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ABSTRACT: We report the first characterization and
classification of Orf13 (S. refuineus) as a heme-dependent
peroxidase catalyzing the ortho-hydroxylation of L-tyrosine to
L-DOPA. The putative tyrosine hydroxylase coded by orf13 of
the anthramycin biosynthesis gene cluster has been expressed
and purified. Heme b has been identified as the required
cofactor for catalysis, and maximal L-tyrosine conversion to L-
DOPA is observed in the presence of hydrogen peroxide.
Preincubation of L-tyrosine with Orf13 prior to the addition of
hydrogen peroxide is required for L-DOPA production.
However, the enzyme becomes inactivated by hydrogen peroxide during catalysis. Steady-state kinetic analysis of L-tyrosine
hydroxylation revealed similar catalytic efficiency for both L-tyrosine and hydrogen peroxide. Spectroscopic data from a reduced-
CO(g) UV−vis spectrum of Orf13 and electron paramagnetic resonance of ferric heme Orf13 are consistent with heme
peroxidases that have a histidyl-ligated heme iron. Contrary to the classical heme peroxidase oxidation reaction with hydrogen
peroxide that produces coupled aromatic products such as o,o′-dityrosine, Orf13 is novel in its ability to catalyze aromatic amino
acid hydroxylation with hydrogen peroxide, in the substrate addition order and for its substrate specificity for L-tyrosine.
Peroxygenase activity of Orf13 for the ortho-hydroxylation of L-tyrosine to L-DOPA by a molecular oxygen dependent pathway in
the presence of dihydroxyfumaric acid is also observed. This reaction behavior is consistent with peroxygenase activity reported
with horseradish peroxidase for the hydroxylation of phenol. Overall, the putative function of Orf13 as a tyrosine hydroxylase has
been confirmed and establishes the first bacterial class of tyrosine hydroxylases.

Pyrrolo[1,4]benzodiazepines (PBDs), lincosamides, and
hormaomycin are three classes of natural products from

actinomycetes, which have antimicrobial and/or antitumor
activities due to their different chemical properties (Figure 1A).
PBDs are sequence selective DNA alkylating compounds that
inhibit transcription and replication processes,1 lincosamides
disrupt and inhibit protein synthesis,2 and hormaomycin is a
despipeptide with potent narrow-spectrum antibiotic activity.3

PBDs, lincosamides, and hormaomycin share a common
hydropyrrole moiety that originates from the same metabolic
precursor, L-tyrosine.4−6 The tyrosine to hydropyrrole trans-
formation is unique to the biosynthesis of these natural
products and has remained largely uncharacterized. Putative
assignment of the tyrosine hydroxylase and DOPA-dioxygenase
activities proposed to be involved in the first two steps of this
transformation is originally based on cell free extract studies of
enzymes from the lincomycin A biosynthetic pathway7 (Figure
1B). Formation of the cyclized imine (4a) from L-tyrosine was
observed using cell free extract from coexpression of the
putative tyrosine hydroxylase (LmbB2) and DOPA-dioxyge-
nase (LmbB1).8,9 LmbB1 alone converted L-DOPA to the same
cyclic product (4a), suggesting that LmbB2 and its homologues
Orf13, TomI, SibU, and HrmE from the anthramycin,
tomaymycin, sibiromycin, and hormaomycin biosynthetic

pathways,6,10−12 respectively, are the putative tyrosine hydrox-
ylase catalyzing the first step of this unprecedented trans-
formation.
The chemical reaction of L-tyrosine to L-DOPA is an ortho-

hydroxylation of an aromatic ring. Enzymes performing
aromatic hydroxylation are recognized as monophenol
monooxygenases and have been described in five different
classes based on their cofactor requirement. These are the
heme dependent cytochrome P450 enzymes and peroxidases,13

di-iron hydroxylases,14 non-heme iron pterin or α-ketoglutarate
dependent monooxygenases,15 type III non-heme copper
dependent monooxygenases,16 and the metal free flavin
dependent monooxygenases.17 Within the five classes of
monophenol monooxygenases, non-heme iron pterin or α-
ketoglutarate dependent enzymes have highly conserved 2-His-
1-carboxylate triad catalytic motifs18 and catalyze the ortho-
hydroxylation of L-tyrosine to L-DOPA.15,16 A BLAST search of
the putative tyrosine hydroxylase homologues identifies only
one other statistically significant protein, AMED_5527 from
actinobacteria, which is also uncharacterized. The sequences of
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these six homologues do not contain any known conserved
domains or conserved motifs (Figure S1). This poses an
intriguing question as to the cofactor requirement for this
putative tyrosine hydroxylase. It may require an already
established cofactor for monophenol monooxygenase activity,
a new cofactor or have no cofactor requirement at all. In all
cases, this enzyme likely represents a new class performing
aromatic hydroxylation and oxidation reactions.
Presented here is the biochemical, biophysical, and kinetic

characterization of the putative tyrosine hydroxylase Orf13.
These data confirm the functional assignment of these enzymes
as tyrosine hydroxylases and establish their classification as
heme dependent peroxidases. To the best of our knowledge,
this represents the first functional identification of a bacterial
tyrosine hydroxylase, in addition to the first heme peroxidase
that can utilize hydrogen peroxide for aromatic amino acid
hydroxylation.

■ EXPERIMENTAL PROCEDURES

Materials and Methods. All purification resins and
protein molecular weight standards for the quaternary structure
determination were purchased from G.E. Healthcare (Piscat-
away, NJ). The pET24a vector was purchased from Novagen
(Darmstadt, Germany), and the pCW vector and RP523 E. coli
strain were generously donated by Prof. Michael A. Marletta
(UC-Berkeley). Fermentas (Glen Burnie, MD) mini-prep kit
was used for DNA purification. Sodium phosphate, imidazole,
sodium dithionite, and hydrogen peroxide (30% solution) were
purchased with the highest purity from ThermoFisher Scientific
(Fair Lawn, NJ). Dithiothreitol (DTT) was purchased from
American Bioanalytical Inc. (Natick, MA). Catalase, superoxide
dismutase (SOD), and all other chemicals were purchased with
the highest purity from Sigma-Aldrich (St. Louis, MO). The
Orf13 extinction coefficient was calculated by performing
quantitative amino acid analysis (AAA Service Laboratory;

