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Abstract
For the last decade, worldwide efforts for the treatment of anthrax infection have focused on
developing effective vaccines. Patients that are already infected are still treated traditionally, using
different types of standard antimicrobial agents. The most popular are antibiotics such as
tetracyclines and fluoroquinolones. While aminoglycosides appear to be less effective
antimicrobial agents than other antibiotics, synthetic aminoglycosides have been shown to act as
potent inhibitors of anthrax lethal factor and may have potential application as antitoxins. Here, we
present a structural analysis of the BA2930 protein, a putative aminoglycoside acetyltransferase,
which may be a component of the bacterium’s aminoglycoside resistance mechanism. The
determined structures revealed details of a fold characteristic only for one other protein structure
in the PDB, namely YokD from Bacillus subtilis. Both BA2930 and YokD are members of the
Antibiotic_NAT superfamily (PF02522). Sequential and structural analysis showed that residues
conserved throughout the Antibiotic_NAT superfamily are responsible for the binding of the
cofactor acetyl coenzyme A. The interaction of BA2930 with cofactors was characterized by both
crystallographic and binding studies.
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1. Introduction
Widespread antibiotic use has caused evolutionary pressure for pathogenic bacteria to
develop or acquire various mechanisms of resistance1 and some bacterial isolates are
resistant to nearly all clinically used antibiotics2. Since aminoglycoside antibiotics have
been widely used for over 50 years, resistance to this class of chemicals was one of the first
kinds of antibiotic resistance developed by pathogenic bacteria3. This has led to great
interest in the molecular mechanisms of bacterial aminoglycoside resistance.4

Aminoglycosides (e.g., streptomycin, gentamicin, and kanamycin) constitute a large,
structurally diverse family of water-soluble polycationic amino sugars5. They are used to
treat serious infections caused mostly by aerobic, Gram-negative bacteria and are used
together with other antibiotics against certain Gram-positive bacteria. Aminoglycosides are
mostly naturally occurring substances produced by actinomycetes of genus Streptomycetes
or Micromonospor,6 but can be altered (or synthesized) chemically, resulting in extension or
modification of their activities. In bacteria, aminoglycosides cause errors in the synthesis of
proteins by binding the 16S rRNA of the 30S ribosomal fragment, and also disrupt the
bacterial outer membrane and disturb the initiation of DNA replication.

Several bacterial aminoglycoside resistance mechanisms have been identified, including
development of aminoglycoside-modifying enzymes, decreased membrane permeability,
structural alteration of the ribosome, and removal of the compounds from the cell by efflux
pumps.5 Among these mechanisms, chemical modification by aminoglycoside-modifying
enzymes is the predominant one.7 All aminoglycoside-modifying enzymes function by
attaching an additional chemical moiety to the antibiotic. This causes decreased affinity of
aminoglycosides for the bacterial ribosome, and abrogates their antibiotic activity.8
Depending on which chemical moiety is attached, modifying enzymes are divided into three
groups: O-phosphotransferases (APHs), which phosphorylate specific aminoglycoside
hydroxyl groups in an ATP-dependent manner; N-acetyltransferases (AACs), which
acetylate (primarily) amino groups in an acetyl-coenzyme-A-dependent manner; and O-
nucleotidyltransferases (ANTs), which transfer nucleotide triphosphates to the substrate4. Of
these three groups, N-acetyltransferases are most frequently found in clinical isolates.9 N-
acetyltransferases can be further subdivided into four subgroups, based on the site of acyl
transfer: 1-, 2’-, 3-, and 6’- acetyltransferases.3,10 N6’-acetylation is the most common
modification.9

Here, we report the structure of the apo-form of a putative aminoglycoside N-
acetyltransferase BA2930 from Bacillus anthracis str. Ames, as well as the structure of its
complex with coenzyme A (CoA). Primary sequence analysis shows that BA2930 belongs to
the Antibiotic_NAT Pfam family (PF02522). The structure of only one other member of the
Antibiotic_NAT superfamily, namely the putative N-acetyltransferase YokD from Bacillus
subtilis, is known. We determined that BA2930 deacetylates acetyl coenzyme A (AcCoA) in
the presence of some aminoglycoside antibiotics, and by thin-layer chromatography (TLC),
that some antibiotics are chemically modified by BA2930. In addition, we characterized two
mutants of BA2930 that are presumed to interfere with the enzyme function, namely H183A
and H183G. Analysis of crystals soaked or co-crystallized with acetyl AcCoA strongly
suggests that His183 participates in the probable acetyl group transfer. Inhibition of this
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process is important not only for many strains of pathogenic bacteria that have already
developed resistance to aminoglycosides, but could be of critical importance for the future
treatment of anthrax, particularly if neomycin B and other synthetic aminoglycosides prove
useful clinically as antitoxic agents.

