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Introduction

PknG is one of the 11 ser-
ine/threonine protein kinases 
(STPK) present in Mycobacte-
rium tuberculosis (Cole et al., 
1998), which is involved in 
pathogenesis and metabolism. 
PknG interferes immune re-
sponse in the normal host 
during mycobacterial infection 
by inhibiting the phagosome-
lysosome fusion (Walburger et 
al., 2004). It is secreted into 
the macrophage cytosol (Wal-
burger et al., 2004) where it 
selectively downregulates the 
mammalian PKC-α protein 
(Chaurasiya and Srivastava, 
2009). The PknG protein of 
M. tuberculosis and Coryne-
bacterium glutamicum is also 
involved in glutamate metabo-
lism (Cowley et al., 2004; 
Niebisch et al., 2006; O’Hare 
et al., 2008); it phosphorylates 
the GarA protein that, in its 
non-phosphorylated state, in-
hibits the activity of a central 
enzyme complex involved in 
the tricarboxylic acid cycle 
(Niebisch et al., 2006).
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The pknG gene is present 
in pathogenic and non-patho-
genic mycobacteria with a 
high sequence homology in 
the kinase domain and the 
C-terminal region, but shows 
some var iat ions at the N-
terminus (Houben et al ., 
2009). The kinase domain of 
rhe PknG of M. tuberculosis, 
located at the center of the 
protein, is inact ive being 
isolated and its total activity 
depends of the flanking do-
mains (Tiwary et al., 2009). 
Mutat ions of the cysteine 
residues of the thioredoxin 
(Trx) motifs or deletion of 
the 73 amino acids N-termi-
nus, containing the Trx mo-
tifs, result in a signif icant 
diminution of the PknG ac-
tivity and reduction in the 
survival of mycobacteria in 
a host tissue (Scherr et al., 
2007; Tiwary et al., 2009). 
The elimination of the last 
330 aminoacids of the C-
terminal region also leads to 
the reduction of the kinase 
act ivity (Tiwary et al ., 
2009). The PknG protein of 

M. tuberculosis has in this 
region a simple tetratrico-
peptide (TPR) motif. It is 
know that the TPR motifs 
mediate protein-protein in-
teractions and often support 
the assembly of multiprotein 
complexes (Das et al., 1998). 
Unlike other protein kinases 
(Mieczkowski et al., 2008) 
the PknG of M. tuberculosis 
dimerizes via its TPR do-
main (Scherr et al., 2007) 
and not through of the ki-
nase domain.

In the present work, a mu-
tant strain of M. tuberculosis 
was constructed and charac-
terized which has an inter-
ruption in the TPR motif 
coding sequence of the pknG 
gene and possibly produced a 
C-terminus truncated PknG 
protein (PknGΔCt). This in-
terruption leads to decreased 
survival of the mutant strain 
at the stationary phase and 
alters colonial morphology in 
all phases of in vitro growth. 
Also, the mutant protein does 
not form dimers nor interacts 
with its substrate.

Materials and Methods

Bacterial strains, media, 
culture conditions and 
plasmids

Mycobacterium strains were 
cultured in Middlebrook 7H9 
broth (Difco) supplemented 
with 0.5% glycerol (Difco), 
0.05% Tween 80 and 10% of 
OADC (Difco). Growth on 
solid media was performed us-
ing Middlebrook 7H10 agar 

supplemented with 10% 
OADC. The cultures were in-
cubated at 37°C for 3-4 weeks 
and were added 50µg/ml hy-
gromycin B (Hyg), 25μg/ml 
(or 12.5μg/ml in allelic ex-
changed) kanamycin (Km), 
and 2% sucrose when neces-
sary. M. tuberculosis strains 
were grown in a biosafety 
level 3 laboratory. Escherichia 
coli XL1-Blue was used for 
cloning and plasmid propaga-
tion. BTH101 strain (Eurome-
dex, EUB001) was used dur-
ing two-hybrid assays and 
grown on supplemented Mac-
Conkey agar base medium.
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nential growth phase between the mutant and parental strains. 
However, survival of the mutant strain was much lower than 
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This phenotype could not be complemented by the wild type 
PknG, probably due to the accumulation of the PknG∆Ct mu-
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Construction of a M. 
tuberculosis pknGΔCt::hyg 
mutant and its complemented 
strain

