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Introduction

Cytochrome P450 (CYP or P450) monooxygenases form a su-
perfamily of heme-containing enzymes that are widely distrib-
uted across all domains of life. Their natural function in most
organisms is the degradation and detoxification of drugs and
xenobiotics, as well as the biosynthesis of endogenous com-
pounds such as steroids and terpenoids. The key role of these
enzymes in important metabolic pathways has led in some
cases to a convergent evolution of P450s performing the same
reaction in different organisms.[1] It is also common for mem-
bers of this enzyme family to be involved in the synthesis of
a compound in one organism and the degradation of the
same compound in another. As a result of this versatility and
linked evolution, many P450 enzymes have intriguingly broad
substrate ranges, as reflected by the fact that most naturally
occurring chemical compounds can serve as substrates for
P450-catalyzed conversions. Additionally, P450s are able to cat-
alyze a tremendous variety of reactions (e.g. , N-oxidation, sul-
foxidation, deamination, dehalogenation, N-, O-, and S-dealky-
lation) ; this brings these enzymes into focus for biotechnologi-
cal applications.[2] In particular, their ability to catalyze the se-

lective insertion of oxygen into activated and nonactivated C�
H bonds through hydroxylation and epoxidation makes these
proteins very interesting for the production of fine chemicals
and pharmaceuticals. As hydroxylation of nonactivated carbon
bonds is often difficult to achieve by classical organic synthe-
sis, the use of microorganisms (or their isolated enzymes) rep-
resents an environmentally friendly and efficient alternative for
this challenge.[3]

Streptomyces are Gram-positive, spore-producing actinobac-
teria that are predominantly found in soil and decaying vege-
tation. Approximately two-thirds of clinically useful antibiotics
of natural origin are produced by members of this genus.[4] As
their secondary metabolome comprises the richest source of
biologically active natural compounds, these bacteria are of
special interest in the P450 field.[5] The number of P450 genes
in distinct species of Streptomyces differs, but is typically very
high: up to 33 different members of this enzyme family in
Streptomyces avermitilis, for instance.[6] Because of these char-
acteristics, Streptomyces species and their CYPs have high
potential for application in the biotechnological production of
chemicals. An example of their industrial implementation is
the bioconversion of compactin to pravastatin, a therapeutic
agent for hypercholesterolemia, by CYP105A3 from Streptomy-
ces sp. Y-110.[7, 8]

CYP105A1 from Streptomyces griseolus was first described as
a herbicide-inducible sulfonylurea-converting P450.[9] The crys-
tal structure of this enzyme has been elucidated, and many
other compounds like vitamin D3 and the norisoprenoids a-
and b-ionone have been identified as substrates.[10–12] Recently,
our group described the hydroxylation of the antidiabetic
drugs glibenclamide and glimepiride by CYP105A1.[13] Encour-
aged by the diversity of these compounds, we decided to fur-
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ther explore the substrate spectrum of this enzyme. As Strepto-
myces species are known to degrade and metabolize complex
organic substrates like cellulose and chitin, we concluded that
these bacteria also come into contact with secondary metabo-
lites of plant origin. We therefore tested a small compound
library consisting of the eight most abundant diterpene resin
acids of the abietane and pimarane type and their precursors
for substrate conversion by CYP105A1. These compounds are
well represented in the resin of conifers,[14, 15] and exhibit inter-
esting biological and pharmaceutical properties such as antimi-
crobial, antiviral, and antifungal, as well as antitumoral and an-
timutagenic activities.[16–18] Allergenic potential and water toxic-
ity have also been described.[19, 20] These compounds might
therefore be promising candidates for enzymatically catalyzed
functionalization, with possible enhancement of their biologi-
cal activity.

Results and Discussion

In vitro substrate conversion assay

A characteristic feature of most P450s is their dependence on
electron transfer proteins for catalytic function.[21] In this study,
the heterologous electron transfer proteins Arh1 (adrenodoxin
reductase homologue 1) and Etp1fd (electron transfer protein 1,
ferredoxin domain) from Schizosaccharomyces pombe were
used to support the catalytic function of CYP105A1, as previ-
ously described.[13]

In order to evaluate the conversion of resin acid diterpe-
noids by CYP105A1, a small compound library containing the
eight most abundant resin acid diterpenes and their corre-
sponding alcohols, aldehydes, and olefins (Scheme 1) was
tested by using this reconstituted system. It was shown that
resin acids of both abietane and pimarane types were convert-
ed to one main product. Furthermore, conversion of the alco-
holic diterpenoids was observed, but the selectivity and activi-
ty of these reactions were not very high, and resulted in un-
specific conversion with several products. The aldehydes and
olefins could not be converted by CYP105A1. Therefore, we
focused on abietic, dehydroabietic, and isopimaric acid for fur-
ther investigation and characterization of the substrate conver-
sion.

