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Phosphorylation Modulates Catalytic
Activity of Mycobacterial Sirtuins

Ghanshyam S. Yadav, Sandeep K. Ravala, Neha Malhotra and Pradip K. Chakraborti*

CSIR-Institute of Microbial Technology, Chandigarh, India

Sirtuins are NADT-dependent deacetylases involved in the regulation of diverse
cellular processes and are conserved throughout phylogeny. Here we report about
in vitro transphosphorylation of the only NADT-dependent deacetylase (mDAC)
present in the genome of Mycobacterium tuberculosis by eukaryotic-type Ser/Thr
kinases, particularly PknA. The phosphorylated mDAC displayed decreased deacetylase
activity compared to its unphosphorylated counterpart. Mass-spectrometric study
identified seven phosphosites in MDAC; however, mutational analysis highlighted
major contribution of Thr-214 for phosphorylation of the protein. In concordance to
this observation, variants of mDAC substituting Thr-214 with either Ala (phospho-
ablated) or Glu (phosphomimic) exhibited significantly reduced deacetylase activity
suggesting phosphorylation mediated control of enzymatic activity. To assess the role of
phosphorylation towards functionality of mDAC, we opted for a sirtuin knock-out strain
of Escherichia coli (Adac), where interference of endogenous mycobacterial kinases
could be excluded. The Adac strain in nutrient deprived acetate medium exhibited
compromised growth and complementation with mDAC reversed this phenotype. The
phospho-ablated or phosphomimic variant, on the other hand, was unable to restore the
functionality of mDAC indicating the role of phosphorylation per se in the process. We
further over-expressed mDAC or mDAC-T214A as His-tagged protein in M. smegmatis,
where endogenous eukaryotic-type Ser/Thr kinases are present. Anti-phosphothreonine
antibody recognized both mDAC and mDAC-T214A proteins in western blotting.
However, the extent of phosphorylation as adjudged by scanning the band intensity, was
significantly low in the mutant protein (MDAC-T214A) compared to that of the wild-type
(mDAC). Furthermore, expression of PknA in the mDAC complemented Adac strain was
able to phosphorylate M. tuberculosis sirtuin. The growth profile of this culture in acetate
medium was slow compared to that transformed with only vector. On the other hand,
use of a kinase dead variant, PknA-K42N instead of PknA, did not display such behavior,
which again supported phosphorylation mediated control of mDAC protein. Thus, our
results ostensibly render evidence for cross-talk between two distinct post-translational
modifications, phosphorylation and deacetylation, in any bacteria. Bioinformatic analysis
further indicated conservation of Thr-214 among different mDAC orthologs, thereby
arguing the event as mycobacteria specific.

Keywords: eukaryotic-type serine/threonine kinases, sirtuin,
phosphorylation, enzyme kinetics, site-directed mutagenesis
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INTRODUCTION

Sirtuins, the NADT-dependent deacetylases are implicated in
regulating multitude of cellular processes in eukaryotes that
includes energy homeostasis, metabolism, aging, and regulation
of transcription factors (Yeung et al., 2004; Guarente, 2007; Ahn
et al,, 2008; Zhao et al., 2010). Similarly, in prokaryotes there are
accumulating evidences that sirtuins play a crucial role in the
regulation of short chain fatty acid metabolism, catabolism of
aromatic and alicyclic amino acids, etc. (Starai et al., 2003; Crosby
et al,, 2010). In fact, cellular metabolic status, which depends
on NAD*/NADH ratio, is also influenced by deacetylase activity
(Hipkiss, 2008). Recent studies in eukaryotes indicated that apart
from the energy status of the cell, post-translational modification
of proteins, such as cAMP/PKA mediated phosphorylation of
SIRT1, maintains its tight regulation (Gerhart-Hines et al,
2011). Strikingly, a large number of metabolic enzymes are
acetylated in Escherichia coli or Salmonella enterica (Wang et al.,
2010; Zhang et al.,, 2013) and their deacetylation by CobB, a
homolog of eukaryotic sirtuin, helps in maintaining their cellular
metabolic status (Starai et al., 2002; Wang et al., 2010). Recently,
proteome-wide lysine acetylation in an intracellular pathogen,
Mycobacterium tuberculosis was mapped (Liu et al., 2014; Xie
et al., 2015). However, till date there is no report indicating
phosphorylation mediated regulation of any bacterial sirtuin.
Accordingly, we emphasized here on the NAD-dependent
deacetylase, Rv1151c (Gu et al.,, 2009) of M. tuberculosis (hereafter
referred as mDAC). In fact, M. tuberculosis shows remarkable
adaptability to the changing environment within the host to
become a successful pathogen. Furthermore, within macrophage
this bacterium survives on the fatty acids/cholesterol mainly
derived from the host (Pandey and Sassetti, 2008) and uses
different nutrients depending on the availability. Recently, it was
reported that several enzymes involved in fatty acid metabolism
are regulated by reversible acetylation (Nambi et al, 2013).
Similarly, eukaryotic-type Ser/Thr kinases in M. tuberculosis
regulate a number of metabolic processes through reversible
phosphorylation (Nguyen et al., 2005). Taken together, this study
draws its logical inspiration to have an insight on the possibility of
recruiting the PTMs like phosphorylation in controlling mDAC
activity for versatile metabolic adaptability of M. tuberculosis.
Among 11 mycobacterial eukaryotic-type Ser/Thr kinases,
PknA and PknB are associated with cell division, growth, and
regulation of metabolic processes (Av-Gay and Everett, 2000;
Kang et al., 2005; Fernandez et al., 2006; Thakur and Chakraborti,
2006; Pereira et al., 2011). They are essential (Sassetti et al,
2003; Fernandez et al., 2006) in M. tuberculosis and present in
the same operon near the origin of replication along with the
only Ser/Thr phosphatase, PPP. The importance of both these
kinases is further highlighted with presence of their homologs

Abbreviation:  anti-His,  anti-histidine  antibody;  anti-pThr,  anti-
phosphothreonine antibody; anti-MBP, anti-maltose binding protein antibody;
CD, circular dichroism; Adac, E. coli strain JW1106 deleted with NAD ™ -dependent
deacetylase; His-tag, 6X histidine tag; LC-MS/MS, liquid chromatography coupled
tandem mass spectrometry; mDAC, M. tuberculosis NAD T -dependent deacetylase;
MBP, maltose binding protein; NAD™, nicotinamide adenosine dinucleotide;
p-mDAC, phosphorylated M. tuberculosis NAD™ -dependent deacetylase.

