@ © 2005 Nature Publishing Group http://www.nature.com/naturechemicalbiology

nature
chemical biology

LETTERS

Mycobactin-mediated iron acquisition within

macrophages
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Restricting the availability of iron is an important strategy

for defense against bacterial infection'-3. Mycobacterium
tuberculosis survives within the phagosomes of macrophages;
consequently, iron acquisition is particularly difficult for

M. tuberculosis, because the phagosomal membrane is an
additional barrier for its iron access*>. However, little is
known about the iron transport and acquisition pathways
adapted by this microbe in vivo®. Extracellular iron sources
are usually mobilized by hydrophilic siderophores”/8. Here,
we describe direct evidence that mycobactins, the lipophilic
siderophores of mycobacteria, efficiently extract intracellular
macrophage iron. The metal-free siderophore is diffusely
associated with the macrophage membrane, ready for iron
chelation. Notably, the mycobactin-metal complex accumulates
with high selectivity in macrophage lipid droplets, intracellular
domains for lipid storage and sorting®°. In our experiments,
these mycobactin-targeted lipid droplets were found in direct
contact with phagosomes, poised for iron delivery. The
existence of this previously undescribed iron acquisition
pathway indicates that mycobacteria have taken advantage
of endogenous macrophage mechanisms for iron mobilization
and lipid sorting for iron acquisition during infection. The
pathway could represent a new target for the control of
mycobacterial infection.

Macrophages stand as gatekeepers for the host immune defense
against invading bacteria by using an array of antimicrobial devices!!.
Among the various compensations are the depletion of iron in serum
transferrin!>12 and the increased synthesis of ferritins'>!4. Although
macrophage cells can internalize a variety of intruding microbes
through phagocytosis and degrade them within phagolysosomes,
pathogenic mycobacteria have developed creative means to avoid
the fatal fusion with lysosomes and thus multiply within these host
cells®®. M. tuberculosis, one of the most insidious macrophage-targeted
strains, currently infects one-third of the world’s population, and there
are increasing reports of multidrug-resistant strains (http://www.
who.int/mediacentre/factsheets). Here, we report a rapid, mycobactin-
mediated iron acquisition process and subsequent mycobactin-specific
iron transport within macrophages that exploits the ready membrane
permeability, dynamic diffusibility and high iron affinity of these small
lipophilic siderophores. This iron acquisition process is stimulated by

ferric transferrin or cobalt(IIl) transferrin, implicating the iron trans-
port apparatus, rather than the iron in transferrin, as the primary
target. Our findings regarding mycobactin-mediated iron acquisition
suggest new targets for combating mycobacterial infections!”.

We examined the interactions of mycobactin J, a siderophore from
Mpycobacterium paratuberculosis (MJ, 1, Fig. 1a), with human macro-
phage cells in culture by monitoring the appearance of MJ-iron com-
plex (Fe-M]J, 2). Approximately 20% of the added MJ was recovered as
Fe-MJ under these conditions, in contrast to less than 5% conversion
in the absence of macrophages (Fig. 1b). This result indicates that
extracellularly added M]J translocated through the plasma membrane
and acquired intracellular iron from macrophages. Similar conversion
to Fe-M]J was observed in the presence of a 30-fold excess of the water-
soluble iron(Ill) chelator desferrioxamine, confirming that this
MJ-mediated iron chelation is an intracellular process.

The iron-transport protein transferrin is known to promote the
growth of mycobacteria'®. We found that added human transferrin
(hTf) stimulated MJ-mediated iron acquisition from macrophages at
low, physiologically significant levels (10 pM hTf)!”. The conversion
of MJ to Fe-M]J nearly doubled in the presence of hTf (Fig. 1b). This
hTf-triggered conversion was significantly suppressed at low tempera-
tures (gray columns in Fig. 1c), reaching a level at 4 °C similar to that
observed in the absence of hTf (compare Fig. 1b,c).

