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Abstract

Toxoflavin is a major virulence factor of the rice pathogen Burkholderia glumae. The tox operon
of B. glumae contains five putative toxoflavin biosynthetic genes foxABCDE. ToxA is a predicted
S-adenosylmethionine dependent methyltransferase and foxA knockouts of B. glumae are less
virulent in plant infection models. In the present study, we show that ToxA performs two
consecutive methylations to convert the putative azapteridine intermediate, 1,6-
didemethyltoxoflavin, to toxoflavin. In addition, we report a series of crystal structures of ToxA
complexes that reveals the molecular basis of the dual methyltransferase activity. The results
suggest sequential methylations with initial methylation at N6 of 1,6-didemethyltoxoflavin
followed by methylation at N1. The two azapteridine orientations that position N6 or N1 for
methylation are coplanar with a 140° rotation between them. The structure of ToxA contains a
Class | methyltransferase fold having an N-terminal extension that either closes over the active site
or is largely disordered. The ordered conformation places Tyr7 at a position of a structurally
conserved tyrosine site of unknown function in various methyltransferases. Crystal structures of
ToxA-Y7F consistently show a closed active site whereas structures of ToxA-Y7A consistently
show an open active site, suggesting that the hydroxyl group of Tyr7 plays a role in opening and
closing the active site during the multistep reaction.
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Toxoflavin was first isolated in the 1930s through investigations into fatal food poisonings in
Indonesia.l: 2 The structure of toxoflavin was later characterized® 4 and the toxicity of
toxoflavin was attributed to its redox properties.®> Recently, toxoflavin has been shown to be
a key virulence factor of some bacteria that cause bacterial panicle blight of rice and
bacterial wilt of other field crops.6-12 Burkholderia glumae is the major causal agent in the
United States and is currently considered a threat to global rice production.13 The role of
toxoflavin as a major virulence factor has stimulated investigations into the function and
utilization of the toxoflavin-degrading enzyme, toxoflavin lyase, from Paenibacillus
polymyxa 1417

The molecular mechanism by which B. glumae synthesizes toxoflavin is currently unknown.
However, initial insights were drawn from studies of the Zox operon and comparisons made
with homologous proteins involved in riboflavin biosynthesis.1® The fox operon contains
five putative biosynthetic genes, toxABCDE:18-20 ToxB and ToxE show high sequence
similarity to guanosine triphosphate (GTP) cyclohydrolase 11 proteins?1-23 (e.g., RibA from
Escherichia coli) and deaminase/reductase proteins?4-27 (e.g., RibD from £. coli) involved
in riboflavin biosynthesis. Since homologs of ToxB and ToxE catalyze the first steps of
riboflavin biosynthesis,28: 29 the initial steps of toxoflavin biosynthesis were predicted to be
analogous with GTP being the initial substrate.18 This hypothesis is consistent with early
studies utilizing labeled precursors.30 More recent work involving gene deletions in
Pseudomonas protegens Pf-531 and in vivo work utilizing B. glumae> have suggested that
the biosynthesis of toxoflavin proceeds through 5-amino-6-p-ribitylaminouracil, a common
intermediate in riboflavin and Fg biosynthesis. However, the subsequent steps, involvement
and order of ToxA, ToxC, and ToxD action are less clear, although foxCand toxD are
essential for toxoflavin biosynthesis in 2 protegens Pf-5.31

Mutant strains of B. glumae in which foxA is disrupted by insertional mutagenesis are
unable to produce toxoflavin.20 In addition, foxA-deficient mutants are unable to induce
chlorosis in rice leaves three days after inoculation and induce significantly less chlorosis in
rice panicles seven days after inoculation.18 ToxA displays amino acid sequence similarity
to Class | S-adenosylmethionine (SAM)-dependent methyltransferases and is the only
protein product of the zox operon predicted to have methyltransferase activity.1®
Furthermore, since toxoflavin contains two methyl groups derived from SAM,30 ToxA was
predicted to catalyze both methylations during toxoflavin biosynthesis.18 The two methyl
groups of toxoflavin are located at positions N1 and N6 of an azapteridine ring system and a
plausible intermediate in toxoflavin biosynthesis is 1,6-didemethyltoxoflavin (1,6-
DDMT).18 Conversion of 1,6-DDMT into toxoflavin by ToxA can be envisioned to proceed
via one of three routes (Figure 1): (1) methylation of N6 to generate 1-demethyltoxoflavin

Biochemistry. Author manuscript; available in PMC 2017 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fenwick et al.

Page 3

(1-DMT, or reumycin) followed by methylation at N1, Route A; (2) methylation of N1 to
produce 6-demethyltoxoflavin (6-DMT) followed by methylation at N6, Route B; (3)
methylation of N1 or N6 without preference to give both intermediates 1-DMT and 6-DMT.

