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Abstract
MbtA is an adenylating enzyme from Mycobacterium tuberculosis that catalyzes the first step in
the biosynthesis of the mycobactins. A potent bisubstrate inhibitor (Sal-AMS) of MbtA was
previously described that displays potent antitubercular activity under iron-replete as well as iron-
deficient growth conditions. This finding is surprising since mycobactin biosynthesis is not
required under iron-replete conditions and suggests off-target inhibition of additional biochemical
pathways. As a first step towards a complete understanding of the mechanism of action of Sal-
AMS, we have designed and validated an activity-based probe (ABP) for studying Sal-AMS
inhibition in M. tuberculosis. This probe labels pure MbtA as well as MbtA in mycobacterial
lysate and labeling can be completely inhibited by preincubation with Sal-AMS. Furthermore, this
probe provides a prototypical core scaffold for the creation of ABPs to profile any of the other 66
adenylating enzymes in Mtb or the multitude of adenylating enzymes in other pathogenic bacteria.

Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), is the leading
cause of infectious disease mortality by a bacterial pathogen resulting in nearly two million
deaths annually.(1) In the intervening four decades since the discovery of the first-line TB
drugs, multidrug resistant TB (MDR-TB) strains have arisen that are resistant to both
isoniazid and rifampin, the two most effective TB drugs.(2) Morevover, several recent case
studies have identified totally drug resistant TB strains.(3) The development of new drugs,
with novel mechanisms of action that target non-replicating bacilli and that are compatible
with existing TB drugs, are desperately needed to treat drug-resistant TB as well as to
shorten the treatment of drug-sensitive TB.

Inhibition of siderophore biosynthesis has emerged as a novel strategy for the development
of new antibacterial agents for Mtb and other pathogenic bacteria.(4-6) Like virtually all
pathogens, Mtb requires iron for its survival; however, the concentration of free iron is
highly restricted in biological fluids due to the insolubility of iron under aerobic conditions
and sequestration by iron-binding proteins such as transferrin.(7, 8) To survive under iron-
limiting conditions, Mtb synthesizes a suite of structurally related small molecule iron
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chelating agents (i.e. siderophores) collectively known as the mycobactins that vary by the
appended lipid residue on the central lysine moiety.(9) The mycobactins are exported across
the mycobacterial cell envelope, where they scavenge non-heme iron and are then
reinternalized to deliver the iron payload.(10) Several observations have provided evidence
for the importance of mycobactins in Mtb survival. Targeted genetic inactivation of mbtB, a
gene involved in the biosynthesis of mycobactins, resulted in a mutant able to replicate
under iron-replete conditions, but unable to grow under iron-deficient conditions.(11) The
ΔmbtB Mtb mutant is attenuated for growth in macrophages and incapable of establishing
an infection in an immunocompromised mouse model.(11) In vivo gene expression profiles
of Mtb show the iron-responsive gene mbtB is highly upregulated.(12) These findings
collectively establish that the mycobactins are critical for pathogenesis of Mtb.

Biosynthesis of the mycobactins is initiated by the adenylating enzyme MbtA (Figure 1A),
which activates salicylic acid (1), to form an acyl-adenylate intermediate (Sal-AMP, 2).(13)
MbtA then catalyzes the transfer of the acyl-adenylate onto the N-terminal thiolation domain
of MbtB. Elaboration of the MbtB-tethered salicylic acid to the mycobacins (3) is
accomplished by a mixed non-ribosomal peptide synthetasepolyketide synthase (NRPS-
PKS) assembly line.(13, 14) Our lab and others have developed a potent nanomolar
bisubstrate inhibitor of MbtA, 5′-O-[N-(salicyl)sulfamoyl]adenosine (Sal-AMS, 4, Figure
1B), which mimics the acyl-adenylate intermediate and has impressive antitubercular
activity under iron-deficient conditions with a minimum inhibitory concentration (MIC) of
0.39 μM.(4, 15, 16) Sal-AMS displays absolutely no mammalian toxicity providing
therapeutic indices greater than 1000.(5) However, Sal-AMS does not phenocopy the
ΔmbtB Mtb mutant, since it is also active in iron-replete conditions (MIC = 1.56 μM),
suggesting Sal-AMS potentially possesses a secondary mechanism of action due to off-
target binding.(5) Adenylation (activation of a carboxylic acid as the AMP ester) in Mtb is a
ubiquitous process in both primary and secondary metabolic pathways including protein
synthesis, glycolysis, lipid metabolism, and cofactor biosynthesis. Indeed, Mtb putatively
encodes for at least 67 enzymes that catalyze adenylation, which may represent potential
off-targets of Sal-AMS.(17) Furthermore, Sal-AMS could also potentially bind any one of
the numerous adenosine-binding proteins in Mtb. A comprehenisve understanding of the
mechanism of action of Sal-AMS will faciliate the design of improved chemical probes to
unequivocally chemically validate siderophore biosynthesis as a virulence target.

