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2-Hydroxybiphenyl 3-monooxygenase (HbpA) is an FAD dependent monooxygenase which catalyzes the
ortho-hydroxylation of a broad range of 2-substituted phenols in the presence of NADH and molecular oxygen.
We have determined the structure of HbpA from the soil bacterium Pseudomonas azelaica HBP1 with bound
2-hydroxybiphenyl, as well as several variants, at a resolution of 2.3–2.5 Å to investigate structure function cor-
relations of the enzyme. An observed hydrogen bond between 2-hydroxybiphenyl and His48 in the active site
confirmed the previously suggested role of this residue in substrate deprotonation. The entrance to the active
site was confirmed by generating variant G255F which exhibited only 7% of the wild-type's specific activity of
product formation, suggesting inhibition of substrate entrance into the active site by the large aromatic residue.
Residue Arg242 is suggested to facilitate FADmovement and reduction as was previously reported in studies on
the homologous protein para-hydroxybenzoate hydroxylase. In addition, it is suggested that Trp225, which is lo-
cated in the active site, facilitates proper substrate entrance into the binding pocket in contrast to aklavinone-11-
hydroxylase and para-hydroxybenzoate hydroxylase in which a residue at a similar position is responsible for
substrate deprotonation. Structure function correlations described in this work will aid in the design of variants
with improved activity and altered selectivity for potential industrial applications.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

2-Hydroxybiphenyl 3-monooxygenase (HbpA) (EC 1.14.13.44)
from the soil bacterium Pseudomonas azelaica HBP1, catalyzes the first
step in the degradation of the fungicide 2-hydroxybiphenyl to 2,3-
dihydroxybiphenyl (Fig. 1) [1]. HbpA was first discovered, purified
and characterized by Kohler et al. [1,2]. It was shown that HbpA is an
FAD dependent monooxygenase belonging to group A of flavin-
dependent monooxygenases [3]. The enzyme catalyzes the ortho hy-
droxylation of a broad range of 2-substituted phenols in the presence
of NADH and molecular oxygen [4–7].

Although flavin monooxygenases share low sequence identity,
they all contain a common Rossmann fold responsible for FAD and/or
NADH/NADPH binding [8–10]. The catalytic mechanism of flavin
monooxygenases has been investigated through structural and kinetic
studies [11]. Various studies on para-hydroxybenzoate hydroxylase
(pHBH) and phenol hydroxylase (PH) have shown that the FAD cofactor
changes its conformation during catalysis [12–18]. When FAD is
genase

n).
situated in an “open” conformation, the isoalloxazine ring is exposed
to the solvent region, enabling substrate entrance into the active site.
Along with substrate binding, the isoalloxazine ring of FAD moves into
the binding site, and adopts the “in” conformation. It was shown that
in the active site of pHBH, the substrate undergoes deprotonation of
the hydroxyl moiety through a hydrogen bond network [8,19]. The de-
protonation step is essential for catalysis, since it increases the nucleo-
philic properties of the phenolic carbon to enable hydroxylation. In
addition, it promotes FAD to adopt a third conformation, termed the
“out” conformation, and interact with NADH for reduction. The reduced
FAD moves into the binding site where it is oxidized by molecular oxy-
gen, forming flavin C4a-hydroperoxide, a highly reactive intermediate
which catalyzes the ortho hydroxylation of the substrate [9,20].

Several studies have shown that HbpA is able to catalyze the produc-
tion of 3-substituted catechols, precursors for different pharmaceuticals
[6,21]. In addition, directed evolution was used to generate variants
with activity towards indole and its derivatives [22]. Furthermore, mu-
tants with increased activity towards 2-tert-butylphenol and guaiacol
were discovered highlighting residues which are important for activity
and selectivity [6]. Since HbpA is a single-component enzyme, it was
used as a model protein to study various methods for NADH regenera-
tion, including enzymatic, chemical and electrochemical regeneration
methods [5,23–26]. Recently, crystal structures of apo-HbpA and
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Fig. 1. The natural reaction catalyzed by 2-hydroxybiphenyl 3-monooxygenase (HbpA). 2-
Hydroxybiphenyl is oxidized at the ortho position to form 2,3-dihydroxybiphenyl in the
presence of oxygen and NADH.
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HbpA with FAD bound in the “in” conformation were determined by
Jensen et al., and it was found that residues His48, Asp117 and Arg242
play a role in catalysis [27].

