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The mycolic and fatty acids of three samples each of Mycobacterium leprae and Mycobacterium
gordonae were compared. Acids released by whole-organism alkaline hydrolysis were converted
to 4-nitrobenzyl esters and mycolic acids were further derivatized to z-butyldimethylsilyl ethers.
Thin-layer chromatography of the derivatized long-chain extracts showed that all three M.
leprae preparations contained so-called a-mycolates and ketomycolates but that the M. gordonae
samples had a methoxymycolate in addition to the above types. Silica gel normal-phase high-
performance liquid chromatography of the total mycolic acid derivatives confirmed the lack of
detectable amounts of methoxymycolates in M. leprae and reverse-phase chromatography of the
individual mycolate types demonstrated the homogeneity of the chain lengths of the mycolic
acids in each species. Non-hydroxylated fatty acid 4-nitrobenzyl esters were transformed to
methyl esters and examined by gas chromatography. Tuberculostearic (10-methyloctadecanoic)
acid was a major component of the lipids of all three M. leprae preparations but it was absent in
one M. gordonae strain and a very minor component in the other representatives of this latter
species. On the basis of fatty and mycolic acid compositions, therefore, a previously suggested
close relationship between M. leprae and M. gordonae was not supported.

INTRODUCTION

An experimental vaccine, consisting of killed whole Mycobacterium leprae, has given good
results in animal tests (see, for example, Shepard et al., 1980, 1983) and in immunotherapy trials
(Convit et al., 1982), and it is beginning to be tested as a prophylactic against human leprosy.
The bacteria are obtained from tissues of experimentally infected nine-banded armadillos
inoculated with bacteria originally derived from human biopsies.

Since M. leprae has apparently not been cultivated on laboratory media, the types of test that
can be used to confirm its identity are restricted and have depended on immunological
procedures and chemical criteria such as lipid composition. It has caused some concern that
there appeared to be a discrepancy between the lipid compositions of M. leprae determined in
different laboratories. The differences concerned the mycolic acid composition and absence of
tuberculostearic acid; in both these characters M. leprae, according to Asselineau et al. (1981)
and Daffé et al. (1981), resembled the cultivable species M. gordonae. Both organisms were
considered to produce a-mycolic acids (Fig. 1, I), ketomycolic acids (Fig. 1, II) and
methoxymycolic acids (Fig. 1, III) and to lack tuberculostearic (10-methyloctadecanoic) acid.

Abbreviation: TBDMS, t-butyldimethylsilyl.
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Fig. 1. General structures of mycolic acids.

This conflicted with an original report by Etémadi & Convit (1974) that M. leprae from human
biopsies contains only a- and ketomycolates.

This paper describes a detailed analysis of mycolic and fatty acid compositions of three
batches of M. leprae purified from tissues of different armadillos inoculated from different
sources, and also of three authentic strains of M. gordonae.

METHODS

Strains and cultivation. Three 5 mg samples of Mycobacterium leprae were purified from separate armadillo livers
(W39, W77 and L424), as described previously (World Health Organization, 1980). Armadillo W39 had been
inoculated with bacteria from human tissue; W77, however, had been inoculated with bacteria from another
armadillo experimentally infected from the same human source as W39. Armadillo L424 had been infected with
bacteria from a separate human source. Three Mycobacterium gordonae strains, MNC 64, 661 and 662, were grown
as described previously (Minnikin er al., 1984 b). Freeze-dried heat-killed Mycobacterium avium D4 and
Mycobacterium tuberculosis C were supplied by H. B. Lee, Central Veterinary Laboratory, Weybridge, UK.

