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Cyclic AMP synthesized by Mycobacterium tuberculosis has
been shown to play a role in pathogenesis. However, the high
levels of intracellular cAMP found in both pathogenic and non-
pathogenicmycobacteria suggest that additional and important
biological processes are regulated by cAMP in these organisms.
We describe here the biochemical characterization of novel
cAMP-binding proteins in M. smegmatis and M. tuberculosis
(MSMEG_5458 and Rv0998, respectively) that contain a cyclic
nucleotide binding domain fused to a domain that shows simi-
larity to the GNAT family of acetyltransferases. We detect pro-
tein lysine acetylation in mycobacteria and identify a universal
stress protein (USP) as a substrate of MSMEG_5458. Acetyla-
tion of a lysine residue inUSP is regulated by cAMP, and using a
strain deleted forMSMEG_5458, we show that USP is indeed an
in vivo substrate forMSMEG_5458.TheRv0998protein shows a
strict cAMP-dependent acetylation of USP, despite a lower
affinity for cAMP than MSMEG_5458. Thus, this report not
only represents the first demonstration of protein lysine acety-
lation in mycobacteria but also describes a unique functional
interplay between a cyclic nucleotide binding domain and a pro-
tein acetyltransferase.

Cyclic AMP is used as a signal for eliciting diverse cellular
responses in both bacteria and higher eukaryotes. Nucleotide
cyclases utilize ATP andGTP tomake cAMP or cGMP, respec-
tively, and of the six classes of nucleotide cyclases that have
been described (1), the Class III adenylyl and guanylyl cyclases
are encoded in many bacterial and almost all eukaryotic organ-
isms (2). The genomes of pathogenicMycobacterium tubercu-
losis, the causative agent of tuberculosis that accounts for
almost 2 million deaths annually worldwide, harbor a number
of genes that encode putative Class III nucleotide cyclases (3)
and a single cyclic nucleotide phosphodiesterase (4), and many
of these enzymes have been characterized biochemically as well
as structurally (3–6). Most recently, it has been reported that
cAMP production by the Rv0386 adenylyl cyclase is critical for
allowingM. tuberculosis to establish itself within the mamma-
lian host and cause disease (7). Thus, an understanding of the

mechanisms underlying the production, utilization, and degra-
dation of cAMP byM. tuberculosismay provide avenues for the
identification of novel targets for drug development (8).
The genomes of non-pathogenic mycobacteria, such as

Mycobacterium smegmatis, also encode multiple nucleotide
cyclase genes, which could account for the high intracellular
cAMP levels found in these bacteria (9). cAMP levels are mod-
ulated by various stress conditions in M. smegmatis (9), sug-
gesting that cAMP participates in signaling within the bacterial
cell, mediating its action by downstream effectors. The effec-
tors of cAMP in mammalian cells have been well characterized
and include protein kinase A (PKA),4 exchange protein acti-
vated by cAMP (EPAC), and the hyperpolarization-activated
cyclic nucleotide-gated channels (10–11). The cyclic nucleo-
tide (cNMP) binding domain in these proteins is conserved
evolutionarily, and the best characterized protein with a cAMP
binding domain in bacteria is the catabolite repressor protein,
or CRP, that serves as a transcription factor, either enhancing
or repressing transcription of a variety of genes in a cAMP-de-
pendent manner (12–14). Binding of cAMP allosterically regu-
lates the activity of these effector proteins.
Apart from CRP, no other downstream effector of cAMP in

mycobacteria has been described. In this study we provide evi-
dence for an entirely new signaling event mediated by cAMP
and so far exclusive to mycobacteria. We show that the prod-
ucts of the Rv0998 gene and its ortholog in M. smegmatis,
MSMEG_5458, are cNMP-binding proteins that share a sig-
nificant similarity to the regulatory subunit of mammalian
PKA. Remarkably, the cNMP domain in these proteins is
fused to, and regulates the activity of, a GNAT-like protein
acetyltransferase, which acetylates the epsilon amino group
of a lysine residue in a Universal Stress Protein (USP,
MSMEG_4207). This represents not only the first report of
lysine acetylation in mycobacteria but also a novel effector
function of cAMP in mycobacteria, which is perhaps reflec-
tive of the more complex cAMP/PKA/CREB/CBP pathway
seen in eukaryotes (15).

EXPERIMENTAL PROCEDURES

Culturing of M. smegmatis and Preparation of Whole Cell
Lysates—M. smegmatis strains were grown in 7H9TG (Middle-
brook 7H9 broth supplemented with 0.2% glycerol and 0.05%
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Tween 80) at 37 °C, with shaking at 250 rpm, or on Middle-
brook 7H10 agar. Cells were lysed by bead beating in buffer (10
mM Tris-Cl (pH 7.5), 100 mM NaCl, 10% glycerol, 5 �g/ml leu-
peptin, 5 �g/ml aprotinin, 5 �g/ml soybean trypsin inhibitor, 3
mM nicotinamide, and 1 �M trichostatin A). Nonidet P-40 and
deoxycholate to final concentrations of 1% and 0.5%, respec-
tively, were added to the lysate andmixing continued at 4 °C for
2 h, followingwhich sampleswere centrifuged for 30min at 4 °C
at 13,000 � g. Supernatants were collected, and protein was
estimated using a Micro BCA protein assay kit (Pierce).
Phylogenetic Analysis of the cNMP Binding Domain in

Rv0998 and MSMEG_5458—The boundaries of the cNMP
binding domain inMSMEG_5458were identified by analysis in
the Pfam database (pfam.sanger.ac.uk/). The sequence of the
defined domain was used to identify orthologs in the SwissProt
database using BLASTp. Individual full-length sequences of the
hits thus obtained (�90) were then analyzed using Pfam to
identify their cNMP binding domains. More than 156 domains
were identified, because some proteins contained more than
one cNMP binding domain in the full-length protein sequence.
To this list of 156 sequences, the cNMP binding domain
sequences of Rv0998, and the CRPs from M. tuberculosis and
Escherichia coli were added, and all sequences were then
aligned using ClustalW (EMBL). Sequences that were �80%
identical were removed using JalView, and phylogenetic and
molecular evolutionary analyses were conducted using MEGA
version 4 (16).
Cloning and Mutagenesis of MSMEG_5458 and Rv0998—

The list of primers used for PCR and mutagenesis are provided
in supplemental Table S1. PCR was carried out on the genomic
DNA of M. smegmatis mc2155 using MS5458FWD and
MS5458RVS. The product was digested with BamHI and EcoRI
and cloned into similarly digested pBKSII(�) to generate
pBKS-MSMEG_5458. The clone was confirmed by sequencing
(Macrogen, South Korea). A BamHI-EcoRV fragment from
pBKS-MSMEG_5458 was cloned into BamHI-StuI-digested
pPROEx-HTa to generate plasmidpPRO-MSMEG_5458. pPRO-
MSMEG_5458was digestedwith BamHI, end-filled, and digested
with NotI, and the 1-kb fragment was cloned into SmaI-NotI-di-
gested vector pGEX-6P-2 to generate pGEX-MSMEG_5458.
TheRv0998 genewas cloned using primers Rv0998FWDand

