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Abstract

As one of the world’s most successful intracellular pathogens, Mycobacterium tuberculosis, the causative agent of human tuberculosis, is
responsible for two to three million deaths annually. The pathogenicity of M. tuberculosis relies on its ability to survive and persist within
host macrophage cells during infection. It is of central importance, therefore, to identify genes and pathways that are involved in the survival
and persistence of M. tuberculosis within these cells. Utilizing genome-wide DNA arrays we have identified M. tuberculosis genes that are spe-
cifically induced during macrophage infection. To better understand the cellular context of these differentially expressed genes, we have also
combined our array analyses with computational methods of protein network identification. Our combined approach reveals certain signatures
of M. tuberculosis residing within macrophage cells, including the induction of genes involved in DNA damage repair, fatty acid degradation,
iron metabolism, and cell wall metabolism.
� 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Numerous attempts have been made to identify genes and
proteins that enable Mycobacterium tuberculosis to survive
and persist within host macrophage cells [1e8]. At the cellular
level, M. tuberculosis is able to evade the host immune re-
sponse by residing within macrophage phagosomes [9e11].
M. tuberculosis is able to inhibit the fusion of macrophage
phagosomes and lysosomes, thereby preventing mycobacterial
degradation in the macrophage [12e16]. Genome-wide expres-
sion profiling has become a useful tool to identify genes that
are differentially expressed in response to varying conditions
or cellular perturbations. In many cases, these analyses have
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provided clues to genes that may participate in related cellular
roles or pathways. In addition to providing clues to functionally
related genes, global gene expression profiling also provides
a useful method for identifying potential virulence factors. Vir-
ulence factors can be involved in a variety of roles including
host cell invasion, survival within the host cell, long-term per-
sistence, and manifestation of disease. Although many myco-
bacterial genes have been characterized as virulence factors
[1e8], it is believed that there are many virulence factors yet
to be identified [17]. An area of great interest, therefore, is
the identification of genes and pathways involved in mycobac-
terial survival and persistence within macrophage cells, since
the identification of such genes and pathways may facilitate
new directions in anti-tuberculosis chemotherapy.

Another method of identifying functionally linked genes or
proteins has been by examining the protein network connectiv-
ity among genes. Protein networks can be constructed from
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disparate datasets, including those generated by experimental
and computational methods. Here we have examined gene ex-
pression profiles within the context of protein networks con-
structed using the Rosetta Stone [18], Phylogenetic Profile
[19], conserved Gene Neighbor [20,21], and Operon [22,23]
computational methods.

The Rosetta Stone method identifies individual genes that
occur as a single fusion gene in another organism [18]. For in-
stance the mycobacterial gyrA and gyrB genes occur as a single
fusion gene in Saccharomyces cerevisiae (DNATopoisomerase II).
The Phylogenetic Profile method links genes that occur in
a correlated manner across various genomes [19], the con-
served Gene Neighbor method identifies genes that occur in
close chromosomal proximity in multiple genomes [20,21],
and the Operon method identifies genes likely to belong to
common operons based on the intergenic distance between
genes in the same orientation [22,23]. Functionally linked
genes may suggest members of common pathways, com-
plexes, or genes that serve related functions within the cell.
Previously, these computational methods were used to identify
putative operon structures in M. tuberculosis [22] as well as to
identify functional modules throughout the M. tuberculosis
genome. Here we use these methods to construct protein
networks in which we examine expression profiles. This com-
bined approach has aided in the identification of cellular path-
ways that may play a role in mycobacterial survival and
persistence within macrophage cells, and these methods have
facilitated the inference of gene function for previously
uncharacterized genes.

2. Materials and methods

2.1. Primer design and PCR amplification of
M. tuberculosis H37Rv ORFs for the production
of filter-based DNA arrays

PCR primers were constructed to amplify the first 300 bp
of each ORF described in the annotated genome sequence of
M. tuberculosis H37Rv (http://genolist.pasteur.fr/TubercuList/).
For ORFs less than 300 bp, PCR primers were designed to am-
plify the whole length of each ORF. Five hundred primer pairs
were redesigned using PRIMER3 software to amplify corre-
sponding ORFs in cases where the initial primer pairs did
not yield a PCR product in the proper amount or in the ex-
pected size. PCR reactions were performed in a 100 ml reac-
tion in 1� PCR buffer containing 10 mM TriseHCl (pH
8.3), 1.5 mM MgCl2, 50 mM KCl, 0.01% Tween 20, and
1 M Betaine (Sigma) with 200 mM dNTP mix and 0.3 M
primer mix (forward and reverse) in the presence of 2 U Taq
DNA polymerase (MBI Fermentas) and 1 ng of M. tuberculo-
sis H37Rv genomic DNA. The reactions were carried out in
thermal cyclers with a 96-well heating block (MJ Research).
After an initial 2-min denaturation at 95 �C, 50 PCR cycles
were run as follows: 95 �C for 45 s, 52 �C for 45 s, and
72 �C for 30 s. The final elongation was carried out at
72 �C for 10 min. Aliquots (1 ml) of each PCR product were
run on 1.2% agarose gels to confirm the presence of a PCR
product migrating at the expected size. We sent 100 PCR prod-
ucts, which were chosen randomly to represent each gene cat-
egory, for sequencing, and all sequences match correctly to the
corresponding ORFs.

