagonistic action
of hemin on sensitive strains was explained later (20,21) by showing
that the hemin acted as a catalyst in the breakdown of INH. Thus
hemin‘is no longer considered a true antagonist.

. A notable step in elucidating the mode of action of INH was
taken in 1961, Toida (56) discovered that acetone~dried cell free
extracts of avian mycobacteria could break down isoniazid to hydra-
zine (NH2-NH2). He also found that unlike the enzyme that breaks
down INH described by Youmans this enzyme was present iﬁ greater

concentration in resistant mycobacteria.

14.
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As a summary it can be seen that rarely can results obtained in
cell free extracts be applied to whole cell syétems. One reason for
this is that cells can chemically change the drug when it

enters the cell or the cells might be impermeable to the drug.altogether.

Isoniazid and NADase.

Zatman (60) discovered in 1954 that isoniazid inhibits the acti-
vity of mammalian NADase. This enzyme is able to bring about an exchange
between INH and nicotinamide moiety of NAD and to form an analogue of

NAD which has no effect on NAD-dependent dehydrogenase reactions. This

paper was followed by that of Gopinathan (61,62) who showed that some
" representatives of genus mycobacteria had the NADase, that this enzyme | !
did not form NAD analogues with INH and that there was no inhibition N
by INH of the purified enzyme. Bekierkunst (63) showed that tubercle
bacilli incubated with INH showed a clear—éut decrease in their NAD
content (this fact will be referred to later). He also showed that
this decrease in NAD was not due to the formation of an isoniazid ana-
logue of NAD and showed that there was increased NADase activity in
presence of INH, i.e. the enzyme whose activity is nil or very small
becomes active after prior incubation with INH. From the above results
and the fact thatINH has no effect on the purified bacterial o ‘
enzyme (61,62) Bekierkunst postulated that the observed increase in
the activity of the enzyme is due to an inactivation of an endogenous
inhibitor of the enzyme by INH.
Thus Bekierkunst postulated that INH somehow reacts with the

endogenous inhibitor of NADase to result in greater activation of



the enzyme which in turn results in a decrease in NAD content in the
cell.,

Further papers in 1967 by Bekierkunst (64), (65) showed that:.
1. The%e is a clear cut decrease in NAD content of cells incubated
with INH, the rate of decrease being dependent upon the concentration
and time of exposure to the drug.
2. The more sensitive the mycobacterial strain was to INH the less
of the drug was needed to cause approximately a 50% depletion in
NAD content. -

As a result Bekierkunst concluded that the depletion of NAD
under the influence of INH via the activation of NADase is the pri-
‘mary mode of action of INH in tubercle bacilli which later results in

all the other observable changes such as a decrease in nucleic acids.

Lipids and INH:

Barclay {5) found that under the influence of INH M. tuberculosis
organisms lost their acid fastness. As mentioned previously acid fast-

ness is correlated with the high lipid content of M. tuberculosis and

it was therefore postulated that INH somehow inhibited normal lipid
metabolism.

In 1955 Russe (66) demonstraped that tubercle bacilli exposed to
INH in vitro show a decrease in the amount of lipids which may be
extracted with organic solvents. This observation showed that some-
how 1ipid metabolism is indeed affected by INH.

Schaeffer (69) showed that INH causes a marked stimulation of
the oxido-reduction reactions of tubercle bacilii, As stimulation of

the oxido-reduction reactions, increased metabolic rate, increased cell

16.
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permeability and increased osmotic fragility are characteristic
symptoms of fatty acid deficiency in animals (70), Schaeffer
postulated that fatty acid metabolism was affected by INH in tubercle

bacilli.

Winder in 1964 (72) working with M. tuberculosis showed that

under the influence of INH soluble compounds containing sugar and

phosphate accumulate in the cell. At the same time he observed a PR
decrease in the phospholipids of the organism and therefo;e postu- “l
lated that INH inhibits the incorporation of sugar and phosphate com-

pounds into phospholipids.

A later paper by Winder (73) showed that cell-free extracts of

M. tuberculosis are not affected by INH in the synthesis of fatty

acids from acetate.

Another paper by Winder in 1965 (74) indicated that the decreased

‘
lipid content of M. tuberculosis under the influence of INH was due to i
decreased lipid synthesis. In this paper Winder showed that there
was decreased incorporation of Cl4 glycerol into lipid and also showed
that the lipid fraction whose synthesis was inhibited by INH had a
high‘glycerol content. As a result Winder postulated that INH stimulates
one of the reactions in the conversion of glycerol to hexose phosphate
with a resulting reduction in the concentration of intracellular
glycerol available for lipid synthesis.
It is known that acetate is incorporated into long chain fatty

acids by M. tuberculosis with hexa-cosanoic acid (26) being the main

product (71). Thus somehow acetate is involved in lipid synthesis in

M. tuberculosis. INH in turn somehow influences acetate metabolism

as shown by Meadows with B.C.G. (67,68) who showed that INH causes a



30% inhibition of oxidation of acetate.

As a summary it can be séid that lipids are definitely affected

in M. tuberculesis on exposure to INH. In what way this comes about,
whether through inhibition of glycercl metabolism, or acetate metabo-
lism is still an open question. However the fact remains that INH

decreases the lipid content of cells exposed to the drug.

Proteins and INH

The first report that INH affects protein synthesis appeared in
1964. Tsukamuro (75) found that INH inhibits the incorporation of
a~ketégentarate—5014 and DL-glutamic acid 7C14 into the protein frac-
. tion of M. jucho. From these results Tsukamuro postulated that INH
inhibits protein synthesis in mycobacteria at the step of amino acid
incorporation into protein.

A later paper by Tsukamuro (76) showed that INH inhibits the
incorporation of s3% into proteins of M. jucho.

However other authors found different results. Wimpenny (8)
had shown that the incorporation of S3° sulphate into TCS—insoluble
cytoplasmic components of B.C.G. was not affected over the first
30-40 hour period, then stopped completely. From these results (and
results discussed previously in the section of INH and Nucleic Acids)
Wimpenny postulated that protein synthesis stopped as a result of
inhibition of nucleic acid synthesis by INH. Gangadharam gt al (10)

working with M., tuberculosis showed via chemical estimation of pro-

tein and nucleic acids that protein synthesis continued for 24 hours
despite the presencé of INH while accumlation of DNA and RNA was

inhibited. Thus it can be seen that Gangadharam and Wimpenny obtained

18.




éssentially the same results but both disagreed with Tsukamuro as tq
the time when protein synthesis stopped under the influence of INH.
The difference in results may be due to the fact that two different

bacterial species were used.

Genetics and isoniazid

As soon as INH came into general use against tuberculosis it was
realized that in some cases it had very little effect. It was scon
discovered that this was not because the mycobacteria were resistant
to the drug but because the human hosts inactivated the drug (89).

Soon if was discovered that the inactivation of INH in humans

_was a genetic trait and that there was not only individual differ-
ences but also racial difference concerning INH metabolism (90).
Sunahara (97) showed that three phenotypes existed within the popula-
tion ~ rapid inactivators, intermediate inactivators and slow inacti-
vators controlled by two allelic genes ("slow'allele and "rapid" allele).
The same paper showed that isoniazid is inactivated mainly by acetyl-
atioh'in intermediate inactivatorg.but the biochemical process involved

in "slow" allele and "rapid" allele inactivation remains unexplained.

Thus INH is biochemically changed in humans as well as bacteria.

The Mode of Action of INH ~ A Summary
A number of contradictory theories have been postulated for INH
action and the mode of action of INH is therefore under vigprous debate.
The difficulty with INH is the fact that the authors cannot even
agree as to thelocus of INH attack. The locus of attack by the drug

has to be known before the mode of action of the drug is discovered.

19.
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To take an example of a known locus cloromphenicol inhibits the pro-
tein fraction of E. coli (101). Thus its locus of.attack is proteins,
later it was discovered that it inhibits protein synthesis (2102) and
now in what manner it inhibits synthésié is undef debate. No such
general locus, however, can be assigned to INH which has been attri--
buted with inhibiting the synthesis of proteins, lipids and nucleic
acids. The theory proposed for INH action would somehow have to in-
corporate these three widely differing loci of INH inhibition. As

can be imagined this is very difficult to do,

Gther ideas of INH action come from the studies of the resistant
mutants to INH. The resistant mutant seems to have different proper-
ties from the sensitive. The former is impermeable or is partially
impermeable to INH and is catalase and peroxidase negative. The
latter observation suggests that the sensitive strain destroys it-
self by acting metabolically on INH via its peroxidase system to
create a toxic metabolite.

The nature of this metabolite is also under vigorous debate.

Thus Winder believes that it is a free radical (36) while Kruger (35)
believes it is INA, which is incorporated into NAD as a lethal synthesis.

The reconciliation of these results is difficult but not impos-
sible if one remembers that these authors used different mycobacteria
namely B.C.G., tubercle bacillus, and saphrophytic mycobacteria like
M. smegmatis. Sometimes inhibition studies were performed on growing
cells and at other times were performed on cells suspended in buffer.

These reasons may account for the conflicting results.
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In the following work efforts were made to perform the experiment
in a well defined system. Thus the experiment weré rarely performed
with growing cells but incubations were usually performed on cells
ﬁarvested in an active state of growﬁh and suspehded in buffer. The
general approéch was to see in what way INH influenced these cells

and efforts were made to determine how INH is changed by sensitive

and resistant strains. ‘
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MATERTALS AND METHODS

The Organism

Mycobacterium Smegmatis 503 was obtained from The National Research

Council Stock Culture Collection. M. smegmatis is a saphrophytic strain
of mycobacteria which under the microscope appears as a slender rod of
varying lengths with deep staining ovoid bodies. The strain was acid
fast after incubation for five days on glycerol agar. Stock cultures

of this organism were maintained on Sauton Agar and subcultured bi-

weekly.

Culture Media

A number of liquid synthetic media were tried to see which media

T OBy W oo e

provided the best growth within the shortest period of time. The two
best media were those of Sauton and Albridge and it was decided to

use Sauton (77) media as it was the simplest to prepare. It is pre- L

pared as follows:

Asparagine L gms
MgSOh .5 gms
K HFO ' .5 gms

PO, gn
Citric Acid 2 gms

Glycerol LO gms

Ferric Ammonium
Citrate .05 gms

Adjust pH to 7.0 via NHAOH. Add CaSein Hydrolyzate 3 gms

Tween 80 .5 gms
"+ 950 ml. Hy0
Stir



‘Culture Conditions

Uﬁless otherwise specified bacteria were grown at 37°C with
aeration in screw-cap Erlenmeyer flasks containing 1/5 volume
of growth medium and fitted with 18 mm, internal diameter side
arms for turbidimetric measurements. OCultures were shaken vigorously
either on ‘a.n Eberbach reciprocating shaker at 106 strokes / minute
or on a New Brunswick gyratory shaker at 115 revolutions per minute.
Bacterial growth was always measured at 660 mu in a Coleman Junior
Spectrophotometer.
Buffers

A number of incubation experiments were also performed. In
these experiments the cells were incubated in phosphate buffer (M/100)
at pi 7.02. The buffer was made up by mixing M/100 KH,PO, and KoHPO,
in the ratio of 3 to 7. .

Reagents and Chemicals

Isoniazid was purchased from Fisher Scientific Company. Solutions
of isoniazid were not stored in any special containers but were refri-
gerated. As it was known that isoniazid undergoes a little spontaneous
degeneration these solutions were changed approximately every month.

Radioactive isoniazid Carbonyl Cl4 was purchased from the Radio-
chemical Centre, Amersham England, The specific activity of the sam-
ple was 70 uc/mg and the sample had the activity of .1 mc or 100 u
curies/vial. |

The liquid scintillation mixture used in the scintillation counuer
was that of G.A. Bray (78) which was quite successful .and had the fol-

lowing formula:
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Naphthalene 60 g
FPO L g
POPOP ' 2 g

Methanol (Absolute) 100 ml
‘Fthylene Glycol 20 ml.

p-dioxane up to 1 liter

A1l other reagents and chemicals used in the study were either
"Analar" grade (British Drug Houses) or Fisher Certified (Fisher

Scientific Co.).

Analytical Methods

Free INH was estimated according to the method of Eidus (79)
developed in 1962 to estimate the amount of free INH in the serum
of patients suffering from tuberculosis to whom INH was administered.
The INH was extracted from serum with n-butanol-chloroform mixture
and re-extracted from organic solvent with dilute HCl. The hydrazine
was then reacted with alcoholic heliothropin to form a hydrazone,
the latter compound absorbing at 365 mu. For our purpose this proce-
dure was adapted to buffer which was acidified before the addition
of heliothropin.

Nicotinic acid and isonitocinic acid were measured according to
the method of Rubin (80). This method was developed to measure INH
in blood and urine by hydrolyzing it to INA. The method was modified
for use in buffer and a procedure was worked out where the addition

of ammonia and 10% cyanogen bromide gave a colour absorbing at 430 mu.

24,
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.The nicotinic acid was measured via a reaction of metol (114} and 3%
cyanogen bromide absorbing maximaly at 410 mu.

Ammonia was measured according to the method of Modzac (87). This
method is enzymatic and was used bec&usé of its éreat specificity.
It ihvolves the use of glutamic dehydrogenase in the following stoi-
chiometric reaction:

o ketoglutaric + H + NADH + Niy Z L-glutamic + NAD + H

" acid acid
of vhich the equilibrium is far to the right.

20
Thus the decline in Optical Density at 340 mu gives

an indication of how much NH3 is present in the soluticn. This me-~

thod had the inherent difficulty that the activity of the enzyme

changed with age. ‘
Hydrazine was measured according to the method of Toida (86).

