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Abstract The oxidizing activity of CYP109B1 from
Bacillus subtilis was reconstituted in vitro with various
artificial redox proteins including putidaredoxin reductase
and putidaredoxin from Pseudomonas putida, truncated
bovine adrenodoxin reductase and adrenodoxin, flavodoxin
reductase and flavodoxin from Escherichia coli, and two
flavodoxins from B. subtilis (YkuN and YkuP). Binding
and oxidation of a broad range of chemically different
substrates (fatty acids, n-alkanes, primary n-alcohols,
terpenoids like (+)-valencene, «- and (3-ionone, and the
steroid testosterone) were investigated. CYP109B1was
found to oxidize saturated fatty acids (conversion up to
99%) and their methyl and ethyl esters (conversion up to
80%) at subterminal positions with a preference for the
carbon atoms C11 and C12 counted from the carboxyl
group. For the hydroxylation of primary n-alcohols, the
w_, position was preferred. n-Alkanes were not accepted
as substrates by CYP109B1. Regioselective hydroxylation
of terpenoids «-ionone (~70% conversion) and (3-ionone
(~ 91% conversion) yielded the allylic alcohols 3-hydroxy-oc-
ionone and 4-hydroxy-f-ionone, respectively. Furthermore,
indole was demonstrated to inhibit fatty acid oxidation.
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Introduction

Cytochromes P450 (P450s or CYPs) belong to an ever-
growing superfamily of heme b containing monooxyge-
nases found in all domains of life (Nelson 2006). They play
a central role in drug metabolism and are involved in the
biosynthesis of important natural compounds. Currently,
there are more than 11,800 P450 sequences available in
several online databases, for example in CYPED (http://
www.cyped.uni-stuttgart.de, Institute of Technical Bio-
chemistry, Universitaet Stuttgart; Fischer et al. 2007; Sirim
et al. 2009) or the P450 homepage maintained by Dr.
Nelson (http://drnelson.utmem.edu/CytochromeP450.html,
Molecular Sciences, University of Tennessee; Nelson
2006). P450s catalyze the introduction of one atom of
molecular oxygen in organic molecules, while the second
one is reduced to water. The basic P450 catalyzed reactions
include hydroxylation of sp3-C atoms, heteroatom oxygen-
ation, epoxidation of double bonds, and dealkylation
(heteroatom release) (Cryle et al. 2003). Two electrons in
form of hydride ions required for the P450 catalysis are in
most cases delivered from the pyridine cofactors NAD(P)H
via flavoprotein and/or iron—sulfur redox partners. Tradi-
tionally, P450s are classified depending on the topology of
the protein components involved in the electron transfer
from NAD(P)H to the heme iron. The classical system
distinguished two major classes of P450s: Mitochondrial
and most bacterial P450s (class I) comprising an iron—
sulfur ferredoxin and a flavin adenine dinucleotide (FAD)-
containing ferredoxin reductase; and microsomal P450s
(class II) with a membrane-bound, FAD-, and flavin
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mononucleotide (FMN)-containing diflavin reductase.
However, the recent discovery of a vast variety of novel
P450s has introduced many new redox partner systems.
Consequently, a more detailed classifying system is
required, for example, a classification comprising ten
different P450 classes that was recently suggested by
Bernhardt and coworkers (Hannemann et al. 2007).

The monooxygenase described in this paper—
CYP109B1—was identified in 1997, when the complete
genome of the Bacillus subtilis strain 168 was sequenced
(Kunst et al. 1997). The closest relative monooxygenase is
CYPI109A1 from the B. subtilis strain W23, which
demonstrates 43% identity to CYP109B1 (Lawson et al.
2004a). CYP109BI1 has a potential for the production of
secondary metabolites since its ability to hydroxylate
compactin to pravastatin (Endo et al. 2000) and to oxidize
testosterone at position C15f3 (hydroxy-group) and C17
(keto-group) (Agematu et al. 2006; Arisawa and Agematu
2007) has been reported. Furthermore, FT-ICR/MS analysis
applied for all P450s originating from B. subtilis demonstrated
the ability of CYP109B1 to oxidize androsta-1,4-diene-3,
17-dione, norethindrone, methyltestosterone, testosterone
enanthate, betamethasone dipropionate, and medroxyproges-
terone acetate. However, the oxidation products for the latter
substrates have not been identified (Furuya et al. 2008).
Recently, we have demonstrated oxidation of (+)-valencene
to nootkatol and (+)-nootkatone catalyzed by CYP109B1
(Girhard et al. 2009). (+)-Nootkatone is a high added value
commercial flavoring (Fraatz et al. 2009), which reveals also
a potential use of CYP109B1 for the production of fine
chemicals in flavor and fragrance industries.

Although there is obviously a significant potential for
the application of CYP109B1 in biotechnological process-
es, a systematic analysis concerning substrate binding and
conversion has not been carried out so far. Furthermore,
there is also a lack of knowledge regarding the electron
transfer partners for this P450. Since the natural electron
transfer proteins for CYP109B1 have not been identified
yet, “artificial” redox systems with putidaredoxin reductase
(PdR) and putidaredoxin (Pdx) from Pseudomonas putida
were employed in all published studies mentioned above
(Agematu et al. 2006; Arisawa and Agematu 2007; Endo et
al. 2000; Furuya et al. 2008; Girhard et al. 2009).

Herein, we report the identification and application of
various electron transfer proteins of CYP109B1 for the
significant improvement of substrate conversion in com-
parison to the PAR—Pdx system. Furthermore, binding and
oxidation of various substrates by CYP109B1 was inves-
tigated (Fig. 1), and oxidized products were identified. The
screening of substrates included saturated fatty acids 1-8,
fatty acid methyl 9-11 and ethyl esters 12—13, unsaturated
fatty acids 14-16, primary n-alcohols 17-19, and n-alkanes
20-22, the sesquiterpene (+)-valencene 23, the terpenoids
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«-ionone 25, and f3-ionone 26, the heteroaromatic com-
pounds coumarine 27, naphthalene 28, and indole 29, as
well as the steroid testosterone 30.

