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Introduction

The original purpose of the work recorded here was to confirm and
elucidate certain reported effects of isoniazid on the lipids of growing
mycobacteria.

Prolonged exposure of Mycobacterium tuberculosis to isoniazid has
been found to reduce the amount of extractable lipid. particularly lipid
solubilized by cold methanol'. It has been reported® that exposure of
Mycobacterium avium to isoniazid for short periods leads to an increase
in extractable lipid ana to a decrease in the amount of fatty acid, with a
reduction in the amounts of these fatty acids of chain length greater than
C,, relative to the amounts of palmitic and stearic acids. '[here is also
evidence that isoniazid produces an immediate slight inhibition of the in-
corporation of acetate into M. tuberculosis and a considerable inhibition
after eight days®, and there is also a report* that isoniazid inhibits the
incorporation of acetate by cell-free extracts of M. avium into fatty acids,
though this was not found with extracts of M. tuberculosis or Mycobac-
terium smegmatis’.

In this paper we show that isoniazid has at least three distinct effects
on the lipids of BCG. It reduces the amount of long chain fatty acids
(above C,,) and increases the amount of shorter chain acids, which is
similar to the effect reported by Ebina et al® Isoniazid also reduces
the incorporation of radioactivity into bound lipid and phospholipid.
Finally, it considerably reduces the amount of triglyceride extracted with
ethanol-ether in an Anderson-type fractionation®, leaving an increased
amount in the chloroform-soluble and bound lipid fractions. This redis-
tribution effect is masked when a more vigorous method is used for lipid
extraction. Some of these results have been published in preliminary
form®*%,

In the course of these investigations it became apparent that the Ander-
son type of lipid fractionation procedure is not ideal for quantitative studies
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on f:hangcs in the lipid composition of mycobacteria. In this paper a com-
parison is made between such a procedure and a method based principally
on that used by Brennan & Ballou".

Finally these investigations provided information on the rates of in-
corporation of radioactivity from "C-glycerol into several lipid fractions.

Experimental
Growth of the bacteria

The bacteria were grown, exposed to isoniazid and harvested, as de-
scribed previously'. The glycerol concentration in the medium was normally
75.5g/1.

Extraction and fractionation of lipids

Lipids were obtained from isoniazid-treated and control czlls by one
of the following methods.

In procedure A the cells from five flasks were pooled, harvested by
centrifuging at about 2° and washed several times with 0.9% NaCl. To
remove most of the water-soluble carbohydrate and glycerol which other-
wise contaminated some of the lipid fractions, the cells were extracted for
about 16 h with 50 ml of 30% (v/v) ethanol at about 2°. The pooled
extracts provided the ‘30% ethanol-soluble fraction’. This treatment was
found not to effect the subsequent extraction of the lipids. Lipids weré
then extracted by a simplified adaptation of the Aebi, Asselineau and
Lederer’ modification of the Anderson® procedure. The cells were treated
with 50 ml of 1:1 (v/v) ethanol-ether for one week at room temperature
in the dark, and then with two further volumes of 50 ml, each for 24 h.

The mixtures were separated by centrifuging. The pooled supernatants
provided the ‘ethanol-ether soluble lipids’. Continued extraction with this
solvent under these conditions yielded negligible further lipid. The residue
was extracted with 50 ml of chloroform for three days at room tempera-
ture in the dark, and then with two further volumes of 50 ml, for 48 h and
24 h. respectively. The mixtures were separated by centrifuging, and the
chloroform layers were carefully pipetted from underneath the pellicles and
pooled to provide the chloroform-soluble lipids. The residue was refluxed
with 50 ml of 1:1 ethanol-ether containing 1% HCI for 1 h. After centri-
fuging and removing the supernatant the residue was extracted with 25 ml
of ethanol-ether (1 : 1, v/v) and then with 25 ml of chloroform for 24 h.
The pooled extracts provided the ‘bound lipids’. The final cell residue was
incubated with 20 ml of N KOH at 30° for 18 h and samples were taken
for determination of carbohydrate, glycerol and total nitrogen.

The extract containing the ethanol-ether soluble lipids was evaporated
to dryness. The residue was shaken with a mixture of 25 ml of ether and
5 ml of water. The aqueous layer was removed and combined with a further
5 ml aqueous washing of the ethereal layer to give the ‘water washings’.
The ethereal layer was concentrated by evaporation, two volumes of acetone
were added and the mixture was left overnight at about 2°. The super-
natant was separated by cantrifuging, the residue was washed with ice-cold
acetone, and the supernatant and washings were pooled to provide the
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‘neutral fat’ fraction. The residue was refluxed with three portions of 25
ml of acetone, each time for 15 min and the supernatants were removed
after centrifuging at 40°-50° and pooled to provide the ‘wax A’ fraction.
The residue remaining after this treatment constituted the ‘phospholipid
fraction’. The chloroform-soluble lipids were not further fractionated.
Usually the bound lipids were fractionated by evaporating to dryness, ex-
tracting with ether to give the ether-soluble fraction and dissolving the
remainder in water to give a water-soluble fraction.