In this studywe determined the crystal structures ofwild-typeHbpA
with 2-hydroxybiphenyl bound in the active site and several site specif-
ic variants at a resolution of 2.3–2.5 Å, in order to elucidate structure–
function correlations and to expand and elaborate previous knowledge
regarding the catalytic mechanism of HbpA.

2. Materials and methods

2.1. Reagents and materials

Methanol, acetonitrile, poly(ethylene glycol), kanamycin, imidazole,
trizma base, 2,3-dihydroxybiphenyl, nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD) were purchased from
Sigma-Aldrich Chemical Co. (Sigma-Aldrich, Rehovot, Israel). Tri-
sodium citrate was purchased from J.T. Baker (Mallinckrodt Baker,
Deventer, Holland). 2-Hydroxybiphenyl was purchased from Merck
(Merck, Darmstadt, Germany).

2.2. Bacterial strains, plasmids and culture conditions

The sequence of the HbpA gene from P. azelaica HBP1 [1] was opti-
mized for production in Escherichia coli (OptimumGene™) and synthe-
sized by Gen Script (Piscataway, NJ, USA) with addition of restriction
sites of BamHI and NotI at the 5′-end and 3′-end respectively. The opti-
mized gene was cloned into the pET9a (Novagen, Germany) and a His-
tagwas introduced to theN-terminus of the gene using primers listed in
Supplementary Table S1. The vector pET9a/HbpA was transformed into
E. coli BL21 (DE3; Novagen, Germany) for over-expression.

2.3. Expression and purification

E. coli cells harboring pET9a/HbpA were grown overnight at 37 °C in
0.5 l of TB medium with 25 μg ml−1 kanamycin, and harvested by cen-
trifugation (8000× g for 10 min at room temperature). The cell pellet
was re-suspended in a binding buffer (20 mM Tris-HCl buffer pH 7.5,
500mMNaCl and 20mM imidazole). The cells were broken using a ho-
mogenizer (EmulsiFlex-C3 High Pressure Homogenizer, Avestin, Otta-
wa, Canada) followed by centrifugation (16,000× g for 20 min at
10 °C) for the removal of cell debris. The supernatant was loaded onto
a Ni(II)-bound affinity column which was initially equilibrated with
the binding buffer. Fractions showing yellow color were eluted from
the columnwith linear gradient of elution buffer (20mM Tris–HCl buff-
er pH 7.5, 500 mM NaCl, and 500 mM imidazole) suggesting the pres-
ence of the FAD cofactor within the protein. In order to ensure
complete protein loadingwith FAD, HbpA fractionswere supplemented
with additional FAD at a molar ratio of 1:1, incubated overnight and di-
alyzed against 20mMTris–HCl buffer, pH 7.5. Themolecularmass of the
purified HbpA was approximately 64 kDa as determined by SDS-PAGE,
confirming previously reported results of Suske et al. [2].

2.4. Site-directed mutagenesis

HbpA variants R242A, R242E, R242Q, G255F, W225A and W225Y
were created by Quick Change ®site-directed mutagenesis kit (Strata-
gene, CA, USA) as suggested by the manufacturer using the primers
listed in Supplementary Table S1. Verification of the mutations was ob-
tained by sequencing. Purification steps were identical to those per-
formed on the wild type.

2.5. Expression and purification of Se-HbpA

The selenium–methionine labeling of HbpA (Se-HbpA) was pre-
pared according to the protocol described by Lansky et al. [28]. Purifica-
tion steps were identical to those performed on HbpA.

2.6. Analytical methods

The formation of 2,3-dihydroxybiphenyl and consumption of 2-
hydroxybiphenyl was determined using high performance liquid chro-
matography (HPLC) with a Dionex UltiMate 3000 (Thermo Scientific)
equipped with a Gemini 5 μ C18 110A column (5 μm, 4.6 × 250 mm;
Phenomenex, Torrance, CA, USA), and the results were analyzed with
Thermo Scientific Dionex Chromeleon software version 7.1 SRI. The
isocratic elution was performed with acetonitrile: H2O 40:60 (v/v).
The reaction assay of 1 ml contained 50 mM phosphate buffer pH 7.5,
0.2 mM 2-hydroxybiphenyl, 0.15 μM protein and 0.4 mM NADH. Reac-
tions of 30 min were stopped at different time points by the addition
of 2 M HCl and diluted with methanol (0.5:1 v/v) prior to injection.

