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To measure molecular changes underlying pathogen adaptation,
we generated a searchable dataset of more than 12,000 mass
spectrometry events, corresponding to lipids and small molecules
that constitute a lipidome for Mycobacterium tuberculosis. Iron is
essential for M. tuberculosis survival, and the organism imports
this metal using mycobactin and carboxymycobactin siderophores.
Detection of an unexpected siderophore variant and deletions of
genes for iron scavenging has led to a revised mycobactin biosyn-
thesis model. An organism-wide search of the M. tuberculosis da-
tabase for hypothetical compounds predicted by this model led to
the discovery of two families of previously unknown lipids, desig-
nated monodeoxymycobactins and monodeoxycarboxymycobac-
tins. These molecules suggest a revised biosynthetic model that
alters the substrates and order of action of enzymes through the
mycobactin biosynthetic pathway. We tested this model geneti-
cally by solving M. tuberculosis lipidomes after deletion of the
iron-dependent regulator (ideR), mycobactin synthase B (mbtB),
or mycobactin synthase G (mbtG). These studies show that deox-
ymycobactins are actively regulated during iron starvation, and
also define essential roles of MbtG in converting deoxymycobac-
tins to mycobactin and in promoting M. tuberculosis growth. Thus,
lipidomics is an efficient discovery tool that informs genetic rela-
tionships, leading to a revised general model for the biosynthesis
of these virulence-conferring siderophores.

Infection with Mycobacterium tuberculosis often involves decades
of persistence in the host, during which time the organism sets up

supply lines for importing host nutrients. Using two structurally
related lipids, mycobactin and carboxymycobactin (also known as
exochelin and exomycobactin), M. tuberculosis scavenges host iron
for the reactions of DNA synthesis and respiration (1–3). Studies of
human patients (4), genetic deletion of mycobactin synthases (5, 6),
and the evolution of host siderocalin (7) indicate that the struggle
between mycobacteria and hosts for capture of limited iron stores
can determine the outcome of natural and experimental tubercu-
losis infection. Mycobactin and carboxymycobactin serve two func-
tions. First, they are high-affinity, hexadentate iron ligands. Second,
they neutralize the Fe3+ cation and tether it to a lipid tail, promoting
iron transport across the hydrophobic membranes (8–10). Both
lipids contain the same peptide.Mycobactin has a long fatty acid tail
(C16–22), whereas carboxymycobactin has a shorter, dicarboxyl
fatty acid tail (C6–C10), whose less hydrophobic character facilitates
dispersion after secretion into the aqueous phagosome.
Mycobactin siderophores play an essential role in scavenging

nonheme iron, as shown by growth attenuation after deletion of
mycobactin synthases (5, 6). Whereas mycobactin biosynthesis is
a known virulence-conferring pathway, the precise mechanisms by
which mycobactins are produced and cycled through the cell wall

are incompletely understood. Seminal work showed that myco-
bactin synthases, namedMbtA-N, are encoded at two loci (6, 9, 10).
IdeR controls siderophore biosynthesis by repressing transcription
of mbtA-N in iron-replete conditions (9–11). The predicted func-
tions of MbtA-N fit well into widely accepted theoretical models for
the production of mycobactin, but the functions of most genes and
intermediates in mycobactin biosynthesis have not been directly
established (5, 6, 9, 10). Here we describe the development and
application of mycobacterial lipidomics to identify deoxysider-
ophore intermediates that are inconsistent with the current model
of mycobactin biosynthesis and lead to a new general mechanism
of biosynthesis.
Solving the M. tuberculosis genome was a landmark study be-

cause it organized the ∼4,100 genes from one of the world’s most
deadly bacterial pathogens (12). Based on this gene catalog, tran-
scriptomics and proteomics provide unbiased ways to measure
mycobacterial responses, including enzymes that produce the lipid-
laden cell wall (12–16). The unusually lipophilic cell wall regulates
nutrient uptake, drug transport, and antigen shedding into the
host. An unbiased, systematic profile of lipids inM. tuberculosis and
its cell wall could have a broad impact on studies of nutrition,
antigenicity, and drug uptake. However, existing methods for
global M. tuberculosis lipid analysis were inadequate, for two rea-
sons. Lipidomic databases contain masses of lipids in eukaryotes or
model bacteria, rather than mycobactins (3), mycoketides (17),
long-chain polyketides (18, 19), mycolic acids (20), and other lipids
found only in mycobacteria. In addition, existing methods for ex-
traction and separation of water-soluble cytosolic compounds
cannot be used for the unusually hydrophobic neutral lipids of
M. tuberculosis (13, 21).
We have developed a lipidomics profiling platform for myco-

bacteria based on high performance liquid chromatography-mass
spectrometry (HPLC-MS), which resolves diverse compounds to
generate a catalog of more than 12,000 molecules organized by
retention time and mass-to-charge ratio (m/z). After introducing
nutritional stress or gene deletion, changes in ions of known mass
aremeasured, and collisionalMS solves the structure of biologically
interesting molecules. By combining genetics and lipidomics, we
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have revealed deoxysiderophore intermediates of mycobactin/
carboxymycobactin and identified the function of mbtG and other
genes in the mycobactin biosynthetic pathway, leading to a unique
stepwise pathway of mycobactin biosynthesis.