Procedure B was based on the method used by Brennan & Ballou®.
Cells from twenty flasks were harvested by filtration, washed with 0.9%
NaCl and extracted with 300 ml of chloroform-methanol-water (16:6:1,
by vol.) by shaking for 24 h at room temperature. The suspension was
filtered and the cell residue was re-extracted with the same solvent and
finally with 200 ml of methanol. The filtrates after each extraction were
pooled, dried in a rotary evaporator and washed by the method of Folch
et al® The lipids recovered are deccribed as ‘total soluble lipid’. The
lipid was further fractionated into ‘neutral’ and ‘phospholipid’ fractions by
the procedure of Hanahan er al' based on the solubility of the neutral
I'pid in cold ac:tone.

The cell residue remaining after removal of total soluble lipid was re-
fluxed with 300 ml of chloroform-methanol-water (16:6:1, by vol.) con-
taining 1% HCI for 1 h and filtered. The residue was then re-extracted
with chloroform-methanol-water (16:6:1, by vol.) and also filtered. The
dried pooled filtrates were washed by the method of Folch et al.?® The
lipid from this treatment is called ‘bound lipid’. The final delipidated cell
residue was incubated with N KOH and samples removed for total nitrogen
determination as described above.

Analytical methods

Lipids were deacylated by the method of Ballou, Vilkas and Lederer*.
Total phosphorus was determined by the method described by Le Page™,
carbohydrate by an anthrone procedure”, glycerol and triglyceride by the
method of Renkonen®, acyl groups by the method of Stern & Shapiro®, and
total nitrogen by a Kjeldahl method®. For determination of radioactivity
samples were plated, dried, weighed and then counted for 10,000 counts
using a Nuclear Chicago gas flow counter. In the determination of the dry
weight of lipids the volume of solutions was reduced in a rotary evaporator,
they were transferred to tared test tubes, reduced to near dryness at 45°
and then dried in vacuo over P,0O, to constant weight.

Acid hydrolysis of lipids for qualitative determination of their com-
position was carried out in 2N HCI at 100° for 3 h. Hydrolysis products
were chromatographed on sheets of Whatman 3 MM paper in ethyl acetate-
pyridine-water (5:3:2, by vol.) (solvent A) or in ethyl acetate-acetic acid-
formic acid-water (18:3:1:4, by vol.) (solvent B). Deacylated lipids were
chromatographed in isopropanol-ammonia (2: 1, by vol.) (solvent C). Pro-
ducts of lipid degradation were detected on paper chromatograms with a
silver nitrate-sodium hydroxide dip reagent® or with an aniline-phthalate
spray™.

Thin layer chromotography was carried out on plates of silica gel—(0.5
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mm thick) in the following solvents : — light petroleum-diethyl ether-acetic
acid (85:15:2, by vol.) (solvent D), chloroform-methanol-7N ammonia
(90:10:1, by vol) (solvent E), chloroform-methanol-acetic acid-water
(30:15:4:2, by vol.) (solvent F), light petroleum-diethyl ether (9:1, v/v)
(solvent G). Triglycerides were also chromatographed on plates of silica
gel H impregnated with 3% silver nitrate and developed in chloroform-
benzene (9:1, v/v) (solvent H). Phospholipids were located with the moly-
bdenum blue reagent®, glycolipids with phenol-phosphoric acid" and phos-
phatidylethanolamine with ninhydrin. All other lipids were located with
todine, or in the case of preparative chromatograms with Rhodamine 6G
or a water spray®. Lipids were recovered from silica gel by removing the
zones and extracting with chloroform-methanol (1:2, v/v) and chloroform-
methanol (2:1, v/v). The extracts were then dried and washed by the
procedure of Folch et al.®

Lipids were saponified with ethanolic KOH®. Methyl esters of the
resulting fatty acids were prepared with methanolic HCI", diazomethane®,
or by the methods of Metcalf & Schmitz®. These were analysed by gas-
liquid chromatography on columns of polyethylene glycol adipate on 100-
200 mesh Celite. Assignments for each peak were obtained from a semi-
logarithmetic plot of relative retention times against chain length and degree
of unsaturation of standard mixtures of fatty acid methyl esters. Peak areas
were estimated by a disc integrator or by weighing the peak tracings.

Materials

Phosphatidylinositol was isolated from yeast”. Dimannophospho-
inositide A and B, phosphatidylethanolamine and diphosphatidyl-
glycerol were obtained from Mycobacterium phlei”, the glycerylphosphoryl
derivatives of these lipids were obtained by deacylation and preparative
paper chromatography®. Methyl mycolate, glycerol monomycolate, wax
D and cord factor from mycobacteria were gifts from Dr. J. Asselineau,
University of Toulouse, France. Tri- and diglycerides were obtained from
Sigma Chemical Company, London.

