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1. INTRODUCTION

Vitamin B12 is essential for human health; its deficiency results
in pernicious anemia, neurologic injury, and hyperhomocystei-
nemia, and also is a risk factor for coronary heart disease and
stroke.1-5 The biological forms of vitamin B12 serve as crucial
cofactors in diverse enzymes, such as the dehalogenases,6,7 the
isomerases,8,9 and the methyltransferases.10 The assembly of
vitamin B12 requires more than 30 different enzymatic steps,
which are now relatively well characterized.11-14 However, the
biosynthesis of 5,6-dimethylbenzimidazole (DMB), the lower axial
ligand of vitaminB12, was notwell understood until recently. BluBhas
been identified as the essential enzyme that catalyzes the conversion
of the reduced flavin mononucleotide (FMNH2) to DMB.15-17 The
subsequently determined crystal structures of BluB byWalker et al.18

provide further insights into understanding the mechanism of DMB
formation, but the detailedmechanismof this remarkable reaction has
not yet been fully established.

The conversion of FMNH2 to DMB involves breaking three
bonds and forming one bond (Scheme 1a). Previous studies have
shown that DMB is synthesized from FMNH2 through an

oxygen-dependent manner,19,20 and the C2 carbon of DMB is
derived from the C10 carbon of the ribose moiety of FMNH2.

21

On the other hand, Begley et al.22 reported that DMB could be
formed from the ribose dimethylphenylenediamine (DMPDA)
by a nonenzymatically oxidative cascade (Scheme 1b), which
highlights that the ribose DMPDA might be an important
intermediate in the formation of DMB. The ribityl side chain
was converted to another product, D-erythrose 4-phosphate
(E4P), in this process. Walker’s recent work also confirmed the
formation of E4P in the reaction catalyzed by BluB.18 Despite
these extensive studies, it is still unclear how the enzyme catalyzes
the conversion of FMNH2 to these products.

The crystal structure of BluB bound to FMNH2 andmolecular
dioxygen provides a framework for understanding the roles of the
dioxygen and enzyme in the reaction.18 The dioxygen is an-
chored by two hydrogen bonds from the backbone amide of
Gly61 and the O20 hydroxyl group of FMNH2 (the labeling of
the atoms in this text are shown in Scheme 1a, FMNH2), and is
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well poised in the active site for attack at C4a to form the possible
peroxyflavin intermediate. The two hydrogen bonds serve as a
“peroxyanion hole” to facilitate this process. The isoalloxazine
ring of FMNH2 is fixed in the active site by the side chains and
backbone amide of several conserved residues such as Asp32,
Arg34, and Ser167.15 Further biochemical studies showed the
catalytic roles of Asp32 and Ser167, reflected by the fact that the
mutations of Asp32Asn or Ser167Gly impede the formation of
DMB. On the basis of the structural analysis, Walker et al.
proposed two possible mechanisms for the catalysis,18 but both
of the mechanisms involve some uncommon reactions, such as
the deprotonation of the unactivated C-H by the common
amino acid Asp32, and the proton of the hydroxyl group serving
as the hydride for the reduction. In addition, the sharp contrast
between the relative simplicity of the active site of BluB and the
complexity of the reaction also remains a significant challenge for
the detailed catalytic mechanism of BluB.18,23,24

In this report, we applied density functional theory (DFT) to
study the full reaction pathway of the conversion of FMNH2 to
DMB catalyzed by BluB, and demonstrated that the simple active

site of BluB can catalyze all the steps of the conversion of
FMNH2 to DMB. We hope our results provide some insights
into understanding the complex reaction catalyzed by BluB.

2. COMPUTATIONAL DETAILS

The active site model was derived from the crystal structure of BluB
bound to FMNH2 and molecular dioxygen (PDB code: 2ISL).18 The
model consists of a truncated FMNH2, the bound dioxygen, and the
interacting residues, Asp32, Arg34, Pro58, Ser59, Val60, Gly61, Leu108,
Glu109, Gly164, Trp165, Val166, Ser167, and Glu203. Considering the
balance between the computational efficiency and the protein environ-
ment, those residues were modeled by the truncated side chains or the
backbone amide groups by taking into account the detailed interactions
between FMNH2 and BluB. Two crystallographic water molecules were
also included to stabilize the charged residues in the gas phase. The
established model consists of 144 atoms, with details shown in Figure 1.
To evaluate the function of the residues in the active site, a simple model
that only consists of substrates including the truncated FMNH2 and O2

was also studied.