in the minimal genome of M. leprae (Cole et al., 2001). In fact,
regulation of several proteins (Wag31, PbpA, InhA, etc.) by these
kinases has already been reported (Kang et al., 2005; Dasgupta
et al., 2006; Khan et al., 2010). Besides this, phosphorylation of
GarA, a regulator of central carbon metabolism in mycobacteria,
and elongation factor Tu by PknB was documented (Villarino
et al, 2005; Sajid et al, 2011). PknB also has several other
substrates (Pereira et al., 2011), including many mycobacterial
eukaryotic-type Ser/Thr kinases and therefore is believed as a
master regulator (Baer et al.,, 2014). We and others previously
reported PknA mediated regulation of morphological changes
associated with bacterial cell division (Chaba et al., 2002; Kang
et al., 2005; Thakur and Chakraborti, 2006, 2008). Recently, these
kinases were implicated in phosphorylation of mycobacterial
proteasome (Anandan et al., 2014). Thus, both these kinases play
a pivotal role in governing mycobacterial physiology.

In this article, we report the ability of both PknA and
PknB to transphosphorylate mDAC in vitro. Consistent with
this observation, we found that co-expression of mDAC and
PknA or PknB in E. coli yielded phosphorylated deacetylase
protein. However, level of PknA mediated phosphorylation
of mDAC was significantly high compared to that of the
PknB. The phosphorylated protein exhibited decreased enzyme
activity compared to mDAC. Mass spectrometric analysis of
the trypsin digested fragments of the phosphorylated mDAC
identified phosphorylation of protein at different serine and
threonine residues. Among them, mutational analysis established
the leading contribution of Thr-214 in transphosphorylation
of mDAGC, its enzymatic activity and its functionality as well.
Furthermore, Thr-214 is conserved among different mDAC
orthologs analyzed and therefore, argued the existence of
cross-talk between two independent post-translational events,
i.e., phosphorylation mediated control of deacetylase activity in
mycobacteria.

MATERIALS AND METHODS

Constructs, Expression, and Purification

of Recombinant Proteins

Genomic DNA isolated from M. tuberculosis H37Ra
(avirulent strain) was utilized for PCR amplification of m-dac
(Rv1151c) and pknB (Rv0014c). These genes exhibited 100%
identity in their nucleotide sequences compared to that of
M. tuberculosis H37Rv (virulent strain). For this, primers (m-dac:
5" AATTGGATCCCATATGCGAGTAGCGGTGC 3’ and
5 AATTAAGCTTCTATTTCAGGAGGGCGGGCA 3'; pknB:
5 AATTAGGATCCCATATG ACCACCCCTCCC 3’ and 5
ACTGCAAGCTTCTACTGGCCGAACCT 3') were designed
incorporating restriction sites. All PCR reactions were carried
out using Herculase fusion DNA polymerase as per standardized
protocol (denaturation: 5 min at 95°C; reaction: 1 min at
95°C, 0.5 min at 58.7°C, 0.5 min at 72°C for 29 cycles; final
extension: 10 min at 72°C). The PCR amplicons following
restriction digestion(s) and subsequent purification were ligated
at corresponding sites of vectors (Ndel/HindIII of pET28¢/pVV2
or BamHI/HindIIl of pMAL-c2X/p19kproHA) to obtain
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PET-mDAC or its variants or pVV-mDAC/-mDAC-T214A or
PMAL-mDAC or pMAL-PknB or p19kproHA-PknB constructs.
For use in some experiments, m-dac was PCR amplified using
primers incorporating BamHI/HindIII sites and cloned in
corresponding sites (in MCS1) of pETDuet-1 having pknA
at Ndel/Kpnl sites (in MCS2). Besides these, pMAL-PknA,
p19kpro-PknA (Rv0015c either in pMAL or pl9kpro), and
pMAL-PPP (Rv0018c in pMAL) used in this study were
described elsewhere (Thakur and Chakraborti, 2006, 2008).

To generate point mutants of mDAC (S38A/T39A/
S179A/T197A/S212A/T214A/T214E/S222A) or PPP (G117D),
two external and two internal primers (incorporating the desired
mutations) were designed. This was followed by two sets of
primary PCR reactions using pET-mDAC/pMAL-PPP as the
template and single set of secondary PCR (using 1:1 mixture of
primary PCR reaction products as template) by overlap extension
method (Higuchi et al., 1988). All constructs were individually
transformed in E. coli strains DH50/TB1 to build up plasmid
DNA and also in BL21(DE3) cells (except those in pMAL which
were in TB1/DH5a cells only) for the expression as well as
purification of recombinant proteins. Authenticity of all gene
sequences was ensured through sequencing using an automated
DNA sequencer (Applied Biosystems).

Overnight cultures (14 h at 37°C) of E. coli BL21(DE3)
or TB1 cells harboring different constructs were re-inoculated
(1% inoculum) in fresh media (LB broth) supplemented with
appropriate antibiotics (100 pg/ml ampicillin for constructs in
pMAL and 50 pg/ml kanamycin for pET28¢ vectors), grown
till ODggo of 0.6 and then induced with 0.4 mM IPTG (5 h at
23-25°C for His-tagged constructs or 3 h at 37°C for MBP-
tagged constructs). Cells were harvested, re-suspended in lysis
buffer (50 mM Tris buffer, pH 7.5 containing 150 mM NaCl
for His-tagged protein or 20 mM Tris buffer, pH 7.5 containing
200 mM NaCl for MBP-tagged protein and supplemented with
1 mM phenylmethylsulfonyl fluoride, 1 pg/ml pepstatin and
1 pg/ml leupeptin) and sonicated for 10 min (amplitude: 20%,
frequency: 10 s ‘on’ and 15 s ‘off’) at 4°C. For His-tagged proteins,
supernatant fraction was loaded onto a Ni-NTA column, washed
with 20 ml of lysis buffer containing 20 mM imidazole. The
resin bound protein was then eluted in elution buffer (1 ml of
lysis buffer containing 50 or 100 or 150 mM imidazole). Eluted
protein fractions were pooled, diluted five times in lysis buffer and
reloaded onto the column to remove contamination. Column was
further washed with 20 mM imidazole and 1 M NaCl followed
by elution as mentioned above (eluted protein is pooled so that
final imidazole concentration was 100 mM). Imidazole from the
protein preparations was usually not removed since its presence
did not affect the enzyme activity. MBP-tagged protein, on the
other hand, was purified using an amylose column and eluted
with 10 mM maltose following manufacturer’s (New England
Biolabs, USA) recommended protocol. Protein concentrations of
eluted samples were estimated by Bradford method (Bradford,
1976) and stored in aliquots at —80°C until used for assays.
Purified phosphorylated mDAC protein, prepared from E. coli
strain BL21(DE3) cells harboring pETDuet-mDAC/PknA, was
utilized for carrying out kinetics of deacetylase activity or
mass spectrometric experiments. Culture of M. smegmatis