2.2. Spotting of M. tuberculosis H37Rv filter-based
DNA arrays

Prior to spotting, the PCR products were denatured by add-
ing NaOH solution to a final concentration of 0.1 N. The dena-
tured PCR products were spotted on 22� 22 cm2 positively
charged nylon membranes (Amersham Biosciences) by using
a customized spotting robot. Two replicates of the PCR prod-
uct set were spotted on each DNA array to improve reproduc-
ibility. As a negative control, two replicates of PCR products
from an Arabidopsis thaliana cDNA clone were also spotted
on the DNA arrays. Some spot positions were kept empty
and were also used as negative control.

2.3. Isolation of mycobacteria from macrophages

Murine bone marrow-derived macrophages were generated
using L929 culture supernatant from bone marrow precursor
cells, isolated from C57BL/6 mice. Macrophages were cul-
tured in DMEM containing 10% FCS and 5% horse serum
at 37 �C and 7% CO2 either without treatment (resting) or
upon activation with 1000 U/ml murine recombinant IFN-g
24 h prior to infection. For infection, macrophages were incu-
bated with M. tuberculosis H37Rv at an MOI of 5:1 for 2 h and
washed excessively. Mycobacteria were taken from cultures
growing in 7H9 medium at the logarithmic growth phase
(CFU around 2� 108/ml), washed twice in PBS/0.05% Tween
80 and resuspended in cell culture medium. Infected macro-
phages were cultured for three days (either resting or activated
macrophages). Mycobacteria were isolated by scraping the
infected macrophages in ice cold PBS/0.05% Tween 80
and lysed by putting the lysates through a fine syringe. Ly-
sates were diluted 1:10 in PBS/0.05% Tween 80 and myco-
bacteria were harvested by spinning at 1800� g for 15 min.
Pellets were washed in PBS/0.1% NP40 and in 0.5 M KCl/
0.01% NP40 before RNA was isolated.

2.4. RNA extraction

The cell pellet from 50 ml of mid-log/stationary phase-
grown cultures or from infected macrophages was resuspended
in 5 ml phenol and 5 ml chloroform/methanol (3:1), and vor-
texed for 1 min or until the formation of an interface occurred.
RNA was extracted with 4 ml RLT buffer from the RNeasy Kit
(Qiagen) containing 0.5% sarcosyl and 1% b-mercaptoethanol
(added prior to the use of buffer). The suspension was centri-
fuged to separate the aqueous phase from the organic phase.
The aqueous layer was precipitated in ethanol, RNA was re-
dissolved in 400 ml RLT buffer and further purified using
RNeasy columns (Qiagen) according to the manufacturer’s
instructions.
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2.5. RNA quantification

The size distribution and the quantity of isolated total RNA
samples were determined using a high-resolution electropho-
resis system, the Agilent 2100 Bioanalyzer�. This instrument
separates RNA fragments through microfabricated channels
with real time fluorescence detection. RNA samples were first
diluted with injection buffer according to the manufacturer’s
instruction and then analyzed in parallel with an external
RNA 6000 size ladder (Ambion).

2.6. cDNA synthesis and labeling

Five hundred nanograms of total M. tuberculosis H37Rv
RNA from in vitro culture or 3 mg total RNA from infected
macrophages was mixed with 5 pmoles mtGDP (mycobacte-
rial genome-directed primers) [24]. The samples were heated
at 70 �C for 10 min, followed by immediate cooling to 4 �C
(on ice). RNA was then reverse-transcribed using RevertAid�
First Strand cDNA Synthesis Kit (Fermentas) in a 20 ml reac-
tion volume containing 200 U RevertAid� M-MuLV reverse
transcriptase, 20 U ribonuclease inhibitor, 0.5 mM each of
dATP, dGTP, and dTTP, 0.5 mM dCTP, and 50 mCi of (33P)-
a-dCTP (Amersham Biosciences) in 1� reverse transcription
buffer. The reaction was carried out at 25 �C for 10 min,
and subsequently at 42 �C for 2 h. The unincorporated radio-
active nucleotide was removed from the labelled cDNA by
a G-50 column (Amersham Biosciences).