Results

The lipids of rapidly growing BCG, using an
Anderson-type procedure

In all the work described in this paper the bacteria were grown under
shaken conditions and were harvested at an early stage of the culture, when
growth was approximately exponential. When the lipids were extracted
from such cells by procedure A, the various fractions were obtained in the
yields illustrated in Table 1. By far the largest single category of lipids was
the bound lipids, with moderately large amounts of neutral fat and wax
A fractions. The yield of chloroform-soluble lipids varied greatly from
experiment to experiment. The material obtained in the water washings
of the ethanol-ether extract was probably the residue of the water-soluble
pool from the cells: when this pool was not removed by prior treatment
with 30% or 50% ethanol, much more material was contained in the water
washings.
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Table 1 also shows the glycerol and carbohydrate content of these frac-
tions. The glycerol content was fairly constant at about 8% in most lipid
fractions but was markedly lower in the bound lipids. The apparent pre-
sence of a small percentage of glycerol in the cell residue may have been
due to interference in the glycerol assay by the large amount of carbohy-
drate present in this fraction.

The carbohydrate content was very low in the chloroform-soluble, wax
A and neutral fat fractions, but high in the bound lipids and phospholipids
and very high in the water washings. The fractions were hydrolyzed, the
monosaccharides were separated by paper chromatography, located with
aniline-phthalate and their amounts roughly estimated by comparison of the
spots with a series of standard spots. In the water washings glucose was
present, with very much smaller amounts of mannose and galactose. In
the neutral fat and phospholipid fractions glucose and about one-fifth its
amount of mannose were present. Traces of glucose were detected in the
wax A fraction. Glucose and slightly smaller amounts of galactose and
arabinose were found in the chloroform-soluble fraction. Arabinose was
the dominant sugar in the bound lipid fraction, with slightly less galactose
and about half as much mannose, and the final cell residue was similar in
these respects. The residue contained also glucose when the cells had not
been pre-extracted with 30% ethanol.

The neutral fat, wax A and chloroform-soluble lipid fractions obtained
by procedure A were all found by thin-layer chromatography in solvent D
to contain triglycerides as the major single component, while the bound
lipid fraction contained only a trace of these. Free fatty acids and mycolic
acids were found by the same means to be present in all of these fractions.
Fatty acid esters, similar in properties to ethyl esters, were present in the
neutral fat and bound lipid fractions, perhaps as artefacts formed during
the extraction of these fractions. A considerable proportion of the lipid
in all of these fractions remained at the origin during chromatography with
solvent D. By the use of the more polar solvent E, this material was found

TABLE 2

The content of triglyceride in the lipid fractions from BCG, and the effects of
exposure to isoniazid (10 ug/ml for 18 h) thereon.

Isoniazid-treated cells

Lipid fraction mg of (t:r(i)gnlt;ggricgtl:l’s gof N R?(t)ir?tc(r)ltt. :;i%:l);ctegifd ¢
.control

Neutra] fat 353 0.63

Wax A 177 0.28

Chloroform-soluble 255 0.78

Bound lipid 45 3.80

Each lipid fraction was chromatographed in solvent A. The triglyceride was located
with iodine, eluted, hydrolysed and the glycerol estimated. Triglyceride was
calculated on the basis of a molecular weight of 860.
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to include glycerol monomycolate (R, 0.40) in the case of the neutral fat,
wax A and chloroform-soluble fractions; while cord factor and/or wax D
(R; 0.18) and an unidentified compound (R, 0.33) were also found to be
prominent in the chloroform-soluble fraction.

The amount of triglyceride in these fractions was determined (Table 2).
The results showed that the neutral fat fraction contained the largest am-
ount of triglyceride but that substantial amounts were present in the wax
A and chloroform-soluble fractions, confirming the impression given by
qualitative chromatography.

The triglycerides isolated chromatographically from the various frac-
tions were also saponified and their fatty acids were converted to methyl
esters and analyzed by gas chromotography, using a system which would
separate fatty acids in the range C,, to C,.. The results are summarized in
Table 3. All the triglycerides seemed grossly similar in that C,;,, C,,.,
and C ., constituted the great bulk of these acids in each case. However,
certain distinguishing features were observable. The ratio of C 4, to
C 4. in the triglycerides of the neutral fat, wax A, chloroform-soluble
and bound lipid fractions was 0.56, 0.99, 2.75 and 0.71 respectively. The
ratio of the saturated fatty acids to unsaturated fatty acids was 1.60, 2.02,
4.64 and 1.50 in the same order. The triglyceride of the neutral fat fraction
had the highest content of fatty acids below C.., while that in the chloro-
form-soluble fraction had the highest content of C ,;,. These findings
suggest that the distribution of the triglycerides between the different frac-
tions, with the exception of the bound lipids, could be accounted for, in
part as least, by the assumption that increased chain length and increased
saturation decrease the extractability of triglycerides into ethanol-ether and
into acetone. Obviously, the difficulty in extracting from the bacteria the
triglycerides which appear in the bound lipid fraction eannot be explained
in this fashion.

