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The homothallic ascomycete Aspergillus nidulans serves as
model organism for filamentous fungi because of its ability to
propagate with both asexual and sexual life cycles, and fatty
acid-derived substances regulate the balance between both
cycles. These so-called psi (precocious sexual inducer) factors
are produced by psi factor-producing oxygenases (Ppo
enzymes). Bioinformatic analysis predicted the presence of two
different heme domains in Ppo proteins: in the N-terminal
region, a fatty acid heme dioxygenase/peroxidase domain is pre-
dicted, whereas in the C-terminal region, a P450 heme thiolate
domain is predicted. To analyze the reaction catalyzed by Ppo
enzymes, PpoA was expressed in Escherichia coli as an active
enzyme. The protein was purified by 62-fold and identified as a
homotetrameric ferric heme protein that metabolizes mono- as
well as polyunsaturated C,, and C, ¢ fatty acids at pH ~7.25. The
presence of thiolate-ligated heme was confirmed on the basis of
sequence alignments and the appearance of a characteristic 450
nm CO-binding spectrum. Studies on its reaction mechanism
revealed that PpoA uses different heme domains to catalyze two
separate reactions. Within the heme peroxidase domain, lino-
leic acid is oxidized to (8R)-hydroperoxyoctadecadienoic acid
by abstracting a H-atom from C-8 of the fatty acid, yielding a
carbon-centered radical that reacts with molecular dioxygen. In
the second reaction step, 8-hydroperoxyoctadecadienoic acid is
isomerized within the P450 heme thiolate domain to 5,8-dihy-
droxyoctadecadienoic acid. We identify PpoA as a bifunctional
P450 fusion protein that uses a previously unknown reaction
mechanism for forming psi factors.

The fungus Aspergillus nidulans (teleomorph Emericella
nidulans) is a homothallic ascomycete that has a defined sexual
and asexual developmental cycle. Therefore, it serves as a
model system for the understanding of fungal development (1).
Oxidized unsaturated fatty acids, so-called oxylipins, derived
from endogenous fatty acids were found to influence the devel-
opment of the asexual conidiophores and sexual cleistothecia
(2—6). Moreover, they seem to regulate the secondary metabo-
lism of the fungus (7). These substances were collectively
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named psi factors and are primarily a mixture of hydroxylated
oleic (18:14%% x:y"* denotes a fatty acid with x carbons and y
double bonds in position z counting from the carboxyl end),
linoleic (18:24°%124), and a-linolenic (18:329%12%:152) acids.
They are termed psif3, psic, and psivy, respectively. Psi factors
can be further classified by the number and positioning of
hydroxy groups on the fatty acid backbone: psiB (OH at C-8, e.g.
(8R)-HODE),? psiA (OH at C-5and C-8, e.g. (5S,8R)-DiHODE),
and psiC (OH at C-8 and the 8-lactone ring) (8, 9).

The psi factor (8R)-HODE was first discovered in the fungus
Laetisaria arvalis (10, 11); it was later also found in Gaeuman-
nomyces graminis (12, 13), where the first enzyme, which is
responsible for production of (8R)-HPODE, 7,8-LDS, was
detected (13). This heme-containing enzyme is bifunctional
because it oxidizes 18:229%'%# in a first reaction step to (8R)-
HPODE and subsequently isomerizes this intermediate com-
pound to (7S,8S)-DiHODE (13-15).

After the genome of A. nidulans was available, Keller and
co-workers (6, 16, 17) found three genes that share a high
homology with the sequence of 7,8-LDS, namely ppoA, ppoB,
and ppoC. They showed that the deletion of these genes had a
significant effect (i) on the developmental ratio between the
asexual conidiospores and sexual ascospores; (ii) on the pro-
duction of psi factors; and (iii) on the production of secondary
metabolites, the mycotoxins (6, 7, 16, 17). Furthermore, the
encoded proteins showed remarkable sequence homology to
both mammalian PGHS isoforms, enzymes that are responsible
for the synthesis of prostaglandins (18). Using the NCBI con-
served domain search analysis tool, it turned out that ppoA amino
acid residues 210—580 contain a domain similar to mammalian
heme peroxidases, whereas residues 650—-1050 contain a CYPX
domain, similar to P450 heme thiolate enzymes (16). However, for
7,8-LDS from G. graminis, only the mammalian heme peroxidase
domain is predicted. The identity of conserved catalytic domains
between Ppo enzymes and mammalian PGHS ranges from 25 to
29% for PGHS-2 and from 25 to 26% for PGHS-1 (19). PpoA and
7,8-LDS show 42% amino acid identity.

Oliw and co-workers (20) observed that incubation of homo-
genates of mycelia of A. nidulans with 18:2%°%'?# converted

2The abbreviations used are: HODE, hydroxyoctadecadienoic acid;
DiHODE, dihydroxyoctadecadienoic acid; LDS, linoleate diol synthase;
HPODE, hydroperoxyoctadecadienoic acid; PGHS, prostaglandin H syn-
thase; DOX, dioxygenase; HPLC, high pressure liquid chromatography;
RP, reversed phase; GC/MS, gas chromatography/mass spectrometry;
CmAP, 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrroline-N-oxyl; TMPD,
N,N,N",N’'-tetramethyl-p-phenylenediamine.
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the fatty acid to (8R)-HODE and (5S,8R)-DiHODE as the major
products. (8R)-HPODE, (10R)-HODE, and (10R)-HPODE were
detected as minor products. Incubation of mycelia of Aspergil-
lus fumigatus with deuterium-labeled 18:29%'%# revealed that
the synthesis of (8R)-HPODE is accomplished via pro-S-hydro-
gen abstraction at C-8 and antarafacial dioxygen insertion.
(55,8R)-DiHODE is generated via an additional pro-S-hydro-
gen abstraction at C-5 of the substrate (20, 21).

Additional studies with fungal knock-out strains led to the
hypothesis that PpoA may be responsible for the synthesis of
(8R)-hydroperoxides, which are partially reduced to (8R)-hy-
droxides (20). It was suggested that, analogous with 7,8-LDS,
(8R)-hydroperoxides are then converted to 5,8-dihydroxides by
PpoA. Furthermore, it was concluded that ppoC may code for
linoleate (10R)-DOX (20). Analysis of Ppo enzymes from
A. nidulans in studies published so far has been performed
either by using knock-out mutants to demonstrate the absence
of a subset of psi factors or by using crude mycelial extracts;
both experimental setups have the disadvantage of observing
multiple enzymatic reactions in parallel.

To characterize the biochemical properties of PpoA in more
detail, we cloned and expressed recombinant PpoA in Esche-
richia coli. After purification of the enzyme by up to 62-fold,
biochemical characterization was performed. The studies
revealed mechanistic as well as structural similarities to and
differences from 7,8-LDS from G. graminis. Both enzymes were
found to be homotetrameric ferric heme proteins that catalyze
the synthesis of (8R)-HPODE. Whereas G. graminis 7,8-LDS
converts the intermediate formed to (7S,8S)-DiHODE, PpoA
produces 5,8-DiHODE.

Using site-directed mutagenesis, we provide evidence that
there are striking differences between both enzymes regard-
ing the catalytic reaction cycle. Thus, we found that PpoA
uses different domains to catalyze the two reaction steps. We
suggest that the DOX reaction, yielding 8-HPODE, takes
place in the N-terminal heme peroxidase domain. The
isomerization of this intermediate product to the end prod-
uct, 5,8-DiHODE, is accomplished, however, independently
by the C-terminal P450 heme thiolate domain in an 8-hy-
droperoxide isomerase reaction.

In addition, we are able to provide evidence that, during the
catalysis, PpoA generates a carbon-centered radical presum-
ably at C-8, like G. graminis 7,8-LDS. Furthermore, we deter-
mined the kinetic parameters for the first reaction step.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were obtained from Sigma and Carl
Roth & Co. (Karlsruhe, Germany). Agarose was from Biozym
Scientific GmbH (Hessisch Oldendorf, Germany). All fatty
acids were from Sigma or Cayman Chemical (Ann Arbor, MI).
Acetonitrile was from Fisher. Restriction enzymes were pur-
chased from MBI Fermentas (St. Leon-Roth, Germany).

Cloning and Expression of Recombinant PpoA in E.coli—
A. nidulans ppoA (GenBank™ accession number AY502073) was
amplified from fungal cDNA of sexual and vegetative stages
using gene-specific primers containing Nhel and NotI recogni-
tion sites (forward primer, 5'-AGCTAGCATGGGTGAAGA-
CAAAGAAAVAAATATC-3'; and reverse primer, 5'-AGC-
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GGCCGCTTAAAAATCTTCCTTCAGTTGGGGAG-3') via
the Expand High Fidelity system (Roche Diagnostics) as
described (22). PCR amplification was performed under the
following conditions: 94 °C for 2 min, followed by 10 cycles at
94.°C for 30 s, 53 °C for 30 s, and 72 °C for 3 min. These cycles
were followed by 15 cycles at 94 °C for 30 s, 53 °C for 30 s, and
72 °C for 3 min (5-s time increment) and terminated by 5 min at
72 °C.