Rv0998RVS. PCR was carried out on the genomic DNA of M.
tuberculosis H37Rv, and the product was digested with EcoRI
andXhoI and cloned into similarly digested pProEx-Htc to gen-
erate pPro-Rv0998. The clone was confirmed by sequencing
(Macrogen). Plasmid pGEX-Rv0998 was generated by subclon-
ing the EcoRI-XhoI fragment frompPRO-Rv0998 into similarly
cut vector pGEX-6P-3.
Point mutations in MSMEG_5458 were generated by site-

directed mutagenesis (17). pBKS-MSMEG_5458 was used as
the template formutation of Arg-95 andGlu-234 using primers
MS5458R95K and MS5458E234A, respectively, to generate
pBKS-MSMEG_5458R95K and MSMEG_5458E234A, respec-
tively. Mutants were verified by sequencing (Macrogen). The
BamHI-SnaBI fragment from pBKS-MSMEG_5458R95K was
cloned into similarly digested pPro-MSMEG_5458 to generate
pPro-MSMEG_5458R95K. The BamHI-KpnI fragment from

pBKS-MSMEG_5458E234A was cloned into similarly digested
pProEx-Hta to generate pPro-MSMEG_5458 E234A.
Expression and Purification of His-tagged Proteins—

MSMEG_5458 ormutant proteins were expressed in the E. coli
SP850 cyc� strain on induction using 500 �M isopropyl-�-thio-
galactopyranoside. Cells were lysed by sonication in buffer con-
taining 50 mM Tris-Cl (pH 8.2), 5 mM 2-mercaptoethanol
(2-ME), 100 mM NaCl, 10% glycerol, 1 mM benzamidine, and 2
mM phenylmethylsulfonyl fluoride, followed by centrifugation
at 30,000 � g. The supernatant was interacted with nickel-ni-
trilotriacetic acid beads (Agarose Bead Technologies, Spain),
and bound protein was eluted with buffer containing 200 mM

Tris-Cl (pH 8.2) buffer, 100 mM NaCl, 5 mM 2-ME, 300 mM

imidazole, and 10% glycerol. Purified proteins were desalted
into buffer containing 50 mM Tris-Cl (pH 8.2), 5 mM 2-ME, 50
mM NaCl, and 10% glycerol and stored in aliquots at �70 °C
(supplemental Fig. S1a).
Gel Filtration and Dynamic Light Scattering—Gel filtration

was carried out in buffer containing 50 mM Tris-Cl (pH 8.2), 5
mM2-ME, 50mMNaCl, and 10% glycerol at 4 °C at a flow rate of
200 �l/min using a Superose 12 column and an AKTA fast
protein liquid chromatography system (Amersham Bio-
sciences). The columnwas calibrated using commercially avail-
able gel filtration standards (thyroglobulin (670 kDa), bovine
�-globulin (158 kDa), chicken ovalbumin (44 kDa), equine
myoglobin (17 kDa), and vitamin B12 (1.35 kDa)).
Dynamic light scattering experiments were performed on a

DynaPro Molecular Sizing Instrument (Protein Solutions).
Samples of purified MSMEG_5458 in the same buffer used for
gel filtration were analyzed at concentrations of �1 mg/ml at
25 °C. Several measurements were taken at 277 K and analyzed
using DYNAMICS Version 3.3 software (Protein Solutions).
Data collection times of 10 s were used in all cases for a mini-
mum of 15 acquisitions.
Cyclic Nucleotide Binding Assays—Cyclic nucleotide bind-

ing assays were carried out in a final reaction volume of 100
�l containing 25 mM Tris-Cl (pH 7.5), 100 mM NaCl, 10%
glycerol, purified protein, and [3H]cAMP (59 Ci/mmol,
PerkinElmer Life Sciences) in presence and absence of unla-
beled cAMP. Reactions were incubated at 37 °C for 1 h and
then filtered through nitrocellulose filters (0.45 �m), which
were then washed with 5 ml of ice-cold buffer (10 mM Tris-Cl
and 150 mM NaCl). The filters were dried, and bound radioac-
tivity was measured by scintillation counting in a liquid scintil-
lation counter (PerkinElmer Life Sciences). Cyclic nucleotide
displacement assays were carried out with 200 ng (�50 nM)
of purified protein using a fixed concentration of labeled
[3H]cAMPand varying amounts of unlabeled cAMPor analogs.
Data were analyzed using GraphPad Prism 5, and values shown
represent the mean � S.E. of triplicate assays.
Western Blotting—Samples were electrophoresed on SDS-

polyacrylamide gels (12% acrylamide, 1.2% bis-acrylamide)
and transferred toapolyvinylidenedifluoridemembrane (Im-
mobilon-P, Millipore). MSMEG_5458 and USP polyclonal
antibodies were generated in the laboratory and used at a
dilution of 1:5,000. Acetyl-lysine antibody (Cell Signaling
Technology, cat. no. 9441S) was used at a dilution of 1:2500.
To show specificity of the immunoreactive bands, acetyl-
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lysine antibodies were incubated with acetylated bovine
serum albumin for 1 h prior to addition to the Western blot.
This would adsorb antibodies specific to acetylated lysine resi-
dues, thereby preventing their interaction with the proteins
bound to the membrane. Bound antibody was detected by
enhanced chemiluminescence (GE Healthcare).
GST Pulldown Assays—GST-MSMEG_5458 and GST-

Rv0998 proteins were expressed in the E. coli cyc� SP850 strain
upon induction using 500 �M isopropyl-�-thiogalactopyrano-
side. Cells were lysed by sonication in a buffer containing 50mM

Tris-Cl (pH 8.2), 5 mM 2-ME, 100 mM NaCl, 10% glycerol, 5
mM DTT, 5 mM EDTA, 1 mM benzamidine, and 2 mM phen-
ylmethylsulfonyl fluoride, followed by centrifugation at
30,000 � g. The supernatant was interacted with glutathi-
one-agarose beads (Sigma), and the matrix was washed
thrice with lysis buffer, thrice with Wash I buffer containing
50 mM Tris-Cl pH 8.2, 5 mM DTT, 100 mM NaCl, 5 mM