Scheme 1. (a) Conversion of FMNH2 to DMB Catalyzed by BluB and (b) Formation of DMB via Nonenzymatic Oxidative
Cascade

Figure 1. Active site model of BluB bound with FMNH2 and O2. (a) 3-D structure of the active site model. (b) Schematic representation of the active
site model. Truncated FMNH2 in blue, O2 in red, flexible residues in yellow, constrained heavy atoms in purple and labeled with asterisk. (c) Schematic
representation of the simple model.
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All the calculationswere performedusing density functional theory (DFT)
as implemented in the Gaussian03 program.25 The geometries of complex,
intermediates, transition states, andproductwere optimizedbyusingB3LYP/
6-31G(d) level.26,27 The single point electronic energies of the stationary
points were calculated by using B3LYP/6-311þG** based on the B3LYP/6-
31G(d) optimized structures. B3LYP has been widely used to study the
reactionmechanismsof enzymes,28-30with an average error of 3 kcal/mol for
molecules containing first- and second-row atoms.31 This error is expected to
be larger for the large systems with significant van derWaals interactions, but
this error might not make the calculations unreliable since the potential
energy surface is calculated by the relative energies of the stationary points
rather than the absolute energies of them. Open shell systems were treated
using unrestricted B3LYP (UB3LYP). The optimization of the singlet
diradical species using the broken symmetry approach would cause a large
spin contamination. Therefore, we used spin projection (SP) techniques to
ensure a proper description of the singlet diradical species, as shown in eqs 1
and 2, where XE is the electronic energy and XÆS2æ is the total angular
momentum of the spin state X.32

singletESP ¼ singletE þ cSC½singletE - tripletE� ð1Þ

CSC ¼
singletÆS2æ

tripletÆS2æ - singletÆS2æ
ð2Þ

During geometry optimization, some atoms were constrained at
the initial positions in the crystal structure to maintain a reasonable

geometry of the active site like that in the crystal structure and avoid the
explosion of the active site (Figure 1b). All other degrees of freedom were
optimized. The transition states were confirmed to have only one imaginary
frequency along the reaction coordinates. Because some atoms in the model
are constrained during optimization, all the optimized structures are not
strictly stationary points; zero-point vibrational energy corrections and
thermal effects are not sufficiently accurate and therefore not considered in
this study.

The dielectric effects from the protein environment were calculated
using the conductor-like polarizable continuummodel (CPCM),33 with
the united atom Kohn-Sham topological model (UAKS)34 for the
atomic radii. The dielectric constant was set equal to 4.0 to mimic the
protein environment.35

The minimum energy crossing point (MECP) between the triplet
and singlet surfaces was located at the B3LYP/6-31G(d) level employ-
ing the methodology developed by Harvey et al.36 Spin-orbital
coupling (SOC) at the MECP was calculated with GAMESS
package37 by using the full Breit-Pauli operator.38 To reduce the
computational demand, a truncated structure of MECP that includes
the truncated FMNH2, the bound dioxygen, and the interacting Asp32
and Val60 was used for SOC calculations, and the singlet/triplet state-
averaged complete-active-space self-consistent field CASSCF(4,3)
wave function was used to approximately evaluate the SOCmatrix ele-
ments. The triplet-singlet transition probability (P) was estimated by

Scheme 2. Proposed Mechanism of BluB
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Landau-Zener formula39

P ¼ 1- exp
-4π2jHSOCj

hvjΔgj
2

 !

where HSOC is the SOC matrix element between the electronic states,
and v is the velocity with which the system is passing the crossing
region, which has an upper bound of 418 ms-1 estimated from the
kinetic theory of gases. Δg is the difference of the gradients calculated
for the two states at the crossing point.

