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Cytochrome P450: taming a wild type enzyme
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Protein engineering of cytochrome P450 monooxygenases
(P450s) has been very successful in generating valuable non-
natural activities and properties, allowing these powerful
catalysts to be used for the synthesis of drug metabolites and in
biosynthetic pathways for the production of precursors of
artemisinin and paclitaxel. Collected experience indicates that
the P450s are highly ‘evolvable’ —they are particularly robust to
mutation in their active sites and readily accept new substrates
and exhibit new selectivities. Their ability to adapt to new
challenges upon mutation may reflect the nonpolar nature of
their active sites as well as their high degree of conformational
variability.
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Introduction

Cytochrome P450 monooxygenases (CYPs or P450s) are
heme-containing enzymes that use molecular oxygen and
the hydride donor NAD(P)H (coupled via redox partners)
to effect the overall oxidative insertion of one oxygen
atom into an organic substrate. Oxidation is manifested as
hydroxylation, epoxidation, dealkylation, and other trans-
formations and is carried out in a regioselective and
stereoselective manner. Selective C—H functionalization
at unactivated carbons — one of the most challenging
reactions in synthetic chemistry — is conducted under
mild conditions by these impressive biocatalysts [1].
P450s are responsible for steps in the biosynthesis of
valuable natural products such as the anti-cancer drug
paclitaxel and the anti-malaria drug artemisinin [2].
Additionally, they are crucial for metabolism of drugs
and toxins [3].

P450s could have wide-ranging applications in the pro-
duction of drugs and drug metabolites or as catalysts

in other chemical processes; they could also serve as sen-
sors or bioremediation agents [4-7]. Despite their unique
catalytic capabilities, however, only a limited number
have been exploited in preparative chemical reactions
or industrial chemical processes [8]. Many natural P450s
arc insoluble (they are often membrane-associated),
expressed at low levels, and exhibit activity insufficient
for practical biocatalysis. To expand the applications and
enhance the utility of P450s, it will be necessary to
improve catalytic properties: substrate scope, selectivity
(regio and stereo), activity (1"T'N (total turnover number),
ke, Knp), Inhibition, and coupling efficiency (ratio of
substrate reacted to NAD(P)H cofactor consumed,
expressed as mol%). Particularly challenging is achieving
high coupling efficiency (ideally close to 100%), which is
severely compromised (often less than 10%) when P450s
are presented with novel substrates. Uncoupling wastes
expensive reduced cofactors and leads to generation
of reactive oxygen species and enzyme inactivation.
Improvements also may be sought for physical properties
such as thermostability, solvent tolerance, oxidative
stability, and substrate and product tolerance [8]. Further-
more, P450s may require multiple protein redox partners,
and reconstituting the entire system can be tricky. These
daunting challenges for optimizing P450s in new appli-
cations have been the focus of recent protein engineering
efforts.

P450s can be engineered using both rational and evol-
utionary approaches [4-6,9°]. Rational approaches are
characterized by the deliberate mutation of one or more
amino acids based on mechanistic or structural infor-
mation. Obtaining detailed information for P450s, how-
ever, may be very difficult, since these enzymes are
notoriously hard to crystallize and furthermore require
additional protein partners and cofactors for activity.
Directed evolution has thus become a valuable comp-
lementary tool in P450 engineering [10]. Here, mutations
are introduced in a random or semi-random manner, for
example, by site-saturation mutagenesis at residues
thought to be important for the desired property, and
the resulting mutant P450s are screened for enhancement
of that property or set of properties. Although most
random mutations are either neutral or deleterious, a
small percentage (the specific value depends on the
protein and property targeted) may be advantageous
[9°]. These mutations are accumulated in an iterative
process or by recombination until the functional goal is
met (or not).

In this review, we examine examples of P450 engineering
with emphasis on the past two years. One goal is to
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Table 1

Examples of recent P450 engineering

P450 Substrate Optimization goal Ref.