Extraction and derivatization of fatty and mycolic acids. Freeze-dried preparations (5-6 mg) of the three M. leprae
samples and 50 mg of each of the other strains were hydrolysed with a mixture of methanol (1 mi), 30% aq. KOH
(1 ml) and toluene (0-1 ml) in a tube sealed with a polytetrafluoroethene-lined screw cap at 75°C for 3d.
Acidification with concentrated hydrochloric acid was followed by extraction with toluene (3 x 1 ml) and the
extract was evaporated to dryness. A phase transfer catalysis method (Dobson et al., 1985) was used for the
preparation of 4-nitrobenzyl esters. Samples of hydrolysates were dissolved in dichloromethane (1 ml) in a closed
tube to which aqueous solutions of 0-1 M-tetrabutylammonium hydrogen sulphate plus 0-2 M-NaOH (1 ml) and 4-
nitrobenzy! bromide (10 mg for M. leprae samples, 25 mg for others) were added. These were mixed for 30 min, the
layers were allowed to settle, the upper aqueous layer was discarded and the lower layer was evaporated to dryness
and left overnight in a desiccator with concentrated H,SO,.

Fatty and mycolic acid methyl esters of the three M. gordonae strains were extracted by alkaline methanolysis
(Minnikin et al., 1982, 19844). Freeze-dried cells (50 mg) were left overnight at 37 °C in a mixture of methanol
(1 ml), toluene (0-5 ml) and tetramethylammonium hydroxide (0-5ml) in a sealed tube, centrifuged and the
supernatant removed. The residue was washed with methanol/toluene (2:1, v/v, 1 ml) and the combined
supernatants were shaken with a 2:5% mixture of iodomethane in N,N-dimethylformamide (4 ml) for 1 h,
followed by three extractions with petroleum ether (b.p. 60-80 °C; 1 x 4 ml, 2 x 2 ml). The combined petroleum
ether extracts were evaporated to less than 1 ml under nitrogen at 37 °C, extracted twice with petroleum ether (b.p.
60-80 °C; 2 x 0-5 ml), and the extracts evaporated to dryness under nitrogen. Fatty acid 4-nitrobenzyl esters were
converted to methyl esters by acid methanolysis (Minnikin et al., 1980). +-Butyldimethylsilyl (TBDMS) ethers
(Dobson et al., 1985) of 4-nitrobenzyl and of methyl esters were prepared by treating a solution in toluene (0-15 mi)
with TBDMS reagent (0-15 ml), prepared by dissolving 0-15 g ~butyldimethylsilyl chloride and 0-17 g imidazole in
1 ml dimethylformamide. The solution was left at 75 °C overnight, cooled, and extracted with petroleum ether
(b.p. 60-80 °C; 3 x 0-3 ml). The extract was passed through a 1 cm column of aluminium oxide prewashed with
diethyl ether, the column was washed with diethyl ether (2 x 0-5 ml) and the combined extracts were evaporated
to dryness.

Analytical and preparative thin-layer chromatography (TLC). Analytical TLC was done on 6:6 x 6-6 cm plates cut
from Merck 5554 silica gel 60F , 5, aluminium sheets. Two-dimensional (2-D) TLC, with a triple development with
petroleum ether (b.p. 60-80 °C)/ethyl acetate (98 :2, v/v) in the first direction followed by a single development in
the second direction with petroleum ether (b.p. 60-80 °C)/acetone (98:2, v/v) (Minnikin et al., 1983a), was used
for the TBDMS ethers of 4-nitrobenzyl esters of the total fatty acids in all strains. Additionally, 2-D TLC was done
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on samples of M. leprae and M. tuberculosis using single developments of toluene and petroleum ether (b.p. 60—
80 °C)/acetone (98:2, v/v) in the first and second directions, respectively. One-dimensional (1-D) TLC of the
TBDMS ethers of mycolic 4-nitrobenzyl and methy] esters was done with petroleum ether (b.p. 60-80 °C)/toluene
(50:50, v/v and 60:40, v/v, respectively); for the fatty acid methyl esters of all strains, toluene/acetone (99 : 1, v/v)
was used.