2.7. Hybridization of DNA arrays

DNA arrays were prehybridized at 50 �C for at least 1 h in
10 ml ULTRArray� Hybridization Buffer (Ambion). The ra-
dioactively labelled cDNA probe was denatured at 95 �C for
10 min, cooled immediately on ice for 2 min and then trans-
ferred to the hybridization buffer. The hybridization was per-
formed at 50 �C overnight. The DNA arrays were washed
three times in washing buffer (0.5% SDS, 0.1� SSC) at 55 �C,
each for 30 min. After washing, the DNA arrays were wrapped
with clear food wrap film and exposed to a phosphorimaging
screen for four days. Array images were scanned using a Fuji
BAS 2500 phosphorimaging instrument at 50 mm pixel resolution.

2.8. Data analysis of DNA arrays

The feature extraction from the resulting image files and data
analysis were carried out using the customized software ‘Gene-
spotter’ (http://www.microdiscovery.com) [25,26]. Each array
experiment was performed in triplicate and each RNA sample
was hybridized on two DNA arrays. The raw data of signal in-
tensities were normalized as follows. After exclusion of nega-
tive control spots (spots without DNA or containing a PCR
product from an A. thaliana gene), the logarithmic value of
each spot and the average from all these logarithmic values
were calculated. The average value was then subtracted from
each logarithmic value to obtain the normalized data. The nor-
malized intensity data were used as basic values to calculate the
fold of up- and downregulation of genes in each experiment. The
data analysis was performed using the customized software
from the bioinformatic company ‘‘Microdiscovery’’ [25,26].

2.9. Rosetta Stone method

Proteins were functionally linked by the Rosetta Stone
method if individual proteins were found to be present as a sin-
gle fused protein in another organism, as described by Mar-
cotte et al. [18]. If individual M. tuberculosis proteins have
significant homology to distinct regions of a single ‘‘fusion’’
protein in another organism then they are indicated as func-
tionally linked by this method.

2.10. Phylogenetic Profile method

Phylogenetic profiles were used to identify proteins that oc-
cur in multiple genomes in a correlated fashion, as described
by Pellegrini et al. [19]. A phylogenetic profile for each M. tu-
berculosis protein was created in the form of a bit vector, by
searching for the presence or absence of homologs in each
of the available sequenced genomes. The presence of an iden-
tifiable homolog in a particular genome was indicated by the
integer 1 in the bit vector at the position corresponding to
that genome, while the absence of a homolog was indicated
by the integer 0. Phylogenetic profiles were then clustered
based on the similarity of profiles.

2.11. Conserved Gene Neighbor method

Genes were linked by the conserved Gene Neighbor
method if genes appeared as chromosomal gene neighbors in
multiple genomes, as described by Dandekar et al. [20] and
Overbeek et al. [21]. Genes that were in close proximity in
multiple genomes were indicated as functionally linked.

2.12. Operon method

A series of genes were linked by the Operon method if the
nucleotide distance between genes in the same orientation was
less than or equal to a specified distance threshold. Multiple
genes were linked if a series of genes in the same orientation
all had intergenic distances less than or equal to the defined
distance threshold [22,23].

2.13. Protein networks

Protein networks were constructed using functional link-
ages between proteins inferred by two or more computational
methods. Genes identified by DNA array experiments to be
upregulated during various conditions are indicated as red
nodes within the networks.

2.14. Real time RT-PCR

Prior to use in the reverse transcription (RT) reaction, RNA
samples were treated with DNase I (Invitrogen). After heat
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inactivation of DNase I, RNA was purified using RNeasy col-
umns (Qiagen) according to the manufacturer’s instructions.
The RT reaction was performed using the Superscript II Kit
according to the manufacturer’s instructions (Invitrogen).
Each reaction contained 2 mg total RNA. Table 1 lists the
primers (Proligo) used for the quantitative real time RT-PCR
reactions. Real time RT-PCR was performed using the ABI
PRISM 7000 Sequence Detection System� (Applied Biosys-
tems) in a 30 ml reaction volume with SYBR Green Kit. Each
reaction was performed in triplicate. The conditions for real
time PCR and the data analyses were carried out according
to the manufacturer’s instructions (Applied Biosystems).
sigA was used as an internal control for the normalization of
mRNA levels. The expression of this gene was relatively con-
stant in vitro and in vivo according to our DNA array data.

3. Results

To better understand the molecular mechanisms of M. tu-
berculosis survival and persistence within host macrophage
cells we collected and examined expression data from M. tu-
berculosis isolated from activated and resting macrophage
cells. These studies suggest a number of key pathways that
may be important for M. tuberculosis survival and persistence
including genes involved in iron metabolism, cell wall metab-
olism, amino acid metabolism, lipid metabolism, DNA dam-
age repair, transport, and regulatory functions. Figs. 1 and 2
summarize the functional classes of upregulated genes under
the conditions examined.

