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The genome of Rhodococcus jostii RHA1 contains an unusually large number of oxygenase encoding genes.
Many of these genes have yet an unknown function, implying that a notable part of the biochemical and
catabolic biodiversity of this Gram-positive soil actinomycete is still elusive. Here we present a multiple
sequence alignment and phylogenetic analysis of putative R. jostii RHA1 flavoprotein hydroxylases. Out of
18 candidate sequences, three hydroxylases are absent in other available Rhodococcus genomes. In addition,
we report the biochemical characterization of 3-hydroxybenzoate 6-hydroxylase (3HB6H), a gentisate-
producing enzyme originally mis-annotated as salicylate hydroxylase. R. jostii RHA1 3HB6H expressed in
Escherichia coli is a homodimer with each 47 kDa subunit containing a non-covalently bound FAD cofactor.
The enzyme has a pH optimum around pH 8.3 and prefers NADH as external electron donor. 3HB6H is
active with a series of 3-hydroxybenzoate analogues, bearing substituents in ortho- or meta-position of the
aromatic ring. Gentisate, the physiological product, is a non-substrate effector of 3HB6H. This compound is
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not hydroxylated but strongly stimulates the NADH oxidase activity of the enzyme.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rhodococcus jostii RHA1 is a Gram-positive soil actinomycete able
to degrade a wide range of organic compounds [1-4]. It possesses one
of the largest bacterial genomes ever sequenced and encodes an
exceptional amount of oxygenases (203 putative genes), in particular
flavoprotein monooxygenases (88 putative genes) [5].

Flavoprotein monooxygenases (EC 1.14.13.x) perform a wide range
of regio- and enantioselective reactions and can be divided in six
subclasses [6]. Subclass A comprises a family of single-component
flavoprotein hydroxylases, which are crucially involved in microbial
degradation of natural and anthropogenic aromatics [7-9], polyketide
antibiotic biosynthesis [10-12], and antibiotic resistance [13-15].

Flavoprotein hydroxylases can be identified on the basis of three fin-
gerprint sequences, first defined in 4-hydroxybenzoate 3-hydroxylase
(PHBH) (Fig. 1) [16]. The GXGxxG sequence motif maps the ADP moiety
of FAD [17], while the GD consensus motif represents the residues
that interact with the riboflavin moiety of FAD [18]. Both of these FAD
fingerprints are common for many flavoproteins [19]. The third, DG
consensus motif, is specific for subclass A enzymes and serves a dual
role of recognition of both FAD and NADPH [16].

Here we used the above mentioned fingerprints to detect putative
flavoprotein hydroxylase sequences in the R. jostii RHA1 genome
(Fig. 1; Table 1). Since most of the retrieved sequences are annotated
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without a particular function, we performed a multiple sequence
alignment and phylogenetic analysis with a large set of known flavo-
protein hydroxylases. Among the newly assigned functions, we
present the biochemical characterization of 3-hydroxybenzoate 6-
hydroxylase (3HBEH), a flavoprotein involved in the gentisate (2,5-
dihydroxybenzoate) degradation pathway [20, 21]. Notably, the
gene encoding for this flavoenzyme is mis-annotated as a salicylate
(2-hydroxybenzoate) hydroxylase. R. jostii RHA1 3HB6H expressed
in Escherichia coli is specific for 3-hydroxybenzoate derivatives and
does not interact with salicylate.

2. Materials and methods
2.1. Chemicals

DNAsel was from Boehringer Mannheim GmbH (Mannheim,
Germany). Restriction endonucleases and dNTPs were purchased
from Invitrogen (Carlsbad, CA, USA). Phusion High Fidelity DNA
polymerase was from Finnzymes (Espoo, Finland). In-Fusion PCR
cloning System was purchased from Clontech (Mountain View, CA,
USA). Oligonucleotides were synthesised by Eurogentec (Liege,
Belgium). E. coli TOP10 was from Invitrogen (Carlsbad, CA, USA).
The pBAD/Myc-His (Nde) expression vector was kindly provided by
Prof. M.W. Fraaije (University of Groningen).

Nickel nitrilotriacetic acid (Ni-NTA) agarose was purchased from
Qiagen (Valencia, CA, USA) and Bio-Gel P-6DG was from Bio-Rad
(Hercules, CA, USA). HiLoad 26/10 Q-Sepharose HP, Superdex 200
HR10/30, low molecular weight protein marker, prestained kaleidoscope
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Fig. 1. Sequence comparison of putative flavoprotein hydroxylases from Rhodococcus jostii RHA1. Upper panel: Schematic representation of the primary structure of PHBH from P. fluorescens
(UniProt ID: P00438) with the FAD-binding domain in light gray and the substrate binding domain in dark gray. Middle panel: Schematic representation of the flavoprotein hydroxylase
fingerprints of PHBH from P. fluorescences used in this study. Bold characters represent residues used for fingerprint acronyms. Lower panel: Sequence alignment of flavoprotein hydroxylase
fingerprint regions among putative flavoprotein hydroxylases from R. jostii RHA1. Identical residues are shaded in black, similar residues are shaded in gray.

protein standards, and catalase (232 kDa), aldolase (158 kDa), BSA
(68 kDa) and ovalbumin (43 kDa) were obtained from Pharmacia
Biotech (Uppsala, Sweden).