The resulting fragment was cloned into pPGEM-T (Promega),
yielding the plasmid pGEM-T-PpoA. For expression in E. coli,
ppoA was cloned into the pET24a expression vector (Novagen)
by Nhel and Notl, yielding the plasmid pET24-PpoA, and
transformed into E. coli BI21 Star cells (Invitrogen).

Cells were cultivated in 2XYT broth containing 25 ug/ml
kanamycin and grown to Ay, = 0.6 —0.8. Expression of recom-
binant protein was then induced by 0.1 mm isopropyl 3-p-thio-
galactopyranoside, and cultures were cultivated by shaking at
28 °C for 18 h. Cells were harvested by centrifugation at 8000 X
g for 10 min at 4 °C. The precipitate was shock-frozen in liquid
nitrogen and stored at —20 °C.

Site-directed Mutagenesis—In vitro mutagenesis was carried
out using the Phusion™ Hot Start High Fidelity DNA poly-
merase system (Finnzymes, Espoo, Finland). The following
primers were used: H1004A, 5'-CACTTTGGCTTTGGGCC-
TGCCAAGTGTTTGGGCTTAG-3" (sense) and 5'-CTA-
AGCCCAAACACTTGGCAGGCCCAAAGCCAAAGTG-3’
(antisense); and Y374F, 5'-CAGGTGTCAGCCGAATTCAA-
TGTCGTGTTCCGGTGGCACGCTTGC-3’ (sense) and 5'-
GCAAGCGTGCCACCGGAACACGACATTGAATTCGGC-
TGACACCTGG-3' (antisense). Replacement of Cys'°°® with
Ala was achieved by overlap extension PCR as described (23).
The above-mentioned gene-specific primers as well as the fol-
lowing mutagenic primers were used for PCR: C1006A, 5'-
GGCTTTGGGCCCCACAAGGCCTTGGGCTTAGACCT-
ATG-3’ (sense) and 5'-CATAGGTCTAAGCCCAAGGCCT-
TGTGGGGCCCAAAGCC-3' (antisense). Mutation was
confirmed by DNA sequencing. In the case of the C1006A
mutant, an additional amino acid exchange according to the
sequence of the wild-type enzyme was found: Tyr®®® with Asp.

Protein Purification—Harvested cells from 100 ml of culture
were resolved in 20 ml of 50 mm Tris-HCI (pH 7.6) containing
10% (v/v) glycerol and 5 mm EDTA. After lysozyme was added
to a final concentration of 0.1 mg/ml and the protein inhibitor
phenylmethylsulfonyl fluoride to a final concentration of 0.2
m, cells were incubated for 30 min on ice. Subsequently, cell
lysis was increased by subjecting the cells to three freeze/thaw
cycles in liquid nitrogen and sonication. Cell debris was centri-
fuged at 45,000 X g for 20 min at 4 °C.

The supernatant from cell lysis was loaded onto Source 30Q
resin (25 ml, XK 16/20 column; GE Healthcare) at a flow rate of
1 ml/min using an AKTA FPLC system (GE Healthcare). The
column was washed with 50 ml of 50 mm Tris-HCI (pH 7.6), and
protein was eluted with linear gradient of 0—0.3 m NaCl in 50
mM Tris-HCI (pH 7.6) within 10 min at a flow rate of 3 ml/min.
2-ml fractions were collected. Fractions with the highest
enzyme activity (as judged by Clark-type O, electrode) and the
highest purity (as judged by SDS-PAGE) were combined and
concentrated to a final volume of 2 ml using Vivaspin 20
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(molecular mass cutoff of 100,000 Da; Sartorius Stedim Biotech
S.A., Gottingen, Germany).

For gel filtration, the enzyme concentrate was loaded onto a
Superdex S200 26/60 prep grade column (GE Healthcare)
equilibrated with 50 mm Tris-HCI (pH 7.6). Elution was per-
formed at a flow rate of 1 ml/min. Fractions containing enzyme
activity were combined and subsequently loaded onto a Mono
Q 10/10 column (GE Healthcare). After loading and extensive
washing with 50 mm Tris-HCI (pH 7.6), protein was eluted at 3
ml/min with a linear gradient to 50 mm Tris-HCI (pH 7.6) con-
taining 300 mm NaCl within 10 min.

Spectroscopy—UV-visible spectroscopy was performed at
room temperature using a dual-beam Uvikon 930 spectro-
photometer (Kontron Instruments, Munich, Germany). CD
spectroscopy was performed using Jasco J-810 chiro-optical
spectrometer.

High spin states of the protein were induced by adding NaF
to the enzyme solution. Analogous low spin states were induced
by adding KCN (24). The iron of the protein was reduced by
adding it to degassed buffer containing sodium dithionite. The
reduced CO spectrum was obtained as described by Omura and
Sato (25).

Activity Assay—250 pg of 18:24°%'2% or 5.5 MBq of radiola-
beled [1-'%C]18:24%%12% were dissolved in 1 ml of 50 mMm
HEPES (pH 7.4). The reaction was started by the addition of 15
pg of enzyme to the solution and was allowed to proceed for 30
min at room temperature on a shaker. Incubations were
stopped by the addition of 2 ml of diethyl ether, and fatty acids
and their derivatives were extracted. A second extraction was
performed with 2 ml of diethyl ether and 100 ul of glacial acid.

Incubations under an atmosphere of %0, were performed
after degassing 1 ml of the reaction system (50 mm Na,HPO,/
NaH,PO, buffer (pH 7.2)). **0, (Campro Scientific, Berlin,
Germany) was fed into the reaction system until it was satu-
rated. 250 ug of 18:24°%12% were added, and the reaction was
incubated for 30 min at room temperature. During the incuba-
tion, the reaction mixture was further enriched with '*0, by
continuous gas flow through the liquid. The reaction was ter-
minated with diethyl ether and extracted as described above.

Determination of the pH Optimum—Using a Clark-type oxy-
gen electrode (Rank Brothers, Bottisham, Cambridge, UK), the
initial time-dependent O, consumption at a given pH was
determined with the sodium salt of 18:24%%2# as a substrate at
a concentration of 100 um. The following buffers were used for
the different pH ranges: 0.2 M acetate buffer (pH 4.5-5.5), 0.2 M
phosphate buffer (pH 5.5-8.0), and 0.2 m borate buffer (pH
8.0-10.5). It was verified that the different buffer systems had
no influence on enzyme activity.

HPLC Analysis—Extracts from activity assays were dried
under nitrogen stream and dissolved in 80 ul of acetonitrile/
water/acetic acid (50/50/0.1, v/v/v). Separation of fatty acids
and their derivatives was carried out via reversed phase (RP)
HPLC using an EC250/2 Nucleosil 120-5 C, 4 column (2.1 X 250
mm, 5-um particle size; Macherey-Nagel, Diiren, Germany) on
an 1100 HPLC system (Agilent, Waldbronn, Germany) coupled
to a diode array detector. For detection of hydroxy fatty acids,
the absorbance at 202 nm was recorded. For detection of 1-'*C-
radiolabeled derivatives, a Raytest radio detector was used.
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The solvent systems were as follows: solvent system A, ace-
tonitrile/water/acetic acid (50/50/0.1, v/v/v); and solvent sys-
tem B, acetonitrile/acetic acid (100/0.1, v/v). The gradient elu-
tion profile was as follows: flow rate of 0.18 ml/min, 0 -5 min,
100% A; 5—20 min from 100% A to 100% B; 20 —22-min flow rate
increase to 0.36 ml/min; 22—27 min, 100% B; 27-32 min from
100% B to 100% A; and 32—35 min, 100% A, flow rate decreased
to 0.18 ml/min.

For steric analysis, the monohydroperoxide was reduced to
its analogous hydroxy derivative with SnCl, (300 wng/900 wl) by
incubation for 10 min and further purified by straight phase
HPLC. Straight phase HPLC was carried out on a Zorbax SIL
column (4.6 X 250 mm, 5-um particle size; Agilent) eluted with
a solvent system of n-hexane/2-propanol/acetic acid (100/1/
0.1,v/v/v) ata flow rate of 0.2 ml/min. Chiral phase HPLC of the
hydroxy fatty acids was carried out on a Daicel CHIRALCEL
OD-H column (2.1 X 150 mm, 5-um particle size; VWR, Darm-
stadt, Germany) with a solvent system of #-hexane/2-propanol/
acetic acid (100/5/0.1, v/v/v).

