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ABSTRACT: Cytochrome P450 BM3 monooxygenase is the topic
of extensive research as many researchers have evolved this enzyme to
generate a variety of products. However, the abundance of
information on increasingly diversified variants of P450 BM3 that
catalyze a broad array of chemistry is not in a format that enables easy
extraction and interpretation. We present a database that categorizes
variants by their catalyzed reactions and includes details about
substrates to provide reaction context. This database of >1500 P450
BM3 variants is downloadable and machine-readable and includes
instructions to maximize ease of gathering information. The database
allows rapid identification of commonly reported substitutions, aiding
researchers who are unfamiliar with the enzyme in identifying starting
points for enzyme engineering. For those actively engaged in engineering P450 BM3, the database, along with this review, provides a
powerful and user-friendly platform to understand, predict, and identify the attributes of P450 BM3 variants, encouraging the further
engineering of this enzyme.
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■ INTRODUCTION
CYP102A1, also known as P450 BM3, is a cytochrome P450
monooxygenase that natively catalyzes the hydroxylation of
long-chain fatty acids. It is highly active and self-sufficient,
enabling catalysis to occur from a single polypeptide that
contains the heme-and reductase domains. It has been the
topic of extensive research over the past three decades and
numerous laboratories have worked on evolving this enzyme to
generate novel enzymatic properties and features. As a result,
P450 BM3 and its variants have been shown to catalyze a wide
variety of reactions, including hydroxylation,1−16 epoxida-
tion,17−29 carbene transfer,30−50 and nitrene transfer,51−65 with
a diverse range of substrates. The advances reported by the
group of Frances Arnold on the evolution of P450 BM3 toward
novel biocatalytic reactions, which were prominently featured
in her 2018 Nobel-winning research, are among the most
transformative.
In 2012, the review article “P450 BM3 (CYP102A1):

Connecting the Dots” presented a thorough account of the
reaction outcomes for the variants of P450 BM3 available at
the time.66 Its utility and interest are seen in its high citation
index (cited over 450 times to date). In the intervening decade,
directed evolution of P450 BM3 has become increasingly
prevalent in academia and industry. The rate of discovery has
been amplified by new technologies in variant library
construction and in screening methods. As a result, there is
an abundance of information on increasingly diversified

variants of P450 BM3 that catalyze a broader array of
chemistry. This information, however, is not structured in a
way that currently allows computational mining.
We recognized the challenge of organizing information

regarding the various new reactions and mutations that enable
them. We determined that a database would provide the
optimal means to categorize this knowledge and, most
importantly, to enable extraction of information. The Turner
lab recently presented the RetroBioCat Database, which serves
as a platform for synthetic biotransformations.67 The database
is highly recommended for researchers who are unfamiliar with
enzymes but are considering using them for synthetic
transformations. Moreover, this database facilitates compre-
hension of enzyme activity as well as the limitations. The
RetroBioCat Database’s initial data came predominantly from
their own group, which facilitated establishment of common
reaction conditions and metrics for evaluating enzyme variants.
However, P450 monooxygenases were excluded from the
RetroBioCat Database.67
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Here, we present a complete and current overview of P450
BM3 variants and their catalyzed reactions. This review
conveniently associates each P450 BM3 variant with its
corresponding catalyzed reaction, including hydroxylation,
epoxidation, carbene transfer, and more, in the form of a
database, available as Supplementary Table 1. Additionally, we
provide substrate information to facilitate navigation. Compil-
ing the outcomes of over 1500 variants into this database offers
an effective means of identifying and comprehending the
properties of P450 BM3 variants and facilitating further
evolution of this enzyme toward new reactions and improved
reaction properties.
The database is downloadable, increasing its value relative to

the static format of published tables. It focuses solely on P450
BM3 and has the potential to be incorporated into existing
databases or serve as a framework for adding other P450s to
the database. Ultimately, this extensive machine-readable
database will provide the community with the means to
develop machine learning methods to further accelerate
reaction discovery.

■ P450 BM3: PROPERTIES AND LIMITATIONS
Efforts to functionalize C−H bonds in late-stage processes are
highly sought-after for the synthesis of small molecules and
pharmaceuticals production. However, achieving high yield
and desired stereoselectivity remains a challenge with chemical
synthesis methods.68 Biocatalysts offer an environmentally
sustainable alternative for generating various hydroxylated
products and use atmospheric O2 as an oxidant.

69 The demand
for cost-effective and eco-friendly solutions for small-molecule
oxidation continues to rise, leading to the constant develop-
ment of new biocatalytic techniques. Enzymatic synthesis has
become a standard industrial practice, providing high catalytic
efficiency and yield, while limiting the formation of undesired
side-products.70 Promising multienzyme cascades have also
been demonstrated.69,71−74 In recent years, Merck & Co. has
enhanced the original 12−18 step chemical pathway for
producing islatravir, a drug used in the treatment of HIV
infection, by developing a three-step manufacturing process
that utilizes five evolved enzymes.75

Cytochrome P450 monooxygenases (P450s) are heme-
containing enzymes that catalyze oxidation reactions on
organic compounds, including those on nonactivated C−H
bonds. The bacterial P450 CYP102A1 from Bacillus mega-
terium has gained attention as a biocatalyst for numerous
synthetic applications due to its high stability and catalytic
activity. However, further research is needed to fully
understand its potential.76,77 CYP102A1, also known as P450
BM3, is a self-sufficient cytochrome P450 enzyme, meaning
that a single polypeptide chain encodes the oxygenase and
reductase domains needed to complete the catalytic cycle.78,79

Including both domains in one protein gives it unique
properties, such as rapid electron transfer and high catalytic
efficiency. This enables the enzyme to carry out various
reactions efficiently while utilizing low substrate concentra-
tions, thus rendering it an attractive option for an array of
synthetic applications. NADPH serves as the electron donor,
transferring electrons to the FAD domain of ferredoxin
reductase, which then transport the electrons to the catalytic
heme via FMN.80 An appealing feature of P450 BM3, as a
biocatalyst, is that it is not membrane-bound but is expressed
in a soluble form. As a result, it can be functionally expressed in
large quantities in Escherichia coli and can be stabilized by

immobilization,81 making it suitable for large-scale bioproduc-
tion applications.82−85 This further highlights the potential of
P450 BM3 as a valuable tool for synthesizing a diverse range of
compounds through sustainable and eco-friendly means.
P450 BM3 naturally hydroxylates long-chain fatty acids, such

as lauric acid. However, enzyme engineering has expanded the
range of relevant substrates and reactions.86−88 Selective
hydroxylation is a desirable feature for synthesizing fine
chemicals, including chiral compounds used in flavorings,
fragrances, and pharmaceuticals, as well as for developing new
antibiotics and drug precursors.89,90 In recent years, enzyme
engineering has broadened its reactivity to include various
oxidation reactions, as well as carbene,30,31 and nitrene transfer
reactions, which are new-to-nature reactions.52,53,58

Given the attractive features of P450 BM3, the enzyme has
garnered significant attention and has been the subject of
numerous reviews highlighting its exceptional properties and
characteristics. Reviews have been conducted on various
aspects of P450 BM3, including structural and mechanistic
details,90−100 hydroxylation,76,93,101−131 pharmaceutical com-
pound hydroxylation,127,131−133 epoxidation,115,118,126,134 and
carbene/nitrene transfer.68,101,112,116,125,128,135−144 Addition-
ally, studies have explored the use of decoy molecules to
improve enzymatic activity,92,105,117,118,134,141,145−149 as well as
P450 BM3-inorganic complexes.150−152 Reviews of P450 BM3
frequently place it within a broader context of other P450
enzymes, resulting in a lack of focus. Though some reviews do
describe reactions catalyzed by P450 BM3 variants, they are
typically limited to discussion of the “best” variants for a given
reaction and do not offer a comprehensive review of reported
variants. Due to the significant number of P450 BM3 variants
and reactions reported, identifying all properties of a given
variant often requires an extensive literature search. Therefore,
selecting an appropriate starting variant for enzyme engineer-
ing can be difficult. To address this challenge, we developed a
database that catalogues P450 BM3 variants, their correspond-
ing reaction type, and substrate usage.
Our objective was to categorize reactions into meaningful

classes based on their respective chemical processes, substrate
properties, or general application. We first grouped the
chemical reactions catalyzed by P450 BM3 into five categories:
hydroxylation, epoxidation, carbene transfer, nitrene transfer,
and other reactions. Hydroxylation encompasses aromatic
hydroxylation, drug/drug-like hydroxylation, small alkyl
hydroxylation, and large alkyl hydroxylation. It is worth noting
that compounds in the drug/drug-like hydroxylation class are
classified according to their application rather than similarities
in structure. Epoxidation is classified into alkyl substrates,
which resemble the native substrates, and aromatic substrates,
which are typically styrene derivatives. The expression
“aromatic epoxidation,” used for brevity, is meant to
encompass epoxidation of a molecule containing an aromatic
group; it does not mean epoxidation on an aromatic ring,
which would be a dearomatization reaction. A representative
substrate for this class is styrene which forms styrene oxide
after epoxidation by BM3 variants. Similarly, the expression
“alkyl epoxidation” pertains to epoxidation of alkenes not
containing an aromatic ring. Last, some compounds do not
obviously fit within the outlined categories and were then
added to the category based on where they are frequently
screened together. As an example, valencene could be placed
within the small or large alkyl hydroxylation class but is
typically screened with other terpenoids that are grouped
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within the small-alkyl hydroxylation class. Consequently, we
have divided P450 BM3 variants into nine categories based on
this classification. Representative substrates from the hydrox-
ylation and epoxidation categories are presented in Scheme 1.
Corresponding substrates and products from the carbene

transfer, nitrene transfer, and other reaction categories are
displayed in Scheme 2.

■ DATASET STRUCTURE
We collected the publications discussing P450 BM3 that had
been published up until July 2023. Over 600 publications

Scheme 1. Representative Substrates of the Hydroxylation and Epoxidation Reaction Classes Catalyzed by P450 BM3a

aThe classes are further subdivided into aromatic hydroxylation, drug or drug-like hydroxylation, small alkyl hydroxylation, large alkyl
hydroxylation, aromatic epoxidation, and alkyl epoxidation.
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referring to P450 BM3 were identified which collectively
contain thousands of variants, a testimony to the enzyme’s
popularity. To facilitate navigation of the database, we opted to
only include P450 BM3 variants that show improvement
relative to the parent enzyme. Given the frequent concurrence
of amino acid substitutions, the parent enzyme is often the
native P450 BM3 but can also be any variant to which further
mutations are introduced. Potential improvements of the
modified P450 BM3 enzymes include increased product yield,
altered selectivity toward certain product isomers or
enantiomers, or enhanced enzyme stability. The variant
names and their corresponding parent enzymes as reported
in each cited publication, along with the mutations introduced
to generate each variant are included (Supplementary Table
1). The substrate utilized by each P450 BM3 variant is also
provided to facilitate the interpretation of the catalyzed

reactions (Supplementary Table 1). Supplementary Tables
2−10 provide a comprehensive list of substrates tested for each
reaction class, namely aromatic hydroxylation, drug/drug-like
hydroxylation, small and large alkyl hydroxylation, aromatic
and alkyl epoxidation, carbene transfer, nitrene transfer, and
other reactions. These tables are an easy reference to check
whether a specific substrate of interest has been tested, as they
list all substrates with duplicates removed.
To maintain focus, this review will not delve into

mechanistic details or provide explanations for how specific
mutations affect reaction outcomes; such information, where
available, can be found in the cited publications. Additionally,
quantifying values are not catalogued here because the diverse
metrics used to evaluate enzyme activity (i.e., kcat, KM, kcat/KM,
TTN, % conversion, % yield, rate of NADPH consumption,
rate of product formation, etc.) preclude direct comparison.

Scheme 2. Representative Substrates and Corresponding Products of the Carbene and Nitrene Transfer Reaction Classes
Catalyzed by P450 BM3
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Indeed, until recently there was no set protocol for presenting
biocatalytic data. STRENDA (Standards for Reporting
Enzymology Data) has addressed this with its guidelines on
enzymology data reporting.153 Upon wider adoption by the
community, it will enable reporting data in a machine-readable
format that will significantly boost the speed of data collection
for database creation. However, research articles without a
consensus still require manual curation.154 Additionally, lab-to-
lab variation in reaction conditions can affect activity, even
when utilizing the same metric (i.e., % conversion after 1 h vs
16 h).
Variants possessing properties less favorable than the parent

molecule will not be included, unless a specific property has
been exchanged to gain another property (for example, a
decrease in product formation is traded for improved
enantioselectivity), which will be mentioned explicitly.
However, because this review does not specify the metrics
used to assess the degree of improvement of one variant over
another, the reader is encouraged to refer to the cited
publications for further details about variant properties.
The discussed requirements yielded approximately 400

publications reporting over 1500 distinctive variants with
improved features (Supplementary Table 1). These encom-
passed more than 220 singular variants, over 250 double
variants, and more than 140 triple variants with the
corresponding mutations for each variant listed in Supple-
mentary Tables 11−13. Each of these variations has exhibited
an enhancement above the parent enzyme and implies that, in
many cases, only a handful of modifications are necessary to
enhance the catalytic abilities of P450 BM3. Variants
containing four mutations are listed in Supplementary Table
14, while those with more than four mutations are listed in
Supplementary Table 15 in ascending order based on the
number of mutations.
Together, these variants consist of over 900 unique

mutations, with some containing up to 34 mutations. The
mutations are listed in Supplementary Table 16 based on
amino acid position. Researchers can refer to these tables to
quickly determine if a variant of interest is present in the
database. If the variant is present, readers should consult
Supplementary Table 1 for substrate information and
corresponding references that provide further characteristics
on the P450 BM3 variant. If a variant of interest is not listed in
the database, mutations included in the variant may be
identified in a similar manner.
Wild-type P450 BM3 possesses the innate ability to natively

catalyze diverse reaction types with varying degrees of
efficiency and a range of substrate types (Table 1). Numerous
alkyl hydroxylation and alkyl epoxidation reactions are
catalyzed by wild-type BM3 because they closely resemble
the natural substrates, medium-to-long-chain fatty acids, such
as lauric acid. The database also reports wild-type hydrox-
ylation of aromatic, drug/drug-like, and small alkyl substrates,
generally with lower reaction conversions than for large alkyl
hydroxylation. Interestingly, wild-type BM3 has exhibited
detectable activity for carbene30−36 and nitrene transfer
reactions51−56 and other reactions155,156 with certain sub-
strates. However, the conversion, regioselectivity, and
enantioselectivities are often inadequate and impractical.
Nonetheless, the wild-type BM3’s native promiscuity show-
cases its potential as a platform for enzyme engineering,
explaining why many researchers use it as a starting point.

Our objective was to examine amino acid positions and
mutations which enable a broad range of reactions, to provide
a unique perspective attainable only by gathering hundreds of
variants into a database. We will discuss recurring positions or
mutations in each reaction class that enhance the performance
for commonly encountered substrates. This will assist
researchers not currently utilizing P450 BM3 in identifying
appropriate variants or substrates to begin their investigations.
It will also facilitate targeting residues for producing site-
saturation mutagenesis (SSM) libraries to screen various
reaction classes and identify starting points for further protein
engineering.

■ REPRESENTATION OF P450 BM3 MUTATIONS IN
RELATION TO THE REACTIONS THEY CATALYZE

Our primary goal was to examine positions where mutations
occurred, regardless of the resulting mutation. By identifying
regions that undergo frequent mutation across various reaction
classes, we can pinpoint positions that, when mutated, enable
reaction promiscuity. These positions serve as possible starting
points for creating SSM libraries capable of catalyzing more
than one reaction.
A crystal structure of the heme domain of P450 BM3

(residues 1−471, PDB: 1FAG) highlights key secondary
structure elements: the B′-helix (residues 72−83), the E-
helix (142−159), the F-helix (171−190), the largely solvent
exposed G-helix (197−226), and the I-helix (Figure 1). These
elements cluster above the plane of the heme. The cyan-
colored I-helix and the red heme will serve as orientation
reference points for the active site in all figures. While
numerous mutations made beyond these regions have been

Table 1. Reactions Catalyzed by Wild-Type BM3a

aCitations pertain to instances where wild-type P450 BM3 performed
the corresponding reaction in each reaction class category.
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reported, the highlighted elements encompass several of the
most commonly mutated positions that will be discussed in
more detail in this review. Figure 1 depicts the interaction
between the heme-iron and the axial cysteine (Cys400). The
substrate access tunnel, containing the cocrystallized substrate
lauric acid, is highlighted by dark blue and is adjacent to the
clustered key elements presented above. The B′-helix, F-helix,
and I-helix feature many residues within the substrate access
channel that interact with the substrate (Figure 1). For this
reason, most of the commonly mutated positions on P450
BM3 are in these regions.

■ P450 BM3 VARIANTS CATALYZING AROMATIC
HYDROXYLATION

We have identified 140 positions where at least one mutation
improved reactivity toward aromatic hydroxylation (Figure 2).
The relevant citations for the mutated positions in both heme
and reductase domains are listed in the caption of Figure 2 (as
for each of the following figures); “chimeras” refer to variants
created using gene shuffling-type approaches, where identifying
which gene is the “parent” and corresponding number of
mutations can be difficult. These mutations span the entire
heme domain, with many of them located in or near the active
site. Figure 2 also shows some regions where no beneficial
mutation has been reported, but it is uncertain whether
mutations have been carried out and were not beneficial or
whether those positions have not been investigated.
Mutations at positions 47, 51, 74, 78, 82, 87, 188, 263, 328,

330, and 353 have been frequently associated with improved
hydroxylation of aromatic substrates, as evidenced by multiple
references to each position. A complete list of substrates can be
found in Supplementary Table 2. The majority of these
positions are adjacent to the substrate access channel,
including the B′-helix, F-helix and I-helix, and in the active

Figure 1. Crystal structure of the P450 BM3 heme domain (PDB:
1FAG) representing key secondary structure elements. These are the
B′-helix (red; residues 72−83), E-helix (orange; 142−159), F-helix
(yellow; 171−190), G-helix (green; 197−226), and I-helix (cyan;
250−282). The heme is red, and the cocrystallized lauric acid is in
navy sticks surrounded by its van der Waals radius.66

