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Iron limitation and the expression of mycobactin and carboxymycobactin by Mycobacterium tuberculosis are
known. Here, we report how iron regulated the coordinate expression of these two siderophores and a 28-kDa
cell wall-associated iron-regulated protein (Irep-28). Irep-28 is identified as the DNA-binding HU homologue
HupB protein (hupB [Rv2986c¢]). Antibodies to this protein were detected in sera from tuberculosis patients.
The location of the protein in the cell wall makes it a potential drug target.

Iron limitation in mycobacteria results in the expression of
two siderophores: the intracellular hydrophobic mycobactin
and the extracellular water-soluble carboxymycobactin/exo-
chelin (18, 26). In Mycobacterium smegmatis, a 29-kDa iron-
regulated envelope protein (IREP) was shown to associate
directly in vitro with ferri-exochelin, and the addition of a
polyclonal antiserum generated against it significantly inhibits
ferri-exochelin-mediated iron uptake by live organisms (9).
This was the first evidence of a ferric-siderophore receptor in
mycobacteria. In Mycobacterium neoaurum, iron coordinately
regulated the levels of mycobactin, exochelin, and a 21-kDa
envelope protein (24).

Calder and Horwitz showed the iron-regulated expression of
Irp10 and Mta72 in Mycobacterium tuberculosis by single-di-
mension electrophoresis (3) and later, using two-dimensional
gel electrophoresis combined with mass spectrometry and se-
quence information (27), demonstrated the upregulation of a
putative cation transporting ATPase, a mycobacterial homo-
logue of phosphoenolpyruvate carboxykinase, and an NADP-
dependent dehydrogenase in bacteria grown in low-iron me-
dium, whereas these authors observed increased levels of
FurA, a homologue of EF-Tu, and an aconitase in iron-rich
medium.

Microarray analysis revealed a large number (n = 155) of
iron-regulated genes (20). Studies on the role of the iron reg-
ulator IdeR, in both iron acquisition and oxidative stress (8,
20), and the presence of homologues of both Fur (FurA and
FurB) and DtxR (IdeR and SirR) in the M. tuberculosis ge-
nome (5) show that iron-dependent regulation in mycobacteria
is complex and much remains to be understood.

Although there is no direct evidence of mycobactin/carboxy-
mycobactin in in vivo derived mycobacteria, mycobactin was
shown to be a virulence determinant by De Voss et al., who
demonstrated that mutants defective in mycobactin synthesis
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failed to infect and multiply within macrophages (6, 7). Iron-
regulated proteins are expressed by Mycobacterium avium and
Mycobacterium leprae isolated from experimentally infected
animals (25). Since the availability of iron is one of the con-
tributing factors in determining the outcome of a bacterial
infection, it is likely that they adapt with a great deal of fine-
ness to changes in iron levels in their immediate environment.

In the present study, we studied the expression of mycobac-
tin, carboxymycobactin, and envelope proteins in M. tubercu-
losis grown in a range of iron concentrations. With due em-
phasis on the importance of sample preparation and effective
solubilization of wall and membrane proteins, we modified the
Triton X-114 protocol of Sinha et al. (22, 23) and identified a
28-kDa cell wall-associated protein expressed under conditions
of iron restriction. The identification of this protein as HupB
and its clinical significance in tuberculosis patients are pre-
sented.

MATERIALS AND METHODS

Growth of M. tuberculosis (ATCC 27294). The organism was grown in liquid
Proskauer and Beck medium using iron-free glassware (9, 27). Known concen-
trations of iron, ranging from 0.02 to 12 pg of Fe/ml, were added as required. The
cells were grown with continuous shaking at 180 rpm in an orbital shaker and
harvested after 2 weeks of growth.

