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Structural analysis of compounds identified as lipid I and II from Mycobacterium smegmatis demonstrated
that the lipid moiety is decaprenyl phosphate; thus, M. smegmatis is the first bacterium reported to utilize a
prenyl phosphate other than undecaprenyl phosphate as the lipid carrier involved in peptidoglycan synthesis.
In addition, mass spectrometry showed that the muropeptides from lipid I are predominantly N-acetylmu-
ramyl-L-alanine-D-glutamate-meso-diaminopimelic acid-D-alanyl-D-alanine, whereas those isolated from lipid
II form an unexpectedly complex mixture in which the muramyl residue and the pentapeptide are modified
singly and in combination. The muramyl residue is present as N-acetylmuramic acid, N-glycolylmuramic acid,
and muramic acid. The carboxylic functions of the peptide side-chains of lipid II showed three types of
modification, with the dominant one being amidation. The preferred site for amidation is the free carboxyl
group of the meso-diaminopimelic acid residue. Diamidated species were also observed. The carboxylic function
of the terminal D-alanine of some molecules is methylated, as are all three carboxylic acid functions of other
molecules. This study represents the first structural analysis of mycobacterial lipid I and II and the first report
of extensive modifications of these molecules. The observation that lipid I was unmodified strongly suggests
that the lipid II intermediates of M. smegmatis are substrates for a variety of enzymes that introduce modifi-
cations to the sugar and amino acid residues prior to the synthesis of peptidoglycan.

Peptidoglycans are essential components of bacterial cell
walls, providing both mechanical strength and shape. The basic
structure of peptidoglycan is common among most of the
eubacteria, consisting of glycan chains composed of alter-
nating units of �134-linked N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc). The lactyl group of
the MurNAc residue usually carries a short peptide (L-Ala-D-
Glu-meso-diaminopimelic acid [DAP]-D-Ala-D-Ala) that forms
bonds with the peptide side chains of neighboring glycan
strands, thus providing mechanical strength (35). Although the
basic structure of peptidoglycan remains the same among eu-
bacterial species, there are significant variations (16, 29). The
structure of the mycobacterial peptidoglycan is an example of
such divergence (16, 27, 40). The glycan chains of mycobacte-
rial peptidoglycan are composed of alternating units of �134-
linked GlcNAc and N-glycolylmuramic acid (MurNGlyc) in
which the N-acetyl function has been oxidized to an N-glycolyl
function. The carbon-6 position of some of the muramic acid
residues forms a phosphodiester bond with the �-L-rhamnopy-
ranose-(133)-�-D-GlcNAc(1-P) linker region of the galactan
chain of the arabinogalactan (24), and about a third of the

peptide cross bridges occur between the carboxyl group of the
L-center of one DAP residue and the amino group of the
D-center of another DAP residue, forming a L,D-cross-link
(40); the rest of the cross-links are between the carboxyl group
of a terminal D-Ala and the amino groups of the D-center of a
neighboring DAP. The overall degree of cross-linking is 70 to
80% in mycobacteria, compared to 20 to 30% for Escherichia
coli (22). In addition, the free carboxylic acid groups of DAP or
D-Glu of mycobacterial peptidoglycan can be amidated singly
or in combination (16), and some of the D-Glu residues are
also modified by the addition of a glycine residue (16).

Despite extensive structural studies on the mature pepti-
doglycan of Mycobacterium spp., little is known of its biosyn-
thesis. The overall biosynthetic pathway is assumed to be the
same as that of E. coli (37), in which the cytosolic steps
culminate in the formation of the UDP-N-acetylmuramyl-
L-alanyl-D-glutamyl-meso-diaminopimelyl-D-alanyl-D-alanine
(UDP-MurNAc-pentapeptide) catalyzed by the Mur family of
ligases (36). The membrane-associated steps are initiated with
the formation of N-acetylmuramyl-(pentapeptide)-diphospho-
ryl-undecaprenol (lipid I), a reversible reaction catalyzed by
MraY (38). In a subsequent step, catalyzed by MurG (25), one
N-acetylglucosamine residue is added to the nonreducing end
of the muramic acid forming GlcNAc-MurNAc-(pentapep-
tide)-diphosphoryl-undecaprenol (lipid II). At this stage, it is
believed that the disaccharide pentapeptide unit is flipped to
the outer surface of the membrane, which is the site of the
periplasmic steps of peptidoglycan biosynthesis that are cata-
lyzed by penicillin binding proteins (7).
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However, mycobacteria do not synthesize undecaprenyl
phosphate, the activated sugar carrier utilized by E. coli for
peptidoglycan synthesis. Mycobacterium tuberculosis primarily
synthesizes decaprenyl phosphate, while Mycobacterium smeg-
matis produces a mixture of hepta-, octa-, and decaprenyl
phosphate (3). Thus, it seems likely that M. tuberculosis uses
decaprenyl phosphate as the carrier of activated sugars in-
volved in peptidoglycan synthesis, but the situation for M.
smegmatis is not obvious. It is clear that arabinogalactan syn-
thesis in M. smegmatis requires decaprenyl phosphate (26, 41),
but the formation of prenyl phosphoryl mannose, reported to
be involved in the biosynthesis of lipomannan and lipoarabi-
nomannan, involves all three of the hepta-, octa-, and deca-
prenyl moieties (1, 9, 33). In contrast, the nature of the lipid
carrier used by mycobacteria in peptidoglycan synthesis is un-
defined.