Figure 2. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward aromatic hydroxylation are
shown (red spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are
listed below, with refs: 1 (338), 11 (338−340), 23 (338), 42 (338),
47 (5, 23, 25, 158, 163−165,167, 170, 173, 175−177, 182−184, 186,
187, 189, 193−195, 200, 202, 338−347, 384, 349−354), 51 (5, 23,
25, 158, 165, 167, 173, 175−177, 182, 184, 186, 187, 189, 193, 194,
202, 342−344,346, 355, 356), 58 (357−359), 64 (173, 183, 200, 340,
342, 349−351, 354), 68 (338, 339), 72 (343, 345), 73 (195), 74 (19,
157, 159, 165, 169, 173, 179, 187, 195, 202, 342, 343, 360−365), 75
(13, 19, 166, 201), 78 (163, 164, 181, 187, 198, 337, 343, 348, 364,
366), 81 (166, 173, 187, 195, 200, 338−340, 342, 349−351, 354), 82
(1, 5, 163, 187, 198, 201, 319, 337, 343, 345, 351, 367, 368), 86 (173,
183, 200, 347, 349, 350), 87 (5, 6, 9, 13, 16, 21, 157−160, 162, 164,
165, 168−171, 173−175, 179, 181−183, 187, 189, 190, 194, 195,
200−202, 327, 337−343, 345−365, 368−379), 88 (181), 94 (163,
164, 348), 96 (9, 358), 100 (357−359), 103 (338, 340), 106 (338),
107 (338, 357−359), 108 (195), 109 (338, 339), 110 (340), 112
(340), 113 (338, 339), 115 (9), 122 (196), 135 (357−359), 136
(338, 340), 138 (163, 366), 142 (163, 164, 348), 143 (173, 183, 195,
200, 338−340, 342, 349−351, 354), 145 (357−359), 146 (338), 148
(206), 149 (338), 150 (338, 339), 152 (339), 159 (338, 340), 160
(9), 162 (206, 340−342), 167 (368), 168 (361), 171 (23, 25, 165,
175, 184, 187, 343, 363), 175 (163, 164, 348, 366), 178 (163, 366),
180 (1, 319), 181 (1, 5, 16, 181, 319), 184 (1, 16, 163, 164, 187, 319,
343, 348, 366), 185 (206), 187 (206, 340, 341), 188 (1, 5, 157, 159,
165, 169, 170,173, 179, 182, 183, 187, 195, 200, 202, 206, 319,
338−343, 345, 347, 349−351, 354, 360−365, 370), 189 (166), 190
(340), 191 (25, 165, 168, 175, 184, 185, 187, 343), 192 (341), 198
(9, 349, 350, 354), 199 (338, 339), 205 (163, 164, 348), 213 (338,
339), 220 (195), 222 (364), 223 (163), 224 (368), 225 (361), 226
(163, 164, 348), 227 (163), 228 (206), 236 (163, 164, 206, 342, 348,
366), 237 (9, 206, 340, 341, 358), 238 (353), 239 (25, 165, 168, 175,
184, 185, 187, 343, 357−359), 248 (341), 252 (163,164, 348, 366),
254 (341), 255 (163, 164, 196, 348, 352, 366), 256 (9), 259 (25,
165,168, 175, 184, 185, 187, 343), 262 (201), 263 (19, 166, 187, 201,
343, 363), 264 (158, 173, 201, 337, 342, 343), 267 (173, 183, 187,
195, 200, 338−340, 342, 343, 345, 349−351, 354), 268 (23, 161, 166,
181, 373), 270 (338), 274 (357−359), 276 (25, 165, 168, 175, 184,
185, 187, 343), 278 (9), 281 (341, 353), 285 (349, 350, 354), 286
(166), 290 (163, 164, 348, 366), 295 (163, 366), 305 (9, 166), 307
(23, 25, 165, 175, 184, 187,343, 363), 312 (338), 319 (23, 25, 165,
175, 184, 187, 338, 339, 343, 349, 350, 363), 328 (5, 13, 16, 163, 180,
181, 187, 189, 194, 198, 202, 319, 343, 346, 363, 364, 367), 329 (19,
196), 330 (19, 21, 25, 165, 167, 175, 186, 187, 193, 319, 343, 379),
331 (196), 335 (341), 338 (338), 345 (9), 347 (338, 339), 351
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site; this trend is evident throughout this review. SSM libraries
of these positions can be invaluable for screening different
substrate classes. Indeed, the aromatic hydroxylation reactions
comprise more than 400 variants, with half containing only one
or two mutations (Supplementary Figure 1). Since variants
with more mutations have seldom been reported for this class
of reactions, this implies that few mutations are sufficient to
create variants that are operationally effective.
Position 87, located within the active site, has been

frequently mutated to smaller residues, enabling accommoda-
tion of larger substrates.174,336 SSM at positions 78, 82, 87,
264, and 268 has produced P450 BM3 variants with
mutagenesis coverage ranging between 50 and 70% at each
position.337 Over 25% of the library of 53 variants screened
were effective at hydroxylating indole. This highlights the
efficiency of utilizing SSM libraries at specific P450 BM3
positions.337

P450 BM3 Variants Catalyzing Drug/Drug-Like
Hydroxylation. Aromatic hydroxylation and drug/drug-like
hydroxylation reaction categories exhibit similar patterns of
mutations, which is unsurprising due to the presence of an
aromatic moiety in most drugs.385−388 Among the drug/drug-
like hydroxylation classification, 129 mutated positions have
been reported that display improvement compared to the
parent enzyme (Figure 3). These positions are spread
throughout the heme domain and beyond, with numerous
frequently mutated positions within the active site, indicating a
similar trend to aromatic hydroxylation.
Mutation at positions 47, 51, 64, 72, 74, 78, 81, 82, 86, 87,

143, 188, 267, 319, and 415 occurs frequently and is linked to
the metabolism of various drug and drug-like substrates. A
complete list of substrates can be found in Supplementary
Table 3. Similar to aromatic hydroxylation, the majority of
frequently mutated positions are situated on the B′-helix, F-
helix, or I-helix. Caution is necessary when interpreting
common mutation positions. As an example, the mutation of
glycine to serine at position 415 does not lead to any activity
enhancement but was acquired during random mutagenesis
along with E267V.389 This variant, named M01, includes the
mutations R47L/F87V/L188Q/E267V/G415S. In some cases,
researchers use the M01 variant without the G415S mutation
yet still name it M01; for this reason, we specify this variant’s
name and identity in the database.

Figure 2. continued

(341), 353 (25, 163−165, 168, 175, 184, 185, 187, 343, 348, 366),
354 (19, 352, 353), 359 (341), 363 (352, 353), 366 (166), 370
(338), 377 (165, 175, 379), 383 (338, 339, 368), 390 (189), 392
(189), 393 (189, 358), 399 (203), 401 (5, 167, 176, 177, 184, 186,
187, 193, 341, 343, 344, 380), 403 (187, 203, 339), 405 (9, 358), 407
(368, 381, 382), 408 (338−340), 410 (25), 413 (339), 415 (345,
349−351, 354), 417 (340), 425 (165, 175, 379), 434 (357−359, 361,
368), 435 (361), 437 (19, 187, 189, 194, 201, 345, 350), 438 (201),
440 (361), 445 (362), 446 (357−359), 471 (349, 352, 353), 474
(338−341), 490 (189), 494 (349), 543 (352), 558 (338−341), 575
(353), 584 (367), 595 (353), 664 (338−341), 675 (338−341), 678
(338−341), 685 (367), 687 (338−341), 741 (338−341), 760 (367,
813 (338−341), 814 (343), 825 (338−341, 367), 836 (338−341),
853 (367), 870 (338−341), 881 (338−341), 887 (338−341), 894
(338−341), 915 (367), 954 (338−341), 964 (349, 350), 967
(338−341), 981 (338−341), 1008 (338−341), 1011 (353), 1016
(353), 1021 (338−341), 1022 (338−341, 353), 1024 (349), 1049
(349), Chimeras (383, 384).

Figure 3. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward drug/drug-like hydroxylation
are shown (orange spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are listed,
with refs: 8 (390), 11 (391, 392), 23 (391, 392), 24 (393, 394), 39
(391), 47 (3, 11, 14, 164, 182, 200, 204, 205, 209−211, 213, 214,
217, 334, 348, 350, 351, 354, 389−419), 49 (11, 396, 397, 405, 408,
420), 51 (11, 182, 204, 205, 209, 211, 395−397, 400, 403, 405, 406,
408), 52 (217, 348, 420), 58 (359, 393, 394, 420), 64 (200, 204, 205,
209, 210, 350, 354, 389, 396, 400, 401, 404, 407, 409−413,
415−420), 72 (3, 14, 211, 216, 350, 391, 396, 403, 404, 409, 410,
413, 415), 74 (182, 204, 205, 209, 211, 350, 393, 394, 400−404, 406,
407, 421, 422), 75 (334, 393, 394, 420), 76 (14), 77 (3, 14), 78 (3,
14, 164, 211, 216, 217, 334, 348, 393, 394, 396, 397, 403, 405, 408,
410, 423, 424), 79 (14), 80 (14), 81 (3, 14, 200, 204, 205, 209−211,
217, 350, 354, 389, 391, 392, 396, 399−401, 403, 404, 406, 407,
409−413, 415−419), 82 (3, 14, 79, 207, 211, 216, 217, 348, 350, 393,
394, 396, 397, 403−406, 408, 410, 413), 86 (200, 204, 205, 209, 350,
389, 390, 399−402, 404, 407, 409, 411−415, 420), 87 (3, 11, 14, 21,
79, 164, 182, 200, 204, 205, 207, 209−211, 213−215, 217, 334, 348,
350, 351, 354, 359, 377, 389−422), 88 (3, 14, 216), 94 (164, 217,
334, 348, 393), 96 (391), 100 (359, 393, 394, 420), 102 (393, 394),
103 (391), 106 (391, 420), 107 (359, 391−394, 420), 108 (391),
109 (391, 420), 110 (391, 392, 420 112 (391), 113 (391), 122
(420), 135 (359, 393, 394, 420), 136 (391, 392), 138 (217, 348, 423,
424), 140 (420), 142 (164, 217, 334, 348, 393), 143 (200, 204, 205,
209, 210, 350, 354, 389, 391, 392, 396, 400−402, 404, 409, 410, 413,
415−420), 145 (359, 393, 394), 148 (206), 149 (391), 152 (391),
158 (391), 159 (391), 162 (206, 209, 400−402, 420), 165 (206,
401), 170 (420), 171 (211, 403, 406), 173 (402), 175 (164, 217,
334, 348, 393, 423, 424), 177 (3, 14, 206, 334, 401), 178 (217, 348,
423, 424), 180 (217), 181 (334, 396), 182 (420), 184 (164, 211,
217, 334, 348, 393, 403, 406, 420, 423, 424), 185 (3, 14, 206, 209,
397, 405, 420), 186 (402), 187 (206, 209, 391, 400−402), 188 (3,
14, 182, 200, 204−206, 209−211, 213, 214, 217, 350, 351, 354,
389−392, 396−406, 409−419, 421, 422), 190 (391, 392), 191 (211,
403), 197 (217), 198 (350, 354, 404, 409, 411, 413, 415, 417−419),
205 (14, 164, 217, 334, 348, 393) 209 (3, 14), 211 (391), 212 (391),
213 (391, 392), 226 (164, 217, 334, 348, 393), 228 (206, 209, 401),
231 (420), 233 (420), 236 (164, 206, 209, 217, 334, 348, 393, 401,
423, 424), 237 (206, 209, 400−402), 239 (211, 359, 393, 394, 403,
420), 251 (212), 252 (164, 217, 334, 348, 393, 423, 424), 255 (164,
217, 334, 348, 393, 423, 424), 259 (211, 391, 403), 260 (334, 393,
406), 261 (391, 406), 262 (391, 406), 263 (211, 403, 406), 264
(395, 400−402, 406), 267 (200, 204, 205, 209−211, 214, 350, 351,
354, 389−392, 396, 399−404, 407, 409−413, 415−419), 268 (420),
270 (391, 406), 274 (359, 391, 393, 394, 420), 276 (211, 403), 285
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For the drug/drug-like hydroxylation class, there are over
400 variants in the database. Of these, 9% are single variants,
17% are double variants, 11% are triple variants, and other
variants contain up to 29 mutations (Supplementary Table 1
and Supplementary Figure 2). It is plausible that multiple
mutations may be necessary to achieve a desirable enhance-
ment in activity, given that these substrates do not resemble
the natural substrates. In some cases, variants that exhibit
promiscuous activity toward drug/drug-like substrates can be
applied to substrates from different reaction classes without the
need for additional mutations and will be expanded upon
further in this article.

■ P450 BM3 VARIANTS CATALYZING SMALL ALKYL
HYDROXYLATION

Alkyl hydroxylation has been classified into two subclasses:
small alkyl hydroxylation and large alkyl hydroxylation. Small
alkyl hydroxylation involves substrates with a linear chain of <8
carbons or monocyclic alkyl alkanes such as cyclohexane. The
aim is to distinguish these smaller substrates from those that
are more similar to lauric acid. A complete list of substrates can
be found in Supplementary Table 4. There are 81 positions
within the heme domain that exhibit improved small alkyl
hydroxylation ability compared to the parent enzyme as a
result of mutations (Figure 4).
The most frequently mutated positions include 47, 74, 78,

82, 87, 188, and position 328. There are a total of 375 unique
variants identified in the small alkyl hydroxylation group, which
is comparable to the number found in aromatic and drug/drug-
like hydroxylation. The small alkyl hydroxylation category
includes a significant proportion of single and double
substitutions, accounting for 25% and 24%, respectively
(Supplementary Figure 3). Since these small alkyl substrates
have nonaromatic and hydrophobic properties similar to those
of the original substrates, observing a gain of function often
requires few mutations. However, additional mutations may be
necessary when using very small alkyl substrates (such as
butane, propane, or ethane)244,426 or when screening for
improvements in regioselectivity or enantioselectivity.217,231,240

Screening SSM libraries at popular positions (74, 78, 82, 87,
188) within this class may yield significant benefits. These top

Figure 3. continued

(350, 354, 404, 409, 411, 413, 415, 417−419), 290 (164, 217, 334,
348, 393, 423, 424), 294 (420), 295 (217, 348, 423, 424), 305, 420),
307 (211, 212, 403, 406), 309 (391), 319 (211, 350, 389, 390, 399,
403, 404, 406, 409, 411−415), 324 (393, 394, 420 328 (3, 14, 211,
216, 217, 348, 393, 403, 406), 329 (211, 406), 330 (3, 14, 21, 211,
216, 396, 403, 405, 406, 408), 338 (391), 340 (420), 349 (348), 353
(164, 211, 217, 334, 348, 393, 403, 423, 424), 366 (217, 334, 348,
393, 394, 420), 372 (393), 398 (420), 401 (211, 391, 403, 406), 403
(211, 391, 403, 406), 408 (391, 392), 409 (391, 420), 413 (391,
420), 415 (210, 214, 350, 354, 389, 390, 396, 399, 404, 409−413,
415, 417−419), 417 (391), 422 (334), 434 (359, 393, 394, 420), 437
(210, 334, 350, 396, 404, 407, 409, 413, 415), 438 (3), 440 (404),
442 (393, 394, 420), 446 (359, 393, 394, 420), 464 (217, 348), 474
(391, 392), 558 (391, 392), 664 (391, 392), 675 (391, 392), 678
(391, 392), 687 (391, 392), 710 (217, 348), 741 (391, 392), 813
(391, 392), 825 (391, 392), 836 (391, 392), 870 (391, 392), 881
(391, 392), 887 (391, 392), 894 (391, 392), 954 (391, 392), 964
(350, 390, 404, 409, 411, 413, 415), 967 (391, 392), 981 (391, 392),
1008 (391, 392), 1021 (391, 392), 1022 (391, 392), 1049 (404, 411,
413), Chimeras (383, 384, 425).

Figure 4. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward small alkyl hydroxylation are
shown (yellow spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are listed,
with refs: 4 (428), 26 (230, 287, 288, 429, 430), 47 (28, 83, 167, 217,
219, 221, 222, 224, 226, 230, 231, 233, 237, 238, 242, 244, 245, 287,
288, 334, 426, 429−438), 51 (28, 167, 219, 221, 222, 237, 238, 242,
245, 431, 436), 52 (217, 233, 244, 433−435), 64 (224, 231), 70
(432), 72 (226), 74 (19, 28, 157, 222, 223, 231, 237, 238, 244, 287,
288, 306, 428−431, 434, 439−442), 75 (19, 219, 226, 334, 428, 437,
438), 78 (217, 220, 226, 230−233, 244−246, 246, 334, 348, 366, 424,
426−428, 432−438, 442), 81 (217, 224, 230, 231, 319, 348, 442), 82
(217, 226, 230−233, 244−246, 319, 348, 367, 426−428, 432−435,
437, 438, 442), 86 (231), 87 (7, 16, 19, 21, 22, 28, 83, 157, 217,
222−227, 229−232, 234, 235, 237, 238, 240, 245, 287, 288, 306, 334,
348, 376, 428−433, 437, 438, 440−445), 88 (437, 438), 94 (217,
226, 233, 244, 245, 334, 426, 432−435, 437, 438), 111 (432), 138
(217, 220, 244, 245, 366, 424, 426, 436), 141 (432), 142 (217, 226,
233, 244, 245, 334, 348, 426, 432−435, 437, 438, 442), 143 (224,
231), 147 (432), 153 (428), 159 (432), 162 (428), 171 (237, 238),
175 (217, 220, 226, 233, 244, 245, 334, 348, 366, 424, 426, 432−438,
442), 178 (217, 220, 244, 245, 366, 424, 426, 436), 180 (217, 348,
432, 442), 181 (16, 219, 230, 243, 246, 334, 428), 182 (243), 184
(16, 217, 220, 226, 233, 244, 245, 319, 334, 348, 366, 424, 426, 428,
432−438, 442), 185 (232), 188 (28, 83, 157, 217, 223, 224,
230−233, 237, 238, 244, 287, 288, 306, 319, 428−431, 433−435,
439−441), 191 (185, 237, 238), 197 (217, 348, 442), 198 (224,
231), 205 (217, 226, 233, 244, 245, 334, 348, 426, 432−435, 437,
438, 442), 226 (217, 226, 233, 244, 245, 334, 348, 426, 432−435,
437, 438, 442), 232 (428), 235 (242, 428), 236 (217, 220, 226, 233,
244, 245, 334, 348, 366, 424, 426, 432−438, 442), 239 (185, 237,
238, 242), 241 (432), 252 (217, 220, 226, 233, 244, 245, 334, 348,
366, 424, 426, 432−438, 442), 255 (217, 220, 226, 233, 244, 245,
334, 348, 366, 424, 426, 432−438, 442), 259 (185, 237, 238), 260
(19, 230, 334, 428, 437, 438), 263 (19, 226, 230, 246, 319, 432), 264
(445), 266 (432), 267 (224, 231), 268 (235, 443), 276 (185, 237,
238), 285 (224, 231), 290 (217, 220, 226, 233, 244, 245, 334, 348,
366, 424, 426, 432−438, 442), 295 (217, 220, 244, 245, 366, 424,
426, 436), 307 (237, 238), 315 (432), 319 (231, 237, 238, 243), 328
(7, 16, 22, 217, 226, 227, 229, 230, 232−435, 236, 240, 244−246,
319, 367, 426−428, 432−435, 437−440, 440, 444, 445), 329 (19,
230, 233, 435), 330 (19, 21, 167, 317, 319, 428, 432), 345 (432), 353
(185, 217, 220, 226, 233, 237, 238, 244, 245, 334, 348, 366, 424, 426,
432−438, 442), 359 (428), 366 (217, 233, 244, 334, 433−435), 386
(222), 390 (203), 393 (203), 399 (203 401), (4, 167, 237, 238, 242,
380), 403 (203), 407 (381), 411 (243), 415 (224, 231), 422 (334),
436 (243), 437 (19, 230, 231, 334, 445), 438 (246, 427), 443 (244,
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single variants can subsequently be recombined to create
higher-order variants with enhanced activity compared to their
point-mutated counterparts.240 Using pooled SSM libraries has
also been successful, although most researchers prefer to use
individual libraries and recombine top variants.427

■ P450 BM3 VARIANTS CATALYZING LARGE ALKYL
HYDROXYLATION

Large alkyl hydroxylation is the substrate class that most
closely resembles and includes the native substrates, such as
lauric acid. Within the heme domain, there are 123 positions
that are mutated and display an enhancement relative to the
parent (Figure 5). Commonly mutated positions in this
reaction class include 47, 51, 74, 78, 82, 87, 175, 184, 188, 236,
252, 255, 328, and 353. Approximately 300 unique variants are
present in this reaction class, with the largest portion (19%)
consisting of single variants. Over 70% of the variants within
this reaction category have ≤6 mutations, as observed in
Supplementary Figure 4.
A majority of the variants in this reaction category have high

conversions with native-like substrates.168 A complete list of
substrates can be found in Supplementary Table 5. Mutations
are made to alter regioselectivity or enantioselectivity, since
attempting to improve a reaction conversion that is already
near-quantitative leads to diminishing returns.296,325 Position
47 is situated near the entrance of the substrate access channel
where the native Lys47 interacts with the carboxylate group of
long-chain fatty acids such as lauric acid.66 In the case of a
mutation to neutral residues at this position, P450 BM3 can
accept substrates with various ionic characteristics.293

■ P450 BM3 VARIANTS CATALYZING AROMATIC
EPOXIDATION

The epoxidation reactions can be categorized based on
whether the substrate resembles the native substrates or not.
A complete list of substrates can be found in Supplementary
Table 6. Within the database, the smallest category is aromatic
epoxidation, which includes only 34 unique variants with
mutations across 49 positions on the heme domain (Figure 6).
Variants with either one or five mutations account for
approximately 40% of all variants within the aromatic
epoxidation subclass (Supplementary Figure 5).
Wild-type P450 BM3 catalyzes the formation of styrene

oxide from styrene through epoxidation with a preference for
(R)-styrene oxide formation, exhibiting a conversion of only
14% and an enantiomeric excess of 20%.326 Introduction of the
F87G substitution enhanced (R)-styrene oxide formation to an
enantiomeric excess of up to 90%.17,18 Variant 139-3 is the
product of engineering toward improved small alkyl hydrox-
ylation: its reaction conversion was improved to 40% but with
an enantiomeric excess of only 6%. Despite having 11
substitutions, variant 139-3 is outperformed by the F87G
single variant in terms of enantioselectivity; substitution at
position 87 frequently enhances or even inverts enantiose-

Figure 4. continued

434), 464 (217, 244, 434, 437), 471 (441), 584 (367), 654
(434), 685 (367), 698 (434), 710 (217, 244, 434, 437), 760
(367), 825 (367), 853 (367), 915 (367), 964 (231), 966
(233, 245, 435, 436, 444), 1037 (434), 1046 (233, 245, 435,
436, 444), 1049 (231).