Substrate binding spectra

Binding of a ligand to the active site of cytochrome P450 leads
to specific changes in the UV–visible absorbance spectrum.
The reason is replacement of a water molecule at the heme
iron by the substrate, which results in a transition of the heme
from the hexa-coordinated (low-spin) state to the penta-coor-
dinated (high-spin) state.[22, 23] This so-called type I spectral shift
can be monitored spectrophotometrically and used to deter-
mine the binding affinity of a ligand. The three identified sub-
strates abietic acid, dehydroabietic acid, and isopimaric acid
induced a type I shift in the spin state of the heme iron. Equi-
librium dissociation constants (Kd) for the substrates were de-
termined by substrate titration (Figure 1).

The determined Kd value of isopimaric acid is (1.75�
0.73) mm. Abietic acid and dehydroabietic acid bind with simi-
lar Kd values: (8.75�2.06) mm and (10.66�2.64) mm, respective-
ly. These values in the low micromolar range indicate tight
binding of the substrates to the active site, with a higher affini-
ty of this enzyme towards diterpenoid substrates than for
CYP106A2, another bacterial P450 with the ability to hydroxy-
late abietic acid.[24]

Catalytic activity of CYP105A1

The hydroxylation of the three diterpene resin acids was fur-
ther characterized in terms of their Michaelis–Menten kinetics.
HPLC analysis showed that the substrates were converted to
single products. The conversion of abietic acid to its product,
identified as 15-hydroxyabietic acid (see below), exhibited a
Vmax of (1.18�0.02) nmol product per nmol CYP105A1 per
minute, and a Km of (4.12�0.30) mm. The Vmax values for the
conversion of dehydroabietic acid and isopimaric acid were
significantly higher: (8.05�0.19) and (8.55�0.18) nmol of
product per nmol CYP105A1 per minute, respectively. The
higher reaction velocities of these substrates were accompa-
nied by lower affinity : Km values of (18.33�1.2) mm for dehy-
droabietic acid and (13.86�0.84) mm for isopimaric acid
(Figure 2). These Km values are comparable to those described
for the hydroxylation of glimepiride and glibenclamide as well
as 1a-hydroxyvitamin D3, and higher compared to those for
vitamin D2 and D3, for which Km values in the sub-micromolar
range have been described.[13, 25, 11] However, the overall conver-

Scheme 1. Structures of the eight resin acid diterpenes. A) abietic acid,
B) dehydroabietic acid, C) neoabietic acid, D) levopimaric acid, E) palustric
acid, F) pimaric acid, G) isopimaric acid, H) sandaracopimaric acid. The corre-
sponding precursors have an alcohol (CH2OH), aldehyde (CHO), or methyl
group (CH3) in place of the carboxyl substituent at C4.
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sion rates were considerably higher because of the higher Vmax

values with the diterpenoid substrates. Taken together, this
catalytic efficiency towards resin acids is the highest described
so far for CYP105A1, thus making this enzyme an interesting
candidate for diterpenoid functionalization.

Substrate docking

In order to gain deeper insights into substrate binding of the
resin acids to the active site of CYP105A1, docking experiments
with abietic, dehydroabietic, and isopimaric acids and abieta-
dienol were performed by using Autodock 4.0.[26, 27] The best
docking scores for abietic and dehydroabietic acids were ob-
tained with orientation of the isopropyl group of the resin acid
substrates directly above the heme prosthetic group (Figure 3).

Figure 1. Type I spectral changes caused by binding of A) abietic acid, B) de-
hydroabietic acid, and C) isopimaric acid to CYP105A1. The binding assay
was conducted in tandem cuvettes containing 5 mm CYP105A1 in 50 mm po-
tassium phosphate buffer (pH 7.4). Substrates were dissolved in DMSO and
added in different concentrations, followed by recording of difference spec-
tra.

