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Introduction

Cytochrome P450 enzymes (CYPs, P450s) belong to a class of
oxidoreductases (EC 1.14). They are ubiquitous enzymes found
in all kingdoms of life.[2] The ability of P450s to catalyze selec-

tive oxidations of a vast variety of organic molecules makes
them important candidates for synthetic applications. The rap-
idly growing number of newly identified P450 genes has at-

tracted much attention as a rich resource for novel oxidation
activities.[3] The P450 superfamily consists of more than 12000
classified enzymes and about 6000 genes that have been se-
quenced but not yet classified.[2] However, the pace of genome
mining and gene annotation based on sequence similarity is

much faster than the characterization of new P450s and eluci-
dation of their functions. As a consequence, so far only a small

number of these P450 genes have been expressed and charac-
terized.

The characterization and exploitation of newly discovered
P450s is limited by two major factors. Firstly, P450-catalyzed re-

actions depend on the consecutive delivery of two electrons
to the heme iron by redox partner proteins. Most P450 sys-
tems consist of several proteins: P450 itself and one or two
additional redox partners, such as ferredoxins/flavodoxins and
flavin-containing reductases.[4] The identification of physiologi-

cal redox partners of P450s is often challenging, because the
encoding genes are rarely located in the same operon or in
close proximity to the corresponding cytochrome P450 genes.

Secondly, there is limited knowledge about the physiological

functions of most P450s, thus there is no information about
their potential substrates.

Several approaches have been described for identifying the
substrates of P450s of unknown physiological function and/or
substrate scope (“orphan P450s”). One of the approaches aims

at the identification of (not necessarily physiological) sub-
strates based on the screening for the characteristic spectral
shift upon substrate binding (the so-called type I spectrum)
against very large libraries of organic compounds.[5] However,
some P450s reportedly do not exhibit a type I spectrum upon

substrate binding.[6] Furthermore, induction of a type I spec-
trum through binding of a compound to a P450 is no guaran-

tee that the bound compound is converted by the enzyme.[7]

These limitations restrict the suitability of this method for iden-

tifying new catalytic activities of P450s.
Another approach, aimed at the identification of physiologi-

cal substrates of P450s, employs metabolomics to detect com-
pounds that are only formed in the host cell in the presence of
a particular P450. An inherent limitation in this approach is

that catalytic activity is detected only towards compounds oc-
curring in the host cell.[8]

An interesting approach has been described recently for
CYP102A1 from Bacillus megaterium (BM3) and ten of its mu-
tants.[9] By employing five known terpenoid substrates of the
enzyme as probes, the authors were able to predict activity for
other structurally closely related compounds. Obviously this

method requires knowledge about the already identified sub-
strates to predict new activities of a P450. It is very well suited

to distinguishing differences in stereo- and regioselectivity of
mutants, rather than to provide a basis for initial substrate
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screening. Additionally, because of the colorimetric detection
used in this method, it is only applicable for probes containing
a methoxy group.

As we aspire to discover novel natural and non-natural activ-

ities of uncharacterized P450s, we have developed a semiration-
al method for the identification of putative substrates. This

method combines reconstitution of P450 activity with suitable
redox partners, clustered substrate screening, and gas chroma-
tography/mass spectrometry (GC/MS) or liquid chromatogra-

phy/mass spectrometry (LC/MS) analysis of possible products.
With this combined approach, data about product formation
and distribution can be obtained. Hence, it is possible to eluci-
date the chemo- and regioselectivity of the investigated P450

in primary substrate screening.
In order to overcome the problem of unidentified physiolog-

ical redox partners, we established a set of redox proteins orig-
inating from prokaryotes and eukaryotes; these can be applied
to support the activity of uncharacterized P450s.[7,10]

Herein we describe the use of cluster screening for the in-
vestigation of two poorly characterized or completely unchar-
acterized enzymes from the CYP154 family : CYP154E1 from
Thermobifida fusca YX and CYP154A8 from Nocardia farcinica
IFM 10152.

CYP154E1 was cloned, heterologously expressed, and puri-
fied in our laboratory for the first time, and several nonphysio-
logical redox partners were tested for electron transfer to this
P450[10] with a substrate identified in the actual study. For the
second enzyme, CYP154A8, O-demethylation and ortho-hy-

droxylation of the medium-sized isoflavonoid formononetin
has already been reported.[11] All annotated CYP154 enzymes
are from actinomycetes, and therefore might be interesting re-
garding formation of secondary metabolites.[12] The CYP154
family also attracted our attention because of the broad spec-
trum of characterized substrates that have been described for

enzymes of this family. These substances belong to different
chemical classes and have very different molecular weights
and sizes: CYP154C5 from N. farcinica IFM 10152 was found to

hydroxylate testosterone;[13] CYP154H1 from T. fusca YX cata-
lyzes side-chain hydroxylation of small aromatic molecules like
ethylstyrene, as well as S-oxidation of aromatic thioethers to
their corresponding sulfoxides and sulfones; the substrates of

CYP154C1 from Streptomyces coelicolor A3(2) are the 12- and
14-membered macrocyclic lactones YC-17 and narbomycin.[14]

A metabolomics approach shed light on the rather uncommon

cyclization reaction with the endogenous substrate catalyzed
by CYP154A1 from S. coelicolor A3(2).[15] These observations

suggest high substrate diversity for the CYP154 family. The
question is, how similar (or different) are the catalytic proper-
ties of these enzymes? According to sequence similarity analy-
sis, the two chosen candidates of the CYP154 family (41%
identity) belong not only to different subfamilies but also to

different branches of the phylogenetic tree (Figure 1). Hence,
biocatalytic and structural diversity between the enzymes was
expected to be high. Thus, by using the clustered library we
aimed to find out whether this low sequence similarity is re-
flected in different substrate spectra of the enzymes.

Figure 1. Phylogenetic tree of all available CYP154 family sequences (http://drnelson.uthsc.edu/bacterial.P450s.2011.htm). CYP154E1 from T. fusca and
CYP154A8 from N. farcinica are marked with boxes. Alignment and tree building were performed with the Unipro UGENE bioinformatics suite.[1]
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Results

Expression, purification, and spectral characterization of
CYP154E1 and CYP154A8

Both P450 genes were cloned into the expression vector pET-
28a(+) carrying an N-terminal His6 tag. The enzymes were
expressed in Escherichia coli BL21(DE3) in soluble form, and pu-

rified by immobilized metal (nickel) affinity chromatography
(IMAC) and size-exclusion chromatography. The protein yields,
calculated from CO-difference spectra, were 510 and

120 nmolL�1 for CYP154E1 and CYP154A8, respectively. For
both proteins the characteristic Soret bands at 451 nm
(CYP154E1) and 447 nm (CYP154A8) for the ferrous heme–CO
complex were observed (Figure S1 in the Supporting Informa-
tion). During CO-difference spectra measurements it became

clear that CYP154A8 is not as stable as CYP154E1. Upon reduc-
tion, rapid formation of a shoulder peak at 420 nm was ob-
served.

Identification of electron transfer partners

For reconstitution of activity, CYP154E1 and CYP154A8 require
electron transfer proteins to supply the electrons. As the natu-
ral redox partners of both P450s have not been identified, we
tested a set of nonphysiological redox partners known to inter-
act with other P450s of bacterial origin, as well as hydrogen

peroxide for direct oxidation of the heme iron by the “peroxide
shunt”. Among the tested redox partners were putidaredoxin
and putidaredoxin reductase from Pseudomonas putida, cyto-

chrome P450 reductase (CPR) from Candida apicola and the
flavodoxin YkuN from Bacillus subtilis in combination with
E. coli flavodoxin reductase (FdR). The highest conversion of
test substrate 13 was observed with the YkuN/FdR combina-

tion; this was used for all subsequent experiments. This system
proved to perform even better in our experiments than the

published CYP154A8/Pdx/PdR system, under comparable con-
ditions.[11] With hydrogen peroxide, no product formation was
observed.

Library design for substrate cluster screening

In order to quickly assess the biocatalytic capabilities and com-

pare the substrate spectra of CYP154E1 and CYP154A8, we
compiled a library of organic molecules clustered into nine
groups according to their chemical properties and size
(Scheme 1).

Group I consisted of fatty acids of chain lengths C7 to C12,

C14 (1–7), and C16 (51) ; these compounds are typical P450 sub-
strates. In group II the position, type, and oxidation state of
the hetero atom within the substrate was varied: alcohols 8–
11 and the corresponding thioalcohol 12. Group III comprised
acyclic terpenoids (13–21) of varying chain length. The com-
pounds in group III are of similar chain length to those of
group II, and also contain oxygen atoms. The methyl side
chains make these substrates more sterically demanding, and
the carbon–carbon double bonds lead to a more rigid struc-

ture (less flexibility in the backbone). Furthermore, because of
the double bonds, epoxidation is a second possible reaction
pathway, in addition to hydroxylation of the activated allylic
carbon atoms.

The compounds in group IV were highly methylated saturat-
ed fatty acids and alcohols. These do not possess the reactive

allylic position (as for members of group III), but the methyl
side chains lead to higher steric demand. The hetero function
was limited to alcohols (23, 26), carboxylic acids (22, 25), and
a methyl ester (24). With group V, we investigated a set of ali-
phatic (29) and aromatic (27–28) thioethers with significantly
shorter chain lengths and chemical functionalities different
from those in the other groups.

Group VI extended the substrate range to include bicyclic
substances: both aliphatic (31, 34) and N-hetero (37) and O-

hetero (30–33, 35, 36, 38) compounds. Substrate size was fur-
ther increased with a tricyclic alizarin (39, group VII), quinizarin
(40, group VII), and tetracyclic compounds (group VIII): 5a-cho-

lestane-3b-ol (41), cholesterol (42), 5a-cholestane-3b-one (43),
testosterone (44), deoxycholic acid (45), vitamin D3 (46), 5a-
cholestane (47), and pergolide mesylate (48). Finally, group IX
comprised two macrocyclic compounds: cembrene (49) and
erythromycin (50).

Substrate cluster screening

Substrate screening was performed independently for
CYP154E1 and CYP154A8. After reconstitution of purified
CYP154E1 with redox partners and the glucose dehydrogenase

(GDH)-based cofactor regeneration system, substrates were
screened in 500 mL reaction volume overnight, so that even
products of substrates with very low conversion would be ob-

servable. An exception was made for group III, as after 24 h
neither substrate nor product could be observed (possibly due
to unspecific overoxidation); the negative control still con-
tained the substrate (see Table 1). Hence, the reactions were
only studied for 4 or 1 hour (farnesol).

Screening results with CYP154E1

In group I, the shortest fatty acid accepted by CYP154E1 was

heptanoic acid (1, 29% conversion). For octanoic acid (2) con-
version was 94%. For C9–C14 fatty acids (3–7) quantitative con-
version was achieved. Palmitic acid (51) was not accepted. The
enzyme showed a clear preference for subterminal w�1 hy-
droxylation in all cases, even though w�2 hydroxy fatty acids
were detected for all substrates other than 1 (Table 1). Product
specificity ranged from exclusive formation of 6-hydroxy hep-

tanoic acid from 1 to an w�1/w�2 ratio of 37:61 from tetrade-
canoic (myristic) acid (7).

In group II, octan-1-, -2-, and -3-ol (8, 9, 10) and the C10 ho-
mologue decan-1-ol (11) were quantitatively converted by
CYP154E1. Product specificity clearly depended on chain

length. The primary alcohols 8 and 11 led to only two products
(ratios 50:50 and 10:90, respectively). In the case of the secon-

dary alcohols 9 and 10, the product pattern was more com-
plex: 9 led to five products, of which the two main products
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were formed with abundances of 36 and 32%. For 10, six

products were detected (main product, 56% of product peak
area). Interestingly, for octane-1-thiol (12), which was oxidized
to 68%, no monomeric oxidation product was observed: di-

meric dioctyl disulfide was identified as the sole reaction prod-
uct.

In group III, nerol (16) and geraniol (13) were converted
quantitatively. Conversion of the derivatives geranyl-/neryl ace-
tone (15/18), which were tested as a mixture of isomers, and
farnesyl acetone (22) was lower (93 and 22%, respectively).

Conversion of farnesol (19)
reached 72% after 1 h. Product
specificity was best for 16 : 84%
8-hydroxynerol was formed. The
corresponding 8-hydroxy prod-
uct was also formed from 13,
but it only appeared as a minor
product (43%). Product specifici-
ty was lower for the conversion

of 22 (seven products) and 15/
18 (nine products). Conversion
of acetic acid esters of geraniol
(14) and nerol (17) only resulted
in the formation of 8-hydroxy-
geraniol, after auto hydrolysis of

the substrate in the aqueous re-
action medium.

All compounds in group IV

were recognized by CYP154E1 as
substrates: 2,4,6-trimethyloctan-

1-ol (23), 2,4,6,8-tetramethyl dec-
anoic acid (25) and 2,4,6,8-tetra-

methyl decan-1-ol (26) were
quantitatively converted; 2,4,6-
trimethyloctanoic acid (22) and

its methyl ester (24) were trans-
formed with conversions of 90
and 96%, respectively. Product
selectivity was highest for 22
(only two products, ratio 9:1).
Product formation for all other
compounds in this group was
less specific : three products for
25, and four for 24, 23 (Fig-

ure 2A), and 26.
All compounds of group V

were identified as substrates and

were oxidized to different ex-
tents (Table 1). For butyl methyl

sulfide (29) the only product was
the corresponding sulfoxide. The
main product of phenyl methyl
sulfide (28) was again the sulfox-
ide, but the corresponding sul-

fone was also detected (32%).
Benzyl methyl sulfide (27) was

transformed to the correspond-
ing sulfoxide (12%), sulfone (19%), and a third main product
(69%), which was identified by its mass spectrum to be diben-
zyl sulfone.

