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Abstract
Recent proteomics studies have revealed that protein acetylation is an abundant and evolutionarily
conserved post-translational modification from prokaryotes to eukaryotes. Although an
astonishing number of acetylated proteins have been identified in those studies, the
acetyltransferases that target these proteins remain largely unknown. Here we characterized
MSMEG_5458, one of the GCN5-related N-acetyltransferases (GNAT’s) in Mycobacterium
smegmatis, and show that it is a protein acetyltransferase (MsPat) that specifically acetylates the ε-
amino group of a highly conserved lysine residue in acetyl-CoA synthetase (ACS) with a kcat/Km
of nearly 104 M−1 s−1. This acetylation results in the inactivation of ACS activity. Lysine
acetylation by MsPat is dependent on 3′,5′-cyclic adenosine monophosphate (cAMP), an important
second messenger, indicating that MsPat is a downstream target of the intracellular cAMP
signaling pathway. To the best of our knowledge, this is the first protein acetyltransferase in
mycobacteria that both is dependent on cAMP and targets a central metabolic enzyme by a
specific post-translational modification. Since cAMP is synthesized by adenylate cyclases (AC’s)
that sense various environmental signals, we hypothesize that the acetylation and inactivation of
ACS is important for mycobacteria to adjust to environmental changes. In addition, we show that
Rv1151c, a sirtuin-like deacetylase in Mycobacterium tuberculosis, reactivates acetylated ACS
through an NAD+-dependent deacetylation. Therefore, Pat and the sirtuin-like deacetylase in
mycobacteria constitute a reversible acetylation system that regulates the activity of ACS.

Protein acetylation was first discovered in histones almost 50 years ago (1). In the following
four decades, it became clear that the histone acetyltransferases (HAT’s) were part of a very
large enzyme superfamily referred to as the GCN5-related N-acetyltransferases (GNAT’s).
The GNAT superfamily catalyzes acetyl transfer from acetyl coenzyme A (AcCoA) to a
primary amine within a small molecule or a protein and is one of the largest superfamilies
with over 30,000 members in all kingdoms of life (2). However, the biological functions
and/or substrates for a majority of the GNAT’s are largely unknown, with only 5 of the 26
GNAT’s in Escherichia coli having known biological functions. But it is clear that some of
the pro- and eukaryotic GNAT’s must be capable of acetylating proteins other than histones.
In the last five years, several research groups have identified over 2,000 proteins acetylated
at the e-amino group of a lysine residue in human cells (3–5), and almost 200 in E. coli and
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Salmonella enterica (6–8). In addition to protein phosphorylation, protein lysine acetylation
is now recognized as a ubiquitous and evolutionarily conserved protein modification from
prokaryotes to eukaryotes. Both of these post-translational modifications are known to be
reversible, with protein Ser/Thr and Tyr phosphatases and protein deacetylases (sirtuins)
found in all organisms containing the corresponding kinases and acetyltransferases. In the
case of protein acetylation, many of the enzymes involved in glycolysis, gluconeogenesis,
the tricarboxylic acid (TCA) cycle and fatty acid metabolism were found to be acetylated,
implying an extensive role of acetylation in the regulation of intracellular metabolism (3–8).
Despite the remarkable number of proteomically identified acetylated proteins, the effect of
acetylation on the activity of most of the “identified” enzymes, or the particular GNAT
responsible for acetylation, remains largely unknown.

In Mycobacterium tuberculosis, the causative agent of tuberculosis, only five out of twenty
predicted GNAT’s have been biochemically, functionally or structurally characterized (9–
14). Two other enzymes, Rv0995 (RimJ) and Rv3420c (RimI) are predicted to acetylate the
N-terminus of ribosomal proteins S5 and S18, respectively (2). Of the twenty GNAT’s,
Rv0998 exhibits a unique structural feature with a C-terminal GNAT domain fused to an N-
terminal cyclic nucleotide (cNMP) binding domain. The GNAT domain exhibits highest
sequence identity to a protein N-acetyltransferase identified in S. enterica (15), while the N-
terminal cNMP binding domain is most similar to the cNMP domain of eukaryotic protein
kinases. The orthologue of Rv0998 in Mycobacterium smegmatis, MSMEG_5458, which
shares 56% identity and 70% similarity based on the protein sequence analysis (Figure S1),
has recently been shown to catalyze the acetylation of the universal stress protein (USP)
using a glutathione-S-transferase pull-down assay (13). However, the lack of USP
orthologues in other mycobacteria, including M. tuberculosis, suggests that Rv0998 and
MSMEG_5458 have an alternative substrate that is unknown, and that acetylation of this
substrate may be cNMP-dependent.

