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Comparative Analysis of Mycobacterial Truncated Hemoglobin
Promoters and the groEL2 Promoter in Free-Living and Intracellular
Mycobacteria
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The success of Mycobacterium tuberculosis depends on its ability to withstand and survive the hazardous environment inside the
macrophages that are created by reactive oxygen intermediates, reactive nitrogen intermediates, severe hypoxia, low pH, and
high CO, levels. Therefore, an effective detoxification system is required for the pathogen to persist in vivo. The genome of M.
tuberculosis contains a new family of hemoproteins named truncated hemoglobin O (trHbO) and truncated hemoglobin N
(trHbN), encoded by the glbO and gIbN genes, respectively, important in the survival of M. tuberculosis in macrophages. Myco-
bacterial heat shock proteins are known to undergo rapid upregulation under stress conditions. The expression profiles of the
promoters of these genes were studied by constructing transcriptional fusions with green fluorescent protein and monitoring the
promoter activity in both free-living and intracellular milieus at different time points. Whereas gIbN showed an early response
to the oxidative and nitrosative stresses tested, glbO gave a lasting response to lower concentrations of both stresses. At all time
points and under all stress conditions tested, groEL2 showed higher expression than both trHb promoters and expression of
both promoters showed an increase while inside the macrophages. Real-time PCR analysis of trHb and groEL2 mRNAs showed
an initial upregulation at 24 h postinfection. The presence of the glbO protein imparted an increased survival to M. smegmatis in
THP-1 differentiated macrophages compared to that imparted by the gIbN and hsp65 proteins. The comparative upregulation
shown by both trHb promoters while grown inside macrophages indicates the importance of these promoters for the survival of

M. tuberculosis in the hostile environment of the host.

he success of Mycobacterium tuberculosis depends on its ability

to withstand and survive the hazardous environment inside
macrophages that are created by reactive oxygen intermediates
(ROI), reactive nitrogen intermediates (RNI), severe hypoxia, low
pH, and high CO, levels (5). It has already been reported that
activation of macrophages induces the synthesis of an inducible
NO synthase (iNOS), resulting in the production of various RNI
(7, 21). Activated macrophages can also produce an oxidative
burst which is responsible for the killing of intracellular M. tuber-
culosis. ROI and RNI can damage DNA and other chemical moi-
eties on which their propagation and protection depend, includ-
ing Fe-S clusters, tyrosyl radicals, hemes, sulthydryls, thioethers,
and alkenes (22). Macrophages can produce superoxide (O,")
and nitric oxide (NO) in almost equimolar amounts and thus can
be abundant generators of peroxynitrite (OONO™), a highly oxi-
dizing agent (41, 45). NO limits the survival and growth of micro-
bial pathogens by inhibiting enzymes like respiratory oxidases and
iron sulfur centers of key enzymes such as aconitase (11, 13).

Since early events of M. tuberculosis infection involve entry and
multiplication within the bacteriostatic environment of macro-
phages, which is characterized mainly by ROS and RNS, an effec-
tive detoxification system is required for the pathogen to persist in
vivo. The genome of M. tuberculosis contains glbO and gIbN genes,
encoding truncated hemoglobin O (trHbO) and truncated hemo-
globin N (trHbN), respectively, which belong to a new family of
hemoproteins that are extensively distributed in eubacteria, cya-
nobacteria, protozoans, and plants (27, 29, 38). The amino acid
sequences of trHbs are shorter and share very low similarity to the
sequences of classical vertebrate hemoglobins and myoglobins.
The mycobacterial trHb length varies from 215 amino acid resi-
dues for M. vanbalenii trHbN to 121 amino acid residues for M.
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smegmatis trHbN, with the majority being =136 amino acid resi-
dues. Homology between members of different trHb classes is
insignificant (<20% identity) (3, 40). The genetic organization of
gIbO is largely conserved across various mycobacterial species in
comparison to that of glbN. Among mycobacteria, adaptation to
obligate parasitism has resulted in the loss of trHb genes, as in the
case of M. leprae, which retained only glbO (4, 6, 27). Since M.
leprae has retained only a minimalistic repertoire of functional
genes, trHbO can be regarded as an essential product for intracel-
lular parasitism, while trHbN appears to be dispensable.