When the triglycerides from the various fractions were chromatographed
on silver nitrate-impregnated silica gel plates in solvent H, which is repor-
ted® to separate triglycerides according to degree of unsaturation, each
fraction yield two spots only. One of these had chromatographic pro-
perties similar to that of tripalmitin, and hence presumably contained
saturated triglycerides only, while the other travelled between tripalmitin
and triolein, suggesting triglycerides containing saturated and unsaturated
acids.

Phosphate determination carried out on the various fractions derived
from the ethanol-ether extract from the bacteria showed that most of the
phosphate was present in the phospholipid fraction. Samples of the phos-
pholipid were subjected to thin layer chromatography in solvent F. The
pattern obtained was similar to that reported previously for M. phlei* and
to that obtained for the phospholipids from procedure B, described below.

The lipids of rapidly growing BCG, using
chloroform-methanol extraction

When the lipids were extracted by procedure B the results in Table 4
were obtained. This procedure gave a markedly higher yield of total soluble
lipids than procedure A. The main cause of this difference appeared to be
a more than ten-fold higher yield of phospholipids by procedure B than
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procedure A. The total yield of neutral lipids was similar to the combined
yields of the neutral fat, wax A and chloroform-soluble fractions by pro-
cedure A. The amount of bound lipids remaining after the extraction of
soluble lipids by procedure B was substantially less than that after removal
of soluble lipids by procedure A . Hence it appears that the great bulk of
the phospholipids in this organism is not extracted into the ‘phospholipid’
fraction by procedure A, but remains with the bound lipids.

The neutral lipid fraction was examined further. Deacylation and paper
chromatography (solvent B) showed that glycerol was the only prominent
water-soluble product. Preparative thin-layer chromatography in solvent D
and location of the constituent lipids with iodine, Rhodamine 6G or water
showed several bands. A band with a R, of 0.85 had mobility properties
identical with those of the methyl esters of fatty acids. The major band had
a R, of 0.60, similar to that of a trigyceride such as tripalmitin. Minor
bands of R, values similar to those of free fatty acids (0.32) and diglyceride
(0.20) were also present.

When the triglyceride was eluted from these plates, deacylated and sub-
ject to paper chromatography (solvent A), glycerol was the only water-
soluble product. Analyses for acyl groups and for glycerol showed the
presence of three of the former to one of glycerol. The total yield of trigly-
ceride by this procedure was 654 mg per g of N and was similar to the
total amount of triglyceride from the soluble lipids of procedure A (Table
2). Thin layer chromatography (solvent G) of the methyl esters of the
triglyceride fatty acids showed the complete absence of methyl mycolate
(R; 0.43). The R; obtained (0.78) was identical to the methyl stearate,
indicating straight chain fatty acids. When these were separated by GLC
the resulting picture was similar to that obtained with the triglycerides from
the total soluble lipids of procedure A.

Hydrolysis of the phospholipid fraction and paper chromatography (sol-
vent B) showed the presence of inositol, mannose, and glycerol. Unlike the
phospholipid from procedure A it yielded no glucose. Thin layer chroma-
tography of this material in solvents E and F, comparison of the R, values
of the resulting spots with those of markers, and examination of their
staining reactions with Rhodamine 6G, molybdenum blue and ninhydrin
showed the presence of cardiolipin, phosphatidylethanolamine, phosphati-
dylinositol and two dimannophosphoinositides®. Paper chromatography of
the deacylated phospholipids (solvent C )and comparison with standards
showed the presence of bis (glycerylphosphoryl) glycerol, glycerylphosphoryl
ethanolamine, glycerylphosphoryl inositol, glycerylphosphorylinositol di-
mannoside, and small amounts of glycerylphosphorylinositol pentamanno-
side. The components of this fraction were in approximately the same
proportions as they were in the phospholipid fraction from procedure A,
although all in much larger amounts.

When the bound lipid fraction obtained by this procedure was chroma-
tographed in solvent D, no triglyceride and only small amounts of free fatty
acids were observed. However, most of the lipid remained at the origin
in this solvent. Hydrolysis of the lipid and chromatography in solvents A
and B showed only arabinose, while glycerol was entirely absent. Deacyla-
tion of the lipid and paper chromatography in solvents B and C. again
showed mostly arabinose with small amounts of a slower moving compound,
probably an arabinose-containing disaccharide®.
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The incorporation of “C from glycerol
into lipids

In order to gain some information on the rate of synthesis of lipids
in this organism, cultures were grown in glycerol-containing media in the
usual fashion, a small amount of *C-glycerol of high specific activity was
added while the cultures were still in rapid growth, and flasks were har-
vested after various periods.

The results of two such experiments are given in Table 5. The rate
of uptake of radioactivity was lower in experiment 2. This was presumably
due to the lower glycerol content in the medium, which may have resulted
in decreased utilization of glycerol relative to the other carbon sources and
in a slight decrease in the metabolic rate.