EDTA, and 0.1% Triton X-100, and thrice with Wash II
buffer containing 50 mM Tris-Cl (pH 8.2), 5 mM DTT, 100
mMNaCl, 5 mM EDTA, and 10% glycerol. GST or GST fusion
proteins bound to glutathione beads were interacted with 2
mg of cytosolic proteins from M. smegmatis/M. bovis Bacil-
lus Calmette-Guérin at 4 °C for 1 h, and the beads were
washed five times with 1 ml of buffer containing 150 mM

NaCl, 100 mM Tris-Cl (pH 8.2), 10% glycerol, 2 mM phenyl-
methylsulfonyl fluoride, 5 mM 2-ME, and 1mM benzamidine.
Bound proteins were analyzed on a 12% polyacrylamide gel.
Mass Spectrometry—Protein bandswere excised from the gel

and washed with wash solution (50 mM ammonium bicarbon-
ate/acetonitrile, 1:1, v/v) repeatedly to remove the stain. The gel
pieces were dehydrated in acetonitrile and then dried in a cen-
trifugal evaporator (Heto). The gel piece was then treated with
1.5 mg/ml DTT in 100 mM ammonium bicarbonate, and then
alkylated with 10 mg/ml iodoacetamide in 100 mM ammonium
bicarbonate. Pieces were washed with wash solution and dehy-
drated again. Pieceswere then rehydrated in 50mMammonium
bicarbonate with �200 ng of modified porcine trypsin (Pro-
mega, Madison, WI), and digestion was continued at 37 °C for
12 h. Extraction buffer (60% acetonitrile and 0.1% trifluoroace-
tic acid) was added to the gel pieces to extract the peptides. The
extract was pooled and concentrated in centrifugal evaporator.
Equal volumes of sample and 2,5-dihydroxybenzoic acidmatrix
(1 �l each) were mixed and spotted onto a MALDI plate (MTP
384 ground steel, target plate). The samples were analyzed by
MALDI-TOF (Ultraflex TOF/TOF, Bruker Daltonics, Ger-
many). Flex Control software was used to acquire data using 25
KvA Reflector mode, N2 Laser, 337 nm, and 50 Hz. Each spec-
trum was the sum of the ion intensities from 300 laser shots.
Flex Analysis 2.0 was used to analyze the spectra. The peptide
mass fingerprint data were used to identify proteins using
MASCOT on anM. smegmatis Proteomics Database. Analysis
allowed for a single missed cleavage with a variable modifica-
tion of acetylation and fixed modification of carbamidomethy-
lation of cysteine residues, with mass tolerance of 1 Da.
Cloning and Mutagenesis of MSMEG_4207—MSMEG_4207

was cloned using primers MSMEG_4207FWD and MSMEG_
4207RVS. PCR was carried out on the genomic DNA of M.
smegmatis mc2155, and the product was digested with BamHI

and XhoI and cloned into similarly digested pBKSII(�) to
generate pBKS-MSMEG_4207. The clone was confirmed by
sequencing (Macrogen). The fragment BamHI-XhoI from
pBKS-MSMEG_4207 was cloned into similarly digested
pPROEx-HTb to generate plasmid pPRO-MSMEG_4207.
The USPK104R mutant was generated using mutagenic prim-

ers MSMEG_4207K104R1 and MSMEG_4207K104R2. Wild-
type and mutant proteins were expressed in E. coli BL21(DE3)
andpurified essentially as described forMSMEG_5458 (supple-
mental Fig. S1a).
In Vitro Acetylation of USP—Assays were carried out in a

20-�l total reaction volume containing 25 mM Tris-Cl, 100 mM

NaCl, 5 mM EDTA, 30 �M acetyl-CoA,MSMEG_5458/Rv0998,
and 2 �g of MSMEG_4207(USP) as a substrate, in the pres-
ence and absence of cAMP. Reactions were incubated at
25 °C for 10 min, stopped by boiling in SDS sample buffer,
and analyzed by Western blotting with acetyl-lysine anti-
body and enhanced chemiluminescence using ECL� reagent
(GE Healthcare).
For quantitation of immunoreactivity in aWestern blot assay

was used. Enzymatic assays were performed with varying con-
centrations of MSMEG_5458, acetyl-CoA, and USP as indi-
cated, and incubated for the times indicated at 25 °C. Reactions
were terminated by addition of SDS sample dye and boiled, and
equal aliquots were loaded onto a gel for subsequent Western
blot analysis using the acetyl-lysine antibody and enhanced
chemiluminescence. Images were acquired with the
FluorChem Q MultiImage III system (Alpha Innotech), and
image intensities were quantified using the AlphaView Q ver-
sion 3.03 software. Values obtainedwere analyzed byGraphPad
Prism 5 using built-in equations for enzyme kinetics.
Formeasuring the rate of USP acetylation byMSMEG_5458,

an enzyme-coupled assay was adopted. Acetyltransferase activ-
ity was continuously measured by using a UV-visible spectro-
photometer (VarianCary Bio 100). The assay reactionmixtures
contained 0.2mMNAD, 0.2mM thiamine pyrophosphate, 5mM

MgCl2, 1 mMDTT, 2.4 mM �-ketoglutarate, 50 �M acetyl-CoA,
50 �M MSMEG_4207, 0.03 unit of �-ketoglutarate dehydro-
genase, 190 nMMSMEG_5458, 100 mM sodium acetate, 50 mM

Bis-Tris, and 50mMTris borate buffer, pH 7.5, in a total volume
of 150 �l. All assay components except MSMEG_5458 and
MSMEG_4207 were incubated at 25 °C for 5 min, and the reac-
tion was initiated by the addition of MSMEG_4207 and
MSMEG_5458. The rates were analyzed continuously for 2min
by measuring NADH production at 340 nm.
Generation of the �MSMEG_5458 Strain—A strain with a

deletion of theMSMEG_5458 gene (�MSMEG_5458) was gen-
erated using the suicide vector approach (18). The region 5�
to MSMEG_5458 consisting of �850 bases upstream was
amplified by PCR using primers UPKOMS5458FWD and
UPKOMS5458RVS, and a fragment of�830 bases downstream
of the acetyltransferase region ofMSMEG_5458 was amplified
using DOWNKOMS5458FWD and DOWNKOMS5458RVS
primers. The 5� amplicon was cloned into pBKSII vector using
HindIII and NotI sites, and the 3� amplicon was cloned into
pBKSII(�) vector using NotI and BamHI sites to generate plas-
mids pBKS-MS5458–5�KO and pBKS-MS5458–3�KO. DNA
sequencing confirmed the identity of the cloned sequences.
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The HindIII-NotI cut pBKS-MS5458–5�KO and NotI-BamHI
cut pBKS-MS5458–3�KO inserts were ligated into BamHI-
HindIII cut p2NIL plasmid with kanamycin selection marker
(kindly provided by Prof. Neil Stoker) to generate p2NIL-
MS5458–5�3�KO plasmid. The PacI fragment from pGOAL19
containing three markers (�-galactosidase, hygromycin resis-
tance, and sucrose susceptibility)was cloned intop2NIL-MS5458-
5�3�KO to generate plasmid p2NIL-MS5458–5�3�KO-PacI.
Plasmid p2NIL-MS5458–5�3�KO-PacI (1 �g) was electropo-
rated into M. smegmatis mc2155, and single crossovers and
double crossovers were obtained essentially as described (18).
Double crossovers were further tested by genomic PCR and
Southern blotting to obtain the �MSMEG_5458 strain.