Estimation of siderophores. The extracellular carboxymycobactin was assayed
by the Universal Chrome Azurol assay (CAS) (21). In brief, 2 ml of culture
filtrate was added to 2 ml of CAS solution, and the absorbance at 630 nm was
measured after 30 min of incubation at room temperature. The concentration of
the siderophore was calculated as follows: one siderophore unit = (A — Ag/Ac) X
100, where A represents the absorbance of CAS solution plus medium and Ag
is the absorbance of the CAS solution plus culture filtrate of the respective
sample. Carboxymycobactin is expressed as siderophore units/100 mg of cell dry
weight.

The cell wall-associated mycobactin was extracted by overnight incubation of
the cell pellet with ethanol-chloroform (1:1 [vol/vol]), followed by the addition of
a drop of saturated ferric chloride in ethanol. The optical density at 450 nm
(OD,s) of the ferric-MB was determined after the chloroform layer was washed
with water to remove excess ferric chloride and is expressed as the OD,5, units/g
of cell dry weight.

Cell wall and cell membrane proteins. The procedure followed for isolating
the cell wall and membrane fractions was essentially that described by Hall et al.
(9). Modification of the Triton X-114 extraction protocol of Sinha et al. (22) was
used for the solubilization of the wall and membrane proteins. The wall and
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membrane pellets were resuspended in 5% Triton X-114 (Sigma, equilibrated
with 0.05 M Tris-HCI [pH 7.8]) and left overnight with rocking at 4°C. The Triton
X-114 layer was removed by centrifugation and warmed to 37°C for 1 h to
separate the detergent and aqueous layers, followed by appropriate washes, and
the proteins were precipitated with acetone. The protein pellet was solubilized in
2% sodium dodecyl sulfate (SDS) in 0.05 M Tris-HCI buffer (pH 6.8). The
protein concentration was determined by using the BCA kit (Sigma).

SDS-polyacrylamide gel electrophoresis (PAGE) separation of the solubilized
proteins was done according to a standard protocol (12). Preparative gel elec-
trophoresis was done to purify Irep-28 protein, and the eluted protein was
evaluated again by SDS-PAGE to confirm the purity of the band. The gel slice
was cut out and sequencing was done in the laboratory of F. Altmann.

Sequence analysis of Irep-28. The sample was digested in-gel and S alkylated,
and the tryptic peptides were separated by liquid chromatography and analyzed
by tandem mass spectrometry (MS/MS) on a Waters Q-TOF Ultima global as
described recently (11).

Patients. Patients attending the Tuberculosis Clinic at Nizam’s Institute of
Medical Sciences (Hyderabad, India) with signs and symptoms of pulmonary or
extrapulmonary tuberculosis were examined. The patients included both males
and females, irrespective of age. Based on the provisional clinical diagnosis of
tuberculosis, the relevant investigations, including chest X-ray, Ziehl-Neelsen
staining, and culture by BACTEC and LJ of pulmonary and/or extrapulmonary
samples, were performed. In the present study, a total number of 44 definite
cases of tuberculosis (confirmed clinically and by lab testing) were chosen. Serum
samples were collected from all of these patients and were tested for antibodies to
Trep-28. We also tested the serum by a commercial lateral flow device (Mycotest;
GVK BioSciences, India) as described below.

Reactivity of tuberculosis serum with Irep-28. Initially, Western blotting anal-
ysis of the solubilized wall and membrane proteins using serum from selected
tuberculosis patients at a dilution of 1:250 was done by standard protocols. Later,
all serum samples (at 1:250 dilution) were subjected to dot blot analysis against
the purified Irep-28 antigen (2.5 pg). In both blots, rabbit anti-human immuno-
globulin G alkaline phosphatase conjugate (Bangalore Genei, India) was used,
and they were developed by using nitrilotriacetic acid-BCIP (5-bromo-4-chloro-
3-indolylphosphate) as substrate (Bangalore Genei, India) according to the man-
ufacturer’s instructions.