Figure 5. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward large alkyl hydroxylation are
shown (light green spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are listed,
with refs: 1 (320), 21 (325), 25 (446), 26 (2, 287, 320, 429, 446,
447), 27 (325), 28 (320), 30 (325), 47 (2, 195, 217, 238, 241, 244,
245, 287, 288, 293, 348, 426, 429, 433, 438, 446−454), 51 (2, 238,
241, 245, 270, 325, 446, 451), 52 (217, 244, 290, 348, 433), 55 (325),
58 (290, 359, 455, 456), 62 (381), 67 (325), 69 (24), 70 (325), 72
(2, 24, 296), 73 (195, 313), 74 (2, 157, 238, 241, 244, 287, 288, 306,
429, 431, 441, 442, 446, 447, 453, 457, 458), 75 (2, 12, 24, 166, 219,
309, 319, 452, 458−461), 78 (2, 12, 24, 217, 220, 244, 245, 296, 309,
319, 348, 424, 426, 433, 438, 442, 452−454, 458−462), 81 (2, 166,
195, 217, 442, 453, 454, 462), 82 (2, 12, 79, 207, 217, 244, 245, 252,
314, 319, 348, 367, 433, 438, 442, 452−454, 462), 86 (281), 87 (2, 7,
12, 21, 24, 79, 157, 195, 207, 217, 229, 238, 241, 245, 276, 285, 287,
288, 290, 296, 304, 306, 309, 325, 335, 336, 348, 359, 369, 376, 429,
431, 441, 442, 446, 447, 451−468), 88 (458), 94 (217, 244, 245, 348,
426, 433, 438, 452, 454), 96 (278), 97 (381, 469, 470), 100 (290,
359, 455, 456), 106 (290), 107 (290, 359, 455, 456), 108 (195), 109
(325, 470), 119 (325), 127 (320), 135 (290, 320, 359, 455, 456),
138 (220, 244, 245, 424), 142 (12, 217, 244, 245, 348, 426, 433, 438,
442, 452−454, 461, 462), 143 (195), 145 (290, 325, 359, 455, 456),
148 (325), 156 (381), 171 (2, 238), 175 (12, 217, 220, 244, 245,
348, 424, 426, 433, 438, 442, 452−454, 461, 462), 177 (12, 452,
461), 178 (220, 244, 245, 424), 180 (217, 442, 453, 454, 462), 181
(12, 219, 442, 461, 462), 184 (2, 12, 217, 220, 244, 245, 290, 348,
424, 426, 433, 438, 442, 452−454, 461, 462), 185 (325), 188 (2, 157,
195, 217, 238, 241, 244, 287, 288, 306, 312, 429, 431, 433, 441, 446,
447, 451, 457), 189 (166), 191 (2, 168, 238), 197 (217, 325, 442,
453, 454, 462), 198 (325), 202 (325), 205 (12, 217, 244, 245, 348,
426, 433, 438, 442, 452−454, 462), 214 (325), 216 (325), 220
(195), 226 (12, 217, 244, 245, 348, 426, 433, 438, 442, 452−454,
461, 462), 228 (325), 235 (471, 472), 236 (12, 217, 220, 244, 245,
348, 424, 426, 433, 438, 442, 452−454, 461, 462), 237 (325), 239 (2,
168, 238, 290, 325, 359, 455, 456), 251 (310), 252 (12, 217, 220,
244, 245, 348, 424, 426, 433, 438, 442, 452−454, 461, 462), 255 (12,
217, 220, 244, 245, 325, 348, 424, 426, 433, 438, 442, 452−454, 462),
259 (2, 168, 238), 260 (2), 263 (2, 12, 166, 296, 309, 325), 264 (2,
309, 325, 446), 267 (2, 195, 473), 268 (24, 166, 254, 291, 294), 274
(290, 359, 455, 456), 276 (2, 168, 238), 278 (325), 286 (166), 290
(12, 217, 220, 244, 245, 348, 424, 426, 433, 438, 442, 452, 454, 461,
462), 295 (220, 244, 245, 424), 301 (325), 305 (166), 307 (2, 238,
310), 315 (325), 319 (2, 238), 324 (290), 327 (325), 328 (2, 7, 12,
24, 217, 229, 244, 245, 319, 325, 348, 367, 426, 433, 438, 452, 458),
330 (2, 21, 319, 458), 331 (458), 332 (2), 334 (325), 335 (325),
340 (290), 345 (325), 349 (348), 353 (2, 12, 168, 217, 220, 238,
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lectivity17,18,174 and is regularly present in this reaction class
(Supplementary Table 1). These examples illustrate that both
single point substitution and elaborate engineering can yield

operational improvements depending on the desired applica-
tion, highlighting the complexity of engineering P450 BM3.

■ P450 BM3 VARIANTS CATALYZING ALKYL
EPOXIDATION

The second group of epoxidation involves substrates that
closely resemble the fatty acid substrates natively favored by
BM3 (Figure 7). A complete list of substrates can be found in

Supplementary Table 7. There are 112 variants reported in this
class, but only 38 positions within the heme domain have been
reported to provide improved activity upon mutation. This is
the fewest number of positions mutated for any of the reaction
classes. Almost 50% of the variations in this category consist of
point substitutions, which shows that few mutations at a
limited number of positions result in improved function
(Supplementary Figure 6).
The wild-type enzyme frequently exhibits substantial activity

toward numerous substrates in this type of reaction.302 As the
point substituted variants are highly efficient, there is little
impetus to introduce further mutations. Therefore, mutations
usually enhance the regio- or enantioselectivity of epoxidation
rather than the quantity of the resulting product.226,227

Moreover, there is a common occurrence of competition
between substrate epoxidation and hydroxylation, where the
utilization of mutations in P450 BM3 can facilitate an increase

Figure 5. continued

244, 245, 348, 424, 426, 433, 438, 442, 452−454, 461, 462),
357 (325), 363 (325), 366 (166, 217, 244, 290, 348, 433,
461), 371 (325), 385 (325), 390 (325), 393 (474), 397 (469,
470), 399 (203), 401 (2, 238, 241, 380), 403 (2, 203, 475),
407 (381, 382, 470, 475−477), 408 (325), 422 (325), 434
(290, 359, 455, 456), 437 (2, 12), 442 (290, 461), 443 (244),
446 (290, 359, 455, 456), 452 (320), 463 (320), 464 (217,
244, 348), 470 (320), 471 (441, 471, 472), 473 (320), 474
(320), 494 (471, 472), 546 (320), 584 (367), 589 (320), 599
(320), 624 (320), 637 (320), 639 (320), 660 (320), 664
(320), 674 (320), 685 (367), 710 (217, 244, 348), 715 (320),
716 (320), 741 (320), 760 (367), 769 (472), 782 (320), 796
(472), 813 (320), 824 (320), 825 (367), 847 (472), 850
(472), 852 (472), 853 (367), 870 (320), 881 (320), 889
(320), 895 (320), 915 (367), 947 (320), 954 (320), 966
(245, 295, 318, 431, 446, 471, 472, 478, 479), 967 (320), 978
(472), 1008 (320), 1019 (320), 1024 (471, 472), 1046 (245,
295, 297, 318, 431, 446, 471, 472, 478, 479), Chimeras (305,
323, 324, 383).

Figure 6. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward aromatic epoxidation are
shown (dark green spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are listed,
with refs: 47 (23, 25, 27, 184, 226), 51 (23, 25, 27, 184), 58 (456), 75
(20), 78 (20, 27, 226, 326, 366, 480), 82 (27, 226, 298), 87 (17, 18,
20, 21, 174, 226, 326, 327, 371, 456), 94 (27, 226), 100 (456), 107
(456), 135 (456), 138 (326, 366, 480), 142 (27, 226), 145 (456),
171 (23, 25, 184), 175 (27, 226, 326, 366, 480), 178 (326, 366, 480),
181 (20), 184 (27, 226, 326, 366, 480), 191 (25, 27, 184), 205 (27,
226), 226 (27, 226), 235 (326), 236 (27, 226, 326, 366, 480), 239
(25, 27, 184, 456), 252 (27, 226, 326, 366, 480), 255 (27, 226, 326,
366, 480), 259 (25, 27, 184), 262 (20), 263 (20, 27, 226), 264 (20),
268 (23), 274 (456), 276 (25, 27, 184), 290 (27, 226, 326, 366, 480),
295 (326, 366, 480), 307 (23, 25, 184), 319 (23, 25, 184), 328 (20,
27, 226), 330 (21, 25), 353 (25, 27, 184, 226, 326, 366, 480), 372
(27), 401 (184), 410 (25), 434 (456), 437 (20), 438 (20, 298), 446
(456), 471 (326), 494 (326), 1024 (326).

Figure 7. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward alkyl epoxidation are shown
(light blue spheres). Mutated positions in the heme domain (residues
1−471) and in the reductase domain (472−1049) are listed, with refs:
26 (429, 430), 47 (28, 221, 226, 331, 429, 430, 448, 449, 481), 51
(28, 221, 331, 449, 481), 69 (24), 72 (24, 226), 74 (19, 28, 223, 331,
429, 430), 75 (19, 226, 309), 78 (24, 226, 309, 366, 424, 462), 81
(462), 82 (226, 462, 482), 87 (19, 21, 22, 24, 28, 221, 223, 226, 227,
309, 331, 332, 429, 430, 445, 448, 449, 462, 481), 94 (226), 138
(366, 424), 142 (226, 462), 175 (226, 366, 424, 462), 178 (366,
424), 180 (462), 181 (462), 184 (226, 366, 424, 462), 188 (28, 223,
331, 429, 430), 197 (462), 205 (226, 462), 226 (226, 462), 236
(226, 366, 424, 462), 252 (226, 366, 424, 462), 255 (226, 366, 424,
462), 260 (19), 263 (19, 226, 309), 264 (309), 268 (24), 290 (226,
366, 424, 462), 295 (366, 424), 328 (22, 24, 226, 227, 445, 481), 329
(19), 330 (19, 21), 353 (226, 366, 424, 462), 401 (482), 437 (19,
445), Chimeras (323, 324).
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in the proportion of epoxidation to hydroxylation.28,226,227

Position 87 remains one of the most frequently mutated
positions, consistent with previous reaction classes, as its
location in the active site can cause significant changes in
accepted substrates based on the substitution at that position.

■ P450 BM3 VARIANTS CATALYZING CARBENE
TRANSFER

The carbene transfer reaction, catalyzed by P450 BM3 variants,
represents a novel-to-nature reaction and illustrates how
enzyme engineering can generate innovative functions.
Although mutations at positions 268 and 400 are largely
responsible for unlocking this reactivity, it differs considerably
from the native reaction and often requires numerous
mutations to achieve a modest level of activity.30−31,135,141

For more information on carbene and nitrene transferase
reactions performed by various P450 BM3 variants, including
their initial discovery, development, and most promising
candidates, please refer to the recent article published by
Yang and Arnold.135

There are 159 distinct variants across 45 positions in the
carbene transfer reaction classes (Figure 8). Variants
engineered to perform carbene transfer reactions with
operational utility typically include more mutations than
those selected for hydroxylation or epoxidation reactions.
Indeed, the carbene transfer reaction class is characterized by a
prevalence of variants with 18 mutations, with more than 85%
of the variants containing at least 13 mutations (Supple-
mentary Figure 7). This can be attributed to the requirement
for more extensive modification to achieve appropriate active
site architecture and productive substrate binding as the
chemistry and substrates used differ importantly from the
native reaction. A complete list of substrates can be found in
Supplementary Table 8.
For instance, variants 139-3, J, and 9-10A were all initially

engineered toward enhanced small alkane hydroxylation.220,426

These variants feature either 11 mutations (139-3) or 13
mutations (J and 9-10A) and serve as frequent parent enzymes
for further engineering of carbene transfer variants.135 Carbene
transferases engineered to be efficient with a particular
substrate then often serve as starting variants to alter regio-
or enantioselectivity.135 Because there is no immediate benefit
to discern mutations within a variant that do not contribute to
the desired function, this reaction class holds the highest
proportion of variants that include 25 or more substitutions
(compare Supplementary Figure 7 to Supplementary Figures
1−6 and 8−9).

■ P450 BM3 VARIANTS CATALYZING NITRENE
TRANSFER

Similarly to carbene transfer reactions, the nitrene transfer
reactions catalyzed by P450 BM3 variants are also a novel-to-
nature reaction. As mentioned above, more information on
carbene and nitrene transferase reactions by P450 BM3
variants can be found in this recent publication.135 This
reaction class encompasses a total of 94 variants distributed
across 46 positions in the heme domain (Figure 9). In a further
similarity with carbene transferase variants, approximately 90%
of nitrene transferase variants comprise 13 or more mutations
and only about 7% have fewer than 10 mutations, illustrating
that greater deviations from the native reaction typically
require more mutations (Supplementary Figure 8). A complete

list of substrates can be found in Supplementary Table 9. In
addition, variants with fewer than 10 mutations suffer from low
reaction conversions and this renders them operationally
unusable.51−56 Variants exhibiting enhanced nitrene transferase
properties are utilized as the starting point for advancing
nitrene transfer reactions with diverse substrates, thereby
increasing the number of substitutions.135

■ P450 BM3 VARIANTS CATALYZING OTHER
REACTIONS

The last reaction class comprises variants that do not adhere to
the previously discussed reaction classes. These variants
execute a reaction that differs from all previously discussed
reaction classes, or their mutations foster enhanced stability
during operational conditions. There are 162 variants in this
final reaction group, and they include substitutions located
over 102 positions in the heme domain (Figure 10). On
average, the variants contain six or fewer mutations. This is
higher than the observed average for hydroxylation or
epoxidation classes but significantly lower than the carbene
or nitrene transfer reaction class (Supplementary Figure 9).

Figure 8. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward carbene transfer are shown
(dark blue spheres). Mutated positions in the heme domain (residues
1−471) and in the reductase domain (472−1049) are listed, with refs:
47 (30, 43), 70 (44, 46, 47, 49, 50), 72 (42, 44), 74 (44, 46, 47, 49,
50), 75 (30, 33, 35, 45, 48), 78 (30, 31, 33−36, 38, 40−50), 82 (30,
34, 42, 44, 46, 47, 49, 50), 87 (30, 31, 33−37, 42−50), 92 (34, 40),
94 (30), 100 (34, 40), 118 (43, 44, 47, 49, 50), 142 (30, 31, 33−36,
42−50), 149 (43), 162 (44, 47, 50), 175 (30, 31, 33−36, 42−50),
177 (30, 33, 43, 44, 46, 47, 49, 50), 181 (30, 33−35, 38, 40, 41, 45,
48), 184 (30, 31, 33−36, 42−50), 188 (42), 201 (34), 205 (30), 215
(34), 226 (30, 31, 33−36, 42−50), 233 (43), 236 (30, 31, 33−36,
42−50), 248 (43), 252 (30, 31, 33−36, 42−50), 255 (30), 261 (42),
263 (30, 33−35, 42−44, 46−50), 264 (44, 47, 50), 266 (43, 44, 46,
47, 49, 50), 267 (35, 44, 47, 49), 268 (30, 31, 33−50), 269 (42), 281
(34), 290 (30, 31, 33−36, 42−50), 327 (34, 42−44, 46, 47, 49, 50),
328 (30, 34, 35, 42, 44, 46, 47, 49, 50), 330 (42−44, 46, 47, 49, 50),
332 (44, 47, 50), 353 (30, 31, 33−36, 42−50), 366 (30, 31, 33−36,
42−50), 400 (31, 32, 34, 35, 38, 40−50), 401 (44, 47, 49, 50), 436
(42−44, 46, 47, 49, 50), 437 (30, 33−35, 38, 40−50), 438 (30,
34−36, 38, 42, 45, 46, 48, 49), 442 (30, 31, 33−36, 42−50), 472
(34), 573 (34), 646 (34), 674 (34, 44, 46, 47, 50).
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Reactions in this reaction class primarily involve Kemp
eliminations or oxidative cyclization of lidocaine-type sub-
strates. A complete list of substrates can be found in
Supplementary Table 10. Wild-type P450 BM3 performs a
Kemp elimination on 5-nitrobenzisoxazole, although with poor
kinetic parameters.155 Introduction of the A82F mutation
results in over a 100-fold increase in the second-order rate
constant (kcat/Km), demonstrating that a single mutation can
significantly enhance P450 BM3′s inherent promiscuity. With
regard to the oxidative cyclization of lidocaine derivatives,
wild-type P450 BM3 carries out this reaction with low
efficiency. In the initial discovery of this reaction, 45 variants
of P450 BM3 with up to 10 mutations were screened for
reaction conversion with lidocaine; 24 variants showed a
lidocaine conversion rate of over 50%, an improvement over
the wild-type P450 BM3.211 In subsequent screening of 12
different lidocaine derivatives for oxidative cyclization, wild-
type P450 BM3 conversion was less than 5%, with no activity
detected for many of the compounds.156 However, some
variants with up to 10 mutations showed near-quantitative
conversions, demonstrating that when wild-type activity is low,
accumulation of mutations can lead to a significant increase in
activity. A trend comparable to that observed for the carbene
and nitrene transfer reaction classes is seen, in which the innate
activity was minimal or absent, warranting numerous
mutations to improve the variants’ effectiveness and specificity.

■ IMPORTANT OR FREQUENTLY MADE MUTATIONS
TO P450 BM3

As seen in the main database, Supplementary Table 1, and
illustrated in Figures 2−10, there is broad variation in the
positions selected for mutation across all reaction classes that
resulted in improved P450 BM3 variants. On the basis of the
database, it is evident that most mutations have been made

Figure 9. All positions of the P450 BM3 heme domain that have been
mutated and show improvement toward nitrene transfer are shown
(purple spheres). Mutated positions in the heme domain (residues 1−
471) and in the reductase domain (472−1049) are listed, with refs:
70 (64), 72 (65), 74 (57, 64, 65), 75 (56, 58), 78 (52−65), 81 (51,
53, 54, 60), 82 (51, 53−55, 57, 59−61, 63−65), 87 (51−65), 92
(55), 100 (55), 138 (53), 142 (51−65), 175 (51−65), 177 (56−57,
58), 178 (53), 180 (51, 53, 54, 60), 181 (55−58, 64), 184 (51−65),
197 (51, 53, 54, 60), 201 (55), 205 (51, 53, 54, 60), 215 (55), 226
(51−65), 236 (51−65), 252 (51−65), 255 (51, 53, 54, 60), 263
(55−59, 61−65), 266 (60, 65), 267 (60−61, 63, 65), 268 (52, 53,
55−64), 269 (65), 281 (55), 290 (51−65), 295 (53), 327 (57, 63),
328 (54, 55, 57, 59, 61−65), 330 (57), 353 (51−65), 366 (52,
55−58, 61−65), 392 (60), 393 (60), 394 (60), 395 (63, 65), 400
(55−59, 61−65), 401 (64), 402 (60), 436 (57), 437 (55−58,
62−65), 438 (52, 55, 56, 58−65), 442 (52, 55−59, 61−65), 472
(55), 573 (55), 646 (55), 674 (55, 57), 1046 (55).