Aromatic compounds were purchased from Sigma-Aldrich (St Louis,
MO, USA) and Acros Organics (New Jersey, US). Catalase, FAD, FMN,
riboflavin and arabinose were from Sigma-Aldrich (St Louis, MO,
USA). Pefabloc SC was obtained from Roche Diagnostics GmbH
(Mannheim, Germany). All other chemicals were from commercial
sources and of the purest grade available.

2.2. Sequence analysis

The genome of R jostii RHA1 was analysed for the presence of
flavoprotein hydroxylases at the European Bioinformatic Institute
(www.ebi.ac.uk). FasTa analysis (www.ebi.ac.uk/Tools/sss/fasta) was per-
formed to determine protein sequence homology. Multiple sequence
alignments were made using cLustALw [22]. DNA cluster comparison and
database searches were carried out using Nucleotide and Protein re-
sources from the National Center for Biotechnology Information (www.
ncbi.nlm.nih.gov) and UniProt Database (www.uniprot.org). Phylogenet-
ic analysis was performed using FigTree (tree.bio.ed.ac.uk).

2.3. Cloning, expression and purification of 3-hydroxybenzoate
6-hydroxylase in E. coli

A 1.2 kb DNA fragment encoding a putative salicylate hydroxylase
(Gene ID: 4218663) was PCR amplified from R. jostii RHA1 genomic
DNA, using the oligonucleotides SM_1869fwd (5’AGGAGGAAT-
TACATATGTCGAATCTGCAGGACGCAC3’) and SM_1869rev (5'GTTCG-
GGCCCAAGCTTTGACGCGCGATCGGACG3’), introducing Ndel and
Hindlll restriction sites (underlined), respectively and containing the
start codon (bold). The amplified fragment was cloned into the
pBAD/Myc-His expression vector containing a C-terminal Hisg-tag
by using the In-Fusion PCR Cloning System. The resulting construct

(pBAD-3HB6H-Hisg) was verified by automated sequencing of both
strands and electroporated to E. coli TOP10 cells for recombinant
expression.

The Akta Explorer FPLC system (Pharmacia Biotech) was used for
protein chromatography. For enzyme production, E. coli TOP10 cells,
harbouring a pBAD-3HB6H plasmid, were grown in TB medium
supplemented with 100 pg mL™" ampicillin until an optical density
(ODg0o nm) Of 0.8 was reached. Expression was induced by the addition
of 0.02% (w/v) arabinose and the incubation was continued for 16 h at
37 °C. Cells (36 g wet weight) were harvested by centrifugation, resus-
pended in 120 mL of 20 mM potassium phosphate, 300 mM NaCl (pH
7.4), containing 1 mM Pefabloc SC, 1 mg DNAse, 100 uM MgCl, and sub-
sequently passed twice through a precooled French Pressure cell (SLM
Aminco, SLM Instruments, Urbana, IL, USA) at 16,000 psi. The resulting
homogenate was centrifuged at 25,000 g for 45 min at 4 °C to remove
cell debris, and the supernatant was applied onto a Ni-NTA agarose
column (13x1.6 cm) equilibrated with 20 mM sodium phosphate,
300 mm NaCl (pH 7.4). The column was washed with two volumes of
equilibration buffer. The enzyme was eluted with 300 mM imidazole in
equilibration buffer. The active pool, containing an added excess of free
FAD, was desalted using a Biogel column (14x2.6 cm), running in
50 mM BisTris-HCl, 0.1 mM EDTA (pH 7.2). The desalted protein was
loaded onto a HiLoad 26/10 Q-Sepharose HP column equilibrated with
the same buffer. After washing with two column volumes of starting
buffer, the protein was eluted with a linear gradient of NaCl (0-1 M) in
the same buffer. Active fractions were pooled and concentrated to
8 mg/mL by using Amicon filters (30 kDa cutoff) and dialysed at 4 °C
against 50 mM BisTris-HCI (pH 7.2). Purified 3HB6H was frozen in liquid
nitrogen and stored at — 80 °C.

2.4. Protein analysis

SDS/PAGE was performed using 12.5% acrylamide slab gels essen-
tially as described by Laemmli [23]. Proteins were stained using
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Table 1
Flavoprotein hydroxylases from R. jostii RHA1.