The coding sequence of the 
pknG gene of M. tuberculosis 
H37Rv has 2253bp in length 
and the TPR motif coding se-
quence is located between nu-
cleotides 1602 and 1704 (Cole 
et al., 1998). In order to inter-
rupt the TPR motif of PknG, 
the method of gene replace-
ment by homologous recombi-
nation described by Parish and 
Stocker (2000) was used. A 
3030bp fragment containing 
the pknG gene and 780bp of 
the upstream f lanking gene, 
ackA, was PCR amplified using 
the FTrxyM (5´-CCCAAGCT-
T A T G G C C A A A G C G T-
CAG-3´) and RTPR (5´-ACG-
G CG G CACG GAGT T TC -
TAGAGC-3´) primers and ge-
nomic DNA as template. The 
resulting PCR product was 

cloned in the Hind III/NotI 
sites of the p1NIL vector. The 
ΔpknG::hyg allele was con-
structed by insertion of the 
hygromycin resistance cassette 
(hyg) of the pIJp63 plasmid 
(Salazar et al., 1996) in the 
KpnI site of pknG gene, result-
ing in the partial deletion of 
the TPR domain. Next, a ge-
netic market from pGOAL17 
that contains the counter-se-
lectable marker sacB was 
cloned into the PacI unique 
site of the recombinant plas-
mid to produce the suicide 
pPknGΔTPR::hyg plasmid, 
which was used to electropor-
ate M. tuberculosis H37Rv. 
Isolates double cross-over re-
combinants were termed M. 
tuberculosis pknGΔCt::hyg.

A complementary strain was 
also constructed by integration 
of an intact pknG gene of M. 
tuberculosis into the atΔtB site 
(Dussurget et al., 1999) of M. 
tuberculosis pknGΔCt::hyg. 

The wild type pknG gene was 
PCR amplif ied using the 
FcomplG (5´CGCAAGCTTG-
GCACCTGGAAC3´) and 
RcomplG (5´CGAAGCTTCA-
CACTCGGGCG3´) primers 
and genomic DNA from M. 
tuberculosis H37Rv. The am-
plicon obtained was cloned 
into the HindIII site of pG-
FP22-4-int (Salazar et al., 
2003) resulting in the pCompl-
pknG plasmid, where the dnaA 
promoter of M. tuberculosis 
controls the expression of 
pknG. This plasmid was elec-
troporated into M. tuberculosis 
pknGΔCt::hyg cells and the 
resulting strain was named M. 
tuberculosis CompleG, which 
was confirmed by PCR and 
Southern blot analysis.

Southern blot analysis

Chromosomal DNA (3mg) of 
the wild type, single crossover, 
mutant and complemented 

strains was digested with BglI, 
analyzed by electrophoresis in 
0.8% agarose gel and trans-
ferred to a Nylon Immobilon-
Ny+ membrane (Millipore). 
Southern blot was performed 
following standard protocols 
and using PCR fragments as 
probes processed for chemilu-
minescent detection using the 
‘ECL Direct Nucleic Acid La-
belling and Detection System’ 
kit (Amersham).

mRNA quantification of pknG

RNA was isolated as previ-
ously described (Salazar et al., 
2003) from M. tuberculosis 
H37Rv and M. tuberculosis 
pknGΔCt::Hyg cultures grown 
until exponential and stationary 
growth phases (OD600nm= 1.0-
1.5 and 2.5-3.0, respectively). 
Total RNA was treated twice 
with DNAse (Promega) at 37ºC 
for 45min. Elimination of DNA 
was verified by PCR amplifica-
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Mycobacterium tuberculosis utiliza varias estrategias para eva-
dir la respuesta inmune. Se ha sugerido que la secreción de la 
proteína serina quinasa G (PknG) inhibe la fusión fagosoma-liso-
soma, lo que permite la supervivencia de las micobacterias en el 
macrófago. La proteína PknG de M. tuberculosis posee, además 
del dominio quinasa, dos motivos tioredoxina (Trx) y un moti-
vo tetratricopéptido sencillo (TPR). En este trabajo se construyó 
una mutante de PknG de M. tuberculosis PknG (M. tuberculosis 
pknGΔCt:: hyg) por interrupción de la región C-terminal del gen 
pknG. No se observó diferencias significativas durante la fase 