HPLC/MS Analysis—The HPLC assembly was a Surveyor
HPLC system with an EC250/2 Nucleosil 100-5 C;4 column
(2.1 X 250 mm, 5-um particle size; Macherey-Nagel). The sol-
vent systems were as follows: solvent system A, acetonitrile/
water/acetic acid (40/60/0.1, v/v/v); and solvent system B, ace-
tonitrile/acetic acid (100/0.1, v/v). The gradient elution profile
was as follows: flow rate of 0.2 ml/min, 0—10 min, 80% A and
20% B; 10-30 min from 80% A and 20% B to 100% B; 30 —35-
min flow rate increase to 0.3 ml/min; 35—-40 min, 100% B;
40-44.5 min from 100% B to 80% A and 20% B; and 44.5—45
min, 80% A and 20% B, flow rate decreased to 0.2 ml/min.

The mass spectrometer used was a Thermo Finnigan LCQ
ion trap mass spectrometer with electrospray ionization and
monitoring of negative ions. The capillary temperature was
300 °C, and the capillary voltage was 27 kV. For tandem MS
analysis, the collision energy was 1 V.

GC/MS Analysis—The identity of hydroxy fatty acids was
verified by GC/MS. After separation via RP-HPLC, the prod-
ucts were extracted with 2 ml of diethyl ether and dried under
nitrogen stream. For analysis by GC/MS, the hydroperoxy fatty
acids were reduced with SnCl, as described above and methyl-
ated by dissolving the samples in 400 ul of methanol containing
6.5 ul of 2 M (diazomethyl)trimethylsilane (in hexane). After
incubation for 30 min on a shaker, the reaction was terminated
by the addition of 0.2 ul of glacial acid. The fatty acid methyl
esters were extracted with 2 ml of diethyl ether, dried under
nitrogen stream, and subsequently dissolved in 3 ul of acetoni-
trile. All fatty acid methyl esters were trimethylsilylated with 1
ul of N,O-bi(trimethylsilyl)trifluoroacetamide. Analysis was
carried out using an Agilent 5973 mass selective detector con-
nected to an Agilent 6890 gas chromatograph equipped with a
capillary DB-23 column (30 m X 0.25 mm, 0.25-um coating
thickness). Helium was used as carrier gas (1 ml/min). The tem-
perature gradient was 150 °C for 1 min, 150-200 °C at 4 K
min ', 200-250 °C at 5 K min ™', and 250 °C for 6 min.

Determination of Kinetic Parameters—For analysis of the
initial reaction rate data, the time-dependent O, consumption
was measured with a Clark-type O, electrode at different sub-
strate concentrations. The kinetic experiments were conducted
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at 24.°C in 50 mMm phosphate buffer (pH 7.2). Reactions were
initiated by the addition of 15 ug of purified enzyme to 1 ml of
the rapidly stirring buffer containing a defined amount of sub-
strate. The solution was pre-equilibrated against air at 1 atm.
The following substrates were used: sodium salts of 16:14%%,
18:149%, 18:2849%12Z and 18:329%12%15Z Kinetic parameters
were obtained by fitting five to seven data points to the Hanes-
Woolf equation: v = (V. *[S])/(K,, + [S]) & [S]/v=K,,/V,

max max
+ 1/V,,.[S], where v is the initial reaction rate, V., is the

maximum reaction rate, [S] is the concentration of substrate,
and K, is the Michaelis constant.

Lipid-derived Radical Trapping by Nitroxyl Radicals—Lipid-
derived radicals generated in the 18:249%'24/PpoA system were
trapped with nitroxyl radicals as follows. 250 ug of 18:24%%12%
were dissolved in 1 ml of 50 mm HEPES buffer (pH 7.4) contain-
ing 2% EtOH and 5 mm EDTA. The solution was mixed with
500 wl of 5 mM CmAP in HEPES buffer as described above. The
reaction was started by the addition of 15 ug of PpoA from
stock solution (10 pg/ul in 50 mm HEPES (pH 7.4)), and the
reaction mixture was covered with argon. Products were
extracted as described above and analyzed by HPLC/MS by
monitoring of positive ions within a mass range of m/z 50 — 600
as described above.

Peroxidase Assay—To determine peroxidase activity, the
method described by Kulmacz (26) was used. 100 um TMPD
and 100 um hydroperoxide-free 18:24°%'2% were dissolved in 1
ml 50 mm HEPES (pH 7.4) and incubated with 15 ug of PpoA at
room temperature. The peroxidase activity was monitored by
the increase in absorbance at 611 nm due to oxidized TMPD
using the dual-beam Uvikon 930 spectrophotometer.

RESULTS

Domain Structure and Alignments—BLAST search analysis
predicted for PpoA the presence of an N-terminal heme perox-
idase as well as a C-terminal P450 heme thiolate domain. By
aligning the sequence of the heme peroxidase domain of
PpoA with those of 7,8-LDS (Swiss-Prot accession number
Q9UUS2.1), sheep PGHS-1 (P05979.2), and sheep PGHS-2
(P79208.1), we found that most residues reported to be essen-
tial for the catalytic activity of 7,8-LDS and PGHS are conserved
(supplemental Fig. 1A). Furthermore, alignments of the C-ter-
minal P450 heme thiolate domain with sequences of known
P450 heme thiolate enzymes from different organisms and with
predicted P450 heme thiolate domains from different putative
fungal Ppo-like enzymes also showed conserved residues (Fig.
1). Additionally, we compared the sequence of the P450 heme
thiolate domain from PpoA with the known consensus
sequence of the heme signature motif of P450 enzymes accord-
ing to the PROSITE Database. All identified amino acid resi-
dues within the PpoA sequence are shaded gray in Fig. 1. More-
over, we also identified the highly conserved EXXR motif that is
one of the most conserved residues in P450 heme thiolate
enzymes. A full alignment of the P450 heme thiolate domain is
shown in supplemental Fig. 1B. Therefore, PpoA was assigned
as CYP6001A1 by Dr. D. R. Nelson of the P450 Nomenclature
Committee (Department of Molecular Sciences, University of
Tennessee).
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Cloning and Functional Expression of PpoA—cDNA from
vegetative and sexual stages of A. nidulans and gene-specific
primers containing appropriate restriction sites were used to
amplify via PCR a DNA fragment corresponding to the open
reading frame of ppoA. After subcloning into pGEM-T, ppoA
was finally cloned into the expression vector pET24, yielding
plasmid pET24-PpoA. Sequencing confirmed the open reading
frame with 3246 bp and 1081 amino acids, showing three amino
acid residue exchanges according to the published genome
sequence (1): Lys'®® with Pro, Asp*'” with Arg, and 11e%*° with
Val. Functional expression of PpoA was performed in E. coli
BI21 Star cells, and optimal cultivation conditions (28 °C, 18 h)
were determined. Expression of PpoA was verified by SDS-
PAGE, and for activity tests, oxygen consumption was meas-
ured using a Clark-type oxygen electrode. However, expression
of tagged recombinant protein led to inactive protein.

Purification of PpoA—Extraction and solubilization of PpoA
using crude extract from bacteria were done with 50 mm Tris-
HCI (pH 7.6) containing 10% (v/v) glycerol and 5 mm EDTA.
After each purification step, activity was determined using a
Clark-type oxygen electrode. For the initial purification step,
Source 30Q resin (25 ml, XK 16/20 column) was chosen to
isolate and concentrate PpoA. Although >60% of PpoA was
lost during this step (recovery rate of 33%), it also resulted in
4-fold purification (Table 1). The subsequent purification step
using gel filtration was required to remove large and small
aggregates of proteins. Most of the contaminants could be
removed with this step, whereas the recovery of protein was
very high at 28%. The last step using the Mono Q column was
used to remove most of the remaining contaminants and
resulted in 62-fold enrichment of PpoA (Table 1). This purifi-
cation protocol yielded typically between 2 and 4 mg of protein/
600 ml of culture.

Molecular Mass and Oligomeric Structure—Protein obtained
from the different stages of protein purification was subjected
to SDS-PAGE (Fig. 2). After each purification step, a protein
band at ~110 kDa became more prominent, and the last puri-
fication step on Mono Q resulted in almost pure protein, where
only traces of other proteins could be detected. The molecular
mass for PpoA of 110 kDa as determined by SDS-PAGE
appeared to be slightly smaller as calculated by its amino acid
components (120 kDa).

Analysis and purification with the gel filtration column
yielded a protein with a molecular mass of 440 kDa. This size
was estimated to be 4-fold larger than that obtained upon SDS-
PAGE, which led to the conclusion that the native protein con-
sists of four subunits. When SDS-PAGE analysis was performed
without treatment of reducing agent, the band of the corre-
sponding molecular mass did not change (data not shown).
This may indicate that the four subunits are not covalently
bound by disulfide bridges.

