
Recent developments in the application of P450 based
biocatalysts
Yifeng Wei1, Ee Lui Ang1 and Huimin Zhao1,2,3

Available online at www.sciencedirect.com

ScienceDirect
Cytochrome P450 monooxygenases (P450s) catalyze

regioselective and stereoselective oxidative modifications of a

wide variety of substrates, and are involved in the biosynthesis

of many natural products. Despite the complex requirements of

the P450 reaction system and its intransigence to recombinant

expression, the promise of harnessing P450 reactivity for the

industrial-scale production of specialty chemicals has led to

much effort invested in P450 engineering. Here we review

recent developments (between 2015 and 2017) in the

application of P450s and their engineered variants as

biocatalysts. We describe strategies for the reconstitution of

P450 activity in heterologous microbial hosts, and the

expanding repertoire of non-natural reactions catalyzed by

engineered P450s.
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Introduction
Cytochrome P450 monooxygenases (P450s) are a large

superfamily of enzymes that catalyze the oxidative mod-

ification of a diverse range of substrates, with functions

including biosynthesis of sterols and secondary metabo-

lites, and detoxification in the liver [1]. All P450s contain a

heme cofactor, and their name refers to the strong absorp-

tion peak at 450 nm observed when the reduced cofactor

binds CO. The proximal face of the heme cofactor is

ligated to a conserved Cys residue, while substrate bind-

ing and O2 activation occurs on the distal face. P450s
www.sciencedirect.com 
commonly catalyze substrate hydroxylation, but also carry

out a range of other oxidative reactions. Substrate binding

triggers a sequential reaction of the heme cofactor with

electrons and O2 from a cognate cytochrome P450 reduc-

tase (CPR) to generate ‘Compound I’, a transient inter-

mediate responsible for substrate oxidation. Its high

reactivity enables cleavage of even inert C–H bonds

[1] (Figures 1 and 2).

Because of their role in catalyzing regioselective and

stereoselective oxidations of structurally complex inter-

mediates in natural product biosynthesis, there is great

interest in incorporating P450s into engineered pathways

in microbial hosts to enable industrial production of

value-added products. A prominent example is the engi-

neering of yeast to produce artemisinic acid [2], a precur-

sor of the antimalarial drug artemisinin. However, achiev-

ing soluble expression and recombinant activity of P450s

is notoriously challenging.

Despite their mechanistic complexity, there has been

remarkable success in using directed evolution to engi-

neer P450s for regioselective and stereoselective hydrox-

ylation of non-natural substrates [3]. More recently, pio-

neering research in the laboratory of Frances Arnold [4]

has led to an explosion of research on P450-based catalysis

of non-natural reactions. These employ carbene and

nitrene species, inspired by synthetic organic chemistry,

to stereoselectively forge C–C and C–N bonds.

This review covers the advances over the last two years

(2015–2017), in the application of P450 catalysis for the

production of chemicals of interest, focusing on strategies

for achieving P450-mediated natural products biosynthe-

sis in heterologous hosts, and on progress in the engineer-

ing of P450s to carry out non-natural chemistry.

Achieving P450 activity in microbial hosts
Bacterial P450s

Microbial production of many natural product pharma-

ceuticals requires the action of one or more P450s, which

often form the bottleneck of the biosynthetic pathway,

and are targets for engineering to improve yields [5,6].

Kern and coworkers [7�] studied the final biosynthetic

step for the cancer drug epothilone, an epoxidation cata-

lyzed by the P450 EpoK. After screening several native

and heterologous ferredoxin (Fdx) systems, efficient elec-

tron transfer was achieved with the low reduction poten-

tial Synechocystis Fdx, which was also reported to support

high activity of other P450s [8–10]. Kern and coworkers
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Biosynthesis of many natural products requires the action of one or more P450s (named in red). (a) The final step in the biosynthesis of epothilone

B involves epoxidation of epothilone D by the P450 EpoK. High in vitro activity was supported by the low potential Synechocystis Fdx. (b)

Oxidation of L-tyrosine to L-DOPA can be catalysed by beet CYP76AD1, facilitating the biosynthesis of (S)-reticuline, a key intermediate in the
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further tested eleven P450s from related bacteria, and

observed the formation of new and previously isolated

epothilone derivatives. Interestingly, for one of the

P450s, changing the redox partners resulted in an altered

product distribution, suggesting that the efficiency of

electron transfer also affects reaction selectivity. Park

and coworkers bypassed the enzymatic reduction system

by using eosin Y as a photoreductant, which supported the

activity of several P450s in live bacteria [11].