P450 BM3 Linear and cyclic terpenes, cycloalkanes Hydroxylation [21°,22]

P450 BM3 Steroids, opiate alkaloids, peralkylated Dealkylation and hydroxylation [23°,29]
monosaccharides

P450 BM3 Lovastatin, resveratrol, phenacetin, Hydroxylation and dealkylation [24-26]
ethyoxyresorufin, simvastin

P450 BM3 Verapamil, astemizole Production of human metabolites via [277]

hydroxylation and dealkylation

P450 BM3 Cyclopentenones, ibuprofen methyl ester, Hydroxylation and demethylation [28]
Corey lactones, 5-phenyloxazoline

P450 BM3 Dopamine Binding for MRI contrast [30]

P450 BM3 Amorphadiene Epoxidation [32°]

P450 BM3 Propylbenzene, 3-methylpentane, fluorene, Increased coupling efficiency and activity [33,34]
(+)-a-pinene

P450pyr N-benzylpyrrolidine Enantioselective hydroxylation [35°]

Vdh, CYP105A1 Vitamin D3 (VD3) Increased activity for two sequential [36,37]

hydroxylations to produce 1«,25(0H),VD3
P450 BM3 + CYP4C7 Farnesol Regioselective hydroxylation [38]
(chimera)
Taxus P450 Taxadiene Hydroxylation with alkene migration within [47°°]

a metabolic pathway

illustrate how readily these enzymes are able to adopt
new functions, such as the ability to accept a new sub-
strate. Another is to offer some ideas as to why these
particular enzymes are so adaptable. We initially focus on
P450 BM3 (also known as CYP102A1l) from Bacillus
megaterium, as it has been the target of the most engin-
eering efforts. We then examine selected studies of other
P450s, which have been engineered for a variety of
biocatalytic applications using mutagenesis or by gener-
ating self-sufficient P450s that mimic the natural fusion of
the hydroxylase and reductase domains in P450 BMa3.
Some engineered P450s have been incorporated into
metabolic pathways for iz vive synthesis of natural pro-

ducts (Table 1).

Properties of the P450s that facilitate their
ability to adapt

It appears that some proteins are more easily endowed
with new functions in the laboratory than others; these
have been called more ‘evolvable’. Evolvable proteins
include immunoglobulins, HIV proteases, chaperone
proteins, and enzymes in the alkaline phosphate and
glutathione transferase superfamilies [11,12]. One thing
these proteins all share is natural functional diversity:
nature discovered an adaptable framework and diversified
it widely through mutation and selection. The cyto-
chrome P450s are a functionally diverse enzyme family
with more than 11,000 known members (Box 1) that
contribute to catabolism of a wide range of xenobiotics
and production of large numbers of secondary metabolites
including terpenes, fatty acids, and alkaloids. It is not
surprising therefore that P450s adapt readily and take on
new functions in the laboratory. Although functional
diversity in the natural enzyme family is a useful
rule-of-thumb for predicting evolvability, the structural

basis and mechanisms of evolvability are still largely
speculative. Important for evolvability, however, is the
ability to accept mutations in the first place (mutational
robustness) [13]. Even though P450s are not exception-
ally stable enzymes, their active sites are highly accepting
of mutations with respect to maintaining both the folded
structure and catalytic competence. This mutational
robustness reflects the central role of the iron-heme
prosthetic group in enzyme reactivity, and probably also
reflects the nonpolar nature of the active site and/or its
unusual conformational variability.

P450 active sites possess a greater degree of confor-
mational variability than the active sites of other enzymes
[14°], and this property may aid in the ability of the P450s
to tolerate more mutation in this region. Active site

Box 1 Online collections of data relevant to P450 engineering

http://drnelson.uthsc.edu/cytochromeP450.html ‘The Cytochrome
P450 Homepage’ compiled by David R Nelson includes sequences
and collections of presentations and publications. As of the latest
statistics update on August 20, 2009, the site listed 11,294 known
P450 sequences, and sequences continue to be listed at a rapid
pace.

http://www.cyped.uni-stuttgart.de ‘The CYP450 Engineering Da-
tabase’ developed at the University of Stuttgart includes se-
quence and structure data for numerous P450s. Downloadable
PDB files are available for structures of wild-type and mutant
enzymes [49].

www.muteindb.org ‘MuteinDB’ developed at Graz University of
Technology is a database of wild-type and mutant enzymes
(muteins) that includes experimental data on substrates, kinetic
parameters, and other properties of interest for applications. This
database includes extensive datasets for P450 BM3, CYP2D6, and
CYP3A4.
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conformational variability is well established in the P450s,
which exhibit major conformational changes [15] and
repositioning of active site residues upon substrate bind-
ing [16,17]. Examples are CYP3A4 and CYP2B4, whose
substrate-binding-induced conformational changes have
been investigated by X-ray crystallography [16]. Confor-
mational variability enables structural changes to take
place in the active site upon substrate binding, molecular
oxygen binding, and reduction of the heme-bound iron
atom during catalysis. This malleable P450 active site
could also experience less mutational disruption than a
more rigid structure.

