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Background: Fatty acyl-AMP ligase FadD33 is required for mycobactin biosynthesis.

Results: FadD33 catalyzes a two-step kinetic mechanism, and FadD33 activity is regulated by post-translational acetylation.
Conclusion: Mycobactin FadD33 activity is reversibly regulated by Pat (acetylation) and DAc1 (deacetylation).

Significant: Post-translational regulation via acetylation of enzymes can modulate siderophore biosynthesis.

Mycobacterial siderophores are critical components for bac-
terial virulence in the host. Pathogenic mycobacteria synthesize
iron chelating siderophores named mycobactin and carboxymy-
cobactin to extract intracellular macrophage iron. The two sid-
erophores differ in structure only by a lipophilic aliphatic chain
attached on the e-amino group of the lysine mycobactin core,
which is transferred by MbtK. Prior to acyl chain transfer, the
lipophilic chain requires activation by a specific fatty acyl-AMP
ligase FadD33 (also known as MbtM) and is then loaded onto
phosphopantetheinylated acyl carrier protein (holo-MbtL) to
form covalently acylated MbtL. We demonstrate that FadD33
prefers long chain saturated lipids and initial velocity studies
showed that FadD33 proceeds via a Bi Uni Uni Bi ping-pong
mechanism. Inhibition experiments suggest that, during the
first half-reaction (adenylation), fatty acid binds first to the free
enzyme, followed by ATP and the release of pyrophosphate to
form the adenylate intermediate. During the second half-reac-
tion (ligation), holo-MbtL binds to the enzyme followed by the
release of products AMP and acylated MbtL. In addition, we
characterized a post-translational regulation mechanism of
FadD33 by the mycobacterial protein lysine acetyltransferase in
a cAMP-dependent manner. FadD33 acetylation leads to
enzyme inhibition, which can be reversed by the NAD*-depen-
dent deacetylase, MSMEG_5175 (DAcl). To the best of our
knowledge, this is the first time that bacterial siderophore syn-
thesis has been shown to be regulated via post-translational pro-
tein acetylation.

Mpycobacterium tuberculosis, the etiologic agent of tubercu-
losis, has developed during its evolution successful tools for
living in the harsh macrophage environment. After bacterial
inhalation and infection, alveolar macrophages act as key play-
ers for the host immune defense by engulfing and degrading the
pathogen within phagolysosomes (1). Pathogenic mycobacteria
have developed complex pathways to subvert host-cell signal-
ing to prevent a fatal fusion of the initial phagosome with the
lysosome (2) and to elicit immune responses leading to the for-
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mation of granuloma (3). A common strategy is the production
of cAMP by mycobacterial adenylate cyclases to stimulate pro-
duction of host cytokines in M. tuberculosis (4, 5) or to stop
phagosome maturation as seen for Mycobacterium microti (6).
The M. tuberculosis H37Rv genome contains an unusually high
number of class III adenylate cyclases (16) and cAMP-binding
proteins (10), highlighting the central role of cAMP in manip-
ulating host immunity and coordinating its own intracellular
regulation (7, 8). Functions of cAMP-binding proteins and their
downstream effectors are mostly unknown with the exception
of two cAMP receptor protein family transcription factors (9,
10) and a protein acetyltransferase (Pat)® (11, 12). Pat was
recently structurally characterized and shows a unique struc-
tural feature with a C-terminal GCN5-related N-acetyl-trans-
ferase domain fused to an N-terminal cAMP-binding domain
(13). This bi-domain fusion allows Pat to inactivate acetyl-CoA
synthase (ACS) via acetylation of a conserved lysine ACS resi-
due (Lys-617) in a cAMP-dependent manner (12). ACS is an
important enzyme for C2 carbon assimilation and metabolism.
Moreover, ACS is also part of large family of acyl-activating
enzyme, which includes FadDs enzymes along with non-ribo-
somal peptide synthetases (14).

During mycobacterial invasion, iron is an essential nutrient
for bacterial growth and for virulence. The host is constantly
depleting iron using serum transferrin (15), and the macro-
phage is keeping iron extremely low through the natural resis-
tance-associated macrophage protein Nramp1 (16), decreasing
the expression of transferrin receptor and intracellular ferritin
(15). Despite iron restriction defense strategies developed by
the host, mycobacteria successfully obtain intracellular iron
using lipophilic siderophores capable of membrane diffusion
(17). To do so, M. tuberculosis synthesize two siderophores, the
lipophilic mycobactin and soluble carboxymycobactin, which
share the same core iron-chelating mycobactin scaffold. The
core mycobactin is synthesized by the mbt-1 gene cluster
(MDtA to ]) (18, 19), whereas the acyl transferase (MbtK)
encoded within the mbt-2 gene cluster (MbtK to N) will transfer
a lipophilic aliphatic chain to the e-amino group of the lysine

2 The abbreviations used are: Pat, protein acetyltransferase; ACS, acetyl-CoA
synthase; Ni-NTA, nickel-nitrilotriacetic acid; MsPat, M. smegmatis Pat; C16-
AMS, 5'-O-(N-(palmitoic) sulfamoyl)adenosine; ACP, acyl carrier protein;
CoASH, coenzyme A; E, free enzyme.
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FIGURE 1. Summary of mycobactin and carboxymycobatin biosynthesis. 10 proteins are involved in the mycobactin core formation (mbt-1 gene cluster)
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FIGURE 2. Adenylation- ligation catalyzed by FadD33 (MbtM).
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TABLE 1
Oligonucleotide sequences
Restriction sites are in boldface type, whereas mutated sites are underlined.