2. Results and discussion
2.1 Overall structure

Both native BA2930 and its complex with CoA crystallized in the orthorhombic crystal
system (space group P212121) with a dimer in the asymmetric unit (Table 1). Mutants of
BA2930 also crystallized in the monoclinic system (space group P21), with two dimers in
the asymmetric unit. CoA binding did not cause noticeable structural rearrangements in the
BA2930 subunit. Comparison of different protein chains, both within the same asymmetric
unit as well as across different crystal forms, showed that changes in main chain
conformations are small with average Cα root mean square deviation (r.m.s.d.) values
around 0.3–0.5 Å.

Analysis of the structures of the apo- and holo-forms of BA2930 with DynDom11 showed
that a subunit of BA2930 can be divided into two distinct fragments (Fig. 1a and 2). The
larger fragment is comprised of a three-layer α-β-α sandwich with a central β-sheet
surrounded by nine helices. The strand topology in the β-sheet is 6-7-5-1-2-4-3, with strands
4 and 7 antiparallel to the other five. The larger fragment includes the complete cofactor
binding site. The smaller, lobe-like fragment (residues 73–101 and 193–216) comprises two
β-stands and one α-helix and may accommodate a substrate binding site.

A structural similarity search of the PDB reveals that only one protein (YokD from Bacillus
subtilis; PDB code 2NYG) shares the same fold as BA2930 (Fig. 3). The sequence identity
between these proteins is 52%. The subunit superposition of YokD and BA2930 yields a
coordinate r.m.s.d. of 0.9 Å over 264 Cα atoms.

Both BA2930 and YokD belong to the Antibiotic_NAT superfamily (PF02522) in the Pfam
database. This family consists of 280 aminoglycoside-3-N-transferases (E.C. 2.3.1.81) from
106 species, almost exclusively bacterial. Figure 4 shows a multiple sequence alignment of
BA2930, YokD and 11 other representative members of the Antibiotic_NAT family. The
structure shows that the highly conserved residues Thr180, His183 and Glu186 are located
in the cofactor and putative substrate binding sites (see Supplementary Materials and Fig. 5).

Gel filtration studies suggest that BA2930 is a dimer (data not shown). It is probable that the
dimer found in the asymmetric unit represents the oligomeric state of BA2930 in solution.
Both the PITA12 and PISA servers13 results are consistent with these findings. The
decreases in solvent-accessible surface area of apo-BA2930 and the BA2930-CoA complex
upon dimerization are 1320 Å2 and 1440 Å2, respectively. Both lay well above the cut-off
value of 856 Å2 proposed for discrimination between homodimeric and monomeric
proteins.14 The dimer interface comprises residues 5–15, 43–53, 73, 74 and 80–121.
Hydrogen bonds (H-bonds) stabilizing the BA2930 dimer are limited to an interaction
between the main chain O of Gln9 and Nε1 of Trp89 as well as between bridging water
molecules and Ile104, Arg118 and Thr119. The residues involved in dimer formation are not
conserved between YokD and BA2930.

2.2 Ligand binding
While several different derivatives of coenzyme A, including the short chain acetyl- and
butyryl-CoA as well as the longer chain myristyl- and stearyl-CoA, were used in
crystallization experiments of wild type BA2930, only the electron density corresponding to
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CoA was observed. This suggests that the CoA derivatives are hydrolyzed in the conditions
of the crystallization experiment, though the possibility that the extra moieties were present
but disordered cannot be ruled out.