In the present study, we report biochemical results showing complete conversion of 1,6-
DDMT to toxoflavin by ToxA and under some conditions accumulation of 1-DMT, but
never 6-DMT, confirming that ToxA catalyzes the final two steps of toxoflavin biosynthesis.
We also report crystal structures of complexes of ToxA with substrates and products. The
results support sequential methylations in which methylation first takes place at N6 of 1,6-
DDMT followed by methylation at N1 of the product 1-DMT. Our structural results also
suggest that significant structural changes take place during this conversion, including a
major repositioning of 1-DMT required for the second methylation and an order-disorder
transition in an N-terminal segment of ToxA that opens and closes the active site.
Biochemical and structural studies of ToxA mutations suggest that Tyr7 plays a role in the
conformational change.

MATERIALS AND METHODS

ToxA Expression and Purification

ToxA of B. glumae!8: 1933 and the variants ToxA-Y7A and ToxA-Y7F were expressed from
a modified pET-28 vector that supplies an N-terminal fusion tag
MGSDKIHHHHHHSSGENLYFQGH.

ToxA, ToxA-Y7A, and ToxA-Y7F were prepared as follows. £. co/i BL21(DE3) cells were
transformed with the recombinant vector and selected on Luria-Bertani (LB) agar plates
supplemented with kanamycin (40 mg/L) after overnight growth at 37 °C. A few colonies
containing the recombinant plasmid were inoculated into 50 mL LB medium supplemented
with kanamyecin (40 mg/L) and grown at 37 °C at 200 rpm for 14-18 h. A portion of the
overnight culture (10 mL) was inoculated into shaker flasks containing 1 L of LB medium
supplemented with kanamycin (40 mg/L). The cells were grown at 37 °C, 200 rpm until an
optical density at 600 nm of 0.5-1.0 was reached (approximately 3 h). The cultures were
then cooled to 22 °C for 30 min and then to 15 °C for 1 h. Isopropyl 1-B-p-galactopyranoside
was then added to the cultures to a final concentration of 0.1 mM and the flasks were shaken
at 15 °C at 200 rpm for 18 h. Following induction, the cells were pelleted and stored at

—80 °C. Frozen cells were defrosted at room temperature and then resuspended in lysis
buffer (50 mM tris(hydroxymethyl)aminomethane (Tris), 300 mM NaCl, 5 mM imidazole,
pH 8.0), lysed via sonication on ice (8 x 30 second rounds consisting of 1.5 s on/off cycles),
and subjected to centrifugation at 20,000 x g (4 °C, 20 min). The supernatant was gently
mixed with 2 mL Ni-nitrilotriacetic acid resin (pre-equilibrated with lysis buffer) for 30 min
on ice. The resin was loaded onto a polypropylene column and allowed to drain. The resin
was then washed with 10 mL lysis buffer containing 5 mM B-mercaptoethanol, washed with
4 x 2 mL fractions of wash buffer (50 mM Tris, 300 mM NaCl, 25 mM imidazole, 5 mM §-
mercaptoethanol, pH 8.0) and the protein was eluted in 0.5 mL fractions with elution buffer
(50 mM Tris, 300 mM NaCl, 250 mM imidazole, 5 mM p-mercaptoethanol, pH 8.0).
Fractions were tested for the presence of protein using the Bradford assay and sodium
dodecyl sulfate polyacrylamide gel electrophoresis analysis. Fractions containing ToxA were
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then combined and the protein was desalted into 50 mM Tris, 50 mM NaCl, 10% (v/v)
glycerol, 5 mM B-mercaptoethanol, pH 8.0, using an Econo-Pac 10DG column (Bio-Rad,
Hercules, CA) according to the manufacturer’s supplied protocol. Fractions containing
protein as judged by the Bradford assay were combined, the protein concentration was
determined by absorbance at 280 nm and aliquots were flash frozen in liquid nitrogen and
stored at —80 °C until used.

ToxA, ToxA-YT7A, and ToxA-Y7F were prepared for crystallization using similar procedures
with the following additional steps. After immobilized-nickel affinity chromatography, the
sample was subjected to size exclusion chromatography using a HiLoad Superdex 200 26/60
column (GE Healthcare) equilibrated with 15 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 125 mM NaCl, 1 mM dithiothreitol (DTT), pH 7.5.
ToxA was isolated and then incubated for two days at 4 °C with tobacco etch virus protease
to cleave the hexahistidine tag. The reaction mixture was then subjected to subtractive
immobilized-nickel affinity chromatography and a second round of size exclusion
chromatography, and the purified ToxA was concentrated to approximately 25 mg/mL in
either 10 mM sodium citrate and 40 mM NaCl, pH 6.5, 10 mM Tris and 30 mM NaCl, pH
7.5, or 5 mM HEPES and 20 mM NacCl, pH 7.0. Selenomethionine substituted ToxA was
prepared similarly except was overexpressed in £. coli B834 cells in minimal medium
containing 11.3 g/L M9 salts, 4 g/L dextrose, 50 mg/L L-selenomethionine, 40 mg/L of the
remaining 19 L-amino acids, 2 mM MgSQOg,, 0.1 mM CaCl,, 25 mg/L FeSO4-7H,0, 1 x
minimal essential medium vitamin solution, and 30 mg/L kanamycin.