Figure 2. Initial rates of A) abietic acid, B) dehydroabietic acid, and C) isopi-
maric acid conversion by CYP105A1. Reactions were carried out in a final
volume of 250 mL in 50 mm HEPES (pH 7.4) with 0.05 % Tween 20 at 30 8C in
the presence of a NADPH regenerating system.
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In the case of isopimaric acid, the optimum orientation had
the vinyl group above the heme. The substrates were stabi-
lized by salt bridges between their carboxyl group and the
side chain of an arginine residue (R73). This amino acid plays
an important role in CYP105A1 as it is one of three arginine
residues that describe the distal pocket wall of the active site.
The function of these amino acids in the hydroxylation of vita-
min D3 has been extensively studied by site-directed mutagen-
esis.[10] However, R73 was found to have a rather unfavorable
role in the hydroxylation of 1a-hydroxyvitamin D3 and 25-hy-
droxyvitamin D3 due to close contact to the hydrophobic CD
ring of the substrates.[10] In contrast, R73 seems to play a major
role during hydroxylation of the resin acids, through stabiliza-
tion of the substrate in the active site. This is supported by the
fact that the corresponding aldehydes and olefins, which lack
the carboxyl group, are not (or only very weakly) converted by
CYP105A1. The docking experiments also provided an explana-
tion for the rather unspecific product formation of the alcohol
substrates. Docking of abietadienol revealed two possible ori-
entations of the substrate in the active site. The first was simi-
lar to those observed for the resin acid substrates, with an ori-
entation of the isopropyl group above the heme, thereby
bringing C16 and C17 close enough to the iron for hydroxyl-
ation. In the second orientation, the substrate molecule was
turned about 1808 around the longitudinal axis, which led to
orientation of the methyl group and the alcohol function of C4
in close proximity to the heme.

Whole-cell conversion

To obtain higher yields from the CYP105A1-mediated resin
acid conversions, a recombinant whole-cell system with Bacil-
lus megaterium was used. This has been successfully applied
for the conversion of glimepiride and glibenclamide.[13] Com-
pared to the application of purified enzymes, whole-cell sys-
tems in the biocatalysis with P450 enzymes have the advan-

tages of higher stability of P450 in a living organism and the
regeneration of expensive cofactors by the host cell.[28]

In order to prevent side reactions and unspecific conversions
of constituent parts of the complex medium, the whole-cell
conversions were performed in 50 mm potassium phosphate
buffer (pH 7.4). With this system, 30.2 mg of abietic acid in a
culture volume of 500 mL could be completely converted
within 24 h. The isolated products were subjected to NMR
spectroscopy.

Conclusions

The aim of this study was to broaden the substrate spectrum
of CYP105A1 from S. griseolus. The natural function of this
P450 is not known, but a diverse variety of substrates has
been shown to be converted by CYP105A1. Among these are
compounds such as herbicides, antidiabetic drugs, vitamin D3,
and norisoprenoids. Streptomyces are well known for their high
potential in synthesizing antibiotics. Although the involvement
of P450 enzymes in such pathways is common, analysis of the
genetic context of the CYP105A1 gene did not reveal its loca-
tion in a biosynthetic cluster, and therefore gives no hint to its
involvement in a particular biosynthetic pathway. Taking the
diversity of the reported substrates into account, we conclud-
ed that the physiological role of CYP105A1 might be degrada-
tion of various xenobiotics. This assumption is supported by
the finding that other members of the CYP105 family also
have the ability to accommodate a broad range of structurally
diverse compounds.[29] As a soil-dwelling organism that also
grows on decaying vegetation (e.g. , waste wood), S. griseolus
naturally comes into contact with a lot of biomaterial contain-
ing plant secondary metabolites like terpenoids. For this
reason we chose a small compound library of diterpenoids to
be tested for conversion with CYP105A1, and eight resin acid
diterpenes of the abietane and pimarane type were identified
as new substrates. The high affinity of the resin acids, as dem-
onstrated by their low Kd values, as well as their efficient con-
version by CYP105A1, provide an indication of the important
role of this P450 in the detoxification of compounds such as
plant secondary metabolites. Although conversion of the nori-
soprenoids a- and b-ionone has been reported, the product
formation of these substrates was very low and unselective.[12]