3. RESULTS AND DISCUSSION

The calculations suggest that the conversion of FMNH2 to
DMB proceeds via more than 14 steps in two distinct stages
(Scheme 2 and Figure 2). The first stage is mainly catalyzed by
BluB itself, including the activation of dioxygen, the formation of
the dioxetane-like intermediate between the dioxygen and
FMNH2, and the breakdown of the dioxetane-like intermediate
to form alloxan and the ribityl dimethylphenylenediimine
(DMPDI). The second stage is catalyzed by the collaboration
of BluB and alloxan, including the retro-aldol cleavage of the
C10-C20 bond of DMPDI to form the D-erythrose 4-phosphate
(E4P) and the ring closure precursor of DMB, the ring closing of
the precursor, and the subsequent proton and hydride transfers
to form the final product DMB.
3.1. ES Complex and Dioxygen Activation. The dioxygen

molecule in the active site is anchored by two hydrogen bonds
from the backbone amide of Gly61 and the O20 hydroxyl group
of FMNH2, and well poised for attack at C4a. However, the
dioxygen molecule has a triplet ground state, and its attachment
to the closed shell singlet FMNH2 to form a singlet peroxyflavin
intermediate is a spin-forbidden process.40,41 The reductive
activation mechanism of triplet dioxygen has been well charac-
terized in glucose oxidase by Siegbahn et al.42,43 The initial step is
a single electron transfer from the reduced FADH2 to dioxygen

to generate a triplet diradical pair (FADH2
•þ

3 3 3O2
•-). This

process is facilitated by the protonated His516 that activates
dioxygen as a better electron acceptor. Once the superoxide-like
species is formed, the stronger spin-orbit coupling (SOC) in the
superoxide-like species increases significantly the probability of
the triplet to singlet spin flip, leads to the open shell diradical pair
(FADH2

•þ
3 3 3O2

•-), and then forms the final closed shell
singlet peroxyflavin intermediate. Given the similarity of the
active site between BluB and glucose oxidase, the activation of the
dioxygen by BluB should have a similar mechanism compared to
that of glucose oxidase.
As shown in Figure 3, the backbone amide of Gly61 and the

O20 hydroxyl group of FMNH2 that anchor dioxygen play a
similar role to that of His516 in glucose oxidase to activate the
dioxygen as a better electron acceptor. In addition, Asp32
partially deprotonates the N1 atom of FMNH2 rendering
FMNH2 as a better electron donor. The catalytic role of Asp32
in the electron transfer process is consistent with the experi-
mental observation that Asp32Ala or Asp32Asn mutants have
significantly lower activity. The interacting network in the active
site of BluB elegantly facilitates the electron transfer from
FMNH2 to dioxygen, as reflected by the significant decrease of
the energy gap between the triplet ground state and the open
shell singlet state (Figure 3).
The optimized structure of the triplet ES complex (EST)

indicates that dioxygen has obvious superoxide-like character-
istics, manifested by the longer O-Obond distance (1.28 vs 1.21
Å in nonactivated dioxygen) and increased Mulliken charge on
dioxygen. The optimized geometry of the open shell singlet state
of ES complex (ESoS) is similar to that of the triplet ground state
(EST), and the distance between the C4a carbon of FMNH2 and
the O1 atom of dioxygen is about 2.65 Å, much shorter than that
in the simple model (3.20 Å), which makes it easy for dioxygen
attacking at C4a of FMNH2 to form the peroxyflavin intermedi-
ate. Furthermore, opposite spins on dioxygen and C4a carbon

Figure 2. Calculated energy profile along the proposed reaction pathway for BluB. The pathway is separated into two stages based on whether alloxan is
involved in the catalysis.
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also facilitate the bond formation between O1 of dioxygen and
C4a (Figure S1).
3.2. Formation of Peroxyflavin Intermediate. As shown in

Figure 4, the activation energy of forming the peroxyflavin inter-
mediate (Int1) from the open shell singlet ES complex (ESoS) is
5.0 kcal/mol, totally 6.6 kcal/mol from the triplet ground state
EST. The newly formed peroxy anion is stabilized by the two
hydrogen bonds from the backbone amide of Gly61 and the O20
hydroxyl group of FMNH2, and the positively charged imine N1
of Int1 is stabilized by Asp32. On the other hand, the activation
energy of forming the peroxyflavin anion from the triplet ground
state in the simple model is about 17.7 kcal/mol, 11.1 kcal/mol
higher than that in the active site model (Figure 4 and Figure S2).