Reactivity of tuberculosis serum as tested by Mycotest. All serum samples
were tested by using the commercial Mycotest (marketed by GVK Biosciences,
India), which is a lateral flow device coated with recombinant antigens for
secretory proteins specific for M. tuberculosis (with a sensitivity and specificity of
87 and 90%, respectively, according to the manufacturer’s information). A total
of 80 to 100 wl of serum was added, and the detection of a pink band in addition
to the control band within 15 min after addition of serum was considered positive
for tuberculosis.

RESULTS

Coordinated expression of Irep-28, mycobactin and car-
boxymycobactin. 14-day-old cultures of M. tuberculosis showed
maximal expression of both mycobactin (Fig. 1A) and carboxy-
mycobactin (Fig. 1B) at 0.02 g of Fe/ml. With increasing iron
in the growth medium (iron levels ranged from 0.02 to 12 pg of
Fe/ml), there was a progressive lowering of the levels of both
these siderophores, the decrease being appreciable from 4 to
12 pg of Fe/ml.

An analysis of the detergent and aqueous phases of Triton
X-114-solubilized wall and membrane proteins (Fig. 2) showed
the iron-regulated expression of a 28-kDa cell wall-associated
protein (henceforth called Irep-28) in the detergent fraction.
The coordinate regulation of Irep-28 with mycobactin and car-
boxmycobactin was evident, with a high level of expression of
all of the three components when iron was at <1 pg of Fe/ml
and almost complete repression at more than 8 pg of Fe/ml

The time course of expression of all of these three compo-
nents was studied in organisms grown under high (8 ng of
Fe/ml)- and low (0.02 pg of Fe/ml)-iron conditions (as de-
scribed in Fig. 3). Irep-28, seen as a faint band in both low- and
high-iron cultures on day 8, was expressed in significant

CLIN. VACCINE IMMUNOL.

N w S
L L L

Mycobactin
(OD450 nm /am cell dry weight)

0 T T T T T T T
0 2 4 6 8 10 12 14

Concentration of iron in the growth medium
(ug Fe/mL)

400

3501

3004

250+

2004

Carboxymycobactin
(siderophore units/100mgcell dry weight)

150+

100 ; ; ; T T T T
0 2 4 6 8 10 12 14

Concentration of iron in the growth medium
(ug Fe/mL)

FIG. 1. (A) Iron-dependent expression of mycobactin in M. tuber-
culosis. The intracellular mycobactin was assayed in cells grown with
0.02, 0.05, 0.1, 0.2, 0.4, 1, 4, 8, and 12 pg of Fe/ml in the growth
medium. As described in Materials and Methods, the values are rep-
resented as OD 45, units/g of cell dry weight. The vertical bars represent
the standard deviation of the mean from three independent experi-
ments. (B) Iron-dependent expression of carboxymycobactin in M.
tuberculosis. The extracellular carboxymycobactin was assayed by the
Universal CAS assay in the culture filtrate of cells grown with 0.02,
0.05,0.1,0.2,0.4, 1, 4, 8, and 12 pg of Fe/ml in the growth medium. As
described in Materials and Methods, the values are represented as
siderophore units/100 mg of cell dry weight. The vertical bars represent
the standard deviation of the mean from three independent experi-
ments.

amounts in low-iron cultures harvested on days 12 and 16, with
negligible levels seen in the corresponding high-iron cultures.
However, on day 20, the reappearance of Irep-28 in high-iron
cultures, with the associated increase in the expression of car-
boxymycobactin (Fig. 3B), indicated the onset of conditions of
iron limitation in these cells. Mycobactin levels took longer to
rise, as observed after 25 days of growth (Fig. 3A).

