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ABSTRACT: The P450 superfamily comprises some of the most powerful
and versatile enzymes for the site-selective oxidation of small molecules.
One of the main drawbacks for the applications of the P450s in

linker design

S

reductase

biotechnology is that the majority of these enzymes is multicomponent in

nature and requires the presence of suitable redox partners to support their

artificial fusion

functions. Nevertheless, the discovery of several self-sufficient P450s,

namely those from Classes VII and VIII, has served as an inspiration for
fusion approaches to generate chimeric P450 systems that are self-

self-sufficient
P450

sufficient. In this Perspective, we highlight the domain organizations of the
Class VII and Class VIII P450 systems, summarize recent case studies in the engineering of catalytically self-sufficient P450s based
on these systems, and outline outstanding challenges in the field, along with several emerging technologies as potential solutions.

Cytochromes P450 is a superfamily of heme-dependent
enzymes that perform a wide array of oxidative trans-
formations." Members of the superfamily share the same overall
fold and are defined by the presence of a heme prosthetic group
that is axially ligated by a conserved Cys residue. The name of
the superfamily is derived from the signature spectroscopic
absorption maximum at 450 nm that can be obtained upon
complexation of the ferrous form of the enzyme with CO.”
P450s commonly act as monooxygenases, which are defined by
the transfer of just one of the oxygen atoms from molecular
oxygen to the substrate. In addition to their key roles in
xenobiotic degradation and drug metabolism in humans,” these
enzymes also serve as key catalysts in the biosynthesis of
secondary metabolites.” Increasingly, some of these enzymes
have also been widely investigated for biotechnological
applications,” including the production of alcohols as biofuels
and fine pharmaceuticals.

The unique reaction of the P450s is derived from their ability
to generate a highly reactive oxoiron(IV)porphyrin 7 cation
radical (also known as “Compound I”, Figure 1).° During the
generation of this species, two electrons are delivered to the
heme center in a sequential fashion, supplied by NAD(P)H
through the intermediacy of redox protein partners. Due to the
need for redox partners, most P450s are referred to as
“multicomponent P450s” though several P450s, such as
P450BM3’ and P4SORhF,® contain natural fusion to their
reductase partners.” These “self-sufficient” P450s have been
shown to have superior catalytic activity and coupling
efficiency—a term that is described to measure the efficiency
NAD(P)H usage and commonly defined by the molar ratio of
formed product(s) to consumed NAD(P)H—by virtue of the
proximity to their redox partners. It is worth noting that the
aforementioned parameters may be intimately linked as
uncoupling can lead to the buildup of reactive oxygen species
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Figure 1. P450 catalytic cycle featuring the generation of compound I as
the active oxidizing species.

such as superoxide anion and hydrogen peroxide, which affect
the activity of the enzyme. The multicomponent nature of many
P450s also presents a significant challenge for their biochemical
characterization: the cognate redox partners are not always
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Figure 2. Domain organizations of Classes VII—X P450s and their comparison to a prototypical multicomponent P450 system.

encoded in the biosynthetic gene cluster of the P450 in context
and, thus, may be difficult to find.'® Nevertheless, many bacterial
P450s are known to be permissive with regards to their redox
partners, and there are several surrogate redox partners'' that
are widely used for P450 characterization, such as the spinach
ferredoxin (Fdx)/ferredoxin reductase (Fdr) system, the bovine
adrenodoxin (Adx)/adrenodoxin reductase (Adr) system, and
the putidaredoxin (Pdx, also known as CamB)/putidaredoxin
reductase (Pdr, also known as CamA) system from P. putida.
One of the key technical disadvantages of this approach is the
need to independently express these redox partners, which
significantly complicates application in enzymatic synthesis and
biotechnology, especially since the relative expressions of these
partners need to be modulated to achieve optimal reconstitu-
tion. As a workaround, the discovery of self-sufficient P450s has
served as an inspiration to develop artificial P450 chimeras with
the same properties. This approach is especially attractive since
several self-sufficient P450s, such as P450BM3, are known to
possess superior catalytic activity and coupling efliciency relative
to their multicomponent counterparts. Thus, this approach may
offer a viable solution to address some of the key bottlenecks in
the synthetic applications of the P450s, provided that the
catalytic properties are not impaired during the chimera
generation. This Perspective highlights recent case studies in
protein engineering approaches to generate self-sufficient P450s.
We will first provide a brief primer on the different P450 Classes
and the organization of their heme and reductase domains,
focusing on several self-sufficient P450s that have been well-
studied. Next, recent case studies that draw inspiration from self-
sufficient P450s to generate artificial chimeras will be covered.
Finally, we conclude by discussing current outstanding
challenges in the area and several recent developments in
protein engineering that might merit incorporation in the
creation of self-sufficient P450s.