MSMEG_2131_F
MSMEG_2131_R
MSMEG_2131_K260A_F
MSMEG_2131_K260A_R
MSMEG_2131_K511A_F
MSMEG_2131_K511A_R
MSMEG_2132_F
MSMEG_2132_R
Myokinase_F
Myokinase_R

5'-GGAATTCCATATGAACGTGCTCTCCGCGGCGCT-3’
5'-CCCAAGCTTTCCTTTCGATTCCTCCAACTGTC-3'
5'-CGGCCTGATCGGCGCGTACTCGCGCCGG-3’
5'-CCGGCGCGAGTACGCGCCGATCAGGCCG-3’
5'-CACCTCTTCGGGCGCGCTGCGCCGCCTG-3’
5'-CAGGCGGCGCAGCGCGCCCGAAGAGGTG-3’
5'-GGAATTCCATATGCAGTCAACATCCCCTGA-3’
5'-CCCAAGCTTTCACTGGTTGCTCTGCTCC-3’
5'-CCTCGGCCATATGCGTATCATTCTGCTTGG-3’
5'-GCCAAGCAGAATGATAAGCTTTTAGCCGAG-3’

mycobatin core (Fig. 1) (20). Prior to lipophilic acyl chain trans-
fer, the fatty acid chain needs to be activated by the fatty acyl-
AMP ligase FadD33 (also known as MbtM) and then loaded
onto the acyl carrier protein MbtL for final transfer by MbtK
(Fig. 2) (20).

In this study, we have carried out a detailed enzymatic char-
acterization of the fatty acid AMP ligase, FadD33, and demon-
strated that FadD33 can be reversibly inactivated by Pat acety-
lation in a cyclic AMP-dependent manner and reactivated by a
specific deacetylase. In eubacteria, post-translational regula-
tion via acetylation of enzymes involved in siderophore biosyn-
thesis has no precedent.

MATERIALS AND METHODS

Materials—Molecular biology reagents were from Invitro-
gen, New England Biolabs, Novagen, Qiagen, or Stratagene. All
chemicals were purchased from Sigma-Aldrich, unless other-
wise noted.

Cloning, Expression, and Purification of FadD33—The fatty acyl
AMP ligase, FadD33 (MSMEG_2131) was amplified from Myco-
bacterium smegmatis mc>155 genomic DNA using the primers
pairs MSMEG_2131_F and MSMEG_2131_R containing Ndel
and HindIII sites, respectively (Table 1). The PCR amplicon was
ligated into the pYUB1062N vector and then transformed into
Escherichia coli DH5a competent cells to create FadD33-
pYUB1062 plasmid. A sequence-verified construct was trans-
formed in Mpycobacterium smegmatis mc>4517 for protein
expression. A 1-ml preculture was used to inoculate 1 liter of
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= (CH,),CH; with n = 16-19 or R1 = (CH,),CH = CH(CH,),CH; with x +
= (CH,),CH = CH(CH,),COOCH,/COOH with x + y = 1-5 hydrophilic

7H9 medium (BD), supplemented with 0.2% glycerol, 0.025%
Tween 20, 5% albumin-dextrose-catalase supplement (Difco),
25 ug/ml kanamycin, and 100 ug/ml hygromycin. The culture
was grown to midlog phase (A4, ~ 0.6) at 37 °C and then
induced by the addition of 2.25 g/liter of acetamide. After 20 h
of additional incubation (37 °C), cells were harvested by centrif-
ugation (6,000 X g, 20 min) and stored at —80 °C. The cell pellet
was thawed and resuspended in lysis buffer (50 mm sodium
phosphate, pH 8.0, containing 300 mm NaCl, 10 mm imidazole)
supplemented with DNase I (0.1 ug/ml) and protease inhibitors
(Roche Diagnostics). Resuspended cells were disrupted using
an Avestin homogenizer (10,000 psi for 2.30 min in a closed
circuit), and cellular debris was removed from the lysate by
centrifugation at 38,000 X g for 1 h. To eliminate any residual
debris, the supernatant was filtered using a 0.45-um filter
(Corning). The tagged proteins were purified from the clarified
supernatant by Ni** column chromatography using Ni-NTA
Superflow resin according to the manufacturer’s instructions
(Qiagen). After a 10-column volume wash with lysis buffer, the
bound protein was eluted with a linear imidazole gradient (30 —
150 mm) at a flow rate of 1 ml/min. Pure fractions, as deter-
mined by SDS-PAGE were pooled together for buffer-exchange
into 50 mM sodium phosphate, 150 mm NaCl, pH 8.0. The pro-
tein was concentrated using a 10-kDa cut-off centrifugal filter
device (Millipore) to a final concentration of 300 M.

Cloning, Expression, and Purification of MbtL—The acyl carrier
protein, MbtL (MSMEG_2132) was amplified from M. smegmatis
mc?155 genomic DNA using the primer pairs MSMEG_2132_F
and MSMEG_2132_R, which contained Ndel and HindIII restric-
tion sites, respectively (Table 1). The PCR amplicon was ligated
into a pET-28a(+) vector and then transformed into E. coli
DH5a competent cells to create the pET-28a(+)::MbtL N-ter-
minally His, tag plasmid. A sequenced verified construct was
transformed into E. coli T7 express lys”/I? for protein expres-
sion. A 4-ml preculture was used to inoculate 1 liter of Luria-
Bertani medium supplemented with 50 wg/ml kanamycin. The
culture was grown to mid log phase (444, ~ 0.8) at 37 °C and
then induced by the addition of 1 mm isopropyl-1-thio-3-p-
galactopyranoside. After 18 h of additional incubation (25 °C),
cells were harvested by centrifugation (6,000 X g, 20 min) and
stored at —80 °C. MbtL was purified using Ni-NTA affinity as
described above for FadD33. Pure fractions, as determined by
SDS-PAGE were pooled together, and the MbtL protein was
concentrated using a 3-kDa cut-off centrifugal filter device
(Millipore). A second step of purification via exclusion chroma-
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tography was performed on a S75 column (GE Healthcare)
equilibrated with 100 mm HEPES, 250 mm NaCl, pH 7.8, and
controlled by an Akta FPLC pump. Fractions containing MbtL
were determined by SDS-PAGE and concentrated as described
above to a final concentration of 1000 um.

