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Mycobacterial α-, methoxy- and keto-mycolic acid methyl esters were

separated by argentation chromatography into mycolates with no double

bond, with one trans double bond or with one cis double bond. Meromycolic

acids were prepared from each methyl mycolate fraction by pyrolysis, followed

by silver oxide oxidation, and analysed by high-energy collision-induced

dissociation/fast atom bombardment MS to reveal the exact locations of the

functional groups within the meromycolate chain. The locations of cis and

trans double bonds, cis and trans cyclopropane rings, methoxy and keto

groups, and methyl branches within the meromycolate chain were determined

from their characteristic fragment ion profiles, and the structures of the

meromycolic acids, including those with three functional groups extracted

from Mycobacterium tuberculosis H37Ra, Mycobacterium bovis BCG and

Mycobacterium microti, were established. Meromycolic acids with one cis

double bond were structurally closely related to those with one cis

cyclopropane ring, whereas the meromycolic acids with one trans

cyclopropane ring were closely related to the corresponding meromycolic acids

with one cis cyclopropane ring. A close relationship between methoxy- and

keto-meromycolic acids was also implied. The relationship between the

meromycolic acids with a trans double bond and the other meromycolic acids

was not clearly revealed, and they did not appear to be immediate substrates

for trans cyclopropanation.

Keywords : meromycolic acids, CID mass spectrometry, spacing between functional
groups

INTRODUCTION

Mycobacterial mycolic acids, high molecular mass 2-
alkyl-branched 3-hydroxy fatty acids, are characteristic
major lipid components of the cell envelope of myco-
bacteria. Though they are present in the free lipids
of the cell envelope, the majority are esterified to form
the terminal [5-mycoloyl-β-Araf-(1!2)-5-mycoloyl-α-
Araf(1!)] units of the arabinogalactan attached to the
shape-forming peptidoglycan of the cell envelope
(McNeil et al., 1991). According to current models for

.................................................................................................................................................

Abbreviations: CID, collision-induced dissociation; FAB, fast atom bom-

bardment; MAC, Mycobacterium avium complex; mu, mass unit measured

in m/z.

the mycobacterial cell envelope, as reviewed by Brennan
& Nikaido (1995), Draper (1998) and Dmitriev et al.
(2000), the long hydrocarbon chains of the mycolic acids
are arranged in an orderly parallel manner, with the
methyl ends facing towards the outside surface of the
cell envelope. This mycolate arrangement is considered
to form an electron-transparent layer and this arrange-
ment has been demonstrated in electron micrographs of
ultra-thin sections of the mycobacterial cell envelope
(Paul & Beveridge, 1992, 1994).

The mycolate layer is known to provide the cells not
only with the structural rigidity but also with indis-
pensable functions essential for mycobacterial cells to
thrive. Some anti-tuberculosis drugs, such as isoniazid,
are known to exhibit their bacteriostatic activity by
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blocking the biosynthesis of mycolic acids. A number of
studies have been published on the effects of the
component mycolates on the fluidity and permeability
of the cell-wall mycolate layer and on the roles of
mycolates in the functions of the mycolate layer. The
effects of temperature on the fluidity of different
mycolates has also been reported (Liu et al., 1996). In a
mutant strain of Mycobacterium tuberculosis H37Rv,
containing 40% less cell-wall-linked mycolates than the
wild-type, the diffusion rate of glucose through the cell-
wall layer was shown to be quite high (Jackson et al.,
1999). A Mycobacterium smegmatis mutant that pro-
duced no mycolates but accumulated arabinogalactan-
bound meromycolates was hypersensitive to hydro-
phobic antibiotics such as rifampicin and erythromycin
(Liu & Nikaido, 1999; Wang et al., 2000). Conversely,
in an M. tuberculosis strain whose cell-wall-linked
mycolate consisted solely of α-mycolate, the permeation
rate through the cell envelope was quite low, implying
increased rigidity or solidity of the mycolate layer in the
cell envelope of this strain (Dubnau et al., 2000).
Recombinant O-methyltransferase-overproducing My-
cobacterium bovis BCG and M. tuberculosis H37Rv
strains, whose ketomycolate was completely replaced by
the less hydrophilic methoxymycolate, showed poor
growth in macrophages in vitro and had a decreased rate
of permeation for hydrophilic substances such as glu-
cose, though they were more sensitive than the cor-
responding wild-type strains to the hydrophilic anti-
biotic ampicillin (Yuan et al., 1998). With regard to the
effect of cyclopropane rings, distal cyclopropanation
reportedly increases resistance to killing by H

#
O

#
(Yuan

et al., 1995), whereas proximal cyclopropanation has
the effect of decreasing fluidity of the cell wall (George et
al., 1995). The effects of the various functional groups
within the mycolates on the functions of the mycolate
layer have been described in a review by Barry et al.
(1998).

The papers mentioned above attribute, at least partly,
the differences observed in host–pathogenicity relation-
ships to the mycolate composition of the infecting
mycobacterium and to the structures of or to the nature
of the cell envelope mycolate layer of the infecting
strain. However, they do not pay much attention to the
precise structures of these mycolic acids or to the exact
locations of the functional groups within the mycolic
acids. The different locations of these functional groups
may affect the compactness of the mycolate layer
differently and, consequently, may affect its physio-
logical function.

With regard to the biosynthesis of mycolic acids, as
shown in a review article by Barry et al. (1998),
information has been accumulated through intensive
genetic and enzymic investigations. If the biosynthetic
relationships between the mycolates are to be clarified,
then it is also necessary to know the definite locations of
the functional groups. Hence, this study presents the
results of a study to characterize the functional groups
of type 1, type 2 and type 3 mycolates, recently described
by Watanabe et al. (2001).

METHODS

Origins of the mycolates analysed. The origins of the
mycolates used in this study have been described previously
(Watanabe et al., 2001). In addition to the mycolates described
by Watanabe et al. (2001), mycolates from Mycobacterium
scrofulaceum 4B and Mycobacterium marinum ATCC 927
were extracted and analysed. M. scrofulaceum 4B was
obtained from the Research Institute of Tuberculosis (Kiyose,
Tokyo) and was cultured in Sauton’s medium in a shake-
incubator. M. marinum ATCC 927 was obtained from the
American Type Culture Collection (Manassas, VA, USA)
and was cultured in Sauton’s medium. Mycolic acids were
extracted from themycobacteria andwere converted tomethyl
esters, as described previously (Watanabe et al., 2001).

Proton–NMR. These spectra were obtained by using a Bruker
DPX 400 (400 MHz) to analyse the samples, which were in a
CDCl

$
solution.

MS. Collision-induced dissociation (CID) spectra for meromy-
colic acids were obtained by using a HX-110A}HX-110A four
sector tandem mass spectrometer with an array detector
(JEOL, Tokyo, Japan). The accelerating voltage supplied was
10 kV, the collision gas used was argon and the collision
energy supplied was 2 keV. Fast atom bombardment (FAB)
was used to desorptively ionize the pre-formed conjugate
bases in the basic matrix, diethanolaminenitrobenzyl al-
cohol (1:1, v}v). The meromycolic acid samples were dis-
solved in methanol prior to analysis.

TLC. This procedure was performed on pre-coated silica-gel
plates (Merck).

Preparation of meromycolic acids. These acids were prepared
from methyl mycolates, essentially according to the method
described by Krembel & Ete!madi (1966). Briefly, 5–10 mg of
mycolic acid methyl ester was placed in a small retort and
heated in a sand bath (set at 300 °C) for 30 min at about 1 mm
Hg. The pyrolysate was separated by TLC with hexane}
diethyl ether (100:2, v}v, ¬2) to give meromycolaldehydes
and carboxylic acid methyl esters. The "H-NMR spectra of the
meromycolaldehydes showed signals for the aldehyde proton
at 9±77 p.p.m. (1 H, t, J 1±9 Hz) and for the methylene protons
adjacent to the aldehyde at 2±42 p.p.m. (double t, J 7±4 and
1±9 Hz) along with signals for the functional groups. The yield
of aldehyde was 60–70% of the calculated value.

The meromycolaldehyde (2–5 mg) was placed in a screw-cap
tube, to which 1±0 ml aqueous NaOH (10%, w}v) and 0±2 ml
aqueous AgNO

$
(10%, w}v) were added with stirring, at

90 °C. The sealed tube was heated at 90 °C for 3 h with
continuous stirring. After cooling, the reaction mixture was
treated with 2 M HNO

$
and extracted with diethyl ether. For

purification, the crude meromycolic acid was subjected to
TLC with hexane}diethyl ether (75:25, v}v, ¬2). The
meromycolic acid gave "H-NMR signals for a very broad
carboxylic acid proton at about 10 p.p.m. and for the
methylene protons adjacent to the carboxyl group at
2±34 p.p.m. (2 H, t, J 7±5 Hz), in addition to signals for the
functional groups. The yield of meromycolic acid from the
meromycolaldehyde was about 80%.

