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ABSTRACT: A benzoate CoA ligase (BadA), isolated from
the bacterium Rhodopseudomonas palustris, catalyzes the
conversion of benzoate to benzoyl CoA on the catabolic
pathway of aromatic carboxylic acids. Herein, apparent
Michaelis constants k¥ and K3’ were determined for an
expanded array of 31 substrates chosen to systematically probe
the active site architecture of the enzyme and provide a
baseline for expansion of wild-type substrate specificity. Acyl
CoA products were observed for 25 of the 31 substrates; in
general, BadA converted ortho-substituted substrates better
than the corresponding meta and para regioisomers, and the
turnover number was more affected by steric rather than
electronic effects. The kinetic data are interpreted in relation to
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six crystal structures of BadA in complex with several substrates and a benzoyl-AMP reaction intermediate. In contrast to other
known natural substrate-bound benzoate ligase structures, all substrate-bound BadA structures adopted the thiolation
conformation instead of the adenylation conformation. We also observed all the aryl carboxylates to be uniquely oriented within
the active site, relative to other structures. Together, the kinetics and structural data suggested a mechanism that involves
substrate binding in the thiolation conformation, followed by substrate rotation to an active orientation upon the transition to the
adenylation conformation. On the basis of this hypothesis and the structural data, sterically demanding active site residues were
mutated, and the substrate specificity was expanded substantially versus that of BadA. Novel activities were seen for substrates
with larger substituents, including phenyl acetate. Additionally, the mutant Lys427Ala identified this nonconserved residue as
essential for the thiolation step of BadA, but not adenylation. These variously acylated CoAs can serve as novel substrates of acyl
CoA-dependent acyltransferases in coupled enzyme assays to produce analogues of bioactive natural products.

cyl-group adenylation by ATP, in both primary and

specialized metabolism, is common to all living organisms.
The superfamily of ATP-dependent adenylation enzymes
(PFAMO00501) is organized into three classes. Class I includes
the nonribosomal peptide synthetase (NRPS) adenylation
domains, the acyl CoA ligases, and luciferase oxidoreductases.”
Classes II and III comprise the aminoacyl-tRNA synthetases
and NRPS-independent siderophore (NIS) enzymes, respec-
tively.” The focus of the study presented here centers on an acyl
CoA ligase from class I. Plants and bacteria employ aroyl CoA
thioesters for the biosynthesis of specialized metabolites. For
example, anthraniloyl CoA is a precursor of a quorum-sensing
molecule in Pseudomonas aeruginosa; benzoyl CoA lies on the
pathway to enterocin (a bacteriocin) in the marine actino-
mycete Salinispora,” to the chemotherapeutic Taxol in Taxus
plants,”” and to the volatile fragrant benzylbenzoate in plants.”
Biosynthesis of the antibacterial and antifungal aureothin
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proceeds through 4-nitrobenzoyl CoA in the soil bacterium
Streptomyces thioluteus (Figure 1).210

Accounts of aerobic and anaerobic degradation of environ-
mental pollutants such as polycyclic aromatic hydrocarbons
(PAHs) and polychlorinated biphenyls (PCBs) to benzoate
derivatives in bacteria include the characterization of several
different aroyl CoA ligases from Rhodopseudomonas palustris,
Burkholderia xenoverans, Pseudomonas strain CBS3, Thauera
aromatica, and P. aeruginosa.”_m Redox enzymes in these
bacteria target the aroyl CoA thioesters for dearomatization and

’

ring cleavage along catabolic pathways.'”'® These organisms

are thus candidates for bioremediation of man-made PAHs and

PCBs to reduce their environmental impact.'”"
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Figure 1. Representative natural products derived from acyl CoA thioesters.

ATP-dependent CoA ligases use two half-reactions to
catalyze thioesterification (Figure 2).*° The enzyme binds an
alkyl or aryl carboxylate and a Mg**—ATP complex for
subsequent coupling during the first half-reaction. The
oxyanion of the carboxylate nucleophilically attacks ATP,
releases diphosphate, and forms an acyl-AMP mixed anhydride
intermediate. In the second half-reaction, the nucleophilic thiol
of CoA attacks the carbonyl of the acyl-AMP intermediate to
make the thioester. Other crystal structures from this ligase
family support the hypothesis that the enzymes adopt
adenylation and thiolation conformations to catalyze their
respective half-reactions.' ">

Several active aroyl CoA ligase structures have been
determined in complex with acyl carboxylates, cofactors, acyl-
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Figure 2. ATP-dependent, two-step mechanism of a benzoate:CoA
ligase in the presence of magnesium. Abbreviations: BzO, benzoate;
Bz-AMP, benzoyl AMP; BzCoA, benzoyl coenzyme A. The ortho,
meta, and para carbons of the aryl ring of BzO are highlighted with
carbon numbers 2, 3, and 4, respectively.

adenylates, AMP, ATP, and CoA.!#152123729 g palustris,
chosen as a potential bacterial candidate for bioremediation, has
at least three distinct aroyl CoA ligases with different substrate
specificities and regulatory characteristics.'”** Of these, a
benzoate CoA ligase (designated BadA) was identified in an
earlier study'” that reported on the relative V, (ie, V)
values of BadA for different substrates compared to benzoate.'*
Here, we explicitly calculated the apparent kinetic parameters
(k%P and K3i?) of BadA for 2§ different carboxylate substrates
to further understand the steric, mesomeric, and inductive
effects of the substituents on the mechanism. We intend to
repurpose BadA for use in coupled enzyme assays to
biosynthesize rare, non-natural acyl CoAs. These thioesters
will serve as substrates for CoA-dependent N- and O-
acyltransferases that acylate many bioactive specialized
metabolites from plants.”** Calculation of the intrinsic
catalytic constants of BadA for non-natural carboxylates is an
important step toward this goal.
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Also described herein are five X-ray crystal structures of
recombinant BadA at ~1.80 A resolution complexed with
various aryl carboxylates and one with benzoylAMP (Bz-
AMP). BadA is structurally similar to other CoA ligases in its
class, comprising separate N-terminal and C-terminal domains
joined by a flexible hinge. On the basis of the structures of other
aroyl CoA ligases, we expected the C-terminal domain of
BadA—carboxylate complexes to remain in an “unrotated”
adenylate-forming conformation as seen in other benzoate
derivatives in complex with ligases.”"***” Surprisingly, however,
each complex showed BadA in the conformation primed for
thioesterification. The homologous human medium chain fatty
acyl CoA synthetase (ACSM2A)** provides precedent for the
binding of benzoate (BzO) to BadA in the thiolation
conformation. By analogy, ACSM2A cocrystallized with the
surrogate substrate ibuprofen in the thiolation conformation.”*
In addition, each of the aryl carboxylates binds the BadA active
site in a unique configuration rotated ~60° about the phenyl
ring relative to BzO bound in other structures and the Bz-AMP
bound in BadA. Here, mutagenesis of the active site supports
the importance of both orientations of the substrate in the
active site. Together, the data support a mechanism in which
benzoate tightly binds BadA in the thiolation conformation,
followed by rotation in the active site upon ATP binding for the
acyl adenylation step. The structures further provide a basis for
rational mutagenesis to remove sterically challenging residues
from the active site and expand the substrate scope of BadA.
The results of a series of mutations are also described here.
Using these structures, we also determined that the non-
conserved active site Lys427, present in the BadA active site in
the thiolation conformation, is not required for acyl adenylate
formation but is necessary for thioesterification.