Phosphopantetheinylation of MbtL—To convert the apo
form of MbtL to the phosphopantetheinylated form, holo-
MBbtL, the phosphopantetheinyl transferase Sfp was used. The
plasmid containing the Bacillus subtilis sfp gene (kind gift from
C. T. Walsh) was transformed in E. coli, expressed, and purified
as described by Yin and co-workers (21, 22). 250 uM apo-MbtL
was incubated with 2.5 um Sfp in 50 mMm sodium phosphate, pH
7, with 10 mm MgCl,, 5mM DTT, 500 um coenzyme A (CoASH)
in a 15-ml reaction volume. The reaction was allowed to pro-
ceed at 25°C for 4 h, before buffer-exchange into 100 mm
HEPES, 250 mm NaCl, pH 7.8. Phosphopantetheinylated holo-
MbtL was confirmed by Fourier transform mass spectrometry.

Cloning, Expression, and Purification of Myokinase—The
adenylate kinase, myokinase was amplified from E. coli genomic
DNA using the primer pairs Myokinase_F and Myokinase_R,
which contained Ndel and HindlIII resctriction sites, respec-
tively (Table 1). The PCR amplicon was ligated into the pET-
28a(+) vector and then transformed into E. coli DH5a compe-
tent cells to create pET-28a(+):MK N-terminally His, tag
plasmid. A sequenced-verified construct was transformed in
E. coli T7 express lys”/1? for protein expression. A 4-ml precul-
ture was used to inoculate 1 liter of Luria-Bertani medium sup-
plemented with 50 ug/ml kanamycin. The culture was grown to
mid log phase (44y, ~ 0.8) at 37 °C and then induced by addi-
tion of 1 mMm isopropyl-1-thio-B-p-galactopyranoside. After
18 h of additional incubation (30 °C), cells were harvested by
centrifugation (6,000 X g, 20 min) and stored at —80 °C. Myoki-
nase was purified using Ni-NTA affinity as described above for
FadD33. Pure fractions, as determined by SDS-PAGE were
pooled together for buffer-exchange into 50 mm sodium phos-
phate, 150 mm NaCl, pH 8. The protein was concentrated using
10-kDa cut-off centrifugal filter devices (Millipore) to a final
concentration of 400 um and then diluted to 100 uM in 3.2 M
(NH,),SO, and 1 um EDTA, pH 6.

Protein Concentrations—The concentrations of MbtL, myoki-
nase, and FadD33 were determined using the Bio-Rad protein
assay using bovine serum albumin as a standard.

Measurement of Enzymatic Activity—The enzymatic activity
of FadD33 was determined spectrophotometrically by coupling
the formation of AMP to the reactions of myokinase, pyruvate
kinase, and lactate dehydrogenase as described previously (23,
24). Reactions were performed in 100 mm HEPES, pH 7.8, 10
mm MgCl,, 250 mm NaCl, 1 mm PEP, 0.15 mm NADH, 200 pum
holo-MbtL, 18 units of myokinase, 18 units of pyruvate kinase,
and 18 units of lactate dehydrogenase in a final volume of 100
pl. Magnesium is a cofactor required by pyruvate kinase and by
FadD ATP-dependent enzymes. Typically, 1 um FadD33 was
used and incubated 5 min at 25 °C with the reaction mix prior to
reaction initiation by substrate addition with fatty acid. The
reaction was monitored for ~5 min at 340 nm (Ae;,, = 6220
M~ ' cm ™) using a Shimadzu spectrophotometer (UV-2450).

Initial Velocity Experiments—Initial kinetic parameters (k,

cat

and K,,) were obtained by saturating with two substrates and
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FIGURE 3. Structure of bisubstrate analog C16-AMS.

varying the concentration of a third substrate. For ATP kinetic
constant determination, both holo-MbtL (500 um) and lauric
acid (C12; 100 um) were kept at fixed saturating concentrations,
and ATP (10-80 uMm) was at variable concentrations. For holo-
MbtL kinetic constant determination, both ATP (100 um) and
C12 (100 um) were kept at fixed saturating concentrations, and
holo-MbtL (25-400 uM) was kept at variable concentrations.
For lauric acid kinetic constant determination, both holo-MbtL
(500 um) and ATP (100 um) were kept at fixed saturating con-
centrations, and lauric acid (5— 80 um) was kept at variable con-
centrations. Individual substrate saturation kinetic data were
fitted to Equation 1,

v=(VA)/(K+ A) (Eq. 1)

where V'is the maximal velocity, A is the substrate concentra-
tion, and K is the Michaelis-Menten constant (K,,). To probe
the kinetic mechanism of FadD33, initial velocity patterns
were determined at various concentrations of one substrate in
the presence of different fixed concentrations of a second sub-
strate with a saturating and constant concentration of the third
substrate. Initial velocity data were fitted to Equation 2 for a
parallel pattern and to Equation 3 for an intersecting pattern
using Sigma Plot software (version 11.0),

v = (VAB)/(K\B + KsA + AB) (Eq.2)

v = (VAB)/(KsBg + K\B + KzA + AB) (Eq.3)

where K, and Kj; are the Michaelis constants for the varied
substrates A and B, respectively, and K;, is the dissociation
constant for substrate A.

Inhibition Experiments—Product inhibition studies with
pyrophosphate were performed at varying concentrations of
lauric acid, holo-MbtL (500 uMm), and 400 um or 30 um ATP.
Product inhibition kinetic data were fitted to Equation 4 for an
uncompetitive pattern and Equation 5 for a noncompetitive
pattern using Sigma Plot software (version 11.0),

v=(VA)/[K+A( +1/K;)] (Eq.4)

v = (VA)/[K(1 +1/Ky) + A(1 + I/K;)] (Eq. 5)

where I represents the concentration of inhibitor and K, and K;
are the inhibition constants for the slope and intercept terms,
respectively.

