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as a substitute for triphenylphosphine (Table 1, entries 4–6).
Interestingly, whereas neither BiPh3 nor any of the trialkyl
phosphines led to the desired olefin product, the reaction in
the presence of AsPh3 exhibited excellent diastereoselectivity,
leading to the formation of trans-3a as the only detectable
isomer (> 99.9 % de).

Encouraged by these results, we extended our investiga-
tions to a panel of Mb variants containing one or two
mutations at the level of the protein active site. In sperm
whale Mb, five amino acid residues (Leu 29, Phe43, His 64,
Val 68, Ile 107) define the cavity located above the distal face
of the heme cofactor (see Figure S1 in the Supporting
Information).[9] Previously, we found that mutagenesis of
these residues had a profound impact on the selectivity and
activity of Mb-catalyzed carbene-transfer reactions.[8]

Accordingly, Mb active-site variants were tested for their
relative activity and selectivity in the olefination of benzal-
dehyde with EDA in the presence of either PPh3 or AsPh3.

As summarized in Table 2, the active-site mutations were
found to have noticeable effects on the catalytic efficiency
(TON), diastereoselectivity, and chemoselectivity of the
reaction. Among the Mb variants tested, the double mutant
Mb(F43V,V68F), used in combination with AsPh3, emerged
as the most promising catalyst for this reaction, exhibiting
threefold higher TONs compared to that of the wild-type Mb,
excellent diasteroselectivity (> 99.9% de), and high chemo-
selectivity toward aldehyde olefination over carbene dimeri-
zation. At a catalyst loading of 0.01 mol%, Mb(F43V,V68F)
was determined to support over 1,100 catalytic turnovers for
the conversion of 1a into (E)-3a, and featured an initial rate
of 320 and 40 turnovers per minute over the first minute and
first 15 minutes, respectively (see Figure S2 in the Supporting
Information). Importantly, nearly absolute E selectivity as
well as high chemoselectivity (TON(olefin):TON(dimer)> 4) are
maintained under these reaction conditions, the latter being

achieved without the need for slow addition of the diazo
compound as typically required for metalloporphyrin cata-
lysts[4h, 4j, 4n] to minimize carbene dimerization.

Across nearly all Mb variants, the AsPh3-supported
reactions consistently furnished higher degrees of diastereo-
selectivity as compared to those performed in the presence of
PPh3 (Table 2). The only exception was Mb(H64V,V68A), for
which a reversal of this trend was observed (70 vs. 57% de for
reaction with PPh3 vs. AsPh3). Intriguing is also the differ-
ential effect of the active site mutations in the context of this
reaction as compared to the carbene-mediated transforma-
tions previously investigated by our group.[8] For example,
while the double mutation in Mb(H64V,V68A) greatly
enhanced the reactivity and selectivity of Mb toward olefin
cyclopropanation,[8a] the same mutations led to a reduction in
TONs, as well as diastereo- and chemoselectivity for the
aldehyde olefination reaction (entry 9 versus 1). These differ-
ences highlight the peculiar active-site requirements for
favoring high reactivity and selectivity in the context of
these related yet mechanistically distinct reactions.

To investigate the scope of Mb(F43V,V68F) as an
aldehyde olefination catalyst, the reaction with benzaldehyde
1a was carried out in the presence of other a-diazo esters,
including tert-butyl (2b), benzyl (2c), and cyclohexyl (2d) a-
diazo acetate as well as ethyl a-diazo-propanoate (2e).
Notably, despite their variable alkyl chain, all of the a-diazo
acetates (2 b–d) could be readily processed by the biocatalyst
to yield the corresponding trans b-aryl-a,b-unsaturated ester

Table 1: Catalytic activity of hemin and wild-type sperm whale myoglobin
(Mb) in the olefination of benzaldehyde with ethyl a-diazoacetate
(EDA).[a]

Entry Catalyst Y TON[b]

(3a)
de [%]
(E)[c]

TON(3a)/
TON(4a)

1 Hemin PPh3 22 64 0.4
2 Hemin[d] AsPh3 4 91 0.1
3 WT Mb PPh3 31 76 2.8
4 WT Mb AsPh3 27 99.9 0.7
5 WT Mb SbPh3 5 99.9 0.4
6 WT Mb BiPh3 0 – –

[a] Reactions were carried out under anaerobic conditions with 10 mm
1a, 10 mm 2a, 20 mm catalyst, 10 mm Na2S2O4, and 10 mm Y for 12 h at
room temperature. [b] TON= mmol olefin/mmol catalyst. Errors in
reported values are within ⌃10%. [c] As determined by chiral-phase gas
chromatography. [d] With hemin at 60 mm.

