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The flavin hydroperoxide at the active site of the mixed-function
oxidase 2-aminobenzoyl-CoA monooxygenaseyreductase (Azoar-
cus evansii) transfers an oxygen to the 5-position of the 2-amino-
benzoyl-CoA substrate to provide the alkoxide intermediate II2.
Hydrogen migration from C5 to C6 follows this monooxygenation.
The nature of the monooxygenation intermediate and plausible
competing reactions leading to hydrogen migration have been
considered. Ab initio molecular orbital theory has been used to
calculate structures and electron distributions in intermediate and
transition state structures. Electrostatic potential surface calcula-
tions establish that the transition state and product, associated
with the C5 to C6 hydrogen transfer, are stabilized by electron
distribution to the benzoyl-CoA thioester carbonyl oxygen. This is
not so for the transition state and product associated with hydro-
gen transfer from C5 to C4. The activation energy for the 5,6-shift
is 2.5 kcalymol lower than that for the 5,4-shift. In addition, the
product of the hydrogen 5,6-shift is more stable than is the product
of the hydrogen 5,4-shift, by '6 kcalymol. These results explain
why only the shift of hydrogen from C5 to C6 is observed exper-
imentally. Oxygen transfer and hydrogen migration almost coin-
cide in the gas phase (activation energy of '0.6 kcalymol, equiv-
alent to a single bond vibration). Enzymatic formation of alkoxide
II2 requires its stabilization; thus, the rate constant for its break-
down would be slower than in the gas phase.

Oxygenase enzymes are separated into two classes: dioxyge-
nases and mixed-function oxidases. Dioxygenases transfer

both oxygens from molecular oxygen to the substrate to provide
product. Mixed-function oxidases transfer one oxygen from
molecular oxygen to the substrate, and the remaining oxygen is
incorporated into a water molecule. For flavin mixed-function
oxidases, Hamilton proposed that oxygen reacts with enzyme-
bound dihydroflavin to provide a 4a-hydroperoxyflavin (4a-FlH-
OOH) (1). Kemal and Bruice synthesized a 4a-hydroperoxide
[4a-hydroperoxy-5-ethyl-3-methyllumiflavin (4a-FlEt-OOH)] by
reaction of hydrogen peroxide with the flavinium cation, N(5)-
ethyl-3-methyl-1,5-dihydrolumiflavin (2). These studies made it
possible to explore oxygen transfer from 4a-hydroperoxides to
substrates (3). The reaction of 1,5-dihydroflavins to form 4a-
hydroperoxideds has been shown to involve O2

. and a flavin
radical as intermediates (4, 5). It is generally accepted that
flavin-4a-hydroperoxides form in the active sites of flavin-
dependent mixed-function oxidases when reduced flavin reacts
with molecular oxygen (6–12). It was determined that the
monooxygen transfer involving 4a-hydroperoxyflavins does not
occur from a carbonyl oxide formed on ring opening of the
isoalloxazine ring between C4 and C4a (13, 14), as originally
proposed (1), but by nucleophilic attack on the terminal oxygen
of the flavin 4a-hydroperoxide (15). Dioxygen transfer from the
oxygen anion 4a-FlEt-OO2 is known in model reactions (3,
16–20), but there is no evidence for the existence of a flavin
dioxygenase enzyme.

The flavoenzyme mixed-function oxygenase 2-aminobenzoyl-
CoA monooxygenaseyreductase (ACMR) (EC 1.13.14.40) from
Azoarcus evansii catalyzes both the oxygenation and hydrogenation
reactions provided in Eqs. 1 and 2. The biological

role of the enzyme is tryptophan biosynthesis and degradation as
well as the degradation of electron-rich aromatic substrates.
ACMR is composed of two identical subunits, each comprised
of an 85-kDa chain and containing one flavin and one nicotin-
amide cofactor. It was found that, if one flavin cofactor was
removed from the enzyme, monooxygenation activity was re-
tained but the hydrogenation activity was abolished (21). Thus,
it was determined that one flavin cofactor is responsible for
monooxygenation whereas the other is involved in the hydroge-
nation of the substrate. The best substrate for ACMR is 2-ami-
nobenzoyl-CoA (AC), but the enzyme can hydroxylate a number
of electron rich aromatic compounds (21, 22). The transfer of an
oxygen from 3O2 to substrate can be separated into three distinct
steps (Eqs. 3–5).