Damascus, OR) for triplicate samples with measured A280
values. Metal analysis of Orf13 by inductively coupled plasma
mass spectrometry (ICP-MS) was performed in the Depart-
ment of Geological Sciences at Michigan State University (East
Lansing, MI). High performance liquid chromatography was
performed with an Agilent 1000 Series HPLC (Foster City,
CA) equipped with 1100 Series multiple wavelength and 1200
Series fluorescence detectors. All UV−vis absorption spectra or
measurement of catechol−nitrite complexes for kinetic assays
were obtained with a Varian UV−vis Cary100 spectropho-
tometer with temperature controller (Walnut Creek, CA).
Electrospray Ionization mass spectrometry with tandem mass
spectrometry (ESI-MS/MS) was performed with an LTQ
Orbitrap XL (Thermo Scientific; San Jose,́ CA). Anaerobic
experiments were performed in an 830-ABC series compact
glovebox (PLAS-LABORATORIES, Inc.; Lansing, MI) equip-
ped with a Model 10 gas analyzer and digital heated fan box
with palladium catalyst bed (Coy Laboratory Products, Inc.;
Grass Lake, MI).
Cloning of Native (Non-Fusion-Tagged) Orf13. The

gene encoding Orf13 was amplified by PCR from the p-ANT-1
cosmid containing the anthramycin gene cluster constructed by
Dr. Wei Li in our laboratory (unpublished results). NdeI and
HindIII restriction sites were incorporated into the primers for
insertion into the pET24a vector. Amplified orf13 was digested
with NdeI and HindIII, ligated into the pET24a vector, and
transformed into GeneHogs (Invitrogen; Carlsbad, CA). DNA
sequencing confirmed correct construction of the pET24a/
orf13 plasmid for the recombinant expression of native Orf13 in
BL21(DE3) E. coli. The orf13 gene was also cloned into the
pCW vector for recombinant expression in RP523 E. coli by
digestion of pET24a/orf13 with HindIII and NdeI and insertion
into the pCW vector cut with the same restriction enzymes.
DNA sequencing confirmed the correct construction of pCW/
orf13.
Expression and Purification of Native Orf13 in

BL21(DE3) E. coli. Orf13 was expressed in BL21(DE3) E.
coli cells transformed with pET24/orf13. Cells were grown at
37 °C in LB medium with 50 μg/mL kanamycin and induced
with D-lactose (0.2% w/v) when the OD at 600 nm reached
0.8−1.0. Cells were harvested 8 h after induction, and the cell
pellets were flash frozen in liquid nitrogen and stored at −80
°C until purification. 6 g of cells were lysed by French press,
and the cell free extract was loaded onto a 6 mL column of Ni-
Sepharose pre-equilibrated with buffer A (50 mM sodium
phosphate (pH 8.0), 300 mM NaCl, and 1 mM DTT). The
column was washed with 20 column volumes of buffer A
containing 20 mM imidazole at 1 mL/min at 4 °C. Orf13 was
eluted with 3 column volumes of buffer A containing 70 mM
imidazole and fractions containing the enzyme were pooled and
concentrated using a filtration membrane Amicon (30 kDa
MWCO) by centrifugation (Millipore, Billerica, MA) to a
concentration of 10 mg/mL. The concentrated enzyme
solution was then loaded onto a S-200 HR column (2.5 × 40
cm; 196 mL column volume) pre-equilibrated with buffer B (10
mM imidazole, 50 mM sodium phosphate (pH 8.0), 300 mM
NaCl, and 10% glycerol) and eluted at 0.4 mL/min. Fractions
containing Orf13 were pooled and concentrated to at least 10
mg/mL as previously described, flash frozen by liquid nitrogen
in liquid droplets, and stored at −80 °C. Purity of Orf13 was
greater than 95% as judged by SDS-PAGE (Figure S2A). The
protein concentration was determined using the experimentally
determined extinction coefficient ε 280 2.8 ± 0.2 mL mg−1 cm−1

Figure 1. (A) The natural products lincomycin A, anthramycin (a
PBD), and hormaomycin. (B) The initial steps proposed for the
biosynthesis of the hydropyrrole moiety found in lincomycin A, PBDs,
and hormaomycin. Ortho-hydroxylation of L-tyrosine to L-DOPA by
Orf13 (S. refuineus), LmbB2 (S. lincolnesis), or HrmE (S. griseoflavus) is
the first step of hydropyrrole moiety biosynthesis in the natural
products anthramycin, lincomycin A, and hormaomycin, respectively.
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(pH 8.0, 25 °C) with final purification yields of 2−3 mg of
Orf13 per gram of cells lysed. An alternative purification
method for Orf13 by anionic exchange chromatography was
also developed. 6 g of cells were lysed by French press, and the
cell free extract was loaded onto a Q-Sepharose column (2.5 ×
49 cm; 240 mL column volume) pre-equilibrated with buffer A
(50 mM sodium phosphate (pH 8.0), 30 mM NaCl, 50 mM
DTT, and 10% glycerol). The column was washed with 3
column volumes of buffer A at 2 mL/min at 4 °C, followed by a
salt gradient of 30−600 mM NaCl within 1.2 L. Orf13 eluted
between 120 and 150 mM NaCl of the linear gradient and
fractions containing the enzyme were pooled and concentrated
to 10 mg/mL as previously described. Gel filtration S-200HR
chromatography was performed as described before with buffer
containing 50 mM sodium phosphate (pH 8.0), 300 mM NaCl,
50 mM DTT, and 10% glycerol. Orf13 was obtained with
similar yield and purity as in the Ni-Sepharose method (Figure
S2B). For all reported specific activity and steady-state kinetic
data, Orf13 was purified and stored in buffer B (10 mM
imidazole, 50 mM sodium phosphate (pH 8.0), 300 mM NaCl,
and 10% glycerol) to maintain stable enzyme with a ferric heme
iron oxidation state. Orf13 that had been purified and stored in
the presence of 50 mM DTT was buffer exchanged into buffer
B at 4 °C using a G-50 column (1 × 5 cm; 4 mL column
volume) to remove DTT prior to enzyme assays. Auto-
oxidation of the heme iron to the ferric state upon buffer
exchange was observed in the Soret band, which shifted from
420 to 405 nm (Figure S3).
Quaternary Structure Determination of Orf13 by Gel

Filtration. The oligomeric state of purified Orf13 was
determined using a Superdex200 column (1 × 30 cm; 24 mL
column volume) pre-equilibrated at 4 °C with 50 mM sodium
phosphate (pH 8.0), 150 mM NaCl, and 50 mM DTT at 0.4
mL/min. Molecular weight standards used were ribonuclease A
(13.7 kDa), ovalbumin (44 kDa), conalbumin (75 kDa), and
aldolase (158 kDa).
High Performance Liquid Chromatography and Mass