3.1. Iron metabolism

We observed that two genes, Rv2385 (mbtJ ) and Rv2386c
(mbtI ), which are associated with the biosynthesis of hydroxy-
phenyloxazoline-containing siderophore mycobactins, were
upregulated upon activation of macrophages with IFN-g. Side-
rophores serve primarily as transient reservoirs of ferric iron
for transport into the cytoplasm. The M. tuberculosis genome
also contains two bacterioferritin homologues, bfrA (Rv1876)
and bfrB (Rv3841) [27], which provide long-term iron storage.
Our DNA array result showed that the transcription of bfrB
(Rv3841) was strongly reduced in activated macrophages.
This suggests that in activated macrophages, iron is limited,
reflected by the upregulation of iron-acquiring siderophores
and the downregulation of long-term iron storage proteins.

A number of genes that encode proteins that require iron as
their cofactor, such as oxido-reductases and oxygenases, were
also downregulated during infection in activated macrophages.
The decreased expression of these genes may be in response to
the iron deprivation in the environment of mycobacterial cells.

To further investigate the impact of iron deprivation,
in vitro cultured M. tuberculosis H37Rv were depleted for
iron by deferoxamine. Similar to what was observed in acti-
vated macrophages, the transcription level of Rv2385 (mbtJ )
and Rv2386c (mbtI ) was elevated under in vitro iron-limited
conditions. Correspondingly, the transcription of the long-
term iron storage proteins, brfB (Rv3841), was repressed.

A significant proportion of genes that were differentially
regulated in activated versus resting macrophages were also
differentially expressed during iron depletion. Approximately
52% of the genes that were downregulated in activated versus
resting macrophages were also downregulated in iron depleted
versus complete medium. Approximately 22% of the genes
that were upregulated in activated versus resting macrophages
were also upregulated in iron depleted conditions.

3.2. Cell membrane and cell wall synthesis

Array analysis revealed significant induction of genes asso-
ciated with the biosynthesis of cell wall and cell membrane
components in resting and activated macrophages (Fig. 1).
Among the induced genes were Rv1170, Rv2157 and
Rv2482, involved in mycothiol, peptidoglycan and phospho-
lipid biosynthesis, respectively. Genes involved in the
Table 1

List of primers for quantitative real time RT-PCR analysis

Gene name Primer sequence

Forward Reverse

Rv1064c CTGTGCGCAATGGTTTTG TACTCCTCCTCGGTCGATTC

Rv0467 (icl ) CCAAGTTCCAGAAGGAGCTG CGTTCCTGCAGTTCGACATA

Rv1128c TGACGGCCATGTTGAAGTAA GTTGAGGCAGTCCATGATCC

Rv1669 GGGATACTCGAATGGACGTG ATTGTGCCCAAGCATATTCC

Rv3628 TCGACGTGACCATCGAAAT TCGTCACCTAGGGTGTCCTC

Rv0007 CGTTCCTCTACCTGGTGCTC TCAGGACGATGTTGACCAAG

Rv0014c ( pknB) ATTGCCCTACATCGTCATGG TGGATGATTCCGTTCTGATG

Rv0758 ( phoR) GCCAGAGCTATACGGCACTC ACGGTGGTCAAGTAGCCATC

Rv2201 (asnB) AGCACGTCAAAGTGGTGTTG TGGAAACTTTTCCCATCGAC

Rv0238 TTAACGGCTACCACGAGACC TCTGGTCGAAGTTGATGCTG

Rv3295 TCACTACTTCCCGGACAAGC GTAGGCCATATAGGCCAGCA

Rv1276c GACAACGTCACCACACTGCT AACTTCTCCGAGATGCGTTC

Rv3279c (birA) CGTTTGTGGTACTCGGTGTG GGATGATCCGAGCTTCGAG

Rv1664 ( pks9) CGTTTCATTCGGTGTTGATG CGCACATGTTCAACCCAATA

Rv2358 GCAATTGCGTGAATCTCAAC GTCAGCAAGTCGGTACAGCA

Rv2703 (sigA) ATCGCTGAACCCACCGAAAA GACCTCTTCCTCGGCGTTGA
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Fig. 1. Upregulated M. tuberculosis genes. Global gene expression analysis revealed unique signatures of M. tuberculosis cultures isolated from activated and

resting macrophages. Genes that were upregulated by more than two-fold are indicated in the pie charts. Figures depict M. tuberculosis genes upregulated in

(A) activated macrophages versus resting macrophages, (B) resting macrophages versus activated macrophages, (C) resting macrophages versus in vitro, and

(D) in vitro versus resting macrophages.
synthesis of lipoproteins, such as lpqV (Rv1064c) and lppZ
(Rv3006), were also upregulated three days after infection of
activated macrophages but not in resting macrophages.