Locus name TrEMBL Annotated name Putative function from NJ-tree® (EC number) Presence in other Rhodococcus sp
(percentage identity).
RHA1_ro00482  QOSJG8 Monooxygenase/aromatic ring hydroxylase Acting on activated substrate R. opacus B4 (74)
RHA1_ro00520  QOSJDO 3-(2-hydroxyphenyl) propionate monooxygenase 3-(2-hydroxyphenyl) propionate hydroxylase  R. aetherivorans (90)
(EC 1.14.13.x)
RHA1_ro00538  QOSJB2 Aromatic ring hydroxylase R. opacus B4 (96)
R. erythropolis TA421 (78)
RHA1_ro01845  QOSFNO Probable aromatic ring hydroxylase R. opacus B4 (93)
R. equi ATCC 33707 (72)
R. equi 103S (72)
R. erythropolis SK121 (71)
R. erythropolis PR4 (70)
RHA1_ro01860  QOSFL5 Probable 3-(3-hydroxylphenyl) propionate hydroxylase R. opacus B4 (40)
RHA1_ro01869  QOSFK6 Probable salicylate monooxygenase 3-hydroxybenzoate 6-hydroxylase R. opacus B4 (96)
(EC 1.14.13.24) Rhodococcus NCIMB 12038 (93)
RHA1_ro01939  QOSFD6 Pentachlorophenol monooxygenase R. opacus B4 (90)
RHA1_ro02539  QOSPD2 4-hydroxybenzoate 3-monooxygenase 4-hydroxybenzoate 3-hydroxylase R. opacus B4 (97)
(EC1.14.13.2) R. equi ATCC 33707 (88)
R. equi 103S (87)
R. erythropolis SK121 (89)
R. erythropolis PR4 (87)
RHA1_ro03040  QO0SC93 Probable aromatic ring hydroxylase R. opacus B4 (92)
RHA1_ro03540  QOSAU3 Pentachlorophenol monooxygenase R. opacus B4 (90)
RHA1_ro03714  QOSAC2 Possible aromatic ring hydroxylase R. opacus B4 (95)
R. equi ATCC 33707 (60)
R. equi 103S (60)
RHA1_ro03910  Q0S9S6 FAD-binding monooxygenase
RHA1_ro03981  QOS9K8 Probable aromatic ring monooxygenase 6-hydroxynicotinate 3-monooxygenase R. opacus B4 (93)
(EC 1.14.13.114)
RHA1_ro04910  QO0S6Z5 Monooxygenase
RHA1_ro04915  Q0S6Z0 Monooxygenase R. opacus B4 (94)
R. erythropolis SK121 (63)
R. erythropolis PR4 (63)
RHA1_ro07160  QOSOL2 Probable FAD-dependent monooxygenase Rifampicin monooxygenase (1.14.13.x) R. opacus B4 (73)
R. equi ATCC 33707 (73)
R. equi 103S (73)
R. erythropolis SK121 (69)
R. erythropolis PR4 (69)
Rhodococcus NCIMB 9874 (80)
RHA1_ro10313  QORW34  Probable 2,4-dichlorophenol 6-monooxygenase 3-(2-hydroxyphenyl) propionate hydroxylase  R. aetherivorans (59)
RHA1_ro11171  QORV68 Possible monooxygenase/hydrolase (EC 1.14.13.x)

¢ Neighbour joining tree (Fig. 2).

Coomassie Brilliant Blue R-250. Total protein concentrations were
estimated using the BCA protein kit from Thermo Scientific Pierce
with BSA as standard. Analytical gel filtration to investigate the
hydrodynamic properties of 3HB6H was performed on a Superdex
200 HR 10/30 column running in 50 mM potassium phosphate,
150 mM KCI (pH 7.4). Desalting or buffer exchange of small aliquots
of enzyme was performed with Bio-Gel P-6DG columns and Amicon
Ultra-0.5 filters (30 kDa cut off) (Millipore).

2.5. Spectral analysis

Absorption spectra were recorded at 25 °C on a Hewlett Packard
(Loveland, CO, USA) 8453 diode array spectrophotometer in 50 mM
Tris-SO4 (pH 8.0). Spectra were analysed using the UV-Visible
CHEMSTATION software package (Hewlett Packard).

The molar absorption coefficient of protein-bound FAD was deter-
mined by recording the absorption spectrum of 3HB6H in the pres-
ence and absence of 0.1% (w/v) SDS, assuming a molar absorption
coefficient for free FAD of 11.3 mM ™' cm ™! at 450 nm. Purified en-
zyme concentrations were routinely determined by measuring the
absorbance at 453 nm using the molar absorption coefficient for
protein-bound FAD (103 mM~'cm™1).

2.6. HPLC product analysis

The enzymatic conversions were analysed by HPLC using an Applied
Biosystems 400 pump equipped with a Waters 996 photodiode-

array detector. Reaction products were separated with a 4.0 x 60 mm
C18 reverse-phase column (Spherisorb, ODS 2, Pharmacia). Reaction
mixtures contained 2 mM substrate, 5 mM of NADH and 2 uM 3HB6H
in 1.5 mL air saturated 20 mM Tris-SO4 pH 8.0. At the end of the
reaction, 10 kDa spin filters were used to separate the enzyme from
the reaction mixture. HPLC analysis of the resulting supernatant was
carried out by gradient elution with 0.8% acetic acid and 20% methanol
(pH 2.9) as mobile phase (flow rate 0.8 mL/min).

2.7. Cofactor determination

The flavin cofactor of 3HB6H was identified by thin layer chroma-
tography (TLC). The cofactor was released from the protein by boiling
for 5 min or acid treatment. The protein precipitate was removed by
centrifugation and the supernatant was applied together with the
reference compounds FAD, FMN and riboflavin onto a TLC plate
(Baker-flex Silica Gel 1B2; JT Baker Inc., Phillipsburg, NY, USA).
Butanol/acetic acid/water (5:3:3) served as the mobile phase.