E < Flox 1 NADH 1 H13 E < FlredH2 1 NAD1, [3]

E < FlredH2 1 3O23 E < FlH(4a)OOOH, [4]

E < FlH(4a)OOOH 1 S3 E < FlH(4a)OOH 1 SO [5]

@E < FlH(4a)OOH3 E < Flox 1 H2O].

In Eq. 5, the terminal oxygen of the hydroperoxide is added to
the substrate (Scheme 1) to provide an intermediate that rear-
ranges with hydrogen transfer (Scheme 2). Hartmann and co-
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workers have examined the reaction using [5-2H]AC (I) with
ACMR (23). It was noted that, within the limits of detection, the
migration of the hydrogen occurs only from C5 to C6 of AC
(Scheme 3). For the identity of SO, one must consider a
hydroxylated product (II2 in Scheme 1), formed by nucleophilic
attack of the 2-aminobenzoyl-CoA on the terminal oxygen of

flavin hydroperoxide, or oxygen insertion to provide arene
oxide(s) (III and IV of Scheme 2).

In this study, we examine the reactions of Scheme 2 by using
ab initio molecular orbital calculations. Quantum mechanical
calculations are carried out in the gas phase. Mechanistic
conclusions are drawn by the observation of competing pathways
and comparing structures with like charge distributions.

Theoretical Procedure
All ab initio molecular orbital calculations were performed by
using the GAUSSIAN 98 program (24). Geometry optimizations
were carried out at the Hartree-Fock (HF)y6 2 31 1 G(d, p)
level of theory. Inclusion of diffuse functions in the calculations
were essential because of the presence of oxygen anions. In

Fig. 1. The optimized geometry’s for IIa2, Va, and VIa at the HFy6 2 31 1 G(d, p) level of theory. Relevant distances for each structure are given in angstroms.
The distance corresponding to the hydrogen that migrates is depicted with a curved arrow in each structure.
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addition, polarizable functions were included on the hydrogens
as the migration of a hydrogen atom is of interest (25). The large
CoA thioester moiety of 2-aminobenzoyl-CoA was modeled by
using OC(AO)SCH3. Compounds in which this replacement
occurs are labeled with a. Transition states were located by using
the Synchronous Transit-Guided Quasi-Newton method (26).
All stationary points were identified as minima or transition
states by using vibrational analysis. Transition states were char-
acterized by the presence of one negative force constant corre-
sponding to the interconversion of the reactant and the respec-
tive product. To confirm that the located transition state struc-
ture is in fact the one corresponding to the hydrogen migration
reactions (5, 6-shift or 5, 4-shift), intrinsic reaction coordinate
analyses were performed. The electrostatic potential calcula-
tions were performed at the HFy6 2 31 1 G(d, p) level.

Results and Discussion
The structure proposed by Langkau et al. (27) as the final
product of the reaction of 2-aminobenzoyl-CoA monooxygen-
aseyreductase (ACMR) with 2-aminobenzoyl-CoA (AC) was
confirmed by Hartmann et al. (23). They determined that, within
detectable limits, migration of 2H on C5 occurs to C6, providing
2-amino-5-oxocyclohex-1-ene-1-carboxyl-CoA; no C5 to C4 mi-
gration was observed. Attempts to realize the experimental
epoxidation of 2,3-dimethyl-2-butene by 4a-FlEt-OOH were not
successful (15). This alkene is particularly subject to epoxidation
even in the air. This suggests that formation of arene oxides III
and IV by oxygen insertion from ACMR by bound flavin-4a-

hydroperoxide should not be favorable. The initial product of
monooxygenation is most likely II2 (Scheme 1). However, the
possibility that arene oxides III andyor IV arise from II2 and
undergo hydrogen [1,2]-sigmatropic migrations is considered
(Scheme 2).