Bisubstrate Analog Inhibition Experiments—The bi-sub-
strate, hydrolytically stable adenylate analog, 5'-O-(N-(palmi-
toic) sulfamoyl)adenosine (C16-AMS), kind gift of Prof. Court-
ney Aldrich, was tested as an inhibitor of FadD33 (Fig. 3). The
C16-AMS analog was tested as an inhibitor versus both lauric
acid (80 uM ATP and 300 um MbtL) and ATP (40 uMm lauric acid
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and 300 um MbtL). Inhibition kinetic data were fitted to Equa-
tion 6 for a competitive pattern.
v = (VA)/IKO +1/Ky) + A] (Eq.6)

Expression and Purification of MSMEG_5458, MSMEG_5175,
and MSMEG_4620—The acetyltranferase, MsPat (MSMEG_5458)
and the two deacetylases, DAcl and DAc2 (MSMEG_5175 and
MSMEG_4620) were purified as described previously (12).

Site-directed Mutagenesis and Purification of FadD33-K260A
and FadD33-K511A and Double Mutant FadD33-K260A/
K511A—The two independent mutations K260A and K511A
and the double mutant K260A/K511A were introduced into
pYUB1062::FadD33 plasmid using the QuikChange mutagen-
esis kit (Stratagene) with the primers listed in Table 1. The
mutations were confirmed by DNA sequencing. The expres-
sion and purification of FadD33 mutants were the same as
described for the wild type.

In Vitro Acetylation Assay—10 um FadD33 or mutant proteins
were incubated with 1 mm cAMP, 100 uM acetyl-CoA, and 1 um
MsPat at 37 °C for 4 h. Samples were then analyzed by SDS-PAGE.
Proteins were transferred to a nitrocellulose membrane. Western
blots were performed using an anti-acetyllysine antibody (Cell Sig-
naling Technology, Inc. and ImmuneChem Pharmaceuticals, Inc.,
dilution of 1:2000) and goat anti-rabbit IgG AP conjugate (Bio-Rad
Laboratories, dilution of 1:2000). Development was carried out
according to the manufacturer’s instructions.

Mass Spectrometric Analysis of Acetylated FadD33—The mass
spectrometric analysis was performed at the Laboratory for Mac-
romolecular Analysis and Proteomics of the Albert Einstein Col-
lege of Medicine. Acetylated FadD33 was analyzed by SDS-PAGE.
The single protein band corresponding to FadD33 was excised
from the gel. After trypsin digestion, the 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 conducted with the Ultimate™ * nano-HPLC system using a
PepMap C18 column (2 wum, 100 A, 75 um X 15 cm, Dionex).
After 15 min of desalting with the solvent A (2% acetonitrile, 0.1%
formic acid in water), a gradient elution was performed at 300
nl/min and increasing solvent B (80% acetonitrile, 0.1% formic acid
in water) from 0-35% in 40 min, 35-50% in 5 min, 50—-90% in 5
min, and then held at 90% B for 5 min. The 10 most intense ions
that have a charge state between +2 to +4, determined from an
initial survey scan from 300 to 1800 1/z, were selected for frag-
mentation (MS/MS). MS/MS was performed using an isolation
width of 2 m/z and a normalized collision energy of 35%.

The MS/MS data were searched against the M. smegmatis
protein database (NCBI) with carbamidomethylation (Cys),
deamidation (Asn and Gln), pyro-Glu (Glu and Gln), oxidation
(Met), and acetylation (Lys) as variable modifications using the
Mascot search engine (Matrix Science). Up to two missed tryp-
sin cleavage sites were allowed. The program-identified pep-
tides were verified manually.

Time-dependent Inactivation of FadD33 and FadD33-
K260A—20 pum FadD33 or 20 uM FadD33-K260A were incu-
bated with 1 mm cAMP and 100 um acetyl-CoA with 5 um
MsPat in 50 mm HEPES, 100 mm NaCl, pH 7.5, at 37 °C. Ali-
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quots of the reaction mixture were withdrawn every hour. The
residual activity of FadD33 and FadD33-K260A were measured
as described above. Control experiments were performed when
MsPat or acetyl-CoA were not included.

Time-dependent Reactivation of Acetylated FadD33 and
FadD33-K260A—FadD33 enzymes were acetylated by MsPat
as described above. The acetylated FadD33 enzymes were then
purified by Ni-NTA chromatography and used in the deacety-
lation assay. A typical reaction mixture contained 10 um acety-
lated FadD33,2 mm NAD™, and 2 um MSMEG_5175 (DAc1) or
MSMEG_4620 (DAc2). The FadD33 and mutant activities were
measured every hour. Control experiments were performed
without adding NAD™ or the deacetylase.

RESULTS

Cloning, Expression, and Purification of FadD33—In a previous
report, FadD33 expressed in E. coli was claimed to be present pre-
dominantly in inclusion bodies (20). To avoid this problem,
FadD33 was expressed in M. smegmatis. PCR amplification of the
FadD33 gene yielded a single fragment of the expected length
(1575 bp). After DNA verification by sequencing, homologous
expression in M. smegmatis yielded satisfactory quantities of solu-
ble FadD33; 10 mg per liter of culture. As judged by SDS-PAGE
(data not shown), FadD33 was purified to homogeneity after Ni* " -
column affinity chromatography with an apparent molecular mass
of ~57,000 Da. The observed FadD33 molecular mass is consis-
tent with the predicted molecular weight of 57,400 calculated from
the amino acid sequence, including the His, tag.

