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The role of the serine/threonine kinase PknH in the physiology and virulence of Mycobacterium tuberculosis
was assessed by the construction of a pknH deletion mutant. Deletion of the pknH gene did not affect sensitivity
to the antimycobacterial drug ethambutol, although it was previously thought to be involved in regulating
expression of emb genes encoding arabinosyl transferases, the targets of ethambutol. Nevertheless, transcrip-
tion analyses revealed that genes associated with mycobacterial cell wall component synthesis, such as emb and
ini operons, are downstream substrates of the PknH signaling cascade. In vitro survival studies revealed that
a mutant with a deletion of the pknH gene displayed increased resistance to acidified nitrite stress, suggesting
that nitric oxide is one of the potential environmental triggers for PknH activation. The effect of pknH deletion
on mycobacterial virulence was investigated in BALB/c mice. In this model, the ApknH mutant was found to
survive and replicate to a higher bacillary load in mouse organs than its parental strain and the pknH-
complemented strain. In contrast, another closely related kinase mutant, the ApknE mutant, obtained from the
same parental strain, was not affected in its virulence phenotype. Infection of THP-1 cells or in vitro growth
studies in 7H9 medium did not reveal a significant in vitro growth advantage phenotype for the ApknH mutant.
In conclusion, we propose that the serine/threonine kinase PknH plays a role in regulating bacillary load in
mouse organs to facilitate adaptation to the host environment, possibly by enabling a regulated chronic

infection by M. tuberculosis.

Despite its discovery a century ago, Mycobacterium tubercu-
losis, the causative agent of tuberculosis, continues to kill more
people than any other bacterial pathogen. It is estimated that
one-third of the global population is infected with M. tubercu-
losis and that approximately 8 million new cases of tuberculosis
arise annually, with 2 million people dying from the disease
(57). The pathogen enters the host, usually by inhalation of an
infected aerosol, and the bacilli are phagocytosed by alveolar
macrophages. Intracellular replication of the bacterium results
in a primary lesion, and this is followed by lymphohemato-
genous dissemination and the formation of secondary lesions
in the lungs and other organs (15). Uncontrolled M. tubercu-
losis growth in its site of infection is associated with extensive
lung damage, ultimately leading to the death of the host. How-
ever, in most individuals, disease progression is arrested at this
stage by the acquired immune response resulting in the for-
mation of granulomatous lesions, and a clinically latent state
ensues. Postprimary disease arises from the subsequent reac-
tivation of dormant bacilli (15, 19, 52).

The establishment of a persistent infection demands that
microbes evade and subvert various immune mechanisms that
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are meant to eliminate pathogens. The host mounts a strong
immune response that contains but does not eliminate the
infection. The ability of the organism to survive in the face of
a robust host response clearly implicates a series of evasion
mechanisms by the pathogen (24, 27, 30, 44). The pathogen,
therefore, should be able to sense its environment and respond
in a coordinated manner by modulating the expression of its
adaptive genes. Identifying the various components involved in
these processes is central to our understanding of the patho-
genesis of tuberculosis.

Protein phosphorylation is the principal mechanism by
which extracellular signals are translated into cellular re-
sponses. In bacteria, signal transduction events are mediated
by two-component regulatory systems (23, 53) and protein
kinases and phosphatases (5, 14, 48). M. tuberculosis possesses
11 protein serine/threonine kinases (3, 12), of which 8 mem-
bers of the kinases, including PknH kinase, have been shown to
possess the catalytic enzyme activity in vitro (4, 8, 13, 22, 26, 32,
33, 47). Except in the case of PknF and PknH, the identities of
the intracellular target proteins of protein serine/threonine
kinases of M. tuberculosis are yet to be identified (33, 34). The
M. tuberculosis PknH kinase was shown to phosphorylate in
vitro the mycobacterial endogenous substrate EmbR through
recognition of a Forkhead-associated domain in the protein
(33). EmbR is a putative transcriptional regulator of embAB
genes encoding arabinosyl transferases which are involved in
the biosynthesis of arabinogalactans, a key component of the
mycobacterial cell wall (6, 17, 54, 58). The embAB gene prod-
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ucts were identified as the major target of the antimycobacte-
rial drug ethambutol (6). Resistance to ethambutol may arise
by overexpression of emb products, point mutation in the embB
gene, or both (51, 54). However, it is not known whether the
PknH phosphorylation of EmbR could affect the sensitivity of
M. tuberculosis to ethambutol by altering the expression levels
of the M. tuberculosis embCAB operon. The enzyme activities
of the embC and embAB gene products contribute to the ar-
abinosylation of lipoarabinomannans (LAM) and arabinoga-
lactans (AG), respectively (17, 58). The AG and LAM form
key structural components and play important roles in the
modulation of host response during infection (reviewed in
reference 7). It has been shown that the expression of the pknH
gene in M. tuberculosis is downregulated upon exposure to low
pH and heat shock, suggesting a role for the kinase in adap-
tation to environmental changes (47).

In order to assess the role of PknH in M. tuberculosis phys-
iology and virulence, we created a pknH gene knockout mutant
and found that the deletion of the pknH gene conferred altered
sensitivity to in vitro treatments causing nitrosative and oxida-
tive stresses. Significantly, upon infection of mice, the M. fu-
berculosis ApknH mutant survived to a higher load in the
mouse organs, especially during the chronic stage of infection,
indicating that in the wild type, the PknH kinase-mediated
signaling pathway contributes to the regulation of bacillary
load during the infection process.