The optimized reactant structure (IIa2) and structure of
products corresponding to the 5,6-shift (Va) and 5,4-shift (VIa)
at the HFy6 2 31 1 G(d, p) level of theory are shown in Fig. 1,
with the calculated relative energies presented in Table 1. The
HFy6 2 31 1 G(d, p) method predicts highly exothermic
reactions for formation of products from both the hydrogen
5,6-shift and 5,4-shift. The optimized reactant structure and
5,6-shift product both display the thioester moiety in the plane

Fig. 2. The calculated transition state structures for the 5,6-shift (VI) and the 5,4-shift (VII) pathways.

Fig. 3. The calculated potential energy surface in the gas phase at the HFy6 2
31 1 G(d, p) level of theory for the reactions involving migration of the
hydrogen on C5 of 2-aminobenzoyl-CoA to either the C4 or C6 position.

Table 1. Calculated relative energies (in kcal/mol) in the gas
phase at the HF/6 2 31 1 G(d, p) level of theory

Compound Relative energy

Reactant, IIa 0
5,4-shift product, VIa 259.32
5,6-shift product, Va 253.38
5,6-arene oxide, IIIa 228.80
5,6-shift TS, VII 0.63
5,4-shift TS, VIII 3.12
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of the aromatic ring. In the optimized 5,4-shift product, however,
the thioester is twisted out of the plane of the aromatic ring by
'73°. This twisting is likely associated with a lack of resonance
interaction with the ring system and lack of enamine stabilization
(see below). The calculations reveal that the 5,6-migration
product Va is 5.94 kcalymol more stable than the 5,4-migration
product.

The transition state structures corresponding to each product
were then calculated. The transition state structures for the
5,6-shift (VII) and 5,4-shift (VIII) reactions are shown in Fig. 2.
As expected for highly exothermic reactions, both transition
state structures are early and, thus, reactant-like. A schematic
drawing of the potential energy surface of the gas phase reaction
of both hydrogen migration pathways is shown in Fig. 3. The
transition state for the 5,6-shift is 0.63 kcalymol higher in energy
than the reactant II2 whereas the transition state for the 5,4-shift
is 3.12 kcalymol higher in energy than II2. This is in accord with

the experimental observation that the only product observed is
that formed by a hydrogen 5,6-shift (23). The migration of the
hydrogen on C5 to C6 is, thus, both kinetically and thermody-
namically favored over migration to the C4 position.

Electrostatic potential surfaces may be used to reflect changes
that occur in the electron distribution when going from starting
state to transition state and then to product. The electrostatic
potentials corresponding to the structures in Figs. 1 and 2 were
calculated (Fig. 4). In the zwitterion IIa2, the formal negative
charge is on theOO2 substituent of C5, and the formal positive
charge is on the hydrogens of the 2-imino group. As the reaction
proceeds to the transition state on the path to the 5,6-shift
product, the negative charge is delocalized into the thioester
moiety. This can be seen by examination of the electron distri-
bution of the transition state VII (Fig. 4). Although the transition
state is early and its overall structure is similar to the reactant,
one can clearly see the increase in electron density on the