Notably, cobalt(III) transferrin (Co-Tf) was a more effective agonist
than hTf for triggering iron release from macrophages to MJ (Fig. 1d).
This result suggests that initiating transferrin receptors also mobilized
internal iron stores for this MJ-mediated iron acquisition. By contrast,
the more labile Ga(IIT) and AI(III) transferrin complexes not only did
not stimulate iron release from macrophages to MJ, but also greatly
suppressed the basal recovery of Fe-MJ (Fig. 1d).

We examined the distribution of MJ and Fe-M] between aqueous
phase and macrophages by incubating MJ or Fe-MJ in 10° cells per ml
macrophage culture for 0.5 h. Notably, we found that 70-90% of the
added MJ or Fe-M] was recovered from the aqueous phase under these
conditions. We then recovered both aqueous-phase Fe-M] and total
Fe-MJ after the 24-h incubation of MJ in macrophage culture, in
either the presence or the absence of hTf. Here, Fe-MJ from the
aqueous phase also accounted for 80% of the total recovered Fe-M]J
(Fig. 2a). These observations are consistent with the cell-aqueous
phase partition coefficients for MJ (Fig. 2b) and Fe-M]J (Fig. 2c) of
2.4 x 107% ml per cell and 9.8 x 1077 ml per cell, respectively. The
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Figure 1 MJ-mediated iron acquisition. (a) The structure of MJ and Ga-MJ. The chelating moieties of MJ are highlighted in red (oxygen) and blue (nitrogen).
A representative three-dimensional structure of Ga-MJ; C, dark gray; H, light gray; O, red; N, blue; Ga, cyan. (b) The conversion to Fe-MJ. MJ targets
macrophage intracellular iron, a process promoted by hTf. Ves, 0.05 mM vesicle; Ves + hTf, 0.05 mM vesicle with 10 uM hTf; Cell, macrophages; Cell +
hTf, macrophages supplied with 10 uM hTf. Net conversion (%) is the ratio of the actual conversion to Fe-MJ to the theoretical 100% conversion. (c) The
effect of temperature on MJ-mediated iron acquisition. Iron transfer from macrophages to MJ was insensitive to temperature, but hTf-triggered iron transfer
was inhibited at low temperatures. Relative conversion of 100% was defined as the conversion to Fe-MJ at 37 °C, in either the presence (gray column) or the
absence (black column) of 10 uM hTf. (d) Co(lll)-Tf-stimulated iron acquisition of MJ. All the experiments were carried out as described in Figure 1b in
either the absence (“Cell”) or the presence of 10 uM hTf (“hTf"), Co(I)-Tf (“Co-Tf"), Al(IID)-Tf (“Al-Tf"), Ga(ll)-Tf (“Ga-Tf”) or 1 mg mI~! bovine serum
albumin as the control (“BSA”). Relative conversion of 100% was defined as the conversion at 37 °C without hTf. Negative relative conversion values
correspond to the less-than-basal recovery of Fe-MJ. Plots show means of triplicates with s.e.m.

moderate membrane affinity of Fe-M] is also consistent with its lipid—
aqueous phase partition coefficient (K, = 3 x 10°) that was obtained
with lipid vesicles as a model membrane (unpublished result). These
results indicate that MJ and its iron complex can freely diffuse among
infected macrophages, mycobacteria and the medium, a feature that
would facilitate access to the host iron pool and the transport of iron
to the bacterial pathogens.

To further examine the dynamic redistribution of added Fe-MJ and
MJ within cells, we used fluorescent confocal microscopy to visualize
MJ and gallium-MJ complex (Ga-MJ, 3, Fig. la) as an Fe-M]J
surrogate. Lipid-phase Ga-M] displays a pronounced fluorescence
emission that was very useful for these experiments. Upon incubation
in macrophage culture for 20-120 min, Ga-MJ was found preferen-
tially localized in a single intracellular structure (Fig. 3a). This special
locus was determined to be the lipid droplet by the observed
colocalization of Ga-MJ and Nile red in these regions (Fig. 3b).
Lipid droplets are important intracellular domains for lipid storage
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and sorting and for the synthesis of host immune-defense mediator
eicosanoids>!?. M]J, by contrast, was homogeneously distributed
among lipid regions of macrophages (Fig. 3c), similar to other
hydrophobic fluorescent markers such as LysoTracker (a lysosome
marker from Invitrogen) and FM 4-64 (an endo- and exocytosis
marker from Molecular Probes). Consequently, this unusual affinity of
Ga-M]J for lipid droplets must be attributed to a specific interaction
rather than general hydrophobic effects. Fe-MJ should share this lipid-
droplet affinity, because gallium siderophores are good structural
analogs of the corresponding ferric complexes on the basis of their
similar ionic radius, charge and metal-coordinating properties's.