The glycosyltransferase homolog, Rv2962c, was specifi-
cally induced in activated macrophages. The expression of
this gene in Mycobacterium smegmatis has been shown previ-
ously to increase survival rates of this avirulent strain in THP-1
macrophages [28].

pyrG (Rv1699), encoding CTP synthase, was also induced
in activated macrophages. CTP is required for various meta-
bolic pathways, including cell wall and cell membrane synthe-
sis, and is required for the synthesis of phospholipids. The
upregulation of genes involved in mycothiol, peptidoglycan,
phospholipid, and other cell wall associated proteins suggests
that these genes play an important role in M. tuberculosis
protection from the external environment.

3.3. Amino acid metabolism

Certain genes that are involved in amino acid biosynthesis
and transport, such as Rv0753c (valine metabolism), Rv2201
(asparagine synthesis), Rv1612 (tryptophan biosynthesis),
Rv1659 (arginine biosynthesis), and Rv0346c (L-asparagine
transport) were also upregulated, suggesting that the phagoso-
mal environment may be restricted in amino acids. The high
expression levels of these genes were maintained during infec-
tion of activated macrophages.
3.4. Lipid metabolism

It has been hypothesized that M. tuberculosis obtains nour-
ishment from lipids as a major carbon source inside macro-
phages [4], mediated by the glyoxylate bypass enzyme icl
(isocitrate lyase). Our observations are consistent with this hy-
pothesis. Although we observed that isocitrate lyase (Rv0467)
was only slightly induced during infection of resting macro-
phages, activation of macrophages drove the infecting M.
tuberculosis to produce more isocitrate lyase. The elevated
expression of isocitrate lyase during infection has been re-
ported for several pathogenic microorganisms, including M.
tuberculosis [4], Candida albicans [29] and the rice blast fun-
gus Magnaporthe grisea [30]. In addition, a panel of genes in-
volved in fatty acid oxidation including Rv0215c, Rv0673,
Rv0852, Rv2679 and Rv3505 were induced during infection
of resting and activated macrophages.

3.5. DNA damage repair, radical neutralization and
transport regulation

We observed increased expression of genes responsible
for DNA damage repair and neutralization of reactive radicals
in macrophages, including Rv1020, Rv1329c, Rv2090,
Rv2836c and bpoB (Rv1123c). Of the sod genes, only the
expression level of sodC (Rv0432) was elevated in activated
macrophages. This is consistent with the recent finding that
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Fig. 2. M. tuberculosis genes upregulated in iron depleted media. In vitro cultured M. tuberculosis H37Rv were depleted for iron by deferoxamine. An iron deficient

environment may mimic the environment M. tuberculosis encounters within the host macrophage cells. Figures depict M. tuberculosis genes upregulated in (A) iron

depleted medium versus rich medium and (B) rich medium versus iron depleted medium.
sodC is essential for survival of M. tuberculosis in macro-
phages [31].

Genes associated with transport functions such as Rv1458c,
Rv2691 (ceoB) and Rv3270 were also upregulated during in-
fection of resting macrophages. Rv2691 (ceoB) encodes a pro-
tein that exhibits activity similar to that of the potassium
uptake regulatory protein TrkA. Recently, it has been reported
that the expression of Rv3237c, encoding a possible potassium
channel protein, was strongly stimulated during M. tuberculo-
sis infection of human macrophages [32]. We also observed
a slight induction of this gene during macrophage infection.
Moreover, it was found that ceoA, B and C from M. tubercu-
losis which was transformed to Escherichia coli conferred
INH resistance in otherwise INH sensitive E. coli, probably
by sequestering or detoxifying INH [33].

3.6. Regulatory proteins

Genes coding for regulatory proteins play vital roles in
metabolic processes, including transcription, cell development
and interactions with host cells. We observed that the changes
in expression profile during macrophage infection were
accompanied by the stimulation of a panel of genes encoding
regulatory proteins. Regulatory genes that are upregulated dur-
ing infection of both resting and activated macrophages
include Rv0014c, Rv1534, Rv2640c, Rv2642, Rv3246,
Rv3681, Rv0485, Rv0758 and Rv0903c.
Most of the bacterial eukaryotic-like protein kinases that
have been characterized so far have been shown to be involved
in the regulation of different developmental states of bacteria.
The expression of M. tuberculosis Ser/Thr kinase pknB
(Rv0014c) which belongs to the protein serine/threonine ki-
nase (PSTK) family has been reported previously to be de-
tected in vitro and in vivo [34]. It has been proposed that
pknB may play a role during infection. Our DNA array results
support this notion. Another member of the PSTK family, Ser/
Thr kinase pknL (Rv2176), and a transcriptional regulatory
protein belonging to LuxR-family, Rv0195, were specifically
induced during infection of activated macrophages. Little is
known about the function of these genes.