Group VI had six hits : conversions for monoterpene verbe-
none (30) and a-pinene (31) were 18 and 79%, respectively;
product specificity was relatively low (five and four products,
respectively). Autoxidation could be excluded by comparison
with negative controls (lacking P450). Grundmann’s ketone

(33), the only non-terpenoid in the group, was converted
quantitatively with a single product being formed. By compari-

Scheme 1. Compounds of the cluster library.
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son to an authentic standard this was identified as 25-hydroxy
Grundmann’s ketone. In contrast to the unsubstituted homo-

logue valencene (34), the oxidized sesquiterpenes nootkatol
(36) and nootkatone (35) were transformed with 79 and 100%
conversion, respectively. The single oxidation product of 35
was identified as 13-hydroxy-nootkatone with an authentic

standard.[16] The two oxidation products of 36 (ratio 31:69) did

not match those from nootkatone (35) in terms of retention
time and mass spectrum. Camphor (38) was also identified as
a substrate for CYP154E1, although conversion was low (5%)
and with a single reaction product. The EI mass spectrum did

not match hydroxylation at the 5-position (as described for
CYP101 enzymes) but displayed high similarity (match factor
791) to a published mass spectrum of 6-hydroxy camphor.[17]

The largest substance accepted by CYP154E1 as a substrate
was pergolide mesylate (48, conversion 4%). Two single oxida-

tion products were identified by the characteristic m/z 331 ion
[M+16+H]+ in their ESI-MS spectra. High resolution MS meas-

urements confirmed the formula (m/z calcd for C19H27N2OS:
331.1839 [M+H]+ , found: 331.1831). The MS/MS spectra of

both peaks were identical, and initial water elimination (Dm/z
�18) and subsequent loss of a CH2S-fragment (Dm/z �46) is

more consistent with hydroxylation than sulfoxidation (Fig-
ure S2). With other compounds from groups VII–IX, CYP154E1

did not demonstrate any product formation.

Screening results with CYP154A8

From group I C8–C14 fatty acids were accepted by CYP154 with

relatvely high conversion (>80%, Table 1). Palmitic acid (51)
was not converted. The preference of CYP154A8 to form w�1
over w�2 ranged from 97:3 (octanoic acid, 2) to 34:66 (tetra-
decanoic (myristic) acid, 7; Table 1).

For group II, substrate scope was comparable to that for
CYP154E1. Alcohols octan-1-ol (8), octan-2-ol (9), octan-3-ol
(10 ; Figure 2C–E) and decan-1-ol (11) were very good sub-
strates (quantitative conversion). In the first step, 8 is convert-
ed into octane-1,7-diol, and then further oxidized to 8-hydroxy-

octan-2-one (Figure 2C). Conversion of 9 resulted in three
product peaks with 13, 27, and 60% relative abundance for

Table 1. Overview of the substrate cluster screening results : Conversion and product distribution (in brackets) were calculated from GC/MS and LC/MS
peak areas. Names are provided for identified metabolites. Products of 9 and 23 are named according to Figure 2.

Conversion [%] Product identification and distribution [%]
CYP154E1 CYP154A8 (CYP154E1/CYP154A8)

1 heptanoic acid 29 0 6-hydroxy heptanoic acid (100/–)
2 octanoic acid 94 100 7-hydroxy octanoic acid (76/97), 6-hydroxy octanoic acid (24/3)
3 nonanoic acid 100 100 (9/–), 8-hydroxy nonanoic acid (81/95), 7-hydroxy nonanoic acid (10/5)
4 decanoic acid 100 100 (5/–), 9-hydroxy decanoic acid (91/78), 8-hydroxy decanoic acid (2/22), (2/–)
5 undecanoic acid 100 91 (12/–), 10-hydroxy undecanoic acid (66/69), 9-hydroxy undecanoic acid (17/31), (6/–)
6 dodecanoic acid 100 93 (6/–), 11-hydroxy dodecanoic acid (75/81), 10-hydroxy dodecanoic acid (3/19), (16/–)
7 tetradecanoic acid 100 81 13-hydroxy tetradecanoic acid (61/66), 12-tetradecanoic acid (37/34), (1/–), (1/–)
8 octan-1-ol 100 100 8-hydroxyoctan-2-one (50/36), octane-1,7-diol (50/64)
9 octan-2-ol 100 100 octane-2,7-dione (P3) (10/13), P2 (32/27), (15/–), P1 (36/60), (7/–)

10 octan-3-ol 100 100 (10/–), (9/–), (15/2), octane-2,3-diol (8/18), (56/80), (6/–)
11 decan-1-ol 100 100 (10/10), (90/85), (–/5)
12 octane-1-thiol 68 0 dioctyl disulfide (100/–)
13 geraniol 100[a] 100[a] 8-hydroxy geraniol (43/73), (57/13) (–/13)
15 geranyl acetone 93[a] 97 (6/–), (–/10), (8/–), (22/66), (22/–), (13/21), (–/3), (4/–), (5/–), (19/–), (2/–)
16 nerol 100[a] 100[a] 8-hydroxy nerol (84/96), (16/4)
18 neryl acetone 93[a] 67 (6/–), (–/10), (8/–), (22/66), (22/–), (13/21), (–/3), (4/–), (5/–), (19/–), (2/–)
19 farnesol 72[b] 18 (25/–), (10/–),(23/80),(43/20)
20 farnesyl acetone 22[a] 0 (12/–), (19/–), (35/–), (9/–), (10/–), (7/–), (9/–)
22 2,4,6-trimethyloctanoic acid 90 0 (89/–), (11/–)
23 2,4,6-trimethyloctan-1-ol 100 100 P1 (8/–), PI (–/4), P2/II (45/21), PIII (–/53), P3/IV (43/3), PV (–/19), P4 (4/–)
24 2,4,6-trimethyloctanoic acid methyl

ester
96 75 (9/–), (83/86), (2/27) (10/–)

25 2,4,6,8-tetramethyl decanoic acid 100 77 (11/14), (83/86), (6/–)
26 2,4,6,8-tetramethyl decan-1-ol 100 95 (11/17), (52/72), (25/11), (12/–)
27 benzyl methyl sulfide 58 69 benzyl methyl sulfoxide (12/31), benzyl methyl sulfone (19/54), dibenzyl sulfone (69/

15)
28 phenyl methyl sulfide 23 38 methyl phenyl sulfoxide (68/41), methyl phenyl sulfone (32/59)
29 butyl methyl sulfide 31 71 methyl butyl sulfoxide (100/21), methyl butyl sulfone (–/79)
30 verbenone 18 0 (28/–), (10/–), (9/–), (24/–), (29/–)
31 a-pinene 79 0 (15/–), (28/–), (33/–), (24/–)
33 Grundmann’s ketone 100 53 25-hydroxy Gundmann’s ketone (100/100)
35 nootkatone 100 0 13-hydroxy nootkantone (100/–)
36 nootkatol 79 0 (31/–), (69/–)
38 camphor 5 0 6-hydroxy camphor (100/–)
48 pergolide mesylate 4 0 (36/–), (64/–)

[a] Measurements were stopped after 4 h. [b] Measurements were stopped after 1 h.
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octan-2,7-dione, and unidentified products P2 and P1, respec-
tively (Figure 2D). Database identification was only partly suc-

cessful. As the retention times differed significantly from those
of the products of 8, a similar mechanism of secondary hydrox-

ylation and overoxidation is possible, but not in combination
with the carbon atom at positions C1 and C7. Compound 10
was equally well accepted and led to three products (ratio
2:18:80; Figure 2E). P2 was identified as octane-2,3-diol, but

no database entry was found for P1 or P3, although (judging
from retention times and mass spectra) they were not identical
to the products of the conversion of 8 or 9. The longer-
chained 11 led to one main and two secondary products (10,
85, and 5%). Complete baseline separation was not possible,

and hence only the last one could be identified (decan-1-al).
From group III only four substrates were accepted: geraniol

(13) was converted to three products (73, 14, and 14% relative

abundance). Baseline separation was not possible, thus only
the major product could be identified (8-hydroxygeraniol). Dia-
stereomer nerol (16) was converted into two products (ratio
4:96). The isomers geranyl- (15) and neryl acetone (18) were
also recognized as substrates by CYP154A8, with a preference
for 15 over 18 (97 and 67% conversion, respectively). The

product distribution was less complex than for CYP154E1: four
products (relative abundance 10:66:21:3). Transformation of
farnesol (19) led to two products (ratio 1:5), with rather low
conversion (18%).

Compounds in group IV proved to be substrates for
CYP154A8 (as for CYP154E1). 2,4,6,-Trimethyloctanoic acid (22)
was not accepted, but the corresponding alcohol 2,4,6-trimeth-
yloctan-1-ol (23) was converted (100%) into five products (Fig-
ure 2B). Product 2/II was produced by both enzymes (w�1 hy-

droxylated compounds). The other products could not be iden-
tified. The methyl ester (24) of 22 was readily accepted and
converted (75%) into two products (73 and 27% abundance).
Though neither led to hits in the National Institute of Stand-

ards and Technology (NIST) database, the mass spectrum of
the first indicated w�1 hydroxylation. The longer 2,4,6,8-tetra-

methyldecanoic acid (25) was converted (77%) into two prod-
ucts. The preference for w�1 hydroxylation here was reversed
(14:86), compared to 24. Conversion of the corresponding

2,4,6,8-tetramethyldecan-1-ol (26) was 95%, and resulted in
the same product distribution (83:17) as for homologue 25,
but with reversed preference regarding w�1 hydroxylation.

The compounds in group V proved to be better substrates
for CYP154A8 than for CYP154E1. Phenyl methyl sulfide (28)
had the lowest conversion (38%), with the corresponding sulf-
oxide and sulfone in a ratio of 41:59. The benzyl derivative

benzyl methyl sulfide (27) was converted (69%) into sulfoxide
and sulfone products (15 and 54%, respectively), and into
a third product, which was identified as dibenzyl sulfone
(31%). The last compound in this group, the aliphatic butyl
methyl sulfide (29), showed conversion of 71% and formation

of the corresponding sulfoxide (21%) and sulfone (79%).
Of group VI compounds, only Grundmann’s ketone (33) was

identified as a substrate for CYP154A8. The conversion was
53%, with 25-hydroxy Grundmann’s ketone as the single prod-

uct. Group VII–IX compounds proved not to be substrates of
CYP154A8.

Determination of substrate binding constants

For correlation of substrate binding and substrate conversion
by the two CYP154 enzymes, we measured UV spectral
changes upon titration with a few selected compounds from

the library: geraniol (13), nerol (16), fatty acids C9–C11 (3–5),
and the macrocycle cembrene (49). Dissociation constant (Kd)
values were calculated from the spectral data.

Both 13 and 16 showed perturbation of the heme spin state
of both P450s (Figures S3 and S4), with a type I shift of the

Soret band. For both CYP154 enzymes, affinity for these acyclic
terpenes was high, whereas affinity for fatty acids (3–5) was
much lower (Table 2). CYP154A8 demonstrated lower affinity

than CYP154E1 with all three fatty acids.
Cembrene (49) did not induce a spin state shift in

CYP154E1, so Kd could not be determined. In contrast, 49 in-
duced a type I spectral change in CYP154A8 (Kd 920 mm). This
suggests that CYP154A8 has a larger binding pocket than
CYP154E1.

Figure 2. GC/MS chromatograms of the conversion of 2,4,6-trimethyloctan-1-
ol with A) CYP154E1 (Arabic numerals), and B) CYP154A8 (Roman numerals),
and conversion of C) octan-1-ol, D) octan-2-ol, E) octan-3-ol with CYP154A8.
Background peaks are marked with an asterisk.
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Discussion and Conclusion

The main goal of this study was to develop an effective pri-
mary substrate screening method for uncharacterized P450s.

This method was verified by screening with CYP154E1 and
CYP154A8.

The screening results obtained with the substances from
group I showed that both CYP154E1 and CYP154A8 were able
to oxidize C8–C14 saturated fatty acids. Heptanoic acid (C7) was
accepted by CYP154E1 but not by CYP154A8. Palmitic acid
(C16) was not converted by either enzyme. Both monooxyge-
nases predominantly hydroxylated fatty acids at the w�1 posi-
tion. As minor reaction products, w�2 hydroxy fatty acids
were detected for all substrates, except C7, with CYP154E1.

The primary alcohols from group II were accepted by both

enzymes. All octanols were quantitatively converted by both
enzymes, but with different product selectivities (Table 1).
CYP154A8 seems to be more regioselective in these reactions.