Protein Crystallization

ToxA crystals were grown using the hanging drop vapor diffusion method with drops made
from 1:1 mixtures of protein and well solutions. Plate-like crystals of apo ToxA were grown
at 18 °C using well solutions containing 19% (w/v) polyethylene glycol (PEG) 3000 and 100
mM sodium citrate, pH 5.5. The cryoprotectant contained an additional 16% (w/v) PEG
3000. Thicker plate-like crystals of ToxA/SAH, ToxA/SAH/1,6-DDMT, ToxA/SAH/
toxoflavin, ToxA/SAH/1-DMT, ToxA-Y7A/SAH and ToxA-Y7A/SAH/toxoflavin, thin rod
crystals of ToxA/SAH/toxoflavin, ToxA-Y7F/SAH and ToxA-Y7F/SAH/toxoflavin, and
hexagonal rod-shaped crystals of ToxA/SAH/1-DMT were grown at 22 °C using well
solutions containing 18-23% (w/v) PEG monomethyl ether 2000 and 100 mM Tris, pH 6.1-
6.8. The cryoprotectant contained an additional 12-17% (w/v) PEG monomethyl ether 2000.
1,6-DDMT, 1-DMT, toxoflavin, and S-adenosylhomocysteine (SAH) (in dimethylsulfoxide)
were added to different ToxA samples for cocrystallization at the final concentrations of
approximately 10 mM, 2 mM, 1 mM, and 6 mM, respectively.

Data Collection and Processing

X-ray diffraction experiments were conducted at beamline NE-CAT 24-1D-C of the
Advanced Photon Source (APS) and beam line Al of the Cornell High Energy Synchrotron
Source (CHESS). These beamlines were equipped with ADSC Q315 and ADSC Q210 CCD
detectors, respectively. Crystals were irradiated at 100 K using X-rays having wavelength A
=0.98 A. X-ray diffraction images were collected using 1° oscillations per image and were
processed using HKL.2000.34 Crystal to detector distances at 24-1D-C ranged from 210 to
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300 mm with exposure times of 1.0 to 1.5 s. Crystal to detector distances at Al ranged from
140 to 180 mm with exposure times of 3 to 9 s. Table 1 summarizes the data collection
statistics.

Crystals of apo ToxA belong to space group C2 with 48% solvent content and two
monomers of ToxA in the asymmetric unit. Crystals of selenomethionine substituted apo
ToxA belong to space group AL with 44% solvent content, and four monomers of ToxA in
the asymmetric unit. Crystals of ToxA/SAH, ToxA/SAH/1,6-DDMT, ToxA-Y7A/SAH, and
ToxA-Y7A/SAH/toxoflavin belong to space group £21212; with solvent contents ranging
from 39 to 49% and two monomers of ToxA in the asymmetric unit. Crystals of ToxA/SAH/
toxoflavin, ToxA-Y7F/SAH, and ToxA-Y7F/SAH/toxoflavin belong to space group A2,
with solvent contents ranging from 41 to 45% and two monomers of ToxA in the
asymmetric unit. Finally, crystals of ToxA/SAH/1-DMT belong to space group A3, with
41% solvent content and one monomer of ToxA in the asymmetric unit.

Structure Determination and Refinement

The structure of selenomethionine substituted ToxA was determined using single wavelength
anomalous diffraction phasing. The selenium substructure was determined using
SHELXD35: 36 and more than 90% of protein residues were built using the Autosol module
of PHENIX.37 ToxA structures with other space groups were determined by molecular
replacement using MOLREP38 or PHENIX. Automated structural refinement was performed
using PHENIX and model building was performed using COOT.3%Later rounds of
refinement took into account translation, libration, and screw vibrational motion of
partitioned chains?® of ToxA using the TLS module in PHENIX. Difference electron density
(Fo-F¢) for each ligand is shown in Supplementary Figure 1.

Synthesis of 1,6-DDMT [Pyrimido[5,4-e]-as-Triazine-5,7(6H,8H)-dione]

The synthesis of 1,6-DDMT was performed as previously described*! with the exception
that triphosgene (0.3 eq) was substituted for phosgene gas. The product was then purified
using an Agilent 1200 HPLC instrument, which consisted of a quaternary pump, vacuum
degasser, autosampler, column thermostat (set to 30 °C), diode array detector, fluorescence
detector, and fraction collector. Separation of reaction components was achieved using an
SPLC-18-DB column (10 x 250 mm, 5 um, Supelco, Bellefonte, PA) with a flow rate of 2
mL/min where line A was water, line C was methanol, and line D was 10 mM ammonium
acetate with the following program. The column was pre-equilibrated in 90% A/10% D and
upon injection this composition was held for 2 min. The composition of mobile phase was
then changed to 55% A/35% C/10% D over 8 min utilizing a linear gradient followed by
changing to 40% A/50% C/10% D over the next 5 min. The composition of mobile phase
was then changed to 10% A/80% C/10% D over 2 min and this composition was held for 5
min followed by changing to 90% A/10% D over 2 min. The column was equilibrated in
90% A/10% D for 12 min prior to the next injection.