In addition, the modifications found in the mature pepti-
doglycans of some bacteria occur at the lipid-linked interme-
diate level (6, 15, 18, 19, 23, 31, 34), but it has been reported
that the oxidation of the N-acetyl function of the N-acetylmu-
ramic acid in mycobacteria occurs at the nucleotide level (32).
Therefore, the objectives of the present study were to identify
which of the three candidate lipid carrier molecules are uti-
lized by M. smegmatis in the formation of lipid I and II and to
determine if the modifications in the mature mycobacterial
peptidoglycan occur on lipid-linked intermediates.

MATERIALS AND METHODS

Materials. M. smegmatis mc2155 was obtained from the American Type Cul-
ture Collection. Percoll, [1-14C]isopentenyl diphosphate ([1-14C]IPP; 55 mCi/
mmol), and a Superdex peptide column were purchased from Amersham Bio-
sciences (Piscataway, N.J.). L-[U-14C]alanine (164 mCi/mmol) was from ICN
Biomedicals (Irvine, Calif.). UDP-[U-14C]N-acetylglucosamine (288 mCi/mmol)
was purchased from Perkin-Elmer Life Sciences (Boston, Mass.). Geranyl
diphosphate was synthesized as described previously (4). Authentic decaprenyl
phosphate and undecaprenyl phosphate and prenols of various chain lengths
were purchased from the Institute of Biochemistry and Biophysics, Polish Acad-
emy of Sciences (Warsaw, Poland). Nutrient broth, aluminum-backed Kieselgel
60 F254, and Kieselgel 60 preparative thin-layer chromatography (TLC) plates
were from EM Science (Gibbstown, N.J.). Baker SI-reverse phase C18 TLC
plates and 2-mercaptoethanol were from J. T. Baker Inc. (Phillipsburg, N.J.).
�,E,E,E-Geranylgeranyl diphosphate, UDP-N-acetylglucosamine, and 3-[N-mor-
pholino]propanesulfonic acid (MOPS) were purchased from Sigma (St. Louis,
Mo.). PrepSep C18 columns, 1-butanol, and pyridine were from Fisher Scientific
(Fair Lawn, N.J.). Ramoplanin was a gift from Biosearch Italia SpA, Geranzano,
Italy. Acetonitrile, high-performance liquid chromatography (HPLC)-grade wa-
ter, and methanol were from Burdick and Jackson (Muskegon, Mich.). Isobutyric
acid was from Aldrich Chemical Company (Milwaukee, Wis.). SG81 chromatog-
raphy paper was from Whatman (Clifton, N.J.). Trifluoroacetic acid and acetic
acid were purchased from Supelco Inc. (Bellefonte, Pa.). A Hypersil C18 column
was purchased from Phenomenex (Torrance, Calif.), and a C18 capillary column
was purchased from Michrom BioResources, Inc. (Auburn, Calif.).

Preparation of UDP-MurNAc-pentapeptide and UDP-MurNAc-[14C]pen-
tapeptide. UDP-MurNAc was enzymatically synthesized from UDP-GlcNAc by
use of recombinant MurA and MurB of E. coli as previously described (20).
UDP-MurNAc-L-Ala-D-Glu-DAP-D-Ala-D-Ala (UDP-MurNAc-pentapeptide)
was synthesized enzymatically (28, 42) by adding L-Ala, D-Glu, DAP, and D-Ala-
D-Ala and the appropriate recombinant E. coli Mur enzymes to UDP-MurNAc
in a single reaction mixture. UDP-MurNAc-L-[14C]Ala-D-Glu-DAP-D-Ala-D-
Ala was synthesized using the same procedures, except L-Ala was replaced with
L-[14C]Ala. The total yield was typically 80%.

Preparation of MurNAc-(pentapeptide)-diphosphoryl-prenol (lipid I) of M.
smegmatis. For the synthesis of radiolabeled MurNAc-(pentapeptide)-diphos-
phoryl-prenol (lipid I), a particulate enzyme fraction, containing cell wall, mem-
brane, and small amounts of cytosol, from M. smegmatis was prepared as previ-
ously described (26) and preincubated with 50 �g of ramoplanin/ml for 10 min,

and UDP-MurNAc-[14C]pentapeptide and ATP were added. The mixture was
incubated for 45 min at 28°C. The reaction was terminated by the addition of 20
volumes of CHCl3-CH3OH (2:1) and extracted with agitation on a rotary wheel
for 15 min. The supernatant was recovered after centrifugation at 3,000 � g for
10 min at room temperature and washed with deionized water. After the removal
of the upper, aqueous phase, the lower, organic phase was backwashed with
CHCl3-CH3OH-H2O (3:47:48), dried under a stream of N2, and redissolved in
CHCl3-CH3OH-H2O-NH4OH (65:25:3.6:0.5) or CHCl3-CH3OH-NH4OH (50:
25:0.025).