In this method hydrazine was reacted with modified Ehrlich'’s reagent

and the resulting yellow colour was measured at 458 mu.,
Hydroxylamine was measured according to the method of Osajima
(96) where 1% alcoholic—8 hydroxyl-quinoline and 2N Na,CO5 are added
to the solution and the resulting colour is read at 700 mu.
A1l spectrophotometric measurements were done on a Beckman DU

Quartz Spectrophotometer.

Sterility Precautions

A1l growth média'and glassware used in the growth experiments were ste-
rilized by autoclaving, -and samples were withdrawn using sterile pipettes.
A1l innoculétions were done using accepted sterile procedures. Before

each experiment the cells were checked under the phase contrast micros-



cope for any contaminants which might be present. If any doubt existed
as to the nature of the organism an acid-fast staining procedure

was carried out.

Radioactive Counting of INH Uptake of Sensitive M. Smegmatis

The INH—Cla (100 u curies) was dissolved in 10 ml distilled H20
giving a concentration of 10u.curies/m1. Cells were usually grown up
into the active phase of growth, washed twice in buffer and suspended
in buffer to an optical density of .90 (é.?s mgs cells/ml.). Isoniazid
614 was then added to a concentration of .04 u curies/ml. Samples of
the cells were then taken at various times, washed twice in cold INH
by centrifugation and placed in scintillation vials where they were
dried in vacuo and scintillation mixture was then added (25 ml). The
cells were then counted in a Nuclear Chicago Scintillation Counter
Model 8 401.

In order to determine the error due to self-adsorption cells were
jncubated with radioactive INH (.0O4u curies/ml) for 24 hours. Then
various concentrations or weights of the cells were placed in scintil-
lation vials, scintillation mixture was added (25 ml) and the mixture
was counted. The resultant curve showed that no appreciable self-
absorption resulted until the weight of the cells in the scintillation
vial reached 3mgs (Fig. 2); Therefore in all future experiments less
than 3mgs of cells.were'placed in each scintillation vial.

Another problem encountered was that the cells would not remain

suspended in the scintillation mixture. Efforts were made to solve

this problem by dissolving the cells in hymine (p-diisobutyl-
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FIG. 2

THE SELF-ABSORPTION
OF
RADICACTIVITY
BY CELLS IN THE
LIQUID SCINTILLATION MIXTURE
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‘cresoxethoxyethyl . dimethylbenzyl-ammonium chloride) obtained from
Nuclear Chicago, which is a very strong base that dissolves lipid

‘and protein. However with its use on Mycobacterium smegmatis a

darkly coloured solution resulted which gave rise to colour quenching.
" No successful method could be found for getting the bacteria into
solution.. An experiment was then performed where the change in the
count of the cells was measured as the cells sedimented out with
time. It was found that no appreciable change in the count appeared
until half an hour after shaking the vials (Table 1). A procedure
was then adopted in which the vials were shaken before being counted
and the counting time was set for ten minutes on the counter.

Standard corrections were made for background.

Gas Flow Counting

As many problems were encountered with liquid scintiilation it
was decided to try Gas Flow Counting. A procedure was adopted where
samples were taken from the incubation buffer and filtered onto a
metricel filter which had been shown in separate experiment not to
absorb any INH. The filtered bacteria were then washed 3 times in
non-radioactive INH and the filter paper was removed and pasted on
stainless steel planchets which were then dried at 110°C and then
counted in a Nuclear Chicago Gas Flow Counter, Model C-110A.

It was found that no corrections had to be made for the self-
absorption of the sample if the sample was below 3 mgs in weight.
This figure was arrived at by exposing the cells for 24 hours to

radioactive INH then, filtering certain weights of the cells and



-« Table I
Changes in the count rate of sensitive cells (3mgs) suspended
in liquid scintillation mixture with time.

Approximate time after Counts/min.
suspension and shaking

1 minute 35

5" 33
10 36
. 35
20 n 32
25 33
30 n 31
35 w | ' 28

L,_O 1 2 5



FIG. 3

THE SELF-ABSORPTION
OF
RADIOACTIVITY
BY CELLS COUNTED
VIA GAS FLOW



30.

220

200

180~

60

140 |~

|
(o)
o [vo)

20

JLANIN /7 SLNNOD

401

IN MGS.

2

WEIGHT



counting these. Weight vs counts was then plottéd and where the

curve levelled off was the point of where self-absorption began to
take place. This point was 3 mgs (Fig. 3).

In the series of experiments carried out with gas flow counting
a high concentration of isotope was used in the incubation media
(.42uc/ml of Cla INH which is approximately 10x that used in the

scintillation experiments).

Viable Counts

The viable count was determined by plating on Sauton media with
agar and incubating for twenty-four hours at 37°C. The plates were
dried overnight at 37°C prior to use. The. spot plate technique for

viable-cell counts was used as developed by Gandy (82).

Isolation of INHI Resistant Strain

The resistant strain, which has been designated as M. smegmatis

503 R was obﬁained by serial passage through increasingly higher
concentrations of INH. Namely 5Sug/ml, 1Oug/ml, 50ug/ml to 100ug/ml.
An isoniazid concentration of 5 ug/ml inhibited the growth of the
sensitive or parent strain (Fig. 6). Vpon prolonged incubation,
however, some cells did grow after a long lag in the presence of
5 ug/ml INH. These cells were exposed to progressively increasing
concentrations of INH as above.

Resistance was characterized by the fact that the resistant cells
showed abundant growth in the presence of a concentration of INH which
completely suppressed the growth of the parent semsitive strain. The

stability of the resistant mutant was tested by sub-culturing the




resistant strain repeatedly on Sauton agar without isoniazid then sub-
culturing the strain to agar with INH (100 ug/ml). The ability.of the
resistant mutanﬁ to grow on agar with INH was not impaired even after:
growth on agar without INH. The resistént strain was then maintained
and subcultured bi-weekly on agar containing 100/ug/ml INH and had all
the morphological characteristics of the sensitive strain but grew
slower, When resistant cells were required for experiments. they were

grown up, as were sensitive cells with no INH in the media.

Preparation of a Standard Curve for the Measurement of Mycobacterium

Smegmatis Concentration.

It was necessary for later experiments to measure the amount of
bacteria present in suspensions. A standard curve for turbidometric
measurements was constructed in the following manner:

Cells were grown up to an optical density of .49 which is in the
active state of growth. They were then centrifuged down, washed three
times in buffer and suspended in buffer to an optical density of 1.39.
Six one ml. samples of the suspension were placed in weighted vials
and dried in vacuo. The 1.39 0.D. suspension was then diluted in
séries and the resulting 0.D. was recorded. A standard curve was then

plotted of 0.D. vs weight of cells (mg/ml) (Fig.4).

Preparation of the Standard Growth Curve for Mycobacterium Smegmatis 503.

It was found desirable for future eXperiments to determine appro-
ximately how long it would take the culture to reach the active state of
growth if the culture was innoculated with a certain concentration of
cells. An experiment was performed in which media was innoculated from

a preculture in active state of growth with four concentrations of cells,
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'(.OOng/ml,‘.OOSmg/ml, .Olmg/ml, and .025mg/ml). The growth of each

of these cultures was followed (Fig. 5).

Whole Cell Incubation Experiments.

To study INH breakdown, cells from the actiye growth phase
were washed twice.in buffer and suspended in buffer to an optical
density of .9 or 2.15 mg/ml. INH was then added to the incubation
media at zero time and at certain intervalg, samples were removed,
spun down at 6000g for 10 minutes and the cells discarded. The
supernatant was then tested for INH, INA, NHZ-NHZ, NH3, and NHZOH.

In some experiments the effect of agents such as glycerol, on INH
breakdoﬁn were tested. Controls were set up in each experiment to
determine if the production of each metabolite is spontaneous or
.under cellular influence.

These controls involved the introduction of INH into a flask
with buffer only and no cells. The control was then tested at certain
time intervals for spontaneous non-cellular production of the above
possible breakdown products of INH.

Another control involved the measurement of all the above agents
(INH, INA, NHZ-NHZ, NH3 and NHZOH) in the supernatant solution of cells
suspended without INH. None of these agents could be detected over a
twenty-four hour period.

Two sets of experiments were performed. In one set 40ug/ml
iNH or 0.292u moles/ml was introduced into the culﬁure media at zero

time and in the second set 100ug/ml INH or 0.730u moles/ml was intro-

duced. The cells were always incubated at 37°C on the gyratory shaker.



FIG. 5

THE GROWTH CURVES OF
M. SMEGMATIS 503 INOCULATED
WITH VARIOUS CONCENTRATIONS OF CELLS
FROM A PRE-CULTURE (.490D)
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3.6.

EXPERIMENTAL RESULTS

The Change in the Acid Fastness of M. emegmatig 503 With Age.

Various authors (4,97) had observed that under the influence of

INH, tubercle bacilli lose their acid fastness within a short period
of time. Tﬁe Eame experiment was attempted with sensitive M. smeg-

matis. It was found that the organism was not acid-fast through all

«

its phases of growth. It was only about 70% acid-fast in the active

growth phase, this being the phase in which INH was added. In the ﬁ
stationary phase the cells were 100% acid-fast. When INH was added \
(10 ug/ml) the proportion of acid-fast cells decreésed to approximately i!i

20% after a ten-hour interval under INH influence.

Effect of INH on the Growth of the Sensitive and Resistant Strains. i

The effect of progressively increasing concentrations of INH

on the growth of the sensitive strain is shown in Fig. 6. Complete

cessation of growth is observed at 10 ug/mi but only partial cessa~
tion of growth at 5 ug/ml where the cells approximately double their [
optical density.

The resistant strain is completely impervious to the action of
INH (Fig. 7). Here growth comparable to that of the control takes

place even at 100 ug/ml.

The Effect of INH on the Viable Cell Count of M. smegmatig 503.

As growth still resulted at 5ug/ml INH (Fig. 6) it was decided

to measurce the viable count of cells at different concentrations of



FIG. 6

THE INHIBITION OF GROWTH
OF
SENSITIVE CELLS BY INH
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FIG. 7

THE GROWTH OF THE
RESISTANT STRAIN
UNDER THE INFLUENCE OF INH
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INH. Sensitive cells were therefore grown up to an optical density
of .8 or 2.25 mg/ml. Then a 1 ml sample of the bacterial suspension
was taken and suitably diluted. One ml aliquots of the dilutions
were then placed on agar plates which contained differing amounts of
INH.«Féhe plates were ther incubated at 37°C for a few days and the
colonies that developed were counted.

The results are seen in Fig. 8. It can be immediately observed
that most of thé cells are killed at 5 ug/ml INH. These results
partly explain why very little growth was observéd at 5 ug/ml INH

(Fig. 6). However even at 100 ug/ml INH some cells survive and

these are probably resistant mutants to INH.

The Effect of INH on the Growth of M. Smegmatis 503 at a Concentration

of .25 mg/ml cells.

One of the first observ#tions on INH inhibition of growth was
that isoniazid was very rarely completely bacteriostatic (Fig. 6
being an exception). The second observation was that the degree of
bacteriostasis seemed to be dependent on the INH concentration. This
last purely non-numerical observation was shown by the following
experiment. Cells were grown up to an optical density of .12 or 25
mgs/ml. At this point the cells were divided into 5 batches to which
INH was added in concentrations shown in Fig.9 and the growth was
recorded with time.

Here it 1is seen that as mentioned above 5 ug/ml causes no inhibi-
tion which is contrary to the results shown in Fig. 6. This difference
could be attributed to the starting concentration of cells which is

2x that in Fig. 6. Thus comparing Fig. 6 and Fig. 9 it can be seen
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‘FIG. 8

THE EFFECT OF INd
ON THE VIABLE CELL COUNT OF
SENSITIVE CELLS
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THE EFFECT OF
VARIOUS CONCENTRATIONS OF INH
ON THE GROWTH OF SENSITIVE CELLS
AT A HIGH 0.D.
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that the cells in Fig. 9 are not as affected by the same INH concen-

trations as the cells in Fig. & .

The Variation In Inhibition By INH On Various Cell Numbers Of Sensitive

Cells. e
Meadows (68) was the first to show that the concentration of INH

required to inhibit the growth of mycobacteria depends on inoculum

size and the particular strain used. Her work was done on B.C.G.

and the results were arrived at by measuring the effect of INH inhi-
. bition on acetate oxidation. Our results obtained in Fig.6” and

Flg, 9 also suggested that the degree of inhibition was dependent

con the size of the innoculum. This idea was tested further by the

o —

following experiment.

Cells were grown up to an optical density of .5 (1.25 mg/ml). The

-

cells were then split up into a number of batches which were diluted

@
~:
<
0.
1,
;
3
f.
> .

with fresh sterile media to .2, .135, .075 and .025 mg cells/ml. The
same concentration of INH (10 ug/ml) was then added to each culture
and the growth was recorded. The results in Fig. 10 show that the
degree of inhibition is dependent on the original cell nﬁmber or the
size of the inmoculum and that complete inhibition is obtained only
if the starting size of the innoculum is very small.

The most obvious explanation for the above results would be that »
the number of mutants resistant to INH would be greater in the larger
sized innoculums., However this is unlikely as the differences in the
sizes of the innoculums are not great enough. Another explanation
has to be attached to the above phenomena and it will be discussed

later.



FIG. 10

THE VARTATION IN INHIBITION
BY
INH ON VARIOUS CELL NUMBERS
OF SENSITIVE CELLS
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The Uptake of Radioactive INH by Sensitive and Resistant M. smegmatis.