Materials and methods

Bacterial strains, expression vectors, enzymes,
and chemicals

Escherichia coli DH5x (F supE44 AlacUIl69
(b80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 reldl;
Invitrogen, Karlsruhe, Germany) was used as host for cloning
purposes. E. coli BL21(DE3) (F ompT hsdSp(rg” mg ) gal
dem (DE3); Novagen, Darmstadt, Germany) was used for
recombinant gene expression. The expression vectors
pETl11a, pET16b, and pET28a(+) were bought from
Novagen. Restriction endonucleases, T4 DNA ligase, Pfu
DNA polymerase, and isopropyl-3-D-thiogalactopyranoside
(IPTG) were obtained from Fermentas (St. Leon-Rot,
Germany). NADH and NADPH were from Codexis (Jiilich,
Germany). Glucose-6-phosphate dehydrogenase from Sac-
charomyces cerevisiae was from Roche Diagnostics (Man-
nheim, Germany). Glucose-6-phosphate dehydrogenase
from Leuconostoc mesenteroides and all other chemicals,
solvents, and buffer components were purchased from
Sigma-Aldrich (Schnelldorf, Germany).

Molecular biological techniques, protein expression,
and purification

General molecular biology manipulations and microbiolog-
ical experiments were carried out by standard methods
(Sambrook and Russell 2001).

Expression and purification of CYP109B1, PdR, and Pdx

Constructions of the following plasmids, protein expres-
sions, and purifications were carried out as described
previously (Girhard et al. 2009): pET28a-CYP109B1 for
expression of the CYP109B1-encoding yjiB gene (Gene-
Bank CAB13078) from B. subtilis strain 168 DSM 402
(GeneBank NC_000964); pET28a-camA for expression of
the PdR-encoding camA gene (EMBL-Bank BAA00413)
from P. putida ATCC 17453; and pET28a-camB for
expression of the Pdx-encoding camB gene (EMBL-Bank
BAA00414) from P. putida ATCC 17453.

Expression and purification of the reductase domain of
CYPI10241

The plasmid pET28a-CYPRed for expression of the
reductase domain (BMR) of CYP102A1 from Bacillus
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Fig. 1 Substances investigated with CYP109B1

megaterium (P450g\3) Was constructed by insertion of the
part of the CYP102A1 gene (GeneBank J04832.1) coding
for the diflavin reductase into pET28a(+). Assembly of the
construct, protein expression, and purification has been
described previously (Girhard et al. 2007; Maurer et al.
2003).

Expression and purification of flavodoxin reductase
and flavodoxin from E. coli

Flavodoxin (Fdx) from E. coli JIM109 was expressed from
pET11a containing the corresponding gene. Expression and
purification was carried out as described elsewhere (Jenkins
and Waterman 1998).

Flavodoxin reductase (FdR) from E. coli JM109 was
inserted into pET16b as follows: The plasmid pET11a-fpr
as described (Jenkins and Waterman 1998) was utilized as
DNA template for a polymerase chain reaction (PCR),

(+)-Nootkatone (24)
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together with the forward 5'-GTATccatggGCCATCATC
ATCATCATCATGCTGATTGGGTA-3', which introduced
an Ncol site at the start codon and six additional histidines
(underlined), and the reverse primer 5'-GATAggatccTTAC
CAGTAATGCTCCGCTGTCAT-3', which introduced
BamHI at the 3’ end. The PCR was performed with Pfu
DNA polymerase under the following conditions: 95°C for
3 min; 30 cycles of 95°C for 1 min, 57+2°C for 45 s, 72°C
for 2 min; and finally 72°C for 3 min. The PCR product was
purified, digested with endonucleases Ncol and BamHI, and
inserted into previously linearized pET16b. The resulting
DNA construct, pET16b-FdR, was sequenced by automated
DNA sequencing (GATC-Biotech, Konstanz, Germany)
and encoded for N-terminally His6-tagged FdR. For
expression of recombinant FdR, E. coli BL21(DE3) cells
were transformed with pET16b-FdR, spread onto Luria
broth (LB) agar plates containing 100 pg ml™' ampicillin,
and grown overnight at 37°C. 400 ml of LB-medium
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supplemented with 100 pg ml™' ampicillin were inoculated
with 2 ml of an overnight culture—grown from a single
colony—and incubated at 37°C, 180 rpm to an optical
density at 600 nm of approximately 0.6. IPTG (100 pM)
were added, and the culture was grown for another 19 h at
25°C, 150 rpm. Cells were harvested by centrifugation at
10,800xg for 20 min at 4°C. The supernatant was discarded,
and cell pellet was resuspended in 10-ml purification buffer
(50 mM Tris—HCI, pH 7.5, 500 mM NacCl, 5% glycerol,
100 uM phenylmethanesulfonyl fluoride (PMSF)). Cells
were disrupted by sonication on ice (6x30-s bursts,
interspaced by 1.5 min), cell debris was removed by
centrifugation, and the soluble protein fraction was recov-
ered and filtered through a 0.45-um filter. FdR was purified
from the soluble protein fraction by immobilized metal
affinity chromatography (IMAC) using a Talon® resin (7-ml
bed volume). The protein lysate was applied to the column,
which was pre-equilibrated with 6-column volumes of
purification buffer. Nonspecifically bound proteins were
washed off the column with 4-column volumes of purifica-
tion buffer containing 20 mM imidazol, before the bound
protein was eluted with 2 column volumes of purification
buffer with 100 mM imidazol. Fractions containing FdR
were pooled, dialyzed twice against 1.5 1 of 50 mM Tris—
HCL, pH 7.5, 5% glycerol, 100 uM PMSF, and 100 pM
dithiothreitol at 4°C. Aliquots of the purified protein were
prepared and frozen at —20°C until use.

Expression and purification of AdR and Adx

The mammalian truncated Adx4—;og (Uhlmann et al. 1994)
and AdR were expressed and purified as described before
(Hannemann et al. 2002; Sagara et al. 1993).