For large-scale, in vitro synthesis of lipid I, 2 g of protein of M. smegmatis
particulate enzyme was resuspended in 400 ml of buffer A containing 50 �g of
ramoplanin/ml and incubated for 10 min at 28°C followed by the addition of ATP
and UDP-MurNAc-pentapeptide to final concentrations of 100 and 50 �M,
respectively. The reaction mixture was incubated for another 45 min at 28°C.
Lipids were extracted by the addition of 2 volumes of ice-cold 1-butanol–6 M
pyridinium acetate, pH 4.0 (4:1). The resulting mixture was stirred on ice for 1 h,
and the lipid containing organic phase was separated by centrifugation and
transferred to a new container. The aqueous phase was extracted one more time
with the same solvents. The organic extracts were pooled and washed twice with
water, and 5 � 105 dpm of L-[14C]Ala-labeled lipid I was added to act as a tracer
to aid in the isolation and purification of muropeptides. The mixture was dried
in a rotary evaporator under a vacuum, and the muropeptides were prepared as
described below.

Preparation of lipid II of M. smegmatis. In vitro synthesis of GlcNAc-MurNAc-
(pentapeptide)-diphosphoryl-prenol (lipid II) was carried out using the particu-
late enzyme fraction from M. smegmatis as the source of protein and lipid. In a
reaction mixture containing 2 mg of protein, 100 �M ATP, 50 �M UDP-
MurNAc-pentapeptide, and 25 �M UDP-GlcNAc made up to a total volume of
300 �l in buffer A were incubated for 1 h at 28°C. The radiolabeling of lipid II
at desired positions was achieved via the incorporation of specific radiolabel
precursors in the reaction mixtures. In order to synthesize [U-14C]GlcNAc-
MurNAc-(pentapeptide)-diphosphoryl-prenol, UDP-GlcNAc was replaced with
1 �Ci of UDP-[U-14C]GlcNAc. Similarly, UDP-MurNAc-pentapeptide was re-
placed with 0.25 �Ci of UDP-MurNAc-[14C]pentapeptide in order to obtain
GlcNAc-MurNAc-([14C]pentapeptide)-diphosphoryl-prenol. The synthesis of
GlcNAc-MurNAc-(pentapeptide)-diphosphoryl-[14C]prenol required the addi-
tion of 100 �M [1-14C]IPP, 100 �M geranyl diphosphate, and 100 �M gera-
nylgeranyl diphosphate to the reaction mix, along with UDP-GlcNAc, UDP-
MurNAc-pentapeptide, and ATP. The accumulated lipid II was extracted as
described for radiolabeled lipid I.

For large-scale in vitro synthesis of lipid II, 4.8 g of cell envelope protein was
suspended in 800 ml of buffer A containing 100 �M ATP, 50 �M UDP-MurNAc-
pentapeptide, and 50 �M UDP-GlcNAc. The reaction mix was incubated at 28°C
for 75 min, and the lipids were extracted and treated as described for the
large-scale preparation of lipid I, except 5 � 105 dpm of L-[14C]Ala-labeled lipid
II was added as a tracer to aid in the isolation and purification of muropeptides.

Preparation of radiolabeled lipid I and II from E. coli. A particulate enzyme
fraction was prepared from E. coli K-12 cells as described previously (38). The
particulate enzyme preparation was resuspended in 40 mM Tris (pH 8.0) and 10
mM MgCl2, and UDP-MurNAc-[14C]pentapeptide and ATP were then added to
final concentrations of 50 and 100 �M, respectively. The mixture was incubated
at 30°C for 10 min. UDP-GlcNAc was added to achieve a final concentration of
50 �M, and the incubation was continued for another 30 min at the same
temperature. To accumulate lipid I, the particulate enzyme preparation was
preincubated with ramoplanin for 10 min prior to the addition of UDP-MurNAc-
[14C]pentapeptide and ATP. UDP-GlcNAc was omitted in this reaction. The
synthesized lipid intermediates were extracted from the reaction with CHCl3-
CH3OH (2:1) as described for the radiolabeled lipid intermediates of M. smeg-
matis.

Purification and analysis of GlcNAc-MurNAc-(pentapeptide)-diphosphoryl-
[14C]prenol. The CHCl3-CH3OH (2:1) extract from a 6-ml reaction mix was
dried under a stream of N2 and redissolved in CHCl3-CH3OH (2:1). The dis-
solved material was loaded onto a DEAE-cellulose (acetate form) column equil-
ibrated with CHCl3-CH3OH (2:1). The column was washed extensively with
CHCl3-CH3OH (2:1), and bound material was eluted with CHCl3-CH3OH (2:1)
containing 300 mM of CH3COONH4. The CH3COONH4 was subsequently
removed from the sample by washing it twice with H2O, and the solvent was
evaporated under a stream of N2. The sample was then dissolved in a small
volume of CHCl3-CH3OH-H2O-NH4OH (65:25:3.6:0.5) and applied to a pre-
parative silica gel TLC plate, which was developed with CHCl3-CH3OH-H2O-
NH4OH-CH3COONH4 (5.6:4.2:0.68:0.27:0.27). The radioactive lipid II was lo-
cated by autoradiography and extracted from the silica gel with CHCl3-CH3OH-
H2O (10:10:3). The recovered radioactive material was applied to a second silica
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gel plate, which was developed with CHCl3-CH3OH-H2O-CH3COONH4 (5.6:
4.2:0.68:0.27). The radiolabeled material was located and extracted from the
silica gel as described above.