P450 Classes. The P450s were initially categorized into just
two different Classes, namely the cytosolic Class I P450s and the
membrane-bound eukaryotic Class II P450s."> Subsequent
discoveries have led to the expansion of the Class system, and
most recently, a ten-Class system has been put forth, defined by
the identity of the redox partners, domain organization, and
localization. In general, Classes I-=VI are multicomponent
systems, and Classes VII-X are self-sufficient enzymes whose
domains are expressed from a single gene to produce a single
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polypeptide (Figure 2). For the purpose of this review, we will
focus on Classes VII—X, and the readers are referred to several
excellent reviews'”'” for more thorough discussions on Classes
I-VL

Class VII. The bacterial Class VII P450 system consists of an
N-terminal P450 domain fused to a phthalate dioxygenase
reductase (PDR) domain."” The latter is made up of an
NAD(P)H-dependent FMN-binding domain and a [2Fe-2S]-
containing Fdx. During the catalytic cycle, the FMN domain
transfers electrons from NAD(P)H to the electron acceptor Fdx
domain. CYP116B2 from Rhodococcus sp. (P4SORKF) is the first
characterized member of the Class.” Initial work by Turner and
co-workers identified this P450 through unbiased PCR
amplification with degenerate primers, characterized its novel
domain organization, and established initial heterologous
expression system in E. coli. In this study, the Turner lab also
demonstrated that recombinant P450RhF is able to catalyze the
O-dealkylation of 7-ethoxycoumarin, though a later study
showed that this reaction proceeded with low coupling efficiency
(10~15%) and turnover.* Since this discovery, several other
Class members have been identified.'* As we will see in later
sections, the reductase domain of P4SORhF (RhFRed) has also
proven to be a versatile partner in the construction of
catalytically self-sufficient P450 chimeras.

Class VIII. Class VIII P4S50s contain a similar domain
organization to Class VII but utilize a different set of redox
partners. Instead of a PDR domain, the redox partner of Class
VIII consists of a eukaryotic-like diflavin cytochrome P450
reductase (CPR). This CPR domain comprises an FMN-
binding domain that links the N-terminal heme domain and the
C-terminal FAD-binding domain. The latter uses NAD(P)H as
an electron donor to initiate an electron transfer relay process to
the FMN domain and subsequently to the heme domain. The
first characterized member of the family, CYP102A1 from
Bacillus megaterium, also known as P450BM3,” is one of the
most catalytically active P450s and has been one of the most
well-studied members of the superfamily from the vantage point
of both mechanistic enzymology and biotechnological applica-
tion. Wild-type P450BM3 is responsible for the hydroxylation of
long-chain fatty acids at their subterminal positions with very
high coupling efficiency (ca. 90% or higher). Seminal work from
the Arnold laboratory showed that this P450 can be engineered
for the hydroxylation of short-chain alkanes'® (e.g.,, n-octane, n-
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propane, ethane) with native-like efficiency. Concurrently, this
enzyme has also been engineered'® for the site-selective
hydroxylation of a variety of small molecules, including terpenes,
alkaloids, and drug-like substances, culminating in several
applications in the chemoenzymatic synthesis of complex
natural products.'”

Class IX and Class X. The Class IX system is made up
exclusively of nitric oxide reductases, which catalyze the
reduction of NO to N,0."® Unlike the other Classes, members
of this Class do not require any redox partner domain and are
capable of using NADH directly as reductant. Similar to Class
IX, Class X P450s also function in the absence of any redox
partners. Members of this Class are typically membrane bound
and also belong to the CYP74 family."”