Fig. 4. Structures of the reactant (IIa2), transition states (VII and VIII), and products for the 5,6- (Va) and 5,4-shift (VIa) reactions, respectively, with electrostatic
potentials projected onto the molecular surfaces of each. The electrostatic potential spectrum is from 20.05 (blue) to 0.35 (red) with and electron density of 0.002
eybohr3, with blue representing negative electrostatic potential and red representing positive electrostatic potential.
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OC(AO)SCH3 carbonyl oxygen. This increase in electron den-
sity becomes pronounced at both the OC(AO)SCH3 carbonyl
oxygen andONH2 moiety in the 5, 6-shift product (Va). Further
inspection shows only small changes in electron densities at these
positions in the transition state or product ground state in the
reaction forming the 5,4-shift product (VIII and VIa). In addi-
tion, there is stabilization of the 5,6-shift product attributable to
electron delocalization from ONH2 to the OC(AO)SCH3 car-
bonyl oxygen, as represented in Scheme 2, V. Thus, favoring of
a formal hydride shift from position C5 to C6 appears to be
attributable to stabilization of transition state and product by
electron delocalization to the OC(AO)SCH3 carbonyl oxygen.

Can a satisfactory explanation for the product of this oxidation
be obtained if an arene oxide is involved? Direct formation of an
arene oxide has been judged to be unlikely (loc. cit.) such that
the only paths to consider for arene oxide formation are epoxide
ring closures of II2 to III or IV. If this were the case, an
explanation for formation of III being more favorable than IV is
required. The transition state for formation of the arene oxide
III would likely be resonance stabilized by electron delocaliza-
tion to both ONH2 and OC(AO)SCH3 functionalities. The
transition state for formation of IV from II2 would not be so
stabilized. In the NIH shift (28) of the hydrogen from the 5 to
the 6 position from arene oxide III, there would be no resonance
stabilization of the transition state, and we have seen that the 5,6
shift from IIa2 is favored by resonance stabilization of the
product. The relative energies of IIIa and IIa2 were compared,
and IIIa was found to be '29 kcalymol lower in energy (Table
1). However, the reaction trajectory for conversion of IIa2 to
product Va is characterized by a very small reaction barrier ('0.6
kcal mol), and Va is more stable than IIa2 by '60 kcalymol.
Thus, II2 represents an unstable intermediate that proceeds
directly to the product V such that arene oxides III and IV cannot
be formed from II2. Ignoring entropy, an activation energy of 0.6
kcalymol is equivalent to a rate constant of '2 3 1013 s21, which
is in the range for a single bond vibration in the gas phase.

Conclusions
It is known that 2-aminobenzoyl-CoA (AC) undergoes oxygen
addition at C5 by the flavin mixed-function oxidase AC mono-

oxygenaseyreductase (ACMR), and as a following step, a hy-
dride is transferred from C5 to C6. It is reasoned that a logical
mechanism for the enzymatic oxygen transfer is nucleophilic
attack of the 5-position carbon of AC on the terminal oxygen
of the enzyme-bound 4a-FlH-OOH to provide II2 (Scheme 1).
This is an established mechanism in both model (15) and
mixed-function oxidase enzymes (9). The results of our ab initio
calculations provide a likely explanation of why hydride transfer
in II2 is from C5 to C6 rather than from C5 to C4. The C5 to C6
rearrangement is favored because of stabilization of both the
transition state and product by electron delocalization into the
carbonyl carbon of theOC(AO)SCH3 substituent. The C5 to C6
migration of hydrogen in IIa2 is shown to be more favorable than
the ring closure to provide arene oxide (i.e., IIIa), which could
then undergo a C5 to C6 NIH shift. Indeed, the exceedingly small
barrier for conversion of IIa2 to Va (equivalent to a single bond
vibration) in the gas phase shows that II2 has virtually no
lifetime. Because the formation of the anion II2 in the gas phase
would have a very large activation barrier, we suggest that
formation of II2 at the active site of ACMR is assisted by positive
electrostatic forces. A distinct possibility for this stabilization is
an adjacent guanidine function of an arginine residue. Protona-
tion by general acid catalysis would also stabilize the transition
state, but the intermediate IIH would be too stable to undergo
the 5 to 6 hydrogen transfer. Electrostatic stabilization of II2 will
increase the kinetic barrier for II2 to undergo the hydrogen 5 to
6 migration to give V. This should be of little concern, however,
because the rearrangement of unstabilized II2 has essentially no
activation barrier.
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