Synthesis of 1-DMT

1-DMT was synthesized as previously described.*2
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ToxA and ToxA Variant In Vitro Activity Assays

For the full conversion of 1,6-DDMT to toxoflavin, reaction mixtures consisted of 100 mM
Tris, pH 7.5, 1 mM SAM, 1 mM DTT, and 100 uM 1,6-DDMT in a total volume of 90 pL.
Reactions were initiated by the addition of 10 pL ToxA (15 puM final concentration) with
gentle mixing, followed by incubation at room temperature for 1 h. The proteins were then
removed using a PALL protein concentrator (10,000 MWCO, 14,000 x g, 60 min, 4 °C). A
portion of the reaction mixture (25 pL) was then analyzed by HPLC as described below.

For the conversion of 1,6-DDMT to 1-DMT and toxoflavin (incomplete reaction), reaction
mixtures consisted of 100 mM Tris, pH 7.5, 1 mM SAM, 1 mM DTT, and 100 pM 1,6-
DDMT in a total volume of 90 pL. Reactions were initiated by the addition of 10 uL ToxA
(1.5 pM final concentration) with gentle mixing, followed by incubation at room
temperature for 1 h, followed by the addition of 30 uL 1 M potassium citrate, pH 5.0, or 1 M
Tris, pH 7.5. The reactions were mixed by pipetting gently and allowed to stand at room
temperature for an additional 30 min. The proteins were then removed using a PALL protein
concentrator (10,000 MWCO, 14,000 x g, 60 min, 4 °C) followed by incubation at room
temperature for 2—-4 h. A portion of the reaction mixture (60 uL) was then analyzed by
HPLC as described below. To investigate the conversion of 1-DMT to toxoflavin, an
identical reaction substituting 1-DMT for 1,6-DDMT was used. An identical procedure was
also used for the ToxA variant activity assays.

HPLC Analysis of In Vitro Activity Assays

HPLC analyses were performed using an Agilent 1200 HPLC instrument, which consisted
of a quaternary pump, vacuum degasser, autosampler, column thermostat (set to 30 °C),
diode array detector and fluorescence detector. Separation of reaction components was
achieved using an Eclipse XDB-C18 column (4.6 x 150 mm, 5 um, Agilent, Santa Clara,
CA) with a flow rate of 1 mL/min where line A was water, line C was methanol and line D
was 10 mM ammonium acetate with the following program. The column was pre-
equilibrated in 90% A/10% D and upon injection this composition was held for 2 min. The
composition of mobile phase was then changed to 66% A/24% C/10% D over 10 min
utilizing a linear gradient followed by changing to 25% A/65% C/10% D over the next 1.5
min. This composition was held for 5 min followed by changing to 90% A/10% D over 1
min. The column was equilibrated in 90% A/10% D for 6 min prior to the next injection.
Data were processed with ChemStation ver. B.04.01 SP1 (Agilent Technologies).

Figure Preparation

Illustrations were made using Chimera?3 and ChemDraw (Perkin Elmer).

RESULTS
Conversion of 1,6-DDMT and 1-DMT into Toxoflavin by ToxA

Incubation of 1,6-DDMT with ToxA and SAM resulted in clean conversion to toxoflavin
(Figure 2A). Examination of incomplete reaction mixtures allowed us to observe an intense
peak at 5.5 min when the reaction was performed at pH 7.5 (Figure 2B). This compound
could be shifted to 7 min when the reaction was quenched with potassium citrate, pH 5.0,
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suggesting a structure capable of conversion between tautomer forms. We confirmed the
identity of this compound as 1-DMT by co-injection with a synthetic standard. Incubation of
1-DMT with ToxA led to efficient conversion to toxoflavin (Figure 2C). Under no conditions
were we able to observe a second peak in the reaction mixture that would correspond to 6-
DMT.

Overall Structure of ToxA

Crystal structures were determined for ToxA and ToxA variants with different combinations
of bound substrates and products (Table 1). The structures of ToxA display a canonical Class
I methyltransferase fold with three extensions: an N-terminal segment that contains a 31
helix followed by a 10-residue a-helix, a flap domain between 5 and a6 that contains a
three-stranded antiparallel 3-sheet and a 15 residue segment having two 31 helices, and a
25-residue segment between 10 and B11 that contains two 5-residue a-helices (Figure 3).

Unliganded ToxA forms a homodimer with extensive contacts in two different crystal forms
(triclinic and monoclinic) (Figure 4A). Two dimers further join to form a homotetramer with
222 symmetry (Figure 4B), and this tetramer is predicted to be stable in solution by the
PISA website.** After complex formation, the tetramer is disrupted by large conformational
changes. In the dimer, residues 180-184 (VTDPP) insert intothe substrate-binding site and
prevent the N-terminal segment from folding over the active site (Figure 4C). While some
complexes contain two monomers in the asymmetric unit, no assembly is predicted to be
stable in solution by PISA. Furthermore, each monomer contains a complete active site.
Therefore we conclude that the complexes are most likely to be monomeric.