Cyclic nucleotides are universal “second messengers” in both pro- and eukaryotic
organisms, and cAMP was identified in extracts of several mycobacterial species in 1976
(16). While most prokaryotes contain a single adenylate cyclase (AC, e.g. E. coli) and some
contain none (e.g. Bacillus species), mycobacteria, and in particular M. tuberculosis, contain
over a dozen genes identified as AC’s, with many of these biochemically characterized in M.
tuberculosis (reviewed in (17)). In M. tuberculosis, several of the AC’s have been shown to
be specifically responsive to nitrogen and carbon limitation, pH and bicarbonate levels (18–
21). Upon phagocytosis by macrophages, cAMP levels in M. tuberculosis have been shown
to increase dramatically (22, 23). Restoration of basal cAMP levels is the result of
hydrolysis of cAMP to 5′-AMP by cAMP phosphodiesterases, and secretion. In M.
tuberculosis, the single annotated cAMP phosphodiesterase is only weakly active towards 3′,
5′-cAMP and much more active with 2′,3′-cAMP (24), suggesting efflux as a major
mechanism. Reports that cAMP efflux by M. tuberculosis into macrophages may produce
immunosuppressive effects and reduction in cytokine production by infected macrophages
have appeared (22).

In this report, we attempted to identify a physiologically relevant substrate for
MSMEG_5458 that would link production of cAMP to the acetylation of a protein substrate
whose activity could be implicated in carbohydrate and amino acid metabolism. In addition,
we sought the corresponding deacetylase (sirtuin), since it is universally recognized that
post-translational protein modification coupled to activity activation/inactivation is a
reversible phenomenon.
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Materials and Methods
Materials

Oligonucleotides and the EnzChek pyrophosphate assay kit were purchased from Invitrogen.
Restriction enzymes and competent cells were supplied by New England Biolabs. Genomic
DNA from M. tuberculosis H37Rv and M. smegmatis mc2155 were provided by ATCC.
Other chemicals and reagents were obtained from Sigma-Aldrich, unless otherwise noted.

Cloning, overexpression and purification of MSMEG_5458, MSMEG_6179, Rv0998, Rv3667
and Rv1151c

The five genes were amplified by PCR from the genomic DNA of M. smegmatis mc2155 or
M. tuberculosis H37Rv using the oligonucleotides shown in Table S1. After restriction
digest, MSMEG_5458 (MsPat) and MSMEG_6179 (MsACS) were cloned into pET23a,
while Rv0998 (MtPat), Rv3667 (MtACS) and Rv1151c were ligated into pET28a. The
constructs were confirmed to be mutation free by DNA sequencing. Then the plasmids were
transformed into T7 Express lysY/Iq competent E. coli cells. A single colony was selected to
start a 10 mL overnight culture, which was then used to inoculate 1 L Luria-Bertani medium
supplemented with 200 μg/mL ampicillin (MsPat and MsACS) or 30 μg/mL kanamycin
(Rv0998, Rv1151c and MtACS). The cells were grown to mid-exponential phase at 37 °C,
and then induced with 1 mM isopropyl-1-thio-β-D-galactopyranoside at 25 °C for 15 hours.

Cells were harvested by centrifugation, resuspended in lysis buffer (50 mM NaH2PO4, 300
mM NaCl, and 10 mM imidazole, pH 8.0) containing protease inhibitors (Roche) and 0.1
mg/mL lysozyme, and incubated on ice for 30 minutes. The cells were disrupted by
sonication, and cell debris removed by centrifugation at 36,000 × g for 1 hour. The resulting
supernatant was loaded onto a 5 mL Ni-NTA agarose column (Qiagen) that was pre-
equilibrated with the lysis buffer, and incubated at 4 °C for 1 hour. After discarding the flow
through, the column was washed with 50 mL wash buffer (50 mM NaH2PO4, 300 mM
NaCl, and 20 mM imidazole, pH 8.0), and bound proteins were eluted using a linear gradient
from 20 to 250 mM imidazole in 50 mM NaH2PO4 and 300 mM NaCl, pH 8.0. The
fractions were analyzed by SDS-PAGE, and those containing the desired protein were
pooled and dialyzed against buffer A (50 mM Tris and 150 mM NaCl, pH 7.5). The protein
was then concentrated using Amicon Ultra-4 30K cut-off centrifugal device (Millipore). The
protein concentration was determined by the BCA method using bovine serum albumin as
the standard (25).

Purification of MsPat under denaturing conditions
The purification procedure was identical to that described above, except that 8 M urea was
added to all the buffers. The eluted fractions containing MsPat after Ni-NTA
chromatography were collected and dialyzed stepwise into buffer A containing 4 M, 2 M, 1
M, 0.5 M and no urea over 3 days. The refolded protein was concentrated, and the
concentration was determined as described above.

Site-directed mutagenesis and purification of the MtACS mutant K617A
The mutation K617A was introduced into the pET28a(+)::acs plasmid using the Quikchange
mutagenesis kit (Stratagene) with the primers listed in Table S1. The mutation was
confirmed by DNA sequencing. The expression and purification of the mutant were
performed following the same procedure described above for the wild type ACS.
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UV-Visible spectrum and HPLC analysis of the tightly bound ligand of MsPat
60 nmol of recombinant MsPat was denatured by placing the enzyme solution in a boiling
water bath for 5 minutes. The precipitated protein was then removed by centrifugation
followed by ultrafiltration with Amicon Ultra-0.5 3K cut-off centrifugal device (Millipore).
The absorbance spectrum of the filtrate was obtained using a UVIKON XL
spectrophotometer. The filtrate was further analyzed at 260 nm by reverse phase HPLC
using a Gemini-NX C18 column (250 mm × 4.6 mm, Phenomenex). HPLC solvents are
listed below: solvent A: 0.2% trifluoroacetic acid in water; solvent B: 0.2% trifluoroacetic
acid in acetonitrile. Gradient elution was performed at 1 mL/min and increasing solvent B
from 0–100% in 30 minutes.