In light of the fact that ionones are obtained from the degra-
dation of carotenoids, this work is the first description of terpe-
noids built of isoprene subunits as substrates for CYP105A1.
The binding and conversion of the most interesting substrates,
namely abietic acid, dehydroabietic acid, and isopimaric acid,
were investigated in more detail. All reactions on these resin
acids were shown to be regioselective, and resulted in only
one product. The different products were analyzed by NMR
spectroscopy. In the case of abietic and dehydroabietic acid,
they were identified as 15-hydroxyabietic acid and 15-hydroxy-
dehydroabietic acid. The pimarane-type isopimaric acid, which
lacks the isopropyl function in favor of a methyl and vinyl
group at C13, was converted to 15,16-epoxyisopimaric acid.
Interestingly, the corresponding aldehydes and olefins did not
show any product formation in a reconstituted substrate-con-

Figure 3. Docking results show the carboxylate groups of abietic acid
(green) and dehydroabietic acid (blue) forming salt bridges with the side
chain of R73, whereas the isopropyl groups are at a short distance from the
iron of the prosthetic heme group.
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version assay, whereas the alcohols were converted in an un-
selective manner. The structural basis for these differences in
substrate acceptance was elucidated by docking studies; these
showed a clear preference for those orientations of the ligands
that led to the experimentally observed hydroxylation pat-
terns.

The hydroxylation of abietic acid at C15 is extremely inter-
esting, because the easy aromatization of ring C is a major pit-
fall in chemical synthesis of hydroxylated abietic acid deriva-
tives. Furthermore, 15-hydroperoxyabietic acid (15-HPA) has
been identified as a major contact allergen, responsible for the
contact dermatitis of colophonium, one of the ten most com-
monly encountered allergic reactions.[19, 30] The chemical hemi-
synthesis of this compound from abietic acid is very time- and
labor-intensive (Scheme 2). A combined approach that made
use of the biotransformation of abietic acid into 15-hydroxy-
abietic acid together with a subsequent chemical synthesis to
obtain the hydroperoxide would be beneficial environmentally
and economically, and could help to produce workable
amounts of 15-HPA, which are needed to study the reaction of
15-HPA with skin proteins.

A synthetic route for the epoxidation of the vinyl group in
pimaric acid has been described, but this requires several
steps.[31] The chemical synthesis and NMR analysis of 15,16-ep-
oxyisopimaric acid have not yet been published. However, de-
rivatives of isopimaric acid might be interesting, as this com-
pound is described as a potent opener of large-conductance
calcium-activated K+ (BK) channels.[32]

In summary, we found CYP105A1 to be a resin acid diter-
pene hydroxylase capable of converting different abietane-
and pimarane-type diterpenoids. It must be highlighted that
the catalytic efficiency and regioselectivity of this wild-type
enzyme make it an ideal candidate for biotechnological appli-
cations.

Experimental Section

Reagents and chemicals: Bulk amounts of abietic acid, dehydroa-
bietic acid, and isopimaric acid were purchased from Orchid Cell-
mark (New Westminster, BC, Canada). All other chemicals were
obtained from standard sources and were of the highest purity
available.

Protein expression and purification: Recombinant expression of
CYP105A1 in Escherichia coli JM109 was performed as previously
described[10] with minor modifications. Cells were grown in 2 L baf-
fled flasks containing TB medium (1 L; 24 g yeast extract, 12 g pep-
tone, 4 mL glycerine, 2.31 g KH2PO4 12.54 g K2HPO4, and 1000 mL
distilled H2O) at 37 8C. When the cell density reached OD600 = 0.8,
induction was started by addition of IPTG (1 mm final concentra-
tion). At the same time, the heme precursor d-Ala was added (final
concentration 0.5 mm), and the temperature was reduced to 25 8C.
Cells were harvested after 42 h and stored at �20 8C. For the purifi-
cation of his-tagged CYP105A1, the cytosolic fraction of the cells
was applied to a Ni-NTA agarose column (Macherey–Nagel) equili-
brated with potassium phosphate buffer (50 mm, pH 7.4) contain-
ing NaCl (300 mm). After washing with five column volumes of the
same buffer, the protein was eluted with a linear gradient of histi-
dine (0–40 mm) in potassium phosphate buffer (50 mm, pH 7.4)

containing NaCl (300 mm). The protein fractions were pooled in
potassium phosphate buffer (50 mm, pH 7.4), concentrated by
using centrifugal filter devices (exclusion size 50 kDa, 4500 g ;
Merck–Millipore) and applied to a Superdex 75 gel filtration
column (GE Healthcare, Solingen, Germany) in potassium phos-
phate buffer (50 mm, pH 7.4). Determination of the P450 concen-
tration was conducted by measuring reduced CO difference spec-
tra in potassium phosphate buffer (1 m, pH 7.4) in a double-beam
spectrophotometer (Shimadzu) with an extinction coefficient of
91 mm

