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Trans mycolic acid content is directly related to cell wall fluidity and permeability in
mycobacteria. Carbon-13 NMR spectroscopy of mycolic acids isolated from Mycobacterium
tuberculosis (MTB) and Mycobacterium smegmatis (MSM) fed 13C-labeled precursor molecules
was used to probe the biosynthetic pathways that modify mycolic acids. Heteronuclear correla-
tion spectroscopy (HMQC) of ketomycolic acid from MTB allowed assignment of the complete
13C-NMR spectrum. Incorporation patterns from [1-13C]-acetate and [2-13C]-acetate feeding
experiments suggested that the mero chain and alpha branch of mycolic acids are both synthe-
sized by standard fatty acid biosynthetic reactions. [13C-methyl]-L-methionine was used to
specifically label carbon atoms derived from the action of the methyl transferases involved in
meromycolate modification. To enrich for trans mycolic acids a strain of MTB overexpressing
the mma1 gene was labeled. Carbon-carbon coupling was observed in mycolate samples doubly
labeled with 13C-acetate and [13C-methyl]-L-methionine and this information was used to assess
positional specificity of methyl transfer. In MTB such methyl groups were found to occur
exclusively on carbons derived from the 2 position of acetate, while in MSM they occurred
only on carbons derived from the 1 position. These results suggest that the MSM methyltransfer-
ase MMAS-1 operates in an inverted manner to that of MTB.

The cell wall of Mycobacterium tuberculosis (MTB) contributes directly to the
success of this organism as an important pathogen of man by rendering it all but
impervious to normal host defenses. The cell wall may in fact be the single most
important virulence factor produced by the bacillus and the proper composition and
assembly of this macromolecular complex has been directly linked to successful
replication within host cells in several recent studies (1–3). The cell walls of species
within the genus Mycobacteria rely upon covalently associated mycolic acids to form
a protective pseudo outer membrane that is the major cell permeability barrier (4–6).
Mycolic acids are extremely long-chain fatty acids ranging from 60–90 total carbons
in the Mycobacteria. They have a common a-alkyl, b-hydroxy core structure with
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two long, lipophilic alkyl chains, the longer of which is typically functionalized in a
species-specific fashion (see Fig. 1).

Although we understand the rudimentary principals of the structure of the cell wall
complex, many of the details remain obscure (7,8). The mycobacterial cell wall, like
other bacterial membrane systems, has a variable composition allowing the organism
to maintain a constant viscosity in the face of changing environmental conditions
(9,10). In typical bacterial membrane systems this is accomplished by adjusting both
the length of the lipids produced as well as the ratio of unsaturated to saturated fatty
acids produced. Among unsaturated fatty acids the ratio of cis to trans geometry
further affects fluidity since the trans fatty acids, which pack more tightly, increase
viscosity and thus lower permeability (11). Various mycobacterial species (including
M. avium (12) and M. smegmatis (MSM) (13,14)) have also been shown to respond
to changing growth temperature by adjusting the proportion of lipids found in the
trans configuration. These alterations in lipid structure are not to plasma membrane
lipids but rather to mycolic acids, as would be expected since the cell wall represents
the major permeability barrier. In rapidly growing species, such as MSM, this alteration
results in changes in the geometry of the major olefinic mycolic acids while in slowly
growing species such as M. avium this alteration occurs through changes in geometry
about cyclopropane rings within the longer meromycolate chain. This alteration has
been shown to be directly correlated in these mycobacterial species with changes in
cell wall permeability to lipophilic agents (12). In addition, patient isolates of MTB
have been shown to synthesize different quantities of trans cyclopropanated mycolic
acids than laboratory isolates, supporting a potential link between such alterations
and continued growth in vitro (15).

Mycolic acids are biosynthesized through the same basic anabolic reactions used
to construct all cellular lipids (4). Structural variety within these molecules results
from the action of a family of methyltransferase enzymes that act upon olefinic
precursors to produce the wide variety of chemical moieties observed. Among these
modification reactions a number of enzymes involved in cis cyclopropane synthesis
have been identified, including enzymes with apparent preference for modification
of both the proximal and distal positions of the mycolic acid (4). These enzymes
share significant sequence homology and as many as 8 discrete homologs of mycolic
acid methyltransferases have been identified in the genome of MTB (16). These
enzymes and their functions were identified by heterologous expression in the non-
pathogenic saprophytic mycobacterium MSM. Using this species as a source of methyl
group acceptor has also allowed us more recently to demonstrate the cell-free activities
of several of these enzymes (17).