Spectral Analysis and Prosthetic Groups—The UV-visible
absorption spectrum of purified PpoA is shown in Fig. 34. The
highest absorption maxima were at 280 and 413 nm (v, Soret
band). Additionally, four broader but weaker maxima could be
detected at 534 (B), 567 («), 355 (), and 630 nm, indicative of a
cytochrome b group. The absorption maxima at 413 and 630
nm suggest that PpoA is a ferric heme protein in the high spin
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Alignment P450 heme thiolate domain

A.nidulans PpoA YFMEGARLRS--SVALPRVAAQPTVVE-DNGEKLTIKAGQVVMCNLVSACMDPTAF--PD 983
A.niger 1 YVLEAQRLTS--MECTVRVCKAHRTIN----- DQEFKPGDVVITLLGPACRDPTSI--PD
A.niger 2 YFMEGABLRS——SVGLPRLVAKPTVVD DGGSKYTLKPGQSVLCNLVSASMDPRSF--PE
A.fumigatus 1 YFMEGARIRS—_SVALPRVVAQPTVVE DNGQKITLKQGQHIICNLVSASMDPVTF--PE
A.fumigatus 2 YCMEAIRLNG——IFGSYRKSQ -TNLTLDDKGGKVHIKAGDNVFVSFIDANRDPDVF--PK
A.fumigatus 3 YCMEAIﬁLNG——IFGSYRKSQ -TNLTLDDKGGKVHIKAGDNVEVSFIDANRDPDVF--PK
F.graminearum 1 YVAEALRMTS--SQRNVRISKTPGEVD----- GQSIAPGTAVVLMLGEARGRNPKEI--PD
F.graminearum 2 YAMEGIRMAG--TFGLYREATTADVIQEDDGREVPVKAGDRVFVSFVTAAKDPNIF--PD
F.oxysporum 1 YAMEGIRMAG--TFGLYREATGPDT IHEDDGRSIPVNAGDRVEVSFVQAAQDPKIF--PN
CYP450 119 AIEEALRYSPP-VMRTVRKTKERVKLG--——- DQTIEEGEYVRVWIASANRDEEVF--HD
CYP450 cin AVDELLRFYG--PAMVGRLVTQEVTVG----- DITMKPGQTAMLWFPIASRDRSAF--DS
CYP450 130 AVEELLRLTSP-VQGLARTTTRDVTIG----- DTTIPAGRRVLLLYGSANRDERQYG-PD
CYP450 nor FVEELCRYHTASALAIKRTAKEDVMIG--—-- DKLVRANEGIIASNQSANRDEEVFENPD
CYP450 3A4 VVNETLBLFP IAMRLERVCKKDVEIN----- GMFIPKGVVVMIPSYALHRDPKYW--TE
CYP450_2C9 VVHEVQRYIDLLPTSLPHAVTCDIKFR ————— NYLIPKGTTILISLTSVLHDNKEF--PN
+* * .
EXXR motif
vVYy

A.nidulans PpoA PEKVKLDRDMNL---—--==-- YAHﬁﬁﬁspa'cw@ DLCKTGLSTMLKVLGR-LDNLRRAP 1033
A.niger 1 AETFKLDRPSNA-———————— YIHFGYGAH SKEIGLTFAVSMLRVLAG-LKYLRPAP
A.niger 2 PEKVKLDRDMSL-—--—----- YAHFGFGPHO GMGICKLALTTMLRVVGR-LDNLRRAP
A.fumigatus 1 PDKVKLDRDMNL--——=—==—~— YAHFGFGPHo SLGLCKTALTTMLKVIGR-LDNLRRAP
A.fumigatus 2 PEEVDLNRPMES-——--———— YIHYGVGPHT ,GSEASKVALTTMLRVVGR-LDNLRRAP
A.fumigatus 3 PEEVDLNRPMES GVGPH GSEASKVALTAMLRVVGR-LDNLRRAP
F.graminearum 1 ADKFNAQRKQQE '_ 'AKDVALAFVTGLIKLVAD-LKELRPAP
F.graminearum 2 PEVVDPRRPLDS - GRDISQVALTELFRALFR-KKGLRRVA
F.oxysporum 1 PGVVDPKRPLDK GRDISQVALTELFRAVFR-KKGVRRVP
CYP450 119 GEKFIPDRNPNP GAPLARLEARIAIEEFSKRFRHIEILD
CYP450_cin PDNIVIERTPNR GAHLIRVEARVAITEFLKRIPEFSLDP
CYP450 130 AARELDVTRCPRN GAAAARMQCRVALTELLARCPDFEVAE
CYP450 nor EFNMNRKWPPQD AEHLAKAELTTVFSTLYQKFPDLKVAV
CYP450 3A4 PEKFLPERFSKKNKDNIDPYIVYTP] ﬂ - GMRFALMNMKLALIRVLQNFSFKPCKE
CYP450_2C9 PEMFDPHHFLDEGGNFKKSKYFMPF&AGKRIV

sEALAGMELFLEFLTSILONFNLKSLVD

*.a—:'

Heme signature motif

FIGURE 1. Partial alignment of the P450 domain from PpoA with sequences from different P450. A, partial alignment of the P450 domain from PpoA with
known CYP450 enzymes (CYP450_119 (Protein Data Bank code 1F4T, B chain), CYP450_cin (code 1T2B, B chain), CYP450_130 (code 2UUQ, A chain),
CYP450_nor (code 1JFB, A chain), CYP4503A4 (code 1TQN, A chain), and CYP4502C9 (code 1R90, A chain)) and predicted CYP450 domains from different
putative fungal Ppo-like enzymes (Aspergillus niger 1 (XP_001395220), A. niger 2 (XP_001401954) A. fumigatus 1 (EDP50447), A. fumigatus 2 (ABV21632.1),
A. fumigatus 3 (EDP47075.1), Fusarium graminearum 1 (FGSG_02668; annotation code in accordance to the Fusarium Comparative Database), F. graminearum
2 (FGSG_10960)", and F. oxysporum 1 (FOXG_12909). Amino acids matching the P450 heme signature consensus sequence according to the PROSITE Database
as well as the known EXXR motif of P450 heme thiolate enzymes are shaded gray. Additionally, the cysteine responsible for the ligation of heme iron is shaded
black. The mutated histidine and cysteine are labeled with arrowheads. The alignment was carried out using ClustalW.

state (24). The ferric iron of heme proteins can be transformed
TABLE 1 by ions like CN™ and F~ into low and high spin states, respec-
Purification of recombinant A. nidulans PpoA tively (24). CN™~ formed low spin derivatives of PpoA in which
the y-band was shifted to 418 nm, whereas F~ had no effect on

Purification step Total Specific

4 o Recovery Purification
protein” _ activity” PpoA, confirming that PpoA contains ferric heme in the high
mg  pmol/min/mg % fold spin state. Treatment with sodium dithionite shifted the Soret
Crude extract 822 0.051 100 1 .
Source 30Q 64.8 0215 33 4 maximum to 422 nm.
i/l[lperdéxl%%(l)g 26/60 386 é~‘2¥7 %g ég To confirm the postulated presence of a P450 heme thiolate
ono . . . . .
“ Protein concentration was determined using the method of Bradford (55) with qomaln a‘S Part. of Pp 0A, the prOteln was refluced by the addi-
bovine serum albumin as a standard. tion of dithionite and the subsequent reaction of the reduced
? Activity was determined using a Clark-type O, electrode; oxygen consumption was : : : g _
monitored using sodium salt of linoleic acid (18:249%12%) as a substrate at a con- e‘nzyme with p hysmally dlSS()lved. CO. The UV-visible absorp
centration of 100 um. tion spectra of the reduced protein and the reduced heme-CO
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FIGURE 2. SDS-PAGE at different stages of purification. Aliquots after each
purification step were analyzed by 8% SDS-PAGE. Lane 1, crude cell extract;
lane 2, after Source 30Q; lane 3, after Superdex S200 (26/60); lane 4, after Mono
Q(10/10).

complex of the protein as well as a difference spectrum (inset)
are shown in Fig. 3B. The spectrum of dithionite-reduced PpoA
shows a bathochromic shift of the Soret band from 413 toward
422 nm. Incubation of the reduced enzyme with CO resulted in
the formation of an additional transient band at 450 nm, which
is also illustrated by a corresponding maximum in the differ-
ence absorbance spectrum. The absorbance of a reduced
heme-CO complex at 450 nm is a generally known property of
P450 heme thiolate enzymes (25, 27). In the case of PpoA, the
CO complex appeared to be unstable and decayed after a few
minutes, forming a species termed P420, as already described,
for example, for P450, ;.4 from Sphingomonas sp. (28) or pros-
tacyclin synthase (29). This species is formed by weakening or
distorting the heme thiolate bond and exhibits an absorption
maximum of the reduced CO complex at 420 nm (25). The
weak signal at 450 nm and at 420 nm is also indicative of an
incomplete reaction, as has also been reported for other P450
heme thiolate enzymes such as the allene oxide synthases (30).

