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This work reports a detailed kinetic study of the recently discovered BVMOAf1 from Aspergillus fumigatus
Af293. By performing steady state and pre-steady state kinetic analyses, it was demonstrated that the
rate of catalysis is partially limited by the NADPH-mediated reduction of the flavin cofactor, a unique
hallmark of BVMOAf1. In addition, the oxygenating C4a-(hydro)peroxyflavin intermediate could be
spectrophotometrically detected and it was found to be the most stable among all analyzed BVMOs. To
assess the possible influence of some residues on the kinetic features, model-inspired site-directed
mutagenesis was performed. Among the mutants, the Q436A variant showed a slightly broader substrate
scope and a better catalytic efficiency. In summary, this study describes for the first time the kinetic
parameters for an eukaryotic BVMO.

© 2014 Elsevier B.V. and Soci�et�e française de biochimie et biologie Mol�eculaire (SFBBM). All rights
reserved.
1. Introduction

Flavin-dependent monooxygenases are an emerging family of
enzymes with valuable potential in biocatalysis due to their ability
of performing specific oxidations in a highly selective fashion [1].
BaeyereVilliger monooxygenases (BVMOs) belong to a subclass of
flavoproteins [2]. These enzymes are NADPH dependent and are
capable to carry out the so-called BaeyereVilliger oxidation (the
insertion of an oxygen atom in a CeC bond next to a carbonyl
group). Interestingly, BVMOs are also able to achieve electrophilic
oxidations of heteroatom-containingmolecules (i.e. sulfur, nitrogen
or boron compounds) and epoxidations [3]. In the last two decades,
the research on these oxidative biocatalysts has intensified. Most
efforts have been directed to the discovery of new representatives
[4] and to the improvement of the already available BVMOs by
novel cofactor-regenerating systems [5], site-directed mutagenesis
[6] and directed evolution [7].
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For a long time, cyclohexanone monooxygenase (CHMO) from
Acinetobacter sp. NCIB 9871 was the only BVMO studied. The kinetic
mechanism of CHMO was first described in the early '80s by the
Walsh group [8]. Later, a more detailed study was performed which
confirmed the initially proposed mechanism [9]. In the catalytic
cycle of CHMO, NADPH rapidly binds to the enzyme and the
oxidized flavin is reduced in a fast process by a stereoselective
hydride transfer. After this, the reduced flavin reacts with molec-
ular oxygen (O2) to form the crucial catalytic oxygenating inter-
mediate, the C4a-peroxyflavin. In the absence of substrate the
oxygenated flavin intermediate decays slowly, which explains the
low activity of CHMO as NADPH oxidase (uncoupling activity). The
reaction of the peroxyflavinwith a carbonylic substrate is predicted
to form the so-called “Criegee adduct”. By an intermolecular rear-
rangement, the final product is formed and released. It is worth
noting that during all the catalytic steps described above, the
oxidized coenzyme (NADPþ) remains bound to the enzyme. The
release of NADPþ completes the catalytic cycle. For CHMO, this is
the main rate-limiting step in catalysis. The only other BVMO for
which the kinetic mechanism has been elucidated is the thermo-
stable phenylacetone monooxygenase (PAMO) [10]. Also for this
bacterial BVMO the release of the oxidized coenzyme, or an asso-
ciated conformational change in the enzyme structure, limits the
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rate of catalysis. Recently, a preliminary kinetic analysis has been
performed on another type of BVMO, FMO-E from Rhodococcus sp.
RHA1. This again indicated that the rate-limiting step is the slow
release of the oxidized coenzyme [11]. Based on these observations,
the mechanism originally elucidated for CHMO seems to be valid
for all BVMOs.

We have recently identified a BVMO from the fungus Aspergillus
fumigatus Af293 named BVMOAf1 [12] and shown that this enzyme
displays some distinctive biochemical features compared to other
BVMOs. While all previous kinetic studies on BVMOs have been
performed on bacterial representatives, we set out to explore the
kinetic properties of this fungal enzyme. In this paper, we report
the kinetic mechanism of BVMOAf1 and a mutational analysis based
on a homology model. This study unveils unique kinetic features of
this newly discovered eukaryotic BVMO.