MATERIALS AND METHODS

Construction of the pknH-targeting vector. A 5.7-kb DNA fragment containing
the pknH coding region along with approximately 1.9-kb flanking regions was
amplified by PCR using Pfu Turbo DNA polymerase (Stratagene) and cloned
into pBluescript vector to construct pKP165. A major part of the pknH coding
sequence (1.6 kb of the 1.88 kb) was deleted, and a unique cloning site for BglII
was simultaneously introduced by inverse PCR and religation of the PCR prod-
uct to create pKP169. A kanamycin resistance gene from pUC4K was then
inserted into this site to construct pKP178. The disrupted fragment containing
the flanking regions and the kan gene was excised from this plasmid and cloned
at the Xbal site of the Escherichia coli vector pBS-Pacl to produce pKP181. The
Pacl cassette of pGOAL19 containing hyg-lacZ-sacB genes (38) was then cloned
at the unique Pacl site carried on the vector part of the plasmid pKP181 to make
the final pknH knockout construct pKP183. This plasmid carried kan gene (lo-
cated between the pknH-flanking regions) for positive selection and the sacB
gene to facilitate counterselection. In addition, the lacZ and hyg markers located
on the Pacl cassette served in the screening for the loss of vector.

Isolation of the pknH deletion mutant of M. tuberculosis. The pknH deletion
mutant was isolated by a sequential two-step selection protocol involving positive
selection for kanamycin resistance and counterselection on medium containing
2% sucrose (38, 39). The pknH-targeting vector was electroporated into M.
tuberculosis strain H37Rv, and transformants were selected on 7H11 plates with
kanamycin (Kan). Colonies displaying the expected phenotype for single cross-
overs (Kan" colonies displaying expression of the lacZ and hyg genes) were grown
further and counterselected on 7H11 plates with Kan and 2% sucrose. Putative
recombinants with the desired phenotypes (Suc” Kan" Hyg® LacZ ™) were further
screened by PCR (not shown) using pairs of oligonucleotides, one located in the
kan gene and the other on the genomic DNA external to the cloned flanking
regions. Based on the PCR analysis, two isolates were chosen for Southern
hybridization analysis. Genomic DNAs isolated from the parental wild type and
the two isolates of the pknH mutant strain were subjected to Southern hybrid-
ization analysis to confirm that the ApknH mutant arose following double cross-
over homologous recombination.

Complementation of the ApknH strain. A 2.3-kb DNA fragment containing
the entire pknH coding region along with 311-bp upstream and 167-bp down-
stream regions was amplified by PCR using Pfu Turbo DNA polymerase and
cloned between the BglII and Xbal sites of the attP vector pKP201 (21). The
insert in the complementing clone was sequenced to verify that no mutation was
introduced during PCR amplification of the fragment. The ApknH mutant was
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cotransformed with the complementing plasmid pKP264 and pBSint (50), a
nonreplicating plasmid which provides integrase in trans but is subsequently lost
from the cells, thereby reducing the chances of integrase-mediated excision of
the complementing DNA (50). The transformants were selected on 7H11 me-
dium with hygromycin, and the expression of pknH in the complemented strain
was verified by reverse transcription-PCR (RT-PCR) analysis. RNAs isolated
from the wild-type, ApknH mutant, and complemented strains were reverse
transcribed using Moloney murine leukemia virus reverse transcriptase, and a
278-bp region located within the deleted region of the pknH gene was amplified
by PCR using the primer pairs IMO (5'-GCGCCGCAGCCAAGAATCC-3")
and IMP (5'-AGCCGCCGCCCTGGTAGTA-3").

In vitro growth determinations. For comparison of the in vitro growth rates,
the mycobacterial strains were grown in rolling culture conditions (43) in Dubos
broth supplemented with 0.05% Tween, 0.2% glycerol, and 10% Dubos medium
albumin.

Intracellular growth in THP-1 cells. Published protocols were followed for the
preparation and infection of monolayers of THP-1 cells (28). THP-1 cells were
seeded at 5 X 10° per well in 2-cm? 24-well tissue culture plates and were
differentiated by the addition of phorbol 12-myristate 13-acetate (20 ng/ml) and
incubation for 20 h. Bacterial inocula were prepared by dilution of log-phase
cultures (optical density at 600 nm [ODg,], 0.6) grown in 7H9 broth, and the
inoculum CFU was determined. The monolayers were infected with the M.
tuberculosis strains at a multiplicity of infection of 1:5 (bacterium:THP-1) for
20 h, then washed with warm phosphate-buffered saline medium, and resus-
pended in warm RPMI medium, and the plates were incubated at 37°C. Intra-
cellular bacteria were recovered by lysing the monolayers in 0.025% sodium
dodecyl sulfate and then serially diluted and plated on 7H10 agar with oleic
acid-albumin-dextrose-catalase (OADC) to determine their CFU.

Mouse infection studies. The parental strain, the ApknH mutant, the ApknE
mutant, and the pknH-complemented strain were grown in 7H9 broth containing
0.05% Tween and 10% albumin-dextrose complex (ADC) to an ODgqy, of
approximately <0.5. The cultures were vortexed with 2-mm-diameter glass beads
to break any clumps, and the bacteria were allowed to settle. Bacterial suspen-
sions were diluted in phosphate-buffered saline, and 6- to 8-week-old female
BALB/c mice were injected intravenously with approximately 5 X 10° bacteria.
The survival and multiplication of the M. tuberculosis strains were determined by
enumerating bacterial CFU in the lungs and spleens of four infected mice for
each group (three mice at the last time point for the ApknH mutant-infected
group).