SAH/SAM Binding Site

SAH binds in a groove near the C-terminal ends of 1 - B4 (Figure 5). The carboxylate group
of SAH forms a salt bridge with Arg24. The amino group of homocysteine hydrogen bonds
to the backbone carbonyls of Ala47 and Alall1l. The ribose hydroxyl groups hydrogen bond
to the carboxylate of Asp69. The adenine moiety is sandwiched between Leul13 and 1le70
and its amino group hydrogen bonds to the carboxylate of Asp95. Finally, the adenine N1
atom hydrogen bonds to the amide NH of Val96 and the adenine N3 atom hydrogen bonds to
the amide NH of 11e70.

1,6-DDMT and Toxoflavin Binding Sites

1,6-DDMT and toxoflavin bind in a deep slot between the Class | methyltransferase domain
and the flap domain. The two azapteridines are coplanar but rotated by about 140° with
respect to each other. The azapteridine ring system is stacked face-to-face with the side
chain of Trp112 and face-to-edge with the side chains of Phe179 and Phel87. 1,6-DDMT
binds in an orientation that positions N6 3.6 A away from Sg of SAH in an alignment that
would be favorable for methyl transfer from SAM (Figure 6A). N1 hydrogen bonds to the
side chain amide of GIn23 and O5 hydrogen bonds to the side chain amide of Asn115 and
the hydroxyl of Tyr116. In contrast, toxoflavin binds in an orientation that positions N1 4.5
A away from Ss of SAH in an alignment that would also be favorable for methyl transfer
from SAM (Figure 6B). N8 hydrogen bonds to the hydroxyl group of Tyr116 and the N6
methyl group packs in a hydrophobic pocket formed by Val145, Phel89, and Leu237. DFT
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calculations (for the ligand in H,O) and the ToxA structure indicate that the aromatized
tautomer of 1-DMT 3 is the stable tautomer (Figure 1).

1-DMT Binding Site
1-DMT binds in the same pocket as 1,6-DDMT and toxoflavin and is coplanar with both.
However, the structure of ToxA/SAH/1-DMT shows 1-DMT in an orientation that is
incompatible with a methyl transfer to a ring nitrogen atom (Supplementary Figure 2).
Instead, C3 is nearest to S5 of SAH with a separation distance of 3.5 A. The C3 hydrogen
atom would clash with the methyl group of SAM if SAM were present at the SAH site
suggesting that in the presence of SAM the orientation of 1-DMT would be different
(Supplementary Figure 3).

N-terminal Segment

We observe two types of monomeric wild-type ToxA structures: one in which the N-
terminus is disordered and one in which residues 7-23, which make up a portion of the
active site, are ordered. The ordered structure is observed for ToxA/SAH/1,6-DDMT and
ToxA/SAH/toxoflavin (Figure 3A, Figure 6, and Table 3). In contrast, the structure of
ToxA/SAH shows a poorly ordered N-terminal segment; one chain in the asymmetric unit
shows complete disorder in this region and the other chain shows weak ordering (Table 3).
In the ordered conformation, the side chain of Tyr7 packs near C3’ and C5’ of SAH within a
cluster of hydrophobic residues and its hydroxyl group hydrogen bonds to the hydroxyl
group of Tyr116; the hydroxyl group of Tyr7 is located 3.5-3.8 A from S5 of SAH. Phe14
interacts with the homocysteine portion of SAH and Phel7 interacts via m stacking with
Phel79, which in turn interacts via n-stacking with Phe187.

ToxA-Y7F/SAH and ToxA-Y7F/SAH/toxoflavin show a highly ordered N-terminal segment
similar to the ordered wild-type ToxA structures. For the toxoflavin complex, the electron
density was strong for both SAH and toxoflavin, with toxoflavin oriented with N1 nearest to
S of SAH. ToxA-Y7A/SAH and ToxA-Y7A/SAH/toxoflavin show a disordered N-terminal
segment. For the toxoflavin complex, the electron density was clear for SAH, but less
distinct for toxoflavin (Supplementary Figure 1).

Biochemical Analysis of ToxA-Y7A and ToxA-Y7F

Activity assays using 1,6-DDMT as the substrate are shown in Figure 7. After 1 h total
reaction time with 1.5 uM enzyme and 100 uM 1,6-DDMT, ToxA-Y7F produced
approximately 55% more 1-DMT and 67% less toxoflavin compared with wild-type ToxA,;
ToxA-Y7A produced approximately 65% of 1-DMT and 2% of the toxoflavin produced by
the wild-type enzyme.

DISCUSSION

Comparison of the Structure of ToxA with Other SAM-dependent Methyltransferases

ToxA contains a canonical Class | methyltransferase domain that has a conserved
SAH/SAM binding site?® 46 and SAH/SAM conformation.” A search for structural
homologues using DALI*8 showed that ToxA has unique substrate recognition elements, a
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hallmark of Class | methyltransferases, but which resemble ones in the methyltransferase
CchJ (PDB ID 4HH4),%%the N, N-dimethyltransferase TylIM1 (PDB ID 3PFG),50 mRNA cap
(guanine N7) methyltransferases (PDB IDs 1RI3 and 2VDW),%% 52 and glycine N-
methyltransferase (PDB code 1NBH).33 Like ToxA, these structures contain a flap domain
that packs against the Class | methyltransferase domain to form the active site. Apo ToxA
crystallized in a distinct homodimeric structure in which each flap domain inserts into the
active site of a two-fold related monomer.