2. Materials and methods

2.1. Materials

All the chemicals and auxiliary enzymes (Phusion DNA poly-
merase and restriction enzymes) were obtained from Acros Or-
ganics, SigmaeAldrich, Roche Applied Sciences and Fluka. Organic
solvents were purchased from Merck and Sintorgan. Oligonucleo-
tide primers were obtained from Sigma. DNA sequencing was
conducted at GATC Biotech (Konstanz, Germany).

2.2. Site-directed mutagenesis

For mutagenesis, the previously constructed plasmid pCRE-
BVMOAf1 [12] was used as a template. This vector harbors the
BVMOAf1 domain (1614 bp; NCBI: XM_742067) fused to the cofactor
regenerating enzyme phosphite dehydrogenase (PTDH) [13]. Mu-
tants were constructed using the Quick-Change® site-directed
mutagenesis kit from Stratagene following the recommendations
of the manufacturer. Primer sequences are shown in the
Supplementary information.

2.3. Bacterial cell culture and enzyme purification

Wild type (WT) and single-amino acid variants of 6xHis-tagged
BVMOAf1were expressed in Escherichia coli TOP10 and purified by
affinity chromatography employing a Ni2þ-sepharose HP resin (GE
Healthcare) and 50 mM Tris/HCl buffer with increasing amounts of
imidazole, followed by a desalting step with an Econo-Pac 10DG
column (Bio-Rad) pre-equilibrated with the same buffer. Enzyme
concentrationwasdeterminedbymeasuring the absorbance at lmax,
using the extinction coefficient of the WT enzyme
ε449 ¼ 13.3 mM�1 cm�1. Purification from 100 mL culture yielded
1.9 mg of WT (ε449 ¼ 13.3 mM�1 cm�1), 2.6 mg of Q164H
(ε447¼16.8mM�1 cm�1), 3.1mgofH247A (ε445¼15.29mM�1 cm�1)
and 2.0 mg of Q436A (ε445 ¼ 12.13 mM�1 cm�1). In each case, the
ratio Almax=A280 was measured to estimate the amount of purified
holo enzyme.

2.4. Steady state kinetics

Enzyme activity was measured in a PerkineElmer Lambda Bio40
spectrophotometer bymonitoring the substrate-dependent decrease
in NADPH absorbance at 340 nm (ε340 ¼ 6.22 mM�1 cm�1). Reaction
mixtures contained 50mM Tris/HCl pH 8.0, 100 mMNADPH, variable
concentration of substrate rac-bicyclo[3.2.0]hept-2-en-6-one and
0.1e0.8 mM enzyme. All kinetic measurements were performed at
25 �C using air-saturated buffer. The experimental datawere fitted to
the MichaeliseMenten equation and analyzed by non-linear
regression using the SigmaPlot software (SigmaPlot for Windows
version 12.0) [14].

The dissociation constant of WT-BVMOAf1 for NADPþ was
measured by monitoring the change in the flavin-absorbance
spectrum upon titration of 50 mM of enzyme with 0e500 mM of
NADPþ. The decrease in absorbance at 377 nm, induced by NADPþ

binding, was used to determine the amount of [EoxeNADPþ] and
[NADPþ]free. The Kd was determined by plotting these two con-
centrations against each other and fitting with the dissociation
equation [15] by means of non-linear regression using the Sigma-
Plot software.

The flavin absorbance during steady state catalysis was deter-
mined by measuring the absorbance at 446 nm over time
employing an Applied Photophysics SX18MW stopped-flow appa-
ratus. For this, 20 mM BVMOAf1 was aerobically mixed with one
volume of 200 mM NADPH and 4.0 mM of rac-bicyclo[3.2.0]hept-2-
en-6-one in 50 mM Tris/HCl pH 8.0. As a reference, the absorbance
of the fully oxidized BVMOAf1 was set as 100% and the absorbance of
the fully reduced enzyme as 0%. All measurements were repeated
three times.