The generation time of the bacteria, in the usual medium at the stage
of growth of the cultures used, is rather over 24 h. If a figure of 24 h be
taken for convenience, than a fraction whose carbon content is the same
as that of glycerol, which is derived directly from glycerol in the medium,
and which does not turn over, would in 3 h have a specific activity 4.6% of
that of the glycerol in the medium, in 6 h 9.5% of that of the glycerol, and
in 12 h 209% of that of the glycerol. A higher carbon content and the exist-
ence of turnover would both tend to increase the specific activity over these
values; while a lower carbon content, origin from the glycerol in the med-
ium via a pool of intermediates, origin of part of the carbon from the
asparagine or caesin hydrolyzate in the medium, and a longer generation
time would all tend to reduce the specific activity.

The specific activity of the water washings of the ethanol-ether fraciion
indicated that the components of these washings turned over rapidly. This
is in keeping with their representing a residue of the soluble pool (see below),
as already mentioned.

The increase in specific activity of the neutral fat fraction was very
rapid. This indicated a high rate turnover, particularly if the fatty acids
were derived in part from sources other than glycerol. The increase in
specific activity of this fraction continued in a linear fashion up to the stage
when it had reached a value about 809 of that of the glycerol source.

The increase in the specific activities of the wax A and chloroform-
soluble fractions was rather slower, but still indicative of a fair degree of
turnover. The labelling of the chloroform-soluble fraction relative to the
other fractions varied markedly between the two experiments, being rela-
tively slower in the first experiment. The increase in specific activity of
the phospholipids and the ether-soluble fraction of the bound lipids tended
to be slightly slower again, while that of the bulk of bound lipids was slower
still. However, even in the last case there was some evidence of turnover,
even when allowance is made for a high carbon content and even if it be
assumed that all of the carbon in the fraction originates from glycerol,
which may very well not be the case.

The total radioactivity in the total lipids is compared at the bottom of
Table 5 with that in the soluble fraction and cell residue. It can be
seen that the total assimilation of glycerol was about equally divided b:-
tween the lipids and the residue. The specific activity of the residue was not
determined, but it usually contained at least 50% more dry weight than the
total lipid, so that its specific activity must have been lower. The specific
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activity of the soluble fraction is not given, since the presence of salts etc.
in this fraction deprives such a value of much of its meaning. The uptake
of total radioactivity into it showed saturation kinetics, indicative of an
expected marked turnover. This was confirmed in the case of its major
component, trehalose, through its isolation by paper chromatography® and
direct determination of its specific activity. In experiment 1 this trehalose
reached a specific activity of 86% of that of the glycerol in the medium in 3
h, proving rapid turnover.

The effects of isoniazid on the yield of total lipids and
of lipid fractions from BCG

Exposure of growing cultures of BCG to 10 ug of isonazid/ml for per-
iods of up to 18 h produced no marked alteration in the yield of total lipids
obtained by either of the extraction procedures employed (Tables 1, 4 and
5). Further, when procedure B was used there was no marked alteration
in the amounts of the individual fractions, with the exception of the bound
lipids (Table 4).

When the lipids were fractionated by procedure A the results were rather
variable but showed certain constant features which are referred to below.
The results given in Table I were typical.

Exposure to isoniazid for a period of 6 h or more and sometimes in
even shorter periods, produced a reduction in the yield of total ethanol-
ether soluble material, with an approximately compensating increase in the
yield of chloroform-soluble material. The total amount of bound lipid
was relatively little affected, which, as is explained below, was the result of
two opposing changes. The fall in the ethanol-ether soluble material was
invariably accounted for mainly by a fall in wax A, with a smailer con-
tribution from the water washings. A decrease was usually also shown by
the phospholipid fraction, but the neutral fat fraction was affected much
more erratically and was sometimes even increased.

The effect of isoniazid on the amount of carbohydrate in the lipid frac-
tion was determined (Table 1). The percentage of carbohydrate in the wax
A, chloroform-soluble and neutral fat fractions was so low that the assays
probably were not reliable and little attention need be paid to apparent
changes in these fractions. Isoniazid fairly consistently reduced the carbo-
hydrate content of those fractions in which it could be reliably determined,
leading to a reduced content in the total lipids. The fall in carbohydrate
content was obviously responsible for the bulk of the decrease in weight
of the water washings, and would have tended to reduce the content of
bound lipids and phospholipids, but was obviously not responsible for the
apparent redistribution of material between the wax A and chloroform-
soluble fractions.

The effect of isoniazid on the glycerol content of the lipid fractions was
also determined (Table 1). The changes that isoniazid produced in the
amounts of glycerol in the lipid fractions closely paralelled its effect on the
weight of these fractions. The amount of glycerol in the wax A fraction
was markedly reduced and the amounts in neutral fat and phospholipid
were affected less markedly and more erratically, while the amounts in the
chloroform-soluble and bound lipid fraction were increased. The total
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amount of glycerol in the combined lipid fractions was scarcely affected by
exposure of the cells to isoniazid for up to 12 h.