Substrate profiling of MsPat using a bi-substrate inhibitor approach
M. smegmatis mc2155 was grown in 7H9 medium supplemented with 0.2% glucose, 0.2%
glycerol and 0.05% Tween-80 at 37 °C until OD600 reached 0.2. The cells were harvested by
centrifugation and resuspended in buffer B (50 mM HEPES and 150 mM NaCl, pH 7.5).
Cells were disrupted by sonication and centrifuged at 20,000 × g for 25 minutes at 4 °C. The
protein concentration of the supernatant was measured by the BCA method (25). In the
substrate profiling assay, a 2 mL reaction mixture contained the cell lysate (0.8 mg/mL
protein), 1 μM MsPat (6×His-tagged), 500 μM ClAcCoA, 1mM cAMP and 0.25 mM TCEP.
After 45 minutes incubation at room temperature, 2 mL of 200 mM TAPS buffer (pH 8.6)
containing 2.4 mM CoA and 2 mM TCEP was added to the reaction mixture and further
incubated at room temperature for 5 hours, converting the substrate of MsPat into a bi-
substrate inhibitor that binds tightly to MsPat. After dialysis against 50 mM NaH2PO4 buffer
containing 300 mM NaCl (pH 8.0), the reaction mixture was then loaded to a 0.2 mL Ni-
NTA agarose column and washed by 2 mL binding buffer (50 mM NaH2PO4, 300 mM
NaCl, and 10 mM imidazole, pH 8.0) and 2 mL wash buffer (50 mM NaH2PO4, 300 mM
NaCl, and 25 mM imidazole, pH 8.0). The proteins tightly bound to MsPat were eluted off
the column with 1.2 mL of the wash buffer containing 8 M urea. The control experiment
was carried out by incubating the cell lystate with MsPat and CoA instead of ClAcCoA at
room temperature for 45 minutes. The urea eluates were concentrated and analyzed by SDS-
PAGE.

Mass spectrometric analysis of the substrate of MsPat
The mass spectrometry analysis was performed at the Laboratory for Macromolecular
Analysis and Proteomics (LMAP) of the Albert Einstein College of Medicine. The substrate
of MsPat was purified from M. smegmatis cell lysate as described above. The protein band
and the corresponding position in the control lane were excised from the protein gel and
analyzed individually. After trypsin digestion, the resulting digests were analyzed by LC-
MS/MS using a LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific) equipped
with a TriVersa NanoMate nanoelectrospray source (Advion BioSciences, Ithaca, NY).
HPLC was performed with the UltimatePlus nano-HPLC system using a PepMap C18
column (2 μm, 100 Å, 75 μm × 15 cm, Dionex). After 15 minutes of desalting with solvent
C (2% acetonitrile, 0.1% formic acid in water), a gradient elution was carried out at 300 nL/
min and increasing solvent D (80% acetonitrile, 0.1% formic acid in water) from 0–35% in
40 minutes, 35–50% in 5 minutes, 50–90% in 5 minutes, and then held at 90% D for 5
minutes. The 10 most intense ions having a charge state between +2 to +4, determined from
an initial survey scan from 300 to 1800 m/z, were selected for fragmentation (MS/MS). MS/
MS was performed using an isolation width of 2 m/z and a normalized collision energy of
35%.

The raw MS/MS data were converted into DTA files, which were then merged and searched
against the nonredundant NCBI database for proteins from M. smegmatis using the Mascot
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search engine (Matrix Science). Mass tolerance was set at 3.5 Da for precusor ions and 0.6
Da for fragment ions. Carbamidomethylation (Cys), deamidation (Asn and Gln), pyro-glu
(Glu and Gln), and oxidation (Met) were specified as variable modifications. Up to 2 missed
trypsin cleavage sites were allowed. All the identified peptides were manually verified.

Activity-based labeling of ACS by MsPat
Chloroacetyl CoA (ClAcCoA) and aminoethanethiolated 5(6)-carboxy-
tetramethylrhodamine (TAMRA cysteamine) were synthesized and purified as described
previously (26). Typically, the labeling assays consist of two steps, chloroacetylation and
thiol quenching. Chloroacetylation was carried out in 50 μL of buffer B containing 20 μM
ACS, 100 μM ClAcCoA, 1 mM cAMP, and 1 μM MsPat at room temperature for 2 hours,
and the reaction mixture was quenched by the addition of an equal volume of 200 mM Tris
buffer (pH 8.6) containing 0.6 mM TAMRA cysteamine. The excess fluorescent probe was
removed by gel filtration. The labeled protein was then concentrated, and analyzed by SDS-
PAGE. The protein gel was scanned using a Storm Scanner 845 (GE Life Sciences) to
visualize the fluorescence, and then stained for protein with Coomassie brilliant blue.