Mycobacterium tuberculosis utiliza várias estratégias para 
evadir a resposta imune. Tem sido sugerido que a secreção 
da proteína serina quinase G (PknG) inibe a fusão fagosoma-
-lisosoma, o que permite a sobrevivência das micobactérias no 
macrófago. A proteína PknG de M. tuberculosis possui, além 
do domínio quinase, dois motivos tioredoxina (Trx) e um moti-
vo tetratricopéptide simples (TPR). Neste trabalho se construiu 
um mutante de PknG de M. tuberculosis PknG (M. tuberculosis 
pknGΔCt:: hyg) por interrupção da região C-terminal do gen 
pknG. Não se observou diferenças significativas durante a fase 

exponencial de crecimiento de las cepas mutante y parental. Sin 
embargo, la supervivencia de la cepa mutante fue mucho menor 
que la mostrada por la cepa de tipo salvaje durante la fase es-
tacionaria. Este fenotipo no pudo ser complementado por la pro-
teína PknG silvestre, probablemente debido a la acumulación de 
la proteína mutante PknGΔCt en la célula bacteriana. También se 
observó alteración de la morfología de las colonias de la cepa 
mutante. Por último, utilizando un sistema de dos híbridos bacte-
rianos, se observó que el dominio C-terminal de PknG está invo-
lucrado en su dimerización y en las interacciones con su sustrato.

exponencial de crescimento das cepas mutante e parental. No 
entanto, a sobrevivência da cepa mutante foi muito menor que 
a mostrada pela cepa de tipo selvagem durante a fase estacio-
naria. Este fenótipo não pode ser complementado pela proteína 
PknG silvestre, provavelmente devido à acumulação da pro-
teína mutante PknGΔCt na célula bacteriana. Também se ob-
servou alteração da morfologia das colônias da cepa mutante. 
Por último, utilizando um sistema de dois híbridos bacterianos, 
se observou que o domínio C-terminal de PknG está envolvido 
em sua dimerização e nas interações com seu substrato.
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tion using specific primers. 
Total RNA (5ng·µl-1; DNA-free) 
was denatured at 65ºC for 
10min, chilled in ice-water and 
added to the reaction mixture 
of a final concentration con-
taining 10mM each dNTP, 
2.5μM of ramdom hexamers 
(Promega), 5mM MgCl2, 1X 
AMV RT buffer, 20 U ribonu-
clease inhibitor (RNAsin, Pro-
mega) and 50 U AMV (Pro-
mega) reverse transcriptase, and 
incubated at 42oC for 1h. The 
cDNA obtained was used as a 
template for PCR together with 
gene-specific primers (0.625μM 
of each one) and SYBR Green 
(New England BioLabs). Quan-
titative PCR was performed in 
a DNA Engine OPTICON, 
Continuous Fluorescence De-
tector (MJ Research, USA). 
The primers used were Rqp-
knG: 5´CGACCGACTG-
GGACTGAAGATC3´ (up-
stream to TPR domain coding 
sequence) and 16S-F: 5 ÁTGA-
CGGCCTTCGGGTTGTAA-
3 /́16S-R:5´CGGCTGCTGG-
CACGTAG TTG 3´ (Shi et al., 
2003). A standard curve was 
performed for each pair of 
primers using serial dilutions of 
genomic DNA of M. tuberculo-
sis H37Rv (106 to 103 mole-
cules). The melting curve of 
each amplicon was determined 
at the end of each experiment.

In vitro growth studies

Seven-day cultures of the pa-
rental, mutant (pknGΔCt::Hyg) 
and complemented (CompleG) 
strains were diluted in Middle-
brook 7H9-ADC fresh broth 
until they reached O.D600nm= 
0.0054, and incubated with 
gentle shaking at 37°C in order 
to follow the growth by cell 
density and to determine the 
colony forming units. Pictures 
of the colonies obtained on 
7H10-OADC plates were taken 
using a Nikon 2× lens and a 
digital camera.