Some products of these reactions were identified as ketones.
Overoxidation by P450s with alcoholic substrates has been re-

ported for different kinds of substrates[18] and has been exten-
sively studied.[19]

Although both CYP154E1 and CYP154A8 demonstrated simi-
lar activities towards geraniol and nerol (group III), farnesol (19,
C12) was converted much better by CYP154E1. This was also

the case for farnesyl acetone (20). Again, the trend was that
CYP154A8 showed higher regioselectivity. Comparable activi-

ties of P450s with linear terpenoids have been found for mon-
ooxygenases from plants expressed in insect cells,[20] as well as

for a chimera of CYP102A1 (BM3) with CYP4C7.[21] As CYP154E1
showed particularly high regioselectivity towards the 8-hy-

droxy products of geraniol and nerol, it might be an alternative
to the BM3–CYP4C7 chimera.

For group IV compounds, the only difference in activity be-

tween the monooxygenases was for 2,4,6-trimethyloctanoic
acid (22), which was accepted only by CYP154E1. Generally,
CYP154A8 was again slightly more regioselective than
CYP154E1. In comparison with linear fatty acids of the same

carbon atom chain length, it is apparent that the product
spectrum of CYP154E1 for the branched fatty acids is broader.
To date, the only P450s known to oxidize these five branched
fatty acid derivatives are BM3 and a triple mutant thereof.[22] In-
terestingly, these monooxygenases were highly regioselective
in these reactions and produced only w�1 hydroxylated prod-
ucts from the tested branched substrates. In contrast,

CYP154E1 and especially CYP154A8 hydroxylated branched
fatty acid derivatives with different regioselectivity, and thus
provide access to other products. We recently showed that
compounds and their hydroxylated products of this type can
be used as synthones for the chemoenzymatic synthesis of the
macrolactone borrelidin.[23] As the regioselectivity of CYP154E1
and CYP154A8 differs from that of BM3, synthetic routes to dif-
ferent derivatives can be realized.

Compounds in the above discussed groups are mainly linear
rod-shaped molecules. The methyl sulfides in group V possess
an aromatic (phenyl or benzyl) or an aliphatic (n-butyl) group.

Conversion of these substrates was observed with both
CYP154A8 and CYP154E1. As the aliphatic butyl methyl sulfide

was also converted, the aromatic ring seems not to be re-
quired for substrate recognition, as could have been deduced
from the only two published substrates of CYP154A8, 7-eth-

oxycoumarin and the isoflavonoid formononetin.[11] Enzymatic
sulfoxidation of dialkyl sulfides is relatively rare: so far it has
only been described for chloroperoxidase from Caldariomyces
fumago, flavin-containing monooxygenase from Methylophaga

sp. SK1, and for two Baeyer–Villiger monooxygenases.[24] For
aryl alkyl sulfides 27–29, formation of the respective sulfoxide
and subsequent oxidation to the sulfone was observed for

both P450s; this is consistent with the observation for
CYP154H1.[25] Formation of dimeric reaction products has also
been observed for CYP154H1. We detected the formation of
dibenzyl sulfone from benzyl methyl sulfide (27) with

CYP154E1, and at a much higher concentration with
CYP154A8.

Among the compounds of group VI (increased steric
demand), six were accepted by CYP154E1 but only Grund-
mann’s ketone (33) was a substrate for both P450s. Grund-

mann’s ketone is a product of ozonolysis of vitamin D3; its se-
lective 25-hydroxylation is part of a synthetic route to vita-

min D3 metabolites and derivatives. Chemical synthesis of 25-
hydroxy Grundmann’s ketone by using ruthenium catalysts has

been reported.[26] The workup of the ruthenium-catalyzed reac-

tion is laborious, and the remaining Grundmann’s ketone (33)
has to be recovered by column chromatography; the overall

yield was reported as 49%.[26] CYP154E1 offers an alternative
synthetic route, as it produces the desired 25-hydroxy product

with absolute selectivity. To the best of our knowledge
CYP154E1 and CYP154A8 are the only P450 monooxygenases
known to accomplish this synthetic task.

The 6-hydroxylating activity of CYP154E1 with camphor has
also been observed for CYP105D1 (P450soy) from Streptomyces

griseus.[27] CYP154A8 did not accept camphor as a substrate.
In order to determine whether large molecules such as mac-

rolides or steroids can be accepted by CYP154E1 and
CYP154A8, we tested compounds from groups VII, VIII, and IX.

The only compound of group VIII that was identified as a sub-
strate of CYP154E1 was pergolide mesylate (48). This sub-
stance, derived from ergot alkaloids, has been used in the

treatment of Parkinson’s disease and is known to be a potent
inhibitor of human P450s especially CYP2D6 (IC50 0.08 mm).[28]

CYP3A4 is assumed to play an important role in the detoxifica-
tion of pergolide, as it has been shown to catalyze the dealky-

Table 2. Dissociation constants calculated from titration of test com-
pounds with CYP154A8 and CYP154E1.

Compound Kd [mm]
CYP154A8�SE CYP154E1�SE

geraniol (13) 2.5�0.2 6�1
nerol (16) 17�1 6�0.5
nonanoic acid (3) 133�6 38�6
decanoic acid (4) 51�9 38�3
undecanoic acid (5) 96�8 30�3
cembrene (49) 919�437 –
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lation of other ergot derivatives.[29] Another pathway in human
pergolide metabolism results in the formation of the corre-
sponding sulfoxide and sulfone. CYP154E1 forms different me-
tabolites starting with pergolide.

Neither the tested anthraquinones nor the steroids were
converted by the two CYP154 enzymes. Among the com-

pounds with the highest steric demand in group IX were the
nonpolar cyclic diterpene cembrene (49), which has a 14-mem-
bered ring, and the 14-membered macrolide antibiotic erythro-

mycin (50). With its several oxygen functionalities and attached
sugar side chains, 50 is more polar than 49. Remarkably,
a type I binding spectrum was observed for CYP154A8 with
cembrene. The inability of this monooxygenase to convert

cembrene shows that even though compounds of this size
and molecular weight fit into its active site and induce a type I

binding spectrum, product formation is not guaranteed;
hence, a method based on detection of reaction products is
needed to reliably identify substrates.

Unlike the recently published method of Furuya et al. for the
identification of P450 substrates,[30] which is based on a small

collection of generally known P450 substrates with no structur-
al relationship, our approach is aimed at the systematic varia-
tion of the compounds used to probe the P450 activity. The

systematic chemical relationship of our library compounds ena-
bled us not only to identify new substrates for a P450 but,

even more importantly, also to study the structural require-
ments which have to be satisfied for a compound to be con-
verted. Remarkably, cluster screening distinguished subtle dif-
ferences in activity and selectivity of enzymes as closely related

as two in the same P450 family. Although this cluster library
provides only limited coverage of the total chemical space, it
was possible to identify useful biocatalysts for the following

synthetic tasks: regioselective oxidation of Grundmann’s
ketone, sulfoxidation of a dialkyl sulfide, and production of a

novel metabolite of the alkaloid pergolide mesylate.
The current cluster library can be extended or adapted by

variation of the library compounds, depending on the pre-

ferred P450 activity. This renders the cluster screening ap-
proach suitable for identification of the substrate spectrum of

any new P450 and hence might prove to be a universal tool in
P450 enzymology and biocatalyst development.

Experimental Section

Strains, expression vectors, enzymes, and chemicals: E. coli strain
DH5a (for molecular cloning), the expression strain E. coli
BL21(DE3), and the expression vector pET-28a(+) were purchased
from Novagen/EMD Millipore (Darmstadt, Germany). Phusion DNA-
Polymerase, restriction endonucleases, and T4 DNA ligase were ob-
tained from Fermentas (St. Leon-Rot, Germany) and New England
Biolabs (Beverly, MA). Glucose dehydrogenase (GDH-2) from
B. megaterium, which was used for NADPH regeneration, was
cloned into pET-22b(+), expressed, and partially purified as de-
scribed previously.[31]

All chemicals were purchased from commercial sources unless oth-
erwise stated. The branched fatty acid substrates were available at
our institute.[32] Grundmann’s ketone and its 25-hydroxy derivative
were kindly provided by Prof. Miguel Ferrero (Universidad de

Oviedo, Oviedo, Spain). Prof. Rita Bernhardt, (Universit�t des Saar-
landes, Saarbr�cken, Germany) kindly provided 13-hydroxynootka-
tone. pET-11-derived plasmids containing genes encoding
CYP154E1 (GenBank: AAZ57009) from T. fusca YX and CYP154A8
(GenBank: YP_118504) from N. farcinica IFM 10152 were kindly pro-
vided by Dr. Akira Arisawa (Mercian Cooperation, Iwata, Japan).

Molecular cloning: General molecular biology manipulations and
microbiological experiments were carried out by standard meth-
ods.[33] The genes encoding CYP154E1 and CYP154A8 were ampli-
fied with high-fidelity Phusion DNA Polymerase according to the
manufacture’s protocol using specific primers, and, after subse-
quent enzymatic restriction digest, ligated into pET-28a(+) be-
tween NdeI and EcoRI restriction sites. The resulting DNA con-
structs were sequenced by automated DNA sequencing (GATC-Bio-
tech, Konstanz, Germany). These carried genes for N-terminally
His6-tagged proteins, and were named pET-154E1 and pET-154A8,
respectively. Vectors encoding N-terminally His6-tagged YkuN and
FdR are described elsewhere.[7]

Protein expression and purification: E. coli BL21(DE3) cells were
used for protein expression. A single colony from an agar plate
was inoculated into lysogeny broth preculture (5 mL) supplement-
ed with kanamycin (35 mgmL�1) and grown at 37 8C for 4 h. Terrific
Broth main cultures (400 mL) were inoculated with preculture and
grown under the same condition until OD600=0.6–0.8. Protein ex-
pression was induced by addition of isopropyl-b-d-thiogalactopyra-
noside (100 mm), and the mixture was supplemented with FeSO4

(125 mm) for iron-containing enzymes and 5’-aminolevulinic acid
(80 mgmL�1) for P450 expression, prior to incubation (16 h, 25 8C,
140 rpm). Cells were then harvested by centrifugation (17000g,
15 min), resuspended in potassium phosphate buffer (50 mm,
pH 7.5) containing phenylmethanesulfonyl fluoride (PMSF, 100 mm)
and disrupted by sonication on ice. All enzymes except GDH were
purified by nickel affinity chromatography on two consecutive His-
Trap FF 5 mL columns (GE Healthcare), desalted with a HiPrep 26/
10 Desalting column (GE Healthcare), and stored at �20 8C.

Enzyme assays and spectroscopic methods: The concentrations
of CYP154A8 and CYP154E1 were determined based on the CO-dif-
ference spectra, as described previously (e450–490=91 mm�1 cm�1).[34]

Upon reduction with sodium dithionite (0.05m), five spectra were
recorded (400–500 nm). For spectroscopic concentration determi-
nation of YkuN (e461=10.01 mm�1 cm�1)[35] and FdR (e456=
7.1 mm�1 cm�1)[36] published extinction coefficients were used.

Binding spectra from low-spin (LS) to high-spin (HS) transition of
the heme iron upon substrate binding were recorded on a
Lambda 35 dual-beam spectrophotometer (PerkinElmer) equipped
with tandem cuvettes (Hellma, M�llheim, Germany). Spectra were
acquired from 330 to 700 nm (480 nmmin�1, slit width 1 nm). In
each cuvette one chamber was filled with P450 (1 mm) in potassi-
um phosphate buffer (100 mm, pH 7.5) ; the other contained buffer.
In the sample cuvette substrate was titrated into the chamber con-
taining enzyme, and an equal amount of solvent used to dissolve
the substrate was added to the buffer-containing chamber. In the
reference cuvette substrate was added to the buffer filled chamber
and the enzyme chamber was supplemented with an equal
amount of solvent only. The difference in absorbance between the
LS peak (417 nm) and the HS peak (391 nm) was plotted against
substrate concentration, and a hyperbolic equation was fitted to
a nonlinear Levenberg–Marquardt regression algorithm. The
NADP+ reduction activity of GDH was assayed photometrically at
340 nm in multiwell plates. Each well contained NADP+ (100 mm),
glucose (100 mm), and sample (2.5 mL) in potassium phosphate
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buffer (250 mL; 100 mm, pH 7.5). Initial reaction velocities were cal-
culated by linear fit of the first 10 s.

Reconstitution of enzyme systems for substrate screening: All
reactions for substrate screening were performed in potassium
phosphate buffer (500 mL; 100 mm, pH 7.5) containing P450 (1 mm),
YkuN (10 mm), and FdR (1 mm). Enzymatic cofactor regeneration for
NADPH was achieved with GDH (5 U) and glucose (20 mm) as co-
substrate. In order to remove hydrogen peroxide (which might be
formed due to uncoupling), catalase (60 U) was added to the reac-
tion mixture. Substrates (100 mm) were added from stock solutions
(10 mm) in ethanol or DMSO. The reaction mixture was incubated
(25 8C, overnight) on a heat block or incubator in standard 2 mL
plastic reaction tubes. The reaction mixtures were extracted with
ethyl acetate or diethyl ether by vortexing for 5 min, and centrifu-
gation for phase separation. To facilitate extraction in the case of
acidic substrates, the reaction mixture was acidified by addition of
hydrochloric acid (17.5 mL, 6n). For basic compounds, potassium
hydroxide (50 mL, 1n) was added. Experiments were performed in
duplicate. For samples containing fatty acids and branched deriva-
tives, the extracted organic phase was dried with anhydrous
MgCl2, evaporated to dryness, and the residue was dissolved in
N,O-bis(trimethylsilyl)trifluoroacetamide containing trimethylchloro-
silane (1%), transferred to a GC/MS vial, and heated (1 h, 60 8C)
prior to analysis.