Mass spectrometric analysis of the modified ACS
ACS was fluorescently labeled as described above. In addition, 20 μM ACS was acetylated
by incubating with 1 mM cAMP, 50 μM AcCoA and 1 μM MsPat at room temperature for 2
hours. The modified ACS was separated from MsPat by SDS-PAGE, and then analyzed by
mass spectrometry as described above. The MS/MS data were searched against MtACS with
carbamidomethylation (Cys), deamidation (Asn and Gln), pyro-glu (Glu and Gln), oxidation
(Met) and TAMRA (Lys) or acetylation (Lys) as variable modifications using Thermo
Bioworks 3.3.1. Putative modifications identified from the search were further analyzed by
manual assignments of the MS/MS spectra.

Deacetylation of ACS by Rv1151c
20 μM ACS was first incubated with 0.4 μM MsPat, 50 μM ClAcCoA and 1 mM cAMP at
room temperature for 2 hours. After chloroacetylation, ACS was then treated with 1 μM or 2
μM Rv1151c in the presence or absence of 1 mM NAD+ for 2 hours. The reaction mixture
was then quenched with 0.6 mM TAMRA cysteamine and analyzed by SDS-PAGE as
described above.

Time-dependent inactivation of ACS by MsPat and reactivation by Rv1151c
The activity of ACS was monitored during the acetylation reaction where 20 μM ACS was
incubated in 100 μL of buffer B with 1 mM cAMP/cGMP, 50 μM AcCoA and 50 nM MsPat
at room temperature. 5 μL aliquots were withdrawn at different time intervals after initiating
the acetylation by the addition of MsPat, and the residual activity of ACS was measured
immediately by the EnzChek pyrophosphate assay where pyrophosphate liberated from the
ACS reaction together with 2-amino-6-mercapto-7-methyl-purine ribonucleoside is
converted into ribose 1-phosphate and ribose 2-amino-6-mercapto-7-methylpurine, causing
an absorbance increase at 360 nm. A typical ACS activity assay contained 1 mM MgSO4,
100 μM CoA, 10 mM sodium acetate, 1 mM ATP, 100 μM MESG, 0.03 unit of inorganic
pyrophosphatase, 0.5 unit of purine ribonucleoside phosphorylase and 200 nM ACS from
the acetylation reaction. The absorbance at 360 nm was monitored, and the ACS activity
(pyrophosphate release) was calculated using the molar extinction coefficient (Δε360 = 18.6
mM−1 cm−1). For the reactivation, 20 μM ACS was incubated with 1 mM NAD+ and 2 μM
Rv1151c after a 3-hour acetylation by MsPat. The residual activity of ACS was measured in
the same manner as described above. The control assays were performed omitting each one
of the reaction components, respectively. The percentage activity of ACS was plotted
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against the time (minutes) after acetylation or deacetylation using SigmaPlot 11. Each data
point is the average of two independent assays.

Steady-state kinetic assays
In order to monitor the acetylation reaction continuously, we utilized a coupled enzymatic
assay in which CoA, a product of the acetylation reaction, was used by α-ketoglutarate
dehydrogenase to convert NAD+ to NADH, resulting in an absorbance increase at 340 nm.
The assay was carried out in buffer B with 0.05 unit of α-ketoglutarate dehydrogenase, 400
μM NAD+, 1.5 mM α-ketoglutarate, 2 mM MgSO4, 400 μM thiamin diphosphate, 1mM
cAMP, 400 nM MsPat and various amounts of AcCoA and ACS. The initial velocities were
measured at varying concentrations of one substrate while maintaining a fixed saturating
concentration of the other one. The data were the fitted into the Michaelis-Menten equation
using Sigma Plot 11 to obtain Km and kcat.

To measure the kinetic parameters of the deacetylation, the acetylated ACS, which was
purified by gel filtration after incubating 200 nmol ACS with 1 μmol AcCoA and 0.5 nmol
MsPat at room temperature for 3 hours, was used in the deacetylation reaction. A typical
deacetylation reaction mixture contained 0.5 μM Rv1151c, varying amounts of one substrate
and a saturating amount of the other in 100 μL of buffer B. The reaction was initiated with
the addition of Rv1151c. 0.2 nmol of ACS species (acetylated and nonacetylated) were
withdrawn from the reaction mixture after 10 minutes and tested for the ACS activity as
described above. The initial velocities of the deacetylation reaction were calculated based on
the amount of active ACS generated in 10 minutes. Each data point is the average of two
identical assays. The data were fitted into the Michaelis-Menten equation as listed above to
obtain the Km and kcat values.

Results
cAMP is tightly bound to the purified MsPat

MsPat was overexpressed in E. coli, and purified to >95% homogeneity by Ni-NTA
chromatography (Figure S2). Since there is a gene encoding an adenylate cyclase in E. coli
(27), it was possible that the purified MsPat contains bound cAMP. To determine if any
ligand was bound to the protein, MsPat was precipitated by boiling, and removed by
centrifugation and ultrafiltration. The UV-Visible spectrum of the filtrate displayed a
maximum absorbance at 260 nm (Figure S3A). In addition, the filtrate exhibited a single
peak on HPLC with a retention time identical to the cAMP standard (Figure S3B),
suggesting that cAMP was bound to the purified MsPat. The amount of bound cAMP was
calculated from a HPLC-based standard curve (Figure S4), and approximately 20% of the
recombinant purified MsPat contained bound cAMP. In order to determine the effect of
cAMP on acetyltransferase activity, it is necessary to obtain the apo enzyme. In a previous
study, apo MsPat was purified after expression in an E. coli strain lacking the lone adenylyl
cyclase (cya) gene (13). We obtained the apo enzyme by purifying under denaturing
conditions. The denatured apo MsPat was then renatured by multi-step dialysis, and used in
the following studies.