The ability to tolerate conformational and mutational
changes may also be a result of the non-polar nature of
the amino acids in the active site. We visualize the P450
active site as consisting of the reactive iron-heme and a
greasy distal cavity, the majority of whose residues make
up a relatively amorphous, conformationally variable
agglomeration. Because it is relatively weak van der
Waals interactions that tend to be disturbed when various
conformations are accessed rather than stronger and more
directional bonds such as hydrogen bonds or salt bridges,
conformational changes readily occur. These weak inter-
actions may also facilitate the enzyme’s ability to accept
mutations in residues in the substrate binding pocket. If
one of the non-polar amino acids is replaced with a similar
non-polar amino acid, the interactions that are disturbed
tend to be weak ones that are less likely to disrupt global
protein stability. Figure 2(a) shows the active site residues
that tolerate mutation in P450 BM3: most of the non-polar
ones have been individually mutated in active variants,
typically to other non-polar amino acids.

Tokuriki and Tawfik have proposed a general mechanism
for why conformationally variable proteins can more
easily adopt new functions [18°]. Transiently stable con-
formations inherent to a protein are each endowed with
different substrate specificities and other properties.
Mutations can alter the relative stabilities and therefore
the equilibrium distributions of these transient confor-
mations as well as provide access to new ones. Proteins
with greater conformational variability are thus able to
find conformations that accept new substrates or catalyze
other reactions.

Engineering P450 BM3

P450 BM3 possesses favorable properties that make it an
attractive target for engineering [19]. This soluble bac-
terial enzyme is naturally fused to its reductase and
expresses well in E. co/i. It is also highly active: the
hydroxylation of arachidonic acid catalyzed by P450
BM3 is the most rapid P450-catalyzed hydroxylation
known (4, = 17,000 min~ ') [20]. Thus, P450 BM3 has
been the target of many mutagenesis studies, whose
combined results amply demonstrate its ability to adapt
to accept new substrates (Figure 1). Protein engineering

Figure 1
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P450 BM3 has been engineered to hydroxylate a broad spectrum of
molecules of different molecular weights. Molecular weights range from
30 for ethane (1) to 330 for 11-a-hydroxyprogesterone (4). Propane (2)
and ibuprofen methyl ester (3) are also readily hydroxylated. Arrows
denote sites of hydroxylation.

studies of P450 BM3 reveal that mutants 1) can be
endowed with new and differentiated substrate scopes,
2) can exhibit regioselectivity and enantioselectivity on
new substrates, and 3) can be engineered to be highly
selective and active toward new substrates. Furthermore,
increases in P450 activity are often accompanied by
increased coupling efficiency and selectivity.

Directed evolution of P450 BM3 for activity on non-
native substrates often yields libraries of mutants that
exhibit a range of new substrate specificities and selec-
tivities. Mutagenesis targeted to the P450 BM3 active
site, for example, generates variants that have few
mutations but nonetheless display differentiated sub-
strate scope. Pleiss and co-workers mutated just two
amino acids in the active site, F87 and A328, to create
a library of 24 mutants with non-polar amino acids (A, V,
F, L, and I) at these two positions. The library included
members with measurable activity on a variety of linear
terpenes, cyclic monoterpenes, and cyclic sesquiterpenes
[21°]. Members of this library also exhibited hydroxyl-
ation activity on cyclooctane, cyclodecane, and cyclodo-
decane [22]. When measured as percentage conversion, a
different mutant proved to be most active on each of
those three substrates. In a separate study, combinatorial
alanine incorporation in the enzyme’s active site created a
library of P450 BM3 mutants that collectively accepted a
variety of larger substrates, including steroids, opiate
alkaloids, and peralkylated monosaccharides [23°].
Finally, three separate studies on a small library of 17
P450 BM3 mutants showed that various members
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hydroxylated and/or dealkylated many bioactive com-
pounds including resveratrol, phenacetin, ethoxyresoru-
fin, lovastatin, and simvastin [24-26]. Sawayama e/ al.
described a collection of P450 BM3 mutants created by
random mutagenesis, site-saturation mutagenesis, and
structure-guided recombination with P450 BM3 homo-
logs CYP102A2 and CYP102A3 that hydroxylated a
variety of drugs and drug candidates [27°]. Together,
members of this collection of only 120 P450 BM3 mutants
produced 12 out of 13 human metabolites of the drugs
verapamil and astemizole.