Previous work (5, 6, 7, 8) had indicated that a profound differ-
ence existed between sensitive and resistant mycobacteria in that
sensitive organisms took up INH (Clh), while resistant organisms did
not take up the drug. The above results led to the theory that resis—
tant organisms were impermeable to INH and this theory was tested
as follows,

The first part of this work was done using liquid scintillation
as the method of counting but the results were of limited accuracy
due to the technical reasons described in methods. Nevertheless a curve
of INH uptake was obtained (Fig.ll)- In this figure it can be seen that
the uptake of the sensitive organism is greater than that of the resis-
tant and that most of the uptake takes place within a period of 5 hours.
These results substantiated those‘of Barclay (5) and Youatt (6) al-
though it was difficult to compare our results to those of Barclay's
as he worked with growing cells in Dubos media (98). Both authors
also worked with B.C.G. which are very slow growing organisms and
thelr results are therefore over a period of a week

The second part of the uptake studies were performed using gas flow
counting and uptake was studied under different conditions of temperature
(37°C, 25°C, LO°C) and at 37°C in the presence of glycerol, cyanide

and clorophenicol. The results are seen in the following figures.

1. The uptake of INH at 37°C (Fig. 11A)
2. The uptake of INH at 25°C (Fig. 11B)
3. The uptake of INH at 4O°C (Fig. 11C)
L

.  The uptake of INH at 37°C with CN (1lu mole/ml) (Fig.11D)

.



FIG. 11

THE UPTAKE OF INH—C14

BY

SENSITIVE CELLS COUNTED
VIA

LIQUID SCINTILLATION
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5. The uptake of INH at 37°C with 10 glycerol (Fig. 11E)
6. The uptake of INH at 37°C with Cloromphenicol (lu mole/ml) (Fig. 11A)

Essentially the same results were obtained with gas flow.counting
(11A) as with liquid scintillation (Fig. 11) at 37°C. Thus the uptake
of the sensitive cells-at 37°C is much greater than that of £he re-—
sistant cells and the peak in uptake is reached within a period of
eight hours after which uptake decreases. <

The uptake at 25°C (Fig. IlB) is less than the uptake at 3770 §
for both the sensitive and resistant organisms. These results seem

to agree with those of Youatt (6) who showed that the process of INH ‘ wf

binding by B.C.G. was temperature dependent but disagree with those

of Wimpenny (7) who showed that the uptake is larger at 25°C than
at 37°C. Again it is difficult to compare Wimpenny's results to 1
ours as he worked with growing B.C.G. in Sauton medium (methods).

The uptake at 4°C (Fig. 11C)is initially (first four hours)
greater than the uptake at 37°C for both the sensitive and resistant cells. .
These results agree with those of Barclay (5) and Wimpenny (7) but
are very difficult to explain, after approximately fourteen hours [
the uptake of the sensitive and resistant cells become equal. It could be:
postulated that the cold somehow damages the permeability barrier of
the cell and a leakage inwards results. At higher temperatures the
uptake of INH would be temperature dependent as postulated by -
Youatt (6).

Cyanide greatly reduces INH uptzke by the sensitive bacteria and
slightly reduces uptake by the resistant bacteria so that both take

up the same amount of radioactivity. These results agree with those



FIG. 11A
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THE UPTAKE OF INH—C14

BY
SENSITIVE AND RESISTANT CELLS
COUNTED VIA GAS FLOW
AND THE INFLUENCE
OF
CLOROMPHENICOL ON UPTAKE
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FIG. 11B

THE UPTAKE OF INH-C14

AT 25°C
BY SENSITIVE AND RESISTANT CELLS
COUNTED VIA GAS FLOW
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FIG. 11C

THE UPTAKE OF INH-Cc % aT 4°C
BY
SENSITIVE AND RESISTANT. CELLS

COUNTED VIA GAS FLOW
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FIG, 11D

THE INFLUENCE OF CYANIDE ON
THE UPTAKE OF INH-C %
BY
SENSITIVE AND RESISTANT CELLS
COUNTED VIA GAS FLOW
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FIG., 1l1E

THE INFLUENCE OF 10% GLYCEROL
ON THE UPTAKE OF INH—Cl4
BY
SENSITIVE AND RESISTANT CELLS
COUNTED VIA GAS FLOW
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of Wimpenny (7) and Youatt (6).

Cyanide is an inhibitor of energy metabclism acting directly on
cytochrome oxidase (99). Sometimes uptake of solutes is,linked to
energy metabolism, as shown by the uptake of phosphate by yeast (100),
vwhich requires nutrients and is inhibited by cyanide, dinitrophenol
and azide. Thus it could be postulated that INH uptake is energy
linked but Youatt (6) found that the uptake of INH is increased in é
the presence of dinitrophenol and is decreased in the presence of
glycerol. v ‘a

We also found that Glyéerol drastically decreased the uptake h\\\‘

of INH (Cl4) in the sensitive organism and decreased the uptake of

the resistant cells only slightly (Fig. 1lE). What is more important is
that glycerol seemed to equalize the uptake of the resistant and the
sensitive_cellé. These results are very difficult to explain via any
theory that states that INH uptake is energy dependent.

" Cloromphenicol, well known as an inhibitor of protein synthesis
(101,102) did not affect CI¥-INH uptake by either sensitive or re—

sistant cells (Fig. 11A).

The Correlation of INH Disappearance and Hydrazine Production and the

Possible Induction of INH Hydrelyzing Enzyme in M. Smegmatis 503 Sen-

sitive,

Early in the work it was realized that uptake studies of radio-
active INH provided limited information especially if the drug is
destroyed or metabolically changed as suggested by.such authors as
Youmans (57). It was therefore decided to trace the metabolic fate

of the drug'beginning with whole cell experiments.



530

The most obvious by-product if breakdown did occur was thought
to be hydrazine. A preliminary incubation experiment was therefore
performed in which INH and hydrazine were measured simultaneously
(Fig. 12). This experiment showed that:

1. There is a lag of two hours before hydrazine is produced.

2. INH disappears from the medium at a fairly steady rate from éhe
time of its first contact with the cells.

3. Hydrazine levels are never as great as the amounts of INH which
has disappeafeﬂ.

4. Eventually hydrazine levels level off and then start to decrease.

The lag of two hours before hydrazine production became notice- ‘!

able immediately suggested that this time was required for enzyme

induction. A sister experiment was therefore performed which is

also shown in Fig. 12. Here cloromphenicol which inhibits protein —
synthesis (as discussed previously) was added in a ccncentration of
100ug/ml either at time zero or five hours after the INH was added.
Samples of the supernatant were taken at various times and analyzed
for the presence of INH and hydrazine.
—~—

As can be seen from Fig. 12 adding cloromphenicol at time zero
produced no hydrazine and very 1itt1e INH dissappeared. However if
cloromphenicol was added af five hours the hydrazine production
seemed to increase above the level of the control and approach that
of the INH taken up in the absence of cloromphenicol.

As cloromphenicol is known to inhibit induced enzyme formation

(101,102) it was thought the cloromphenicol added at time zero inhibited



FIG, 12

THE CORRELATION OF INH DISAPPEARANCE
AND
HYDRAZINE APPEARANCE
UNDER THE INFLUENCE OF SENSITIVE CELLS
AND
THE POSSIBLE INDUCTION OF AN ENZYME FOR
INH BREAKDOWN
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the induction of the enzyme responsible for the breakdown of INH

to hydrazine (as shown):

CO-NH-NH + NH, - NH
A 2 E1 X : 2 2
I —=—> unknown Hydrazine
\ 7
o
If cloromphenicol was added at 5 hours more hydrazine was
produced than without cloromphenicol. This was thought due to /;x:

inhibition of formation of a second induced enzyme that breaks

down hydrazine. (as shown) ’:%i:; [:; !

NH, - NH E, X (unknown)

3
2 2 . 7

The idea that INH induces an enzyme in M. Smegmatis 503 (8) :

for its own breakdown to hydrazine and that. hydrazine in turn induces | ‘
an énzyme for its own breakdown to hydrazine and that hydrazine in
turn induces an enzyme for its own breakdown was the hypothesis put

forward and most of the following experiments were performed in an

WSS WIR P ey R

effort to prove or disprove this hypothesis.

The Correlation of INH Disappearance and INA and Hydrazine Appearance

Produced by Sensitive Whole Cells of M. Smegmatis.

The previous experiment had shown that whole sensitive cells break-
down INH to hydrazine via an apparent enzymatic reaction which is stopped
if cloromphenicol is added at time zero. It was decided that the
reaction itself should be studied further so that the second by-product
of INH breakdown besides the hydrazine would be investigated.

Previous authors had shown that cells of B.C.G. broke down INH

to isonicotinic acid (INA) (30). The latter compound seemed to be a



FIG. 13

THE CORRELATION OF INA,
AND HYDRAZINE PRODUCTION FROM INH
BY SENSITIVE CELLS
AND THE EFFECT OF CLOROMPHENICOL
ADDED AT 5 HRS,
ON INA PRODUCTION
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logical by-product of the reaction that produced hydrazine.

An experiment was therefore performed where whole sensitive
cells were incubated with INH (.292u moles/ml) and the production of
INA and hydrazine measured simultaneously. The results of this
experiment (Fig. 13) showed that:

1. As INH disappears from the media, INA and hydrazine are indeed

produced together so that the reaction can be postulated to go as

follows:
CO~NH~-NH CO-0H ‘
S 2 P .
L) B O +  NH, - NH,
INd INA Hydrazine

2. The production of hydrazine and INA is by no means on a mole
per mole basis but much more INA is produced than hydrazine. This
may be explained by the hypothesis that the hydrazine induces an enzyme

for its own destruction and therefore never reaches INA levels.

The Effect of Cloromphenicol (100ug/ml) on the INA Production by

Sensitive Cells.

The effect of cloromphenicol on the INA production was then
studied. It was found that:
1. 1f clorompﬁenicol is put in at time zero, there is a very slight
INH disappearance but no hydrazine or INA is produced. (Fig. 14)
2. If cloromphenicol is put in at time five hours INH disappearance
continues and hydrazine production is increased approaching INA pro-
duction the latter remaining the same as in the absence of clorom-

pienicol (Fig. 13).

57.
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FIG. 14

TﬁE EFFECT OF CLOROMPHENICOL
ADDED AT TIME ZERO
ON THE INH DISAP?EARNACE AND HYDRAZINE - INA APPEARANCE
BY SENSITIVE CELLS



58.

SHH NI 3JNIL
b2 22 02z 8 9 v & o 8 9 b
—{ooi 5
W
T
=
ouizoipk x m
Uulzoi
1zoapAH m
, UNI Y —looz
HNI  © 3
S7130 3AILISNIS —9%¢
°© o]
o o—
(o)
o™ T—=doos




59.

The Breakdown of INH by Resistant Cells.

As the ultimate object of the study was the éiscovery of tﬁe mbde
of action of INH, the metabolism of INH in resistant cells was compared
to that cf the sensitive cells; It was found (Fig. 15) that:
1. The resistant mutant caused INH to disappear much faster from
the buffer than did the sensitive strain. This greater disappearance
was not due to greater uptake but is probably due to greater breakdown
of INH by resistant cells.
2. The resistant cells produced greater quantities of INA than the sensi-
tive cells within the same'ﬁeriod of time and INH was destroyed more quickly.
3. Curiously however the resistant cells produces very little hydrazine.
This indicates that either the resistant cells do not produce hydra-
ziné from INH or that the hydrazine produced is broken down so fast
that it is virtually undetectable. The second possibility suggests
that resistant cells may already possess enzymes for INH and hydrazine
breakdown, enzymes which, as shown above may have to be induced in

sensitive cells.

The Metabolism of INH in Resistant Cells Exposed to Cloromphenicol

(100 ug/ml) at Time Zero.

" The possibility that resistant cells might have énzyme system for
INH and hydrazine bieékdown already induced was investigated as
follows:

Resis£ant cells were incubated in the presence of 100 ug/ml
cloromphenicol at time zero to see if the enzyme system was already

present in the resistant cells.

W AA s e



FIG. 15

THE BREAKDOWN OF INH
BY
RESISTANT CELLS
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FIG. 16

THE METABOLISM OF INH IN RESISTANT CELLS
UNDER THE INFLUENCE OF CLOROMPHENICOL
ADDED AT TIME ZERO
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I

The results of the experiment (Fig. 16) showed that clorom-

phenicol inhibits both the disappearance of INH from the buffer and

e A LA ot o e e o

the production of INA and hydrazine although there is more INA
produced in this case than when sensitive cells were incubated with
cloromphenicol at time ze» ..

These results indicated that cloromphenicol also inhibited the

induction of the enzyme system in the resistant cells as well as the

3
i
i
H
I
i
!

i

:

i

sensitive cells. The hypothesis that the enzyme system is inherent

in resistant cells but not the sensitive cells was therefore abandoned.

The Metabolism Sensitive Cells Grown in the Presence of lug/ml INH.

Previous experiments (Fig. 12, Fig. 13) led us to believe that
when M. Smegmatis503 sensitive was exposed to INH (.292u moles/ml)
an enzyme was induced in the orgﬁg%sm to break the INH down to INA
and hydrazine. To further test tﬂis hypothesis the following experi-
ment was performed,

Sensitive cells were grown up in the normal manner as in methods
but lug/ml INH a sub-inhibitory concentration, was added to the
Sauton Media. The cells were harvested, washed twice in equal volume
of buffer and suspended in buffer to the usual concentration. INH was
then added to a concentration of .292u moles/ml. 1INH, INA and hydrazine
were then measured in the usual manner. The results of the experiment
are shown in Fig. 17.

Comparing Fig. 17 to Fig. 13 it can be easily seen that the cells
grown in the presence of INH broke down INH at a greater rate as more
INA was produced and also a greater concentration of hydrazine which
however reached a plateau. These results seemed to indicate that cells

grown in the presence of INH would have the enzyme system for break-



FIG. 17

THE BREAKDOWN OF INH
BY
SENSITIVE CELLS GROWN IN THE PRESENCE
OF A SUB-INHIBITATORY CONCENTRATION OF INH (1 ug/ml.)
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64.

down of INH already induced and therefore breakdown INH at a greater

rate.