A portion of the radiolabeled GlcNAc-MurNAc-(pentapeptide)-diphosphoryl-
[14C]prenol was hydrolyzed in 20 mM ammonium acetate buffer (pH 4.2) at
100°C for 20 min as previously described (13). The reaction mixture was ex-
tracted twice with diethyl ether, and the extract was dried under a stream of N2.
The ether-soluble material was redissolved in CHCl3-CH3OH (2:1) and analyzed
by TLC on C18 silica gel reverse-phase plates developed in CH3COCH3-CH3OH
(9:1) (3, 30). Authentic decaprenyl phosphate was hydrolyzed under the same
conditions, and the resulting material, as well as polyprenols of different chain
lengths, were used as standards for TLC analysis. Radioactivity was located by
autoradiography, and the standards were detected by using an anisaldehyde-
sulfuric acid spray reagent (5).

Isolation and purification of the muropeptides from lipid I and II. Lipid
extracts containing lipid I or II were suspended in aqueous 2 M trifluoroacetic
acid (TFA) and incubated at 60°C for 1 h to remove the lipid from the MurNAc-
peptide (lipid I) or GlcNAc-MurNAc-peptide (lipid II). The mixture was allowed
to cool and was then extracted with an equal volume of chloroform. The aqueous
phase was dried under a vacuum, dissolved in aqueous 0.5% TFA, and loaded
onto a PrepSep C18 solid-phase extraction column preequilibrated with the same
solvent. Bound material was eluted with 10% acetonitrile containing 0.5% TFA.
Fractions containing radioactivity were pooled, dried under a vacuum, and ap-
plied to Whatman SG81 chromatography paper. The chromatograms were de-
veloped with isobutyric acid–1 M ammonium hydroxide (5:3), and radioactive
bands corresponding to the muropeptides were visualized by autoradiography.
The muropeptides were eluted from the paper with 50% methanol and dried
under a vacuum.

The muropeptides were further purified by reverse-phase HPLC with a Waters
model 600 controller connected to a model 600 pump, a model 2487 UV detec-
tor, and a Hypersil 5-�m C18 column (25 cm by 4.6 mm). The column was
equilibrated in solvent A (0.5% TFA in water) with a flow rate of 1 ml/min at
room temperature. A linear gradient of 0 to 50% solvent B (0.5% TFA in 60%
acetonitrile) over a period of 25 min was applied to elute the bound muropep-
tides. The absorbance of the eluent was monitored at 214 nm, fractions were
collected, and the radioactivity was measured by liquid scintillation spectrometry.
The fractions containing radioactivity (muropeptides) were dried and used for
further analysis. In some experiments, the muropeptides were reduced by use of
NaBH4 (8) prior to purification by reverse-phase HPLC.

LC-MS analysis. The HPLC-purified muropeptides were dissolved in 5%
acetonitrile containing 0.5% acetic acid at a concentration of about 6 �M. An
aliquot (5 �l) was applied to a 0.2- by 200-mm reverse-phase C18 capillary
column that was connected to an Eldex MicroPro capillary HPLC system (Eldex
Laboratories, Inc., Napa, Calif.). The muropeptides were eluted with a 5 to 50%
linear gradient of acetonitrile in 0.5% acetic acid at 5 �l/min. The eluate was
introduced directly into an LCQ electrospray mass spectrometer (Finnigan-
Thermoquest, San Jose, Calif.), and the muropeptides were analyzed by mass
spectrometry (MS) and tandem mass spectrometry (MS2). The electrospray
needle was operated at 4 kV, and the capillary temperature was 200°C. MS2 was
performed on the fly of the most dominant ion of the previous MS scan (N2

sheath gas flow, 20 lb/in2) or from a preselected list of [M � H]� ions (N2 sheath
gas flow, 60 lb/in2).

RESULTS

Generation of radiolabeled lipid intermediates and muro-
peptides of M. smegmatis and E. coli. Lipid-linked peptido-
glycan intermediates were generated from fully characterized
UDP-MurNAc-pentapeptide by use of an M. smegmatis par-
ticulate enzyme fraction as the source of enzymes, as well as
the native lipid carrier. The initial criterion used for the iden-
tification of lipid II was the incorporation of radiolabeled
MurNAc-(pentapeptide), GlcNAc, and IPP into a single mol-
ecule. The only radiolabeled product synthesized in the pres-
ence of UDP-MurNAc-[14C]pentapeptide and cold UDP-
GlcNAc was lipid II. When UDP-GlcNAc was omitted from
the reaction mix, MurNAc-(pentapeptide)-diphosphoryl-pre-
nol (lipid I) was formed.

As further support for the identification of lipid II, known

inhibitors of bacterial lipid II synthesis, namely, ramoplanin
and tunicamycin (2), were tested for their abilities to inhibit
synthesis of the material identified as lipid II in M. smegmatis.
Both drugs inhibited the incorporation of radiolabeled UDP-
MurNAc-(pentapeptide) into organic-soluble material in a
dose-dependent manner, confirming the identity of the lipid
intermediates. TLC analysis of the organic-soluble, enzymati-
cally synthesized products indicated that ramoplanin preferen-
tially inhibited lipid II synthesis, as only lipid I was found in
extracts from reaction mixtures containing higher levels of
ramoplanin. Therefore, ramoplanin was used to obtain suffi-
cient lipid I for subsequent analysis.