Table 2: Catalytic activity and selectivity of myoglobin variants in
benzaldehyde olefination with EDA.[a]

Entry Catalyst Y TON de [%]
(E)

TON(3a)/
TON(4a)

1 WT Mb PPh3

AsPh3

31
27

76
99.9

2.8
0.7

2 Mb(L29A) PPh3

AsPh3

16
34

79
99.9

0.8
0.5

3 Mb(F43V) PPh3

AsPh3

20
35

69
99.9

1.2
1.1

4 Mb(F43W) PPh3

AsPh3

30
56

68
99.9

6.0
2.7

5 Mb(H64V) PPh3

AsPh3

37
35

69
99.9

1.7
0.5

6 Mb(V68A) PPh3

AsPh3

13
36

69
99.9

0.5
1.1

7 Mb(V68F)[b] PPh3

AsPh3

28
82

64
94

0.7
1.9

8 Mb(L29A,H64V) PPh3

AsPh3

57
50

70
80

1.4
0.5

9 Mb(H64V,V68A) PPh3

AsPh3

7
16

73
57

0.8
0.2

10 Mb(F43V,V68F) PPh3

AsPh3

38
92

64
99.9

2.9
3.3

11 Mb(F43V,V68F)[c] AsPh3 1,170 99.9 4.2

[a] Reaction conditions are the same as in Table 1. [b] With 5 mm catalyst
(0.05 mol%). [c] With 1 mm catalyst (0.01 mol%).
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of Ru(CO)(mpIX) and Rh(mpIX) (Scheme 1B) were
also successfully expressed and isolated from E. coli
(2–3 mg Lˇ1 culture). Based on the amount of apo-
myoglobin obtained under the same expression condi-
tions in the absence of supplemented cofactor, the ef-
ficiency of in vivo incorporation of the non-natural
metalloporphyrin cofactor was estimated to range be-
tween 50% and 90%. Overall, using the strategy out-
lined above, a panel of Mb catalysts based on the
broadly active Mb variant Mb(H64V,V68A)[4a] and
containing different metal centers (Mn, Co, Ru, Rh,
Ir) was obtained. As expected, each construct exhibits
a distinctive spectroscopic signature corresponding to
the Soret band and Q bands (Figure 1 and Supporting
Information, Table S1). The spectral properties of the
recombinantly produced cofactor-substituted Mb var-
iants were identical to those of the corresponding var-
iants obtained via in vitro reconstitution with apo-
myoglobin (see Experimental Section), thus further

confirming the efficiency of cofactor incorporation
through the recombinant method. Altogether, these
experiments demonstrated that the substrate scope of
ChuA extends beyond metalloporphyrins based on
protoporphyrin IX and first-row transition metals. Im-
portantly, a convenient, time-effective, and technically
straightforward strategy was implemented to produce
cofactor-substituted Mb catalysts.

Selection of Mb Variants and Carbene Transfer
Reactions

We previously identified Mb(H64V,V68A) as a highly
active and stereoselective biocatalyst for olefin cyclo-
propanation.[4a] This Mb variant also possesses high
catalytic activity toward other carbene-mediated
transformations such as N–H and S–H insertion.[5]

Based on these properties, Mb(H64V,V68A) was se-

Scheme 1. Synthetic routes for preparation of Ir(Me)-protoporphyrin IX and Ir(Me)-mesoporphyrin IX (A) and Rh- and
Ru(CO)-mesoporphyrins IX (B).
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The panel of ten different Mb catalysts (=5 metal
centers, with and without H93F substitution) was ini-
tially characterized for activity in three model carbene
transfer reactions, namely cyclopropanation of sty-
rene, N–H insertion with aniline, and S–H insertion
with thiophenol, in the presence of ethyl a-diazoace-
tate (EDA) as carbene donor. In each case, the reac-
tions were performed in the presence or absence of
reductant (sodium dithionite) and under anaerobic
and aerobic conditions with the two-fold purpose of
(i) evaluating the effect of these parameters on cata-
lyst performance, and (ii) identifying Mb variants ca-
pable of operating under aerobic conditions. Indeed,
the application of iron-based myoglobins as carbene
transfer catalysts has so far required strictly anaerobic
conditions, due to the inhibitory action of oxygen, i.e. ,
Mb native ligand, on this non-native reactivity.
Oxygen tolerance is desirable as it enhances the ac-
cessibility of these biocatalysts for synthetic applica-
tions.

Cyclopropanation Activity

Table S2 in the Supporting Information reports the re-
sults for the cyclopropanation reactions in the pres-
ence of the various Mb catalysts under the four differ-

ent reaction conditions, with the most relevant data
being summarized in Table 1. These reactions were
carried out under catalyst-limited conditions to
enable a direct comparison of the performance of
each Mb variant under these settings. Under “stan-
dard conditions” (anaerobic++ Na2S2O4 or “–/red.”),
Mb(H64V,V68A) provides a 64% conversion of sty-
rene (6) and EDA (7) to the trans-(1S,2S) cyclopro-
pane product (8) with excellent diastereo- and stereo-
selectivity (99.9% de and ee ; entry 1, Table 1). Under
the same conditions, low product yields (0–7%) were
observed for the Mb(H64V,V68A) and
Mb(H64V,V68A,H93F)-based variants containing
a Co, Rh, or Ru center (entries 5–7, Table 1). Com-
pared to the latter, Mb(H64V,V68A)[Mn(ppIX)] and
Mb(H64V,V68A)[Ir(Me)(mpIX)] exhibit noticeably
higher cyclopropanation activity, as indicated by the
higher yields (29–36% vs. 0–7%) and catalytic turn-
overs (290–356 TON vs. 11–68 TON, Supporting In-
formation, Table S2) obtained with these Mb variants
under anaerobic conditions (entries 4 and 9, Table 1).
Interestingly, Mb(H64V,V68A,H93F)[Mn(ppIX)]
showed negligible product conversion (<2%) under
identical conditions (Supporting Information,
Table S2), indicating that coordination of the manga-
nese center by the proximal histidine residue is criti-
cal for cyclopropanation activity. This is contrast to

