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ABSTRACT: A gene cluster responsible for the degradation of nicotinic acid (NA) in Bacillus niacini has
recently been identified, and the structures and functions of the resulting enzymes are currently being evaluated
to establish pathway intermediates. One of the genes within this cluster encodes a flavin monooxygenase
(BnFMO) that is hypothesized to catalyze a hydroxylation reaction. Kinetic analyses of the recombinantly
purified BnFMO suggest that this enzyme catalyzes the hydroxylation of 2,6-dihydroxynicotinic acid (2,6-
DHNA) or 2,6-dihydroxypyridine (2,6-DHP), which is formed spontaneously by the decarboxylation of 2,6-
DHNA. To understand the details of this hydroxylation reaction, we determined the structure of BhnFMO using
a multimodel approach combining protein X-ray crystallography and cryo-electron microscopy (cryo-EM). A
liganded BnFMO cryo-EM structure was obtained in the presence of 2,6-DHP, allowing us to make predictions
about potential catalytic residues. The structural data demonstrate that BAFMO is trimeric, which is unusual for o
Class A flavin monooxygenases. In both the electron density and coulomb potential maps, a region at the . = I
trimeric interface was observed that was consistent with and modeled as lipid molecules. High-resolution mass

spectral analysis suggests that there is a mixture of phosphatidylethanolamine and phosphatidylglycerol lipids " * ™

present. Together, these data provide insights into the molecular details of the central hydroxylation reaction unique to the aerobic
degradation of NA in Bacillus niacini.

B INTRODUCTION shown in blue in Figure 1. Decades later, the genome for this
NA-degrading bacteria, Bacillus niacini DSM 2923 or Neo-
bacillus niacini, was annotated and deposited in GenBank.'*'”
This alternative pathway differs from the canonical pathway
described in Pseudomonas'' and Bordetella'” in several ways.
Most notably, the apparent use of 2,6-DHNA and 2,3,6-
trihydroxylated pyridine (2,3,6-THP) as pathway intermedi-
ates is unique to the B. niacini NA pathway; to date, a 2,6-
DHNA metabolite has not been identified or predicted in any
other characterized pathway.'®'” Initial studies of B. niacini
noted that the bacteria would accumulate the 2,6-DHNA
metabolite, and therefore it was hypothesized that the enzymes
responsible for the conversion of 2,6-DHNA to 2,3,6-THP
might be the rate-limiting steps in the catabolic pathway.'*
Within the hypothesized gene cluster that encodes for the
enzymes of NA degradation in B. niacini is a flavin
monooxygenase (FMO; WP_063252926; UP10007AB3525).
The NA degradation pathways in Pseudomonas putida and
Bordetella bronchiseptica®** also involve a Class A FMO,

N-Heterocyclic aromatic compounds (NHACs) are emerging
environmental pollutants. These compounds are known to
exhibit toxic effects in plants' and aquatic life,” yet little is
known about how they are absorbed and transported in the
soil, and the systemic environmental effects of these molecules
are still not well-studied.>™> The ubiquitously metabolized
nicotinic acid (NA; vitamin B3 or niacin) is a useful model
compound for understanding NHAC degradation, making it an
attractive target for investigating the enzymology of bio-
remediation principles.”” Notably, the pathway for NA
catabolism in anaerobic bacteria is shared by the soil bacteria
Eubacterium barkeri® and Azorhizobium caulinodans.”'® In
aerobic bacteria, two pathways have been described for the
degradation of NA. These pathways, characterized in detail in
Pseudomonas'' and Bordetella'” species, require six enzyme-
catalyzed steps to transform NA to fumaric acid (Figure 1).
A Bacillus species that could survive on NA as its sole carbon
source was first described in the 1940s."” Later work in the
1960s and 70s focused on measuring the accumulation of
pathway intermediates and assigning enzymatic reactions. This Received:  June 4, 2024
early work hypothesized that NA was enzymatically converted Revised:  August 22, 2024
to 2,6-dihydroxynicotinic acid (2,6-DHNA) via a 6-hydrox- Accepted:  August 27, 2024
ynicotinic acid (6-HNA) intermediate by two dehydroxyge- Published: September 12, 2024
naes.'"'® This alternative pathway for NA degradation in a
Bacillus species, first proposed by Ensign and Rittenberg,'* is
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Figure 1. NA degradation pathway in aerobic bacteria (e.g., Pseudomonas putida and Bordetella bronchiseptica RBS0) and a proposed catabolic
pathway in Bacillus niacini. The reaction catalyzed by the BnFMO is highlighted. Nicotinic acid (NA); 6-HNA (6-hydroxynicotinic acid); 2,5-
dihydroxypyridine (2,5-DHP); N-formylmaleamate (NFM); maleamic acid; maleic acid; fumaric acid; 2,6-dihydroxynicotinic acid (2,6-DHNA);
2,6-dihydroxypyrdine (2,6-DHP); and 2,3,6-trihydroxypyridine (2,3,6-THP). The dotted line indicates that this process can occur
nonenzymatically. The B. niacini pathway is emphasized in blue. The asterisks indicate metabolic steps in which the responsible enzymes are

under investigation.