The effects of isoniazid on the triglycerides
of BCG

In order to extend the conclusions derived from the study of the effects
of isoniazid on the yields and gross composition of the lipid fractions, these
fractions were subjected to thin-layer chromatography and visual compari-
son was made between the patterns observed for the control cells and those
for the isoniazid-treated cells. When the cells had been exposed to isoniazid
for 6 h or more, there was a visually obvious decrease in the triglyceride
content of the wax A fraction and, to a slight extent after longer periods
of exposure, of neutral fat fraction. There was a corresponding increase
in the amount of triglyceride in the chloroform-soluble and bound lipid
fractions. This was particularly dramatic in the case of the bound lipid
fraction, which normally contained only a trace of triglyceride. All of these
effects increased up to 18 h, which was the longest period of exposure tried.

The conclusion arrived at from a visual inspection of these chromato-
grams were confirmed by a further experiment in which the triglycerides
were eluted and determined (Table 2). The results show a fall in trigly-
ceride in the wax A and neutral fat fractions and an increase in the
triglyceride in the bound lipids, but this experiment was rather unusual in
not showing an increase in the chloroform-soluble fraction.

No changes in other components of most of the fractions were obvious
by this procedure except that, after the longer periods of exposure, slight
changes in the amounts of fatty acids and fatty acid esters were found. In
the neutral fat fraction there was slightly more of these components in the
isoniazid-treated cells than in the control cells, while in the wax A fraction,
which contained no fatty acid esters, there was a similar increase in the
amount of free fatty acids in the isoniazid-treated cells. The bound lipid
fraction from isoniazid-treated cells contained more fatty acid and less fatty
acid esters than the fraction from control cells. Any effect that isoniazid
had on the amount of the phospholipid fraction involved all components
about equally, as judged by examination of chromatograms of the intact
phospholipids or of their deacylation products.

In order to determine whether the effect of isoniazid in bringing about
a redistribution of triglycerides between the fractions obtained by procedure
A was due to its causing an alteration in the type of fatty acids incorpora-
ted into them, the fatty acid methyl esters of the triglycerides from all
fractions were prepared and analyzed by gas-liquid chromatography. The
results are shown in Table 3. Exposure to isonazid was found clearly to in-
crease the total proportion of fatty acids from C ,,., to C ., relative to
the total of the long chain fatty acids. With very few exceptions, each
individual acid within these classes behaved in the same way as the total.

Thus, isoniazid did prove to have an effect on the fatty acid compo-
sition of the triglycerides, but this was in fact the opposite of the type of
effect which would be required to account for the redistribution of ths
triglycerides in purely physical terms.

This effect of isoniazid on the fatty acid composition of triglycer.des was
confirmed with the triglycerides from the total soluble lipids prepared by
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procedure B (Table 4). Further, it was not confined to the triglycerides:
a similar effect was also found when the total fatty acids obtained by
saponification of each of the crude fractions from procedure A were exam-
ined. Hence, treatment with isoniazid appears to result in a marked re-
duction in formation of fatty acids longer than C, .

Effects of isoniazid on the incorporation of “C
from glycerol into the lipids of BCG

When isoniazid was added at the same time as “C-glycerol to growing
cultures of BCG, it had the effects which are illustrated in Table 5. The
rate of increase in specific activity of the ether-soluble bound lipids was
reduced by isoniazid within 1 h by nearly 509%, while its effect on the in-
crease in specific activity of the phospholipid was about equally rapid.
Isoniazid slightly reduced the specific activity of the remainder of the bound
lipids and of the wax A after about 6 h. It caused initially a slight increase
in the specific activity of the neutral fat, chloroform-soluble fraction and the
water washings, which disappeared after a time.

When the total radioactivity in the lipids is considered it may be seen
that isoniazid caused a slight increase in this for about 3 h. This was fol-
lowed by a fall in the total radioactivity which was brought about partly
by a slight reduction in total yield of lipids which occurred after 6 h and
longer, as referred to earlier, and partly by the reduction in specific activities
of the fractions referred to above. This may be compared with the situation
in the cell residue, where some diminution in radioactivity occurred within
1 h, but was not appreciable until about 6 h had elapsed. In all cases there
was an increase in the amount of radioactivity in the soluble fraction. The
nett effect of these changes was that isoniazid caused an increase in the
total radioactivity in the cells for about the first 3 h, but thereafter the
situation was rather variable: in most experiments, as in experiment 1, a
nett decline set in by about 6 h, but in some, such as experiment 2, very
little nett change occurred for 12 h.

Discussion

There have been several publications on the lipids of BCG as obtained
by Anderson-type procedures®.®, although only Asselineau® has included
young cultures and none has dealt with shaken cultures. The composition
of our cultures as determined by a procedure of this type is in agreement
with those described in these papers in that the bulk of the free lipid
is found in the neutral fat and wax A fractions. A value for the bound
lipid is quoted only in one publication® and corresponds fairly well with
our figure for ether-soluble bound lipid.