The mechanism by which trHbN protects M. tuberculosis from
the nitrosative stress and microbicidal activities of macrophages
relies on its oxygen-dependent NO dioxygenase (NOD) activity.
The oxygenated form of trHbN can very efficiently convert NO to
harmless nitrate (25, 28). The inactivation of the glbN gene of M.
bovis BCG impaired the ability of stationary-phase cells of the
organism to protect aerobic respiration from NO (24). Dikshit
and colleagues (14, 25) and Ouellet et al. (24) showed that trHbN
of M. tuberculosis has a potent ability to relieve the toxicity of NO
and nitrosative stress in Escherichia coli and M. smegmatis. The
aerobic organism M. tuberculosis can use trHbO to collect and
deliver available O, to the components of the electron transport
chain in order to survive in the granulomas (16, 26). Ferrous ox-
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ygenated M. tuberculosis trHbN and trHbO as well as M. leprae
trHbO have been shown to facilitate NO scavenging (2, 24). Ox-
ygenated trHbN catalyzes fast NO oxidation compared to the
speed of catalysis for trHbO, which likely makes the NO detoxifi-
cation role for trHbN higher and which shows that trHbO plays
only a marginal role in the protection of mycobacteria against NO
(3). Mycobacterial trHbO is present during all stages of growth in
the host, and the expression of several oxidative defense genes was
found to be constitutive (37). In addition, exposure to low NO
concentrations triggers the initiation of mycobacterial dormancy
(44).

Heat shock proteins (HSPs) are generally responsible for pre-
venting damage to proteins in response to high levels of heat. HSPs
stabilize cellular proteins in response to diverse sources of stress or
injury. The mycobacterial Hsp family includes proteins such as
DnaK, DnaJ, GrpE, GroES, GroEL, and other low-molecular-
weight HSPs (31). HSPs also have a number of immunological
effects, including the induction of proinflammatory cytokines
(23, 30, 36, 43). Mycobacterial HSPs may also participate in cyto-
kine expression resulting from infection by M. tuberculosis (31). A
temperature increase from 37°C to 42°C induced elevated synthe-
sis of three major proteins corresponding to the DnaK, GroEL,
and GroES proteins of M. tuberculosis previously identified to be
prominent antigens (42). In addition to its role as a heat shock
protein, GroEL functions as a chaperonin to assist in folding linear
amino acid chains into their respective three-dimensional struc-
ture.

Global analysis of gene expression in several pathogenic bacte-
ria, including M. tuberculosis (9), has revealed that large-scale
changes occur upon in vitro exposure to environmental condi-
tions that simulate the intracellular milieu (15, 19). The expres-
sion pattern of mycobacterial trHb and groEL2 promoters under
various oxidative and nitrosative stress conditions will give an idea
about the expression of the corresponding genes inside the hostile
macrophage environment. Since little is known about the expres-
sion and regulation of mycobacterial trHb and groEL2 promoters,
we decided to study the response of the promoters by constructing
transcriptional fusions with green fluorescent protein (GFP) and
monitoring the promoter activity under various stress conditions
and also in THP-1 differentiated macrophages postinfection.
Here we have compared the expression profile of mycobacterial
trHb and groEL2 promoters at different time points under both
free-living and intracellular conditions. We have also looked into
the mRNA profiles of the genes in M. smegmatis and M. tubercu-
losis and carried out survival assays in M. smegmatis.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. M. smegmatis mc?155
was grown in Luria-Bertani broth (USB) with 0.05% Tween 80 and plated
in the same medium with 1.5% agar supplemented with kanamycin (25
pg/ml) wherever appropriate. All transformations in Escherichia coli were
performed with strain JM109. E. coli was grown in Luria-Bertani broth at
37°C in shaking cultures. Kanamycin (25 pg/ml) was added to the me-
dium whenever required. Plasmid pFPV27 was a kind gift from Lalitha
Ramakrishnan, Department of Microbiology, University of Washington.

Cloning of mycobacterial glbO, gIbN, and groEL2 promoters and
promoters with full genes. All promoter sequences were amplified from
M. tuberculosis H37Rv genomic DNA, which was isolated using a previ-
ously published protocol (33). The sequences encompassing positions
—240/+26, —410/4+70, and —375/+18 relative to the start codons of
gIbN, ¢lbO, and groEL2, respectively, were PCR amplified using custom-
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TABLE 1 Nucleotide sequences of primers used in this study