Sensitivity of the pknH strains to acidified nitrite and oxidative stress-causing
treatments. Bacterial strains were initially grown to early log phase (ODgoy ~
0.3) in Middlebrook 7H9-Tween-albumin-dextrose-sodium chloride (ADS)
broth (25). For testing susceptibility to reactive nitrogen intermediates (RNI),
bacteria were harvested, washed, and resuspended in the acidified medium
(7H9-Tween-ADS broth adjusted to pH 5.4). These bacterial suspensions were
diluted as necessary and divided into two 10-ml aliquots. Sodium nitrite (3 mM
final concentration) was added to one of the aliquots, whereas the other aliquot
served as untreated control. Following incubation in the presence of acidified
nitrite stress for 48 h, viability was determined by serial dilution and plating on
7H10 agar with OADC and compared with the CFU obtained for the untreated
control.

To test the effect of pknH deletion on sensitivity to peroxide- and superoxide-
generating treatments, early-log-phase cultures (ODg, 0.3) were exposed to the
following treatments: 10 mM H,O, (Fisher Sciences), 50 mM paraquat (Sigma-
Aldrich), or no treatment. The stresses were applied for 48 h, and the cultures
were then serially diluted and plated to determine viability.

RNA extraction and real-time quantitative PCR. Early-log-phase cultures
(ODgg ~ 0.3) of the pknH strains were divided into two aliquots; ethambutol
(final concentration, 0.2 pg/ml) was added to one aliquot, whereas the other
aliquot served as untreated control. After 24 h of incubation in a roller incubator,
bacteria were harvested and RNAs were extracted by using FastRNA Pro Blue
kit (Qbiogene). Cells were lysed in the presence of glass beads in a FastPrep
instrument (Qbiogene) according to the instructions provided with the FastRNA
Pro kit. After extraction with chloroform and precipitation with ethanol, RNA
was dissolved in diethyl pyrocarbonate-treated water. Contaminating DNA was
removed by digestion with RNase-free Turbo DNase (Ambion) according to the
supplier’s instructions, and the RNeasy minikit (QIAGEN) was used for the
subsequent cleanup procedures. Removal of DNA was confirmed by performing
PCR using an aliquot of the DNase-treated RNA as a template. Reverse tran-
scription reactions were carried out in 20-ul volume containing 0.5 pg RNA,
random primers, and the buffer and enzyme components of the RevertAid
H-Minus first-strand ¢cDNA synthesis kit (MBI Fermentas) according to the
supplied protocol. Reactions in which the reverse transcriptase was omitted
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TABLE 1. Nucleotide sequences of the primers used for real-time quantitative PCR

Product size

Gene Rv no. Forward primer (5'-3") Reverse primer (5'-3") (bp)
sigA Rv2703 CTCGGTTCGCGCCTACCTCA GCGCTCGCTAAGCTCGGTCA 130
embC Rv3793 ATCACCGAGCTGCTGATG TGCGAGTCACCGTTCCTA 145
embB Rv3795 GACGAGTCCTGGCATCAA CATGGCGTATTCGAGCAC 250
iniB Rv0341 GTCGAGCATGGCTTGGTCCT GTACGACGGCAGTTCGATGG 285
iniA Rv(0342 TGGCGGTGTCTCTAGGTTCC TCCACGTCAGCAGTCAGGTC 172

served as controls for DNA contamination. Following cDNA synthesis, the RT
enzyme was inactivated by incubating at 75°C for 10 min, and the volume of the
RT reaction was made up to 50 pl. Control PCR amplifications for the expres-
sions of sigA4- and sigC-specific nRNAs were performed on the cDNA templates
from the parental strain, the ApknH mutant, and the complement to confirm that
the cDNAs from the three strains served as templates for PCR. Real-time PCR
analysis was carried out on the DNA Engine Opticon instrument (MJ Research)
using the PCR master mix containing SYBR green dye (Finnzymes). The 20-pl
PCRs consisted of PCR master mix (Finnzymes), 300 nM concentrations of each
primer, and 4 pl of cDNA template. The sequences of the primers used in the
real-time PCR are given in Table 1. In each case, the test gene and the normal-
izing gene (sig4) were assayed along with a set of standard samples (genomic
DNA), and the amounts of gene-specific nRNA were normalized to the amount
of sigA mRNA.

Statistical analysis. The significance of the differences between the experi-
mental groups was determined by two-tailed, unpaired Student’s ¢ test. Differ-
ences with a P value of <0.05 were considered significant.

RESULTS

Isolation of the M. tuberculosis ApknH mutant. To assess the
role of PknH in M. tuberculosis physiology and virulence, we
created an M. tuberculosis mutant with a deletion of the gene
encoding the PknH kinase by allelic exchange. The isolation of
the mutant involved an approach based on electroporation
with a nonreplicating targeting vector and a two-step selection
procedure consisting of a positive selection step for the isola-
tion of a single crossover strain which was then subjected to
counterselection on sucrose medium. Genomic DNAs isolated
from the parental wild-type strain and two isolates of the pknH
mutant strain were subjected to Southern hybridization anal-
ysis to confirm that the ApknH mutant arose following double
crossover homologous recombination as outlined in Fig. 1A.
The genotype of the ApknH strain was confirmed by Southern
hybridization (Fig. 1B). To produce a complemented strain,
the ApknH mutant was transformed with an integrating vector
carrying the wild-type pknH gene expressed from its native
promoter. RT-PCR analysis confirmed that the pknH RNA
was produced in the parental and complemented strains but
not in the ApknH mutant (Fig. 1C).