NicC, that catalyzes the conversion of 6-HNA to 2,5-
dihydroxypyridine (2,5-DHP).”°~** Here, we demonstrate
that the recombinantly expressed B. niacini enzyme is an
FAD-dependent monooxygenase that does not use 6-HNA as a
substrate but accepts either 2,6-DHNA or its decarboxylated
counterpart, 2,6-dihydroxypyridine (2,6-DHP), as substrates.
To further investigate its biochemical mechanism, we
determined the crystal structure of BnFMO, as well as the
cryo-electron microscopy (cryo—EM) structure in the presence
and absence of 2,6-DHP. These structures place BhFMO in
the Class A flavin monooxygenase subfamily.””** Taken
together, these data enable the structural and biochemical
characterization of BnFMO and provide insights into its novel
role in the degradation of NA.

B MATERIALS AND METHODS

Synthesis of the Bacillus niacini FMO Gene. The
BnFMO gene was annotated as a flavin monooxygenase.”” The
gene was synthesized by GenScript (Piscataway, New Jersey),
codon optimized for bacterial expression in E. coli, and
subcloned into the pET-24a(+)-TEV vector. The gene
sequence of the resulting construct was verified by DNA
sequencing.

BnFMO Overexpression and Purification. Recombinant
wild-type, selenomethionine (SeMet)-substituted BnFMO was
overexpressed and purified by using standard methods. E. coli
B834(DE3) cells were transformed with the BhnFMO plasmid
and grown overnight at 37 °C on Luria Broth (LB) plates
containing kanamycin (50 ug/mL). A single colony was used
to inoculate a starter culture containing 15 mL of LB and S0
ug/mL kanamycin. The next morning, large cultures (1 L)
were grown using minimal media supplemented with 1X M9
minimal salts, 20 mg/L of all amino acids except methionine,
50 mg/L Lr-selenomethionine, 1X MEM vitamin mix, 0.4%
glucose, 2 mM MgSO,, 0.1 mM CaCl,, 25 mg/L FeSO,, and
25 pg/mL kanamycin. Cells were grown with shaking at 37 °C
until the ODy, was between 0.6 and 0.8, and the temperature
was then lowered to 15 °C. After a 45 min incubation at 15 °C,
protein expression was induced with 1 mM isopropyl S-b-
thiogalacto-pyranoside (IPTG). Cells were harvested at 6,000g,
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and the resulting cell pellet was stored at —80 °C prior to
purification.

SeMet BnFMO was obtained from ~ 9 g of cell pellet from 2
L of culture. The cell pellet was resuspended in ~ 40 mL of
cold binding buffer [20 mM Tris (pH 8.0), S00 mM NaCl, and
3 mM f-mercaptoethanol]. Approximately 20 mg of flavin
adenine dinucleotide (FAD) was added to the resuspended
cells. Cells were lysed on ice by sonication using a pulse
sequence of 1 s on, 3 s off, for 1 min total, which was repeated
three times. The cellular debris was removed via centrifugation
at 40,000¢ for 30 min at 4 °C. The resulting clarified lysate was
added over a 4 mL Ni-NTA column (GE Life Sciences) pre-
equilibrated with lysis buffer. The column was then washed
with ~ 100 mL of lysis buffer to remove nonspecific protein
binders. A stepwise elution of imidazole was then used to elute
SeMet BnFMO from the column. This gradient consisted of 20
mL of lysis buffer supplemented with 25 mM imidazole, 10 mL
of lysis buffer supplemented with 50 mM imidazole, and 20
mL of lysis buffer containing 250 mM imidazole. After nickel
affinity chromatography, the BnFMO protein was further
purified using size exclusion chromatography (HiLoad 26/60
Superdex 200 pg, GE Healthcare) using a running buffer
consisting of 20 mM Tris-HCI (pH 8.0), S0 mM NaCl, and 1
mM DTT. Aliquots of the resulting fractions were analyzed by
SDS-PAGE and fractions deemed to be >95% pure were
combined. The final SeMet BnFMO sample was greater than
95% pure based on SDS-PAGE. The resulting sample was
bright yellow in color and was concentrated to 12—13 mg/mL
based on absorbance at 280 nm. The protein was aliquoted,
flash frozen, and stored at —80 °C for crystallization trials.

The native BnFMO protein was overexpressed in BL21-
(DE3) cells grown in LB medium containing kanamycin (S0
pug/mL) and was purified as described above. Samples were
concentrated to approximately 10 mg/mL, flash frozen, and
stored at —80 °C for cryo-EM trials.

Native BhnFMO was also purified for use in kinetic and
biochemical assays. This protein was overexpressed as
described above and purified by nickel affinity chromatography
only. Samples were buffer-exchanged into a storage buffer
containing 10 mM Tris (pH 7.2), 1 mM DTT, and 25%
glycerol. Samples were concentrated to approximately 100 xM,
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flash frozen, and stored at —80 °C for biochemical character-
ization. Prior to biochemical experiments, the protein samples
were thawed and buffer-exchanged into 10 mM Tris (pH 7.2)
to remove the storage buffer. The protein concentration was
then remeasured and concentrated to approximately 100 yM.

Cryo-EM Data Sample Preparation and Collection.
The SeMet BnFMO sample prepared as described above
without 2,6-DHP was diluted to between approximately 0.2
and 1 mg/mL in a buffer consisting of S0 mM Tris (pH 8.0)
and 150 mM NaCl. These samples were applied to a 300 mesh
copper C-flat grid (Electron Microscopy Sciences) and blotted
and vitrified with a Vitrobot Mark IV (Thermo Fisher) with a
blotting time of 4 s and blotting force of 0 with >90% humidity
at 4 °C. Using CryoSPARC,26 2.9 million particles were
extracted from 4568 super-resolution movies collected on a
Krios G4 with Falcon 4i detector and filtered by serial 2D
classification to a final set of 433,941 particles. Homogenous
refinement in C1 symmetry yielded an estimated resolution of
2.5 A; sharpening with a B-factor of —65 A* and applying local
resolution filtering generated the final map used for model
refinement in Phenix.