We further noticed that Ga-MJ-laden lipid droplets displayed direct
contacts with phagosomes containing fluorescent Escherichia coli
(Fig. 3d). This finding suggests that mycobacteria have exploited
host lipid trafficking for mycobactin-mediated iron delivery by
recruiting Fe-MJ to lipid droplets within macrophages. The subse-
quent migration of Fe-MJ-laden lipid droplets to phagosomes would
thus facilitate iron delivery to phagosomal mycobacteria. During
bacterial infection and after phagocytosis, lipid droplets in human
lung macrophages are reported to move to phagosomes and discharge
their contents there!>?°, Tronically, this lipid-droplet trafficking by the
host immune defense seems to be the vector for iron delivery to
macrophage-niched mycobacteria.

Three lines of evidence presented here show that MJ and Fe-M]J
rapidly translocate through cell membranes and maintain a dynamic

Figure 2 Membrane partitioning of MJ and Fe-MJ. (a) The cell-aqueous
phase distribution of Fe-MJ upon iron release to MJ. Both aqueous-phase
Fe-MJ (gray) and total Fe-MJ (black) were recovered after the 24-h
incubation of MJ in macrophage culture (1 x 105 cells per ml), in either the
presence (“Cell + hTf") or the absence (“Cell”) of hTf. Here, Fe-MJ from the
aqueous phase accounted for 80% of the total recovered Fe-MJ. The total
conversion in the absence of hTf was set as 100% relative conversion.

(b,c) Measurements of cell-aqueous phase partition coefficients of MJ and
Fe-MJ, respectively. C, and G, stand for lipid-phase and aqueous-phase
amounts of MJ or Fe-MJ, respectively. Partition coefficients of MJ and Fe-MJ
were obtained with Ky = 2.4 x 106 ml per cell and Kreyy = 9.8 x

10~7 ml per cell (G/Cy = K x [Cell]). Panels a and b show means of
triplicates with s.e.m.
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Figure 3 Distribution patterns of MJ and Ga-MJ within macrophages. (a) Fluorescent confocal images
of the intracellular distribution of Ga-MJ in macrophages. Ga-MJ has a preferential affinity for lipid
droplets, as shown by the arrows. Images from top to bottom: Ga-MJ (green channel), transmission
images of macrophages and the overlap of both. (b) Identifying the preferential locus as lipid droplets
for Ga-MJ diffusion. The Nile red-stained lipid droplets (red channel) were colocalized with the Ga-MJ—
preferred locus (green channel). Images from left to right: transmission images of macrophages, Ga-MJ
(green channel) and Nile red (red channel). (c) Fluorescent confocal images of the intracellular
distribution of MJ in macrophages. MJ loses the lipid droplet-affinity pattern in contrast to Fe-MJ.
Images from top to bottom: MJ (red channel), transmission images of macrophages and the overlap

of both. (d) Co-staining of Ga-MJ and fluorescence-labeled E. coli phagosomes. Arrows show the
contacting regions for Ga-MJ—stained lipid droplets (green channel) and fluorescence-labeled E. coli
phagosomes (red channel). Left to right: transmission images of macrophages, Ga-MJ (green channel),
phagosomes (red channel) and the overlap of all three. The upper right profiles are two representative
images of the interaction between Ga-MJ-laden lipid droplets and E. coli-residing phagosomes.
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mycobactins, because of their ready diffusi-
bility and membrane permeability. The iron
source could be ferritin or intracellular orga-
nelle-bound iron?.