B MATERIALS AND METHODS

BadA Protein Expression and Purification. The pBadA
expression vector (pET28a+) was used to transform BL21-
(DE3) Escherichia coli (Invitrogen, Carlsbad, CA). A single
colony was selected and used to inoculate a 10 mL culture of
Luria-Bertani (LB) medium (Acumedia) containing S0 yg/mL
kanamycin (Roche Life Sciences, Indianapolis, IN). The culture
was grown overnight at 37 °C. This seed culture (5 mL) was
used to inoculate fresh LB medium (1 L) containing SO yg/mL
kanamycin. This culture was grown at 37 °C until the Agy
reached 0.8. Gene expression was induced by 0.5 mM isopropyl
p-p-1-thiogalactopyranoside, and the cultures were grown for 5
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h at 18 °C and harvested by centrifugation at 6000g. The
bacterial pellet was resuspended in buffer A [S0 mM Na,PO,,
300 mM NaCl, 15 mM imidazole, and 5% glycerol (pH 8.0)]
containing EDTA-free Protease Inhibitor Cocktail tablets
(Roche Life Sciences, Indianapolis, IN). Cells were lysed with
a Misonix XL 2020 sonicator and centrifuged at 18000g for 30
min. The supernatant was passed through a 0.2 um filter
(Millipore, Billerica, MA) and loaded onto a Ni**-NTA Qiagen
column pre-equilibrated with buffer A. The column was washed
with 5 column volumes (CV) of buffer A and eluted with 3 CV
of buffer A containing 250 mM imidazole. Each fraction was
analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. Fractions containing BadA were combined,
loaded into a 10 kDa MW cutoff dialysis cassette (Thermo
Scientific Pierce, Grand Island, NY), and dialyzed overnight
against buffer B [SO mM NaPO, containing 5% glycerol (pH
8.0)] for kinetic analysis or buffer C [20 mM Tris (pH 8.0)] for
protein crystallization experiments. Dialyzed protein was
concentrated in a Millipore Amicon Ultra 30 kDa cutoff
concentrator to ~10 mg/mL [estimated by the Coomassie
(Bradford) Protein Assays (Thermo Scientific Pierce)]. The
molecular weight of BadA (501 amino acids, 58.9 kDa) was
verified by liquid chromatography and mass spectrometry
(LC—ESI/MS) on a Q-ToF Ultima Global mass spectrometer
(Waters Corp., Milford, MA). Protein aliquots were frozen in
liquid nitrogen and stored at —80 °C.

BadA Kinetic Assays. Stocks of ATP (10 mM) and CoA
(10 mM) were dissolved in buffer B; MgCl, (at 100 mM) was
stored in water, and stocks of the aromatic carboxylic acids
(each at 100 mM) were dissolved in methanol. Aromatic
carboxylic acids were then diluted in water. To establish steady-
state kinetic rates of BadA with respect to protein concentration
and time for each carboxylate (1 uM to 4 mM) and other
reactants, ATP (250 uM), CoA (250 yM), and MgCl, (750
uM) were combined in buffer B and preincubated at 31 °C for
10 min before the addition of 0.1-20 ug/mL BadA (total
volume of 90 uL). Assays were acid-quenched (pH 3) with
8.8% formic acid in water. Acetyl CoA was added as an internal
standard at a final concentration of 1 uM. Methanol
concentrations were held constant at 1% (v/v) among assays
with varied concentrations of carboxylic acids.

BadA Assay Analysis by Liquid Chromatography and
Mass Spectrometry. Liquid chromatography and electrospray
tandem mass spectrometry (LC—ESI/MS/MS) in negative ion
mode was used to quantify the biosynthetic acyl CoA products.
An autosampler (at 10 °C) connected to a UPLC system
(Waters Corp.) injected a 10 uL aliquot of each assay onto an
Ascentis Express C18 HPLC column (2.7 gm, $ cm X 2.1 mm,
at 30 °C, Sigma-Aldrich). The column was eluted at 0.4 mL/
min with 2.5% solvent B (100% acetonitrile) and 97.5% solvent
A [0.05% triethanolamine in water (pH 5.5)] with a 0.5 min
hold, followed by a linear gradient to 20% solvent B over 4 min,
then increased to 100% solvent B over 2 min, and finally
lowered to 2.5% solvent B over 0.5 min. The needle was
washed with 2 mL each of 100% 2-propanol and then with 10%
acetonitrile in water prior to each injection. The HPLC eftluent
was directed to an electrospray ionization mass spectrometer
(Quattro Premier XL, Waters Corp.) in negative ion mode,
with a cone voltage of 60 eV and a collision energy of 44 eV.
Each aryl CoA was quantified by multiple-reaction monitoring
of the [M — H]™ — m/z 408 transition, common to each aryl
CoA tested (Figure 3). Peak areas (calculated using the
MassLynx data analysis software from Waters Corp.) were
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Figure 3. Multiple-reaction monitoring (MRM) LC—ESI/MS/MS of
the [M — H]™ — m/z 408 transition ion in negative ion mode for aryl
CoA thioesters.

converted to product concentrations using a standard curve for
a series of benzoyl CoA concentrations [61 nM to 15.6 uM (n
= 3)] that were corrected by an internal standard acetyl CoA (1
uM).

BadA Mutations. Point mutations of the badA gene were
generated by site-directed mutagenesis, using the following
forward and reverse primer pairs (mutated bases are under-
lined): A227G, §-CCA AAC TGT TTT TCG GCT ACG
GCC TCG GCA ACG-3' and 5'-CGT TGC CGA GGC CGT
AGC CGA AAA ACA GTT TGG-3'; L3334, 5'-CGG CTC
GAC CGA GAT GGC GCA CAT CTT TCT GTC GAA C-3’
and 5’-GTT CGA CAG AAA GAT GTG CGC CAT CTC
GGT CGA GCC G-3'; H334A, §'-CGG CTC GAC CGA
GAT GCT GGC GAT CTT CCT GTC GAA TTT G-3’ and
5’-CAA ATT CGA CAG GAA GAT CGC CAG CAT CTC
GGT CGA GCC G-3'; I335A, §'-CCG AGA TGC TGC ACG
CGT TTC TGT CGA ACC TGC-3' and 5'-GCA GGT TCG
ACA GAA ACG CGT GCA GCA TCT CGG-3’; K427A, 5'-
CGA CAT GCT GGC GGT CAG CGG CAT CTA TGT
CAG CCC GTT CGA GAT CG-3' and 5'-GCC GCT GAC
CGC CAG CAT GTC GTC GGT GCG GCC CGC ATA
GGT GTA G-3'. The pBadA plasmid was amplified via
polymerase chain reaction (PCR) using Phusion HF polymer-
ase (New England Biolabs, Ipswich, MA) under the following
protocol: 95 °C for 3 min, followed by 20 cycles of 95 °C for 1
min, 58 °C for 1 min, and 72 °C for 4.5 min, with a final
elongation step of 72 °C for 7 min. The PCR product was
digested with Dpnl (New England Biolabs) at 37 °C for 2 h
and then used to transform DHSa E. coli (Invitrogen). The
resulting colonies were inoculated into starter cultures and
grown for DNA purification (PureYield Plasmid MiniPrep
System, Promega, Fitchburg, WI) and DNA sequencing for the
badA point mutations at the Michigan State University
Research Technology Support Facility. Mutant plasmids were
used to transform BL21(DE3) E. coli (Invitrogen). The
expression, isolation, and purification of the mutant enzyme
were identical to those processes described for wild-type BadA.