Plant P450s in yeast

In contrast to many bacterial and fungal natural products,

which rely on modular assembly-line PKS and NRPS

complexes, the lengthy P450-dependent biosynthetic

pathways for plant terpene-derived and alkaloid-derived

natural products often involve enzymes in different cell

types and subcellular compartments, as exemplified by

the biosynthesis of the anticancer drug precursor vindo-

line [12]. This makes it difficult to reconstitute entire

plant biosynthetic pathways in a single host.

DeLoache and coworkers [13�] reported the yeast pro-

duction of (S)-reticuline, an intermediate in the biosyn-

thesis of benzylisoquinoline alkaloids, such as codeine

and morphine. To increase production of the first biosyn-

thetic intermediate L-3,4-dihydroxyphenylalanine (L-

DOPA), the generation of fluorescent betaxanthin cata-

lyzed by DOPA-4,5-dioxygenase was used as a DOPA

biosensor, which enabled the identification of beet

CYP76AD1 as a promising candidate for Tyr hydroxyl-

ation [14], and facilitated further engineering of the

enzyme. Assembly of a seven-enzyme pathway in yeast,

involving another P450 N-methylcoclaurine hydroxylase,

enabled (S)-reticuline production from Tyr. An alterna-

tive pathway engineered by Trenchard and coworkers

[15] achieved (S)-reticuline production de novo.

Unlike the soluble cytosolic bacterial P450 systems, plant

P450s and CPRs are localized to the endoplasmic reticu-

lum (ER) membrane by a hydrophobic N-terminal

domain, making them challenging to reconstitute in

microbial hosts. Using yeast, Galanie and coworkers

[16] engineered a pathway including the P450 canadine

synthase (CAS) to convert the reticuline precursor, nor-

laudanosoline, into berberine; while Trenchard and

coworkers [17��] engineered a pathway including four

P450s to convert norlaudanosoline, through several alka-

loid intermediates, to sanguinarine. Fluorescence micros-

copy of yeast expressing green fluorescent protein (GFP)-

tagged cheilanthifoline synthase (CFS), the first P450 in

the sanguinarine pathway, revealed heterogeneity in CFS

expression, with increased expression from a high copy
(Figure 1 Legend Continued) benzylisoquinoline alkaloid pathway, in yeast

cheilanthifoline synthase (CFS). (d) The berberine branch involves the P450 

taxol involves an allylic hydroxylation with double-bond migration catalysed
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plasmid resulting in plasmid loss and lower product

yields, as also observed for CAS. High P450 expression

led to abnormal ER morphology, with localized fluores-

cent patches suggestive of ER stress.

The authors tested CAS and CFS from several species

and observed wide variation in activities. The Arabidopsis
CPR ATR1, but not the yeast CPR, functioned as a

generalizable CPR to support plant P450 activity in yeast,

as also observed for cinnamic acid hydroxylase C4H in

resveratrol biosynthesis [18]. Zhao and coworkers [19]

reported that C-terminal ATR1 fusion increased P450

activity and increased cell growth as a result of decreased

reactive oxygen species generation, leading to higher

yields in a yeast strain producing protopanaxadiol.

Expression of the multi-P450 sanguinarine pathway led to

a decrease in growth rate, possibly due to ER stress [17��].
A strategy for accommodating multiple P450s in the yeast

cell, presented by Arendt and coworkers [20], involved

disruption of the phosphatidic acid phosphatase PAH1,

leading to a dramatic expansion of the ER. Increased

P450 activity resulted in increased yield of oxygenated

triterpenoids, including medicagenic acid, which requires

oxidation by three different P450s.

Plant P450s in bacteria

Early lack of success in engineering plant P450-depen-

dent pathways in Escherichia coli (E. coli) was attributed to

the lack of an endomembrane system for attachment of

the eukaryotic P450s, leading to a shift towards yeast.

Ajikumar and coworkers [21��] cast doubt on this assump-

tion by systematically engineering taxadiene-5a-hydrox-
ylase, the first of eight P450-mediated reactions in taxol

biosynthesis, in a taxadiene-overproducing E. coli strain,

achieving a record yield of 570 mg/L of oxygenated

taxanes.