The Metabolism of INH in Sensitive Cells Grown in the Presence of

INH (1 ug/ml) with Cloromphenicol Added at Time Zero After Suspension

in Buffer.

To test the hypothesis that cells grown in the presence of 1 ug/ml
INH have the INH breakdown system already induced the following experi-

ment was performed.

Cells underwent the same treatment as in Fig. 17 but before the
cells were incubated in the buffer with .292u moles/ml INH clorom-

phenicol was added at 100 ug/ml.

The results of the experiment (Fig. 18) show that very little

CAdrsazanrag T

INH is broken down and very little hydrazine is produced. These re-

sults seemed to contradict the interpretation given to the previous

‘«..‘ \
4
>
>
¥

experiment.

The Metabolism of INH in the Resistant Cells Grown in the Presence

of INH (1 ug/ml).

The same experiment as in Fig. 17 was repeated with the}resistant‘
mﬁtant. The results of this experiment are seen in Fig, 19 (b). If
these results are compared to Fig. 15 (metabolism of INH in the resis-
tant) it can be seen that more hydrazine was produced by cells grown

with INH but less INH is broken down. The significance of these re-

sults is unknown.



FIG. 18

THE METABOLISM OF INH IN SENSITIVE CELLS

GROWN WITH INH(1l ug/ml)
WITH CLOROMPHENICOI, ADDED AT TIME ZERO
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FIGS. 19A AND 19B

THE BREAKDOWN OF INH BY RESISTANT CELLS
GROWN WITH INH(1 ug/ml)
AND THE BREAKDOWN OF INH
BY THESE CELLS WITH CLOROMPHENICOL
ADDED AT TIME ZERO
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The Metabolism of INH by Resistant Cells Grown With INH (lug/ml),

Cloromphenicol Added at Time Zero.

Resistant cells grown in the presence of lug/ml INH were subjected

to 100ug/ml cloromphenicol at time zero. The results show (Fig.19A)

that under the influence of cloromphenicol no INH was broken down

and no hydrazine was produced. The significance of these results

will be discussed later.

The INH Breakdown by Sensitive and Resistant Cells at the Concen-

tration of 0.73u moles/ml or 100ug/ml INH Added at Zero Time.

Since the resistant mutant was resistant to 100ug/ml or .730 u

moles/ml INH it was decided to test the effect of a higher concentra-

tion of INH (.73 u moles/ml instead of 0.29 u moles/ml) on the INH

breakdown of sensitive and resistant cells. The results are seen in

Figs. 20A and 20B INH only

21A

20A

22A

23A

24A

25A

26A

27A

and
and
and
and
and
and
and

and

The above

21B INH + cioromphenicol (100ug/ml) zero time
20B INH + cloromphenicol (100ug/ml) 5 hours
228 INH only at 25 C

23B INH only at &c

24B INH + glycerol (10%)

25B INH + ouabain (lu mole/ml)

26B INH + CN (lu mole/ml)

27B INH + Azide {lu mole/ml)

figures represent one experiment which was done by’

growing up large quantities of sensitive and resistant cells, splitting

them up, washing them and suspending the cells in buffer. Then the

67.




FIGS. 20A AND 20B

THE METABOLISM OF INH
BY
SENSITIVE AND RESISTANT CELLS
AND THE METABOLISM OF INH
BY
SENSITIVE AND RESISTANT CELLS
WITH CLOROMPHENICOL
ADDED AT 5 HRS.
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above chemicals were added as in the figures and iNH, INA and
hydrazine production was measured. In the text for purposes of
clearer presentation this experiment was split up into a series of
experiments as represented by the above figures and this is why
comparisons are made between the various figures within the experi-
ment. Comparisons between values obtained at .292u moles/ml INH and
.730 u moles/ml INH are also made.

1f Fig. 20A is compared to Fig. 13 (also sensitive cells but at
.292u moles/ml) it can be seen that the same type of curve is obtained.
A characteristic lag phase is observed in hydrazine and INA production
aﬁd less hydrazine is produced than INA.

| Comparing Fig. 20B (resistant) and Fig. 15 (resistant cells at
.292u moles/ml) it can easily be seen that the_two curves differ
widely. At lower concentration (.292u moles/ml INH) the resistant
cells produce very little hydrazine while at higher concentration
INH (.730u moles/ml) the resistant cells produce substantial amounts
of hydrazine.

If Fig. 20A and 20B are compared it can be easily seen that at
higher INH concentration the resistant cells also produce less hydra-
zine than the sensitive cells. This correlates with results obtained
at a lower INH concentration.

The above results are very difficult to interpret. The fact that
resistant cells at higher concentration of INH produce hydrazine but
not at lower concentrations is significant to a theory of the mecﬁanism

of resistance to INH which will be discussed later.
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The Effect of Cloromphenicol (100ug/ml Added at Five Hours) on the

INH Breakdown (.730u moles/ml) by Sensitive and Resistant Cells.

As seen in Fig. 12 if cloromphenicol (100ug/ml) is added to the
jncubation media at 5 hours with INH added at time zero the hydrazine
production will increase and go above the control value (no clorom-
phenicol). These results seemed to indicate that the cloromphenicol

was inhibiting the formation of an enzyme responsible for the break-

:
|
i

down of hydrazine. These experiments were repeated with a higher
concentration of INR (.730u moles/ml). The results are included

in Eigs. 20A and 20B.

Comparing Fig. 12 and Fig. 20A it can be seen that cloromphenicol
added at five hours has the same effect at .292u moles/ml INH as at
.730u moles/ml INH. That is: 1.) The concentration of hydrazine

in the incubation media rises above the control value. 2.) Clorom-

i
!
{
|

phenicol seems to have no effect on the INH disappearance and INA
appearance in the incubation media.

Cloromphenicol added to resistant cells five hours after .730u.
moles/ml INH had the same effect as on sensitive cells (Fig. 20A and

Fig. 20B).

The Breakdown of INH (.730u moles/ml) by Sensitive and Resistant Cells

Under the Influence of Cloromphenicol (100ug/ml) Added at Time Zero.

‘The effect of cloromphenicol (100 ug/ml) on INH (.292u moles
/ml) breakdown was previously tested upon sensitive cells (Fig. 12)
and resistant cells (Fig. 16). It was therefore decided that the
effect of cloromphenicol (100ug/ml) at zero time should be tested at

a higher initial concentration of INH (.730u moles/ml (Fig. 21A and 21B).



FIGS. 21A AND 21B

THE BREAKDOWN OF INH BY SENSITIVE AND RESISTANT CELLS
UNDER THE INFLUENCE OF
CLOROMPHENICOL ADDED AT TIME ZERO
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Comparing Fig. 12 sensitive cells and Fig. 21A (sensitive cells) it can
be seen tﬁat cloromphenicol has the same effect at low and high concen-
trations of INH — very little INH breakdown resulting in little hy-
drazine and INA produced. Looking at Figs. 16 (resistant cells) and
21B the same effect can alsé be seen due to the cloromphenicol --
little INH breakdown and little INA and hydrazine production. Com-
paring Figs. 21A (sensitive cells) and 21B (resistant cells) it camn
be seen that clorompheﬁicol has the same effect on the sensitve and

resistant cells ie. inhibition of INH breakdown.

The INH Breakdown by Sensitive and Resistant Cells at 25°¢C

Previous experiments (Figs. 12, 13) had indicated that the
breakdown of INH was an enzymatic reaction. The fact that clorom-
phehicol did not impede uptake of radioactive INH (Fig. 11A) but
inhibited INH breakdown (Fig. 12) suggested that the two processes

might be distinct. However uptake was inhibited slightly by lowering

,’.
e b '*'“J< -

the temperature to 25°C (Fig. 11B). It was therefore decided to
measure .the effect of an incubation temperature of 25°C on the INH
breakdown of sensitive and resistant cells (Figs. 22A and 22B).
Comparing Fig. 20A (sensitive cells at 37 C) to Fig. 224"
(sensitive cells at 25°C) it can be seen that both the production of
hydrazine and INA is lower at 25°C than at 37 C. If Fig. 20B (resist-
ant cells at 37°C) and 22B (resistant cells at 25°C) are compared
essentially the same results are obtained. The breakdown of INH at
37°c by resistant cells is larger than the breakdown at 25°C. Finally
if Fig. 22A (sensitive cells) and 22B (resistant cells) are compared

it can be seen that approximately the same amount of INH is



FIGS. 22A AND 22B

THE BREAKDOWN OF INH
BY
SENSITIVE AND RESISTANT CELLS
AT 25°C
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broken down but that the resistant produces less hydrazine.

These results are to be expected if the INH breakdown reaction
is enzymatic and they do not conflict with the results obtained at
37°C as the resistant cells still produce less hydrazine than the

sensitive cells at 25°¢C.

The INH Breakdown of Sensitive and-éesistant Cells at 4°C.

When the uptake of the drug (INH) was measured at 4°C (Fig. 11C)
it was found that the uptake of both the sensitive and resistant cells
was above the value at 37°C. These results contradicted the results
obtained at 25°C (Fig. 11B) as one would expect uptake to be tempera-
ture dependent if the uptake reaction involved an enzymatic process.
It was therefore decided that the breakdown of INH would be studied
at 4°C.

The results (Figs. 23A and 23B) showed that there is no signifi-
cant hydrazine or INA production for either the sensitive or resistant
strain at 4°C. The sensitive cells seem to produce slightly more
hydrazine than the resistant cells but the difference is small.

However if one looks at the INH disappearance it can be easily
seen that INH is taken up by sensitive and resistant cells with most
of the uptake taking place at zero time. The amount of INH disappear-
ing in the case of the sensitive cells seems to be greater than in the
case of resistant cells but it is difficult to tell as the results
fluctuated. It can also be seen (Figs. 23A and 23B) that the disa-
ppearance of INH is not connected with the breakdown to INA and
hydrazine as neither is produced. The INH disappearance at 4°C with

4

no breakdown substantiates the uptake measured with isotopes (C1 -INH)

(Fig. 11C).
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FIGS, 23A AND 23B

THE BREAKDOWN OF INH
BY
SENSITIVE AND RESISTANT CELLS
AT 4°C
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The significance of these results is hard to define. Possibly
they show that enzymes involved in uptake are diéferent from those
that breakdown INH. However, Wimpenny (8) has postulated that the
uptake of radioactive INH by B.C.G. at 4°C is a process involving an
element of absorption. This last possibility was guarded against in
our experiments by washing our cells in non-radioactive INH and yet

uptake was still present at 4°C (Fig. 11C). The latter results
14

indicate that INH C" " was therefore very tightly bound or that it
was in a location which was not reached by the non-radioactive INH. 1!!‘
This location could be postulated to be inside the cell as other

scientists have shown that the cell's permeability barrier is dis-

rupted at lower temperatures.

e e b e PR D T

The Efféct of 10% Glycerol in the INH Breakdown by Sensitive and

Resistant Cells at 37°C.

In the uptake experiments using Cl4 INH it was found that gly-

cerol reduced INH uptake of sensitive cells to the level which was
found in the resistant cells (Fig. 11E).
These curious results prompted us to test the effect of 10%
glycerol on INH breakdown by the resistant and sensitive cells.
| The following results were obtained (Figs. 24A and 24B).
1- Comparing Fig. 20A and Fig. 24A it can be seen that under the
influence of glycerol much more INH is broken down within a shorter
period of time by the sensitive organism.
2~ This breakdown is accomplished with very little hydrazine production

whereas where no glycerol is added hydrazine production is substantial.



FIGS. 24A AND 24B

THE EFFECT OF GLYCEROL (10%)
ON THE INH BREAKDOWN
BY

SENSITIVE AND RESISTANT CELLS
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3- The resistant cells breakdown INH more vigoFously in the
presence of glycerol,

4- The resistant cells prodﬁce much less hydrazine under the
influence of glycerol than without glycerol (Fig; 20B).

5- The breakdown of INH is approximately equal in sensitive and

resistant cells in presence of glycerol.

Mycobacteria oxidize glycerol completely into H20 and CO2 (106) ' ‘
and glycerol is therefore included in most growth media of Mycobac- |
teria. If INH uptake is somehow energy dependent it should be
increased in the presence of glycerol. This however is not the case
as seen in Fig. 11E But is decreased in sensitive cells to the up-
take value of the resistant cells. Yet glycerol seems to increase
the break&own rate of INH by sensitive and resistant strains with-
out hydrazine production. Possible reasons for these results will be

discussed later.

The Influence of lu mole/ml Quabain on the INH Breakdown of Resistant

Cells at 37°C.

A very valuable finding fof studies of active transport of Kf
and Na+ occured in 1953 when Schatzmann (107) found that a cardiac
glycoside (ouabain) completely inhibited the extrusion of Na+ and the
accumulation of K% by cold stored erythrocytes without interfering ;:7
with glycolysis which supplies metabolic energy to the erythrocyte. ~
Whittam (108) showed that as ouabain inhibited active transport it
also spared the ATP supply of the cell. Post (109, 110) showed with
erythrocyte ghosts that their membrances exhibited ATPase activity

which was blocked by cardiac glycosides. Thus it was shown that ouabain



FIGS. 25A AND 25B

THE EFFECT OF OUABAIN (1 ug/ml)
ON THE BREAKDOWN OF INH
BY
SENSITIVE AND RESISTANT CELLS
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inhibits the active transport of Kf - Na+ in mammalian tissues via
inhibition of ATPase located on the cell surface responsible for the
obtainment of energy for the process.

' It seemed interesting to test the effect of ouabain on the
transport and breakdown of INH by the mycobacterial cell. The idea was
that an ATPase might be involved in INH transport into the mycobacterial

cell as uptake of INH—-C14 in the presence of cyanide (Fig. 11D) had

i

indicated that the uptake might be energy dependent.