Kinetic Analysis. To calculate the kinetic constants, each
substrate was varied (1—4000 M) in separate assays under
predetermined steady-state conditions. Resultant CoA thioester
products were quantified after terminating the reaction as
described previously. The apparent kinetic parameters (K3P
and k%F) were calculated by nonlinear regression with Origin
Pro version 9.0 (Northampton, MA) (Figures S1—S24 of the
Supporting Information), using the Michaelis—Menten equa-
tion: vy = k2P[E ][S]/ (IG5 + [S]). Relative steady-state rates
for mutant enzymes Ala227Gly-BadA, Leu332Ala-BadA,
His333Ala-BadA, and Ile334Ala-BadA were calculated for 15
aryl carboxylates. Assays with purified mutant protein contained
0.02 mg/mL mutant enzyme, 250 yuM ATP, 1 mM carboxylate,
750 uM Mg**, and 250 uM CoA. Relative velocities at apparent
saturation are reported as percentages relative to BadA with
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benzoate. For the Lys427Ala-BadA mutant, the biosynthetic
benzoyl-AMP and benzoyl CoA products catalyzed by the
mutant were analyzed separately via HPLC (with A,
detection) and LC—ESI-MS/MS. Control assays contained
the necessary cofactors and reagents but no mutant enzyme.

Crystallization of R. palustris Benzoate: Coenzyme A
Ligase (BadA). Purified BadA protein (17.5 mg/mL) was used
for de novo protein crystallization trials using six different 96-
condition Crystal Screen (Hampton Research) matrices. A
Gryphon Protein Crystallization robot (Art Robbins Instru-
ments) was used for setting up sitting-drop vapor diffusion
crystallization trials. The trials were kept at 22 °C throughout
crystallization. Approximately 45 different conditions produced
crystals of varying quality, the best being from the Wizard I/1I
Screen A10 condition [20% (w/v) PEG-2000 MME and 0.1 M
Tris-HCI (pH 7)]. This condition was then optimized in crystal
boxes employing the hanging-drop vapor diffusion crystal-
lization method. Hanging drops (2 uL) consisting of an equal
measure of protein and reservoir solutions were used. The best
crystals, used for data collection, were grown from a reservoir
solution containing 0.1 M Tris-HCl (pH 7.0) and 15% (w/v)
PEG 3350.

Cocrystallization To Obtain the Ligand-Bound Struc-
ture. Cocrystallization was employed by adding separately each
carboxylic acid ligand (4 equiv) to the BadA protein solubilized
in 0.1 M Tris buffer (pH 8.0). For the multiple-component
cocrystallization, ATP, CoA, and benzoic acid (each at 1 equiv)
were added to the protein solution. Each cocrystallization
mixture was incubated for 10 min at 4 °C followed by
crystallization using a reservoir of 20 mM Tris buffer at 15%
PEG 3350 at variable pH values. The best crystals grew in a pH
range from 6.5 to 7.5.

Data Processing and Refinement of BadA. Crystals
were soaked in a cryoprotectant [0.2 M Tris-HCI (pH 6.5-7.5)
containing 20% PEG-3350 and 20% glycerol], mounted in
CryoLoops (Hampton Research), and then flash-frozen in
liquid nitrogen. The native X-ray diffraction intensity data were
collected under a continuous stream of nitrogen at 100 K on
beamline 21-ID-G (LS-CAT, Argonne National Laboratory,
Advanced Photon Source, Chicago, IL) at a wavelength of
097872 A. Raw diffraction data were indexed using the
HKL2000 software package.”” A search of the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB) revealed one known structure for a benzoate
CoA ligase (BCLy,) from Burkholderia xenovorans LB400 (PDB
entry 2V7B).'* Query of the Swiss-Model server”* produced a
threaded protein structure homology model of BadA based on
the BCLy; structure. The BadA structure was determined by
molecular replacement using this model and the MOLREP
program in the CCP4 suite.””*” Though the N-terminal
domain was well-positioned within the density, the C-terminal
domain was not. The model was corrected using the Buccaneer
program in the CCP4 suite to thread the amino acid sequence
into the density. Further corrections were made manually using
COOT.” Jligand version 1.0.9°” of the CCP4 suite was used to
add the template restraints for the ligands prior to refinement.
The structures were refined using REFMAC in the CCP4
program suite. Water molecules were added using REFMAC
and COOT near the end of the refinement.

Calculation of Covalent van der Waals Volumes and
Lengths. The molecular volumes of the substituents on the
aryl carboxylate substrates were estimated as Connolly solvent-
excluded volumes™’ using ChemBio3D Ultra software (version
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13.0, PerkinElmer) and a probe radius of 0.1 A. The volume of
a phenyl anion was subtracted from the estimated volume of a
phenyl attached to a substituent. The geometries of polyatomic
substituents such as CH;, OH, MeO, CN, NH,, and NO,,
attached to phenyl were MM2 energy minimized using the
default parameters of the ChemBio3D Ultra software. The
covalent van der Waals lengths of CN and CI substituents
attached to a phenyl ring were calculated using the covalent
bond distance between two atoms and the atomic radius of the
terminal atom.

B RESULTS

Determining the BadA Structure. BadA crystallized as a
complex with benzoate (BzO) in the absence of added
benzoate. BadA also cocrystallized with 2-fluorobenzoate (2-
F-BzO), 2-methylbenzoate (2-Me-BzO), 3-furoate (3-Fur), and
thiophene-2-carboxylate (Thio-2-C) (see Figure 2 and Figures
S1—824 for structures). BadA was also cocrystallized with both
benzoate and ATP, resulting in a bound Bz-AMP intermediate,
the product of the first half-reaction (see Figure 2), bound in
the active site. All structures were refined to resolutions of at
least 1.8 A (Table S1 of the Supporting Information) and
helped guide the interpretation of the kinetic data.

Domain Orientation. The BadA structures in complex
with BzO (PDB entry 4EAT) (Figure 4 and Figure S25), 2-Me-

Figure 4. Crystal structure of BadA (PDB entry 4EAT) in complex
with benzoate (yellow and enclosed in the electron density map, 2F, —
F.). The N-terminal domain (green) and the C-terminal domain
(blue) in the “thiolation conformation”.

BzO (PDB entry 4RLQ), Thio-2-C (PDB entry 4RMN), 3-Fur
(PDB entry 4RM3), 2-F-BzO (PDB entry 4RM2), and Bz-
AMP (PDB entry 4ZJZ) (Figure S26 of the Supporting
Information) had the characteristic N-terminal and C-terminal
domains of other ATP-dependent adenylases.””* The N-
terminal (residues 1—434) and C-terminal (residues 435—
522) domains of BadA fold analogously to the benzoate CoA
ligase BCLy (PDB entry 2V7B)"* with root-mean-square
deviations between the peptide backbones of ~0.5 and 0.6 A,
respectively.”’ The N-terminal domain contains the benzoate
binding site, and the C-terminal domain contacts the outer
edge of the benzoate binding pocket, positioning benzoate in
the active site through a charged interaction between the
carboxylate of benzoate and Lys427 (Figure 4).
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Figure 5. Active site of the BadA structure. (A) Three-dimensional rendering of BadA in complex with benzoate (BzO) (cyan) (PDB entry 4EAT)
and (B) benzoyl-AMP (Bz-AMP) (yellow) (PDB entry 4ZJZ); key, steric, and substrate binding residues (green) are highlighted. (C) Overlay of the
active site orientations of BzO (cyan) and Bz-AMP (yellow) in complex with BadA. Structural alignments were made with UCSF Chimera 1.10.*
(D) Two-dimensional rendering of the active site showing distances (in angstroms) between BzO (bold black structure) and the Bz group of Bz-
AMP (bold blue structure) and key, steric active site residues. Insets show two views of the dihedral angle between the carboxylate oxygens and the
phenyl ring of BzO and Bz-AMP (partial structure) bound in BadA. Heteroatoms are colored red for oxygen, orange for phosphorus, and blue for

nitrogen.

