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Abstract

Vitamin By, (cobalamin) is among the largest known non-polymeric natural products, and the only
vitamin synthesized exclusively by microorganisms?. The biosynthesis of the lower ligand of vitamin
B1,, 5,6-dimethylbenzimidazole (DMB), is poorly understoodl~3. Recently, we discovered that a
Sinorhizobium meliloti gene, bluB, is necessary for DMB biosynthesis*. Here we show that BIuB
triggers the unprecedented fragmentation and contraction of the bound flavin mononucleotide
cofactor and cleavage of the ribityl tail to form DMB and D-erythrose 4-phosphate. Our structural
analysis shows that BluB resembles an NAD(P)H-flavin oxidoreductase, except that its unusually
tight binding pocket accommaodates flavin mononucleotide but not NAD(P)H. We characterize
crystallographically an early intermediate along the reaction coordinate, revealing molecular oxygen
poised over reduced flavin. Thus, BIuB isolates and directs reduced flavin to activate molecular
oxygen for its own cannibalization. This investigation of the biosynthesis of DMB provides
clarification of an aspect of vitamin B, that was otherwise incomplete, and may contribute to a better
understanding of vitamin Bq,-related disease.

The lower ligand of vitamin B1o, DMB, is the only component of B, for which no biosynthetic
enzymes have been identified!=3. Previous studies using cell extracts have demonstrated the
oxygen-dependent transformation of flavin mononucleotide (FMN) to DMB (Fig. 1a);
however, the mechanism of conversion and enzymes involved in this pathway remain
unknown3:%:8, Recently, a DMB auxo-troph of the symbiotic nitrogen-fixing bacterium
Sinorhizobium melilotiwas identified*. This mutant, bluB, exhibited abnormal exo-
polysaccharide structure, as indicated by a calcofluor-bright phenotype, and was deficient in
free-living growth and symbiosis with its plant host. A putative B1»-binding riboswitch
immediately upstream of the bluB gene indicated a By, biosynthetic role’; addition of vitamin
B1, or DMB reversed all of the bluB mutant phenotypes®. BluB homologues exist in
phylogenetically and metabolically diverse prokaryotic genomes, including notable pathogens
of the genera Mycobacterium, Brucella and Vibrio, as well as the eukaryotic mouse malarial
agent Plasmodium yoelii, indicating a ubiquitous role in DMB synthesis*’.
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The protein sequence of BIuB has ~16% identity to several enzymes of the nitroreductase/
flavin oxidoreductase family. These enzymes catalyse the NAD(P)H-dependent reduction of
flavin for diverse redox reactions®:. On the basis of this sequence similarity and our previous
findings, we proposed that BIuB might catalyse the transformation of FMN to DMB. Indeed,
high-performance liquid chromatography (HPLC) analysis reveals the BluB-dependent
consumption of FMN and formation of DMB, as confirmed by co-elution, ultraviolet/visible
spectroscopy, 'H NMR spectroscopy and mass spectrometry, by comparison with an authentic
standard (Fig. 1b; see also Supplementary Fig. 1). Furthermore, two of the phenotypes
originally observed for the bluB mutant—the calcofluor fluorescence and poor growth in
minimal media—are also reversed by the BluB reaction product (Fig. 1c, d). The catalysed
reaction requires oxygen, consistent with previous ex vivo data3:>:19 (Fig. 1b). BluB also
consumes FMNH> as a substrate in the absence of NAD(P)H (data not shown). Thus,
FMNHj5, is the true substrate for BluB, whereas molecular oxygen drives oxidative
fragmentation of the heterocycle. NAD(P)H is only required initially to reduce FMN.

Kinetic characterization of BluB reveals a non-Michaelis—Menten profile, as the reaction is
inhibited by high concentrations of FMN (Supplementary Fig. 2)11:12, The apparent K, for
FMN (64 puM) is close to its physiological concentration, whereas inhibition occurs at non-
physiological concentrations3 (Table 1). The apparent K, values for NADH and NADPH (5.1
and 4.4 mM, respectively) are 10-100-fold higher than their physiological concentrations and
imply an unfavourable reductase activityl3. These data suggest an alternative kinetic model in
which FMNHy, is the substrate and NAD(P)H does not saturate the active site, but rather reduces
FMN in solution.