strain mc?155, transformation of pVV-mDAC and purification
of recombinant protein is described elsewhere (Thakur and
Chakraborti, 2008).

Kinase Assays

Ability of PknA/PknB to transphosphorylate mDAC was
determined in an in vitro kinase assay described elsewhere (Av-
Gay et al., 1999; Chaba et al., 2002). Briefly, PknA/PknB/PknA-
K42N protein (1 pg/reaction) in 1X kinase buffer (50 mM
Tris-Cl pH 7.5/50 mM NaCl containing MnCl,, 0.51 uM
for PknA/PknA-K42N or 0.46 wM for PknB) and 2 pnCi of
[y- 32P]-ATP (specific activity: 3000-5000 Ci/mmol; purchased
from Jonaki Laboratories, Board of Radiation and Isotope
Technology, Hyderabad, India) was incubated in the presence of
mDAC (1.79 wM/reaction) at 25°C for 30 min (total reaction
volume = 20 pl). The reaction was stopped by adding 5x
SDS buffer. Samples were resolved in 12% SDS PAGE and
gels were stained with Coomassie Brilliant Blue. Finally, gels
were analyzed in a phosphoimaging device (Fuji Film model
FLA 9000) and also exposed to Kodak X-Omat/AR film for
autoradiography. The dephosphorylation activity of PPP was
monitored following its (5 wM/reaction) incubation (25°C for
1 h) with samples undergone kinase reaction. Unless mentioned
otherwise, all experiments were carried out for at least three
times.

Deacetylase Activity

The deacetylase activity of mDAC was determined using
‘Color de Lys assay system, a microtiter plate (96 well) based
colorimetric assay kit of Enzo Life Sciences. Briefly, mDAC
protein (2.9 wM) and acetylated ‘Color de Lys substrate
peptide (final concentration 500 wM) in assay buffer (50 mM
Tris-Cl, pH 8.0 containing 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl,) were incubated with varying concentrations
of NAD' (0-16 mM) at 37°C for 120 min (total reaction
volume = 50 pl). This was followed by addition of equal
volume (50 pl) of ‘Color de Lys developer solution to
terminate the reaction (incubation at 37°C for 10 min) and
the absorbance was measured at 405 nm in a micro-plate
reader (Molecular Devices Spectramax plus 384 equipped with
Softmax Pro 5.2 software). The amount of product formed was
calculated by subtracting the blank (all components of reaction
except the NAD™) readings and the specific enzyme activity
(WM deacetylated peptide produced/min/mg of protein) was
assessed from standard curves prepared with ‘Color de Lys’
deacetylated standard (0-200 wM). K, and Vinax values were
obtained from non-linear fit plots and the molecular mass of
mDAC protein was considered as 28 kDa for calculating kcy.
Unless mentioned otherwise, the experiments in the present
study were done three times and data is represented as
mean £ SD.

Monitoring of Bacterial Growth

Escherichia coli strain BW25113 (hereafter designated as wild-
type) and deacetylase gene knockout strain JW1106 (cobB deleted
variant hereafter referred as Adac) were obtained from Coli
Genetic Stock Center, Yale University, USA. The strains were
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revived in LB broth (37°C at 200 rpm) and streaked on LB
(wild-type) or LB supplemented with 50 pg/ml kanamycin
(Adac) plates. Growth profile of these strains using nutrient
rich conditions (LB medium) was monitored for 12 h following
re-inoculation of overnight cultures (initial ODggp = 0.1-0.15).
Growth of these strains in nutrient deprived conditions was
assessed using acetate medium (minimal medium comprising of
47.7 mM Na,HPOy, 25 mM KH,POy, 9.3 mM NaCl, 17.1 mM
NH4Cl, 2.0 mM MgSOy, 0.1 mM CaCl,, 0.03 mM thiamine,
0.036 mM FeSO4.7H,0, and supplemented with 0.2% acetate).
For this, overnight cultures (LB medium) were re-inoculated in
acetate medium and grown following similar conditions with
extended duration of the culture (usually 37°C at 200 rpm;
sometimes cultures in between were grown in stagnant condition
for ~6 h and then shaking was re-introduced). In studies
monitoring the ability of mDAC to complement E. coli CobB
function, Adac strain transformed with pMAL or pMAL-mDAC
or pMAL-mDAC-T214A or pMAL-mDAC-T214E was selected
on LB-ampicillin (100 pg/ml) plates. One such colony was grown
overnight in LB-ampicillin medium, either inoculated in acetate
containing ampicillin (100 pwg/ml) for growth curve or made
competent by CaCl, method (Cohen et al., 1972) for further
transformation with p19kpro or p19kpro-PknA or pl9kpro-
PknA-K42N. The effect of PknA on cell growth was monitored
in acetate medium containing hygromycin (200 pg/ml) and
ampicillin (50 pg/ml).

Western Blotting

Purified fusion proteins or whole cell lysates were resolved in SDS
PAGE (12%) and transferred to nitrocellulose membrane (0.45 1)
at 120 V for 1 h using a mini-transblot apparatus (BioRad, USA).
Following transfer, incubation with different primary antibodies
(1:1000 dilution for anti-pThr, 1:3000 dilution of anti-His and
1:25,000 of HRP conjugated anti-MBP antibodies) was carried
out. For secondary antibody incubation, 1:5000 dilution of HRP
conjugated anti-rabbit (for anti-pThr) or anti-mouse (for anti-
His) I1gG was used. The blots were finally developed for the
signal through Luminata forte™ following the manufacturer’s
(Millipore, USA) recommended protocol. Scanning of blots
was carried out using Biorad-GS-800 Calibrated Densitometer
equipped with Umax Magic Scan V5.2.