Ouabain (lu moles/ml) was added at time zero and the results

are seen in Figs. 25A and 25B.
If the necessary comparisons are made within the experiment it

cén be seen that ouabain does not affect INH breakdown in either the

e e

sensitive or resistant cells. : %

The Influence of Cyanide (CN) (lu mole/ml) on the INH Breakdown By g

Sensitive and Resistant Cells at 37°C.

L4 INH and

Previous radioactivity experiments (Fig. 11D) using C
CN had suggested that INH uptake might be energy linked. The effect
of cyanide on INH breakdown in sensitive and fesistant cells was there-
fore investigated.

Cyanide (lu mole/ml) was added at time zero and the resplts are
seen in Figs. 26A and 26B. The results only show INﬁ.and hydrazine as the
CN interfered with INA measurement due to the fact that one of the
reagents in the determination of INA contained CN.

If the necessary comparisons are made within the experiment it

can be easily seen that in the presence of cyanide there is no INH

disappearance or hyrazine appearance either in sensitive or resistant cells.



FIGS. 26A AND 26B

THE INFLUENCE OF CYANIDE (1 U MOLE/ML)
ON. THE INH BKEAKDOWN
BY
SENSITIVE AND RESISTANT CELLS
AT 37°C
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These results seem to indicaﬁe that INH breakdown is energy
dependent and entail three possibilities for CN inhibition of the process:
1- The synthesis of the enzyme for INH breakdown would obviously
be energy debendent and so would be inhibited by CN.

2- If the uptake of the drug is energy dependent as indicated by
Fig.11D the INH would not be able to enter the cell to be broken
down and $0 no hydrazine wogld beAprduced;

3- The possibility exists that the breakdown process is part of

the uptake process, i.e. the two are linked on the cell membrane so

that inhibition of one (uptake) would inhibit the other alsc.

The Effect of Azide (N2 ~ NH) (lu mole/ml) on INH Breakdown BY

Seﬁsitive and Resistant Cells at 37°C. . !

Azide, along with dinitrophenol and cyanide is an inhibitor of
energy metabolism of the cell (100). It was decided to test the
effect of Azide (1u mole/ml) added at time zero on INH breakdown.
(Figs. 27A and 27B).

If the necessary comparisons are made between the various figures
it can be seen that:
1- Azide inhibits the INH disappearance and breakdown in the sensi-
tive cells.
2- Azide does not inhibit INH disappearance and breakdown in the
resistant cells as a lot of INA and hydrazine are produced.

A clue as to the reason why Azide does not affecti the resistant
cells but only the sensitive cells is given by the formula for Azide

(HN = N - N = NH) which closely resembles that of Hydrazine (NH2 - NH2).



FIGS. 27A AND 27B

THE EFFECT OF AZIDE (1 u molé/ml)
ON INHv BREAKDOWN
BY
SENSITIVE AND RESISTANT CELLS
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As later experiments indicated that the resistant cells do not take
up as much hydrazine as sensitive cells it could be postulated that
resistant cells are not affected by Azide because they not take

the compound up.

Extraction of Hydrazine, INA and INH from Sensitive and Resistant

Cells.

Y

Fig. 13 had shown that the amount of INH which had disappeared

did not equal the amount of INA produced. As the reaction INH =% INA
+ Hydrazine probably proceeds on a mole/mole basis, various possibilities :
arise. Either INA is taken up by the cells, like INH is taken up or
both are taken up. The possibility that INH,, hydrazinéor INA might
eﬁter the cells was tested as follows.
A normal incubation experiment was performed on sensitive and 1
resistant cells with samples being taken at various times. Super-
natant was analyzed for INA, hydrazine and INH and cells were taken
up in the original amount of buffer and held at 100°C for 1 hour.
The cells were then spun down at 20,000 rpm for 10 minutes and the
supernatant was analyzed for INA, INH and hydrazine. Negative re-
sults were obtained for each time sample as none of the three compounds
could be detected in the boiled buffer for both sensitive and resistant
cells. These results indicate that:
1- As no INH was released by the boiled cells therefore INH as such
does not enter the cell but only its metabolized product. This is
because radioactive studies showed the C14 did enfer the cell (Fig. 11)
but as the label is on the carbonyl atom it is hard to say whether INH

itself enters the cell or a metabolized product of INH. Another



possibility would be that INH is bound to some locus in the cell and
is therefore not released.
2- Since no INA is released by boiling, it can be postulated that
either INA is changed enzymatically within the cell or it is bound
to a cell constituent. _
3- The fact that no hydrazine is released by boiling partially ‘
substantiates the theory the hydrazine is destroyéd by the
cells to an unknown product. The latter possibility however
does not exclude the idea that hydrazine could be bound to

some cell constituent and would therefore not be released.

Attempt to Measure the Production of NH3 by Sensitive and Resistant

Cells Incubated with INH and Hydrazine. :
It was shown by previous experiment that INH is broken down by

sensitive and resistant bacteria as follows (Figs.12, 13)

< CowH-NH, cooH

It By v, < oH, - \

\ = l/

~ w5
However other evidence (Fig. 13) indicated that a second enzyme was
induced which broke down the hydrazine to an unknown product. This
product was thought to'be NH3 and this possibility was tested.

Sensitive and resistant cells were washed and suspended in buf-

fer. At zero time INH (.730 u moles/ml) was added to a batch of sen—
sitive and a batch of resistant cells. Hydrazine (.730 u moles/ml)

was added to another batch of sensitive and another batch of resistant



cells. The four flasks were incubated at 37°C and time samples were
analyzed at O, 2, 4, 6 and 8 hours. Cells were spun down and the
supernatant wa; analyzed for NHB‘

The results showed that no NH3 was produced by either the
sensitive or resistant cells from INH or Hydrazine.

A sister experiment was then performed where sensitive and
resistant cells were incubated with .730 u moles/ml NHz. Analysis
of the results of this experiment showed that atrzero time virtually
no NH3 could be detected in the buffer.

This last result is difficult to understand until one remem-
bers that zero is not actually zero time. That is before the
cells are actually out of contact with the buffer,a period of appro-
ximately fifteen minutes passes.

We can therefore postulate that if NH3 is the end product
of INH metabolism it is not measurable or detectable as it is taken

up very quickly from the incubation media.

Attempt to Measure the Production of Hydroxylamine (NH,-OH) by

Sensitive and Resistant Cells Incubated with INH and Hydrazine.

The previous experiment had shown that NH3 might not be the
product of hydrazine breakdown in either the sensitive or resistant

strains. The same types of experiments were performed to see if INH

CANYHAPT NANwWE
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and hydrazine were broken down to hydroxylamine. No hydroxylamine
was produced in either the sensitive or resistant cells exposed to'INH
and hydrazine at time zero. The complete metabolic pathway of INH

therefore remained urclear.

The Disappearance of Hydrazine, Nicotinic Acid (NA), INA and Hydrox-

ylamine from the Incubation Media of Resistant and Sensitive Cells.

Early experiments (Figs. 12, 13, etc.) had shown that most of

the INH in the media is broken down to INA and hydrazine. It was

therefore postulated that INH might not be the agent which produces
the inhibition on the bacteria but that one of its breakdown products |
might cause the inhibition. As a preliminary step in testing this
hypothesis it was decided that the uptake of the breakdown products
and possible breakdown products should be tested.
These incubation experiments were performed as in methods and
at zero time, .730u moles/ml of INA, NA, hydrazine and hydroxylamine
were added to separate batches of sensitive and resistant cells. The

disappearance of each compound was then measured over twenty-four

hours. The results (Figs. 28A and 28B) show that:

1- Sensitive cells do not take up INA to a great extent with most of
the uptake being within the first seven hours.

2- Sensitive cells take up more NA than INA with most of the uptake
taking place within the first two hours.

3- Sensitive cells take up hydrazine to a greater extent than either
INA or NA with most of the uptake taking place within the first two

hours.



FIGS. 28A AND 28B

THE UPTAKE OF INH, INA; NICOTINIC ACID(NA)
HYDRAZINE AND HYDROXYLAMINE
BY
SENSITIVE AND RESISTANT CELLS
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4~ Hyroxylamine is almost -totally taken up within the first six
hours by sensitive cells.
An entirely different picture is obtained with resistant cells

(Fig. 28B) where it can be seen that:

1- Nicotinic acid does not disappear in the resistant cells.
2- INA like NA does not seem to disappear from the media in the
resistant cells. A

3- Hyrazine disappears from the media to a lesser extent in the
case of the resistant cells. |
4~ Under the influence of the resistant cells the hydroxylamine
seems to disappear even faster than in the sensitive cells. These
resalts suggest a reason why the resistant cells do not take up
radioactive INﬁ (Fig. 11A). Resistant cells break down almost ali
the INH to INA and at the same time do not take up any INH-C14 (Fig. 11A).
Therefore the reason these cells do not become as radioactive as
sensitive cells is because they do not take up INA (Fig. 28B).
Another interesting point is that resistant cells remove much
less hydrazine from the media than sensitive cells. - However the
results indicate that neither the sensitive nor resistant cells de-

stroy hyrazine to any great extent.

The Inhibition of Growth of Sensitive and Resistant Cells by INA, INH,

Hydrazine and Hydroxylamine.

The hypothesis that INH was not the inhibitory agent but that
one of its breakdown products inhibited the growth of sensitive
cells was further tested. This seemed possible as it was known

that hyrazine is toxic to bacterial cells, its probable locus of
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action being DNA, As it is sometimes used as a mutagenic agent (111).
Tsukamura (113) bas suggested that hydroxylamine inhibition
should be used to differentiate different species of mycobacteria,

Thus he showed that M. tuberculosis seems to be inhibited most

strongly by hydroxylamine while the saphrophytic mycobacteria were
less sensitive to hydroxylamine. The sensitivity of mycobacteria
to hydroxylamine strongly parallels the sensitivity of mycobacteria ﬁgl
to INH (2). A
The experiment was performed as follows. Twenty-one side arm
flasks of sensitive and twenty-one side arm flasks of resistant cells
were grown up in Sauton media to an optical density of .035 (.13 mgs/
ml éells). One flaék of each group was left as control and to the !
other twenty flasks INA, hydrazine, hydroxylamine and INH were added
in the following concentrations: .036u moles/ml, .058u moles/ml,
.073u moles/ml, .365u moles/ml, and .73u moles/ml. The growth of
each flask with a certain concentration of one of the above compounds
was carefully recorded with time. The results are shown in the fol-
lowing figures:
Figs 29A INH-added—-sensitive cells
29B INH-added~-resistant cells
30A hydrazine-added-sensitive cells
30B hydrazine-added-resistant cells
31A INA-added-sensitive cells
31B INA-added-resistant cells
32A hydroxylamine-added-sensitive cells

328 hydroxylamine-added-resistant cells



FIGS. 29A AND 29B

THE EFFECT OF INH
ON THE GROWTH OF SENSITIVE
AND RESISTANT CELLS



91.

9

y

SHH NI 3INIL SYH Ni 3WNIL
¥ 2l (o]} 8 9 4 2 2l (0] 8 9 14 2
i | | | 4 { | | T T | ] T

\m ~oor -oor
V.
o ooz ooz
X

-100¢"

‘a0 HLIMOY9

o

00t \ oo’
L -JARE 1T

)
. » o €0°'860 ‘9£0" x. HNI 1w/sepowd €2° ¢
HNI w/ssowd o ) HN w/ssjowd g9¢° €20 *8S0 *9€0° x
-100%° HNI lwyzsepowd 0 o -00S’

ST1130 AINVLSIS3Y \ S$1139 3AILISN3S

g0 HLMOYS



FIGS. 30A AND 30B

THE EFFECT OF HYDRAZINE
ON THE GROWTH OF
SENSITIVE AND RESISTANT CELLS
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FIGS. 31A AND 31B

- THE EFFECT OF INA ON THE GROWTH

OF
SENSITIVE AND RESISTANT CELLS
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FIGS. 32A AND 32B

THE EFFECT OF HYDROXYLAMINE
ON THE GROWTH OF
SENSITIVE AND RESISTANT CELLS
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The following observations can be made:
1- A1l the concentrations of INH inhibit the growth of sensitive
cells but none inhibit the growth of resistant celils.
2- Hydrazine inhibits the growth of both sensitive and resistant
cells at higher concentrations and at lower concentrations hydrazine
inhibits the growth of sensitive cells slightly but does not affect
the growth of resistant cells.
3- INA does not inhibit the growth of either sensitive or resistant
cells.
L- Hydroxylamine affects the gowth of the sensitive more than the
growth of the resistant at lower concentrations but at higher con-—
centrations it inhibits the growth of both sensitive and resistant

cells completely.

Attempt to Determine if the INH Hydrolysing Enzyme is Released Into

the Incubation Media by Whole OCells (sensitive).

Enzymes in bacteria can be located intracellularly, on the cell
wall, or released into the media (called exoenzymes). The best
studied example of the possibilities involved in the location of
enzymes in the bacterial cell is penicillinase.

Penicillinase is formed adaptively in response to penicillin,
breaks down the /4 member penicillin ring and is the basis in many
organisms for penicillin resistance (103). The enzyme can occur

in three forms in Bacillus cereus, one extracellular (exoenzyme), one

internal but readily washed out and one tightly bound (104).

|




FIG. 33

THE CHANGE IN THE CONCENTRATION OF HYDRZINE
. IN THE INCUBATION BUFFER
WITH TIME (POSSIBILITY OF EXOENZYME PRODUCTION)
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The possibility that the enzyme responsible for INH breakdown
(INHase) is an exoenzyme was investigated in the following ﬁanner.
Sensitive cells were incubated with .292u moles/ml INH in buffer.

At certain time intervals sampies were taken, spun down and part

of the supernatant analyzed for hydrazine. The other part of the
supernatant was then reincubated at 37°C and at different times sam—
ples were analyzed for hydrazine. The results are shown in Fig, 33.