Product analysis: Analysis of substrate screening was carried out
by GC/MS on a QP-2010 Plus spectrometer (Shimadzu, Tokyo,
Japan) with a FS-Supreme-5 fused silica column (30 m�0.25 mm�
0.25 mm; Chromatographie Service GmbH, Langerwehe, Germany)
and helium as the carrier gas (injector temperature 250–300 8C, ion
source 200 8C, interface 285–300 8C). Spectra were recorded in scan
mode (m/z 40–350; GC methods in Table S1). Products were identi-
fied by comparison of acquired mass spectra with the NIST 08
database or authentic standards.

Compounds 41–46, 48, and 50 were detected by HPLC on a Promi-
nence/LCMS 2020 system (Shimadzu, Tokyo, Japan). After extrac-
tion, the evaporated organic phase was resuspended in ethanol
and injected into a Chromolith RP-18e 100-4.6 column (Merck,
Darmstadt, Germany). The sample was eluted in water with formic
acid (0.1%) as solvent A and methanol as solvent B.

High-resolution MS and MS/MS measurements were performed
with a UHR-TOF maXis 4G spectrometer (Bruker Daltonik, Bremen,
Germany). Mass calibration was performed immediately before
sample measurement.
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Supporting Information 

Supporting Data 

Figure S1: Absorbance spectra of A: purified CYP154A8 and B: purified CYP154E1.The 

spectra of the oxidized enzymes were recorded in the absence of substrates. The 

characteristic Soret band was detected at 451 nm for CYP154E1 and 447 nm for 

CYP154A8. Insets represent the CO difference spectra recorded after reduction with 

sodium dithionite and saturation with gaseous carbon monoxide. 
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Figure S2: HR-MS product ion scan of the reaction products of (48): 
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Figure S3 related to Table 2 Determination of binding constants of CYP154A8 A) and 

CYP154E1 B) with nerol (16). Insets show the type I substrate binding spectrum. In the 

diagrams the absorbance difference (A390-A420) is plotted against substrate 

concentration. 
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Figure S4: Determination of binding constants of CYP154A8 C) and CYP154E1 D) with 

geraniol (13). Insets show the type I substrate binding spectrum. In the diagrams the 

absorbance difference (A390-A420) is plotted against substrate concentration. 

 

Supporting Experimental Procedures 

Table S1: Chromatographic conditions for the GC/MS and LC/MS analysis of the 

reaction mixture. 

Compounds Oven program/solvent program Other parameters
GC/MS
13–21

start: 150 °C for 3 min
ramp: 10 °C/min to 280 °C
hold at 280 °C for 5 min

GC/MS
22–26

start: 100 °C for 1 min
ramp: 15 °C/min to 300 °C
hold: 300 °C for 2 min

GC/MS
27–29
8–12

start: 40 °C
ramp: 15 °C/min to 300 °C
hold: 300 °C for 2 min [1]

GC/MS
33

start: 200 °C for 3 min
ramp: 15 °C/min to 320 °C
hold: 320 °C for 2 min

Injector and interface temperature of
300 °C
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GC/MS
1–7, 51, 37,38

start: 80 °C for 3 min
ramp: 10 °C/min to 300 °C
hold: 300 °C for 2 min

GC/MS
34–36

start: 130 °C for 3 min
ramp: 10 °C/min to 260 °C
hold: 260 °C for 1 min
ramp: 15 °C/min to 320 °C
hold: 320 °C for 2 min

GC/MS
30 32, 38

start: 90 °C for 5 min
ramp: 15 °C/min to 320 °C
hold: 320 °C for 5 min

GC/MS
39 40

start: 200 °C for 2 min
ramp: 20 °C/min to 300 °C
hold: 300 °C for 4 min
ramp: 10 °C/min to 320 °C
hold: 320 °C for 17 min

Injector temperature 300 °C

GC/MS
47

start: 80 °C for 2 min
ramp: 15 °C/min to 320 °C
hold: 320 °C for 5 min

Injector and interface temperature of
300 °C

GC/MS
49

start: 120 °C for 3 min
ramp: 10 °C/min to 330 °C
hold: 330 °C for 5 min

Injector and interface temperature of
300 °C

LC/MS:
41 46

start: 50 %B
ramp in 10 min to 100 % B
hold: 100 % B for 7 min
equilibration at 50 % for 5 min

A: water (0.1 % formic acid)
B: methanol
simultaneous: SIM(+)/SCAN(+/ ) ESI/APCI
dual ionization mode

LC/MS:
48

start: 10 %B
ramp in 20 min to 100 % B
hold: 100 % B for 5 min
equilibration at 10 % for 7 min

simultaneous: SIM(+)/SCAN(+/ ) ESI/APCI
dual ionization mode

LC/MS:
50

start: 50 % B
ramp in 15 min to 90 % B
hold: 100 % B for 3 min
equilibration at 50 % for 4 min

simultaneous: SIM(+)/SCAN(+/ ) ESI/APCI
dual ionization mode
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A novel P450-based biocatalyst for the selective
production of chiral 2-alkanols†

Clemens J. von Bühler and Vlada B. Urlacher*

A P450monooxygenase fromNocardia farcinica (CYP154A8) catalyses

the stereo- and regioselective hydroxylation of n-alkanes, still a

challenging task in chemical catalysis. In a biphasic reaction system,

the regioselectivity for the C2-position of C7–C9 alkanes was over

90%. The enzyme showed strict S-selectivity for all tested substrates,

with enantiomeric excess (ee) of up to 91%.

Chiral linear alcohols are widely used as building blocks in the
synthesis of pharmaceuticals, agrochemicals, pheromones and
liquid crystals and therefore synthetic routes to these products are
of high interest.1 Besides the difficult and less selective chemical
routes,2 the enzymatic reduction of prochiral ketones catalysed by
alcohol dehydrogenases is an established enzymatic process for the
production of chiral alcohols.3 However, a prerequisite for this
enzymatic approach is the availability of functionalised substrates,
namely ketones. Therefore, an enzymatic approach for the produc-
tion of chiral secondary alcohols via direct hydroxylation of inert
alkanes by a monooxygenase seems to be more beneficial. Alkanes
are cheap starting compounds that are easily produced frommineral
oil and hence are available in high amounts. Enzyme-catalysed
selective hydroxylation of alkanes comes along with the typical
advantages of biocatalytic processes: no requirement for toxic
metal catalysts or high reaction temperatures and only limited
use of potentially toxic additional organic solvents.

Several enzyme groups have been described that are capable
of this type of reaction.4 The number of oxygenases producing
secondary and particularly 2-alcohols is however limited. The soluble
methane monooxygenase (sMMO) and the particulate methane
monooxygenase (pMMO) from Methylococcus capsulatus produce
2-alcohols from short chain alkanes but suffer from low expression.5

Furthermore fungal peroxygenases accept small and medium
chain alkanes as substrates but display moderate regioselectivity.6

A very large and intensively studied group of enzymes catalysing
hydroxylation reactions are the heme containing cytochrome P450
monooxygenases (P450s). Several wild type and engineered P450s
are known to accept alkanes as substrates and especially CYP102A
enzymes are known to produce 2-alcohols.7

Recently, we characterised two novel P450 enzymes belonging
to the CYP154 family.8 CYP154A8 from Nocardia farcinica IFM
10152 proved to be quite regioselective. Thus, this enzyme was
chosen for a detailed investigation of its suitability as a biocatalyst
for n-alkane oxidation.

CYP154A8 was expressed in E. coli in soluble form and
purified as reported earlier.8 A catalytically active P450 system was
then reconstituted by the addition of the flavodoxin YkuN from
Bacillus subtilis and E. coli flavodoxin reductase FdR.8 Reactions were
performed in 500 ml reaction volume under NADPH cofactor
regeneration by glucose dehydrogenase. The following alkanes were
tested as substrates: heptane (C7), octane (C8), nonane (C9), decane
(C10) and dodecane (C12). After extraction and derivatisation, the
reaction mixtures were analysed via achiral and chiral GC coupled
with MS. The stereoselectivity of the enzyme was chain length
dependent. In comparison to authentic standards it could be
determined that CYP154A8 showed strict S-selectivity for all tested
alkanes: 84% ee for both 2-(S)-heptanol and 2-(S)-nonanol, 63% ee
for 2-(S)-decanol and a maximum of 91% ee was found for
2-(S)-octanol (Fig. S1, ESI†). Dodecane was accepted by CYP154A8
but only trace amounts of products were formed and hence this
alkane was not investigated further. In the case of decane oxida-
tion, 27% 3-decanol was formed with 89% ee.

By monitoring the octane conversion over a period of 24 h it
could be demonstrated that the ee value of the formed 2-(S)-octanol
was not dependent on the degree of conversion, as is expected for
an asymmetric synthesis (Fig. S2, ESI†).

So far the best-characterised P450s that catalyse this
reaction with high stereoselectivity are the CYP102A1 mutants
F87V/A328F,9 1-12G10 and 139-3,10,11 which all produce 2-octanol,
but with significantly lower ee-values, i.e. 46% ee for 2-(R)-octanol,
39% ee for 2-(R)-octanol and 58% ee for 2-(S)-octanol, respec-
tively. Thus CYP154A8 is the first P450 enzyme that is
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shown to produce highly enantiomerically enriched 2-(S)-octanol
from octane.

However, substrate conversion in aqueous solution resulted
in the formation of higher oxidation products, diols, which are
produced upon exposure of the formed 2-alcohol to the enzyme
as described earlier.8 In order to circumvent the formation of the
undesired products, the reaction setup wasmodified: by employing
the substrate as a second phase (20 vol% of the aqueous phase) a
double benefit over the homogenous aqueous reaction system was
achieved. First, the concentration of the substrate available to the
enzyme was maximised, and second, the continuous extraction
of formed products into the organic phase minimised or even
prohibited the formation of higher oxidation products (Scheme 1).
Partition coefficients for all 2-alcohols have been determined in the
respective biphasic alkane–buffer-systems. Values ranged between
logPC7 1.0 � 0.03 for 2-heptanol and logPC10 1.42 � 0.1 (Table S1
and Section S4.4, ESI†). This altered reaction setup yielded
2-alcohols as main reaction products with over 80% selectivity.
Considering that some of the 2-alcohol molecules were obviously
further oxidised by CYP154A8 to the corresponding ketones, an
overall preference towards the C2-position of up to 90% can be
calculated (Fig. 1A–C and Fig. S3, ESI†).

Similar to the stereoselectivity, the regioselectivity of CYP154A8
was chain length dependent and decreases for C10 down to 70%
(Fig. 1D and Fig. S3, ESI†). For decane a significant amount of
3-decanol as well as its overoxidation product 3-decanone was
detected. GC/MS data confirmed that 3-alkanones were not
present for any other substrate but decane.

The benchmark for our reaction was the data published by
Peters et al. (2003) for the CYP102A1 mutant 1-12G,11 and data for
the CYP102A1 mutant F87V/A328F designed in our group.9 The
mutant enzyme 1-12G produces 2-alcohols from alkanes ranging
from C7–C10 with a corresponding selectivity of 76, 82, 86, and
86%. However, in all cases alcohols with a hydroxy group at the
positions C1, C3 and C4 were observed as by-products. Compared
to 1-12G, CYP154A8 showed a higher or similar regioselectivity
depending on the chain length of the substrate, but its product
distribution was limited to the C2- and partially C3-position only.
The mutant F87V/A328F is very selective for the C2-position of
octane (92%).9 Thus, the total regioselectivity of CYP154A8 for the
C2-position was comparable to that of F87V/A328F.

In the next step challenges inherent to biphasic reaction
systems such as interfacial surface area, low substrate solubility
in the aqueous phase, and the choice of protein stabilising
additives have been addressed. The optimised biphasic system
included catalase to decompose H2O2, which might be formed by
a shunt reaction in the catalytic cycle of P450s,12 BSA for protein
stabilisation,13 ethanol as a cosolvent and the use of a rotator for
mixing (Section S8 and Fig. S4, ESI†).

The following product titres were obtained after 24 h in the
optimised biphasic reaction system: 3 mM 2-nonanol; 1.9 mM
2-heptanol; 2.2 mM 2-octanol; and 1.2 mM 2-decanol. Compared
to values found for CYP102A1 mediated octane hydroxylation9,11

Scheme 1 Hydroxylation of octane catalysed by CYP154A8 in a biphasic reaction system consisting of an organic substrate phase and an aqueous
phase. The product scavenging effect of the organic phase prevents formation of higher oxidation products. YkuN (flavodoxin from B. subtilis), FdR (E. coli
flavodoxin reductase), GDH (glucose dehydrogenase from B. megaterium).