Preparation of hydroxymeromycolic acid. Ketomeromycolic
acid (1–3 mg) was dissolved in 3 ml of 2-propanol, to which a
drop of saturated NaBH

%
solution in ethanol was added. The

mixture was left at room temperature for 1 h. Removal of the
solvent under reduced pressure, followed by addition of dilute
HCl and extraction with diethyl ether, gave hydroxymero-
mycolic acid, which was subsequently purified by TLC with
hexane}diethyl ether (75:25, v}v, ¬2). The "H-NMR spectra
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of hydroxymeromycolic acid gave a pair of signals for
the hydroxy-bearing methine protons at 3±50 p.p.m. and
3±46 p.p.m. (both broad signals) for the stereoisomers and a
signal for themethylene adjacent to the carboxyl at 2±35 p.p.m.
(2 H, t, J 7±5 Hz). The yield of the hydroxymeromycolic acid
was about 80%.

RESULTS

In a recent study (Watanabe et al., 2001), methyl
mycolates from representative mycobacteria were frac-
tionated into three major types by argentation chrom-
atography; each of these types was characterized by
NMR and MS. Type 1 mycolates have no double bonds,
type 2 mycolates have a trans double bond and type 3
mycolates have a cis double bond.

In the present study, meromycolic acids were prepared
from type 1, type 2 and type 3 methyl mycolates by
pyrolysis and subsequent Ag

#
O oxidation. These mero-

mycolic acids were then analysed by charge-remote
fragmentation (CRF) MS to determine the locations of
the functional groups within the chain. The categories of
the meromycolic acids analysed are summarized in
Tables 1–3. The structures of the different types of
meromycolic acids are shown in Fig. 1. Basically, CRF of
the meromycolates was achieved by high-energy CID, a
process considered to proceed through bond cleavage by
1,4-hydrogen elimination and to be independent of the
charge (Jensen et al., 1985; Cordero et al., 1994) (CID
and its mechanisms and applications have been reviewed
by several authors, e.g. Adams & Songer, 1993; Chen
& Gross, 2000). Fig. 2 shows bond cleavage by 1,4-
hydrogen elimination in CID, as proposed by Jensen et
al. (1985). This technique was developed, in a limited
study, for the elucidation of the locations of double
bonds in meromycolic acids from Mycobacterium fallax
(Savagnac et al., 1989).

The locations of cis and trans double bonds, cis and
trans cyclopropane rings, methoxy and keto groups,
methyl branches adjacent to the methoxy and keto
groups, and trans double bonds and trans cyclopropane
rings in meromycolic acid chains were easily determined
from their characteristic bond-cleavage profiles. For
ketomeromycolic acid assays, the keto group was
reduced to hydroxyl to facilitate mass spectral analysis.
Functional groups nearer to the carboxy group are
referred to as ‘proximal ’, whereas the others are referred
to as ‘distal ’ for convenience.

FAB mass spectra

Figs 3(a), 4(a) and 5(a) show the FAB mass spectra of
type 3 α-meromycolic acid from M. bovis BCG (IV, Fig.
1 and Table 1), of type 2 methoxymeromycolic acid
from M. tuberculosis K (VIII, Fig. 1 and Table 2), and of
hydroxymeromycolic acid derived from type 1 keto-
meromycolic acid from the Mycobacterium avium
complex (MAC) bacterium KK41-24 (X and XI, Fig. 1
and Table 3), respectively. Each meromycolic acid was
shown to consist of several major homologues with
different molecular masses, whose distributions corres-
ponded to the mass distribution of intact mycolic acid

methyl esters, as demonstrated by matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) MS
(matrix, 2,5-dihydroxy benzoic acid; reflector mode)
performed on a PerSeptive Biosystems Voyager RS
system (Watanabe et al., 2001). Representative major
ions of the FAB mass spectra for each meromycolic acid
were subjected to CID MS.

The FAB mass spectra of type 1 α-meromycolic acids
from Mycobacterium kansasii and the MAC, and of
type 1 methoxy- and keto-meromycolic acids from all
strains tested, except those from M. tuberculosisH37Ra,
consisted of two series of peaks, one for those containing
a cis cyclopropane ring and one for those containing a
trans cyclopropane ring. The ratio between the peak
heights of the most abundant components of the two
series in each meromycolic acid differed from species to
species, but they were quite similar among those from
the strains of the same species. The FAB mass spectra of
type 1 methoxy- and keto-meromycolic acids from M.
tuberculosis H37Ra and some type 3 meromycolic acids
also showed two series of peaks, one each for the
components with two and three functional groups.

In the spectra for type 1 α-meromycolic acids from the
M. tuberculosis complex, and type 2 and type 3
meromycolic acids of all classes, a series of odd-
numbered acid ions were detected, though their con-
tents, as seen in the FAB mass spectra, were normally
very small (Figs 3a and 4a). Odd-numbered acids were,
if present, not clearly seen in the spectra of type 1
methoxy- and keto-meromycolic acids, because cis- and
trans-cyclopropane-containing isomers formed a series
of peaks with 14 mass unit (mu) difference between each
peak.

CID mass spectral location of methyl branches

A methyl branch in the alkyl chain is characterized by a
gap of 28 mu, as it involves almost simultaneous losses
of the methyl and the methine to which the methyl is
attached (Tomer et al., 1986). The spacing between m}z
225 and m}z 253 in the proximal spectra of Fig. 4(b), and
the spacing between m}z 363 and m}z 391 in the
proximal spectra of Fig. 5(b) show the locations of their
methyl branches.

CID mass spectral location of cis double bonds and
cis cyclopropane rings

Fig. 3(b) shows the CID spectrum of one of the major
components of Fig. 3(a), namely the ion fragment of the
type 3 α-meromycolic acid from M. bovis BCG [741
(M®H)−], containing one cis cyclopropane ring, proxi-
mal to the carboxyl group, and one cis double bond,
distal to the carboxyl group (IV, Fig. 1 and Table 1). The
areas involving fragmentation of these groups are shown
(magnified) and the mode of bond cleavage around the
functional groups is illustrated.

The location of the distal cis double bond was shown by
a characteristic radical ion at m}z 474, caused by the
homolytic cleavage of the alkyl carbon linkage, α and β

to the double bond on the distal side (Crockett et al.,
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Table 1. Chain lengths (n-m-l and n-n«-m-l values) for the functional groups in α-meromycolic acids
......................................................................................................................................................................................................................................................................................................................................................................................................................

Where two or more homologues were present for one m}z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major
component, all possible combinations are given in bold italics.

Origin* Type 1 m/z Origin* Type 2 m/z

n-m-l (I) n-m-l

(II)

n-m-l (III)

727 755 783 797 811 825 839 853 783 797 811 825 839 867

M. tuberculosis M. tuberculosis

Canetti MNC1485 (839) 15-13-19

15-15-17

17-13-19

17-15-17

17-15-19

AoyamaB (755, 783)

K (755, 783)†

H37Rv (783)

Canetti MNC1485

(755, 783)‡

5

6
7

8

11-14-19 13-14-19 15-14-19 17-14-19

MAC

KK41-24 (839)

MNC10 (839)

5
6
7
8

15-15-17 17-15-17 19-15-17

17-17-17

H37Ra (783) 17-10-17

15-12-17

13-14-17

17-12-17

17-10-19

19-12-17

17-14-17

19-10-19

17-12-19

M. scroflaceum

B3 (811) 15-13-17

17-11-17

16-13-17

14-15-17

17-13-17 16-15-17 17-15-17

19-13-17

19-15-17

17-17-17

M. bovis

MNC8 (783)

MNC27 (783)

5
6
7
8

11-14-19

11-16-17

13-14-19 15-14-19

15-16-17

17-14-19

17-16-17

BCG Tokyo 172

(755,783)

M. microti

OV248 (755, 783)

5

6
7

8

11-14-19 13-14-19 15-14-19 17-14-19

M. kansasii

20-01 (811)

304 (811)

5
6
7
8

17-14-17

15-16-17

15-14-19

17-12-19

19-12-19

19-14-17

17-14-19

17-16-17

18-14-17

18-12-19

MAC

KK41-24 (811)

MNC10 (811)

5
6
7
8

15-14-17

17-12-17

16-14-17

16-12-19

17-14-17

17-12-19

16-16-17

18-14-17 17-16-17 18-14-17

M. scroflaceum

B3 (811) 15-14-17

17-12-17

15-12-19

17-10-19

16-14-17

16-12-19

17-14-17

17-12-19

16-16-17

18-14-17

16-14-19

18-12-19

17-14-19

19-12-19

17-16-17

19-14-17
M. marinum

ATCC 927 (755) 11-14-17 13-14-17 15-14-17

15-12-19

17-14-17

17-12-19

1
8

8
4



L
o
ca

tio
n

o
f
fu

n
ctio

n
a
l
g
ro

u
p
s
in

m
ero

m
y
co

lic
a
cid

s

Table 1 (cont.)