In order to find out whether the deletion of the pknH gene
affected growth of the bacterium in vitro, we compared the
growth of the mutant with its parent and the pknH-comple-
mented strain. No differences in in vitro growth rates were
observed between the ApknH mutant and its parental strain in
axenic cultures (Fig. 1D), whether grown in Dubos broth, 7H9
broth with OADC, or Proskauer and Beck medium supple-
mented with 0.05% Tween 80 and whether grown in rolling or
static cultures (data not shown). Thus, the deletion of the pknH
gene does not affect the ability of the bacterium to take up and
metabolize nutrients required for in vitro growth.

Role of PknH kinase in regulating the expression of the ini
and emb operons. The M. tuberculosis PknH kinase was previ-

ously shown to phosphorylate EmbR (33), which in turn was
suggested to regulate the expression of the embAB operon
encoding the mycobacterial arabinosyl transferases which are
involved in the biosynthesis of arabinogalactan and lipoarabi-
nomannans (6, 58). Genes of the emb operon as well as the ini
operon which encode proteins associated with the mycobacte-
rial cell wall were previously shown to be induced by treatment
with the antituberculosis drugs ethambutol and isoniazid (1, 2).
The availability of the M. tuberculosis ApknH mutant enabled
us to assess the role of PknH in the regulation of specific gene
transcriptions related to synthesis of these cell wall-associated
components. Therefore, we carried out real-time PCR analysis
to investigate whether pknH deletion affected the expression of
emb and ini genes. Expressions of these genes were not signif-
icantly affected in uninduced bacteria. However, treatment
with a sublethal concentration of ethambutol (0.2 pg/ml) for
24 h induced the expression of genes belonging to both the emb
and ini operons in the parental strain but downregulated ex-
pression of these genes in the ApknH mutant strain (Table 2),
indicating that the emb and ini operons belong to the PknH
signaling cascade. This indicates that PknH kinase mediates a
regulated expression of these genes which encode cell wall-
associated products. Since the deletion of pknH affected
ethambutol-induced expressions of embCAB genes, we wanted
to determine whether the ApknH mutant displayed altered
susceptibility to the antituberculosis drug ethambutol. Survival
assays based on growth in liquid medium containing serial
dilutions of the antibiotic as well as on 7H10 plates containing
various concentrations of the drug did not reveal any differ-
ences in susceptibility between the strains. The ethambutol
sensitivity of the ApknH mutant was found to be similar to that
of its parental strain (MIC, 0.4 ng/ml) as determined by the 1%
proportion survival method (6).

Increased tolerance of the ApknH mutant to acidified nitrite
stress. Even though the alterations of the levels of emb gene
expression were detected following exposure in vitro to suble-
thal concentrations of ethambutol, the in vivo signals that trig-
ger phosphorylation by the PknH kinase are likely dependent
on the host’s intracellular environment encountered by the
pathogen. Upon infection of macrophages, intracellular bacte-
ria encounter many signals, including reactive oxygen and ni-
trogen intermediates. Nitric oxide, produced in response to
activation of the host cells, plays a crucial role in controlling M.
tuberculosis intracellular growth and infection (35, 46). There-
fore, we wanted to investigate whether any alterations medi-
ated by the deletion of the pknH gene conferred altered sen-
sitivity to RNI- and reactive oxygen intermediate-producing
treatments.

The survival of the parental strain, the ApknH mutant, and
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FIG. 1. Genotype and in vitro phenotype of the M. tuberculosis ApknH mutant strain. (A) Structure of the M. tuberculosis pknH locus. Black
bars correspond to the pknH-flanking regions that were cloned into a nonreplicating vector to make the knockout construct. Allelic exchange
resulted in the replacement of pknH with a kanamycin resistance gene in the ApknH mutant strain. Locations of the hybridizing probes (small solid
bars) and the expected sizes of the hybridizing fragments of BamHI (B) digests for each of the 5" and 3’ Southern blots are indicated. (B) Southern
blot analysis. Blots of BamHI-digested genomic DNAs from the wild type and two ApknH mutant isolates were hybridized to 5" and 3’ DNA
probes. The sizes of the hybridizing fragments determined from the migration distances of the molecular size markers confirmed the genomic
context expected for the ApknH strain. (C) RT-PCR analysis. A 278-bp PCR product corresponding to an internal fragment of the pknH gene was
amplified by PCR from the cDNAs of the parental wild-type strain (WT) and the complemented strain (H comp) but not from the ApknH mutant
and the negative control reactions. Expression of the housekeeping gene sig4 was found in all three strains, indicating that the lack of pknH
expression in the ApknH strain was not due to degradation of the isolated RNA sample (data not shown). (D) pknH deletion did not affect in vitro
growth of M. tuberculosis. Growth of the wild type (@), the ApknH mutant (A), and the complemented strain (@) was monitored in Dubos broth
cultures. Similar growth patterns were observed during incubation in 7H9 with OADC and Proskauer and Beck medium supplemented with 0.05%
Tween 80 (not shown).

the complement was assayed following in vitro exposure of
bacteria to acidified sodium nitrite (3 mM). Under these con-
ditions, the ApknH strain survived significantly better than its
parental wild-type strain (Fig. 2A). CFU determinations fol-
lowing exposures for 48 h revealed that approximately 84% of

TABLE 2. Real-time PCR analysis of gene expression following
ethambutol treatment”

Gene Ratio of gene/sigA mutant bacteria survived the treatment compared to 42% of