To generate the 2,6-DHP-bound sample, 12 mg/mL of wild-
type FMO (80 M) was incubated with 1.5 mM FAD and 2.5
mM 2,6-DHP overnight at 4 °C. The sample was diluted to 0.9
mg/mL in 20 mM Tris 8 and 50 mM NaCl before being
applied to Quantifoil Au grids. Images were collected on a
Titan Krios with a Gatan K3 detector with a super-resolution
pixel size of 0.6637 A. Using CryoSPARC, an initial set of 3.0
million particles were picked via template and extracted from
7048 micrographs; after serial 2D classification and removal of
an additional 397 exposures with questionable particles, an
optimal set of 1.3 million particles produced a map with an
estimated resolution of 2.8 A after homogeneous refinement in
C1. Sharpening with a B-factor of —95 A” and filtering by local
resolution generated the map used for model refinement in
Phenix. The final models have statistics ag})ropriate for their
resolution as determined by MolProbity, EMringer,28 and
MapQ (Table S1 and Figure S1).

Synthesis of 2,6-Dihydroxynicotinic Acid. A 50 mL
round-bottom flask equipped with a stir bar was charged with
2,6-dimethoxynicotinic acid (1.00 g, 6.61 mmol, 1 equiv) and
was attached to a reflux condenser and purged with N, for 15
min. HBr (16 mL, 33% by weight, 281 mmol, 42 equiv) was
added, and the solution was allowed to react at S0 °C for 16 h.
After 16 h, the solution was allowed to cool, and diethyl ether
(32 mL) was added to the dark red solution. N, was blown
over the solution to induce evaporation, and the solution was
evaporated to dryness. The product was collected as a mixture
of starting material and other byproducts. The product was
purified by trituration with ethyl alcohol to afford an off-white
solid (0.152 g, 15%). NMR spectra were obtained on a Bruker
Avance 300 MHz NMR spectrometer (300.6 MHz 'H
reference frequency and 75.6 MHz for *C) equipped with a
SB broadband probe in DMSO-ds as the solvent, unless
otherwise noted, and referenced to the residual solvent peak.
NMR spectra were processed and baseline-corrected using
MestreLabs MNOVA software packages. 'H NMR (300
MHz), § 8.03 (d, 1H) 5.87 (d, 1H). *C NMR (75 MHz), §
167.7, 165.4, 163.0, 146.3, 97.4. The 'H and *C NMR spectra
of 2,6-DHNA are shown in Figure S2. The stability of 2,6-
DHNA was monitored by "H NMR spectroscopy for a period
of 106 h by obtaining NMR spectra of the same sample at
regular intervals (Figure S3).
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BnFMO Steady-State Kinetic Assay. Steady-state kinetic
analysis of BhnFMO was conducted by measuring the initial
rates of NADH oxidation in an assay buffer consisting of 0.1 M
Tris (pH 7.50) in a 96-well plate using a Synergy HT
microplate reader (BioTek). Initial kinetic assays were done
using a 20 mM substrate/substrate analogue and 100 nM wild-
type BnFMO. Reactions were initiated by the addition of 1.5
mM NADH, and the kinetics of the reaction were monitored
at 285 nm as this wavelength had the highest signal. The
reactions were monitored every 30 s for 30 min. No activity
was observed with NADPH, so this coenzyme was not assayed.
The activity was tested using a variety of potential substrates
including the following: 2,6-DHP, 2,6-DHNA, 6-HNA, 2,4-
dihydroxybenzoic acid (2,4-DHBA), and resorcinol. Substrates
were solubilized in DMSO. Data were analyzed using an
extinction coefficient of ¢ = 3.808 mM™' cm™.

Substrates that demonstrated activity in the initial assay were
further analyzed at varying substrate concentrations (50 yuM—
10 mM) with a constant concentration of BhnFMO (100 nM)
and NADH (1 mM). The background rate of NADH
oxidation was subtracted from all of the data. The initial rate
of NADH oxidation (~10% of the reaction) was plotted
against substrate concentration, and the data were fit to eq 1
using KaleidaGraph (Synergy Software) to obtain steady-state
kinetic parameters.

(VxS
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Figure Preparation. Figures were generated using the
PyMOL molecular graphics system, version 2.5 (Schrodinger,
LLC), Chimera (UCSF),”” and ChemDraw (CambridgeSoft).

B RESULTS AND DISCUSSION

Genetic and Biochemical Properties of BhnFMO. Based
on primary sequence analysis, the BhnFMO gene is an FAD-
dependent oxidoreductase that contains an FAD-binding
domain.”® The resulting enzyme was bright yellow following
gel filtration chromatography, indicative of flavin binding, even
when FAD was not added during purification. High-perform-
ance liquid chromatography (HPLC) analysis indicates that
the BnFMO coenzyme was FAD rather than flavin adenine
mononucleotide (FMN) (Figure S4).