Production of polyclonal 
antibodies against PknG of 
M. tuberculosis

PknG of M. tuberculosis 
H37Rv was over-expressed as a 
chimeric protein (glutathione-S-
transferase-PknG, GST-PknG) 
in E. coli XL1-Blue trans-
formed with the plasmid 
pGEX-pknG, which was gently 
provided by Yogendra Singh 
(Centre for Biochemical Tech-
nology, Mall Road, Delhi, In-
dia). Purified GST-PknG chi-
meric proteins (2mg) where 
used to immunize two rabbits 
(Chemicon International Inc., 
Millipore). IgG antibodies were 
purified from serum obtained 
four weeks after immunization, 

using Protein A Sepharose 
Agarose Fast Flow (Upstate) 
following the manufacturer’s 
recommendations.

Immunofluorescence 
microscopy

Aliquots of M. tuberculosis 
H37Rv and M. tuberculosis 
pknGΔCt::hyg cultures grown 
until early exponential, expo-
nential and stationary growth 
phases (OD600nm= 0.5, 1.0-1.5 
and 2.0-3.0, respectively) were 
treated following the protocol 
described by Cimino et al. 
(2006) without the permeabili-
zation step, with the following 
specifications: the primary anti-
body IgG α PknG-GST (1:100) 
and the secondary antibody 
IgG α-rabbit conjugated with 
Cy3 (Chemicon 1:200) were 
used in cell staining.

BACTH assay

The BACTH (bacterial ad-
enylate cyclase-based two-
hybrid) assay was performed 
using the BATCH system Kit 
(Euromedex). The pknG, 
garA and pknGΔCt::hyg 
genes were PCR amplif ied 
using genomic DNA of M. 
tuberculosis H37Rv or the 
pPknGΔTPR::hyg plasmid, ac-
cording to the case. The am-

plified genes were cloned in-
frame at the C-terminal end 
(in the pKT25 and pUCT18C 
plasmids) or the N-terminal 
region (in the pKNT25 and 
pUT18 plasmids) of the T25 or 
T18 domain coding sequence 
of the bacterial adenylate cy-
clase. Plasmids were intro-
duced by electroporation into 
BTH101 cells and the trans-
formed cells were assayed for 
b-galactosidase activity.

Results 

A M. tuberculosis pknG 
mutant with a truncated-C-
terminal region

The pknG gene from M. 
tuberculosis H37Rv was re-
placed by homologous recom-
bination (Parish and Stoker, 
2000) with the pknGΔCt::hyg 
interrupted gene, in which 
pknG has a partial deletion of 
the TPR coding sequence and 
insertion of a hygromycin resis-
tance cassette. Sequencing of 
PCR products corresponding to 
mutant pknG gene in M. tuber-
culosis pknGΔCt::hyg, revealed 
the presence of a stop codon at 
nucleotide position 1776, sug-
gesting that the PknG mutant 
protein (65.7kDa) has a trun-
cated C-terminal domain 
(PknGDTPR). As expected, 
there were no changes in the 
nucleotide sequence of the Trx 
and kinase domains. Based on 
in silico analysis of the pknG 
mutated gene, the translated 
PknGDTPR protein contains the 
first 541 amino acids of the 
wild PknG protein, including 
the first six amino acids of the 
TPR domain, and 51 amino 
acids corresponding to the 
HygR cassette.

For genetic complementa-
tion analysis, a wild type 
copy of the pknG gene, tran-
scriptionally fused to the M. 
tuberculosis dnaA promoter 
region, and cloned in the vec-
tor pGFP22-4-int, was elec-
troporated into the mutant 
strain to generate the comple-
mented strain M. tuberculosis 
CompleG. The mutant and 
complemented strains were 
analyzed and confirmed geno-
typically by Southern blot 
hybridization (Figure 1).

Figure 1. Evaluation of Mycobacterium tuberculosis pknGΔCt::hyg mutant strain. a: Schematic representation 
of the pknG locus of H37Rv (Cole et al., 1998) and the corresponding pknGΔCt::hyg mutant allele. b: South-
ern blot analysis of BglI-digested genomic DNA probed with the 410bp fragment containing the pknG region. 
c: Southern blot analysis of BglI-digested genomic DNA probed with the 1000bp fragment containing the 3’ 
hygromycin region. In b and c lanes are 1: M. tuberculosis H37Rv, lane 2: parental single cross-over recom-
binant, lanes 3 to 5: pknGΔCt::hyg mutants, lanes 6 to 8: complemented pknGΔCt::hyg mutants.