Mass Spectrometry

Phosphorylated and unphosphorylated His-tagged mDAC
proteins were subjected to trypsin digestion (in-solution) in
100 mM ammonium bicarbonate buffer, pH 8.5 at 37°C for
16 h. Following digestion, 0.5% formic acid (final concentration)
was added to the peptides before running them on UHPLC
system (1290 series, Agilent Technologies, USA) with C8 column
coupled to 6550 iFunnel QTOF LC-MS (Agilent Technologies).
Electron spray ionization (ESI) was operated in positive ion
mode. The instrument acquired peptide ions over the m/z range
of 100-3200 with an MS and MS/MS acquisitions rates of 2 and
4 spectra/second, respectively. Peptide sequences were identified
utilizing ProteinPilot™ software'.

Thttp://www.absciex.com/products/software/proteinpilot-software

CD Spectroscopy

CD spectra of wild-type mDAC and different mutant (mDAC-
T214A and mDAC-T214E) proteins were compared using a Jasco
J-815 spectropolarimeter. Protein solutions (0.2-0.35 mg/ml)
employing a cell with path length of 0.1 cm at 25°C was used for
measurements in the far ultraviolet region (250-198 nm). Each
spectrum reported is an average of 3 scans and the mean residue
ellipticity (0) was calculated considering 110 Da as the mean of
amino acid residue molecular mass.

Bioinformatic Analyses

Multiple sequence alignment was carried out by Muscle
algorithm (Edgar, 2004) using Mega 6.0 software (Tamura et al.,
2013) or by Clustal Omega program (Sievers et al., 2011).
PSIPRED server was used for prediction of secondary structure
of the mDAC protein (McGuffin et al., 2000). Tertiary structure
of mDAC was modeled using I-TASSER server (Zhang, 2008; Roy
et al., 2010; Yang and Zhang, 2015; Yang et al., 2015) based on
deacetylase from Archaeoglobus fulgidus (PDB ID: 1ICI) which
has been complexed with NAD™ (Min et al., 2001).

RESULTS

Eukaryotic-Type Ser/Thr Kinase
Mediated Phosphorylation of mDAC

Sirtuin activity in eukaryotes is reported to be influenced by
the phosphorylation state of the protein (Gerhart-Hines et al.,
2011). To gain an insight into phosphorylation of mycobacterial
sirtuin by PknA or PknB, kinase assays were performed with or
without recombinant mDAC protein. As shown in Figure 1A
(left), both PknA and PknB were able to transphosphorylate
mDAC. However, magnitude of PknB mediated phosphorylation,
as adjudged by scanning the band intensity, was considerably
low compared to that of PknA (compare lanes 3 and 5). To
ensure phosphorylation is not an experimental artifact, we used
boiled mDAC in the incubation mixture with kinase, which led
to a significant decrease in the level of its transphosphorylation
(Figure 1A, compare lanes 3 and 7 as opposed to lane 8). The
use of PknA-K42N protein (a kinase-dead mutant of PknA) in
the reaction mixture did not show any phosphorylation of mDAC
(Figure 1A, lane 10). Furthermore, we used myelin basic protein,
a common substrate for both PknA and PknB, as a positive
control to monitor its transphosphorylation by these kinases.
As expected, myelin basic protein was efficiently phosphorylated
by both the kinases, which ensured that the difference in the
level of phosphorylation of mDAC by PknA or PknB was not
because of any discrepancy in their transphosphorylation abilities
(Figure 1B).

To elucidate, whether mDAC is phosphorylated by PknA or
PknB in vivo, we co-expressed pl9kpro-PknA or p19kproHA-
PknB and pET-mDAC in E. coli strain BL21(DE3) and the
transformants were selected over hygromycin (200 pg/ml) and
kanamycin (25 pg/ml). Cell extracts from such transformants
expressing both the proteins (PknA+mDAC or PknB+mDAC)
were purified through Ni-NTA and assessed for recognition by
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FIGURE 1 | Phosphorylation of mDAC. (A) PknA or PknB transphosphorylates mDAC in vitro. MBP-tagged kinases (PknA or PknB or PknA-K42N) purified from
Escherichia coli were incubated with [y- S2PJ-ATP in presence or absence of mDAC. The reactions were stopped by adding 5x SDS gel loading dye and resolved on
12% SDS-PAGE gel. The gel was further processed and analyzed utilizing a phosphoimaging device. (B) Comparison of the efficiency of mDAC
transphosphorylation by PknA and PknB. Both the kinases were incubated with equal amounts of myelin basic protein or mDAC (1 .g) in kinase assay. Arrow heads
denote His-tagged mDAC protein. (C) In vivo phosphorylation of His-tagged mDAC by PknA or PknB. Following co-transformation of pET-mDAC and
p19kpro/p19kproHA or p19kpro-PknA/p19kpro-PknA-K42N/p19kproHA-PknB in BL21(DEJ) cells, supernatant fraction of lysate was purified through Ni-NTA
column. The purified protein samples were immunoblotted using anti-pThr (upper) and anti-His (lower) antibodies. Inset: Cell lysates of the cultures co-expressing
pET-mDAC with p19kpro-PknA (lane 1) or p19kpro (lane 2) or p19kpro-PknA-K42N (lane 3) were probed with anti-PknA antibody. Arrow heads denote the
expressed PknA or PknA-K42N. (D) Phosphorylation of mDAC is reversed by PPP. Dephosphorylation of phosphorylated mDAC was assessed following incubation
with PPP/PPP-G117D using the protocol mentioned earlier. The numbers denote molecular mass markers in kDa. Notations used: PPP, phosphoprotein
phosphatase; HA, hemagglutinin tag; MyBP, myelin basic protein.
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anti-pThr or anti-His antibodies in western blotting. As depicted
in Figure 1C (upper), anti-pThr antibody recognized mDAC
protein when co-expressed with kinases, such as PknA (lanes 2
and 5) and PknB (lane 4). PknA/PknB mediated phosphorylation
of mDAC was further evident by the fact that anti-pThr antibody
did not recognize mDAC, when co-expressed with either vector
alone (p19kpro/pl9kproHA) or kinase-dead variant (PknA-
K42N) of PknA (Figure 1C, upper; compare lanes 2 and 5 with
6 and 7). However, the intensity of phosphorylated mDAC band
was significantly increased when co-expressed with PknA but not
with PknB (Figure 1C, upper left; compare lanes 2 and 4). The
loading of samples was ensured in western blotting with anti-His
antibody (Figure 1C, lower). Similarly, expression of PknA or
PknA-K42N was ascertained by western blotting of lysate using
anti-PknA antibody (inset, Figure 1C, right upper).