Wild type ApknH mutant Complement the parental strain. Though it seems relatively modest, the
embC 1.96 +~ 0.21 0.60 + 0.15 1.91 = 0.37 tw.()f'old-in(frf:.ased resistan'ce o'f the ApknH ml'lta.mt stre'lin 'to
embB 1.33 = 0.30 0.56 + 0.02 2.03 + 0.09 acidified nitrite observed in this study was statistically signifi-
iniB 1.91 +0.60 0.16 = 0.05 2.40 = 0.24 cant and consistently obtained over independent experiments.
iniA 1.40 = 0.42 0.52 = 0.16 2.09 = 0.41

The survival of the complement was comparable (39%) to that
“ Real-time PCR analysis was used to quantify the amounts of gene-specific of the parental strain (Fig. ZA), In contrast to the in vitro

RNAs obtained from untreated and ethambutol-treated cultures (0.2 pg/ml . s s
ethambutol for 24 h), and the values obtained were normalized to the levels of resistance 'O.bserved 'fOI' nitrite, the 'Ap kn.H I'nutant Stl:aln was
sigA RNA. Data presented are mean * standard deviation (n = 3) induction more sensitive than its parental strain to in vitro peroxide- and
(n-fold) of gene expression following ethambutol treatment. The values obtained o . . . . .
for the ApknH mutant strain are significantly different (P < 0.01) from those of super0x1de pr(.)ducmg treatments included m’ this Stl}d}f (Flg'
the wild type and the complement. 2B). The survival of the complemented strain was similar to
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FIG. 2. Deletion of M. tuberculosis pknH increases resistance to
acidified nitrite stress. (A) Survival (CFU) of the pknH strains follow-
ing exposure to 3 mM NaNO, in acidified medium (pH 5.4) for 48 h
was determined and compared with the CFU obtained from pH 5.4
medium lacking NaNO,. Error bars represent standard deviations
obtained for triplicate cultures of each strain. The values obtained for
the ApknH mutant strain are significantly different (P < 0.0001) from
those for the wild type and the complement. (B) Effect of oxidizing
stresses on viability of the pknH strains. Bacteria were grown in 7H9-
Tween-ADS medium, exposed to different stressing reagents (10 mM
H,0, or 50 mM paraquat) for 48 h, and plated to determine viability.
The bars represent mean percent survival (% CFU treated/untreated)
for each treatment, and the error bars indicate standard deviations
obtained from triplicate cultures.

Paraquat

that of the parental strain, confirming that it was the deletion
of the pknH gene which led to the consequent alterations in the
sensitivity phenotypes reported in this work. These assays in-
dicate that M. tuberculosis probably uses PknH kinase to sense
free radicals as environmental cues and trigger responses that
contribute to its survival.

Increased bacterial load of the ApknH mutant in mouse
organs. To investigate whether the deletion of the pknH gene
affects M. tuberculosis virulence, the ApknH mutant strain was
compared with its parental strain in BALB/c mice. As seen in
Fig. 3A, even though initial depositions of the inocula in the
organs were approximately equal, much higher numbers of
bacteria were recovered from mice infected with the ApknH
strain at all time points. By day 56, approximately 26-fold more
bacilli were recovered from the lungs and 20-fold more bacilli
from the spleens of mice infected with the ApknH mutant than
from mice infected with the parental strain (P < 0.005). Since
one of the ApknH mutant-infected mice had died before day
101 and the other three mice were considered too ill to prolong
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the experiment any further, the remaining three mice were
sacrificed for CFU counts 11 days prior to those infected with
the parental and ApknE mutant strains. By day 101, nearly
45-fold more bacteria were recovered from the lungs and 100-
fold more bacteria were recovered from the spleens of mice
infected with the ApknH mutant than were recovered on day
112 from mice infected with the parental strain (Fig. 3A). In
contrast to the ApknH mutant, the survival and growth of
another kinase mutant, the ApknE mutant, which was isolated
from the same parental strain as the ApknH mutant, displayed
an in vivo survival phenotype similar to that of the parental
strain except at the last time point, when the recovered CFU of
the ApknE mutant was less than that of the parental strain (Fig.
3A). The measurement of the organ weights at the last time
point indicated that the ApknH mutant-infected mice had a
2-fold increase in the weight of the spleen and 1.8-fold increase
in the weight of the lung compared to the mice infected with
the parental strain (P < 0.05). Thus, infection with the ApknH
mutant leads to an increased organ mass associated with severe
pathogenic state.