Identification of Products—Purified PpoA was incubated
with [1-1%C]18:24%%12Z for 30 min on a shaker. After extraction
of fatty acids and their derivatives, analysis was performed by
RP-HPLC with a radio detector. Two new peaks were detected
as shown in Fig. 4. The more polar one is labeled as product 2
and had a retention time of 10.8 min on the RP column. The less
polar one eluted after 21.4 min from the column and is labeled
as product 1. It is noteworthy that the amount of product 1
varied in different experiments from undetectable traces to
high amounts, as is shown in Fig. 4.

For further analysis, unlabeled 18: was used. Product
1 was treated with SnCl, and reanalyzed by RP-HPLC. The
untreated compound showed a higher retention time on the

2A9Z, 127
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column than the treated compound. The shift in the retention
time between both compounds was ~0.6 min.

The identities of the reduced products 1 and 2 could be
solved by the mass spectra of their corresponding Me,Si ether
methyl ester derivatives. The mass spectrum of product 2 is
shown in supplemental Fig. 24 and displays signals at m/z 129
(CH(OSiCH3);5-C,Hy), 203 (cleavage between C-5 and C-6),
239 (cleavage between C-7 and C-8), 269 (cleavage between
C-10 and C-11), and 282 (cleavage between C-12 and C-13).
The base peak was at m1/z 73. These data indicate a dihydroxy
metabolite with the OH groups at C-5 and C-8.

The mass spectrum of product 1 (after treatment with SnCl,)
is shown in supplemental Fig. 2B and displays a fragmentation
pattern analogous to the mass spectrum of product 2 with the
exception of the disappearance of the m/z 203 signal. This
result indicates a monohydroxylated metabolite with the OH
group at C-8. Steric analysis of the hydroperoxy product (prod-
uct 1) via chiral phase HPLC showed that it is generated in
R-configuration with a specificity of 95%. The chiral phase
HPLC chromatogram is shown in Fig. 4 (inset).

In most experiments, we were also able to detect small
amounts of 8-HODE as a side product (see Fig. 7B). Addition-
ally, when the formation of 5,8-DiHODE was high, we detected
an additional product that eluted at ~18 min. After methyla-
tion and derivatization, this product showed the same mass
spectrum as 5,8-DiHODE. We concluded from this finding that
5,8-DiHODE can be nonenzymatically rearranged by an
intramolecular esterification to 8-hydroxy-é-lactone.

We next tested different fatty acids as substrates for the PpoA
enzyme, especially fatty acids occurring endogenously in
A. nidulans. In fatty acid profiles of the fungi, only fatty acids
with a chain length of up to 18 carbon atoms could be detected
(data not shown). As supposed, PpoA converted these addi-
tional fatty acids (16:149%, 18:14%%, and 18:39%12%15%) to their
corresponding 8-monohydroperoxy and 5,8-dihydroxy deriva-
tives (Table 2). In addition, we tested C,, fatty acids with at least
one double bound at C-11, and we found that these compounds
were converted to their corresponding 10-hydroperoxy and
7,10-dihydroxy derivatives (Table 2).

Analysis of Product Formation in the Presence of *0,—To
analyze whether both oxygen atoms of the 5,8-dihydroxy deriv-
atives are derived from the same dioxygen molecule or from
other co-substrates, 18:22°%12Z was converted to 5,8-DiHODE
under an atmosphere enriched in '*0,. The corresponding liq-
uid chromatography/MS spectrum shows two major signals:
m/z 311 (M~ + 2 '°0), corresponding to 5,8-[*°O,]DiHODE,
and 315 (M~ + 2 *¥0), corresponding to 5,8-[**0,]|DiHODE.
No signal at m/z 313 was detected (Fig. 54). This finding indi-
cates that both hydroxy groups in the product contain either
two atoms of '°O or two atoms of 0, but nearly no species
containing both isotopes could be detected. This further shows
that oxygen atoms in the hydroxy groups of the product are
derived from dioxygen. The GC/MS spectrum of labeled 5,8-
DiHODE is shown in Fig. 5B. This spectrum of a mixture of the
Me,Si ether methyl esters of 5,8-['*0,]DiHODE and 5,8-
['°O,]DiHODE shows that the following fragments contain the
labeled oxygen atom as judged by the m/z signal: 129/131
(CH(OSiCH3);5-C,Hs), 203/205 (cleavage between C-5 and
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absorbance

MCIHPODE was incubated with
PpoA, which led to the generation
of 58-[1-"*C]DiHODE.  The
RP-HPLC chromatogram is shown
in Fig. 6. Both the '*0O, experiment
and the 8-HPODE experiment
conversion indicate that 5,8-Di-
HODE is derived from the inter-
mediate 8-HPODE. The observa-
tion that the amount of 8-HPODE
differed in some experiments
might therefore indicate that the
catalytic 8-hydroperoxide iso-
merase activity is sensitive to per-
turbations of the protein folding.
pH Optimum—The pH optimum
was analyzed by measuring the ini-
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tial rates of oxygen consumption
for the reaction with 100 um
18:249%12% ysing a Clark-type O,
electrode. 15 pg of purified enzyme
was used for this assay. Every meas-
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r— ' urement was performed in tripli-
cates. Solutions of different pH val-
ues between 4.5 and 10.5 were used.
The initial rate of O, consumption
increased rapidly from pH 5 to 6.0
and reached a maximum of 3 wmol/
min/mg between pH 7.0 and 7.5. pH
values >8.0 led to a rapid decrease
in enzyme activity.

Kinetic Parameters—Kinetic con-
stants were analyzed by measuring

absorbance

4%0
wavelength [nm]

the initial rates of oxygen consump-
tion for different substrate con-
centrations (five to seven concen-
trations in triplicates) in 50 mm
phosphate buffer (pH 7.2). The sub-
strates used were 16:1%°%, 18:14%%,
18:2A9Z,12Z’ and 18:3AQZ,12Z,ISZ‘ The
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D S R S

wavelength [nm]

FIGURE 3. Spectral analysis of PpoA. A, UV-visible spectrum of the native enzyme in 50 mm HEPES (pH 7. 4).
The UV-visible spectrum of the purified enzyme showed absorption maxima at 280 and 413 nm (, Soret) and
smaller maxima at 355 nm (8), 534 nm (B), 567 nm (a), and 630 nm. The dashed line represents a 5-fold
enlargement of the spectrum. B, UV-visible spectrum of the dithionite-reduced heme-CO complex of PpoA.
The spectrum was obtained as described by Omura and Sato (25). The spectrum of dithionite-reduced PpoA
shows a Soret band at 422 nm (dashed line). Incubation of the reduced enzyme with CO resulted in the forma-
tion of an additional transient band at 450 nm (solid line) that is also illustrated by a corresponding maximum
in the difference absorbance spectrum (inset). The heme-CO complex of PpoA appeared to be unstable and
decayed to a species known as P420 with absorption maximum at 420 nm as also illustrated in the difference

spectrum.

C-6), 239/241 (cleavage between C-7 and C-8), 269/271 (cleav-
age between C-10 and C-11), and 282/284 (cleavage between
C-12 and C-13). The GC/MS data confirm the results derived
from the HPLC/MS spectra.

Conversion of 8-[1-"*CIHPODE by PpoA—To elucidate fur-
ther if the 8-hydroperoxide is a reaction intermediate, 8-[1-
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reactions were started by the addi-
tion of 15 ug of purified enzyme to
the oxygen-saturated stirring
solution. The K,, and V. values
were calculated by fitting the
determined initial reaction rate to
the Hanes-Woolf equation. The
Michaelis-Menten plot and the
corresponding Hanes-Woolf plot
for the reaction with 18:249%12%
are shown in supplemental Fig. 3
(A and B, respectively). The differ-
ent K,,, Voo keaw and k. /K, values are summarized in
Table 3. These results show that the substrate specificity of
PpoA at least for the first step of the reaction decreases with
the increasing number of double bonds of the fatty acid
chain. Thus, 18:1%%“ seems to be the preferred substrate of
PpoA.

&
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vated by hydroperoxides. It is note-
worthy that these hydroperoxides
seem not to be necessarily
8-HPODE. Additionally, we found
PpoA to be inactivated during the
reaction and could not be reacti-

vated by the addition of substrate.
This finding is consistent with the
| results found for 7,8-LDS and PGHS
(15, 32).

| Peroxidase Activity—As
tioned above, we were able to detect

men-

8-hydroxy derivatives in low
amounts as a site product of the
PpoA reaction. To determine
whether the reduction of 8-hy-
droperoxide to the corresponding
8-hydroxide can be accomplished
by PpoA, we used TMPD as a co-
substrate to analyze peroxidase

[1 -14C]-L A
product 1

> product 1 ) N ?"595%
> product 2 i
mE—lJI % 100 || I
8 =] ) \ss%
._6 b rstsntion1tsirne [min] "
©

T J ' : ' ' : ‘ :

0 10 20 30 40

ret. time [min]

FIGURE 4. HPLC analysis of metabolites formed from [1-'%C]18:24%%"2Z by PpoA. Shown are the results
from RP-HPLC analysis after 60 of min incubation of 5.5 MBq of radiolabeled [1-'C]18:249%"2Z with 15 ug of
PpoA in 50 mm HEPES buffer (pH 7.4) and extractive isolation. Inset, chiral phase HPLC of product 1. LA, linoleic

acid; ret., retention; rel., relative.