2.8. Enzyme activity

3HBG6H activity was routinely assayed by following the decrease in
absorbance of NADH at 360 nm at 25 °C on a Hewlett Packard 8453
diode array spectrophotometer. Initial velocity values were calculated
using a molar absorption coefficient (g360) of 431 mM~! cm~ . The
standard assay mixture contained 50 mM Tris-SO4 (pH 8.0), 200 uM
3-hydroxybenzoate and 250 pM NADH; the reaction was started by
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addition of 45 nM enzyme. One unit of enzyme activity (U) is defined
as the amount of enzyme that consumes 1 umol of NADH per min. The
optimal pH for activity of 3HB6H was determined using 25 mM MES,
HEPES and CHES buffers with varying pH (pH 5.5-9.5) and adjusted
to an ionic strength of 0.1 M with Na,SO4 [24].

The activity of 3HB6H with 3-hydroxybenzoate, 2,3-dihydroxy-
benzoate, 3,5-dihydroxybenzoate and 2,5-dihydroxybenzoate followed
Michaelis-Menten kinetics [25]. Kinetic parameters were calculated
from multiple measurements with various substrate concentrations
using a direct nonlinear regression fit to the data.

2.9. Oxygen consumption

An OxyTherm Clark-type oxygen electrode system (Hansatech,
Norfolk, UK) was used to determine the hydroxylation efficiency of
3HBGH towards different substrates. The assay solution (final volume
1.0 mL) contained 350 uM substrate, 250 uM NADH and 1 pM 3HB6H
in 50 mM air saturated Tris-SO4 (pH 8.0) at 25 °C. At the end of the
reaction, the amount of hydrogen peroxide produced was determined
by adding 0.02 mg/mL of catalase (2 Hy0, — O, + 2 H,0).

2.10. Substrate binding studies

The interaction of 3HBGH (25 pM) with substrate analogues was
studied in 50 mM Tris-SO,4 (pH 8.0). Dissociation constants (K;) of
enzyme/substrate complexes were determined from flavin absorp-
tion difference spectra. The K; was calculated from the changes in
absorbance at 490 nm using a direct nonlinear regression fit to the
data with IGOR (Wavemetrics, Lake Oswego, OR, USA). Apparent
dissociation constants were calculated by fitting the relative absor-
bencies to Eq. (1), a modified equation compared with the one
described elsewhere [26]:

Aasgo = Eps * ES + & + (E,—ES) (1)

where

ES = {(Et 8,4+ Ka) =/ (B + S, + Kg)?—4ES| /2

and Auoo, Er, St ES, Ky, €5, € are the absorbances observed at 490 nm,
the total enzyme concentration, the total substrate concentration, the
enzyme-substrate complex concentration, the dissociation constant
of the enzyme-substrate complex, the molar absorption coefficient
of the enzyme-substrate complex and the molar absorption coeffi-
cient of the free enzyme, respectively.

3. Results
3.1. Analysis of R. jostii RHA1 genome

3.1.1. Identification of R. jostii RHA1 flavoprotein hydroxylases

By searching the R. jostii RHA1 genome with the three flavoprotein
hydroxylase fingerprints of PHBH from Pseudomonas fluorescens
(Fig. 1) [16], we retrieved eighteen candidate sequences (Fig. 1 and
Table 1). Out of the candidate sequences, fifteen are present in
other sequenced Rhodococcus strains with highest similarities found
in Rhodococcus opacus B4. Q0S9S6, Q0S6Z5 and QORV6S are only
present in R. jostii RHA1. From the alignments it is clear that the
consensus sequences of the selected proteins are well conserved,
even though small deviations occur.

3.1.2. Multiple sequence alignment and phylogenetic tree analysis

Most of the retrieved sequences are not linked to a clear annotated
function. To predict protein functions, we performed a multiple sequence
alignment and phylogenetic analysis with characterised flavoprotein

hydroxylases from different bacterial orders and some eukaryotic systems
(see Supporting Table S1 for complete UniProt ID list). The neighbour
joining method was used to draw the phylogenetic tree (Fig. 2).

Among the retrieved sequences, only two annotated functions
(QOSJDO and QOSPD2) were confirmed by phylogenetic analysis.
QO0SJDO encodes for 3-(2-hydroxyphenyl) propionate hydroxylase, an
enzyme characterised solely in Rhodococcocus aetherivorans [27].
QOSPD2 encodes for 4-hydroxybenzoate 3-hydroxylase, the prototype
of the flavoprotein hydroxylase family [28]. QOSAU3 and QOSFD6 are
annotated as pentachlorophenol monooxygenases but neither cluster
with the characterised pentachlorophenol-converting enzymes.