Of the several strategies available for identifying drug targets, activity-based protein
profiling (ABPP) has emerged as a promising new technique for target discovery.(18-21)
Successful ABPP experiments begin with the design of a chemical probe that can bind and
crosslink to the target enzyme (Figure 1C). In ABPP experiments designed to elucidate the
protein targets of inhibitors, the activity-based probe (ABP) is first incubated with the
proteome (either whole-cell or lysate) (Figure 1C). After UV photolysis, the labeled proteins
are then analyzed by gel electrophoresis or liquid chromatography coupled with mass
spectrometry (LC-MS). In a separate experiment, the proteome is pre-incubated with excess
inhibitor prior to ABP incubation and photolysis (Figure 1D). Protein targets are identified
by the disappearance of fluorescent labeling upon incubation with inhibitor. In order to
successfully apply ABPP to target discovery, careful attention must be given to developing
and validating the chemical ABP. The work described here details the design, synthesis, and
evaluation of an ABP for MbtA. Not only will this probe be instrumental in identifying the
protein targets of Sal-AMS, but it also represents the first ABP for an adenylating enzyme.
Since Mtb and other pathogenic bacteria contain numerous adenylating enzymes (AEs)
involved in a multitude of essential cellular functions, we expect the strategy outlined here
for ABP development to be broadly useful for proteomic profiling of AEs.
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The Sal-AMS ABP (6, Figure 1B) mimics the structure of Sal-AMS. The black portion of
the probe (Sal-AMS) imparts binding selectivity for MbtA (and potential off target proteins).
Several structure activity relationships (SAR) studies undertaken in our lab have indicated
that MbtA tolerates modification of Sal-AMS at the C-2 position of the adenosine ring.(22)
In fact, 2-phenylamino-Sal-AMS 5 (Figure 1B) is the most potent Sal-AMS derivative yet
identified.(22) Therefore, the reactive and reporter groups were tethered to the 2-position.
For a reactive group, we chose to use the photoreactive benzophenone moiety that has seen
previous success in cross-linking ABPs to proteins.(23) Prior to UV-activation, this
photogroup is stable and allows the probe to bind its protein target(s); subsequent exposure
of the benzophenone group to UV light (365 nm) generates a reactive species that covalently
crosslinks to amino acid residues in close proximity.(24, 25) Furthermore, a benzophenone
moiety was selected as the photoreactive group, as it is generally accepted that its
photocrosslinking efficiency is higher than that of aryl azides.(24) As for the reporter group,
we chose a small alkyne handle onto which a fluorescent- or biotin-azide could be installed
via the click reaction post photolysis to aid in visualization and enrichment, respectively.
(26) ABP 6 was synthesized in 6 steps as described in the Supporting Information (Figure
S1).