TABLE 2

Oxygenation products of A. nidulans PpoA

Products of C,, and C,, fatty acids were identified as Me,Si ether methyl ester
derivatives by GC/MS analysis after separation by RP-HPLC.

HPHME, hydroperoxyhexadecenoic acid; HPOME, hydroperoxyoctadecenoic acid;
HPOTTE, hydroperoxyoctadecatrienoic acid; HPEME, hydroperoxyeicosenoic acid;
HPEDE, hydroperoxyeicosadienoic acid; HPETTE, hydroperoxyeicosatrienoic
acid; DiIHHME, dihydroxyhexadenoic acid; DiHOME, dihydroxyoctadecenoic
acid; DIHOTTE, dihydroxyoctadecatrienoic acid; DIHEME, dihydroxyeicosenoic acid;
DiHEDE, dihydroxyeicosadienoic acid; DiHETTE, dihydroxyeicosatrienoic acid.

Substrate Product 1 Product 2
16:1297 8-HPHME 5,8-DiHHME
18:149% 8-HPOME 5,8-DiIHOME
18:249%122 8-HPODE 5,8-DiHODE
18:349%122,152 8-HPOTTIE 5,8-DiHOTTE
20:1411% 10-HPEME* 7,10-DIHEME?
20:23112:142 10-HPEDE* 7,10-DiHEDE?
20:33112:142,172 10-HPETTE” 7,10-DiHETrE?

“ Hydroperoxide fatty acids were unequivocally identified; the position of hydroper-
oxide was deduced from the corresponding dihydroxides.

® Dihydroxy products of C,, fatty acids were identified by HPLC/tandem MS anal-
ysis and by detection of characteristic fragments: cleavage between C-7 and C-8
with formation of a characteristic signal at m/z 143 (HOOC-(CH,);COH-) and
cleavage between C-10 and C-11 with a characteristic signal at 7/z 201 (HOOC-
(CH,)5-COH-(CH,),-COH-).

Activation and Inactivation of PpoA—Measuring the conver-
sion of 18:249%'2“ by PpoA, we found a kinetic lag phase, which
already has been described for other DOX-like PGHS enzymes
(31). In the case of PpoA, this lag phase ranged from 3 to 5 s
when the reaction was started with hydroperoxide-free
18:249%12Z The lag phase was shortened or even abolished
completely when less pure 18:2%°%'2% containing trace
amounts of fatty acid hydroperoxides was used. This indicates
that the native form of PpoA is inactive and needs to be acti-

MAY 1, 2009 +VOLUME 284+-NUMBER 18

activity. TMPD was used by Kul-
macz (26) for determination of the
peroxidase activity of PGHS. When
15 pg of PpoA were incubated with
100 uMm 18:229%12Z and 100 um
TMPD in 50 mm HEPES (pH 7.4),
we were able to follow the increase
in the characteristic absorbance at
611 nm over 10 min. A typical reac-
tion progress curve could be obtained and is shown in supple-
mental Fig. 4. After termination of the reaction, the products
were extracted as described and analyzed by RP-HPLC.
8-HODE was the main product, whereas the amount of 5,8-
DiHODE was significantly reduced. From this, we concluded
that PpoA is able to reduce 8-HPODE to 8-HODE as well as to
isomerase it into 5,8-DiHODE. In the presence of an appropri-
ate electron donor like TMPD as a co-substrate, the peroxidase
reaction seems to be the dominant reaction, whereas in the
absence of a co-substrate, predominantly the 8-hydroperoxide
isomerase reaction takes place.

Radical Spin Trapping Adducts—To investigate the forma-
tion of a carbon-centered radical at C-8 (15), we used the
method of Koshiishi and co-workers (33-35) to scavenge the
hypothetical C-8 radical with the radical scavenger CmAP. In
this case, a nitroxyl radical competes with the oxygen molecule
for the lipid allyl radical on the enzyme, resulting in the forma-
tion of a lipid allyl radical-CmAP adduct that can be detected by
mass spectrometry.

As reported by Koshiishi et al. (36), a nitroxyl radical can trap
the radical intermediate of the lipoxygenase reaction. It is
known from the lipoxygenase/linoleate system that the product
of this reaction consists of two regioisomers, namely 9- and
13-hydroperoxylinoleate (37). Thus, if CmAP is used as a scav-
enger, which possesses no chiral center in its structure, two
distinct peaks corresponding to both regioisomeric adducts can
be detected on an HPLC system (33). In contrast to lipoxygen-
ase, PpoA does not seem to produce regioisomers.

JOURNAL OF BIOLOGICAL CHEMISTRY 11799


http://www.jbc.org/cgi/content/full/M809152200/DC1
http://www.jbc.org/cgi/content/full/M809152200/DC1

Fatty Acid Heme Dioxygenase/Peroxidase-P450 Fusion Protein

A I’ll
100 311
80+ 315
> 5,8-[°0],- 5,800,
'g 60 DiHODE DIHODE
Qo ||/
E o
°
204
0 " /i i i N L Ll lllh L
200 250 300 350 400
m/z
B 269/
271
239/ >
241 129/
203/ 282/
131 284
/0 —
OTMS
100 73
80 -
P
g 60
2 239/
£ 40- s 241 282/
= 284
E 131 203/ 269/
20 205 271
0__ iy .l.ujh _“ —
100 200 300 400
m/z

FIGURE 5. Mass spectrometric analysis of products formed by PpoA from
18:249%72Z ynder "#0,. A, HPLC/MS spectrum of 5,8-DiHODE obtained after
incubation of 15 ug of PpoA with 250 ug of 18:24°%'2Z under '®0, gas and
extractive isolation. B, electron impact mass spectrum of a Me;Si ether methyl
ester derivative of 5,8-DiHODE obtained after incubation of 15 ug of PpoA
with 250 ug of 18:229212Z ynder '®0, gas and extractive isolation. rel., relative.

We performed the trapping reaction with CmAP. The lino-
leate allyl radical-CmAP adducts at m/z 463 were identified by
RP-HPLC/MS. Surprisingly, two distinct peaks could be detect-
ed: a major peak eluting at 28.8 min and a smaller one at 30.8
min. However, as expected, none of the adducts showed an
absorbance maximum at 234 nm, and thus, none of them pos-
sessed a conjugated diene moiety in their structure. We suggest
from this result that the major peak corresponds to the trapped
C-8 radical adduct, whereas the weaker peak might correspond
to the C-10 radical adduct. This compound could be generated
by an intramolecular isomerization rearrangement of the dou-
ble bond. Furthermore, we were able to detect trapping adducts
at m/z 479. These adducts may correspond to nitroxyl radical-
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FIGURE 6. Conversion of 8-[1-"*CIHPODE by PpoA to 5,8-[1-'*CIDiHODE.
Shown are the results from RP-HPLC analysis after 20 min of incubation of
8-[1-"*CIHPODE with 15 ug of PpoA in 50 mm HEPES buffer (pH 7.4) and
extractive isolation. ret., retention.

TABLE 3
Kinetic parameters for different substrates

Kinetic analysis was carried out using a Clark-type O, electrode. Initial oxygen
consumption was monitored for different substrate concentrations. The sodium
salt of each fatty acid was used as a substrate.

Substrate Vinax K, Ko keo/K,,
wmol/min/mg wmol/liter min~! min~ 1M~ X 10°
16:14% 1.76 = 0.102  5.00 = 0.85 211 =12.3 422 *+7.6
18:14%% 248 £0.072 6.71 £0.74 297 £ 8.6 44.3 £ 5.05
18:249%122 3.16 £0.18 1830 *26 379 £21.6 20.3 = 3.03
18:389%122152 9 97 + (.27 22.6 =43 356 £ 32 158 = 3.3

lipid epoxyallyl adducts similar to those of the lipoxygenase/
linoleate system as reported (36).

It is noteworthy that the spectra of the trapping adducts of
the PpoA/linoleate system showed a characteristic fragment at
m/z 185. Such a fragment has already been reported for the
lipoxygenase/linoleate system. The carbon-centered radial-
CmAP adducts fragmented into hydroxylamine (71/z 185); this
arises from the reduced form of CmAP through heterolysis of
the C—O-N bond (36).

Site-directed Mutagenesis—Alignments of the N-terminal
heme peroxidase domain and C-terminal P450 heme thiolate
domain show conserved residues in both domains (Fig. 1 and
supplemental Fig. 1). To determine which of these conserved
residues might be essential for PpoA activity, site-directed
mutagenesis was carried out. The most striking effects on the
catalytic activity were observed with mutation Y374F, which is
located in the heme peroxidase domain, and mutation H1004A,
which is located in the P450 heme thiolate domain.