Another regulatory gene induced during macrophage infec-
tion was Rv3681c (whiB4). The whiB genes are essential spor-
ulation factors in Streptomyces coelicolor [35]. The disruption
of the whmD gene, the homologue of the whiB gene in M. smeg-
matis, was lethal. The whmD gene is suggested to play a role in
mycobacterial septum formation and cell division [36].

3.7. Quantitative real time RT-PCR

To verify the results obtained from DNA array experiments
we performed quantitative real time RT-PCR of some genes
chosen randomly from different growth conditions. The results
of real time RT-PCR along with the corresponding DNA array
data are presented in Table 2.
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Table 2

List of results of quantitative real time RT-PCR analysis

Gene name Function of encoded protein Gene expression ratios Compared conditions

Real time RT-PCR DNA arrays

Rv1064c Cell envelope 8.26 14.17 Activated vs. resting macrophages

Rv0467 (icl ) Energy metabolism 5.01 3.38 Activated vs. resting macrophages

Rv1128c IS elements 7.68 7.02 Activated vs. resting macrophages

Rv1669 Unknown 8.36 9.28 Activated vs. resting macrophages

Rv3628 Degradation of phosphorus compounds 4.13 2.84 Activated vs. resting macrophages

Rv0007 Unknown 6.31 4.21 Resting vs. in vitro macrophages

Rv0014c ( pknB) Broad regulatory functions 5.94 4.22 Resting vs. in vitro macrophages

Rv0758 ( phoR) Broad regulatory functions 6.19 3.64 Resting vs. in vitro macrophages

Rv2201 (asnB) Amino acid biosynthesis 6.38 3.27 Resting vs. in vitro macrophages

Rv0238 Unknown 4.12 2.99 Resting vs. activated macrophages

Rv3295 Broad regulatory functions 7.21 4.06 Resting vs. activated macrophages

Rv1276c Unknown 4.39 6.75 In vitro vs. resting macrophages

Rv3279c (birA) Biosynthesis of biotin 10.11 8.50 In vitro vs. resting macrophages

Rv1664 ( pks9) Polyketide synthesis 4.18 3.45 Iron deficient vs. rich medium

Rv2358 Broad regulatory functions 5.48 3.62 Iron deficient vs. rich medium
3.8. Uncharacterized genes and protein linkages

The greatest percentage of genes upregulated in each condi-
tion investigated were the class labelled as non-annotated
(Figs. 1 and 2). These include both conserved hypothetical
and hypothetical proteins of unknown functions. Although
these genes do not currently have a function assigned to
them, they may play a crucial role in the survival and persis-
tence of M. tuberculosis within host macrophage cells. In order
to identify putative functions for these genes, genome-wide
functional linkages were examined and protein networks
were constructed to examine these genes within the context
of all other cellular proteins. This approach facilitated the
inference of protein function for previously uncharacterized
M. tuberculosis genes. A complete list of linkages and protein
networks is provided at http://www.doe-mbi.ucla.edu/~strong/
skaufmann.

Fig. 3 depicts one example of assignment of function using
this method. The uncharacterized gene Rv2908c was upregu-
lated in activated macrophage cells. Although the function
of Rv2908c is uncharacterized, it is functionally linked to
the ribosomal protein Rv2909c, the ribosomal RNA process-
ing protein rimM, and the tRNA methyltransferase protein
trmD, by multiple computational methods (Fig. 3A). Based
on these functional linkages, we hypothesize that Rv2908
may have a function associated with the ribosome. Interest-
ingly, both Rv2908c and Rv2909c are upregulated in activated
macrophage cells with an 8.25- and 8.00-fold induction, re-
spectively. These genes are separated by only 8 bp. Together
this may suggest that these genes are co-expressed as part of
a common operon. An extended network, containing links to
all the genes of this network is shown in Fig. 3B.

In further support of the functional inference for Rv2908c,
this protein has some sequence similarity to KH domain pro-
teins. The KH domain proteins have been implicated in RNA
binding and nucleic acid binding activities. Bylund et al. [37]
have shown that the E. coli KH domain protein yfjA associates
with free 30S ribosomal subunits and plays a role in
translation. Taken together this evidence suggests that the con-
served hypothetical protein Rv2908c may play a role in trans-
lation. We provide a list of hundreds of such functionally
linked genes and dozens of protein networks online at http://
www.doe-mbi.ucla.edu/~strong/skaufmann.