Preparative 2-D TLC was done, to purify the fatty acid 4-nitrobenzyl esters from the TBDMS ethers of the total
mycolic acid 4-nitrobenzyl esters in the strains of M. leprae and M. tuberculosis, on 10 x 10 cm pieces of Merck
5735 silica gel 60F, s, plastic sheets with toluene in the first direction and petroleum ether (b.p. 60-80 °C)/acetone
(92:2, v/v) in the second direction. Similar purifications were done for all other strains on 10 x 10 cm plastic
sheets in one dimension using petroleum ether (b.p. 60-80 °C)/acetone (96:4, v/v). The TBDMS ethers of the
mycolic acid 4-nitrobenzyl and methyl esters were purified by 1-D TLC on plastic-backed plates in petroleum
ether (b.p. 60-80 °C)/toluene (50:50, v/v, and 60:40, v/v, respectively).

Components on analytical TLC plates were revealed by spraying with a 5% ethanolic solution of
molybdophosphoric acid followed by heating at 150 °C for 15 min. Components on preparative TLC plates were
revealed under UV light either directly or after spraying with a 0-01 % ethanolic solution of Rhodamine 6G.

Instrumentation. Mass spectra of TBDMS ethers of mycolic acid methyl esters from M. gordonae strains were
taken on an AEI MS9 instrument with a direct insertion probe, an ionizing voltage of 70 eV and a temperature
range of 240 to 270 °C.

Gas chromatography (GC) of fatty acid methyl esters from the strains of M. gordonae and M. leprae was done on
a Perkin—-Elmer F11 instrument with a column (I m x 2 mm i.d.) packed with 3% OV-1 on 80-100 mesh Gas
Chrom Q. The temperature was held at 170 °C for 15 min and then programmed from 170 to 250 °C at a rate of
2 °C min~}. Isothermal analyses were done at 210 °C using columns (6 m x 2 mm i.d.) packed with 3%, OV-1 on
80-100 mesh Gas Chrom Q or 109 Silar 10C on 100-120 mesh Gas Chrom Q.

High-performance liquid chromatography (HPLC) of TBDMS ethers of mycolic acid 4-nitrobenzyl esters was
done with a Perkin-Elmer Series 2 pump, a Waters RCM-100 radial compression module and a Perkin—-Elmer LC-
55 ultraviolet detector (257 nm). The total derivatized mycolate samples were run on a silica gel Waters Radial-
pak B cartridge and separated mycolate types, purified by TLC or by HPLC for the M. leprae samples, were run on
areverse-phase Waters Radial-pak A cartridge. Other conditions are given with the appropriate figures. Copies of
the complete TLC and HPLC data have been deposited with the British Library Lending Division, Boston Spa,
Yorkshire LS23 7BQ, UK, as Supplementary Publication no. SUP 28019 (5 pp.). (Copies may be obtained from
the BLLD on demand; wherever possible, requests should be accompanied by prepaid coupons, held by many
university and technical libraries and by the British Council.)

RESULTS

TLC patterns of 4-nitrobenzyl esters of TBDMS derivatives of mycolic acids of M. leprae and
M. gordonae are shown in Fig. 2, and compared with patterns of mycolic acid derivatives of
standard M. tuberculosis and M. avium. All the TLC patterns contained components
corresponding to 4-nitrobenzyl esters of non-hydroxylated fatty acids and TBDMS ethers of 4-
nitrobenzyl esters of a- and ketomycolic acids. As expected, the pattern from M. avium also
contained a component corresponding to a derivative of an w-carboxymycolic acid while a
methoxymycolic acid derivative was seen in the M. tuberculosis and in all three M. gordonae
patterns. The patterns from all three M. leprae samples did not contain spots corresponding to
methoxy or w-carboxymycolate derivatives (Fig. 2) but three additional components (P,-P;),
which did not absorb UV light, were observed. These latter three lipids were also seen in the
pattern from M. tuberculosis (Fig. 2) and correspond to dimycocerosates of phthiocerol A,
phthiocerol B and phthiodiolone A as identified previously (Minnikin et al., 1983a4).