Figure 1 shows a comparison of the radiolabeled lipid inter-
mediates from both M. smegmatis and E. coli by TLC analysis.
Figure 1A shows the migration of intact lipid I from M. smeg-
matis and E. coli, and Fig. 1B shows the relative migration of
the muropeptides obtained by acid hydrolysis of lipid I of both
species. The migration of the intact lipid I from M. smegmatis
is significantly slower than that of E. coli, while the migrations
of the isolated muropeptides are identical, suggesting that lipid
I from M. smegmatis may have a smaller lipid moiety. The
migration of intact lipid II obtained from E. coli and M. smeg-
matis also had significant differences in Rf (data not shown).
The muropeptides obtained by the hydrolysis of TLC purified
lipid II from M. smegmatis separated into three distinct bands
(Fig. 2), which did not cochromatograph with muropeptides
isolated from lipid II of E. coli. Taken together, these results
suggest that the muropeptides from mycobacteria were modi-
fied at the lipid II level. In order to characterize these modi-
fications, detailed tandem mass spectrometry studies were un-
dertaken on the muropeptides of the lipid intermediates
isolated from M. smegmatis (see below).

Identification of the lipid moiety of lipid II from M. smeg-
matis. In assays in which [1-14C]IPP, geranyl diphosphate, and
geranylgeranyl diphosphate were added to the reaction mix-

FIG. 1. TLC analysis of the lipid intermediates from E. coli and M.
smegmatis. (A) Radiolabeled, intact lipid I from E. coli (lane 1) and
M. smegmatis (lane 2) was loaded onto a Kieselgel 60 F254 TLC plate,
which was developed in CHCl3-CH3OH-H2O-NH4OH-CH3COONH4
(5.6:4.2:0.68:0.27:0.27) and subjected to autoradiography. (B) Radio-
labeled muropeptides obtained from E. coli lipid I (lane 1) or M. smeg-
matis lipid I (lane 2) were loaded onto a Kieselgel 60 F254 TLC plate,
which was developed in isobutyric acid–1 M NH4OH (5:3) and sub-
jected to autoradiography.
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tures, a number of organic solvent-soluble compounds were
formed. Some of the [1-14C]IPP-labeled material comigrated
with UDP-MurNAc-[14C]pentapeptide-labeled material in sev-
eral solvent systems on TLC, indicating that the labeling of the
lipid moiety of lipid II was successful. It was possible to resolve
the GlcNAc-MurNAc-(pentapeptide)-diphosphoryl-[14C]pre-
nol from other 14C-labeled products formed in the reaction
mixture by two simple chromatography steps, resulting in ma-
terial that was pure enough for further analysis.

The GlcNAc-MurNAc-(pentapeptide)-diphosphoryl-[14C]
prenol was hydrolyzed with ammonium acetate (pH 4.2) to
remove the muropeptides as described in Materials and Meth-
ods, and the radioactive compounds were extracted with di-
ethyl ether and analyzed by reverse-phase TLC (Fig. 3). The
radiolabeled material was found to distribute between three
major products. One of these radiolabeled products had an Rf

value identical to that of decaprenol (C50). The other material
migrated in a manner consistent with rearrangement products
and hydrocarbons produced by acid hydrolysis of prenyl phos-
phates (11–13). There was no indication of an incorporation of
either hepta- or octaprenyl phosphate into lipid II of M. smeg-
matis. Authentic decaprenyl phosphate hydrolyzed and ana-
lyzed under the same conditions produced a similar pattern
when visualized with an anisaldehyde reagent (5), with the
exception of the large spot near the solvent front. It is assumed
that this spot is related to the presence of the sugar 1-phos-
phate residues found in lipid II, but no attempt was made to
characterize this material.

MS analysis of the muropeptides isolated from mycobacte-
rial lipid I. The muropeptides isolated from the lipid I mole-

cule were subjected to LC-MS2 analysis without borohydride
reduction of the muramic acid. The positive-ion mass spectrum
was dominated by a single ion (m/z 808.1) along with the cor-
responding monosodium (m/z 830.4) and disodium (m/z 852.4)
adducts (Fig. 4). MS2 of the dominant ion (m/z 808.1) yielded
a series of daughter ions, the structures of which were identical
to those generated by MS2 analysis of authentic MurNAc-
pentapeptide (see the supplemental material) (21). A fragment
ion (m/z 605.2) representing the lactyl pentapeptide side chain
and three y-type peptide fragments (according to the modified
Roepstorff-Fohlman peptide fragment ion nomenclature [14])
with m/z values of 533.3, 462.2, and 333.2 were obtained. One
ion (m/z 533.3) represents all five amino acids of the peptide
side chain, an ion of m/z 462.2 represents D-Glu-DAP-D-
Ala-D-Ala, and an ion of m/z 333.2 consists of DAP-D-Ala-
D-Ala. An ion (m/z 444.2) derives from the loss of a water
molecule from D-Glu-DAP-D-Ala-D-Ala (m/z 462.2). Three
b-type fragments, MurNAc-L-Ala-D-Glu-DAP-D-Ala (m/z 719.3),
MurNAc-L-Ala-D-Glu-DAP (m/z 648.3), and MurNAc-L-Ala-
D-Glu (m/z 476.2), were observed, and two double-cleavage
fragments, consisting of D-Glu-DAP-D-Ala (m/z 373.1) and
D-Glu-DAP (m/z 302.1), were also identified. Thus, the dom-
inant ion (m/z 808.1) is the molecular ion of MurNAc-L-Ala-
D-Glu-DAP-D-Ala-D-Ala or MurNAc-pentapeptide.