Table 1. Catalytic activity and selectivity of cofactor-substituted Mb variants for cyclopropanation of styrene with ethyl a-di-
azoacetate (EDA).[a]

Entry Catalyst Cofactor Y[b] Yield[c] % de[d] % ee[d]

1 Mb(H64V,V68A) Fe(ppIX) –/red. 64% >99 >99
2 Mb(H64V,V68A) Fe(ppIX) –/– 14% 71 72
3 Mb(H64V,V68A,H93F) Fe(ppIX) –/red. 63% 98 86
4 Mb(H64V,V68A) Mn(ppIX) –/red. 29% >99 99
5 Mb(H64V,V68A) Co(ppIX) –/red. 4% 99 99
6 Mb(H64V,V68A) Ru(CO)(mpIX) –/red. 7% 42 7
7 Mb(H64V,V68A) Rh(mpIX) –/red. 3% 96 97
8 Mb(H64V,V68A) Ir(Me)(mpIX) –/red. 25% 56 4
9 Mb(H64V,V68A) Ir(Me)(mpIX) –/– 36% 75 0
10 Mb(H64V,V68A) Fe(ppIX) O2/red. 43% 98 95
11 Mb(H64V,V68A,H93F) Fe(ppIX) O2/red. 15% 94 70
12 Mb(H64V,V68A) Ir(Me)(mpIX) O2/– 41% 59 ˇ1
13 Mb(H64V,V68A) Fe(ppIX) O2/red.[e] 68% >99 >99
[a] Reaction conditions: 0.01 M styrene, 0.02 M EDA, 10 mM Mb catalyst, 50 mM phosphate buffer (pH 7) containing 5% eth-

anol, room temperature.
[b] Variable parameter (Y): “–/red.”=anaerobic, 0.01 M Na2S2O4; “–/–”=anaerobic, no reductant; “O2-red.”=aerobic,

0.01 M Na2S2O4; “O2/–”= aerobic, no reductant.
[c] As determined by gas chromatography (GC) using calibration curves with isolated 8.
[d] For trans-(1S,2S) stereoisomer as determined by chiral GC.
[e] Using 0.5 mol% catalyst.
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Abstract: Engineered myoglobins have recently
emerged as promising scaffolds for catalyzing car-
bene-mediated transformations. In this work, we in-
vestigated the effect of altering the metal center and
first-sphere coordination residue on the carbene
transfer reactivity of myoglobin. To this end, we first
established an efficient protocol for the recombinant
expression of myoglobin variants incorporating met-
alloporphyrins with non-native metals, including
second- and third-row transition metals (ruthenium,
rhodium, iridium). Characterization of the cofactor-
substituted myoglobin variants across three different
carbene transfer reactions (cyclopropanation, N–H
insertion, S–H insertion) revealed a major influence
of the nature of the metal center, its oxidation state
and first-sphere coordination environment on the
catalytic activity, stereoselectivity, and/or oxygen tol-

erance of these artificial metalloenzymes. In addi-
tion, myoglobin variants incorporating manganese-
or cobalt-porphyrins were found capable of catalyz-
ing an intermolecular carbene C–H insertion reac-
tion involving phthalan and ethyl a-diazoacetate,
a reaction not supported by iron-based myoglobins
and previously accessed only using iridium-based
(bio)catalysts. These studies demonstrate how modi-
fication of the metalloporphyrin cofactor environ-
ment provides a viable and promising strategy to en-
hance the catalytic properties and extend the reac-
tion scope of myoglobin-based carbene transfer cata-
lysts.

Keywords: artificial metalloenzymes; biocatalysis;
carbene transfer; C–H carbene insertion; myoglobin;
protein engineering

Introduction

The transition metal-catalyzed insertion of carbenoid
species into C=C, Y–H (Y=N, S, O, Si), and C–H
bonds constitutes a powerful approach to the con-
struction of new carbon-carbon and carbon-hetero-
atom bonds in organic chemistry.[1] While major ef-
forts have been devoted to the development of organ-
ometallic complexes for executing these transforma-
tions,[1] biocatalytic platforms useful for promoting
carbene transfer reactions have only recently begun
to emerge.[2] Arnold and co-workers have shown how
cytochrome P450 enzymes can catalyze the cyclopro-
panation of styrene derivatives and carbene N–H in-
sertion with aniline derivatives.[3] Our group has dem-
onstrated how engineered myoglobins can promote
a wide range of carbene-mediated transformations, in-
cluding olefin cyclopropanation,[4] carbene N–H and
S–H insertions,[5] aldehyde olefination,[6] and [2,3]-sig-

matropic rearrangement reactions.[7] More recently,
biocatalytic systems based on these[8] and other pro-
tein and DNA scaffolds have been investigated in the
context of carbene transfer reactions.[9]