Steady state kinetics for 2-hydroxybiphenyl and NADH were mea-
sured by the decrease in absorption at 340 nm. All experiments were
done in 50 mM phosphate buffer pH 7.5 with 1.55 μM protein. Kinetic
parameters for 2-hydroxybiphenyl were determined in the presence
of 0.4 mMNADH and 0.8–200 μM2-hydroxybiphenyl, while kinetic pa-
rameters for NADH were determined with 0.2 mM 2-hydroxybiphenyl
and 0.01–0.8 mMNADH. Endogenous NADH oxidation was determined
by a control reaction without 2-hydroxybiphenyl and was used to cor-
rect NADH consumption. Kinetic constants were calculated using
Graphite software. Each experiment was performed in 3–4 replicates.

2.7. Crystallization, data collection and structure determination

Crystallization trials were performed in 96 well hanging drop
plates using MOSQUITO robot (TTP Labtech, Melbourne, UK) with a
PEGs Suite (www.qiagen.com) at 20 °C. The crystals appeared after a
week at a wide range of crystallization conditions which were further
optimized. The optimal conditions contained 0.2 M sodium citrate and
25% PEG3350. The hanging drop contained 2 μl protein solution
(6 mgml−1) and 2 μl crystallization condition. Soaking trials were per-
formed as follow: 50 mM of 2-hydroxybiphenyl was added to the drop
containing crystals, incubated overnight and then added again prior to
freezing in liquid nitrogen [29]. X-ray diffraction data sets of Se-HbpA
and HbpA_HBP were collected at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France, at beamlines ID14-4 and BM-14 re-
spectively. X-ray diffraction data sets of wild type HbpA and variants
W225Y, W225A and R242Q were collected in-house using X-ray beam
R-Axis HTC (Rigaku, Japan). The diffraction data was indexed, integrat-
ed, and reduced with Mosflm and Scala [30] or with HKL2000 [31].

The first model of Se-HbpA was solved using a Phenix MR Rosetta
Pipeline, and themodelwas further improved byAutoSol andAutoBuild
[32]. After several cycles of phase improvements and model building,
the obtained coordinates were used for molecular replacement using
Phaser [33] to determine the high resolution structure of wild type
HbpA. The structures of HbpA variants W225Y, W225A and R242Q
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were solved using coordinates of wild type HbpA (HbpA-WT). Refine-
ment was performed using Phenix [32]. Manual model building, real-
space refinement, and structure validations were performed using
Coot [34]. Crystal parameters and data statistics are summarized in
Table S2 in the supplementary material.

2.8. Protein Data Bank accession numbers

Coordinates and structure factors of HbpA have been deposited in
the RCSB Protein Data Bank under accession codes 4Z2R for HbpA-WT,
5BRT for HbpA_HBP, 4Z2T for W225Y and 4Z2U for R242Q (Table S2).

3. Results and discussion

3.1. Kinetic parameters of HbpA-WT

Kinetic studies of recombinant HbpA-WT were performed to deter-
mine the specific activity of NADH oxidation and product formation
along with steady state kinetic parameters. In our study, the rate of
product formation and NADH oxidation is about 2-fold lower than in
previously reported studies (Table 1) [2,4]. However, the Km value for
2-hydroxybiphenyl and the uncoupling percentage of NADH oxidation
from product formation were found to be similar to the previously re-
ported values, while the calculated kcat value was about 6-fold lower
(Table 2) [2,4,25]. We believe that these differences might be attributed
to slightly different reaction conditions. The Km value for NADH was
calculated for the first time for HbpA at 30 °C, which is approximately
the optimal temperature for its activity, and is about 10-fold lower
than the respective values of recently published Baeyer-Villiger
monooxygenases (Table 2) [7,35].