The coenzyme binding site is formed by a single polypeptide chain (Fig. 5b). Both hydrogen
bonds and hydrophobic interactions play a role in the binding of CoA by BA2930 (Figure
5bb). The adenine ring of CoA is buried in a hydrophobic pocket and is oriented parallel to
the side chain of Trp43. In addition, two H-bonds are formed between the adenine ring and
the main chain nitrogen and oxygen atoms of Ile44. The sugar moiety of CoA is not directly
coordinated by the protein, but its diphosphate group forms four H-bonds with the Oγ atoms
of Ser37 and Ser39 and nitrogen atoms of Leu38 and Lys112. The pantothenate fragment of
CoA is anchored by two hydrogen bonds with the side chain of His35 and the main chain of
Ser36. The interactions between CoA and BA2930 are similar to those observed in the
structure of the YokD-CoA complex (Fig. 3). Although the conformation of CoA observed
in BA2930 and YokD differ completely from those observed for GNAT family
acetyltransferases, several common features can be observed. For example in one of the
GNAT acetyltransferases from Bacillus anthracis (Fig. S1), the diphosphate moiety is
bounded mostly by main chain nitrogens with one additional serine side chain, the
pantothenate fragment is anchored by hydrogen bonds formed between both side chain and
main chain atoms, and the ribose moiety does not form direct interactions with the protein.
The most notable difference is that CoA in BA2930 is bound parallel to the protein and its
binding site forms a continuous cleft with the putative ligand binding site, whereas in GNAT
acetyltransferases, the panthothenate fragment is buried inside the protein and cofactor and
ligand binding sites are located on the opposite sides of the protein.

In the crystal structure, the subunit of apo-BA2930 binds two ordered molecules of citric
acid, a component of the crystallization solution. One molecule is bound at the protein
surface near Ser148 and Ser150. The second molecule is located in the CoA binding site
(Fig. 5a). This molecule of citric acid mimics the diphosphate moiety of the coenzyme, and
forms an analogous pattern of H-bonds as diphosphate (Fig. 5aa). The CoA diphosphate/
citric acid binding site of BA2930 carries a significant positive charge, consistent with an
affinity for negatively charged ligands (Fig. 1b).

We used isothermal calorimetry to investigate the binding of BA2930 with CoA, AcCoA,
and putative substrates, namely aminoglycoside antibiotics. Initially we tested the binding of
CoA and AcCoA and shown that BA2930 binds both compounds. However, the affinity for
CoA is 5-fold higher than that for AcCoA. This observation is consistent with a substrate
activation mechanism for the presumed enzyme, where after the putative acetyl transfer and
release of the acetylated product, binding of a subsequent substrate induces the release of
CoA. This mechanism was proposed to describe kinetic data for some substrates of the
aminoglycoside N-acetyltransferase AAC(6’)-Iy from Salmonella enteric.15 Subsequently,
we investigated binding of these substrates to apo-BA2930 by ITC, as well as to BA2930
saturated with either CoA or AcCoA. In all cases, the ITC measurements did not detect a
heat effect that could be associated with substrate binding and/or an enzymatic reaction.

2.3 Determination of possible BA2930 substrates
To determine possible substrates for the presumed enzyme, the structure of BA2930 in
complex with CoA was screened in silico for docking to a set of ~1200 compounds in the
FDA database (February 2008). The ten best docking solutions found in the screening
experiment are summarized in Table 2 and are ranked by their calculated GScore, which
mimics binding energies. Nine of the ten best solutions obtained were aminoglycoside
antibiotics.
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To verify the results from the docking studies and determine putative substrates of BA2930
we employed various approaches. Co-crystallization and soaking of the protein with top-
scoring compounds from the docking studies did not show any binding. The interaction with
these compounds was not detected in solution as measured by ITC. BA2930 was also
screened by glycan array by the Functional Glycomics Gateway
(www.functionalglycomics.org). Two different methods of binding (sequential addition of
the enzyme followed by anti-His, as well as precomplexing the enzyme with anti-His and
anti-mouse IgG to increase the affinity and valency of binding) was applied. There was no
binding to the glycan array detected using either method. Numerous aminoglycoside
acetyltransferases have been shown to catalyze protein acetylation.16 To order to test this
possibility, we conducted phage display assays (New England Biolabs), but no binding of
putative peptide substrate was detected in the conditions recommended by the manufacturer.

To search for possible BA2930 substrates, we also used thin layer chromatography (TLC).
This method showed that the enzyme is able to chemically modify several aminoglycoside
antibiotics (Fig. S2). However, the rate of modification for these substrates seems to be
relatively low. The antibiotics modified by the enzyme include tobramycin, amikacin, and
kanamycin, while several other aminoglycoside antibiotics were not observed to be modified
(see Supplementary Materials). These results indicate that half of the first 10 hits from the
docking studies are indeed modified by BA2930. In addition, we measured the susceptibility
of E. coli cells overexpressing BA2930 to a variety of aminoglycoside antibiotics, but the
test did not demonstrate acquired resistance of cells against any of the antibiotics (Fig. S3).