Expression and purification of YkuN and YkuP

Oligonucleotide primers for the amplification of the ykuN
and ykuP genes from B. subtilis strain 168 were designed
through analysis of the respective gene sequences using the
“SubtiList” genome database (http://genolist.pasteur.fr/Sub
tiList/). pET16b-YkuN(+)—a vector for the expression of
recombinant YkuN—was constructed as follows: The
ykuN-gene was amplified from genomic DNA of the B.
subtilis strain 168 by PCR using a forward 5'-GAActcgag
ATGGCTAAAGCCTTGATTAC-3" and reverse primer 5'-
GCCggatccTTATGAAACATGGATTTTTTCC-3'. PCR
conditions were as follows: 95°C for 5 min; 25 cycles of
95°C for 1 min, 57°C for 30 s, 72°C for 2 min; 72°C for
3 min. The PCR product was purified, digested with
endonucleases Xhol and BamHI, and inserted into previ-
ously linearized pET16b. The resulting DNA construct
encodes for N-terminally His10-tagged YkuN under control
of the IPTG-inducible T7 phage promoter.
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The basic steps for construction of pET16b-YkuP(+)—a
vector for the expression of recombinant YkuP—were
identical with those of pET16b-YkuN(+), except that the
forward 5'-GAActcgagGCGAAGATTTTGCTCGTTTATG-
3" and reverse primer 5'-CCggatccCTACCTCATTACTG
TATCAAAGG-3' were used for PCR.

Both plasmid constructs were verified by automated
DNA sequencing. The DNA sequence alignments of the
obtained sequences for ykuN were in agreement with those
reported in the “SubtiList” genome database. Furthermore,
the sequencing of ykuP confirmed the absence of one
adenine nucleotide at position 436—as discovered by
Lawson et al. (2004b)—leading to a change in reading
frame to obtain a corrected ykuP gene. This gene codes for
a protein of 151 amino acids with a molecular mass of
16.9 kDa, instead of 178 amino acids and 20.2 kDa as
predicted from genome sequencing (Kunst et al. 1997).

Expression of recombinant YkuN and YkuP, IMAC
purification, and dialysis were carried out as described for
FdR but with 50 mM Tris—HCI, pH 7.5, 5% glycerol,
100 uM PMSF as dialysis buffer. Aliquots of the purified
proteins were stored at —20°C until use.

Determination of protein concentration

The expression level of CYP109B1 was estimated using the
CO-difference spectral assay as described previously with
£450-290=91 mM 'em ! (Omura and Sato 1964a; Omura
and Sato 1964b; the ferrous—CO spectrum of CYP109BI1 is
shown in Fig. S1 of the Electronic Supplementary
Material). Using this value, the extinction coefficient for
the ferric resting state of CYP109B1 was calculated to be
£415=128 mM 'cm ! and was applied for the determination
of spin-state shifts upon substrate binding.

The concentration of PdR was determined as the average
of the concentration calculated from each of the three
wavelengths 378, 454, and 480 nm using extinction
coefficients (£) 9.7, 10.0, and 8.5 mM 'cm ™" (Purdy et al.
2004). The concentration of Pdx was determined as the
average concentration calculated with £4;5=11.1 mM 'em!
and e455=10.4 mM 'cm! (Purdy et al. 2004). The
concentration of BMR was calculated as average concentra-
tion determined from £45,=10.0 mM 'cm ' and e456=
10.0 mM 'em ! (Sevrioukova et al. 1996).

Fdx concentration was estimated at 465 nm with =
8420 M 'ecm™! (Fujii and Huennekens 1974). For FdR, the
concentration was determined at 456 nm with e=7.1 mM '
em ' (Mclver et al. 1998). Adx and AdR concentrations were
determined using the molar extinction coefficients e45=
9.8 mM 'cm! (Huang and Kimura 1973) and e450=
10.9 mM 'em ™! (Chu and Kimura 1973), respectively. YkuN
and YkuP concentrations were determined at 461 nm with e=
10 mM 'cm ™' (Lawson et al. 2004b; Wang et al. 2007).


http://genolist.pasteur.fr/SubtiList/
http://genolist.pasteur.fr/SubtiList/

Appl Microbiol Biotechnol (2010) 87:595-607

599

Spin-state shift and substrate dissociation constant
determinations

Spin-state shifts upon substrate binding were assayed at
25°C under aerobic conditions using an UV-VIS scanning
photometer (UV-2101PC, Shimadzu, Japan) equipped with
two tandem quartz cuvettes (Hellma, Miillheim, Germany)
simultaneously. One chamber of each cuvette contained
10 uM CYP109B1 in buffer (50 mM Tris—HCI, pH 7.5),
whereas the second chamber contained buffer alone. The
initial volume was 800 pl. Substrates were dissolved in
DMSO, except for stearic acid 8 and testosterone 30,
which were dissolved in ethanol. Substrate titrations where
done by adding small (<5 pl) aliquots of an appropriate
stock of a substrate or ligand into the P450 containing
chamber of the sample cuvette. An equal amount of solvent
was added into the buffer containing chamber of the
reference cuvette, and spectral changes between 350 and
500 nm were recorded. When saturation of CYP109B1 with
a substrate was achieved, substrate dissociation constants
(Kp) were calculated by fitting the data to the hyperbolic
equation (Eq. 1):

AA:AAmaxx[S] 0
KD + [S]
AA is the peak-to-trough difference in absorbance,
AAmax 18 the maximum difference in absorbance, and [S]
is the concentration of the substrate.