Recent Examples of Engineering Catalytically Self-
Sufficient P450s. The discovery of naturally self-sufficient
P450s has served as an inspiration and template for the
development of artificial self-sufficient systems from multi-
component P450s that bypass the need for individual
expressions of the reductase partners. To date, this development
has almost exclusively relied on covalently linking the P450 in
context with the reductase domains of naturally self-sufficient
P450s through artificial fusion. In this section, we highlight
recent examples from the literature that showcase the viability
and biocatalytic utility of this approach.

OleT. The P450 OleT|j catalyzes the conversion of saturated
fatty ac1ds to terminal olefins using H,O, as the terminal
oxidant.” Interestingly, OleTy; is capable of using O, as the
oxidant and NAD(P)H as the electron donor in the presence of
redox partners. To bypass the need for separate redox partner
expression and simplify the protein production and reaction
system, Lu et al. investigated the generation of self-sufficient
OleTz chimeras by fusm% the P450 to the reductase domains of
P450RhF and P450BM3.” Between the two, the fusion protein
containing P4SOBM3 reductase (OleT-BM3R, Scheme 1) was

Scheme 1. Oxidative Decarboxylation of Stearic Acid with
OleT-BM3R Chimera

OleT-BM3R (0.03 mol%)
catalase (100 U/mL)

fo) NADPH (2.3 mol%)
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60% yield, gram scale
OleT-BM3R
C
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BM3 TOF = 472 h'!
reductase 61% NADPH coupling
efficiency

N@

found to be superior. Using stearic acid as a model substrate, the
reaction proceeded with 2520 turnover number (TON), 472
h™" turnover frequency, and 61% NADPH coupling efficiency.
These numbers correspond to a 7.3-fold improvement in
turnover frequency and a 2.1-fold improvement in NADPH
coupling efliciency relative to the nonfused counterpart.
Furthermore, this coupling efficiency represents a marked
improvement over a previous reconstitution effort with the
CamA/CamB reductase system by Faber and co-workers.”*
The reaction was coupled to a phosphite dehydrogenase-based
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regeneration system for large scale application and substrate
scope examination, resulting in the production of more than ten
terminal alkenes with moderate to high yields. Further
comparison of the OleT-BM3R system with the previously
established combination of OleT and Pdx/Pdr showed marked
improvements in product titer (1.4 g L™' vs 0.93 g L™!) and
volumetric productivity (117 mg L™ h™" vs 42.5 mg L™' h™").
The various head-to-head comparisons performed in this report
highlight the advantages of developing a self-sufficient variant of
OleTyz. Notably, 1-heptadecene could be produced from stearic
acid using the cell-free Iysate system with 60% yield on gram
scale, further demonstrating the scalability of the biotransfor-
mation.

P450cam. Cytochrome P450cam, also known as CYP101,
serves to convert camphor to S-exo-hydroxycamphor in P.
putida.”> This enzyme was the first P450 to be structurally
characterized through X-ray diffraction,” which facilitates
extensive mechanistic studies on the superfamily. As a Class I
P450, the catalytic activity of P450cam is supported by the
flavoprotein putidaredoxin reductase (Pdr/CamA) and the
[2Fe-2S]-containing putidaredoxin (Pdx/CamB). In the cata-
Iytic cycle, Pdx shuttles electrons from Pdr to P450cam with
NADH acting as the electron source. Following compound I
generation in the monooxygenase protein, hydrogen atom
abstraction from camphor and radical rebound affords S-exo-
hydroxycamphor. In 1996, Ortiz de Montellano and co-workers
reported the generatlon of a Pdr-Pdx-P450cam triple fusion
system (Scheme 2).** Four constructs were tested in total,