However, BA2930 does deacetylate AcCoA in the presence of some aminoglycosides, as
monitored by spectrophotometry (Supplementary Table 1). The kinetic rates vary depending
upon the aminoglycoside present in the reaction mixture, with Km values ranging from 0.34
to 13.3 mM, and kcat values of 0.29 to 2.90 mM sec−1 M−1.

2.4 BA2930 structure-function studies
Along with the search for presumed BA2930 substrates, studies of the putative mechanism
of action using site-directed mutagenesis of BA2930 were carried out. His183 is the most
conserved residue among BA2930 homologs. It is located near the thiol group of CoA and
the reactive amino group of docked putative substrates, such as neomycin B (Fig. 5cc). It is
possible that the conserved His183 residue (Fig. 4) is needed for the putative enzymatic
mechanism, together with two additional amino acids (Thr180 and Glu186) which may be
responsible for the transfer of the acetyl group. These three highly conserved residues form a
strong hydrogen bond network with the thiol group of coenzyme A. The bond formed
between atom Oγ of Thr180 and the sulfur atom of CoA is weak (with a distance of 3.0 Å),
while the H-bond formed between Glu186 and His183 is relatively strong (with an Oε2-Nδ
distance of 2.3 Å).

Both the H183A and H183G mutants crystallized in the P21 space group, with four protein
subunits in the asymmetric unit. In addition, the H183G mutant crystallized similarly to the
wild-type protein in the orthorhombic crystal system (space group P212121) with two
subunits in the asymmetric unit (Table 1). Analysis of the structures of the H183G (PDB
codes 3KZL and 3N0M) and H183A (PDB code 3N0S) showed that they share a very
similar overall structure and dimer assembly as the wild type, demonstrating that mutation
did not alter the overall structure of the enzyme.

Unlike wild type BA2930, ordered electron density was observed for the complete AcCoA
in the structures of crystals of both the H183G and H183A mutants grown in the presence of
AcCoA. This suggests that replacement of His183 has altered the presumed ability of the
protein to hydrolyze AcCoA.
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ITC results measuring the binding of CoA and AcCoA to the H183G and H183A mutants
(Table 3) showed that for both mutants, the replacement of His183 only slightly alters the
affinity of BA2930 for CoA but significantly improves AcCoA binding. This suggests that
the mechanism used by BA2930 to differentiate between AcCoA and CoA involves His183.
The ambiguous stoichiometry observed for both mutants in the ITC experiments may be
caused by the lower stability of the mutant protein (lower protein solubility).

In conclusion, sequence homology analysis suggests that the BA2930 protein from Bacillus
anthracis str. Ames is an aminoglycoside N-acetyltransferase that belongs to the
Antibiotic_NAT PFAM superfamily (PF02522). Currently, BA2930 and YokD are the only
representatives of this family with structures reported in the PDB. They share not only a
unique overall molecular architecture, but also form very similar dimeric assemblies. In both
proteins two distinguishable cavities can be identified. One is the CoA/AcCoA binding site,
while the other may be a binding site for an additional molecule. Docking experiments show
that BA2930 may bind relatively large molecules like aminoglycoside antibiotics. This
theoretical prediction was validated by the TLC experiments which shown that several
antibiotics are modified by the enzyme, although the substrates identified have a relatively
high apparent Michaelis-Menten constant (Table S1). ITC studies did not detect binding of
any of the antibiotics tested. It is possible that in the conditions used during the binding
studies, the interactions of the protein and antibiotics-- presuming the antibiotics are ligands
of the protein-- are weak. Although the putative physiological substrate of BA2930 and the
mechanism of its presumed action are still undefined, the presence of AcCoA in the
structures of both the H183A and H183G mutant indicates that His183 may be needed for
the possible acetyl group transfer.

3. Materials and methods
3.1 Protein cloning and expression

Ba2930 was cloned using a protocol previously described.17,18 Briefly, the DNA of the open
reading frame of the ba2930 gene was extracted by PCR amplification using Bacillus
anthracis str. Ames genomic DNA, gene-specific primers with 5’ LIC cloning tags
appended, and Platinum® PCR SuperMix High Fidelity polymerase (Invitrogen). The
quality of the PCR products was verified using the Caliper LC90 capillary electrophoresis
platform. The gene was cloned into the pMCSG7 vector,18 a derivative of pET21a
(Novagen), using a ligation-independent cloning (LIC) protocol. The pMCSG7 vector
encodes for a 6×His-tag followed by a spacer and a TEV protease cleavage site on the N-
terminus of the expressed protein. The amino acid triplet Ser-Asn-Ala remains on the N-
terminus of the protein after cleavage of the tag with TEV protease.