Alignments show that this tyrosine residue is conserved in
7,8-LDS (Tyr*’®), sheep PGHS-1 (Tyr*®®), and sheep PGHS-2
(Tyr®*”°) (supplemental Fig. 14), and this residue is known to be
essential for the catalytic activity probably through the forma-
tion of a tyrosyl radical (38 —40). Replacement of Tyr*”* with
Phe (Y374F) led to an enzyme that showed no detectable activ-
ity when incubated with 18:24%%12% a5 a substrate (Fig. 7D).
This showed that the tyrosine residue may be important for the
DOX activity, i.e. oxidation of 18:24%%'2% to 8-HPODE.

In contrast, when the Y374F mutant enzyme was incubated
with the intermediate product 8-HPODE, it was able to catalyze
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FIGURE 7. HPLC analysis of products formed from 18:22°%72Z by PpoA and mutants H1004A and Y374F. Shown are the results from RP-HPLC analysis after
60 min of incubation of 18:249%'2% with ~15 ug of heat-inactivated PpoA as a control (A), wild-type (WT) PpoA (B), H1004A (C), and Y374F (D) in 50 mm HEPES
buffer (pH 7.4) and extractive isolation. LA, linoleic acid; mAU, milliabsorbance units.

the formation of 5,8-DiHODE as shown in Fig. 8C. This indi-
cates that the Tyr residue is not involved in the 8-hydroperox-
ide isomerase reaction.

On the contrary, replacement of His'*** with Ala (H1004A)
led to an enzyme that catalyzed only the formation of
8-HPODE, whereas the 8-hydroperoxide isomerase reaction
was absent as shown in Fig. 7C. His'?** is conserved in many
P450 domains of putative Ppo-like proteins and also matches
the P450 heme signature consensus sequence (Fig. 1 and sup-
plemental Fig. 1B). Alignments show that this residue is in close
proximity to the crucial cysteine residue (Cys'°°¢), which is sug-
gested to be the fifth heme iron ligand, as has been shown, for
example, in CYP119 from Sulfolobus solfataricus (41). Upon
replacement of Cys'®°® with Ala, the same catalytic activity was
observed as for the H1004A enzyme.

These results led us to the conclusion that the N-terminal
heme peroxidase domain might be responsible for the DOX
reaction as the first step of the PpoA reaction, i.e. oxidation of
linoleic acid to 8-HPODE as an intermediate product. How-
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ever, the C-terminal P450 domain catalyzes the second reaction
step, the isomerization of 8-HPODE to 5,8-DiHODE, and was
therefore termed the 8-hydroperoxide isomerase P450 domain.

To ensure that the changed catalytic activity of H1004A
and Y374F was not due to changed folding of the enzyme, we
purified the mutant enzymes using the same purification
protocol as for the wild-type enzyme. We found that both
enzymes formed tetrameric complexes upon gel filtration
like the wild-type enzyme. Judging by SDS-PAGE, both
mutant enzymes showed the same degree of purity as the
wild-type enzyme (Fig. 9A4).

In Fig. 9B, the UV-visible absorption spectra of both mutant
enzymes in comparison with the wild-type enzyme are shown.
Whereas Y374F showed a spectrum similar to that of the wild-
type enzyme (with a shift in the Soret band to 407 nm and
maxima at 534 nm (), 567 nm («), 355 nm (8)), that of HI004A
differed in some respects: the Soret band shifted to 406 nm,
whereas the a-, 8-, and 8-bands gave no distinct signals. The
most striking difference is the changed ratio of A t0 Asgo nm-

Soret
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FIGURE 8. HPLC analysis of products formed from 8-HPODE by PpoA and
mutant Y374F. Shown are the results from RP-HPLC analysis after 20 min of
incubation of 8-HPODE with 15 ug of heat-inactivated PpoA as a control (A),
wild-type (WT) PpoA (B), and Y374F (C) in 50 mm HEPES buffer (pH 7.4) and
extractive isolation. mAU, milliabsorbance units.

Enzyme preparations of the wild-type form showed a Ag, ../
Asgo nm ratio between 1.0 and 1.1. In contrast, those of HI004A
ranged from 0.5 to 0.7. We concluded from this finding that this
mutant contains ~50-70% of heme cofactor compared with
the wild-type enzyme.

Moreover, we recorded a CD spectrum of the wild-type and
mutant enzymes in the far-UV and near-UV regions. As shown
in Fig. 9C, the wild-type enzyme (solid line) and the mutant
enzymes (dashed and dotted lines) have very similar secondary
and tertiary structures. Therefore, it seems unlikely that
changes in the catalytic activity were due to an incorrectly
folded enzyme structure.

The activity of the DOX reaction of the H1004A mutant was
determined in a similar way as for the wild-type enzyme using
the oxygen electrode as described above. We were able to deter-
mine kinetic constants for the reaction of H1004A incubated
with 18:249%12% (supplemental Fig. 5): V, .. = 1.16 * 0.05
wmol/min/mg, K,, = 4.90 = 0.62 um, k.,, = 139 min" ', and
k. /K, = (283 *3.81) X 10°min *m % V__, k., and K,
were reduced by 3—4-fold in comparison with the wild-type
enzyme, giving similar k_,/K,, values for the mutant (28.3 X
10° min~' M~ ") and wild-type enzyme (20.3 X 10° min~' M~ ").
This finding may indicate that the first reaction step, the DOX
reaction, is the rate-limiting step for the reaction. This goes
along with the finding that, in some experiments, we detected
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only traces of 8-HPODE, whereas 5,8-DiHODE was the pre-
dominant product.

We also tested both mutant enzymes for peroxidase activity
using TMPD as the electron donor. The Y374F enzyme showed
no detectable peroxidase activity when incubated with
18:249%12% because the production of hydroperoxides was
abolished. In contrast, the HI004A mutant produced the char-
acteristic increase at A4 ,,, Over time. This shows that the
H1004A mutation does not affect the peroxidase activity,
whereas the 8-hydroperoxide isomerase activity is abolished.

DISCUSSION

This study aimed to characterize the biochemical properties
of PpoA, a fungal DOX that is involved in the regulation of the
life cycle of A. nidulans (43). Therefore, PpoA was expressed in
E. coli. After purification of the enzyme by up to 62-fold, bio-
chemical characterization was performed. We showed that
PpoA is a ferric tetrameric heme protein that catalyzes the
dioxygenation of linoleic acid to its 5,8-diol derivative via the
formation of 8-HPODE. We also found 8-HODE to be formed
in low amounts as a side product. Similar results were obtained
by Oliw and co-workers (20), who concluded from incubation
of 18:249%12% with mycelia of A. nidulans lacking the ppoA
allele that the ppoA gene might code for an 5,8-LDS that is
similar to the 7,8-LDS from G. graminis.

Beside these principal similarities, we now provide evidence
that there exist striking differences between both enzymes and
their reaction mechanisms. Our study is based on the finding
that PpoA appears to consist of two functional domains as pre-
dicted, namely an N-terminal heme peroxidase and a C-termi-
nal P450 heme thiolate domain.

In 7,8-LDS, only the heme peroxidase domain can be found.
Additional enzymes are known that use only a heme peroxidase
domain for catalyzing similar reactions: plant a-DOX and
mammalian PGHS. Whereas 7,8-LDS and PGHS have been
found to be bifunctional enzymes because they catalyze either a
dioxygenase and isomerase or a cyclooxygenase and peroxidase
reaction, plant a-DOX is monofunctional because it catalyzes
only a dioxygenation reaction, yielding a 2-hydroperoxy fatty
acid (45). PpoA is another enzyme that harbors this domain,
and therefore, we will first discuss similarities of these enzymes
to PpoA and then focus on differences in the reaction mecha-
nism due to the unique property of PpoA with an additional
P450 heme thiolate domain.

Like 7,8-LDS, a-DOX, and PGHS, the native form of PpoA is
inactive and needs to be activated by hydroperoxides. Whereas
7,8-LDS seems to be preferentially activated by its own product
8-HPODE (15), PGHS can be activated by many different
hydroperoxide species (46). PpoA also seems to be relatively
indifferent toward the activating hydroperoxide because we
observed that not only the 8-hydroperoxides but also autoxida-
tion products of fatty acids, e.g. racemic 13-hydroperoxides,
activate the enzyme.

Furthermore, it is known that both 7,8-LDS and PGHS are
inactivated during their reaction (15, 18). We observed that
PpoA is subject to a similar kind of suicide inactivation and that
the DOX activity fell to zero within a few minutes under our
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FIGURE 9. SDS-PAGE of purified PpoA mutants H1004A and Y374F and spectroscopic analysis. Both
mutants H1004A (dashed line) and Y374F (dotted line) were purified as described for the wild-type (WT) enzyme
(solid line) and analyzed by 8% SDS-PAGE (A), UV-visible spectroscopy (B), and CD spectroscopy (C). mdeg,

millidegrees.

assay conditions, although substrates were available in suffi-
cient amounts.