In the presence of hTf or Co-Tf, MJ-
mediated iron acquisition from macrophages
was further stimulated (Fig. 1). This
increased iron release to MJ] must be a
metabolically accelerated process, because it
was completely suppressed at lower tempera-
tures. In the presence of hTf, two compo-
nents contributed to the total iron release to
MJ: hTf-independent iron acquisition from
the macrophage intracellular iron pool and
the hTf-stimulated iron release. For the latter,
we ruled out the possibility that lipophilic MJ
directly mobilized iron from hTf, because the
iron transfer from hTf to mycobactin in vitro
is a slow process (Fig. 1b). Furthermore, Co-
Tf was an even better agonist than hTf for
this stimulation process. We argue that M]J
mobilizes iron from pre-existing intracellular
sources and that this process is further pro-

Nile red

Ga-MJ . .
pha;osom+e . moted by hTf, presumably involving hTf-
macrophage receptor interactions.

On the basis of these data, we propose a
new iron-acquisition mechanism for macro-
phage-niched mycobacteria (Fig. 4). Upon
taking residence in early phagosomes through
macrophage-mediated phagocytosis, patho-
genic mycobacteria assemble mycobactins
and the corresponding transport systems
through mbtA-]J gene products?’. The newly
synthesized mycobactins then diffuse into the
host macrophage (Fig. 4, step 1). Because of
the moderate membrane affinity and ready
membrane permeability of mycobactins, a
dynamic distribution of mycobactins is

distribution between the medium and cellular lipid components.
(i) Extracellularly added MJ acquires intracellular iron from macro-
phages, and a large portion of Fe-M]J was recovered from the aqueous
phase (Figs. 1b and 2b). (ii) Both MJ and Fe-MJ showed only
moderate cell-aqueous phase partition coefficients (Fig. 2b,c).
(iii) Upon the incubation of extracellular MJ and Ga-MJ] with
macrophages, the diffusion of the two amphiphiles reached equili-
brium within 20 min, with Ga-M]J being rapidly translocated to
intracellular lipid droplets (Fig. 3a,b). Lipophilic mycobactins have
been recovered from both M. tuberculosis cells and growth media?!,
consistent with mycobactin diffusion. Similar diffusive properties have
been reported for a variety of amphiphilic siderophores?>%3. Myco-
bactin derivatives have also been shown recently to be antigens for
activated T cells?*.

Macrophages are responsible for clearing senescent red blood
cells and thus are often richly loaded with iron?. Macrophage iron
loading is even more serious during infection, because approximately
30% of the circulating iron is withdrawn from serum to macrophages
under such conditions''2. As we have shown that extracellularly
added M]J can chelate macrophage intracellular iron (Fig. 1), it
seems that this intracellular iron(III) pool is accessed by lipophilic

rapidly built up between the medium and

cellular lipid components. Subsequently,
mycobactins mobilize iron from the macrophage intracellular iron
pool (step 2). Mycobactins may also acquire iron from endocytosis-
internalized transferrin'®. It is likely that this pathway becomes
dominant for those macrophage cells that have intrinsically low iron
storage but are rapidly mobilizing iron from transferrin. Upon
chelating iron, mycobactins are converted into ferric mycobactins
that also rapidly diffuse through the cellular milieu and reach a
dynamic distribution between the medium and cellular lipid compo-
nents (step 3). Ferric mycobactin is further recruited to lipid droplets
delivered through lipid trafficking to the phagosomes (step 4). These
properties would provide macrophage-ensconced mycobacteria with
the mycobactin-mobilized iron. All these observations suggest that the
dynamics of iron mobilization, membrane trafficking and lipid sorting
within macrophages have been exploited to deliver iron to mycobac-
teria residing in phagosomes.