Cloning, Expression, and Purification of MbtL—PCR ampli-
fication of the MbtL gene yielded a single fragment of the
expected length (270 bp). After sequence verification, heterol-
ogous expression in E. coli yielded satisfactory quantities of sol-
uble apo-MbtL; 12.5 mg per liter of culture. As judged by SDS-
PAGE (data not shown), apo-MbtL was 95% homogeneous, after
Ni*"-column affinity chromatography and Superdex-200 gel fil-
tration with an apparent molecular mass of ~11,000 Da, consist-
ent with the molecular weight of 11670 calculated from the
amino acid sequence including the His, tag. For the subsequent
kinetic analysis with FadD33, apo-MbtL is required to be phos-
phopantetheinylated (holo-MbtL form). Sfp, a phospho-
pantetheinyl transferase from B. subtillis was used to covalently
transfer the 4’-phosphopantetheinyl group from coenzyme A
onto apo-MbtL as described under “Materials and Methods.”
The conversion of apo-MbtL to holo-MbtL was confirmed by
Fourier transform mass spectral analysis (data not shown).
Apo-MbtL with a calculated molecular mass of 11,521 Da,
without the first methionine, was converted to holo-MbtL with
the corresponding 11,861 Da matching the addition of the
phosphopantetheine moiety (340 Da). Kinetic data revealed
that the apo form of MbtL is not a substrate for FadD33, thus
revealing the necessity of phosphopantetheinyl modification of
MBbtL for FadD33 substrate activity. In addition, holo-acyl car-
rier protein (holo-ACP) from the M. tuberculosis PpsA module,
which is involved in phenolic glycolipid and phthiocerol dimy-
cocerosate biosynthesis, was tested as a substrate for the
FadD33 reaction. Holo-ACP was not recognized as a substrate
by FadD33 (data not shown), thus revealing a specific interac-
tion of FadD33 with its natural substrate MbtL.
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TABLE 2

FadD33 wild type and FadD33-K260A mutant acyl chain length selec-
tivity and kinetic parameters

Initial velocities were measured spectrophotometrically in 100 mm HEPES, pH 7.8,
10 mm MgCl,, and 250 mm NaCl as described under “Materials and Methods.”

Enzyme/Substrate K, Keae k.. /K,,
Y min~! um L min~!

FadD33 wild type

Hexanoic acid (C6) 129 + 25 0.11 = 0.01 0.0008 =+ 0.0001

Decanoic acid (C10) 121 =22 1.5 +0.1 0.012 =+ 0.004

Lauric acid (C12) 21 =4 24+ 0.1 0.110 = 0.003

Palmitic acid (C16) 19 +0.3 42 +0.1 2.3 +0.1

ATP 15+1 1.3+£0.2 0.085 * 0.008

MbtL-holo 106 * 19 2.0+0.1 0.018 = 0.006
FadD33-K260A

Lauric acid (C12) 3.4 *+05 0.51 = 0.01 0.15 = 0.01

Cloning, Expression, and Purification of Myokinase—Due to
an interruption of commercial myokinase, E. coli myokinase
was cloned. PCR amplification of the myokinase gene yielded a
single fragment of the expected length (705 bp). After DNA
sequence verification, heterologous expression in E. coli gave
large quantities of soluble myokinase, 30 mg per liter of culture.
Asjudged by SDS- PAGE (data not shown), myokinase was 95%
homogeneous, after Ni>*-NTA column affinity chromatogra-
phy with an apparent molecular mass of ~25,000 Da, consistent
with the molecular weight of 25,767 calculated from the amino
acid sequence, including the His, tag. The enzyme activity was
equivalent to the commercial myokinase.

Substrate Specificity of FadD33—The enzymatic activity of
FadD33 was followed by monitoring the formation of AMP as
described under “Materials and Methods.” FadD33 displays
typical Michaelis-Menten profiles. To investigate the substrate
specificity of FadD33, the protein was incubated with different
length fatty acids ranging from C6 to C16. The enzyme exhibits
measurable activity with all the substrates tested (Table 2) with
astrong preference for palmitic acid (C16). Apparent K, values
of FadD33 for fatty acids decrease as the chain length increases
from C6 to C16. According to the k_,,/K,, values, the enzyme
prefers the fatty acids with longer length acyl chain as observed
previously for the lysine acetyl N°®-acyltransferase (MbtK),
which is the enzyme transferring the ACP bound fatty acyl
chain onto the N*-lysine of the mycobactin core (25). The pref-
erence for the C16 substrate indicates that FadD33 is primarily
involved in the biosynthesis of the lipophilic mycobactin but
raises the following question. Does FadD33 utilize smaller fatty
acids or dicarboxylic acids for carboxymycobactin formation?
We therefore tested several compounds: butyric acid (C4), suc-
cinic acid (C4), caproic acid (C6), and the mono-methyl caproic
acid (C6), but none of the small acids were a substrate for
FadD33. For all subsequent experiments, lauric acid (C12) was
used instead of the preferred C16 substrate to avoid potential
micelle formation at high concentrations of C16.

Kinetic Mechanism—The kinetic mechanism of FadD33 was
determined by initial velocity experiments using the coupled
assay described under “Materials and Methods.” The parallel
lines observed in double reciprocal plots of the initial velocity
using either ATP or lauric acid (C12) as varied substrates and
holo-MbtL as the fixed substrate suggest a ping-pong kinetic
mechanism for FadD33 (Fig. 4, A and B). The intersecting lines
observed in double-reciprocal plots of the initial velocity with
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FIGURE 4. Kinetic mechanism of FadD33. A, assays were performed at vary-
ing concentrations of lauric acid (10-45 um), a saturated concentration of
ATP (400 um), and fixed concentrations of MbtL (40 (O), 60 (@), 80 (A),and 160
(A) uMm). B, assays were performed at varying concentrations of ATP (15-80
M), a saturated concentration of lauric acid (100 um), and fixed concentra-
tions of MbtL (60 (O), 80 (@), 120 (A), and 160 (A) um). C, assays were per-
formed at varying concentrations of lauric acid (10-80 um), a saturated con-
centration of MbtL (500 um), and fixed concentrations of ATP (10 (O), 15 (@),
20 (A), 40 (A), and 80 (L) um). Activity assays were measured spectrophoto-
metrically in 100 mm HEPES, pH 7.8, 10 mm MgCl,, and 250 mm NaCl as
described under “Materials and Methods.” The lines are fits of the data to
Equations 2 for A and B, and Equation 3 for C.
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varying concentrations of ATP and lauric acid at saturating
concentration of holo-MbtL are indicative of the formation of a
ternary E-C12-Mg>*-ATP complex, where E is free enzyme
(Fig. 4C). These data were globally fitted to Equation 2 or 3,
yielding K, values for ATP, lauric acid, and holo-MbtL (Table
2). Pyrophosphate (PP;) was used as a product inhibitor versus
lauric acid and ATP to further probe the nature of the ping-
pong kinetic mechanism. When pyrophosphate was used ver-
sus lauric acid at non-saturating concentration of ATP, an non-
competitve inhibition pattern was observed (Fig. 54), yielding
to inhibition constants of 50 * 18 um and 91 * 46 um for K,
and K, respectively. However, when pyrophosphate was used