Since both the simple model and active site model have a similar
hydrogen bond between the O20 hydroxyl group of FMNH2 and
peroxy anion, the significant decrease of the activation energy in
the active site model highlights the catalytic role of the active site
residues, especially the highly conserved Asp32.
A spin transition must occur from the triplet ground state to

the singlet TS1 and Int1, and the MECP is the most favorable
point for the spin crossing. The MECP was located at the C4a-
O1 bond distance of 2.60 Å and about 3.3 kcal/mol higher than
the triplet ground state, which is energetically close to the open-
shell singlet state (Figure S3). The estimatedHSOC at the MECP
is 96.1 cm-1, in addition to the small difference of gradients
(Δg = 3.4 kcal/mol/Å), which results in efficient spin transition

Figure 3. Optimized structure of enzyme-substrate complex. Some residues are omitted for clarity. sM and ES represent the simple model and the
enzyme-substrate complex model, respectively. The subscripts T and oS represent triplet state and open-shell singlet state, respectively. dO-O is the
distance between the two oxygen atoms of O2, and qO-O is the totalMulliken charge on them.ΔET-S represents the energy difference between the triplet
state and the open shell singlet state. Hydrogen bonds are shown in dashed lines, and the distances are in angstroms.

Figure 4. Optimized structure of peroxyflavin intermediate (Int1), and the energy profiles of the formation of Int1 in two models. Some residues are
omitted for clarity. sM and ES represent the simple model and the enzyme-substrate complex model, respectively. The subscripts T and oS represent
triplet state and open-shell singlet state, respectively. Hydrogen bonds are shown in dashed lines, the distances are in angstroms, and energies are in kcal/mol.
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(P = 0.89) between the triplet state to the singlet state during the
nucleophilic addition of dioxygen to C4a of FMNH2. We should
note that the geometry and properties of minimum-energy
crossing points are sensitive to the calculational methods and
the presence of solvent: the results presented here are therefore
more qualitative rather than quantitative. However, even if the
real crossing probability were 2 order of magnitude smaller (P =
0.0089) than the estimated crossing probability, the avoided
crossing increases the barrier of transition by less than 3 kcal/
mol, which has no significant influence on the potential surface as
shown in Figure 2.
3.3. Formation of Dioxetane and O-O Bond Cleavage.

The negatively charged peroxy anion and the highly polarized
C10a carbon of the isoalloxazine ring in the peroxyflavin inter-
mediate (Int1) facilitate the bond formation between O2 of
peroxy anion andC10a carbon of isoalloxazine. This step proceeds
over a barrier of 8.8 kcal/mol to form the dioxetane-like inter-
mediate Int2 (Figure 5 and Figure S4). It has been also observed
that the flavin C4a-peroxide acts as a nucleophile attacking the
substrates in other systems such as Baeyer-Villiger mono-
oxygenase,44-47 and bacterial luciferase,48-50 but herein the
substrate is the flavin itself. This self-attacking mechanism under-
lies the cannibalization of flavin by BluB. The dioxetane-like
intermediate is not uncommon in reactions catalyzed by enzymes,
and has been extensively studied in the reaction catalyzed by the
firefly luciferase,51-53 in which a highly energetic dioxetanone
intermediate is formed and decomposes to the product. The
decomposition mechanism of the dioxetane-like intermediate
has been well characterized in the simplest 1,2-dioxetane and its
more complex derivatives,54-57 involving a singlet diradical transi-
tion structure with the O-O bond cleavage.
According to the similar mechanism, the dioxetane-like inter-

mediate Int2 and the ring-opening transition structure TS3 were

calculated by UB3LYP/6-31G(d) (Figure 5 and Figure S5). The
calculated activation energy barrier from Int2 toTS3 is about 9.3
kcal/mol, which is relatively lower than that of the 1,2-dioxetane
predicted by CASSCF/MP2 (about 16 kcal/mol),57 and also
lower than that of the decomposition of the dioxetanone
derivative of the thiazole fragment of an oxyluciferin predicted
with B3LYP/6-31G* (about 18 kcal/mol).51 The lowering of the
activation energy might be attributed to the stabilization of the
radical by the aromatic ring system, which is shown in the
following discussion.
The ring-opening transition structure TS3 shows modest