Despite these successes with heterologous expression of the cis cyclopropane syn-
thases, similar strategies have been unsuccessful in obtaining the corresponding trans
cyclopropane synthase gene(s) or protein(s). Using gene deletion studies in M. tubercu-
losis Glickman and coworkers recently demonstrated convincingly that one of the
genes previously assigned as a cis synthase was, in fact, a trans synthase since the
deletion mutant no longer produced trans cyclopropane-containing mycolic acids
(18). The failure to observe the trans synthase activity upon heterologous expression
was surprising because of the apparent prevalence of what appeared to be the correct
precursor molecule, namely the alpha-methyl branched, trans olefinic a2 mycolic
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acid of MSM (See Fig. 2). An examination of the fine structures of the MTB mycolic
acids as they were originally reported by Minnikin and Polgar suggested a possible
reason for this failure (19,20). In these structures the methyl branch was proposed to
lie on the side of the cyclopropane closer to the v end of the meromycolate chain
based upon the pattern of ions observed in the mass spectrum. In the a2 mycolic
acid structure determined by Gray and colleagues from MSM the methyl branch was
assigned to the side of the olefin farther from the v end of the meromycolate chain
based upon similar evidence (21). Thus the precursor required for trans cyclopropana-
tion would be required to have the methyl branch on the v side, different than that
in the natural a2 series of MSM. This suggested that the methyl transferase that acts
upon the cis olefinic precursor of the trans olefinic substrate for cyclopropanation
must add the methyl branch to the opposite side of the double bond in these two
species. To evaluate this hypothesis and to investigate the precision of double bond
and cyclopropane introduction into mycolic acids in MTB we examined 13C-labeling
patterns from specifically labeled biosynthetic precursors.

EXPERIMENTAL PROCEDURES

Materials and strains. Cultures were grown in Middlebrook 7H9 ADC (Difco)
supplemented with 2 ml/l glycerol, 0.5 ml/l Tween 80, 5 g/l bovine serum albumin
(Fraction V, Sigma), 2 g/l glucose, 14 mM sodium chloride, and contained 25 mg/
ml kanamycin where appropriate. Mycobacterium tuberculosis H37Rv (ATCC 27294)
or H37Rv containing pMV206 mmal (22) were cultured in 500 ml roller bottle
flasks at 378C in a Biosafety Level 3 laboratory. Mycobacterium smegmatis strain
mc2155 (23) was grown at 378C in an Erlenmyer flask with shaking.

Isotopic labeling and purification of mycolic acid methyl esters. Final concentra-
tions for 13C labeling were 3 mg/ml for [1-13C]acetate or [2-13C]acetate, and 0.6 mg/
ml for [methyl-13C]-L-methionine (Cambridge Isotope Laboratories, Andover, MA).
For the preparation of mycolic acid methyl esters, cell pellets were hydrolized in
15% tetrabutylammonium hydroxide overnight at 808C (24). An equal volume of
methylene chloride was added and methyl esters were prepared by the addition of
0.008 volumes methyl iodide and incubation at room temperature for 2 h with constant
mixing. The organic phase was washed twice with 0.1 M HCl and twice with water
and then dried at 708C under a stream of air. This was then redissolved in 2 ml
toluene plus 1 ml acetonitrile and the methyl mycolates precipitated with the addition
of 2 ml acetonitrile followed by incubation at 2208C overnight (25). Precipitated
mycolic acid methyl esters were collected by centrifugation at 8000g for 40 min at
48C, dried, and either subjected to NMR (in the case of M. smegmatis) or further
purified by preparative thin layer chromatography. For preparative TLC, 3 to 11 mg
of precipitated mycolic acid methyl esters were dissolved in 0.5 ml dichloromethane
and applied to a 20 3 20 cm 1000-mm silica gel plate (Analtech). The plate was
developed five times with hexane:ethyl acetate 95:5 (v:v) using fresh solvent each
time. The plate was allowed to air dry approximately 30 min between developments.
Alpha, methoxy and keto mycolic acid methyl esters (from highest to lowest mobility,
respectively) were visualized by spraying the plate with 0.01% rhodamine 6G in
ethanol. The mycolic acid methyl ester bands were scraped off the TLC, eluted three
times with diethyl ether, and filtered through a 0.2-mm PVDF filter. These samples
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were then dried and subjected to NMR analysis. Typical yields were 0.3–1.3 mg
purified mycolic acid methyl ester per 100 ml culture.