The expected results if the enzyme is extracellular was that
earlier samples would show little further production of hydrazine.
Later samples on the other hand would show increased activity in
the production of hydrazine. As can be seen early samples showed
little activity while later samples showed a characteristic decrease
in hydrazine followed by an increase in hydrazine production.

These results indicated that there is definite enzymatic acti-
vity in later samples. However the expected increase in hydrazine
did not at first appear, but rather a decrease followed by an increase.
The significance of this was hard to pin-point but it could have been
that both the enzyme for INﬁ breakdown and hydrazine breakdown were
released in later samples. The fact that something was released
is certain as the hydrazine concentration did not remain constant.
However even if the results did indicate that an enzyme was released
it was difficult to call this enzyme an exoenzyme as the release
could have been due to lysis of the cells. This possibility was

later investigated.

! ‘
|
|
i
1
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Attempt to Isolate any Fhzymes Released into the Supernatant by f

Sensitive and Resistant Whole Cells.

The results in the previous experiment (Fig. 33) indicated that

the enzyme for INH breakdown might be released into the incubation

buffer. This possibility was investigated as follows.
Cells were grown up in the normal manner, washed, suspended in

buffer and INH was added (.292u moles/ml). The cells were suspended

in this way for ten hours after which time the cells were centrifuged

down and the supernatant removed. The supernatant was then dialyzed if

for twenty-four hours against cold rumning tap water. The dialyzed

supernatant was then split into two equal halves and to one was added

INH (.730u moles/ml) and to the other was added hydrazine (.730u moles/
ml). The two solutions were then incubated at 37°C and samples were
taken at 2,4,8 and 16 hours and analyzed for INH, hydrazine and INA.

The results showed that in the presence of INH (.730u moles/ml) there

C RAVRRTC ARG AT

was no appreciable INH disappearance or hydrazine and INA appearance,
At the same time in the dialyzed supernatant to which hydrazine was
added there was no hydrazine disappearance.

These results indicated either that there was no enzyme released

into the incubation media or that such enzymes were inactivated

by dialysis.

The Effect of INH, Hydrazine, Hydroxylamine and INA on the Optical

Density of Sensitive and Resistant Cells in Buffer.

Fig. 33 had indicated that lysis might be going on in the bacterial
suspension under the influence of INH. To test this, washed cells

were suspended in buffer to an optical density of .9 (sensitive cells) and
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.75 (resistant cells). To separate batches of cells INH, INA, hy-
drazine and hydroxylamine were added. The optical density of the cells
under the influence of each of these agents was then followed for ap-
proximately twenty-four hours. [Figs. 34A (sensitive cells) and 34B
(resistant cells)]. As can be seen:

1- The control cells (no agents) undergo a slight decrease in

optical demnsity.

2- Under the influence of INH, cells undergo a decrease in optical

density during the first five hours. This fact is important as it
correlates with Fig. 33 where it can be seen that the change in hy-
d;azine concentration without cellular action begins at approximately
five hours with the two hgur sample undergoing no change. Thus the

hydrazine change in the five hour sample (Fig. 33) could be due to simple

lysis of the cells and not due to exoenzyme release.
3- Hydrazine, hydroxylamine and INA all cause a decrease in 0D
larger than that caused by INH. Most of the decrease in OD occurs
within the first five hours but eventually hydrazine has the greatest
effect.

Looking at Fig. 34B it can be seen that:
1- Resistant cells show a slight decrease in OD as compared to
sensitive cells under the influence of INH.
2- Resistant cells show a slight decrease in OD as compared to
sensitive cells under the influence of INA.
3- Resistant cells show the largest decrease in OD under the in-
fluence of hydrazine and hydroxylamine but this decrease is smaller

than that of sensitive cells.
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Interpretation of the above results depends on what physiological
phenomena underlieélthe change in OD of the cells. Thus a decrease in OD
could signify that the cells are lysing. However this is probably not

the case as the changes in OD are not drastic over a short period of

time. Another interpretation which could be applied to a decrease in

OD of the cells is that the cells had swollen under the influence of

the various agents. It has been found that water washed cells of a

strain of Pseudomonas aeruginosa do not change in size, i.e. the OD

remains constant (115). Yet when salt is added to the suspension the
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cells shrink rapidly (increase in OD) then swell but much more slowly :
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(116). The swelling is the result of the influx of ions because iso~
molar sucrose to which the cells are impermeable causes shrinking but
little of no subsequent swelling unless ions are added (115).

If one looks at the curve of the OD of the control cells an
increase in OD (shrinking) then a decrease in OD (swelling) can be
seen. This mighg.be the phenomena which takes place and ifLit gs
we can then conclude thats
1- Sensitive cells ﬁndergo more swelling under tbe influence of INH
than resistant cells. Thus INH seems to affect sensitive cells to a
greater extent in this manner.

o2  Sensitive cells undergo drastic swelling under the influence

of INA which has little affect on resistant cells.

3- Sensitive cells undergo swelling under the influence of hydra-
zine and hydroxylamine which is comparable to that under the influence
of INA; Resistant cells undergo swelling under hydrazine and hydro-

xylamine which is smaller.than that of sensitive cells.



FIG, 34A AND 34B

THE EFFECT OF INH, INA, HYDRAZINE
AND HYDROXYLAMINE
OM THE OPTICAL DENSITY
OF .
SENSITIVE AND RESISTANT CELLS
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If swelling of the cells is correlated to the lethality of INH

then it can be seen that sensitive cells swell under the influence

A e A e e L n L e

of INH and all its metabolic products. Resistant cells do not swell é
under the influence of INH or INA but only under the influence of
hydrazine and hydroxylamine. As very little hydrazine is produced
by resistant cells in their breakdown of INH to INA (Fig. 15) one ‘

can postulate that the breakdown product of INH in resistant cells

is not hydrazine or hydroxylamine. Thus hydrazine and hydroxyl-
amine cause both sensitive and resistant cells to swell. However,
sensitive cells swell less than resistant cells under the influence

of hydroxylamine. This might be because hydroxylamine could be the break-

down product of hydrazine in sensitive cells and it would then seem
logical that sensitive cells would be able to deal better with '

hydroxylamine than resistant cells (to be referred to later).

Changes in OD of Sensitive and Resistant Cells Under the Influence

of INH Plus Various Other Agents (CN, Azide, Glycerol, etc.)

| Previous experiments had tested the effect of such agents as
CN on the cellular breakdown of INH. It was therefore decided that
the effects of these agents should be tested on optical density
changes of sensitive and resistant cells. The results (Fig. 35A
sensitive cells and Fig. 35B resistant cells) showed that:

1- Glycerol caused an increase in 0.D. in both sensitive and
resistant cells.

2- INH caused a greater decrease in 0.D. in sensitive cells thaﬁ

in resistant cells.



FIGS. 35A AND 35B

THE EFFECT OF INHﬁaﬁlTHER, CN, AZIDE OR GLYCEROL

ON THE OPTICAL DENSITY
OF
SENSITIVE AND RESISTANT CELLS
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3- If cyanide and INH are combined there is a drastic decrease in
oD which is approximétely the same in sensitive and resistant cells.
4~ If Azide and INH are combined there was an instantaneous decrease
of OD in sensitive cells and a smaller non-instantaneous decrease of
oD in resistant cells.

These results are difficult to interpret but a few general
conclusions may be postulated. _
1- Prevﬁous experiments (Figs. 23A, 23B) had indicated that the
metabolism of INH differs if there is a carbon source in the media
and this last experiment shows that indeed something different is
happening to the cells in the presence of glycerol. The cells could
be dividing under the influence of glyceroi but this is highly unlikely
as there is no nitrogen source in the buffer. Another possibility is
that tbe cells shrink but no definite proof of this possibility was
obtained. Whatever is happening, a definite phenomina is however
observed.
2- Both CN and Azide cauge.greater decreases in optical density than
INH alone on both sensitive and resistant cells. This is probably
because they are metabolic inhibitors and their introduction into the
cell causes a decrease in the amount of energy available for ionic
concentraiion control so that the cells no longer pump out ions and
thereby swell. Azide seems to act differently as it has a greater
affect on sensitive cells. As mentioned previously Azide structure
resembles that of hydrazine, the latter disappearing to a greater extent
under>the influence of sensitive cells than resistant cells (Figs. 28A
and 28B). Azide could also be taken up by sensitive cells but not by
resistant cells and this could then be the reason why it would have a

greater affect on sénsitive cells.

|
!
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Metabolism of INH by Sensitiﬁe and Resistant Cells Exposed to INH for

Ten Hours in Buffer.

Previous experiments (Fig. 12,13) had indicated that the enzyme

for the breakdown of INH is induced in M. Smegmatis mycobacteria on

exposﬁre to INH. It was therefore decided to-test this hypothesis
by comparing the production of hydrazine from INH cells not prev-
iously exposed to INH and cells exposed to INH for tem hours.

Washed sensitive and resistant ceiis were suspended in buffer
with .292u moles INH/ml. The hydrazine productién of egch batch was
then measured. At ten hours a large sample of cells was withdrawn
in each case spun down, washed 3 times in buffer and suspended in
buffer with .292u moles INH/ml. The hydrazine production of these
cells was compared against cells incubated without INH for 10 hours
but treated in the same manner (Fig. 36).

iooking at Fig. 36 and comparing the production of hydrazine
by cells not‘previously exposed to INH and cells exposed for ten
hours to INH it can be seen that:

1- Both sensitive and résistant cells previously not exposed to
INH breakdown INH to hydrazine much slower than the ten-hour cells.
2- The ten-hour cells (sensitive and resistant) break down INH to
hydrazine without a lag while the unexposed cells do so with a lag.
3- Resistant cells produce less hydrazine than senstive cells

both ten-hour cell and unexposed cells. These results agree with

previous results (Fig. 15).

105.



FIG. 36

THE BREAKDOWN OF INH
BY
SENSITIVE AND RESISTANT CELLS
PREVIOUSLY EXPOSED TO INH
FOR TEN HOURS
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The fact that ten-hour cells produce greater,amounts of hydrazine
than cells not previously exposed to INH indicated that enzyme induction

might indeed be going on, as shown in previous experiments (Fig. 12 and 13).

The Production and yptake of Hydrazine by Sensitive Toluene Lysed

Cells Previously Exposed to INH and Hydrazine.

Apart from the previous experiment other efforts were made to ‘
show that in cells e xposed to INH hydrazine was produced more rea- )
dily. Thus the following experiment was performed.

Sensitive cells were washed 3 times in buffer, split into
5 equal quantities and suspended in buffer. Then to 1 batch hydra-
zine was added at zero time (.lu moles/ml), INH to another batch ‘to L73u
moles/ml, NH3 to-another batch ﬁo .73u moles/ml and the final batch
served as a control. At zero time, 2% hours and 6 hours, samples
were taken from the incubation media and centrifuged down at 10,000 g.
for 10 minutes. They were then washed once in buffer, centrifuged
down again and suspended in the same volume of buffer as previously.

One tenth volume toluene was then added to the cells in the buffer
and the cells were then put on a wrist action shaker and shaken for
10 minutes at 30 strokes/minute. The toluene was then removed via a
separatory funnel and the lysed cells were then reincubated at 37°C.
Before incubation each time, sample was split into two parts and to
one part INH was added at .73u moles/ml and to the other part hydra-
zine was added at .lu moles/ml. Samples were then taken at éertain
time intervals and 1/10 volume of 5% TCA was added to stop the

reaction. The cellular debris was then spun down at 10,000 rpm.
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FIG. 37

THE PRODUCTION AND POSSIBLE UPTAKE OF HYDRAZINE
BY SENSITIVE TOLUENE LYSED CELLS
PREVIOUSLY EXPOSED TO INH
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for ten minutes and the supernatant was analyzed for hydrazine as
shown in Fig. 37. |

As can be seen from Fig. 37 only certain results were plotted
as there was no hydrazine production,-wﬁen INH wés added to cells
previously exposed to hydrazine, INA, NH3 and control. Thus the
only cells which produce hydrazine from INH were the cells previously
exposed to INH for 2 1/2 hours and 6 hours.

When the uptake of hydrazine was measured it was found that
only cells previously exposed to hydrazine or INH for 6 hours showed
decreases in hydrazine concentration (almost no hydrazine at zero

time). Cells exposed to INA, NH, and control did not show any

3
hydrazine uptake and the results were therefore mnot plotted.
Thus it can be seen that sensitive cells previously exposed

to INH and then lysed seemed to break down INH more readily than

lysed cells not exposed to INH.

109.



Discussion

Isoniazid is bactericidal to tubercle bacilli in very low
concentrations (2). Neither the mode of action of the drug or
the mechanism of resistanc’e to the drug in tubercle bacilli has
been yet discovered.

The object of the above study was therefore to clarify the mode
of action of INH and to determine the mechanism of resistance to INH
in M. smegmatis. In this work two lines of inquiry were stressed.
The first dealt with the uptake of INH (Cl4) by sensitive and re-
sistant cells and the second dealt with the metabolism of INH by
s;ansitive and resistant cells.

Some of the main observations and conclusions drawn from
the above study regarding the metabolism of INH in sensitive and

resistant strains of M. smegmatis may be summarized as follows:

1- An enzyme for the breakdown of INH to INA and hydrazine is
induced in sensitive cells on exposure to INH in buffer. A second
enzyme for the breakdown of hydrazine to an unknown product may
also be induced by hydrazine , (Figs. 12, 13, 36, 37).