Catalytic Activity of BnFMO. The catalytic activity of the
BnFMO was measured with several potential substrates
including 2,6-DHP, 2,6-DHNA, 6-HNA, 2,4-DHBA, and
resorcinol by monitoring the rate of NADH oxidation.”
Previous studies have demonstrated the halide ions can inhibit
catalysis for Class A flavin monooxygenases, so halide ions
were not included in the BnFMO storage buffer or assay
buffer.”>*"** BnFMO catalytic activity was detected with both
2,6-DHP and 2,6-DHNA with a slight preference for 2,6-
DHNA based on the measured specificity constant (Table 1).
2,6-DHNA is the predicted substrate for BhFMO based on
previous work.'* This study noted that the Bacillus species
accumulated 2,6-DHNA."* The measured specificity constant
for 2,6-DHNA is relatively low (10> M™' s™") in comparison to
other Class A flavin monooxygenases, which correlates with
this observation. Specificity constants for this enzyme super-
family range from 10* M~' s for the related P. putida NicC,*
which is involved in NA metabolism, to 10° M~! s7! for
Klebsiella pneumoniae HpxO,'® an enzyme in uric acid
metabolism. Together, these studies suggest that the FMO-
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Table 1. Steady-State Kinetic Parameters for the Reactions
Catalyzed by the Wild-Type BnFMO

substrate® V! [E] (s71) K, (mM)? ko/Kpe® (M7 s71h)
2,6-DHP 042 + 0.02 34+ 04 (12 + 02) x 10*
2,6-DHNA 1.30 + 0.05 5.5+ 04 (24 + 0.1) x 10°
6-HNA NA® NA NA
2,4-DHBA NA NA NA
resorcinol NA NA NA

“The concentration of NADH was saturating. bwith respect to the
substrate: 2,6-DHP, 2,6-DHNA, 6-HNA, 2,4-DHBA, or resorcinol.
“NA: no activity. Activity was below the detection limit of the assay.

catalyzed step is the rate-limiting step in NA metabolism in B.
niacini.

2,6-DHNA is highly labile in solution and begins to undergo
spontaneous, nonenzymatic decarboxylation in solution to 2,6-
DHP within 30 min with complete conversion within ~ 100 h
(Figure S3). This decarboxylation results in a change in the
splitting pattern observed in the aromatic region of the 'H
NMR spectrum: two downfield doublets at & 5.82 and 7.98
begin to decrease in intensity during the conversion, and a new
triplet peak appears at 7.50 ppm. These changes are indicative
of a molecule undergoing a decarboxylation event. This
instability of 2,6-DHNA suggests that the BaFMO can accept
both a carboxylated and decarboxylated hydroxylated pyridine
as its substrate. This is consistent with the known function of
most Class A flavin monooxygenases that act upon
unsubstituted carbons.”® These data allow for positioning
BnFMO midway through the overall NA degradation pathway
shown in Figure 1.

Summary of Structural Data. We have determined a
series of BnFMO structures including a crystal structure of

SeMet BnFMO with clear evidence for FAD binding in at least
one chain (PDB ID: 8UIU), a cryo-EM structure of SeMet
BnFMO with FAD bound to all chains (PDB ID: 8URC), and
a cryo-EM structure of native BhFMO with FAD and 2,6-DHP
bound to all chains (PDB ID: SURD; Tables S1 and S2).
Cryo-EM electrostatic potential maps were determined to an
estimated overall resolution (FSC = 0.143) of 2.5 A (in the
absence of the 2,6-DHP ligand) and 2.8 A (2,6-DHP bound),
as shown in Figure S5. Water molecules were not modeled into
any of the structural models. As the cryo-EM structures have
higher resolution and maps that allowed unambiguous
placement of the ligand and coenzyme density in all three
chains, we have focused our discussion below of the BnFMO
structure on these data. Information about the crystal structure
is provided in the Supporting Information as it provides
important details on the FMO oligomeric structure.

Overall BhnFMO Structure. The BnFMO protomer
(Figure 2A) has a a/f tertiary structure similar to other
Class A flavin monooxygenases, of which the best characterized
is p-hydroxybenzoate hydroxylase.”*™*° The first 4—6 residues
of each protomer chain were disordered and are not included
in the final model. The overall protomer structure is shown in
Figure 2A. Like other Class A flavin monooxygenases, BnAEMO
consists of three domains. The N-terminal domain contains a
parallel five-stranded fS-sheet (8915171 p11521551), four a-
helices, and a three-stranded antiparallel /3 sheet (86]571581).
Most of the FAD-protein interactions are made with the N-
terminal domain. A second domain consists of a mainly
antiparallel, seven-stranded  sheet (f4|4315121513]5141
B111p15]), a two-stranded antiparallel S-sheet (|5161410),
and five shorta-helices. This domain contains most of the
residues in the 2,6-DHP- and lipid-binding sites. The C-

Figure 2. BaFMO structure based on cryo-EM data. (A) Ribbon diagram of one protomer of BnFMO with secondary structural elements labeled.
The a-helices are shown in blue, the f-strands are shown in green, and the loops are colored yellow. The bound FAD cofactor, 2,6-DHP ligand
(labeled DHP), and a 1-cis-9-octadecanoyl-2-cis-9-hexadecanoylphosphatidyl glycerol lipid molecule (labeled POPG) (colored by element) are
shown in ball-and-stick representation. Carbon atoms are in green, oxygen atoms in red, phosphorus atoms in orange, and nitrogen atoms in blue.
(B) Overall trimeric structure of BnFMO (colored by chain). Shown in ball-and-stick representation are the FAD, 2,6-DHP (labeled DHP), and
lipid molecules (labeled POPG). Atomic color scheme as in panel A. The ligand and FAD coenzyme are labeled in chain A only for clarity. Chains
are labeled with chain A shown in salmon, chain B in yellow, and chain C in cyan.
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terminal domain comprises four short a-helices and two long
a-helices.