Origin* Type 3 m/z

n-m-l (IV) n-m-l (V) n-n«-m-l (V«)

741 769 797 713 727 741 755 769 783 797 811 825 839 853 781 809

M. tuberculosis

K (769)

2668}92 (741)§

H37Rv (769)

Canetti MNC1485

(769)s

5

6
7

8

9-14-19

9-16-17

10-14-19

10-16-17

11-14-19 12-14-19

12-16-17

13-14-19 14-14-19 15-14-19 16-14-19 17-14-19

H37Ra (769, 809) 15-12-17

17-10-17

16-12-17 17-12-17

19-10-17

17-10-9

19-8-19

19-10-19

19-12-17
11-6-

13-4-

C

D

10-17

12-15

13-6-

15-4-

C

D

10-17

12-15

M. bovis

BCG Tokyo 172 (769)

M. microti

OV248 (769)

5

6
7

8

11-14-19 13-14-19 15-14-19

MAC

KK41-24 (797)

MNC10 (769)

5
6
7
8

13-14-17 14-14-17 15-14-17

15-12-19

16-14-17

16-12-19

17-14-17

17-12-19

18-14-17

18-12-19

19-14-17

19-12-19

18-16-17 19-16-17

19-14-19

M. marinarum

ATCC 927 (769) 12-14-17

14-12-17

13-14-17

15-12-17

14-14-17 15-14-17

15-12-19

16-14-17

16-12-19

17-14-17

17-12-19

*Numbers in parentheses indicate the most abundant m}z value of the series. Underlined numbers in parentheses are for the major m}z value of the three-group-containing series.
†m}z 783 contains a small amount of 13-16-17.
‡m}z 811 contains a small amount of 17-12-19.
§m}z 769 contains 15-12-19. Major m}z was 741.
sm}z 741 includes 11-16-17, m}z 755 includes 14-12-19 and m}z 769 includes 15-12-19.

1
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Table 2. Chain lengths (n-m-l and n-n«-m-l values) for the functional groups in methoxymeromycolic acids
......................................................................................................................................................................................................................................................................................................................................................................................................................

Where two or more homologues were present for one m}z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major
component, all possible combinations are given in bold italics.

Origin* Type 1 m/z

n-m-l (VI) n-m-l (VII) n-n«-m-l (VI«)

815 843 871 899 927 955 857 885 913 941 969 883 911

M. tuberculosis

0 (871)†

K (871)†

4610}81 (871)†

MNC1397 (871)†

H37R (871)†

5

6
7

8

17-16-17 17-18-17 18-16-17

Canetti MNC1485 (871)‡ 17-16-17 19-16-17 21-16-17

19-18-17

21-18-17

23-16-17

20-16-17 22-16-17

H37Ra (843, 883) 17-14-15

17-12-17

19-14-15

19-12-17

19-14-17

21-12-17

19-16-15

21-14-15

21-14-17

23-12-17

21-16-15

23-14-15
13-10-

11-12-

15-8-

C

D

8-17

10-15

8-17

13-8-

11-10-

15-6-

C

D

10-17

12-15

10-17

15-10-

13-12-

17-8-

C

D

8-17

10-15

8-17

15-8-

13-10-

17-6-

C

D

10-17

12-15

10-17

M. bovis

MNC8 (871)† 17-16-17 17-18-17

BCG Tokyo 172 (871)

M. microti

OV248 (871)

5

6
7

8

15-16-17 17-16-17

17-14-19

17-18-17

17-16-19

18-16-17

M. kansasii

20-01 (899)§

304 (899)§

429 (871)§

5

6
7

8

17-16-15

17-14-17

17-16-17

19-14-17

17-18-15

19-16-15

19-16-17 21-16-17 16-14-17 18-14-17 18-16-17 20-16-17

1
8

8
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Table 2 (cont.)

Origin* Type 2 m/z Origin* Type 3 m/z

n-m-l (VIII) n-m-l (IX) n-n«-m-l (IX«, IX§)

843 871 899 927 955 829 843 857 871 885 913 841 869 897 925

M. tuberculosis M. tuberculosis

0 (871)

K (871)

MNC4610}91

(871)

MNC1397 (871)

H37Rv (871)

Canetti

MNC1485 (899)

M. bovis

MNC8 (871)

BCG Tokyo 172

(871)

5

6
7

8

13-17-17

11-19-17

13-19-15

11-20-15

13-19-17 15-19-17 17-19-17 19-19-17

AoyamaB

(857)

0 (857)

H37Rv (857)

5

6
7

8

H37Ra (869,

897)

M. bovis

BCG Tokyo

172 (857,

897)

M. microti

OV248 (857,

897)

5

6
7

8

15-16-17

15-18-15

15-16-17

13-18-17

14-18-17

14-20-15

14-18-17

15-18-17

17-16-17

15-18-17

16-18-17

16-20-15

16-18-17

17-18-17

17-18-17

19-18-17

19-18-17

(IX§)

13-8-

15-6-]
12-13

10-15

15-6-

13-8-]
12-15

10-17

15-8-

17-6-]
12-15

10-17

17-6-

19-4-]
12-17

14-15

(IX«)

15-2-14-17

15-4-12-17

15-6-10-17

15-8-8-17

15-2-14-19

15-4-12-19

15-6-10-19

15-8-8-19

15-4-14-17

15-6-12-17

17-2-14-17

17-4-12-17

17-4-14-17

17-6-12-17

17-8-10-17

19-2-14-17

19-4-12-17

19-6-10-17

M. marinum

ATCC 927 (871) 17-15-17

17-13-17

17-15-17

17-17-15

19-15-17

19-17-15

21-15-17

21-17-15

*Numbers in parentheses indicate the most abundant m}z value of the series. Underlined numbers in parentheses are for the major m}z value of the three-group-containing series.
†The most abundant m}z of the trans series is 913. In those samples with no †, ‡ or §, the trans content is small or scarce.
‡The most abundant m}z of the trans series is 969.
§The most abundant m}z of the trans series is 913}941.
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Table 3. Chain lengths (n-m-l and n-n«-m-l values) for the functional groups in ketomeromycolic acids
......................................................................................................................................................................................................................................................................................................................................................................................................................

Where two or more homologues were present for one m}z, the most abundant one is given in bold italics. In cases where it was difficult to decide which was the major
component, all possible combinations are given in bold italics.

Origin* Type 1 m/z

n-m-l (X) n-m-l (XI) n-n«-m-l (X«)

799 827 855 883 911 841 869 897 925 953 839 867 895 923

M. tuberculosis

O (897)†‡

K (897)‡

4610}81 (897)‡

MNC1397 (897)‡

H37R (897)†‡

Canetti MNC1485

(897)†‡

5

6
7

8

11-16-19

11-18-17

13-18-17

15-16-17

15-14-19

13-16-19

15-18-17

17-16-17

15-20-15

17-18-15

17-18-17

17-20-15

19-18-17 14-18-15

14-16-17

16-18-15

16-16-17

16-18-17 18-18-17 20-18-17

H37Ra (855, 895)† 17-14-15

17-12-17

19-14-15

19-12-17

19-16-15

21-14-15

19-14-17

21-12-17

19-16-17

21-14-17

23-12-17

19-18-15

21-16-15

23-14-15

15-8-

13-10-

17-6-

C

D

6-17

8-15

6-17

15-6-

13-8-

17-4-

C

D

8-17

10-15

8-17

13-10-

11-12-

15-8-

15-8-

C

D

8-17

10-15

8-17

8-17

13-8-

11-10-

15-6-

17-4-

C

D

10-17

12-15

10-17

10-17

15-10-

13-12-

17-8-

C

D

8-17

10-15

8-17

15-8-

13-10-

17-6-

C

D

10-17

12-15

10-17

15-10-

17-8-

C

D

12-15

10-17

M. bovis

MNC8 (897)†‡

BCG Tokyo 172

(855)§

M. microti

OV248 (855)†§s

5

6
7

8

11-16-19

11-18-17

13-18-17

15-16-17

15-14-19

13-16-19

15-18-17

17-16-17

15-20-15

17-18-15

17-18-17

17-20-15

19-18-17 14-18-15

14-16-17

16-18-15

16-16-17

16-18-17 18-18-17 20-18-17

M. kansasii

20-01 (897)‡

304 (897)†‡

429 (897)†‡

5

6
7

8

17-18-15

17-16-17

17-20-15

19-18-15

17-18-17

19-16-17

19-20-15

19-18-17

16-18-15

18-16-15

16-16-17

18-14-17

18-18-15

18-16-17

20-18-15

20-16-17

20-18-17

20-20-15

MAC

KK41-24 (897)†‡

MNC10 (897)‡

5
6
7
8

17-16-15 17-18-15

19-16-15

17-16-17

19-14-17

19-18-15

19-16-17

16-16-15

16-14-17

18-16-15

18-14-17

18-16-17

18-18-15

20-16-17

M. scroflaceum

B3 (869)‡ 17-16-15 19-16-15 19-18-15 16-16-15 18-16-15 20-16-15

20-14-17
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Table 3 (cont.)