NMR experiments. NMR experiments were performed on a Bruker 500 MHz
spectrometer in CDCl3. Carbon-13 NMR spectra were acquired in proton uncoupled
mode. Unlabeled purified ketomycolic acid methyl ester from H37Rv (11.7 mg) was
subjected to HMQC in CDCl3 using the pulse sequence previously described (26).

RESULTS

Determination and assignment of the 13C-NMR and HMQC spectrum of ketomycolic
acid from MTB. Total mycolic acids from MTB strain H37Rv were prepared by
hydrolysis with tetrabutylammonium hydroxide and methyl esterified with methyl
iodide. As described previously for H37Rv, the amount of trans-mycolate was small
(15). Thus, these mycolic acid methyl esters were found to be composed of a mixture
of approximately 45% alpha, 45% methoxy, and 10% ketomycolic acids (Fig. 1, note
that cis and trans isomers are not resolved by normal phase chromatography). A large
amount of keto mycolic acid methyl ester (11.7 mg) was purified from this mixture
by preparative thin layer chromatography and subjected to heteronuclear correlation
spectroscopy to facilitate assignment of the carbon resonances (Fig. 3). In the proton
spectrum trans-cyclopropanes exhibit a low-intensity complex multiplet at d 1H 0.0
to 0.2 ppm, while cis cyclopropanes show peaks at d 1H 20.33, 0.57, and 0.64 ppm.

Using the HMQC spectrum we were able to assign proton and carbon peaks for
many of the carbons of the ketomycolate backbone including carbons alpha to the
ketone (d 13C 41.37 and 46.55 ppm), the alpha methyl branch (d 13C 16.60 ppm),
and the cis cyclopropane (d 13C 16.00 and 11.14 ppm) (see Fig. 3). The methyl ester
moiety, as well as the alpha alkyl and beta hydroxy nuclei relative to the methyl ester
were also readily identified (the chemical shift values are summarized in Table 1).

Position-specific [13C]-acetate incorporation into MTB and MSM mycolic acids. To
compare the pattern of incorporation of acetate precursors with that predicted from
the standard model of fatty acid biosynthesis we labeled mycolic acids by growth of
the appropriate microorganism in the presence of [1-13C] or [2-13C] acetic acid.
The mero chain and alpha branch are thought to be biosynthesized by normal lipid
biosynthetic enzymes involving repeated steps of malonyl-CoA condensation and
decarboxylation, resulting in elongation by two carbons (4). Malonyl-CoA is biosyn-
thetically produced by carboxylation of acetyl-CoA at the 2-carbon. During fatty acid
elongation the 2-carbon of malonyl-CoA becomes attached to the 1-carbon of the
growing acyl chain thus a 1–2 order is preserved in the intact molecule and labeling
patterns can be predicted. The predicted labeling patterns for the trans ketomycolate
of MTB and the a2 mycolate of MSM with [1-13C]-acetate are shown in Fig. 1.

To examine the biosynthesis of the trans mycolic acids produced in MTB that are
normally produced only in low abundance, we utilized H37Rv (pMV206 mma1 ) a
strain of MTB that overexpresses the mma1 gene (15). This gene encodes an MTB
mycolic acid methyltransferase enzyme which converts the proximal cis olefin to
trans with an allylic methyl branch. Overexpression of this enzyme results in a
dramatic increase in the amount of trans mycolic acid and the appearance of the alpha-
methyl trans olefinic precursor. Since ketomycolates contain the highest proportion of
trans species in MTB we purified this class of mycolates by preparative TLC and
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FIG. 1. Structures of alpha, methoxy, and keto mycolic acids from M. tuberculosis are labeled a, M, and K,
respectively. The subscript c or t indicates cis or trans conformation of the promixal cyclopropane. Trans alpha
mycolate has not been observed. The structure of M. smegmatis a2 mycolic acid is also shown for comparison.
Note the position of the methyl branch relative to the cyclopropane or double bond. Dots represent which carbons
are predicted to be metabolically labeled with [1-13C]acetic acid.
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FIG. 2. Partial biosynthetic scheme for selected mycolic acids. Left, pathway for keto mycolic acid
synthesis in M. tuberculosis. Right, pathway for a2 mycolic acid synthesis in M. smegmatis. Steps for
enzymes that have not yet been identified are in parentheses. X indicates the lipid carrier during synthesis,
most likely this is the acyl carrier protein AcpM (31).

subjected it to 13C NMR. Total mycolates from wild type MSM were also used in a
separate 13C NMR experiment since the trans olefinic species is naturally the most
abundant species under normal growth conditions (12).