The subsequent clone was transformed into DH10B chemically competent cells and selected
on 2xYT agar + ampicillin (100 µg mL−1). Initially the protein was expressed in E. coli
strain BL21(DE3)pLysS by growing 150 µL cultures in both M9 and 2xYT media with
shaking at 37°C. When the optical density (at 600 nm) reached ~0.8 the cultures were
induced with 1 mM IPTG, and grown overnight (~19 hours) with shaking at 25°C. The cell
pellet was lysed using sonication, and the levels of protein expression and solubility levels
of the both the crude lysate and the supernatant were determined using the Caliper LC90.

3.2 Site-Directed mutagenesis of Ba2930
To investigate the role of His183 in the presumed acetyl transfer, two single-site mutants
were generated using the QuickChange site-directed mutagenesis kit (Stratagene) according
to the manufacturer’s guidelines. The wild type Ba2930 gene cloned into the pMCSG7
vector was used as a template for all PCR amplifications. For each mutant, specific
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compliment primers conferring the site mutations were designed (forward: 5’-
GATTCCAATACTTCTGTAGCTTTATCAGAAGTACGTTCTGG-3’ and reverse 5’-
CCAGAACGTACTTCTGATAAAGCTACAGAAGTATTGGAATC-3’ for H183A and
forward: 5’- GATTCCAATACTTCTGTAGGTTTATCAGAAGTACGTTCTGG-3’ and
reverse 5’-CCAGAACGTACTTCTGATAAACCTACAGAAGTATTGGAATC-3’ for
H183G). The presence of the desired mutations was confirmed by sequencing.

3.3 Large- scale proteins’ expression
For large-scale production, all three variants of BA2930--wild-type (wt), H183A and
H183G--were expressed in E. coli strain BL21-CodonPlus(DE3), which harbors an extra
plasmid encoding for three rare tRNAs (AGG and AGA for Arg, and ATA for Ile;
Stratagene). The cells were grown in 4 flasks containing 1 L of M9 SeMET High-Yield
growth media (Shanghai Medicilon) at 37°C to an optical density (at 600 nm) of
approximately 1.2 and 0.4 mM IPTG was added to induce protein expression. After
induction, the cells were incubated overnight with shaking at 25°C (wt for apo-enzyme
crystallization) or at 18°C (wt, H183A, H183G for co-crystallization with AcCoA).

3.4 Protein purification
Cells expressing BA2930 wt (for apo-enzyme crystallization) were harvested and
resuspended in a solubilization buffer (250 mM NaCl, 5% glycerol, 100 mM amonium
sulfate, 50 mM phosphate-citrate buffer pH 7.5, 0.5 mM TCEP, 0.08% DDM and 5 mM
imidazole), flash-frozen in liquid N2, and stored at −80°C. The thawed cells were lysed by
sonication after the addition of 1 mM each of PMSF and benzamidine. The lysate was
clarified by centrifugation (30 min at 17,000×g) and the liquid fraction was applied to a
metal chelate affinity column charged with Ni2+ and pre-equilibrated with binding buffer
(300 mM NaCl, 50 mM HEPES pH 7.5, 5% glycerol, 5 mM imidazole). The resin with
bound protein was washed with wash buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 5%
glycerol, 30 mM imidazole) to remove weakly binding contaminants and then eluted from
the column with elution buffer (300 mM NaCl, 5% glycerol, 50 mM HEPES pH 7.5, and
250 mM imidazole). The metal affinity tag was cleaved from the protein in the elution by
treatment with recombinant His-tagged TEV protease19 followed by dialysis to remove the
imidazole. The cleaved protein was then separated from the cleaved His-tag and the His-
tagged protease by passing the mixture through a second Ni2+-chelate affinity column.

For crystallization of all variants of BA2930 with AcCoA, the protocol described above was
modified as follows: all buffers used for purification contained 500mM NaCl. Harvested
cells were resuspended directly in the binding buffer and immediately lysed by sonication
after the addition of 1 mM each of PMSF and benzamidine.