Myoglobin (Mb) contains a heme cofactor (= iron-
protoporphyrin IX), which is embedded within the
core of the protein via non-covalent interactions and
coordination of the iron atom through the side-chain
imidazolyl group of a “proximal” histidine residue
(His93 in sperm whale myoglobin).[10] During myoglo-
bin-mediated carbene transfer catalysis, the a-diazo-
ester carbene donor reagents are predicted to react
with the heme center to give rise to a reactive heme-
bound carbenoid intermediate.[4a] This species has
electrophilic character[4a] and can engage a variety of
nucleophilic substrates in a reaction manifold that
leads to the formation of cyclopropanes,[4a] amines,[5a]

thioethers,[5b,7] and olefins.[6] Under this mechanistic
scenario, we hypothesized that the nature of the
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Peroxygenases en route to becoming dream catalysts. What are the opportunities and challenges? Wang et al. 3

Figure 1

Overall structure of AaeUPO (2YOR, upper) and its proposed catalytic mechanism (lower). In the first step H2O2 displaces water as the 6th Fe
ligand. The resulting peroxocomplex is deprotonated by Glu196, which also facilitates the heterolytic cleavage of the O–O-bond resulting in the
active Compound I (Cpd I). The latter performs a H-atom abstraction at the substrate (R-H) leaving an enzyme-bound radical which swiftly
recombines with the hydroxy ligand. After dissociation of the product a new catalytic cycle begins.

www.sciencedirect.com Current Opinion in Chemical Biology 2017, 37:1–9
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oxygenations etc. have been reported. A more extensive
discussion of the details can be found in two recent review
articles [5!,6]. Here, we would like to critically evaluate
the current state-of-the-art focusing on selectivity issues
in particular.

Alkane hydroxylation
Aliphatic substrates ranging from ethane to fatty acids can
be hydroxylated by peroxygenases [5!,6]. As shown in
Figure 2 the product distribution and selectivity observed
in these reactions can significantly vary with the biocata-
lyst used but also by the substrate properties. For exam-
ple, fatty acids are converted to a mixture of v, v-1 and v-
2 hydroxylation products using AaeUPO (Figure 2b) [13].
Likewise, linear alkanes preferentially yield a mixture of
2-alkanols and 3-alkanols [14]. Quite remarkably, while
the regioselectivity is comparably poor, the enantioselec-
tivity can be high. A completely different regioselectivity

is observed when converting fatty acids with the P450
peroxygenases from Bacillus subtilis (P450Bsb) or Clostridi-
um acetobutylicum (P450Cla) [15,16]. With these enzymes
a-hydroxylation or b-hydroxylation is observed, respec-
tively (Figure 2c).

In a recent contribution, Gutiérrez and coworkers showed
that the hydroxylation of cholecalciferol (Vitamin D)
when catalyzed by AaeUPO is rather unselective whereas
the peroxygenase from Coprinopsis cinerea (CciUPO) es-
sentially gave only one product (Figure 2d). The authors
rationalized this observation by differences in the size of
the substrate access channels and different degrees of
translational freedom of the substrates [17!].

Another issue of peroxygenase-catalyzed hydroxylation of
alkanes is the frequently observed subsequent conversion
of the alcohols into the corresponding aldehydes and

2 Biocatalysis and Biotransformation

Scheme 1

Compound I as the active catalyst within P450 monooxygenases and peroxygenases to perform selective oxyfunctionalization reactions. While
P450 monooxygenases regenerate Cpd I via sequential reduction of molecular oxygen peroxygenases (shown here) form Cpd I directly from
hydrogen peroxide.

Current Opinion in Chemical Biology 2017, 37:1–9 www.sciencedirect.com
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of 5-OHP or 40-OHD, an undesirable side reaction attributable to
the general peroxidase activity of AaP.16 The mixtures were stirred
at room temperature for 3 min and stopped with 0.1 ml of 50% wt/
vol trichloroacetic acid, after which products were identified and
quantified against authentic standards by HPLC.17

The reactions proceeded rapidly and regioselectively, convert-
ing about 20% of racemic propranolol to 5-OHP and about 65% of
diclofenac to 40-OHD (Figs. 1 and 2). For propranolol oxidation,
the formation of byproducts previously reported for the
cytP450-catalyzed reaction9 was insignificant: 4-hydroxypropra-
nolol and 1-naphthol occurred only in trace quantities, and
N-desisopropylpropranolol was not found. The enantiomeric
excess of S-5-OHP during AaP-catalyzed hydroxylation of
propranolol was less than 2% (data not shown), that is, the reac-
tion was not enantioselective. For diclofenac oxidation, the
human drug metabolite 5-OHD3 was not formed, but traces of
several other unidentified byproducts were detected. Control
reactions without AaP or with heat-inactivated enzyme gave no
conversion of propranolol or diclofenac.