Origin* Type 3 m/z

n-m-l (XIII) n-n«-m-l (XIII«, XIII§)

743 757 771 785 799 813 827 841 855 869 883 897 825 853 881 909

M. tuberculosis

K (841) 8-18-17 9-18-17 10-18-17 11-18-17 12-18-17 13-18-17 14-18-17 15-18-17 16-18-17 17-18-17

H37Ra (881)†
(XIII§)

11-10-

13-8-
:10-15
8-17

13-8-

15-6-
:12-15
10-17

15-8-

17-6-
:12-15
10-17

15-10-

17-8-

19-6-:
12-15

10-17

10-17

M. bovis

BCG Tokyo

172 (841, 881)†

10-18-17 11-18-17 12-18-17 13-18-17 15-18-17 16-18-17 17-18-17 19-18-17

17-20-17
(XIII«)

15-10-8-17

15-8-10-17

15-6-12-17

15-4-14-17

17-4-14-17

17-6-12-17

17-8-10-17

17-10-8-17

17-4-16-15

17-6-14-15

17-8-12-15

17-10-10-15

MAC

KK41-24 (869)

MNC10 (869)

5
6
7
8

17-16-17

19-14-17

18-16-17 19-16-17 20-16-17 21-16-17

*Numbers in parentheses indicate the most abundant m}z value of the series. Underlined numbers in parentheses are for the major m}z value of the three-group-containing series.
The m}z values given are for the ketomeromycolic acids.
† Samples also analysed as hydroxymeromycolic acids.
‡Major m}z of the cis series was 855.
§Major m}z of the trans series was 897. In those samples with no §, the trans content was small or scarce.
sm}z 855 contains 15-16-19 and 17-14-19.
¶m}z 827 contains 13-15-19.
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Location of functional groups in meromycolic acids
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Fig. 1. Chemical structures for α-meromycolic acids, methoxymeromycolic acids and ketomeromycolic acids. The numbers
in parentheses refer to those shown in Tables 1–3. The n, m and l portion of each acid is indicated.

.................................................................................................................................................

Fig. 2. Schematic drawing showing the 1,4-hydrogen-
elimination bond cleavage utilized in CID MS.

1990), and by a pair of ions of low intensities at m}z
445}447. The location of the proximal cis cyclopropane
was shown by a characteristic gap of 40 mu between
m}z 197 and m}z 237 (Tomer et al., 1986) along with
two pairs of fragment ions at m}z 209}211 and m}z
223}225, due to the cleavage of the bonds in the
cyclopropane ring.

CID mass spectral location of methoxy groups and
trans double bonds

Fig. 4(b) shows the CID spectrum of one of the major
peaks of Fig. 4(a), namely the ion fragment of the type 2
methoxymeromycolic acid from M. tuberculosis K [871,
(M®H)−] containing a distal methoxy group and a

proximal trans double bond, with magnification of the
areas involving fragmentation of the functional groups
(VIII, Fig. 1 and Table 2). The mode of cleavage around
the functional groups is also illustrated. The fragment
profile produced by the bond cleavage at and near the
trans double bond was practically the same as that of the
proximal cis double bond in Fig. 3(b), with a radical ion
at m}z 294 and a pair of fragment ions of low intensities
at m}z 265}267. The gap of 28 mu between the ion at
m}z 253, caused by the cleavage of the double bond}
alkyl carbon linkage on the proximal side, and the
abundant ion at m}z 225 implied that the methyl branch
adjacent to the trans double bond was on the proximal
side.

The location of the methoxy group was shown by an ion
at m}z 587, caused by 1,4-elimination of methanol. The
spectrum was characterized by the presence of a series of
fragment ions at m}z 587 (major), m}z 601, m}z 615,
m}z 629, m}z 643 and m}z 657, caused by CID involving
the elimination of methanol, demonstrating that CID
does not necessarily require the 1,4-elimination mech-
anism. The fragment caused by removal of methanol
was at m}z 587 and not at m}z 573, demonstrating that
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Fig. 3. (a) FAB mass spectrum of type 3 α-
meromycolic acid from M. bovis BCG Tokyo,
with one cis double bond and one cis
cyclopropane ring. (b) CID spectrum of one
of the major ion fragments [741 (M®H)− ; n-
m-l¯11-14-19] from (a), with magnification
of the areas involving cleavage of the
functional groups and an illustration of
the mode of bond cleavage. pro, Proximal
vicinity of the cis cyclopropane ring; dis,
distal vicinity of the cis double bond.

the methyl group adjacent to the methoxy group was on
the distal side. The fragment at m}z 575 was caused by
CID through the elimination of methane.

CID mass spectral location of hydroxy groups and
trans cyclopropane rings

Fig. 5(b) shows the CID spectrum of one of the major
peaks of Fig. 5(a), namely the peak from the hydroxy-
meromycolic acid containing a proximal trans cyclo-
propane ring and a distal hydroxy group [927 (M®H)−],
with magnification of the areas involving fragmentation
of these groups. This hydroxymeromycolic acid was
derived from type 1 ketomeromycolic acid from MAC
KK41-24 (XI, Fig. 1 and Table 3). An illustration of the
mode of bond cleavage around the functional groups is
also given.

The location of the trans cyclopropane ring was shown
by a characteristic spacing of 40 mu between m}z 323

and m}z 363, as was seen for the spectrum of com-
ponents with a cis cyclopropane ring in Fig. 3(b)
proximal. The fragment ion at m}z 363 had a stronger
intensity than the corresponding one in the spectrum of
a cis cyclopropane compound, as reported by Tomer et
al. (1986). The two pairs of ions due to the cyclopropane
ring bond cleavage, observed in the spectrum of a cis
cyclopropane ring (Fig. 3b, proximal), were generally
less obvious in the spectrum of trans cyclopropane ring
compounds. A gap of 28 mu, observed between the ion
at m}z 363, produced by cleavage of the cyclopropane}
alkyl carbon on the distal side, and the ion at m}z 391,
demonstrated the presence of a methyl group on the
distal side of the cyclopropane ring.

The location of the hydroxy group was revealed by an
ion at m}z 657, due to H

#
O loss (Tomer et al., 1986). As

was the case for the distal methoxy group (Fig. 4b), the
spectrum was characterized by a series of ions at m}z
657, m}z 685 and m}z 699, produced by CID through
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Fig. 4. (a) FAB mass spectrum of type 2
methoxymeromycolic acid from M. tuber-
culosis K, with one trans double bond and
one methoxy group. (b) CID spectrum of
one of the major ion fragments [871 (M®H)− ;
n-m-l¯13-19-17] from (a), with magnifi-
cation of the areas involving cleavage of
the functional groups and an illustration of
the mode of bond cleavage. pro, Proximal
vicinity of the trans double bond; dis, distal
vicinity of the methoxy group.

the elimination of H
#
O, again showing that CID does

not necessarily require the 1,4-elimination mechanism.
That the fragment ion caused by the removal of H

#
O

was at m}z 657 and not at m}z 643, with no detectable
ion at m}z 659, provided evidence that the adjacent
methyl group was on the distal side of the hydroxy
group.

CID mass spectral location of keto groups

Fig. 5(c) shows part of the spectrumof the corresponding
component [925 (M®H)−] of ketomeromycolic acid
from MAC KK41-24 (XI, Fig. 1 and Table 3), from
which the hydroxymeromycolic acid (whose spectral

features were discussed above) was prepared, and the
fragmentation profile around the keto group.