No.  Primer Sequence

1 GIbO-F 5'-AAATATGCGGCCGCCTTCGTGCACCACGTCGGCC-3'

2 GIbO-R 5'-GGATCCGCATAGAAACGCGACACGATCGC-3'

3 GIbN-F 5'-AAATATGCGGCCGCCACCAAGATTCATCGTGGGTAG-3’
4 GIbN-R 5-CGGGATCCTTGCGCAAGCGTGACAGTAGTCC-3'

5 GroEL2-F  5'-TTGCGGCCGCAACGGTGACCACAACGACGC-3'

6 GroEL2-R  5'-CAATGGCCAAGACAATTGCGGGATCC-3'

synthesized primers that incorporated 5" Notl and 3’ BamHI restriction
sites (Table 1). The amplified products were then cloned into pFPV27 that
had previously been digested with the same restriction enzymes. The glbO,
gIbN, and groEL2 transcriptional fusions were termed as pFPVO, pFPVN,
and pMRm, respectively. The glbO, glbN, and groEL2 genes, along with the
promoters, were also amplified from M. tuberculosis H37Rv genomic
DNA and cloned into pFPV27, and these constructs were named
pFPVOpg, pFPVNpg, and pMRmpg, respectively. The sequences of all the
cloned fragments were confirmed using BigDye Terminator cycle se-
quencing chemistry for the ABI BioPrism apparatus (Applied Biosys-
tems). Electrocompetent M. smegmatis mc?155 cells were electroporated
with these plasmids as described previously (39).

Analysis of expression of transcriptional fusions under various
stress conditions. M. smegmatis cells containing pFPV27, pFPVO,
pFPVN, and pMRm were grown for 24 h and were then inoculated in fresh
medium at an optical density at 610 nm (ODy,,) of 0.05 and allowed to
grow by shaking at 37°C for another 10 h. The cells were exposed to
different physiological stresses, viz., 1 mM and 5 mM H, 0, for oxidative
stress and 10 mM and 30 mM NaNO, for nitrosative stress, and we also
checked the influence of THP-1-derived macrophage cell lysates on the
expression of these transcriptional fusions. These concentrations of H,0,
and NaNO, were used, as they had previously been determined to be
minimally lethal to mycobacteria (34). The cultures were then incubated
at 37°C in a shaking incubator. One hundred microliters of each culture
was transferred to 96-well plates at 24 h, 48 h, and 72 h. The fluorescence
was measured in a Tecan fluorescent microplate reader at excitation/
emission wavelengths of 488 nm/520 nm. Relative fluorescence units
(RFU) were determined to be the number of fluorescence units/OD,.
Background fluorescence due to read-through transcription of the tran-
scriptional fusion vector was determined by measuring the RFU of M.
smegmatis harboring pFPV27. All the experiments were carried out in
triplicate.

Differentiation and in vitro infection of THP-1 cells. The monocytic
cell line THP-1 was cultured in RPMI 1640 (RPMI) supplemented with
10% fetal bovine serum. Cells (2.5 X 10°) were seeded in 12-well plates
and allowed to adhere and differentiate in the presence of phorbol myris-
tate acetate (PMA; 25 ng/ml) at 37°C in a humidified atmosphere of 5%
CO, for 24 h. Cells were then washed three times with Hanks balanced salt
solution, and antibiotic-free culture medium was added. Adherent cells
were infected with M. smegmatis containing pFPV27, pFPVO, pFPVN,
and pMRm at a multiplicity of infection (MOI) of 1:20 (macrophages to
bacilli). After 4 h of infection, the cells were washed 3 times with warm
RPMI to remove extracellular bacteria, and cells were incubated with
complete RPMI containing 10 pg/ml gentamicin for 2 h to prevent
growth of extracellular bacteria. Subsequently, the cells were washed and
maintained in complete RPMI for the rest of the experiment.

Analysis of intracellular expression of transcriptional fusions. To
analyze the intracellular expression of transcriptional fusions, macro-
phage monolayers infected with M. smegmatis containing pFPV27,
pFPVO, pFPVN, and pMRm were further incubated for 4 h, 24 h, and 48
h. The intracellular mycobacteria were processed using a previously pub-
lished protocol (10) with slight modifications. Briefly, the macrophage
monolayer was detached from 12-well plates using cell dissociation solu-
tion (Sigma), collected by centrifugation (2,000 rpm for 5 min at 4°C),
and broken by 20 passages through a 23-gauge needle. Intact cells and
nuclei were removed by pelleting at 3,000 rpm for 5 min, and the super-
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natant containing bacteria was again centrifuged at 12,000 rpm for 10
min. The pellet was then resuspended in 100 .l phosphate-buffered saline
(PBS), the suspension was added to a 96-well plate, and the RFU and
absorbance were recorded as described in the previous section. All mea-
surements were corrected for background fluorescence by subtracting the
RFU for the control strain carrying plasmid pFPV27.