Figure 10. All positions of the P450 BM3 heme domain that have
been mutated and show improvement toward other reactions are
shown (light pink spheres). Mutated positions in the heme domain
(residues 1−471) and in the reductase domain (472−1049) are listed,
with refs: 26 (483), 35 (483), 42 (211), 47 (156, 211, 334, 349, 434),
51 (156, 211), 52 (290, 420, 434, 483), 58 (290, 358, 420, 483), 61
(483), 64 (349), 74 (156, 211, 434, 483, 484), 75 (166, 420, 483), 78
(156, 334, 434, 484), 81 (156, 166, 211, 349), 82 (155, 156, 211, 367,
434, 483, 484), 86 (349, 420), 87 (155, 156, 211, 290, 334, 335, 349,
358, 420, 483, 484), 88 (211), 90 (483), 92 (483), 94 (334, 434), 96
(358), 98 (483), 100 (290, 358, 420, 483), 106 (290, 420, 483), 107
(290, 358, 420, 483), 108 (483), 113 (483), 118 (483), 134 (483),
135 (290, 358, 420, 483), 142 (334, 434, 484), 143 (349), 145 (290,
358, 483), 151 (483), 162 (206, 420), 171 (156, 211), 172 (483),
173 (483), 175 (334, 434, 484), 177 (484), 179 (156), 181 (484),
184 (156, 211, 290, 334, 420, 434, 483, 484), 188 (156, 211, 349,
434, 483), 189 (166), 191 (156, 211), 198 (349), 199 (483), 205
(334, 434, 483), 214 (483), 217 (483), 226 (334, 434, 484), 228
(206), 231 (483), 233 (156), 235 (335, 472), 236 (334, 434, 484),
237 (206, 358, 483), 239 (156, 211, 290, 358, 420, 483), 252 (334,
434, 484), 255 (334, 434), 259 (156, 211), 263 (156, 166, 484), 266
(484), 267 (156, 211, 349, 483, 484), 268 (166, 484), 270 (156),
273 (483), 274 (290, 358, 420, 483), 275 (483), 276 (156, 211), 285
(349), 286 (166), 290 (334, 434, 484), 295 (483), 302 (156), 305
(166), 306 (483), 307 (156, 211), 319 (156, 211, 349), 324 (290,
420, 483), 327 (484), 328 (156, 211, 367, 434, 484), 329 (156), 330
(156, 211, 484), 338 (483), 340 (290, 420, 483), 353 (156, 211, 334,
434, 484), 357 (483), 366 (166, 290, 334, 420, 434, 483, 484), 393
(358), 400 (155, 484), 401 (156, 211), 403 (156, 211), 405 (358),
415 (349), 422 (334), 430 (483), 433 (483), 434 (290, 358, 420,
483), 436 (484), 437 (483, 484), 438 (484), 442 (290, 420, 483,
484), 443 (434), 444 (483), 446 (290, 358, 420, 483), 451 (483),
461 (483), 464 (434), 468 (483), 471 (335, 349, 472), 494 (335,
349, 472), 584 (367), 654 (434), 674 (484), 685 (367), 698 (434),
710 (434), 760 (367), 769 (472), 796 (472), 825 (367), 847 (472),
850 (472), 852 (472), 853 (367), 915 (367), 964 (349), 966 (472),
978 (472), 1024 (335, 349, 472), 1037 (434), 1046 (472), 1049
(349), Chimeras (305).
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within or adjacent to the substrate access channel or active site,
yet it is also clear that mutations to P450 BM3 can enhance
function even when distant from the heme. Indeed, error prone
PCR methods commonly reveal positions far from the active
site. We note that regions near the heme-reductase domain
linker or those that are solvent exposed are seldom reported in
variants having improved activity. Furthermore, the absence of
beneficial mutations reported at positions near the interface
between heme-reductase dimers425 may reflect their critical
role in function but such speculation requires further
investigation.
The 25 positions with the highest frequency of substitution

are 87, 47, 353, 78, 188, 184, 328, 236, 252, 175, 290, 82, 51,
226, 142, 267, 263, 366, 268, 74, 442, 330, 255, 400, and 401,
given here in descending order based on their frequency of
occurrence in the database. Notably, the most common
specific substitutions are concentrated in these positions. The
25 most frequently occurring substitutions, ranked in
descending order of frequency as found in the database are
R47L, F87V, A184V, F87A, H236Q, E252G, T175I, A290V,
L353V, S226R, L188Q, P142S, Y51F, V78A, E267V, I366V,
E442 K, R255S, C400S, H171L, A74G, F205C, A328V,
N239H, and Q307H.
It is interesting to note that some mutations are often

reported as single variants, as seen with F87V and F87A, or
exclusively found in higher-order variants, such as S226R. It is
crucial to evaluate the frequency of both the position and the
identity of the substitution when making conclusions about
their significance. Furthermore, it is important to consider the
mutational coverage of a position (how many of the 19 other
amino acids have been reported as beneficial), in addition to
the frequency at which a specific substitution occurs. For
instance, while high mutational coverage suggests adaptability,
observing preferred mutations among the most active variants
can highlight selection toward a desired activity. With
increased data, one can delve deeper into the relationship
between mutations and functional outcomes. Analyzing the
relative frequency and prominence of certain mutations within
every position allows for a more nuanced understanding of
which changes might be more favorable in specific reactions or
environments. This data-driven approach helps in identifying
patterns or trends that indicate the most effective substitutions
for optimizing a particular process or outcome.
Overall, the 27 positions with mutational coverage of 7 or

higher are positions 47, 49, 51, 72, 74, 75, 78, 81, 82, 87, 88,
181, 184, 185, 188, 260, 263, 267, 268, 327, 328, 329, 330,
354, 436, 437, and 438. Among these, the most frequently
found positions within the database that have a mutational
coverage of 7 or higher are 47, 51, 74, 78, 81, 82, 87, 184, 188,
263, 267, 268, 328, and 330. Frequently reported positions
having high mutational coverage are highly significant since
they provide abundant data and demonstrate that a variety of
substitutions are advantageous over the native amino acid.
Indeed, beneficial single variants at these positions are
frequently found within the database. These positions are
also frequently targeted in the creation of SSM libraries, with
the most successful variants then being combined to generate
highly active and/or selective enzymes. The creation of this
database helps facilitate these types of analyses to determine
potentially important positions or substitution patterns and
provide a more complete understanding of P450 BM3.

■ AMINO ACID VARIABILITY IN NATURAL
EVOLUTION VS PROTEIN ENGINEERING

Having determined the positions of P450 BM3 where
experimental methods have led to beneficial high mutational
coverage or frequent mutation, we investigated how amino
acid variability in protein engineering compares with natural
evolution. To this end, we identified conserved residues or
regions between P450 BM3 and related homologues with
ConSurf.485,486 This software creates an amino acid multiple
sequence alignment (MSA) and sequence similarity tree
utilizing the input structure P450 BM3 (PDB: 1FAG) in our
case. The program generates a heatmap incorporated onto the
crystal structure input to gauge the degree of conservation
based on the amino acid sequences of P450 BM3 homologues.
We identified 150 P450 BM3 homologues that had a sequence
identity between 95% and 35% and applied the default
ConSurf parameters.
It was observed that many of the conserved regions in both

P450 BM3 and its naturally evolved homologues are situated
within the substrate access channel and active site (Supple-
mentary Figure 10). The significant conservation in these areas
is due to the fact that most P450s innately carry out oxidation
reactions through C−H activation, such that the region near
the heme is generally hydrophobic. T268 and C400, essential
residues for the native catalytic function, are also highly
conserved in nature. Nonetheless, there is considerable
variability in the amino acid identity of surface-exposed
residues including those surrounding the entry point to the
substrate access channel, presumably reflecting variability in
native substrates of the P450 homologues.
To compare trends in mutational patterns between natural

evolution and protein engineering, we focused on the 27
positions that had a mutational coverage of 7 or more,
described above and highlighted below according to their
degree of natural conservation (Figure 11). Mutations to these
positions result in variants that are more active than the parent
enzyme. Analyzing the mutational patterns between natural
evolution and protein engineering immediately reveals an
important insight. Specifically, researchers should not neces-
sarily avoid positions with highly conserved amino acids when
performing mutagenesis, since our database reveals that
locations with a mutational coverage of 7 or higher are often
conserved in nature (red spheres). In naturally evolved P450
BM3 homologues, highly conserved amino acids are likely to
be catalytically crucial or contribute to substrate binding
stabilization. However, if the substrate or reaction of interest
differs from the native reaction, it may be necessary to mutate
these conserved regions to create a more suitable substrate
binding environment. As a result, amino acids that are highly
conserved in nature are often mutated in protein engineering
to catalyze non-native reactions, proving to be highly beneficial
mutations.
Solvent-exposed amino acids typically exhibit high variability

(Supplementary Figure 10) but are rarely found in the
database with significant mutational coverage. Positions near
the entry to the substrate access channel show high amino acid
variability in nature and in the database, presumably due to the
use of varied substrates by P450 BM3 homologues in nature
and in the laboratory. An average level of amino acid variability
in nature is seen in the B′-helix and F-helix, located adjacent to
the substrate access channel (yellow space-fill), where several
residues with high mutational coverage are found. This analysis
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highlights the value of the database in comparing natural
evolution and protein engineering, as well as identifying
mutational “hot spots”.

■ P450 BM3 MUTATIONS REPORTED IN ALL
REACTION CLASSES

Some positions in P450 BM3 have been reported as being
substituted in each of the reaction classes. They thus appear to
be significant, or at the very least, popular among researchers,
for enabling the various chemical reactions investigated. The
20 positions where substitution is included in beneficial
variants found across all the reaction classes in the database are
positions 75, 78, 82, 87, 142, 175, 181, 184, 205, 226, 236, 252,
255, 263, 268, 290, 328, 330, 353, and 437 (Supplementary
Table 1). These positions are highlighted in Figure 12 and are
mainly located on the B′-helix, F-helix, or I-helix previously
discussed in Figure 1. The remaining positions are localized
either adjacent to the substrate access channel or active site or
more distantly on the E-helix and G-helix.
It is important to also consider the mutational coverage at

positions within the database, in addition to the amino acid
position itself. When there is a variety of substitutions reported
at a particular position across multiple reaction classes, it
suggests that the position promotes reaction and/or substrate
promiscuity. On the other hand, if there are only a few
different substitutions reported at a position, it may indicate
that other substitutions at that position have not yet been
engineered or that they are not beneficial and would not be
included in this database unless included with others. Indeed,
interpreting combinations of substitutions that frequently
appear may have significance, or they may have been carried
forward through rounds of evolution without having a
beneficial impact on function.

To assess the significance of specific substitutions, it is
important to consider the frequency at which a position and/or
substitution is found in the database and to refer to the cited
literature. To facilitate reader navigation and evaluate
significance, we generated Supplementary Table 16 that cites
the positions and substitutions at those positions that have
been reported by researchers. Supplementary Table 16 allows
readers to identify the location of mutations, the number of
substitutions at each position, and whether they are specific to
certain reaction classes or present across all classes. A sample
of Supplementary Table 16 is provided below to illustrate its
information content (Table 2).
Table 2, which illustrates a simplified sample of Supple-

mentary Table 16, provides details on positions with high
mutational coverage, such as positions 78 and 87. These
positions have shown favorable outcomes as a result of various
substitutions. At position 78, the V78A substitution is cited
more frequently than V78F and other substitutions. However,
both V78A and V78F are found in the majority of the 9
reaction classes outlined in this review. F87A and F87V are
also commonly cited in the database and are present in all
reaction classes (Supplementary Tables 1 and 16). F87G is
absent in variants that catalyze carbene or nitrene transfer
reactions but present in variants catalyzing hydroxylation or
epoxidation reactions (Table 2 and Supplementary Table 16).
Indeed, wild-type P450 BM3 is responsible for the epoxidation
of 3-chlorostyrene to produce (S)-styrene oxide; however,
F87G is sufficient to provide the inversion of enantioselectivity,
favoring the formation of (R)-epoxide.174

Just because a mutation is less frequently found in the
database does not necessarily indicate lack of impact. Certain
positions, such as 64, 175, or 226, have limited mutational
coverage in the database with only 1 or 2 different
substitutions reported (Table 2). Mutations at position 64
predominantly occur in variants that catalyze aromatic and
drug/drug-like hydroxylation reactions. The E64G mutation,
specifically, is solely reported in variants containing over 5
mutations. The lack of mutational coverage at position 64 and

Figure 11. Crystal structure of the P450 BM3 heme domain (PDB:
1FAG) displaying the 27 amino acid positions, as colored spheres,
with mutational coverage of 7 or greater. The spheres are colored
according to the natural amino acid conservation as determined using
ConSurf (Supplementary Figure 10). High (red), medium (beige),
and low (dark blue) natural sequence conservation among 150 P450
BM3 variants. The I-helix is in cyan, the heme is in red sticks and the
substrate lauric acid is in yellow sticks surrounded by its van der
Waals radius.

Figure 12. Crystal structure of the P450 BM3 heme domain (PDB:
1FAG) representing positions that are substituted in all reaction
classes and belong to improved variants. These positions are
represented with dark pink spheres and are labeled in black.
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the clustering of references within one reaction class suggest
that an SSM library at position 64 may not yield the most
fruitful outcomes when screening against multiple substrates.
Combining mutations at position 64 with other frequently
mutated positions results in systematically advantageous
variant properties, as demonstrated within this database.
Whether this position and mutation combination is selective
for drug/drug-like substrates is not yet clear.
Importantly, the database offers a centralized location for

easily accessing this information, eliminating the need for
lengthy literature searches. This can prove time-saving where
the impact of specific substitutions is unclear. For instance, the
only substitution reported at position 175 is T175I, and it
occurs only in variants with more than 9 substitutions
(Supplementary Tables 1 and 2). A similar pattern is seen
for position 226, where substitution only to arginine or
threonine are in the database, only in variants with more than
10 mutations. These substitutions at positions 175 or 226 are
reported to be beneficial across all reaction classes, but their
significance warrants consideration. These two substitutions
arose from random mutagenesis and accumulated through
multiple rounds of evolution.426 Their high frequency is largely
due to their inclusion in 9−10A and related variants, which are
commonly found within this database.135 Although the roles of
T175I and S226R in their respective variants may be
important, their significance in higher-order variants is difficult
to assess due to potential synergistic effects from multiple

mutations. This illustrates the significance of determining the
coverage of mutations at the site of interest. Referring to cited
literature is necessary to determine the significance of a specific
substitution/variant.

■ IMPACT OF KEY SUBSTITUTIONS ON REACTION
SCOPE

This database promises to be of great utility for researchers
using or interested in using P450 BM3. It provides instances of
individual variants capable of catalyzing previously unexplored
reactions or enhancing existing functionality as illustrated
earlier. To simplify access to variant and reaction information,
we urge researchers producing P450 BM3 variants to consult
this database (Supplementary Table 1). Understanding
reaction outcome possibilities at a particular position also
informs researchers on what they are likely to observe when
screening SSM libraries with a given substrate (Supplementary
Table 16).
Among the 20 positions present in variants across all

reaction classes (Figure 12), certain positions are exclusively
substituted in high-order variants. This makes it difficult to
interpret the beneficial impact of any given substitution on the
different reactions. To determine the impact of specific
substitutions on the reactions, we zoomed in on those variants
containing only one substitution at any of those 20 positions,
with a particular focus on positions where several single

Table 2. Occurrence of Substitutions Segregated by Reaction Classa

aThis table highlights the positions, number of mutations at each position, and number of references in parentheses, which are grouped according
to the reaction class where they were reported. A check mark means that the substitution was reported in that reaction class and the number in
parentheses indicates the number of references. Blank cells indicate that the reaction class does not contain variants with that substitution. This is a
simplified sample of Supplementary Table 16 which contains all relevant references.
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substitutions are included in the database. Positions 75, 78, 82,
87, 188, 263, 268, and 328 satisfy these criteria.
Positions 75 and 78 (B′-Helix). L75X single variants

showed improvement in aromatic hydroxylation, small alkyl
hydroxylation, and alkyl epoxidation reactions, as shown in
Supplementary Table 17. Moderate mutational coverage is
observed, with 11 out of 19 amino acids found in single
variants. Additionally, higher-order variants include 15 out of
19 possible substitutions at position 75. Similarly, single
variants at position 78 enhance hydroxylation reactions, as
demonstrated in Supplementary Table 18. Numerous variants
contain a substitution at position 78, consistent with their
incorporation into multiple lineages (Supplementary Table
16). Variants with fewer than five substitutions including
position 78 typically enhance the activity already present, but
they are uncommon in epoxidation, carbene, or nitrene
transfer reactions. It is likely that substitutions at position 78
alone do not enable reaction promiscuity toward these other
reaction classes but improve existing native function.
Position 82 (B′-Helix). Single variants at position 82

improve hydroxylation and epoxidation (Supplementary Table
19). A82F leads to a marked enhancement in Kemp
elimination activity.155 Ten out of 19 possible substitutions
are reported at position 82 for individual variants, and full
mutation coverage of all 19 substitutions are reported when
higher-order variants are taken into account (Supplementary
Tables 16 and 19).
Position 87 (Active Site Residue). Position 87 (active

site residue), located within the active site, is often substituted
to enhance performance across all reaction classes (Supple-
mentary Table 20). This is likely due to increased active site
volume resulting from most F87 mutations, accommodating
larger substrates; in particular, substitution of F87 to the
smaller alanine, glycine, isoleucine, leucine, or valine is
commonly reported.174,336 The mutational coverage of single
variants at position 87 is 13/19, while 15 of the 19 amino acid
possibilities are present in higher-order variants. Mutational
libraries are frequently created at position 87 and typically
produce favorable results.22 However, there are examples
where F87 mutations do not result in a significant gain in
function.232 The oxidation of 1-cyclohexene carboxylic acid
methyl ester is inefficiently executed by the wild-type P450
BM3, resulting in a conversion rate of a mere 4%. With the
F87A substitution, this conversion rate improves to only
10%.232 Achieving reaction conversions of more than 50%
requires creating a triple variant, which entails introducing
substitutions V78L and A82F in addition to F87A.232

Mutations at positions 78, 82, and 87 are commonly observed
in the database, indicating that SSM libraries at these and other
frequently mutated positions are suitable for screening a range
of substrates. A similar example emphasizing the significance of
position 87 is that the wild-type P450 BM3 cannot metabolize
testosterone,398 whereas the F87A variant provides conversion
that exceeds 20%.405 Additionally, while the wild type
undergoes hydroxylation of m-methyl phenol with only ∼5%
conversion, the introduction of F87V boosts conversion to
79%.5

There is a considerable degree of variation in the effect of a
substitution. Thus, screening SSM libraries could enhance the
probability of discovering a useful mutation, as opposed to
screening individual variants. Over 700 variants in the database
carry either the F87A or F87V mutation, providing additional
evidence for the impact of position 87 in broadening the

reaction scope. Paired with another substitution, they give rise
to variants that show substantial enhancements compared to
the parent enzyme;5,405 double variants containing either the
F87A or F87V mutation are detailed in Supplementary Tables
21 and 22. For example, testosterone hydroxylation is
enhanced 4-fold by F87A/A330W405 or A82M/F87A396 in
comparison to F87A alone, emphasizing the potential activity
benefits of combining F87A with other mutations. These and
other variants resulted from combining different SSM libraries
with F87A or F87V.396,405 These variants do not perform
chemistry different from that of F87A or F87V but enhance
pre-existing function, which is typical for most substitutions.
Later, we will discuss examples of substitutions that promote
unique chemistry.
Position 188 (F-Helix). Single variants at position 188 are

mainly found within the alkyl hydroxylation and alkyl
epoxidation reaction classes (Supplementary Table 23). All
19 substitutions at position 188 are reported and indicate good
tolerance of substitution at this position, depending on the
substrates used. The hydroxylation patterns of C10−C16 fatty
acids by L188X single variants are similar, but their rates vary
depending on the mutation at position 188 and the length of
the fatty acid being tested.312 Additionally, allylic hydroxylation
of ethyl 6-heptenoate following substitution at position 188
was enhanced while maintaining a >90% ee.28 L188X
mutations occur in numerous higher-order variants, including
GVQ (A74G/F87V/L188Q), which is widely utilized to
enhance hydroxylation reactions and will be discussed below
in more detail (Supplementary Tables 1 and 16).
Position 263 (I-Helix). Single variants at position 263

deliver improvements toward hydroxylation of aromatic and
small alkyl substrates, as well as epoxidation of alkyl substrates
(Supplementary Table 24). Across all variants, regardless of
mutation count, 17 out of 19 possible substitutions offer
benefits. Among these, I263A and I263G are the most frequent
in the database. I263A is reported across all reaction classes
and influences the selectivity of reactions such as cyclo-
propanation reactions30 or nitrene transfer reactions which
form sulfimide products.56 This substitution affects the
stereochemistry of the reaction but alone is not sufficient to
enable these new-to-nature reactions.
Position 268 (I-Helix). Single variants T268A, T268E, and

T268K have a significantly different impact on reaction
outcomes than other previously discussed positions, with
alanine being the most common amino acid substitution at this
site (Supplementary Table 25). Although wild-type P450 BM3
demonstrates poor performance in carbene transfer reactions,
the T268A mutation leads to a >60-fold increase in the total
turnover number for cyclopropane formation when using
styrene and ethyl diazoacetate.30 Although this improvement in
activity comes with a cost, as the less desirable trans isomer is
formed, it can be mitigated by introducing further mutations,
such as F87V.30 The T268A mutation also improves nitrene
transfer reactions, albeit to a lesser extent.52,53,56 The native
threonine at this position is important due to its role in
heterolytic O−O cleavage necessary for native hydroxylation
reactions.60,125,138 Mutations at this position prove highly
beneficial in variants performing carbene and nitrene transfer
reactions which do not use molecular oxygen (Supplementary
Tables 1 and 16).
Position 328 (Active Site Residue). Single variants at

position 328 lead to notable enhancement in hydroxylation
reactions (Supplementary Table 26). More than half of the
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possible substitutions at position 328 are found as singular
variants. Additionally, the database includes 16 out of 19
amino acid possibilities when considering higher-order
variants, with phenylalanine, isoleucine, leucine, and valine
being the most frequently observed. A328F alone increased p-
hydroxylation of m-alkylphenols from 5 to 60% conversion
while maintaining excellent selectivity.5 The F87V mutation
shows a comparable level of improvement, indicating that
various mutations can achieve similar outcomes, and
researchers should not concentrate mutagenesis efforts on a
single position.5 Single variants, A328N and A328L, favor
epoxidation of alpha-isophorone over hydroxylation, the latter
being preferred by the wild-type enzyme.22

Position 400 (Axially Coordinated to Heme-Iron). The
only amino acid conserved in all functional P450s is the
cysteine that serves as axial ligand to the heme. Its substitution
leads to the loss of the native activity.135 In P450 BM3,
substitutions at Cys400, similar to those at position 268,
significantly enhance carbene and nitrene transferase activity as
well as Kemp elimination and oxidative cyclization activity
(Supplementary Table 1).31,32,34,35,38,42−50,52,55−59,61−65,155,484

The Cys400Ser substitution is the most commonly reported,
although substitution to histidine is also observed. Multiple
studies have shown successful promotion of new-to-nature
reactions as a result of these mutations.135,141 The key factor
contributing to this improvement is their impact on the heme
cofactor’s reduction potential. This alteration enables NAD-
(P)H-driven activity.31

Additionally, there are numerous other noteworthy posi-
tions, such as 47, 51, 72, 74, 86, 267, 330, 353, 401, and 437,
that were not addressed. The impact of their modification is
not widespread across reaction classes, and they offer lower
mutational coverage compared to more popular alternatives.
Nonetheless, it is important not to overlook the significance of
these, and other, positions.