Spectrometry for Porphyrin Detection and Identifica-
tion. An HPLC method to detect porphyrins was performed
as previously described.19 Samples (110 μL) of Orf13 and/or
standards of heme b (iron protoporphyrin IX) or proto-
porphyrin IX (PPIX) were incubated at room temperature for 1
h in 2% SDS (w/v). Porphyrins were detected at 405 nm.
Heme b and PPIX standards had average retention times of 42
and 44 min, respectively. The peaks observed at 42 and 44 min
from the Orf13 sample were collected, treated with formic acid
(1% v/v,) and injected at 25 μL/min into an ESI-MS. The
parent ions of 616.3 m/z and 563.5 m/z observed in the Orf13
samples at 42 and 44 min, respectively, were selected for
fragmentation by collision-induced dissociation. Heme b and
PPIX standards were treated and analyzed accordingly.
Heme b Quantitation and Stoichiometry. The pyridine

hemochromagen method was performed as described20 with a
UV−vis Cary100 spectrophotometer. A basic pyridine solution
containing 50% (v/v) pyridine and 200 mM NaOH was
prepared fresh for all analyses. The concentration of heme b
from Orf13 samples was calculated with the extinction
coefficient 22.1 mM−1 cm−1 for heme b and the stoichiometric
ratio of heme b determined by the molar ratio of heme b to
Orf13. All analyses were performed in triplicate.
Electron Paramagnetic Resonance of Orf13. Orf13

with 50% heme b occupancy purified and stored in the
presence of 50 mM DTT was buffer exchanged into 20 mM

sodium phosphate (pH 8.0) at 4 °C using a G-50 column (1 ×
5 cm; 4 mL column volume). Auto-oxidation of heme b to the
ferric state was observed after removal of DTT (refer to Figure
S3); however, 5 mM ferricyanide was also added to Orf13 to
ensure complete oxidization of the heme iron to the ferric state.
The ferricyanide was removed by a second G-50 column (1 × 5
cm; 4 mL column volume) pre-equilibrated with 20 mM
sodium phosphate (pH 8.0) at 4 °C. The final Orf13 sample
was concentrated to 6 mg/mL, diluted 1:1 (v/v) in 100%
glycerol (300 μL final volume), transferred to an EPR quartz
tube, and flash frozen slowly in liquid nitrogen. The sample was
stored at −80 °C until EPR analysis. The EPR spectrum of
Orf13 was obtained at The Johns Hopkins University in the
Department of Chemistry using a Bruker EMX EPR
spectrometer controlled with a Bruker ER 041 X G microwave
bridge at 15 K. The instrument was equipped with a
continuous-flow liquid helium cryostat (ESR900) coupled to
a temperature controller (TC503) made by Oxford Instru-
ments, Inc.
Orf13 Activity Assays with Detection of L-Tyrosine

and L-DOPA by HPLC-FLD. Orf13 (2.5 μM) was preincu-
bated in 50 mM sodium phosphate (pH 8.0) containing 15
mM DTT or 15 mM dithionite for 5 min on ice and then
incubated for 5 min at 37 °C before addition of L-tyrosine (1
mM final) to start the reaction. In assays testing the
requirement of hydrogen peroxide, Orf13 was preincubated
with L-tyrosine (1 mM final) for 5 min on ice and 5 min at 37
°C, and then hydrogen peroxide (0.1 mM final) was added to
initiate the reaction. All assays were performed at 37 °C up to
15 min in triplicate. Four time point aliquots (75 μL) were
quenched with 2.5 M HCl (10 μL), and chloroform (40 μL)
was added to the quenched samples, spun for 2 min at 3400
rpm at room temperature. The aqueous layer (65 μL) was
transferred to new tube containing 2.5 M NaOH (10 μL). 20
μL from each sample was analyzed by HPLC-FLD as described
for the detection of L-tyrosine and L-DOPA.21 L-Tyrosine and L-
DOPA stocks were quantified spectrophotometrically at ε 275 =
1.4 mM−1 cm−1 22 and ε 280 = 2.63 mM−1 cm−1,23 respectively.
L-DOPA and L-tyrosine standards had an average retention time
of 4.5 and 5.5 min, respectively. The amount of L-DOPA
produced by Orf13 was determined based on a calibration
curve for L-DOPA made with standard samples quantified
spectrophotometrically and treated under the same sample
work-up condition described. In Orf13 specific activity assays
for the dihydroxyfumaric acid (DHFA) or L-ascorbate depend-
ent reactions, Orf13 (2.5 μM) was preincubated with DHFA (2
mM) or L-ascorbate (25 mM) for 5 min on ice and then 5 min
at 37 °C in 100 mM sodium phosphate (pH 8.0). The reaction
was initiated by addition of L-tyrosine (5 mM) and carried out
for 15 min with time point aliquots quenched, prepared, and
analyzed as described above. These assays were performed in
triplicate with or without catalase (75 μg/mL) or SOD (100
μg/mL) or were performed in an anaerobic glovebox. L-
Ascorbate stocks were quantified spectrophotometrically at ε 290
= 2.8 mM−1 cm−1.24

L-DOPA Colorimetric Assay for the Steady-State
Kinetics of Orf13 of the Hydrogen Peroxide Dependent
Reaction. A discontinuous assay was developed to monitor
formation of L-DOPA in the hydrogen peroxide dependent
reaction of Orf13 using a colorimetric method as previously
described.25,26 Orf13 (0.3−1 μM; 75% heme b occupancy) was
incubated with L-tyrosine for 5 min at 37 °C in 100 mM
sodium phosphate (pH 8.0), followed by addition of hydrogen