3.9. Protein networks containing differentially
expressed genes

In Fig. 4 we show a protein network containing eight genes
that are upregulated in resting macrophages (mtrA, prrA,
phoR, pknB, murF, dnaB, Rv1458c, and Rv1461). Upregulated
genes are indicated as red nodes in the network. Protein net-
works shown here and on the website indicate genes which
are functionally linked by two or more computational
methods, linked by a combination of the Rosetta Stone, Phy-
logenetic Profile, conserved Gene Neighbor, and Operon
methods. Most of the genes of the network in Fig. 4 are in-
volved in signalling and transport, including the three two-
component system genes (mtrA, prrA, and phoR), the serine-
threonine protein kinase gene Rv0014c ( pknB), and the ABC
transporter gene Rv1458c. Notice that the three upregulated
two-component system genes (mtrA, prrA, and phoR) cluster
together.

Clustering of genes of related function is a common char-
acteristic of our computationally inferred protein networks
since genes that are linked by two or more computational
methods are likely to share at least some functions in common
[38]. Fig. 4 demonstrates four clusters in our protein network
that each of which contains a number of M. tuberculosis genes
of related function. Cluster 1 contains genes involved in two-
component systems, cluster 2 contains transport and binding
proteins, cluster 3 contains serine-threonine kinases and pro-
tein phosphatases, and cluster 4 contains genes involved in
cell wall synthesis and protein secretion.

The conserved hypothetical protein Rv1461 was upregu-
lated in resting macrophages versus in complete medium. Al-
though this gene is uncharacterized, it is linked to five genes as
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shown in Fig. 4. The five functionally linked genes occur as
chromosomal gene neighbors in multiple genomes, including
the M. tuberculosis genome. While both Rv1461 and
Rv1462 are annotated as conserved hypothetical proteins,
they do share some sequence similarity to iron-regulated
ABC transporters. Both proteins are also linked to the

Fig. 3. Inference of protein function. The uncharacterized gene Rv2908c was

upregulated in activated macrophages. (A) Although this gene is annotated as

a ‘‘conserved hypothetical protein’’ it is linked to the ribosomal protein

Rv2909c, the ribosomal RNA processing protein rimM, and the tRNA methyl-

transferase protein trmD, by multiple computational methods. Based on these

functional linkages we hypothesize that Rv2908c may have a function associ-

ated with the ribosome. (B) The complete protein network containing the up-

regulated genes Rv2908c and Rv2909c. Many of the genes of this network are

involved in ribosomal related functions.
annotated ABC transporter Rv1463. The functionally linked
gene Rv1464 (csd ) is involved in the assembly of ironesulfur
clusters and Rv1465 is an ironesulfur scaffolding protein. The
final linked gene, Rv1460, is a transcription regulator of un-
known target. The functional links in the network and se-
quence analysis suggest that the uncharacterized genes
Rv1461 and Rv1462 may function in iron regulation or iron
transport. In eukaryotes, the ABC transporter Atm1p is in-
volved in the export of ironesulfur clusters from the mito-
chondria [39], and in prokaryotes a number of ABC
transporters have been shown to transport iron across the cyto-
plasmic membrane. We provide dozens of such protein net-
works and complete lists of upregulated genes at http://
www.doe-mbi.ucla.edu/~strong/skaufmann. An example of
other protein networks is shown in Fig. 5.

4. Discussion

We have applied a combined approach, incorporating DNA
array analyses and computational methods to investigate
global gene expression profiles in M. tuberculosis. This ap-
proach was used to investigate M. tuberculosis isolated from
infected macrophages and M. tuberculosis grown under iron
depletion condition. Using this combined approach we were
able to infer functions of previously uncharacterized genes
which were differentially expressed. Our combined approach
has enabled us to identify signatures which may play critical
roles in the survival of M. tuberculosis in vivo.

One signature we identified involves a mechanism to coun-
teract the iron deprivation situation encountered in activated
Fig. 4. A protein network containing eight differentially expressed genes. The protein network shown here represents genes that are functionally linked by two or

more computational methods (Rosetta Stone, Phylogenetic Profile, conserved Gene Neighbor, and Operon methods). Upregulated genes are indicated as red nodes

in the network. Upregulated genes in this network include mtrA, prrA, phoR, pknB, murF, dnaB, Rv1458c, and Rv1461. Most genes in this network are involved in

signalling and transport. In cluster 1 we see a number of proteins involved in two-component systems, cluster 2 contains a number of transport and binding pro-

teins, cluster 3 contains serine-threonine kinases and protein phosphatases, and cluster 4 contains cell wall synthesis and protein secretion proteins. Genes of related

function tend to cluster together in these networks.
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Fig. 5. Nine protein networks containing upregulated M. tuberculosis genes. Protein networks were constructed using computationally inferred functional linkages,

and upregulated genes are indicated in red. Dozens of such networks are available at http://www.doe-mbi.ucla.edu/~strong/skaufmann.
macrophages. M. tuberculosis induces the expression of side-
rophore genes and represses genes which require iron as cofac-
tor. We also noticed upregulation of amino acid biosynthesis
genes, which may suggest a mechanism which the host em-
ploys to inhibit the growth of the tubercle bacilli in vivo. It
has previously been suggested that the concentration of
L-tryptophan may influence the intracellular survival of Borde-
tella pertussis, and that the host may specifically induce tryp-
tophan degrading enzymes as a defense mechanism to inhibit
survival of B. pertussis [40].