The TBDMS ethers of the 4-nitrobenzyl esters of the mycolic acids from the strains of M.
gordonae and M. leprae, isolated together by preparative TLC, were analysed by silica gel HPLC
and representative results are shown in Fig. 3. Mycolic acid types were identified by comparison
with the retention times of derivatives of a-, keto- and methoxymycolic acids from M.
tuberculosis. Samples of the individual mycolates were collected and analysed by reverse-phase
HPLC as shown for the same representatives in Fig. 4. The numbers of carbons in the separated
components (Fig. 4) were assigned by co-chromatography with derivatives of mycolic acids of
known size from M. avium and M. tuberculosis.

The proportions of the a-mycolates and ketomycolates for M. leprae samples W77 and 1424
were 78-6 and 21-4% and 77-6 and 22-4%, respectively, both having a close similarity to the
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Fig. 2. TLC analysis of TBDMS ethers of 4-nitrobenzyl esters of whole-organism alkaline hydrolysates
of (a) M. leprae W39, (b) M. gordonae MNC 64, (c) M. tuberculosis C and (d) M. avium D4. A triple
development with petroleum ether (b.p. 60-80 °C)/ethyl acetate (98:2, v/v) in the first direction was
followed by a single development with petroleum ether (b.p. 60-80 °C)/acetone (98 :2, v/v) in the second
direction. F, non-hydroxylated fatty acid 4-nitrobenzyl esters; A-C, TBDMS ethers of 4-nitrobenzyl
esters of a-mycolates, methoxymycolates and ketomycolates; D, TBDMS ether of 4-nitrobenzy! diesters
of w-carboxymycolates; P,-P;, dimycocerosates of phthiocerol A, phthiocerol B and phthiodiolone A ;
?, unknown. i

proportions shown for M. leprae W39 in Fig. 3. The M. gordonae strains MNC 661 and 662 also
gave profiles on silica gel HPLC which were quantitatively close to that for strain MNC 64 (Fig.
3), the ratios for a-, methoxy- and ketomycolates being 41-4, 11-2 and 47-4%; and 40-6, 125 and
46-99%, respectively, for strains MNC 661 and 662. The profiles of the homologous components
of the o- and ketomycolates from M. leprae W77 were very similar to those for W39 (Fig. 4) but
minor relative increases were seen for the Cg, a-mycolates and Cg5 ketomycolates of M. leprae
L424. The reverse-phase HPLC profiles of the a-, methoxy- and ketomycolates from M.
gordonae MNC 661 and 662 were essentially the same as that for strain MNC 64 (Fig. 4) with
minor quantitative variations.

The overall sizes of the mycolic acids from the three strains of M. gordonae were also
determined by mass spectrometry of the TBDMS ethers of mycolic acid methyl esters. These
mycolic acid derivatives fragment, on mass spectroscopy, to give intense M-57 ions due to the
loss of a t-butyl group (Minnikin et al., 1981). For the a-mycolate derivatives of the strains of M.
gordonae the principal M-57 fragments were at m/z 1179, 1207 and 1235, corresponding to C,
C.5 and Cg, parent mycolic acids. The methoxymycolate derivatives all gave major M-57-32
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Fig. 3. Adsorption HPLC of TBMS ethers of 4-nitrobenzyl esters of the total mycolic acids from (a) M.
leprae W39 and (b) M. gordonae MNC 64. A Waters Radial-pak B cartridge was used with
hexane/tetrahydrofuran (99:1, v/v) at a flow rate of 0-3 ml min~'. A-C, TBDMS ethers of 4-nitrobenzyl
esters of a-mycolates, methoxymycolates and ketomycolates; X, non-mycolic acid material eluting with
the solvent front. Proportions of components are shown in parentheses.