Other proteins influenced by iron levels included Irep-130,
Irep-26, and Irep-24 (Fig. 2B and D); the first two proteins
were seen in the aqueous phase of the cell wall, and Irep-24
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FIG. 2. Protein profile of cell wall and membrane fractlons of M. tuberculosis grown under various iron concentrations. The detergent phase
and aqueous phase of the cell wall (A and B, respectively) and the cell membrane (C and D, respectively) were separated on a 5 to 20% gradient
gel with lanes 1 to 8 corresponding to cells grown with iron added at 0.02, 0.05, 0.1, 0.4, 1, 4, 8, and 12 pg of Fe/ml, respectively. The organisms
were harvested after 2 weeks of growth. Lane M represents the molecular mass markers ranging from 116 to 14 kDa, as labeled in the figure. The
different iron-regulated proteins, namely, Irep-28, Irep-24, Irep-26, and Irep-130, are indicated with arrows.

was extracted into the aqueous phase of the cell membrane.
The cell wall-associated Irep-130 was seen at all concentrations
of iron greater than 1 pug of Fe/ml. There appeared to be an
association between Irep-26 and Irep-24, with a unique pattern
of their expression between the wall and membrane fractions.
At 12 pg of Fe/ml, Irep-26 was a predominant band in the cell
wall, with Irep-24 expressed at all lower concentrations of iron;
there was a reversal of this pattern of expression in the cell
membrane.

Characterization of Irep-28 as HupB protein. Irep-28 was
purified by preparative gel electrophoresis and sequenced by
MS/MS. Three distinctive peptides were found which com-
prised residues 20 to 34, 87 to 94, and 95 to 103. The suggested
amino acid sequence in all three cases pointed at the partially
histone-like protein P95109 (UniProt database). The C-termi-
nal part of this protein is unusually rich in basic amino acids
and hence cannot give rise to sequenceable ions by mass spec-
trometry. Figure 4 shows the amino acid sequence deduced
from the gene of HupB; the boxed regions show the sequence
of the three tryptic peptides identified by sequencing. The
protein has (almost) identical homologs in other mycobacterial
species such as M. bovis (Q9XB18) or Mycobacterium paratu-
berculosis (Q73VI19).

Immunoreactivity of Irep-28 with serum from tuberculosis
patients. We detected antibodies to Irep-28 in the sera from
tuberculosis patients. Figure 5 shows Irep-28 in the cell wall
detergent fraction (corresponding to Fig. 2A) that reacted with
serum from a confirmed tuberculosis patient, the intensity of
the bands in the immunoblot corresponding to the iron-depen-
dent expression of this protein. The detection of anti-Irep-28

antibodies in patients’ serum was compared to other tests con-
firmatory for the disease. Of the 44 patients in the present
study, culture by BACTEC was done in 40 cases, chest X-ray
examination was performed for 41 cases, and 42 of the serum
samples were tested by using the Mycotest device. A total of 28
of the 33 culture-positive cases and 33 of 39 chest X-ray-
positive cases showed antibodies to Irep-28 (Table 1). The
commercial Mycotest (with a sensitivity of 87% and a specific-
ity of 90%) identified only 22 cases versus the 36 cases iden-
tified by immunoreactivity with Irep-28 (Table 1).

DISCUSSION

In this study, we show the coordinate regulation by iron of
mycobactin, carboxymycobactin, and a 28-kDa cell wall-asso-
ciated iron-regulated protein (Irep-28), identified by sequence
analysis as the HupB protein. The antigenicity of this protein in
human patients with tuberculosis as demonstrated by its im-
munoreactivity with serum samples from these patients is dis-
cussed here.