Comparison of the [1-13C]- and [2-13C]-labeled mycolates from the two species
reveals several striking features (summarized in Table 1). The cis and trans olefinic
carbons in the MSM mycolic acids were readily apparent in the downfield portion
of the spectrum. The cis olefinic carbon signal at d 13C 130.13 ppm was observed
with both 1- and 2-labeled samples as expected since the carbon atoms are magnetically
equivalent. However, the chemical shifts for the assymetric trans olefinic carbons
present in the a2 mycolates reveal a strict positional specificity. The methyl branch
allylic to the trans double bond creates an 8 ppm difference in the signals for the
two olefinic nuclei, with resonances at d 13C 136.69 and d 13C 128.65 for carbons
alpha and beta to the methyl branch, respectively. Strikingly, the 136.69 signal is
seen only in the [2-13C] acetate-labeled sample of mycolates from MSM, while the
128.65 peak is present only in the [1-13C]-labeled mycolates. This demonstrates that
the placement of the trans double bond occurs between carbons v 2 n and v 2
(n 1 1), where n is an odd integer, never when n is an even integer. The trans olefinic
species observed in M. tuberculosis (pMV206 mma1) showed the opposite pattern
of labeling with [1-13C] acetate labeling the carbon at d 13C 136.69 and [2-13C] acetate
labeling the carbon at d 13C 128.65. Thus the methyltransferase responsible for addition
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FIG. 3. Heteronuclear correlation spectrum (HMQC) of M. tuberculosis ketomycolic acid methyl ester in
deuterochloroform. A detail of the most informative portion of the spectrum is shown, with selected carbon peaks
numbered and identified on the substructures to the left and selected proton peaks lettered and identified on the
substructures above.
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TABLE 1

Chemical Shifts of Selected Carbons from Mycolic Acid Methyl Esters

Label

Carbon No. ppm M. tuberculosis M. smegmatis

1a 176.48 1 1
2 51.15 2 2
3 25.96 1 1
4 32.16 2 2
5 22.92 1 1
6 14.35 2 2
7 72.53 1 1
8 35.94 2 2
9 25.96 1 1

10 27.44 n.a.b 1,2
11 130.13 n.a. 1,2
12 32.82 1 2
13 128.65 2 1
14 136.69 1 2
15 36.93 2 1
16 37.47 1 2
17 21.17 M M
18 16.00 1,2 n.a.
19 11.14 M n.a.
20 18.85 2 n.a.
21 26.37 1 n.a.
22 38.35 2 n.a.
23 10.72 M n.a.
24 19.92 M n.a.
25 23.95 1 n.a.
26 41.37 2 n.a.
27 215.46 1 n.a.
28 46.55 2 n.a.
29 33.27 1 n.a.
30 16.60 N n.a.

a Numbers refer the following substructures:

b Not applicable.

of the methyl branch in MTB adds to an v 2 n position where n is only an even
integer and MTB has the opposite specificity to that observed in MSM.