Fig. 1 Product distribution after hydroxylation of various alkanes: (A) heptane,
(B) octane, (C) nonane, and (D) decane, determined from GC/MS peak
areas and plotted as percentage of a specific product to the total amount
of product (Fig. S3, ESI†). Where error bars cannot be seen, they are smaller
than the linewidth.
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the total turnover numbers (TTNs) of CYP154A8 were much higher
than those reported for F87V/A328F and in the same order of
magnitude as those of 1-12G (Table 1). Moreover, these results
demonstrated that even though the catalytic system consisted
of five enzymes, this complexity apparently does not have a
negative effect on product formation.

In P450 systems at various stages of the electron transfer chain,
electrons can be diverted from a productive reaction, leading to
unproductive cofactor consumption, which reduces the catalytic
performance of the system. This can take place between redox
partners as well as through the earlier mentioned shunt reactions
in the P450 catalytic cycle. To evaluate the performance of the
CYP154A8 system we calculated the coupling between NADPH
consumption and product formation (Table 1 and ESI†). The
rather low values (Table 1) are however in accordance with
those reported for other artificial P450 redox chains oxidising
non-natural substrates.14

At a closer look these data seem to be contradictory: the total
turnover number (TTN) and the final product concentration
were highest for nonane but its product formation rate and
coupling were lower than for octane.

Since we attributed this discrepancy to the stability of the
involved enzymes we designed experiments to verify our hypothesis:
octane conversion was supplemented after 5.5 h with either addi-
tional glucose, glucose dehydrogenase (both for cofactor regenera-
tion), YkuN/FdR or YkuN/FdR/P450. After a total reaction time of
24 h each case was compared to a standard reaction setup without
this extra addition. Neither the addition of glucose nor that of
glucose regenerating GDH resulted in an elevated final product
concentration. As opposed to this, the supplementation of the
reaction with the redox partners or the P450 led to about 15%more
product which could even be further maximised (45%) by the
simultaneous addition of YkuN, FdR and CYP154A8 (Fig. S5, ESI†).
These results indicated that as suggested the stability of the redox
partner proteins and that of CYP154A8 turned out to have a major
influence on the degree of conversion. In the C7 to C12 alkane series
the solubility decreases from 3.4 mg L�1 to 5.2 10�2 mg L�1.15 It is
therefore reasonable to assume that enzyme denaturation is
decreased with a longer alkane chain, due to reduced exposure.

This in turnmay explain the observed higher final concentrations of
2-nonanol as compared to 2-octanol (Table 1).

In conclusion, CYP154A8 from N. farcinica was identified as
a novel regio- and stereoselective biocatalyst for the hydroxylation
of inert n-alkanes. Depending on the substrate chain length,
enzyme preference for oxidation at the C2-position was more than
90%. To the best of our knowledge, CYP154A8 is the only P450
monooxygenase where high regioselectivity for medium chain
alkane hydroxylation coincides with a moderate to high enantio-
meric excess of the formed 2-(S)-alcohols and high total turnover
numbers. Furthermore, by means of reaction optimisation the total
product amounts were significantly increased to levels that can
compete with the best performing and well-established CYP102A1-
based systems. But unlike those evolved CYP102A1 systems,
CYP154A8 wild type shows already high selectivity, which might
be even further increased by protein engineering methods.
Compared to other enzymes like fungal peroxygenases both
regio- and stereoselectivity of 2-alkanol production by CYP154A8
is significantly higher.6 This study demonstrates the potential of
CYP154A8 in alkane oxidation. Simultaneously, the described
biocatalyst implies additional optimisations and the transfer to a
whole cell system which are currently under investigation.
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Table 1 Parameters for the 2-hydroxylation of heptane, octane, nonane
and decane catalysed by CYP154A8

Sub.
Product
formation ratea,b

Couplingb

(%)
Conc.c

(mM) TTNc,d
ee-(S)c

(%)

C7 1.13 � 0.08 7.3 � 0.9 1.9 2800 84
C8 4.6 � 1.04 21.1 � 4.2 2.2 3200 91
C9 3.73 � 0.44 15. 9 � 1.8 3.0 4400 84
C10 0.37 � 0.05 4.0 � 0.6 1.2 1700 63

a Given as nmol of 2-alcohol per nmol P450 per minute. b Determined
using a 200 ml aqueous reaction system in multiwell plates with
1 mM substrate. c After 24 h in 500 ml of a biphasic reaction system.
d Calculated as nmol of 2-alcohol per nmol P450.
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Supplementary Materials and Methods 

1. Chemicals and enzymes 

The following chemicals were used: n-heptane (VWR), n-octane (Sigma-Aldrich), n-nonane 

(Alfa Aesar), n-decane (Alfa Aesar), 2-heptanol (TCI), 2-octanol (Sigma-Aldrich), 2-nonanol 

(Alfa Aesar) 2-decanol (TCI), and enantiomerically pure 2-(S)-heptanol (Alfa Aesar), 2-(S)-

octanol (Merck), 2-(S)-nonanol (Sigma-Aldrich), 2-(R)-decanol (Sigma-Aldrich) and were of 

at least 97 % purity. Bovine serum albumin (BSA) and catalase from bovine liver was 

obtained from Sigma-Aldrich (Schnelldorf, Germany). NADPH and NADP+ were 

commercially available from GERBU Biotechnik GmbH (Heidelberg, Germany). 

2. Expression and quantification of the purified proteins 

Enzymes were expressed and purified as described elsewhere.1 Concentration of CYP154A8 

was determined according to the method of Omura and Sato.2 FdR and YkuN were quantified 

via UV/VIS spectroscopy using their published absorption coefficients.3 

3. Biotransformations 

3.1. Homogeneous aqueous reaction setup 

The standard homogeneous reactions were performed in 500 ml reaction volume in 2 ml 

plastic reaction tubes. A master mix containing 0.675 mM CYP154A8, 6.75 mM YkuN, 

0.675 mM FdR, 5 U GDH, 100 mM glucose, 10 mg/ml BSA, 600 U catalase and 200 mM 

NADP+ was prepared and aliquoted to the reaction vessels containing n-alkane solution from 

a solution in ethanol to a final concentration of 4 mM. The reactions were performed at 25 °C 

for 24 h in a rotator (20 rpm). To ensure efficient cofactor regeneration the amount of glucose 

was set to 100 mM. Thus it is guaranteed that the cofactor regeneration is not rate limiting to 

the catalyst itself and additionally the low coupling of P450 with non-natural substrates does 

not preclude high product concentrations. 

3.2. Biphasic reaction setup 

The standard biphasic reactions were performed in 500 ml reaction volume in 2 ml plastic 

reaction tubes or 10 ml round bottoms flasks. A master mix containing 0.675 mM CYP154A8, 

6.75 mM YkuN, 0.675 mM FdR, 5 U GDH, 100 mM glucose, 10 mg/ml BSA, 600 U catalase, 

1 vol-% cosolvent (ethanol except otherwise stated) and 200 mM NADP+  was prepared and 

aliquoted to the plastic tubes. The reaction was started by adding 100 μl of pure n-alkane 

(substrate) as second phase and was performed at 25 °C in either a rotator (20 rpm) or on a 

magnetic stirrer for 24 h. 
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3.3. Reaction setup for micro titer plate (MTP) measurements 

For the determination of the substrate oxidation rate and coupling, reactions in 96 well plates 

were performed. A master mix containing 0.675 mM CYP154A8, 6.75 mM YkuN, 0.675 mM 

FdR, 10 mg/ml BSA, 600 U catalase, 1 vol-% ethanol and 1 mM substrate was prepared. 

Experiments in quadruplicates were done in 200 μl volume in a Tecan Infinite M200Pro 

UV/VIS MTP spectrophotometer. The measurements were started by injection of 20 μl of an 

NADPH solution. The concentration of the NADPH concentration was increased from 

320 μM until the amount of product was high enough to be detected via GC/MS. By 

following the absorbance at 340 nm the concentration of NADPH in the reaction was 

monitored during the reaction and from the absorbance differences between the beginning and 

the end of the experiment the precise amount of NADPH was determined and used for 

subsequent calculations. After the end of the reaction 100 μl 1N HCl was injected to stop the 

reaction. After addition of 200 μM internal standard (ITSD) (s. section 4) each well was 

extracted separately with 500 μl toluene and subjected to GC/MS analysis as described in 

section 4.1. 

4. Product analysis  

Products were analysed on a GC/MS QP-2010 Plus instrument (Shimadzu, Tokyo, Japan) 

with helium as carrier gas. For all substrates except n-octane, 1-octanol was used as an 

internal standard. For n-octane the internal standard was 1-decanol. The reactions were 

stopped by the additions of 50 μl 6N HCl and subsequently the ITSD was added to a final 

concentration of 2 mM prior to extraction (2 × 500 μl toluene). 

4.1. Achiral GC/MS 

Toluene extracts were measured using an FS-Supreme-5 30 m × 0.25 mm × 0.25 m 

(Chromatographie Service GmbH, Langerwehe, Germany) fused silica. The oven temperature 

was 80 °C for 6 min, ramped to 140 °C at 10 K s-1 and subsequently heated with 50 K s-1 to 

300 °C and held isothermal for 5 min.  

4.2. Chiral GC/MS 

Toluene extracts were dried over anhydrous MgSO4 and for derivatisation incubated in 

GC/MS vials for 2 h at 90 °C with acetic anhydride. After the derivatisation took place the 

samples were washed twice with 500 μl water to remove excess acetic acid. Chiral analysis 

was done using an FS-CYCLODEX beta-I/P (Chromatographie Service GmbH, Langerwehe, 

Germany) column. The GC was held at 100 °C for 17 min, ramped to 200 °C at 10 K s-1 and 

held isothermal for 2 min. By comparison of an authentic sample of the racemic 2-alcohols 



S4 

with an authentic sample of a single enantiomer the identity of the formed products was 

verified. 

4.3. Determination of coupling and product formation rate 

Based on the via GC/MS determined amount of 2-alcohol the substrate oxidation rate was 

calculated as: 

 

Further, coupling was calculated as: 

 

using: oxidation rate, rox.; amount of product, nProd; amount of NADPH, nNADPH; time until 

depletion of NADPH, t; and amount of P450, nP450. 

4.4. Determination of partition coefficients 

In order to determine the distribution of the formed 2-alcohols between the aqueous and the 

organic phase in the reaction system, partition coefficients have been determined. 5 ml 

potassium phosphate buffer (100 mM, pH 7.5) with ethanol as cosolvent and 10 mg/ml BSA 

were overlaid with 1 ml of n-alkane containing the corresponding 2-alcohol. To obtain 

comparable data, concentrations of all 2-alcohols were set to 2 mM (referring to the aqueous 

phase). Phases were equilibrated for 45 min on a rotator at 100 rpm. Subsequently, further 

equilibration and phase separation took place for 30 min without agitation. Finally, the 

samples have been centrifuged for 15 min at 3500 g and 20 °C. 500 μl aliquots of the organic 

and the aqueous phase have been taken and ITSD was added. Samples from the organic phase 

were analysed directly by GC/MS. Aqueous samples were extracted with toluene and 

analysed by GC/MS. Values from the aqueous phase have been normalized using the ITSD. 

Peak areas of the 2-alcohol in both phases have been used to calculate logP values. 

 

Using : normalized peak area of the 2-alcohol in the aqueous phase and : peak 

area of the 2-alcohol in the equilibrated organic phase. Measurements were performed in 

triplicates.  
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Supplementary Results 

5. Partition Coefficients 

Table S1: Partition coefficients of the 2 alkanols determined for the respective biphasic buffer/alkane
reaction systems  

Solute/ 

org. solvents 

2-heptanol /  

n-heptane 

2-octanol/ 

n-octane 

2-nonanol / 

n-nonane 

2-decanol / 

n-decane 

logPalkane/buffer 1.0 ± 0.03 1.36 ± 0.02 1.36 ± 0.03 1.42 ± 0.1 

6. Gas chromatograms of 2-alkanols from chiral GC/MS analysis 

Figure S1: Chromatograms of the chiral GC/MS analysis of the 2 alkanols produced by CYP154A8 from: A) 2

decanol B) 2 nonanol C) 2 octanol D) 2 heptanol. Peaks are labelled with the stereodescriptors assigned with

the help of authentic standards. An asterisk (*) denotes background peaks.  
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7. Time dependence of n-octane conversion 

Figure S2: Monitoring of n octane conversion and the ee value of 2 (S) octanol over time. A common master

mix (MM, composition as given in section 3.2) was prepared for all time points. 500 l of the MM were

aliquoted into separate 2 ml plastic reaction tubes. After the given time the reaction mixture was extracted to

determine the amount of product and the enantiomeric excess via GC/MS.
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8. Gas chromatograms of n-alkane conversion from achiral GC/MS analysis 

Figure S3 Chromatograms of the achiral GC/MS analysis of n alkane conversions catalysed by CYP154A8:

decane A), nonane B), octane C) and heptane D). Peaks are labelled with the names of the corresponding

products as well as internal standard (ITSD), and background peaks (*).
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9. Optimization of the biphasic reaction system 

In biphasic system several issues different to homogeneous reaction systems have to be 

addressed: Interfacial surface area is crucial for the mass transfer between aqueous and 

organic phase. This can be influenced by different mixing method.  

With the standard biphasic reaction setup we tested: no mixing, shaking with a rotator and 

mixing with a magnetic stir bar in round bottom flasks. The results showed that the use of a 

rotator increased product formation by a factor of ~16 compared to the system without 

shaking (Figure S4 A). Mixing in a round bottom flask resulted however in lower amounts of 

products than in the system with a rotator. This indicated destabilisation and/or inactivation of 

the involved enzymes caused by shearing forces.  