�1 cm�1 as described by Omura and Sato.[33] The heterolo-
gous electron transfer proteins Arh1 and Etp1fd from S. pombe
were expressed and purified as previously described.[34, 35]

In vitro substrate conversion assay: A reconstituted in vitro
system containing CYP105A1 (1 mm), Etp1fd (20 mm), Arh1 (3 mm),
and a cofactor-regenerating system was used to screen for sub-
strate conversion, with glucose-6-phosphate (5 mm) and glucose-6-

Scheme 2. Schematic overview of the chemical hemisynthesis of 15-HPA
from abietic acid as described in ref. [38] and ref. [40] . a) LiOH·H2O, DMF, RT,
4 h, DMS, 0 8C, 15 min, 98 %; b) HBr, AcOH, RT, 6 h, 47 %; c) LiOH·H2O, DMF,
80 8C, 4 h, 71 %; d) MCPBA, CH2Cl2, 0 8C, 2 h, 90 %; e) H5IO6, THF, �30 to
�10 8C, 1 h, 87 %; f) HCl, MeOH, 0 8C, 4 h, 96 %; g) tBuOK, DMSO, RT, 45 min,
80 %; h) (COBr)2, DMF, CH2Cl2, �78 8C to RT, 5 h, 74 %; i) tBuLi, Et2O, Aceton
anhydr. , �78 8C to RT, 2 h, 70 %. CYP105A1-mediated hydroxylation of abietic
acid at C15 bypasses reaction steps (a) to (i).
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phosphate dehydrogenase (2 U mL�1; Roche) and MgCl2 (1 mm) in
HEPES (50 mm, pH 7.4) and Tween 20 (0.05 % v/v). The potential
substrates were dissolved in ethanol and added (final concentra-
tion 200 mm). The final ethanol concentration in the reaction mix-
ture was 1 % (v/v). Reactions were performed in a total volume of
250 mL at 30 8C in a Thermomixer (1000 rpm; Eppendorf). The reac-
tions were started by addition of NADPH (1 mm) and stopped after
30 min by addition of ethyl acetate (250 mL). After a second extrac-
tion with ethyl acetate (250 mL), the organic phases were com-
bined and dried.

HPLC and TLC analysis: HPLC analysis was performed on a system
consisting of a PU-2080 HPLC pump, AS-2059-SF autosampler, and
MD-2010 multiwavelength detector (Jasco). A Nucleodur 100–3
C18 column (125 � 4 mm, 1 mL min�1; Macherey–Nagel) was used
at 40 8C under isocratic conditions (mobile phase: methanol/water
80:20, with acetic acid (0.05 %)). Compounds were detected at 240
and 210 nm. The chromatograms were monitored for 20 min. Thin
layer chromatography (TLC) was used to monitor conversion of
substrates lacking a conjugated pi-electron system. The samples
were spotted onto silica TLC plates (4 � 8 cm; Sigma–Aldrich), and
chromatography was performed in a solvent tank containing
hexane and ethyl acetate (70:30) with acetic acid (1 % v/v) as
a mobile phase. Compounds were visualized with an anisaldehyde
stain (4-methoxybenzaldehyde (2 % v/v) in acetic acid/sulfuric acid/
ethanol 1.5:5:93.5) and subsequent heating with a hot air gun.

Substrate binding analysis: Substrate binding was assayed by fol-
lowing the substrate-induced spin-shift of CYP105A1. Spin-shift
assays were conducted at room temperature under aerobic condi-
tions in tandem quartz cuvettes (Hellma, M�lheim, Germany) in
a UV-2101PC double beam spectrophotometer (Shimadzu). One
chamber of each cuvette contained CYP105A1 (5 mm) in potassium
phosphate buffer (50 mm, pH 7.4), and the other chamber con-
tained potassium phosphate buffer (50 mm) without protein. Sub-
strates dissolved in DMSO were added in equal amounts to the
chamber containing the enzyme (sample cuvette) and the chamber
containing only buffer (reference cuvette). Final ligand concentra-
tions were in the range 0–200 mm, and spectra were recorded from
480 to 340 nm. All measurements were performed a minimum of
three times, and mean values were calculated for each data set.
The peak-to-trough difference (DA) was plotted against ligand con-
centration, and fitted to a nonlinear tight-binding equation.[36] Kd

was determined by using Origin 8.5 (OriginLab, Northampton, MA).