Results
HPLC-MS Analysis of M. tuberculosis Lipids Identifies 12,135 Events.
To generate MS datasets describing M. tuberculosis lipids, we de-
veloped three chromatographic methods for mycobacterial cell-
intrinsic lipids and lipids released from the cell. Cell pellet extrac-
tion with chloroform:methanol followed by acetone precipitation
yielded two fractions: acetone-insoluble lipids and acetone-soluble
lipids, which entered into normal and reversed-phase HPLC, re-
spectively. Lipids released from bacteria were collected by filtering
supernatant from M. tuberculosis culture, then performing extrac-
tion with ethyl acetate. These were then entered into a third re-
versed-phase HPLC system. HPLC-MS methods were optimized
based on the polarity of their lipidic constituents, taking into ac-
count ionization and detection requirements for the unusually hy-
drophobic neutral lipids in mycobacteria, ionization energy,
countercurrent gas pressure, and trace cations added to solvents
(22). We found that M. tuberculosis lipids are broadly assessed by
detection of adducts in the positive mode (Fig. 1) (22), in contrast
to anionic phospholipids, which dominate the lipid profiles of
Gram-negative bacteria and eukaryotes.
We applied a series of tests to convert 42,147 ions into 12,135

reproducible “events,” demonstrating chromatographic, mass
spectral, and ionic characteristics of individual lipids present in
M. tuberculosis (Fig. 1A). The conversion of ions to events involved
excluding ions present in solvents or media, as well as ions with
mass defects and isotope patterns indicating low carbon content.
Isotopes of one neutral value M, as well as H+, Na+, or NH4

+

adducts, were also grouped into a single event. The number of
events served as an estimate of the number of lipids in the M. tu-
berculosis lipidome, but one M with varying charge states could
generate multiple events, and some lipids might produce in-source
fragments. Conversely, some lipidsmight have been nonionizing or
present below detection thresholds.

This approach yielded one M. tuberculosis lipidome in three
datasets, searchable by mass and retention time: released lipids
(4,100 events), acetone-insoluble lipids (1,433 events), and ac-
etone-soluble lipids (6,602 events) (Fig. 1B and Dataset S1).
Separately plotting chromatograms of high-, intermediate-, and
low-intensity events demonstrated a dynamic range of detection
exceeding 4 log10 orders of magnitude (Fig. S1A). This wide
dynamic range allowed nearly simultaneous detection of lipids
at high intensities (mycolates, phthiocerol dimycocerosates,
mycobactins) and low intensities (diacyl sulfoglycolipids) in
a single injection (Fig. S1B). Other applications have sought to
catalog known mycobacterial lipids at the outset of the exper-
iment and globally track many named molecules (untargeted
lipidomics) (22, 23). Our targeted lipidomics approach ranks
unknown lipids according to a biological criterion (lipids con-
sistent with mycobactin metabolites), and then solves their
structures through collisional MS.

M. tuberculosis Regulates Dideoxymycobactin During Iron Starvation.
General mechanisms of mycobactin biosynthesis have been pro-
posed (Fig. 2, Upper) (6, 9, 10, 24). However, the discovery of
antigens presented byCD1a identified dideoxymycobactin (DDM),
an apparent mycobactin variant lacking hydroxyl groups on two
lysines (Fig. 3A) (24). Existing models of mycobactin biosynthesis
postulate that lysine hydroxylation occurs early in biosynthesis, so
that a deoxy variant like DDM is not produced (Fig. 2, Upper).
Therefore, we considered that DDM might be an unnatural
product formed ex vivo. However, T cells recognized myeloid cells
infected with M. tuberculosis (24), specifically recognizing purified
DDM instead of purified mycobactin and indicating that DDM is
produced during infection (Fig. 3A).
To investigate the genetic regulation of DDM during the M.