Although active mutants of P450s readily exhibit (gener-
ally low) activity on an expanded range of substrates,
individual mutants can also possess regioselectivity and
enantioselectivity. When establishing a novel chemo-
enzymatic two-step fluorination process, for example, Ren-
tmeister ¢/ al. screened Sawayama’s collection of active
P450 BM3 mutants for hydroxylation and demethylation of
privileged bioactive compound classes including cyclopen-
tenones, ibuprofen, Corey lactones, and 5-phenyloxazoline
derivatives [28]. Activity was found for each of these
classes, and library members exhibiting high regioselec-
tivity and enantioselectivity and yield were used for pre-
parative-scale reactions without further optimization.
Lewis et al. screened a similar collection of P450 BM3
mutants for demethylation activity on permethylated
monosaccharide derivatives of glucose, mannose, and
galactose [29]. In this case, they found individual mutants
that removed one methyl in the presence of similar func-
tionalities on several other positions, demonstrating excel-
lent regioselectivity. They in fact identified P450 BM3
variants that could catalyze regioselective demethylation at
nearly all the possible regiomeric O-methyl groups.

Mutants with activity toward a new substrate can be made
more active, substrate-specific, and regioselective and
enantioselective upon further rounds of directed evolution.
The P450 BM3 mutants that catalyzed regioselective
demethylation of permethylated monosaccharides, for
instance, were subjected to additional rounds of mutagen-
esis and screening for regioselectivity, resulting in
increased regioselectivity and yield (up to 100% selectivity
in the case of O-3 demethylation of B-pentamethyl galac-
tose and 98% isolated yield) [29]. In another study, the P450
BM3 heme domain was engineered to selectively recognize
dopamine for functional MRI imaging in the brains of living
rats [30]. Five rounds of random mutagenesis and screening
produced a P450 BM3 mutant with ~300-fold increased
affinity for dopamine compared to wild-type P450 BM3 and
greatly reduced affinity to the excellent substrate of wild-
type P450 BM3, arachidonic acid.

We have observed that directed evolution leading to high
T'TN with a new substrate is accompanied by greater
coupling efficiency, substrate specificity, and regioselec-
tivity. This correlation was observed during the evolution

of P450 BM3 to hydroxylate propane [31]. As T'T'N on
propane increased over many generations of directed
evolution, coupling efficiency with this substrate
increased from less than 10% to 98%. T'TN is sensitive
to uncoupling, which results in formation of reactive
oxygen species and enzyme deactivation. Thus forcing
the enzyme to increase 'T'T'N on propane also optimized
cofactor utilization and reduced NADPH oxidase activity.
Substrate specificity was also strongly affected by the
continued evolution of propane activity. By the time the
T"I'N on propane reached >45,000 in the newly-evolved
propane hydroxylase, laurate hydroxylation was not
detectable and the T'TN for palmitate hydroxylation
had fallen to less than 150 T'T'N, or <0.5% of the value
in wild-type P450 BM3. Thus substrate specificity was
completely refocused from fatty acids to propane, even
though the directed evolution included no negative selec-
tion against activity on fatty acids [31].

In general, evolution finds the easiest, or most probable,
path to achieve a given functional goal. Thus while it may
be possible to make an enzyme that is highly active on
very different substrates, there are apparently more
solutions to increasing activity on one at the cost of
activity on others when the activity gets high enough.
Conversely, because total activity as measured by T'T'N is
related to coupling efficiency through enzyme deactiva-
tion, these two properties move hand-in-hand. Thus
increasing T'I'N seems to be an excellent route to
improving coupling efficiency.