BluB, unlike the closely related oxidoreductase enzyme family, does not catalyse NAD(P)H-
dependent FMN reduction, whereas Escherichia coli Ssuk, a well-characterized flavin
reductasell, accelerates FMN reduction by at least 60-fold above background levels
(Supplementary Table 1). Significant non-enzymatic reduction of FMN by NAD(P)H
(Supplementary Table 1) enables BIuB to turn over in vitro, whereas an accessory reductase
probably delivers FMNH> to BIuB in vivo. Indeed, addition of SsuE to the BluB reaction
increases the initial rate ~20-fold (Supplementary Table 2). The rate of DMB formation
increases markedly (kops = 3 min ~1) in reactions containing SsuE and a concentration of FMN
(1 uM) below BIuB’s dissociation constant (K4 = 2 uM) (Supplementary Fig. 3). These data
suggest that, despite its apparent sequence homology, BIUB is not a flavin reductase but may
require a separate reductase for delivery of FMNH, (ref. 9).

The remarkable contraction of the isoalloxazine ring of FMN to form DMB requires cleavage
of the ribityl tail. Numerous studies have demonstrated that carbon C2 of DMB is derived from
carbon C1’ of FMN3:6:14:15 ‘and previously proposed mechanisms have suggested that the
remainder of the ribityl moiety of FMN is released as either D-glyceraldehyde 3-phosphate
(GA3P) and CO, (refs 3:16) or D-erythrose 4-phosphate (E4P)10:17. Thin-layer
chromatography (TLC) analysis of reactions containing [32P]JFMN shows that the product
mixture contains species co-migrating with E4P and FMN, but not GA3P, indicating that E4P
is the major phosphorous-containing product (Fig. 1e). 3IP-NMR confirms that E4P is formed,
whereas GA3P is not detectable (Supplementary Fig. 4). Therefore, BluB catalyses the
elimination of the ribityl tail of FMN by cleavage between C1’ and C2' to form the four-carbon
sugar E4P.

The crystal structure of BluB resembles the NAD(P)H-flavin oxido-reductases, which include
flavin reductase (FRP) of Vibrio harveyi and Vibrio fischeri®1® NADH oxidase (NOX) of
Thermus thermophilus??, and the nitroreductases NfsA and NfsB of E. coli?! (Fig. 2a, b; see
also Supplementary Fig. 5). The root mean square (r.m.s.) deviation between these enzymes
and BluB is 2.1-3.8 A over 60-80% of the structure, depending on the family member (Fig.
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2a, b)22. Comparison of BIuB to these structural homologues reveals a unique insertion in aC
that significantly extends the aC-loop-aD motif to form a lid that completely buries FMN (Fig.
2a—c). In addition, there is a unique deletion after strand B2, replacing two helices (oE and aF
in the typical reductase) with a short loop that further constricts the binding pocket (Fig. 2a, b;
see also Supplementary Fig. 5). These unique elements appear to have flexibility, and thus
provide gated access to the active site (Fig. 2d). Nevertheless, they conspire to isolate FMN
from other substrates in an extremely snug, electropositive pocket (Fig. 2c; see also
Supplementary Fig. 6). In contrast, the open, solvent-accessible active site in oxidoreductases
facilitates promiscuous exchange of substrates (Fig. 2b)19:21, Thus, the active site of BluB
carefully excludes interaction with any substrate other than dioxygen.