Both the keto group and the adjacent methyl}methine
gave a gap of 28 mu in the spectrum (m}z 615 to 643 and
m}z 643 to 671). The location of the keto group may be
identified by the presence of a radical ion (m}z 616 in
Fig. 5c) caused by the homolytic cleavage of the
carbonyl}alkyl carbon bond on the proximal side of the
ketomeromycolic acid. However, the radical ion does
not normally give a strong signal, and derivatization of
the keto group to hydroxyl may be necessary to detect
possibly co-existing minor homologues, which have a
keto group in different locations.
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Fig. 5. (a) FAB mass spectrum of hydroxy-
meromycolic acid derived from type 1
ketomeromycolic acid of MAC KK41-24. (b)
CID spectrum of one of the major peaks
[927 (M®H)− ; n-m-l¯20-16-17) from (a),
with magnification of the areas involving
cleavage of the functional groups and an
illustration of the mode of bond cleavage.
pro, Proximal vicinity of the trans cyclo-
propane ring; dis, distal vicinity of the hy-
droxyl group. (c) Part of the CID spectrum of
the corresponding component [925 (M®H)−]
of ketomeromycolic acid, from which the
hydroxymeromycolic acid analysed in Figs 5(a)
and 5(b) was prepared. The spectrum shows
the CID-fragmentation profile involving the
keto group.
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General structures of meromycolic acids

The structures of the meromycolic acids determined
from the above CID mass spectral analyses are shown in
Fig. 1 (I–XIII). In type 3 α-meromycolic acids from M.
bovis BCG and Mycobacterium microti the cis double
bond is on the distal side (IV), whereas in those from the
other M. tuberculosis complex strains, including M.
tuberculosis H37Ra, the MAC and M. marinum, it is on
the proximal side (V).

The methyl branch adjacent to a trans cyclopropane
ring was on the distal side, as has been previously
indicated by EI}MS in the ketomycolate from M.
tuberculosis (Minnikin & Polgar, 1967a). The methyl
branch adjacent to a methoxy group was shown to be on
the distal side, as recently reported by Schroeder &
Barry (2001) in a study involving "$C-labelling. The
methyl group adjacent to a keto group was also on the
distal side of these groups. In type 2 meromycolic acids
with a trans double bond (III, VIII and XII), the adjacent
methyl branch was on the proximal carbon, as in the
dialkene α-mycolate from M. smegmatis (Danielson &
Gray, 1982).

Structures of meromycolic acids with three groups, i.e.
type 3 α-meromycolic (V«) and type 1 and type 3
methoxymeromycolic (VI« and IX§, respectively) and
ketomeromycolic acids (X« and XIII§, respectively) from
M. tuberculosis H37Ra, type 3 methoxymeromycolic
acids from M. bovis BCG and M. microti (IX«), and type
3 ketomeromycolic acid from M. bovis BCG (XIII«), are
shown in Fig. 1. In all of these meromycolic acids, the
third group was a cis cyclopropane ring. In the three-
group-containing type 3 methoxy- and keto-meromyco-
lic acids from M. bovis BCG and M. microti (IX« and
XIII«), the cis double bond was near the carboxyl end
with a cis cyclopropane ring in the middle. In type 3 α-
meromycolic, methoxymeromycolic and ketomeromy-
colic acids from M. tuberculosis H37Ra with a three-
group (V«, IX§ and XIII§), the cis double bond was
assigned to be mostly in the middle. However, for these
acids the CID spectra were generally more complex than
those for other components, and the possibility of the
presence of the double bond near the carboxyl end
cannot be ruled out.

Spacing of functional groups

The chain lengths between the functional groups, i.e. the
n-m-l and n-n«-m-l values for α-meromycolic, methoxy-
meromycolic and ketomeromycolic acids as determined
by the CID spectral analyses, are summarized in Tables
1, 2 and 3, respectively. Most of the meromycolic acids
from the same species were the same in their n-m-l
values, although the samples from the H37Ra strain
gave results quite diverse from those of other members
of the M. tuberculosis complex, and some of the
meromycolic acids from the Canetti strain had a longer
n chain than usual. No structural diversity was noted
among the samples from various M. bovis BCG strains
or from the Tokyo strain cells cultured by different
techniques over different growth periods.

Often, two or more homologues with different n-m-l
values were present for one m}z component. This made
the spectra look more complex and the assignment of
the locations of functional groups less feasible. In such
cases, the major locations of the groups were judged by
choosing fragment ions characteristic of the groups and
comparing the intensities of these fragment ions. In
Tables 1, 2 and 3, the n-m-l values of the major
homologues for each m}z are given in italics. The
characteristic ions used for approximate quantification
of methoxy and hydroxy groups were the fragment ions
caused by 1,4-elimination of methanol (e.g. the one at
m}z 587 in the distal spectra of Fig. 4b) and by 1,4-
elimination of H

#
O (e.g. the one at m}z 657 in the distal

spectra of Fig. 5b), respectively. For the double bonds,
the radical ions were used as the characteristic ions. In a
component containing two or more homologues with
their cyclopropane rings in different locations, it was
often difficult to determine the precise structures of the
major components. In such cases, all possible n-m-l
combinations are given in Tables 1, 2 and 3; however,
the n-m-l values in these tables do not exclude the
possibility of the presence of minor components with
other combinations.

Tables 1–3 show that each meromycolic acid consists of
one or two, or in some cases more, homologue series
with different m-l values. Generally, for each n-m-l
series the n value increases as the m}z increases, and
after several steps the m-l may be replaced by another
series. In all of these n-m-l series, m and l are always the
more conservative parts. For example, in type 1 meth-
oxymeromycolic acid from M. tuberculosis Canetti with
a cis cyclopropane ring, the n-m-l is 17-16-17 for m}z
871, 19-16-17 for m}z 899, 21-16-17 with some 19-18-17
for m}z 927, and mostly 21-18-17 for m}z 955. In some
cases, as in the type 3 α-meromycolic and ketomero-
mycolic acids from M. tuberculosis, single m-l series,
14-19 and 18-17, respectively, cover the whole range
of m}z for the major components, with n varying from
9 to 17 in the former and from 8 to 19 in the latter.

Meromycolic acids of different m}z values, of different
classes or from different origins may have different m-l
systems. The m and l values always vary by 28 mu (i.e.
two methylene units), as expected for the usual bio-
synthetic chain-elongation process, whereas n appears
to vary by one methylene unit to give a series of ions
with 14 mu difference each in the FAB mass spectra.

When the FAB mass spectrum showed a larger number
of ions of similar intensities, the CID spectra of the
smaller m}z of the series tended to be more complex.
This may be due either to inevitable contamination by
the fragments from larger m}z components or to the
intrinsically more complex n-m-l systems of the smaller
m}z components.

The CID spectra showed that the n-m-l series of the
meromycolic acids from M. tuberculosis H37Ra were
more complex, implying the presence of more homo-
logues. The meromycolic acids from this strain were
further characterized by shorter l and longer n chains
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compared to those from other M. tuberculosis stains, as
shown in Tables 1–3.

DISCUSSION

Previously, the chain lengths of mycolic acids and the
locations of functional groups within them were de-
termined by EI}MS studies of chemically derivatized
components. In particular, the positions of the cyclo-
propane rings within mycolates were established
(Minnikin & Polgar, 1967a, b; Gensler & Marshall,
1977). However, EI}MS studies on non-derivatized
homologous mixtures of mycolic acids do not give
reliable information on the location of double bonds,
cyclopropane rings and methyl branches within these
acids.
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Fig. 6. Structures and distribution of defined mycolic acids. Main component values are expressed as l-m-n-p or l-m-n«-n-
p. Values in parentheses indicate an additional major component, which may be the main one in some samples. All
possible figure combinations are given in square brackets, in cases where it was hard to decide which was the major one.
M. tuberculosis does not include M. tuberculosis H37Ra. In (iii), (vii), (viii) and (xii), M. tuberculosis Canetti is not included.
The structures are numbered to correspond to the types of meromycolic acids shown in Tables 1–3 and in Fig. 1.

In the present study, a series of meromycolic acids were
prepared from individual mycolate components and
subjected to CID MS. Since meromycolic acid possesses
a stable charge site, i.e. a carboxylate anion at one end
of the chain, CID MS, in which bond cleavage occurs
independently of the charge, provides reliable infor-
mation about the locations of functional groups, i.e. cis
and trans double bonds, cis and trans cyclopropane
rings, methoxy and keto groups, and methyl branches.