To construct the�MSMEG_5458 strain complementedwith
the MSMEG_5458 gene driven by its own promoter, a KpnI-
MscI fragment from pBKS-MS5458–5�KO, and the MscI-
XbaI fragment from pPRO-MSMEG_5458 were cloned into
KpnI and XbaI digested vector pMH94h (a kind gift of W. R.
Bishai, Johns Hopkins Centre for Tuberculosis Research) to
generate pMH-MSMEG_5458C, which was electroporated in
the �MSMEG_5458 strain. Positive integrants (�MSMEG_
5458Comp) carrying the required insert were screened by col-
ony PCR and validated by Southern hybridization. PCRs were
carried out with primers MS5458FWD and MS5458RVS on
genomic DNA prepared from the wild-type strain and the
�MSMEG_5458 and �MSMEG_5458Comp strains to confirm
the presence of the deletion in the �MSMEG_5458 strain and
the complementation of MSMEG_5458.
Southern Blot Analysis—Southern blotting was carried out by

electrophoretic separation of 2 �g of genomic DNA of wild-type,
knock-out, and complement strains digestedwith EcoRI andAgeI
and by transferring the DNA to Hybond nylon membranes
(Amersham Biosciences). The probe was prepared from a
150-bp fragment amplified using primers MS5458FWD and
UPKOMS5458RVS using pMH-MSMEG_5458C plasmid as a
template. The probe was end-labeled with �-32P-labeled ATP
catalyzed by polynucleotide kinase (New England Biolabs). The
blot was probed at 60 °C for 16 h and washed once in 2� SSC
(0.3 mM NaCl and 30 mM sodium citrate) for 15 min at 60 °C
prior to exposure to a PhosphorImager.
Immunoprecipitation of MSMEG_4207—Whole cell lysates

were used for immunoprecipitation. For pre-clearing, the
lysates were incubated with normal rabbit IgG for 1 h at 4 °C.
Protein G beads were added to the lysates and incubated for
an additional 30 min. The beads were removed by centrifu-
gation, and the pre-cleared supernatant was interacted with
MSMEG_4207 IgG overnight at 4 °C. Protein G beads were
added to the lysates and incubated for an additional 2 h. The
beads were pelleted at 4 °C and washed thrice with wash buffer
(10mMTris-Cl (pH 7.5), 100mMNaCl, 0.1% Triton X-100) and
twice with TBS (10 mM Tris-Cl (pH 7.5), 100 mM NaCl). The
beads were then boiled in SDS sample buffer and subsequently
analyzed by SDS-PAGE and Western blotting.

RESULTS

Identification of a Putative cAMP-regulated Acetyltrans-
ferase in Mycobacteria—Bioinformatic analysis had earlier
identified putative cNMP-binding proteins encoded in

mycobacterial genomes (19). One protein (Rv0998) caught
our interest, because it contained a cNMP binding domain
fused to a GNAT-like acetyltransferase domain. This protein
is encoded as a full-length protein in all sequenced mycobac-
terial genomes, including that of M. leprae, whose genome
has undergone a large degree of pseudogenization (supple-
mental Fig. S2). Interestingly, this domain fusion of a putative
cNMP binding domain to an acetyltransferase domain is
unique to mycobacteria, and we did not come across similar
domain fusions in any other protein in databases.
Alignment of the N-terminal cNMP binding domain to the

regulatory subunit of PKA showed that residues critical for
cAMP binding in PKA (20–21) are conserved in Rv0998 and its
ortholog inM. smegmatis, MSMEG_5458 (Fig. 1A). For exam-
ple, residues involved in hydrogen bonding with the sugar
phosphate moiety of cAMP in PKA RII�(A) (Glu-221, Gly-220,
Arg-230, and Ala-223; 1NE6) are conserved in Rv0998 (Glu-89,
Gly-88, Arg-98, andAla-91) (10). Identical residues are found at
equivalent positions in MSMEG_5458. The hydrogen bonds
that these residues form are protected from the solvent in the
regulatory subunit of PKA by hydrophobic residues that would
also protect the cyclic nucleotide from hydrolysis by phos-
phodiesters. The hydrophobic residues that form this shield
(Leu-222, Ala-232, Gly-183, Ile-180, and Val-179 in 1NE6) are
conserved in Rv0998 (Ile-90, Ala-100, Gly-51, Leu-48, and Leu-
47) andMSMEG_5458 (Ile-87, Ala-97, Gly-48, Ile-45, and Leu-
44). In addition, a residue that contributes to a “hydrophobic
sandwich” holding the adenine ring of cAMP in many cAMP
binding domains (e.g.Val-182 and Val-300 in 1NE6; Val-564 in
1Q43; Ile-321 in 1CX4; Ile-57 in 3I59) is seen in the mycobac-
terial proteins (Val-67 in Rv0998; Val-64 in MSMEG_5458)
(10). A phylogenetic tree of representative cNMP binding
domains along with those from Rv0998 and MSMEG_5458 is
shown in Fig. 1B, indicating that themycobacterial proteins are
related more closely to the A and B domains in cNMP-depen-
dent protein kinases, than the cNMP binding domains in cyclic
nucleotide gated channels, CRPs, and the little studied neurop-
athy target esterases (22).
The C-terminal acetyltransferase domain in Rv0998 and

MSMEG_5458 also shows conservation of critical amino
acids that are important for acetyl-CoA binding and cataly-
sis. Acetyl-CoA is bound in a cleft on the surface of structur-
ally characterized acetyltransferases, and the cleft is com-
posed of hydrophobic amino acids in Motifs A and D (23).
These residues (Gln-184 through Gly-189 in 1YGH) are sim-
ilar to those found at equivalent positions in Rv0998 and
MSMEG_5458, and therefore could be implicated in acetyl-
CoA binding (Fig. 1C). Importantly, a highly conserved cata-
lytic residue (Glu-173 in 1YGH) is seen in Rv0998 (Glu-
235) and MSMEG_5458 (Glu-234), along with additional
hydrophobic residues (Ile-174 and Phe-176 in 1YGH) that are
important inMotif A for acetyl-CoA binding (24, 25). This con-
servation of amino acid sequences strongly suggest that
Rv0998 and MSMEG_5458 could function as cAMP-regulated
acetyltransferases.
MSMEG_5458 Can Bind cAMP and Has Structural Features