versus lauric acid, an uncompetitve inhibition pattern was
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FIGURE 5. Product inhibition studies of FadD33 by pyrophosphate at 30
M ATP (A) and (B) 400 um ATP. In A, the following assays were performed: 0
(O), 10 (@), 20 (A), 40 (A), and 80 () um pyrophosphate. In B, the following
assays were performed: 0 (O), 20 (@), 40 (A), and 80 (A) um pyrophosphate.
Activity assays were measured spectrophotometrically in 100 mm HEPES, pH
7.8, 10 mm MgCl,, and 250 mm NaCl as described under “Materials and Meth-
ods.” The lines are fits of the data to Equations 5 and 4 for Aand B, respectively.
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observed at a saturating concentration of ATP (Fig. 5B), yield-
ing a K;; value of 55 = 6 um. These product inhibition patterns
suggest that lauric acid binds to FadD33 prior to ATP and that
pyrophosphate is released after both lauric acid and ATP have
bound to the enzyme, but before holo-MbtL binds. The data
collected from initial velocity and product inhibition experi-
ments, are characteristic of a Bi Uni Uni Bi ping-pong kinetic
mechanism for FadD33. As proposed in Fig. 6, lauric acid first
binds to the free enzyme followed by the binding of Mg®"-ATP
to form an E-C12-Mg>"-ATP ternary complex, where E is free
enzyme. The next step is the formation of the lauryl-adenylate
with subsequent release of pyrophosphate from the enzyme.
Holo-MbtL binds to the enzyme lauryl-adenylate and forms a
thioester bond between C12 and the reactive terminal thiol
group of the phosphopantetheine group of MbtL. Finally, the
two newly formed products, AMP and lauryl-MbtL, are
released from the enzyme. Unfortunately, due to the type of
coupling enzyme assay used, it was not possible to establish
with certainty the order of products released from the enzyme.
Bi-substrate Analog Inhibition Experiments—The bi-sub-
strate, hydrolytically stable adenylate analog, C16-AMS (Fig. 3)
was synthesized as described previously (26) and tested as an
inhibitor of FadD33 because it is a structural analog of the C12-
adenylate. The 5'-O-(N-(palmitoyl) sulfamoyl)adenosine acts
as a competitive inhibitor versus both ATP and lauric acid with
apparent K; values of 2.8 = 0.4 uMm and 2.1 = 0.3 uMm, respec-
tively (Fig. 7, A and B). These data are consistent with the Bi Uni
Uni Bi ping-pong kinetic mechanism illustrated in Fig. 6.
Specific Acetylation of FadD33 by Protein Lysine Acetyltrans-
ferase—In addition to investigating the enzymatic mechanism
of FadD33, we also looked at the possibility of fatty acid adeny-
late ligase regulation on the post-translational level. Recently,
Pat has been identified as a cAMP sensor in mycobacteria and
regulator of a metabolic enzyme ACS (12). FadD33 catalyzes a
similar reaction to ACS, adenylation followed by a thioestera-
tion (thiol ligation). Moreover, the acetylation site in ACS (Lys-
617) is conserved in FadD33 (Lys-511, Fig. 8). By examining the
amino acid sequence around the acetylation site in ACS, we
noted the presence of a glycine residue preceding the acetyla-
tion site that likely minimizes the steric hindrance between the
acetyltransferase and the protein substrate and also two nearby
basic residues that likely will reduce the pK, value of the e-NH,
group of Lys-511, facilitating acetylation (Fig. 8). Because this
sequence pattern is highly conserved in FadD33, we believed
that FadD33 may also be substrate for Pat. According to a West-
ern blot-based acetylation assay using anti-acetyllysine anti-
body, FadD33 was acetylated by Pat in the presence of acetyl-
CoA and cAMP, but not acetylated when either acetyl-CoA or
cAMP were absent (Fig. 9, lanes 1-4). This observation
strongly suggests that FadD33 is a substrate for Pat. To deter-
mine the site(s) of acetylation in FadD33, in vitro-acetylated

MbtL Fatty acyl MbtL AMP

| ]

E E-fatty acid E-fatty acid-Mg2*-ATP
E-fatty acyl adenylate-Mg2*-PPi

E-fatty acyl MbtL-AMP

> E-fatty acyl adenylate <E-fatty acyl adenylate-Mth) E-AMP E

FIGURE 6. Proposed Bi Uni Uni Bi ping-pong kinetic mechanism for FadD33. £, free enzyme.
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FadD33 was separated by SDS-PAGE from Pat, and the
extracted FadD33 band was analyzed by mass spectrometry.
Although 80% sequence coverage was achieved for FadD33 (data
not shown), the tryptic peptide (TSSGKLR) containing the pre-
dicted acetylation site lysine 511 was not identified in the mass
spectrometric analysis, possibly due to glycosylation and/or
phosphorylation on the serine/threonine residues within that
particular peptide. Despite the lack of mass spectrometric evi-
dence, we observed a dramatic decrease in acetylation in the
Western blot-based assay when lysine 511 was mutated to ala-
nine (Fig. 9, lane 6), suggesting Lys-511 is the major acetylation
site in FadD33. The fact that the acetylation was not eliminated
for the K511A mutant indicates that Lys-511 is not the only
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FIGURE 7. Inhibition studies of FadD33 with 5’-O-(N-(palmitoyl) sulfa-
moyl)adenosine as inhibitor. In A, assays were performed at varying con-
centrations: 0 (A), 2 (A), 4 (@), and 6 (O) um of 5’-O-(N-(palmitoyl) sulfamoyl)-
adenosine; 40 uM lauric acid; and varying concentrations of ATP (30-80 um).
In B, assays were performed at varying concentrations: 0 (L), 2 (A), 4 (1), 6 (@),
and 8 (O) um of 5’-O-(N-(palmitoyl) sulfamoyl)adenosine; 80 um ATP; and
varying concentrations of lauric acid (15-80 um). Activity assays were mea-
sured spectrophotometrically in 100 mm HEPES, pH 7.8, 10 mm MgCl,, 250 mm
NaCl as described under “Materials and Methods.” The lines are fits of the data
to Equation 6 for A and B.