The failure of the reactions to proceed to completion was
probably not a consequence of enzyme inactivation, because reac-

tions conducted with more AaP did not give significantly higher
yields (data not shown). It appears more likely that the phenolic
products 5-OHP and 40-OHD prevented further oxidation of the
parent compounds because they also are AaP substrates. Under
our reaction conditions, these phenols probably consumed some
of the H2O2 by undergoing continuous, competitive AaP-catalyzed
oxidation to the 5-OHP and 40-OHD phenoxy radicals, which in
turn were continuously re-reduced to 5-OHP and 40-OHD by the
excess ascorbate we included. This conclusion is supported by
our observation that propranolol was rapidly polymerized when
the reactions were conducted in the absence of ascorbate (data
not shown).

When we conducted the AaP-catalyzed oxidation of proprano-
lol with H2

18O2 in place of H2O2, mass spectral analysis18 of the
resulting 5-OHP (Fig. 3) showed that the principal [M!H]! ion
had shifted from the natural abundance m/z of 274 to m/z 276
for propranolol. Similarly, the analogous experiment with diclofe-
nac showed that the principal ion of 40-OHD shifted from an m/z
of 310 to an m/z of 312 (data not shown). Experiments using
H2

18O gave no detectable 18O incorporation (data not shown),
as expected because phenolic oxygens are not readily exchange-
able with water under our reaction conditions.19 An additional
experiment with natural abundance H2O2 in an N2-purged reac-
tion mixture showed that propranolol production was not inhib-
ited by depletion of O2 (data not shown), and therefore O2 did not
contribute significantly as an electron acceptor. These results
show that the new phenolic oxygens in 5-OHP and 40-OHD orig-
inated from H2O2.

Since cytP450s and AaP are both heme-thiolate enzymes, the
catalytic cycle of AaP probably resembles the ‘peroxide shunt’
that is responsible for the hydroxylation of propranolol by some
engineered cytP450s.9 However, AaP appears to be the better
choice as a biocatalyst because it is easier to produce, is more
efficient, is more stable to H2O2, and in the case of propranolol
exhibits higher regioselectivity (Table 1). On the other hand,
although AaP regioselectively hydroxylates other precursors as
well,14 it has some limitations. For example, we have observed
that, although AaP efficiently hydroxylates N-phenylacetamide
to acetoaminophen (yields up to 80%, unpublished results), it
very poorly adds the second 3-hydroxyl needed to produce the
human drug metabolite 3-hydroxyacetaminophen. We are cur-
rently exploring the possibility that AaP may catalyze useful
one-step monooxygenations of other pharmaceutically relevant
aromatics.

Figure 1. HPLC elution profiles showing products formed by AaP (2 U ml!1, 0.4 lM) after conversion of propranolol (500 lM, left) and diclofenac (500 lM, right) in the
presence of ascorbic acid (4 mM). Controls without enzyme (I). Complete reactions (II). The reactions (pH 7) were started by addition of H2O2 (2 mM). Insets show UV/visible
absorption spectra of the reactant (right) and major product (left) in each chromatogram.18

Figure 2. Time course of AaP-catalyzed 5-hydroxylation of propranolol (reaction
conditions are the same as in Figure 1, standard deviation <5%).
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this soluble prokaryotic enzyme has served as a model
for the membrane-associated eukaryotic P450s.
Inspired by the domain structure of P450 BM3,
several soluble fusion proteins comprising class II
P450s fused with CPRs have been expressed to
facilitate their biochemical characterization [22].
However, the activity of these artificial fusion 
proteins is at least an order of magnitude lower than
P450 BM3 [21].

For about a decade, P450 BM3 (CYP102A1) was
the only known naturally occurring self-sufficient
P450 until a eukaryotic enzyme with a P450–CPR

domain architecture was identified in the
phytopathogenic fungus Fusarium oxysporum [23].
Unlike P450 BM3, this fatty acid hydroxylase
(CYP505A1) is a membrane-bound enzyme [24]. Two
additional genes encoding prokaryotic P450 BM3-like
proteins (CYP102A2 and CYP102A3) emerged from
the genome sequence of Bacillus subtilis [25]; a
second fungal gene encoding a P450 BM3-like enzyme
(CYP505B1) has been identified in Fusarium
verticillioides [26]. CYP505B1 is involved, probably as
a polyketide hydroxylase, in the biosynthesis of the
mycotoxin fumonisin. Another putative polyketide-
modifying gene product of the P450 BM3 family
(Asm30) was recently identified in the gene cluster
involved in the biosynthetic of the antitumour agent
ansamitocin in the actinomycete Actinosynnema
pretiosum [27], extending the family members to the
phylum of high-GC Gram-positive bacteria.