tuberculosis iron- scavenging response, we detected DDM within
acetone-soluble lipid extracts fromWTM. tuberculosis andmutants
under high-iron and low-iron growth conditions. Loading and de-
tection of natural DDM (m/z 838.5) was confirmed using an in-
ternal synthetic DDM standard of distinct mass (m/z 784.5) and T-
cell bioassays for DDM (Fig. 3 B and C). Cells transfected with the
α and β chains from theCD8-2DDM-specific T-cell line stimulated
IL-2 release from monocyte-derived dendritic cells when treated
withDDM (24). This served as a bioassay forDDMproduction and
verification of MS results. Acetone-soluble lipids from a myco-
bactin synthase B mutant (ΔmbtB) (6) yielded trace or absent ac-
tivation in T-cell bioassays and DDM-838 signals (Fig. 3B). IdeR,
an iron-binding transcription factor, represses mycobactin synthase
transcription (11). Adding iron to growth medium strongly inhibi-
ted DDM production, an effect absent in bacteria lacking IdeR
(ΔideR) (11) (Fig. 3C). This indicates that DDM production
requires MbtB and is inhibited by iron in an IdeR-dependent
manner, demonstrating thatM. tuberculosis regulates DDM during
iron starvation.

A Revised Model for Mycobactin Biosynthesis. This evidence for
DDM as a natural target of the human T-cell response (24) and an
element of the M. tuberculosis iron-starvation response forced
consideration of an alternative model for mycobactin biosynthesis.
The simplest model for mycobactin biosynthesis, designated “hy-
droxylation first,” predicts that mycobactin synthase G (MbtG)
converts free lysine to hydroxylysine, followed by mycobactin syn-
thases C,D, E, and F forming the peptide before acylation byMbtK
(Fig. 2, Upper). In this model, DDM is never formed. In contrast,
our proposed “hydroxylation last” model accounts for DDM pro-
duction, with MbtG hydroxylating DDM rather than free lysine
(Fig. 2, Lower). Although conservative, this model necessarily
revises the structures of intermediates and the order of activity
of most enzymes in the pathway. Our hydroxylation last model
predicts that monodeoxymycobactins, monodeoxycarboxymyco-
bactins, and dideoxycarboxymycobactins should exist; however,
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such lipids have not been detected during decades ofM. tuberculosis
investigation (Fig. 2, gray).

Mining the M. tuberculosis Lipidome for Hypothetical Molecules. To
search for hypothetical deoxysiderophores, we calculated their ion
masses by assuming that they differed from knownmycobactins and
carboxymycobactins only in hydroxylation state (Fig. 3A and
Dataset S2). With this mass list, we searched the lipidomic datasets
(Dataset S1) for events matching calculated masses within 10 ppm
of mass accuracy and similar elution to siderophore standards (Fig.
4A). This search returned 38 events matching calculated masses of
known siderophores, including ferri-mycobactin (m/z 923.4724),
ferri-carboxymycobactin (m/z 799.2752), and apo-DDM (m/z
838.5708) (Fig. 4D).
Ions initially matching masses of known compounds were sub-

jected to five tests to confirm their chemical identity (Fig. 4A). First,
because 56Fe is 15 times more naturally abundant than 54Fe, ferri-
siderophores should show a characteristic ion doublet in which
[M-2H+56Fe]+ is 15-fold more intense than [M-2H+54Fe]+ (m/z
905.4815 in Fig. 5A). Second, siderophores should be part of lipid
families with predictable variations in alkyl carbons (C6–22) and
unsaturation (0–1) (Figs. 4E and5CandDataset S2). Finally,wedem-
onstrated near coelution with standards (Fig. 5B) and determined
molecular structures by collisional MS (Fig. 5D and Fig. S2).

Discovery of Monodeoxymycobactins. In addition to the 38 known
siderophores, 21 lipidomic events matched masses of hypothetical
deoxysiderophores. For example, events corresponding to a hy-
pothetical monodeoxymycobactin with a C20:1 fatty acyl unit
were detected with Fe3+ (m/z 907.4820) and without Fe3+ (m/z
854.5663). Only the former exhibited the iron doublet ion (Figs.
4E and 5A). Other events matched calculated masses with shorter
or saturated fatty acids, including ferri-monodeoxymycobactins
with C18:1 and C20:1 fatty acids and apo-monodeoxymycobactins
with C16:1, C18:1, and C20:1 fatty acids (Fig. 4E). Monodeoxy-
mycobactin nearly coeluted with synthetic DDM standard, natural
DDM, and mycobactin (Fig. 5B). Monodeoxymycobactins with
increasing carbon numbers eluted in reverse order to their carbon
number, as expected for a lipid series in reversed-phase HPLC