Spectroscopic analysis showed that, like 7,8-LDS (15), PpoA
contains a high spin ferriheme (Fig. 34). This finding was con-
firmed by the Soret absorption of CN™ and F~ derivatives.

The most obvious similarity of PpoA to 7,8-LDS is the reac-
tion process in which the formation of a diol product is accom-
plished via the intermediate formation of a hydroperoxide
derivative. It was suggested that both enzymes abstract the pro-
S-hydrogen atom, generating a carbon-centered radical at C-8
(20, 47), but the formation of protein radicals has been investi-
gated so far only via EPR for 7,8-LDS (15). We were able to trap
two carbon-centered radical species, presumably the C-8 and
C-10 radical derivatives, providing additional evidence that
supports the model of a radical as a reaction intermediate for
both enzymes. The latter might be easily formed by an isomer-
ization of the C-9 double bond. Interestingly, we could not
observe the formation of any 10-hydroperoxide products in
vitro by the wild-type enzyme.

To elucidate further the reaction mechanism, we mutated
conserved amino acid residues in the heme peroxidase domain

as well as in the P450 heme thiolate domain. Tyr*”* in PpoA is

MAY 1, 2009 +VOLUME 284+-NUMBER 18

the recombinant enzyme abolished
DOX activity, whereas isomerase
activity was retained (48). A similar
result was obtained when the same
mutant was expressed in insect cells
(39), suggesting a comparable func-
tion of the Tyr residue in 7,8-LDS and in PpoA.

One obvious difference between 7,8-LDS and PpoA is the
presence of an additional P450 heme thiolate domain in PpoA.
Therefore, we mutated conserved amino acid residues in the
heme signature motif (Fig. 1) of this domain, which might be
involved in binding of heme. Alignments show that His'*** is in
close proximity to the crucial cysteine residue (Cys'°°®), which
has been suggested to be the fifth heme iron ligand, as has been
shown, for example, in CYP119 from S. solfataricus (41). Thus,
substitution of His*** with Ala might distort heme binding in
this particular domain.

Replacement of His'°°* with Ala led to an enzyme with abol-
ished 8-hydroperoxide isomerase activity, whereas DOX activ-
ity was still present (Fig. 7C). Furthermore, the heme content
was reduced to 50—70% as judged by the Ag,.../Asg0 nm ratio in
the UV-visible spectra (Fig. 9B). From that we concluded that
PpoA may harbor two heme groups and that His'?** is involved
in binding of the heme group that is localized in the P450 heme
thiolate domain. Notably, this heme group seems to be essential
for the 8-hydroperoxide isomerase reaction. Further proof for
the 8-hydroperoxide isomerase activity of the P450 heme thio-
late was provided by substitution of the crucial cysteine residue
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further reduction back to heme, yielding the resting enzyme. The Tyr>’*

(Cys'°®) with Ala. This enzyme also showed an abolished 8-hy-
droperoxide isomerase activity, whereas the DOX activity was
retained.

Interestingly, the 8-hydroperoxide isomerase P450 domain
appears to show functional as well as structural similarities to
other P450 heme thiolate enzymes like the prostacyclin syn-
thase and allene oxide synthase: P450 heme thiolate enzymes
typically activate molecular oxygen by the use of external elec-
tron donors to catalyze monooxygenation reactions, e.g
hydroxylation, peroxidation, or epoxidation (49). In contrast to
these enzymes, prostacyclin synthase and allene oxide synthase
carry out isomerization of endoperoxides and hydroperoxides,
respectively, and do not need either molecular oxygen or exter-
nal electron donors. In analogy, the 8-hydroperoxide isomerase
within the P450 domain of PpoA also catalyzes an isomeriza-
tion, ie. the conversion of 8-HPODE to 5,8-DiHODE. This
reaction is also independent of molecular oxygen and external
electron donors. Additionally, the thiolate-ligated heme group
of PpoA gave a weak and transient UV-visible signal when incu-
bated with dithionite and CO, similar to allene oxide synthase
(44) and prostacyclin synthase, respectively. In the case of
allene oxide synthase, it is believed that the weak binding of CO
is a consequence of a structural conformation that hinders the
axial coordination of the heme iron by ligands (30, 50). For
prostacyclin synthase, it has been also been demonstrated that
the transient formation of the ferrous CO complex (29) might
be due to a small active-site volume (51).

As alignments of PpoA with 7,8-LDS show no homology in
the region of the P450 domain and as no indications for an
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FIGURE 10. Hypothetical catalytic mechanism of PpoA with linoleic acid as a substrate. The initiating step
of catalysis is the reduction of hydroperoxides to the corresponding hydroxides with the formation of com-
pound I. This species is either converted by an intermolecular reduction to intermediate Il with the formation
of the Tyr*”* radical or alternatively reduced by an exogenous electron donor (e.g. TMPD) to compound Il and
radical is then used for the generation
of the linoleoyl radical, and subsequently, molecular oxygen is inserted, resulting in peroxylinoleate. The latter
is converted to 8-HPODE by abstracting a hydrogen from Tyr®”“, Either 8-HPODE serves as the substrate for the
8-hydroperoxide isomerase reaction within the P450 heme thiolate domain in which it is isomerized via the
intermediate formation of compound | to 5,8-DiHODE, or alternatively, it serves as a substrate for the peroxi-
dase reaction, yielding 8-HODE. LA, linoleic acid; PPIX, ferric iron protoporphyrin IX.

additional domain beside the heme
peroxidase domain could be
detected for 7,8-LDS, it is unlikely
that the peroxidase and isomerase
activities of this enzyme are allo-
cated to distinct protein regions. It
is known from PGHS that the per-
oxidase activity can operate inde-
pendently of the cyclooxygenase
activity (18), whereas in contrast,
the cyclooxygenase reaction needs
an initial oxidation of the heme
group (31). Because we found that,
in PpoA, both reactions, dioxygen-
ation and 8-hydroperoxide isomer-
ization, can work independently of
i each other (Figs. 7 and 8), further

+ LA* 0,

+LA-O,

[Fe*"PPIX]

proof of the existence of an addi-
tional heme group was provided.
This was also supported by the fact
that the HI004A mutant lacking the
8-hydroperoxide isomerase activity
showed DOX as well as peroxidase
activity, indicating that heme oxida-
tion was retained. Moreover, the
UV-visible spectrum of the mutant
enzyme still showed characteristic
signals of a heme protein even
though it was different from that
of the wild-type enzyme. We suggest that the heme group of
the N-terminal heme peroxidase domain might be needed
for the activation of the enzyme by hydroperoxides, which
are concomitantly reduced to the corresponding hydroxides,
as is known for PGHS. Interestingly, in the presence of
TMPD, we found peroxidase activity to be the dominant
activity, whereas 8-hydroperoxide isomerase activity was
decreased as judged by product analysis with HPLC. This
finding may coincide with the fact that, in PGHS, compound
I and intermediate II can be reduced by an exogenous elec-
tron donor, yielding compound II (52), and by further reduc-
tion back to heme, yielding the resting enzyme, from which a
new peroxidase reaction can begin.

Taken together, our findings indicate that PpoA and the
related fatty acid dioxygenase 7,8-LDS seem to have different
reaction mechanisms. Whereas 7,8-LDS uses apparently just
one domain for catalyzing its two reaction steps, PpoA seems to
use two independent domains to carry out similar reaction
steps. The DOX reaction appears to be accomplished within the
N-terminal heme peroxidase domain, whereas the 8-hydroper-
oxide isomerase reaction takes place in the C-terminal P450
heme thiolate domain. From the data presented here, we sug-
gest a catalytic mechanism that is different from that for 7,8-
LDS, but is analogous to the widely accepted mechanisms of the
PGHS and P450 enzymes as shown for linoleic acid in Fig. 10
(18, 53).

The reduction of a relatively wide group of hydroperoxides to
the corresponding hydroxides displays the initiating step of
catalysis presumably with the formation of compound I. As is
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known for PGHS compound I, this species might then either be
converted by an intramolecular reduction to intermediate II
with the formation of the Tyr radical or alternatively be reduced
by an exogenous electron donor (e.g. TMPD) to compound II.
The Tyr radical is presumably used for the abstraction of the
hydrogen at C-8, and subsequently, molecular oxygen is
inserted, resulting in peroxylinoleate. The latter is converted
to 8-HPODE by again abstracting a hydrogen from the Tyr
residue. 8-HPODE then serves as the substrate for the 8-hy-
droperoxide isomerase reaction, in which it is isomerized to
5,8-DiHODE via the intermediate formation of compound I.
Alternatively, 8-HPODE serves as a substrate for the perox-
idase reaction (Fig. 10). EPR as well as stop flow studies are in
progress and will be used for the exact determination of the
catalytic mechanism.
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