In order to confirm that the increased in vivo growth and
survival of the ApknH mutant strain were indeed due to the
targeted deletion of the pknH gene, the pknH-complemented
strain was included in a second mouse infection experiment
and the progress of the infection was determined. As illus-
trated in Fig. 3B, the survival and growth of the complemented
strain in the mouse organs were similar to those of the parental
strain at all time points, indicating that the increased bacterial
load of the ApknH mutant strain was indeed due to the dele-
tion of the pknH gene. After 4 weeks of infection in this
experiment (Fig. 3B), the ApknH mutant continued to grow at
a higher rate than the parental strain, and the differences in
CFU were statistically significant (P < 0.005). At least 10-fold
more mutant bacilli were recovered from the lungs on days 90
and 120, mirroring the increased bacillary load observed in the
first experiment. In this experiment also, one of the ApknH
mutant-infected mice had died earlier, indicating the patho-
genic status of ApknH mutant-infected mice. Even though the
parental strain CFU loads in the lungs did not increase by
100-fold within 28 days, as normally seen upon infection by
aerosol route or following initial lower CFU deposition in
lungs after intravenous injection, there was a statistically sig-
nificant increase in bacterial CFU loads specifically in the
organs of ApknH mutant-infected mice. The less-than-ex-
pected increase in the CFU between day 1 and day 28 in the
organs of mice infected with the parental strain could possibly
be due to the higher load of bacterial deposition in the organs
upon injection or due to an altered virulence property of the
parental strain. M. tuberculosis can display diminished viru-
lence if subcultured continuously in medium. In this study,
however, due to the two-step procedure used in the isolation of
the mutants, the ApknH mutant strain had been streaked and
grown for more generations on 7H11 medium than the paren-
tal strain, which was kept frozen. Nevertheless, the ApknH
mutant strain displayed increased survival in mouse organs
compared to the parental strain and the ApknE mutant iso-
lated from the same parental strain. Reverse transcription
analysis was used to confirm that the ApknE mutant strain used
in the mouse infection experiment did not express pknE RNA
(Fig. 4). Significantly, reintroduction of the functional pknH
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FIG. 3. Deletion of the pknH gene leads to increased bacillary load in BALB/c mice. Following intravenous route of infection, the bacillary load
in the lungs and spleen was determined in two experiments (A and B), and the mean CFU counts for the wild-type (@), ApknH mutant (A), ApknE
mutant (%), and pknH-complemented (m) strains were plotted. The error bars indicate standard deviation. The CFU means obtained for the
ApknH mutant strain after day 30 are significantly greater than those of the wild type as measured by the two-tailed Student # test analysis for groups

of unequal variance (P < 0.01).

gene into the ApknH mutant strain restored the virulence phe-
notype to the parental levels, confirming that the increased
bacterial load in ApknH mutant-infected mice was indeed
caused by the absence of the pknH gene.

Increased growth of the ApknH mutant strain is not due to
better infectivity. In order to assess whether the increased
growth rate of the ApknH mutant strain is due to an enhanced
phagocytosis by macrophages or a result of better intracellular
survival and replication, the mutant was investigated in phor-
bol 12-myristate 13-acetate-differentiated THP-1 cells. Mono-
layers of THP-1 cells were infected with the parental strain, the
ApknH mutant, and the pknH-complemented strain for 20 h,
and the survival of the intracellular bacteria was determined at
various time points. As seen in Fig. 5, the ApknH mutant was
found to grow at a slower rate than its parental wild-type strain
until day 7 (P < 0.05). However, it was obvious that the uptake
and survival of the ApknH mutant was similar to that of the
parent strain on day 1, and the mutant did not display a higher
intracellular replication capacity soon after phagocytosis.

Since the ApknH mutant strain displayed in vitro growth
rates in 7H9 growth medium similar to those of its parental
strain, the higher bacillary load of the mutant bacteria in the
mouse organs reflects the increased ability of the ApknH mu-
tant bacteria to survive the host response. Alternatively, in the
wild type, PknH kinase-mediated alterations contribute, by
as-yet-unidentified mechanisms, to a steady-state chronic in-
fection leading to persistence of the pathogen in its host.

DISCUSSION

The intracellular pathogen M. tuberculosis is able to establish
long-term persistent infection in its host despite the induction
of host-activated inflammatory and antimicrobial responses.
This demands that M. tuberculosis cells sense and respond to
various host-induced stress signals. In this study, we examined
the role of the PknH serine/threonine kinase in mycobacterial
virulence, since the kinase was predicted to be involved in the
regulation of genes that contribute to the synthesis of cell
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FIG. 4. RT-PCR analysis for the expression of the M. tuberculosis
pknE gene. A 447-bp PCR product corresponding to the internal DNA
fragment located between positions 1188 and 1634 bp of the pknE
coding sequence was amplified by PCR from the cDNAs of the wild
type (WT) but not from the ApknE mutant and the negative control
reactions. Expression of a 451-bp sig4-specific PCR product, corre-
sponding to the 542- to 992-bp region of the sig4 gene, was amplified
from the RNA of both the ApknE mutant and its parental strain.

wall-associated components, such as arabinogalactan and li-
poarabinomannan (3, 7, 58). An M. tuberculosis mutant with a
deletion of the pknH gene was isolated by allelic exchange,
which is consistent with the finding that it is not an essential
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FIG. 5. Intracellular growth of the pknH strains in THP-1 cells.
Monolayers of differentiated THP-1 cells were infected with the pknH
strains for 20 h, and CFU of intracellular bacteria were determined on
the indicated days postinfection. The bars represent CFU means and
standard deviations obtained from triplicate infections. The mean
CFU differences between the ApknH mutant and its parental wild-type
strain for days 4 and 7 are statistically significant (P < 0.05).
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gene for in vitro growth (45). The pknH gene is the second
serine/threonine kinase gene to be knocked out in M. tubercu-
losis. We reported the first targeted deletion of pknG last year
(13). In contrast to the ApknG mutant, which displayed altered
in vitro growth phenotypes during the stationary phase of
growth and in a nutrient minimal medium, deletion of the
pknH gene did not affect the in vitro growth properties of the
bacterium. Mouse infection studies revealed that, compared to
its parental strain, the ApknH mutant survived to a higher load
in the organs of BALB/c mice, especially during the late stages
of infection. In contrast, the virulence phenotype of the ApknE
mutant, which was isolated from the same parental strain, was
similar to that of the parental strain, indicating that the ob-
served increased bacillary load in the ApknH mutant-infected
mouse organs was a gene-specific phenotype resulting from the
deletion of the pknH gene. This was further confirmed by
complementing the mutant phenotype by introducing a func-
tional wild-type pknH gene expressed from an integrated vec-
tor into the mutant and assaying its virulence property. The
ApknH mutant did not display increased survival upon infec-
tion of differentiated THP-1 cells, indicating that the deletion
of the pknH gene does not lead to higher infectivity of the
macrophages.