Two recent studies demonstrate a positive correlation
between increasing P450 BM3 oxidation activity (as
measured by rate of product formation) and increasing
coupling efficiency on non-natural substrates. Engineer-
ing of P450 BM3 for epoxidation of amorphadiene by site-
directed mutagenesis (R47L and Y51F, located in the
substrate access channel) increased coupling efficiency
from 35% to 63% and epoxidation rate from ~8 to
30 min~" [32°]. In another study, a proline substitution
at residue 401 (I401P) was found to increase coupling
efficiency for the oxidation of non-natural substrates
[33,34]. For the conversion of propylbenzene, 3-methyl-
pentane fluorene, and (+)-a-pinene, the mutation
increased both coupling efficiency and activity. For
example, the rate of hydroxylation of fluorene increased
from 0.1 to 188 nmol per min per nmol enzyme, and was
accompanied by an increase in coupling efficiency from
0.9% to 26%.

Most mutations are destabilizing, and mutations that
enhance other properties not directly coupled to stability
are also mostly destabilizing. Thus, if an evolving enzyme
is only barely stable, nearly any mutation beneficial for the
desired property would be lost owing to its negative effect
on folding. High stability allows an enzyme to accept a
wider range of mutations while still maintaining a properly

Current Opinion in Biotechnology 2011, 22:809-817

www.sciencedirect.com



Cytochrome P450: taming a wild type enzyme Jung, Lauchli and Arnold 813

folded conformation. It has therefore proven useful to
incorporate stabilizing mutations into P450 BM3 mutants
before conducting additional random mutagenesis. This
strategy was employed in the previously mentioned study
on combinatorial alanine incorporation in the P450 BM3
active site, where six thermostabilizing mutations were
introduced into an active mutant used as a starting point for
directed evolution [23°]. These stabilizing mutations were
known from previous directed evolution studies on P450
BM3, and were located throughout the enzyme. Their
introduction increased the half-life of a promiscuous
mutant of P450 BM3 called 9-10A from 3 min to
136 min at 50 °C. This stabilization enabled the incorp-
oration of an average of 3.9 alanines per mutant with 65% of
clones still properly folded, which was not possible with 9-
10A itself [23°]. For directed evolution of P450BM3 heme
domain as a dopamine binder, a thermostabilizing
mutation was also introduced before engineering for se-
lective binding [30]. A summary of stabilizing mutations is
presented in Figure 2(b), which also illustrates their distri-
bution over the entire structure. Incorporation of these
mutations into P450 BM3 may increase the probability of
success in engineering new functions.

Engineering other P450s

Recent results demonstrate that a variety of other P450s
can adopt new functions via directed evolution and other
protein engineering approaches, and that these engin-
eered enzymes are valuable in synthetic chemistry and
biotechnology applications. For the enantioselective
hydroxylation of N-benzylpyrrolidine to N-benzyl-3-
hydroxypyrrolidine, a valuable intermediate for pharma-
ceutical synthesis, Zhao and co-workers developed a high
throughput screening system to detect enantioselective
hydroxylation catalyzed by P450 mutants [35°]. They
used P450pyr from Sphingomonas species for the hydrox-
ylation and two alcohol dehydrogenases that respectively
transform (R) and (§) forms of P450pyr-mediated
hydroxylated products to N-benzylpyrrolidinone to gen-
erate a colorimetric response. To generate the mutant
library, 17 amino acid residues located in the active site
were individually randomized by site-saturation muta-
genesis. Although catalytic activity was decreased some-
what (shown by a decrease in conversion from 55% to 33%
after 4 h with 5 mM substrate), it is notable that introdu-
cing a single mutation (N100S) could invert the (S)-
enantioselectivity of wild-type P450pyr to (R) (42%
ee). By directed evolution on the N100S variant, they
further improved (R)-enantioselectivity to 83% ce. This
study marks the first published high-throughput screen
for enantioselective P450-mediated hydroxylation. The
generality of this screening approach, however, depends
on identifying appropriate dehydrogenases for quantitat-
ive detection of the enantiomeric products.

In humans, vitamin D3 (VD3) is activated to physiologi-
cally functional 1a,25(OH),VD3 by two sequential P450-

mediated hydroxylations. Vitamin D3 hydroxylase (Vdh),
a CYP107 family enzyme that produces 1a,25(OH),VD3
from VD3, was isolated from Pseudonocardia autophica,
cloned and characterized. By screening a randomized Vdh
library, Fujii ez al. isolated a variant containing four
mutations and exhibiting 21.6-fold higher VD3 hydroxyl-
ase activity than wild-type Vdh [36]. Hayashi ez /. showed
that a double mutant (R73V/R84V in the substrate
recognition site) of another P450, CYP105A1, could trans-
form vitamin D3 to 1a,25(OH),VD3; with a catalytic
efficiency (4.,/K.,) two orders of magnitude greater than
wild-type CYP105A1 [37].