Eleven sequences are annotated either as putative monooxygen-
ase, FAD binding monooxygenase or aromatic ring hydroxylase.
From our analysis, putative functions can be assigned to QO0SJGS,
QOS9K8 and QOSOL2. QOSJG8 clusters with a group of flavoproteins
acting on activated substrates, including among others salicylyl-CoA
5-hydroxylase (Q7X281) and 2-aminobenzoyl-CoA monooxygenase/
reductase (Q93FB38, Q93FC6), acting on CoA-activated salicylate
and CoA-activated 2-aminobenzoate, respectively. Another member
of this group is the newly identified enzyme SibG that acts on
an activated form of sibiromycin [29]. Q0S9K8 might encode for
6-hydroxynicotinate 3-monooxygenase (39% sequence identity and
56% similarity), since it belongs to the 6-hydroxynicotinate 3-
monooxygenase clade, where two enzymes both from Pseudomonas
have been characterised [30, 31]. QOSOL2 has high sequence homolo-
gy with rifampicin monooxygenase, an enzyme present in actinomy-
cetes such as Rhodococcus equi and Nocardia farcinica [13, 14].

Three sequences have been annotated with a probable enzymatic
function but all of them seem mis-annotated. According to the phyloge-
netic tree, QORW34 encodes for a 3-(2-hydroxyphenyl) propionate
hydroxylase instead of 2,4-dichlorophenol 6-monooxygenase. Three
different types of 2,4-dichlorophenol 6-monooxygenases are known
[32-34], but QORW34 does not cluster with any of them. QOSFL5 does
not seem to encode for a 3-(3-hydroxyphenyl) propionate hydroxylase,
since the sequence outgroups from the clade quite early. Therefore, no
putative function for QOSFL5 can be addressed. Finally, QOSFK6 is anno-
tated as a putative salicylate hydroxylase, but both sequence alignment
and cluster analysis (Fig. 2) support another function (see Section 3.2).

3.2. Functional annotation of 3HB6H

3.2.1. Gene order conservation

Putative salicylate monooxygenase (RHA1_ro01869, GENE ID:
4218663) DNA locus region contains genes belonging to the gentisate
degradation pathway (Fig. 3): RHA1_ro01866 (GENE ID: 4218660)
encodes for a ring-fission dioxygenase that converts gentisate to
maleylpyruvate. This product is further converted to fumarylpyruvate
by a maleylpyruvate isomerase encoded by RHA1_ro01865 (GENE ID:
4218659). DNA regions encoding for known 3HB6Hs possess the
same gene order organisation as the RHA1_ro01869 DNA region,
especially the 3HB6H degradation operon from Corynebacterium
glutamicum (Fig. 3) [33, 34]. QOSFK6 shares 93% amino acid sequence
identity with 3HB6H from Rhodococcus NCIMB 12038 (narX, GenBank:
HM852512.1) [35] and 96% with putative 3HB6H from R. opacus
B4 (ROP_15470, GENE ID: 7741586). Thus, based on protein sequence
similarity, phylogenetic tree clustering and gene order conservation,
we hypothesised that QOSFK6 encodes for 3HBEH instead of salicylate
hydroxylase. Very recently, a homologue 3HB6H gene was identified
in Candida parapsilosis [36]. The C. parapsilosis 3HB6H sequence does
not cluster with bacterial 3HB6Hs (Fig. 2). Instead, it forms a separate
clade together with 4-hydroxybenzoate 1-hydroxylase from the same
fungus [36, 37], probably due to the common eukaryotic origin.

3.2.2. Cloning, expression and purification of QOSFK6
To assess the activity of QOSFK6, the gene was cloned into vector
pBAD/Myc-His under control of the inducible ara promoter. The
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Fig. 2. Neighbour-joining tree of flavoprotein hydroxylases. Underlined UniProt IDs represent hydroxylases from R. jostii RHA1. Italics UniProt IDs are sequences of hydroxylases with known
crystal structures. On the right, enzymatic function has been reported. For the complete list of sequences used see supporting information (Supporting Table S1).

expression vector was transformed in E. coli TOP10 cells and overex-
pression of the His-tagged protein was induced by adding 0.02%
(w/v) arabinose to the Terrific Broth medium. High level of expres-
sion was found after 16 h of induction at 37 °C. No expression was
achieved in Luria Bertani medium. The recombinant protein was pu-
rified to apparent homogeneity by two successive chromatographic
steps (Table 2). Approximately 420 mg of recombinant QOSFK6 pro-
tein could be purified from 6 L batch culture containing 36 g (wet
weight) of cells. SDS-PAGE showed a single band with an apparent

molecular mass of 47 kDa (Fig. 4A), in agreement with the QOSFK6
amino acid sequence. The relative molecular mass of the native
recombinant protein was estimated to be ~108 kDa by analytical gel
filtration (Fig. 4B), which indicates a dimer conformation in solution.

3.2.3. Spectral properties

Recombinant QOSKF6 showed a typical flavoprotein absorption
spectrum with maxima at 274 nm, 383 nm and 453 nm and a shoul-
der at 480 nm (Fig. 5A). The molar absorption coefficient of protein-
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Fig. 3. Physical maps of gene clusters encoding for 3-hydroxybenzoate and gentisate degradation. ORFs annotated as unknown function are depicted in white. The sequences were taken
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bound flavin was determined to be 10.3 mM~! cm~! at 453 nm. The
Ay74/A4s3 ratio of the FAD-saturated protein preparation was 11.9.
The Asgs/Asss ratio (Fig. 5A) is 1.2, a rather high value for flavopro-
teins. The flavin cofactor could be released from the protein by boiling
or acid treatment and was identified as FAD by TLC.