(Fig. 5C). Finally, collisional MS detected the expected fragments
of monodeoxymycobactins for every member of the monodeoxy-
mycobactin family (Fig. 5D, Fig. S2, and Fig. S6).
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Proximal and Distal Isomers of Monodeoxymycobactins. Whereas
mycobactin and DDM eluted in one peak, monodeoxymycobactins
unexpectedly eluted in two peaks. Because ions were detected in
narrow mass windows, the two molecules likely represent isomers
(Fig. 5 B and C). DDM is likely converted to mycobactin through
a two-step process involving similar reactions on lysines located
proximal or distal to the acyl chain (Fig. 2, Lower). If the hydrox-
ylase prefers one lysine, then only one form of monodeoxy-
mycobactin is produced. The unexpected doublets seen only in
monodeoxy forms could be explained if hydroxylation occurred at
either lysine with similar efficiency, resulting in distinct proximal
and distal isomers. Monodeoxymycobactin-907 collided to give
fragments of m/z 711.3540 or m/z 696.3665, indicating the early-
eluting and late-eluting isomers carried the hydroxyl group on the
proximal and distal lysines, respectively (Fig. 5D). Thus, mono-
deoxymycobactins are produced as pairs of isomers, providing in-
sight into their two-step conversion from DDM to mycobactin.

Discovery of Monodeoxycarboxymycobactins. After identifying
monodeoxymycobactins, we used a similar approach to discover
monodeoxycarboxymycobactins. Using screening based on mass
(Fig. 4, Right) and the five confirmatory tests (Fig. 4A), we iden-
tified apo-monodeoxycarboxymycobactins in the released lipid
dataset (Fig. 4E andDataset S2). Thus, lipidomic profiling rapidly
identified two previously unknown classes of deoxysiderophores
as 42 distinct molecules, demonstrating the surprising efficiency
of the platform for molecular discovery (Fig. S3). Although we
detected every theoretical monodeoxysiderophore predicted by
the hydroxylation last model, we detected no dideoxycarboxy-
mycobactins (Fig. 2, Lower). Monodeoxycarboxymycobactins are
detected at 20-fold lower levels than monodeoxymycobactins,
which is just above the limit of detection (Fig. 5); thus, if dideoxy-
carboxymycobactins exist, they are likely below the detection
threshold. Only the hydroxylation last model predicts the exis-
tence of DDM, monodeoxymycobactin, and monodeoxycarboxy-

mycobactin; thus, the lipidomic data strongly support the more
complex hydroxylation last biosynthetic pathway.

MbtG Is Necessary for Growth and Mycobactin Production. Previous
homology analyses (9) and experimental data (10, 25) have
shown that recombinant MbtG hydroxylates free lysine and ac-
ylated lysine peptides. We deleted mbtG through homologous
recombination (ΔmbtG) to determine whether this gene is es-
sential to mycobactin production and growth of M. tuberculosis.
In low-iron media, ΔmbtG failed to grow unless treated with
exogenous mycobactin (Fig. 6B and Fig. S4C). Formal testing of
growth revealed that mycobactin, but not iron, fully com-
plemented ΔmbtG growth to WT rates (Fig. 6B and Fig. S4B).
Furthermore, lipidomic profiling of ΔmbtG could test specific

predictions of the hydroxylation first and hydroxylation last models.
Monodeoxymycobactin and mycobactin should be absent from
ΔmbtG. Whereas the hydroxylation first model predicts the com-
plete loss of DDM, the hydroxylation last model predicts preser-
vation or even an increase in DDM if MbtG is the key enzyme
mediating DDM turnover to mycobactin. Lipidomic analysis
showed that ΔmbtG failed to produce mycobactin and mono-
deoxymycobactin in low-iron media, indicating MbtG is upstream
of mycobactin and essential for its biosynthesis (Fig. 6C and Fig.
S5). Importantly, DDM accumulated in ΔmbtG (Fig. 6C), placing
MbtG downstream of DDM. This finding suggests that all other
mycobactin synthases required to make DDM are functional in
ΔmbtG. Therefore, the loss of mycobactin inΔmbtGwas likely due
to the downstream position of MbtG in the biosynthetic pathway,
not to an unexpected interruption of mbt genes near the mbtG
locus, global alterations in metabolism, or unforeseen feedback
loops. This result demonstrates a specific and essential function of
MbtG as the hydroxylase that convertsDDM tomycobactin and the
necessity of fully hydroxylated mycobactin for M. tuberculosis
growth. Overall, these genetic and lipidomic results strongly sup-
port the hydroxylation last model as the sole or predominant
pathway for mycobactin biosynthesis (Fig. 2, Lower).
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Discussion
Existing models of mycobactin biosynthesis are based on predicted
but largely untested functions of 14 mycobactin synthase genes.
Although the hydroxylation first model is not formally ruled out, no
data distinguishing between the twomodels support its existence. In
addition, all data strongly suggest that the hydroxylation last model
is the quantitatively dominant mechanism of mycobactin pro-
duction during M. tuberculosis iron starvation. These data include
direct evidence for iron,MbtB and IdeR governingDDMsynthesis;
production of three classes of deoxysiderophores predicted only by
this model (DDM, monodeoxymycobactins, and monodeoxy-
carboxymycobactins); and absence of monodeoxymycobactin and
mycobactin with accumulation of DDM in ΔmbtG.
Our proposed model has general implications for the study