A kind of structure-guided chimeragenesis has been used
to create a P450 displaying combined beneficial proper-
ties of parent P450s from bacteria and insect [38°]. P450
BM3 hydroxylates farnesol to generate a mixture of 2,3-
epoxyfarnesol, 10,11-epoxyfarnesol, and 9-hydroxyfarne-
sol. By contrast, CYP4C7 from the cockroach predomi-
nantly converts farnesol to 12-hydroxyfarnesol. A partial
sequence alignment (around substrate recognition sites)
between BM3 and CYP4C7 shows that these enzymes
have only about 30% sequence identity in these regions.
The X-ray crystal structure of P450 BM3 was aligned with
a computationally modeled structure of CYP4C7,
enabling the identification of residues interacting with
substrate. Based on the alignment, substrate-interacting
regions of P450 BM3 were replaced by those of CYP4C7.
Substitution of nine amino acid residues on P450 BM3
(78-82, F87L., 328-330) with the equivalent residues from
CYP4C7 gave P450 BM3 the insect terpenoid hydroxyl-
ase activity, producing 12-hydroxyfarnesol as the major
product, while maintaining the high catalytic activity of
wild-type P450 BM3. Remarkably, the variant (78-82,
F87L, 328-330) converted farnesol with 2-fold and 100-
fold increased rate (567 nmol farnesol consumed per min
per nmol enzyme) compared to P450 BM3 (285 nmol per
min per nmol enzyme) and CYP4C7 (4.1 nmol per min
per nmol enzyme), respectively [38°].

A significant barrier to engineering and using P450s has
been finding, cloning, and co-expressing the redox part-
ners necessary for P450 activity. As each P450 requires
redox partner(s) to bind NAD(P)H and transport a
hydride to the heme domain, identification of the native
redox partners or use of non-natural redox partners is
necessary. Redox partner fusion may be an alternative
strategy to finding and cloning the native redox partners.
Developments through early 2009 in artificial fusion P450
constructs are covered in an excellent review [39°]. In
addition to P450 BM3, another attractive native fusion of
heme domain and redox partner is P450RhF isolated from
Rhodococcus sp. NCIMPB 9784. Work by Sabbadin ez a/.
has established a general method for rapid generation of
libraries of various heme domains fused to the reductase
domain of P450RhF (RhFRED) as a general redox part-
ner [40]. The method was demonstrated on heme
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Crystal structure showing the residues of P450 BM3 altering substrate recognition and thermostability. (a) Stick representations are shown of 15 active
site residues distal to the heme that can undergo mutation and alter substrate scope and selectivity. (b) Mutations that improve thermostability are

colored red on the crystal structure (PDB: 1BU7).

domains from P450cam and P450 XpIA, and the resulting
enzymes were shown to be active on their original sub-
strates, D-camphor and hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX), respectively, with Ky, values similar to

that of their native heme domains. Notably, coupling
efficiency was impressively high, at 82% for the XpIA-
RhFRED construct. Robin e /. explored the role of
linker length between the reductase and heme domains

Current Opinion in Biotechnology 2011, 22:809-817
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when P450cam was fused to RhFRED [41]. The length
was found to be optimal when extended 2 or more amino
acids beyond the 22 amino acid linker in natural
P450RhF, as measured by hydroxylation activity on D-
camphor. The Sherman lab fused the RhFRED to macro-
lide P450 monooxygenase (PikC) involved in the biosyn-
thesis of bioactive compounds pikromycin, methymycin
and neomycin. Although coupling efficiency was not
reported, the fusion protein (PikC-RhFRED) exhibited
four-fold higher catalytic efficiency (4../K,,) for the
hydroxylation of 12-membered ring or 14-membered ring
macrolide substrates compared to the reconstituted sys-
tem. By the combination of RhFRED fusion, single
mutation of PikC (D50N), and tethering of desosamine
glycoside to the substrate for better recognition by the
monooxygenase, they achieved a 31-fold improvement in
catalytic efficiency (7.44 pM ' min™"') for the 12-mem-
bered ring macrolide compared to the wild-type PikC
reconstituted with reductase partners (0.24 pM ™" min ™).
They subsequently used this system for regioselective
hydroxylation of a variety of non-natural substrates, car-
bocyclic rings [42,43].