In order for an ABP to be a useful tool compound in studying the properties of the parent
inhibitor, it must recapitulate both the in vitro and in vivo activities. Therefore, the ability of
probe 6 to inhibit MbtA was measured using a [32P]PPi-ATP exchange assay.(15) The

apparent inhibition constant ( ) of probe 6 with MbtA using this assay is 0.94 nM
(Figure S2), equivalent to 2-phenylamino-Sal-AMS 5 and roughly 7-fold lower than Sal-
AMS (4).(15) This result is not surprising, since it was found that C-2 modifications of Sal-
AMS led to enhanced binding affinity.(22) To ensure that the ABP displays a similar
phenotype to Sal-AMS (4) and 2-phenylamino-Sal-AMS (5), the antitubercular activity of
probe 6 was evaluated against Mtb H37Rv. Under iron-deficient conditions, the minimum
inhibitory concentration that results in complete inhibition of observable cell growth (MIC)
is 3–6 μM, as compared to the MIC of Sal-AMS (4) of 0.39 μM.(22) Under iron-rich
conditions, the MIC is 50 μM for probe 6, as compared to 1.56 μM for Sal-AMS (4). From
these data, one can extract the selectivity factor (S), which is the ratio of activity under iron-
rich over iron-deplete conditions. If Sal-AMS had no off target-inhibition effects (and only
targeted MbtA), this selectivity factor would be high. However, the selectivity is relatively
low (S = 1.56/0.39 = 4), indicating Sal-AMS (4) may inhibit other targets. The selectivity
factor for probe 6 is 8–17, which is comparable to 2-phenylamino-Sal-AMS (5) (S = 8).
These data confirm probe 6 displays a similar phenotype to the parent inhibitor, suggesting 6
is an acceptable probe for proteomic profiling.

We next evaluated the ability of the ABP to photolabel pure recombinant MbtA. MbtA was
first incubated with probe 6 for 10 minutes, followed by UV-photolysis at 365 nm for 30
minutes. A rhodamine-azide conjugate (TAMRA-N3) was then coupled to the terminal
alkyne using standard click chemistry conditions(26), and the proteins were separated by
denaturing gel electrophoresis and visualized by in-gel fluorescence scanning. As shown in
Figure 2A, a clear fluorescent protein band is observed. When excess Sal-AMS (4) is
preincubated with MbtA prior to addition of 6, no fluorescent band is observed (Figure 2A)
indicating that probe 6 binds to the active site of MbtA. In order to determine the optimal
probe concentration, varying concentrations of 6 were incubated with a constant
concentration of MbtA. Figure 2B shows that a probe concentration of 1.0 μM is sufficient
to provide a robust fluorescent signal. Additionally, to ensure that probe 6 is specific for
labeling MbtA, BSA was also included in the photolabeling reaction. As shown in the last
lane of Figure 2B, no photolabeling of BSA is observed. A UV-photolysis time course
showed that maximum signal is achieved in 30 minutes (Figure 2C). When MbtA was
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incubated with a stochiometric amount of probe 6, irradiated for 30 minutes and subjected to
TAMRA conjugation using the click reaction, it was found that the labeling efficiency was
20% (Figure S3). Assuming that the click reaction proceeds to completion in the 1 hour
reaction time, this percent labeling value can be attributed to the photo-crosslinking
efficiency of the benzophenone moiety of probe 6 to residues within the active site of MbtA.
To assess the sensitivity of probe 6, we used in-gel fluorescence scanning to determine the
lower limit of MbtA that could be detected. We found that probe 6 could detect as low as 6
picomoles of MbtA (Figure 2D). Lastly, a dose-response curve was created by incubating
varying concentrations of Sal-AMS (4) with a fixed concentration of MbtA and probe 6
prior to photolysis and TAMRA conjugation (Figure 3A). The fluorescent band intensities
were plotted against Sal-AMS (4) concentration (Figure 3B) to provide an IC50 value of
0.26 μM for Sal-AMS (4).