Biochemistry Article

dx.doi.org/10.1021/bi201148a |Biochemistry 2011, 50, 8926−89368928



peroxide to initiate the reaction. Assays were performed in
triplicate at 37 °C for 4 min with time points taken at 1, 2, 3,
and 4 min in 90 μL aliquots quenched with 2.5 M HCl (10 μL).
A solution containing 12.5% (w/v) sodium nitrite and 12.5%
(w/v) sodium molybdate (35 μL) was added to the quenched
samples and incubated for 10 min at room temperature. NaOH
(10 μL, 3 M) was added to the sample, and the L-DOPA−
nitrite complex was measured at 500 nm within 10−15 s. A
standard curve of L-DOPA from 1 to 100 μM was prepared the
same day for each set of assays. L-tyrosine and L-DOPA stocks
were quantified as previously described.22,23 Hydrogen peroxide
stocks were prepared fresh and quantified spectrophotometri-
cally at ε 240 nm = 43.6 M−1 cm−1.24 Fixed variable
concentrations of L-tyrosine (125 μM−5 mM) at a fixed
concentration of hydrogen peroxide (500 μM) were used to
determine the steady-state rate constants for L-tyrosine. Fixed
variable concentrations of hydrogen peroxide (100 μM−1 mM)
at a fixed concentration of L-tyrosine (2 mM) were used to
determine the steady-state rate constants for hydrogen
peroxide. The steady-state data for both L-tyrosine and
hydrogen peroxide were fit to the Michaelis−Menten equation
using the software program Prism 4 (GraphPad) to obtain the
steady-state rate constants. Assay controls with a blank solution
without Orf13 were used to correct for background. Orf13
background control assays were carried out with the same
concentration of enzyme in the absence of substrates. No
enzyme background at 500 nm was observed with 1.5 μM
Orf13 or less. All controls were run in triplicate and in parallel
with assay samples and underwent the same colorimetric work-
up described above.
Orf13 Specific Activity Assays with Substrate Ana-

logues. Production of L-tyrosine was monitored by HPLC-
FLD as described21 for assays with L-phenylalanine as the
substrate. Orf13 (1.5 μM) was incubated with L-phenylalanine
(5 mM final) for 5 min at 37 °C in 100 mM sodium phosphate
(pH 8.0) followed by addition of hydrogen peroxide (500 μM
final) to initiate the reaction. Assays were performed in
triplicate at 37 °C for 4 min with time points taken at 1, 2, 3,
and 4 min. Each time aliquot was treated as described for the
HPLC-FLD method to detect the formation of L-tyrosine.
Assay controls included the same concentrations as the activity
assay sample: (1) Orf13 only, (2) Orf13 and L-phenylalanine,
(3) L-phenylalanine, (4) L-phenylalanine with hydrogen
peroxide, (5) L-tyrosine, and (6) 100 μM L-tyrosine with
hydrogen peroxide. All controls were run in triplicate the same
day as the assay samples containing Orf13, L-phenylalanine, and
hydrogen peroxide and underwent the same method work-up
described. Assays using the substrate analogues DL-m-tyrosine,
tyramine, 3-(4-hydroxylphenyl)propanoic acid, and p-cresol
were monitored by the L-DOPA colorimetric assay for their
respective catechol products; L-DOPA, dopamine, 3-(3,4-
hydroxyphenyl)propanoic acid, and 4-methylcatechol. Orf13
(1.5 μM) was incubated with L-tyrosine (5 mM final) or
substrate analogue (5 mM final) for 5 min at 37 °C in 100 mM
sodium phosphate (pH 8.0), followed by addition of hydrogen
peroxide (500 μM final) to initiate the reaction. At 2 min, a
time aliquot from each substrate analogue reaction was taken,
underwent the same colorimetric work-up as described, and
was scanned using a Varian UV−vis Cary100 spectropho-
tometer for the formation of the catechol−nitrite complex. For
assays assessing the relative specific activity for substrate
selectivity, Orf13 (1.5 μM) was incubated with L-tyrosine (5
mM final) or substrate analogue (5 mM final) for 5 min at

room temperature in 100 mM sodium phosphate (pH 8.0),
followed by addition of hydrogen peroxide (250 μM final) to
initiate the reaction. Assays were performed in triplicate with
each substrate at room temperature for 11 min with time
aliquots taken at 1, 3, 6, and 11 min. Standard curves of the
respective catechol products from 1 to 100 μM were prepared
the same day for each set of assays. These substrate analogues
and catechol products were quantified spectrophotometrically
at ε 275 nm = 1.4 mM−1 cm−1 and ε 280 nm = 2.63 mM−1 cm−1,
respectively. Assay controls with a blank solution without Orf13
were used to correct for background. Orf13 background control
assays were carried out with the same concentration of enzyme
in the absence of substrates. No enzyme background at 500 nm
was observed with 1.5 μM Orf13 or less. All controls were run
in triplicate and in parallel with assay samples and underwent
the same colorimetric work-up described above.

■ RESULTS AND DISCUSSION
Expression and Purification of Native Orf13 in

BL21(DE3) E. coli. Cell pellets after overexpression of Orf13
are red in color, and the color of the expression media becomes
dark brown or black when expression is continued for more
than 8 h. The red cell color was the first indication of a cofactor
likely bound to Orf13, while production of the black pigment
suggested the enzyme to be active since this has been observed
for the oxidative polymerization of L-DOPA.28 Non-fusion-
tagged Orf13 showed affinity for Ni-Sepharose resin and was
utilized for purification. Auto-oxidative degradation of Orf13,
observed by SDS-PAGE (Figure S2C) by the appearance of a
band of MW consistent with a covalent dimer, correlated with a
distinct color change of the enzyme from dark red to brownish-
yellow and occurred at purification steps that did not contain
excess DTT (50 mM) or ascorbate (25 mM) or had removed
imidazole from the buffer during gel filtration. The formation of
an apparent covalent dimer and spectral changes of the heme
seem to indicate that oxidative damage occurs both at an amino
acid residue and at the heme. Protection of Orf13 by including
either DTT (50 mM), ascorbate (25 mM), or imidazole (10
mM) during gel filtration is achieved by reduction of the heme
or by scavenging radicals. Pure and stable Orf13 exists as a
monomer in solution with an experimentally observed
molecular weight of 37.9 kDa consistent with the predicted
monomeric weight of 33.6 kDa.
Heme b Is Bound to Orf13. Characteristic absorbance

bands of a heme moiety were observed in a UV−vis absorption
spectrum of purified Orf13 (Figure 2). The Soret band at 408
nm indicated a ferric heme iron in a pentacoordinate state
based on the presence of a Q-band at 630 nm. Heme b was
identified as the heme moiety noncovalently bound to Orf13 by
coelution with standard heme b by HPLC (Figure 3). The
HPLC peak at 42 min from the supernatant of denatured Orf13
was confirmed as heme b with subsequent ESI-MS/MS analysis
(Figure S4). No other organic cofactors were identified with
Orf13, and no other metals, other than iron originating from
heme b, were found by ICP-MS. This information excludes
classification of Orf13 as any of the non-heme dependent
monophenol monooxygenases previously mentioned, in
particular, the non-heme iron pterin or α-KG dependent
enzymes and the copper dependent tyrosinases that catalyze
the ortho-hydroxylation of L-tyrosine to L-DOPA.15,16