Acetyl-CoA synthetase is a bona fide substrate of MsPat
To explore the physiologically relevant substrate of MsPat, we performed a substrate
profiling experiment using a GNAT activity-based method previously developed in our
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laboratory with slight modifications (26). Recombinant MsPat was incubated with M.
smegmatis cell lysate along with chloroacetyl CoA (ClAcCoA), an analogue of AcCoA.
MsPat can transfer the chloroacetyl group from ClAcCoA to its substrate, which is then
converted to a bi-substrate inhibitor of MsPat by the addition of CoA (Figure 1A). It has
been reported that these bi-substrate inhibitors have nanomolar affinity for their
corresponding GNATs (28–30). Since the recombinant MsPat added to the cell lysate
contains a hexa histidine-tag, the tightly bound substrate would be co-purified with MsPat
by Ni-NTA chromatography. After extensive washing to remove nonspecifically bound
proteins, the substrate of MsPat was eluted off the column by 8 M urea, which disrupts the
noncovalent interactions between MsPat and the bisubstrate inhibitor. As indicated by an
arrow in Figure 1B, one additional protein band was observed in the elution sample when
ClAcCoA was used (lane 1), compared to the control sample (lane 2, Figure 1B). The mass
spectrometric analysis of this band shows 21% sequence coverage of acetyl-CoA synthetase
from M. smegmatis (MsACS) (Figure 1C, Table S2), while MsACS was not identified in the
corresponding position of the control lane. This result strongly suggests that MsACS is a
substrate of MsPat. This result is consistent with the protein sequence alignment analysis
(Figure 2), which reveals that the GNAT domain of MsPat is 27% identical to the
corresponding domain of the protein acetyltransferase in S. enterica (SePat) that has been
reported to acetylate a conserved lysine residue in SeACS (15). In addition, the residue
Glu173 in yeast GCN5 that serves as a general base to deprotonate the lysine residue of the
acetyl acceptor (31) is conserved in MsPat and its M. tuberculosis orthologue Rv0998, while
an Asp residue is present in the corresponding position in SePat, as indicated in Figure 2.

We attempted to obtain recombinant ACS of M. smegmatis and M. tuberculosis. However,
we were unable to express MsACS in E. coli. We then purified recombinant MtACS to
confirm that ACS is a substrate of MsPat using the GNAT activity-based labeling method
(26), since MtACS and MsACS share an extremely high sequence identity (76%) and
similarity (88%). As described previously, GNAT’s can transfer the chloroacetyl group from
ClAcCoA to their substrates, which can react subsequently with the highly fluorescent
reporter molecule, TAMRA cysteamine (Figure 3A). The fluorescently labeled protein can
then be visualized using fluorescent scanning. In the upper panel of Figure 3B, ACS was
fluorescently labeled in the presence of ClAcCoA, cAMP, and MsPat (lane 3). Much weaker
labeling of ACS was observed when cAMP was replaced with cGMP (Figure 3B, lane 2),
indicating that cAMP is the preferred activator of MsPat. ACS is not fluorescently labeled
(Figure 3B, lane 4–6) in the absence of any one of the three components (ClAcCoA, cAMP
and MsPat), suggesting that ACS is a protein substrate for MsPAT whose activity is
allosterically regulated by the cAMP-binding domain.

Although we were able to express recombinant Rv0998, the protein did not show the
expected GNAT activity with MtACS. Due to the high sequence homology between Rv0998
and MSMEG_5458 as well as the robust activity observed with MtACS and MSMEG_5458,
the lack of the recombinant Rv0998 activity is likely to be caused by misfolding.

To determine the acetylation site, the fluorescently labeled ACS was digested by trypsin,
and then analyzed by LC-MS/MS. The MS/MS data were searched against the sequence of
M. tuberculosis ACS with possible TAMRA modifications on lysine residues, yielding a
single hit with the sequence SGKIMR that contains a modified lysine 617 residue. The
fragmentation of this peptide (triply charged, m/z of 408.11) results in a series of y fragment
ions (y1, y2, y4 and y5) as well as b2 to b5 fragment ions, as shown in Figure 4A. All but
three of the major fragmentation ions in the spectra were readily assigned to the SGK*IMR
sequence, suggesting that K617 is the acetylation site. In addition, no fluorescent labeling
was observed with the K617A mutant of ACS (Figure 3B, lane 1), further supporting the
identification of K617 as the sole acetylation site. ACS was also analyzed by mass
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spectrometry after acetylation using AcCoA by MsPat. The MS/MS spectra of a triply
charged tryptic peptide TRSGKAcIMR (Figure 4B) agrees well with acetylation at K617 due
to the presence of the fragmentation ions bearing the acetylated lysine (y4, y6, y7, b5 and
b6) as well as other y or b ions.