Dual Substrate Specificity of ToxA

The dual methylation of 1,6-DDMT 2 to form toxoflavin 1 by ToxA can be envisioned to
proceed via one of three possible pathways (Figure 1). Our biochemical studies show that
ToxA converts 1,6-DDMT 2 to toxoflavin 1 and that under some conditions 1-DMT 3 is
produced but never 6-DMT 4. Furthermore, ToxA converts 1-DMT to toxoflavin. These
results show that ToxA from B. glumae has dual specificity and catalyzes the last two steps
in the biosynthesis of toxoflavin.

The structure of ToxA/SAH/1,6-DDMT is consistent with initial methylation at N6 (Route
A). While we cannot exclude the possibility that the initial methylation occurs at N1 (Route
B), the crystal structure with bound 1,6-DDMT suggests that the added methyl group would
clash with the side chain of GIn23. Furthermore, the structure of ToxA/SAH/toxoflavin
places the N1 methyl group nearest to Sg of SAH consistent with the predicted order;
however, the structure of ToxA/SAH/1-DMT places C3 nearest to Sg of SAH. A model of
ToxA/SAM/1-DMT based on the structure of ToxA/SAH/toxoflavin shows a plausible
substrate arrangement for methyl transfer, with a 3.0 A separation between Ce of SAM and
N1 of 1-DMT and an Sg-C,...N1 angle of 155°. Furthermore, a model of ToxA/SAM/1-
DMT based on the structure of ToxA/SAH/1-DMT shows a steric clash between the C3
hydrogen of 1-DMT and the SAM methyl group (Supplementary Figure 3). This result
suggests that 1-DMT could partially reorder after methylation, but before product release.

Reorientation of 1-DMT

Toxoflavin biosynthesis by ToxA requires a 140° rotation of 1-DMT after 1,6-DDMT is
methylated at N6. Dissociation of newly generated 1-DMT followed by binding to
ToxA/SAM would prohibit 1-DMT binding in the 1,6-DDMT orientation due to clashes
between the SAM methyl group and the newly added methyl group at N6. Although ToxA
with bound SAH binds 1-DMT and toxoflavin differently, the methyl group at N6 packs in a
hydrophobic pocket formed by Val145, Phe189, and Leu237 for both azapteridines. These
results suggest that the additional hydrophobic interactions that become available after N6
methylation contribute to the reorientation of 1-DMT.

Role of N-terminal Segment

The ordered and disordered states of the N-terminal segment of ToxA are associated with a
1-2 A difference in the positioning of the substrate recognition domain relative to the Class |
methyltransferase domain (Figure 8A). In the disordered state, residues 181-183 in the flap
domain are also poorly ordered. In the ordered state, primary and secondary interactions
form between the N-terminal segment and the flap domain or azapteridine. First, 1le10,
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Phel4, and Phel7 interact with Phel79 within a large cluster of hydrophobic residues. The
side chain of Phel7 interacts face-to-face with the side chain of Phel179 (Figure 8B), which,
along with the side chain of Phe187, interacts edge-to-face with the bound azapteridine.
Second, the side chain of GIn23 hydrogen bonds with the bound azapteridine (Figure 6A,
B). GIn23 is located in helix a2 and the ordering of the N-terminal part of this helix is
correlated with the ordering of the preceding residues. Finally, the ordered N-terminal
segment places Tyr7 in the active site near the site of methyl transfer (Figure 6A, B). The
hydroxyl group of Tyr7 packs against the ribose moiety of SAH and its hydroxyl group
hydrogen bonds to the hydroxyl group of Tyr116, which interacts with the bound
azapteridine.

Tyr7 anchors the tail of the N-terminal segment to the active site and plays a role in orienting
the azapteridine. Structures of ToxA-Y7A show a disordered N-terminal segment in both the
presence and absence of bound toxoflavin and the electron density of the bound toxoflavin is
indistinct and does not show a productive orientation. In contrast, structures of ToxA-Y7F
show a highly ordered N-terminal segment in the presence and absence of bound toxoflavin,
and toxoflavin is well-ordered and oriented in agreement with the expected methyl transfer
(Supplementary Figure 1).

The functional importance of the N-terminus, in particular Tyr7, was probed by in vitro
characterization of ToxA-Y7F and ToxA-Y7A. ToxA-Y7F showed modest reductions in
activity when incubated with either 1,6-DDMT or 1-DMT when compared to wild-type
ToxA. In contrast, ToxA-Y7A showed large reductions catalyzing the conversion of 1,6-
DDMT to 1-DMT and 1-DMT to toxoflavin supporting the structural results suggesting that
Tyr7 is important for azapteridine binding.