This model accommodates previous studies of pathogenic myco-
bacteria and their siderophore products. First, an M. tuberculosis
mutant incapable of producing mycobactins shows restricted growth
both within macrophages and under iron limitation?!. Therefore,
mycobactins must be virulence factors during infection. Second, the
administration of mycobactins and ferritins together, but not of either

NATURE CHEMICAL BIOLOGY VOLUME 1 NUMBER 3 AUGUST 2005

151



I@ © 2005 Nature Publishing Group http://www.nature.com/naturechemicalbiology

LETTERS

O Mycobacterium

&/

Phagocytosis

1. MJ diffusion
A w

Phagosome

4. Lipid-droplet localization
Fe-MJ Q’

3. Fe-MJ diffusion

Intracellular
iron pool

D

2. Iron acquisition

Figure 4 Our proposed MJ-mediated iron-acquisition pathway for
macrophage-niched mycobacteria. Mycobacteria are initially internalized
through phagocytosis and reside in phagosomes. The newly assembled
mycobactins diffuse away from mycobacteria and rapidly distribute between
bulk medium and cellular lipid components (1. MJ diffusion). These
diffusible mycobactins access intracellular iron pool and mobilize iron there
(2. Iron acquisition). This process is also stimulated by hTf and Co(lll)-Tf.
Ferric mycobactins then diffuse away from the intracellular iron pool (3.
Fe-MJ diffusion). Finally, ferric mycobactins preferentially localize to lipid
droplets, where they are ready to be delivered to lipid droplet-attached
phagosomes residing in mycobacteria (4. Lipid-droplet localization).

one alone, promotes the fast growth of M. tuberculosis in vitro®. Both
of these results are consistent with MJ-mediated iron acquisition from
the macrophage intracellular iron pool (Fig. 4).

Lipophilic mycobactins have been considered as intra-envelope,
short-term iron storage molecules by their interaction with hydro-
philic carboxymycobactins, which are responsible for extracellular iron
acquisition?®. Our studies of MJ indicate that the amphiphile directly
acquires macrophage intracellular iron through membrane diffusion.
The behavior of MJ revealed here could have a broad impact on
understanding and management of mycobacterial infection. In parti-
cular, the discovery that Ga-MJ and, presumably, Fe-MJ accumulate in
lipid droplets, whereas MJ does not preferentially bind to that site,
suggests that lipid droplets could be a key locus for iron restriction.
Agents that target the Ga-MJ binding site could serve to inhibit iron
transport to mycobacteria. Alternatively, antimicrobial agents could be
designed that mimic the mycobactins and accumulate in the lipid
droplets. Mycobactin-gallium complexes themselves could be potential
antibiotics, because they could deliver gallium specifically to intracel-
lular mycobacteria instead of to other host cells; it has been reported
that gallium disrupts iron metabolism in mycobacteria®®. In conclu-
sion, we have described several new aspects of the molecular choreo-
graphy of mycobactin-mediated iron acquisition within human
macrophage cells. The lipid-droplet interaction in particular indicates
a lively orchestration of these host-pathogen dynamics, which has
implications for intervention and possible controls.

METHODS

Ga-M] synthesis. Ga-M] was prepared as follows: 30 mg of MJ was dissolved in
0.7 ml of CD30D in a 5-mm NMR tube and titrated with a saturated CD;0D
solution of gallium acetylacetonate (Sigma) until the uncomplexed M]J
"H-NMR signals completely disappeared and a new set of signals developed.

Acetylacetone was removed upon subsequent evaporation under vacuum.
The Ga-MJ sample was purified through a short column in the barrel of a
5-cc hypodermic syringe (bed height ~5 cm, diameter ~ 1 cm, 60 mesh silica)
and eluted with 0-15% (v/v) methanol in chloroform to give pure Ga-M]J. The
"H NMR spectrum of Ga-M] is shown in the Supplementary Methods online.
The chromatographic process could be easily monitored by ultraviolet (UV)
irradiation at 365 nm, as Ga-M]J shows a bright blue fluorescence.