Features of the BadA Active Site. The BadA active site is
largely hydrophobic with many binding contacts between the
substrate and the polypeptide backbone. In all BadA structures
bound to the aryl carboxylate, the active site coordinates the
carboxylate substrate with Lys427. In this position, the para
carbon of BzO neighbors the carbonyl of Leu332 along the
peptide backbone, and the two meta carbons of BzO point
toward His333 and Ala227 on either side (Figure SA,D). The
si- and re-faces of the BzO are positioned between backbone
amide bonds comprising Gly327, Ser328, and Thr329 on one
face and Tyr228 on the other face.

Cocrystallization of BadA with BzO and ATP vyielded a Bz-
AMP intermediate in the active site with the C-terminal domain
also poised in the thiolation conformation.”"*® The active sites
of structures bound to BzO or Bz-AMP showed almost no
structural differences. However, when Bz-AMP forms, Lys427
moves from an interaction with the carboxylate of the substrate
to several polar contacts with the Bz-AMP and the peptide
backbone (Figure SB,D). We evaluated the importance of
Lys427 of BadA for catalysis by making a Lys427Ala-BadA
mutant and compared its activity with that of BadA. The
mutant made benzoyl CoA at a rate [k%F = (83 + 1.8) X 107°

cat
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s~'] more than 33000-fold slower than that of wild-type BadA
(k2P = 28 s71), yet the K& (1.5 + 0.31 uM) for this mutant
was nearly the same for wild-type BadA (4.4 + 0.65 uM)
(Figure S27). The mutant and BadA catalyzed approximately
equal amounts of benzoyl-AMP in the absence of CoA (Figure
$28). These data indicated that Lys427 is needed for the
thiolation reaction.

When the Bz-AMP anhydride forms, other structural
differences include a decrease in the dihedral angle between
the carboxylate and the aryl ring from 37° for BzO to 12° for
the anhydride. Further, Tyr432 shifted toward the phosphate
oxygen of the AMP anhydride and away from Arg42l to
accommodate the Bz-AMP (Figure S27). The benzoyl moiety
also rotates ~60° about the Cg4 axis of the aromatic ring and
moves the ortho carbon from an unhindered region of the active
site toward residue Ala227, which previously resided near the
meta carbon (Figure SC,D). This rotation positions the benzoyl
moiety of Bz-AMP similarly to those of benzoates bound in
other CoA ligase structures, regardless of the C-terminal
domain orientation.'#*"**

Kinetic Properties of BadA. The R. palustris BadA was
recombinantly overexpressed in E. coli and incubated separately
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with various heteroaromatic, alkenoyl, alkyl, and aryl carbox-
ylates to calculate the kinetic constants for each substrate
(Table 1). Benzoate substrates with substituents of differing

Table 1. Kinetic Parameters of BadA for Various Substrates

substrate” ke (s71) K (uM) KER/KRE (™' pM)
BzO 28 + 0.9 44 + 0.65 6.4
Thio-2-C 4.8 + 0.2 37 £ 8.7 0.13
3-Fur 6.7 + 0.5 71 + 12 0.094
PhAc ND” - -
Cinn ND? - -
Nonaromatic Carboxylates
3-Cyc 16 + 1.03 56 £ 9.1 0.29
1-Cyc 5.6 + 0.24 52 +7.1 0.11
Cyc 13.5 + 1.07 1470 + 213 0.0092
ortho-Substituted Benzoates
2-F 34 + 0.7 8.1 + 091 4.2
2-OH 0.63 + 0.01 1.6 £ 02 0.39
2-NH, 39 +0.12 21 £23 0.19
2-CN 0.11 + 0.0034 213 + 22 0.00052
2-Cl 2.2 + 0.07 130 + 12 0.017
2-Me 1.2 + 0.042 44 + 6.1 0.027
2-MeO 0.011 + 0.0005 789 + 82 0.000014
2-NO, 0.27 + 0.011 2015 + 167 0.00013
meta-Substituted Benzoates
3-F 35+ 14 73 + 11 0.48
3-OH 1.8 + 0.04 229 + 18 0.0079
3-NH, 1.8 £ 0.11 174 + 32 0.010
3-CN slow® - -
3-Cl 0.33 + 0.01 290 + 23 0.0011
3-Me 0.54 + 0.018 215 + 26 0.0025
3-MeO ND” - -
3-NO, ND? - -
para-Substituted Benzoates
4-F 22 + 0.66 6.6 + 0.9 33
4-OH 0.93 + 0.037 158 + 17 0.0059
4-NH, 0.18 + 0.004 25+3 0.0072
4-CN slow” - —
4-Cl 0.29 + 0.012 83 + 11 0.0035
4-Me 0.7 + 0.035 590 + 73 0.0012
4-MeO ND” - -
4-NO, ND” - -

“Abbreviations: Thio-2-C, thiophene-2-carboxylate; 3-Fur, 3-furoate;
PhAc, phenylacetate; Cinn, cinnamate; 3-Cyc, 3-cyclohexene-carbox-
lyate; 1-Cyc, 1-cyclohexene-carboxlyate; Cyc, cyclohexane carboxylate.
Standard errors were calculated for the nonlinear regression fit by
Origin Pro version 9.0. PNot detectable, below the detection limit.
“The CoA thioester product was detected at 0.4 pmol s at apparent
saturation, even at BadA concentrations up to 100 ug/mL. Initial
steady-state rates at low substrate concentrations were too slow to
calculate kinetic parameters.

steric and electronic properties were chosen to systematically
probe the active site of BadA. We quantified the biosynthetic
CoA thioester products by LC—ESI-MS/MS.

Substrate Turnover by BadA. The k%P (28 + 0.9 s™") and
K3%P (4.4 + 0.65 uM) of BadA for the natural substrate BzO are
consistent with those reported earlier (k2P = 27 s™'; K3 =
0.6—2 uM)."” These values were compared to the Michaelis
parameters of BadA for 21 monosubstituted benzoates, three
cyclohexane-derived carboxylates, and two heteroaromatic
carboxylates to their corresponding CoA thioesters (Table 1).
Although Ky is not a true dissociation constant, in this study it
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will serve as a means of comparing enzyme interactions with
different carboxylate substrates.

Halogenated Benzoates. BadA turned over substrates 2-
F-, 3-F-, and 4-F-BzO as well as BzO, and the Kj{® values of
BadA for 2-F-BzO and 4-F-BzO were similar to that for BzO; 3-
F-BzO was an outlier (Table 1). Interestingly, the K® for 3-F-
BzO was 17-fold higher than for BzO, reducing its relative
catalytic efficiency 13-fold and suggesting that an interaction
between the meta position and active site residues affected
binding but not turnover.

BadA turned over 2-chlorobenzoate (2-CI-BzO) better than
3-Cl-BzO or 4-Cl-BzO, in a trend similar to that of the
fluorobenzoates. However, compared to that of BzO, turnover
rates were ~10-fold slower for 2-Cl-BzO and 100-fold slower
for both 3-Cl- and 4-CI-BzO. The K}{? values of BadA for the
Cl-BzO series (between 83 and 290 M) were much higher
than those of the corresponding F-BzO substrates (<10 uM).
Accordingly, the k¥P/KFf values of BadA for the CI-BzO
substrates were considerably reduced (~380-fold for 2-Cl-BzO
and up to ~6000-fold for 3-Cl-BzO) compared to that for BzO.
These data suggest the larger chlorine®’ likely affects the
binding interaction of all regioisomers of the chlorinated
substrates and prevents them from regularly adopting a catalytic
conformation, causing slower turnover (Table 1).