3.3. Catalytic properties of 3HBGH

3.3.1. Enzyme activity and product analysis

Enzyme activity was assayed by measuring the consumption of
NADH spectrophotometrically. QOSFK6 showed a very low NADH
oxidase activity (<1Umg~'). No increase in enzyme activity was
detected in the presence of salicylate, while NADH consumption

Table 2
Purification of R. jostii RHA1 QOSFK6 expressed in E. coli.
Step Protein Activity Specific activity Yield
(mg) (U) (Umg™") %
Cell extract 3360 18,718 6 100
Ni-NTA agarose 780 14,997 19 80
Q-Sepharose 450 10,738 24 57

was strongly stimulated by 3-hydroxybenzoate. The aromatic product
was identified as gentisate (2,5-dihydroxybenzoate) by absorption
spectral analysis, and HPLC (Table 4). Thus, enzyme activity and
product analysis confirms the new annotation of QOSKF6 as 3-
hydroxybenzoate 6-hydroxylase (3HB6H).

3.3.2. Kinetic parameters

3HB6H from R. jostii RHA1 catalyses the para-hydroxylation of
3-hydroxybenzoate with the consumption of NAD(P)H and oxygen.
The enzyme displayed a maximum activity around pH 8.0 in Tris-SOy4
buffer and around pH 8.6 in HEPES buffer (data not shown). Like other
flavoprotein hydroxylases [38-40], the enzyme was strongly inhibited
by chloride ions. The steady-state kinetic parameters of 3HB6H were de-
termined at 25 °C in 50 mM Tris-SO4 (pH 8.0) (Table 3). This analysis
revealed that the enzyme clearly prefers NADH (K, =48 4-4 M) over
NADPH (K, =390+ 80 puM) as external electron donor.

3.3.3. Substrate and effector specificity

3HB6H from R. jostii RHA1 catalyses the regioselective para-
hydroxylation of 3-hydroxybenzoate forming gentisate (Fig. 6).
Besides the parent substrate, 3HB6H was most active with 2,3-
dihydroxybenzoate and 3,5-dihydroxybenzoate (Table 3; Fig. 6).
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Fig. 4. Hydrodynamic properties of 3HB6H. A) SDS/PAGE analysis of the purification of
3HBG6H from R. jostii RHA1 expressed in E. coli. Lane A, cell extract; Lane B, Ni-NTA pool;
Lane C, Q-sepharose pool; Lane D, low molecular weight marker. B) Analytical gel filtra-
tion. Reference proteins used to calibrate the column and calculate the 3HB6H apparent
molecular mass: cytochrome c (12.3 kDa), myoglobin (17.8 kDa), o-chymotrypsin
(25 kDa), ovalbumin (43 kDa), bovine serum albumin (68 and 136 kDa), 4-hydroxy-
benzoate 3-hydroxylase (90 kDa), lipoamide dehydrogenase (102 kDa), phenol 2-hy-
droxylase (152 kDa), catalase (232 kDa), ferritin (440 kDa) and vanillyl-alcohol oxidase
(510 kDa); ® 3HB6H.

Next to that, the enzyme slowly converted (k.,;<5 s~ ') a number of 3-
hydroxybenzoate derivatives with substituents at the 4-position
(Table 4). Among these compounds, 3,4-dihydroxybenzoate is a
very poor substrate (Table 4). In analogy with the conversion of 2,3,4-
trihydroxybenzoate to 2,3,4,6-tetrahydroxybenzoate, the enzyme trans-
formed the initial product of the reaction with 3,5-dihydroxybenzoate
(2,3,5-trihydroxybenzoate) to 2,3,5,6-tetrahydroxybenzoate (Table 4).

To discriminate between true substrates and non-substrate effec-
tors, oxygen consumption experiments were performed in the ab-
sence and presence of catalase. With all substrates, a certain degree
of uncoupling of hydroxylation was observed, as evidenced by the
production of hydrogen peroxide (Table 3). Gentisate, the physiolog-
ical product, is a good effector of 3HB6H. This compound is not
converted but strongly stimulates the NADH oxidase activity of the
enzyme (Fig. 6).

3.3.4. Substrate binding

Upon titration of 3HB6H with 3-hydroxybenzoate derivatives,
characteristic perturbations in the absorption properties of the FAD
cofactor were observed (Fig. 5B). From the absorption differences
around 490 nm, dissociation constants (Kyq values) were estimated
for the binary enzyme-substrate complexes (Table 3). Similar titra-
tion experiments with salicylate established that this compound
does not induce any flavin absorption change (data not shown).
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Fig. 5. Spectral properties of 3HB6H. A) Absorption spectra of free 3HB6H (solid line)
and 3HB6H in complex with 890 uM 3-hydroxybenzoate (dashed line). The enzyme
concentration was 25 pM. B) Absorption difference spectra observed upon binding of
3-hydroxybenzoate to 25 uM 3HBGH. The curves shown are the difference spectra,
the corrected enzyme spectra in the presence of 17, 50, 82, 177, 455 and 890 pM 3-
hydroxybenzoate, minus the enzyme spectrum in the absence of 3-hydroxybenzoate. All
experiments were performed in 50 mM Tris—SOy4 (pH 8.0).