Reconstitution of CYP109BI1 activity in vitro

Various enzyme systems were applied to reconstitute the in
vitro activity of CYP109B1. The basic setup for determi-
nation of the NAD(P)H consumption rate and coupling
within the reconstituted systems was as follows: 1 pM
reductase, 10 uM flavo- or ferredoxin, 1 uM CYP109BI,
4 mM glucose-6-phosphate,1 mM MgCl,, 200 uM substrate
(from a 10 mM stock solution in DMSO or ethanol) were
mixed in 50 mM Tris—HCI, pH 7.5 to a final volume of
250 ul in a 96-microwell plate. After incubation at 30°C for
2 min, 200 uM NAD(P)H were added, and the absorption
was followed at 340 nm. The NAD(P)H consumption rate
was calculated using £=6.22 mM 'em ', After all NAD(P)
H was consumed, the internal standard (final concentration
50 uM) was added, and samples were prepared for
quantitative gas—liquid chromatography/mass spectrometry
(GC/MS) analysis to determine the coupling efficiency.
For product identification and determination of conver-
sion, the basic setup was as follows: 1 uM reductase,
10 uM flavo- or ferredoxin, 1 uM CYP109B1, 5 U of
glucose-6-phosphate dehydrogenase from S. cerevisiae (for
regeneration of NADPH) or from L. mesenteroides (for

regeneration of NADH), 4 mM glucose-6-phosphate, and
1 mM MgCl, were mixed in a 1.5-ml reaction tube and
incubated at 30°C for 2 min. 50 mM Tris—HCI, pH 7.5
and 200 uM substrate were added to a final volume of
500 pl. The reaction was started by addition of 200 uM
NADH or NADPH, and samples were incubated at 30°C
for 15 min to 2 h. After incubation, the internal standard
(final concentration 50 uM) was added, and samples were
prepared for product analysis.

For saturated, unsaturated fatty acids, and primary n-
alcohols, the reaction was stopped by addition of 20 pl 37%
HCI. Internal standards were used as follows: 4 in the case
of5,6,7,8,10, 11, and 13; 2 in the case of 3, 4, 9, and 12;
1 in the case of 2; 17 in the case of 18 and 19; 19 in the
case of 17. The reaction mixtures were extracted with 1 ml
diethyl ether, dried over anhydrous MgSQO,, and the organic
phases were evaporated. The residues were dissolved in
40 pl N,O-bis(trimethylsilyl)trifluoroacetamide containing
1% trimethylchlorosilane for derivatization, transferred into
GC vials, and incubated at 80°C for 30 min prior to
analysis.

Samples containing compounds 20-30 were extracted
with 400 pl ethyl acetate. (—)-Carvone was used as internal
standard for 23, 25 served as internal standard for 26, and
vice versa. The organic phases were recovered and
transferred into GC vials for product analysis.

Product analysis

The analysis of conversion products was carried out by GC/
MS on a GC/MS-QP2010 (Shimadzu, Tokyo, Japan),
equipped with a FS-Supreme-5 column (30 mx0.25 mm x
0.25 pm, Chromatographie Service GmbH, Langerwehe,
Germany). The injector and detector temperatures were set
at 250°C and 285°C, respectively, with helium as carrier
gas. Sample (1 pl) was injected for analysis. Conversion
products were identified by their characteristic mass
fragmentation patterns.

For quantification of the substrates, the detector response
was calibrated with internal standards. Therefore, mixtures
of 50 mM Tris—HCIl buffer, pH 7.5, containing the
respective substrate for calibration in final concentrations
of 10 to 200 uM together with the respective internal
standard in a final concentration of 50 uM were treated as
described for normal conversion reactions and analyzed by
GC/MS. The ratio of the area of the substrate to that of the
internal standard was plotted against the substrate concen-
tration to give a straight-line calibration plot.

For fatty acids and primary n-alcohols, a split of 30 was
used. For 1, 2, 3, 4, 9, 12, 18, and 19, the column
temperature was maintained at 130°C for 2 min, ramped to
250°C at a rate of 10°C min_l, and held at 250°C for 3 min.
For 5, 6, 7, 8, 10, 11, 13, and 14-16, the column

@ Springer



600

Appl Microbiol Biotechnol (2010) 87:595-607

temperature was maintained at 180°C for 2 min, increased
to 300°C at a rate of 8°C min ', and held at 300°C for
5 min. For 17 and 20-22, a starting temperature of 110°C
was maintained for 2 min, raised to 220°C at a rate of
10°C min', and kept at this temperature for 2 min.

23 was injected at a split of 4. The column temperature
was maintained at 120°C for 4 min, ramped to 250°C at a
rate of 10°C minfl, and held at 250°C for 5 min. For 25
and 26, the split was 5. The column temperature was
controlled at 130°C for 2 min, then raised to 230°C at a rate
of 20°C min "' and kept for 2 min.

In the case of 27 and 28, injections were done with a
split of 4. The column temperature was maintained at
120°C for 4 min, increased to 250°C at a rate of 10°C min ™!,
and held at 250°C for 5 min. 29 was injected at a split of 10.
The column temperature was maintained at 80°C for 4 min,
ramped to 250°C at a rate of 8°C min™ ', and held for 4 min.

Results

Expression, purification, and spectral characterization
of CYP109B1

The recombinant expression of CYP109B1 was performed
in E. coli BL21(DE3) using the expression vector pET28a
(+). The monooxygenase was purified by immobilized
metal affinity chromatography (Fig. S2 of the Electronic
Supplementary Material). The expression yield of
CYP109B1 determined from CO-difference spectra was
3,570 nmol 17" (160 mg I'"). CYP109B1 showed a
characteristic absorption at 452 nm for the Fe'(CO)
complex with no evidence of the inactive P420 form.
Photometric characterization of the purified CYP109B1
revealed spectra typical for a P450 monooxygenase (Fig. S1
of the Electronic Supplementary Material).

Determination of substrate binding constants

Substrate binding by P450s is often characterized by a spin-
state shift of the Soret band from approximately 418 nm
(representing the low-spin substrate free form) to around
390 nm for the high-spin form when a substrate is bound in
close proximity to the heme, which results in a classical
type I spectrum (Schenkman et al. 1981). Therefore, this
method was used to identify potential CYP109B1 substrates.

A variety of saturated and unsaturated fatty acids showed
type | binding to CYP109B1 (Fig. 2). The substrate
dissociation constants (Kp) were determined as described in
the Material and Methods section. The lowest Kp for
saturated fatty acids of 230 pM was calculated for palmitic
acid 7. Saturated fatty acids with shorter or longer chain
lengths showed weaker binding, and subsequently higher Kp
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Fig. 2 a Type | substrate binding of palmitoleic acid 14 to
CYP109B1. Peak and trough were observed at 389 and 422 nm for
this substrate, respectively. b Peak-to-trough absorbance differences
plotted against the respective palmitoleic acid concentration assayed

values were calculated for those substrates (Table 1). The
unsaturated fatty acids 1416 tested showed in general better
binding to CYP109B1 than saturated fatty acids, which is
reflected in lower K values calculated for those substrates.