Kinetic analysis: Determination of enzyme activity was performed
by using the reconstituted in vitro system described above. Reac-
tions were performed with Etp1fd (10 mm), Arh1 (1.5 mm), and
CYP105A1 (0.5 mm) in a total reaction volume of 500 mL, and sub-
strate concentrations were varied (0–40 mm for abietic acid, 0–
100 mm for dehydroabietic acid and isopimaric acid). The reactions
were stopped after 1 min (abietic acid) or 3 min (dehydroabietic
acid and isopimaric acid). After extraction and dissolving of the
dried residuum, samples were subjected to HPLC analysis. The
amount of each product was determined from the relative peak
area, and the respective activity was calculated. Each reaction was
performed at least three times, and mean values were calculated.
Km and Vmax were determined by plotting the product-formation
rate against substrate concentration and fitting with a hyperbolic
equation in Origin 8.5 software.

Whole-cell conversion in B. megaterium : B. megaterium MS941
cells were transformed with a vector containing CYP105A1 cDNA,
and cultivated in complex medium (500 mL) as previously de-
scribed.[13] Following a 24 h expression period, the cells were har-

vested by centrifugation (4000 g) and resuspended in potassium
phosphate buffer (500 mL, 50 mm, pH 7.4). The substrate dissolved
in ethanol was added (final concentration 0.2 mm). After 24 h, the
culture was extracted twice with ethyl acetate. The combined or-
ganic phases were dried over anhydrous MgSO4 and evaporated to
dryness. The residue was dissolved in methanol/water (85:15, with
acetic acid (0.1 %)) and purified by HPLC with a Nucleodur 100–5
C18 column (250 � 8 mm, 3 mL min�1; Macherey–Nagel) at 40 8C.
The combined fractions containing the product were evaporated
to dryness and analyzed by NMR spectroscopy.

Computational methods: Substrate docking experiments were
performed on the basis of the crystal structure of CYP105A1 from
S. griseolus (PDB ID: 2ZBX); the four missing residues (not resolved
in the X-ray data) were modeled by using the SWISS-MODEL server
as previously described.[13] Docking was performed with AUTO-
DOCK (version 4.00)[26, 27] after preparation of the ligands by using
AutoDockTools (Windows version 1.5.2).[37] A total of 100 docking
runs were carried out for each ligand. Default parameters were ap-
plied except for the mutation rate (increased to 0.05).

NMR measurements: NMR spectra were recorded in CDCl3 with
a DRX 500 NMR spectrometer (Bruker). All chemical shifts are rela-
tive to CHCl3 at d= 7.24 (1H NMR) or CDCl3 at d= 77.00 (13C NMR).
The 2D NMR spectra were recorded as gs-HH-COSY, gs-NOESY, gs-
HSQC, and gs-HMBC.

Conversion of abietic acid: The conversion of abietic acid with
CYP105A1 led to the known 15-hydroxyabietic acid, which could
easily be verified by comparison of its 1H and 13C NMR data (see
below) with those from literature.[38] The detailed NMR data for 15-
hydroxyabietic acid are: 1H NMR (500 MHz, CDCl3, 300 K): d= 6.04
(d, J = 2.5 Hz, H-14), 5.46 (br s, H-7), 2.30 (m, H-12a), 2.07 (m, H-5),
2.05 (m, H-12b), 1.94 (m, H-9), 1.90 (m, H-6a), 1.87 (m, H-6b), 1.87
(m, H-1a), 1.83 (m, H-11a), 1.78 (m, H-3a), 1.67 (m, H-3b), 1.58 (m,
2 H; 2 � H-2), 1.32 (s, 3 H; 3 � H-16), 1.30 (s, 3 H; 3 � H-17), 1.24 (s,
3 H; 3 � H-19), 1.18 (m, H-11b), 0.81 ppm (s, 3 H; 3 � H-20); 13C NMR
(125 MHz, CDCl3, 300 K): d= 183.78 (C18) 144.55 (C13), 135.04 (C8),
122.99 (C7), 122.54 (C14), 72.54 (C15), 50.65 (C9), 46.25 (C4), 44.83
(C5), 38.25 (C1), 37.19 (C3), 34.43 (C10), 28.72 (C16), 28.55 (C17),
25.75 (C6), 25.63 (C12), 22.56 (C11), 18.03 (C2), 16.75 (C19),
13.99 ppm (C20).