Another prominent signature is the immense changes in the
expression of certain cell envelope components. Many of the
cell wall components of M. tuberculosis have been associated
with virulence and modulation of the host immune response
[34]. Although the function of lipoproteins in M. tuberculosis
has not been well characterized, some lipoproteins including
phospholipase C have been reported to modulate the host im-
mune response and may play an important role in virulence
[27]. Similar functions have also been attributed to some ex-
ported proteins [41]. We hypothesize that the induction of a se-
ries of M. tuberculosis genes which are involved in the synthesis
of cell wall and cell membrane components during macrophage
infection may reflect the efforts of the tubercle bacilli to evade
host defense by modulating the host response, and may enable
the generation of a stronger peripheral fortification system.

Some genes which were upregulated during macrophage in-
fection have been described previously as potential drug targets.
For instance, p-aminosalicylic acid, a second-line antitubercular
drug, is thought to interfere with mycobactin synthesis [42].
Drugs such as acivicin, 3-deazauridine (3-DU) and cyclopen-
tenyl cytosine (CPEC) are known to inhibit CTP synthase
[43]. Kþ transport systems have been shown to be indirect tar-
gets of some drugs with antimycobacterial properties such as
B4128 (tetramethylpiperidyl (TMP)-substituted phenazine), ri-
minophenazines, B669 and clofazimine [44]. We observed the
upregulation of ceoB (Rv2691), which encodes a potassium up-
take protein, during macrophage infection. The protein kinase
inhibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7)
was found to inhibit the activity of pknB (Rv0014c) and conse-
quently the growth of M. tuberculosis [45].

Recently, efforts have been made to identify genes in the M.
tuberculosis genome, which play an important role in survival
and virulence in the host [1e8]. The results of our study re-
vealed signatures for intraphagosomal tubercle bacilli similar
to those of the previous study, such as DNA damage, nutrient
starvation, etc. [1]. A set of M. tuberculosis genes, which are
required for its survival in macrophages, has been identified
recently using a unique high throughput method combining
TraSH and microarray methods [2]. One striking signature,
which has been observed using this method and also in our
study, is the condition of phosphate limitation in macrophages.
We observed the induction of genes encoding PhoR. Rv0758
( phorR) is a sensor part of a two-component regulatory system
PhoP/PhoR. In Bacillus subtilis the induction of this regulon is
stimulated by phosphate starvation [46]. The phoP mutant
strain of M. tuberculosis shows impaired growth but is still
able to survive when cultured in murine bone marrow-derived
macrophages [47]. The condition of phosphate deprivation
might be consistent with the induction of pyrophosphatase
gene ppa observed in our study. The hydrolysis of pyrophos-
phate will provide the cells with more inorganic phosphate.
The ppa gene is ubiquitous and the sequence is relatively con-
served among different organisms. The genome sequence of
M. tuberculosis H37Rv exhibits a 486-bp long ORF
(Rv3628) with 44% sequence identity to the Legionella pneu-
mophila Ppase [48]. It has been reported that Ppase is crucial
for the growth in E. coli and yeast [49,50]. While the expres-
sion of ppa is constitutive in E. coli, it has been observed that
the expression of this gene is elevated in L. pneumophila grow-
ing in resting macrophages [51]. The condition of phosphate
limitation was also suggested in Salmonella-containing vacu-
oles during infection of this pathogen in macrophages. Since
inorganic phosphate availability is closely related to the en-
ergy level in the cells, the restriction of inorganic phosphate
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in phagosomes may constitute another host strategy to inhibit
pathogen growth.

Together we demonstrate applications employing both mi-
croarray analyses and computational methods to investigate
M. tuberculosis isolated from infected macrophages and under
iron depletion conditions. We have constructed extensive pro-
tein networks based on the computationally assigned func-
tional linkages, which we have used for the inference of
protein function. We provide comprehensive lists of upregu-
lated genes and protein networks at http://www.doe-mbi.
ucla.edu/~strong/skaufmann. This combined approach may
aid in the identification of novel pathways which are essential
for virulence, persistence, and pathogenesis of M. tuberculosis
and may suggest new targets for novel intervention strategies.
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