The precise locations of the functional groups in
meromycolic acids, here referred to as the n-m-l and n-
n«-m-l values, were determined by CID MS, and the
results of these analyses are shown in Tables 1–3. On the
basis of these n-m-l values, mycolic acid structures were
elucidated and are shown in Fig. 6. These pieces of
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information on the precise structure of mycolic acids
may provide more definite insights into the biosynthetic
relationships between various types and classes of
meromycolic acids from various mycobacteria. This
information may also shed light on the physiological
features of the cell-wall mycolate layer in mycobacteria,
as the compactness of the mycolate layer should be
directly related to the structure of or locations of
functional groups in the component mycolates.

Relationship between type 1 and type 3 meromycolic acids.

Mass distribution and n-m-l values suggested a close
relationship between the type 1 meromycolic acids with
a cis cyclopropane ring and the corresponding type 3
meromycolic acids. The type 1 α-meromycolic acids
with a cis cyclopropane ring from the M. tuberculosis
complex, the MAC and M. marinum (I, Table 1) had
corresponding type 3 α-meromycolic acids with the
same n-m-l values as the type 1 α-meromycolic acids, but
with molecular masses 14 mu lower (IV and V, Table 1).
What is more, the m}z of the most abundant component
of type 1 (I) was always higher than that of the
corresponding most abundant component of type 3 (IV)
or type 3 (V) by 14 mu.

The relationship between the cis-cyclopropane-contain-
ing type 1 and type 3 components was also generally
observed in ketomeromycolic acids when both types
were analysed, i.e. those from the M. tuberculosis
complex and the MAC (X and XIII, Table 3). In
methoxymeromycolic acids from the M. tuberculosis
complex (Table 2), the m-l value of the major type 1
meromycolic acids (VI) was 16-17 or 18-17, whereas that
of the major type 3 component (IX) was 18-17. The same
relationship between the type 1 and type 3 meromycolic
acids was also noted between the meromycolic acids
with three groups (Table 1). In the methoxymeromycolic
acids from M. tuberculosis H37Ra, the m}z of the most
abundant of the type 3 components (IX§), all with three
groups with m}z 869 and n-n«-m-l values of 15-6-10-17
and 15-6-12-15, had the corresponding type 1 compo-
nents (VI«), having m}z 883 and the same n-n«-m-l
values. The same relationship was noted between the
type 1 and type 3 ketomeromycolic acids with three
groups from the same strain (X« and XIII§).

The FAB mass spectra of type 1 meromycolic acids
normally gave only two or three major ions (Fig. 5a),
whereas those of type 3 meromycolic acids often gave a
series of ions with a wider range of m}z (n) values.
Perhaps the enzyme systems involved in the deriva-
tization of type 3 components into type 1 components
work only on certain type 3 components of appropriate
n-chain lengths, with the rest being left as type 3
meromycolic acids?

Although type 1 methoxy- and keto-meromycolic acids
with two groups (VI and X, respectively) from M.
tuberculosis H37Ra do not seem to have corresponding
type 3 components with two groups, the observations
described above apparently support the biosynthetic
postulate that a cis double bond in meromycolic acids is
a direct substrate for cis cyclopropanation.

.................................................................................................................................................

Fig. 7. Lederer’s scheme showing the possible relationship
between a cis double bond, a cis cyclopropane ring and a trans
double bond with an adjacent methyl branch in meromycolic
acid (Lederer, 1969).

Relationship between cis- and trans-cyclopropane-contain-

ing components. Type 1 α-meromycolic acids from M.
kansasii and the MAC, and type 1 methoxy- and keto-
meromycolic acids from all of the strains tested, except
those from M. tuberculosis H37Ra, consisted of both
cis- and trans-cyclopropane-containing components. In
these type 1 meromycolic acids, almost any component
with a trans cyclopropane with ‘n-m-l ’ had a cor-
responding type 1 component with a cis cyclopropane
whose m}z was 14 mu less, with ‘ (n1)-m-l ’. For
example, type 1 α-meromycolic acid with a trans
cyclopropane ring (II) from M. kansasii m}z 853, whose
n-m-l values were 18-14-17 and 18-12-19, had the
corresponding component with a cis cyclopropane (I) of
m}z 839, whose n-m-l values were 19-14-17 and 19-12-
19. The structural relationships between the cis-double-
bond-containing, cis-cyclopropane-containing and
trans-cyclopropane-containing meromycolic acids hav-
ing n-m-l, n-m-l and (n®1)-m-l, respectively, may be
explained by the scheme proposed by Lederer (1969)
(Fig. 7). This scheme involves the introduction of a
methionine methyl across a cis double bond in the
meromycolic acid chain, which may then form a cis
cyclopropane. Alternatively, it can form a trans double
bond with an allylic methyl group on the distal side
when R« in Fig. 7 is the carboxyl end, which may be then
cyclopropanated to a trans cyclopropane ring with an
adjacent methyl group on the distal carbon. This
explains the formation of a trans cyclopropane ring in
the original type 3 meromycolic acid with a cis double
bond without a change in the m-chain length, but with
an increase in the molecular mass of 28 mu. Cyclopro-
panation of a trans double bond in the meromycolate
chain has been suggested (Yuan et al., 1998; Barry et al.,
1998), and many of the enzyme systems involved in the
scheme have been identified (Barry et. al, 1998).

Pairs of cis-cyclopropane-containing and trans-cyclo-
propane-containing meromycolic acids, showing the
relationships described above, were observed commonly
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in the type 1 meromycolic acids where the two relevant
n-m-l series were present. However, the molecular mass
distribution of the two series matched only in type 1
methoxymeromycolic acids from M. kansasii and keto-
meromycolic acids from the M. tuberculosis complex,
M. kansasii, the MAC and M. scrofulaceum. In α-
meromycolic acids from M. kansasii and the MAC,
and methoxymeromycolic acids from M. tuberculosis
Canetti, the molecular mass difference between the most
abundant components of the two series was 42 mu or
more. The molecular mass difference between the pairs
of components of the type 1 methoxymeromycolic acids
from M. tuberculosis Canetti [(VI, m}z 871, 17-16-17)
and (VII, m}z 969, 22-16-17)] was 98 mu, or 7 methylene
units.

The mass difference between the most abundant of the
two series was due to the larger n values in the trans-
cyclopropane-containing components, as both series
had the same m-l system. It is possible that elongation in
n may take place after the introduction of the trans
cyclopropane ring into the chain, or that the trans-
cyclopropanation enzyme system prefers type 3 mero-
mycolates with longer n chains as its substrate.

Relationship between type 2 meromycolic acids and other

meromycolic acids. In some α-meromycolic acids, type 1
and type 2 components with the same m}z display an
n-m-l and n-(m®1)-l relationship. For example, in
α-meromycolic acids from M. scrofulaceum, the most
abundant type 1 component of m}z 811 and the
most abundant type 2 component of m}z 811 was
17-14-17 and 17-13-17, respectively.

In α-meromycolic acids from M. tuberculosis Canetti,
type 2 α-meromycolic acids with n-(m®1)-l correspond
to type 1 components with n-m-l. However, the mass of
the most abundant of the type 2 component was 839 (n-
m-l 17-13-19), whereas that of the corresponding most
abundant type 1 component was 755 (n-m-l 11-14-19),
producing 84 mu (6 methylene units) difference in the
m}z between the two. The corresponding type 3 α-
meromycolic acid of n-m-l 17-14-19 (m}z 825) was only
a minor component. This raises the possibility that type
2 components may not be directly derived from a type 3
component.

The n-m-l relationships outlined in the cases above
suggest that the relationship between the type 1 and type
2 meromycolic acids is similar to that between the cis-
cyclopropane-containing components and the trans-
cyclopropane-containing components of type 1 mero-
mycolic acids. According to Lederer’s scheme (1969; Fig.
7), the methyl group may be introduced to either carbon
of the cis double bond to form a trans double bond with
a methyl group on either the proximal or the distal
carbon of the double bond. Thus, when R is the
carboxyl-containing end in Fig. 7, the type 2 mero-
mycolic acids presented here, containing a trans double
bond with a methyl on the proximal carbon, may be
produced. Only those trans double bonds with a methyl
on the distal side may serve as a direct substrate for trans
cyclopropanation to form type 1 meromycolic acids

with a trans cyclopropane, whereas those with a methyl
on the proximal carbon (i.e. the type 2 meromycolic
acids presented here) may remain as type 2 meromy-
colate. Glickman et al. (2001) reported that CmaA2, an
enzyme involved in trans cyclopropanation, did not
produce a trans cyclopropane in trans-double-bond-
containing mycolate-producing M. smegmatis.