In order to measure the kinetic parameters of the MsPat-catalyzed acetylation reaction, we
used a coupled enzymatic assay to monitor the acetylation reaction continuously. The results
are shown in Table 1. MsPat acetylates ACS with a kcat of 0.06 s−1, slightly lower compared
to other characterized GNATs that acetylate proteins (26, 31–33). The Km value for AcCoA
is 3 μM, about 8 fold lower than GCN5 and AcuA, a lysine acetyltransferase in Bacillus
subtilis (31, 34), indicating that MsPat is active even at low intracellular levels of AcCoA.
The low Km value of ACS (10 μM) and relatively high kcat/Km (6 × 103 M−1 s−1) suggests
that ACS acetylation by MsPat is kinetically efficient. Similar kcat and Km values were
obtained when using the MsPat purified under native conditions, indicating that the apo
MsPat was refolded properly and its activity was not affected.

MsPat has been shown to acetylate USP with an extremely low Km of 338 nM from a
Western blot based assay, although the kcat value was not reported (13).

Acetylated ACS is deacetylated by Rv1151c
Two distinct protein deacetylases have been reported in bacteria so far (35, 36), CobB (a
sirtuin-like deacetylase in S. enterica) and AcuC (an NAD+-independent deacetylase in
Bacillus subtilis). There is no homologue of AcuC in mycobacteria, while only one
homologue of CobB in M. tuberculosis, Rv1151c, was found. To test if Rv1151c can
deacetylate ACS, we used the same fluorescent labeling assay described above with minor
modifications. ACS was first chloroacetylated using MsPat, and then treated with Rv1151c,
followed by thiol quenching using TAMRA cysteamine. In Figure 5, ACS is much less
fluorescently labeled when incubated with 2 μM Rv1151c and 1 mM NAD+ (lane 3),
compared to that treated with buffer (lane 1) or with only NAD+ or Rv1151c (lane 4 and 5),
suggesting that the chloroacetyl group was removed from chloroacetylated ACS by Rv1151c
only in the presence of the deacetylase and NAD+. The deacetylation by Rv1151c is
inhibited by 2 mM nicotinamide, a known sirtuin inhibitor (Figure 5, lane 6) further
supporting Rv1151c’s role as a sirtuin-like deacetylase. The extent of deacetylation is
dependent on the concentration of Rv1151c added (Figure 5, lane 2 and 3). In addition,
kinetic studies demonstrate that Rv115c exhibits a low Km value for acetylated ACS (< 4
μM, Table 1), ruling out the possibility of non-specific deacetylation at a high concentration
of Rv1151c.

Interestingly, there are two sirtuin homologues in M. smegmatis, MSMEG_4620 and
MSMEG_5175 (Figure S5), but only MSMEG_5175 exhibited robust activity with
acetylated ACS in vitro (data not shown).

ACS is inactive upon acetylation of K617
Acetylation of lysine residues has been reported to modulate the functions of various
proteins (37–39). To investigate the effects of acetylation, the activity of ACS
(pyrophosphate release) was monitored using a coupled assay. In Figure 6A, ACS gradually
lost its activity during acetylation by MsPat. We also found that the ACS K617A mutant is
inactive in our pyrophosphate release assay. Therefore, acetylation or alanine mutation of
K617 inactivates ACS, consistent with the essential role of K617 in ACS for the formation
of acetyl-AMP intermediate (36). In contrast, the ACS activity was not affected when any of
the three components required for the acetylation reaction (AcCoA, cAMP and MsPat) was
absent (Figure 6A). In addition, ACS inactivation was much more rapid in the presence of
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cAMP than with cGMP. Together with the fluorescent labeling results, this supports our
conclusion that upon activation by cAMP, MsPat acetylates ACS and abolishes its activity.
MsPat represents a novel downstream target in the cAMP signaling pathway in
mycobacteria.

Acetylated ACS was then used in the reactivation assays, where ACS activity was
monitored after it was treated with Rv1151c and NAD+. In Figure 6B, the inactive,
acetylated ACS regains activity when incubated with Rv1151c and NAD+, while it remains
inactive if only Rv1151c or NAD+ is present. The results support our conclusion that
Rv115c is an NAD+-dependent deacetylase and can use monoacetylated ACS as a substrate.
Therefore, we have demonstrated that Pat and Rv1151c form a reversible acetylation system
that regulates the catalytic activity of ACS in mycobacteria.

Discussion
There have been a number of recent reports identifying non-histone proteins that are post-
translationally acetylated in both pro- and eukaryotes (3–8). The majority of these rely on
the immunoprecipitation of cell extracts using antibodies generated to Nε-acetyl-L-lysine
followed by MS/MS identification of peptide sequences and assignment to individual
proteins. Our own approach uses activity-based methods and chloroacetylCoA as a substrate
(26). This method was used in the present study not only to identify the substrate of MsPat
from cell lysates, but also to confirm it in vitro using purified recombinant proteins.