Benzoates with Strongly Electron-Withdrawing Sub-
stituents. The 3-NO,- and 4-NO,-BzO substrates were not
productive, while 2-NO,-BzO was turned over by BadA (Table
1). Similarly, 2-cyanobenzoate (2-CN-BzO) was the only
productive substrate among the isomeric CN-BzO substrates
but was ~2.5-fold less active than 2-NO,-BzO (Table 1). The
KF of BadA for 2-CN-BzO was ~10-fold lower than for 2-
NO,-BzO (2000 yM). These data are consistent with the
observation that substituent regiochemistry affects substrate
binding and subsequent turnover.

Benzoates with Strongly Electron-Donating Substitu-
ents. The catalytic efficiency of 2-hydroxybenzoate (2-OH-
BzO) was 16-fold lower than that of BzO, primarily because of
its lower k2P (Table 1). By comparison, the K3;? values of BadA
for 3-OH- and 4-OH-BzO were substantially higher than for 2-
OH-BzO, yet 3-OH- and 4-OH-BzO were turned over
similarly.

BadA did not bind 2-aminobenzoate (2-NH,-BzO) (K3}P =
21 uM) as well as 2-OH-BzO (1.6 uM) and was turned over 6-
fold faster than 2-OH-Bz (Table 1). The catalytic efficiencies of
BadA for 3-NH,-BzO and 3-OH-BzO were similar (~0.1 s~
uM™") because of their comparable kP and K3P values. 4-NH,-
BzO binds BadA with ~6-fold more apparent affinity (K§P = 25
uM) than the 4-OH-BzO (K3 = 160 uM), which is reciprocal
to the ~6-fold difference in product release (0.18 and 0.93 57/,
respectively) of the corresponding CoA thioesters, thus
equalizing the catalytic efficiencies of BadA for these substrates.

BadA turned over each Me-BzO regioisomer in almost the
same order of reactivity as OH-, NH,-, and Cl-substituted
substrates (ortho > meta > para) (Table 1). The k%P values for
BadA with Me-BzO substrates compared with BzO were
slower, and the Kyi? values were higher. The larger Michaelis
constants were the dominant factors that affected the catalytic
efficiency of BadA for the Me-substituted substrates. For the
MeO-BzO substrates, BadA turned over 2-MeO-BzO 2000-fold
slower than it did BzO, with a Ky 180-fold higher than that for
BzO. 3-Methoxybenzoyl (3-MeO-Bz) CoA and 4-MeO-Bz
CoA were not detectable under standard assay conditions and
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Table 2. Relative Apparent Maximal Rates (VF)“ of BadA and Point Mutants for Various Substrates

substituent on BzO (VEP)“ BadA A227G
H (BzO) 100” (8.8)° 86 (4)
2-CH, 10.6 (0.5) 42 (1)
2-NO, 1.6 (0.10) 1.2 (0.012)
2-OCH, 0.09 (0.008) 10.4 (0.33)
2-CN 0.02 (0.002) 12.0 (0.82)
2,6-DiCl ND“ 0.69 (0.02)
3-CH, 2.04 (0.4) 7.0 (0.3)
3-OCH, <0.001 2.9 (0.32)
3-CN ND“ 0.038
3-NO, ND4 0.015 (0.0023)
4-CH, 5.02 (0.304) 0.29 (0.014)
4-CN <0.001 <0.001
4-OCH, ND4 <0.001
4-NO, ND“ ND?
4-ethyl ND“ ND“
3,4-DiCH, <0.001 0.016 (0.0032)
(PhAc) ND“ ND“

Vi

1334A H333A L332A
93 (3) 89 (10) 89 (8)
1.8 (<0.1) 11 (1) 17 (02)
0.03 (0.002) 14 (<0.1) 0.12 (0.01)
0.003 (<0.001) 0.058 (0.005) 0.004 (<0.001)
0.03 (<0.01) 0.08 (0.01) 0.05 (0.002)
ND“ ND“ ND?
49 (1.4) 44 (3.6) 1.5 (0.12)
70 (6.2) 10.7 (0.24) 0.086 (0.009)
8.5 (1.3) 2.5 (0.15) 0.017 (0.002)
0.23 (0.036) 1.2 (0.034) ND“
14 (0.35) 4.5 (0.202) 0.063 (0.004)
0.010 (0.001) 2.9 (0.3) ND“
39 (2.9) 0.93 (0.019) ND“
<0.001 0.11 (0.010) ND“
9.4 (0.83) 0.86 (0.058) ND“
ND“ 0.69 (0.11) ND?
0.012 (0.0022) <0.001 ND“

“VP values are normalized (as a percentage) to the apparent relative V,,,, of BadA for benzoate. Highlighted in bold are inactive substrates with
BadA that are active with a mutant, or cases in which the mutant is 10-fold more active than BadA. ®The V% for BadA with benzoate is 15.1 nmol/

min. “Standard deviations are given in parentheses (n = 3). “Not detected.

were below the detection limit (at 0.5 pmol/mL) of the mass
spectrometer.

Turnover of Heteroaromatic Carboxylates. BadA
turned over the two heteroaromatics Thio-2-C and 3-Fur at
similar rates (Table 1). The k%P and the K3 of BadA for Thio-
2-C are ~6-fold slower and ~8-fold higher, respectively, than
the values for BzO, whereas the values for 3-Fur were ~4-fold
slower and ~14-fold higher, respectively. These data showed
that 3-Fur was turned over (1.4-fold) faster by BadA but had
less apparent affinity (1.9-fold) for the enzyme than Thio-2-C,
thus equalizing their catalytic efficiencies at ~0.1 s™' uM™!
(Table 1).

Turnover of Nonaromatic Carbocycle Carboxylates.
Intrinsic kXF values of BadA for nonaromatic carboxylates are
reported here for the first time. The turnover rates of
cyclohexane carboxylate, 1-cyclohexene-1-carboxylate (1-Cyc),
and 3-cyclohexene-1-carboxylate (3-Cyc) were similar (only
from S- to 1.8-fold lower) to that of BzO. The K¥? of
cyclohexane carboxylate (Cyc) was ~330-fold lower than that
of BzO among these carbocycles. This trend is also reflected in
the lower catalytic efficiency of BadA for Cyc than for 1-Cyc
and 3-Cyc. However, the k%P of BadA for Cyc was surprisingly
48% compared with the turnover of BzO. This result improves
upon an earlier BadA study in which the relative apparent
maximal rate (V) was at 1% for Cyc compared with that for
BzO, likely because of a low Cyc concentration (250 uM),"”
below the calculated Kyf¥ of 1470 yM in this study.