2.5. Pre-steady state kinetics

Both the reductive half-reaction of WT-BVMOAf1 and the mu-
tants, and the oxidative half-reaction of WT-BVMOAf1 were studied
by using the stopped-flow technique. All experiments were per-
formed in 50 mM Tris/HCl pH 8.0, at 25 �C. The anaerobic condi-
tions were achieved by flushing the solutions and the system with
N2 and removing the traces of oxygen by adding 10 mM of glucose
and a catalytic amount of glucose oxidase in all anaerobic solutions.

Reduction of FAD-bound to BVMOAf1 by NADPH was assessed
anaerobically at different concentrations of the nicotinamide co-
enzyme ranging from 20 to 250 mM (final concentrations) at a fixed
wavelength (446 nm) recording the absorbance during 0e60 s. In
addition, the presence of 2.0 mM of substrate on the kinetics was
evaluated. The obtained data were fitted by means of a logarithmic
function using the Pro-K software (Applied Photophysics). When
the reduction rates of the mutants were studied, 100 mM of NADPH
was used. Each reaction condition was measured in triplicate.

The reaction of the reduced enzyme with O2 was monitored
using a photodiode array detector with a spectral scan rate of
2.0 ms. For these experiments, 50 mM BVMOAf1 was reduced
anaerobically with 80 mM NADPH in the presence of 50 mM NADPþ

(to assure binding of NADPþ). The reduced BVMOAf1 was subse-
quently mixed with aerated buffer to study the rate of peroxyflavin
formation and subsequent decay. In a different experiment, the
reduced enzymewas mixed with an equal volume of aerated buffer
containing 4.0mM rac-bicyclo[3.2.0]hept-2-en-6-one.1000 spectra
were collected in 1000 s and analyzed by spectral deconvolution by
means of non-linear least squares fitting yielding the observed rate
constants using the Pro-K software. All measurements were per-
formed in triplicate.

3. Results

3.1. Steady state kinetic analysis

As we previously described, BVMOAf1 exhibits a typical
MichaeliseMenten kinetic behavior towards aromatic sulfides and
some ketones. Intriguingly, the kcat values for all identified sub-
strates are very similar (kcatz 0.5 s�1) [12]. In this work, the kinetic
parameters of BVMOAf1 towards the substrate bicyclo[3.2.0]hept-2-
en-6-one were determined (Table 1). Next, the redox state of the
flavin cofactor during catalysis was measured in a stopped-flow
apparatus in the presence of saturating concentrations of NADPH,



Table 1
Individual kinetic rate constants and dissociation constants describing the catalytic
cycle of BVMOAf1.

Steady state

Parameter Measured value

kcat-BCH (s�1) 0.46 ± 0.02
kcat-BES (s�1)a 0.47 ± 0.04
kcat-PPD (s�1)a 0.40 ± 0.06
kunc (s�1) 0.01 ± 0.002
KM,NADPH (mM) <5.0
KM,BCH (mM) 119 ± 10
Catalytic efficiency-BCH (mM�1 s�1) 4.1
A449 (%)b 63

Pre-steady state

Reductive half-reaction Oxidative half-reaction

Kd,NADPH (mM) <<20 kox (mM�1 s�1) 86
kred (s�1) 1.24 ± 0.02 k0unc ¼ kO1 (s�1) 10.8
Kd,NADP
þ (mM) 14.5 ± 4.7 k

00
unc (s�1) 0.0112

k
000
unc (s�1) 0.0014

kO2 (s�1) 2.81

BCH: bicyclo[3.2.0]hept-2-en-6-one, BES: benzyl(ethyl)sulfide, PPD: 3-
phenylpentane-2,4-dione. Standard error values for measurements are shown. For
k0unc; k