Figure S4. A) Octane oxidation catalysed by CYP154A8 in a biphasic system with different mixing techniques

applied in order to increase the interfacial surface area as well as BSA to stabilise the enzymes. Values are

normalized to “no mixing”. B) Conversion of octane by CYP154A8 with different co solvents tested in 1 vol

%and 2 vol % concentration. Values are normalized to the value achieved with the default 1 vol % ethanol.

Where error bars cannot be seen, they are smaller than the line width.

Besides catalase, bovine serum albumin (BSA) was tested as well. In accordance with the data 

from Maurer et al. (2005) the protein stabilizing effect of BSA to the reaction mix led to an 

increase in product formation of about 50 %.4 BSA may in addition act as sink for the 

substrate, because its natural function is to bind hydrophobic compounds. 
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Low substrate solubility is often a limiting factor for biocatalysis in biphasic systems, e.g. the 

solubility of octane in water is only 0.66 mg/l = 5.8 mM at 25 °C.5 To increase the 

accessibility of alkanes for the enzyme in addition to ethanol which was used by default, a set 

of water miscible co-solvents in two different concentrations (1 vol-% and 2  vol-%) was 

tested: DMSO, 2-propanol, acetone and methanol. The results indicated that product 

formation was maximal with DMSO or ethanol (Figure S4 B), although the difference 

between 1 and 2 % co-solvent was minimal. Because DMSO was found to be oxidized by 

P450s to dimethyl sulfone we decided to use ethanol as co-solvent.  

10. Results of the supplementation experiments 

 

Figure S5: Results of the supplementation experiments: In order to prove the influence of enzyme stability on

n alkane conversion the following components were added to a standard biphasic reaction after 5,5 h of

reaction: 1. glucose, 2. YkuN and FdR, 3. CYP154A8, 4. YkuN, FdR and CYP154A8, 5. methyl cyclodextrin (to

increase substrate/product solubility), 6. GDH. To evaluate the effect of the supplementation the samples were

extracted after 24 h and product concentration analysed via GC/MS. Values are given as % relative to the

system without supplementation.  
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a b s t r a c t

25-Hydroxy-Grundmann’s ketone is a key building block in the chemical synthesis of vitamin D3 and its

derivatives through convergent routes. Generally, the chemical synthesis of this compound involves

tedious procedures and results in a mixture of several products. Recently, the selective hydroxylation

of Grundmann’s ketone at position C25 by cytochrome P450 (CYP) 154E1 from Thermobifida fusca YX

was described. In this study a recombinant whole-cell biocatalyst was developed and applied for hydrox-

ylation of Grundmann’s ketone. Biotransformation was performed by Escherichia coli cells expressing

CYP154E1 along with two redox partner systems, Pdx/PdR and YkuN/FdR. The system comprising

CYP154E1/Pdx/PdR showed the highest production of 25-hydroxy-Grundmann’s ketone and resulted in

1.1 mM (300 mg L�1) product concentration.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of vitamin D3 1 ((3b,5Z,7E)-9,10-secocholesta-

5,7,10(19)-trien-3-ol, Fig. 1) in modulating calcium and phospho-

rus homeostasis has been well recognized for decades, but it is also

of great interest because of its potential in the therapy of infectious

diseases, cardiovascular diseases, autoimmune diseases and some

forms of cancer.1,2 Vitamin D3 is synthesized in the skin from sun

exposure upon ultraviolet irradiation of 7-dehydrocholesterol but

can also be absorbed from the diet. Vitamin D3 has no inherent

hormonal activity itself, and has to be metabolized in vivo to be

active.3 In human body vitamin D3 is first hydroxylated at position

C25 mainly in the liver by mitochondrial CYP27A14 and micro-

somal CYP2R15 to yield 25-hydroxyvitamin D3 (2, 25-OH-D3), the

major circulating form of vitamin D3 in serum. The second hydrox-

ylation catalysed by mitochondrial CYP27B1 mainly in the kidney6

results in the biologically active form of vitamin D3, 1a,25-
dihydroxyvitamin D3 (3, 1a,25-(OH)2-D3). This intermediate was

found to possess anti-proliferative and anti-invasive activities in,

for example, prostate cancer cells.3,7

The enzymes involved in the metabolism of vitamin D3 are

cytochrome P450 monooxygenases. The cytochromes P450

(P450s or CYPs) belong to a large superfamily of hemoproteins

which catalyse a wide range of oxidation reactions.8–10 They are

widely distributed in nature and are responsible for regio- and

stereoselective oxidation of a vast variety of organic compounds.11

Most P450s are external monooxygenases: they require reducing

equivalents for oxygen activation and substrate oxidation. Reduc-

ing equivalents are ultimately derived from the cell cofactors

NADH or NADPH and are transferred by specific electron transfer

proteins to the heme iron. In most cases one or two electron trans-

fer proteins are involved in this process.12

Oxidation processes catalysed by P450s have attracted interest

in the biotechnology sector, because they provide a selective route

for the synthesis of high-value compounds.13 The number of new

P450 genes has been increasing constantly, and represents a high

potential for the identification of novel biocatalysts.11 Several

examples of bioconversion processes of vitamin D3 to its active

form by bacterial or mammalian P450s have been reported.14 For

example, CYP105A1 from Streptomyces griseolus was found to pro-

duce 1a,25-(OH)2-D3 via two hydroxylations of vitamin D3—first at

position C25 and then at C1.15 Site-directed mutagenesis at posi-

tions Arg73 and or Arg84 of this monooxygenase highly enhanced

both 1-(R)- and 25-hydroxylation activities of CYP105A1.16 Besides

that, CYP107 from Pseudonocardia autotrophica was found to

http://dx.doi.org/10.1016/j.bmc.2014.06.005
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catalyse the same hydroxylations on vitamin D3 leading to

1a,25-(OH)2-D3.
17

There are several synthetic routes leading to 1a,25-(OH)2-D3

and its analogues.18 The classical approach entails the photochem-

ical ring opening of the 1-hydroxylated 7-dehydrocholesterol

derivative to a previtamin, which is then thermolyzed to vitamin

D. Total chemical synthesis of this compound starting from choles-

terol can be completed in about 20 steps, and with low yields

(approximately 1%).19

The therapeutic potential of 1a,25-(OH)2-D3 is limited by its

tendency to induce hypercalcemia and hyperphosphatemia.20

Therefore, during the last years, focus was laid on the synthesis

of analogues of 1a,25-dihydroxy vitamin D3 with dissociation of

antiproliferative and differentiation activities from calcemic and

phosphatemic effects.21 Several methods involve the direct modifi-

cation of vitamin D3. Currently, the construction of the triene sys-

tem by convergent coupling of an A-ring synthon with a CD ring/

side chain fragment is mainly used. In this context, 25-hydroxy-

Grundmann’s ketone (5, 25-OH-GK) is a versatile precursor for

the preparation of the CD ring/side chain part of 1a,25-(OH)2-D3

derivatives.22 Several strategies for the synthesis of 25-OH-GK

have been described in the literature. The most practical approach

is the partial synthesis through degradation of vitamin D3 to afford

Grundmann’s ketone 4 ((1R,3aR,7aR)-1-[(1R)-1,5-dim-

ethylhexyl]octahydro-7a-methyl-4H-inden-4-one, Fig. 1)23,24 fol-

lowed by direct 25-hydroxylation; or by side chain modification

of the Inhoffen-Lythgoe diol, obtained from degradation of vitamin

D2.
25–27 Although several methods have been described for the oxi-

dation of the tertiary carbon at position 25, the one employing

ruthenium tetroxide, developed in the Roche Research Center28

and re-examined by DeLuca et al.,29 is the most suitable for the

synthesis of larger quantities. The reaction is carried out with cat-

alytic amounts of RuCl3 and excess NaIO4 to generate 44–49% of

25-OH-GK with 10–12% of unreacted starting material. Oxidation

reaction based on dioxiranes is reported in higher yields, but the

low stability of these reagents and the tedious synthetic procedure

limit their use.30,31 Thus, a novel more sustainable method for the

hydroxylation of Grundmann’s ketone 4 is required.

Due to their chemical versatility and a wide substrate range,

P450s appear as perfect candidates for achieving this goal.

Recently, CYP154E1 from Thermobifida fusca YX and CYP154A8

from Nocardia farcinica were identified and characterized in our

group, which selectively hydroxylate Grundmann’s ketone (4,

Fig. 1) at position C25.32 To the best of our knowledge, these are

the only reported P450s that enable this reaction. The established

reaction was performed in 500 lL reaction volume using 100 lM
substrate concentration. This biocatalytic system consisted of five

isolated enzymes, namely, the catalytic P450, two electron trans-

ferring redox partner proteins, a glucose dehydrogenase to regen-

erate NADPH and catalase to detoxify reactive oxygen species

which might be formed during the reaction. The complexity of this

biocatalytic system as well as the need for the expensive cofactor

NADPH can be overcome by the use of a whole-cell recombinant

system instead of isolated enzymes. CYP154E1 demonstrated

higher activity towards Grundmann’s ketone 4.32

The aim of this study was to investigate a whole-cell biocatalyst

based on Escherichia coli expressing CYP154E1 together with corre-

sponding redox partners in the reaction with this compound. As no

physiological redox partners of CYP154E1 have been identified yet,

two heterologous redox partner systems were tested. The first

redox partner system included the putidaredoxin (Pdx) and the

NADH-dependent putidaredoxin reductase (PdR) from Pseudomo-

nas putida. The second redox partner system involved the flavo-

doxin YkuN from Bacillus subtilis and the NADPH dependent

flavodoxin reductase (FdR) from E. coli, which were previously used

in the in vitro approach. Each of the two redox partner systems

were separately coexpressed with CYP154E1 and the resulting

resting cells were tested for the hydroxylation of Grundmann’s

ketone 4. The cofactor NAD(P)H needed for the reaction should

be supplied via cell metabolism.

2. Results

2.1. First experiments with resting E. coli cells

E. coli BL21(DE3) was used as host for the coexpression of

CYP154E1, Pdx and PdR. Biotransformations were carried out using

resting cells in CV2 buffer containing glycerol. The P450 content

verified from CO-difference spectra was in average 825 nmol L�1

expression medium. This corresponds to 4.7 mg g�1 cell wet

weight (cww). For the first experiments (Table 1, entry 1) 70 gcww -

L�1 were used with a P450 content of 114 nmol gcww
� 1. Different

initial concentrations of substrate 4 were tested and, due to the

low solubility of GK 4 in water, also different amounts of cosolvent

were used. Dimethyl sulfoxide (DMSO) was the cosolvent of choice.

Ethanol and acetone were also tested but led to lower productivi-

ties (data not shown). First biotransformations were performed in

15 mL glass tubes containing 2 mL reaction volume each. Samples

(1 mL) were taken after 5 and 24 h and analysed by GC/MS after

extraction with ethyl acetate (Table 2).

As shown in Table 2, higher amounts of DMSO (entries 2, 4, 6

and 7) resulted in a decreased substrate conversion. Thus, the

use of higher concentrations of the substrate 4 (entry 7) seemed

to be counterproductive under these conditions due to solubility

problems. Independently of the cosolvent concentration, the reac-

tion rate was decreasing with increasing initial concentration of

substrate 4 from 50 lM to 200 lM (entries 1–6). Nevertheless,

when 2% DMSO was used, full conversion of 200 lM GK was

achieved within 24 h (entries 1, 3 and 5). Thus, it could be con-

cluded that the chosen whole-cell catalyst is suitable for biotrans-

formation of Grundmann’s ketone 4. Substrate 4 concentrations of

up to 200 lM seemed not to have a negative effect on conversion

due to its possible toxicity for E. coli cells. Conditions in entry 5

were optimal for the chosen concentration of cells (70 g L�1). It is

also noteworthy that no side product formation was observed

(Fig. 2). Negative controls in the absence of substrate 4 or with

E. coli cells harbouring empty vector or with the cells expressing

only Pdx and PdR but no CYP154E1, did not show any substrate

conversion.

2.2. Product inhibition

The results presented in Table 2 demonstrate a decreased con-

version when higher substrate concentrations were applied. In

order to exclude product inhibition, biotransformations (Table 1,

Figure 1. Vitamin D3 related structures, Grundmann’s ketone and 25-OH-Grund-

mann’s ketone.



entry 2) were run under the previously established conditions

(Table 2, entry 5), but with addition of the product 25-OH-GK 5

at concentrations of 50 and 100 lM to the reaction mixture. GC/

MS analysis of the samples showed that the degree of conversion

was independent of the presence of product 5 (Table 3). The fact

that under these conditions product 5 did not inhibit CYP154E1,

supports our hypothesis that the decrease of substrate conversion

with increasing initial substrate concentration is more related to

the low solubility of the substrate 4 and its insufficient accessibil-

ity for the enzyme.