Rational Mutation of the BadA Active Site. BadA
structures in complex with carboxylate substrates and a
benzoyl-AMP intermediate guided site-directed mutagenesis
on the wild-type BadA to remove steric bulk from the active site
and expand the substrate preference for benzoates with meta
and para substituents. Four residues (Ala227, Leu332, His333,
and Ile334) surround the phenyl ring of BzO in the active site
(Figure S). The residue positioned near a given carbon of BzO
depends on whether the BzO is in the carboxylate-bound
orientation (Figure SA) or the rotated Bz-AMP-bound
orientation (Figure SB). For example, Ala227 is next to the
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meta carbon of BzO (Figure SA) and the ortho carbon of Bz-
AMP (Figure SB). Similarly, the peptide backbone of Leu332 is
near the para and meta carbons of BzO and Bz-AMP,
respectively. The His333 side chain points toward the meta
and para positions of BzO and Bz-AMP, respectively, while the
Ile334 side chain is near the ortho carbon of BzO and the meta
carbon of Bz-AMP. Therefore, targeted mutations of
Ala227Gly, Leu332Ala, His333Ala, and Ile334Ala should
show the relative importance of the two orientations for
reactivity. The latter three were mutated to Ala instead of a
smaller, flexible Gly to maintain conformational rigidity in the
peptide backbone. Each mutant turned over the natural
substrate benzoate at 86—93% of the rate of BadA (Table 2).
Ala227Gly-BadA Mutant. The maximal relative velocities
(V&) of the Ala227Gly-BadA mutant increased for ortho-
substituted BzO substrates [2-Me (~4-fold), 2-CN (600-fold),
and 2-MeO (116-fold)] compared with those of BadA.
Ala227Gly-BadA also uniquely converted 2,6-dichlorobenzoate
(2,6-diCI-BzO) to its CoA thioester, while BadA and the other
mutant enzymes did not. Increases in activity with meta-
substituted BzO substrates were also observed. An ~3-fold
increase in activity with 3-Me-BzO was observed in addition to
an ~2900-fold (or greater) increase in activity with 3-MeO-
BzO. Novel but low-level activities with 3-CN-BzO and 3-NO,-
BzO were observed. Compared with the activities of BadA for
substrates with para substituents, the mutant activities were
roughly the same, except the mutation markedly decreased the
rate of turnover of 4-Me-BzO by 17-fold (Table 2).
lle334Ala-BadA Mutant. The Ile334Ala-BadA mutant had
higher VEF values for meta- and para-substituted benzoates but
lower values for all ortho-substituted benzoates tested. The Vi
values of Ile334Ala-BadA compared with those of BadA
increased 70000-fold for 3-MeO-BzO, 24-fold for 3-Me-BzO,
2.8-fold for 4-Me-BzO, and 7-fold for 4-CN-BzO (Table 2).
The Ile334Ala-BadA mutant had expanded substrate specificity
for previously inactive substrates: 4-MeO (39%), 4-ethyl-
benzoate (4-ethyl-BzO) (9.4%), 3-CN-BzO (8.5%), 3-NO,-
BzO (0.2%), a benzoate homologue, phenylacetate (PhAc)
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Figure 6. (A) C-Terminal domains (ligands are omitted for clarity) of CBAL in complex with 4-Cl-BzO (PDB entry 1TSD) (green) and 4-Cl-Bz-
AMP (PDB entry 3CW8) (yellow), in the adenylation conformation, are overlaid with those of BadA in complex with BzO (PDB entry 4EAT) (red)
and Bz-AMP (PDB entry 4ZJZ) (cyan) in the thiolation conformation. (B) C-Terminal domains (ligands omitted for the sake of clarity) of CBAL in
complex with both 4-chlorophenacyl CoA and AMP (PDB entry 3CW9) (green) and BCLy, in complex with BzO (PDB entry 2V7B) (purple) are
overlaid with that of BadA in complex with BzO (PDB entry 4EAT) (red) in the thiolation conformation. (C) Relative positions of catalytically
important lysine residues in BadA and BCLy. The C-terminal domain (blue) is in the thiolation conformation: Lys427 (green) of BadA (PDB entry
4Z]JZ) is in the active site, and LysS12 (red) is solvent-exposed. (D) The C-terminal domain (blue) is in the adenylation conformation: Lys520 (red)
of BCLy; (PDB entry 2V7B) is in the active site, and Lys433 (green) is solvent-exposed. N-Terminal domains are colored gray.

(0.01%), and 4-NO,-BzO (0.001%) (Table 2). The Ile334Ala
mutation, designed to help binding and turnover of BadA for
ortho-substituted substrates, dramatically increased the rate of
catalysis of larger meta and para substituents.
His333Ala-BadA Mutant. His333Ala-BadA mutant, de-
signed to help binding and turnover of BzO substrates with
substituents at the meta position, resulted in increases in activity
with both meta- and para-substituted BzO substrates but did
not significantly change the VI for ortho-substituted BzO
substrates compared to that of BadA. Compared with that of
BadA, the VP values of His333Ala-BadA increased 11000-fold
for 3-MeQO-BzO, 22-fold for 3-Me-BzO, 3400-fold for 3,4-diMe-
BzO, and 2100-fold for 4-CN-BzO (Table 2). New activities
[relative to BzO (at 100%)] for this mutation include 3-CN-
BzO (2.5%), 3-NO,-BzO (1.2%), 4-MeO-BzO (0.9%), 4-NO,-
BzO (0.1%), and 4-ethyl-BzO (0.9%) substrates (Table 2).
Leu332Ala-BadA Mutant. The Leu332Ala mutant was
designed to increase the rate of binding and turnover of para-
substituted benzoic acids. Upon testing this mutant, we
observed a significant loss of activity (~90%) for nearly all
substrates except BzO. Small increases in activity with 3-MeO-
BzO and 3-CN-BzO were observed. The Leu332Ala mutant
turned over BzO at 89% of the rate of BadA; other mutants
tested turned over the natural substrate at a similar rate.
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B DISCUSSION

In this study, to provide insight into active site residues that
define substrate selectivity, we determined the crystal structure
of BadA and used this information to design point mutants with
greater substrate permissivity. In addition, we measured the
Michaelis parameters of BadA for various substrates to evaluate
how steric effects and electronics, through interactions with a
heteroatom or substituent, affect binding and turnover.

BadA Structure and Homology. Homologous adenylase
structures of CoA ligases and AMP ligases (20—30% similar) in
the PDB (including BadA) show that enzymes in this family
typically fold into a larger N-terminal domain (400—S550
residues) and a smaller C-terminal domain (~110 residues),
where the active site lies between the domains. The N-terminal
domain contains nearly all the residues that bind the
carboxylate substrate. The N-terminal domain also binds the
adenosyl group of ATP, while the C-terminal domain residues
coordinate the ribose and phosphate groups. Several related
CoA ligase crystal structures support a domain alternation
mechanism in which the C-terminal domain rotates ~140°
from its adenylation conformation to a thiolation conformation
after the acyl-AMP forms and CoA binds.”’ The domain
rotation occurs on a flexible hinge loop that contains a
conserved Asp residue,’® and this conformational change
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configures the ligase for the thiolation step in the second half-
reaction.”* The adenylation conformation supposedly forms
when the carboxylate alone (or with ATP) binds the active site
in the N-terminal domain.”**° After the formation of the acyl
anhydride intermediate and binding of CoA, the C-terminal
domain rotates into the thiolation conformation. This rotation
places key catalytic C-terminal residues in the active site and
primes the enzyme for thioesterification.”*%*°

To the best of our knowledge, all known structures of ATP-
dependent aroyl CoA ligases in complex with only their natural
carboxylate substrate adopt the adenylation conforma-
tion.'****>*® The structure of a 4-chlorobenzoate CoA ligase
(CBAL) from Alcaligenes sp. AL3007 in complex with 4-
chlorobenzoate (4-Cl-BzO) (PDB entry 1TSD) or 4-Cl-Bz-
AMP (PDB entry 3CW8) adopts the adenylation conformation
(Figure 6A). Subsequently, CBAL adopts the CoA-bound
thiolation conformation when complexed with a phenacyl
analogue of 4-chlorobenzoyl CoA and AMP (PDB entry
3CW9) (Figure 6B). The crystal structure of a benzoate CoA
ligase (BCLy,) (PDB entry 2V7B) from B. xenoverans'* (61%
sequence identity with BadA), in complex with only benzoate,
is in the adenylation conformation (Figure 6B). In contrast, all
six BadA structures in complex with either aryl carboxylates or
Bz-AMP are found surprisingly in the thiolation conformation,
even in the absence of CoA. This observation deviates from the
predicted sequential domain alternation mechanism proposed
for ATP-dependent CoA ligases.”' The conserved Asp424
hinge residue in BadA and the flanking residues of the flexible
loop are nearly identical with those in BCL,;. Reasons for why
the BadA and BCLy, structures adopt different C-domain
conformations when bound to aryl carboxylate substrates
remain obscure, particularly because a BadA structure in the
adenylation conformation is unavailable. However, one possible
explanation is that the two enzymes have different resting
states; BadA assumes the thiolation conformation, while BCL,,
adopts the adenylation conformation when benzoate is bound.