While PDBePISA*’ does not predict that the BnFMO
protein forms a higher-order structure, we confirmed the
oligomeric state based on analytical ultracentrifugation (Figure
S6) and size exclusion chromatography (Figure S7), as well as
observing the interface in the orthogonal structural techniques
of crystallography (Figure S8) and cryo-EM.*” This trimeric
structure makes BnFMO distinctive as Class A flavin
monooxygenases are typically monomeric.'®**** The observed
interface is not perfectly symmetrical as it is organized through
two separate pseudosymmetries rather than a single 3-fold
rotation axis (Figures 2B and 3), resembling a Y-shape with

Figure 3. BnFMO trimeric interface. There are lipids present at the
trimeric interface that have been modeled in as the phospholipid 1-
cis-9-octadecanoyl-2-cis-9-hexadecanoylphosphatidyl glycerol lipid
molecule (labeled POPG; PDB ID: DR9). There is also a set of
methionine residues (M389 from each chain) that make contact at
the oligomeric interface. Chain coloring as in Figure 2 with chain A
shown in salmon, chain B in yellow, and chain C in cyan. The bound
lipid and Met389 are shown in ball-and-stick representation colored
by the element. Oxygen atoms are shown in red, sulfur atoms in
yellow, phosphorus atoms in orange, and carbon atoms in green.

chains B and C closer to each other than to chain A. Also
present at the trimeric interface is nonprotein density/potential
similar to what was observed at the dimer interfaces of the
flavoenzymes 3-hydroxybenzoate 6-hydroxylase (3HB6H; E.C.
1.13.14.26; PDB ID: 4BJZ)*’ and 6-hydroxy-L-nicotine oxidase
(6HLNO; E.C. 1.5.3.5; PDB ID: 3K7Q).*" In the 3HB6H
structure, these lipids were determined to be phosphatidyli-
nositol and were hypothesized to be important for maintaining
the dimeric structure and substrate orientation.””*" The lipids
in 6HLNO were modeled as diacylglycerophospholipid;
however, the biological function of these lipid molecules
remains unknown.” Speculated functions for these lipids are
to restrain domain motions during the conformational changes
that occur during catalysis or to stabilize interactions between
the substrate-binding domains and the lipid bilayer.”” To
determine the possible identity of the lipid at the trimeric
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interface, high-resolution mass spectrometry (MS) was
performed. These MS results are consistent with the presence
of a heterogeneous mixture of phosphatidylethanolamine (PE)
and phosphatidylglycerol (PG) phospholipids associated with
FMO (Figure S9). As the resolution of the structures
precluded definitive assignment, we have modeled the lipids,
in accordance with the strongest MS peak, as a PG: 1-cis-9-
octadecanoyl-2-cis-9-hexadecanoylphosphatidyl glycerol
(POPG; PDB ID: DRY; Table S3 and Figures S10 and S11).
The cryo-EM and Polder omit maps from the crystallographic
data (Figure S12) support the modeling of the POPG lipid at
the oligomeric interface, as does the Q-score analysis of both
cryo-EM maps.*’ In particular, the omit maps show clear
electron density for a phospholipid headgroup (Figure
S12C,D). One of the lipid molecule’s two tails is inserted
into the core of the protein, coming within 10 A of the active
site, and the other lies at the protein—protein interface,
potentially stabilizing it. There are also methionine residues
from each chain, Met389, that make contact at the oligomeric
interface and may also be involved in oligomeric stabilization
(Figure 3).

While the functional relevance of the atypical structure of
BnFMO is unclear, protein oligomers often have several
benefits over monomeric proteins, including larger binding
surfaces and the capacity to form an active site at the
oligomeric interface.*”*> BnFMO oligomerization could enable
additional protein—protein interactions or regulatory activities
(Figure 2B). As the BnFMO active site is approximately 28 A
from the trimeric interface, it is possible that this nonsym-
metrical interface could allow for other protein(s) in the B.
niacini NA metabolic pathway (Figure 1) to bind. Finally, it is
possible that the oligomerization and lipid binding act together
to modify or regulate activity.

As has been observed with other Class A flavin
monooxygenases, such as MHPCO,*® 3-hydroxybenzoate
hydroxylase (MHBH),*® and HpxO,'® there is a tunnel that
leads from the surface to the active site (Figure 4A),
approximately 16 A in length and 14 A in width. Several

Figure 4. Surface representation of the tunnel leading to the BaFMO
active site. (A) FAD and 2,6-DHP are shown in ball-and-stick
representation with green carbon atoms, red oxygen atoms, blue
nitrogen atoms, and orange phosphorus atoms in chain B. (B) Overall
structure of BnFMO with chains shown in a space filling model with
chain A in salmon, chain B in yellow, and chain C in cyan. The tunnel
leading to the active site is highlighted in chain B (yellow). The FAD
coenzyme and 2,6-DHP (labeled DHP) ligand are colored as in panel
A.
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FAD