Several non-intuitive observations contrasted the behav-

ior of the P450 system in vitro [22,23] and in vivo [21��]. In

E. coli, P450-CPR fusion decreased product yields, and in

fact lower CPR to P450 ratios were favorable, mimicking

the situation in nature. N-terminal hydrophilic modifica-

tion of the P450 and CPR relieved cellular stress but

decreased yields, possibly because membrane association

promotes interaction of the P450 with the CPR or hydro-

phobic substrate. The yield was maximized by low-level

expression of the P450 system, and transcriptomic/prote-

omic studies revealed that high P450 expression

decreased translation of upstream enzymes, possibly

due to monopolization of protein production machinery.
. (c) The sanguinarine branch involves three additional P450s, including

canadine synthase (CAS). (e) Conversion of the terpene taxadiene to

 by taxadiene-5a-hydroxylase CYP725A4.
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Figure 2
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A host of new non-natural P450-catalyzed reactions have been reported in recent years. (a) By engineering P450s from various organisms, the

substrate and product scope of P450-catalayzed carbene-mediated cyclopropanation has increased, allowing the synthesis of several

pharmaceutical intermediates. (b) Heme-based carbene chemistry has also been extended to the first biological formation of a C–Si bond. (c)

Carbonazidates were introduced as donors for P450-mediated intramolecular nitrene C–H insertion, enabling the synthesis of precursors to chiral

amino alcohols. (d–g) Several new enzymes capable of intermolecular C–N bond formation were reported, including allylic amine synthesis by

sigmatropic rearrangement of a sulfimide intermediate, direct intermolecular aziridination and direct intermolecular benzylic C–H bond insertion. (h)

Non-native metals, prominently Ir, have been incorporated into P450s, and can catalyze challenging reactions, including carbene C–H insertion.
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Inventing new P450 chemistry
P450 carbene chemistry

In the earliest example of P450-mediated carbene chem-

istry, the model P450 BM3 was engineered for alkene

cyclopropanation using ethyl diazoacetate as a carbene

donor [4]. Since then, other P450s and hemoproteins have

been engineered for asymmetric synthesis of cyclopro-

pane-containing pharmaceutical precursors, including

Levomilnacipran, Ticagrelor [24], Tranylcypromine,

Tasimelteon, and a TRPV1 inhibitor [25]. Gober and

coworkers studied a panel of sixteen structurally diverse

P450s and found that, remarkably, all sixteen catalyzed

styrene cyclopropanation, providing more scaffolds for

engineering [26]. Gober and coworkers also demonstrated

the use of thiopeptide biosynthetic P450s for efficient

cyclopropanation of dehydroalanine-modified substrate

analogs, as examples of unnatural ‘tailoring’ reactions [27].

P450s possess safety mechanisms such as substrate-trig-

gered reactivity, and electron transfer pathways proposed

to quench aberrant species [28,29]. These features are so

far absent in the engineered enzymes. Renata and

coworkers [30�] reported that scaling up the cyclopropa-

nation reaction in bacterial cells at high substrate con-

centrations led to catalyst degradation, resulting in

decreased yield and stereoselectivity. Experiments on a

purified P450 BM3 mutant revealed two causes: heme N-

alkylation leading to Fe loss, and alkylation of nucleo-

philic amino acid residues. Mutagenesis of affected resi-

dues led to a mutant with a twofold increase in total

turnover number (TTN).

A stunning example of P450 carbene chemistry is the

enzymatic C–Si bond formation, through carbene inser-

tion into a Si–H bond [31��]. Silanes, though prominent as

intermediates in organic synthesis, are absent in the

biological repertoire. After initial tests, cytochrome c from

Rhodothermus marinus was selected for further develop-

ment. Mutagenesis of the distal Met ligand, followed by

directed evolution, led to an enantioselective catalyst

with TTN more than 15 times that of the best synthetic

catalysts for this reaction.

P450 nitrene chemistry

In biology, C–N bonds are typically formed via nitrogen

nucleophiles. An exception is the unusual P450 TxtE,

which catalyzes the C4 nitration of L-Trp through a

nitrogen electrophile generated from NO and O2, and

has been a subject of enzyme engineering [32–34]. P450

nitrene chemistry offers a more general mode of reactivity

via electrophilic nitrogen.