00
unc; k

000
unc and kO2 values (obtained out of three independent experiments)

associated errors to the non-linear least squares fitting were lower than 2%.
a Values were taken from Mascotti et al. [12].
b A449 represents the amount of oxidized enzyme during steady state catalysis,

expressed as percentage (%).
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substrate and oxygen. The enzyme was found to be 63% in the
oxidized state during steady state catalysis, suggesting that the
kinetic step(s) leading to flavin reduction are slower than those of
the oxidative part of the catalytic cycle. Alternatively, a slow release
of NADPþ can lead to the presence of more oxidized enzyme during
the catalytic cycle.

In the absence of substrate, BVMOAf1 consumed NADPH at a 50-
fold slower rate (kunc) than in the presence of substrate. During this
non-productive form of catalysis (uncoupling reaction), only
NADPH and O2 are consumed, yielding NADPþ and hydrogen
peroxide (H2O2).
3.2. Pre-steady state reaction kinetics

To understand the atypical steady state kinetics behavior of
BVMOAf1, regarding the similar kcat values on different substrates,
pre-steady state analyses were performed [16].
3.2.1. Reductive half-reaction
To determine the pre-steady state kinetic parameters for the

reductive half-reaction (Scheme 1), a stopped-flow apparatus was
used. The rate of anaerobic reduction of BVMOAf1 was monitored
using different NADPH concentrations at 25 �C.

For all measured NADPH concentrations (20e250 mM) a similar
rate of flavin reduction was observed: 1.24 s�1 (Table 1). This rate is
surprisingly low when compared with the other characterized
BVMOs namely PAMO (kred ¼ 12 s�1, 25 �C) and CHMO
(kred ¼ 22 s�1, 4 �C) [9,10]. The fact that the kred value was inde-
pendent of the tested NADPH concentrations suggests that the af-
finity for NADPH is below the minimal coenzyme concentration
assessed (20 mM). Besides, no step prior to the flavin reduction
could be detected, strongly suggesting that NADPH binding is a fast
Scheme 1. Reduction of BVMOAf1 by NADPH.
process and/or has no effect on the flavin absorption spectra.
Furthermore, the observed reduction correlates with complete
reduction of the flavin cofactor, as evidenced by an almost complete
bleaching of the absorbance at 446 nm. This indicates that the
flavin reduction is virtually irreversible. This was confirmed by the
chemical-reduction of the enzymewith sodium dithionite (data not
shown) which resulted in a similar decay in absorbance at 446 nm
upon reduction. Interestingly, the rate of NADPH-mediated flavin
reduction is only 2.5-fold higher compared to the kcat, confirming
that the reduction rate plays a role in setting the limit of the
maximal rate of catalysis.

To get insight into the catalytic steps involved in the release of
NADPþ the reverse reaction, i.e. the binding of the oxidized coen-
zyme to the oxidized BVMOAf1, was monitored by a titration
experiment (Supplementary Fig. S2). The most prominent change
in absorbance was observed at 377 nm due to the formation of the
EoxeNADPþ complex. Using the NADPþ dependent change
in absorbance at 377 nm (DA377), the binding constant was
determined; Kd;NADPþ ¼ 14.5 mM, confirming the tight binding of
the oxidized nicotinamide coenzyme. In fact, the determined Kd
value only reflects the upper limit of the dissociation constant, due
to the presence of PTDH in the systemwhich also binds NADPþ. For
other BVMOs it has been found that the Kd for the reduced coen-
zyme is lower when compared with the oxidized coenzyme [9,10].
This is in agreement with the observed low Kd,NADPH for BVMOAf1.