Type I binding was also observed for «-ionone 25 and
[3-ionone 26, and Kp values of 205 or 180 puM were
calculated, respectively, indicating that CYP109B1 shows a
slight preference for the binding of 3-ionone 26 over «-
ionone 25. Tight binding with lowest K, value of 24.5 uM
was calculated for indole 29, whereas no spin-state shifts
were induced for coumarine 27 and naphthalene 28.

As seen in Table 1, none of the substrates tested induced
a full spin-state shift from low-spin in the absence of
substrate to high-spin. The strongest shift of ~55% was
observed for myristic acid. Other substrates resulted in
lower high-spin heme content. In most cases, the percent-
age of the enzyme in high-spin state correlates to the
calculated binding constants (Table 1).

Interestingly, no spin-state shifts were observed when
testosterone 30 or (+)-valencene 23 were used for the
binding experiment, although these substances are con-
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Table 1 Type I spin-state shift

values and binding constants for Type of substrate Chain length or name (no.) Kp (uM) Spin-state shift (%)*
CYP109B1
Saturated fatty acids 8 (1) ) )
10 (2) ) ()
12 (3) 3670+440 25
13 (4) 1970+250 35
14 (5) 1190+100 55
15 (6) 720+55 15
16 (7) 228427 10
18 (8) 983+67
Unsaturated fatty acids 16 (14) 11513 8
18 (15) 50+3 20
18 (16) 121 25
Terpenoids Valencene (23) - -
— No spin-state shift observed. Nootkatone (24) 320+11 10
(+) A spin-state shift was ob- a-Ionone (25) 205+6 25
ser\./ed. for these substances, but B-lonone (26) 180+16 20
a binding constant could not be . .
calculated, since substance sol- Heteroaromatic Coumarine (27) - -
ubility reached its limit before Naphthalene (28) - -
complete saturation of Indole (29) 2543 <5

CYP109B1 was achieved

? Estimated to within <5%

Steroids

Testosterone (30) — _

verted by CYP109B1 as reported previously (Agematu et
al. 2006; Girhard et al. 2009). Furthermore, when the
product of the (+)-valencene 23 conversion—(+)-nootka-
tone 24—was added, classical type I binding could be
observed, and a Kp of 320 uM was calculated (Table 1).
This phenomenon has also been reported for CYP102A1
from B. megaterium, which is also capable of converting
(+)-valencene 23 (Sowden et al. 2005).

Reconstitution of CYP109BI1 activity in vitro

CYP109B1 requires—Ilike most P450s in general—electron
transfer partners for activity. Since natural partners for
CYP109B1 have not been identified yet, in vitro activity of
CYP109B1 was reconstituted with various reductases and
ferredoxins or flavodoxins that have been described to
support activity of other P450s previously (Fig. 3). It has
been shown that FAR—Fdx from E. coli supports the activity
of P450c17 (Jenkins and Waterman 1998); bovine AdR in
combination with the corresponding truncated Adxyjog
was used for reconstituting the steroid hydroxylase activity
of bacterial CYP106A2 (Virus and Bernhardt 2008; Virus et
al. 2006), and the separately expressed reductase domain of
CYP102A1 (BMR) was shown to support fatty acid
hydroxylating activity of CYP152A2 (Girhard et al. 2007).
Furthermore, the flavodoxins YkuN and YkuP from B.
subtilis have been reported to support activity of P450 Biol
in reconstituted systems with FdR from E. coli (Lawson et
al. 2004b). Thus, FAR-YkuN and FdR—YkuP were also
tested for their ability to support activity of CYP109BI.

The NAD(P)H consumption rates, coupling efficiencies,
and conversions of myristic acid 5 were determined with
these systems and compared to the PAR—Pdx system used
previously for activity reconstitution of CYP109B1 (Table 2).

For the PdR—Pdx system, 16% conversion of myristic
acid 5 was observed within 2 h at 30°C using a ratio of
PdR:Pdx:CYP109B1 of 1:10:1. In comparison, conversion
of myristic acid 5 was 52% with FAR—Fdx and 99% with
AdR—Adx under the same conditions. For FAR—YkuN, 90%
of myristic acid 5 were converted, whereas for FAR—YkuP,
only 14% conversion was achieved, respectively. Systems
containing BMR or FdR alone—without YkuN or YkuP—
did not show any activity against myristic acid 5 (Table 2).

The overall efficiency of a reconstituted system depends
inter alia on its NAD(P)H consumption rate and its
coupling efficiency. Since two independent proteins were
used for electron supply to CYP109BI1, a loss of electrons
can occur either between the reductase and the ferre-/
flavodoxin and/or between the ferre-/flavodoxin and
CYPI109BI1. In both cases, it results in uncoupling between
NAD(P)H consumption and product formation. Similar
NADPH consumption rates of ~20 nmol (nmol CYP) '
min~ ' were seen for AdR-Adx, FdR-YkuP, and FdR-
YkuN; the coupling efficiencies of these systems, however,
differed strongly from each other (Table 2). The highest
coupling of 45.8% was observed for AdR—Adx, whereas
coupling for FdAR—YkuP was 12.3% and for FdR—YkuP
1.8% only. If one compares the conversion values achieved
for myristic acid 5 under regeneration of NAD(P)H, where
the cofactor was not rate limiting, it is obvious that the
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Sie: FdR®* 2e Fdx"; Yku"
transfer .« . transfer lransfer
NADPH :
) - 5 - X -
NADP* FADH, FMN
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2¢ PdR“; AdR® Pdx"; Adx' e
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NAD(P)H oo
) X
B PdR’; AdR" Pdx°%; Adx>X

Fig. 3 Schematic organization of different redox systems for
CYP109B1 applied in this study and their classification according to
Hannemann et al. (2007). a FdAR-Fdx, FAR-YkuN, and FdR-YkuP
(class 111, bacterial systems); b PdAR—Pdx (class I, bacterial system) and

coupling efficiency of a reconstituted system is of greater
importance for overall performance than the corresponding
NAD(P)H consumption rate.