Stoichiometry of Heme b in Orf13. A wide range of
heme b occupancy from 10% to 100% was observed with Orf13
purified under conditions protecting the enzyme from
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degradation. Orf13 with 100% heme b occupancy has a RZ
value of 1.8 based on the ratio of the heme absorbance at 408
nm to protein absorbance at 280 nm. (Note: 100% heme b
occupancy is defined as 1 heme b moiety per monomer of
enzyme.) We determined that Orf13 is also occupied by PPIX
and the amount of PPIX bound to Orf13 made up the
occupancy difference when substoichiometric amounts of heme
b were measured in purified enzyme (i.e., 75% heme b and 25%
PPIX). The presence of a second porphyrin species bound to
Orf13 other than heme b was evident by the appearance of two
distinct Soret band species at 406 and 431 nm in dithionite
reduced enzyme (Figure S5). The Soret band species at 406 nm
is PPIX, which remains unaffected by dithionite as it lacks an
iron center. The presence of PPIX bound to Orf13 was further
confirmed after coinjection of PPIX with Orf13 showed an
increase of the peak observed at 44 min (coinjection data not
shown, refer to Figure 3) and subsequent ESI-MS/MS analysis
(Figure S6). The amount of PPIX bound to Orf13 was
determined by a calibration curve using HPLC and

spectrophotometrically quantified PPIX (ε 408 nm = 262 mM−1

cm−1 in 2.7 M HCl29) from which the stoichiometry was
calculated by the molar ratio of PPIX and Orf13. This is the
first reported case where a heme containing enzyme has been
found to be fully occupied with a heterogeneous mixture of
heme b and PPIX. Dissociation constants of heme b for
enzymes utilizing the heme moiety in different capacities show
a range in heme binding affinities: myoglobin for oxygen
transport (1.3 × 10−14 M),30 bovine serum albumin for
transport (4.6 × 10−9 M),31 pa -HO, a heme oxygenase, for
heme degradation (0.6 × 10−6 M) and PhuS involved in heme
binding, trafficking, and transfer (0.2 × 10−6 M).32 The
dissociation constant of PPIX for ferrochelatase (1.5 × 10−6

M)33 has similar binding affinity as pa-HO and PhuS have for
heme b. Heme b and PPIX are tightly bound to Orf13 as there
is no exchange or loss during dialysis unless the enzyme is
denatured with 6 M guanidinium hydrochloride or 2% SDS to
remove either species. The occupancy ranges of heme b and
PPIX with Orf13 may indicate this enzyme to have similar
binding affinities for both porphyrin moieties. The lack of in
vivo binding discrimination between heme b and PPIX may also
suggest stronger binding interactions with protein residues and
substituents of porphyrin ring (i.e., the propanoic acid or vinyl
groups) than the axial residues coordinating the heme iron.
The extensive variability in heme b occupancy for Orf13 was

observed in expression batches from the same seed culture,
prepared in the same liquid media, and grown and expressed on
the same shaker using identical flasks. Heme dependent
enzymes obtained from E. coli expression systems that require
a noncovalently bound heme are predominantly an apo form
with partial heme occupancy without the presence of
PPIX.34−36 Complete heme occupancy can be readily achieved
by addition of heme to the enzyme by titration without the
need for protein denaturation and refolding. In vitro titration of
heme b to purified Orf13 did not exchange the bound PPIX,
and the enzyme remained fully occupied with a heterogeneous
mixture of both porphyrin species. Attempts to obtain an apo
form of Orf13 for in vitro heme titration was also unsuccessful
since the enzyme failed to express when 1,10-phenanthroline, a
metal chelating agent, was added to the growth medium. In an
effort to increase and control the in vivo incorporation of heme
b in Orf13, δ-aminolevulinic acid (δ-ALA, a heme biosynthetic
precursor37), exogenous non-heme iron with or without δ-ALA,
or exogenous hemin was added to the medium for expression
in BL21(DE3) E. coli. This strategy was ineffective as similar
results in heme b occupancy (30−100%) were observed
compared to Orf13 expression without any additives. It was
also determined that the range in heme b and PPIX
occupancies with Orf13 is independent of the purification
method. Purification of Orf13 by anionic exchange (Q-
Sepharose) in the presence of excess DTT (50 mM) to
protect Orf13 from auto-oxidative degradation showed the
same variable heme b occupancies as the metal affinity method
(Ni-Sepharose). This confirmed that heme b bound to Orf13
was not compromised, lost, or competed out due to the
enzyme’s ability to intrinsically bind to Ni-Sepharose.
An alternative E. coli expression system for in vivo

incorporation of heme b in Orf13 was tried using RP523 E.
coli with exogenous hemin. RP523 is a porphyrin permeable
strain of E. coli with a mutation in the hemB gene of the heme
biosynthetic pathway that disrupts the normal biosynthesis of
heme b causing the cells to be dependent on the uptake of
exogenous heme b for survival.38 This expression system has

Figure 2. UV−vis absorption spectrum of purified Orf13 (100% heme
b occupancy) in 20 mM Tris-HCl (pH 8.0), 10 mM imidazole, and
10% glycerol. The Soret band of heme b is observed at 408 nm and Q-
bands at 530, 561, and 630 nm (inset).