3.2.2. Oxidative half-reaction
The reactions of reduced BVMOAf1 with O2 were monitored by

rapidly mixing reduced BVMOAf1 with oxygen-containing buffer. In
a first experiment, the reduced BVMOAf1 was mixed with oxygen-
ated buffer in order tomonitor the uncoupling reaction (Scheme 2).
Deconvolution of the spectral scans yielded well-defined spectra
for four species, suggesting a three-step process during the oxida-
tive half-reaction (Fig. 1). The formation of the C4a-peroxyflavin,
indicated by the formation of a spectrum with an absorbance
maximum at 347 nm, was found to be a fast process
k0unc ¼ 11:2 s�1. Interestingly, this lmax was found to be somewhat
lower when compared with peroxyflavin intermediates reported
previously. A subtle change in the C4a-peroxyflavin intermediate
spectra was observed with a rate of k

00
unc ¼ 0:0112 s�1. This spectral

change is compatible with the generation of a previously postu-
lated protonated form of the C4a-peroxyflavin; the so-called C4a-
(hydro)peroxyflavin [9] while it may also reflect a conformational
change. The decay of the latter intermediate into the oxidized flavin
was extremely slow, with a rate of 0.0014 s�1 (Fig. 1-B). It has been
reported that the C4a-(hydro)peroxyflavin intermediate is quite
stable for other BVMOs. For example in PAMO the peroxyflavin
decays at a rate of 0.01 s�1 at 25 �C [10]. However, in the case of
BVMOAf1 the decay of the peroxyflavin species was found to be
remarkably slow, indicating an even higher stability of the
BVMOAf1-C4a-(hydro)peroxyflavin intermediate.

To determine the oxidation rate in the presence of the substrate,
the anaerobically-reduced enzyme was mixed with oxygenated
buffer containing the substrate (Scheme 3). Under these conditions,
spectral deconvolution yielded three different spectral species,
suggesting a two-step process (Fig. 2). The formation of the C4a-
peroxyflavin intermediate was again a fast process
(kO1¼10.8 s�1) and independent on the presence of substrate, since
it is similar when compared with the observed rate in the absence
of substrate (vide supra). However, in the presence of substrate the
Scheme 2. Oxidative half-reaction in the absence of substrate (uncoupling reaction).



Fig. 1. A) Selected spectra of the reaction of NADPH-reduced BVMOAf1 with aerated buffer. B) Spectra of the deconvoluted enzyme species. By means of numerical integration (Pro-
K, Applied Photophysics Ltd.), the spectra were fitted using a three-step kinetic model (A/B/C/D). The first step corresponds to the formation of the C4-peroxyflavin inter-
mediate (EOO1-NADPþ), the second step presumably represents the formation of the C4-(hydro)peroxyflavin (EOOH2-NADPþ) species and the third step corresponds to the decay of
the intermediate to the species Eox-NADPþ.

Scheme 3. Oxidative half-reaction in the presence of substrate.
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formation of the (presumed) protonated peroxyflavin species was
not observed, probably because of the rapid reaction with the
substrate to undergo a BaeyereVilliger oxidation while re-
generating the oxidized flavin cofactor. The reaction with the sub-
strate proceeded with a rate of kO2 ¼ 2.8 s�1. Finally, a subtle
spectral change was observed with a rate of 0.16 s�1, which may be
due to a conformational change or release of NADPþ (species C/D,
Fig. 2-B).