■ COMMONLY USED P450 BM3 VARIANTS WITH
WELL-DEFINED PROPERTIES

The significance and ultimate utility of this database lies in its
ability to facilitate identifying the properties of existing
variants, or those variants researchers may want to create,
and enable identifying trends in substitutions that lead to
specific reaction outcomes. Researchers interested in applying
existing variants with well-defined functionalities for specific
reactions should first locate the relevant reaction class for their
desired substrate (Supplementary Table 1). Selection of the
“best” variant will depend on the desired regio- or
enantioselectivity, and consulting the database and cited
literature will offer insights into which variant may be
preferable.
Below, we present some commonly employed P450 BM3

variants utilized in a specific reaction or set of reactions. These
variants may not necessarily be optimal for a given reaction,
but their widespread usage affords greater availability of data
on the metrics utilized to measure reaction efficacy with varied
substrates. Broader adoption of a variant typically results in the
evaluation of more substrates and the gathering of more
information on substrate preferences, which is often lacking for
less common variants.
GVQ. The A74G/F87V/L188Q variant, also known as

GVQ, was produced through random mutagenesis of positions
74, 87, and 188 in order to enhance indole hydroxylation.365

This variant has been found to exhibit a significant rate

improvement over the wild-type enzyme when hydroxylating a
diverse range of substrates157 and is primarily utilized for drug/
drug-like and aromatic hydroxylation. GVQ-derived variants
demonstrate similar substrate preferences to wild-type BM3
but generally exhibit enhanced rates or conversions (Supple-
mentary Figure 27). Notable variants utilized for catalyzing
aromatic hydroxylation reactions are RT2, KT2, and R19, all of
which harbor 5 to 7 mutations. Supplementary Tables 28−30
provide details on the substitutions of these variants, as well as
the reactions they facilitate.
These and related variants are commonly combined and

tested against a substrate panel, which has proven to be a
successful approach.2,25,156,184,187,211,343,403 For example, the
screening of RT2, KT2, and R19 variants for lidocaine
metabolism produced diverse substrate conversions. The
literature reports that wild-type P450 BM3 does not employ
lidocaine as a substrate, while GVQ leads to just 14%
conversion.211 However, the variants F87A and KT2 enhance
the conversion of this cyclic product to 40% and 43%,
respectively. Impressively, RT2 conversion of lidocaine is 87%,
and R19 produces the desired cyclic product with nearly
quantitative conversion (95%). The major isomer formed in all
cases is the oxidative cyclization product.211 The use of focused
libraries necessitates screening additional variants, but it
substantially enhances the probability of obtaining a variant
that transforms a substrate of interest with high conversion.
Such focused libraries can be exceedingly beneficial to
researchers who lack the resources or the expertise to generate
many variants themselves and would rather screen an existing
library with a reasonably well-defined set of properties. These
variants can oxidize various drugs, as shown in Supplementary
Tables 28−30.
M01 and M16. Variants M01 and M16 are the most

utilized for drug and drug-like substrate oxidation (Supple-
mentary Tables 31 and 32). M01 consists of the substitutions
R47L/F87 V/L188Q/E267V and is derived from the variant
R47L/F87 V/L188Q, which also exhibits high activity toward
the oxidation of drug/drug-like substrates. M16 carries
additional mutations of F81I and E143G compared to M01.
A version of M16, named M16 V2, features 20 mutations in
the reductase domain, but it retains the substrate preference
for drug or drug-like substrates (Supplementary Table 1).
Screening a small number of variants with well-defined

properties frequently results in the detection of variants with
altered product oxygenation profiles.391,396,402,412,413 Hydrox-
ylation of testosterone by the R47L/F87V/L188Q variant
generates three primary products, specifically 2β-, 15β-, and
16β-testosterone, whereas the wild-type is incapable of
catalyzing this reaction.398 M01 and M11 are both active
toward testosterone and show comparable product distribu-
tions, albeit M11 exhibits nearly 10 times higher activity than
M01.410 To enhance or modify regio- or enantioselectivity,
combinatorial mutations at one or more positions can be
applied to top-performing variants. By introducing mutations
at positions 72 and 82 into M01 or M11, these new variants
generate a previously unidentified metabolite, known as 16α-
testosterone.410

139-3. Another commonly used variant is 139-3, which was
developed for hydroxylation of small alkyl substrates,220 but it
also accepts drug/drug-like substrates423 and even fatty
acids245 (Supplementary Table 33). The variant includes 11
substitutions and displays greater activity on fatty acid
substrates compared to wild-type P450 BM3.220 Additionally,
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it can catalyze aromatic epoxidation reactions with styrene at a
conversion exceeding 40%. However, the resulting product is
formed in a near-racemic fashion.326 This variant shows an
ability to accommodate a broad range of substrates across
many reaction classes.
9-10A. Derived from 139 to 3, 9-10A has been further

adapted for small alkyl substrate hydroxylation, resulting in
respective improvements of 3 and 2.2-fold over 139-3 for
propane and octane hydroxylation (Supplementary Table
34).426 The mutation-induced focus toward smaller substrates
makes the variant 9-10A an ideal starting point for enzyme
engineering purposes. This variant has been widely used as a
foundation for advancing hydroxylation of small alkyl
substrates,437 as well as carbene30 and nitrene transfer
reactions.52 Further mutation of 9-10A allows for the
acceptance of large, drug-like substrates, which is not a
capability of 9-10A (Supplementary Table 35).217,334 The
activities of carbene and nitrene transferases have been
previously discussed by Yang and Arnold, concerning 9-10A
derived variants.135

FL#62. Finally, variant FL#62, with 16 mutations compared
to the wild-type P450 BM3, catalyzes the hydroxylation of
terpenes, a nitrene transfer reaction with a variety of substrates,
a n d t h e o x i d a t i o n o f a l k y l a z i d e s t o a l d e -
hydes.51,53,54,60,217,442,453,462 The introduction of further
substitutions in FL#62 can alter the activity and selectivity of
these reactions, making it an excellent starting point for further
enzyme engineering. Collectively, these variants possess well-
defined properties and substrate preferences.

■ SUMMARY AND CONCLUSIONS
By conducting a broad search of the scientific literature for
P450 BM3 variants, we have developed a powerful tool that
categorizes variants by their catalyzed reactions and includes
details about substrates to provide context about the reactions.
This database of P450 BM3 variants is downloadable and
includes instructions to maximize ease of gathering informa-
tion. Only variants that exhibited a performance enhancement
over the listed parent enzyme were considered. The resulting
database, created using these criteria, comprises over 1500
variants with a significant portion being single, double, and
triple variants. This indicates that in numerous instances, few
substitutions suffice to produce a functionally valuable catalyst.
Extra substitutions become necessary only when departing
significantly from the original substrates and its corresponding
reaction.
It is the innate versatility of wild-type P450 BM3 that has

enabled scientists to engineer this enzyme to induce a broad
range of reactions using a diverse array of substrates. There
exists a significant gap between natural evolution and protein
engineering: although most residues in or adjacent to the
active site are highly conserved in nature, the database allows
us to observe that they are among the most highly mutated by
researchers. It is possible that the degree of natural
conservation provides hints concerning the positional
importance for the native reaction; when attempting to
generate novel reactions, these highly conserved positions
have the potential to be the most advantageous to mutate. The
most impressive case reported to date involves C400 and
T268, which are both essential for the native reaction and
exhibit high conservation. However, mutations in these
residues broaden the reaction possibilities to allow new-to-
nature reactions, suggesting remaining untapped potential in

the catalytic functionalization of this enzyme. To analyze the
disparity between natural evolution and mutations made
during protein engineering, a comprehensive database such
as this is imperative.
The creation of this database allows rapid identification of

common substitutions present in the literature, aiding
researchers who are unfamiliar with the enzyme in identifying
starting points for enzyme engineering. It should be noted that
in some instances, a mutation’s frequency in the database can
be attributed to its inclusion in popular variants rather than any
striking property. Nevertheless, researchers frequently target
positions where substitutions have been shown to catalyze
reactions in multiple classes and employ a range of substrates.
Top variants identified during screening can be combined to
generate improved properties over corresponding single
variants; use of this database will facilitate identification of
candidate positions and variants to combine and further
investigate.
In summary, the database along with the review provides a

user-friendly platform for researchers to understand, predict,
and identify the attributes of various P450 BM3 variants.
Additionally, it encourages the advancement of research on this
enzyme toward new reactions.
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Co-immobilization of P450 BM3 and glucose dehydrogenase on
different supports for application as a self-sufficient oxidative
biocatalyst. J. Chem. Technol. Biotechnol. 2019, 94 (1), 244−255.
(317) Preissler, J.; Reeve, H. A.; Zhu, T.; Nicholson, J.; Urata, K.;
Lauterbach, L.; Wong, L. L.; Vincent, K. A.; Lenz, O. Dihydrogen-
Driven NADPH Recycling in Imine Reduction and P450-Catalyzed
Oxidations Mediated by an Engineered O2-Tolerant Hydrogenase.
ChemCatChem. 2020, 12 (19), 4853−4861.
(318) Vincent, T.; Gaillet, B.; Garnier, A. Optimization of operation
conditions for improved cytochrome P450BM3 enzymatic reaction
yield. Canadian Journal of Chemical Engineering 2022, 100 (7), 1468−
1478.
(319) Ma, L.; Li, F.; Zhang, X.; Chen, H.; Huang, Q.; Su, J.; Liu, X.;
Sun, T.; Fang, B.; Liu, K.; Tang, D.; Wu, D.; Zhang, W.; Du, L.; Li, S.
Development of MEMS directed evolution strategy for multiplied
throughput and convergent evolution of cytochrome P450 enzymes.
Sci. China Life Sci. 2022, 65 (3), 550−560.
(320) Vincent, T.; Gaillet, B.; Garnier, A. Oleic acid based
experimental evolution of Bacillus megaterium yielding an enhanced
P450 BM3 variant. BMC Biotechnol 2022, 22 (1), 20.
(321) Govindaraj, S.; Poulos, T. L. Probing the structure of the
linker connecting the reductase and heme domains of cytochrome
P450BM-3 using site-directed mutagenesis. Protein Sci. 1996, 5 (7),
1389−1393.
(322) Murataliev, M. B.; Klein, M.; Fulco, A.; Feyereisen, R.
Functional interactions in cytochrome P450BM3: flavin semiquinone
intermediates, role of NADP(H), and mechanism of electron transfer
by the flavoprotein domain. Biochemistry 1997, 36 (27), 8401−8412.
(323) Murataliev, M. B.; Trinh, L. N.; Moser, L. V.; Bates, R. B.;
Feyereisen, R.; Walker, F. A. Chimeragenesis of the fatty acid binding
site of cytochrome P450BM3. Replacement of residues 73−84 with
the homologous residues from the insect cytochrome P450 CYP4C7.
Biochemistry 2004, 43 (7), 1771−1780.
(324) Chen, C. K.; Shokhireva, T.; Berry, R. E.; Zhang, H.; Walker,
F. A. The effect of mutation of F87 on the properties of CYP102A1-
CYP4C7 chimeras: altered regiospecificity and substrate selectivity. J.
Biol. Inorg. Chem. 2008, 13 (5), 813−824.
(325) Bruhlmann, F.; Fourage, L.; Ullmann, C.; Haefliger, O. P.;
Jeckelmann, N.; Dubois, C.; Wahler, D. Engineering cytochrome
P450 BM3 of Bacillus megaterium for terminal oxidation of palmitic
acid. J. Biotechnol. 2014, 184, 17−26.
(326) Tee, K. L.; Schwaneberg, U. A screening system for the
directed evolution of epoxygenases: importance of position 184 in
P450 BM3 for stereoselective styrene epoxidation. Angew. Chem., Int.
Ed. Engl. 2006, 45 (32), 5380−5383.

(327) Ma, N.; Chen, Z.; Chen, J.; Chen, J.; Wang, C.; Zhou, H.; Yao,
L.; Shoji, O.; Watanabe, Y.; Cong, Z. Dual-Functional Small
Molecules for Generating an Efficient Cytochrome P450BM3
Peroxygenase. Angew. Chem., Int. Ed. Engl. 2018, 57 (26), 7628−7633.
(328) Qin, X.; Jiang, Y.; Chen, J.; Yao, F.; Zhao, P.; Jin, L.; Cong, Z.
Co-Crystal Structure-Guided Optimization of Dual-Functional Small
Molecules for Improving the Peroxygenase Activity of Cytochrome
P450BM3. Int. J. Mol. Sci. 2022, 23 (14), 7901.
(329) Fruetel, J. A.; Mackman, R. L.; Peterson, J. A.; Ortiz de
Montellano, P. R. Relationship of active site topology to substrate
specificity for cytochrome P450terp (CYP108). J. Biol. Chem. 1994,
269 (46), 28815−28821.
(330) Buchanan, J. F.; Fulco, A. J. Formation of 9,10-Epoxypalmitate
and 9,10-Dirydroxypalmitate from Palmitoleic Acid by a Soluble
System from Bacillus Megaterium. Biochem. Biophys. Res. Commun.
1978, 85 (4), 1254−1260.
(331) Watanabe, Y.; Laschat, S.; Budde, M.; Affolter, O.; Shimada,
Y.; Urlacher, V. B. Oxidation of acyclic monoterpenes by P450 BM-3
monooxygenase: influence of the substrate E/Z-isomerism on enzyme
chemo- and regioselectivity. Tetrahedron 2007, 63 (38), 9413−9422.
(332) Falck, J. R.; Reddy, Y. K.; Haines, D. C.; Reddy, K. M.;
Krishna, U. M.; Graham, S.; Murry, B.; Peterson, J. A. Practical,
enantiospecific syntheses of 14,15-EET and leukotoxin B (vernolic
acid). Tetrahedron Lett. 2001, 42, 4131−4133.
(333) Köhler, V.; Ward, T. R. Concurrent Cross Metathesis and
Enzymatic Oxidation: Enabling Off-Equilibrium Transformations.
ChemCatChem. 2014, 6 (8), 2191−2193.
(334) Lewis, J. C.; Mantovani, S. M.; Fu, Y.; Snow, C. D.; Komor, R.
S.; Wong, C. H.; Arnold, F. H. Combinatorial alanine substitution
enables rapid optimization of cytochrome P450BM3 for selective
hydroxylation of large substrates. Chembiochem 2010, 11 (18), 2502−
2505.
(335) Seng Wong, T.; Arnold, F. H.; Schwaneberg, U. Laboratory
evolution of cytochrome p450 BM-3 monooxygenase for organic
cosolvents. Biotechnol. Bioeng. 2004, 85 (3), 351−358.
(336) Oliver, C. F.; Modi, S.; Sutcliffe, M. J.; Primrose, W. U.; Lian,
L. Y.; Roberts, G. C. A single mutation in cytochrome P450 BM3
changes substrate orientation in a catalytic intermediate and the
regiospecificity of hydroxylation. Biochemistry 1997, 36 (7), 1567−
1572.
(337) Rousseau, O.; Ebert, M. C. C. J. C.; Quaglia, D.; Fendri, A.;
Parisien, A. H.; Besna, J. N.; Iyathurai, S.; Pelletier, J. N. Indigo
Formation and Rapid NADPH Consumption Provide Robust
Prediction of Raspberry Ketone Synthesis by Engineered Cytochrome
P450 BM3. ChemCatChem. 2020, 12 (3), 837−845.
(338) Nguyen, N. A.; Cao, N. T.; Nguyen, T. H. H.; Ji, J. H.; Cha,
G. S.; Kang, H. S.; Yun, C. H. Enzymatic Production of 3-OH
Phlorizin, a Possible Bioactive Polyphenol from Apples, by Bacillus
megaterium CYP102A1 via Regioselective Hydroxylation. Antiox-
idants (Basel) 2021, 10 (8), 1327.
(339) Nguyen, T. H. H.; Woo, S.-M.; Nguyen, N. A.; Cha, G.-S.;
Yeom, S.-J.; Kang, H.-S.; Yun, C.-H. Regioselective Hydroxylation of
Naringin Dihydrochalcone to Produce Neoeriocitrin Dihydrochal-
cone by CYP102A1 (BM3) Mutants. Catalysts 2020, 10 (8), 823.
(340) Le, T. K.; Jang, H. H.; Nguyen, H. T.; Doan, T. T.; Lee, G. Y.;
Park, K. D.; Ahn, T.; Joung, Y. H.; Kang, H. S.; Yun, C. H. Highly
regioselective hydroxylation of polydatin, a resveratrol glucoside, for
one-step synthesis of astringin, a piceatannol glucoside, by P450 BM3.
Enzyme Microb Technol. 2017, 97, 34−42.
(341) Nguyen, N. A.; Jang, J.; Le, T. K.; Nguyen, T. H. H.; Woo, S.
M.; Yoo, S. K.; Lee, Y. J.; Park, K. D.; Yeom, S. J.; Kim, G. J.; Kang, H.
S.; Yun, C. H. Biocatalytic Production of a Potent Inhibitor of
Adipocyte Differentiation from Phloretin Using Engineered
CYP102A1. J. Agric. Food Chem. 2020, 68 (24), 6683−6691.
(342) Park, C. M.; Park, H. S.; Cha, G. S.; Park, K. D.; Yun, C.-H.
Regioselective Hydroxylation of Rhododendrol by CYP102A1 and
Tyrosinase. Catalysts 2020, 10 (10), 1114.
(343) Li, Y.; Wong, L. L. Multi-Functional Oxidase Activity of
CYP102A1 (P450BM3) in the Oxidation of Quinolines and