Ions resulting from the neutral loss of water (m/z 790.0) were
also detected, and another ion (m/z 824.0) was also present.
MS2 of the ion of m/z 824.0 yielded several daughter ions
identical to the daughter ions from MurNAc-pentapeptide,
with the sole exception being that the b-type ions were 16
atomic mass units (amu) larger. Therefore, the additional 16
amu are associated with the muramic acid residue and not the
peptide. Conversion of the N-acetyl moiety of the muramic
acid to N-glycolyl would result in a net gain of 16 amu. Thus,

FIG. 2. TLC analysis of muropeptides derived from M. smegmatis
lipid II. Radiolabeled muropeptides obtained from M. smegmatis lipid
II were loaded onto a Kieselgel 60 F254 TLC plate, which was devel-
oped in isobutyric acid–1 M NH4OH (5:3) and subjected to autora-
diography. The arrows indicate bands I through III, which were sub-
sequently isolated for further analysis.

FIG. 3. TLC analysis of the lipid moiety of lipid II synthesized by
the membrane-cell wall fraction from M. smegmatis. Autoradiogram of
the radiolabeled products obtained by acid hydrolysis of lipid II from
M. smegmatis (A) and generated by acid hydrolysis of decaprenyl
phosphate (B). The arrows indicate the migration positions of au-
thentic heptaprenol (C35) and decaprenol (C50). Samples were ap-
plied to a C18 silica gel reverse-phase TLC plate and developed with
CH3COCH3-CH3OH (9:1).
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the muropeptide of the M. smegmatis lipid I accumulated
in vitro is primarily MurNAc-L-Ala-D-Glu-DAP-D-Ala-D-Ala,
with smaller amounts of MurNGlyc-L-Ala-D-Glu-DAP-D-Ala-
D-Ala.

Mass spectrometric analysis of the muropeptides from my-
cobacterial lipid II. The muropeptides isolated from mycobac-
terial lipid II were analyzed by LC-mass spectrometry before
and after reduction with NaBH4. Samples were first separated
into the three bands seen in Fig. 2 by SG81 paper chromatog-
raphy and were then processed separately in subsequent steps.
The data presented are from reduced samples unless otherwise
noted. The reduced and nonreduced samples produced iden-
tical spectra, except the ions containing the muramyl residue
from the nonreduced samples were two mass units smaller
than their reduced counterparts, as expected. It was antici-
pated that the sharp bands seen in Fig. 2 would be relatively
homogenous in composition; however, this was not the case.
The reason for the heterogeneity of compounds found in each
band is not clear.

Software averaging across the total ion chromatogram pro-
vided insight into the unexpected complexity of the mixtures
even after separation and purification by paper chromatogra-
phy. The averaged mass spectrum of the entire total ion chro-
matogram generated from each of the three bands purified on
SG81 paper is shown in Fig. 5. Ions with m/z values predicted
for reduced muropeptides derived from lipid II (1013.2) were
observed in all three.

The major ions observed in Fig. 5 were subjected to tandem
mass spectrometry. In order to obtain unambiguous MS2 re-
sults for the various samples, time-resolved separation of mol-
ecules by LC was important and helped distinguish between [M
� H]� and fragment ions. Thus, spectra obtained from mate-

rial in band I contained [M � H]� ions with m/z values of 971.2
to 972.2, 1,012.2 to 1,013.2, and 1,027.2 to 1,028.2 and the
corresponding [M � Na]� ions at 22 amu higher (Fig. 5).
Spectra obtained from material in band II contained [M � H]�

ions with m/z values of 970.3 to 972.2, 999.2 to 1,000.2, 1,010.2
to 1,013.2, 1,027.2 to 1,028.2, and 1,071.3 to 1,072.3. Except for
the last cluster, the corresponding [M � Na]� ions were also
seen. Spectra generated from band III yielded [M � H]� ions
with m/z values of 969.2 to 970.2, 1,011.2, 1,027.2, 1,055.3, and
1,071.3, along with the corresponding [M � Na]� ions for all
but m/z 1,071.3.

A comparison of the daughter ions of a given molecular ion
with the daughter ions of the MurNAc-pentapeptide standard
positively identified the molecule as a muropeptide and also
served to identify and localize the modifications (see the sup-
plementary material). The relative abundance of the daughter
ions varied from scan to scan; therefore, comparisons of
several scans were necessary to identify the major fragment
ions.

Table 1 shows the molecular ions observed from the mu-
ropeptides of M. smegmatis lipid II and their inferred struc-
tures based on analysis of MS2 spectra. A number of modifi-
cations were observed on the muramyl residue and the peptide.
Interestingly, the GlcNAc moiety was not observed to be mod-
ified.