As it has been previously demonstrated for other BVMOs the
rate of formation of the C4a-peroxyflavin increases linearly with O2
concentration. The second order rate constant (kox) for the gener-
ation of the C4a-peroxyflavin intermediate was found to be
86mM�1 s�1. Fully aerated buffer (0.25mMO2) would give a rate of
21.6 s�1, which is ~40-fold faster than the kcat. This indicates that
during steady state catalysis the oxygenation of the reduced
enzyme to form the peroxyflavin enzyme intermediate is not a rate-
limiting step. The subsequent step observed during the oxidative
half-reaction proceeds slowly (kO1 > kO2). This value lumps the
sequential steps of substrate's entry into the catalytic pocket, re-
action of the substrate with the peroxyflavin, formation of the
Criegee adduct, and release of the product with the concomitant re-
oxidation of the flavin cofactor. For other BVMOs, a kinetic event
Fig. 2. A) Selected spectra of the reaction of NADPH-reduced BVMOAf1 with aerated buffer co
presented spectra were recorded at the indicated times. B) Spectra of the deconvoluted enzy
step kinetic model (A/B/C). The first step corresponds to the oxygenation of the reduce
dependent re-oxidation of the enzyme (EOO-NADPþ / Eox-NADPþ). A third step was also e
after the BaeyereVilliger oxidation has been described as the rate-
limiting step. In CHMO, it has been identified as the release of
NADPþ while for PAMO it has been proposed a conformational
change previous to the release of the oxidized coenzyme. For
BVMOAf1 we did not observe a spectral change that could be linked
with NADPþ release. However, this process could contribute to the
relatively low kcat of the fungal enzyme, while the rate of reduction
and the BaeyereVilliger oxidation mainly limit the rate of catalysis.

3.3. Comparative analyses of a BVMOAf1 model structure

To probe the catalytic role of specific residues in BVMOAf1, single
amino acid substitutions were proposed based on a structural ho-
mology model of this eukaryotic enzyme. A BVMOAf1 model was
constructed [17] by using as template the crystal structure of PAMO
(PBD entry 2YLT.A) [18] displaying 41.8% sequence identity with
BVMOAf1 (Supplementary Fig. S3).

As in the case of PAMO, BVMOAf1 is predicted to have two do-
mains, the FAD binding domain (1e148, 380e511) and the NADPH
binding domain (149e379). The crucial catalytic Arg residue [19]
(R337 in PAMO, R329 in BVMOAf1) and the Asp residue [20] that
gives the proper positioning of NADPH in the active site (D66 in
PAMO, D54 in BVMOAf1), are conserved (asterisks in Supplementary
Fig. S3). As we have previously described, BVMOAf1 has a single
non-conservative amino acid change in the BVMO-identifying
fingerprint motif (Supplementary Fig. S4) [12]. The respective His
residue is replaced by Gln. The role of this central histidine has been
ntaining 2.0 mM of bicyclo[3.2.0]hept-2-en-6-one (final concentration in the cell). The
me species. By means of numerical integration, the spectra were derived using a two-
d enzyme (Ered-NADPþ / EOO-NADPþ) and the second step represents the substrate-
videnced which presumably corresponds to a conformational change (C/D).
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proposed to facilitate the conformational changes during a catalytic
cycle. It has been also reported that replacing this residue with an
alanine inactivates 4-hydroxyacetophenone monooxygenase
(HAPMO) by preventing FAD binding [21], and significantly reduces
the catalytic efficiency of CHMO by diminishing its affinity for
NADPH [22]. Therefore, it was hypothesized that by substituting
Q164 by His in BVMOAf1 the catalytic efficiency would be improved.
Another target residue was H247 in the NADPH binding domain of
BVMOAf1. In PAMO and other BVMOs, glycine or alanine residues are
found at the analogous position. Inspection of the structures reveals
that this residue is near the active site and in proximity of the
cofactor and the coenzyme. We hypothesized that the relatively
bulky H247 may negatively affect the rate of catalysis.

Finally, in the FAD binding site BVMOAf1 bears a substitution of
the consensus Met (M446 in PAMO) by a Gln (Q436 in BVMOAf1). It
has been reported that the active site of PAMOwidens and changes
its shape when M446 is replaced by a smaller amino acid [7c],
resulting in largely altered substrate acceptance profiles and
enantioselectivities. We hypothesize that Q436 may reduce the
substrate specificity of BVMOAf1 by steric hindrance and may also
affect the hydride transfer from NADPH to FAD, thus decreasing the
reduction rate.

Based on the above mentioned, the single amino acids variants
of BVMOAf1 Q164H, H247A and Q436A were constructed expressed
and characterized.