3.2. Structure determination

HbpA shares low sequence homology with other members of group
A of flavin-dependent monooxygenases. In order to solve the phase
problem, HbpAwas labeledwith selenium and a reliablemodel was ob-
tained after numerous cycles of model building and phase improve-
ments using Phenix MR Rosetta Pipeline, AutoSol and AutoBuild. This
work was performed prior to the recent publication of the crystal struc-
ture of HbpA by Jensen and co-workers [27].

The structure of HbpA-WT was determined at a resolution of 2.3 Å
using molecular replacement and coordinates of Se-HbpA. The crystal
belongs to themonoclinic space group C2with a dimer in the asymmet-
ric unit. Althoughmost of the protein regions as well as the FADmoiety
were clearly defined with electron density above 2.4σ, two short
Table 1
Activity of engineered variants on NADH and 2,3-dihydroxybiphenyl.

Variant Specific activitya

(μmol min−1 mg protein−1)
Uncouplingd (%)

Product formationc NADH oxidationb

WT 1.87 1.49 20
W225Y 2.35 1.82 23
W225A 0.25 0.11 60
R242A 0.10 NAe –
R242E 0.12 NA –
R242Q 0.23 NA –
G255F 0.33 0.10 70

a The assayswere performed at 30 °C in 50mMphosphate buffer (pH 7.5)with 0.4mM
NADH and 0.2 mM 2-hydroxybiphenyl.

b Determined by monitoring NADH consumption at 340 nm. All values were corrected
for the endogenous NADH oxidation and have a standard error of ≤10%.

c Determinedbymeasuring substrate consumption andproduct formationwith reverse
phase HPLC.

d The percentage of uncoupling was calculated as the ratio of the NADH oxidation from
the product formation.

e Not active.
flexible regions are missing in the protein structure due to the total
lack of electron density (residues 228–238, 256–264). The overall struc-
ture of HbpA is similar to the recently published structures of Apo- and
FAD-bound forms of HbpA (HbpA_apo and HbpA_IN, respectively) by
Jensen et al., including the missing regions [27].
3.3. The overall structure of HbpA

Themonomer of HbpA can be subdivided into three domains, (i) the
FAD binding domain (residues 1–77, 99–199, 294–436), (ii) the sub-
strate binding domain (residues 78–98, 200–293) and (iii) the C-
terminal domain (437–586) (Fig. 2). The FAD binding domain consists
of a well-defined βαβ–Rossmann fold and a conserved motif of glycine
residues GXGXXG (Fig. 4C) [36]. The substrate binding domain is found
above the isoalloxazine ring of FAD and the C-terminal domain exhibits
a classical thioredoxin fold [37]. However, in contrast to thioredoxin, the
C-terminal domain does not contain a catalytic cysteine residue and
thus has no thioredoxin activity. It seems that similar to aklavinone-
11-hydroxylase (RdmE) and 3-hydroxybenzoate 4-hydroxylase
(MHBH) the role of the HbpA C-terminal domain is to participate in
quaternary structure formation [20,38].
3.4. Biological relevant unit

Suske et al. have previously reported that HbpA is a tetramer in solu-
tion with a molecular weight of 256 kDa [2]. The asymmetric content of
the unit cell was analyzed using PISA (http://www.ebi.ac.uk/msd-srv/
prot_int/pistart.html), and a tetrameric assembly was proposed with a
buried surface of 16,300 Å2 upon assembly formation. The tetramer
has a sandwich like shape (Fig. 3A), built from two parallel disks, with
each disk being composed from twoproteinmolecules related by a crys-
tallographic symmetry (Fig. 3B). These two protein molecules are posi-
tioned in a “head to tail” orientation, and polar interactions are formed
between the C-terminal domain of one molecule and surface exposed
residues of the neighboring molecule located on α17, β4 and β5
(Fig. 3D). Using a directed evolution approach to change substrate spec-
ificity of HbpA, Meyer et al. found that the replacement of Leu417 locat-
ed on α17 (Fig. 2) to Phe, altered the catalytic properties of HbpA [4].
However, with the absence of an HbpA crystal structure, it was difficult
to predict the influence of Leu417, distantly located from the active site,
on enzyme activity. Having obtained a high resolution crystal structure
of HbpA,we can nowsuggest that in contrast to Leu,which stabilizes the
region via hydrophobic interactionswith neighboring residues [27], Phe
at position 417 may increase these interactions through π–π contacts
with adjacent bulky hydrophobic residues such as Phe227, Tyr82 or
Phe91 (Fig. 2). These three residues are located at the protein binding
domain and interactions with Phe at position 417 might induce local
conformational changes of the binding domain thus altering the catalyt-
ic properties of HbpA.
3.5. Structural homology to other flavin monooxygenases