The above sequence of INH breakdown conflicts with Winder's

free radical hypothesis of INH action (36, p. 12 thesis). Winder who

worked with M. tuberculosis postulated that INH is broken down by Cutt

in the media to N, and that eventually free radicals were formed which

2

inhibited the growth of the organism. However our work with M.

smegmatis showed tﬁat INH is brolren down to hydrazine and INA,

110,
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2- The above study also showed that INA does not inhibit the

growth of sensitive or resistant cells (Figs. 31A and 31B). Sensitive
cells were shown to take up INA (Fig. 28A). These results thus
challenged Kruger's hypothesis of INH action (35, p. 11)Thesis).

Kruger working with M. tuberculosis postulated that INH action is

brought about through the lethality of INA (lethal synthesis - p. 2
Thesis). e
3- Resistant cells seemed to breakdown INH more vigorously than QQI!
sensitive cells yet they produced very little hydrazine (Fig. 15).

These results had indicated that the enzyme system for INH breakdown

might already be induced in resistant cells. However when cloromphenicol
Qas added at zero time and INH breakdown by the resistant cells was
measured it was found that no hydrazine was produced (Fig. 16). These
results were interpreted to signify that the enzyme system for INH
breakdown was not already induced in resistant cells and this ﬁheory
for the mechanism of resistance in resistant cells was abandoned.

4~ It was found that resistant cells take up very little radio-
active INH, break INH down vigorously and do not take up INA (Figs. 11,
15, 28B). Semsitive cells do take up INH, break INH down and take up
INA. These results indicate that the radioactivity found in sensitive
cells might not all be INH but might also include INA activity. If
"INA is taken up by seﬁsitive cells which break down INH to INA, any
studies on INH uptake will therefore have a source of error. This

probably also happened in experiments on INH uptake by B.C.G. (6,-p.5

Thesis).
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5- It was found that the growth of both sensit%ve and resistant
cells is inhibited by hydrazine and hydroxylamine (Figs. 30A, 30B,
" 32A and 32B). Both sensitive and resistant cells break down INH

but the resistant cells produce veryvlittle hydfazine from INH break-
down (Fig. 15). Thus it could be postulated that cells are resistant
because they produce little hydrazine when they break down INH or the
destructive mechanism for hydrazine in resistant cells is more
efficient.

6- Efforts were made to determine the product of hydrazine break-
down in sensitive cells. The possible products were postulated to

be either NHB’ or NHZOH, but neither compound could be detected after
incubation of both INH and NHZ-NH with sensitive and resistant cells.

2
1t was shown however that NH_, and NH,_OH introduced into the media

3 2
containing sensitive cells disappeared very quickly and this may
explain why they were not detected. These results therefore do not
eliminate NH3 or NHZOH as possible products of INH breakdown.
7- It was found that if cloromphenicol is introduced into the media
at zero time the enzyme responsible for INH breakdown will not be
produced (Fig. 12). Yet our uptake experiments had shown that clorom-
pﬁenicoldoes not inhibit the uptake of INH (014), (Fig. 11A). These
results indicate the disassociation of breakdown from uptake and seem
to contradict a theory put forward by.Wimpenny (8,-p. 12 Thesis) with

B.C.G. Wimpenny postulated that INH is broken down by a peroxidase

like enzyme before it enters the cell or as it enters the cell i.e.
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that the uptake is enzymatic. Some of our results had also in-
dicated that the uptake process is enzymatic namely:
1) The decrease in the uptake of radioactive INH at 25°C as
compared to the uptake of 37°¢ (Fig. 11B). ‘
14 A

2) The inhibition of uptake of C* " INH in the presence of cyanide

(Fig. 11D).

These results therefore indicate that the uptake of INH might

be enzymatic but if it is emzymatic the enzyme system involved in

e AR A S

the uptake is not the one which breaks down INH to INA and hydrazine.

8- Cyanide depresses the uptake of radioactive INH in both sensitive
and resistant cells (Fig. 11D). Glycerol also reduces the uptake of
radioactive INH by sensitive and resistant cells (Fig. 11E).

Depression of uptake by cyanide seems to indicate that the uptake process
is energy dependent. The effect of glycerol, an energy source is
difficult to explain but it could be postulated that under the in-
fluence of glycerol INH is pumped out of the cell. This was the case
found with Kushner and Khan (119) when they studied proflavine uptake

By E. coli. They found that cells which had taken up proflavire in

buffer released it when an energy source (glucose) was added to the
buffer. Whatever the explanation for these results, they seem to
agree with those of Youatt (6,-p. S.Thesis) obtained with B.C.G.

9~ At one stage it was thought that an exoenzyme was responsible

for INH breakdown (Fig. 33). However, efforts to isolate the enzyme



via dialysis failed. Later experiments indicated that the previous
results could be due to lysis or swelling of the cells (Fig. 34A and
34B).
10- In the presence of glycerol INH is broken down much more
vigorously by sensitive and resistant cells than in its absence (Figs.
24D and 24B). This observation supports the idea that the breakdown
process is energy'dependent in that energy.is needed for enzyme
synthesis. Under the influence of cyanide no breakdown of INH occurs
(Figs. 26A and 26B). This is also to be expected as cyanide would block
enzyme systems which produce energy for protein synthesis.
j1- Schaffer (4,-p. 3 Thesis) found that INH was bactericidal to B.C.G.
only after a latent period and that the bacteria had to be in an active
state to be killed. These previous observations fitted in with our
results when it was.found that the metabolized products of INH, hydra-
zine and possibly NHZ-OH were lethal to both sensitive and resistant
cells. Thus it was easy to postulate that sensitive cells killgd them-
selves by metabolizing INH to hydrazine while resistant cells produced
no hydrazine yet broke INH down to harmless INA. In other words the
mechanism of resistance to INH would be the metabolic breakdown of INH
without the production of hydrazine. Our experiments had also shown
that the degree of inhibition of growth by INH depends on cell number
(Figs. 9 and 10) which indicates that the more the INH is broken down
the more the cells can grow. This suggests that INH itself is lethal
to the cells. The question of Qhether INH, INA, hydrazine or a

product of hydrazine causes the inhibition is central to the problem
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and any theory on the mode of action of INH would have'
to include both INH and hydrazine inhibition of growth.

The previous eleven points suggest a possible theory for
the mechanisﬁ of resistance to INH. In this, both INH and the
metabolic products of its breakdown would be lethal. Sensitive
cells would take up INH, begin to synthesize an enzyme for its
breakdown and would die because of the action of INH and hydra-
zine. Resistant cells would break down INH and hydrazine more
quickly or breakdown INH to a non—leﬁhal product like NHj.

This scheme can be summarized as follows:

Sensitive cells Resistant cells
INH INH
E; (destroyed E3 (destroyed very
slowly) fast)
INA + Hydrazine
(not (lethal) INA + a non-lethal product
lethal) like NHy
E2 (destroyed
slowly) or NH,-NH,
NH3 E4 ’/hestroyed quickly
or
NH,OH (also lethal) NH,

Thus ‘she difference between sensitive and resistant cells would
be a genetic change so that the resistant organisms destroyed INH in
a different manner from the sensitive strain. This enzyme would also
be induced by INH in the resiséant strain to a much greater extent than

in the sensitive strain.
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Resistant cells do produce hydrazine as indicated by some
experiments and this is probably because th; enzyme for normal
INH breakdown as in sensitive cells might still be present in
the resistént cells, However, whatever the mechanism of resistance
is to INH it has to involve the destruction of hydrazine as this ﬂ!‘
metabolite is toxic to both sensitive and resistant cells.

The previous study although it answers a few questions on
the mechanism of resistance to INH does not shed any light on
the mode of action of INH. The énly definite conclusion that
can be drawn is that INH is somehow lethal to sensitive cells
but that in their attempt to destroy IMNH they create a metabolite
which is also lethal. This metabolite is hydrazine.

In the future, it is to be expected that more specific pro-
perties of the mechanism of resistance to INH will be studied,
and eventually even the mode of action of INH may be uncovered.
Further work will have to proceed in a different direction. I

think the following lines of research will have to be opened:

1- Most of these studies were performed on whole cells suspended
in buffer. Another part of the work included growth experiments
in Sauton media and most of the previous work by various other
authors was done with growing cells. The next step in °

the elucidation of the mode of action of INH should be a study

of INH metabolism in growing cells.
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2- Efforts should also be made with cells suspended in buffer to

elucidate the possible breakdown product of hydrazine. This is

very important as this might be where the mechanism of resistance

lies.

3~ Another approach should include the isclation of enzymes which ' \i.
break down INH. In this way a true understanding of the enzymatic

system under discussion could be obtained.

L- The possible release of isoniazid-hydrolyzing enzymes into the

incubation media should be studied further.

5. The possible swelling of cells under the influence of INH should

be further investigated.

As a summary it can be seen that the preceeding work has opened
many interesting avenues for further research. Many questions were
left unanswered but vital clues to a better understanding of the

problem of INH resistance in M. smegmatis were discovered.



1)

2)

3)

4)

5)

6)

7)

8)

CLAIMS TO ORIGINAL RESEARCH

Proof that isoniazid ( INH ) inhibition of éell division of
M. Smegmatis 503 is dependent upon the mumber of cells originally
present.

The induction of an INH hydrolyzing enzyme and proof of induction.

The correlation of INH breakdown with isonicotinic acid ( INA )
and hydrazine production.

The demonstration of a more active breakdown of INH by resistant
cells with no hydrazine production by the resistant cells.

The possible induction of a hydrazine hydrolyzing enzyme in both
sensitive and resistant cells.

The demonstration of the lethality of hydrazine and hydroxylamine
to both sensitive and resistant cells.

A demonstration of the fact that INA is not lethal to either
sensitive or resistant cells.

The possible demonstration that the INH hydrolyzing enzyme
might be an exoenzyme.

-118-




1.

REFERENCES
Bernstein, W.A., Lott, B.A., Steinberg. Chemotheraphy
of Expf Tfo AnT Rev, of T.B., 65(1952) 357-36k4.

Knox, R., Albert, A. (1952). In vitro action of INH on
Mycobacterium Tuberculosis. Lancet 23 (854-858).

Pansy, F., Stander, H., and Donovick, R. (1952). In vitro

studies on isonicotinic acid hydrazide. Am. Rev.

Tubercf 65, (761—769)7

Schaeffer, W.B. (1954), The effect of INH oﬁ growing and
resistant tubercle bacilli. Am. Rev. T.B. 69,
125-127?

Barclay, W.R., Ebert, R.H. and Koch-Weser, D. (1953).
ﬁode_of‘Action of INH. Am. Rev. T.B. 67, 490-496.

Youatt, J. (1958). The uptake of INH by Washed Cell Sus-
pensions of Mycobacteria and Other Organisms.
Australf J. exp. Biolf (1958)7 36: (223-234)f

Youatt, J. (1960). The uptake of INH and.related compounds

| by Mycobaétéria, Aust. J. expt. Biol, 38: (331-

338)7

Wimpenny, J. Effect of INH on Biosynthesis in M. tubercu-
losis var bovis B?C,Gf J. Gen. Microbiol. w7, 379,

Tsukamura and Mizuna. The effect of INH § the incorporation

of P32 into cell fractions. Kekkaku 37:29.

(J



10.

11.

12.

13.

1y,

15.

16.

17.

Gangadharam, P., Harold, F.M., Schaefer, W.B. (1963) Se-
lective Inhibition of Nucleic Acid Synthesis in
M. tuberculosis by INH. Nature 198: (712-719).

Winder, F. Early changes induced by isoniazid in the
composition of M. tuberculosis. Biochem. Biophys.
Acta, 82, 1964, (210-212).

Winder, F. The accumulation of free trehalore by myco-
bacteria exposed to INHf Biochem. Biophys. Acta,
90 (1964), uu2-uun,

Winder, F. The accumulation of Soluable Carbohydrates
in M. tuberculosis during exposure to INH.
Biochem. J., (1865), 96: No. 3, pg. 77.

Winder, F., Brennan, P.J. The effect of INH on the coﬁ-
position of Mycobacteria, with particular refe-
rence to soluable carbohydrates and related subs-
tances. Biochem. J. (1967), 104, 385.

Youatt, J. Changes in phosphate content of mycobacteria
produced by INH and ethambutol. Aust. J. exp.
Biol. Med. Sci. (1965) u43: (305-314).

Bernstein, J. Analogues of INH and their inhibitive ac-
tion. Am. Rev. T.B. 67: (354).

Winder, F. Recent steps towards the elucidation of Action

of INH. Irish J. Med. Sc. 461 (227-228).



i8.

19,

20.

21.

22,

23.

2y,

Knox, R., King, M.B. (19852). In vitro action of INH
on M. tuberculosis. Lancet II, 85i4-858.

Pansy, F., Stander, H., and Donovick, R. (1952). 1In
vitro studies on INH. Am. Rev. T.B. 65 (761~
764)f

Knox, R,, Albert, A,, and Rees, Cf (1955)7 Destruction
of INH in the presence of heminT Nature 175,

1085-86f

Albert, A., and Rees, C.W. (1955)7 The destruction of
INH in the preéence of haemin, Biochem. J. 61:
128—131f

Kruger-Thiemer, E. (1955). Chemismus der Isoniazid
spaltung durch Hamin. Natur wissenschaften
B2: 1&7—48f

Kruger-Thiemer, E. (1956). Biochemie des Isoniazids

"Jakresbericht Borstel” Vo. III (299-504).
Springer, Berlin Ed. E. Freerhsen.

Knox, R., and Woodroffe, R.C. (1955). Haemin INH inter-
action and the effect of haemin in "reviving"
isoniazid treated tubercle bacillif British

J. Exptl. Pathol. 36 (425—431),



25,

26.

27.

28,

29.-

30.

31.

32,

Winder, F.G. (1956). Liberation of peroxide in the

Winder,

breakdown of INH. Am. Rev. T.B. 73: (687-702).
F,G, (1957). The effect of some media cons-
tituents on INH breakdown. Irish J. Med. Sc.

(6), No. 387 (412-416).