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5587

https://doi.org/10.1002/adsc.201600241
https://doi.org/10.1002/adsc.201600241
https://doi.org/10.1002/adsc.201600241
https://doi.org/10.1002/adsc.201600241
https://doi.org/10.1016/j.molcatb.2016.07.010
https://doi.org/10.1016/j.molcatb.2016.07.010
https://doi.org/10.1021/acscatal.7b02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00253-017-8636-3
https://doi.org/10.1007/s00253-017-8636-3
https://doi.org/10.1007/s00253-017-8636-3
https://doi.org/10.1007/s00253-017-8636-3
https://doi.org/10.1039/C8CC02760A
https://doi.org/10.1039/C8CC02760A
https://doi.org/10.1039/C8CC02760A
https://doi.org/10.1002/jctb.5770
https://doi.org/10.1002/jctb.5770
https://doi.org/10.1002/jctb.5770
https://doi.org/10.1002/cctc.202000763
https://doi.org/10.1002/cctc.202000763
https://doi.org/10.1002/cctc.202000763
https://doi.org/10.1002/cjce.24232
https://doi.org/10.1002/cjce.24232
https://doi.org/10.1002/cjce.24232
https://doi.org/10.1007/s11427-021-1994-1
https://doi.org/10.1007/s11427-021-1994-1
https://doi.org/10.1186/s12896-022-00750-w
https://doi.org/10.1186/s12896-022-00750-w
https://doi.org/10.1186/s12896-022-00750-w
https://doi.org/10.1002/pro.5560050717
https://doi.org/10.1002/pro.5560050717
https://doi.org/10.1002/pro.5560050717
https://doi.org/10.1021/bi970026b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi970026b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi970026b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi035674b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi035674b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi035674b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00775-008-0368-5
https://doi.org/10.1007/s00775-008-0368-5
https://doi.org/10.1016/j.jbiotec.2014.05.002
https://doi.org/10.1016/j.jbiotec.2014.05.002
https://doi.org/10.1016/j.jbiotec.2014.05.002
https://doi.org/10.1002/anie.200600255
https://doi.org/10.1002/anie.200600255
https://doi.org/10.1002/anie.200600255
https://doi.org/10.1002/anie.201801592
https://doi.org/10.1002/anie.201801592
https://doi.org/10.1002/anie.201801592
https://doi.org/10.3390/ijms23147901
https://doi.org/10.3390/ijms23147901
https://doi.org/10.3390/ijms23147901
https://doi.org/10.1016/S0021-9258(19)61979-4
https://doi.org/10.1016/S0021-9258(19)61979-4
https://doi.org/10.1016/0006-291X(78)91138-5
https://doi.org/10.1016/0006-291X(78)91138-5
https://doi.org/10.1016/0006-291X(78)91138-5
https://doi.org/10.1016/j.tet.2007.06.104
https://doi.org/10.1016/j.tet.2007.06.104
https://doi.org/10.1016/j.tet.2007.06.104
https://doi.org/10.1016/S0040-4039(01)00694-3
https://doi.org/10.1016/S0040-4039(01)00694-3
https://doi.org/10.1016/S0040-4039(01)00694-3
https://doi.org/10.1002/cctc.201402150
https://doi.org/10.1002/cctc.201402150
https://doi.org/10.1002/cbic.201000565
https://doi.org/10.1002/cbic.201000565
https://doi.org/10.1002/cbic.201000565
https://doi.org/10.1002/bit.10896
https://doi.org/10.1002/bit.10896
https://doi.org/10.1002/bit.10896
https://doi.org/10.1021/bi962826c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi962826c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi962826c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201901974
https://doi.org/10.1002/cctc.201901974
https://doi.org/10.1002/cctc.201901974
https://doi.org/10.1002/cctc.201901974
https://doi.org/10.3390/antiox10081327
https://doi.org/10.3390/antiox10081327
https://doi.org/10.3390/antiox10081327
https://doi.org/10.3390/catal10080823
https://doi.org/10.3390/catal10080823
https://doi.org/10.3390/catal10080823
https://doi.org/10.1016/j.enzmictec.2016.11.003
https://doi.org/10.1016/j.enzmictec.2016.11.003
https://doi.org/10.1016/j.enzmictec.2016.11.003
https://doi.org/10.1021/acs.jafc.0c03156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c03156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.0c03156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/catal10101114
https://doi.org/10.3390/catal10101114
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1002/anie.201904157
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Tetrahydroquinolines. Angew. Chem., Int. Ed. Engl. 2019, 58 (28),
9551−9555.
(344) Dennig, A.; Busto, E.; Kroutil, W.; Faber, K. Biocatalytic One-
Pot Synthesis of l-Tyrosine Derivatives from Monosubstituted
Benzenes, Pyruvate, and Ammonia. ACS Catal. 2015, 5 (12),
7503−7506.
(345) Ritter, C.; Nett, N.; Acevedo-Rocha, C. G.; Lonsdale, R.;
Kraling, K.; Dempwolff, F.; Hoebenreich, S.; Graumann, P. L.; Reetz,
M. T.; Meggers, E. Bioorthogonal Enzymatic Activation of Caged
Compounds. Angew. Chem., Int. Ed. Engl. 2015, 54 (45), 13440−
13443.
(346) Llaudet, E. C.; Darimont, D.; Samba, R.; Matiychyn, I.; Stelzle,
M.; Weissenborn, M. J.; Hauer, B. Expanding an Efficient, Electrically
Driven and CNT-Tagged P450 System into the Third Dimension: A
Nanowired CNT-Containing and Enzyme-Stabilising 3 D Sol-Gel
Electrode. Chembiochem 2016, 17 (14), 1367−1373.
(347) Chu, L. L.; Pandey, R. P.; Lim, H. N.; Jung, H. J.; Thuan, N.
H.; Kim, T. S.; Sohng, J. K. Synthesis of umbelliferone derivatives in
Escherichia coli and their biological activities. J. Biol. Eng. 2017, 11,
15.
(348) Rentmeister, A.; Arnold, F. H.; Fasan, R. Chemo-enzymatic
fluorination of unactivated organic compounds. Nat. Chem. Biol.
2009, 5 (1), 26−28.
(349) Reinen, J.; van Hemert, D.; Vermeulen, N. P.; Commandeur,
J. N. Application of a Continuous-Flow Bioassay to Investigate the
Organic Solvent Tolerability of Cytochrome P450 BM3Mutants. J.
Biomol Screen 2015, 20 (10), 1246−1255.
(350) Reinen, J.; Ferman, S.; Vottero, E.; Vermeulen, N. P.;
Commandeur, J. N. Application of a fluorescence-based continuous-
flow bioassay to screen for diversity of cytochrome P450 BM3 mutant
libraries. J. Biomol Screen 2011, 16 (2), 239−250.
(351) Rea, V.; Kolkman, A. J.; Vottero, E.; Stronks, E. J.; Ampt, K.
A.; Honing, M.; Vermeulen, N. P.; Wijmenga, S. S.; Commandeur, J.
N. Active site substitution A82W improves the regioselectivity of
steroid hydroxylation by cytochrome P450 BM3 mutants as
rationalized by spin relaxation nuclear magnetic resonance studies.
Biochemistry 2012, 51 (3), 750−760.
(352) Ruff, A. J.; Dennig, A.; Wirtz, G.; Blanusa, M.; Schwaneberg,
U. Flow Cytometer-Based High-Throughput Screening System for
Accelerated Directed Evolution of P450 Monooxygenases. ACS Catal.
2012, 2 (12), 2724−2728.
(353) Zhao, L.; Guven, G.; Li, Y.; Schwaneberg, U. First steps
towards a Zn/Co(III)sep-driven P450 BM3 reactor. Appl. Microbiol.
Biotechnol. 2011, 91 (4), 989−999.
(354) Boerma, J. S.; Vermeulen, N. P.; Commandeur, J. N.
Application of CYP102A1M11H as a tool for the generation of
protein adducts of reactive drug metabolites. Chem. Res. Toxicol. 2011,
24 (8), 1263−1274.
(355) Lee, S. H.; Kwon, Y. C.; Kim, D. M.; Park, C. B. Cytochrome
P450-catalyzed O-dealkylation coupled with photochemical NADPH
regeneration. Biotechnol. Bioeng. 2013, 110 (2), 383−390.
(356) Wong, T. S.; Wu, N.; Roccatano, D.; Zacharias, M.;
Schwaneberg, U. Sensitive assay for laboratory evolution of
hydroxylases toward aromatic and heterocyclic compounds. J. Biomol
Screen 2005, 10 (3), 246−252.
(357) Kato, M.; Huynh, M.; Chan, N.; Elliott, J.; Trinh, A.; Lucero,
K.; Vu, J.; Parker, D.; Cheruzel, L. E. A one-pot Pd- and P450-
catalyzed chemoenzymatic synthesis of a library of oxyfunctionalized
biaryl alkanoic acids leveraging a substrate anchoring approach. J.
Inorg. Biochem 2023, 245, 112240.
(358) Vidal-Limon, A.; Aguila, S.; Ayala, M.; Batista, C. V.; Vazquez-
Duhalt, R. Peroxidase activity stabilization of cytochrome P450(BM3)
by rational analysis of intramolecular electron transfer. J. Inorg.
Biochem 2013, 122, 18−26.
(359) Gonzalez-Davis, O.; Chauhan, K.; Zapian-Merino, S. J.;
Vazquez-Duhalt, R. Bi-enzymatic virus-like bionanoreactors for the
transformation of endocrine disruptor compounds. Int. J. Biol.
Macromol. 2020, 146, 415−421.

(360) Zernia, S.; Ott, F.; Bellmann-Sickert, K.; Frank, R.; Klenner,
M.; Jahnke, H. G.; Prager, A.; Abel, B.; Robitzki, A.; Beck-Sickinger,
A. G. Peptide-Mediated Specific Immobilization of Catalytically
Active Cytochrome P450 BM3 Variant. Bioconjug Chem. 2016, 27 (4),
1090−1097.
(361) Li, H. M.; Mei, L. H.; Urlacher, V. B.; Schmid, R. D.
Cytochrome P450 BM-3 evolved by random and saturation
mutagenesis as an effective indole-hydroxylating catalyst. Appl.
Biochem. Biotechnol. 2008, 144 (1), 27−36.
(362) Pengpai, Z.; Sheng, H.; Lehe, M.; Yinlin, L.; Zhihua, J.;
Guixiang, H. Improving the activity of cytochrome P450 BM-3
catalyzing indole hydroxylation by directed evolution. Appl. Biochem.
Biotechnol. 2013, 171 (1), 93−103.
(363) Day, A. J.; Lee, J. H. Z.; Phan, Q. D.; Lam, H. C.; Ametovski,
A.; Sumby, C. J.; Bell, S. G.; George, J. H. Biomimetic and Biocatalytic
Synthesis of Bruceol. Angew. Chem., Int. Ed. Engl. 2019, 58 (5), 1427−
1431.
(364) Maxel, S.; King, E.; Zhang, Y.; Luo, R.; Li, H. Leveraging
Oxidative Stress to Regulate Redox Balance-Based, In Vivo Growth
Selections for Oxygenase Engineering. ACS Synth. Biol. 2020, 9 (11),
3124−3133.
(365) Li, Q.-S.; Schwaneberg, U.; Fischer, P.; Schmid, R. D.
Directed Evolution of the Fatty-Acid Hydroxylase P450 BM-3 into an
Indole-Hydroxylating Catalyst. Chem.�Eur. J. 2000, 6 (9), 1531−
1536.
(366) Farinas, E. T.; Alcalde, M.; Arnold, F. Alkene epoxidation
catalyzed by cytochrome P450 BM-3 139−3. Tetrahedron 2004, 60
(3), 525−528.
(367) Saab-Rincon, G.; Alwaseem, H.; Guzman-Luna, V.; Olvera, L.;
Fasan, R. Stabilization of the Reductase Domain in the Catalytically
Self-Sufficient Cytochrome P450(BM3) by Consensus-Guided Muta-
genesis. Chembiochem 2018, 19 (6), 622−632.
(368) Sosa, V.; Melkie, M.; Sulca, C.; Li, J.; Tang, L.; Li, J.; Faris, J.;
Foley, B.; Banh, T.; Kato, M.; Cheruzel, L. E. Selective Light-Driven
Chemoenzymatic Trifluoromethylation/Hydroxylation of Substituted
Arenes. ACS Catal. 2018, 8 (3), 2225−2229.
(369) Otey, C. R.; Silberg, J. J.; Voigt, C. A.; Endelman, J. B.;
Bandara, G.; Arnold, F. H. Functional evolution and structural
conservation in chimeric cytochromes p450: calibrating a structure-
guided approach. Chem. Biol. 2004, 11 (3), 309−318.
(370) Neufeld, K.; Marienhagen, J.; Schwaneberg, U.; Pietruszka, J.
Benzylic hydroxylation of aromatic compounds by P450 BM3. Green
Chem. 2013, 15 (9), 2408.
(371) Willot, S. J.-P.; Tieves, F.; Girhard, M.; Urlacher, V. B.;
Hollmann, F.; de Gonzalo, G. P450BM3-Catalyzed Oxidations
Employing Dual Functional Small Molecules. Catalysts 2019, 9 (7),
567.
(372) Zou, Z.; Gau, E.; El-Awaad, I.; Jakob, F.; Pich, A.;
Schwaneberg, U. Selective Functionalization of Microgels with
Enzymes by Sortagging. Bioconjug Chem. 2019, 30 (11), 2859−2869.
(373) Jiang, Y.; Wang, C.; Ma, N.; Chen, J.; Liu, C.; Wang, F.; Xu, J.;
Cong, Z. Regioselective aromatic O-demethylation with an artificial
P450BM3 peroxygenase system. Catalysis Science & Technology 2020,
10 (5), 1219−1223.
(374) Mendoza-Avila, J.; Chauhan, K.; Vazquez-Duhalt, R.
Enzymatic synthesis of indigo-derivative industrial dyes. Dyes Pigm.
2020, 178, 108384.
(375) Harkey, A.; Kim, H. J.; Kandagatla, S.; Raner, G. M.
Defluorination of 4-fluorophenol by cytochrome P450(BM(3))-
F87G: activation by long chain fatty aldehydes. Biotechnol. Lett.
2012, 34 (9), 1725−1731.
(376) Ledford, C.; McMahon, M.; Whitesell, A.; Khan, G.;
Kandagatla, S. K.; Hurst, D. P.; Reggio, P. H.; Raner, G. M. A dual
substrate kinetic model for cytochrome P450(BM3)-F87G catalysis:
simultaneous binding of long chain aldehydes and 4-fluorophenol.
Biotechnol. Lett. 2017, 39 (2), 311−321.
(377) Misawa, N.; Nodate, M.; Otomatsu, T.; Shimizu, K.; Kaido,
C.; Kikuta, M.; Ideno, A.; Ikenaga, H.; Ogawa, J.; Shimizu, S.; Shindo,
K. Bioconversion of substituted naphthalenes and beta-eudesmol with

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5588

https://doi.org/10.1002/anie.201904157
https://doi.org/10.1021/acscatal.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201506739
https://doi.org/10.1002/anie.201506739
https://doi.org/10.1002/cbic.201600173
https://doi.org/10.1002/cbic.201600173
https://doi.org/10.1002/cbic.201600173
https://doi.org/10.1002/cbic.201600173
https://doi.org/10.1186/s13036-017-0056-5
https://doi.org/10.1186/s13036-017-0056-5
https://doi.org/10.1038/nchembio.128
https://doi.org/10.1038/nchembio.128
https://doi.org/10.1177/1087057115607183
https://doi.org/10.1177/1087057115607183
https://doi.org/10.1177/1087057110394180
https://doi.org/10.1177/1087057110394180
https://doi.org/10.1177/1087057110394180
https://doi.org/10.1021/bi201433h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi201433h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi201433h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300115d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300115d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00253-011-3290-7
https://doi.org/10.1007/s00253-011-3290-7
https://doi.org/10.1021/tx2001515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx2001515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.24729
https://doi.org/10.1002/bit.24729
https://doi.org/10.1002/bit.24729
https://doi.org/10.1177/1087057104273336
https://doi.org/10.1177/1087057104273336
https://doi.org/10.1016/j.jinorgbio.2023.112240
https://doi.org/10.1016/j.jinorgbio.2023.112240
https://doi.org/10.1016/j.jinorgbio.2023.112240
https://doi.org/10.1016/j.jinorgbio.2013.01.009
https://doi.org/10.1016/j.jinorgbio.2013.01.009
https://doi.org/10.1016/j.ijbiomac.2019.12.272
https://doi.org/10.1016/j.ijbiomac.2019.12.272
https://doi.org/10.1021/acs.bioconjchem.6b00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12010-007-8002-5
https://doi.org/10.1007/s12010-007-8002-5
https://doi.org/10.1007/s12010-013-0353-5
https://doi.org/10.1007/s12010-013-0353-5
https://doi.org/10.1002/anie.201812432
https://doi.org/10.1002/anie.201812432
https://doi.org/10.1021/acssynbio.0c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.0c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.0c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9<1531::AID-CHEM1531>3.3.CO;2-4
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9<1531::AID-CHEM1531>3.3.CO;2-4
https://doi.org/10.1016/j.tet.2003.10.099
https://doi.org/10.1016/j.tet.2003.10.099
https://doi.org/10.1002/cbic.201700546
https://doi.org/10.1002/cbic.201700546
https://doi.org/10.1002/cbic.201700546
https://doi.org/10.1021/acscatal.7b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2004.02.018
https://doi.org/10.1016/j.chembiol.2004.02.018
https://doi.org/10.1016/j.chembiol.2004.02.018
https://doi.org/10.1039/c3gc40838h
https://doi.org/10.3390/catal9070567
https://doi.org/10.3390/catal9070567
https://doi.org/10.1021/acs.bioconjchem.9b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CY00241K
https://doi.org/10.1039/D0CY00241K
https://doi.org/10.1016/j.dyepig.2020.108384
https://doi.org/10.1007/s10529-012-0957-9
https://doi.org/10.1007/s10529-012-0957-9
https://doi.org/10.1007/s10529-016-2252-7
https://doi.org/10.1007/s10529-016-2252-7
https://doi.org/10.1007/s10529-016-2252-7
https://doi.org/10.1007/s00253-010-3064-7
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the cytochrome P450 BM3 variant F87V. Appl. Microbiol. Biotechnol.
2011, 90 (1), 147−157.
(378) Kitamura, E.; Otomatsu, T.; Maeda, C.; Aoki, Y.; Ota, C.;
Misawa, N.; Shindo, K. Production of hydroxlated flavonoids with
cytochrome P450 BM3 variant F87V and their antioxidative activities.
Biosci Biotechnol Biochem 2013, 77 (6), 1340−1343.
(379) Whitehouse, C. J.; Bell, S. G.; Wong, L. L. Desaturation of
alkylbenzenes by cytochrome P450(BM3) (CYP102A1). Chemistry
2008, 14 (35), 10905−10908.
(380) Whitehouse, C. J.; Bell, S. G.; Yang, W.; Yorke, J. A.; Blanford,
C. F.; Strong, A. J.; Morse, E. J.; Bartlam, M.; Rao, Z.; Wong, L. L. A
highly active single-mutation variant of P450BM3 (CYP102A1).
Chembiochem 2009, 10 (10), 1654−1656.
(381) Lam, Q.; Cortez, A.; Nguyen, T. T.; Kato, M.; Cheruzel, L.
Chromogenic nitrophenolate-based substrates for light-driven hybrid
P450 BM3 enzyme assay. J. Inorg. Biochem 2016, 158, 86−91.
(382) Shalan, H.; Colbert, A.; Nguyen, T. T.; Kato, M.; Cheruzel, L.
Correlating the para-Substituent Effects on Ru(II)-Polypyridine
Photophysical Properties and on the Corresponding Hybrid P450
BM3 Enzymes Photocatalytic Activity. Inorg. Chem. 2017, 56 (11),
6558−6564.
(383) Landwehr, M.; Carbone, M.; Otey, C. R.; Li, Y.; Arnold, F. H.
Diversification of catalytic function in a synthetic family of chimeric
cytochrome p450s. Chem. Biol. 2007, 14 (3), 269−278.
(384) Li, Y.; Drummond, D. A.; Sawayama, A. M.; Snow, C. D.;
Bloom, J. D.; Arnold, F. H. A diverse family of thermostable
cytochrome P450s created by recombination of stabilizing fragments.
Nat. Biotechnol. 2007, 25 (9), 1051−1056.
(385) Roughley, S. D.; Jordan, A. M. The medicinal chemist’s
toolbox: an analysis of reactions used in the pursuit of drug
candidates. J. Med. Chem. 2011, 54 (10), 3451−3479.
(386) Taylor, R. D.; MacCoss, M.; Lawson, A. D. Rings in drugs. J.
Med. Chem. 2014, 57 (14), 5845−5859.
(387) Mao, F.; Ni, W.; Xu, X.; Wang, H.; Wang, J.; Ji, M.; Li, J.
Chemical Structure-Related Drug-Like Criteria of Global Approved
Drugs. Molecules 2016, 21 (1), 75.
(388) Chen, Y.; Rosenkranz, C.; Hirte, S.; Kirchmair, J. Ring systems
in natural products: structural diversity, physicochemical properties,
and coverage by synthetic compounds. Nat. Prod Rep 2022, 39 (8),
1544−1556.
(389) van Vugt-Lussenburg, B. M. A.; Stjernschantz, E.; Lastdrager,
J.; Oostenbrink, C.; Vermeulen, P. E.; Commandeur, J. N. M.
Identification of Critical Residues in Novel Drug Metabolizing
Mutants of Cytochrome P450 BM3 Using Random Mutagenesis. J.
Med. Chem. 2007, 50 (3), 455−461.
(390) Reinen, J.; Vredenburg, G.; Klaering, K.; Vermeulen, N. P. E.;
Commandeur, J. N. M.; Honing, M.; Vos, J. C. Selective whole-cell
biosynthesis of the designer drug metabolites 15- or 16-betahydrox-
ynorethisterone by engineered Cytochrome P450 BM3 mutants.
Journal of Molecular Catalysis B: Enzymatic 2015, 121, 64−74.
(391) Le, T.-K.; Cha, G.-S.; Jang, H.-H.; Nguyen, T. H. H.; Doan, T.
T. M.; Lee, Y. J.; Park, K. D.; Shin, Y.; Kim, D.-H.; Yun, C.-H.
Regioselective hydroxylation pathway of tenatoprazole to produce
human metabolites by Bacillus megaterium CYP102A1. Process
Biochemistry 2019, 87, 95−104.
(392) Nguyen, T.; Yeom, S.-J.; Yun, C.-H. Production of a Human
Metabolite of Atorvastatin by Bacterial CYP102A1 Peroxygenase.
Applied Sciences 2021, 11, 603.
(393) Sawayama, A. M.; Chen, M. M.; Kulanthaivel, P.; Kuo, M. S.;
Hemmerle, H.; Arnold, F. H. A panel of cytochrome P450 BM3
variants to produce drug metabolites and diversify lead compounds.
Chemistry 2009, 15 (43), 11723−11729.
(394) Otey, C. R.; Bandara, G.; Lalonde, J.; Takahashi, K.; Arnold,
F. H. Preparation of human metabolites of propranolol using
laboratory-evolved bacterial cytochromes P450. Biotechnol. Bioeng.
2006, 93 (3), 494−499.
(395) Ko, S.; Yang, Y.-H.; Choi, K.-Y.; Kim, B.-G. rational design
and directed evolution of CYP102A1 (BM3) for regio-specific