Incorporation of [methyl-13C]-S-adenosyl-L-methionine into mycolic acids. In or-
der to identify the carbon chemical shifts associated with methyl branches and the
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methylene carbons of cyclopropanes we grew cultures in the presence of [methyl-
13C]-L-methionine. Methionine is the methyl donor in the biosynthesis of S-adenosyl-
L-methionine (SAM) and radiolabeled methionine has been used previously to specifi-
cally label methyl branches in mycolic acids (27,28). Although methionine at concen-
trations higher than 1.8 mg/ml was found to strongly inhibit growth of MTB (but not
MSM) we were able to label mycolic acids by growth in 0.6 mg/ml [methyl-13C]-L-
methionine. 13C-NMR of purified ketomycolate from such cultures revealed only four
peaks, with chemical shifts of d 13C 21.18, 19.92, 16.60, and 10.72 ppm (Fig. 4A).The
small peak at d 13C 29.93 ppm represents cumulative natural abundance 13C contributed
by the numerous saturated methylene groups. Two of these peaks (10.72 and 19.92
ppm) are associated with the methylene and methyl branch of the trans cyclopropane
moiety, respectively (ketomycolate from this organism has no cis cyclopropane). The
peak at d 13C 16.60 ppm represents the methyl group alpha to the ketone moiety and
the HMQC spectrum confirms this assignment. The final peak at d 13C 21.18 ppm
represents the alpha methyl branch adjacent to the trans olefin and this peak also
appears in purified mycolates from a culture of MSM similarly labeled with [13C]-
SAM (Fig. 4B). The MSM spectrum also contains a small peak with resonance at d
13C 11.14 ppm associated with the small quantity of cis cyclopropane produced in
this species (3). In addition there is a peak at d 13C 17.54 ppm that probably represents
the methyl branch adjacent to the cis epoxide of the epoxymycolate series that also
is produced in this organism (4).

Double incorporation experiments with [13C-methyl]-methionine and [13C]-acetic
acid. To confirm linkage of the SAM-derived methyl group and the fatty acid position
derived from either 1- or 2-labeled acetate we performed double labeling experiments
with simultaneous incorporation of both precursor molecules during growth of the
organism. Carbon-carbon coupling from incorporation of both labels into attached
nuclei revealed the connectivity between acetate and SAM labels since the associated
peaks are split into doublets (that appear as triplets in these spectra due to differential
levels of incorporation of the two labeling molecules). As additional confirmation of
carbon chemical shift assignment, we performed both normal proton-decoupled 13C
NMR and APT (attached proton test) 13C NMR experiments on purified keto mycolic
acid methyl esters from M. tuberculosis (pMV206 mmal) labeled with [13C-methyl]-
L-methionine plus 1- or 2-13C acetate (Fig. 5). In the APT experiment resonances
from carbon nuclei with 1 or 3 protons are positive while resonances from carbon
nuclei with 0 or 2 protons are negative. This allowed us to confirm the peaks at d
13C 21.17, 19.92, and 16.60 ppm to methyl branches introduced by SAM (3 protons,
positive peak). The remaining [13C-methyl]-L-methionine-derived signal at d 13C 10.72
ppm was then assigned to the bridging methylene of the trans cyclopropane (2 protons,
negative peak). This is slightly upfield of the cis cyclopropane signal observed in the
heteronuclear correlation spectrum. The double-labeled spectrum in Fig. 5A shows
the expected peaks as singlets, confirming that the carbons derived from [1-13C]-
acetate are not attached to carbons derived from the methyl group of SAM. The
spectrum in Fig. 5C revealed that the allylic carbon atom with an attached SAM-
derived methyl group is derived from the 2-position of acetic acid since both the
methyl group at d 13C 21.17 ppm and the allylic carbon to which it is attached at d
13C 36.93 ppm are split into three and two peaks respectively. The methyl branch
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FIG. 4. 13C NMR spectrum of purified ketomycolic acid methyl ester from MTB (A) and total mycolic acid methyl
esters from MSM (B) from cultures labeled with [methyl-13C]methionine. Assigned peaks are numbered and the corresponding
substructures are labeled. The peaks at about d30 ppm represent incorporation into the numerous internal methylene units and
those at d14.35 ppm represent the chain terminating methyl groups labeled due to scrambling of the label into the acetate pool.
The small amount of MSM cis cyclopropane production is shown by the peak at d11.14 ppm in B.
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FIG. 5. Carbon 13 NMR spectra of ketomycolic acid methyl esters purified from M. tuberculosis (pMV206 mma1)
doubly labeled with [1-13C]-acetate and [methyl-13C]-methionine (A and B (attached proton test (APT)) or [2-13C]-acetate and
[methyl-13C]-methionine (C and D (APT)). Dots on the substructures represent 13C-labeled carbons. Numbered peaks are
assigned to the substructures as shown.
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alpha to the trans cyclopropane confirms this labeling pattern since the SAM-derived
methyl branch is unsplit at d 13C 19.92 in the spectrum labeled with both [13C-methyl]-
L-methionine and [1-13C]-acetate (Fig. 5A), while it is split in the spectrum shown
in Fig. 5C, labeled with [2-13C]-acetate. This result is easily visualized by comparison
of the two APT spectra in Figs. 5B and 5D, wherein the SAM-derived methyl branches
in the [1-13C]-acetate labeled sample are not split but all of the methyl branches in
the [2-13C]-acetate spectrum are split. Thus with MTB the methyl group from SAM
is introduced exclusively into the position derived from the 2-position of acetic acid.
Likewise samples prepared from MSM showed that the methyl branches of the a2-
series were introduced into the position derived from the 1-position of acetic acid,
consistent with the simple 13C spectra (data not shown).