Figure 3. HPLC chromatograms for porphyrin detection: (A)
supernatant of denatured Orf13 sample; (B) co-injection of the
sample shown in (A) with heme b standard.
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been established for substituting nitric oxide synthase (NOX), a
heme dependent enzyme, with different metalloporphyrins.19,39

The advantage in utilizing this system for Orf13 expression is
that these cells lack the ability to synthesize porphyrin and are
only viable in the presence of heme b, thus eliminating the
presence of PPIX with Orf13. RP523 E. coli cells expressing
Orf13 using the pCW/orf13 construct were red in color as
observed with Orf13 expression in BL21(DE3) E. coli.
However, it was difficult to obtain stable Orf13 using the
developed purification methods previously described. Severe
degradation of Orf13 was evident with the Ni-Sepharose
method in the presence of imidazole. Orf13 eluted as a
brownish-yellow enzyme and showed auto-oxidative degrada-
tion by SDS-PAGE with a predominant protein band at double
the monomeric weight of Orf13 as previously observed in
purifications from BL21(DE3) E. coli without oxidative
protection (Figure S2C). Repeating the Ni-Sepharose purifica-
tion under anaerobic conditions in a glovebox prevented
dimerization of Orf13, and the enzyme retained its red color.
The visible absorption spectrum of heme b bound to Orf13 was
similar to Orf13 purified from BL21(DE3) E. coli (refer to
Figure 2). However, the overall yield and purity were very poor.
Purification by the Q-Sepharose method with excess DTT (50
mM) prevented covalent dimerization and improved the purity
of the protein sample. However, Orf13 eluted as a bright yellow
enzyme with an unusual visible absorption spectrum of the
heme displaying a broad Soret band at 420 nm without
distinguishable Q-bands. In addition, the heme species bound
to Orf13 could not be reduced by dithionite to assess its heme
b stoichiometry by the pyridine hemochromagen method.
Overall, the feasibility in obtaining sufficient amounts of highly
pure and stable Orf13 fully occupied with heme b from RP523
E. coli was unsuccessful and proved more challenging than the
purification of Orf13 expressed in BL21(DE3) E. coli.
Catalytic Assessment of Heme b for L-Tyrosine

Hydroxylation. Orf13 was not expected to be a heme
dependent cytochrome 450-like enzyme since there are no
conserved cysteine or methionine residues (Figure S1). This
was confirmed when DTT or dithionite reduced Orf13 in the
presence of L-tyrosine did not produce L-DOPA. Production of
L-DOPA was observed when hydrogen peroxide was added to
Orf13 in the presence of L-tyrosine (Figure S7). This implicated
the catalytic requirement of heme b. A modified discontinuous
assay for spectrophotometric detection of L-DOPA in a L-
DOPA−nitrite colorimetric complex25,26 was utilized to
measure the specific activity and steady-state kinetics of
Orf13 (Table 1) due to the limited sensitivity of the HPLC-
FLD analysis. The specific activity of Orf13 for the hydrogen
peroxide dependent reaction correlated with the stoichiometry
of heme b where maximal turnover of ferric heme Orf13 (100%
heme b) was 32 ± 2 min−1 compared to 21 ± 1 min−1 with
ferric heme Orf13 (48% heme b). The specific activity was also
dependent on the heme iron oxidation state where ferric heme

Orf13 (48% heme b) had greater catalytic activity (21 ± 1
min−1) than Orf13 with ferrous heme in the presence of 50
mM DTT (9 ± 1 min−1). This is in agreement with a catalytic
starting state of ferric heme iron for heme peroxidases.40 These
results established heme b as the cofactor required for catalysis,
classifying Orf13 as a heme dependent peroxidase catalyzing
the ortho-hydroxylation of L-tyrosine to L-DOPA. The steady-
state rate constants for L-tyrosine and hydrogen peroxide were
determined using the L-DOPA colorimetric assay and the
preincubation condition of Orf13 with L-tyrosine prior to
reaction initiation by addition of hydrogen peroxide (Table 1;
Figure S8 for Michaelis−Menten curves). The steady-state
kinetic parameters for L-tyrosine hydroxylation by Orf13 fit to
the Michaelis−Menten model are within the range of values
reported for other heme peroxidases,41 and the catalytic
efficiencies for both substrates are similar.
Tyrosine hydroxylation to L-DOPA by Orf13 is also observed

in the presence of L-ascorbate or DHFA (Figure S9). The
ascorbate and DHFA dependent reactions require molecular
oxygen and have similar kobs that are 48- and 58-fold less than
the kobs of the hydrogen peroxide dependent reaction,
respectively (Table 2). Aromatic hydroxylation by the DHFA

dependent reaction was abolished in the presence of SOD and
was not observed with catalase, while the ascorbate dependent

Table 1. Steady-State Kinetic Parameters for L-Tyrosine Hydroxylation by Orf13a

variable
substrate

fixed
substrate Km

b (mM) kcat (s
−1) kcat/Km (M−1 s−1)

L-tyrosine H2O2 0.45 ± 0.04 0.576 ± 0.005 (1.2 ± 0.1) × 103

H2O2 L-tyrosine 1.0 ± 0.3 1.5 ± 0.3 (1.5 ± 0.2) × 103

aAssays were performed at 37 °C with 0.3−1 μM Orf13 (75% heme b occupancy) in 100 mM sodium phosphate (pH 8.0). L-DOPA formation was
measured using the L-DOPA colorimetric assay. bThese values are apparent Km constants at saturating concentrations of the other substrate. Mean
and standard error are reported.

Table 2. Reaction Dependence Behavior of Orf13 for L-
Tyrosine Hydroxylation

assay conditiona,b kobs (min−1)c
rel

percentaged

Orf13 none 0
Orf13 + H2O2 34 ± 4 100
Orf13 + H2O2 -O2 33 ± 3 98
Orf13 + H2O2 + catalase (75 μg/mL) 1.6 ± 0.2 5
Orf13 + H2O2 + SOD (100 μg/mL) 26.5 ± 0.6 78
Orf13 + AscA 0.58 ± 0.01 1.7
Orf13 + AscA - O2 none 0
Orf13 + AscA + catalase (75 μg/mL) 0.15 ± 0.01 0.5
Orf13 + AscA + SOD (100 μg/mL) 0.59 ± 0.1 1.7
Orf13 + DHFA 0.69 ± 0.06 2
Orf13 + DHFA - O2 none 0
Orf13 + DHFA + catalase (75 μg/mL) none 0
Orf13 + DHFA + SOD (100 μg/mL) none 0
aAbbreviations: tyrosine hydroxylase (Orf13), hydrogen peroxide
(H2O2), molecular oxygen (O2), L-ascorbate (AscA), dihydroxyfumaric
acid (DHFA), superoxide dismutase (SOD). bFinal assay concen-
trations: 0.5 or 2.5 μM Orf13 (75% heme b occupancy), 5 mM L-
tyrosine in 100 mM sodium phosphate (pH 8.0) at 37 °C; 25 mM
AscA, 2 mM DHFA, or 500 μM H2O2 as indicated by assay condition.
L-DOPA detected by L-DOPA colorimetric assay for H2O2 dependent
reactions and by HPLC-FLD for AscA and DHFA dependent
reactions. cMean and standard deviation reported for kobs.