However, up to ten-fold variations occur in published figures for phos-
pholipids, while there are still larger variations in yield of chloroform-
soluble lipids and even larger variations in sub-fractions of that fraction.
Some of the variation is accountable for in terms of varying age and con-
ditions of growth*, but there is greater variation between the results of
different workers using apparently similar experimental material®.*. We
have noticed similarly large variations in the yield of the chloroform-sol-
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uble fractions and to a less extent of the phospholipid fraction, between
apparently identical cultures extracted in the same fashion. Further, the
amount of phospholipid recovered by the Anderson-type procedure, although
similar to the amount obtained by Asselineau®, is only about one-tenth
of the recovery obtained by using procedure B. This phenomenon is also
obvious from the work of Akamatsu & Nojima*. In addition, as has pre-
viously been noted®, several fractions contain common classes of compon-
ents such as triglycerides and glycerol monomycolate.

Hence, although the extraction and fractionation procedures of Ander-
son® together with subsequent modifications’ have proved of great value in
structural investigations on the lipids of mycobacteria, they are far from
ideal for analytical purposes. For these purposes chloroform-methanol
extraction procedures®, such as procedure B in the present paper, fol-
lowed by chromatographic fractionation, are more suitable. However, since
the Anderson-type fractionation uncovered some interesting phenomena,
some of our results by this method have been reported in this paper.

Chloroform-methanol extraction shows that the major portion of the
free lipids in cultures of BCG grown under our conditions are phospho-
lipids and that these consist mainly of cardiolipin, phosphatidyl ethano-
lamine, phosphatidyl inositol and two of the dimannophosphoinositides™.

Next to the phospholipids in amount, and much more prominent in
most fractions obtained by the Anderson-type procedure, are triglycerides.
With the Anderson-type procedure these are distributed between several
fractions in a fashion which is related to their fatty acid composition and
which may be in conformity with solubility properties, except for the small
amount of triglycerides in the bound lipid fraction which have a composi-
tion in terms of fatty acids resolved by our gas liquid chromatography
technique closely resembling that in the neutral fat fraction, suggesting that
these ‘bound’ triglycerides may be retained by a permeability barrier. This
is in keeping with the observations of Kotani et al.” who found a decrease
in bound lipids and an increase in ethanol-ether soluble lipids after rupture
of the cells by ultrasonic means.

It is generally reported that about one third of the non-hydroxylated
fatty acids from human and bovine strains consist of fatty acids having 16
or less carbon atoms, one third having 18 or 19 carbon atoms, and one
third having 20 or more®®#, Our results for the triglycerides may be com-
pared with those of Agre & Cason® for the ethanol-ether soluble lipids of
human strains, apparently from mature cultures. In both cases C, fatty
acids represent about one third. Our value of about one further third each
for C,,., and C,,., is substantially higher than their 12% for the two com-
bined, while their 22% for C,, straight and branched combined greatly
exceeds the traces which we found. These differences may reflect differences
between the fatty acid composition of triglycerides and that of other
lipids of M. tuberculosis. For example, 10-methylstearic acid has been
definitely identified only in the phosphoinositides of mycobacteria and
appears to be mostly absent from other phosphoglycerides”. However, prob-
ably at least part of the differences arise from the fact that we used younger
cultures for our studies than did most workers: Lennarz et al.* reported
that in Mycobacterium phlei C .., decreases with age of culture, while
C,,., is replaced by 10-methylstearic acid as cultures age.
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The bound lipids obtained after removal of the free lipids with chloro-
form-methanol-water contain arabinose as the only water-soluble compon-
ent in appreciable amount and, thus, probably consist mainly of arabinose
mycolate, which has been isolated from the bound lipids of M. tubercu-
losis®* and which probably arises by partial hydrolysis of lipopolysac-
charides of the cell envelope™*“*. The galactose which accompanies
arabinose in the bound lipids obtained by the other procedure is also likely
to have originated in part from phospholipids not extracted by ethanol-ether
but may also have originated in part from envelope polysaccharides™*.

The general impression conveyed by these results, indicating that a high
proportion of the unbound lipids of these young cultures consist of trigly-
cerides and phospholipids, is that several of the types of lipid which are
regarded as characteristically present in large amount in mycobacteria tend
to accumulate only in older cultures, at least in the case of BCG. This is
illustrated by the low content of wax D found by ourselves and by other
workers® using young cultures of BCG.

We suggest, on the basis of findings and of investigations into the cell
walls of mycobacteria”**##, that a substantial proportion of the total lipid
of BCG consists of fatty acids, mainly mycolic acids, esterified to poly-
saccharides of the cell envelope. Fragments of these lipopolysacchardes
are released by acid hydrolysis to constitute the “bound lipid’ fraction. It
is suggested that the differences between the carbohydrate composition of
the bound lipid fractions obtained by the two extraction procedures are
due in part to the removal of some of the lipopolysaccharide from the cells
in procedure B by chloroform-methanol-water. It is further suggested that
in old cultures autolytic action and other changes convert part of the en-
velope lipopolysacchardes to wax D and other such materials.