4. Discussion

R. jostii RHA1 is a versatile Gram-positive soil bacterium degrading
a wide range of organic compounds, including lignin [1]. It contains
an impressive amount of oxygenases, especially flavoprotein mono-
oxygenases. Recently, Szolkowy and colleagues characterised the
Baeyer-Villiger monooxygenase (BMVO) subclass of R. jostii RHA1
pointing out an exceptional diversity in regio- and enantioselectivity
[41].

In the present study, we searched for new flavoprotein hydroxy-
lases in the R. jostii RHA1 genome. Most of these enzymes are
single-component proteins that form a specific class of flavoprotein
monooxygenases (subclass A). By using three different fingerprints
we were able to retrieve eighteen candidate flavoprotein hydroxylase
sequences. Three of these sequences turned out to be R. jostii
RHAT1 specific, while the others are present also in other available

Table 3

Substrate and effector specificity of 3HBGH.
Substrate Ky Km Keat Keat/Km Uncoupling

(M) (M) (s7hH (M7'sTh) (%)

3-hydroxybenzoate 48 +2 46+3 35+1 8x10° 5
3,5-dihydroxybenzoate 31060 250410 13+1 5x10% 10
2,3-dihydroxybenzoate ~ 63+9 51+7 101 2x10° 20
2,5-dihydroxybenzoate 1904+10 140+30 741 5x10% 99

Apparent kinetic constants were determined at 25 °C in 50 mM Tris-SO,4 (pH 8.0). Values
are presented as the mean of three experiments. The percentage of uncoupling of
hydroxylation was determined from polarographic measurements using a Clarke-type
electrode. The percentage of uncoupling equals twice the amount of oxygen, produced
after addition of catalase at the end of the reaction (2 H,0,— O, + 2 H,0).
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the best non-substrate effector (2,5-dihydroxybenzoate).

Rhodococcus genomes, especially in R. opacus strain B4. The highest
sequence similarity with flavoprotein hydroxylases from R. opacus
strain B4 is in agreement with the overall synteny between these
Rhodococcus strains.

Most of the candidate flavoprotein hydroxylase sequences have
been annotated without a specific function or are mis-annotated.
From multiple sequence alignment and phylogenetic analysis we
could assess some new putative functions.

QO0SOL2 encodes for a rifampicin monooxygenase, an enzyme
able to decompose the antibiotic via N-hydroxylation. This type of
decomposition mechanism is driven by flavoprotein monooxy-
genases in N. farcinica and R. equi, both pathogen strains [13, 14].
Rifampicin is used for tuberculosis treatment and drug inactivation
in Mycobacterium is driven by decomposition as in Rhodococcus and
Nocardia species [14]. N-hydroxylation is an unusual reaction for

Table 4
HPLC product analysis of the 3HB6H reaction (see Section 3.3).
Substrate Retention Product(s) Retention
time time
3-hydroxybenzoate 19 2,5-dihydroxybenzoate 12.3
2,5-dihydroxybenzoate 11.7 - 123
3,5-dihydroxybenzoate 7.2 2,3,5-trihydroxybenzoate 4
2,3,5,6-tetrahydroxybenzoate 2.7
2,3-dihydroxybenzoate 19.5 2,3,6-trihydroxybenzoate 4.1
3,4-dihydroxybenzoate 8.3 - 7.8
2,3,4-trihydroxybenzote 8.6 2,3,4,6-tetrahydroxybenzoate 2.9

3-hydroxy-4-aminobenzoate 5.1

3-hydroxy-4-methylbenzoate 22.8

3-hydroxy-4- 21.5
methoxybenzoate

4-amino-2,5-dihydroxybenzoate 5.8
4-methyl-2,5-dihydroxybenzoate 17.5
4-methoxy-2,5- 4.7
dihydroxybenzoate

flavoprotein hydroxylases, usually performed by subclass B mono-
oxygenases [42-47]. However, a hybrid kinetic mechanism be-
tween flavoprotein hydroxylases and subclass B monooxygenases
has been reported for L-ornithine N5-oxygenase [46, 48]

QORW34 and QO0S9K8 are predicted to be a 3-(2-hydroxyphenyl)
propionate hydroxylase and 6-hydroxynicotinate 3-monooxygenase,
respectively. The first enzyme plays a role in lignin degradation
[27], whereas the latter is involved in the metabolism of nicotinic
acid in P. fluorescence T5 and Pseudomonas putida KT2400 [30, 31],
performing decarboxylative hydroxylation of 6-hydroxynicotin acid
into 2,5-dihydroxypyridine.