Extraction of RNA and RT-PCR. In 25-cm” tissue culture flasks
(Nunc), 40 X 10° cells were seeded and allowed to adhere and differentiate
in the presence of PMA (25 ng/ml) at 37°C in a humidified atmosphere of
5% CO, for 24 h. Infection was performed with M. smegmatis containing
pFPV27, pFPVOpg, pFPVNpg, and pMRmpg (MOI = 1:20). After 4 h, 24
h, and 48 h of incubation, the culture supernatants were removed and the
macrophage monolayer was washed twice with 1 X PBS and detached with
a cell scraper. The cell suspension was pelleted and resuspended in 350 .l
of RA1 buffer (GE Healthcare) and 3.5 pl of B-mercaptoethanol, and the
suspension was transferred to a sterile 1.5-ml tube. The cells were lysed in
a Mini-BeadBeater (2,500 rpm for 10 s; Biospec), after addition of 5-mm
glass beads (Biospec). Total RNA was isolated using an RNA Spin minikit
(GE Healthcare) following the manufacturer’s instructions. First-strand
cDNA was synthesized from total RNA using a first-strand synthesis kit
(Fermentas) with random oligonucleotides. The total RNA concentration
for each sample was measured using a NanoDrop spectrophotometer
(Thermo) at 260 nm. The quality of RNA was determined at a 260- and
280-nm absorbance ratio (A,,/A,5,). 165 rRNA was used as an endoge-
nous control to normalize expression levels. Real-time PCR (RT-PCR)
was done using gene-specific primers. The SYBR green method was used,
and all reactions were performed in triplicate. Each reaction tube con-
tained 10 pl iQSYBR green supermix (Bio-Rad), 300 nM gene-specific
forward and reverse primers, and 50 ng of cDNA template, made up to a
final volume of 20 pl with nuclease-free water. The RT-PCR cycling con-
ditions were 95°C for 3 min, followed by 40 cycles of 95°C for 10 s and
58°C for 30 s, and the cycling was done using a Bio-Rad iCycler 5 appara-
tus with an iQ multicolor real-time PCR detection system (Bio-Rad). Data
analysis was performed with the iQ multicolor real-time PCR detection
system optical software system (Bio-Rad), version iQ5. Relative standard
curves for the target and endogenous control primer pairs were per-
formed to verify that both PCR efficiencies were comparable.

Another experiment was done according to the above-described pro-
tocol, where THP-1-derived macrophages were infected with M. tubercu-
losis rather than recombinant M. smegmatis, and the levels of mycobacte-
rial trHb and groEL2 mRNAs in THP-1-derived macrophages at4 h, 24 h,
and 48 h postinfection were analyzed with real-time PCR.

Confocal microscopy. In a 96-well glass-bottom tissue culture plate
(Nunc), 50 X 10* cells were seeded and allowed to adhere and differentiate
in the presence of PMA (25 ng/ml) at 37°C in a humidified atmosphere of
5% CO, for 24 h. Infection was performed with M. smegmatis containing
pFPV27, pFPVO, pFPVN, and pMRm (MOI = 1:20). After 4 h, 24 h, and
48 h of incubation, the cells were fixed with 4% paraformaldehyde in the dark
for 10 min at room temperature. Glycerol (90%) was added as the mounting
medium, and the cells were visualized in a confocal microscope.

Survival assay. Sixty thousand cells were seeded in a 96-well flat-bot-
tom tissue culture plate (Tarson) and allowed to adhere and differentiate
in the presence of PMA (25 ng/ml) at 37°C in a humidified atmosphere of
5% CO, for 24 h. Infection was performed with recombinant M. smegma-
tis containing pFPV27, pFPVOpg, pFPVNpg, and pMRmpg (MOI =
1:20). After 4 h of infection, the cells were washed three times with warm
RPMI and treated with RPMI containing gentamicin (10 wg/ml) for 2 h at
37°C to kill extracellular bacteria. Those monolayers in which survival for
24 h and 48 h was to be measured were incubated in complete RPMI
containing gentamicin (5 wg/ml) to prevent extracellular growth of bac-
teria that might be released by premature lysis of macrophages. Cells in
duplicate wells were analyzed at 0 h, 24 h, and 48 h postinfection by adding
200 pl of water and vigorously pipetting several times to ensure cell lysis
and release of surviving intracellular bacteria. The lysates were serially diluted
in Luria-Bertani broth with 0.05% Tween 80 and plated onto Luria-Bertani
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agar plates containing 0.05% Tween 80 and kanamycin (25 pg/ml). The
numbers of CFU were counted after incubation at 37°C for 3 days, and the
mean value obtained was plotted along with the value for the control.