singlet diradical character with an ÆS2æ value equal to 0.3, but
we do not exclude the possibility that UB3LYP underestimates
the diradical character.57 TS3 has an O1-O2 bond distance of
1.78 Å and elongated bond distances for C4a-N5 and C10a-
N10, but the C4a-C10 bond distance does not change. The spin
population analysis shows that part of the spin density is located
on the two bond breaking oxygen atoms, and another part is
spanned on the benzene diamine fragment and stabilized by the
aromatic ring (Figure S5). The following Int3 also has a similar
singlet diradical character withO-Obond distance of 2.71 Å and
C10a-N10 bond distance of 1.58 Å. Followed by two low barrier
bond breakages for C4a-N5 andC10a-N10 bonds, the tricyclic
flavin is separated into two fragments, alloxan and the ribityl
dimethylphenylenediimine (DMPDI) (Int4). The fragmenta-
tion reaction is strongly exothermic by about 23.2 kcal/mol,
which drives the reaction to be irreversible.
3.4. Retro-Aldol Reaction and Formation of E4P. As de-

scribed above, the fragmentation of ribose flavin forms two
species: alloxan and the ribityl dimethylphenylenediimine
(DMPDI) (Int4). DMPDI has been proposed to be a critical
intermediate for the nonenzymatic conversion of the ribose
dimethylphenylenediamine (DMPDA) to DMB,22 but the

Figure 5. Optimized structures of dioxetane-like intermediate (a, c-1, Int2), ring-opening transition state (c-2, TS3), ring-opening intermediates (c-3,
Int3; b, c-4, Int4), and the energy profile from Int2 to Int4. Some residues and fragments are omitted for clarity. Hydrogen bonds are shown in dashed
lines, the distances are in angstroms, and dihedral angles are in degrees.
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proposed cyclization of the diimine to form the ribose 2H-
benzimidazole intermediate might be unfeasible in the active site
of BluB due to the geometric constraint of the long ribityl side
chain. Begley et al. also proposed a minor pathway in which a
retro-aldol reaction occurs prior to the cyclization. However, to
facilitate the retro-aldol reaction, there should be a base to
deprotonate the hydroxyl group on C20 carbon and a proton
to neutralize the forming negative charge on N5 (Scheme 3).
Our calculations indicate that the active site of BluB and the
alloxan fragment produced in the previous step cooperatively
facilitate the retro-aldol reaction.
As shown in Figure 5b, the N1-H bond of alloxan is highly

polarized by both Asp32 and Arg34, which facilitates the proton
transfer fromN1 to the carboxylate side chain of Asp32. After the
proton transfer, the newly formed negatively charged N1 is
stabilized by Arg34, and the neutral carboxylate side chain of
Asp32 forms another hydrogen bond with N10 of the diimine

fragment (Figure 6, Int5), which makes Int5 about 13.0 kcal/mol
more stable than Int4. Meanwhile, the proton transfer fromAsp32
to N10 occurs readily with a modest activation barrier (∼0.6 kcal/
mol) and a slight energy gain (∼2.6 kcal/mol) (Figure 6, Int6).
The proton ismore favorably located onN5 rather than onN10 by
about 2.1 kcal/mol, where the protonated N5 is stabilized by the
backbone carbonyl oxygen of Trp165 and the side chain hydroxyl
group of Ser167 (Figure 6, Int7). Detailed Mulliken charge
analysis indicates that the negative charge on N1 of alloxan is
partially spanned on the carbonyl oxygenO10a (-0.512 in Int4 vs
-0.587 in Int7), which would facilitate the proton transfer from
theO20-Hgroup toO10a of alloxan in the subsequent retro-aldol
cleavage. (Note: O10a is previously labeled as the oxygen O2 of
dioxygen, and hereafter for clarity, it is labeled as O10a according
to the connected C10a.)
As discussed above, both the deprotonation of N1 and

protonation of N5 facilitate the retro-aldol reaction. The partially

Scheme 3. Retro-Aldol Reaction of the Ribityl Dimethylphenylenediimine (DMPDI)