HPLC analysis for Fe-M]J. Varian ProStar & PrepStar HPLC and a Waters Delta
Pak 5 p C18-300A column were used with 3:7 (v/v) H,0/CH;CN as the eluting
solution under all conditions. The intensities of the peak with retention time
43 min at 460 nm were integrated and normalized to the amount of Fe-M]J.
Macrophages (final concentration, 10> cells per ml) or 0.05 mM dimyristoyl
phosphatidylcholine vesicles as controls were preincubated in RPMI 1640
medium at 37 °C for 4 h, after which MJ was added (final concentration,
1.5 uM). The media were incubated for 24 h under various conditions, such as
in the presence or absence of Tf, at various temperatures or in the presence of
different concentrations of desferrioxamine mesylate salt. Three 4-ml aliquots
of the medium were collected and lysed using Dounce homogenizers. Lipo-
philic components were extracted into 3.5 ml of chloroform and the mixture
was centrifuged at 2,000¢ for 8 min. The organic layer extraction of 2.5 ml was
subjected to a stream of argon to vaporize chloroform. The dried
mixture was dissolved into 400 pl of CH;CN, of which 200 pl of solution
was injected into HPLC. The peak intensity of 100% conversion to Fe-M] was
obtained by the incubation of 1.5 uM Fe-M] in the medium, after the
aforementioned workup.

Cell-aqueous phase distributions of MJ and Fe-M]J. After the conversion from
MJ to Fe-M]J, aqueous-phase Fe-M] was obtained by the separation of
the supernatant medium from macrophage cells by centrifugation at 400g for
5 min. The aliquot of recovered supernatant was subjected to chloroform
extraction and HPLC analysis as described in the previous section. For
measurements of the cell-aqueous phase partition coefficient of Fe-M],
1.0 uM Fe-M] was incubated in RPMI 1640 medium at 37 °C for half an
hour in the presence of various concentrations of macrophage cells. Then the
supernatant was separated and analyzed as described in the previous section.
For the partition coefficient of MJ, before the HPLC analysis, a ten-fold excess
of iron citrate was added into an MJ-CH3CN solution, and the mixture was
incubated for 2 h for complete conversion from MJ to Fe-M]. The amounts of
aqueous-phase and total MJ and Fe-M]J, C,, and Ciy, respectively, were used to
calculate C,/C,, according to the relationship C,/Cy = (Ciora] — Cy)/Cy. The
partition coefficient, K, was defined according to the following equation: C,/C,,
= K x [Cell], in which [Cell] is the concentration of macrophage cells (cells per
ml) and C, is the amount of lipid-phase MJ or Fe-M]J.

Fluorescent confocal microscopy. Fluorescent confocal microscopy experi-
ments were carried out with a Bio-Rad MRC 600 confocal microscope. Phenol
red—free RPMI 1640 medium supplied with NaHCO; and HEPES buffer was
used in all cases. Ga-M]J or MJ (2 uM) was incubated in macrophage culture
with 10° cells per ml for 2 h. Fluorescent confocal images were taken in situ by
364-nm excitation of MJ and Ga-M]J. Lipid-phase MJ and Ga-M] show
excellent fluorescence emissions around 364 nm, whereas aqueous-phase MJ
shows no significant fluorescence. Ga-MJ-Nile red (lipid-droplet marker)
colocalization experiments were carried out similarly, except for the incubation
of 2 uM Ga-MJ and 0.1 pg mI~! of Nile red together. An argon laser was used
to excite Nile red at 488 nm. For co-staining of Ga-MJ and fluorescence-labeled
E. coli phagosomes, fluorescence-labeled E. coli were incubated in macrophage
culture with 5 x 10° cells per ml for 24 h, during which macrophages were
centrifuged down and then resuspended twice to increase phagocytosis of
E. coli. Finally, macrophages were separated from medium, suspended in E. coli
and then diluted to 1 x 10° cells per ml. Ga-MJ (2 uM) was added and
incubated for another 2 h. Fluorescent confocal images were taken in situ with
the laser UV line at 364 nm to excite Ga-MJ and with the 488-nm line to
visualize phagosomes labeled with fluorescent E. coli.

Materials, cell cultures and NMR spectra. See Supplementary Methods
for details.
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Note: Supplementary information is available on the Nature Chemical Biology website.
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