Sequence analysis of HbpA, using NCBI Blast (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) revealed that HbpA shares low sequence homology
with structurally characterized members of the flavin monooxygenase
family such as pHBH, PH, MHBH, rebeccamycin biosynthetic enzyme
(RebC) and RdmE, (below 33% identity), however the overall fold of
the proteins is similar [12,15,20,38,39]. Structural comparison of HbpA
with the homologous proteinsmentioned above showed high similarity
in their FAD binding domain and the C-terminal domain (except for
pHBH). In contrast, the substrate binding domains and regions which
participate in the quaternary structure formation exhibit strong varia-
tions among the different family members (Fig. S1).
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Table 2
Km and kcat values of HbpA and engineered variants on 2-hydroxybiphenyla,b and NADH.a,c

Variant 2-Hydroxybiphenyl NADH

Km

(μM)
kcat
(sec−1)

kcat/Km

(sec−1 μM−1)
Km

(μM)
kcat
(sec−1)

kcat/Km

(sec−1 μM−1)

WT 3.1 ± 0.3 2.26 0.73 149 ± 22 3.16 0.02
W225Y 22.8 ± 3.3 4.51 0.2 102 ± 10 5.8 0.057
W225A 29.5 ± 3.5 0.46 0.02 253 ± 12 3.45 0.014
R242A NCd NC NC 446 ± 57 0.14 3.14 × 10−4

R242E 27.8 ± 2.2 0.15 5.4 × 10−3 427 ± 107 0.15 3.51 × 10−4

R242Q NC NC NC 222 ± 34 0.24 1.08 × 10−3

G255F 26.6 ± 2.9 0.71 0.03 531 ± 61 1.34 2.53 × 10−3

a Determined by monitoring NADH consumption at 340 nm. All values were corrected for the endogenous NADH oxidation.
b The assays were performed at 30 °C in 50 mM phosphate buffer (pH 7.5) with 0.4 mM NADH and 0.0008–0.2 mM 2-hydroxybiphenyl.
c The assays were performed at 30 °C in 50 mM phosphate buffer (pH 7.5) with 0.2 mM 2-hydroxybiphenyl and 0.01–0.8 mM NADH.
d Not calculated. NADH consumption was very low and the effect of 2-hydroxybiphenyl concentration could not be examined. Therefore, Km and kcat were not calculated.
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3.6. FAD binding domain

The FAD binding site forms an elongated, surface exposed pocket in
theHbpA structure (Fig. 4A). The isoalloxazine ring of FAD is located be-
tween the FAD binding domain and the substrate binding domain and
faces outside the binding pocket. This conformation of the isoalloxazine
ring is known as the “out” conformation, while the “in” conformation of
FADwas observed in the HbpA_IN structure determined by Jensen et al.
[27]. The “out” conformation of isoalloxazine ring is stabilized in HbpA
by structural water molecules and π–π interactions with Trp293,
while in the “in” conformation, this Trp residue is flipped to protect
the active site from the solvent (Fig. 4B) [15,27]. The “out” conformation
of the isoalloxazine ring is also stabilized through polar interactions be-
tween Arg242 and the O4 of the FADmolecule (Fig. 4B and C). Interest-
ingly, a similar orientation of Arg242 is observed in HbpA_apo despite
the absence of FAD, but not in HbpA_IN. The distance between Arg242
and the O4 of the FAD molecule in the “in” conformation is about 7.2–
7.3 Å. Apparently, the flexibility of Arg242 enables the conformational
Fig. 2. The overall structure of HbpAmonomer. Threemain domains of HbpA are shown in
the cartoon. The FAD binding domain is shown in blue, the substrate binding domain in
orange and the C-terminal domain in cyan. The FAD molecule is shown in yellow sticks.
Residue Leu417 which was found by Meyer et al. [4] to have an effect on protein activity
is located on loop α17 and marked with a yellow asterisk. Hydrophobic residues at the
close vicinity of Leu417 are shown as orange sticks.
change of the FAD molecule, as was previously suggested (Fig. 4B)
[13]. The ribitylmoiety of FAD formspolar interactionswith a conserved
Arg46 residue. The phosphatemoiety of FAD interacts with a conserved
GAGPAG motif, GD motif, Arg46 and a conserved water molecule. Fur-
thermore, the ribose moiety of ADP also interacts with the conserved
GAGPAG motif (Fig. 4C) [36].