Sulfonyl azides were the first P450 nitrene donors, under-

going intramolecular C–H insertion to form chiral sul-

tams. Singh and coworkers [35�] reported an analogous

reaction using carbonazidates to generate chiral oxazoli-

dinones, which are precursors to chiral amino alcohols.
www.sciencedirect.com 
For allylic C–H insertions, scrambling of the double-bond

geometry in the product demonstrated a long-lived allylic

radical intermediate, suggesting a stepwise reaction

involving C–H abstraction followed by radical rebound,

analogous to P450-mediated hydroxylation. Kinetic iso-

tope effect measurements suggested that C–H cleavage

was rate-limiting. Alkyl azides were also investigated, and

were found to form aldehydes/ketones [36].

Electron-deficient nitrenes, derived from sulfonyl azides,

are rapidly reduced to sulfonamides in an ‘uncoupling’

reaction. To achieve intermolecular coupling, initial stud-

ies used electron-rich sulfides as acceptors, intercepting

the nitrene to form sulfimides. Prier and coworkers [37]

went a step further by engineering a P450 that accepts

bulkier allylic sulfides, generating chiral allylic sulfimides

that undergo a spontaneous sigmatropic rearrangement to

give chiral allylic amines.

Direct intermolecular C–N bond formation by aziridina-

tion of alkenes is challenging due to the lower reactivity

and solubility of many alkenes. To facilitate alkene

binding, Farwell and coworkers [38�] carried out directed

evolution of the substrate binding pocket of a P450 BM3

derivative, achieving asymmetric aziridination of a variety

of alkenes. Even more challenging is the intermolecular

nitrene insertion into unreactive C–H bonds. Prier and

coworkers [39�] engineered a version of P450 BM3 to

carry out asymmetric benzylic C–H amination on a range

of substrates. The catalyst carried out 1300 turnovers in

whole cells, exceeding the highest turnover number

reported for chiral synthetic catalysts.

Axial ligand mutants

Heme reactivity is greatly influenced by axial ligand

coordination, and mutation of the P450 BM3 proximal

Cys to Ser stabilized the Fe(II) state, decreasing compet-

ing O2 activation, and increasing cyclopropanation activ-

ity [40]. Subsequent studies showed that the optimal

ligand for cyclopropanations and aminations is His and

Ser respectively. Other heme proteins, such as myoglo-

bin, contain a proximal His and have been engineered to

carry out a range of related chemistries [41–46].

McIntosh and coworkers [47] showed that for the ther-

mostable Sulfolobus acidocaldarius CYP119, the proximal

Cys could be substituted with any other amino acid

without abrogating solubility and heme incorporation.

A crystal structure of the C317H mutant revealed that

the bulky His caused a large rearrangement of the ligand-

bearing loop and global changes to accommodate a tilt of

the porphyrin ring, showing the adaptability of the P450

fold.

Unnatural cofactors

Stable coordination by the macrocyclic protoporphyrin IX

(PIX) ligand provides a way to introduce new metals into
Current Opinion in Chemical Biology 2018, 43:1–7
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P450s. In initial studies on myoglobin [48,49], Ir(Me)-PIX

emerged as a promising cofactor for carbene chemistry.

The Me ligand was accommodated by mutating the axial

ligand to Gly. Sulfolobus solfataricus CYP119 was later

identified as a promising scaffold [50��], and the engi-

neered Ir-P450 catalyzed the challenging asymmetric

intramolecular carbene C–H insertion, with kinetics com-

parable to many native P450s. Ir-P450s were also engi-

neered to carry out intramolecular C–H amination [51,52]

and cyclopropanation reactions. Further exploration of

unnatural cofactors could be facilitated by P450s that

selectively incorporate unnatural PIX derivatives, as

demonstrated by Reynolds and coworkers [53], who

engineered a P450 BM3 variant that selectively incorpo-

rates Fe-deuteroporphyrin IX.

Conclusions and future perspectives
The increasing proficiency of integrating P450s into

biosynthetic pathways in microbial production hosts,

coupled with bioinformatics-aided discovery of new

P450-dependent pathways, promises to enable indus-

trial-scale production of an increasing variety of natural

products of interest by microbial fermentation. In addi-

tion, P450s have emerged as a privileged scaffold for

engineering non-natural reactions. Further investigation

of heme ligation and incorporation of new metals and

ligands will lead to improved catalyst efficiency and stabil-

ity, and expand the scope of substrates and reaction types.
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