Using the B. megaterium CYP102A1 amino acid
sequence (1049 residues) as a query in BlastP and
TBlastN searches, we searched unfinished genomes
for additional putative BM3-like genes. Two apparent
homologues (60% identity) were identified in two
pathogenic members of the Bacillus genus: 
Bacillus anthracis (Ames strain), the causative agent
of anthrax, and Bacillus cereus, which causes
gastrointestinal and non-gastrointestinal infections.
The predicted amino acid sequences of these new
CYP102Amembers are remarkably similar
(97% identity) but share only 74% identical residues
with CYP102A2 from the non-pathogenic species
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RH + 2H+ + 2e– + O2 → ROH + H2O
Monooxygenase reaction

Substrate (RH)

Product (ROH)
H2O

O2

CPR

FDR

P450

PFOR NAD(P)H

NAD(P)H

FD

II

I

III

Fig. 1. Electron transfer in cytochrome P450 systems. The reducing
equivalents for the monooxygenation reaction are transferred by
different routes to the P450 active site. In class II systems, electrons are
shuttled through N ADPH:cytochrome P450 reductase (CPR) according 
to the flow scheme N ADPH → FAD → FM N → Haem → O2 (II). The
self-sufficient cytochrome P450 BM3 consists of a P450–CPR fusion
protein. Class I systems comprise a P450, a ferredoxin (FD) and an FAD-
containing N AD(P)H-dependent ferredoxin reductase (FDR) that channel
electrons as follows: N AD(P)H → FAD → [2Fe–2S] → Haem → O2 (I). For
the new PFOR class of self-sufficient P450s, the predicted electron path
is N AD(P)H → FM N → [2Fe–2S] → Haem → O2 (III). In these enzymes, the
P450 domain is fused w ith a domain highly sim ilar to a phthalate fam ily
oxygenase reductase (PFOR). Representative structures were visualized
using Protein Explorer [49] for a Pseudomonas putida P450 (camphor
hydroxylase CYP101; PDB code 2CPP); rat CPR (PDB code 1A M O);
Escherichia coli FDR (PDB code 1FDR); P. putida FD (putidaredoxin;
PDB code 1PDX); and Burkholderia cepacia PFOR (phthalate
dioxygenase reductase; PDB code 2PIA). The polypeptide chains are
shown in grey and the redox centres (space-filling representation) are
highlighted in different colours: haem , yellow; [2Fe–2S] cluster, orange;
FAD, cyan; FM N , light blue. Bound N ADPH (magenta) is only shown 
for CPR. Camphor bound to CYP101 is shown in green.
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of P450RhF, which consists of a cytochrome P450 fused to a
dioxygenase reductase-like activity. The unprecedented struc-
tural organization of P450RhF leads us to propose that this
enzyme constitutes a new class of cytochrome P450. In the new
class IV enzyme, electrons are relayed to the active site of the
P450 through an FMN center and a [2Fe2S] ferredoxin-like
component, as outlined in Fig. 1.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli XL1 Blue
supercompetent cells were obtained from Stratagene (La Jolla, Calif.), and E.
coli BL21(DE3) was from Invitrogen Life Technologies (Carlsbad, Calif.). Both
strains were routinely grown in Luria-Bertani (LB) medium at 37°C unless stated
otherwise. Ampicillin was used at 100 !g/ml when required for selection. Rhodo-
coccus sp. strains NCIMB 9784, NCIMB 12038, and NCIMB 9703 were obtained
from the National Collections of Industrial, Food and Marine Bacteria (Aber-
deen, Scotland, United Kingdom). Rhodococcus erythropolis NI86/21 was pur-
chased from the National Collection of Agricultural and Industrial Microorgan-
isms (Budapest, Hungary) and Rhodococcus fascians ATCC 35014 and
Rhodococcus erythropolis ATCC 4277 were obtained from the American Type
Culture Collection (Manassas, Va.). Rhodococcus sp. strain IFO 3338 was from
the Institute for Fermentation, Osaka (Osaka, Japan). All the Rhodococcus
strains were maintained on nutrient agar slopes at 4°C and grown in LB medium
at 30°C. A kit containing the pGEM-T plasmid for the direct cloning of PCR
products was purchased from Promega (Madison, Wis.). The pET3a plasmid for
the heterologous expression studies was obtained from Novagen (Darmstadt,
Germany). pUC18 (37) was used as a general cloning vector.

Cloning procedures. Genomic DNA was prepared from Rhodococcus spp. as
described previously (15). A PCR-based methodology described by Hyun et al.
(17) was used to amplify a portion of cytochrome P450-like genes from genomic
DNA by using a degenerate pair of oligonucleotide primers (Invitrogen Life

Technologies) designed to the oxygen- and heme-binding motifs of these en-
zymes. The oligonucleotides 5"-TSCTSCTSATCGCSGGSCACGAGAC-3",
which corresponds to the oxygen-binding motif, and 5"-GCSAGGTTCTGSCC
SAGGCACTGGTG-3", which corresponds to the complementary sequence of
the heme ligand pocket (S # G or C), were used to amplify cytochrome P450
genes from several Rhodococcus spp. The primers were specifically designed to
accommodate the highly biased codon usage pattern found in Rhodococcus
strains. Conditions for amplification were identical to those used by Hyun et al.
(17). The PCR products were analyzed by agarose gel electrophoresis and pu-
rified from the gel by using standard techniques (32) and then cloned directly
into pGEM-T following the manufacturer’s guidelines.