2.3. Effect of cell amounts and oxygen supply

With the aim to further improve productivity in the whole-cell

system, the optimal amount of cells for the biotransformation

should be determined. The experiments (Table 1, entry 3) were

carried out using cell suspensions at concentrations of 70, 140

and 210 gcww L�1 with a P450 content of 105 nmol gcww
� 1. Intui-

tively, a higher concentration of the biocatalyst in the reaction

mixture should result in a faster reaction rate and a higher conver-

sion. Surprisingly, the exact opposite was observed in our experi-

ments: at higher cell concentrations lower substrate conversion

at specific time points was observed. Thus, even if for 70 and

140 gcww L�1 total conversion was achieved within the first 24 h,

reaction rates with 140 gcww L�1 were lower, and the reaction with

210 gcww L�1 did not even reach full conversion (Fig. 3 A). The fact

that conversion rates decreased with increasing cell concentrations

indicates a limitation for the cells in performing biotransformation.

Under the given conditions this limiting factor could be the avail-

ability of molecular oxygen. Higher amounts of cells increased

oxygen consumption, either through their metabolism and/or

because of a higher concentration of CYP154E1 consuming more

oxygen as cosubstrate.

Higher oxygen supply in the reaction mixture can be achieved

by increasing the air/liquid interfacial surface. With this aim in

mind and in order to scale up the reaction, biotransformations

(Table 1, entry 4) were performed in 100 mL shaking flasks (reac-

tion volume 10 mL) instead of 15 mL glass tubes (Table 1, entry

3). In the larger reaction volume the influence of different cell con-

centrations (70, 140, 210 gcww L�1) was investigated as in the pre-

vious experiment in glass tubes. After 5 h reaction with 70 gcww L�1

only about 52% conversion was achieved in glass tubes (Fig. 3 A),

whereas in flasks conversion was 87% (Fig. 3 B). Full conversion

was reached after 24 h in glass tubes, compared to 8 h in flasks.

Higher reaction rates in flasks was attributed to a better oxygen

supply which ensured full conversion with the highest cell amount

of 210 gcww L�1 which was not possible in glass tubes.

Table 3

Product inhibition in the whole-cell biotransformation of Grundmann’s ketone (4) to

25-OH-GK (5) by CYP154E1a

Entry t (h) Conversionb (%)

[5]0 = 0 lMc [5]0 = 50 lMc [5]0 = 100 lMc

1 1 13 10 11

2 2.5 35 42 44

3 5 67 75 75

4 8 82 91 87

5 24 80 99 99

a Reaction conditions: 70 gcww L�1, 200 lM Grundmann’s ketone 4, 2% DMSO,

CV2 buffer, 180 rpm, 25 �C.
b Calculated by GC/MS after calibration using anthracene as ITSD.
c Initial concentration of 25-OH-GK (5) in the reaction mixture are subtracted for

conversion calculation.

Table 1

Overview of all biotransformation experiments performed in this study

Nr. Substrate

(lM)

Reaction

vessel

Reaction

volume

(mL)

Amount of

biocatalyst

Max. product (lM) Reaction

time (h)

Investigated parameter Details

1 50–500 15 mL glass tube 2 70 gcww L�1 227 24 Cosolvent and product concentration s. Table 2

2 200 15 mL glass tube 2 70 gcww L�1 198+[P]0 24 Product inhibition ([5]0 = 50 lM, 100 lM) s. Table 3

3 200 15 mL glass tube 2 70, 140, 210 gcww L�1 200 24 Amount of cells s. Figure 3

4 200 100 mL flask 10 70, 140, 210 gcww L�1 200 24 Oxygen supply s. Figure 3

5 1000–

3000

100 mL flask 5, 10 140 gcww L�1 1050 24 Substrate concentration,

reaction volume, redox partner Pdx/PdR

s. Figure 4

6 3000 100 mL flask 5, 10 140 gcww L�1 433/622 24/48 Reaction volume, redox partner YkuN/FdR s. Figure 4

7 200 2 mL plastic tube 0.5 1 lM 200 5 Redox partners in vitro,

YkuN/FdR

8 200 2 mL plastic tube 0.5 1 lM 18 5 Redox partners in vitro,

Pdx/PdR

Figure 2. GC/MS chromatogram of a biotransformation of 200 lM GK in a 10 mL

volume after 5 h. Besides the internal standard (ITSD) only peaks for substrate 4 and

product 5 were observed.

Table 2

Whole-cell biotransformation of Grundmann’s ketone 4 into 25-OH-GK 5 by

CYP154E1

Entry 4 (lM) DMSOa (%) Conversionb (%)

5 h 24 h

1 50 2 37 100

2 50 5 23 77

3 100 2 26 100

4 100 5 15 61

5 200 2 17 100

6 200 5 10 45

7 500 5 9 45

a Percentage of cosolvent added to the CV2 biotransformation buffer.
b Qualitative data calculated from peak area integration of the GC/MS

chromatogram.



Further sets of experiments (Table 1, entry 5) were performed

in 100 mL flasks with 140 gcww L�1 at initial substrate concentra-

tions of 1, 2, and 3 mM either in 10 mL (white bars, Fig. 4) or in

5 mL reaction volume (grey bars, Fig. 4). The decreased reaction

volume from 10 ml to 5 ml increased the conversion of 1 and

2 mM GK 4 (Fig. 4, white vs grey bars). The maximal product con-

centration of 1.1 mM being produced from 2 mM GK 4 was

achieved in 5 mL reaction volume after 24 h. Interestingly, when

using 3 mM substrate concentration no increased conversion was

observed in the smaller reaction volume, indicating that not only

oxygen supply but other reaction parameters might be limiting.

2.4. Influence of redox partners

In order to evaluate the role of electron transfer partners, YkuN

flavodoxin from Bacillus subtilis and the NADPH-dependent flavo-

doxin reductase (FdR) from E. coli were also tested as redox part-

ners in this whole-cell process. In in vitro experiments YkuN/FdR

combined with CYP154E1 led to a 10-fold increased conversion

of GK 4 as compared to Pdx/PdR (Table 1, entry 7 vs 8). These

results encouraged us to construct the tricistronic expression vec-

tor pCYP154E1-Ykun-FdR. Using cells harbouring this construct we

repeated the biotransformation experiments in 10 mL and 5 mL

reaction volume and 3 mM initial substrate concentration (Table 1,

entry 6). Unfortunately, under the same expression conditions as

for Pdx/PdR (Table 1, entry 5) the construct containing YkuN/FdR

yielded only about half the P450 concentration (57 nmol gcww
� 1 vs

114 nmol gcww
� 1) although the copy number and the promoter of

both constructs were identical. Final product concentrations of

433 lM after 24 h and 620 lM after 48 h were observed with

140 gcww L�1 in 10 ml reaction volume. As previously with Pdx/

PdR (Table 1, entry 5) at 3 mM substrate concentration the use of

reduced reaction volume did not increase substrate conversion.

Although higher P450 concentrations were observed in E. coli with

Pdx/PdR compared to the E. coli with YkuN/FdR, lower productivi-

ties of the latter system could not be explained by lower P450

expression only, since in vitro activities of CYP154E1/YkuN/FdR

were at least 10 times higher. The total turnover values calculated

per P450 in the whole-cell biocatalysts were up to 69% higher for

the YkuN/FdR system compared to the Pdx/PdR system and thus

reflect the same tendency as the results from the in vitro experi-

ments. This was an indication that NADPH supply might be

another limiting factor in this system, since E. coli flavodoxins

reductase (FdR) is NADPH-dependent. Supplementation of the

reaction buffer with 1% glucose (in order to accelerate NADPH

regeneration) did not lead to the improved final product concen-

tration, although the initial substrate conversion rate within the

first 5 h was �20% higher (data not shown).

3. Discussion

As mentioned in the introduction, vitamin D3 and especially its

biologically active metabolite 1a,25-(OH)2-D3, are involved in a

multitude of biological processes and are important for the treat-

ment of several diseases and disorders.3,7 The therapeutic applica-

tion of 1a,25-(OH)2-D3 is however hampered by its tendency to

induce hypercalcemia and hyperphosphatemia.20 25-Hydroxy-

Grundmann’s ketone 5 is a key building block for the preparation

of vitamin D3 analogues with beneficial therapeutic properties

through convergent strategies. As the established methods for

the oxidation of Grundmann’s ketone 4 at the physiologically

important position C25 are accompanied by several problems, we

decided to investigate an alternative biocatalytic approach. Inter-

estingly, in our experiments CYP105A1 which accepts vitamin D3

as substrate did not show any activity towards Grundmann’s

ketone 4. Furthermore, we tested a library of 81 enzymes from

the CYP102A family and their variants. These P450s are natural

fusion proteins consisting of a heme-containing monooxygenase

domain and an electron-delivering NADPH-dependent diflavin-

reductase domain.33 CYP102A enzymes, especially CYP102A1 from

Figure 3. Effects of oxygen supply and cell concentration in the biotransformation of 200 lM GK: (A) glass tubes (15 mL), 2 mL reaction mixture (200 lM GK, 2% DMSO, CV2

buffer, 180 rpm, 25 �C), one tube per time point; (B) shaking flasks (100 mL), 10 mL reaction mixture (200 lM GK, 2% DMSO, CV2 buffer, 180 rpm, 25 �C), all time points from

the same reaction mixture.

Figure 4. Scale-up and oxygen supply studies. Reaction conditions: 140 gcww
�1, 2%

DMSO, CV2 buffer, 180 rpm, 25 �C. White background: 10 mL reaction volume

(VRct); grey background: 5 mL reaction volume (both 100 mL shaking flasks).



Bacillus megaterium, are widely used as biocatalysts because they

are stable, self-sufficient and their variants accept a broad range

of substrates.34 Activity of these variants against Grundmann’s

ketone 4 was screened based on NADPH-consumption and GC/

MS analysis of the products. Although some of the tested variants

accepted Grundmann’s ketone 4 as substrate, they all showed low

regioselectivity. Moreover, none of the oxidation products could be

identified as the desired 25-hydroxylated product 5.

CYP154E1 from T. fusca YX is to our knowledge the first P450

found to selectively oxidize substrate 4 at position C25 without

any by-products being formed. Additionally, after several hours

reaction time no degradation or additional products could be

detected. The use of whole-cell biocatalysis is an established

method to circumvent the problems associated with the complex

multi-component nature of P450s as well as with their cofactor

dependency. E. coli has often been used as host for heterologous

P450 expression and for the development of whole-cell oxidation

processes.13 The challenge of low substrate solubility and substrate

uptake could be solved (at least to some extent) by the use of

DMSO. To achieve an effective electron transfer in the whole-cell

system, two redox partner systems, Pdx/PdR and YkuN/FdR were

tested. Both systems have been reported to support CYP154E1.32,35

Whereas putidaredoxin reductase PdR is an NADH-dependent

enzyme, the E. coli flavodoxin reductase FdR accepts mainly the

phosphorylated nicotinamide cofactor NADPH. The intracellular

concentration of NADH in E. coli has been reported to be at least

3-times higher than that of NADPH even when the cells grew on

glucose.36 The NADPH content and its regeneration is of paramount

importance for whole-cell biocatalysis using enzymes depending

on this cofactor. Thus, in previous studies several strategies to

increase NADPH availability in E. coli strains were investigated.36–

38 Arnold and coworkers were able to improve the product-per-

glucose yield of the P450-catalysed propane oxidation by 230%

using a metabolic engineering approach. The authors identified

three E. coli genes originating from fermentative pathways and

the endogenous respiratory chain which were disrupted to redirect

metabolic flux towards NADPH regeneration.37 Thus, the limited

supply of NADPH and the lower P450 expression levels are proba-

bly responsible for the lower product concentrations achieved by

E. coli expressing CYP154E1/YkuN/FdR in comparison to the

CYP154E1/Pdx/PdR system. Furthermore, we could demonstrate

that for the whole-cell biocatalyst involving the NADH dependent

PdR and Pdx, oxygen supply was a limiting factor.

By combining all optimized conditions, 1.1 mM 25-hydroxyl-

ated Grundmann’s ketone 5 (300 mg L�1) could be produced. Com-

pared to the chemical synthesis using RuCl3/NaIO4 the established

biotransformation clearly has the advantage of being absolutely

regioselective. Moreover, a tedious reaction workup to remove a

number of by-products is omitted.

Some examples of bioconversion processes of vitamin D3 to its

active intermediate have been described.14 Omura and colleagues

intensively investigated microbial strains capable of catalysing

these reactions and identified several candidates for both hydrox-

ylation reactions.39,40 The highest activity was demonstrated by

Amycolata sp. which produced 8.3 mg L�1 25-(OH)-D3 and

0.17 mg L�1 1a,25-(OH)2-D3 in 120 h in 200 L fermentation.40 Later

CYP105A2 responsible for this two-steps biotransformation was

identified and expressed in recombinant Streptomyces lividans

cells.41 This whole-cell biocatalyst produced 25(OH)-D3 at concen-

tration of 20 mg L�1. Compared to this data the resulting concen-

trations of 25-OH-GK 5 achieved in this study were higher and

reached faster, although one should take into account that the used

reaction volume was much smaller and the concentration of

vitamin D3 in water much lower.

In conclusion, we were able to transfer the established in vitro

system for the 25-hydroxylation of Grundmann’s ketone 4 into an

E. coli whole-cell catalyst expressing CYP154E1 and suitable redox

partners. This system allows the selective production of

300 mg L�1 25-OH-GK 5 within 24 h. Although several strategies

are possible to further improve these results, our approach already

now serves as proof of concept for the production of this important

building block used in the chemical synthesis of 25-OH-D3 and

analogous.