Intriguingly, similar arrangements involving a tyrosine at an equivalent active site as Tyr7 in
ToxA are observed in the structures of other methyltransferases. Structural superimpositions
show that Tyr7 and Tyr116 of ToxA occupy similar active site locations as Tyr21 and His142
in glycine A-methyltransferase (PDB code 1NBH),>3 Tyr555 and Tyr683 in vaccinia virus
mRNA cap (guanine N7) methyltransferase (PDB code 2VDW),% 54 and Tyr154 and
Glu267 in Type | protein arginine methyltransferases (PDB codes 3B3F and

2V74)%5: 56(Figure 9). In each case, the tyrosine equivalent to Tyr7 in ToxA resides on a
mobile structural element that displays order or disorder in different crystal structures.
Mutation of these tyrosines leads to modest to complete loss of activity and in particular
mutation to phenylalanine or alanine in vaccinia virus MRNA cap methyltransferase shows
trends similar to ToxA51: 53, 54,57,

Mechanistic Considerations

The structures suggest a mechanism for conversion of 1,6-DDMT 2 to toxoflavin 1 by ToxA
(Figure 10). There is no obvious base close to N6 in the ternary complex so it is possible that
either 1,6-DDMT 2 undergoes deprotonation prior to binding or that protonation and
deprotonation occur via a dynamic water channel (Figure 11A). The resulting substrate
anion is stabilized by hydrogen bonding to Asn115 and Tyr116. SAM binding, methyl
transfer and product dissociation complete the first phase of toxoflavin formation. A base is
not required for the second methyl transfer because N1 is nucleophilic with its lone pair
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oriented directly at the methyl group of SAM (Figure 11B). Overall, the active site of ToxA
is relatively simple. It binds N6 and N1 of the substrate iteratively in close proximity to the
methyl group of SAM but does not provide a base to assist the methy! transfer reactions. The
order of the methylation reactions may be due to the greater nucleophilicity of deprotonated
N6 over N1. This relative reactivity is also mirrored in the ease of demethylation of
toxoflavin at the N1 position.

Formation of 1-DMT as a Discrete Intermediate on the Way to Toxoflavin

Our /n vitro analysis identified 1-DMT (reumycin) as a discrete intermediate but not 6-DMT.
This could be viewed as an adaptation by B. g/umae to scavenge 1-DMT formed during
chlorosis as a possible defense mechanism by the infected plant. The N1 methyl group is
known to be labile?? and it is plausible that an infected plant could detoxify toxoflavin by
simply removing the N1 methyl group through use of a nucleophile (e.g. glutathione). If the
biosynthesis proceeded through 6-DMT, then removal of the methyl group at N1 would
result in the accumulation of a less toxic shunt metabolite. By utilizing 1-DMT as an
intermediate, any toxoflavin that is converted to 1-DMT either through the action of plant
enzymes or non-enzymatic hydrolysis could be recovered back to toxoflavin, saving B.
glumae significant metabolic resources.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
SAM S-adenosylmethionine
SAH S-adenosylhomocysteine
GTP guanosine triphosphate
SeMet selenomethionine
Tris tris(hydroxymethyl)aminomethane
DTT dithiothreitol
RMSD root mean square deviation
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PEG polyethylene glycol
1,6-DDMT 1,6-didemethyltoxoflavin
1-DMT 1-demethyltoxoflavin (reumycin)
6-DMT 6-demethyltoxoflavin
HPLC high pressure liquid chromatography
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LB Luria-Bertani
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HPLC analysis of /n vitro ToxA reactions monitored at 400 nm. (A) Full conversion of 1,6-
DDMT 2 to toxoflavin. Red trace: reaction containing 1,6-DDMT 2, SAM and ToxA (15
UM). Green trace: reaction containing 1,6-DDMT 2 and ToxA (15 uM). Black trace: reaction
containing 1,6-DDMT 2 and SAM. (B) Chromatogram of a reaction quenched before
completion showing the accumulation of 1-DMT 3. Red trace: reaction containing 1,6-
DDMT 2, SAM and ToxA (1.5 pM). Black trace: reaction containing 1,6-DDMT 2 and
SAM. (C) Chromatogram of a reaction showing the conversion of 1-DMT 3 to toxoflavin 1.
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Red trace: reaction containing 1-DMT 3, SAM and ToxA (1.5 pM). Black trace: reaction
containing 1-DMT 3 and SAM. The peak for 1-DMT 3 is broadened/doubled due to a
mixture of tautomers.
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Class | methyltransferase fold

Figure 3.
Structure and topology of ToxA. (A) The crystal structure of ToxA displays a canonical

Class | methyltransferase fold (light blue) and three substrate recognition elements: an N-
terminal segment (salmon), a flap domain (green), and a 25 residue segment connecting 10
and 11 (purple). SAH and 1,6-DDMT are shown as balls and sticks. (B) ToxA topology
diagram. p-strands are represented with thick arrows and a- and 31 helices are represented
with cylinders.
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adjacent chain adjacent chain