Because fusion of the heme domain and redox partners
may offer a general approach to engineering P450s for
biocatalysis applications, other natural fusion constructs
have been investigated. Weis ¢ /. expressed nine P450s
from bacterial and fungal sources, all of which were
natural fusion proteins of the heme domain and redox
partners [44]. Although activities were low (8% and 12%
isolated yield from two representative reactions that were
scaled up), variants from the self-sufficient P450s could
reproduce the same major metabolites generated by
human P450s from the drug substrates diclofenac and
chlorzoxazone (both non-steroidal anti-inflammatory
agents, NSAIDS).

As an alternative to direct fusion of heme domain and
redox partners in a single polypeptide, Hirakawa ez a/.
used PCNA (proliferating cell nuclear antigen), a tri-
meric DNA binding protein complex, to make a hetero-
trimeric P450 [45]. The three components of P450cam
monooxygenase system (putridaredoxin (PdR), putri-
daredoxin reductase (PdX), and P450cam) were fused
to PCNA1, PCNA2, and PCNA3 to generate PCNAI-
PdR, PCNA2-Pdx, and PCNA3-P450cam, respectively.
Although the specific activity was much decreased as the
protein concentration was lowered owing to the quite
low affinity of PCNA3 to the heterodimer (PCNA1-
PdR-PCNA2-Pdx) (K4 =270 nM), the designed com-
plex exhibited 50-fold higher NADPH and oxygen
consumption rates at 90 nM concentration when D-
camphor was used as substrate compared to the recon-
stituted system consisting of equimolar concentrations
(90 nM) of PdR, PdX, and P450cam domains. The rapid
oxygen and cofactor consumption rates may indicate
uncoupling and high NADPH oxidase activity, however,

as no effort was made to directly measure D-camphor
oxidation.

Engineered P450s are being used in metabolic pathways
to produce valuable chemicals. The engineering of P450s
for metabolic pathways poses new challenges in that the
enzyme must now be compatible with the more complex
cellular milieu. For example, P450 BM3 was engineered
as part of a pathway to produce propanol from propane 7z
vivo. Cofactor utilization was improved through engin-
eering of reductase domain of P450 BM3 to utilize both
NADH and NADPH [46]. In another application, Ajiku-
mar ¢f a/. utilized a P450 in a process that overproduced
(about 1 g/LL) a cyclic intermediate for paclitaxel (taxol)
synthesis in E. coli [47°°]. The regioselective hydroxyl-
ation of taxadiene to taxadien-5a-ol, a crucial step for the
complete synthesis of paclitaxel, was performed by a P450
isolated from the 7Taxus species. By optimizing metabolic
flux for taxadiene synthesis and using the chimeric
enzyme in which the plant P450 heme domain was fused
to the raxus CYP reductase, taxadien-5a-ol production
was increased about 2,400-fold compared to a previously
reported §. cerevisiae production system. These examples
demonstrate that engineered P450s can be incorporated
to improve intracellular processes through a combination
of protein engineering and metabolic engineering.

Conclusions

The ability of the P450s to adopt new functions has
mechanistic underpinnings that have yet to be fully
elucidated, but is clearly an advantage that the iron-
heme responsible for the unique P450 chemistry is
retained in properly folded enzymes. The nonpolar
nature and unusual conformational variability of the
substrate binding pocket probably also contribute signifi-
cantly to this enzyme’s ability to remodel its active site to
adapt to new substrates and selectivities. The recent
examples of P450 engineering presented here amply
demonstrate that these enzymes can be ‘tamed’ for appli-
cations. Yet the bar for engineering these enzymes is high.
Incorporation into complex metabolic pathways and com-
mercial demands for enzymes that are functional in non-
natural environments (elevated temperature, nonnative
pH, high substrate and product concentrations, organic
solvents) present challenges in multi-variable optimiz-
ation that have been met by P450s only partially to date.
The multi-variable optimization that has been accom-
plished with other enzymes, such as a new transaminase
engineered for the commercial production of the diabetes
drug sitagliptin [48°], remains a model for biocatalysis.
Given the facility with which P450s adopt new functions,
this enzyme class will probably meet the challenge as
well.
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