The muramic acid residues were observed in three different
forms: MurNAc, MurNGlyc, and MurNH2. The carboxylic acid
residues of the peptide side chains were also found to have
three different modifications, singly or in combination (Table
1). The dominant form of peptide modification was the ami-
dation of DAP, in some cases in combination with the amida-
tion of D-Glu and terminal D-Ala. The formation of methyl

FIG. 4. Mass spectrum of muropeptides derived from mycobacterial lipid I. Muropeptides were isolated from mycobacterial lipid I as described
in Materials and Methods and subjected to LC-MS analysis (without prior NaBH4 reduction).
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FIG. 5. Averaged mass spectra of entire total ion chromatograms of the reduced muropeptides of M. smegmatis lipid II. Ascending chroma-
tography on SG81 paper was used to separate the bands shown in Fig. 2, which were then extracted as described in Materials and Methods. The
reduced and purified muropeptides were subjected to LC-MS analysis, and software averaging was used across the entire total ion chromatogram
(inset in each panel) to approximate a direct liquid injection. The averaged mass spectra of band I (A), band II (B), and band III (C) are shown.
Ions from the spectra (labeled in bold) were selected for further characterization by MS2 (see Fig. 6 for an example).
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ester of the terminal D-Ala alone or together with DAP and
D-Glu was also observed. Interestingly, there were no dimeth-
ylated species found (Table 1). The third modification ob-
served was the addition of a Gly residue. The low abundance of
these molecules prevented the detailed MS2 analysis required
for localization of the Gly attachment site. All modifications of
the peptide side chains occurred in combination with the mod-
ifications of the muramic acid residue resulting in at least 14
different species of muropeptide (Table 1).

DISCUSSION

The radiolabeled lipid moiety obtained from M. smegmatis
was identified as decaprenyl phosphate. The mild hydrolysis
conditions used for the isolation of the lipid also generated a
series of other products, as has been previously reported (11–
13). These products are believed to be the result of cleavage
and rearrangement during hydrolysis. Hydrolysis and analysis
of authentic decaprenyl phosphate under the same conditions
produced a similar pattern on the TLC plate. Thus, M. smeg-
matis appears to be the first bacterium reported to utilize a
polyprenyl phosphate other than undecaprenyl phosphate as
the lipid moiety of lipid I and lipid II. Interestingly, even
though the M. smegmatis particulate fraction also synthesizes
heptaprenyl phosphate and octaprenyl phosphate under the
conditions reported here (data not shown) and similar condi-
tions (3), these lipids were not found in mycobacterial lipid I or
II. These results indicate that prenyl phosphates of various

chain lengths are compartmentalized in M. smegmatis, likely to
reduce competition between various biosynthetic pathways.
The mechanism of compartmentalization is not known but may
be due to the substrate specificity of MraY or represent an
example of biosynthetic channeling.

Although the muropeptides isolated from mycobacterial
lipid I migrated as a single band when analyzed by TLC, the
muropeptides isolated from M. smegmatis lipid II showed sig-
nificantly different mobilities on TLC plates, suggesting the
presence of structural differences. Tandem mass spectrometry
showed that the muropeptides obtained from mycobacterial
lipid I are predominantly MurNAc-pentapeptide with a small
amount of MurNGlyc-pentapeptide, possibly derived from the
endogenous UDP-linked precursors. No modifications in the
peptide side chains were seen. However, the muropeptides
isolated from mycobacterial lipid II form a complex mixture.
The muramyl residues alone are present in three different
forms: MurNAc, MurNGlyc, and MurNH2. Although MurNAc
and MurNGlyc residues are found in both nucleotide-linked
peptidoglycan precursors and peptidoglycan isolated from my-
cobacteria (21), the dominant form observed in the muropep-
tides isolated from mycobacterial lipid II was MurNAc, which
was the form presented in the substrate (UDP-MurNAc-pen-
tapeptide) used for the accumulation of lipid II in the exper-
iments presented in this report. Thus, the relative abundance
of MurNAc residues seen in this study may be somewhat
higher than is the case in vivo.

TABLE 1. Inferred structures of muropeptides isolated from M. smegmatis lipid IIa

Source m/z values for
[M � H]� ions

Inferred structures of amino acids and sugars found in muropeptidesb

GlcNAc MurNAc� L-Ala D-Glu� DAP� D-Ala D-Ala�

Standard 808.2 NP � � � � � �

Band I 971.2 � MurNH2 � � � � �
1,012.2 � � � � DAP(NH2) � �
1,013.2 � � � � � � �
1,027.2 � MurNGlyc � D-Gln DAP(NH2) � �
1,028.2 � MurNGlyc � � DAP(NH2) � �

Band II 970.3 � MurNH2 � D-Gln � � �
971.2 � MurNH2 � � � � �
999.2 � � � � � � D-Alaninol

1,010.2 � � � D-Gln DAP(NH2) � D-Ala(NH2)
1,011.2 � � � D-Gln DAP(NH2) � �
1,011.2 � � � � DAP(NH2) � D-Ala(NH2)
1,012.0 � � � � DAP(NH2) � �
1,013.2 � � � � � � �
1,027.2 � MurNGlyc � D-Gln DAP(NH2) � �
1,028.2 � MurNGlyc � � DAP(NH2) � �
1,029.0 � MurNGlyc � � � � �
1,055.3 � � � D-Glu(CH3) DAP(CH3) � D-Ala(CH3)
1,071.3 � MurNGlyc � D-Glu(CH3) DAP(CH3) � D-Ala(CH3)

Band III 969.3 � MurNH2 � D-Gln DAP(NH2) � �
970.3 � MurNH2 � D-Gln DAP � �
999.2 � � � � � � D-Alaninol

1,027.2 � � � � � � D-Ala(CH3)
1,055.3 � � � D-Glu(CH3) DAP(CH3) � D-Ala(CH3)
1,071.3 � MurNGlyc � D-Glu(CH3) DAP(CH3) � D-Ala(CH3)

a Muropeptides were prepared from lipid II as described in Materials and Methods, separated into bands (Fig. 2) by ascending chromatography on Whatman SG81
paper and analyzed by LC-MS2. Structures were determined by comparing MS2 spectra of molecular ions to those of known standards (see the supplemental material).