Conversion of dehydroabietic acid: As for abietic acid, the treat-
ment of dehydroabietic acid with CYP105A1 led to the hydroxyl-
ation at C15 of the abietane skeleton. NMR data for the resulting
15-hydroxydehydroabietic acid could not be found in literature,
but the data of its methyl ester were in good accordance with our
data:[39] 1H NMR (500 MHz, CDCl3, 300 K): d= 7.22 (dd, J = 8.5,
2.0 Hz, H-12), 7.19 (d, J = 8.5 Hz, H-11), 7.14 (d, J = 2.0 Hz, H-14),
2.94 (m, H-7a), 2.87 (m, H-7b), 2.30 (m, H-1a), 2.22 (dd, J = 12.5,
2.0 Hz, H-5), 1.85 (m, H-6a), 1.80 (m, H-3a), 1.77 (m, H-2a), 1.73 (m,
H-2b), 1.70 (m, H-3b), 1.54 (m, H-6b), 1.54 (s, 6 H; 3 � H-16 and 3 �
H-17), 1.50 (m, H-1b), 1.27 (s, 3 H; 3 � H-19), 1.20 ppm (s, 3 H; 3 � H-
20); 13C NMR (125 MHz, CDCl3, 300 K): d= 183.95 (C18), 147.82
(C13), 146.04 (C9), 134.74 (C8), 124.93 (C14), 124.14 (C11), 121.91
(C12), 72.34 (C15), 47.36 (C4), 44.59 (C5), 37.89 (C1), 36.70 (C3),
36.92 (C10), 31.63 (C16), 31.61 (C17), 30.11 (C7), 25.06 (C20), 21.71
(C6), 18.50 (C2), 16.26 ppm (C19).

Conversion of isopimaric acid: The conversion of isopimaric acid
with CYP105A1 did not lead to the formation of an alcohol but an
epoxide function. In contrast to the substrate the NMR data of the
conversion product missed the signals for olefinic C15 and C16.
Therefore C15 (d= 60.74 ppm) and C16 (d= 43.50 ppm) as well as
H-15 (d= 2.69 ppm, dd, J = 4.5 and 3.0 Hz) and H-16 (2.65 and
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2.61 ppm, both dd, both J = 4.5 and 3.0 Hz) revealed resonances of
a mono-substituted epoxide. The resulting 15,16-epoxyisopimaric
acid is not mentioned in literature. 2D NMR HHCOSY, HSQC, HMBS,
and NOESY supported the structure. NMR data: 1H NMR (500 MHz,
CDCl3, 300 K): d= 5.32 (m, H-7), 2.69 (dd, J = 4.5, 3.0 Hz, H-15), 2.65
(dd, J = 4.5, 3.0 Hz, H-16a), 2.61 (dd, J = 4.5, 3.0 Hz, H-16b), 1.99 (m,
H-14a), 1.98 (m, H-6a), 1.91 (m, H-5), 1.85 (m, H-14b), 1.82 (m, H-
1a), 1.76 (m, H-3a), 1.73 (m, H-9), 1.68 (m, H-6b), 1.65 (m, H-3b),
1.55 (m, H-11a), 1.53 (m, 2 H; 2 � H-2), 1.41 (m, H-12a), 1.34 (m, H-
11b), 1.29 (m, H-12b), 1.25 (s, 3 H; 3 � H-19), 1.10 (m, H-1b), 0.87 (s,
3 H; 3 � H-20), 0.75 ppm (s, 3 H; 3 � H-17); 13C NMR (125 MHz, CDCl3,
300 K): d= 183.95 (C18), 134.79 (C8), 121.33 (C7), 60.74 (C15), 52.07
(C9), 46.22 (C4), 44.96 (C5), 43.50 (C16), 42.97 (C14) 38.80 (C1),
36.99 (C3), 35.03 (C10), 33.94 (C13), 31.98 (C12), 25.18 (C6), 19.45
(C11), 18.53 (C17), 17.91 (C2), 17.17 (C19), 15.28 (C20).
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