Scheme 2. Comparison of Several Self-Sufficient or Partially
Sufficient P450cam Fusions for the Production of 5-exo-
Hydroxycamphor
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achieved by varying the location of the reductases (i.e, N-
terminal vs C-terminal), as well as the length and the sequence of
the linkers. Among these four, Pdr-Pdx-P450cam, containing
Pdx that is flanked by Pdr at its N-terminus and P450cam at its
C-terminus, was observed to exhibit the highest catalytic activity
as measured by the rate of O, consumption. Comparison of this
triple fusion system with the native system in which Pdr, Pdx,
and P450cam were mixed in a 1:1:1 ratio showed that the two
systems perform comparably, although the O, consumption rate
of the native system is faster at higher enzyme concentrations. It
should also be noted that the product formation rate of the triple
fusion system is markedly lower than the optimally reconstituted
native system which consists of a 1:8:20 ratio of
P450cam:Pdr:Pdx. Complementary to this work, Nagamune
designed a branched fusion strategy to covalently link together
P450cam, Pdr, and Pdx, achieved by first fusing P450cam and
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Scheme 3. Comparison of PikC Reconstitution with Spinach Fdr/Fdx and Fusion with RhFRed in the Hydroxylation of YC-17

and Narbomycin

A. PikC,
Fdr, Fdx,
NADPH

— OR —>»

B. PikC-RhFRed,
NADPH

Me

NMe,
Kool Km (A) = 0.24 pM min™!
Koot/ Km (B) = 0.96 uM min™’!

A. PikC,
Fdr, Fdx,
NADPH

— OR —>»

B. PikC-RhFRed,
NADPH

o
o

NMe,

Koot/ Km (A) = 0.31 uM min™’!
Keat!/Km (B) = 1.2 yM min™’!

Me
narbomycin

wMe nonfused Fdr/Fdx
wMe
0 o Me @
HO
NMe,
methymycin; R' =OH, R =H

neomethymycin; R" = H, RZ = OH

RhFRed fusion

(o}
P450RhF
reductase
" @

Me
pikromycin

Pdr, followed by cross-linking the chimera with Pdx through the
action of a transglutaminase.”> This construct proved to be ca.
10-fold more efficient than de Montellano’s system and
provided almost perfect coupling efficiency (99%). More
recently, Johnson and Wong investigated an alternative fusion
approach comprising a partial fusion of Pdr to the C-terminus of
P4S0cam throu§h a linker peptide, which was then reconstituted
with free Pdx.”® By coexpressing a ferrochelatase from E. coli,
optimizing the expression conditions, and varying the identity of
the polypeptide linker, the authors were able to obtain up to 85%
heme incorporation. The partial fusion system provided similar
in vivo camphor oxidation efficiency to the native system and
>90% coupling efficiency. This approach provides an alternative
strategy for the construction of self-sufficient P450s with the
Pdx/Pdr reductase system, though its generality remains to be
shown.

Artificial Fusion with RhFRed. Two seminal studies by
Misawa and co-workers hinted at the generality of using the
reductase from P4SORhF (RhFRed) to support P450 activity in
a fusion arrangement.”’ Specifically, $-exo-hydroxycamphor,
protocatechuate, and 1-octanol were successfully produced from
camphor, 4-hydroxybenzoate, and n-octane with recombinant E.
coli cells that express P450cam-RhFRed, P450Bzo-RhFRed, and
P450Balk-RhFRed, respectively. To further verify the viability of
this fusion approach, the Sherman laboratory performed a series
of in vitro studies using purified PikC-RhFRed and benchmarked
this chimera against a multicomponent system supported by the
spinach Fdr/Fdx reductase (Scheme 3).** PikC is involved in
the biosynthesis of pikromycin, methymycin, and neomethy-
mycin by catalyzing the final C—H oxidation step on the
macrolactones narbomycin and YC-17.”° Spectral binding
titrations suggested that the fusion arrangement has minimal
impact on substrate binding affinity. Michaelis—Menten
analyses further showed that the catalytic efficiency of the
reactions with both YC-17 and narbomycin was improved by
approximately 4-fold in the fusion arrangement. These studies
have spurred further investigation on RhFRed as a viable
reductase partner in artificial fusion systems with various P450s.
To date, this strategy has been the most well-explored for the
engineering of self-sufficient variants of bacterial Class I P450s.
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Grogan and co-workers have also developed a ligation-
independent cloning vector to generate a library of RhFRed-
fused P450s and demonstrated the utility of this platform in the
discovery of new hydroxylation enzymes.*’