3.7. Substrate entrance region

The substrate binding pocket of HbpA is located above the isoallox-
azine ring of FAD and forms a contiguous tunnel to the protein exterior,
revealing substrate entrance into the binding site. Similar toMHBH, this
region is mostly composed of hydrophobic residues, which facilitate the
entrance of a hydrophobic substrate [20]. The replacement of Gly255,
located at the presumable substrate entrance site (Fig. 5A) to Phe, re-
sulted in substantial decline in specific activity for both product forma-
tion and NADH oxidation (Table 1). While the efficiency (kcat/Km) of
G255F for 2-hydroxybiphenyl is about 24-fold lower than HbpA-WT,
its efficiency for NADH is only about 8-fold lower (Table 2). It seems
that the replacement of Gly255with Phe had a greater effect on product
formation than on NADH oxidation, explaining the 70% uncoupling of
NADH oxidation from product formation (Table 1). It is therefore sug-
gested that a bulky Phe residue at position 255, limits substrate access
to the binding site. As a result, G255F exhibited lower activity towards
the substrate in comparison to the wild type enzyme, supporting our
suggestion that indeed this region participates in substrate ingress. Nev-
ertheless, it seems that Phe at position 255 affects also NADH oxidation.
Since it is hard to predict which residues participate in NADHbinding, it
cannot be ruled out that position 255participates inNADHbinding or its
oxidation.

3.8. Substrate binding domain

The substrate binding domain among the flavin-dependent
monooxygenases is themost variable domain. This factmay be attribut-
ed to the diverse range of substrates which this group of enzymes oxi-
dizes [10]. We succeeded in determining the crystal structure of HbpA
with 2-hydroxybiphenyl in the active site of the enzyme (HbpA-HBP)
at a resolution of 2.0–2.3 Å. In the HbpA-HBP structure, the FAD mole-
cule is also found in the “out” conformation, similar to HbpA-WT. 2-
Hydroxybiphenyl is located in the hydrophobic pocket of the active
site, above the isoalloxazine ring of the FAD molecule and forms polar
interaction with His48 (Fig. 6A). Previous studies by Jensen et al. have
shown that the replacement of His48with Ala abolished product forma-
tion and thus might be involved in substrate deprotonation [27]. The
present work confirms this suggestion. It seems that similarly to
Tyr201 in PHBH and His213 in 3-hydroxybenzoate 6-hydroxylase,
where those residues activate the substrate for hydroxylation through
a hydrogen bond with the hydroxyl of the substrate [40,12], in HbpA,



Fig. 3. Biologically-relevant unit composition of HbpA. A and B — Schematic presentation of the full tetramer (left) and by rotation a face presenting the dimer interactions (right). C and
D — The lateral view of a tetrameric form of HbpA (left) and an axial form of a dimer (right) are shown in cartoon and colored similarly to Fig. 2.
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this role is performedbyHis48. Interestingly, structural superposition of
HbpA-HBP with HbpA_IN revealed that the ortho position of 2-
hydroxybiphenyl is oriented above the C4 of the isoalloxazine ring,
Fig. 4. FAD binding site. A. Surface presentation of the FAD binding cavity. B. The FAD binding do
conformation of FAD is shown in yellow and the “in” conformation in blue. A hydrogen bond be
between these objects in HbpA-IN is shown as cyan dashed lines. C. The extensive hydrogen bon
and a conserved water molecule is shown as a red sphere and marked with a green arrow. For
where molecular oxygen binds before hydroxylation occurs (Figs. 1
and 6B). In addition, it can be observed that 2-hydroxybiphenyl does
not form any polar interactions except the interaction with His48;
main of HbpA-WT (gray) is superimposed onto HbpA-IN (PDB code 4CY8, blue), the “out”
tween the FAD and Arg245 in HbpA-WT is shown as black dashed lines, while the distance
d interactions of FAD in the binding site. Hydrogen bonds are shown as black dashed lines
full explanations on interactions, see text.