M.tb FadD33
M.smeg FadD33
M.tb ACS

252 NFAYNLIGKYARRVSE 268
252 NMAYGLIGKYSRRLTD 268
358 PTLIRMFMKWGREIPD 374

acetylation site. This is supported by the mass spectrometric
analysis that showed that lysine 260 is also acetylated (Fig. 10).
Interestingly, the sequence around Lys-260 shares the same
pattern described above for ACS, with a glycine residue preced-
ing the acetylation site and two basic residues in close proximity
(Fig. 8). Consistently, a slight decrease in acetylation was
observed for the FadD33-K260A mutant in comparison with
wild type FadD33 (Fig. 9), and acetylation was eliminated for
the FadD33 double mutant (K260A/K511A) (Fig. 9, lane 7).
Therefore, Pat acetylates both Lys-260 and Lys-511 in FadD33
with Lys-511 being the major acetylation site.

Effect of Acetylation on FadD33 Activity—To identify the
functional consequences of acetylation on Lys-260 and Lys-
511, we measured the activity and kinetic parameters of the
FadD33 mutants. Comparison of the FadD33-K260A mutant
versus the wild type FadD33 revealed only a 4-fold reduction of
the k_,, (Table 2), suggesting that lysine 260 is not required for
catalysis. However, the activity of the FadD33-K511A mutant is
completely abolished. It was shown in the FadD13 structure
that the equivalent residue to FadD33 Lys-511, FadD13 Lys-487
faces the catalytic pocket in the acyl-adenylate-forming confor-
mation (27) and that the FadD13-K487A mutant exhibits a
30-fold reduction of the k_,, (28). Acetylation on Lys-511 is
therefore likely to have functional consequences on FadD33
activity. To investigate the effects of acetylation, the activity of
FadD33 was monitored overtime in the presence of Pat. Wild
type FadD33 and FadD33-K260A gradually lost activity during
Pat-mediated acetylation (Fig. 114), and the loss of FadD33
activity is dependent on both Pat and acetyl-CoA. Two known
deacetylases, DAcl and DAc2, are present in the M. smegmatis
genome and were tested using acetylated FadD33. In Fig. 11B,
gradual reactivation of FadD33 activity is observed only with
DAcl and NAD™. In contrast, DAc2 was unable to reverse Pat
acetylation. FadD33-K260A activity could also be rescued by
DAc1 deacetylase. These results suggest that the catalytic activ-
ity of FadD33 is regulated by Pat and DAc1 via the reversible

Ponceau red

S— — a-AcK
FadD33 + + + + N - -
FadD33y260a - - - - + - -
FadD33ys11a - - - - - + -
FadD33260a ks11a = = = = = B +
cAMP + - + + + + +
AcCoA + + - + + + +
Pat + + + - + + +

FIGURE 9. Acetylation pattern of FadD33 and FadD33 mutants by Pat.
FadD33 were analyzed by Western blot (bottom panel) with acetyl-lysine anti-
body (a-AcK), and the total protein was determined by Ponceau red (top
panel). AcCoA, acetyl-CoA.

499 SLPRTSSGKLRRLAVR 515
503 SLPRTSSGKLRRLEVK 519
609 ELPKTRSGKIMRRLLR 625

FIGURE 8. Partial alignments of FadD33 proteins from M. smegmatis (M. smeg; MSMEG_2131) and M. tuberculosis (M. tb; Rv1345) versus M. tubercu-
losis ACS (M. tb ACS; Rv3667). M. smegmatis FadD33-acetylated lysines, Lys-260 and Lys-511, are indicated in boldface, and conserved residues flanking
acetylated sites are underlined.
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FIGURE 11. Effect of acetylation and deacetylation on FadD33 and
FadD33-K260A activities. A, time-dependent inactivation of FadD33 and
FadD33-K260A by acetylation. Enzymes activities were monitored at different
time intervals with the following components: @ (FadD33), T mm cAMP, 5 um
Pat, and 100 um acetyl-CoA; O (FadD33-K260A), 1 mm cAMP, 10 um Pat, and
100 um acetyl-CoA; A (FadD33), T mm cAMP and 100 um acetyl-CoA; A
(FadD33), 1 mm cAMP and 5 um Pat. B, time-dependent reactivation of acety-
lated FadD33 and FadD33-K260A by deacetylation. After acetylation by Pat,
FadD33, or mutant were then incubated with the following components: @ (Ac-
FadD33),2 mmNAD™, 2 um DAc1; O (Ac-FadD33),2 mmNAD™; A (Ac-FadD33), 2
um DACT; A (Ac-FadD33), 2 um DAc2, 2 mm NAD*; [] (Ac-FadD33-K260A), 2 mm
NAD™, 2 um DAcT; and B (Ac-FadD33-K260A), 2 mm NAD*. Enzyme activities
were monitored spectrophotometrically in 100 mm HEPES, pH 7.8, 10 mm MgCl,,
and 250 mm NaCl as described under “Materials and Methods.”
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MS/MS. Shown is an MS/MS spectrum of a triply charged tryptic peptide from FadD33 (YGLIGK"YSRR)
Most of the major fragmentation ions in the mass spectrum match the predicted b ory ions.

acetylation and deacetylation of Lys-511. Acetylation of Lys-
260 is minor and irrelevant for this regulation.