Figure 6. Optimized structures and energy profile of proton transfer intermediate (Int5-7). Some residues and fragments are omitted for clarity.
Hydrogen bonds are shown by dashed lines, and the distances are in angstroms. The arrows in the schematic structure of Int4 indicate the proton transfer
direction from N1 to N5.
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negatively charged O10a of the deprotonated alloxan acts as a
general base to abstract the proton from the hydroxyl on C20
carbon, while the proton on N5 would stabilize the forming
negative charge in the transition structure of the retro-aldol
reaction. The transition structure is located at the C10-C20 bond
distance of 2.09 Å, and the proton of the hydroxyl group on C20
carbon is partially transferred to oxygen O10a of alloxan
(Figure 7, TS5). The calculated activation barrier is 21.6 kcal/
mol, which is the highest barrier along the suggested reaction
path. These results are close to the experimental observation
(kobs = 3 min-1 ∼ 15 h-1, corresponding to 19.2-20.7 kcal/
mol),18 but we notice this comparison should be made with
considerable caution due to the expected error of about 3 kcal/
mol for B3LYPmethod and the uncertainty of the exact dielectric
constant in the protein environment.58,59

The retro-aldol reaction initiated from Int4 or Int6, in which
the proton is located on N1 or N10, respectively, was also
investigated. The calculated activation barriers are more than
19 kcal/mol higher than that of TS5 (Figure S6 and Figure S7),
which suggests that the proton transfer from N1 of alloxan to N5
of the DMPDI fragment is required for the retro-aldol reaction.
Both Asp32 and Ser167 play crucial roles in the proton transfer

process, in which Asp32 mediates the proton transfer fromN1 to
N5, while Ser167 stabilizes the protonated N5 and lowers the
overall activation barrier. The stabilizing role of Ser167 is further
confirmed by the testing calculations in which Ser167 is mutated
to Gly167. Int7 becomes about 4.3 kcal/mol less stable than Int5
in S167Gmutant, which raises the calculated barrier by about 1.5
kcal/mol compared to that for the wild type BluB (Figure S8).
This result is consistent with experimental observation in which
Ser167Gly mutant impedes the formation of DMB (about 30-
fold less active).18

The retro-aldol cleavage between C10 and C20 carbons pro-
duces aldehyde and imine species. The produced aldehyde
species is fully consistent with the experimental observation that
D-erythrose 4-phosphate (E4P) rather than D-glyceraldehyde
3-phosphate (GA3P) is produced in the cannibalization of
FMN catalyzed by BluB.18 The imine species could be the
ring-closing precursor to form DMB, which is consistent with
the earlier observation that C2 of DMB is derived from C10 of
FMN. The conversion of the imine species to DMB is discussed
in the following section.
3.5. Ring Closing and Formation of DMB. 3.5.1. Activation

of the Imine. The transformation of the imine species to DMB
proceeds in three steps, including ring-closing step via the
nucleophilic addition of the amino group to the carbon of the
imine moiety, and the proton and hydride transfer from the ring-
closing intermediate to themultifunctional alloxan to formDMB.
However, direct ring closing from the neutral imine species has a
high activation barrier of about 29.5 kcal/mol due to the low
nucleophilicity of the aniline amino group and the low reactivity
of the neutral imine group (Figure S9), highlighting that the
activation of the imine group is necessary before the ring closing
reaction.
The hydroxyl group (O10a-H) of alloxan is positioned well

for activating the imine nitrogen N10. With the polarization of
Arg34, the hydroxyl proton is readily transferred to the imine
nitrogen N10 via a low activation barrier to break the hydrogen
bond between the hydroxyl and the aldehyde (Figure 8, TS6).
The produced intermediate (Figure 8, Int9) is stabilized by the
hydrogen bonds between the deprotonated alloxan and the
protonated imine, and also a nonclassical hydrogen bond
between the protonated imine C-H and the negatively
charged Asp32.

Figure 7. Optimized structures of transition state (TS5) and intermediate (Int8) of retro-aldol reaction. Some residues and fragments are omitted for
clarity. Hydrogen bonds are shown by dashed lines, the distances are in angstroms, and energies are in kcal/mol.
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3.5.2. Ring Closing Reaction. The clockwise rotation of the
imine group along the N10-C9a bond of Int9 leads to the
formation of the more stable intermediate Int10 due to the
stronger electrostatic interaction between the protonated imine
and themore negatively charged Asp32. The transition from Int9
to Int10 is exothermic by 8.8 kcal/mol. The terminal carbon C10
of the imine group in Int10 is close to aniline N5 (2.99 Å),
making it well positioned for the nucleophilic addition by N5
(Figure 9, Int10). The transition state of the nucleophilic
addition of N5 to C10 is located at the N5-C10 distance of
2.19 Å (Figure 9, TS7), with an activation barrier of 12.3 kcal/
mol, which is about 17 kcal/mol lower than that of the
unactivated imine as described above (Figure S9). The positive
charge is completely shifted from N10 to N5 in the subsequent
intermediate Int11, and stabilized by Ser167 and the deproto-
nated alloxan. The newly formed 5,6-dimethyl-2,3-dihydro-1H-
benzimidazole (H-DMB) in Int11 is structurally close to DMB.
However, to form the final product DMB, H-DMB requires loss
of one hydride from C10 and two protons from N10 and N5, re-
spectively. This process will be discussed in the next subsection.
3.5.3. Formation of DMB. The requirement of losing hydride