Statistical analysis. Results were expressed as the mean plus or minus
the standard deviation. Statistical comparison was performed using one-
way analysis of variance. A probability (P) value of less than 0.05 was
considered statistically significant.

RESULTS

The activities of the promoters of the three M. tuberculosis genes
glbO, ¢gIbN, and groEL2 were studied by subjecting recombinant
M. smegmatis to various stress conditions (Fig. 1). Among the
various stress conditions tested, 10 mM NaNO, was the most po-
tent inducer of the gIbN promoter, and for glbO, it was 30 mM
NaNO.,, followed by 5 mM H,0,. glbN showed an early response
to both oxidative and nitrosative stress, with the highest being at
the 24-h time point. The glbO promoter responded more to the
lower concentrations of both stresses, and the effects were more
lasting. In the absence of any stress, the activities of gIlbN and glbO
promoters increased from the 24-h to 48-h time points, and the
activities of both showed a downward trend at 72 h. For the groEL2
promoter, 30 mM NaNO, elicited maximal expression at all the
time points tested. In the absence of any stress, the level of groEL2
promoter expression was higher at the 24-h time point and de-
creased from the 24-h to the 72-h time point, unlike the expres-
sion profile shown by the trHb promoters.

The activities of the mycobacterial trHb and groEL2 promoters
in M. smegmatis were determined under intracellular conditions
in THP-1 differentiated macrophages (Fig. 2). All the promoters
showed considerable increases in activity with time, and the max-
imal activity was at the 48-h time point. The glbN promoter
showed higher activity than the glbO promoter at all time points
tested, but the activity of the groEL2 promoter was higher than
that of both trHb promoters. This finding indicates that the
groEL2 promoter is stronger than both of the globin promoters
under intracellular conditions. Confocal microscopy of the in-
fected THP-1-derived macrophages showed distinct fluorescence
in phagocytosed M. smegmatis carrying glbO, gIbN, and groEL2
transcriptional fusions compared to the control (Fig. 3A and B).

In order to analyze the levels of mycobacterial trHb and groEL2
mRNAs in macrophages following infection, we cloned the full
lengths of both the mycobacterial trHb gene and groEL2 into
pFPV27 along with their respective promoters. Total RNA was iso-
lated from THP-1-derived macrophages infected with recombinant
M. smegmatis at various time points after infection, and real-time
PCR was carried out with gene-specific primers. Mycobacterial trHb
and groEL2 mRNAs showed an increase in expression from 4 h to 24
h and showed a downward trend at 48 h. The extent of upregulation
shown by both trHb mRNAs from 4 h to 24 h was higher than that of
groEL2 mRNA at the same time points (Fig. 4A to C).

After the studies in recombinant M. smegmatis, we analyzed the
expression of mycobacterial trHb and groEL2 mRNAs in M. tuber-
culosis H37Rv-infected THP-1-derived macrophages by real-time
PCR. The expression profiles of mycobacterial trHb and groEL2 mR-
NAs in THP-1-derived macrophages infected with recombinant M.
smegmatis and M. tuberculosis H37Rv were comparable. Mycobacte-
rial trHb and groEL2 mRNAs showed an upregulation from 4 h to 24
h, and both showed a downward trend at 48 h (Fig. 4D to F). Alto-
gether the expression of both trHb promoters and the groEL2 pro-
moter showed an increase in expression when inside macrophages.

aem.asm.org 6501


http://aem.asm.org

Joseph et al.

(A) pFPV27
3500
3000 - §
2500 \
§ N -\
Q 2000 1 i &8
\ \
o B Y NN
S 1500 I \ H R
€ 1000 f \§ § § § §
NI\ NN
N\ NN
500 B R B
11 1
Ele|lele|le|le|lelElEls|le|le|lElElElE|E|E
T 00 N T 0| N | T 0 N[ T/ N T O N[ T 0N
N T NN NN NN ST NN T NN
c lys 1mM SmM 10mMm 30mM
H202 H202 | NaNO2 | NaNO2
©) glbO
5000
4500 *
4 * _
= EEEREEE Bu
2 N N z N
EEEERNEEI
e i N N\ BN
1500 I\ \ O\ SR\
* 1000 §j§¥§f § ‘§~¥§*
clele|le|lele|le|lslEle|ls|Elele|le|ls|lels
T 0 N T 0 NT 0 NT| 0N T 0 N[T|0|
N‘Q’ NN INNITINNT NN N‘v ~
c lys ‘ 1mM SmM 10mM 30mM
H202 H202 | NaNO2 | NaNO2