FAD
Chain C

Figure 5. BhFMO active site. (A,B) Cryo-EM maps within 2.3 A of FAD and 2,6-DHP are shown for ligands associated with each chain contoured
to 0.358 (panel A; without 2,6-DHP) or 0.131 (panel B; with 2,6-DHP) to show similar maps for the adenine and phosphate groups well-resolved
in both structures. (C) 2,6-DHP binding site. The oxygen atoms are shown in red, the phosphorus atoms are in orange, and the nitrogen atoms are
shown in blue. The carbon atoms for 2,6-DHP and FAD are shown in green, while the protein side chain carbon atoms are shown in cyan.
Distances are shown with black numbers in Angstrom (A). Red numbers refer to the atomic numbering of the 2,6-DHP ligand.

hydrophobic residues are part of the tunnel, including Val366,
Leu275, and Trp273. The relatively large size of this tunnel
could account for the substrate specificity of BnFMO, which
can accept both 2,6-DHP and 2,6-DHNA as a substrate. The
location of the tunnel relative to the overall structure is
highlighted in Figure 4for chain B (shown in yellow). It is
conceivable that in the large space between chains A and B
another protein binds, allowing for metabolite channeling.
Active Site and Coenzyme Binding Sites. Each BaFMO
chain contains well-resolved density representing the adenine
and phosphate moieties of bound FAD. Addition of 2,6-DHP
resolves the isoalloxazine moiety and introduces a new signal
nearby corresponding to the 2,6-DHP ligand itself (Figure
SA,B), validated by Q-scores of both 2,6-DHP and improved
FAD (Table S4). The cryo-EM map with the best fit to
density, as estimated by Q-scores,” or the 2,6-DHP ligand in
chain B demonstrates evidence of 2,6-DHP binding and the
approximate orientation of the aromatic ring and hydroxyl
groups at the C2 and C6 positions (Figure S13). Due to the
lack of direct evidence of the ionization state of the C2 and C6
hydroxyls of 2,6-DHP, these functional groups were modeled
in their neutral forms, and the ligand is modeled as the enol
tautomer. The BnFMO active site thus contains the
isoalloxazine ring of the FAD coenzyme as well as 2,6-DHP,
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which is one of the FMO substrates. Comparison of the
BnFMO active site to those of other Class A flavin
monooxygenases reveals several structural similarities. Mem-
bers of the Class A flavin monooxygenase family all contain a
conserved proline residue near the isoalloxazine ring of FAD
(Pro317 in BnFMO). The Class A flavin monooxygenase
active sites typically also contain several hydrophobic, aromatic
residues; here, the BnFMO active site contains a tryptophan
residue (Trp206) located near the 2,6-DHP binding site and
two tyrosine residues (Tyr48 and Tyr220; Figure SC). For
clarity, this figure shows only the 2,6-DHP binding site in chain
A and does not show the lipid molecule. The BnFMO active
site has several potential hydrogen bond donors and acceptors,
including Tyr48 and Tyr220 hydroxyls and the GIn241 amide.
While the observed distances are not within range of hydrogen
bonding to 2,6-DHP specifically, 2,6-DHP is only one of
several substrates for BhaFMO (Table 1), and these residues
may contribute to the enzyme’s broader activity. Alternatively,
as the resolution of the map is insufficient to model water
molecules, these residues may act in a solvent network.

A series of tyrosine residues have also been proposed to be
catalytically relevant in the PHBH mechanism,”“™* and a
histidine/tyrosine dyad has been proposed to be the catalytic
residues in the related NA-degrading enzyme, NicC.>°"** Due
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to the symmetry of the 2,6-DHP ligand, it is possible that
either C3 or CS becomes hydroxylated, leading to the
formation of the 2,3,6-THP product (Figure SC). In this
structure, both the C3 and CS atoms of 2,6-DHP are within
the expected distance of the C4a atom of the FAD
isoalloxazine ring, the site of hydroxyl transfer. Specifically,
the C3 atom is located 3.9 A from the C4a carbon of the FAD
isoalloxazine ring, and the CS atom is 3.7 A from the C4a
atom. These distances are within the expected distance for
hydronglation from the FAD hydroperoxyflavin intermedi-
ate.'®*® Furthermore, Trp206 is well-positioned to be involved
in parallel displaced 7—n stacking, as has been observed in
other Class A flavin monooxygenases.'®**

Studies primarily on PHBH have shown that the
isoalloxazine ring of FAD changes conformations durin
catalysis from an “out”* to an “in”*° to an “open”
conformation. The flavin is reduced by NADH in the “out”
conformation (PDB ID: 1PBF).** The flavin then moves to the
“in” conformation during catalysis when the substrate is
hydroxylated by the flavin hydroperoxide (PDB ID: 1PBE).*
Finally, the flavin moves to the “open” conformation (PDB ID:
1KOI),** allowing for subsequent substrate binding and
product release. Recently, an additional “sliding” conformation
was observed for the enzyme PieE, in which the isoalloxazine
ring is between the “in” and “out” conformations (PDB ID:
6UOP).” In the liganded BnFMO structure, the FAD
isoalloxazine ring is in the “in” conformation, indicating that
it is in a catalytically active state (Figure 6).*>>°

While we did not experimentally validate the NADH-
binding pocket in these structural studies, it is known that the
binding pocket for NADH is well-conserved in Class A flavin
monooxyg(=.nases.23’5l’52 Based on alignment of BnFMO-2,6-
DHP with the structure of the R220Q PHBH-NADH complex
(PDB ID: 1K0J),*° a potential binding pocket for NADH on