Fig. 4. Reverse-phase HPLC of TBDMS ethers of 4-nitrobenzyl esters of mycolic acids from (a) M.
leprae W39 and (b) M. gordonae MNC 64. A Waters Radial-pak A cartridge was used with
acetonitrile/tetrahydrofuran (1:1, v/v) at |-5 ml min~' for a-mycolates and methoxymycolates and
1-0 ml min~! for ketomycolates. Separated components are labelled with the number of carbons in the
parent underivatized mycolic acid.

peaks at m/z 1207 and 1235, corresponding to parent C,4 and Cg; mycolic acids; M. gordonae
MNC 662 also had a major C,; component (m/z 1179). All the ketomycolate derivatives had M-
57 peaks at m/z 1265 and 1293 for Cg, and Cg; parent mycolic acids and strain MNC 661 also
had a major Cgs acid (m/z 1321). The total size ranges of the a-, methoxy-, and ketomycolates
were estimated by mass spectrometry to be C;,—Cg,, C;5—Cgq and Cgy—Cgg, respectively. All of
the TBDMS ether derivatives of the M. gordonae mycolates had a major peak at m/z 467,
accompanied by a minor peak at m/z 439. These peaks are fragments arising by cleavage
between the third and fourth mycolic acid carbon atoms and loss of 58 mass units and
correspond to C,, and C,, chains in 2-positions.

Non-hydroxylated fatty acid methyl esters from M. leprae and M. gordonae were analysed by
GC and the quantitative results are given in Table 1. The major components were straight-
chain, unsaturated and 10-methyloctadecanoic (tuberculostearic) acids which were identified by
standards and the calculation of equivalent chain lengths. The proportions of tuberculostearic
acid in the strains of M. gordonae were particularly low when compared with those from M.
leprae.
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DISCUSSION

Mpycobacterium leprae obtained from human biopsy specimens (Etémadi & Convit, 1974)
contained a-mycolic acids (Fig. 1, I) and ketomycolic acids (Fig. 1, II); chromatographically
similar acids were found in armadillo-grown bacteria by Draper (1976). The same simple
pattern of - and ketomycolic acids was found in both armadillo-grown and biopsy-derived
bacteria by Young (1980). However, in studies based on mass spectroscopy, Asselineau et al.
(1981) found evidence for a third type (methoxymycolate; Fig. 1, III) in a single specimen of
armadillo-derived M. leprae. Two additional detailed investigations found only two types in
armadillo-grown M. leprae: a- and ketomycolates (Draper et al., 1982); and a-mycolates and an
unspecified oxygenated mycolate (Kusaka et al., 1982).

In the present study the mycolic acid compositions of three separate preparations of M. leprae
were closely similar to each other (Figs 2-4). The only mycolic acids detected were major
amounts of a-mycolic acids and lesser proportions of ketomycolic acids (Figs 2 and 3);
methoxymycolates were not observed. Representatives of M. gordonae, however, contained
similar proportions of a-mycolates and ketomycolates with lesser amounts of methoxymycolates
(Figs 2 and 3). The profiles recorded by reverse-phase HPLC (Fig. 4) for the mycolates of M.
leprae showed that the size ranges were also very similar to each other as were those for the
mycolates of M. gordonae. The size ranges of the latter mycolates were checked by mass
spectrometry. The a-mycolates from M. leprae had a major series, apparently corresponding to
acids with even numbers of carbon atoms, having two cis-cyclopropane rings as characterized
previously (Draper et al., 1982); small amounts of a minor series with odd numbers of carbons
were also observed (Fig. 4). The major and minor series of ketomycolates from M. leprae (Fig. 4)
had odd and even numbers of carbon atoms corresponding to acids with trans- or cis-
cyclopropane rings, respectively (Draper et al., 1982). In contrast, the ketomycolates and o-
mycolates of M. gordonae appeared to consist of a single series of homologous acids (Fig. 4)
whose precise structures remain to be determined. The methoxymycolates from M. gordonae,
however, appeared to consist of two overlapping homologous series (Fig. 4). The present results
are in good agreement with a previous report on the composition of the mycolic acids of M.
leprae harvested from experimentally-infected armadillos (Draper et al., 1982), but they do not
support the suggestion that M. leprae from the same source produces a methoxymycolic acid
(Asselineau et al., 1981). The detection of methoxymycolates in all three strains of M. gordonae,
in addition to a- and ketomycolates, supports the previous reports of Daffé er al. (1981) and
Minnikin ef al. (1984 b) and distinguishes this species from M. leprae. It should be noted that the
TLC patterns of the mycolic acid derivatives from M. leprae (Fig. 2) all include components
corresponding to dimycocerosates of the phthiocerol family. These characteristic waxes are
relatively resistant to hydrolysis (Draper ez al., 1983; Minnikin et al., 1983 a). In previous studies
(Draper et al., 1983 ; Hunter & Brennan, 1983) dimycocerosates of phthiocerol A from M. leprae
were analysed; dimycocerosates of the minor phthiocerol B and phthiodiolone A components
were detected in M. leprae (Fig. 2) for the first time in the present study.