Our substrate profiling data reveal that MsACS is a substrate of MsPat. ACS (AMP-
forming) catalyzes the conversion of acetate, ATP and CoA to form AcCoA, an essential
central carbon metabolite involved in numerous enzymatic reactions. To date, two different
acetyltransferases with no sequence homology have been reported to acetylate ACS in
bacteria. AcuA, a single GNAT domain-containing enzyme, acetylates ACS in B. subtilis
(34), while in S. enterica, SePat, comprised of a GNAT domain fused to an ACS-like
domain, acetylates the ε-NH2 group of lysine 609 of SeACS (15). However, the enzymatic
function of the ACS-like domain has not yet been demonstrated. Consistent with the
substrate profiling results, MsPat possesses a C-terminal GNAT domain exhibiting 27%
sequence identity to that of SePat. In addition, MsPat has a unique N-terminal cAMP-
binding domain that has not been identified in any other bacterial homologues.

We further confirm that ACS is the substrate of MsPat using the GNAT-activity based
method with recombinant M. tuberculosis ACS (Rv3667). Our data shows that MsPat can
mono-acetylate M. tuberculosis ACS, and that acetylation results in inactivation of the
enzymatic activity. In addition, the acetyltransferase activity of MsPat is tightly controlled
by cAMP binding, similar to eukaryotic protein kinase A, whose activity is regulated by a
cAMP-binding regulatory subunit (40). Structural studies on several other cAMP-dependent
enzymes indicate no common regulatory mechanism (41–44).

An essential biochemical hallmark of post-translational protein modification is the
reversibility of the modification, whether it is phosphorylation or acetylation. We thus
identified and purified Rv1151c, which is homologous to eukaryotic sirtuins, and showed
that the protein deacetylates ACS in the presence of NAD+. This deacetylation is
accompanied by reactivation of ACS. Orthologues of Rv1151c are also found in other
mycobacteria. Thus, Pat and the deacetylase constitute a reversible acetylation system in
mycobacteria that post-translationally controls the activity of ACS, affecting the de novo
production of AcCoA from acetate, CoA and ATP.

The requirement of cAMP for ACS acetylation makes the regulation of the process more
complicated. 3′,5′-Cyclic AMP, which is synthesized by multiple AC’s in different
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mycobacterial species, is an important second messenger (17). Notably, the activities of
mycobacterial AC’s are known to be increased under various physiological conditions,
including pH, bicarbonate, and fatty acids levels (18–21). However, the known targets of
any downstream network of cAMP signaling pathway in mycobacteria was limited to
Rv3676, a cAMP receptor protein that regulates the transcription of a large number of genes
involved in cell wall synthesis, central metabolic pathways and antibiotic resistance (45).
Our data suggests that MsPat is the first downstream enzymatic target of cAMP identified in
mycobacteria, and regulates intracellular metabolism by post-translational modification of a
central metabolic enzyme.

A burst of intracellular cAMP was recently reported following the infection of macrophages
by M. tuberculosis (22, 23). The phagolyosome is an acidic, nutrient poor and oxidatively
hostile environment, and the engulfed bacteria need to slow their metabolism to survive. By
elevating intracellular cAMP levels, one consequence will be the activation of the
mycobacterial Pat and inactivation of de novo AcCoA synthesis by ACS. As oxygen tension
decreases, concentrations of NADH will build up, and pyruvate and isocitrate
dehydrogenases will be inhibited, further decreasing the AcCoA levels and those of the TCA
cycle intermediates. Under these conditions, the only source of AcCoA will be fatty acid
oxidation, and the generation of glycolytic intermediates would require the glyoxylate shunt,
which is essential for mycobacterial persistence (46). Whether the inactivation of ACS is
sufficient for the organism to establish a non-replicative state leading to persistence, is under
examination, but appears unlikely.

Recently it has been suggested that SePat also regulates the activities of three additional
central metabolic enzymes, isocitrate dehydrogenase kinase/phosphatase, isocitrate lyase
and glyceraldehydes 3-phosphate dehydrogenase through lysine acetylation in S. enterica,
thus controlling flux through glycolysis versus gluconeogenesis as well as the branching
between the TCA cycle and glyoxylate bypass (6). It is possible that the mycobacterial Pat
also acetylates the orthologues of the three enzymes in mycobacteria, and plays additional
roles in regulating the central carbon metabolic pathways.

In summary, our biochemical results demonstrate that MSMEG_5458 is a cAMP-dependent
protein acetyltransferase that inactivates ACS through acetylation of a single, specific lysine
residue, and that Rv1151c is an NAD+-dependent deacetylase that reactivates ACS. This
acetylation/deacetylation system in mycobacteria is likely to sense the extracellular
environment through cAMP levels, and also key intracellular metabolites, including NAD+

and AcCoA, since cAMP, AcCoA and NAD+ are required for acetylation and deacetylation,
respectively. The mycobacterial ACS is the first M. tuberculosis enzyme that has been
biochemically demonstrated to be inactivated by acetylation, and the reversibility of the
acetylation suggests an important regulatory role for the enzyme. The number and types of
other enzymes that may be similarly regulated is under investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AC adenylate cyclase