Since the only Ser/Thr phosphatase present in the
M. tuberculosis genome is known to reverse auto- or
transphosphorylation activity of mycobacterial kinases (Chopra
et al, 2003), we monitored dephosphorylation of mDAC
phosphorylated using PknA (Figure 1D, lane 5). The reversible
phosphorylating ability of PPP was further supported by the
action of phosphatase-dead mutant PPP-G117D, which did not
remove phosphate from phosphorylated mDAC (Figure 1D,
lane 6).

To monitor the effect of phosphorylation on the deacetylase
activity, phosphorylated His-tagged protein (p-mDAC) was
prepared from cultures of E. coli strain BL21(DE3) transformed
with pETDuet-mDAC/PknA. Assessment of the enzymatic
activity as the function of protein concentrations indicated that
about twofold more p-mDAC enzyme was necessary to obtain
activity at equivalent range exhibited by mDAC (Figure 2). In
accordance with this observation, even at substrate saturated
conditions (10 mM NAD™T with 2.9 pM protein), p-mDAC
exhibited ~45% activity compared to unphosphorylated
mDAC (inset, Figure 2). Thus, eukaryotic-type Ser/Thr kinase,
particularly PknA mediated transphosphorylation of mDAC
modulated its catalytic activity.

Thr-214 Is Predominantly

Phosphorylated in mDAC

Phosphorylated His-tagged M. tuberculosis sirtuin (p-mDAC)
was prepared from cultures of E. coli strain BL21(DE3)
transformed with pETDuet-mDAC/PknA. Mass spectrometric
analysis (LC-MS/MS) of p-mDAC protein after trypsin
digestion yielded peptides (Table 1; also see Supplementary
Figure S1), which phosphorylated at several serine and
threonine residues (Ser-38, Thr-39, Ser-179, Thr-197, Ser-
212, Thr-214, and Ser-222). To explicate their contribution,
we generated seven point mutants replacing Ser or Thr with
Ala  (S38A/T39A/S179A/T197A/S212A/T214A/S222A)  and
assessed PknA mediated transphosphorylation of these proteins.
Interestingly, none of the mutations resulted in complete loss
of phosphorylation; however, three of them exhibited either
slight (mDAC-S179A/T197A) or considerable (mDAC-T214A)
reduction in PknA mediated transphosphorylation abilities
(Figure 3A). In fact, compared to mDAC, mDAC-T214A variant
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FIGURE 2 | Deacetylation activity of phosphorylated mDAC. mDAC
proteins (unphosphorylated and phosphorylated) were purified from
BL21(DEB) cells using Ni-NTA based affinity columns. Commercially available
‘Color de Lys assay system’ was used to determine the deacetylase activity
under increasing concentrations of protein (1.45-5.80 wM). Results are
represented as percentage maxima (100% = 1.13 & 0.12 pM/min with

5.8 uM protein, n = 4). Inset (Upper) depicts the enzyme activity of mDAC
and p-mDAC in response to increasing NADT concentration (MDAC: n = 3;
p-mDAC: n = 3 and 100% = 193.4 &+ 15.4 pM/min/mg in 50 ! of reaction).
Inset (Lower) shows western blot with anti-His antibody of unphosphorylated
and phosphorylated mDAC (4 pg or 2.9 wM/lane) used for activity assays.

exhibited decrease in PknA-mediated transphosphorylation
ability in a dose-dependent manner (Figure 3B); indicating
leading role of Thr-214 in PknA mediated transphosphorylation
of mDAC.

Phosphorylation at Thr-214 Contributes
in Catalytic Activity and Functionality of
mDAC

Phosphorylation often provides negative charge to a protein,
thereby modulating its activity (Wagner et al., 2004). To gain
insight into this aspect, in addition to mDAC-T214A we
generated a mutant replacing Thr-214 with a phosphomimic
residue Glu. This was followed by assessment of catalytic activities
of mMDAC and mutants (mDAC-T214A and mDAC-T214E) as the
function of increasing substrate concentrations. Kinetic analysis
of deacetylase activity of mDAC protein following its incubation
with increasing concentrations of NADT (0-16 mM) exhibited
typical Michaelis—Menten curve (Figure 4) with Ky, and keat/Kim
values of 2.5 + 0.6 mM and 25.3 & 0.6 mM~L.s™1, respectively.
Contrastingly, both the mutant proteins (mDAC-T214A and
mDAC-T214E) hardly showed any activity (Figure 4) so that
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TABLE 1 | Phosphosites in phosphorylated mDAC.

Peptide  Sequence Phosphosite(s)
in p-mDAC

31-44 FDPYELSS*TQGWLR Ser-38
31-44 FDPYELSST*QGWLR Thr-39
162-195  SAVEATGSADVMVVVGTS*AIVYPAAGLPDLALAR Ser-179
196-218  GT*AVIEVNPEPTPLSGSATISIR Thr-197
196-218  GTAVIEVNPEPTPLSGS*ATISIR Ser-212
196-218  GTAVIEVNPEPTPLSGSAT*ISIR Thr-214
219-231 ESAS*QALPGLLER Ser-222

*Phosphorylated amino acid.

their catalytic parameters could be detected. CD analysis of
these mutant proteins compared to the wild-type did not depict
any significant alteration in the secondary structures (inset,
Figure 4). Since both mDAC-T214A and mDAC-T214E proteins
behaved similarly (Figure 4), it is indicative of the contribution of
phosphorylation in regulating mDAC activity irrespective of the
charge at Thr-214.