We obtained the crystal structure of BluB bound to substrate (FMNH5) and molecular oxygen
by soaking crystals in the reducing agent dithionite and then back-soaking in oxygenated
mother liquor. The slow turnover of BluB (Table 1) is retarded further because of the acidic
crystallization buffer, enabling capture of a crystallographic snap-shot along the reaction
coordinate. Notably, the dithionite-soaked crystals turn purple, probably representing a non-
physiological, charge-transfer complex with the reduced flavin anion (Supplementary Fig. 7).
On reintroduction of oxygen, the purple crystals become pale yellow or clear, with the
spectroscopic signature of FMNH, (Supplementary Fig. 7). These clear crystals disintegrate
rapidly; evidently, turnover in the crystal is coupled to a structural rearrangement that disrupts
the lattice. We successfully froze one such exceptionally large, pale-yellow crystal and
collected diffraction data to 2.9 A. The conformational difference between oxidized and
reduced FMN is subtle (Fig. 3a, b). Notably, some of the H-bonds rearrange at the N1 position,
which is protonated in the reduced form at acidic pH (Fig. 3; see also Supplementary Table 3).
Asp 32 also shows conformational mobility, and is able to form a close contact with C1’ of the
ribityl tail and N1 (Fig. 3c, d; see also Supplementary Table 3). This residue is conserved in
BluB homologues?, but is not observed in oxidoreductases. Mutation of Asp 32 to Ala, Asn or
Ser abrogates DMB formation but retains flavin binding, indicating that it may be essential for
catalysis (Fig. 4).

A strong electron density peak appears over the re-face of reduced flavin, replacing a weaker
peak (modelled as water) in the oxidized structure (Fig. 3c, d). Modelling this strong peak as
water results in unacceptably low B-factors, whereas refinement as molecular oxygen accounts
for the extra density and is consistent with the enzyme’s dependence on oxygen (Fig. 3d; see
also Supplementary Table 4). This oxygen is poised for attack at C4a and anchored by two H-
bonds from the O2" hydroxyl and the backbone amide from residue 61. These H-bonds might
serve as a ‘peroxyanion hole’ for stabilization of a reactive peroxyflavin intermediate,
analogous to the oxyanion hole that stabilizes the tetrahedral intermediate in serine proteases
and hydrolases?3 (Fig. 3d). Such stabilization would deter uncoupling of hydrogen peroxide
(H205), which occurs favourably in solution. Mono-oxygenases direct formation of a
peroxyflavin intermediate for subsequent hydroxylation reactions, and also seem to use
peroxyanion holes, which masquerade as two backbone amides, Arg or Asn24=26, Finally, the
peroxyanion hole of BIuB is defined, in part, by the orientation of the ribityl tail, which
resembles that in oxidoreductases, but differs from mono-oxygenases, where the tail is
swivelled away and sheltered from the site of oxygen attack?4=27. Thus, BIuB is a hybrid
enzyme with structural similarity to the flavin oxidoreductases and functional relatedness to
the mono-oxygenases.

BluB has additional unique features observed in neither the oxidoreductases nor the mono-

oxygenases that may have critical functions in directing DMB formation. Asp 32 and Ser 167
are completely conserved in BluB homologues but have not been observed in oxidoreductases
or mono-oxygenases8:19:21:24=27_ser 167 forms an H-bond to N5 of flavin, whereas H-bonds
to N5 are fulfilled by backbone amides in oxidoreductases and are seldom observed in mono-
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oxygenases. Consistent with a critical catalytic role, mutation of Ser 167 to Gly reduces DMB
production ~30-fold, and mutation to Cys completely abolishes DMB formation (Fig. 4).
Moreover, the H-bond to N5 in oxidoreductases typically forms from one face of the flavin,
with the opposite face left unhindered for interaction with substrate and oxygen8:19:21, |n
contrast, BluB appears to donate this H-bond and bind oxygen from the same face (Fig. 3c, d).
This stereochemistry may serve as an additional control mechanism to prevent unwanted
reactions from all but the smallest possible substrates, namelymolecular oxygen.