Fig. 5. Substrate entrance site. A. Surface presentation of a putative substrate entrance. The investigated Gly255 residue is shown in sticks. B. Surface presentation of substrate entrance and
investigated residues Arg242 and Trp225 are shown as gray sticks.
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moreover, almost all other residues in the active site are hydrophobic
(Fig. 6A). Apparently, the unique architecture of the active site allows
precise substrate orientation above the C4 of the isoalloxazine ring to
enable hydroxylation. It seems that His48 is not only important for sub-
strate deprotonation but also for substrate orientation in the active site.
Jensen et al. reported that Asp117 is also important for hydroxylation,
Fig. 6. 2-hydroxybiphenyl bound in the active site of HbpA. A. 2-Hydroxybiphenyl (magenta) is
forms a hydrogen bond (black dashed lines)withHis48 (gray sticks), B. Superposition of FADbin
position of 2-hydroxybiphenyl (magenta) is located 5.3 Å (cyan dashed line) above the C4 of t
however, this residue does not form any interactions with the substrate
(Fig. 6A). Apparently, as was proposed, the role of Asp117 is to stabilize
the conformation of His48 to enable proper substrate orientation in the
binding site [27]. In order to shedmore light on themechanismof HbpA,
we focused on two residues, located at the substrate binding pocket,
Trp225 and Arg242, for further investigations (Figs. 5B and 6A).
located in the hydrophobic pocket of HbpA (gray lines) above the FAD (yellow sticks) and
ding site of HbpA-HBP (yellow)withHbpA-IN (PDB code 4CY8, blue) shows that the ortho
he isoalloxazine ring in the “in” conformation (PDB code 4CY8, blue).
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Trp225 is located at the tunnel which directs the substrate into
the active site. This residue is averagely conserved among flavin
monooxygenases (http://consurf.tau.ac.il/). In RdmE and pHBH, this po-
sition is occupied with Tyr224 and Tyr201 respectively (Fig. 7) [12,38].
Mutating Tyr224 to Phe in RdmE resulted in an inactive enzyme,
while mutating Tyr201 to Phe in pHBH resulted in a 10-fold decrease
in activity and loss in substrate hydroxylation capacity [14,19,41].
Structure–function studies of pHBH suggested that Tyr201 activates
the substrate for hydroxylation [19,41,42]. In order to elucidate the
role of Trp225 in HbpA, we replaced Trpwith Ala and Tyr. While variant
W225Y showed elevated specific activity and similar hydroxylation ef-
ficiency, variant W225A exhibited a 14-fold decrease in specific activity
and 7-fold decrease in hydroxylation efficiency (Table 1). Variants
W225Y and W225A demonstrated a 7-fold and 9-fold decrease in Km
values, respectively, suggesting decreased affinity towards the substrate
(Table 2). The increased product formation by variant W225Y may be
explained by the increased efficiency towards NADH oxidation
(Table 1). We determined the crystal structure of variant W225Y
(Table S2, Fig. S2). The overall structure of W225Y was similar to the
structure of the wild type enzyme, suggesting that the elevated activity
of variantW225Y is due solely to the Tyr residue at position 225 and not
as a result of structural conformational changes which occurred due to
the mutagenesis. Since Tyr at position 225 increased the efficiency
towards NADH oxidation by 3-fold, we suggest that position 225
might be indirectly involved with NADH binding or oxidation by
inducing local conformational changes during NADH binding. We pro-
pose that the function of Trp225 in HbpA is to properly orient 2-
hydroxybiphenyl while entering the active site by forming π–π interac-
tions thus promoting its hydroxylation (Fig. 5B). By replacing a bulky
Trp with Ala, aromatic ring stacking interactions were abolished, affect-
ing substrate orientation in the active site and decreasing enzymatic
activity.