Based on these results, we suggest that M. tuberculosis uses,
either directly or indirectly, a PknH kinase-mediated mecha-
nism to confer a regulated growing profile as a survival strategy
within its host. It is likely that slow-growing pathogens have
evolved diverse mechanisms to regulate their growth inside
hosts. Uncontrolled replication inside the host may not be
ideal if it contributes to rapid death of the host. Alternatively,
formation of granulomas and containment of bacterial repli-
cation lead to persistence of the pathogen and survival of the
host. Targeted gene knockout studies carried out by other
groups also have revealed that diverse gene products of M.
tuberculosis can contribute to the control of bacterial growth
and virulence in mice. For example, gene disruptions in four
specific two-component regulators (37) or in the mcel operon
(49) lead to hypervirulence. The M. tuberculosis AdevR mutant,
with a deletion of the two-component system DevR, displayed
increased bacterial load in the organs of DBA mice, with levels
similar to those obtained for the ApknH mutant strain in this
study. It was reported that the production of nitric oxide and
tumor necrosis factor alpha was induced in AdevR mutant-
infected murine macrophages and that the AdevR mutant dis-
played increased growth in gamma interferon-activated mac-
rophages 24 h after induction, but this growth advantage was
lost by 72 h. However, the mutant did not display increased
resistance to oxidative and acidic stress treatments in vitro
(37). In the case of mcel, virulence studies indicated that the
mcel operon deletion mutant of the M. tuberculosis Erdman
strain was unable to enter into the stable persistent infection
stage in mouse lungs due to the increased bacterial replication
leading to the premature death of the mice infected with the
mutant. The authors correlated the increased bacterial load of
the Amcel mutant with the absence of organized granuloma
formation seen in histological examination of the infected lung
tissues. Another strain of M. tuberculosis, the clinical variant
HNS78, displays a “hyperlethal” phenotype in mice due to the
production of a specific phenolic glycolipid encoded by the
pksI-15 gene cluster which is inactivated in the wild-type
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H37Ryv strain (40). The hypervirulent phenotype of the HN878
strain was attributed to the suppression of specific host im-
mune response mechanisms. In the case of the mcel operon
mutant, the hypervirulence was attributed to the decreased
production of tumor necrosis factor alpha, interleukin-6,
monocyte chemoattractant protein-1, and nitric oxide in mu-
rine macrophages infected with the Amcel mutant (49).

In the case of the ApknH mutant reported in this work, even
though histopathology examinations could not be performed,
the mice infected with the ApknH mutant had increased lung
weight compared to the mice infected with the parental strain,
indicating an advanced disease state. Moreover, the prolifera-
tion of the ApknH mutant bacteria had resulted in the death of
one of the four mice prior to the last scheduled time point in
both experiments. These observations lead us to suggest that
the deletion of the pknH gene leads to hypervirulence in
BALB/c mice; however, we could not perform time-to-death
mouse infection experiments and histological examination of
infected tissues to confirm the pathogenesis phenotype.

Nevertheless, the increased bacterial load of the ApknH
strain recovered from the mouse organs suggests an enhanced
in vivo survival and/or replication of the mutant. This was
particularly observed during the stage at which replication of
the wild-type bacteria is maintained at a steady state which
leads to chronic infection. It is known that the control of M.
tuberculosis infections is mediated by M. tuberculosis-specific
CD4" and CD8™ T cells via secretion of gamma interferon and
other Thl cytokines that activate antimycobacterial mecha-
nisms of infected macrophages (18). The production of nitric
oxide in response to cytokines or pathogen-derived molecules
is an important host defense mechanism that controls intracel-
lular infections (10, 36). Upon the onset of acquired immune
response, activated macrophages induce nitric oxide synthase,
which catalyzes generation of nitric oxide and RNI from L-
arginine. Evidence for the significance of nitric oxide in con-
trolling mycobacterial infection comes from a murine model of
tuberculosis showing progressive infection in animals unable to
produce the inducible isoform of nitric oxide synthase and in
animals treated with a nitric oxide synthase inhibitor (9, 29).
However, mycobacteria have evolved effective mechanisms to
counteract the host response. Recently, it was shown that My-
cobacterium bovis BCG prevents colocalization of inducible
nitric oxide synthase with mycobacterial phagosomes and
thereby ensures the survival of the bacteria inside macrophages
(30). However, whether this inhibition of colocalization can
persist during the entire course of infection is not known.
Therefore, it is advantageous for the pathogen to possess ad-
ditional protective mechanisms. It is known that nitric oxide
treatment can induce specific genes of M. tuberculosis that play
a role in enabling adaptive response. A low concentration of
nitric oxide signal elicited by treatment with diethylenetri-
amine/nitric oxide adduct was shown to modulate expression of
a set of 48 genes, many of which were implicated in the bac-
terial adaptive response leading to dormancy (55). Further-
more, 29 M. tuberculosis proteins comprising enzymes involved
in intermediary metabolism, lipid metabolism, and antioxidant
defense were identified as the targets of S nitrosylation reac-
tion initiated by treating bacteria with an inhibitory concentra-
tion of RNI (41). These reports imply that responding to the
nitric oxide stress could be critical to the progress and outcome
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of the infection. Some clinical isolates of M. tuberculosis display
altered sensitivity to RNI-mediated cytotoxicity (20, 42), and it
was thought that this might affect the virulence of these strains.
We investigated whether the deletion of the pknH gene re-
sulted in altered sensitivity to acidified nitrite and found that
the ApknH mutant displayed increased survival compared to
the parental and complemented strains. The observed increase
in the tolerance of the ApknH mutant, as reflected by a two-
fold-increased survival of mutant bacteria, although seeming
relatively modest, was consistently observed in independent
experiments and was similar to that reported for the New York
outbreak clinical strain CB3.3 (20). While the ApknH mutant
strain is more tolerant to acidified nitrite stress in vitro,
whether the deletion of the pknH gene causes increased toler-
ance to RNI in vivo remains to be confirmed, although it has
been reported that at pH 5.5, even 0.5 mM nitrite in 0.5 ml
generates as much nitric oxide as 3 X 10° activated macro-
phages over 24 h (16). In contrast to the resistance to acidified
nitrite, the ApknH mutant displayed increased sensitivity to
peroxide- and superoxide-producing treatments. These results
suggest that nitric oxide and peroxide radicals are potential
triggers of opposing effects on PknH kinase. Alternatively,
modulations of gene expressions resulting from the absence of
the PknH kinase activity contribute to the lower sensitivity of
the ApknH mutant to reactive nitrogen intermediates and
higher susceptibility to superoxide stresses investigated in this
study.