of M. tuberculosis lipids with systems biology methods, as well
as practical information for targeting mycobactins during hu-
man infection. Furthermore, our experiments illustrate that

targeted lipidomics provides a reliable means of lipid discovery,
as illustrated by the rapid detection of 42 compounds in two
classes. The value of this targeted approach is that it bypasses
the need for compound databases that identify molecules based
on mass.
Metabolomics is the youngest systems biology discipline, and

its relationships to more established organism-wide profiling
methods and to conventional single enzyme-substrate methods
are only now emerging. Although enzymology usually empha-
sizes characterizing the reactions for which an enzyme is suffi-
cient, gene deletion followed by organism-wide lipidomics
broadly reveals the functions for which an enzyme is necessary. A
combination of these methods has proven useful. Lipidomic
profiling of ΔmbtG establishes MbtG as the essential enzyme in
conversion of DDM to mycobactin, and places this reaction as
the final step in the pathway.
A key goal of lipidomics is to provide insight into the general

structure of a biochemical pathway in ways that cannot be known
from studies of individual genes, transcripts, or proteins. It is un-
likely the hydroxylation last model could have been derived from
studies of individual mycobactin synthases studied in isolation. The
pathway revisions proposed here alter the order of action of most
mycobactin synthases, specifically MbtE, MbtF, MbtG, MbtK,
MbtL, MbtM, and MbtN (Fig. 2). Although we have not detected
all intermediates in the revised pathway, the discovery of DDM,
monodeoxymycobactin and monodeoxycarboxymycobactin implies
that many intermediates are produced in the deoxy form, and that
each enzyme’s substrate specificities must be reconsidered. Fur-
thermore, this finding suggests that natural substrates for many
mycobactin synthases should be reconsidered, including MbtE,
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MbtF, MbtG, and MbtK. The importance of mycobactins in
M. tuberculosis virulence ledQuadri (26) to propose pharmacologic
interruption ofmycobactin biosynthesis as a tuberculosis treatment.
Moreover, carboxymycobactins are present in the tissues of patients
with tuberculosis, and thus are candidate biomarkers of M. tuber-
culosis infection (27, 28). Understanding the precise chemical
structures of mycobactin intermediates supports both goals.
Do deoxysiderophores also provide information about the

basic cellular mechanisms of M. tuberculosis iron scavenging?
Our analysis of deoxysiderophores (Figs. 3A and 4) suggests
they have lower iron affinity than mycobactin and carbox-
ymycobactin, which could allow MbtG hydroxylation to regu-
late siderophore iron binding at the final step of production.
Future studies are needed to examine the possibility that apo-
deoxysiderophores can be selectively positioned and activated
within the mycobacterium, facilitating one-way iron transport
toward M. tuberculosis, the world’s most successful bacterial
pathogen.

Methods
Detailed information is provided in SI Methods. In brief, 100-mL lipidomic cul-
tures were grown to OD600 = 0.4. Supernatant was collected by centrifugation,
filtered through a 0.22-μm filter, and treated with 300 μL of 6 M hydrochloric
acid. After the addition of 1.4 volumes of ethyl acetate andmixing for>1 h, the
ethyl acetate was removed and dried to yield released lipids. To extract cell
lipids, bacteria scraped from plates were treated with 60 mL of 2:1 chloroform:
methanol, then 1:1, then 1:2 for 1 h each. Extractable lipids were separated by
centrifugation, collected, and dried. Acetone-insoluble cell lipids weremade by
collecting precipitates from 30mg of total lipids per 0.21mL of 4 °C acetone on
ice for 1 h, followed by washing with 4 °C acetone. Acetone precipitates were
washed three times with 4 °C acetone, and supernatants and washes were
collected and dried to yield acetone-soluble cell lipids. MS analysis was per-
formed with an Agilent 6520 Accurate Mass QtoF mass spectrometer.
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