The 350-bp PCR product from Rhodococcus sp. strain NCIMB 9784 was
radiolabeled with [$-32P]dCTP (3,000 Ci/mmol) by random priming using stan-
dard techniques (32). The labeled DNA was used to probe Southern blots of
genomic DNA from Rhodococcus sp. strain NCIMB 9784 which had been di-
gested with a number of different restriction endonucleases. However, even using
very stringent hybridization and washing conditions, multiple bands were visible
in each lane following autoradiography. In order to avoid the problem of mul-
tiple hybridization, a short oligonucleotide (P45) was designed from the DNA
sequence of the cloned PCR product derived from Rhodococcus sp. strain
NCIMB 9784 (5"-AGAACCGCGCGGTGTGGGAGGAGA-3") to act as a hy-
bridization probe. The oligonucleotide was radiolabeled by a kinase reaction
using T4 polynucleotide kinase and [%-32P]ATP (3,000 Ci/mmol) under standard
conditions (32) and purified using a NICK column (Amersham Pharmacia Bio-
tech, Uppsala, Sweden). Aliquots of genomic DNA from Rhodococcus sp. strain
NCIMB 9784 were digested to completion with either BclI, KpnI, or SmaI. The
digests were resolved by agarose gel electrophoresis and blotted onto Hybond-N
membrane (Amersham Pharmacia Biotech) by using the capillary flow method
(32). DNA was fixed to the membrane by using a UV cross-linker according to
the manufacturer’s guidelines (Stratagene). The blot was hybridized to the ra-
diolabeled oligonucleotide at 56°C for 48 h. The membrane was washed twice at
room temperature with 300 mM NaCl and 30 !M sodium citrate containing
0.1% (wt/vol) sodium dodecyl sulfate (SDS) for 20 min and twice at 56°C in 30

FIG. 1. Schematic representation of the different classes of cytochrome P450 systems. Class I systems comprise a FAD-containing flavodoxin
reductase, an iron-sulfur protein (ferredoxin), and the P450. The eukaryotic class I enzymes are associated with the mitochondrial membrane. In
a class II system, the P450 is partnered with a diflavin reductase, whereas in the class III system, the diflavin reductase is fused to the P450. We
propose that the new class IV system is made up of an FMN-containing reductase with a ferredoxin-like center linked to a P450 in a single
polypeptide. The N and C termini of the fused class III and IV systems are shown.
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A degenerate set of PCR primers were used to clone a gene encoding a cytochrome P450 (the P450RhF gene)
from Rhodococcus sp. strain NCIMB 9784 which is of unique primary structural organization. Surprisingly,
analysis of the translation product revealed that the P450 is fused to a reductase domain at the C terminus
which displays sequence conservation for dioxygenase reductase proteins. The reductase partner comprises
flavin mononucleotide- and NADH-binding motifs and a [2Fe2S] ferredoxin-like center. The gene was engi-
neered for heterologous expression in Escherichia coli, and conditions were found in which the enzyme was
produced in a soluble form. A recombinant strain of E. coli was able to mediate the O dealkylation of
7-ethoxycoumarin in good yield, despite the absence of any recombinant redox proteins. This unprecedented
finding leads us to propose that P450RhF represents the first example of a new class of cytochromes P450 in
which the reducing equivalents are supplied by a novel reductase in a fused arrangement.

The cytochromes P450 are a diverse group of heme-contain-
ing enzymes which catalyze a wide range of oxidative reactions.
They play a fundamental role in biochemistry, pharmacology,
and toxicology and have been the subject of intense research
ever since their discovery in 1958 (13). Substrates include nat-
ural compounds, such as steroids, fatty acids, pheromones,
leukotrienes, and prostaglandins, as well as drugs and carcin-
ogens. The primary chemical reaction catalyzed by these
monooxygenases involves the activation of molecular oxygen,
leading to the insertion of a single atom of oxygen into an
organic substrate with concomitant reduction of the other
atom to water. Electron equivalents are supplied by NAD(P)H
via different redox partners. The cytochromes P450 generally
fall into two broad classes, depending on the nature of the
auxiliary protein(s) (23) (Fig. 1). Class I P450s, which are
found on the membranes of mitochondria or in bacteria, are
three-component systems comprising a flavin adenine dinucle-
otide (FAD)-containing reductase, an iron-sulfur protein
(ferredoxin), and the P450. Class II cytochromes P450 are
two-component systems made up of an FAD-containing, flavin
mononucleotide (FMN)-containing NADPH-dependent cyto-
chrome P450 reductase and a P450. These are typified by the
liver microsomal enzymes in mammalian cells which are in-
volved in both steroid metabolism and detoxification pathways.

Probably the best characterized bacterial cytochrome P450 is
P450cam from Pseudomonas putida, which catalyzes the regio-
and stereospecific hydroxylation of (1R)-(!)-camphor to
5-exo-hydroxy camphor (28). The P450cam monooxygenase
system consists of three soluble proteins: putidaredoxin reduc-
tase; putidaredoxin, an intermediary iron-sulfur protein; and
the cytochrome P450cam. High-resolution X-ray crystal struc-

tures of P450cam have been determined for the both the sub-
strate-free (27) and camphor-bound (29) forms. An immense
amount of work has been carried out in studying the structure-
function relationships of this system, and indeed, P450cam has
now been established as the archetypal bacterial cytochrome
P450.