We also determined the conversion of (+)-valencene 23
with the reconstituted systems. In general, lower conversions
than of myristic acid 5 were reached, but the tendency was
similar. For (+)-valencene 23, 10% conversion was observed
with PAR—Pdx and in comparison, 17% and 23% with FdR—
Fdx and AdR—-Adx, respectively. For FAR—YkuN and FdR—
YkuP, conversions were 26% and <1% (data not shown).

Table 2 NAD(P)H consumption, coupling, and conversion of
myristic acid 5 by CYP109B1 in reconstituted enzyme systems with
a ratio of reductase/ferredoxin(flavodoxin)/CYP109B1 of 1:10:1

Reconstituted NAD(P)H Coupling Conversion
system consumption rate® (%) (%)b
PdR-Pdx 6.6+0.3 2.4+0.3 16.0+1.4
BMR 7.3£0.4 0.0 0.0
AdR-Adx 20.2+1.2 45.8+3.5 99.1+0.7
FdR-Fdx 3.0+0.1 7.5£0.9 52.3+4.0
FdR-YkuP 20.3+1.0 1.8+0.1 13.9+£0.9
FdR-YkuN 19.3+0.2 12.3£0.5 90.2+6.6

?Rates are given in nanomoles per (nanomoles CYP109B1) per
minute; the background consumption rate with CYP109B1 alone was
0.6+0.1

® Conversion was determined after 2 h with NAD(P)H regeneration

@ Springer

AdR-Adx, g (class I, mitochondrial system). The BMR system was
not included since it did not support act1v1ty of CYP109BI. “*
oxidized form of the respective enzyme; ", reduced form

From the reconstituted systems tested, AdR—Adx and
FdR—YkuN are more efficient electron transfer partners
than PdR—Pdx, FdR-Fdx, and FdR-YkuP, as they dem-
onstrate higher NAD(P)H consumption rates, higher
coupling, and hence, significantly higher conversions were
achieved.

The flavodoxin YkuN can be considered as a potential
natural redox partner for CYP109B1 in B. subtilis;
however, in the absence of the appropriate reductase from
the same strain, this hypothesis cannot be proved. Never-
theless, since the relative ratios of P450 to redox partner
play an important role for the overall rate of substrate
oxidation, an empirical approach with FdR—-YkuN was
undertaken in order to improve the substrate oxidation rates
while conserving enzyme. As the rate-limiting step in P450-
mediated oxidation is often the transfer of the second
electron to an oxy-P450-substrate complex, we aimed to
maximize the concentration of reduced YkuN by varying its
concentration and that of FdR. When conversion of
myristic acid 5 and (+)-valencene 23 was investigated with
these systems, it was observed that the YkuN concentration
represented a bottleneck for the in vitro activity reconsti-
tution of CYP109B1. For example, the conversion of (+)-
valencene 23 increased from 10% up to ~30%, when the
ratio was changed from 1:1:1 to 1:20:1 (Table 3). Further
increase of the flavodoxin concentration up to a ratio of
1:40:1 resulted, however, in only slightly higher conversion
of ~31%, which means that electron transfer by YkuN was
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Table 3 Conversion of myristic acid 5 and (+)-valencene 23 by
CYP109B1 in reconstituted FAR—YkuN systems with varying ratios of
redox partner proteins

FdR:YkuN:CYP [uM] Conversion (%)*

Myristic acid 5 (+)-Valencene 23

1:0:1 - -

1:1:1 38.5 10.0
1:2:1 70.2 10.8
1:5:1 88.7 19.3
1:10:1 90.2 25.5
1:20:1 nd 30.1
1:40:1 nd 31.2
2:5:1 86.3 20.6
2:10:1 94.0 26.2
2:20:1 nd 29.0
2:40:1 nd 342
10:10:1 93.5 26.4

— No conversion; nd not determined

#Conversion was determined after 2 h with NAD(P)H regeneration;
values represent the mean of three experiments, with standard
deviations within <10% of the mean

not rate limiting any longer. It was also observed that
additional FdR did not show any significant increase in the
conversion of (+)-valencene 23. A similar tendency was
observed during oxidation of myristic acid 5. However,
taking into account that the conversions achieved with
FdR—YkuN were still lower than those achieved with AdR—
Adx and that high amounts of YkuN were needed, the
AdR-Adx system was used for further experiments.

Conversion of fatty acids

The ability to oxidize fatty acids is well known for a variety
of bacterial P450s. Among well-characterized fatty acid
hydroxylases are the natural fusion enzymes from the
CYP102A-family, namely CYP102A1 (P450py3) from B.
megaterium (Miura and Fulco 1975) and its two homo-
logues from B. subtilis, CYP102A2 (Budde et al. 2004) and
CYP102A3 (Gustafsson et al. 2004).

CYP109B1 was found to oxidize saturated fatty acids
with a chain length ranging from C10 to C18. Highest
conversions of more than 98% were achieved for trideca-
noic 4 (C13), myristic 5 (C14), and pentadecanoic acid 6
(C15), whereas conversion decreased for the substrates of
shorter or longer chain length (Table S4 of the Electronic
Supplementary Material). Interestingly, there was no obvi-
ous correlation between the measured substrate dissociation
constants and the achieved conversions. Palmitic acid 7
(C16), for example, for which the lowest Kp value was
determined, was oxidized by only 51%.

The products of fatty acid oxidations were identified by
their characteristic mass fragmentation patterns after deriv-
atization with trimethylchlorosilane (Fig. S3 of the Elec-
tronic Supplementary Material). The GC/MS analysis
demonstrated that CYP109B1 hydroxylates fatty acids at
subterminal positions yielding mono-hydroxylated products
exclusively. Quantitative analysis of these products
revealed that the carbon atoms C11 and C12 counted from
the carboxyl group of all fatty acids were preferred for
hydroxylation independently on chain length.