and protons for H-DMB to formDMBprompts us to look for the
potential hydride and proton acceptors around H-DMB. In
Int11, the three acidic protons of H-DMB form hydrogen bonds
with the hydroxyl oxygen of Ser167, the oxygen O10a of the
deprotonated alloxan, and the carboxylate oxygen of Asp32,
respectively. Both the oxygen O10a of alloxan and the carbox-
ylate oxygen of Asp32 carry negative charges, which makes them

better proton acceptors than the hydroxyl oxygen of Ser167. On
the other hand, alloxan has been reported as a good oxidizing
agent for physiological reductants such as NAD(P)H and
GSH.60 Meanwhile, the predicted most active C4a61 is also
geometrically feasible for accepting a hydride from C10 in
Int11. Taken together, we propose the C4a carbon of alloxan
as the possible hydride acceptor.
Though 5,6-dimethyl-2,3-dihydro-1H-benzimidazole (H-

DMB) is a potential C-H hydride donor,62 the protonated
H-DMB is less likely to donate the hydride due to the formation
of two nearby positive charges in the same species. Thus, the
deprotonation of the positively charged N5 would occur prior to
the hydride transfer. As shown in Figure 9, the hydrogen bond
between the partially negatively charged oxygen O10a of the
deprotonated alloxan and the protonated N5 facilitates the
proton transfer from N5 to O10a to form the intermediate
Int12. The proton transfer is slightly endothermic by 3.4 kcal/
mol and with a calculated activation barrier of 15.2 kcal/mol
(Figure 10 and Figure 11). That the proton located on O10a is
less stable than that located on N5 can be explained by the
polarization of the positively charged Arg34 on alloxan. On the
other hand, the strongly acidic proton on O10a further polarizes
the C4a-O4a carbonyl for the subsequent hydride transfer from
C10 to C4a, as reflected by the close distance between the C10-H
of H-DMB and C4a (2.20 Å) in Int12.
Once the proton is transferred from the protonated H-DMB

to the deprotonated alloxan, the hydride transfer from C10 of
H-DMB to C4a of alloxan occurs readily with a low activation

Figure 8. Energy profile and the optimized structures of transition state (TS6) and intermediate (Int9) of the proton transfer from alloxan to the imine
species. Some residues and fragments are omitted for clarity. Hydrogen bonds are shown by dashed lines, the distances are in angstroms, and energies are
in kcal/mol.
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Figure 10. Optimized structures of the transition state (TS8) and intermediate (Int12) for the deprotonation of 5,6-dimethyl-2,3-dihydro-1H-benzimidazole,
the transition state (TS9) and intermediate (Int13) for the hydride transfer from the 5,6-dimethyl-2,3-dihydro-benzimidazole to the alloxan, and the final
formation of DMB (Prod). Some residues and fragments are omitted for clarity. Hydrogen bonds are shown by dashed lines, and the distances are in angstroms.

Figure 9. Optimized structures of the precursor (Int10), transition state (TS7), and product (Int11) of the ring closing reaction. Some residues and
fragments are omitted for clarity. Hydrogen bonds are shown by dashed lines, the distances are in angstroms, and energies are in kcal/mol.
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barrier of 3.7 kcal/mol (Figure 11). The optimized structure of
transition state for the hydride transfer (TS9) is shown in
Figure 10, having the bond distances of C4a-H and C10-H
as 1.50 and 1.34 Å, respectively. This hydride transfer is in
agreement with the stereochemical preference of removing pro-R
hydrogen at C10 of riboflavin in the previous experiment,63 while
in contrast to the stereochemical preference of the retention of
pro-R hydrogen at C10 in the nonenzymatic reactions,22 which
might highlight different mechanisms for the enzymatic and
nonenzymatic reactions (see the Supporting Information for
detailed discussions on the nonenzymatic reactions). The proton
on O10a is transferred to O4a simultaneously with the hydride
transfer to C4a, resulting in the formation of a dialuric acid
(Figure 10, Int13). The formation of aromatic benzimidazolium
cation in the intermediate Int13 facilitates the proton transfer
from N10 to the carboxylate oxygen of Asp32 to form the
expected DMB (Prod).
As described above, the simple BluB can catalyze the complex