Further, sequence and structural alignments show that the
active site residues (Figure S28 of the Supporting Information)
and architectures of the N-terminal domains of BadA and
BCL,, in complex with benzoate are identical. It is therefore
interesting that the relative kX values for BadA with
fluorobenzoates ranged between 7S5 and 117% relative to that
of BzO (100%), whereas BCL,; turned over 2-F-BzO at 2% of
the rate for BzO.'"* Active site residue Phe236 in the
adenylation conformation of BCLy; is located <4 A above the
carboxylate group of the bound BzO and blocks the CoA
channel. The analogous Phe226 residue in BadA is offset by an
~72° rotation away from the BzO, opening the CoA binding
channel (Figure S29 of the Supporting Information). Because
the BadA and BCL,; structures have different C-domain
conformations, it is difficult to provide a structural rationale for
differences in substrate specificity between BadA and BCLy;.

Catalytically Important Lysine Residues in BadA.
Despite the different conformations of the C-terminal domain
for BadA and BCLy, each uses a distinct C-terminal domain
lysine (Lys427/512 for BadA and Lys433/520 for BCLy) to
orient the BzO substrate in either conformational state. In the
adenylation conformation, BCLy; uses LysS20 (aligns with
LysS12 of BadA) to coordinate BzO. An earlier study showed
that mutation to alanine or modification by native enzymatic
N¢-acetylation of Lys512 of BadA reduced the extent of benzoyl
CoA product formation by 99%.>”*" In all BadA structures in
the thiolation conformation presented here, Lys427 coordinates
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BzO in the active site and LysS12 is far from the active site and
solvent-exposed in the C-domain (Figure 6C,D). The apo
structure of ACSM2A crystallized in the thiolation conforma-
tion, supporting the idea that this conformation is available for
binding by the carboxylate ligand.”* A thiolation conformation
resting state would make the conserved lysine (LysS12 of
BadA), present in all ATP-dependent CoA ligases, solvent
accessible for post-translational regulation by Nf-acetyltrans-
ferases/deacetylases.’*>*’

The surface-exposed, conserved lysine residue is accessible to
regulatory acetyltransferases/deacetylases when these ligases
adopt the thiolation conformation. By contrast, the adenylation
conformation returns this lysine to the active site for
adenylation catalysis. Lys427 of BadA makes four polar contacts
with Bz-AMP, one with the benzoyl oxygen, three with the
AMP moiety, and two to Gly303 and Gly430 (Figure 7). These

Figure 7. Active site of BadA showing possible polar contacts between
Lys427 and Bz-AMP ligand (yellow), Gly304, and Gly431 (green).
Distances (in angstroms) are shown. Heteroatoms are colored as red
for oxygen, orange for phosphorus, and blue for nitrogen.

contacts likely anchor Bz-AMP, and the positive charge of
Lys427 primes the AMP leaving group for CoA trans-
esterification. On the basis of this information, we predicted a
Lys427Ala-BadA mutant would slow the second thioester-
ification step of the BadA reaction and found indeed that the
mutant was 99.9% less active than BadA. However, the rate of
acyl-AMP formation appears to be unaffected. In the absence of
structural data, the importance of Lys427 of BadA on catalysis
was unexpected because of the semiconserved nature of the
residue.

Together, the earlier Lys512 modification study and the
Lys427 mutagenesis described here suggest that when BadA
assumes the adenylation conformation (likely stabilized when
ATP binds), LysS12 enters the active site. It is imagined that
the latter residue then coordinates and primes BzO for
nucleophilic attack on ATP based on homology with BCLy,
in the adenylation conformation. This mechanistic sequence is
analogous to that described in an earlier study for ACSM2A.>*
The latter proceeds through a proposed series of conformations
[thiolation (carboxylate binding step), adenylation (ATP
binding step), and returns to thiolation (acyl-AMP forming,
CoA binding, and thioesterification steps)] to catalyze its
thioesterification reaction.

Lys427 is not highly conserved among ligases; however,
BCL, contains a presumed functionally similar lysine residue
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(Lys433) at the same position as the active site Lys427 of
BadA, as does the phenylalanine adenylation domain (PheA) of
gramicidin synthetase I from Brevibacillus brevis, and the p-
alanyl carrier protein ligase (DItA) from Bacillus cereus.”**" In
other ligases, such as the dihydroxybenzoate CoA ligase
(DhbE) from Bacillus subtilis (Asn434) or 4-chlorobenzoate
CoA ligase (CBAL) (1le406), other residues’* align with
Lys427 of BadA (see Figure S30 of the Supporting
Information). These residues are predicted to be oriented like
Lys427 of BadA in the thiolation conformation based upon
sequence and structural alignments. The importance of Lys427
for BadA catalysis of the thioesterification reaction led us to
postulate that lysine surrogates of DhbE and CBAL perform a
similar function in stabilizing the acyl-AMP intermediate.
Likely, a combination of Asn434 and Arg428 of DhbE and
Asn411 and Arg400 of CBAL (similar to the highly conserved
Arg421 of BadA) forms polar contacts with the acyl-AMP
intermediates. We anticipate that lysine residues or nearby
polar residues positioned like Lys427 and Arg421 of BadA are
important for thioesterification in other ATP-dependent CoA
ligases.

Structural Rationale for Substrate Specificity of BadA.
Through structural characterization of BadA, the different
trajectories of BzO and the pathway intermediate Bz-AMP
suggest that the substrate must rotate ~60° counterclockwise
[relative to the re-face (see Figure SD)] about the Cg axis. This
rotation causes the ring carbons of BzO to move past multiple
active site residues to access the Bz-AMP trajectory (Figure
SD). Upon binding BzO, the residues in BadA closest (<3.8 A)
to one ortho carbon are Ile334 and Ala302. The other ortho
carbon points toward a void within the active site where the
phosphate group of Bz-AMP will ultimately reside (Figure 5
and Figure S31), supporting the favored binding of ortho-
substituted benzoates in BadA. The structures of ortho-
substituted benzoates bound to BadA all show them oriented
such that the substituents occupy this void region and are not
pointed toward Ile334 and Ala302. The meta carbons of the
benzoates align with Ala227 and His333, and the para carbon is
nearest the carbonyl of Leu332 on the peptide backbone. The
effects of the steric residues were evidenced generally by the
higher Kif values of BadA for meta and para substituents with
increasing covalent van der Waals volumes F < OH < NH, <
CN < Cl < Me < NO, < MeO of benzoates (Table S2) over the
ortho regioisomers (Table 1).

When the substrate rotates toward the Bz-AMP conforma-
tion, the steric active site residues presumably reduced access to
the catalytically proper orientation and generally also slowed
the k¥P of BadA for substrates with larger substituents (Table
1). BadA typically turned over 2-substituted substrates faster
than the 3- and 4-substituted isomers. The observation is
consistent with the kinetic data for substrates other than the F-
BzO series. Fluorine is a bioisostere of hydrogen,“’49 and thus,
the steric demand of the F-BzO substrates is similar to that of
BzO, as reflected in the similar K§iP values of BadA for 2- and 4-
F-BzO and BzO. However, overall, the enzyme turnover and
binding affinity are principally affected by the regiochemistry
and steric effects of the substituents (Table 1). For instance,
BadA turned over 2-MeO-BzO presumably only by placing the
bulky methoxy group toward the open channel in the active
site. We imagine the bulky methoxy group clashed with Ala227
before and after rotation of the benzoyl moiety of the substrate.
As a result, the binding affinity and turnover of BadA were
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reduced for 2-MeO-BzO compared to those of BzO, and 3- and
4-MeO-BzO were not productive.