NAD™-dependent deacetylases are fairly conserved among
bacteria and are involved in regulating carbon metabolism
(Schwer and Verdin, 2008; Wang et al, 2010). It is well
known that expression of deacetylase (CobB) is necessary for
the growth of E. coli in nutrient deprived conditions (Castano-
Cerezo et al., 2011). Thus, to establish the effect of mDAC
on cellular growth, we utilized E. coli cells knocked-out for
its endogenous copy of deacetylase (CobB which is a homolog
for mDAC, hereafter termed as Adac) in this study. In our
preliminary experiments, we compared the growth of wild-
type and Adac in LB (nutrient rich) or in acetate (nutrient
deprived) medium. As anticipated, there was no difference in
growth pattern between E. coli strains in LB medium, while
it was compromised in Adac in nutrient deprived conditions
(Figure 5A; also see Supplementary Figure S2). Furthermore,
to assess whether CobB function could be complemented by
mDAC, we transformed pMAL-mDAC in Adac strain and
monitored its growth in LB as well as acetate media. Since
there was leaky expression of mDAC, no IPTG was used to
induce expression. Interestingly, the complemented strain (Adac
strain transformed with pMAL-mDAC) exhibited enhanced
growth in acetate medium compared to that of the knock out
variant transformed with vector alone (Figure 5B; also see
Supplementary Figure S2). As expected, the difference in growth
was not observed in LB medium (upper inset, Figure 5B).
The expression of mDAC in cell lysates was authenticated
using anti-MBP antibody (lower inset, Figure 5B). We further
transformed pMAL-mDAC-T214A or pMAL-mDAC-T214E in
E. coli Adac strain and monitored their growth in acetate
medium. The growth in acetate medium of both the mutants
(mDAC-T214A and mDAC-T214E), as assessed by monitoring
ODgpo, were nearly identical and they exhibited an intermediate
growth profile between the cobB knock out strain (Adac)
either transformed with vector or complemented with mDAC
(Figure 5C). The expression of different constructs (pMAL-
mDAC or pMAL-mDAC-T214A/T214E or vector) in cell lysates
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FIGURE 3 | Identification of major phosphosites in mDAC. (A) Effect of
mutations on PknA mediated phosphorylation of mDAC or its variants. Kinase
assay with PknA (1 png or 0.56 wM/assay) and mDAC or its variants

(1 pg/assay) was carried out as described in Section ‘Materials and Methods.
This is a representation of three different experiments from two independent
preparations. (B) Phosphorylation of mDAC-T214A variant remains unaltered
at increasing concentrations. Transphosphorylation of mMDAC-T214A (0-2 .g)
was assessed in presence of PknA (1 g) using in vitro kinase assay.
Wild-type mDAC (500 ng) incubated with PknA was taken as a control.
Samples were resolved in 12% SDS-PAGE gel. Gels in (A) and (B) represents
autoradiographs (Upper) while Coomassie stained radioactive gels served as
loading controls (Lower). Notations used: LMW, low molecular weight marker.
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FIGURE 4 | Catalytic activity of mDAC in response to mutations at
Thr-214. Enzyme assays (4 ng or 2.9 uM protein/assay) were performed with
wild-type and mDAC variants (MDAC-T214A and mDAC-T214E) as
mentioned in the text in the presence of increasing concentrations of NAD*
(0-16 mM). Inset represents the Mean Residue Ellipticity (6) identified by CD
analyses for the proteins used in the assay. Microcal origin 5.0 software was
used to plot ellipticity against wavelength.

was confirmed in western blotting using anti-MBP antibody
(inset, Figure 5C). Thus, our findings insinuate the role of PknA
mediated phosphorylation of mDAC at Thr-214 in regulating its
functionality.

The presence of homologs of M. tuberculosis eukaryotic-
type Ser/Thr kinases, in M. smegmatis is well known
(Thakur and Chakraborti, 2008; Prisic and Husson, 2014).
We further generated pVV-mDAC or pVV-mDAC-T214A
constructs and expressed them in non-pathogenic saprophyte
M. smegmatis strain mc?155 under the control of an
inducible promoter. We compared phosphorylation status
of mDAC and mDAC-T214A proteins in western blotting
with anti-pThr or anti-His antibody following purification
through Ni-NTA column. While mDAC was recognized
by anti-pThr antibody, there was hardly any signal for
mDAC-T214A (Figure 6A, upper; compare lanes 3 and
4). The blot developed using anti-His antibody ruled out
any discrepancy in amount of sample loading (Figure 6A,
lower; compare lanes 3 and 4). The mDAC (phosphorylated
and unphosphorylated) protein purified from E. coli strain
BL21(DE3) was used as internal controls for the experiment
to rule out any possibility of non-specificity of anti-pThr
antibody. Collectively, these data strongly argue in favor
of endogenous eukaryotic-type Ser/Thr kinase (like PknA)
mediated phosphorylation of mDAC, when over-expressed in
M. smegmatis.

To elucidate in vivo functional interaction between
eukaryotic-type Ser/Thr kinase like PknA and M. tuberculosis
sirtuin (mDAC), we further utilized E. coli based expression
system since it does not possess such endogenous kinases or
phosphatase. For this, pl9kpro (vector) or pl9kpro-PknA
(kinase) or pl9kpro-PknA-K42N (kinase-dead mutant) was
transformed in mDAC complemented Adac strain and grown
in nutrient deprived condition (acetate medium). Interestingly,
growth was affected in the presence of PknA compared to that
of the vector control (p19kpro). This effect was kinase specific
since there was no E. coli growth inhibition in the presence of the
kinase-dead variant, PknA-K42N (Figure 6B). The expression
of mDAC in cell lysates (inset, Figure 6B) and phosphorylation
of protein(s) from cultures co-expressing p19kpro-PknA and
MBP-mDAC following purification through amylose resin (inset,
Figure 6B) was confirmed by western blotting using appropriate
(anti-MBP/anti-pThr) antibodies. Thus, our findings strongly
suggest that PknA mediated phosphorylation of mDAC affected
functionality of this protein.