Similar to the Regulatory Subunit of PKA—Wecloned the genes
for the predicted proteins from both M. tuberculosis (Rv0998)
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FIGURE 1. Sequence alignment of cNMP binding and acetyltransferase domains. A, multiple sequence alignment of the cNMP binding domains of
Rv0998, MSMEG_5458, regulatory subunits of PKA (RI�, RII�, and RII�), exchange protein activated by cAMP, hyperpolarization-activated cyclic nucle-
otide, and CRP from M. tuberculosis. The Protein Data Bank codes of structurally characterized proteins are shown. Asterisks represent important residues
that are present in cNMP binding domains, which are discussed in the text. The black arrow represents the arginine (Arg-95 in MSMEG_5458) that is
important for cAMP binding. Inset, a diagrammatic representation of the domain organization of MSMEG_5458/Rv0998. B, phylogenetic clustering of
the cNMP binding domains in Rv0998 and MSMEG_5458. The gi numbers (supplemental Table S2, and in some cases, common names along with gi
numbers) are shown, and A or B following the gi numbers identifies the first (N-terminal) or the second cNMP binding domain seen in the full-length
protein sequences. PKA:A, cAMP binding domains in the regulatory subunits of PKA (A domain); GEF, guanine nucleotide exchange factor; PKA:B, cAMP
binding domains in the regulatory subunits of PKA (B domain); PKG:A, cGMP binding domains in cGMP-dependent protein kinases (A domain); PKG:B,
cGMP binding domains in cGMP-dependent protein kinases (B domain); CNG, cyclic nucleotide gated channels; NTE, neuropathy target esterase (also
known as lysophospholipase NTE). Black dots indicate MSMEG_5458 and Rv0998. C, multiple sequence alignment of the acetyltransferase domain of
Rv0998, MSMEG_5458, human GCN5 acetyltransferase, yeast histone acetyltransferase and tetrahymena GCN5 acetyltransferase. The Protein Data Bank
codes of structurally characterized proteins are shown in the alignment. Asterisks represent important residues that are present in cNMP binding
domains, which are discussed in the text. The black arrow identifies the glutamate residue important for acetyltransferase activity.
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and M. smegmatis (MSMEG_5458) and expressed them in an
E. coli strain deleted for the sole adenylyl cyclase gene, to ensure
that purified protein was obtained in a cAMP-free form (sup-
plemental Fig. S1). Because expression of MSMEG_5458 was
more robust, we proceeded with more detailed biochemical
analysis. Gel filtration and dynamic light scattering indicated
that MSMEG_5458 was a dimer (supplemental Fig. S1).
MSMEG_5458 could bind cAMP, and binding could be com-
peted with analogs of cAMP and cGMP (Fig. 2A). An EPAC-
specific analog (8-pCPT-2�-O-methyl-cAMP) was unable to
inhibit cAMP binding toMSMEG_5458, in agreement with the
phylogenetic analysis that indicated the closer similarity of the
cNMPbinding domain inMSMEG_5458 to those found in pro-
tein kinases. MSMEG_5458 showed selectivity toward cAMP
(IC50 100.2 � 4 nM) versus cGMP (IC50 4223 � 1415 nM, Fig.
2B). As was previously seen in the regulatory subunit of PKA
(26), the (Sp)-cAMPS analog demonstrated a binding affinity
similar to that of cAMP (IC50 65 � 12.3 nM), whereas the Rp
isomer was far poorer in terms of its interaction with
MSMEG_5458 (IC50 23.1 � 1.6 �M, Fig. 2B). Analysis of the
data obtained showed that 1 mol of cAMP was bound to 1 mol
of MSMEG_5458. Mutation of Arg-95 to a Lys compromised

cAMP binding in MSMEG_5458, as was seen with an equiva-
lent mutation in PKA (Fig. 2C) (27).
Acetyltransferase Activity of MSMEG_5458—We then pro-

ceeded to study the GNAT-like domain in MSMEG_5458.
Arylamine N-acetyltransferases have been characterized in
mycobacteria (28), but MSMEG_5458 did not acetylate the
aminoglycosides kanamycin or amikacin in biochemical
assays. We therefore hypothesized that MSMEG_5458 could
be a protein acetyltransferase. There has been no report to
date for the acetylation of the �-amino group in lysine in
mycobacterial proteins. We performed Western blot analysis
with antibodies specific to acetylated lysine, using lysates pre-
pared fromM. tuberculosisH37Rv,M. bovis Bacillus Calmette-
Guérin, and M. smegmatis mc2. A number of immunoreactive
bands in lysates prepared from all three strains was detected
(Fig. 3A), which was absent when blotting was performed in
the presence of acetylated bovine serum albumin (Fig. 3A),
thereby indicating the specificity of the antibody. Thus, the
detection of acetylated proteins in mycobacteria strengthened
our hypothesis that the GNAT-like domain in MSMEG_5458
could acetylate proteins, because well characterized protein
acetyltransferases show significant sequence similarity to the

GNAT domain present in Rv0998
and MSMEG_5458 (Fig. 1C).
To identify a putative protein

substrate forMSMEG_5458, we uti-
lized a pull-down approach and
incubated GST-MSMEG_5458 fu-
sion protein with lysates prepared
from M. smegmatis, using GST as a
control. Coomassie staining of the
gel identified a band ofMr � 14 kDa
that appeared to be associated spe-
cifically with MSMEG_5458 (Fig.
3B). Western blotting performed
with acetyl-lysine antibodies indi-
cated that the protein was acety-
lated, although acetylation was not

FIGURE 2. cAMP binding to MSMEG_5458. A, displacement of [3H]cAMP from MSMEG_5458 (�50 nM) by
unlabeled cyclic nucleotides (10 �M). Values represent the mean � S.E.; n 	 3. B, displacement of [3H]cAMP
(�50 nM) from MSMEG_5458 with increasing concentrations of the indicated ligands; n 	 3. Values represent
the mean � S.E. C, binding of [3H]cAMP (�50 nM) to MSMEG_5458R95K. Values shown represent the mean � S.E.
of duplicate determinations in experiments repeated thrice.