transformation of FMNH2 to DMB by consuming one oxygen
molecule under the collaboration of the enzyme and inter-
mediate. The formations of both E4P and DMB have been
reasonably addressed in the proposed mechanism, while an-
other calculated product, dialuric acid, still needs further
identification and validation by the experiments. The previous
experiments have shown that dialuric acid or its oxidized
product alloxan could be metabolized to form urea by the
microorganism,64 and barbituric acid, analogue of dialuric acid,
has been also shown to be metabolized to form urea by bacterial
enzymes.65,66 We therefore suggest that the reported urea from
cell extracts18,67 might be the metabolized product of dialuric
acid or its oxidized form alloxan by as-yet-unidentified bacterial
enzymes in cell extracts.

4. CONCLUSION

On the basis of the calculations, we propose a detailed
mechanism for the conversion of FMN to DMB catalyzed by
BluB, which involves multiple steps in two distinct stages
(Scheme 2 and Figure 2). In the first stage, the dioxygen O2 is

first anchored and activated by the “oxygen hole” formed by the
backbone amide of Gly61 and the O20 hydroxyl group of
FMNH2; the conserved Asp32 then facilitates a single electron
transfer from FMNH2 to O2 by partially deprotonating N1 of
FMNH2, which simultaneously activates both O2 and FMNH2

for the nucleophilic attack of O2 to C4a to form the peroxyflavin
intermediate. The subsequent formation and decomposition of
the dioxetane-like intermediate lead to the fragmentation of
FMNH2 to form alloxan and DMPDI. In the second stage, BluB
exploits alloxan as a multifunctional cofactor to catalyze the
remaining steps of the reaction. First, alloxan sequentially serves
as a proton donor and a proton acceptor to activate the ground
state and stabilize the transition state of the retro-aldol cleavage
of the C10-C20 bond of DMPDI to form E4P and the ring-
closing precursor of DMB (Int4 f Int5 f TS4 f Int6 f
Int7f TS5f Int8). Then, alloxan serves as a proton donor to
activate the ring-closing precursor of DMB for the ring closing
reaction, and sequentially serves as the proton and hydride
acceptors to convert the ring-closing product to the final DMB
(Int8 f TS6 f Int9 f Int10 f TS7 f Int11 f TS8 f
Int12 f TS9 f Int13).

The proposed mechanism for the conversion of FMNH2 to
DMB is consistent with the experiments in several aspects: (1)
involvement of molecular oxygen in the reaction; (2) formation
of E4P from the ribityl side chain by the cleavage of C10-C20
bond; (3) formation of DMB from the ring closing precursor in
which C2 of DMB is derived from C10 of FMNH2; (4) the
produced dialuric acid as the potential precursor of forming urea;
(5) the catalytic roles of Asp32 and Ser167 in the reaction; (6)
the calculated activation barrier of the rate-determining step with
about 21 kcal/mol being close to the experimental observation,
with the relatively slow catalysis of BluB possibly being necessary
to avoid serious damage to the cell; (7) and more significantly,
the suggested intermediate-assisted mechanism reasonably ex-
plaining how BluB with a relatively simple active site catalyzes
such a complex conversion of FMNH2 to DMB. In conclusion,
the present studies provide significant insights into understand-
ing the remarkable cannibalization of FMNH2 to form DMB
catalyzed by BluB. Meanwhile, the proposed mechanism

Figure 11. Schematic depiction of forming DMB from the intermediate 5,6-dimethyl-2,3-dihydro-1H-benzimidazole, and the potential energy profile.
Energy is in kcal/mol.
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represents a new type of intermediate-assisted multifunctional
catalysis in an enzymatic reaction, together with the substrate-
assisted68,69 and product-assisted70 catalysis, which might also
shed light on the evolution of enzymatic function in nature.
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