In contrast to Trp225, Arg242 is a conserved residue, located above
the isoalloxazine ring of FAD forming a polar interaction with O4 of
Fig. 7. Active site of HbpA. The active site of HbpA was superimposed with RdmE and
pHBH (PDB codes 3IHG and 1IUV, respectively). Arg242, Asp222 and Trp225 in HbpA
are shown as gray sticks. Corresponding residues to Asp242 and Trp225 in RdmE and
pHBH are presented as pink and ivory sticks, respectively.
the FAD molecule in the “out” conformation (Fig. 4B and C). Replacing
the corresponding residue to Gln in pHBH resulted in a 100-fold activity
decrease and conformational changes of the substrate binding domain
[13]. In addition, it was proposed that the role of this Arg residue is to
modulate the movement of the FAD molecule. In order to investigate
the role of Arg242 in HbpA, we mutated it to Ala, Gln and Glu. For all
three variants, lowNADHconsumptionwasmeasuredwhile no product
formation was observed by HPLC analysis after 30 min (Table 1). It
should be noted that Jensen et al. reported a 15% substrate conversion
after 2 h for variant R242A [27]. In addition, in the present study, all
three variants exhibited very low efficiency for NADH, about 20- to
60-fold decrease (Table 2). We determined the crystal structure of var-
iant R242Q (Table S2, Fig. S2), however in contrast to pHBH, there were
no changes in the structural conformation due to the replacement of
Arg242 with Gln, and the FAD molecule was found in the “out” confor-
mation, similar to its position in wild type HbpA [13]. We conclude that
Arg242 is pivotal for enabling the movement of the FAD molecule. Per-
haps due to the local environmental changes during substrate binding
and deprotonation, this residue changes its conformation to stabilize
the “out” conformation of the isoalloxazine ring, thus enabling FAD
reduction by NADH. Since the replacement of Arg242 with Ala, Gln or
Glu resulted in activity and especially hydroxylation capacity loss, it
seems that the demand for Arg in position 242 is due to the unique ar-
chitecture of the HbpA active site.

Previous investigations of HbpA suggested that Asp222, located in
the binding site, plays a role in substrate activation (Figs. 6 and 7).
Meyer et al. showed that the replacement of Asp222 with Val enabled in-
dole hydroxylation but decreased the hydroxylation of 2-hydroxybiphenyl
to 2,3-dihydroxybiphenyl [22]. Using a structural model of HbpA it was
proposed that Asp222 is situated in the homologous position to Tyr201
in pHBH, thus similarly to Tyr201, it activates the substrate. However,
the high resolution crystal structure of HbpA revealed that Trp225 and
not Asp222 in HbpA is situated in a corresponding position to Tyr201
in pHBH. In addition, the fact that mutating Asp222 to Val did not dras-
tically decrease protein activity as in the case of pHBH, suggests that
Asp222 is not involved in substrate activation but perhaps in substrate
orientation in the binding site.

4. Conclusion

HbpA, a flavin-dependent monooxygenase belonging to group A,
was previously shown to hydroxylate numerous aromatic substrates
at the ortho position. Although it shares a similar fold with formerly in-
vestigated flavin monooxygenases, a different binding site architecture
results in a different substrate bindingmode and a unique way of catal-
ysis in terms of participating amino acids. In this work, we presented a
structure of HbpA with 2-hydroxybiphenyl in the active site. The orien-
tation of the substrate, along with the observed hydrogen bond be-
tween the substrate and His48, confirmed the previously suggested
role of this residue in substrate deprotonation [27]. We suggest that
Arg242 in HbpA is central in facilitating FAD movement and reduction,
while residue Trp293 orients FAD in the “out” conformation and isolates
it from the environment when FAD is found in the “in” conformation.
Trp225 helps to appropriately orient the entering substrate into correct
positioning within the binding site. In addition, biochemical investiga-
tions of variant G255F revealed that a bulky Phe at position 255 hin-
dered substrate entrance into the active site and affected NADH
binding or oxidation. To conclude, high resolution crystal structures of
HbpA and site specific mutants provided a better understanding of the
enzymatic mechanism and will further aid in protein engineering of
biocatalysts with potential industrial applications.
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