B) glbN
6000 —
‘
5000 § .
g 4000 - - I
a \ i A\
O 3000 - -\ \
2 B \
S NI NN
Z 2000 - -\ NN
1000 . Y\
04 N\ N
FHEREEEEEEEEEEEEEEE R
| 0| N | Q| N[ |00 N| | 0Q|N | T|00 N[00 N
| N TIN| N S NS ~N | ~ N NN < NN <N
| (o lys 1mM SmM 10mM 30mM
H202 | H202 | NaNO2 | NaNO2
(D) hsp 65
180000 .
160000
140000 %
cg 120000 -
100000
2 50000 - SN B2
o] § 3 %
Z 60000 - § §\\ §
40000 NI
NN
20000 N\
5 Yl
HEEREREEEEE E‘}E £|lelsls E‘E
T 0O N | 00 N TF|(00 N[ F|0| N |00 N/ T 00N
N FINNITINANTF NNTINANTINNN
C ‘ lys 1mM S5mM 10mM | 30mM
H202 | H202 | NaNO2 | NaNO2

FIG 1 Differential regulation of the M. tuberculosis trHb and groEL2 promoters under various stress conditions at different time points. Plasmid pFPV27 (A) and
promoter gIbN (B), glbO (C), and groEL2 (D) activities in M. smegmatis in the control and in the presence of THP-1 macrophage cell lysate, 1 and 5 mM H,0,,
and 10 and 30 mM NaNO, at the 24-h, 48-h, and 72-h time points. ¥, the mean difference was significant at a P value of <0.05. The statistical significance was
calculated by comparing the control with various stress conditions at each time point.

The intracellular survival rate of recombinant M. smegmatis
harboring the trHb and groEL2 proteins was studied. It was ob-
served that compared to the control, the presence of trHbO helped
M. smegmatis to survive better in macrophages than trHbN and
Hsp65 (Fig. 5).
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FIG 2 Activities of M. tuberculosis trHb and groEL2 gene promoters during
intracellular infection. gIbN, glbO, and groEL2 promoter activities of intracel-
lular M. smegmatis at 4 h, 24 h, and 48 h postinfection of PMA-differentiated
THP-1 macrophages. *, the mean difference was significant at a P value of
<0.05 level.
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DISCUSSION

The first line of host defense of intracellular M. tuberculosis is by
subverting intracellular antimicrobial mechanisms, and under
such conditions, M. tuberculosis induces an appropriate protective
response. trHbO and trHbN produced at different stages of

4hr
fl ol

A

glbN

glb O

groEL2

pFPV27

FIG 3 Activities of M. tuberculosis trHb and groEL2 gene promoters during
infection of PMA-differentiated THP-1 macrophages. Infected cells and intra-
cellular mycobacteria were visualized at 4 h, 24 h, and 48 h postinfection by
confocal laser scanning fluorescence microscopy (Sp2; Leica). Fluorescent im-
ages (fl) and overlay images (ol) of mycobacterial glbO, gIbN, and groEL2
promoters at 4 h postinfection (A) and 24 h postinfection (B).
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FIG 4 Real-time PCR analysis of mycobacterial trHb and groEL2 mRNAs in recombinant M. smegmatis and in M. tuberculosis after THP-1 differentiated
macrophage infection. Normalized expression analysis of glbN (A), glbO (B), and groEL2 (C) mRNAs in recombinant M. smegmatis and gIbN (D), glbO (E), and
groEL2 (F) mRNAs in M. tuberculosis after 4 h, 24 h, and 48 h of infection with THP-1 differentiated macrophages. ¥, the mean difference was significant at a P
value of <0.05. The statistical significance was calculated by comparing the control (values at 4 h) with the values at 24 and 48 h.

growth (8, 20, 26) could contribute significantly to overcoming
the intracellular host defense mechanisms. The transcriptional ac-
tivities of the glbN and gIbO promoters during the aerobic growth
of M. smegmatis in our study were consistent with the protein
expression pattern observed for trHbN and trHbO in M. bovis (20,
26). The involvement of M. tuberculosis trHbN in protection from
the reactive nitrogen intermediates, particularly NO, has substan-
tially been ascribed to its efficient NOD activity (8, 24, 25). Like
the gIlbO promoter, the expression of the gIlbN promoter also
showed a biphasic response: both promoters showed upregulation
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from 24 h to 48 h and a decrease in expression at the 72 h. Nitro-
sative stress, especially 10 mM nitrate, was a more potent inducer
of gIbN expression than oxidative stress. This observation can be
correlated to the previously observed function of trHbN to detox-
ify NO and therefore should be available to the mycobacteria
whenever toxic levels of RNT are present. Studies on transcrip-
tional regulation of M. fuberculosis trHbN have shown a signifi-
cant level of trHbN synthesis during macrophage infection (27),
and its NOD activity is sustained under low oxygen (28). In order
to combat the rising levels of RNI shortly after infection, myco-
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FIG 5 Survival of recombinant M. smegmatis overexpressing mycobacterial
trHb and groEL2 proteins in THP-1 differentiated macrophages. (A) The re-
trieved surviving intracellular bacteria were counted at 0 h, 24 h, 48 h, and 72
h postinfection. ¥, the mean difference was significant at a P value of <0.05.
The statistical significance was calculated by comparing the values for M. smeg-
matis with the plasmid vector (pFPV27) with the values for M. smegmatis with
the recombinant vectors at each time point.