611AUG 2012, VOL. 37 Nº 8

In vitro growth and 
colony morphology of 
M. tuberculosis 
pknGΔCt::hyg

The growth of the mutant 
and complemented st rains 
was evaluated and compared 
with that of the wild type 
strain. As seen in Figure 2a, 
the deletion of the C-terminal 

domain of PknG did not sig-
nificantly affect the in vitro 
growth of M. tuberculosis 
during exponential phase, as 
both wild type and mutant 
st rains showed similar 
growth patterns. However, 
af ter achieving stat ionary 
growth (at 12 days), the mu-
tant strain showed a signifi-
cant decrease in optical den-

sity, and the CFU/ml regis-
tered at 21 days was three 
logs of magnitude below that 
shown by the parental strain 
(Figure 2b).

Immunof luorescence mi-
croscopy using an IgG 
α-PknG-GST showed a lower 
abundance of PknG in the 
mycobacteria envelope of the 
wild type strain in stationary 
phase, as compared to the 
one registered during the ex-
ponential phase. In contrast, 
in the M. tuberculosis 
pknGDCt::hyg strain, PknG-
DCt abundance was elevated 
during both phases (Figure 
3). An increase of pknG tran-
scription during stationary 
phase was discarded by ana-
lyzing mRNA levels of pknG 
by RTq-PCR (data not 
shown). Contrary to expecta-
tion, the introduction of an 
intact copy of the pknG gene 
in the mutant strain did not 
restore growth (Figures 2a 
and 2b).

To evaluate the effect of 
the PknG C-terminal domain 
deletion on colony morphol-
ogy, undiluted aliquots of 0, 
4, 7, 14 and 21 days old cul-
tures (Figure 4) of the wild 
type, mutant and comple-

mented strains were grown 
on solid medium. An altered 
morphology (flatter and less 
wrinkled colony) was ob-
served with the mutant 
strain, which was partially 
restored to the wild type 
phenotype in the comple-
mented strain.

Dimerization of PknG and 
interaction with its substrate

The TPR domain is impli-
cated in protein-protein inter-
actions, and in PknG it has 
been shown to be involved in 
the formation of dimers dur-
ing the crystallization of the 
protein (Scherr et al., 2007). 
In order to determine if the 
deletion of the C-terminal 
domain of PknG, which con-
tains the TPR motif, affects 
the dimerization and interac-
tion with its substrate (GarA; 
O’ Hare et al., 2008), the mu-
tated and wild pknG and garA 
genes were amplified by PCR 
and cloned into the plasmids 
of the BACTH system. As 
seen in Figure 5, the removal 
of the C-terminal domain 
eliminated the dimerization of 
PknG and the interaction with 
its substrate GarA.

Figure 3. Localization of PknG in cells of Mycobacterium tuberculosis 
pknGΔCt::hyg mutant vs the parental strain using inmunofluorecense. 
Aliquots of the cultures were taken at early exponential, exponential and 
stationary growth phases. The cells were hybridized with IgG-anti-PknG 
and anti-rabbit coupled to Cy3 as primary and secondary antibodies. 
Photographs are displayed using DIC (differential interference contrast) 
filters and Cy3 (Rod). These images present the result of one typical 
experiment. Bar= 3μm.

Figure 4. Colony morphology of M. tuberculosis pknGΔCT::hyg mutant 
vs the parental and complemented strains on Middlebrook 7H10 agar. 
Using a Nikon 2x magnifying lens and a digital camera, pictures were 
taken of the colonies of undiluted cultures of M. tuberculosis H37Rv 
(W), M. tuberculosis pknGΔCt::hyg mutant (M), and complemented 
strains (C) grown on 7H10 agar.