Thr-214 Is Conserved among

Mycobacterial Sirtuin Orthologs

We used MycoRRdb database (Midha et al., 2012), NCBI
BLAST and manual curated search to obtain the NADT-
dependent deacetylases from different mycobacterial species.
Protein sequences for mycobacterial deacetylases along with
those belonging to different taxa were procured using NCBI.
Multiple sequence alignment by Muscle and Clustal omega
revealed that mDAC is very much conserved in almost all
mycobacterial species (Figure 7) but far distinct when compared
with deacetylase sequences from other taxa representing its
unique phylogenetic distribution. Of note, the deacetylase
sequence from E. coli was taken as an out-group for the analysis.
Furthermore, when closely examined Thr-214 remains conserved
in all mycobacterial deacetylases except for M. chelonae which
bears Asp at this position (Figure 7). Thus, it seems that
phosphorylation at this threonine residue is conserved in all
mycobacterial deacetylases.

DISCUSSION

Sirtuins in eukaryotes are involved in variety of diverse cellular
processes that includes control of life span extension (Masoro,
2004), transcriptional regulation (Yeung et al., 2004), DNA repair
(Li et al., 2011), stress resistance, and metabolism (Wang et al.,
2010; Ma and Wood, 2011). In prokaryotes, their involvement in
controlling enzymes associated with central carbon metabolism
has already been recognized (Wang et al., 2010). Accordingly,
we focussed on phosphorylation/de-phosphorylation mediated
control of the only sirtuin (mDAC) present in M. tuberculosis
genome that displays NADT-dependent deacetylase activity.
Since regulatory interplay between different signaling events is
critical for adaptation of any micro-organism in a particular
environment, such cross-talk is definitely important to elucidate.

Zhttp://ncbinlm.nih.gov

Frontiers in Microbiology | www.frontiersin.org

May 2016 | Volume 7 | Article 677


http://ncbi.nlm.nih.gov
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Yadav et al.

Phosphorylation of Mycobacterial Deacetylase

A B
120
120 —B— Adac + pMAL-mDAC
—@— Adac + pMAL
101 S0
£
L 3
La0
o 3 p”
o 08+ 5
% 80; = Adac  Adac + - L
- +pMAL pMAL-mDAC
° — o oa Bt
3 d °
e = 06 E/
£ E =
o
3 40 - & e
& 0.4 om
_o7
66
—45
0.2 30
0 Anti-MBP
Wr Adac WT Adac 6 i 2‘0 i 4'0 6‘0 i 80
LB Acetate Time (h)
C
1.4
—m— Adac + pMAL-mDAC
—@— Adac + pMAL
—A— Adac+ =
1.2 PMAL-mDAC-T214A
—W— Adac +
PMAL-mDAC-T214E
1.0 /
£ 084 i/ ./}
3 %
o
0.6 .’/ OV H A
97|
66 rYywy
044 0—®  AntimBP 45-| T
’ 30
02 I’ J T I
0 20 40 60 80
Time (h)
FIGURE 5 | E. coli cell growth in response to mDAC phosphorylation. (A) Effect of cobB gene deletion on E. coli growth under nutrient deprived and rich
media. Growth of Adac cells was expressed as percent wild-type in LB (Aggo for wild-type at 12 h = 3.23 + 0.04, n = 3) and acetate (Aggo for wild-type at
24 h =1.17 &£ 0.004, n = 3) media. (B) Complementation of CobB functions by mDAC in E. coli. Growth profile of Adac cells harboring pMAL (vector) or
PMAL-mDAC was monitored in acetate medium for the indicated time period. Inset: Growth of Adac cells harboring pMAL or pMAL-mDAC in LB medium at 12 h
(Upper; Agoo for Adac cells harboring pMAL = 2.70 + 0.28, n = 4) and western blot showing their expression using anti-MBP antibody (Lower; symbols in main
figure were used to denote same sample). (C) T214E leads to attenuated growth of E. coli in acetate media. E. coli Adac cells were complemented with pMAL or
PMAL-mDAC or pMAL-T214E and growth of these transformants was assessed for indicated time periods. Inset depicts western blotting of cell lysates of different
samples using anti-MBP antibody. Of note, symbols in main figure were used to denote same sample in western blots. Numbers in western blots indicate molecular
mass in kDa.

In fact, enzymes associated with these events are considered
as vital targets for screening or designing of new anti-
mycobacterials (Rhee et al., 2011).

We observed that mDAC was transphosphorylated by PknA, a
representative of mycobacterial eukaryotic-type Ser/Thr kinases
(Figure 1). Our results also indicated that co-expression
of PknA and mDAC in E. coli yielded p-mDAC protein,
which was recognized by anti-pThr antibody in western
blotting. The phosphorylated protein (p-mDAC) exhibited

decreased deacetylase activity compared to its unphosphorylated
counterpart (Figures 1 and 2). Mass spectrometric studies with
p-mDAC identified four serines (amino acids 38, 179, 212, and
222) and three threonines (amino acids 39, 197, and 214) as
phosphorylating residues (Table 1). Mutation (one at a time) of
these residues to Ala followed by kinase assay with these proteins
in the presence of PknA, however, indicated the role of Ser-
179, Thr-197, and Thr-214 in PknA mediated phosphorylation
of mDAC (Figure 3). Amongst these residues, we noticed major
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FIGURE 6 | (A) Phosphorylation of mMDAC within M. smegmatis.

M. smegmatis strain mc2155 harboring pVV-mDAC or pVW-mDAC-T214A
was cultured in LB medium (induced with H,O» and grown in presence of
Tween 80). MDAC or mDAC-T214A purified from these cultures (1 ug protein)
were subjected to western blotting with anti-pThr (Upper) or anti-His (Lower)
antibodies. MDAC (1 ng) and p-mDAC (500 ng) purified from E. coli strain
BL21(DE3) were used as internal controls for the experiment. (B) PknA
mediated phosphorylation of mDAC affects E. coli growth in acetate media.
mDAC complemented E. coli Adac cells were further co-transformed with
p19kpro/p19kpro-PknA/p19kpro-PknA-K42N and growth of these
transformants were assessed for indicated time periods. Inset: Western
blotting of cell lysates of different samples using anti-MBP antibody (Left).
Same lysates purified through amylose resin were probed with anti-pThr (Top
right) and anti-MBP (Bottom right) antibodies in western blot.

contribution of Thr-214 for transphosphorylation of mDAC
(Figure 3).