b �, residues that were always modified at the positions designated R1, R2, R3, or R4 in Fig. 7. NP, not present. �, unmodified.
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FIG. 6. Tandem mass spectroscopic analysis of an ion with an m/z value of 1,013.1. (A) The MS2 spectrum of an ion (m/z 1,013.1) from a
reduced sample (Fig. 5) is shown. (B) The deduced structure and fragmentation pattern of the [M � H]� ion is shown. Structure I shows the origin
of fragments A through E and I. Fragments F through H, J, and K are the result of double cleavage events; the origins of these fragments are shown
in structures II and III. Fragment B is not found in the scan shown in panel A but was present in others.
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Significant amounts of MurNH2 containing muropeptides
were also identified in all preparations of mycobacterial
lipid II. The loss of the acetyl residue could have been due
to ionization in the mass spectrometer. However, the reten-
tion times of muropeptides containing MurNH2 were differ-
ent from those of the muropeptides containing MurNAc or
MurNGlyc with identical peptide side chains on the HPLC
column, strongly suggesting that the deacylation is not an ion-
ization artifact. Although the presence of MurNH2 in the ma-
ture peptidoglycan has been reported for Streptococcus pneu-
moniae (39), M. smegmatis peptidoglycan has only been
reported to contain MurNGlyc (17). Early estimations of the
extent of N-glycolylation relied on colorimetric estimations of
glycolic acid after hydrolysis and comparison with DAP con-
tent. It is possible that these relatively crude and indirect assays
may have missed the presence of a population of MurNH2

residues.
The carboxylic acid functions of the peptide side chains of

the mycobacterial lipid II also underwent three types of mod-
ification. The dominant modification is amidation. The pre-
ferred site for amidation in the pentapeptide appears to be
the free carboxyl group of the DAP residue. Almost all of the
monoamidated muropeptides observed were amidated at this
site. Diamidated species in which the free carboxylic functions
of D-Glu or the terminal D-Ala were also amidated and triami-
dated muropeptides were observed. The mature peptidoglycan
of M. tuberculosis is known to have amidated DAP and D-Glu
(16), but the physiological significance of these modifications is
unknown.

Some of the carboxylic functions of the terminal D-Ala of
mycobacterial lipid II were methylated. A species of lipid II
in which all three of the carboxylic acid functions were meth-
ylated was also observed. Interestingly, these molecules ap-
peared to give weak ions for the fragments labeled F through
K in Fig. 6. However, sufficient fragments were identified to be
able to assign the methyl group on one ion (m/z 1,027.2) to the
terminal D-Ala residue (Table 1). As further evidence of meth-
ylation, an ion (m/z 999.2) was observed in bands 2 and 3 (Fig.
5 and Table 1), which, when subjected to MS2, generated
daughter ions indicating that the terminal D-Ala had lost 14
amu. Since an ion having an m/z of 999.2 was not seen in
samples that were not reduced, this outcome suggests that the
ion is the result of the chemical reduction of a methyl ester
bond by the NaBH4, strengthening the evidence that the ter-
minal D-Ala residue was methylated. The presence of methyl
esters in mycobacterial or other bacterial peptidoglycan has
not been reported; thus, it is possible that the esterified forms
of lipid II represent intermediates which are not present in
mature peptidoglycan.

The occurrence of a glycine residue on the D-Glu residue of
peptidoglycan of several organisms, including M. tuberculosis,
has been reported (29). Molecular ions and some daughter
ions were observed in the course of these experiments which
had m/z values consistent with the addition of a glycine residue
to lipid II. However, it was not possible to assign a position to
the modification from the ions observed.

All of the observed modifications of the muropeptides ap-
peared to occur independently, forming a complex mixture of

FIG. 7. Observed variations in the structure of mycobacterial lipid II. The various substituents found at the R positions (indicated on the figure)
can occur in essentially any combination. However, R3 appears to be preferentially amidated. Dimethylated species were not observed, although
mono- and trimethylated species were both present. The stereochemistry of the prenyl moiety was not determined and is drawn to conform to
earlier structural analysis of mycobacterial decaprenyl phosphate; similarly, the stereochemistry of the peptide chain was not determined.
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at least 14 species with modifications of the muramyl residue
and the peptide side chain and various combinations (Fig. 7).
Some of the observed modifications have previously been re-
ported for mature peptidoglycan, and the search for analogous
structures in mature mycobacterial peptidoglycan is currently
under way. The observation that lipid I was largely unmodified
in these studies strongly suggests that the lipid II intermediates
of M. smegmatis are substrates for a variety of enzymes. Al-
though amidation of the peptide side chains of peptidoglycan
has been reported from a variety of microorganisms and pre-
vious work has pointed to lipid II as the substrate (31), the
enzymes involved have yet to be identified.

While it is known that modifying the sugar residues of pep-
tidoglycan can result in resistance to muramidases (10), it is
not obvious what the physiological relevance of the modifica-
tions of the pentapeptide are. However, one can speculate that
modification of the carboxylic acid residue of the D-center of
DAP could be involved in regulation of cross-linking in the
mature peptidoglycan, even though it is not directly involved in
the formation of the resulting peptide bond.
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