3.4. Characterization of single amino acid BVMOAf1 variants

3.4.1. Spectral properties
The three variants exhibited typical flavin-absorbance spectra

and were able to oxidize NADPH. These results demonstrate that
the proposed single amino acid changes did not affect the FAD
binding nor the coenzyme binding capacity, indicating that the
overall folding of these proteins was correct (Supplementary
Fig. S5). Surprisingly, despite the modification of residues highly
conserved among BVMOs, no drastic effects other than changes in
the extinction coefficients were observed for any of these variants.

3.4.2. Steady state kinetics
To evaluate the effect of these mutations on the rate of catalysis,

steady state kinetic measurements were carried out (Table 2). The
single amino acid replacements Q164H and H247A showed no ef-
fect on the catalytic efficiency of the enzyme. A subtle change was
observed in the Q436 variant, where the catalytic efficiency
increased 2-fold. This mainly reflected a change in apparent sub-
strate affinity, since a 3-fold reduction of the KM value was
observed. While this is a small change, it suggests a role of this
residue in forming the substrate binding pocket or in positioning
the FAD facing the substrate.

3.4.3. Rapid reaction kinetics: reductive half-reaction
In order to evaluate the effect of these single-amino acid sub-

stitutions on the rate-limiting step, the reductive half-reaction was
Table 2
Steady state and pre-steady state kinetic parameters of BVMOAf1 mutants towards
rac-bicyclo[3.2.0]hept-2-en-6-one.

Variant Steady state Pre-steady state

KM (mM) kcat (s�1) kcat/KM (mM�1 s�1) kred (s�1)

Q164H 101 ± 23 0.38 ± 0.02 3.75 1.57
H247A 104 ± 16 0.31 ± 0.01 3.0 1.39
Q436A 43 ± 13 0.26 ± 0.02 6.04 2.55
studied by using the stopped-flow technique (Table 2). The ob-
tained kred values revealed that in general these mutations do not
significantly affect the apparent reduction rate. However, in the
mutant Q436A the reduction rate seems to proceed 2-times faster
(kred ¼ 2.55 s�1) compared to the wild type enzyme.

4. Discussion

Although it has been stated that fungal genomes are rich in
BVMO-encoding genes [23], very few fungal recombinant BVMOs
have been available for study. The first eukaryotic BVMO cloned and
biocatalytically characterized was the cycloalkanone mono-
oxygenase (CAMO) from Cylindrocarpon radicicola [24]. It was
shown that this enzyme resembles the well-known CHMO con-
cerning its substrate specificity. Recently, we have described the
first Aspergilli belonging BVMO, BVMOAf1, from A. fumigatus Af293.
We characterized this enzyme and discovered that besides typical
BVMO hallmarks BVMOAf1 shows distinctive features such as its
steady state kinetic parameters, the restricted substrate specificity
and its good stability in different conditions [12]. Regarding the
substrate specificity of BVMOAf1, it was demonstrated that there are
not many accepted molecules as well as no common features
among them. Additionally, it was demonstrated that A. fumigatus
has several BVMO-encoding ORFs, which suggests that these en-
zymes may have specific roles such as synthesis of defense com-
pounds, secondary metabolism reactions and detoxification
mechanisms [25]. All these features make it interesting to further
analyze BVMOAf1 from a mechanistic perspective, to understand
the atypical catalytic behavior of BVMOAf1, mainly evidenced by its
substrate-independent kcat values.