Lewin, E., and Hirsd J.G. (1955). Studies on the sta-~

bility of INH. Am. Rev. T.B. 71 (732-742).

Youmans, A.S. and Youmans G.P. (1955). The inactiva~-

Youatt,

Youatt,

Youatt,

Youatt,

of INH by filtrates and extracts of mycobacteria.
Am. Rev. T.B. 72 (196-203).

J. (1958b). Metabolism of INH by M. tuberculosis
B.C.G. with reference to current theories of
mode of action. Am. Rev. Tuberc. Pulm. Dis.

78: (806-809).

J., The Metabolism of INH and other hydrazides

by Mycobacteria. Aust. J. Exp. Biol. (1860)
38, pg (245-250).

J., The Formation of 4-Pyridine Methanol from
INH by Mycobacteria. Aust. J. of Chem. Volt 74,

No. 2. Pg. 308-311.
J. The Metabolism of INH and Pyridine Aldehyde

by Mycobacteria. Aust. J. of Exptl. Bicl. and

Med. Sc. (1962) L40: pg (191—196)7



33.

34,

35.

36.

37.

38.

39.

40.

Middlebrook, G. (1954)? Isoniazid resistance and cata-
lase activity of tubercle bacilli7 Am, Rev. T.B.
69: (471-472)f

Tirunarayanan, M.0. and Vischer W.A. (1957)? Relation-

ship of INH to metabolism of Mycobacteria. Am,
Rev. T.B. 75 (62-70).

Kruger-Thiemer (1958). INA hypothesis of the antituber-
culous action of INH. Am. Rev. T.B. 77 (364).

Winder, F} (1959)f Catalase and Peroxidase in Mycobacteria.
Amf Rev. T.B. 81 (1): 68-78.

Yoneda, M., Kato, N. (1952). Compeditive Action of INH

and VitB. on the formation of indole by E. Coli.

6
Nature, 170, 803.
Lichstein, H.C. (1955). Mechanism of compeditive inhibi-

tion of INH and VitBg Proc. Soc. Expt. Biol.

Med. 88: 519-522,

Zeller, E.A., Barsky, J. (1952). Action of INH and re-

lated compounds on enzymes involved in autonomic™

n.S. J. Pharmacol. Exptl. Therap. 106: 427-428,
Davison, A.N. (1958). Physiological Role of mono-.

amine oxidase. Physiol. Revs. 38: (729-749).



ul.

u2,

43.

4,

45,

ue.

u7,

Youatt, J. (1958a) The Action of INH on transaminases
of M. tuberculosis (B.C.G.) Biochem. J. 68:
193-197. |

Tirunarayanan, M. (1959)f In activation of INH of pe-
roxidases of Mycobacteriaf Nature 183 (4662) 681.

Tirunarayanan, M. (1960)7 Cellular peroxidases in iso-~

niazid sensitive tuberculli bacilli., J. Bact.
go(u): u23-429.

Zeller, E.A. Inhibition of diamine oxidase in M. Smegma-

tis by isoniazid. Experementia 8(9): 349-350.
Biehl J.P. and Vitler, R.W. (1954). Effect of INH on

citB. metabolismj; Its possible significance on

6
producing INH neuritis. Proc. Soc. Exptl. Biol.

Med. 85, 389-392.

Oestreicher, R. Dressler, S.R. and Middlebrook, G. (1954)

Peripheral neuritis in tuberculous patients

treated with isoniazid. Am. Rev. T.B. 70: 50h4-
508.
Biehl, J.P. Effects of INH on pyridoxine metabolism.

J. Am. Mod. Assoc. 156 (1549-1552).

48. Davison, A.N. (1956). The mechanism of inhibition of decar-

boxylases by INH. Biochem. Biophys. Acta 19: 131-
lu40.



49,

50.

51.

52.

53.

54,

55.

57.

Jenkins, W.T,, Orlowski, S. (1959). Glutamic Aspartic
Transaminase inhibition by INH., J. Biol. Chem.

234: 2657-2660.

Boone, Ifo, Strong, Vfo (1957)f Effect of pyridoxal

on uptake of Clu isoniazid by M. tuberculosis.
Am. Rev. T.B. 76: 568-578.

Pope, H. (1953). Antagonism of iéoniazid by certain
metabolites. Am. Rev,. T.B. 68: 938-939.

Pope, H. (1956). The neutralization of INH activify in
Mf tubefculosis by certain metabolites, Amf Rev.
Tfo 73: 735-7”77

Beggs, W., Jenne, J. Mechanism of Pyridoxal neutraliza-
tion of INH action on M. tuberculosis. J. of
Bacteriology Oct. 1867 (793-797).

Fiéher, M.W. (19540)f The Antagonism of the tuberculosta-

tic action of INH by hemin. Am. Rev. T.B. 69:
469-470, 795-805,

Fisher, M.W. (1954b). Revival of Tuberculii Bacilli
after prolonged in vitro exposure to INH. Proc.
Soc. Exptl. Biol. Med. 85, 538-540.

Toida, I. (1961). Isoniazid Hydrolysing Enzyme of Myco-
bacteria. Amer. Rev. T.B. 85(5):720-726.

Youmans, A.S. and Youmans, G.P. The effect of the "anti-
INH sub." produced by mycobacteria on the chemo-
therapeutic activity of INH in vivo. Amer. Rev.

T.B. 1956, 73(76u4).

- -
3
-
> |



58.

59.

60.

61.
62.

63.

6L,

65.

66.

Youmans, ATS? and Youmans G.P. The production of anti-

INH sub. by INH sens, INH resist. and unclassi-

fied strains of mycobacteria. Amer. Rev. T.B.
1960, 81 (829).
Mauron, J. (1964). The Inhibition cf G. Welchi glutamic

acid decarboxylase via INH. Helvf Chem. Acta
HB(S):1895-1906?

Zatman, L., Kaplan, N.O. (1954)f Inhibition of Mamma-
lian NADase by Isoniazid. J. Biol. Chem. 209
(453—467)f

Gopinathan, K.P., Sirsi, M. (1963). Biochem. -J. 87 (uhy),

Gopinathan, K.P., Sirsi, M. (1964). Biochem. J. 91 (277).

Bekierkunst, A., (1966). NAD in Tubercle Bacilli Exposed

to INH., Science, 152 (525—526)3
Bekierkunst, A., Brecker, A. (1967). Studies on the mode
of action of INH on Mycobacteria. Archives of

Biochem. et Biophys. 122: 385-392 (1967).

Bekierkunst, A. (1967). Effect of INH on the preservation
of NAD in Animal Cells. Archives of Biochemf et

Biophys. 118: (549-555).

Russe, H., Barclay, W. (18955). The Action of INH on
lipids of tubercle Bacillus. Am. Rev. Resp. Dis.

72(6):713-718.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Meadow, P. (1956). The action of INH on metabolism of M.
Smegmatis. J. of Gen. Microbiol. 14 (406-413).

Meadows, P. (1956). The effect of INH on the oxidative
metabolism of M. tuberculosis (B.C.G.) J. of
Gen. Microbiol. 14 (414-424).

Schaeffer, W. (1956). Effect of INH on the aéhydrogenase
activity of M. tuberculosis. J. of Bacteriology
79(2): 236-245.

MacMillan, A.L. and Sinclair, H.M. The structural function
of essential fatty acids in Essential Fatty

acids (208-215) Academic Press.

'Pierard, A. (1963). Enz. Systems in Mycobacteria. Ar-

chives of Biochem. et Biophysics 100 (56-65),

Winder, F., Early changes induced by INH in compo-
sition of M. tuberculosis. Biophys. Acta 82
(210).

Winder, F., Brennan, P. (1964). Synthesis of fatty acids
by extracts of mycobacteria and the absence of
inhibition by INH. Biochem. J. (1904). 93: 635.

Winder, F. (1965). The effect of INH on lipid metabolism
of M. tuberculosis. Biochem. J. 96(3) p. 77.

Tsukamuro, M. (1964). Effect of INH on protein synthesis

of M. tuberculosis. Amer. Rev. TB., 89(4): 572~

574.

35

Psukamura, M. (1964). Inhibition of S into protein

of M. Jucho under the influence of INH.




77.

78.

80.

81,

82.

83.

84.

85.

86.

87.

88.

89.

Youatt, J,7 Modified Sauton Media. Aust. J.
Exp. Biol. 36 (223).
Bray, G.A. Anal. Biochem. l: 239 (1960).
Eidus, Leslie, and Little, Elizabeth. The Chemicai
Essay of INH. Amer. Rev. Resp. Diseases, Vol. 85, !Q
No. 2, Feb. 1962 (278-280). h
Rubin, Saul. 1952. Determination of Blood Plasma levels
of Hydrazine derivatives of Isonicotinic Acid.
Mondzac, Allen. An enzymatic determination of NH3 in
Biological fluids. J. Lab. and On. Med. Sept.
1963 Vol. 66(3): 526-531.
Gandy, A.F., Niaaj, F. Appl. Micrab: 11 (305-309) 1963. |
Mandeistam, J. and Rogers, H.J. 1959. Bioch. J. 72:
654,
Collins, J.F. and Richmond, M.H. 1962, Nature 195:
© 142-143.
Brown, G.M. 1962. J. Biol. Chem. 237: (536-540).
Spotts, C.R. and Stanier, R.Y. 1961. Nature 192: 633-
637.
Anderson, R.J. 1940. The chemistry of the Lipids of Tubercle
Bacilli, ‘Harvey Lect., 35: 271-313.
Lamanna, C. 1946. J. Bact., 52: 99-103.
Knight, R.A., Selin, M.J. and Harris, H.W. 1959. Genetic

Aspects Influencing INH Blood Levels in Humans.

Trans. Chemoth. Tuberc. J.A. 18th: (52-54).



90. Harris, H,W. 1962. INH Metabolism in Humans: Genetic
Control, Variation Among Races and Influence on
the Chemotherapy of tuberculosis. Bull. Internat.
Anién Against Tubercl. 22: 503.

91. Sunahara, S., Urano, M., Ogawa, M., 1963A Genetical

Aspects of INH Metabolism. Part I. Jap. J.

Human Genet. 8: 93—lllr

92. Schneider, W.C. (1945) Phosphorus Compounds in Animal
Tissues. J. Biolf Chem., 161: 293.

93, Volkin, E., and Cohn, W.E. Methods in Bioch. Analysis
edit. by Glick, D. 287 (Interscience Pub. Co.
New York, 1954).

94, Windef, F.G. and O'Hara, C. Bioch. J. 82 (1962): 98.

95. Harold. F.M. (1963) J. Bact., 86: 216.

96. Osajima, Y. Determination of hydroxylamine and hyponitrite.
Kyusher DaigaKu Nogakubu Gakugei Zasshi 18(3): 271-
83 (1961).

97. Koch-Weser, D., Barclay, W., Ebert, R. The influence of
INH and Streptomycin on Acid Fastness, Tetrazolium
Reduction, growth and survival of Tubercle Bacilli.
Amer. Rev. T.B. 71(4): 556-565.

98, Dubos, R.J. and Davis, R.D. Factors affecting the growth
of tﬁbercle bacilli in liquid medium. J. Exper.
Med., 1946, 83, 409.

99. Frieden, E., Osaka, S., and Kobayashi, H., 1965. J. Gen.

Physiol. 49(1): part 2, 213.



100.
101,

102.
103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Mullins, L.G. 1942, Biol. Bull., 83: 326-333.

Gale, E.F. and Folkes, J.P. 1953. Bioch. J; 53:
493-498.

Novelli, G.D., Kameyama, T., Eisenstadt, J.M. 1961.
J. Cell. Comp. Physiol., 58: Suppl. 225-244. ﬁ

Sheinin, R. 1959. J. Gen. Microbiol., 21: 124-134,

Pallock, M.R. 1956. J. Gen. Microbiol., 26: 154-164.

Strange, R.E. and Dark, F.A. 1962. J. Gen. Microbiol.,
29: 719-730. | |

Eidus, L., Manier, A.C., Diena, B.B., Wallace, R. Glycerol
Utilization by Mycobacteria Zentralblalt fur Bak-
teriologie (1961) 182: (225-231).

Schatzmann, H.J. (1953) Helo. Physiol. Pharmacol.
Acta, 11 (346).

Whittam, R. (1958). J. Physiolf, 140 (479).

Post, R.L., Merritt, C.R., Albright, C.D. (1960), J. Biol.
Chem., 235 (1796-1802).

Rothstein, Aser., Membrane Function and Physiological Ac-
tivity of Microorganisms from The Cellular Functions
of Membrane Transport (Pf 23), Prentice Hall (1963).

Thimann, K.V. The life of Bacteria, MacMillan (1963),
p. 391.

RosenKranz, H.S., Curr., H.S. Bioch. Biophys. Acta 119
(2) (434).

Tsukamura, M., J. of Bact. (1965). 90(2) (556).



114.

115.

116.

117.
118.

119.

Dann, W.J. and Handler, P. The Quantitive Estimation
of N.A. in Animal Tissues. J. Biol. Chem. 140:
201 (1941).

'Bernheim, F. 1963. Factors which affect the sizé of
the organism and the optical density of suspen-

sions of Pseudomonas Aeruginosa and E. coli.

J. Gen. Microbiol. 30: 53-58,
Mayer, J., Kuczinski, M., and Avi-Dor, Y. 1956. Turbidity
changes in Bacterial Suspensions in relation to

Osmotic pressure. J. Gen. Microbiol. 14 (69-75).

Kimura, T., Susakawa, F. . J. of Biochem, 43(2) 1955.

Kimura, T., J. of Bioch. Vol. 46(9) 1959.
Kushnér, D.J., Khan, S.R. 1968. Proflavine uptake and
relecase in sensitive and resistant E. coli.

J. Bacteriol., in press.