DISCUSSION

Siderophores play an important role in the survival of myco-
bacteria by chelating iron from the environment or the host and
are absolutely required for virulence in pathogenic mycobacte-
rial strains (29). The enzymes involved in mycobactin biosyn-
thesis have significant potential as drug targets for anti-myco-
bacterial treatment. In this study, we have performed a detailed
kinetic and mechanistic characterization of M. smegmatis
FadD33 and have shown that FadD33 activity can be regulated
by reversible post-translational acetylation.

Steady-state Kinetic Mechanism—Substrate specificity experi-
ments revealed that FadD33 is a fatty acid AMP ligase with a strong
substrate preference for palmitic acid, likely arising from the
type II fatty acid biosynthesis. This selectivity correlates well
with the substrate specificity found for the lysine N-acetyltrans-
ferase (MbtK), which also prefers long acyl chain-CoA sub-
strates (25). Lysine N-acetyltransferase was shown in vitro to
transfer MbtL-tethered long chain fatty acid onto the mycobac-
tin core lysine to form the lipophilic mycobactin (20). The fact
that FadD33 is unable to activate short fatty acid or dicarboxylic
substrates suggest that an unidentified short chain fatty acid
AMP ligase may be required for the formation of the soluble
carboxymycobactin. Alternatively, the lysine N-acetyltrans-
ferase could directly react with a short fatty acid-CoA. Krithika
et al. (20) demonstrated that MbtK could transfer a lauroyl-
CoA substrate even though MbtK has 50-fold higher activity
with lauroyl-ACP substrate. Interestingly, structural studies of
carboxymycobactin indicate that the short alkyl chain length
not only varies by even increments, as observed for mycobactin
variants, but also varies by odd increments (30, 31). An alterna-
tive hypothesis for dicarboxylic chain formation of the carboxy-
mycobactin was postulated by Ratledge (32) as simply arising
from the cleavage of the long mycobactin alkyl chain by an
unknown enzyme, which could result in the formation of odd
increments of the alkyl chain and oxidation to generate the
carboxylic acid moiety.

The results of initial velocity, product, and bi-substrate ana-
log inhibition experiments clearly demonstrated that FadD33
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proceeds via a Bi Uni Uni Bi ping-pong kinetic mechanism (Fig.
6). Fatty acid AMP ligase catalyzes a two-step reaction: in the
adenylation reaction, the fatty acid binds the free enzyme prior
to Mg®"-ATP to form an E-fatty acid-Mg> " -ATP ternary com-
plex, followed by pyrophosphate release and formation of fatty
acid adenylate, and in the ligation reaction, ACP binds the
enzyme to form a thioester bond with the fatty acid, followed by
a sequential product release postulated to be fatty acid teth-
ered-ACP prior to AMP. The order of product release could not
be determined because the coupling system used to monitor the
reaction was relying on AMP formation. Based on previous
work on ATP-dependent acyl and aryl thio ligases (33), we pro-
pose fatty acid-tethered ACP release prior to AMP release.
Reversible Post-translational Modification of FadD33—Ex-
periments probing FadD33 post-translational modification and
regulation have led to the discovery of a rapid inactivation of
FadD33 activity via lysine acetylation by Pat acetyltransferase.
Two acetylation sites have been identified; lysine 260 and lysine
511, both flanked by a glycine residue and two basic residues,
respectively, before and after the acetylation site. Lys-260 is a
secondary acetylation site because the FadD33-K260A mutant
was active but could be catalytically inactivated by Pat. On the
other hand, Lys-511 is required for catalysis and is likely to be
involved in the first adenylation half reaction because the cor-
responding residue in FadD13 was shown to interact with ATP
in the FadD13 crystal structure (27). Consistent with this, the
K511A mutant form of FadD33 was inactive. Therefore, the
inactivation of FadD33 is caused by the acetylation of Lys-511,
and FadD33 inactivation was shown to be a reversible event
because rapid deacetylation and reactivation occurs exclusively
with the DAcl deacetylase in the presence of NAD ™. During
the preparation of this manuscript, Nambi et al. (34) demon-
strated that other mycobacterial FadDs can be inactivated by
Pat acetylation at position equivalent to lysine Lys-511 in ACS
and reactivated by Rv1151c, the DAcl homolog in M. tubercu-
losis. They also predicted that FadD33 should not be post-
translationally acetylated. Inactivation of FadD33 by Pat will
reduce the production of mycobactin when the level of cAMP is
high in the bacterial cytoplasm. This inactivation may lead to
the accumulation of the non-acylated mycobactin core, which
could be either degraded by a siderophore esterase, even
though none has yet been identified in M. tuberculosis, or be
used as intracellular ion storage molecule. Recently, it was
shown that the host increases the macrophage vacuole concen-
tration of zinc and copper, as a novel immune response, to
“poison” the bacteria with metal ions (35, 36). It is reasonable to
speculate that M. tuberculosis, in addition to specific metal
efflux pumps, is using the mycobactin or the mycobactin core to
neutralize excess copper and zinc as seen in Pseudomonas
aeruginosa (37) and pathogenic strains of E. coli (38). To con-
solidate this hypothesis, Wagner et al. (39) have measured zinc
content in bacteria within the infected macrophage vacuole at 1
and 24 h post infection with either M. tuberculosis H37Rv or
M. tuberculosis H37Rv siderophore knock-out strains. After
infection with M. tuberculosis H37Rv, the zinc content inside
the bacteria within the vacuole was only slightly higher than
found in the non-infected macrophage. However, the zinc level
inside of the siderophore knock-out M. tuberculosis H37Rv
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within the vacuole was significantly higher, showing that myco-
bactin plays a role in intracellular zinc regulation.

In summary, we have revealed the detailed enzymatic mech-
anism of FadD33, which is applicable to any mycobacterial
FadDs and will serve as a platform for future FadD inhibitor
design. Furthermore, we have demonstrated for the first time
that mycobactin FadD33 activity can be reversibly regulated by
post-translational acetylation by Pat in a cAMP-dependent
manner and reactivated by DAcl deacetylation. This finding
highlights the critical role of the Pat cAMP-binding protein as a
central regulatory switch involved in the regulation of central
carbon metabolism and the production of the mycobactin vir-
ulence factor.
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