dRelative
percentage is based on Orf13 + H2O2 condition where maximal
turnover is observed.
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reaction was not affected by SOD and decreased 4-fold in the
presence of catalase. Interestingly, hydroxylation of phenols has
been reported for horseradish peroxidase (HRP) in the
presence of DHFA as an oxygen transfer reaction similar to
cytochrome P450 enzymes.42,43 The peroxygenase activity of
HRP is promoted by nonenzymatic production of superoxide
by DHFA and molecular oxygen, which then causes the
formation of compound III, an oxyferrous heme-iron state,
when superoxide binds to the heme. Hydroxylation of phenol
only occurs when substrate and additional reducing equivalents
of DHFA are present with HRP−compound III.42 Hydrox-
ylation of L-tyrosine to L-DOPA by Orf13 in the presence of
DHFA is in agreement with the HRP peroxygenase activity for
aromatic hydroxylation. Although molecular oxygen dependent
hydroxylation of L-tyrosine by Orf13 in the presence of
ascorbate or DHFA is observed, it does not appear to be the
primary catalytic pathway for L-tyrosine hydroxylation since
turnover is enhanced 48- and 58-fold, respectively, when
hydrogen peroxide is provided as a substrate for the
hydroxylation reaction even in the absence of molecular oxygen
under anaerobic conditions (Table 2).
HRP and other heme peroxidases such as myeloperoxidase

and chloroperoxidase are known to catalyze dimerization of
aromatic substrates in the presence of hydrogen peroxide by
way of the classical two sequential one-electron transfer
mechanism.27,44,45 However, hydroxylation of aromatic amino
acids in the presence of hydrogen peroxide by heme
peroxidases has not been reported.42 These results emphasize
the novelty of Orf13 for its ability to use hydrogen peroxide for
aromatic hydroxylation of L-tyrosine. A possible mechanism for
this reaction may share the initial steps of the classic heme
peroxidase catalytic cycle up to the formation of compound I
(Scheme 1).27,44,45 Compound I is also an intermediate in the

hydroxylation reactions catalyzed by P450 enzymes for the
oxygen dependent reaction and the peroxide shunt path-
way.17,46 It has also been proposed in the hydrogen peroxide
dependent hydroxylation reactions of heme−thiolate perox-
ygenases.17,47 As these peroxygenases represent heme−thiolate
enzymes functioning more like heme peroxidases in their
substrate specificity for hydrogen peroxide,17,47 Orf13 may
represent the first heme−histidyl enzyme and mechanistic
bridge between the heme peroxidases and the P450 enzymes.
Therefore, subsequent steps after formation of compound I
may be reminiscent of the electron rebound mechanism
proposed by Groves for P450 enzymes (Scheme 1).46,48

Formation of the product complex with the oxygen coordinated
to the iron(III) center may proceed through a hydroxyl
iron(IV) substrate radical complex obtained by hydrogen
abstraction by compound I from the substrate.48 Alternatively,
this substrate radical could react with a second substrate radical
similarly produced to yield the dimeric product characteristic of

peroxidase reactions.27,40 The fate of the reaction either toward
hydroxylation or dimerization depends on the reactivity of the
compound I complex, which is controlled by steric and
electronic interactions in the active site.49,50 These interactions
may significantly reduce the lifetime of this radical intermediate
preventing dimerization and/or may stabilize the hydroxylation
transition state.
Sequence Analysis of Orf13 as a Heme Peroxidase.

Spectroscopic data supporting Orf13 as a heme peroxidase are
evident by a Soret band position at 421 nm in a reduced-CO
spectrum of Orf13 (Figure 4A) and a low-temperature electron
paramagnetic resonance spectrum of ferric heme Orf13
showing a predominant high spin heme iron with a g-value
centered at 5.8 (Figure 4B). This spectroscopic data with the
comparative analysis of the highly conserved residues in Orf13
(Figure S1) to other heme peroxidases suggests a histidyl-
ligated heme iron. However, Orf13 and its homologues were
not initially identified as heme dependent peroxidases by
BLAST (blastp) analysis nor by the PeroxiBase database51

(http://peroxidase.isb-sib.ch/). Reassessment of the conserved
residues in the multiple sequence alignment of Orf13 and
homologues reveals some similarity to the conserved distal site
motif RX2F(W)H characteristic of class I, II, and III peroxidases
represented by ascorbate peroxidase, Arthromyces ramosus
peroxidase, and HRP, respectively. These heme peroxidases
have a proximal histidine residue coordinating the heme iron as
the fifth ligand between 120 and 138 residues away from the
conserved distal histidine.52−55 In Orf13, a highly conserved
region containing R71W72X3H

76 has the same conserved
residues as the distal site RX2F(W)H motif of class I, II, and
III peroxidases. The similarity in these motifs between
unrelated enzymes suggests the evolutionary adaptation for
the utilization of hydrogen peroxide for oxidative reaction by
heme dependent enzymes. However, residue spacing is
different between W72 and H76 than the R and F/W, and
the two highly conserved histidine residues (H140 and H184),
one of which may act as the proximal heme-iron ligand, are
closer in sequence to H76 of the potential distal site by 63 and
107 residues, respectively. These differences in sequence
spacing within the potential distal site motif and the proximal
histidine may explain why Orf13 was not recognized as a heme
peroxidase and might be required for the different reactivity of
Orf13 compared to class I, II, and III peroxidases, revealing the
existence of a new class of bacterial heme peroxidases.
Evaluation of Substrate Order for Catalysis and

Inactivation by Hydrogen Peroxide. Heme peroxidases
typically bind hydrogen peroxide first, although the heme iron
can become trapped in a nonproductive oxyferrous state
(compound III) during the catalytic cycle.40 Characteristic
bands for compound III in HRP include a Soret band at 417
nm and Q-bands at 544 and 580 nm.56 For Orf13, reversed
substrate order of addition is necessary for catalysis with
preincubation with L-tyrosine prior to the addition of hydrogen
peroxide (Figure S10). No turnover is observed if hydrogen
peroxide is incubated with Orf13 before the addition of L-
tyrosine. UV−vis absorption scans of Orf13 were taken before
and after addition of hydrogen peroxide in the absence of L-
tyrosine to investigate whether the lack of catalysis by the
hydrogen peroxide Orf13 complex is due to formation of
compound III (Figure 5A). The spectrum measured in the
presence of hydrogen peroxide shows a significant decrease in
the Soret band intensity and disappearance of the Q bands at
503 and 630 nm that is unlike the characteristic spectrum of