3.5 Protein crystallization
After purification, protein was dialyzed in buffer containing 300 mM NaCl (BA2930 wt for
apo-enzyme crystallization) or 500 mM NaCl (wt, H183A and H183G for co-crystallization
with AcCoA), 10 mM HEPES pH 7.5, 0.5 mM TCEP, and concentrated using a BioMax
concentrator (Millipore). Before crystallization, particulate matter was removed from the
sample by passing it through a 0.2 µm Ultrafree-MC centrifugal filter (Millipore). All
proteins were crystallized by hanging-drop vapor diffusion by mixing 2 µL of the protein
solution (8 mg mL−1) with 2 µL of a precipitant solution. For apo-enzyme crystallization the
precipitant solution contained 1.4 M sodium citrate and 0.1 M HEPES pH=7.5. For co-
crystallization of BA2930 wt, H183A and H183G with CoA derivatives, the precipitant
solution contained 0.1 M HEPES pH=7.5, 0.2 M MgCl2, 15% w/v PEG3350, or 0.1 M
HEPES pH=7.5, 0.18 M MgCl2, 17% w/v PEG3350, 1% Chaps, or 0.1 M HEPES pH=7.5,
0.16 M MgCl2, 17% w/v PEG3350, 1% Chaps, respectively and either 5 mM AcCoA or 5
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mM butyryl-CoA. In the case of co-crystallization with myristyl-CoA or arachidonyl-CoA,
those compounds were added directly to the drop in solid form. Prior to data collection,
crystals were transferred into Paratone-N (apo-enzyme crystals) and then flash cooled in a
steam of cold nitrogen or cooled without cryoprotectants (wt, H183A and H183G crystals).

3.6 Data collection and structure solution
Data were collected at a temperature of 100 K on beamlines 19-ID (BA2930 apo-enzyme)
and 19-BM (BA2930 wt and H183A mutant co-crystallization with CoA) of the Structural
Biology Center,20 and on beamline 21-ID-G of the Life Sciences Collaborative Access
Team at the Advanced Photon Source (APS). Data collection, structure determination, and
refinement statistics are summarized in Table 1. Diffraction data from crystals of Se-Met
substituted protein were processed with HKL-2000.21 The structure of the apo-protein was
solved by Se single-wavelength anomalous diffraction (SAD), and initial models were built
with HKL-3000.22 HKL-3000 is integrated with SHELXD, SHELXE,23 MLPHARE,24 DM,25

ARP/wARP,26 CCP4,27 SOLVE,28 and RESOLVE.29,30 The resulting model was further
refined with REFMAC5,31 and COOT.32 MOLPROBITY33 and ADIT34 were used for
structure validation. The structure of BA2930 wt complexed with CoA was solved by using
initial phases calculated from the structure of the apo-protein, as implemented in HKL-3000.
The structure of H183A and H183G mutants were solved by MR with HKL-3000 and
MOLPREP35 using wt structure as model. Refinement and validation of the complex
structures were done similarly.

3.7 Molecular docking study
All docking experiments were done with Glide (Schrodinger Suite 2008) in XP (Extreme
Precision) docking mode36. LigPrep and Epik were used for preparing both protein and
ligands, which were docked flexibly. Receptor grids were generated and centered on the
residues defining the putative active site, near the CoA binding site. All Glide default
parameters were used and no binding constraints were defined for docking.

Chain A of the BA2930 structure and a modeled AcCoA molecule was used in all
calculations. In the BA2930 model, all solvent molecules were removed and
selenomethionines were altered to methionines. The residues for which side chains were not
observed in the electron density map were modeled assuming their most probable
conformations. The protonation states and tautomers of all ligands were generated by Epik.
Hydrogens were added and the protein structure was minimized using the OPLS2005 force
field.37 A database of Federal Drug Administration (FDA) structures as of February 2008
was used for docking.