In order to identify the downstream components of the
PknH signaling cascade, we carried out transcriptional analysis
of genes in the embCAB operon that were predicted to be
regulated by the PknH substrate EmbR, since it was suggested
that the phosphorylation of EmbR is likely to affect the ex-
pressions of the embCAB genes encoding the mycobacterial
arabinosyl transferases (3, 6, 7, 33). We also investigated the
expression of iniBAC genes, which encode proteins associated
with the cell wall and were shown to be induced by lethal
concentrations of the antituberculosis drugs ethambutol and
isoniazid (2). Real-time PCR analyses indicated that in vitro
treatment with a sublethal concentration of ethambutol in-
duced the expression of the genes belonging to both the
embCAB and iniBAC operons in the parental strain. However,
the antibiotic treatment downregulated expressions of these
genes in the ApknH mutant, indicating that the regulation of
these genes was dependent on a signaling cascade mediated by
the PknH kinase. The emb genes encode arabinosyl trans-
ferases which are involved in the synthesis of AG and LAM,
whereas the ini4 gene is thought to be associated with a mul-
tidrug resistance-like efflux pump activity (11). In spite of the
downregulation of the emb operon in the ApknH mutant, both
the mutant and the parental strain displayed similar MICs for
ethambutol. Recently, it has been shown that alterations in the
expression levels of iniA4 either by overexpression or by gene
deletion did not alter the MIC for isoniazid (MIC, 0.2 wg/ml)
(11). However, when exposed to a specific sublethal concen-
tration of isoniazid (0.05 wg/ml), the iniA deletion mutant
displays a defect in tolerance phenotype as assessed by a daily
growth index analysis. The authors suggested that even though
IniA is associated with an efflux pump activity, the sublethal
concentration of isoniazid induces a tolerance mechanism un-
related to antibiotic transport in M. tuberculosis (11). In the
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present study, the deletion of the pknH gene resulted in the
downregulation of ini operon expression following treatment
with a sublethal concentration of ethambutol. However, the
signals mediating similar responses during in vivo growth are
yet to be identified. It is possible that in the wild-type bacteria,
PknH kinase senses a host signal and induces the expression of
iniA and other genes whose gene products facilitate the trans-
port of molecules that play a role in regulating intracellular
growth. Therefore, in the absence of the PknH kinase activa-
tion, this control cannot be enabled, resulting in the increased
replication of the ApknH mutant bacteria.

In contrast to the phenotype of the ApknH mutant, deletion
of the pknG gene in M. tuberculosis results in attenuation of
virulence in mice (13). PknG kinase is required for growth
under stationary conditions, is a sensor of nutritional stress,
and plays a crucial role in regulating cellular glutamine/gluta-
mate levels. PknG also contributes to the survival of mycobac-
teria within macrophages by preventing fusion of phagosomes
with lysosomes (56). Thus, the two serine/threonine kinases of
M. tuberculosis, PknG and PknH, play distinct roles to facilitate
mycobacterial virulence: PknG plays a crucial role in the es-
tablishment of infection, whereas the PknH kinase regulates
intracellular bacterial growth at later stages of the infection
process, particularly during the chronic phase. Phenotypes of
the ApknH, AdevR, and Amcel mutants suggest that to help
regulate its in vivo growth, M. tuberculosis uses diverse signal-
ing pathways to induce appropriate responses, resulting in a
“balanced” phase of chronic infection. Modulation of growth
requiring activities of a signaling kinase has been proposed
recently to be one of the strategies employed by bacteria to
ensure survival. For example, upon exposure to B-lactam an-
tibiotics, Escherichia coli uses the dpiBA-mediated two-compo-
nent signal transduction system to temporarily halt cell divi-
sion, thereby limiting the bactericidal effect of the antibiotics
(31).

In conclusion, we propose that the PknH kinase of M. tu-
berculosis mediates a host signal and triggers a response that
contributes to the in vivo survival and/or growth of the bacte-
rium, perhaps to facilitate a “balanced growth” which leads to
chronic infection. The nature of the in vivo inducing signal and
the identity of the various components of the PknH-mediated
signaling pathway involved in this adaptive gene response still
need to be resolved.
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