Further, we checked activity of CYP109B1 toward
methyl 9-11 or ethyl esters 12, 13 of fatty acids.
Surprisingly, the monooxygenase was active toward these
substrates, but with lower activity (Table S4). For example,
95% of lauric acid 3 but only 78% of the corresponding
methyl ester 9 and 32% of the ethyl ester 12 were
converted. A similar tendency (99% versus 80% and 34%,
respectively) was observed for myristic acid S and its esters
10, 13. The regioselectivities of the hydroxylation observed
for the esterified fatty acids was identical to those of the
respective nonesterified fatty acid.

All unsaturated fatty acids tested (14—16) were oxidized
by CYP109B1 with high activities (>95% within 15 min).
Qualitative GC/MS analysis revealed that the oxidation
proceeded unselectively resulting in more than 20 products
for each substrate, which mostly could not be identified
(and therefore are not included).

Conversion of n-alkanes and primary n-alcohols

Hydroxylation of alkanes has been described for a variety
of P450s and generated mutants thereof (Bernhardt 2006
and references cited therein). Furthermore, primary n-
alcohols are reported as P450 substrates as well, for
example, 1-dodecanol 18 is hydroxylated at seven different
positions by P450s from the white-rot fungus Phaner-
ochaete chrysosporium (Matsuzaki and Wariishi 2004) and
1-tetradecanol 19 is oxidized by CYP102A1 at position
w_; to w-_3, with preference for the w_, carbon atom
(Miura and Fulco 1975). Therefore, the n-alkanes decane
20 (C10), dodecane 21 (C12), and tetradecane 22 (C14) and
their 1-hydroxylated derivatives 1-decanol 17, 1-dodecanol
18, and 1-tetradecanol 19 were investigated as potential
substrates for CYP109BI1.

CYP109B1 did not show any activity against the tested
n-alkanes 20-22, but hydroxylated 1-dodecanol 18 and 1-
tetradecanol 19 at six different subterminal carbon atoms
(w-; to w-g), with similar regioselectivity for both
substrates (Table 4). Conversion of 1-tetradecanol 19 was
slightly lower as compared with 1-dodecanol 18 (12% and
17%, respectively). 1-Decanol 17 was oxidized with high
activity (99.5% conversion) at subterminal w_; to w-_;s
positions. The terminal carbon atom of any of the alcohols
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Table 4 Product distribution and conversion of primary n-alcohols 17-19 by CYP109B1

Chain length (no.) Conversion (%)

Regioselectivity (%)*

W—¢ W-_5 W-—y4 W-_3 W w—y
10 (17) 99.5+0.2 - 2.9 72 222 40.5 273
12 (18) 16.6+3.1 4.4 4.9 17.4 18.7 27.2 27.5
14 (19) 11.8+0.3 5.9 6.7 18.8 17.1 26.8 24.9

— Compound was not observed or below the detection limits (1 pmol 17")

#Values represent percentage of the total product and are the mean of three experiments, with standard deviations within <5% of the mean

was not oxidized and—in contrast to fatty acids—there was
always a preference for hydroxylation at the w_, carbon
atom, independent from the chain length (Table 4). Fur-
thermore, the regioselectivities of hydroxylation of 1-
decanol 17 and capric acid 2 were completely different,
since capric acid 2 was oxidized at w_; position exclusively.

Conversions for 1-dodecanol 18 and 1-tetradecanol 19
were much lower than those for the corresponding fatty
acids, lauric 3, and myristic acid 5 and also lower than
those of the corresponding fatty acid esters 9, 10, 12, 13,
whereas conversion of 1-decanol 17 was significantly
higher than those of capric acid 2.

Conversion of ionones

Ionones are valuable fragrance constituents and therefore
have attracted attention of flavor and fragrance industries,
like manufacturers of perfumes, cosmetics, and other fine
chemicals. Their oxygenated derivatives are sought-after
building blocks, for example, 4-hydroxy-f-ionone 32,
which is an important intermediate for the synthesis of
carotenoids or the plant hormone abscisic acid (Meyer

Fig. 4 GC diagram of a-ionone

1.25

2002). CYP109B1 was shown to oxidize the sesquiterpe-
noid analogs o-ionone 25 and (-ionone 26 with high
activity. Using AdR—-Adx, the conversion achieved 70%
(x6%) for x-ionone 25 and 91% (£2%) for (3-ionone 26,
within 2 h.

Furthermore, a single product peak was observed by GC/
MS analysis on an achiral column for each of the substrates,
correspondingly (Fig. 4). For (3-ionone 26, the oxidation
product was identified as 4-hydroxy-f-ionone 32 by
comparison of the MS with those of an authentic reference
substance reported previously (Urlacher et al. 2006). For «-
ionone 25, the oxidation product was identified as 3-
hydroxy-o-ionone 31 in the same way by comparison with
MS reported elsewhere (Celik et al. 2005). Since conver-
sion of racemic «-ionone 25 was higher than 50%,
obviously both enantiomers were converted by CYP109B1.
The unselective hydroxylation of racemic o-ionone 25
should result in a mixture of four diastereoisomers, and
consequently, two isomers would be detected by achiral
analysis (Celik et al. 2005). The observed single peak might
indicate that the enzyme is enantioselective. However, this
aspect requires further detailed investigation.

25 and {3-ionone 26 conversions A
by CYP109BI. The reaction 1.00 ¢
products were identified as 3- 0.75 HO
hydroxy-a-ionone 31 and 4- 25 31
. 0.50 —
hydroxy-[3-ionone 32 -
® o025
x
> T T T T T T T T T T T
Y
£ 0
[=
= 20
X
15 |
1.0 OH
26 32
0.5 —
T T T T T T T T T T T
35 3.75 4.0 4.25 4.5 4.75 5.0 5.25 5.5 5.75 6.0
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Indole, coumarine, and naphthalene

CYP109B1 did not show any activity toward coumarine 27
and naphthalene 28 regardless of the redox system applied.
Indole induced a change of the heme spin state from low
spin in the absence of substrate to only 3% high spin.
Consequently, no activity toward indole 29 was observed,
although this compound shows a high affinity to
CYP109B1 confirmed by the low Kp value of 24.5 uM.