Having optimized probe concentration and UV-irradiation time using pure recombinant
MbtA, we next assessed the ability of probe 6 to label overexpressed MbtA in E. coli cell
lysates. E. coli was transformed with an IPTG-inducible pET-SUMO-MbtA plasmid and the
pGRO7 plasmid. The pGRO7 plasmid contains the chaperone proteins GroEL and GroES
and inclusion of these chaperones increases MbtA expression levels 10–20-fold.(15) E. coli
cells were then grown either in the absence or presence of IPTG, photolabeled with probe 6
and subjected to the click reaction with TAMRA-N3. In the absence of IPTG, MbtA is not
expressed, as evidenced by the lack of fluorescent MbtA in lane 1 of Figure 4A. However,
when IPTG is added to the growth media, a strong fluorescent band corresponding to the
molecular weight of MbtA-SUMO (~73 kDa) is observed (lane 3, Figure 4A, triangle).
Remarkably, probe labeling can be completely inhibited by pre-incubation with excess Sal-
AMS (4) (lane 4, Figure 4A). Interestingly, probe 6 also labels the GroEL as indicated by
the star in lane 3 of Figure 4A. However, this labeling is non-specific, as Sal-AMS (4) does
not inhibit photolabeling. These results highlight the remarkable specificity of ABP 6
towards MbtA in crude mixtures.

Encouraged by the ability of probe 6 to label MbtA in crude cell lyaste, we next assessed the
ability of the ABP 6 to label an adenylating enzyme from an organism other than Mtb. EntE
is the E. coli aryl acid adenylating enzyme involved in the biosynthesis of enterobactin,
which adenylates 2,3-dihydroxybenzoic acid. Sal-AMS (4) is a slow tight-binding inhibitor
of EntE with a Ki value of 0.47 nM.(27) We therefore tested whether ABP 6 could label
EntE in crude cell lysate and if this labeling could be inhibited by competition with excess
Sal-AMS (4). E. coli was transformed with an IPTG-inducible pET15b-EntE plasmid and
grown in the presence or absence of IPTG. After photolabeling with probe 6 and subsequent
click reaction with TAMRA-N3, tagged proteins were separated by gel electrophoresis and
imaged for fluorescence (Figure 4B). Similar to MbtA, minimal labeling of EntE occurs in
the absence of IPTG. However, when EntE expression is induced using IPTG, a strong
fluorescent signal is observed (lane 3, Figure 4B, triangle). When lysate containing
overexpressed EntE is preincubated with excess Sal-AMS (4), the fluorescence signal of
EntE is largely attenuated (lane 4, Figure 4B). These studies indicate the potential utility of
our ABP in studying aryl acid adenylating enzymes from many different organisms.

We next tested the ability of probe 6 to label native (uninduced) MbtA in mycobacterial cell
lysate. Mycobacterium smegmatis cultures were grown in iron deficient media, lysed, and
incubated with either DMSO or Sal-AMS. After UV irradiation in the presence of ABP
probe 6, alkyne labeled proteins were modified with a biotin-azide group via click
chemistry. Biotin-tagged proteins were enriched using streptavidin beads, trypsin digested,
and analyzed by LC–MS/MS.(28) In the absence of Sal-AMS, MbtA was identified by LC-
MS/MS with an average spectral count of 4 from triplicate experiments (Figure 4C). In the
presence of excess Sal-AMS, MbtA was not enriched and identified by LC-MS/MS as
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evidence by zero spectral counts in all three replicates tested. These results indicate that
MbtA, present at low concentrations in its native lysate, can be labeled in Mycobacterial
species.

Activity-based probe 6 was designed in order to study the mechanism of action of Sal-AMS
(4), a bisubstrate inhibitor that shows potent antitubercular activity under both iron-rich and
iron-deficient conditions. After successful identification of Sal-AMS (4) off targets in
mycobacteria using ABPP, this probe will aid in guiding future medicinal chemistry efforts
that focus on developing selective inhibitors of MbtA to unequivocally chemically validate
siderophore biosynthesis as a virulence target. Knowledge of additional targets, may enable
design of improved multitarget inhibitors with more potent activity that can potentially
evade the development of resistance. Finally, ABP 6 represents a scaffold for the
development of activity probes for other AEs including BirA, FadD22, FadD32, MenE,
MshC, and PanC, which are being pursued as potential drug targets due to their confirmed
essentiality or requirement for virulence.(17)