In methoxy- and keto-meromycolic acids from the M.
tuberculosis complex and the MAC, the more generally
observed rule between the type 1 and type 2 compo-
nents is that the type 1 meromycolic acids with a cis
cyclopropane (VI and X) have n-m-l, whereas the type 2
components (VIII and XII) have (n®2)-(m1)-l. This
relationship applies to the majority of the type 1 and the
corresponding type 2 components of these two classes.
What is more, in these classes, the m}z values of the
most abundant of the type 1 components (VI, X) and
those of the corresponding type 2 components (VIII,
XII) are mostly the same. However, the biosynthetic
relationship between the type 2 meromycolic acids and
the corresponding type 1 components, or some other
components, is not defined.

Thus, an apparently different type 1}type 2 structural
relationship is observed between the α-meromycolic
acids and the oxygenated meromycolic acids, which
may suggest that these two groups of mycolates have
their own different biosynthetic systems.

Relationship between meromycolic acids with two groups

and those with three groups. Type 3 α-meromycolic acids
and type 1 methoxy- and keto-meromycolic acids from
M. tuberculosis H37Ra, type 3 methoxymeromycolic
acids from M. bovis BCG and M. microti, and keto-
meromycolic acid from M. bovis BCG consist of
components with two functional groups and compo-
nents with three functional groups (V–V«, VI–VI«, X–X«,
IX–IX« and XIII–XIII«, respectively). In each case, the
m}z value of the most abundant of the three-group-
containing series was 40 mu higher than that of the
corresponding two-group-containing components, im-
plying the introduction of a cyclopropane ring into the
two-group-containing component.

The type 3 methoxymeromycolic acids with three
functional groups from M. bovis BCG and M. microti,
and the type 3 ketomeromycolic acid with three groups
from M. bovis BCG, all with n-n«-m-l, were related to
the corresponding components with two functional
groups from the same strains [n-(n«m)-l]. It may be
that unsaturation is introduced into the longer m chains
of the meromycolic acids, which may have been pro-
duced for some reason, in M. bovis BCG and M. microti
cells, to form a new cis double bond in the m chain.

In the case of M. tuberculosis H37Ra, the n-m-l values
suggested that type 1 methoxy- and keto-meromycolic
acids with three groups (VI« and X«) and type 3 methoxy-
and keto-meromycolic acids (IX§ and XIII§) from M.
tuberculosis H37Ra are structurally more closely related
to the corresponding methoxy- and keto-meromycolic
acids from other members of the M. tuberculosis
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complex that have two functional groups (VI and X; IX
and XIII) than to the corresponding two-group-con-
taining components from H37Ra, though no two-group-
containing type 3 methoxy- and keto-meromycolic acids
were isolated from this strain. For example, a com-
ponent of (VI«) m}z 911, whose n-n«-m-l is 17-8-8-17 or
17-6-10-17, is related to the type 1 methoxymeromycolic
acid from the M. tuberculosis complex with two groups
(VI) of m}z 871, whose m}z is 40 mu less and whose n-
m-l is 17-16-17. The other component of (VI«) m}z 883,
with 15-8-8-17 or 15-6-10-17, is related to the component
m}z 843 of (VI), whose n-m-l is 15-16-17, in the same
manner. This suggests the introduction of a cis cyclo-
propane ring into the m chain of the latter. An analogous
relationship is observed between (X) and (XIII) from M.
tuberculosis and (X«) and (XIII§), respectively. It may
suggest that the cells of this strain may produce, along
with its own mycolates, some mycolates of the parent
M. tuberculosis, and that their m chains may be
subjected to the introduction of unsaturation.

Hence, the newly introduced double bond may be cis-
cyclopropanated, to form the three-group-containing
type 3 methoxy- and keto-meromycolic acids from M.
bovis BCG and M. microtii and the type 1 methoxy- and
keto-meromycolic acids from M. tuberculosis H37Ra.
In the type 3 methoxy- and keto-meromycolic acids
from H37Ra, the original proximal double bond may be
cis-cyclopropanated.

Some of the n-n«-m-l values of (IX«) and (IX§) are the
same, and so are those of (XIII«) and (XIII§). This may
support the above-described assumption.

In the case of α-meromycolic acids, comparison of the n-
m-l of a component (V) from M. tuberculosis H37Ra
(most abundant, 19-10-17; next, 17-10-17) with the n-n«-
m-l of a component (V«) whose m}z was 40 mu higher
[most abundant, 15-4-(13-6-)10-17; next 13-4-(11-6-)10-
17], suggested the introduction of a cis cyclopropane
ring to the n chain of (V). This may also provide
evidence that in the α-mycolates, and the oxygenated
mycolates, different biosynthetic systems may be work-
ing.

Relationship between methoxy- and keto-meromycolic

acids. CID spectra are available for the pairs of the type
1 methoxy- and keto-meromycolic acids from M.
kansasii and for the type 1, type 2 and type 3 methoxy-
and keto-meromycolic acid pairs from the M. tuber-
culosis complex. In those pairs analysed, including
those of the three-group-containing components from
M. tuberculosis H37Ra, the most abundant meromy-
colic acid components of the two classes had the same n-
m-l values. The fact that both the molecular mass
distributions and the n-m-l relations of the two classes in
each pair generally matched may imply the presence of
a very immediate common precursor for the two
oxygenated meromycolic acids, as suggested previously
(Dubnau et al., 1997). One exception was noted,
however, in the pairs of type 2 meromycolic acids from
M. tuberculosis Canetti ; the n-m-l of the most abundant
methoxymeromycolic acid was 15-19-17, whereas that

of the most abundant ketomeromycolic acid was 17-17-
17.

Meromycolic acids from M. tuberculosis H37Ra. Pre-
viously, the mycolates from M. tuberculosis H37Ra,
originally derived from M. tuberculosis H37 (Steenken
& Gardner, 1946), were shown to be characterized by an
increased three-group-containing mycolate content and
a higher cis group or an extremely low trans group
content (Watanabe et al., 2001). The presence of
ketomycolate with an additional cyclopropane ring has
been implied previously by Takayama et al. (1979).

The present CID MS studies showed that the structures
(n-m-l) of the meromycolic acids from H37Ra were
different from those from other M. tuberculosis strains.
They were characterized by more complex n-m-l series,
and shorter l and longer n chains. l was 17 for the
α-meromycolic acid, and 15 and 17 for the methoxy-
and keto-meromycolic acids ; n was mostly 17 and 19
for the α-meromycolic acids, and mostly 19 and 21 for
the methoxy- and keto-meromycolic acids, with the
exception of those components with three functional
groups.

Previously, Qureshi et al. (1978) separated the α-
mycolate from H37Ra into several fractions by HPLC
and subjected each fraction to EI}MS. The authors
concluded that the major m-l of the mycolates from this
strain should be 10-17. According to the present results,
the m-l of 10-17 may be present, but it is apparently not
the sole major series for the α-mycolates from H37Ra.

Structures of meromycolic acids and pathogenicity. Patho-
genicity is the result of the combined effect of a number
of complex factors. However, one essential factor
needed for mycobacteria to be human pathogens is the
capacity of the bacterial cells to thrive in human
macrophages. Essentially and critically, the mycolate
layer of the bacterial cell wall should act as a barrier to
both hydrophilic and hydrophobic attack by host
macrophages. Different mycolic acids are considered to
contribute differently to the mycolate layer and to its
structure and function, as implied in papers referred to
in the Introduction. Thus, to elucidate the functions and
features of the mycolate layer, the structures of its
constituent mycolates must be precisely defined. Liu &
Nikaido (1999) have demonstrated the hypersensitivity
of mycolate-deficient M. smegmatis cells to various
hydrophobic antibiotics.

The present study has revealed distinct structural
characteristics for the meromycolic acids from strains of
the M. tuberculosis complex, with the exception of
H37Ra. These meromycolic acids, all similar to each
other, are characterized by more regular and steady
m-l systems (one m-l covers a wider range of m}z),
and longer l and shorter n chains (Tables 1–3). These
characteristic features of the chain lengths are most
emphatically and clearly seen in the α-meromycolic
acids, where l is almost exclusively 19 and n of the most
abundant component is 11 or 13. Since α-mycolate
constitutes about 50% of the total cell-wall mycolates
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from M. tuberculosis, its characteristic chain lengths
should provide the cell-wall mycolate layer of M.
tuberculosis with specific physico-chemical features.
The definite effects of the chain lengths, or l, m and
n values, of the constituent mycolates on the cell-
wall mycolate layer structure are not known. However,
n-m-l values should be at least one critical factor
that contributes to the compactness of the mycolate ar-
rangement in the cell-wall mycolate layer and, probably,
to its function as a permeability barrier. The importance
of the proximal functional groups of the meromycolate
chain for the cell wall of the lowest fluidity region of the
mycolate layer has been mentioned (Barry et al., 1998).
The effect of the proximal functional groups might be
more profound if they were located nearer to the base of
the cell wall.