The most striking result of the radioisotope experiments was the very
rapid incorporation of “C from glycerol into the neutral fat fraction and
the still rapid, though rather slower, incorporation into the wax A and
chloroform-soluble fractions. In view of the high triglyceride content of
these fractions, the result is a strong indication of a high rate of turnover
of triglycerides, so that these cannot be thought of as a metabolically stable
storage compounds, but may have a definite role as intermediary metabol-
ites. The high rate of labelling of triglyceride by Chlorella vulgaris has
been noted®. The turnover rate of at least the carbon of phospholipids is
lower.

Isoniazid appears to have three distinct effects on the lipids of BCG,
apart from its effect on the carbohydrate content of some of the lipid frac-
tions which is probably related to its effects on other carbohydrate fractions
from BCG™#. First, it interferes with the incorporation of *C from glycerol
into the ‘ether-soluble bound’ lipid and into the phospholipid fraction ob-
tained by procedure A, suggesting that it interferes with the synthesis of
major components of these fractions. The effect on incorporation into
bound lipid is likely to be due at least in part to inhibition of the synthesis
of mycolic acid which has recently been demonstrated®. Secondly, it de-
creases the ratio of fatty acids of chain lengths from C,, to C,, to those
of chain lengths C,, to C,, in the triglycerides and probably also in the
total lipids of BCG. This may be due to interference with an elongation
mechanism, which may also be involved in mycolic acid synthesis. Thirdly,



388 IrRISH JOURNAL OF MEDICAL SCIENCE

it reduces the amount of triglyceride extracted with ethanol-ether in the
Anderson-type procedure, leaving an increased amount in the chloroform-
soluble and bound lipid fractions. This effect does not appear to bz a
consequence of the change in fatty acid composition of the triglycerides,
since this change would be expected, if anything, to increase the triglyceride
solubility in ethanol-ether. It may be a consequence of a change in pro-
perties of the cell envelope resulting from interference with mycolic acid
synthesis.

Whether the above suggestions as to possible interrelationships between
the three observed effects of isoniazid on the lipids of BCG are correct or
not, it is unlikely that they are entirely independent of each other, since all
appear after relatively short periods of exposure to isoniazid at a fairly
low concentration. Similarly, it is likely that there is a common explan-
ation for these effects and for the changes in soluble carbohydrates', certain
polysaccharide fractions® and the cell content of nicotinamide nucleotides™
which also result from isoniazid action. It is possible that all are related
to changes in the cell envelope®® and that these changes in the long run
lead to loss of acid fastness and cell death.

Summary

1. The lipids in M. tuberculosis BCG derived from young shaken cul-
tures in a glycerol-asparagine-casein hydrolyzate medium were extracted and
fractionated by a modified Anderson method (procedure A) and by extrac-
tion with chloroform-methanol, followed by washing of the extracted lipids
and their separation into neutral lipids and phospholipids (procedure B). In
both cases bound lipids were subsequently extracted after refluxing with
acidic solvents.

2. By procedure A, the washed ethanol-ether fraction was 2.0—2.6 g
(per g of cell nitrogen), of which only about 0.25—0.45 g was phosphollipid.
The chloroform-soluble fraction varied from 0.07 to 0.5 g, while the bound
lipid fraction was 3.1—3.7 g, of which about 0.7—0.8 g was ether-soluble.
Triglycerides were the major components of the neutral fat, wax A and
chloroform-soluble fractions, and about 0.8 g of purified triglyceride could
be recovered from these. The carbohydrate content of these three fractions
was 19 or less.

3. Evidence was obtained that fractionation procedures based on the
Anderson method are not satisfactory for analytical purposes.

4. By procedure B neutral lipid was about 1.1 g, phospholipid about
4 g and and bound lipid about 1.7 g. The composition of the phospholipid
fraction obtained by both procedures was similar to that from M. phlei.

5. The fatty acids up to C,, from the triglycerides from the various
fractions were separated by GLC. Although C,; ., C,s., and C,,., were
the major fatty acids in all cases, there were substantial differences between
the fractions, and the distribution of triglycerides between the fractions in
procedure A may be explicable largely in terms of faity acid composition.

6. The rates of incorporation of *C from glycerol into the fractions
obtained by procedure A indicated some degree of turnover in all fractions
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and that it was particularly high in fractions with a high content of trigly-
cerides, suggesting that these lipids have a role as metabolic intermediates.

7. Exposure of the cells to isoniazid had three effects on the lipids.
It in‘erfered with the incorporation of *C from glycerol into bound lipid
and into the phospholipid fraction obtained by procedure A. It decreased
the ratio of C,,—C,, acids to C,, —C,, acids. It reduces the amount of
triglyceride which could be extracted with ethanol-ether, increasing the
amount subsequently extracted with other solvents. Possible relationships
between these effects, and between thecm and the effect of isoniazid on
mycolic acid synthesis, are discussed.
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