«

Figure 6. FAD binding site. The FAD molecules are overlaid to
highlight the position of the isoalloxazine ring. The FAD molecule is
shown in the “open” conformation in R220Q PHBH (PDB ID: 1K0I)
complexed with the p-hydroxybenzoate (PHB) substrate and shown
with cyan carbon atoms. The FAD is in the “out” conformation in
PHBH (PDB ID: 1PBF) bound to 2-hydroxy-4-aminobenzoic acid
(BHA) and is shown with yellow carbon atoms. The FAD is in the IN
conformation in PHBH (PDB ID: 1PBE) complexed with PHB and is
depicted with purple carbon atoms. The BhFMO FAD is in the “in”
conformation with green carbon atoms. For clarity, only the FAD
molecules are shown. Nitrogen atoms are shown in blue, phosphorus
atoms in orange, and oxygen atoms in red.
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the protein surface has been identified (Figure S14). In this
binding pocket, there are several residues, based on their
alignment to residues in R220Q PHBH, that could be involved
in binding the NADH coenzyme. These residues include
Leu289, Leu290, and Argl83, which are located near the
potential position of the adenosyl group of NADH. In
addition, Arg292 could be involved in binding interactions
with the diphosphate and nicotinamide groups of NADH.

It is possible that Arg294 or Arg292 could be involved in
determining whether FMO accepts NADH or NADPH as the
reducing agent. In the current 2,6-DHP-FAD-BnFMO model,
the side chains of these arginine residues are positioned away
from the 2-atom of NAD(P)H, which it attached to a
phosphate in NADPH, but could reorient to form an ionic
bonding interaction(s). This is also consistent with our kinetic
data (Table 1), where we observed catalysis with a NADH
coenzyme. Based on this binding model, the distance between
C4 on the nicotinamide ring is ~ 20 A from NS of the flavin
isoalloxazine ring. Therefore, similar to what is suggested for
PHBH, for the flavin to become reduced, there must be a
movement from the FAD ring to the “out” position and a large
conformational change in the position of the NADH.*

Comparison to Other Class A Flavin Monooxyge-
nases. Based on the results of the distance matrix alignment
(DALI) server,” BnFMO is structurally most similar to other
flavin monooxygenases (Table 2 and Figure 7). Specifically, the
enzyme has high structural similarity to p-nitrophenol 4-
monooxygenase, PnpA (PDB ID: 6AIN),”* PHBH (PDB ID:
11US)," fumarylacetoacetate hydrolase (PDB ID: 6FHO),>”
halogenase, PItA (PDB ID: 5DBJ),*® squalene monooxygenase
(PDB ID: 6C6N),”” a probable FAD-dependent monoox-
ygenase from Pseudomonas aeruginosa (PDB ID: 2X3N),*® and
kynurenine 3-monooxygenase (PDB ID: 6FOX).>”

Interestingly, of the top 999 enzymes identified in the
Protein Data Bank (PDB) as structurally similar, P. putida
NicC, which is also involved in the degradation of NA,>>*! was
number 257 with a Z-score of 24.9 and 14% primary sequence
identity. In addition, 2,6-dihydroxypyridine-3-hydroxylase
(PDB ID: 2VOU), which is involved in nicotine degradation
in Arthrobacter nicotinovorans and catalyzes the conversion of
2,6-DHP to 2,3,6-THP, has only 14% primary sequence
coverage to BnFMO. It was number 214 on the list with a Z-
score of 25.4.%

Mechanistic Implications. The 2,6-DHP ligand-bound
BnFMO structure allows us to propose the following
hydroxylation mechanism, consistent with similar mechanisms
observed for other flavin monooxygenases (Figure 8).*
Although there do not appear to be any direct interactions
between the 2,6-DHP ligand and BnFMO protein residues
(Figure SC), several protein side chains are within ~ 4—6 A of
functional groups on the 2,6-DHP ligand, indicating that there
might be a conformational change prior to or during catalysis
allowing for product formation. These residues include Tyr48,
Tyr220, and GIn241. Of these residues, only Tyr220 is
moderately conserved in other Class A flavin monooxygenases
predicted to be structurally similar to BnFMO based on DALI
analysis (Table 2 and Figure S15). This ?rrosine residue is also
present in PHBH (PDB ID: 1IUS),* fumarylacetoacetate
hydrolase (PDB ID: 6FHO),>® and halogenase, PItA (PDB ID:
SDBJ).* In comparison, GIn241 is only conserved in PHBH,
and Trp48 is not conserved at all. Trp206, which is involved in
parallel displaced n—n stacking, is conserved in PHBH,
halogenase PItA, and the functionally related protein P. putida
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Table 2. Structural Comparison to Other Proteins in the Protein Data Bank®

PDB ID“ Z-score” rmsd® no. Res.” % ID® description
6AIN 319 3.1 348 16 p-nitrophenol 4-monooxygenase, PnpA
11US 31.9 3.5 351 15 p-hydroxybenozoate hydroxylate/
6FHO 30.8 3.1 335 19 fumarylacetoacetate hydrolase
SDBJ 30.6 2.9 344 19 halogenase, PItA
6C6N 30.4 2.9 354 18 squalene monooxygenase
2X3N 30.1 3.1 329 19 probable FAD-dependent monooxygenase
6FOX 29.6 2.8 340 18 kynurenine 3-monooxygenase

“Protein data bank identifier. “The calculated Z-score. “Root mean square deviation for the alignment. “Number of residues in the structures being
compared. “Percentage sequence identity. FThere are many structures of p-hydroxybenozoate hydroxylas in the PDB. 11US has the highest sequence
similarity to BaFMO. $Structural alignment of BaFMO to all structures in the PDB as of December 2023. The top 7 of 999 results are given.