To evaluate the effect of phosphorylation on the catalytic
activity of the protein, we compared mDAC along with its

phospho-ablated (mDAC-T214A) or phosphomimic (mDAC-
T214E) variants. To our surprise, both the mutant proteins
displayed hardly any enzymatic activities indicating direct role of
phosphorylation in the process (Figure 4). To establish functional
implications of this finding, we opted for a phenotypic assay,
where expression of NAD-dependent deacetylase, CobB is
necessary for optimal growth of E. coli in nutrient deprived
acetate medium (Castano-Cerezo et al., 2011). Furthermore,
mDAC was able to complement CobB function (since mDAC
shares ~52% sequence homology with CobB and most NAD™-
dependent deacetylases are functionally similar) in its knock out
Adac strain (Figure 4B). Unlike mDAC, neither its phospho-
ablated nor phosphomimic variant complemented growth
phenotype, indicating the role of phosphorylation at Thr-214
in controlling the enzymatic activity as well as functionality of
mDAC (Figures 4 and 5).

Mycobacterium smegmatis, where endogenous eukaryotic-
type Ser/Thr kinases, like PknA and PknB are present, is often
used as a genetic model in identifying interacting partners for
such kinases from M. tuberculosis (Villarino et al., 2005; Thakur
and Chakraborti, 2008; Plocinski et al., 2014; Prisic and Husson,
2014). We further examined phosphorylation status of mDAC
or mDAC-T214A upon overexpression in M. smegmatis. The
mDAC protein was recognized by anti-pThr antibody in western
blotting indicating its in vivo trans-phosphorylating ability by
endogenous kinases of M. smegmatis. However, the extent of
phosphorylation, as adjudged by scanning the band intensity of
the protein, was drastically low in mDAC-T214A compared to
that of the mDAC (Figure 6A). These results, however, do not
pin point in vivo functional interaction of a specific kinase in
the process. Given the fact that there are several eukaryotic-
type Ser/Thr kinases and a cognate phosphatase are present in
all mycobacterial genomes sequenced to-date and some of them
are essential in nature, it would be an arduous task to resolve
this issue using M. tuberculosis as such. In this scenario, we
again utilized mDAC complemented E. coli Adac strain and
transformed it with either PknA or its kinase dead variant,
PknA-K42N, and monitored growth profile of the cultures in
acetate medium. The outcome of this study indicated that at least
PknA mediated phosphorylation of mDAC altered the growth
phenotype. Thus, our results ostensibly established Thr-214 as
the major phosphosite in mDAC and its phosphorylation is a
eukaryotic-type Ser/Thr kinase mediated event.

Most notably, we also obtained and analyzed 1:1 sequence
alignment of mDAC with each of the human sirtuins and
observed NAD™ binding sites are fairly conserved. Interestingly,
the presence of a charged residue (D/E/R) corresponding to Thr-
214 of mDAC is evident, except for Cys in Sirt4 and Ala in
Sirt7 (Supplementary Figure S3). In fact, sequence alignment of
mDAC with gram positive bacterial deacetylases also showed the
presence of charged residue matching Thr-214 (Supplementary
Figure S3). Considering these results with mDAC activity
assays (Figures 2 and 4), it seems that the generation of
a charged environment corresponding to Thr-214 in other
deacetylases is important in modulating their enzymatic activity.
Nonetheless, it is distinct and unique in mycobacterial sirtuins
where phosphorylation at Thr-214 per se is a molecular switch
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FIGURE 7 | Thr-214 is conserved in mDAC orthologs. Multiple sequence alignment utilizing NAD* -dependent deacetylases (sequences procured from
MycoRRdb database and NCBI) from different mycobacterial species was performed by Muscle algorithm using Mega 6.0 software. Figure represents the C-termini
of the deacetylase sequences. Conserved threonine residue is enclosed in red rectangular box. CobB from E. coli was used as an out-group for the analysis.
Notations used: M., Mycobacterium; E., Escherichia. Asterisk (*) indicates identical residue.

that governs NAD-dependent protein acetylation/deacetylation
trajectory. Although mechanistic detail of such a regulation is
very remote to postulate in the absence of crystal structure
of mDAC, phosphorylation induced conformational change
of proteins are well known. The positioning of Thr-214
is in the flexible coiled region (Supplementary Figure S4).
Furthermore, its predicted structure based on the same protein
from thermostable Archaeoglobus fulgidus (46% identity and 62%
homology) through I-TASSER server indicated Thr-214 to be in
unstructured region (Supplementary Figure S4). Taken together
with our results of enzymatic activity, it is very likely an indication
of ‘action at distance’ control of the active site of mDAC by
phosphorylation at Thr-214. Further studies in this direction,
especially with mDAC crystal structure, would unravel such
mystery.

Several studies indicated that primary carbon source
for M. tuberculosis is fatty acids/cholesterol in nutrient
restricted conditions as evident when bacteria reside within
host macrophages (Pandey and Sassetti, 2008; Griffin et al,
2012). The degradation of fatty acids/cholesterol is mediated
through fatty acyl-CoA synthetase family of proteins, which
is regulated by reversible acetylation generating acetyl-CoA
and propionyl-CoA (Nambi et al., 2013). In this scenario, it
is tempting to speculate that phosphorylated mDAC being

compromised in its ability to deacetylate the participatory
enzyme(s) would be affecting the turnover of acetyl-CoA and
propionyl-CoA. Since high concentrations of propionyl-CoA
could be toxic for the bacterium (Upton and McKinney, 2007),
it would very likely be involved in reducing toxicity caused
by building up of propionyl-CoA by promoting acetylation
of acetyl-CoA synthetase and/or reducing deacetylase activity
of mDAC. Therefore, to provide such a rapid control of the
situation, phosphorylation mediated regulation of mDAC
activity seems to be the need for the bacterium for its survival.
Although mammalian SIRT1 activity is known to be governed by
phosphorylation (Gerhart-Hines et al., 2011), in bacteria this is
the first report. Thus, it is entirely plausible that phosphorylation
is a common regulatory mechanism recruited by nature to fine
tune sirtuin activity in both prokaryotes and eukaryotes.

CONCLUSION

Our results established that eukaryotic-type Ser/Thr kinase
mediated phosphorylation of mycobacterial sirtuin modulates its
enzymatic activity as well as its functionality. Furthermore, we for
the first time provide evidence for cross-talk between two distinct
post-translational events, phosphorylation and deacetylation,
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thereby regulating bacterial signaling. Further work in this
direction is necessary to unravel the mechanistic details.
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