Figure 4.
Crystal structure of apo ToxA. (A) Apo ToxA forms a homodimer having

noncrystallographic twofold symmetry. (B) Homotetramic arrangement of apo ToxA
observed within the crystal packing. Two dimers having the structure shown in panel A form
a homotetramer with 222 symmetry. (C) A flexible loop (Val180-Thr181-Asp182-Pro183-
Pro184) from the adjacent chain inserts into the azapteridine binding site and prevents the N-
terminal segment from folding over the active site. 1,6-DDMT and SAH are superimposed
onto the apo structure to indicate potential steric clashes.
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SAH binding site. Stereo diagram (top) and schematic drawing (bottom) of the SAH binding
site based on the crystal structure of ToxA/SAH. SAH interacts with residues of the Class |
methyltransferase fold (light blue sticks). Waters are shown as red spheres (in stereo
diagram) or W (in schematic drawing), and broken lines indicate potential hydrogen bonds.
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1,6-DDMT and toxoflavin binding sites. (A) Stereo structure (top) and schematic diagram

(bottom) of the 1,6-DDMT binding site in the structure of ToxA/SAH/1,6-DDMT. (B)
Stereo structure (top) and schematic diagram (bottom) of the toxoflavin binding site in the
structure of ToxA/SAH/toxoflavin. 1,6-DDMT, toxoflavin, and SAH are represented with
balls and sticks. Water molecules are represented with red spheres (in stereo diagrams) or W
(in schematic drawings), and broken lines indicate potential hydrogen bonds.
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Figure 7.
HPLC analysis of ToxA variant reactions. ToxA-red, ToxA-Y7A—green, ToxA-Y 7F-blue.

Reactions consisted of SAM, 1,6-DDMT 2, DTT and enzyme (1.5 pM) in pH 7.5 buffer. The
peak for DMT 3 is broadened/doubled due to a mixture of tautomers.

Biochemistry. Author manuscript; available in PMC 2017 May 17.

10



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fenwick et al. Page 23

Figure 8.
Structural change in ToxA after ordering of the N-terminal segment. (A) Ca traces of ToxA

structures with an ordered (light green) or disordered (salmon) N-terminal segment after
superimposition of the Class | methyltransferase domain. Phel7 in the N-terminal segment
and Phel79 and Phel87 in the flap domain are also shown. The arrow highlights the
displacement in the substrate recognition domain. (B) Close-up view of hydrophobic
interactions between the N-terminal segment and flap domain. The position of Phe179 in the
ToxA structures having a disordered N-terminal segment would lead to a steric clash with
Phel7.
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QL
4

Tyr116

Figure 9.
Tyr7 of ToxA occupies a structurally conserved tyrosine site in various methyltransferases.

Superimposition of ToxA (green) onto (A) glycine NA-methyltransferase (purple), (B)
vaccinia virus mRNA cap methyltransferase (purple), and (C) a Type | protein arginine
methyltransferase (purple). For clarity, the substrate recognition domains are not shown.
Superimpositions were based on SAH/SAM coordinates. SAH and SAM are represented
with balls and sticks.
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Figure 10.
Mechanistic proposal of the ToxA-catalyzed methylation of 1,6-DDMT 2 to toxoflavin 1 via

1-DMT 3. Either deprotonated 1,6-DDMT 5 binds to ToxA/SAM 6 or 1,6-DDMT 2 is
deprotonated via a dynamic water channel. Oxyanion stabilization is provided by Tyr116
and Asn115. N6 methylation by SAM 6 makes 1-DMT 3 and SAH 7. For N1 methylation,
1-DMT 3 dissociates from ToxA and then reassociates with ToxA in a new orientation with
SAM bound. N1 is positioned favorably for methylation and the N6 methyl is buried in a
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hydrophobic pocket. N1 of 1-DMT 3 is not protonated so no base is required for the second
methylation that leads to toxoflavin formation.
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Figure 11.
Structural models of SAM-bound ToxA complexes in the reaction pathway proposed in

Figure 10. (A) Stereo structure of ToxA with bound SAM and deprotonated 1,6-DDMT 5.
(B) Stereo structure of ToxA with bound SAM and 1-DMT 3, with 1-DMT 3in an
orientation favorable for N1 methylation. SAM was modeled by adding a methyl group to
SAH. Deprotonated 1,6-DDMT 5, 1-DMT 3, and SAM are represented with balls and sticks.
Broken lines indicate potential hydrogen bonds.
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Table 3

Ordered State of the N-terminal Segment in ToxA Crystal Structures.

Crystal Chain | N-terminal segment | B_factors? | B-factors®
Residues Residues
7-21 24-245
ToxA/SAH A Poorly ordered 66.7 22.0
B Disordered - 229
ToxA/SAH/1,6DDMT A Ordered 40.4 24.2
B Ordered 18.8 15.8
ToxA/SAH/Toxoflavin A Ordered 15.6 155
B Ordered 285 16.1
ToxA-Y7F/SAH A Ordered 6.1 6.0
B Ordered 7.3 55
ToxA-Y7F/SAH/Toxoflavin | A Ordered 6.6 6.0
B Ordered 9.2 5.8
ToxA-Y7A/SAH A Disordered - 27.4
B Disordered - 275
ToxA-Y7A/SAH/Toxoflavin | A Disordered - 24.7
B Disordered - 229

a . .
Average B-factor of main chain atoms.
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