For this eukaryotic enzyme the catalytic cycle starts when fully
oxidized BVMOAf1 is reduced by the coenzyme NADPH. Surpris-
ingly, we found that this step (kred) is relatively slow (1.24 s�1),
which is an unexpected fact since usually BVMOs are efficient in
using NADPH as an electron donor [26]. After this step, BVMOAf1
reacts with O2 to form the crucial catalytic enzyme intermediate
C4a-(hydro)peroxyflavin. In the absence of a suitable substrate,
this intermediate was found to be remarkably stable in BVMOAf1.
In the presence of a suitable substrate, such as bicyclo[3.2.0]hept-
2-en-6-one, the peroxyflavin intermediate is also rapidly formed
(kox ¼ 86 mM�1 s�1) and subsequently reacts with the substrate.
Finally, the oxidation product is formed and the enzyme releases
the oxidized nicotinamide coenzyme to start a new catalytic cycle.
The overall kinetic mechanism of BVMOAf1 is presented in Fig. 3.
For the already characterized bacterial BVMOs, it has been
described that kinetic steps after oxygenating the substrate limit
the rate of catalysis, meaning a conformational change and/or
release of NADPþ. Strikingly, in the case of BVMOAf1, a major
contribution to the overall catalytic rate was found to be the kred,
while also the substrate oxidation and possibly the release of
NADPþ contribute to the kcat. Such a relatively slow rate of flavin
reduction has not been observed before for other BVMOs.

In view of these findings, we hypothesize that BVMOAf1 might
be a physiologically efficient enzyme, since it does not lead to
wasteful consumption of NADPH. Also, the high stability of the
C4a-(hydro)peroxyflavin intermediate can be considered as a
cellular mechanism to avoid the release of high amounts of toxic
hydrogen peroxide in the absence of a suitable substrate.
Recently, it has been reported that deepoxy-synerazol accumu-
lates in an A. fumigatus Af293 strain lacking BVMOAf1 gene
(DpsoE), supporting the monooxygenase activity of this enzyme
in vivo [27]. In addition this supports our previous statement that
the physiological substrate of BVMOAf1 is remarkably different
from the reference compounds usually employed to detect
BaeyereVilliger activity.



Fig. 3. Proposed catalytic cycle for BVMOAf1. Numbers indicate the observed flavin intermediates. The catalytic cycle starts with oxidized BVMOAf1 (I), which after binding of NADPH
(II) is reduced (III). Reduced BVMOAf1 reacts with O2, yielding the intermediate C4a-peroxyflavin (IV). In the absence of substrate the intermediate transforms to a second species,
probably the C4a-(hydro)peroxyflavin (IV0), that lastly decays to the oxidized BVMOAf1 complexed with NADPþ (V). In the presence of substrate, the C4a-peroxyflavin intermediate
reacts to produce the BaeyereVilliger product and the oxidized enzyme remains bound to NADPþ (V). Finally the oxidized enzyme releases the oxidized coenzyme to be available to
start a new cycle. The individual rate constants and binding affinities appear above/next to the arrows.
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With the aim of getting insight into the kinetic features of
BVMOAf1, a structure-guided enzyme engineering study was per-
formed. Unfortunately, up to date crystallization experiments have
not been successful for BVMOAf1. For this reason, a homologymodel
of BVMOAf1 was constructed. Based on the structural model, three
BVMOAf1 mutants were generated. Characterization of these
mutant enzymes revealed that only one amino acid replacement
had effects on the kinetic properties: the Q436Amutant displayed a
lower KM value for the substrate and an increased rate of NADPH-
mediated flavin reduction. This supports the initial proposition
that this residue is part of the active site. These results show that
although the residues selected for mutagenesis are highly
conserved among BVMOs, in BVMOAf1 their substitution does not
significantly affect catalysis. It also demonstrates that in this fungal
enzyme a more complex set of factors govern its rate of catalysis as
well as its substrate specificity.

5. Conclusions

This study reveals unique features in the kinetic mechanism of
the fungal enzyme BVMOAf1. It was demonstrated that the catalytic
rate is partly limited by the hydride transfer from NADPH to the
flavin (reduction rate). Moreover, it was determined that the per-
oxyflavin intermediate is extremely stable. Finally, by structure-
inspired mutations it was confirmed that the Q436 residue plays a
role in catalysis by BVMOAf1. All these new insights, along with the
presence of numerous BVMOs encoding genes in fungi, highlight the
importance of characterizing new eukaryoticmembers of this family.
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