Previously, we reported that the mycolates from various
M. bovis BCG strains had higher ketomycolate contents,
higher three-group-containing mycolate contents and
higher cis group contents than those from M. bovis
(Watanabe et al., 2001). The present results demon-
strated that the differences noted previously are only
quantitative ones, and that the structures of individual
mycolic acids from M. bovis and M. bovis BCG are
identical. In the case of M. tuberculosis, the structures or
the chain lengths of meromycolic acids from various
clinical isolates and those from repeatedly subcultured
standard strains, such as the strains Aoyama B and
H37Rv, are the same. This observation implies that
repeated subculturing may affect the mycolate com-
position ratios but not their structures. This suggests
that M. tuberculosis H37Ra, whose meromycolic acids
have n-m-l systems different to those from the M.
tuberculosis complex, may have been produced by a
process involving some genetic rearrangement.

M. tuberculosis and M. bovis, whose mycolates have
similar cis}trans ratios and compositions, and whose
meromycolic acid structures are the same (and ac-
cordingly produce a similar cell-wall mycolate layer),
are human pathogens. M. bovis BCG and M. microti,
whose meromycolic acids have the same n-m-l system as
those from M. tuberculosis but with different mycolate
ratios, different cis}trans ratios and different double
bond contents, are not considered to be human patho-
gens. In M. kansasii, another human pathogen whose
mycolate composition is generally similar to that of M.
tuberculosis, the chain structures of the oxygenated
meromycolic acids are also analogous to those of the
corresponding components from M. tuberculosis ; how-
ever, the structures of the meromycolic acid chains of its
α-mycolates, constituting about half of the total myco-
lates, are different. This difference may account for the
observed differences in the sensitivity to antibiotics of
these two species and the level of pathogenicity displayed
by these two species, and may provide evidence for the
relationship between the mycolate chain structures and
the nature of the mycolate layer.M. tuberculosisH37Ra,
whose α-, methoxy- and keto-mycolate ratio is similar to
that of the M. tuberculosis complex but whose mero-
mycolic acid structures are quite different from those of

the M. tuberculosis complex, is not considered to be
pathogenic. Thus, if the cell-wall mycolate layer or its
function as a permeability barrier is the key to the
pathogenicity of M. tuberculosis, both the mycolate
compositions and the mycolate chain structures are the
key factors which decide its pathogenicity.

The present structural studies also revealed a marked
similarity between the meromycolic acids from M. bovis
BCG and M. microti, both considered not to be human
pathogens and known to have similar mycolate compo-
sitions (Watanabe et al., 2001). In addition to the same
n-m-l systems, the type 3 α-meromycolic acids from
these two species have the cis double bond in the distal
position.

Biosynthesis of meromycolates. A couple of review articles
describe the currently accepted biosynthetic pathways
for the mycobacterial mycolic acids (Brennan &
Nikaido, 1995; Barry et al., 1998). Not all of the steps
involved in the biosynthetic process have been ex-
perimentally verified as yet, but it must be that the
meromycolates are synthesized first, and then go
through a Claisen-type condensation to produce the
mycolates. Liu & Nikaido (1999) isolated a mutant M.
smegmatis strain that does not synthesize proper myco-
lates but which accumulates defective meromycolates,
which are bound to the arabinogalactan structure (Wang
et al., 2000). The accumulated defective meromycolates,
having two cis double bonds and the l- and m-chain
lengths of the proper M. smegmatis α-mycolates, possess
a range of much shorter n chains. Currently, it is not
known what other biological systems are defective in
this mutant strain, but the results of Liu & Nikaido
(1999) seem to agree with our present observations and
assumptions.

It has not yet been definitely demonstrated at which
stage of meromycolate synthesis the functional groups
are introduced (Barry et al., 1998), but in the accumu-
lated meromycolates of the defective M. smegmatis
strain, the two cis double bonds are in the right position,
even though n-chain formation is not complete. Along
with our present observation that in all meromycolic
acids m-l is the more steady part, this information
suggests that n-chain elongation occurs after the loca-
tions of the major functional groups have been allotted
to the right place in the meromycolic acid chain.
Unsaturation occurs during elongation of the chain, not
after the completion of the full-length meromycolate
chain.

The two double bonds in the accumulated meromy-
colates with shorter n chains are both cis. No trans
double bond is detected, which is the functional group in
another major component of the M. smegmatis myco-
lates. It is likely that meromycolates with cis double
bonds are first produced, which have a range of proper
n-chain lengths (as in Tables 1–3). Then those mero-
mycolic acids with certain n-chain lengths, having an
acyl-carrier protein at the carboxyl end, may serve as
specific substrates for certain enzyme systems involved
in the derivatization of the cis double bond. This
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explains why no trans group was detected in the
defective M. smegmatis meromycolates, as the n chains
may have possibly been too short for the enzymes, and
why normally only two or three major component ions
are seen in the FAB mass spectra of type 1 meromycolic
acids (Fig. 5a), when a larger number of ions are present
in the FAB mass spectra of type 3 meromycolic acids. It
may also explain why the most abundant major com-
ponents of cis-cyclopropane-containing and trans-cyclo-
propane-containing type 1 meromycolic acids often have
different n-chain lengths.

The differences in molecular mass distribution or in the
n-chain lengths between the meromycolic acids of two
different types, apparently derived from the same
precursor, may be ascribed to the preference of the
specific enzymes involved in mycolate-layer biosynthesis
for the substrate or for the specific n-chain lengths.
However, the n-chain lengths of the type 2 α-meromy-
colic and trans-cyclopropane-containing type 1 meth-
oxymeromycolic acids from M. tuberculosis Canetti
(most abundant components having n-m-l 17-13-19 and
22-16-17, respectively) are much longer than expected.
The n-m-l value of the most abundant of the possible
type 3 precursors for the former is 11(13)-14-19 and that
of the most abundant of the related cis-cyclopropane-
containing components is 17-16-17. In both cases, the
corresponding components having the n-chain lengths
of the trans components are minor ones. Although no
relevant enzyme systems are known, this information
suggests that n-chain elongation of those derivatized
meromycolates still retaining an acyl-carrier protein at
their carboxyl end may be considered possible.

Previously, it has been shown that α-mycolates and
oxygenated mycolates have different total chain lengths,
and that although the mycolate ratios vary among
strains of M. tuberculosis, or among cultures of M.
bovis BCG Tokyo and M. microti grown under different
culture conditions or for different periods of time, the
ratios between the α-meromycolate concentration and
the methoxy- plus keto-mycolate concentration remain
constant (Watanabe et al., 2001). Therefore, if these two
groups of mycolates are to be derived from a common
precursor, they must be derived at an early stage of
biosynthesis (Brennan & Nikaido, 1995). The above-
described defective M. smegmatis meromycolates and
our present results support this theory. The defective M.
smegmatis meromycolate had the m-l values of the
proper meromycolates before proper n-chain formation.
If an analogous process proceeds in M. tuberculosis, M.
tuberculosis cells may produce meromycolates with an
m-l of 14-19 for α-meromycolates and an m-l of 18-17 for
the oxygenated meromycolates. Thus, if α-mycolates
and oxygenated mycolates are to share the same
precursor, they must share it in the initial stage of the
biosynthesis of meromycolates.

Our present results may add further evidence that the
synthesis of α-mycolates and oxygenated mycolates
involves some different or independent enzyme systems.
In α-meromycolic acids, when type 1 meromycolic acids

have the n-m-l structure the type 2 components have n-
(m®1)-l, whereas in the oxygenated meromycolic acids,
when type 1 components have n-m-l the system for the
type 2 components is (n®2)-(m1)-l. When a third
group is introduced into the components with two
groups, in the α-meromycolic acids it is introduced into
the n chain and in the oxygenated meromycolic acids it
is introduced into the m chain. However, only one α-
meromycolic acid with three groups was analysed in the
present study.

In the present study, analyses were made on only a
limited number of meromycolic acids. Comparison of
the n-m-l values of a larger number of meromycolic
acids from more mycobacteria may reveal more definite
biosynthetic relationships between various mycolic acid
chains.
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