FIGURE 3. Protein acetylation in mycobacteria and identification of USP as an interacting partner of MSMEG_5458. A, whole cell lysates (50 �g) prepared
from cultures of M. tuberculosis H37Rv, M. bovis Bacillus Calmette-Guérin, and M. smegmatis were separated by SDS-gel electrophoresis and Western blotting
performed with acetyl-lysine antibodies in the presence or absence of acetylated bovine serum albumin. B, GST or GST-MSMEG_5458 bound to glutathione
beads were incubated with cytosolic fractions prepared from M. smegmatis, in the presence or absence of 10 �M cAMP. Interacting proteins were resolved by
SDS-PAGE and visualized by staining with Coomassie Brilliant Blue. One protein (*) was analyzed by mass spectrometry and identified to be MSMEG_4207
(USP). C, samples obtained after pulldown experiments under the conditions indicated were analyzed by Western blotting with acetyl-lysine antibodies.
Experiments were repeated thrice.
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stimulated by cAMP (Fig. 3C). Peptide mass fingerprinting
identified the protein as MSMEG_4207 (supplemental Fig. S3),
annotated as a USP. USPs are found in diverse organisms from
Archae and Eubacteria to yeast, fungi, and plants (29), and
mycobacterial genomes encode a large number of USP-like
proteins, although the functions ofmost of themare not clear. It
is believed thatUSPs confer resistance to awide variety of stress
conditions, such as hypoxia and UV stress (30).
We clonedMSMEG_4207, expressed it in E. coli and utilized

the purified protein to determine if it was a substrate of
MSMEG_5458 using the in vitro acetyltransferase assays.
Assays were performed in the presence of acetyl-CoA as the
acetyl group donor, and acetylation of USP was monitored by
Western blot analysis using acetyl-lysine antibodies. As seen in
Fig. 4A, acetylation of USP was seen on incubation with
MSMEG_5458 and acetyl-CoA, and acetylation increased in
the presence of cAMP.
Using a direct and quantifiable gel-based assay, we verified that

acetylation of USP by MSMEG_5458 was a bona fide catalysis by
an enzyme. The formation of acetylated USP increased linearly
with time and enzyme concentration (supplemental Fig. S4). As
shown in Fig. 4B, the Km for acetyl-CoA was 10 � 0.3 �M, and
that for USP 335 � 86 nM. Thus, we can conclude that
MSMEG_5458 represents the first protein lysine acetyltrans-
ferase detected to date in mycobacteria.
To determine the site(s) for acetylation inUSP, in vitro acety-

lated USP was separated fromMSMEG_5458 by electrophore-
sis, and the band corresponding to USP was analyzed by mass
spectrometry. Tandem mass spectrometry confirmed that a
peptide of sequence NPVGKLLLGSVAQR (1493.8 Da) con-
tained the acetylated lysine residue (Lys-104, Fig. 4C). As has
been seen in diverse eukaryotic proteins, the Lys residue inUSP
is preceded by a flexible or small amino acid (31).
Allosteric Regulation of Acetylation by cAMP—The presence

of the cNMP binding domain fused to the acetyltransferase
domain in these proteins, and an increase in formation of
acetylated USP in the presence of cAMP (Fig. 4A) suggests
that one domainmay allosterically regulate the activity of the
other. Acetyl-CoA did not affect the binding of cAMP to
MSMEG_5458 (supplemental Fig. S1). We then determined
the initial rate of acetylation of USP in the absence and pres-
ence of cAMP. We monitored acetylation rates in a coupled
assay where the amount of CoA that is liberated following
acetylation is measured by formation of reduced NADH from
NAD� (32). As shown in Fig. 5A,MSMEG_5458 could acetylate
USP in the absence of cAMP (12.8 � 1.2 nmol of NADH
formed/min/ml), and the rate of acetylation was increased
�2.4-fold in the presence of cAMP (31.2 � 5.9 nmol of NADH
formed/min/ml). cGMP was also able to increase the rate of
acetylation by the wild-type protein (31.2� 0.9 nmol of NADH
formed/min/ml in the presence of cGMP, Fig. 5B). Formation
of NADH in the absence of enzyme varied from 1–5% of that
seenwithMSMEG_5458 in the absence of cAMP, reflecting the
very low, non-enzymatic formation of NADH in the coupled
assay.
This potentiation of acetyltransferase activity in the presence

of cAMP was validated when assays were performed with
MSMEG_5458R95K. The mutant protein showed no increase in

FIGURE 4. Acetylation of USP and identification of the site of acetylation.
A, USP (2 �g) was incubated alone, or in the presence of MSMEG_5458 (100
ng), 10 �M cAMP, and acetyl-CoA (30 �M) as indicated at 25 °C for 10 min,
followed by Western blotting with acetyl-lysine antibodies (upper panel). Fol-
lowing blotting, the membrane was stained with Coomassie Brilliant Blue
(lower panel). B, acetylation of USP was monitored in a Western blot based
assay (“Experimental Procedures”). Left panel, assays performed in the pres-
ence of varying concentrations of acetyl-CoA with a fixed concentration of
USP (25 �M). Right panel, assays performed in the presence of varying concen-
trations of USP and a fixed concentration of acetyl-CoA (30 �M). All assays
were incubated at 25 °C for 10 min. Insets show representative blots obtained
from the assays. Values represent the mean � S.E. of assays performed thrice.
C, tandem mass (MS/MS) spectrum of a tryptic peptide of mass/charge ratio
(m/z) 1493.8 obtained from acetylated USP. Singly charged fragment ions
marked in the spectrum in black represent peptide bond cleavage resulting in
sequence information recorded from both the N and C termini (b- and y-type
ions, respectively). This spectrum matched that of the peptide (underlined) in
USP (sequence of purified protein showed as an inset), with mass shift in the
b5 and y10 ions corresponding to acetylation at the lysine residue (bold in
inset).
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the rate of acetylation in the presence of cAMP (Fig. 5C), pre-
sumably because of its inability to bind cAMP (13.1 � 2.4 nmol
of NADH formed/min/ml in the absence of cAMP; 12.2 � 3.3
nmol of NADH formed/min/ml in the presence of cAMP).
These results therefore demonstrate allosteric coupling
between the cNMP binding and acetyltransferase domains in
MSMEG_5458.
GNAT family members perform a sequential mechanism

of acetyl transfer. An active site Glu acts as a base to assist in
deprotonating the Lys residue allowing nucleophilic attack
of the carbonyl carbon of acetyl-CoA, formation of a tetra-
hedral intermediate, and then collapse to the reaction prod-
ucts (33). Sequence alignment of the GNAT-like domain in
MSMEG_5458 with structurally characterized protein
acetyltransferases identified a Glu residue (Glu-234) that
could act as the base at the active site (Fig. 1C). We generated
a Glu-2343Ala mutant and observed that the mutant protein
showed a lower rate of acetylation of USP in the absence of
cAMP (4.8� 0.6 nmol of NADH formed/min/ml, Fig. 5C) than
the wild-type protein, but in the presence of cAMP, an increase
in the rate of acetyltransferase activity could be detected
(16.9 � 1.3 nmol of NADH formed/min/ml). The Glu-2343
Ala mutant was able to bind cAMP as efficiently as the wild-
type protein (supplemental Fig. S1).