Figure 2. In vitro growth and survival of M. tuberculosis 
pknGΔCt::hyg mutant versus the parental and complemented 
strains. a: Growth in supplemented 7H9 media measured as 
OD600nm. b: Viable bacterial counts are expressed as the number 
of colony counts/ml. W: M. tuberculosis H37Rv, M: M. tubercu-
losis pknGΔCt::hyg mutant, and C: complemented strain. Each 
point is the mean of three different experiments.
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Discussion

Comparative analysis of 
amino acid sequences of my-
cobacter ial PknG proteins 
has shown that they have 
similar kinase, Trx and TPR 
domains (Houben et al., 
2009). In addition, the activ-
ity of the kinase domain of 
PknG of M. tuberculosis is 
regulated by the Trx and 
TPR domains (Tiwary et al., 
2009).

In order to determine the 
role of the C-terminal do-
main TPR motif in the func-
tion of the PknG protein, a 
mutant of M. tuberculosis, 
called M. tuberculosis 
pknGΔCt::hyg was construct-
ed by inserting the hygromy-
cin resistance cassette into 
the TPR motif (Figure 1). 
This mutant strain appears to 
produce a PknG protein with-
out the C-terminal domain 
(PknG∆Ct). Comparing the 
growth of the mutant strain 
with the wild type it was 
observed that the mutant bac-
terial cells have decreased 
survival during the stationary 
phase. On the other hand, the 
introduction of an intact copy 
of the pknG gene in this mu-

tant strain does not restore 
the growth. However, this 
could be due in this case to 
that pknG expression being 
under the control of a heter-
ologous promoter. The de-
creased survival of the mu-
tant strain during the station-
ary phase is possibly due to 
the fact that in the absence 
of the C-terminal domain the 
PknGDCt protein is accumu-
lated in the cell, as suggested 
by the strong PknG signal 
observed in the mycobacteria 
cell envelope of the mutant 
cells during the stationary 
phase (Figure 3). The accu-
mulation of this protein 
might be toxic, and this 
would explain the cellular 
death observed during in vi-
tro growth (Figure 2a).

The behavior exhibited by 
the mutant strain M. tuber-
culosis PknGΔCt::hyg is dif-
ferent to that observed in 
M. tuberculosis lacking a 
complete PknG gene (Cow-
ley et  al .,  2004),  which 
grows in 7H9 medium at a 
rate significantly lower than 
the parental  s t ra in ,  and 
whose wild type phenotype 
can be restored upon com-
plementation.

The colonial morphology 
of the mutant strain M. tu-
berculosis PknGΔCt::hyg is 
altered (flatter and less wrin-
kled) in comparison to the 
wild type strain (Figure 4). 
As the deletion of the C-ter-
minal domain of PknG leads 
to a decrease in the kinase 
act ivity (Tiwary et al ., 
2009), it could be that some 
phosphorylation cascade in-
volving PknG is altered, and 
this in turn modifies the cell 
envelope structure.

The lack of interaction ob-
served in this work between 
the mutant protein PknG-DCt 
with itself, and with its sub-
strate GarA (Figure 5), con-
f i rms that the TPR motif 
found in the C-terminal do-
main is required for both 
interactions. However, since 
PknG had been previously 
proposed to interact with 
GarA through phosphothreo-
nine residues located in the 
N-terminal domain of the 
protein (O’Hare et al., 2008; 
Scherr et al., 2009), the lack 
of interaction between PknG-
DCt and GarA could be re-
sult of conformational chang-
es in the mutant protein, 
brought about by deletion of 
the C-terminus, which would 
prevent the interaction of its 
N-terminal domain with 
GarA. Alternatively, removal 
of the C-terminal domain of 
PknG has been shown to re-
duce the kinase activity of 
the protein (Tiwary et al., 
2009), and this in turn may 
affect the PknG autophos-
phorylation, a step probably 
needed by PknG to modulate 
its interact ion with sub-
strates. Thus the lack of in-
teraction between PknGDCt 
and GarA could be due to 
inadequate auto-phosphoryla-
tion of the mutant PknG.

The present results show 
that deletion of the C-termi-
nal domain of the PknG pro-
tein of M. tuberculosis, 
which contains the TPR mo-
tif, stimulates the accumula-
tion of the protein in the cell 
envelope. PknGDCt induces 
decreased survival of the 
st rain and alters bacter ial 
colonies morphology. Fur-
thermore, the C-terminal do-

main is important for dimer-
ization of PknG and the in-
teraction with its substrate, 
and therefore this domain 
must be required to PknG 
function.
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