hydroxylation of isoflavone. Biotechnology and Bioprocess Engineering
2015, 20 (2), 225−233.
(396) Acevedo-Rocha, C. G.; Gamble, C. G.; Lonsdale, R.; Li, A.;
Nett, N.; Hoebenreich, S.; Lingnau, J. B.; Wirtz, C.; Fares, C.;
Hinrichs, H.; Deege, A.; Mulholland, A. J.; Nov, Y.; Leys, D.; McLean,
K. J.; Munro, A. W.; Reetz, M. T. P450-Catalyzed Regio- and
Diastereoselective Steroid Hydroxylation: Efficient Directed Evolu-
tion Enabled by Mutability Landscaping. ACS Catal. 2018, 8 (4),
3395−3410.
(397) Hoebenreich, S.; Zilly, F. E.; Acevedo-Rocha, C. G.; Zilly, M.;
Reetz, M. T. Speeding up directed evolution: Combining the
advantages of solid-phase combinatorial gene synthesis with statisti-
cally guided reduction of screening effort. ACS Synth. Biol. 2015, 4
(3), 317−331.
(398) van Vugt-Lussenburg, B. M.; Damsten, M. C.; Maasdijk, D.
M.; Vermeulen, N. P.; Commandeur, J. N. Heterotropic and
homotropic cooperativity by a drug-metabolising mutant of
cytochrome P450 BM3. Biochem. Biophys. Res. Commun. 2006, 346
(3), 810−818.
(399) Stjernschantz, E.; van Vugt-Lussenburg, B. M.; Bonifacio, A.;
de Beer, S. B.; van der Zwan, G.; Gooijer, C.; Commandeur, J. N.;
Vermeulen, N. P.; Oostenbrink, C. Structural rationalization of novel
drug metabolizing mutants of cytochrome P450 BM3. Proteins 2008,
71 (1), 336−352.
(400) Kim, K. H.; Kang, J. Y.; Kim, D. H.; Park, S. H.; Park, S. H.;
Kim, D.; Park, K. D.; Lee, Y. J.; Jung, H. C.; Pan, J. G.; Ahn, T.; Yun,
C. H. Generation of human chiral metabolites of simvastatin and
lovastatin by bacterial CYP102A1 mutants. Drug Metab. Dispos. 2011,
39 (1), 140−150.
(401) Cha, G. S.; Ryu, S. H.; Ahn, T.; Yun, C. H. Regioselective
hydroxylation of 17beta-estradiol by mutants of CYP102A1 from
Bacillus megaterium. Biotechnol. Lett. 2014, 36 (12), 2501−2506.
(402) Fabelle, N. R.; Oktavia, F.; Cha, G. S.; Nguyen, N. A.; Choi, S.
K.; Yun, C. H. Production of a major metabolite of niclosamide using
bacterial cytochrome P450 enzymes. Enzyme Microb Technol. 2023,
165, 110210.
(403) Syntrivanis, L.-D.; Wong, L. L.; Robertson, J. Hydroxylation of
Eleuthoside Synthetic Intermediates by P450BM3 (CYP102A1). Eur.
J. Org. Chem. 2018, 2018 (45), 6369−6378.
(404) Vredenburg, G.; den Braver-Sewradj, S.; van Vugt-Lussenburg,
B. M.; Vermeulen, N. P.; Commandeur, J. N.; Vos, J. C. Activation of
the anticancer drugs cyclophosphamide and ifosfamide by cytochrome
P450 BM3 mutants. Toxicol. Lett. 2015, 232 (1), 182−192.
(405) Kille, S.; Zilly, F. E.; Acevedo, J. P.; Reetz, M. T. Regio- and
stereoselectivity of P450-catalysed hydroxylation of steroids con-
trolled by laboratory evolution. Nat. Chem. 2011, 3 (9), 738−743.
(406) Chen, W.; Fisher, M. J.; Leung, A.; Cao, Y.; Wong, L. L.
Oxidative Diversification of Steroids by Nature-Inspired Scanning
Glycine Mutagenesis of P450BM3 (CYP102A1). ACS Catal. 2020, 10
(15), 8334−8343.
(407) Richards, L.; Lutz, A.; Chalmers, D. K.; Jarrold, A.; Bowser,
T.; Stevens, G. W.; Gras, S. L. Production of metabolites of the anti-
cancer drug noscapine using a P450(BM3) mutant library. Biotechnol
Rep. (Amst) 2019, 24, No. e00372.
(408) Bertelmann, C.; Mock, M.; Koch, R.; Schmid, A.; Bühler, B.
Hydrophobic Outer Membrane Pores Boost Testosterone Hydrox-
ylation by Cytochrome P450 BM3 Containing Cells. Frontiers in
Catalysis 2022, 2, 887458.
(409) Reinen, J.; van Leeuwen, J. S.; Li, Y.; Sun, L.; Grootenhuis, P.
D.; Decker, C. J.; Saunders, J.; Vermeulen, N. P.; Commandeur, J. N.
Efficient screening of cytochrome P450 BM3 mutants for their
metabolic activity and diversity toward a wide set of drug-like
molecules in chemical space. Drug Metab. Dispos. 2011, 39 (9),
1568−1576.
(410) Venkataraman, H.; de Beer, S. B. A.; van Bergen, L. A. H.; van
Essen, N.; Geerke, D. P.; Vermeulen, N. P. E.; Commandeur, J. N. M.
A single active site mutation inverts stereoselectivity of 16-
hydroxylation of testosterone catalyzed by engineered cytochrome
P450 BM3. Chembiochem 2012, 13 (4), 520−523.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5589

https://doi.org/10.1007/s00253-010-3064-7
https://doi.org/10.1271/bbb.130148
https://doi.org/10.1271/bbb.130148
https://doi.org/10.1002/chem.200801927
https://doi.org/10.1002/chem.200801927
https://doi.org/10.1002/cbic.200900279
https://doi.org/10.1002/cbic.200900279
https://doi.org/10.1016/j.jinorgbio.2015.12.005
https://doi.org/10.1016/j.jinorgbio.2015.12.005
https://doi.org/10.1021/acs.inorgchem.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2007.01.009
https://doi.org/10.1016/j.chembiol.2007.01.009
https://doi.org/10.1038/nbt1333
https://doi.org/10.1038/nbt1333
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm200187y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm4017625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules21010075
https://doi.org/10.3390/molecules21010075
https://doi.org/10.1039/D2NP00001F
https://doi.org/10.1039/D2NP00001F
https://doi.org/10.1039/D2NP00001F
https://doi.org/10.1021/jm0609061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0609061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcatb.2015.08.003
https://doi.org/10.1016/j.molcatb.2015.08.003
https://doi.org/10.1016/j.molcatb.2015.08.003
https://doi.org/10.1016/j.procbio.2019.09.014
https://doi.org/10.1016/j.procbio.2019.09.014
https://doi.org/10.3390/app11020603
https://doi.org/10.3390/app11020603
https://doi.org/10.1002/chem.200900643
https://doi.org/10.1002/chem.200900643
https://doi.org/10.1002/bit.20744
https://doi.org/10.1002/bit.20744
https://doi.org/10.1007/s12257-014-0718-9
https://doi.org/10.1007/s12257-014-0718-9
https://doi.org/10.1007/s12257-014-0718-9
https://doi.org/10.1021/acscatal.8b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb5002399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb5002399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sb5002399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbrc.2006.05.179
https://doi.org/10.1016/j.bbrc.2006.05.179
https://doi.org/10.1016/j.bbrc.2006.05.179
https://doi.org/10.1002/prot.21697
https://doi.org/10.1002/prot.21697
https://doi.org/10.1124/dmd.110.036392
https://doi.org/10.1124/dmd.110.036392
https://doi.org/10.1007/s10529-014-1628-9
https://doi.org/10.1007/s10529-014-1628-9
https://doi.org/10.1007/s10529-014-1628-9
https://doi.org/10.1016/j.enzmictec.2023.110210
https://doi.org/10.1016/j.enzmictec.2023.110210
https://doi.org/10.1002/ejoc.201801206
https://doi.org/10.1002/ejoc.201801206
https://doi.org/10.1016/j.toxlet.2014.11.005
https://doi.org/10.1016/j.toxlet.2014.11.005
https://doi.org/10.1016/j.toxlet.2014.11.005
https://doi.org/10.1038/nchem.1113
https://doi.org/10.1038/nchem.1113
https://doi.org/10.1038/nchem.1113
https://doi.org/10.1021/acscatal.0c02077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.btre.2019.e00372
https://doi.org/10.1016/j.btre.2019.e00372
https://doi.org/10.3389/fctls.2022.887458
https://doi.org/10.3389/fctls.2022.887458
https://doi.org/10.1124/dmd.111.039461
https://doi.org/10.1124/dmd.111.039461
https://doi.org/10.1124/dmd.111.039461
https://doi.org/10.1002/cbic.201100750
https://doi.org/10.1002/cbic.201100750
https://doi.org/10.1002/cbic.201100750
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(411) Damsten, M. C.; van Vugt-Lussenburg, B. M.; Zeldenthuis, T.;
de Vlieger, J. S.; Commandeur, J. N.; Vermeulen, N. P. Application of
drug metabolising mutants of cytochrome P450 BM3 (CYP102A1) as
biocatalysts for the generation of reactive metabolites. Chem. Biol.
Interact 2008, 171 (1), 96−107.
(412) Rea, V.; Falck, D.; Kool, J.; de Kanter, F. J. J.; Commandeur, J.
N. M.; Vermeulen, N. P. E.; Niessen, W. M. A.; Honing, M.
Combination of biotransformation by P450 BM3 mutants with on-
line post-column bioaffinity and mass spectrometric profiling as a
novel strategy to diversify and characterize p38α kinase inhibitors.
Med. Chem. Commun. 2013, 4 (2), 371−377.
(413) Reinen, J.; Postma, G.; Tump, C.; Bloemberg, T.; Engel, J.;
Vermeulen, N. P.; Commandeur, J. N.; Honing, M. Application of a
cocktail approach to screen cytochrome P450 BM3 libraries for
metabolic activity and diversity. Anal Bioanal Chem. 2016, 408 (5),
1425−1443.
(414) Venkataraman, H.; Te Poele, E. M.; Rosloniec, K. Z.;
Vermeulen, N.; Commandeur, J. N.; van der Geize, R.; Dijkhuizen, L.
Biosynthesis of a steroid metabolite by an engineered Rhodococcus
erythropolis strain expressing a mutant cytochrome P450 BM3
enzyme. Appl. Microbiol. Biotechnol. 2015, 99 (11), 4713−4721.
(415) Reinen, J.; Kalma, L. L.; Begheijn, S.; Heus, F.; Commandeur,
J. N.; Vermeulen, N. P. Application of cytochrome P450 BM3
mutants as biocatalysts for the profiling of estrogen receptor binding
metabolites of the mycotoxin zearalenone. Xenobiotica 2011, 41 (1),
59−70.
(416) van Leeuwen, J. S.; Vredenburg, G.; Dragovic, S.; Tjong, T. F.;
Vos, J. C.; Vermeulen, N. P. Metabolism related toxicity of diclofenac
in yeast as model system. Toxicol. Lett. 2011, 200 (3), 162−168.
(417) Damsten, M. C.; de Vlieger, J. S.; Niessen, W. M.; Irth, H.;
Vermeulen, N. P.; Commandeur, J. N. Trimethoprim: novel reactive
intermediates and bioactivation pathways by cytochrome p450s.
Chem. Res. Toxicol. 2008, 21 (11), 2181−2187.
(418) Boerma, J. S.; Elias, N. S.; Vermeulen, N. P.; Commandeur, J.
N. Mini-dialysis tubes as tools to prepare drug-protein adducts of
P450-dependent reactive drug metabolites. J. Pharm. Biomed Anal
2015, 103, 17−25.
(419) Boerma, J. S.; Dragovic, S.; Vermeulen, N. P.; Commandeur, J.
N. Mass spectrometric characterization of protein adducts of multiple
P450-dependent reactive intermediates of diclofenac to human
glutathione-S-transferase P1−1. Chem. Res. Toxicol. 2012, 25 (11),
2532−2541.
(420) Rentmeister, A.; Brown, T. R.; Snow, C. D.; Carbone, M. N.;
Arnold, F. H. Engineered Bacterial Mimics of Human Drug
Metabolizing Enzyme CYP2C9. ChemCatChem. 2011, 3 (6), 1065−
1071.
(421) Schulze, H.; Schmid, R. D.; Bachmann, T. T. Activation of
phosphorothionate pesticides based on a cytochrome P450 BM-3
(CYP102 A1) mutant for expanded neurotoxin detection in food
using acetylcholinesterase biosensors. Anal. Chem. 2004, 76 (6),
1720−1725.
(422) Waibel, M.; Schulze, H.; Huber, N.; Bachmann, T. T. Screen-
printed bienzymatic sensor based on sol-gel immobilized Nippos-
trongylusbrasiliensis acetylcholinesterase and a cytochrome P450 BM-
3 (CYP102-A1) mutant. Biosens Bioelectron 2006, 21 (7), 1132−1140.
(423) Liu, X.; Kong, J. Q. Steroids hydroxylation catalyzed by the
monooxygenase mutant 139−3 from Bacillus megaterium BM3. Acta
Pharm. Sin B 2017, 7 (4), 510−516.
(424) Kolev, J. N.; Zaengle, J. M.; Ravikumar, R.; Fasan, R.
Enhancing the efficiency and regioselectivity of P450 oxidation
catalysts by unnatural amino acid mutagenesis. Chembiochem 2014, 15
(7), 1001−1010.
(425) Su, M.; Chakraborty, S.; Osawa, Y.; Zhang, H. Cryo-EM
reveals the architecture of the dimeric cytochrome P450 CYP102A1
enzyme and conformational changes required for redox partner
recognition. J. Biol. Chem. 2020, 295 (6), 1637−1645.
(426) Peters, M. W.; Meinhold, P.; Glieder, A.; Arnold, F. H. Regio-
and Enantioselective Alkane Hydroxylation with Engineered Cyto-

chromes P450 BM-3. J. Am. Chem. Soc. 2003, 125 (44), 13442−
13450.
(427) Li, A.; Qu, G.; Sun, Z.; Reetz, M. T. Statistical Analysis of the
Benefits of Focused Saturation Mutagenesis in Directed Evolution
Based on Reduced Amino Acid Alphabets. ACS Catal. 2019, 9 (9),
7769−7778.
(428) Chen, M. M.; Snow, C. D.; Vizcarra, C. L.; Mayo, S. L.;
Arnold, F. H. Comparison of random mutagenesis and semi-rational
designed libraries for improved cytochrome P450 BM3-catalyzed
hydroxylation of small alkanes. Protein Eng. Des Sel 2012, 25 (4),
171−178.
(429) Schewe, H.; Kaup, B. A.; Schrader, J. Improvement of
P450(BM-3) whole-cell biocatalysis by integrating heterologous
cofactor regeneration combining glucose facilitator and dehydrogen-
ase in E. coli. Appl. Microbiol. Biotechnol. 2008, 78 (1), 55−65.
(430) Schewe, H.; Holtmann, D.; Schrader, J. P450(BM-3)-
catalyzed whole-cell biotransformation of alpha-pinene with recombi-
nant Escherichia coli in an aqueous-organic two-phase system. Appl.
Microbiol. Biotechnol. 2009, 83 (5), 849−857.
(431) Maurer, S. C.; Kühnel, K.; Kaysser, L. A.; Eiben, S.; Schmid, R.
D.; Urlacher, V. B. Catalytic Hydroxylation in Biphasic Systems using
CYP102A1Mutants. Advanced Synthesis & Catalysis 2005, 347 (7−8),
1090−1098.
(432) Lewis, J. C.; Bastian, S.; Bennett, C. S.; Fu, Y.; Mitsuda, Y.;
Chen, M. M.; Greenberg, W. A.; Wong, C.-H.; Arnold, F. H.
Chemoenzymatic elaboration of monosaccharides using engineered
cytochrome P450BM3 demethylases. Proc. Natl. Acad. Sci. U. S. A.
2009, 106 (39), 16550−16555.
(433) Staudt, S.; Burda, E.; Giese, C.; Muller, C. A.; Marienhagen, J.;
Schwaneberg, U.; Hummel, W.; Drauz, K.; Groger, H. Direct
oxidation of cycloalkanes to cycloalkanones with oxygen in water.
Angew. Chem., Int. Ed. Engl. 2013, 52 (8), 2359−2363.
(434) Fasan, R.; Chen, M. M.; Crook, N. C.; Arnold, F. H.
Engineered alkane-hydroxylating cytochrome P450(BM3) exhibiting
nativelike catalytic properties. Angew. Chem., Int. Ed. Engl. 2007, 46
(44), 8414−8418.
(435) Muller, C. A.; Dennig, A.; Welters, T.; Winkler, T.; Ruff, A. J.;
Hummel, W.; Groger, H.; Schwaneberg, U. Whole-cell double
oxidation of n-heptane. J. Biotechnol. 2014, 191, 196−204.
(436) Pennec, A.; Hollmann, F.; Smit, M. S.; Opperman, D. J. One-
pot Conversion of Cycloalkanes to Lactones. ChemCatChem. 2015, 7
(2), 236−239.
(437) Meinhold, P.; Peters, M. W.; Chen, M. M.; Takahashi, K.;
Arnold, F. H. Direct conversion of ethane to ethanol by engineered
cytochrome P450 BM3. Chembiochem 2005, 6 (10), 1765−1768.
(438) Meinhold, P.; Peters, M. W.; Hartwick, A.; Hernandez, A. R.;
Arnold, F. H. Engineering Cytochrome P450 BM3 for Terminal
Alkane Hydroxylation. Advanced Synthesis & Catalysis 2006, 348 (6),
763−772.
(439) Yang, C. L.; Lin, C. H.; Luo, W. I.; Lee, T. L.; Ramu, R.; Ng,
K. Y.; Tsai, Y. F.; Wei, G. T.; Yu, S. S. Mechanistic Study of the
Stereoselective Hydroxylation of [2-(2) H(1),3-(2) H(1)]Butanes
Catalyzed by Cytochrome P450 BM3 Variants. Chemistry 2017, 23
(11), 2571−2582.
(440) Wu, L. L.; Yang, C. L.; Lo, F. C.; Chiang, C. H.; Chang, C. W.;
Ng, K. Y.; Chou, H. H.; Hung, H. Y.; Chan, S. I.; Yu, S. S. Tuning the
regio- and stereoselectivity of C-H activation in n-octanes by
cytochrome P450 BM-3 with fluorine substituents: evidence for
interactions between a C-F bond and aromatic pi systems. Chemistry
2011, 17 (17), 4774−4787.
(441) Kokorin, A.; Parshin, P. D.; Bakkes, P. J.; Pometun, A. A.;
Tishkov, V. I.; Urlacher, V. B. Genetic fusion of P450 BM3 and
formate dehydrogenase towards self-sufficient biocatalysts with
enhanced activity. Sci. Rep 2021, 11 (1), 21706.
(442) Zhang, K.; Shafer, B. M.; Demars, M. D., II; Stern, H. A.;
Fasan, R. Controlled oxidation of remote sp3 C-H bonds in
artemisinin via P450 catalysts with fine-tuned regio- and stereo-
selectivity. J. Am. Chem. Soc. 2012, 134 (45), 18695−18704.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5590