Earlier studies in several mycobacterial species showed that
concentrations of 0.02 and 4 wg of Fe/ml, respectively, indi-
cated low-iron and high-iron conditions (25, 9). However, we
did not find appreciable differences in the protein pattern in M.
tuberculosis under similar growth conditions, although differ-
ences in the siderophore levels were seen (not shown). Here, in
a detailed analysis, we found detectable levels of mycobactin,
carboxymycobactin, and Irep-28 even at 4 wg of Fe/ml; at 8 g
of Fe/ml none of them were expressed. It is possible that a
relatively higher level of the intracellular iron triggers the iron
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acquisition machinery in M. tuberculosis compared to other
mycobacteria. Since a reflection of the iron status of the or-
ganisms is better understood by assaying all of the components
of the iron acquisition machinery, we confirm here that Irep-28
is indeed regulated by iron. We observed that Irep-28 and
carboxymycobactin were the first indicators of iron limitation
due to nutrient depletion in the time course study. Mycobactin
was slow to increase (seen in a 25-day-old culture), an obser-
vation that is in accordance with the view of Ratledge (19) that
this siderophore is an intra-envelope iron storage molecule,
holding the excess iron temporarily as ferric-mycobactin and
releasing it slowly into the cytoplasm for immediate utilization
and/or storage in the iron storage molecule bacterioferritin.
Whether Irep-28 is a receptor for ferricarboxymycobactin is a
hypothesis that requires further experimental proof.

We show by sequencing the tryptic peptides of the purified
protein that Irep-28 is the DNA-binding HU homologue HupB
protein (hupB [Rv2986¢]). This protein probably does not con-
form to the predicted size of 21.8 kDa for HupB protein due to
the exceptionally high content of lysine and arginine residues
that may result in an altered mobility in SDS-PAGE. Modifi-
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FIG. 3. Time course of expression of mycobactin, carboxymycobactin,
and Irep-28 in M. tuberculosis. A 1-ml portion of a 14-day-old culture,
resuspended to McFarland 4 in low-iron medium, was used to inoculate
fresh medium with iron added at 8 g of Fe/ml (high iron) and 0.02 g of
Fe/ml (low iron), respectively. Both mycobactin (A) and carboxymyco-
bactin (B) were assayed as described in Materials and Methods in both
high- and low-iron cultures harvested on days 8, 12, 16, 20, and 25,
respectively. Mycobactin levels are expressed as OD 5, units/g of cell dry
weight. Carboxymycobactin values are expressed as siderophore units/100
mg of cell dry weight. The vertical bars represent the standard deviation
of the mean from three independent experiments in both sets of experi-
ments. (C) SDS-PAGE analysis of the detergent layer of Triton X-114-
extracted cell envelope of M. tuberculosis harvested on days 8, 12, 16, and
20 grown as low-iron (lanes L1 to L4) and high-iron (lanes H1 to H4)
cultures.

cation of the Triton X-114 extraction protocol (22, 23) allowed
complete solubilization of the lipid-rich wall and membrane
samples and the relatively easier detection and purification of
Irep-28. Sequencing of Irep-28 was done after separation by
single-dimension gel electrophoresis. With mycobacterial en-
velope proteins, Gu et al. (10) and Sinha et al. (23) showed that

1 10 20 30 40 50 60
MNKAELIDVL TQKLGSDRHQ ATAAVENVVD TIVRAVHKGD SYTITGFGVF EQRRRAARVA
61 70 80 90 100 110 120
RNPRTGETVK VKPTSVPAFR PGAQFRGVGASA AKKVAKKAPA
121 130 140 150 160 170 180

KKATKAAKKA ATKAPARKAA TKAPAKKAAT KAPAKKAVKA TKSPAKKVTK AVKKTAVEKAS
181 190 200 210 214
VRKAATKAPA KKAARAKRPAT KAPAKKATAR RGRK

FIG. 4. Sequence of Irep-28 identified as HupB protein. MS/MS

identified Irep-28 as P95109 (Swiss-Prot). The three tryptic peptides
sequenced by MS/MS are represented in boxes.
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FIG. 5. Immunoreactivity of Irep-28 with patient serum. A Coomassie blue-stained gel pattern (A) and a blot developed with serum (B) from
a patient who tested positive for M. tuberculosis are shown. Lanes 1 to 7 in both panels A and B represent cells grown with iron added at 12, 8,

4,1, 0.1, 0.05, and 0.02 pg of Fe/ml, respectively.

one-dimensional gel electrophoresis followed by subjecting gel
sections to peptide mass mapping through high-performance
liquid chromatography—-mass spectrometry was superior to
two-dimensional gel electrophoresis followed by matrix-as-
sisted laser desorption ionization-time of flight analysis. This
protein is perhaps similar to the Irp28 reported by Calder and
Horwitz in their initial study (3), but these authors did not
emphasize it as an iron-regulated protein. In addition, they did
not report it as an iron-regulated protein in their subsequent
analysis by two-dimensional gel electrophoresis (27).