Attempts to cocrystallize BadA with 4-Me-BzO (98% purity)
intriguingly resulted in a structure containing the 2-methyl
isomer (not shown). This isomeric selection strongly supported
the idea that weakened steric interactions in the active site
around one ortho carbon of the substrate allowed highly
regiospecific binding of ortho-substituted substrates. It is worth
noting that 2-OH-BzO had the lowest K§f of all substrates
tested with BadA. Evaluation of the BadA—BzO complex
suggests that the 2-OH group may interact with the nearby
hydroxyl of Thr329, creating a second binding contact (Figure
SD). In addition to interacting with the carboxylate of the
bound BzO, Thr329, creating a second binding contact (Figure
SD) that may also affect the release of the 2-OH-Bz CoA as
shown by the faster release of the 3- and 4-OH-Bz CoA
products.

Similarly, the regiochemistries of the splayed, planar NO,
group and the extended, linear CN substituent likely prevented
3-NO,-, 3-CN-, 4-NO,-, and 4-CN-BzO from binding and
being turned over by BadA. As with the bulky 2-MeO-BzO
substrate, 2-NO,- and 2-CN-BzO were productive and
converted slowly to their CoA thioesters by BadA (Table 1).
The linear 2-CN substituent extends into the open channel of
the active site (Figure SAD).” The k%P for 2-CN-BzO,
however, is lower than nearly all of the values of the 2-
substituted BzO substrates with smaller substituents, and this
observation is consistent with the steric effects of Ala227
affecting catalysis as the substrate pivots during adenylation. To
illustrate further, ortho-substituted substrates 2-CN-BzO (K3}P
= 213 yuM) and 2-CI-BzO (K& = 130 M) bind BadA
similarly. However, the estimated covalent van der Waals length
of cyano (C,—CNj d,, = 3.1 A) extends further than that of
chloro (Ca—Cl; d,, = 2.5 A) (ChemBioDraw, version 13.0),
and this difference may have reduced the kX of BadA for 2-
CN-BzO by 200-fold compared with that for 2-Cl-BzO.

In summary, the size and position of the substituent on a
BzO analogue affect the relative rates of reactivity significantly
more than the electronics of the substituent. BadA is more
forgiving of ortho substituents than para substituents, consistent
with the relatively open channel in the BadA structures next to
the ortho carbon of the BzO substrate. In contrast, substituents
at the meta and para positions significantly impact activity,
except for fluorinated substituents, which are isosteric with
hydrogen and thus have no additional steric requirements.

Nonaromatic Carbocycle Carboxylates. The Cyc
substrate bound BadA the worst among the nonaromatic
carbocycles likely because the staggered ring conformations and
additional hydrogens clashed with active site residues.
Estimated by Kji¥, substrates 1-Cyc and 3-Cyc have ~12—13-
fold more apparent affinity for BadA than cyclohexane (Table
1). The planarity of the double bond in these mono-
unsaturated carbocycles likely reduced steric interfaces between
the ring and active site residues within the BadA active site. The
rate of turnover of 1-Cyc was lower than that for Cyc (Table 1),
while the placement of the double bond in 3-Cyc strongly
increased the rate of catalytic turnover. The double bond
positioned between the meta and para carbons of the ring in
the latter removes two hydrogen atoms from the substrate that
binds in a sterically crowded area near Ala227. Decreasing this
steric hindrance likely explains the higher rate of turnover and
lower K#? of 3-Cyc relative to those of Cyc and 1-Cyc (Table

1).
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Analysis of Point Mutants of BadA. Mutational analyses
also supported the substrate rotation mechanism in the BadA
active site during catalysis. The four mutants Ala227Gly-BadA,
Tle334Ala-BadA, His333Ala-BadA, and Leu332Ala-BadA in this
study were designed to reduce the steric clash encountered by
the substituents during substrate binding and rotation to form
Bz-AMP within BadA. For example, the proposed 60° rotation
causes the ortho and meta carbons of the initially bound BzO to
move to the former locations of the meta and para carbons,
respectively. Support for substrate rotation arises from a
representative Ala227Gly-BadA mutation that weakened the
steric interactions near the ortho and meta carbons of BzO. This
mutant showed increased activity over BadA for ortho-
substituted substrates that were imagined to bind and rotate
within a sterically more favorable active site. This same mutant
showed low but novel activities with meta-substituted BzO
substrates, suggesting that the Ala227Gly mutation allowed
meta-substituted substrates to now bind and rotate to a
catalytically competent adenylation orientation (Table 2).

Collectively, the Ala227Gly-BadA, Ile334Ala-BadA, and
His333Ala-BadA mutants turned over new substrates [3-
MeO, 3-CN, 3-NO,, 4-MeO, 4-NO,, 4-ethyl, 3,4-Di-CH,,
and, surprisingly, phenylacetate (PhAc), a precursor of
penicillin G] that BadA could not (Table 2). lle334Ala-BadA
and His333Ala-BadA were active with nearly all of the 16
substrates tested, including PhAc, making these mutants
broadly active 2-, 3-, or 4-substituted benzoate CoA ligases.
Ala227Gly-BadA uniquely turned over 2,6-DiCl-BzO. The
results of the point mutations of BadA again supported a steric
argument for BadA reactivity as opposed to one for substituent
electronic effects. It is unclear why the Leu332Ala-BadA
mutant, designed to weaken the steric interactions around the
para carbon of the substrate, unexpectedly did not turn over the
para-substituted analogues and slowed the turnover of several
non-natural substrates tested (Table 2). The peptide backbone
carbonyl of Leu332 contributes to the active site architecture,
while the Leu side chain is oriented away from the active site.
The Leu side chain most likely engages in structural,
hydrophobic interactions (see Figure SA,B). Therefore, we
suspect the Leu332Ala mutation may have malformed the
active site of BadA.

Bl CONCLUSION

Structures of BadA in complex with aryl carboxylate or aryl
carbonyl-AMP show a persistent thiolation conformation
before adenylation or CoA binding. This pre-CoA-bound
conformation of BadA deviates from available structures of
bacterial aryl carboxylate CoA ligases in the PDB. This suggests
that the enzyme dynamics of BadA may be unique among
benzoate CoA ligases during the substrate binding, adenylation,
and CoA thioesterification steps. Thus, we propose two
possible subclasses of benzoate CoA ligases, (i) those whose
thiolation conformation is the resting state and therefore bind
benzoate in this conformation and (ii) those whose resting state
is the adenylation conformation and bind benzoate in this
conformation. Additional biochemical and structural analyses
are required to further support this hypothesis. Further,
similarity in the protein architecture and ligands bound, yet
differences in the overall tertiary protein structure, aid in
understanding the mechanisms of action. With this under-
standing, it was possible to design mutant constructs that were
dramatically more permissive than the native protein. The
Ala227Gly-BadA mutant improved catalysis primarily with
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ortho-substituted benzoates, while Ile334Ala-BadA and Hi-
s333Ala-BadA improved turnover with meta- and para-
substituted benzoates over native BadA catalysis. These findings
are important for making non-natural acyl CoA thioesters that
can be used in a chassis organism engineered to express natural
product pathways that make next-generation bioactive com-
pounds. Expanding the BadA substrate specificity may also help
in engineering pathways for bioremediation where substrate
specificity is often a bottleneck for strain development™ against
pollutants like polycyclic aromatic hydrocarbons®" and
polychlorinated biphenyls.””>* In addition, the BadA kinetic
constants provide data needed for modelin% flux control
analysis in synthetic biology and bioengineering,”* ™" as well as
metabolizing carboxylate-containing xenobiotic drugs in
animals.”*
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