Despite the identification and cloning of an enormous num-
ber of cytochromes P450 from bacterial sources, there have
been very few examples which do not fall into the general class
I category of enzymes. An exception is the soluble fatty acid
"-hydroxylase from Bacillus megaterium, P450BM3, which is a
catalytically self-sufficient single-polypeptide enzyme contain-
ing binding sites for heme, FAD, and FMN in equimolar ratios
and requiring NADPH as a source of electrons (22). This
represents a fused system, made up of components of the
eukaryotic class II enzyme joined by a short linker region (14).
Because its primary structural organization is fundamentally
different from those of the eukaryotic class II enzymes,
P450BM3 is considered to constitute the first example of a
class III cytochrome P450 (20). Two further P450 enzymes
(CYP102A2 and CYP102A3) from Bacillus subtilis which dis-
play an overall organization similar to that of P450BM3 have
been identified (16). Recently, two membrane-bound eukary-
otic counterparts to P450BM3 have been cloned from Fusar-
ium oxysporum (18) and Fusarium verticillioides (34).

We are interested in characterizing novel cytochrome P450
activities from bacteria of the genus Rhodococcus, since they
are known to transform a wide range of xenobiotic compounds
(12). Many of these biotransformations involve the introduc-
tion of an oxygen atom at an unactivated center, a reaction
often catalyzed by a cytochrome P450. We are particularly
interested in isolating cytochrome P450 activities from Rhodo-
coccus sp. strain NCIMB 9784 (previously classified as Coryne-
bacterium sp. strain T1), which has been reported to mediate
several unusual oxidative reactions, including the hydroxyla-
tion of camphor at the 6-endo position (7). In common with
most other bacterial P450s, those from nocardioform actino-
mycetes are of the classical class I system. However, in this
paper we report the cloning and preliminary characterization
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communication). Furthermore, a gene which appears to en-
code a ferredoxin reductase activity has been cloned from this
organism (15). Therefore, within the same host both a class I
and the new class IV P450 system coexist.

One intriguing implication of this work is the possibility that
class I P450 enzymes may furnish electrons from sources other
than the previously recognized redox partners (i.e., the ferre-
doxin/ferredoxin reductase couple). Proteins homologous in
sequence to the C-terminal reductase portion of P450RhF are
found in a diverse range of microorganisms. For example, a
hypothetical oxidoreductase from M. tuberculosis CDC1551
(accession number AAK47165), identified as a result of a
whole-genome sequencing project, displays 34% identity to the
C-terminal region (residues 445 to 773) of P450RhF (align-
ment not shown). In the present paper, an oxidoreductase of
this type has been implicated in functioning as a redox partner
to a P450 by virtue of a natural gene fusion. We therefore
speculate that in M. tuberculosis CDC1551, the electron trans-
fer protein may act as redox partner to one or more of the 20
known P450 enzymes from this strain. Indeed, this could con-
stitute yet another class of cytochrome P450 system in which
the P450 and P450RhF reductase-like elements are encoded by
discrete genes.

Within the area of biocatalysis, there is enormous interest in
generating efficient P450 enzymes with tailored substrate spec-
ificities. A major obstacle to achieving this goal has been the
complexity of an enzyme system involving auxiliary redox pro-
teins for delivering electrons to the catalytic center. Efforts to
construct artificial self-sufficient P450 catalytic systems have
mainly focused on membrane-bound enzymes (31, 38), al-
though there are examples of class I triple fusions (4, 35). De-
spite being of immense interest, this approach has not proved
successful in producing enzymes with catalytic utility. It would
be intriguing to investigate the possibility of generating chime-
ric proteins by genetically fusing different P450 enzymes to the
reductase portion of P450RhF. If successful, this could provide
a means of generating novel enzymes with potentially high
catalytic activity due to the fused arrangement of redox part-
ners. A similar approach, in which chimeric proteins were formed
by fusing a P450 to the diflavin reductase of P450BM3, has
generally been unsuccessful, since in most cases the pathway of
electron relay failed to function effectively (S.K. Chapman, per-
sonal communication). However, the interaction of the P450RhF
reductase with its P450 partner may be naturally more mallea-
ble to manipulation, enabling the P450 domain to be swapped
without necessarily hindering the electron transfer process.
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Whole cell processes 

rCYP2D6 

With Bruno Bühler & Andreas Schmid, TU Dortmund 
Braun et al., Microbial Cell factories 2012 



Whole cell catalyst stability 
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Progestosterone hydroxylation by Y. 
lipolytica CYP3A4/hCYPR 
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            Gene coexpression 
!  Dimeric protein (Antibodies) 
!  Enzyme + redox partner 

(CYP+CPR) 
!  Folding helper 

(GOI+chaperone, PDI...) 
!  Metabolic pathways 
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