There are several reports on the clinical significance of
HupB protein (4, 16) and the diagnostic potential of the hupB
gene (17). The M. tuberculosis hupB gene product, first re-
ported as a histone-like protein HLP,,, (16), was shown to bind
DNA and induce lymphoproliferation and antibodies in tuber-
culosis patients. Subsequently, the same group (17) used the
hupB gene as a target for the differentiation of M. tuberculosis
from M. bovis species from among other members of the M.
tuberculosis complex and other mycobacterial species. In addi-
tion, antibodies to mycobacterial HupB were detected in pa-
tients with inflammatory bowel disease (4). In the present
study, we found that most of the tuberculosis patients showed
antibodies to HupB. Although other factors within the envi-

TABLE 1. Immunoreactivity of Irep-28 versus culture (BACTEC),
chest radiography, and Mycotest (commercial lateral flow device)*

No. of isolates

Technique and result

+ - Total

Culture (BACTEC)

+ 28 5 33

- 5 2 7

Total 33 7 40
Chest X-ray

+ 33 6 39

- 2 0 2

Total 35 6 41
Mycotest

+ 20 16 36

- 2 4 6

Total 22 20 42

“The results of analysis of 44 serum samples from confirmed tuberculosis
patients are presented. The detection of antibodies to Irep-28 is compared to
conventional diagnostic tests, including culture, chest radiography, and the com-
mercial antibody-detection lateral flow device Mycotest. The results show the
high degree of correlation of the detection of anti-Irep-28 with culture and chest
X-ray compared to the Mycotest.

ronment of the host could influence the expression of HupB,
our observations on the coordinated expression of this protein
with mycobactin and carboxymycobactin indicate that its ex-
pression in vivo may be influenced by iron limitation. Restrict-
ing the availability of iron is an important strategy for defense
against bacterial infection (19). This includes the chelation of
free iron by transferrin and lactoferrin and increased synthesis
of transferrin and ferritin. Under in vivo conditions, M. tuber-
culosis grows within the phagocytic vacuoles of the macro-
phages, where the pH is between 6.1 and 6.5, values at which
the maximum concentration of Fe*" is between 1 and 10 ng/ml.
However, the lactoferrin present within the macrophages may
lower this further, thus making it necessary for the pathogen to
adapt to this condition of iron restriction. As pointed out by
Ratledge (19), treatment of anemia in a chronic infection such
as tuberculosis needs to be done with caution, since iron sup-
plementation would counter the body’s defense mechanism of
withholding iron.

The association of HupB with mycobactin and/or carboxy-
mycobactin remains to be understood. The failure of mycobac-
tin-defective mutants to grow within macrophages and the
recent evidence for the new role for mycobactin as an iron-
scavenging molecule (13) indicate that it probably plays an
important role in the adaptation of M. tuberculosis within the
environment of the host. As rightly pointed out by Barry and
Boshoff (2), despite considerable knowledge of the chemistry
and biosynthetic machinery of these two siderophores, there
are several gaps in our understanding of their role in iron
acquisition under conditions prevailing within the host. Even
less is known of the association of these molecules with cell
envelope proteins. Ongoing studies are focusing on the asso-
ciation of HupB with either or both siderophore molecules and
understanding its role in iron acquisition. The antigenicity of
this protein in tuberculosis patients and the specificity of the
gene for M. tuberculosis complex (17) make it a candidate
diagnostic marker and a potential drug target.
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