PtmOS5. Platensimycin is a diterpenoid antibiotic that acts by
inhibiting the prokaryotic fatty acid biosynthesis.”" Studies by
the Shen laboratory have elucidated many of the steps in
platensimycin biosynthesis, including the terpenoid origin of the
scaffold and some of the oxidative tailoring steps that modify the
diterpenoid core.”*” Following ent-kauranol formation by the
terpene cyclase PtmT3, the P450 PtmOS hydroxylates the
carbocyclic core at C11,”” which also results in the formation of
the signature caged ether motif of platensimycin. Based on this
insight, the Shen and the Renata laboratories sought to examine
the biocatalytic application of PtmOS in the chemoenzymatic
synthesis of complex ent-kauranes (Scheme 4).** PtmOS3 is

Scheme 4. Screening of Several PtmOS5 Chimeras for the C11
Hydroxylation of ent-Kaurenoic Acid and the Synthetic
Application of PtmOS5-RhFRed in the Chemoenzymatic
Synthesis of Fischericin B
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annotated as a Class I P450, and the biochemical character-
ization of this enzyme was initially performed with the CamAB
reductase system. However, this approach yielded low
conversions in large-scale reactions, which led the authors to
investigate several fusion constructs. Three fusion chimeras were
tested, namely PtmOS-BM3Red (through C-terminal fusion
with P4S0BM3 reductase), PtmOS-RhFRed (through C-
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terminal fusion with P4SORIF reductase), and CamAB-PtmOS5
(through N-terminal fusion with CamAB). PtmOS-RhFRed was
found to provide the optimal conversion in the hydroxylation of
steviol and ent-kaurenoic acid. Following further reaction
optimization, an 88% isolated yield could be obtained in the
hydroxylation of ent-kaurenoic acid on preparative scale. The
synthetic utility of this biotransformation was demonstrated in
the chemoenzymatic synthesis of fischericin B. Furthermore,
PtmOS-RhFRed could also hydroxylate isosteviol at C12, which
facilitated access to complex ent-atisane and ent-trachylobane
diterpenoids through a series of skeletal rearrangements.
CYP158A2. The ubiquity of biaryl bonds in both natural®
and man-made small molecules prompted the Narayan
laboratory to investigate the biocatalytic utility of several
P450s for oxidative biaryl coupling. Using yeast culture, the
fungal P450 KtnC was shown to be capable of catalyzing not
only the homodimerization but also the heterocoupling of a
variety of phenolic substrates.”® To complement this activity,
several bacterial P450s were also tested. A sequence similarity
network analysis®” was performed to identify 23 P450s for initial
screening, consisting of 20 uncharacterized and 3 characterized
enzymes. These P450s were then linked at their C-termini to
RhFRed to construct a small P450-RhFRed library. Among
these enzymes, CYP158A2, previously implicated in the
biosynthesis of biflaviolin and triflaviolin,”® was able to produce
several binaphthol heterodimers, and two previously uncharac-
terized P450s, AOA1J4PSC8 and AOA6B3DVMY, could catalyze
the heterocoupling of 2-naphthol derivatives with indole- and
carbazole-containing partners (Scheme 5).