AcCoA acetyl CoA

ACS acetyl CoA synthetase

cAMP 3′,5′-cyclic adenosine monophophate

ClAcCoA chloroacetyl CoA

GNAT GCN5-related N-acetyltransferase

NAD+ nicotinamide adenine dinucleotide

Pat protein acetyltransferase

TAMRA 5(6)-carboxy-tetramethylrhodamine
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Figure 1. Substrate profiling of MsPat by using a bi-substrate inhibitor approach
(A) Substrate profiling method. GNAT catalyzes the transfer of chloroacetyl group to its
substrate. The chloroacetylated substrate is then quenched with coenzyme A, forming a bi-
substrate inhibitor. (B) Substrate profiling of MsPat. The M. smegmatis cell lysate was
incubated with MsPat and ClAcCoA (sample 1) or CoA (sample 2). Then the reaction was
quenched with the addition of CoA. The resulting bi-substrate inhibitor of MsPat would bind
tightly to MsPat, and be co-purified with MsPat by Ni-NTA chromatography. The bound
inhibitor was eluted off using 8 M urea, and then analyzed by SDS-PAGE. (C) Mass
spectrometric analysis of MsPat substrate. A search against nonredundant NCBI protein
database, yielding a hit of MsACS with 21% sequence coverage. The peptides identified
from the mass spectrometric analysis are highlighted in yellow.
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Figure 2. Sequence alignment of GNAT domains
Multiple sequence alignment of the GNAT domains from yeast GCN5, SePat, Rv0998 and
MSMEG_5458 was performed using ClustalW. The Glu residue in GCN5, shown in bold, is
the general base that deprotonates the acetyl acceptor. Glu or Asp is found in the
corresponding positions of other GNAT’s.
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Figure 3. Activity-based labeling of ACS by MsPat
(A) GNAT activity-based labeling method. GNAT catalyzes the transfer of chloroacetyl
group from ClAcCoA to its substrate. Then the chloroacetylated substrate is quenched with
TAMRA cysteamine, forming a fluorescently labeled substrate. (B) Fluorescent labeling of
ACS by MsPat. Wild type ACS or ACS K617A mutant was incubated with various
components as indicated, followed by thiol quenching with TAMRA cysteamine. The
samples were then analyzed with SDS-PAGE. Top, fluorescence image of the protein gel;
bottom, coomassie blue staining image. The assays were performed twice and an identical
labeling pattern was obtained.
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Figure 4. Identification of the modification site of ACS by MS/MS
(A) MS/MS spectra of a triply charged tryptic peptide from ACS (SGK*IMR) bearing a
lysine modified by TAMRA. The modified lysine residue is indicated as K*. (B) MS/MS
spectra of a triply charged tryptic peptide from ACS (TRSGKAcIMR) bearing an acetylated
lysine. The acetylated lysine residue is indicated as KAc. Most of the major fragmentation
ions in the mass spectra match the predicted b or y ions. The ions containing the modified
lysine residue are shown in bold.
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Figure 5. Deacetylation of ACS by Rv1151c
ACS was first chloroacetylated using MsPat, and then incubated with various components as
indicated. Sample 1: blank; sample 2: 1 mM NAD+ and 1 μM Rv1151c; sample 3: 1 mM
NAD+ and 2 μM Rv1151c; sample 4: 1 mM NAD+; sample 5, 2 μM Rv1151c; sample 6: 1
mM NAD+, 2 μM Rv1151c and 5 mM nicotinamide. After 2-hour incubation, samples 1 to 6
were quenched with TAMRA cysteamine, and then analyzed by SDS-PAGE and
fluorescence imaging. Top, fluorescence image of the protein gel; bottom, coomassie blue
staining image. a: 1 μM Rv1151c; b: 2 μM Rv1151c. The assays were performed twice and
an identical labeling pattern was obtained.
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Figure 6. Effects of acetylation and deacetylation on MtACS activity
(A) Time-dependent inactivation of ACS by acetylation. ACS activity was measured using
the EnzChek pyrophosphate assay kit at different time intervals during the incubation of
ACS with various components. ○: 50 nM MsPat, 1 mM cAMP, and 100 μM AcCoA; ●: 50
nM MsPat, 1 mM cGMP, and 100 μM AcCoA; ▼: 1 mM cAMP and 100 μM AcCoA;△: 50
nM MsPat and 1 mM cAMP; ■: 50 nM MsPat and 100 μM AcCoA. (B) Time-dependent
reactivation of acetylated ACS by deacetylation. After acetylated by MsPat, ACS was
further treated with Rv1151c and/or NAD+. ●: 2 μM Rv1151c, 1 mM NAD+; ○: 2 μM
Rv1151c; ▼: 1 mM NAD+. The ACS activity was then monitored using the EnzChek
pyrophosphate assay kit. Each data point is the average from two identical assays.
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Table 1

Kinetic parameters of acetylation and deacetylation on ACS

Enzyme Substrate kcat (s−1) Km (μM) kcat/Km (M−1 s−1)

MsPat
ACS a

0.06 ± 0.002
10.2 ± 1.1 (6.0 ± 0.7) × 103

Acetyl CoA b 3.1 ± 0.2 (1.8 ± 0.2) × 104

Rv1151c
Acetylated ACS c

0.02 ± 0.001
< 4 > 5.0 × 103

NAD+ d 424 ± 35 (4.8 ± 0.3) × 102

a
Kinetic parameters were measured in the presence of 200 μM AcCoA,

b
100 μM ACS,

c
2 mM NAD+ and

d
20 μM acetylated ACS.
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