bacteria have to respond immediately, and our finding of the high-
est response at 24 h for the gIbN promoter supports this. In addi-
tion, macrophage cell lysate also induced higher levels of glbN
promoter expression at 24 h.

The physiological role of M. tuberculosis trHbO has primarily
been related to O, metabolism. trHbO is a membrane-associated
protein which interacts with the CyoB subunit of the E. coli termi-
nal oxidase cytochrome O complex and sustains aerobic respira-
tion under microaerobic conditions by facilitating O, delivery to
components of the electron transfer chain. Hence, trHbO was
hypothesized to be endowed with O, uptake or delivery properties
during mycobacterial hypoxia and latency (16, 25). The finding
that the glbO promoter was upregulated by both H,O, and
NaNO, stresses suggests the induction of trHbO biosynthesis dur-
ing exposure to ROI and RNI. Also, the glbO response to the lower
concentrations of both stresses was more lasting and better than
the early response, which indicates the crucial involvement of
trHbO in mycobacterial survival in the presence of various stresses
and for O, delivery. trHbO is required for aerobic respiration, and
its levels are enhanced by the general stresses that the bacteria
would come across once inside the phagosomes, which include
RNI, ROIJ, and hypoxia (26). Consistent with the observation
made above, we observed higher glbO promoter expression from
the 24-h to the 48-h time point. Since 30 mM NaNO, followed by
5 mM H,O0, induced maximal glbO expression, this can be corre-
lated with the poor protection against NO toxicity by mycobac-
terial trHbO compared to that by trHbN (28), indicating that the
primary role of trHbO is not in ‘NO oxidation.

The first promoters used to drive protein expression in myco-
bacteria were derived from genes encoding the mycobacterial heat
shock proteins GroEL2 and Hsp70, and these promoters were
used since heat shock genes are expressed at a high level. Stover
et al. (35) found that these promoters were able to drive the ex-
pression of foreign genes to produce 10% or more of total myco-
bacterial proteins, if used on an extrachromosomal plasmid,
which was due to the deregulation of the promoter. In our study,
the expression pattern shown by the groEL2 promoter was differ-
ent from that shown by the globin promoters. The expression of
groEL2 promoter activity was reduced from the 24-h time point to
the 72-h time point in the absence of any stress. Previously, Stover
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etal. (35) showed upregulation of the groEL2 promoter under heat
(42°C), acidic pH (pH 4), and oxidative (H,O,) stress. However,
we report the response of the groEL2 promoter to oxidative and
nitrosative stresses at different time points. Since nitrosative
stress, especially 30 mM nitrite, induced the maximal expression
of the groEL2 promoter at all time points tested, it can be used as
an effective inducer of the groEL2 promoter. Aravindhan et al. (1)
recently reported a high level of induction of the groE promoter
during heat shock, followed by osmotic, dehydration, and oxida-
tive stress conditions, and a moderate increase in the activity was
observed under pH stress. Even though various stresses given un-
der in vitro conditions are artificial and cannot be equated to those
that occur under in vivo conditions, study of the differential reg-
ulation of trHb and groEL2 promoters provides us with a clue
about the complex regulatory network that operates under in vivo
conditions. Like gIlbN promoter expression, nitrosative stress in-
duced early groEL2 promoter activity, with the maximum occur-
ring at the 24-h time point.