Scheme 5. Oxidative Biaryl Couplings Catalyzed by P450
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Artificial Chimeras of Eukaryotic P450s. The fusion
protein approach to generate self-sufficient P450s is not limited
to just bacterial P450s, and several eukaryotic P450s have been
successfully rendered self-sufficient through a similar strategy.
The membrane-bound nature®® of eukaryotic P450s and their
redox partners presents a significant challenge for their
biochemical studies. Several studies have shown that excision
or modification of the N-terminal transmembrane domain of
some of these P450s can lead to soluble and functional proteins
upon heterologous expression in prokaryotic hosts.”” Further-
more, Gilardi and co-workers were able to combine this N-
terminal modification with C-terminal fusion with P450BM3
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reductase to generate several self-sufficient P450s that could be
solubly expressed in E. coli.*' Such fusion strategy for eukaryotic
P450s is not limited to the use of P450BM3 reductase and has
been explored to varying degrees of success for biotechnological
applications. For example, during the optimization of
CYP725A4 activity for the production of oxygenated taxanes, "
De Mey, Ajikumar, and co-workers found that while the fusion
of CYP725A4 with its cognate reductase partner TcCPR can
provide low level production of oxygenated taxanes, the activity
is in general inferior to the multicomponent counterpart,
especially when the reductase partner is present in excess
(Scheme 6A). Conversely, Urlacher and co-workers*’ found
that N-terminally modified variants of the plant P450
CYP719A23 and the P450 reductase from A. thaliana ATR2
could be artificially fused to generate a chimera that provides
comparable conversion to the multicomponent system in the in
vitro conversion of matairesinol to pluviatolide (69% vs 76%), a
key biosynthetic intermediate to the microtubule destabilizer
podophyllotoxin (Scheme 6B). However, due to the poor
heterologous expression of the chimera in E. coli, coexpression of
CYP719A23 and ATR2 without physically linking them was
found to be superior for in vivo production. A similar fusion
approach was previously investigated by Leonard and Koftas for
the biological production of isoflavones.™ In this case, the P450
IES1 was first linked to an N-terminally truncated variant of the
Catharanthus P450 reductase. Next, several N-terminal
modifications of the IFS1 domain were investigated, and the
optimal construct “E3” was obtained by replacing the first 6 N-
terminal residues of IFS1 with the first 8 N-terminal residues of
the bovine 17a-hydroxylase (Scheme 6C). Under optimal
conditions, up to 10 mg/g dry cell weight of genistein and 19
mg/g dry cell weight of daidzein could be obtained.

B DISCUSSION AND CONCLUSION

Despite the many successes outlined above, current fusion
strategies still suffer from several limitations, especially with
respect to the catalytic activity of the resulting enzymes. For
example, though the self-sufficient PikC-RhFRed described
previously was found to display an approximately 4-fold
improvement in catalytic efficiency relative to the multi-
component PikC/Fdr/Fdx mixture, the rate of camphor
hydroxylation by P450cam-RhFRed is significantly lower than
the optimally reconstituted P450cam/Pdr/Pdx system. The
Sherman laboratory recently reported a chemoenzymatic
platform for the generation of cryptophycin analogs as potent
antiproliferative agents.*> The cryptophycins are high-affinity
microtubule binding agents that have previously been
investigated for the treatment of ovarian cancer and nonsmall-
cell lung cancer in clinical trials.** Sherman’s approach leveraged
two key enzymes from cryptophycin biosynthesis, namely
CrpTE, the thioesterase that catalyzes the macrocycle
formation, and CrpE, the P450 that catalyzes a late-stage
epoxidation on the styrenyl olefin. The promiscuity of CrpTE
was demonstrated through the formation of more than ten
unnatural crytophycin analogs, including those bearing hetero-
cyclic rings. In vitro conversion of these analogs to the epoxide
derivatives was performed with both CrpE-RhFRed chimera and
a multicomponent system consisting of standalone CrpE and
spinach Fdr/Fdx reductase. While the latter was able to provide
low to moderate conversions to the desired products, no
conversion could be detected with the former. Based on some of
these case studies, one can surmise that artificial fusion could
dramatically reduce coupling efficiency in the reaction or
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Scheme 6. A. Investigation of CYP725A4-TcCPR Fusion for the Production of Taxadien-5a-ol, B. in Vitro Conversion of
(—)-Matairesinol to (—)-Pluviatolide with CYP719A23-ATR2 Fusion and Its Comparison with the Nonfused Counterpart, and
C. Production of Genistein and Daidzein with IFS1-CPR Chimera Construct “E3”“
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introduce deleterious domain—domain interactions. Similar
issues have been encountered in the reactions of natural P450s
with non-native substrates and could be remedied through a
domain-based engineering strategy’’ featuring separate evolu-
tion of the heme and reductase domains, followed by
recombination. A collaborative work between the Saab-Rincon
and the Fasan laboratories*® also showed that a consensus-
guided mutagenesis of P450BM3 featuring comparison of
reductase domain residues among 16 of its homologues can lead
to improved thermal stability and increased catalytic activity at
elevated temperatures. Thus, it is conceivable that a similar
evolution-based strategy can also be applied in the future to
further improve the coupling efficiency and catalytic activity of
self-sufficient P450 chimeras.