DMB formation involves controlled breakage of three bonds and formation of one, facilitating
contraction of the central six-membered ring of FMNH, to form the five-membered ring of
DMB. A mechanistic proposal for this transformation must incorporate the following findings
of this study: (1) requirement for molecular oxygen; (2) rupture of the ribityl side chain between
C1’and C2' to yield E4P; (3) absence of a requirement for NAD(P)H; and (4) the critical roles
of Asp 32 and Ser 167 in catalysis. Furthermore, earlier observations using cell extracts showed
that C2 of DMB is derived from C1’ of FMN6:14.16 and that urea is produced from this
reaction3. At this point, it is not possible to provide a detailed mechanism for this
transformation. Rather, we postulate a framework to explain the fragmentation and
reconstruction of FMNH, to form DMB (see ‘Discussion’ and ‘Scheme 1’ in Supplementary
Information). The closed active site strongly indicates an intramolecular route for the overall
reaction, requiring not only a difficult chemical transformation but also major conformational
change. Such rearrangement of the protein structure is a probable explanation for the observed
fragmentation of BIuB crystals on introduction of dioxygen.

BluB is thus the first characterized enzyme responsible for the formation of DMB, hence
elucidating the last unknown step in the biosynthesis of B1,. Moreover, this investigation has
revealed a novel enzymatic activity in the fragmentation of a flavin coenzyme. Destruction of
one cofactor to form another is unusual, but has parallels with the cannibalization of iron-
sulphur clusters in the biosynthesis of biotin (vitamin H) and lipoamide coenzymes?8:2%, The
biochemical and structural novelty of BluB and the widespread distribution of BluB
homologues throughout both prokaryotic kingdoms call for a new enzyme classification.
Therefore, we propose that this enzyme belongs to a new ‘flavin destructase’ family.

METHODS

The procedures for protein expression, purification, crystallization, structure determination and
refinement are described in Supplementary Methods.

Enzymatic reactions

For endpoint assays, reactions were assembled in an anaerobic glove box, exposed to ambient
O, (except where indicated), and quenched with 6.4% trichloroacetic acid after overnight
incubation at room temperature. Reaction buffer contained 50 mM HEPES pH 7.5 and 1 mM
dithiothreitol. Two-hundred-microlitre samples were analysed by RP-HPLC with a C18
column (Beckman Coulter) (11% acetonitrile, 0.1% TFA in water, 1 ml min~1), monitoring
absorbance at 280 and 450 nm. The peak identities were confirmed using a coupled ultraviolet/
visible diode array detector. Standards contained 100 pM FMN or DMB. For rate
measurements, 250 pl aliquots from 500 pl reactions were quenched at two different time
points, and reaction rates for the two time points were averaged. DMB concentrations were
calculated based on integrated peak areas at 280 nm compared to a standard curve. His-tagged
SsuE protein was purified as described?®,
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Biological assays

Radio-TLC

For calcofluor analysis, 10 ul of 10 uM DMB standard, BIuB reaction product, or water was
added to a sterile filter disk on LB-calcofluor plates containing a lawn of an S. meliloti bluB
mutant strain®. For growth measurements, M9 medium containing cobalt? with nothing added,
100 nM DMB standard, or 100 nM BIuB reaction product was inoculated with wild-type S.
meliloti strain Rm1021 or the S. meliloti bluB mutant, and absorbance at 600 nm (Aggg) Was
monitored over time.

The procedure for [32P]JFMN production by riboflavin kinase is described in Supplementary
Methods. Reactions containing 10 pM [32P]JFMN, 5 mM NADPH, 1 uM SsuE and 10 uM BluB
were incubated for 2 h at 30 °C and quenched by passing the reactions through 30,000 MWCO
filters (Microcon). The reactions were spotted on cellulose-TLC plates and developed with
3:1:6 n-butanol:acetic acid:water. The unlabelled GA3P and E4P standards included on the
plate were stained with ceric ammonium molybdate, and ~1 nCi [y-32P]JATP was overlaid onto
the stained spots. Plates were visualized by phosphorimaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BluB catalyses DMB production