Figure 7. Structural comparison of BnFMO to other class A flavin monooxygenases. The structures are shown in ribbon representation with any
bound coenzymes or ligands shown in ball-and-stick representation. (A) BnFMO (PDB ID: 8URD). The structure is shown in red. (B) p-
nitrophenol 4-monooxygenase, PnpA (PDB ID: 6AIN; Z-score 31.9), is shown in yellow. (C) p-Hydroxybenzoate hydroxylase (PHBH; PDB ID:
1IUS; Z-score 31.9) is shown in green. (D) Fumarylacetoacetate hydrolase (PDB ID: 6FHO; Z-score 30.8) is shown in blue.

A NicC,* indicating that it could be important for substrate
E N o binding and orientation.

ji\/[ e Our proposed mechanism for the BnFMO-catalyzed

N:R(NH reaction using 2,6-DHNA as a substrate involves an electro-

H p\‘o philic aromatic substitution reaction that begins with electron

HQ AH* o movement from C2-OH (Figure 8A). This working hypothesis

PN on /HO . CO, s A3 OH is based on our observation that 6-HNA, which lacks C2-OH,

Jd 2 /(ﬁko_é )]:I is not a BnFMO substrate (Table 1). It is possible that during

HO™ "N"*"OH HO™ >N ﬂ* HO™ "N”*~OH catalysis, conformational changes occur, and amino acid

2,6-DHNA H 23,6-THP residues move closer to the substrate, allowing them to

become catalytically essential. In the proposed mechanism, a

B R proton is abstracted from C2-OH by the evolutionarily

N /N\?O conserved Tyr220, leading to electrophilic aromatic substitu-

;@i NH tion at C3. GIn241 could be involved in a hydrogen-bonding

No interaction with 2,6-DHP, leading to increased pyridine ring

H IN&, nucleophilicity. This reaction results in a hydroxylation and

Ho B . rehybridization of C3 similar to what was measured by

s |3 Z )H ¥ [3 oH secondary kinetic isotope effects for NicC.”” The resulting

o \'1\‘ S o SNNGN o 5 \'}‘ ™OH tetrahedral .1r.1termed1ate is then decarb9xylated, re-establ'lshlng

26.DHP H 23,6THP the aromaticity of the system and leading to the formation of

the 2,3,6-THP product. There is space in the active site to
Figure 8. Proposed BnFMO-catalyzed reaction mechanism. (A) accommodate the C3-carboxylate on 2,6-DHNA. This
Proposed decarboxylative hydroxylation mechanism for the trans- proposed mechanism is similar to the decarboxylative

formation of 2,6-DHNA to 2,3,6-THP. (B) Proposed transformation hvd lati . .
; ydroxylation mechanism of the related flavin monooxygenase,
of the alternative 2,6-DHP substrate to 2,3,6-THP. Based on . . . . . 20-22
NicC, that is also involved in NA metabolism.

structural data, Tyr220 likely acts as a general base and deprotonates - .
BnFMO can also utilize 2,6-DHP as a substrate, likely

C2-OH, leading to electrophilic aromatic substitution.
because 2,6-DHNA spontaneously decarboxylates to 2,6-DHP
(Figure S3). This potential mechanism is shown in Figure 8B,
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in a mechanism similar to other flavin monooxygenases, such
as PBHB,"**°! that does not involve a decarboxylative
hydroxylation but instead the hydroxylation of an unsub-
stituted carbon atom. Although our kinetic data (Table 1)
indicate that 2,6-DHNA is the preferred BhFMO substrate, the
kinetic constants are almost identical for the two substrates. To
establish the role of protein residues in this catalytic
mechanism, future studies will involve the creation of site-
directed BnFMO variants guided by residues near the 2,6-DHP
binding site (Figure SC).

In summary, we have structurally characterized a flavin
monooxygenase from B. niacini that we have named BnFMO.
These studies reveal that this enzyme has a unique oligomeric
structure, with lipid molecules observed at the trimeric
interface. We have also determined that this enzyme can
accept both 2,6-DHP and 2,6-DHNA as substrates. Further
work will involve more detailed kinetic studies and the
determination of the roles of active site residues in catalysis,
which will provide more information on the molecular details
of the BnFMO-catalyzed reaction.
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2,4-DHBA 2,4-dihydroxybenzoic acid
2,6-DHNA 2,6-dihydroxynicotinic acid

IPTG isopropyl f-p-thiogalactopyranoside
FAD flavin adenine dinucleotide
FMN flavin mononucleotide
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NHACs  N-heterocyclic aromatic compounds
nicotinamide adenine dinucleotide (reduced

NADH form)

NAD* nicotinamide adenine dinucleotide (oxidized
form)

FMO flavin monooxygenase

FPLC fast protein liquid chromatography

HPLC high-pressure liquid chromatography

POPG 1-cis-9-octadecanoyl-2-cis-9-hexadecanoylphos-

phatidyl glycerol
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