The two primary considerations for fusion generation are the
order of arrangement of the different domains and the identity of
the linker region. Many studies in the fundamentals of protein
design® have pointed to the impact of the linker region on the
fusion protein microenvironment, typically by using fluorescent
proteins as model systems. However, contemporary linker
design for self-sufficient P450s, as well as other artificially fused
enzyme systems,” is largely reliant on the use of simple tethers
(either flexible linkers with glycine-rich sequence or rigid linkers
with proline- or alanine-rich sequence) of varying lengths or the
direct adaptation of linker sequences found in naturally self-
sufficient P450s. More recently, Minteer and co-workers®" have
demonstrated the viability of incorporating Rosetta-based
modeling to aid with the linker placement and identity for the
fusion of an alcohol and aldehyde dehydrogenase. Beyond
artificial fusion, noncovalent interactions can also be exploited to
generate self-assembling multidomain P450 constructs. In 2016,
Urlacher and co-workers reported®” that the heme and the
reductase domains of P450BM3 could be fused separately to the
hydrophobin HFB], a self-assembling protein from Trichoderma
reesei, and the resulting proteins could undergo self-assembly to
generate a multimeric system that is catalytically more active
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than the nonfused system. Beyond HFBI self-assembly, there
have also been a number of recent studies on the design of
heteromeric assemblies with short protein sequences and the
discovery of docking motifs from polyketide synthases (PKS)
that facilitate domain assemblies. For example, Woolfson and
co-workers reported™® the de novo design of short peptide
sequences (21—28 residues each) that can undergo hetero-
dimeric coiled-coil assemblies with binding affinities in the
micromolar to subnanomolar range. Conversely, Ellington,
Keatinge-Clay, and co-workers”* were able to mine a number of
docking domain pairs that comprise ca. 25 residues from the N-
and C-termini of modular PKS domains. They further showed
that these domains can be used to connect non-PKS proteins
through four-helix bundle formation with micromolar affinities.
Each of these emerging technologies could potentially be
adapted in the design of next-generation linkers for self-sufficient
P450 chimeras.

To date, the artificial fusion approaches have also largely
relied on reductases from P450s that have been well-studied in
the past. However, recent explosion of genomic information has
enabled the identification of a number of naturally self-sufficient
P450s. In 2017, Tavanti et al. reported the discovery of
thermostable homologues of P4SORKF that also contain natural
fusion with their reductase partners.'** Though there have been
no reports on the use of these reductases to create self-sufficient
P450s, they share only 53—68% sequence identity to RhFRed
and may display complementary protein—protein interactions to
RhFRed. Similar to Grogan’s work, one could envision the
development of a ligation-independent cloning vector to
generate a library of reductases that are fused to a specific
P450 of interest to rapidly screen for an optimal construct. The
full-length crystal structure of one of these thermostable P450s,
CYP116B46 (also known as P45S0TT), was recently solved,”
which might prove useful for the generation of structural models
to more rationally design artificial fusion constructs.
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To summarize, the P450s hold enormous potential for a wide
array of biotechnological and biocatalytic applications. How-
ever, their multidomain nature presents significant challenges for
large-scale applications beyond simple biochemical character-
ization. The discovery of natural P450s that are catalytically self-
sufficient has served as an inspiration for the engineering of
artificial systems with the same properties by fusing multi-
component P450s with noncognate reductase partners. Though
a number of successful case studies have been recently reported,
further advances are still needed to fully realize the potential of
this engineering approach, especially to address the attenuated
catalytic activity and coupling efficiency of the artificial systems.
In addition to summarizing recent reports on the creation of self-
sufficient P450 chimeras, we have also outlined several
developments in the protein engineering field that can
potentially be adapted to further optimize the current strategies.
We anticipate that the incorporation of these emerging
technologies will help maximize the biocatalytic and synthetic
utility of the P450s.
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