a, Overall scheme for DMB biosynthesis and B1, formation. The atoms converted to DMB are
shown in red; the reaction catalysed by BIuB is in the red box. b, HPLC traces (280 hm) of
reactions containing 10 uM BluB, 20 mM NADH and 100 uM FMN, or lacking the indicated
components. Similar conversion was observed in reactions containing NADPH instead of
NADH (not shown). In the absence of NAD(P)H, trace amounts of product formed, probably
through adventitious photoreduction of FMN followed by turnover in the active site. c,
Calcofluor fluorescence of the bluB mutant. d, Growth of wild-type S. meliloti and the bluB
mutant. e, Radio-TLC of the BIuB reaction containing [32P]JFMN. Arrows represent migration
of standards. The same result was obtained using two additional eluant systems (data not
shown).
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Figure 2. Structure of BluB

a, Ribbon diagram of BluB with FMN in the binding pocket (stick representation). The two-
fold axis is perpendicular to the plane of the figure. b, E. coli nitroreductase NfsB (Protein
Data Bank 11CR)2! with FMN and nicotinic acid (stick representation) in the binding pocket.
¢, Cross-section of BluB’s molecular surface. The two-fold axis lies along the y axis such that
the si-face of FMN is viewed on the left and re-face on the right. The surface is coloured
according to electrostatic potential, where blue is electropositive, red is electronegative and
kg is Boltzmann’s constant. The back and front of the surface are cut away to reveal the FMN
binding pocket buried in the dimer interface. The pocket wraps snugly around FMN, preventing
interaction with other substrates. d, The BIuB ribbon diagram has been coloured according to
B-factor. Red represents flexible regions that may control or gate access to the active site.
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Figure 3. Active site of BluB

a, b, The active site with oxidized FMN (a) and reduced FMN (b), viewed from the re-face.
H-bonds are represented as dashed lines. For clarity, water molecules are not rendered in this
view. The rearrangement in H-bonds around N1 reflects the change in protonation in the
reduced structure. Asp 32 may also form a close contact with C1’ of the ribityl chain, suggesting
a potential catalytic role for this residue. c, d, Side views of the active site in the oxidized (c)
and reduced (d) structures. For clarity, Arg 34 has not been rendered in this view. The sigma-
A weighted 2F,—F electron density map is contoured at 1 and coloured grey (around protein
side chains), blue (around FMN/FMNH>) and red (around water/oxygen) to enhance contrast.
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Figure 4. Mutation of Asp 32 or Ser 167 eliminates DMB production

HPLC traces (280 nm) of reactions performed with BIuB proteins containing the point
mutations Asp32Asn or Ser167Gly. The peaks corresponding to FMN and DMB, as confirmed
by retention time and ultraviolet/visible spectra, are labelled. No DMB is detected in the
Asp32Asn mutant; DMB produced by the Serl67Gly mutant is ~3% of the wild-type level.
No DMB is detected in reactions containing BluB with Asp32Ala, Asp32Ser, or Ser167Cys
point mutations (not shown). The size of the small peaks at 22.7 and 25.8 min in the reactions
with mutant enzymes is reduced by addition of catalase, indicating that H,O is generated in
reactions with mutant BluB, probably via futile cycling through a peroxyflavin intermediate
(not shown).
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Table 1
Kinetic parameters of BluB-catalysed DMB synthesis

1. * * *
Compound tested Kot (@pparent) (™) Kn (apparent) (uM) Ki (rM)
emnt 15+3 64 + 23 231+83
NADHF 72+0.7 5,100 + 1,700 NA
NADPHT 76+05 4,400 £ 1,100 NA

kcat, catalytic rate constant; Kj, inhibition constant; NA, not applicable.

*
Initial velocity data for DMB formation were fitted to the Michaelis-Menten equation using KaleidaGraph (Synergy Software). Parameters for FMN
were calculated using a modified equation that takes into account substrate inhibition (Supplementary Fig. 2). Errors represent standard deviation.

TReactions contained 10 pM BluB, 40 mM NADH and FMN at concentrations ranging from 10 uM to 2 mM.

iReactions contained 10 uM BluB, 200 uM FMN and NAD(P)H at concentrations ranging from 1 to 40 mM.
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