While M. tuberculosis attempts to reside inside the macrophage
to continue the infection indefinitely, the host tries to eliminate
the pathogen via the activation of microbicidal mechanisms. To
combat this, mycobacteria upregulate both trHb promoters and
the groEL2 promoters, as shown by the significant increase in in-
tracellular promoter activity from the 4-h time point to 48 h. In
vitro experiments have demonstrated the induction of NO both in
human alveolar macrophages (12) and in human monocytes and
the direct correlation between the growth inhibition of M. tuber-
culosis and the presence of NO (32). Infection of iNOS-knockout
mice with M. tuberculosis indicated an extensive susceptibility of
these mice, as measured by increases in bacterial loads and de-
creased survival times (17, 18). Consistent with previous observa-
tions (29), we observed that the gIbN promoter exhibited a much
higher activity than the glbO promoter, and both promoters were
found to be active after intracellular growth for about 48 h, with a
slow but steady increase in activity. The role of superoxide radical
in the survival of M. tuberculosis inside the macrophages has also
been shown by using mice lacking the cytosolic p47 (phox) gene,
which is essential for NADPH-dependent production of superox-
ide radicals. phox ™'~ mice showed an increase in bacterial loads
during the early period of infection with M. tuberculosis (22). The
results obtained suggest that the stresses that M. tuberculosis faces
during growth inside macrophages keep the trHb gene promoters
active and that there might be a requirement for constant expres-
sion of both glbO and gIbN proteins during the intracellular
growth of M. tuberculosis. However, we report the intracellular
expression profile of the M. tuberculosis groEL2 promoter at dif-
ferent time points after infection. It has already been reported that
the mycobacterial groEL2 promoter showed constitutive expres-
sion under stress conditions like heat shock but that the groE pro-
moter might be more active during infection (1). The mycobacte-
rial groEL2 promoter emitted higher GFP fluorescence and was
thus stronger than both of the globin promoters at all time points
tested. Even though the expression of the glbN promoter was com-
paratively higher than that of the glbO promoter in the intracellu-
lar milieu, the survival assay indicated a survival advantage for
recombinant M. smegmatis bearing trHbO rather than trHbN.
This could be due to the dual function carried out by the trHbO
protein, such as sustainment of aerobic respiration under mi-
croaerobic conditions and slow oxidation of deleterious NO (3).
The presence of the Hsp65 protein did not provide any survival
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advantage to intracellular M. smegmatis, and it possibly plays little
role in the intracellular survival of mycobacteria.

Within a few hours following phagocytosis, mycobacteria have
to encounter ROS and RNS. In order to scavenge these radicals,
mycobacteria start to upregulate their stress-related gene expres-
sion. Analysis of gIbN, gIbO, and groEL2 gene transcription in both
M. smegmatis and M. tuberculosis by real-time PCR analysis
showed that it was comparable and showed an upregulation from
the 4-h to the 24-h time point, but the expression of these genes
showed downregulation at the subsequent 48-h time point. This
pattern of mRNA expression obtained can be correlated with the
early response shown by globin and trHb promoters against oxi-
dative and nitrosative stresses.

M. tuberculosis has evolved the mechanisms needed to precisely
regulate the expression of promoters and, thereby, genes that al-
low it to survive in the dynamic macrophage environment. Here,
we have created transcriptional fusions of the mycobacterial trHb
promoters glbO and gIbN and the mycobacterial groEL2 promoter
with GFP and analyzed the patterns of expression of these pro-
moters under various stress conditions in both the free-living and
intracellular milieus at different time points. The expression of
these promoters was first studied under in vitro conditions that
simulated the major environmental challenges faced by mycobac-
teria. glbN showed an early response to the oxidative and nitrosa-
tive stresses tested, and the glbO responses to the lower concentra-
tions of both stresses were more lasting and better than the early
response. At all time points and under all stress conditions tested,
the activity of the groEL2 promoter was stronger than that of both
the gIbO and gIbN promoters, and nitrosative stress elicited the
highest expression of the groEL2 promoter. The intracellular ex-
pression of both of the trHb promoters and the groEL2 promoter
showed an increase when inside the macrophages. Among the
trHb promoters, the gIlbN promoter showed higher activity than
the glbO promoter, but it showed less activity than the groEL2
promoter. Real-time PCR analysis of total RNA isolated from re-
combinant M. smegmatis- and M. tuberculosis H37Rv-infected
THP-1-derived macrophages with gene-specific primers indi-
cated comparable profiles of expression of both trHb promoters
and the groEL2 promoter in the intracellular milieu. The levels of
both trHb and groEL2 mRNAs showed an initial upregulation at
the 24-h time point, followed by a downregulatory trend at the 4-h
time point. It was also observed that the presence of the glbO
protein imparted an increased survival advantage to M. smegmatis
compared with that of the gIbN and hsp65 proteins. The compar-
ative upregulation shown by both trHb promoters while growing
inside macrophages and the survival assay indicate the importance
that these promoters have for survival of M. tuberculosis in the
hostile environment inside the host.
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