3.8 Isothermal titration calorimetry (ITC)
ITC measurements were performed at 25°C using an iTC200 isothermal titration calorimeter
(MicroCal). Protein preparations were dialyzed against a 100 mM Tris pH=7.5 and 50 mM
NaCl buffer. All cofactors and ligands injected were also dissolved in the same buffer. The
concentrations of wild-type BA2930 and the H183G and H183A mutants were 132 µM, 125
µM, and 129 µM respectively. All three proteins were titrated by seventeen injections of 1.2
mM CoA or AcCoA ligand solutions (for wt 1.4 mM CoA). The first injection of each
ligand solution had a volume of 0.4 µL, followed by sixteen 2.4 µL injections at 320 s
intervals. The experiment was performed in high gain mode with the syringe rotating at 700
rpm. The same titration protocol was used to characterize antibiotic binding with 1.5 mM
solutions of antibiotics (either kanamycin, amikacin, paromomycin, neomycin,
streptomycin, dihydrostreptomycin, or deferoxamine) added to solutions containing either
132 µM protein solution (wt) alone or a mixture of 132 µM wt protein with 1.4 mM AcCoA.
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3.9 Thin layer chromatography (TLC)
Antibiotic acetylation was carried out in 20 µl reaction mixtures containing 50 µg/ml of the
protein, 2 mM AcCoA and 2 mM antibiotic in a buffer of 50 mM HEPES pH 7.5. Buffer and
AcCoA alone, as well as mixtures of enzyme and antibiotic without AcCoA, were used as a
negative controls. Reaction mixtures were spotted on 60 F254 silica gel plates (Merck) and
developed with 5% potassium phosphate. The antibiotics and their reaction products were
detected by spraying ninhydrin reagent (0.5% ninhydrin in acetone). The following
compounds were used for the initial overnight test: kanamycin, paromomycin, neomycin,
amikacin, streptomycin, dihydrostreptomycin, gentamicin, tobramycin, deferoxamine,
moxalactam, and cefmetazole. All were obtained from Sigma, save kanamycin, which was
obtained from Fisher Scientific. Antibiotics that proved promising following the initial
overnight test were subsequently tested with different incubation times (1h, 3h and over
night); specifically kanamycin, paromomycin, neomycin, amikacin, getamicin, and
tobramycin.

3.10 Susceptibility tests
Susceptibility for aminoglycosides were determined with E. coli BL21-CodonPlus(DE3)
cells harboring an pMCSG7 plasmid with the Ba2930 gene. Cells were induced with 0.4
mM IPTG for 30 min., then approximately 109 cells were spotted on agar plates containing
LB Broth Lennox (RPI) with 100 µg/ml ampicillin, 34 µg/ml chloramphenicol and 0.5 mM
IPTG. Then Antimicrobial Susceptibility Test discs (BD BBL™), containing 30 µg of
amikacin, 30 µg of neomycin, 30 µg of kanamycin, 10 µg of streptomycin, 10 µg of
tobramycin or 10 µg of gentamicin, were applied to each plate. As a control 109 of
uninduced bacteria was spotted on the agar plate without IPTG. After overnight incubation
at 37°C, the zones of inhibition around each spotted culture were assessed.

3.11 Measurement of enzyme activity
Activity was monitored spectrophotometrically by measuring absorbance at 324 nm caused
by the reaction of the free sulfhydryl group of enzymatically deacetylated CoA with 4,4’-
dithopiridine.38,39,40 Reactions were monitored continuously using a SPECTRA MAX190
spectrophotometer. Enzyme activities were calculated using a molar absorption coefficient
of reaction product 4-thiopyridone (ε324=19,800 M−1 cm−1). Reaction mixtures contained:
50mM Tris, pH 7.5, 1mM EDTA, 0.8 mM Aldrithiol™-4 (SIGMA), 100 µM AcCoA, 20
µM enzyme, and seven concentrations (50µM- 1.5 mM) of different antibiotics (kanamycin,
streptomycin, dihydrostreptomycin, paromomycin, amikacin, and neomycin). The reaction
was initiated by the addition of enzyme and carried out in a total volume of 200µl (wells of a
96-well plate for UV measurement) for 20 min. at 37°C. Initial velocity data were obtained 3
min. after the start of reaction.

4. PDB accession codes
The coordinates and structure factors for BA2930 apo-enzyme were deposited in PDB with
accession code 3E4F, while the coordinates and structure factors for complex of BA2930
with CoA were deposited with accession code 3IJW. For complexes of AcCoA with H183A
and H183G mutants coordinates and structure factors were deposited in PDB with accession
codes 3N0S and 3KZL, 3N0M, respectively.

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

AAC N-acetyltransferases

ANT O-nucleotidyltransferases

APH O-phosphotransferases

AcCoA Acetyl Coenzyme A

CoA Coenzyme A

DDM Dodecyl maltoside

IPTG Isopropyl-β-D-thiogalactoside

ITC Isothermal titration calorimetry

MSA Multiple sequence alignment

PMSF Phenylmethylsulphonyl fluoride

TCEP (tris(2-carboxyethyl)phosphine)