Methods
General

MbtA purification and the ATP/PPi exchange assay were performed as described.(15)

In vitro labeling of pure recombinant MbtA
Photo-labeling experiments were performed in 96-well clear plates at a final volume of 25
μL in phosphate buffered saline (PBS, BioRad). MbtA (final concentration of 1.0 μM) was
preincubated with either DMSO (0.25 μL) or 500 μM Sal-AMS (4) (0.25 μL of a 50 mM
DMSO stock) at room temperature for 10 min. ABP 6 (0.25 μL of a 100 μM DMSO stock)
was added to provide a final probe concentration of 1.0 μM. After 10 min at room
temperature, the 96-well plate was placed on ice and irradiated at 365 nm for 30 min using a
Spectroline UV handheld lamp (Model ENF-280C). To initiate the click reaction, TAMRA-
N3 (Invitrogen), TCEP, TBTA ligand, and CuSO4 (Sigma Aldrich) were added to provide
final concentrations of 100 μM, 1.0 mM, 100 μM, and 1.0 mM, respectively. After 1 hour at
room temperature, 25 μL of 2× SDS gel loading buffer was added and the samples were
heated at 95°C for 5 min. Samples (20 μL) were separated by 1D SDS-PAGE (4–20% Tris-
HCl Rgels, BioRad) and fluorescent proteins were visualized by in-gel fluorescence
scanning using a FMBIO III flatbed scanner (excitation laser = 532 nm, emission filter =
605 nm) (Hitachi MiraiBio Group, South San Francisco, CA). For optimal probe
concentration studies, MbtA or BSA (final concentration of 1.0 μM) were incubated with
either DMSO (0.25 μL) or Sal-AMS (4) (0.25 μL of 100× stock in DMSO) in a final
volume of 25 μL for 10 min at room temperature before photolysis on ice and reaction with
TAMRA-N3. For UV photolysis time studies, MbtA (1.0 μM) was incubated with 6 (1.0
μM) in a final volume of 25 μL for 10 min at room temperature before photolysis. After UV
photolysis on ice for the respective time, the 25 μL reaction was removed from the 96-well
plate and reacted with TAMRA-N3 in a separate microcentrifuge tube. The samples were
then quenched and separated by SDS-PAGE gel as described above. For limit of detection
studies, MbtA (1.0 μL of 100× stock in PBS) was incubated with either DMSO (0.25 μL) or
6 (0.25 μL 100× stock in DMSO) in a final volume of 25 μL for 10 min at room
temperature before photolysis on ice and reaction with TAMRA-N3.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Biosynthesis of the mycobactins. B. Chemical structures of Sal-AMS (4) inhibitor, 2-
phenylamino-Sal-AMS (5) and Sal-AMS ABP (6). C. General strategy for photoaffinity
labeling of an enzyme class using ABPs and gel electrophoresis as the detection method. D.
Preincubation with excess inhibitor prior to photolysis with ABP.

Duckworth et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2013 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
In vitro labeling of pure MbtA with probe 6. A. Labeling of MbtA andcompetition with
excess Sal-AMS. B. Concentration dependence of probe 6. C. UV photolysis time studies.
D. Limit of detection of MbtA labeling.
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Figure 3.
A. Dose response curve of Sal-AMS (4) competition with probe 6. B. Doseresponse of
fractional amount of probe 6 bound (calculated from band intensities in A.) versus Sal-AMS
concentration.
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Figure 4.
Labeling of adenylating enzymes in crude cell lysates. A. Labeling of overexpressed MbtA
in E. coli cell lysate. B. Labeling of overexpressed EntE in E. coli cell lysate. C. Mass spec
detection of labeled MbtA from M. smegmatis. C. LC-MS/MS analysis of labeling of
M.smegmatis MbtA by probe 6 and competition with Sal-AMS.
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