QO0SJG8 most likely acts on an activated substrate, similarly to
SibG [29, 49, 50], 2-aminobenzoylCoA monooxygenase/reductase
(ACMR) and salicylyl-CoA 5-hydroxylase. Interestingly, all the latter
enzymes cluster in the same part of the tree (Fig. 2), suggesting that
they might have a conserved mode of CoA-substrate recognition.

QOSFK6 represents a clear mis-annotation in the R. jostii genome.
From comparing several known 3HB6H amino acid sequences and
gene clusters with the QOSFK6 Rhodococcus DNA locus, we conclude
that QOSFK6 encodes for a 3HB6H which is involved in the gentisate
degradation pathway. The organisation of the gene cluster is con-
served in C. glutamicum and in R. opacus B4, and to a lesser extent in
Rhodococcus NCIMB 12038 (Fig. 3). The presence of many regulatory
elements or transposase-like elements surrounding most of the
3HB6H clusters could be viewed as an element of plasticity of
this cluster, since gentisate formation could involve also salicylate
5-hydroxylase.

The enzymatic activity of QOSKF6 was addressed with the recom-
binant protein. In agreement with the above proposition derived from
sequence data, activity was found with 3-hydroxybenzoate and not
with salicylate. Product analysis confirmed that QOSKF6 encodes for
3HB6H and thus is mis-annotated as a salicylate hydroxylase.

Analytical gel filtration indicated that 3HB6H from R. jostii RHA1
is a homodimer. So far, a monomeric [51] or trimeric [34, 35, 52, 53]
nature has been reported for 3HB6H enzymes. 3HBG6H from R. jostii
RHAT1 has narrow substrate specificity. Besides the parent substrate,
the enzyme accepts 3-hydroxybenzoate compounds with substitu-
ents in ortho- and meta-position. Importantly, it was established
here for the first time that gentisate is a non-substrate effector of
3HB6H, stimulating FAD reduction and NADH consumption with
production of hydrogen peroxide. Such behaviour of the aromatic
product is also seen with the prototype of this flavoprotein subfamily,
PHBH [28]. In case of 3HB6H, waste of NADH consumption will be
negligible under physiological conditions, since gentisate dioxy-
genases convert gentisate very efficiently [54], preventing hydrogen
peroxide production in the cell.

Three different microbial enzymes that produce gentisate have
been reported: flavin-dependent salicylyl-CoA 5-hydroxylase, Rieske
(2Fe-2S) dependent salicylate 5-hydroxylase, and flavin-dependent
3HB6H. Salicylyl-CoA 5-hydroxylase has been characterised in
Streptomyces WA46 [49], while two-component Rieske type salicylate
5-hydroxylase has been studied in Ralstonia sp. U2 and Polaromonas
naphthalenivorans CJ2 [21, 55]. Different 3HB6Hs have been described
in Gram-positive [34, 35] and Gram-negative bacteria [51-53], and
recently in C. parapsilosis [36].

Among Rhodococcus species, gentisate formation has been mostly
related to salicylate 5-hydroxylase activity. Grund and colleagues
measured salicylyl-CoA 5-hydroxylase activity in R. opacus B4 cell
extracts [56] and Di Gennaro and colleagues [57] described a gene
cluster in Rhodococcus R7 containing a salicylyl-CoA 5-hydroxylase
gene. However, in both cases, no sequence or evidence at the enzyme
level was reported. By using the R. jostii 3HB6H sequence as bait
among the Rhodococcus genomes available, we found a putative
3HB6H in R. opacus B4 contained in a conserved 3-hydroxybenzoate/
gentisate-degradation operon (Fig. 3). In contrast, with salicylyl-CoA
5-hydroxylase (Q7X281) and salicylate 5-hydroxylase (Q3S4D3) as
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baits, no Rhodococcus homologues were found. Recently, a 3HB6H was
described in Rhodococcus sp. NCIMB 12038 [35]. 3HB6H from R. jostii
RHA1 shares 93% amino acid sequence with 3HB6H from Rhodococcus
sp. NCIMB 12038. To our best knowledge, these are the only Rhodococcus
gentisate producing enzymes characterised thus far.

5. Conclusion

In conclusion, we have retrieved a pool of flavoprotein hydroxy-
lases in R. jostii RHA1 that share conserved flavoprotein fingerprints
but can act on diverse aromatic substrates. Furthermore, from multi-
ple sequence alignments and phylogenetic analysis, a number of
functional annotations have been resolved.

QOSFK6 is an example of a successful functional annotation.
From biochemical analysis we obtained clear evidence that QOSFK6
was mis-annotated as a salicylate hydroxylase, an enzyme related
to 3HB6H but with a different substrate specificity. 3HB6H is one
of the few para-hydroxylating flavoprotein monooxygenases charac-
terised. Recently, Hiromoto and coworkers [58] obtained the crystal
structure of 3-hydroxybenzoate 4-hydroxylase (3HB4H) from
Comamonas testosteroni. 3HB4H is using the same substrate as
3HB6H but performs an ortho-hydroxylation reaction. Comparison
between structure and mechanism of 3HB4H and 3HB6H might
help in understanding the striking regioselectivity of flavoprotein
aromatic hydroxylases.

Supplementary data to this article can be found online at doi:10.
1016/j.bbapap.2011.12.003.
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