TEV Tobacco Etch Virus (TEV) Protease
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Fig. 1.
(a) Overall fold and dimeric structure of BA2930. The part of the protein containing the
cofactor (CoA) binding site is shown in green, while the part thought to be involved in
putative ligand binding is in red.
(b) The molecular surface of the BA2930 dimer, with the electrostatic charge distribution as
calculated by APBS41 and rendered by PyMOL.42
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Fig. 2.
Different properties of residues in the Ba2390 structures plotted as a function of residue
number. (a) A plot of the atom contacts between molecules in crystal lattice: red - residues
forming close contacts (from 2.0 to 3.5 Å), green - residues forming hydrogen bonds, pale
blue – residues bridged by water molecule, grey - residues forming other contacts (from 3.5
to 4.5 Å). The top graph represents contacts in the structure of the apo-form of BA2930, and
the bottom in the CoA-bound structure. Contacts and distances were calculated using the
CONTACT program from the CCP4 suite. (b) Plot of the RMSD and distance profiles
comparing the apo and CoA-bound structures. Blue lines - RMSD values between
corresponding residues. Red lines - distances between corresponding Cα atoms. The pale,
thin lines represent pairwise chain comparisons between structures. Averaged results using a
window of 4 comparisons are plotted with bold lines. (c) Cα distances between superposed
A and B chains from one structure. The structure of the apo-form of BA2930 is represented
in orange and the CoA-bound structure in green. (d) Percent deviation of the Cα temperature
factors from the average value. All calculations were performed with the BioShell
package.43 Superposition of two BA2930 subunits yields Cα RMSD values of 0.4 Å for both
apo- and CoA-bound forms of BA2930. Superposition of each chain of the apo-form on the
corresponding chain of the CoA-bound form yields Cα RMSD values ranging from 0.3 to
0.4 Å. These differences can be attributed to mentioned before putative substrate binding
lobe. We also observe a similar degree of flexibility in the crystallized mutants (data not
shown).
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Fig. 3.
Comparison of the BA2930 (dark gray) and Bacillus subtilis YokD (light gray) structures.
Coenzyme A (purple) was co-crystallized with YokD, and CoA (blue) with BA2930. The
largest structural variations between the two structures are colored blue in BA2930 and
purple in YokD.
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Fig. 4.
Multiple sequence alignment (MSA) for selected members of the Antibiotic_NAT family.
An MSA of the 56 Antibiotic_NAT (PFAM2522) family seed sequences was prepared with
PCMA44 followed by manual adjustments. The presented MSA shows a subset of the seed
sequences, which represents the variability of the family alignment. Sequences are labeled
with the name of the organism. The NCBI gene identification (gi) numbers of each sequence
are: Vibrio shilonii – 149187267; Stigmatella aurantiaca - 115375112; Pseudomonas
aeruginosa - 150956; Streptomyces fradiae – 62857296; Escheriachia coli - 134047089;
Listeria monocytogenes - 167454283; Lactococcus lactis - 116326639; Clostridium
butiricum - 182417486; Bacillus coagulans -124521550; Streptomyces coelicolor -
21220413; Salinispora arenicola – 159038228; Bacillus anthracis – 30257522; and Bacillus
subtilis – 122921181. Amino acid residues responsible for binding of CoA/AcCoA by
BA2930 are marked with red dots. Positions conserved among all sequences are highlighted
in yellow and positions conserved in 80% of sequences are colored orange.
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Fig. 5.
Surface representation and schematics of binding of BA2930 with ligands bound (citric acid
(in the apo-form; (a), (aa)) or CoA ((b), (bb))), or docked (AcCoA and neomycin ((c), (cc))).
The distances shown are calculated between non-hydrogen atoms. Atoms from the residue
main chain are labeled next the box containing residue name and atoms from side chain are
separated from this box by a solid line.
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Table 2

List of the 10 top hits obtained after docking of ~1200 compounds from the FDA approved list of drugs
(February 2008) to BA2930. Compounds are ranked by their 'XP Gscore'. Extended list containing the first
one hundred hits is provided in the Supplementary Materials.

Compound name Therapeutic
Category

Structure XP
GScore

1 Paromomycin Antibacterial; Antiamebic −13.3

2 Kanamycin C Antibacterial −12.4

3 Amikacin Antibacterial −12.1

4 Streptomycin B Antibacterial −12.1

5 Streptomycin A Antibacterial −11.0

6 Lividomycin Antibacterial −11.0

7 Deferoxamine Parenteral chelating agent −10.6

8 Dihydrostreptomycin Antibacterial −10.5

9 Neomycin B Antibacterial −10.1
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Compound name Therapeutic
Category

Structure XP
GScore

10 Kanamycin A Antibacterial −10.1
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