Scheme 1. Proposed Mechainism for Ortho-hydroxylation of
L-Tyrosine by Orf13
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HRP−compound III. However, the formation of compound III
may be transient for Orf13 even though this heme iron state
has been shown to be stable in HRP for at least 5 min.56 This
may suggest a different hydrogen peroxide inactivation
mechanism for Orf13.
No changes in the heme spectrum were observed by addition

of L-tyrosine to Orf13. This may indicate that the role of L-
tyrosine as the first substrate added is simply to protect Orf13
from hydrogen peroxide inactivation and does not affect the
coordination of the heme iron as shown by the retention of the
630 nm Q-band (Figure 5B). Interaction of L-tyrosine at the
heme edge is consistent as there are no changes in the heme
spectrum and is evident in heme spectra during catalysis after
the addition of hydrogen peroxide to Orf13 preincubated with

L-tyrosine (Figure 5B). During catalysis the absorbance
intensity from 450 to 600 nm, most notable in the Q-band at
503 nm, increased over time up to 6 min, after which no more
changes were observed. The pattern of absorbance change at
503 nm is similar to what is observed for L-DOPA production
by the colorimetric assay when Orf13 is preincubated with L-
tyrosine and the reaction initiated with hydrogen peroxide
(Figure S10). The increase in the 503 nm Q-band is similar to a
dehaloperoxidase bound complex with 2,4-dichloroquinone
product57 and could therefore be attributed to an Orf13 bound
complex with L-DOPA.
Substrate Specificity for the Hydrogen Peroxide

Dependent Aromatic Hydroxylation Reaction by
Orf13. Heme peroxidases are promiscuous enzymes capable

Figure 4. (A) UV−vis absorption spectrum of ferric heme Orf13 (solid line) and ferrous CO heme (g) Orf13 (dashed line) with 100% heme b
occupancy in 20 mM Tris-HCl (pH 8.0), 10 mM imidazole and 10% glycerol. (B) X-band EPR spectrum of ferric-heme Orf13 at 15 K. Experimental
conditions: 90 μM Orf13 with 50% heme b occupancy (45 μM heme b) in 10 mM sodium phosphate (pH 8.0) and 50% glycerol; frequency, 9.478
GHz; microwave power, 201 μW; modulation frequency, 100 kHz; modulation amplitude, 10.0 G; receiver gain, 5 × 103.

Figure 5. UV−vis absorption spectra of Orf13 (100% heme b). (A) Orf13 (4 μM) in the absence (solid line) and presence (dashed line) of 500 μM
hydrogen peroxide in 100 mM sodium phosphate (pH 8.0) at room temperature. (B) Orf13 with L-tyrosine followed by the addition of hydrogen
peroxide. Final experimental conditions: 4 μM Orf13, 5 mM L-tyrosine, 500 μM hydrogen peroxide in 100 mM sodium phosphate (pH 8.0) at room
temperature. The sample was scanned at 2 min intervals for 10 min after the addition of hydrogen peroxide.
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of oxidizing a wide assortment of aromatic substrates. Their
lack of substrate specificity has been attributed to a larger active
site that can accommodate various substrates, as well as the
presence of additional substrate binding locations in the vicinity
of the exposed heme edges where the reaction can also occur.58

The substrate analogues L-phenylalanine, DL-m-tyrosine, tyr-
amine, 3-(4-hydroxyphenyl)propanoic acid, and p-cresol were
selected to test the substrate specificity of Orf13 (Figure S11)
as well as to evaluate the requirement of chemical substituents
on the aromatic ring in order for the hydroxylation reaction to
occur. The para-substituted phenols (tyramine, 3-(4-
hydroxyphenyl)propanoic acid, and p-cresol) were converted
by Orf13 in the presence of hydrogen peroxide to their
respective catechol products, which were detected as
colorimetric catechol−nitrite complexes using the L-DOPA
colorimetric assay (Figure S12). Comparison of the relative
specific activity of these substrate analogues to L-tyrosine was
unsuccessful as formation of the product analogues plateaued
after the first minute of turnover, while L-DOPA formation
from L-tyrosine remained linear up to 6 min (Figure S13).
Orf13 is more susceptible to inactivation by hydrogen peroxide
in the presence of these substrate analogues than with L-
tyrosine. No increase in catechol product formation was
detected when L-tyrosine was added to the p-cresol reaction
after 1 min, confirming the inactivation of Orf13 (data not
shown). No L-phenylalanine conversion to L-tyrosine was
observed using an HPLC-FLD method to detect L-tyrosine, and
no L-DOPA formation was observed using the L-DOPA
colorimetric assay when DL-m-tyrosine was provided as a
substrate. These results show that the hydroxyl group at the
para position of the aromatic ring is necessary for hydroxylation
since conversion of L-tyrosine, tyramine, 3-(4-hydroxyphenyl)-
propanoic acid, and p-cresol to their respective catechol
products is observed. Moreover, ortho-hydroxylation by Orf13
seems to be specific for L-tyrosine as the only substrate that
protects from hydrogen peroxide inactivation.
In conclusion, we have successfully purified and confirmed

the putative function of Orf13 from the anthramycin
biosynthetic pathway as a tyrosine hydroxylase. The sequence
of Orf13 is not similar to any known characterized proteins, nor
does it contain conserved domains or motifs characteristic of
enzymes performing hydroxylation reactions. We have provided
spectroscopic and kinetic evidence that classifies Orf13 as a
heme dependent peroxidase. Similar to heme−histidyl perox-
idases, Orf13 displays a secondary hydroxylation activity of
aromatic substrates in the presence of molecular oxygen and L-
ascorbate or DHFA. However, unlike these heme peroxidases
this enzyme catalyzes hydrogen peroxide dependent ortho-
hydroxylation instead of dimerization by radical coupling, and
the substrate order of addition is reversed with a required
preincubation with L-tyrosine for activity. Orf13 can hydrox-
ylate other para-substituted phenols but is inactivated by
hydrogen peroxide much more readily than when L-tyrosine is
the substrate. This implicates a catalytic mechanism requiring
the para-phenol substituent for hydroxylation as no turnover
for L-phenylalanine or DL-m-tyrosine was observed as well as
demonstrates the substrate selectivity for L-tyrosine. Therefore,
we propose that Orf13 represents a new class of heme−histidyl
ligated hydrogen peroxide dependent hydroxylases. In addition,
Orf13 is the first identified heme peroxidase specific for L-
tyrosine and is the first identified bacterial tyrosine hydroxylase.
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