The non-hydroxylated fatty acid composition of armadillo-grown M. leprae has been
examined by several groups. Asselineau ez al. (1981) were unable to find 10-methyloctadecanoic
acid (tuberculostearic acid) in a single sample studied of M. /eprae. This absence is unusual in a
species of Mycobacterium, but is seen also in M. gordonae (Daffé et al., 1981), and, on the basis of
this feature and the apparent presence of methoxymycolate in M. leprae, it was proposed that
these two species were closely related. On the other hand, Andersen et al. (1982) and Kusaka &
Izumi (1983) found that M. leprae had fatty acid patterns typical of mycobacteria, with straight-
chain, unsaturated and tuberculostearic acids. The patterns found in the three batches of M.
leprae used in the present work, were very similar to each other and to that recorded by Andersen
et al. (1982). Tuberculostearic acid was always present in substantial proportions. By the
addition of the unnatural tridecanoic acid as an internal standard it has been shown that the
total fatty acid concentrations of preparations W39, W77 and L424 were 9-1, 8-2 and 9-49,,
respectively (P. Draper & S. N. Payne, unpublished results), indicating that the preparations are
similar in respect of fatty acid content.
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The strains of M. gordonae either lacked tuberculostearic acid or possessed it in very minor
amounts, confirming the work of others (Tisdall ez al., 1979; Julak et al., 1980; Daffé et al., 1981;
Alvin et al., 1983). Some groups have detected small amounts of 2-methyltetradecanoic acid in
M. gordonae (Tisdall et al., 1979; Julak er al., 1980). The latter group quote an equivalent chain
length for this compound of 14-36, using a column packed with OV-101, which is similar to the
OV-1 phase used in the present experiments. As may be seen from Table 1, no similar
component was seen in the fatty acid profiles of M. gordonae recorded here.

The relatively simple pattern of a- and ketomycolates found in M. leprae is quite unusual,
occurring elsewhere only in some substrains of M. bovis BCG (Minnikin et al., 19835, 1984c¢;
Daff¢ et al., 1983). The 20- and 22-carbon side-chains of the mycolates are, however, different
from the 24-carbon side-chains of mycolates of M. bovis BCG. As discussed in the
accompanying paper (Minnikin et al., 1985), evidence from other complex lipids also indicates a
relationship between M. bovis (among others) and M. leprae. There seems no basis for supposing
a close relationship to M. gordonae as suggested by Asselineau ez al. (1981) and Daffé et al.
(1981). The M. leprae used by these workers was from a similar source to those in the present
study but the method of preparation and analytical procedures were quite different.

G. D. was supported by a studentship from the British Leprosy Relief Association (LEPRA) and the work was
aided by a grant from the IMMLEP Steering Committee of the UNDP/World Bank/WHO Special Programme
for Research and Training in Tropical Diseases (T16/181/L4/29). Mass spectra were recorded by S. H. Addison
and P. Kelly.
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