Wemeasured the rate of acetylation of a mutant USP, where
the lysine residue that was acetylated in USP wasmutated to an
arginine (USPK104R). As shown in Fig. 5D, no acetylation of
USPK104R was seen on Western blot analysis. These results

demonstrate the absolute specificity of Lys-104 as a site for
acetylation in USP by MSMEG_5458, in agreement with the
results obtained from mass spectrometry.
USP Is a Substrate of MSMEG_5458 in Vivo—Although we

have provided biochemical evidence to show that USP can be
utilized as a substrate of MSMEG_5458 in vitro, it was impor-
tant to determine if MSMEG_5458 could serve as a functional
protein acetyltransferase and useUSP as a substrate in vivo.We
generated a strain of M. smegmatis deleted for MSMEG_5458
as well as complemented the strain by insertion (at the genomic
att site) of the MSMEG_5458 gene driven by its own promoter
(supplemental Fig. S5). We monitored expression of both
MSMEG_5458 and USP in the three strains using antibodies
specific to each of the proteins. NoMSMEG_5458was detected
in the knock-out strain, and expression was restored in the
complemented strain (Fig. 6A). USP levels were comparable in
the wild-type and complemented strains (Fig. 6A).
The overall pattern of acetylation in thewild-type and knock-

out strains was similar as detected by an acetyl-lysine immuno-
blot (data not shown). We immunoprecipitated USP from cul-
tures of the three strains and subjected the immunoprecipitates
to Western blot analysis using acetyl-lysine antibodies. No
acetylated USP could be detected in the strain deficient for
MSMEG_5458, but acetylation was restored in the comple-
mented strain (Fig. 6B). To confirm these results, we subjected
the immunoprecipitated USP to tryptic digestion, and MALDI
analysis showed that whereas the acetylated peptide of mass
1493.8 Da was observed in the wild-type and complemented
strains, no acetylated peptide was observed in the knock-out
strain (Fig. 6C). The two peptides corresponding to cleavage
after the unacetylated lysine residue were seen (807.8 and 957
Da). This clearly indicates that USP is indeed an in vivo sub-
strate for MSMEG_5458 acetyltransferase.
Rv0998 Is a cAMP-dependent Acetyltransferase—Expression

of hexahistidine-tagged Rv0998 was poor in E. coli. However,
sufficient amountswere obtained for biochemical characteriza-
tion on expression as a fusion with GST, and subsequent cleav-
age of Rv0998 from the GST tag. Purified Rv0998 bound cAMP
with an affinity �1000-fold lower than that of MSMEG_5458
(IC50 126 � 26 �M, Fig. 7A). We attempted a pulldown assay
approach to identify substrates from M. tuberculosis H37Rv
using lysates prepared fromM. bovis Bacillus Calmette-Guérin
(which encodes a gene identical to Rv0998) but could not iden-
tify specifically interacting proteins.
An ortholog of MSMEG_4207 is not present in M. tubercu-

losis. Nevertheless, Western blot analysis using acetyl-lysine
antibodies showed that Rv0998 acetylated USP significantly
only in the presence of cAMP (Fig. 7B). These results were
confirmed by the continuous assay where Rv0998 showed a low
rate of acetylation of USP in the absence of cAMP (2.9 � 0.3
nmol of NADH formed/min/ml) but the rate increased �10-
fold in the presence of cAMP (29.9� 4 nmol of NADH formed/
min/ml, Fig. 7C). Therefore, even though species-specific vari-
ability in the biochemical activities of these proteins is observed
with respect to cAMP binding, the fact that USP serves as a
substrate for Rv0998 in vitro suggests that there could be
common in vivo substrates for these proteins in different
mycobacteria.

FIGURE 5. Initial rates of the acetyltransferase activity of MSMEG_5458.
The acetyltransferase activities of wild type (A and B) and mutant
MSMEG_5458 proteins (C) were measured using the coupled assay.
MSMEG_5458 or mutant proteins (1 �g) were assayed in the presence of 30
�M acetyl-CoA and 50 �M USP. The initial rate of formation of NADH is shown,
after subtracting the change in absorbance at 340 nm that is seen in assays
performed in the absence of the enzymes, which was usually �1% of the
change seen in the presence of enzyme. D, USPK104R (50 �M) was used as
substrate for the acetyltransferase activity, in the presence or absence of
cAMP (10 �M). Samples were subjected to Western blotting using acetyl-ly-
sine antibodies, and either wild-type USP or USPK104R. Data shown are a rep-
resentative of assays performed thrice.
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DISCUSSION

The importance of cAMP in regulating biological processes
has been conserved throughout evolution. What remains
unique are downstream effectors coupled to cAMP. We now
have identified a novel mechanism utilized by mycobacteria to
potentially modify protein acetylation in a cAMP-responsive
way.
Our study represents the first biochemical characterization

of proteins containing a fusion of a GNAT-like domain with a
cNMPdomain, and provides a novel downstreameffector func-
tion of cyclic nucleotides in mycobacteria. Such a fusion was
not identified in an earlier analysis of the evolution of cNMP
binding modules in both eukaryotes, and prokaryotic genome
sequences obtained from Global Ocean Sampling (34),
perhaps indicating that this domain fusion may be unique to
mycobacteria.
In a phylogenetic analysis, MSMEG_5458 clusters with bac-

terial and fungal proteins, and based on a classification of the
phosphate binding cassette, has residues that group it with fun-
gal and alveolate regulatory subunits (35). The presence of a
Ser/Thr residue at position 14 in the phosphate binding cas-
sette (Ser-99 in Rv0998 and Thr-96 inMSMEG_5458) explains
the observation that MSMEG_5458 binds to and is also regu-
lated by cGMP (36). Whether cGMP has a physiological role in
mycobacteria is uncertain, because the nucleotide cyclases
encoded inmycobacterial genomes are predicted to be adenylyl
cyclases, although some purified enzymes show low guanylyl
cyclase activity (3).
The affinity of cAMP for MSMEG_5458 is in the range

reported for the isolated A and B domains in the regulatory

subunit of PKA (26). Given the high (�100 �M to 1 mM) con-
centrations of intracellular cAMP inM. smegmatis (9), it is pos-
sible that MSMEG_5458 would almost always be completely
saturated with cAMP. During evolution, this may have resulted
in the production of a protein that shows only a 3-fold increase
in substrate acetylation in the presence of cAMP. However, the
very low acetyltransferase activity of Rv0998 in the absence of
cAMP, and a dramatic increase in the presence, of cAMP, sug-
gests that Rv0998 can be more tuned to the intracellular levels
of cAMP and can modulate the levels of protein acetylation in
the cell more precisely. It is conceivable that the actual rate of
acetylation in vivo could be markedly different to that seen in
vitro and could also be distinct for the two species.
A number of proteins containing acetyltransferase domains