Since indole 29 binds to CYP109B1, but is not oxidized,
we investigated if it could serve as competitive inhibitor for
CYP109B1. Conversion of myristic acid 5—whose Kp is
approximately 50-fold higher than those of indole 29—was
monitored under addition of indole 29. As expected, the
presence of indole 29 in the reaction mixture drastically
reduced the conversion of myristic acid 5 by CYP109B1
(Fig. 5). For example, when equal amounts (200 pM) of
myristic acid 5 and indole 29 were present in the reaction
mixture, the conversion dropped from ~94% (negative
control without indole 29) to ~64%. Higher amounts of
indole 29 reduced conversion even further; only 20% of
myristic acid 5 were converted in the presence of 10 mM
indole 29. Indole can thus be referred to as a competitive
inhibitor for CYP109B1. Binding of an inhibitor to a P450
enzyme would normally result in a type II binding
spectrum, with a Soret maximum at 425-435 nm and a
trough at 39-405 nm (Correia and Oritz de Montellano
2005), whereas binding of indole 29 by CYP109B1 gave
clearly type I binding spectra (data not shown).

Discussion

With increasing availability of genome sequences and
sophisticated heterologous expression methods, new

100 -
80 ]
60 -

40 -

. il

T T T T
0 100 200 500 1,000 2,000 5,000 10,000

Myristic acid conversion [%]

Indole [uM]

Fig. 5 Inhibition of myristic acid 5 oxidation by CYP109B1 through
indole 29. Conversion was carried out for 1 h at 30°C employing the
AdR-Adx system. The data represent the average values of two
experiments carried out in triplicates

P450s identified by bioinformatics methods are readily
expressed and isolated. These new enzymes will greatly
expand the range of compounds that can be oxidized but
equally important are the different product selectivities of
existing enzymes. Therefore, for the identification of
biotechnologically relevant enzymes, genome mining
should be supported by substrate profiling and functional
characterization of candidate P450s. Since many P450
genes are found without their associated electron transfer
proteins immediately upstream or downstream, substrate
spectra of such P450s cannot be identified. In some cases,
the search among annotated possible candidates from the
same genome yields effective electron transfer systems for
P450s (Ewen et al. 2009; Mandai et al. 2009). If no
potential “natural” candidates are found within the genome,
however, known electron transfer proteins for other P450s
can be applied because they often demonstrate “cross”
interaction with foreign P450s and support their catalysis.
The ability to accept electrons from “artificial” flavodoxins
and ferredoxins and to display “cross” activities have been
reported for several P450 monooxygenases (Bell et al.
2009; Bell and Wong 2007; Goni et al. 2009).

Our results demonstrate that the activity of CYP109B1
can be supported by a FAD-containing reductase and either
by a FMN-containing flavodoxin or a [2Fe-2S]-containing
ferredoxin. The best results for CYP109B1 were observed
with bovine AdR and truncated Adx4—;og, While activity
with putidaredoxin and putidaredoxin reductase from P,
putida was quite low. Both electron transfer systems belong
to the class I of the P450 systems. CYP109B1 also
demonstrated activity in combination with one of the two
FMN-containing flavodoxins from B. subtilis (YkuN) but
does not interact with the diflavin reductase of CYP102A1.
YkuN can represent a natural electron transfer protein for
CYP109B1; however, in combination with the “artificial”
reductase from E. coli, the overall activity of the recon-
stituted system was lower compared to AdR—Adx. Struc-
tural and thermodynamic characterization of CYP109B1
combined with YkuN should provide insights into the
flavodoxin—P450 interaction and are topic of further
investigations. As possible candidate, the 4Fe-4S ferredoxin
from B. subtilis will be also tested (Green et al. 2003).

Supported by “artificial” electron transfer partners,
CYP109B1 catalyzes oxidation of a broad range of
chemically different substrates. Unsaturated fatty acids
were oxidized with high activity but low regioselectivity
leading to a mixture of numerous products. Upon oxidation
of saturated fatty acids and esterified saturated fatty acids,
the carbon atoms C11 and C12 counted from the carboxyl
group of all substrates were always preferred for hydrox-
ylation, independently on chain length. Moreover, the same
regioselectivity of CYP109B1 was observed during hy-
droxylation of esterified fatty acids. This might indicate that
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the carboxyl group of fatty acids is not as crucial for
substrate recognition by CYP109B1.

Interestingly, CYP109B1 hydroxylates primary n-alco-
hols of the corresponding chain length with completely
different regioselectivities, preferring w_, position. A
possible explanation could be that CYP109BI1 possesses
alternative binding sites or orientations for primary n-
alcohols and fatty acids.

In contrast to the acyclic substrates, the cyclic sesquiter-
penoid analogs x-ionone and 3-ionone were hydroxylated at
secondary allylic position with 100% regioselectivity, which
in the case of (-ionone to our best knowledge has been
described only for the mutated P450z\.3 A74E F87V P368S
(Urlacher et al. 2006). The reason for the high regioselec-
tivity of CYP109B1 for oxidation of ionones might be
caused by electronic activation of the secondary allylic
carbon atoms. In the case of «-ionone, the carbon atom C3
next to the double bond between C4=C5 is most susceptible
to an oxidative attack by CYP109B1, while for 3-ionone this
holds true for C4 next to the C5=C6 double bond. A similar
preference for allylic oxidation has been described previous-
ly for the oxidation of (+)-valencene by CYP109B1, which
was oxidized with high regioselectivity at allylic C2 position
(Girhard et al. 2009). Thus, CYP109B1 seems to be an
attractive candidate for selective oxidation of terpenes,
generating valuable compounds for flavor and fragrance
industries. Especially the combination of CYP109B1 with
the AdR—Adx redox system could be valuable for biotech-
nological applications in a whole-cell bioconversion as
shown before for steroid hydroxylation using CYP106A2
together with this redox system (Hannemann et al. 2006).
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