4. Material and methods

4.1. Materials

Escherichia coli strain DH5a was obtained from Clontech (Hei-

delberg, Germany). E. coli strain BL21(DE3) and pET expression

vectors were purchased from Novagen/EMD Millipore (Darmstadt,

Germany). Pfu and Phusion DNA-Polymerase, restriction endonu-

cleases and T4 DNA ligase were obtained from Fermentas (St.

Leon-Rot, Germany) and New England Biolabs (Beverly, USA).

The pET-11-based tricistronic plasmid pCYP154E1-camAB

which was used for coexpression of CYP154E1, Pdx and PdR, was

kindly provided by Prof. Akira Arisawa (Mercian Corporation,

Japan).

Grundmann’s ketone 4 was prepared by ozonolysis of vitamin

D3 according to the published procedure23,24 and its 25-hydroxy

derivative was obtained via the ruthenium tetroxide method.28,29

NMR analysis for confirmation of both structures were obtained

using an AV300 spectrometer (Bruker Corporation, Billerica, USA).

All chemical reagents were purchased from commercial

sources, were of analytical grade or higher and have been used

without further purification.

4.2. Cloning of CYP154E1, YkuN and FdR

CYP154E1 was subcloned from the pET-11 based plasmid by

using NdeI and EcoRI endonucleases.35 The resulting DNA fragment

was ligated into pET-22b(+) resulting in the plasmid pCYP154E1.

YkuN was amplified by PCR with Pfu DNA polymerase using the

following primers: YkuN_fw1: CG ATA CCATGG CTA AAG CCT TGA

TTA CAT ATG and YkuN_rv2 TAT AT CTCCTT CTT ATC TCA TGA AAC

ATG GAT TTT TTC. In a separate PCR reaction fdrwas amplified with

the primers fdr_fw GAT AAG AAGGAG ATA TAA TGG CTG ATT GGG

TAA CAG and fdr_rv GATT GGATCC TTA CCA GTA ATG CTC CGC. As

template for PCR the published plasmids pET16b-YkuP(+) and

pET11a-fpr were used, respectively.42 After purification of the

PCR products they were used in an overlap extension PCR. The

resulting DNA fragment was cloned into the multiple cloning site

1 of pCOLADuet-1 using the introduced restriction sites NcoI and

BamHI. The resulting construct pCOLA-YkuN-FdR was subse-

quently used to amplify a bicistronic fragment containing one ribo-

some binding site upstream of each gene. The following primers

were used for PCR: YkuN_fw2 GAA TTC ACT AGT TTA TAG GAG

GTC TTC CAT GGC TAA AGC CTT GAT TAC ATA TG and FdR_rv2

CAC TGC TTC CGG TAG TCA ATA AAC CGG TAA GCT TGG GGT TTC

TCG AGG AGC TCG GAT CCT TAC CAG TAA TGC TCC GCT G. The

DNA fragment was cloned into pCYP154E1 with the help of the

introduced restriction sites XhoI and EcoRI leading to the tricistron-

ic expression plasmid pE1YF.

4.3. Protein expression and quantification

Pdx/PdR (putidaredoxin and putidaredoxin reductase from Pseu-

domonas putida), FdR (ferredoxin reductase from Escherichia coli)

and GDH (glucose dehydrogenase from Bacillus megaterium) were

available in purified form as described elsewhere.32 Concentration

of redox partner proteins were measured by UV/VIS spectroscopy



using their established extinction coefficients.42 P450 concentra-

tion was determined by CO-difference spectroscopy using e450–490 -

= 91 mM�1 cm�1 after reduction with sodium dithionite and

subsequent bubbling of gaseous CO as described elsewhere.43

4.4. In vitro experiments

Conditions for the in vitro reactionswere as follows: 200 lMsub-

strate (10 mM stock in DMSO), 200 lM NADPH, 5 U glucose dehy-

drogenase, 20 mM glucose and 300 U catalase to remove H2O2,

which might be formed due to uncoupling. P450 concentration

was 1 lM, whereas the redox partners were used in rations of

1:10:1 (P450:YkuN:FdR) and 1:5:5 (P450:Pdx:PdR). Reactions were

adjusted to a final volume of 500 lL with potassium phosphate buf-

fer (100 mM, pH 7.5) and were incubated at 25 �C in standard 2 mL

plastic reaction tubes for 5 h. Each reaction was afterwards

extracted with ethyl acetate by vortexing, and centrifugation for

phase separation. Organic phaseswere directly transferred to a glass

vial for analysis by GC/MS.

4.5. Whole-cell bioconversion

E. coli BL21(DE3) harbouring pCYP154E1-camAB for expression

of CYP154E1/Pdx/PdR or pE1YF for expression of CYP154E1/YkuN/

FdR were cultured overnight at 37 �C and 180 rpm in 5 mL LB med-

ium (100 lg mL�1 ampicillin). The overnight cultures were used to

inoculate main cultures of 400 mL LB medium in 2 L shaking flasks

and were grown to an OD600 of 0.9 at 37 �C and 180 rpm. Protein

expression was induced by addition of 100 lM IPTG. Furthermore

the cells were supplemented with 64 lg mL�1 50-aminolevulinic

acid and 500 lM FeSO4. Expression was performed over night at

25 �C and 180 rpm. Cells were harvested by centrifugation at

8000g for 15 min at 4 �C. The cell pellet was resuspended in CV2

buffer (50 mM potassium phosphate, pH 7.5, 2% glycerol, 50 lg/
mL ampicillin, 100 lM IPTG) resulting in a suspension containing

210 mg cell wet weight (cww) per mL. A sample from the cell

suspension was taken to determine the P450 concentration via

CO-difference spectroscopy. The remaining cells were used for bio-

transformations. Qualitative experiments were performed in

15 mL glass tubes. From those reactions, samples of 1 mL were

taken and, after addition of NaCl for enhancing phase separation,

were extracted twice with 500 lL ethyl acetate. All quantitative

experiments were performed in 100 mL shaking flasks containing

5 or 10 mL reaction volume (CV2 buffer with 70–210 gcww L cells,

2 % DMSO and 200 lM to 3 mM substrate) at 25 �C in an orbital

shaker at 180 rpm. Duplicate samples of 500 lL were taken and,

after addition of NaCl and 10 lL internal standard (ITSD, 5 mM

anthracene in acetone), extracted twice with 250 lL ethyl acetate.

In order to calculate TTNs a 15 ml sample of the cell suspension

used for biotransformation was taken. The cells were lysed by

ultrasound with a Branson Sonifier S-250A (6 � 45 s; 45% duty

cycle; output control 4.5) on ice. The P450 concentration has been

determined photometrically using the CO-difference method as

described elsewhere.43 Total turnover numbers were calculated

as amount of 5 (in nmol, determined by GC/MS) divided by the

amount of P450 (in nmol) applied in the reaction.

4.6. Product analysis

The combined organic phases were analysed on a GC/MS

QP-2010 Plus instrument (Shimadzu, Tokyo, Japan) equipped with

a FS-Supreme-5 30 m � 0.25 mm � 0.25 lm (Chromatographie

Service GmbH, Langerwehe, Germany) fused silica column and

helium as carrier gas. The injector and interface temperature was

set to 300 �C. The temperature gradient started at 200 �C isother-

mal for 3 min. Subsequently, the temperature was raised at

15 �C min�1 to 320 �C and held isothermal again for 2 min. The

mass spectrometer (EI, 70 eV) was set to simultaneous recording

of mass spectra in scan (m/z 40–350) and SIM mode. Peak areas

in SIM were used for calibration.
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SUPPLEMENTARY MATERIAL 

 

1. Expression of CYP105A1, CYP102A1 and CYP102A2 

Recombinant CYP105A1 was expressed under the following conditions: E. coli BL21(DE3) 

cells were transformed with pET-22b(+)-CYP105A1 and transformants were selected on LB-

agar plates with ampicillin (100 μg·mL-1). 400 mL of TB medium supplemented with 100 

μg·mL-1 of ampicillin were inoculated with 4 mL of an overnight culture (5 mL LB medium, 

100 μg·mL-1 ampicillin, 37 ºC, 180 rpm) and grown at 37 ºC and 180 rpm, until the optical 

density at 600 nm (OD600) reached approximately 0.7. Then 100 μM isopropyl β-D-1-

thiogalactopyranoside (IPTG), 100 μM FeSO4 and 40 μg·mL-1 5’-aminolevulinic acid were 

added and the culture was grown for another 16 h at 25 ºC and 140 rpm. Cells were harvested 

by centrifugation at 8000 rpm (11305 g) for 20 min, the supernatant was discarded and the cell 

pellet was resuspended in 15 mL purification buffer (50 mM potassium phosphate, pH 7.5, 100 

μM phenylmethanesulfolyl fluoride –PMSF-). Cells were lysed by sonification on ice (6 x 45 s, 

1 min intermission), cell debris was removed by centrifugation (48000 g, 4 ºC, 1 h) and the 

soluble protein fraction was recovered (later on referred as cell lysate). 

Variants of CYP102A1 from Bacillus megaterium and CYP102A2 from Bacillus subtilis 

were heterologously expressed in E. coli BL21(DE3) cells using pET-28a/b as vector. From 

each of the 81 mutants, a single colony from an agar plate was inoculated into 600 μL TB 

medium supplemented with 30 μg·mL-1 kanamycin and cultured overnight at 37 ºC and 600 rpm 

in 2 mL deep-well titer plates. 2.6% (v/v) of the overnight cultures were used to inoculate main 



cultures of 600 μL TB medium (30 μg·mL-1 kanamycin) in a 2 mL deep-well plate and grown at 

37 ºC and 600 rpm to an OD600 of 0.7. P450 expression was induced by addition of IPTG (1.75 

mM). Cells were shaken at 600 rpm and at 30 ºC and cultured for 22 hours, followed by 

centrifugation of the plate at 4000 g and 4 ºC for 30 min for harvesting. Supernatants were then 

discarded and the plate was stored at -20 ºC. Cell pellets in the microtiter plate were washed 2 

times by resuspending them in potassium phosphate buffer (600 μL, 50 mM, pH 7.5) followed 

by 15 min centrifugation at 4000 g and 4 ºC. For cell lysis they were resuspended in potassium 

phosphate buffer (250 μL, 50 mM, pH 7.5) containing lysozyme (1 mg·mL-1), MgCl2 (10 mM) 

and DNAse (0.05 U·mL-1). After incubation at 4 ºC and 100 rpm for 3 hours, cells were treated 

with 3 freeze-thaw cycles (3 h at -80 ºC followed by 1.5 h at room temperature, cells being 

resuspended prior to re-freezing). Cell debris was removed by centrifugation (4000 g, 4 ºC, 1 h) 

and the soluble protein fraction was transferred into 1.5 mL microtubes. 

For every P450 screened, expression levels were estimated using the CO-difference spectral 

assay as described in the literature using ε450-490 = 91 mM-1·cm-1.1 

2. CYP102 activity screening 

CYP102 family variants activity against Grundmann’s ketone was checked by a NADPH 

consumption assay. The assay was performed by addition of NADPH (200 μM) to a cell 

lysate/substrate mixture containing cell lysate (1:4 diluted) and Grundmann’s ketone (100 μM –

from a stock solution in DMSO-) in a final volume of 200 μL potassium phosphate buffer (50 

mM, pH 7.5). Absorbance at 340 nm was measured with a micro plate spectrophotometer 

(SPECTRAmax plus 384, Molecular Devices, USA) directly after addition of NADPH. Samples 

were compared with a blank reaction containing DMSO (4 μL) instead of substrate. Mutants 

showing a remarkable higher slope in the presence of the substrate in comparison with the curve 

for the blank reaction were supposed to be active against Grundmann’s ketone and therefore 

selected for in vitro conversion experiments. 

3. In vitro experiments 

Conditions for the in vitro reactions with CYP105A1, CYP102A1 and CYP102A2 were as 

follows: 100 μM substrate (from 10 mM stock solution in DMSO), 200 μM NAD(P)H, 5 U of 

GDH (for cofactor regeneration), 20 mM glucose (co-substrate for glucose dehydrogenase) and 

120 U catalase (for removing H2O2, which might be formed due to uncoupling). P450 

concentration was variable in each case: CYP105A1 was added as cell lysate in a final 

concentration of 5 μM and in the CYP102 family screening, 120 μL of cell lysate were added in 

each case, with an average final concentration on the reaction of 1 μM. CYP105A1 was used in 
                                                           
 



different experiments with two different redox partners: Pdx:PdR (30 μM:15 μM) and Fdx:FdR 

(50 μM:5 μM). Reactions were set up to a final volume of 500 μL with potassium phosphate 

buffer (50 mM, pH 7.5). The reaction mixtures were incubated at 25 ºC in standard 2 mL closed 

plastic tubes overnight (except for BM-3 mutants, where conversion was measured after 3 

hours). Each reaction was afterwards extracted with EtAcO (2x500 μL) by vortexing 5 min, and 

centrifugation for phase separation. Organic phases were directly transferred to a GC-MS 2 mL 

glass vial for qualitative determination of activity. 

1 Omura, T.; Sato, R. J. Biol. Chem. 1964, 239, 2379–2385 
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