DISCUSSION

The failure to identify by heterologous expression the mycobacterial enzyme respon-
sible for trans cyclopropanation of mycolic acids has led us to examine the positional
specificity of methyl group addition by the MMAS-1 protein of MTB. The importance
of trans cyclopropanes to cell wall structure and function as well as the scarcity of
this chemical moiety among biological structures has led us to closely examine many
candidate genes for this activity without success. The present study suggests that the
reason for this failure to date lies, at least in part, in the different positional specificity
of the MMAS-1 protein from MTB and its functional homolog in MSM. The recent
success of the complementary strategy involving gene deletion in M. tuberculosis
suggests that the cis and trans cyclopropane synthases are closely related enzymes with
some functional overlap (18). The finding that CMAS-2 catalyzes cis cyclopropanation
upon heterologous overexpression in MSM (29) but deletion of the gene encoding
CMAS-2 in MTB results in a loss of trans cyclopropanes is entirely consistent with
the work described in this report that shows that the proper substrate for methylene
transfer does not, in fact, exist in MSM. Methylene transfer to a hypothetical a-
methyl-branched trans olefinic precursor could result in different resolution of the
intermediate cation because of altered substrate geometry at the enzyme active site.
The X-ray crystal structure of the CMAS-2 protein would be very helpful in interpret-
ing these results.

The surprising finding that the MSM functional homolog of MMAS-1 introduces
an allylic methyl branch onto a carbon atom derived exclusively from the 1-position
of acetic acid while the MTB MMAS-1 enzyme introduces the same methyl branch
onto a carbon atom exclusively derived from the 2-position of acetic acid is entirely
consistent with previous structural work suggesting that this methyl branch was
oppositely placed in the two organisms (19–21). The previous studies were based
entirely upon inference from mass spectral fragmentation patterns so that the present
study is an important confirmation of the position of this methyl branch.

The labeling studies reported here have also revealed a remarkable specificity of
methyl transfer by these enzymes with respect to the v-end of the growing meroacyl
chain. Such specificity is consistent with our previous observations of the cell free
activity of these enzymes wherein a very broad range of meromycolic acids appear
to be substrates for these enzymes. For CMAS-1 we estimated that the substrate range
spanned more than 30 carbons but with conserved position relative to the v-end of
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the chain. These results are consistent with this suggestion and support the notion
that protein–lipid interactions of remarkable selectivity are quite possible. This phe-
nomenon has been termed a “hydrocarbon ruler” recently with respect to LpxA, an
enzyme involved in lipid A biosynthesis (30). In this case it has been shown that a single
amino acid substitution was sufficient to confer greater than 1000-fold specificity for
substrates that differ by only four methylene units in an acyl chain. In the case of
mycobacteria the absolute specificity for labeling of carbon atoms derived from the
2-position of acetic acid seen with MTB is consistent with a desaturase that introduces
a double bond at a defined position relative to the v-end of the growing acyl chain.
Presumably this action occurs while the meroacyl chain is associated with the acyl
carrier protein, AcpM. Thus it seems probable that the actual ruler measurement arises
in part through a presentation of the appropriate lipid segment on the meroacyl-
AcpM complex.

Meromycolic acid methyltransferases are an important determinant of cell wall
structure and trans cyclopropanation results in lower permeability of this complex
envelope. It may be possible to develop highly specific antimycobacterial agents
that interfere with trans cyclopropane formation since no corresponding eukaryotic
structures are known. These studies suggest the structural features required in an
appropriate surrogate mycobacterial host to detect trans cyclopropane ring formation
and support an amazing specificity of placement of double bonds and cyclopropanes
by the mycobacterial methyltransferases.
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