are found encoded in mycobacteria (37), and some have been
characterized. For example, arylamine N-acetyltransferases,
which catalyze the transfer of the acetyl group from acetyl-CoA
to the free amino group of arylamines and hydrazines, can acet-
ylate the antitubercular drug isoniazid, thus possibly prevent-
ing activation of the prodrug in the mycobacterial cell (28).
Rv0802c exhibits the GNAT fold, and co-crystallization with
succinyl-CoA suggested its preferential use as a substrate (38).
We have observed that MSMEG_5458 could utilize butyryl-
CoA as the substrate for acetylation of USP while the activity
with succinyl-CoAwasmuch lower. SomeGNAT-like enzymes
can acetylate proteins (usually histones are used as model sub-
strates) as well as lowmolecular aminoglycosides (39). It is con-
ceivable that MSMEG_5458 and Rv0998 could have non-pro-
teinaceous substrates in mycobacteria, although both these
proteinswere inactive against aminoglycoside antibiotics in our

FIGURE 6. USP is a substrate of MSMEG_5458 in vivo. A, Western blot analysis of whole cell lysates prepared from wild type (WT), �MSMEG_5458 (KO), and
�MSMEG_5458 complemented with wild-type MSMEG_5458 (COMP) strains using polyclonal MSMEG_5458 and USP antibodies. B, whole cell lysates from WT,
KO, and COMP were immunoprecipitated with USP antibody and immunoprecipitates subjected to Western blot analysis with acetyl-lysine antibody followed
by normalization with USP polyclonal antibodies. C, MALDI mass spectra of in-gel tryptic digests of immunoprecipitated USP obtained from WT, KO, and COMP
cells. The peaks in black represent peptides from USP. The 1493.8-Da peptide (represented as a peak marked with a box) corresponds to the acetylated peptide
and is present in USP from WT and COMP strains but absent in the KO strain.
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assays. Itmay also beworth testing if newly describedmycobac-
terial aminoglycoside acetyltransferases such as eis could acet-
ylate proteins in addition to kanamycin (40), especially be-
cause a number of proteins appear to be acetylated in a
MSMEG_5458-independent manner inM. smegmatis.
It is intriguing that the Glu-234 3 Ala mutation in

MSMEG_5458 reduced basal activity of the enzyme, but in the
presence of cAMP, significant acetylation of USP was observed
(Fig. 5C). In a recent study on the structure of the protein
acetyltransferase from Sulfolobus, it was speculated that the
process of inserting the lysine residue in a hydrophobic, sub-
strate-binding pocket seen in protein acetyltransferase could
significantly alter the pKa of the lysine residue, thereby allowing
acetylation to proceed (41). Perhaps a similar mechanism is
seen in MSMEG_5458 whereby cAMP binding could alter the
hydrophobicity of the substrate binding site, thereby reducing
the pKa of the lysine sufficiently to allow the acetylation reac-
tion to occur, without the requirement of the Glu-234 residue
to serve as a base (42).
The tight association of USP with MSMEG_5458 is surpris-

ing, because enzyme-substrate complexes are rarely identified
by pulldown assay approaches in the absence of an inhibitor.
Perhaps this is indicative of USP being a good substrate for
MSMEG_5458, with a high affinity for the enzyme (sup-
plemental Fig. S4). Indeed, USP may be in a stable complex
with MSMEG_5458 in cells under steady-state conditions.

As a corollary, tight binding of
USP would preclude the binding of
other substrates toMSMEG_5458,
and thus USP may act as a regula-
tor of protein acetylation brought
about by MSMEG_5458.
In bacteria as well as eukaryotes, a

number of enzymes involved in cen-
tral metabolic pathways have
recently been shown to be acety-
lated (43–44), suggesting a con-
served means of regulation of in-
termediary metabolism. Protein
acetylation in eukaryotes also regu-
lates DNA-binding activity, pro-
tein-protein interaction, and pro-
tein stability via ubiquitination (45).
In prokaryotes, there are reports of
acetylation of the response regula-
tor CheY (46) and acetyl-CoA syn-
thetase (47). Indeed, Sulfolobus, an
entire machinery for protein acety-
lation and deacetylation, has been
described involving a Sir2-like
deacetylase, the acetyltransferase
protein acetyltransferase, and its
substrate Alba, which is an acetyla-
tion-regulated DNA-binding pro-
tein (48–49). A global analysis of
acetylated proteins inE. coli showed
that a large number are metabolic
enzymes, transcriptional/transla-

tional regulators, and stress response proteins (50). Such a pro-
teome-wide study has not been performed in mycobacteria.
Recent reports on pupylation, as a modification that occurs on
lysine residues in mycobacterial proteins and regulates their
stability (51, 52), suggest that a competition between acetyla-
tion and pupylation may occur on specific lysine residues in
proteins as a means of regulating their stability within the cell.
This of course would occur only if the sites of pupylation and
acetylation overlap, and such studies would be of interest to
pursue.
MSMEG_5458 is not an essential gene, but orthologs are

conserved in all mycobacteria, suggesting a unique require-
ment for this protein product, perhaps under environmental
conditions that are not achieved in laboratory cultures of M.
smegmatis. Acetyl-CoA and NAD (or the NAD:NADH ratio)
are key indicators of cellular energy status, and the requirement
of acetyl-CoA for acetyltransferases and NAD for sirtuin-like
enzymes indicates that protein lysine acetylation serves as a link
that connects cellular energy levels with protein acetylation/
deacetylation activity (53). In mycobacteria, a third player has a
role to play, and that is cAMP. Intracellular cAMP levels if
altered under certain conditions could modulate the effects
brought about by the energy status of the cell and thereby reg-
ulate protein acetylation. The challenge ahead is to identify all
acetylated proteins in mycobacteria and to determine how
many of them are substrates for the Rv0998 family of proteins.

FIGURE 7. Biochemical properties of Rv0998. A, displacement of [3H]cAMP (�50 nM) from Rv0998 (5 �g) with
increasing concentrations of unlabeled cAMP. Values represent the mean � S.E. with n 	 3. B, acetylation of
USP by Rv0998 was monitored by Western blot analysis with acetyl-lysine antibodies performed in the pres-
ence or absence of cAMP (1 mM, upper panel) followed by staining of the blot with Coomassie Brilliant Blue
(lower panel). C, acetyltransferase activity of Rv0998 using the coupled assay, in the absence or presence of 1
mM cAMP. Data are representative of assays performed thrice.
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Importantly, studies to elucidate the consequences of protein
acetylation and deacetylation in the biology of these important
bacteria are also required.
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