https://doi.org/10.1016/j.cbi.2007.09.007
https://doi.org/10.1016/j.cbi.2007.09.007
https://doi.org/10.1016/j.cbi.2007.09.007
https://doi.org/10.1039/C2MD20283B
https://doi.org/10.1039/C2MD20283B
https://doi.org/10.1039/C2MD20283B
https://doi.org/10.1007/s00216-015-9241-x
https://doi.org/10.1007/s00216-015-9241-x
https://doi.org/10.1007/s00216-015-9241-x
https://doi.org/10.1007/s00253-014-6281-7
https://doi.org/10.1007/s00253-014-6281-7
https://doi.org/10.1007/s00253-014-6281-7
https://doi.org/10.3109/00498254.2010.525762
https://doi.org/10.3109/00498254.2010.525762
https://doi.org/10.3109/00498254.2010.525762
https://doi.org/10.1016/j.toxlet.2010.11.010
https://doi.org/10.1016/j.toxlet.2010.11.010
https://doi.org/10.1021/tx8002593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx8002593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2014.10.025
https://doi.org/10.1016/j.jpba.2014.10.025
https://doi.org/10.1021/tx300334w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx300334w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx300334w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201000452
https://doi.org/10.1002/cctc.201000452
https://doi.org/10.1021/ac035218t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac035218t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac035218t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac035218t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2005.04.010
https://doi.org/10.1016/j.bios.2005.04.010
https://doi.org/10.1016/j.bios.2005.04.010
https://doi.org/10.1016/j.bios.2005.04.010
https://doi.org/10.1016/j.apsb.2017.04.006
https://doi.org/10.1016/j.apsb.2017.04.006
https://doi.org/10.1002/cbic.201400060
https://doi.org/10.1002/cbic.201400060
https://doi.org/10.1074/jbc.RA119.011305
https://doi.org/10.1074/jbc.RA119.011305
https://doi.org/10.1074/jbc.RA119.011305
https://doi.org/10.1074/jbc.RA119.011305
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/protein/gzs004
https://doi.org/10.1093/protein/gzs004
https://doi.org/10.1093/protein/gzs004
https://doi.org/10.1007/s00253-007-1277-1
https://doi.org/10.1007/s00253-007-1277-1
https://doi.org/10.1007/s00253-007-1277-1
https://doi.org/10.1007/s00253-007-1277-1
https://doi.org/10.1007/s00253-009-1917-8
https://doi.org/10.1007/s00253-009-1917-8
https://doi.org/10.1007/s00253-009-1917-8
https://doi.org/10.1002/adsc.200505044
https://doi.org/10.1002/adsc.200505044
https://doi.org/10.1073/pnas.0908954106
https://doi.org/10.1073/pnas.0908954106
https://doi.org/10.1002/anie.201204464
https://doi.org/10.1002/anie.201204464
https://doi.org/10.1002/anie.200702616
https://doi.org/10.1002/anie.200702616
https://doi.org/10.1016/j.jbiotec.2014.06.001
https://doi.org/10.1016/j.jbiotec.2014.06.001
https://doi.org/10.1002/cctc.201402835
https://doi.org/10.1002/cctc.201402835
https://doi.org/10.1002/cbic.200500261
https://doi.org/10.1002/cbic.200500261
https://doi.org/10.1002/adsc.200505465
https://doi.org/10.1002/adsc.200505465
https://doi.org/10.1002/chem.201603956
https://doi.org/10.1002/chem.201603956
https://doi.org/10.1002/chem.201603956
https://doi.org/10.1002/chem.201003631
https://doi.org/10.1002/chem.201003631
https://doi.org/10.1002/chem.201003631
https://doi.org/10.1002/chem.201003631
https://doi.org/10.1038/s41598-021-00957-5
https://doi.org/10.1038/s41598-021-00957-5
https://doi.org/10.1038/s41598-021-00957-5
https://doi.org/10.1021/ja3073462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3073462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3073462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(443) Roberts, A. G.; Katayama, J.; Kaspera, R.; Ledwitch, K. V.; Le
Trong, I.; Stenkamp, R. E.; Thompson, J. A.; Totah, R. A. The role of
cytochrome P450 BM3 phenylalanine-87 and threonine-268 in
binding organic hydroperoxides. Biochim. Biophys. Acta 2016, 1860
(4), 669−677.
(444) Schulz, S.; Girhard, M.; Gaßmeyer, S. K.; Jäger, V. D.;
Schwarze, D.; Vogel, A.; Urlacher, V. B. Selective Enzymatic Synthesis
of the Grapefruit Flavor (+)-Nootkatone. ChemCatChem. 2015, 7 (4),
601−604.
(445) Seifert, A.; Antonovici, M.; Hauer, B.; Pleiss, J. An efficient
route to selective bio-oxidation catalysts: an iterative approach
comprising modeling, diversification, and screening, based on
CYP102A1. Chembiochem 2011, 12 (9), 1346−1351.
(446) Kühnel, K.; Maurer, S. C.; Galeyeva, Y.; Frey, W.; Laschat, S.;
Urlacher, V. B. Hydroxylation of Dodecanoic Acid and
(2R,4R,6R,8R)-Tetramethyldecanol on a Preparative Scale using an
NADH- Dependent CYP102A1Mutant. Advanced Synthesis &
Catalysis 2007, 349 (8−9), 1451−1461.
(447) Holtmann, D.; Mangold, K. M.; Schrader, J. Entrapment of
cytochrome P450 BM-3 in polypyrrole for electrochemically-driven
biocatalysis. Biotechnol. Lett. 2009, 31 (5), 765−770.
(448) Graham-Lorence, S.; Truan, G.; Peterson, J. A.; Falck, J. R.;
Wei, S.; Helvig, C.; Capdevila, J. H. An active site substitution, F87V,
converts cytochrome P450 BM-3 into a regio- and stereoselective
(14S,15R)-arachidonic acid epoxygenase. J. Biol. Chem. 1997, 272 (2),
1127−1135.
(449) Cowart, L. A.; Falck, J. R.; Capdevila, J. H. Structural
determinants of active site binding affinity and metabolism by
cytochrome P450 BM-3. Arch. Biochem. Biophys. 2001, 387 (1), 117−
124.
(450) Oliver, C. F.; Modi, S.; Primrose, W. U.; Lian, L. Y.; Roberts,
G. C. Engineering the substrate specificity of Bacillus megaterium
cytochrome P-450 BM3: hydroxylation of alkyl trimethylammonium
compounds. Biochem. J. 1997, 327, 537−544.
(451) Ji, Y.; Mertens, A. M.; Gertler, C.; Fekiri, S.; Keser, M.; Sauer,
D. F.; Smith, K. E. C.; Schwaneberg, U. Directed OmniChange
Evolution Converts P450 BM3 into an Alkyltrimethylammonium
Hydroxylase. Chemistry 2018, 24 (63), 16865−16872.
(452) Li, J.; Li, F.; King-Smith, E.; Renata, H. Merging chemo-
enzymatic and radical-based retrosynthetic logic for rapid and
modular synthesis of oxidized meroterpenoids. Nat. Chem. 2020, 12
(2), 173−179.
(453) Alwaseem, H.; Giovani, S.; Crotti, M.; Welle, K.; Jordan, C.
T.; Ghaemmaghami, S.; Fasan, R. Comprehensive Structure-Activity
Profiling of Micheliolide and its Targeted Proteome in Leukemia
Cells via Probe-Guided Late-Stage C-H Functionalization. ACS Cent
Sci. 2021, 7 (5), 841−857.
(454) Tyagi, V.; Alwaseem, H.; O’Dwyer, K. M.; Ponder, J.; Li, Q.
Y.; Jordan, C. T.; Fasan, R. Chemoenzymatic synthesis and
antileukemic activity of novel C9- and C14-functionalized partheno-
lide analogs. Bioorg. Med. Chem. 2016, 24 (17), 3876−3886.
(455) Do, M. Q.; Henry, E.; Kato, M.; Cheruzel, L. Cross-linked
cytochrome P450 BM3 aggregates promoted by Ru(II)-diimine
complexes bearing aldehyde groups. J. Inorg. Biochem 2018, 186, 130−
134.
(456) Cirino, P. C.; Arnold, F. H. A self-sufficient peroxide-driven
hydroxylation biocatalyst. Angew. Chem., Int. Ed. Engl. 2003, 42 (28),
3299−3301.
(457) Feenstra, K. A.; Starikov, E. B.; Urlacher, V. B.; Commandeur,
J. N.; Vermeulen, N. P. Combining substrate dynamics, binding
statistics, and energy barriers to rationalize regioselective hydrox-
ylation of octane and lauric acid by CYP102A1 and mutants. Protein
Sci. 2007, 16 (3), 420−431.
(458) Li, Y.; Qin, B.; Li, X.; Tang, J.; Chen, Y.; Zhou, L.; You, S.
Selective Oxidations of Cyperenoic Acid by Slightly Reshaping the
Binding Pocket of Cytochrome P450 BM3. ChemCatChem. 2018, 10
(3), 559−565.
(459) Le-Huu, P.; Petrovic,́ D.; Strodel, B.; Urlacher, V. B. One-Pot,
Two-Step Hydroxylation of the Macrocyclic Diterpenoid β-

Cembrenediol Catalyzed by P450 BM3Mutants. ChemCatChem.
2016, 8 (24), 3755−3761.
(460) Le-Huu, P.; Rekow, D.; Kruger, C.; Bokel, A.; Heidt, T.;
Schaubach, S.; Claasen, B.; Holzel, S.; Frey, W.; Laschat, S.; Urlacher,
V. B. Chemoenzymatic Route to Oxyfunctionalized Cembranoids
Facilitated by Substrate and Protein Engineering. Chemistry 2018, 24
(46), 12010−12021.
(461) Loskot, S. A.; Romney, D. K.; Arnold, F. H.; Stoltz, B. M.
Enantioselective Total Synthesis of Nigelladine A via Late-Stage C-H
Oxidation Enabled by an Engineered P450 Enzyme. J. Am. Chem. Soc.
2017, 139 (30), 10196−10199.
(462) Kolev, J. N.; O’Dwyer, K. M.; Jordan, C. T.; Fasan, R.
Discovery of Potent Parthenolide-Based Antileukemic Agents Enabled
by Late-Stage P450-Mediated C�H Functionalization. ACS Chem.
Biol. 2014, 9 (1), 164−173.
(463) Rock, D. A.; Perkins, B. N.; Wahlstrom, J.; Jones, J. P. A
method for determining two substrates binding in the same active site
of cytochrome P450BM3: an explanation of high energy omega
product formation. Arch. Biochem. Biophys. 2003, 416 (1), 9−16.
(464) Nazor, J.; Dannenmann, S.; Adjei, R. O.; Fordjour, Y. B.;
Ghampson, I. T.; Blanusa, M.; Roccatano, D.; Schwaneberg, U.
Laboratory evolution of P450 BM3 for mediated electron transfer
yielding an activity-improved and reductase-independent variant.
Protein Eng. Des Sel 2007, 21 (1), 29−35.
(465) Schwaneberg, U.; Appel, D.; Schmitt, J.; Schmid, R. D. P450
in biotechnology: zinc driven v-hydroxylation of p-nitrophenoxydo-
decanoic acid using P450 BM-3 F87A as a catalyst. J. Biotechnol. 2000,
84, 249−257.
(466) Schwaneberg, U.; Otey, C.; Cirino, P. C.; Farinas, E.; Arnold,
F. H. Cost-Effective Whole-Cell Assay for Laboratory Evolution of
Hydroxylases in Escherichia coli. Journal of Biomolecular Screening
2001, 6 (2), 111−117.
(467) Weber, E.; Sirim, D.; Schreiber, T.; Thomas, B.; Pleiss, J.;
Hunger, M.; Gläser, R.; Urlacher, V. B. Immobilization of P450 BM-3
monooxygenase on mesoporous molecular sieves with different pore
diameters. Journal of Molecular Catalysis B: Enzymatic 2010, 64 (1−
2), 29−37.
(468) Nazor, J.; Schwaneberg, U. Laboratory evolution of P450 BM-
3 for mediated electron transfer. Chembiochem 2006, 7 (4), 638−644.
(469) Tran, N. H.; Huynh, N.; Bui, T.; Nguyen, Y.; Huynh, P.;
Cooper, M. E.; Cheruzel, L. E. Light-initiated hydroxylation of lauric
acid using hybrid P450 BM3 enzymes. Chem. Commun. (Camb) 2011,
47 (43), 11936−11938.
(470) Tran, N. H.; Huynh, N.; Chavez, G.; Nguyen, A.; Dwaraknath,
S.; Nguyen, T. A.; Nguyen, M.; Cheruzel, L. A series of hybrid P450
BM3 enzymes with different catalytic activity in the light-initiated
hydroxylation of lauric acid. J. Inorg. Biochem 2012, 115, 50−56.
(471) Bahrami, A.; Iliuta, I.; Garnier, A.; Larachi, F.; Vincent, T.;
Iliuta, M. C. Kinetics of Enzymatic Hydroxylation by Free and MNPs-
Immobilized NADH-Dependent Cytochrome P450 BM3 from
Bacillus megaterium. Ind. Eng. Chem. Res. 2019, 58 (2), 808−815.
(472) Vincent, T.; Gaillet, B.; Garnier, A. Optimisation of
Cytochrome P450 BM3 Assisted by Consensus-Guided Evolution.
Appl. Biochem. Biotechnol. 2021, 193 (9), 2893−2914.
(473) Yeom, H.; Sligar, S. G. Oxygen activation by cytochrome
P450BM-3: effects of mutating an active site acidic residue. Arch.
Biochem. Biophys. 1997, 337 (2), 209−216.
(474) Ost, T. W.; Clark, J.; Mowat, C. G.; Miles, C. S.; Walkinshaw,
M. D.; Reid, G. A.; Chapman, S. K.; Daff, S. Oxygen activation and
electron transfer in flavocytochrome P450 BM3. J. Am. Chem. Soc.
2003, 125 (49), 15010−15020.
(475) Spradlin, J.; Lee, D.; Mahadevan, S.; Mahomed, M.; Tang, L.;
Lam, Q.; Colbert, A.; Shafaat, O. S.; Goodin, D.; Kloos, M.; Kato, M.;
Cheruzel, L. E. Insights into an efficient light-driven hybrid P450
BM3 enzyme from crystallographic, spectroscopic and biochemical
studies. Biochim. Biophys. Acta 2016, 1864 (12), 1732−1738.
(476) Tran, N. H.; Nguyen, D.; Dwaraknath, S.; Mahadevan, S.;
Chavez, G.; Nguyen, A.; Dao, T.; Mullen, S.; Nguyen, T. A.; Cheruzel,

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5591

https://doi.org/10.1016/j.bbagen.2015.12.014
https://doi.org/10.1016/j.bbagen.2015.12.014
https://doi.org/10.1016/j.bbagen.2015.12.014
https://doi.org/10.1002/cctc.201402952
https://doi.org/10.1002/cctc.201402952
https://doi.org/10.1002/cbic.201100067
https://doi.org/10.1002/cbic.201100067
https://doi.org/10.1002/cbic.201100067
https://doi.org/10.1002/cbic.201100067
https://doi.org/10.1002/adsc.200700054
https://doi.org/10.1002/adsc.200700054
https://doi.org/10.1002/adsc.200700054
https://doi.org/10.1007/s10529-009-9925-4
https://doi.org/10.1007/s10529-009-9925-4
https://doi.org/10.1007/s10529-009-9925-4
https://doi.org/10.1074/jbc.272.2.1127
https://doi.org/10.1074/jbc.272.2.1127
https://doi.org/10.1074/jbc.272.2.1127
https://doi.org/10.1006/abbi.2000.2246
https://doi.org/10.1006/abbi.2000.2246
https://doi.org/10.1006/abbi.2000.2246
https://doi.org/10.1042/bj3270537
https://doi.org/10.1042/bj3270537
https://doi.org/10.1042/bj3270537
https://doi.org/10.1002/chem.201803806
https://doi.org/10.1002/chem.201803806
https://doi.org/10.1002/chem.201803806
https://doi.org/10.1038/s41557-019-0407-6
https://doi.org/10.1038/s41557-019-0407-6
https://doi.org/10.1038/s41557-019-0407-6
https://doi.org/10.1021/acscentsci.0c01624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2016.06.028
https://doi.org/10.1016/j.bmc.2016.06.028
https://doi.org/10.1016/j.bmc.2016.06.028
https://doi.org/10.1016/j.jinorgbio.2018.06.001
https://doi.org/10.1016/j.jinorgbio.2018.06.001
https://doi.org/10.1016/j.jinorgbio.2018.06.001
https://doi.org/10.1002/anie.200351434
https://doi.org/10.1002/anie.200351434
https://doi.org/10.1110/ps.062224407
https://doi.org/10.1110/ps.062224407
https://doi.org/10.1110/ps.062224407
https://doi.org/10.1002/cctc.201701088
https://doi.org/10.1002/cctc.201701088
https://doi.org/10.1002/cctc.201600973
https://doi.org/10.1002/cctc.201600973
https://doi.org/10.1002/cctc.201600973
https://doi.org/10.1002/chem.201802250
https://doi.org/10.1002/chem.201802250
https://doi.org/10.1021/jacs.7b05196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb400626w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb400626w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0003-9861(03)00228-5
https://doi.org/10.1016/S0003-9861(03)00228-5
https://doi.org/10.1016/S0003-9861(03)00228-5
https://doi.org/10.1016/S0003-9861(03)00228-5
https://doi.org/10.1093/protein/gzm074
https://doi.org/10.1093/protein/gzm074
https://doi.org/10.1016/S0168-1656(00)00357-6
https://doi.org/10.1016/S0168-1656(00)00357-6
https://doi.org/10.1016/S0168-1656(00)00357-6
https://doi.org/10.1177/108705710100600207
https://doi.org/10.1177/108705710100600207
https://doi.org/10.1016/j.molcatb.2010.01.020
https://doi.org/10.1016/j.molcatb.2010.01.020
https://doi.org/10.1016/j.molcatb.2010.01.020
https://doi.org/10.1002/cbic.200500436
https://doi.org/10.1002/cbic.200500436
https://doi.org/10.1039/c1cc15124j
https://doi.org/10.1039/c1cc15124j
https://doi.org/10.1016/j.jinorgbio.2012.05.012
https://doi.org/10.1016/j.jinorgbio.2012.05.012
https://doi.org/10.1016/j.jinorgbio.2012.05.012
https://doi.org/10.1021/acs.iecr.8b04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12010-021-03573-1
https://doi.org/10.1007/s12010-021-03573-1
https://doi.org/10.1006/abbi.1996.9763
https://doi.org/10.1006/abbi.1996.9763
https://doi.org/10.1021/ja035731o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja035731o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbapap.2016.09.005
https://doi.org/10.1016/j.bbapap.2016.09.005
https://doi.org/10.1016/j.bbapap.2016.09.005
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


L. E. An efficient light-driven P450 BM3 biocatalyst. J. Am. Chem. Soc.
2013, 135 (39), 14484−14487.
(477) Kato, M.; Nguyen, D.; Gonzalez, M.; Cortez, A.; Mullen, S. E.;
Cheruzel, L. E. Regio- and stereoselective hydroxylation of 10-
undecenoic acid with a light-driven P450 BM3 biocatalyst yielding a
valuable synthon for natural product synthesis. Bioorg. Med. Chem.
2014, 22 (20), 5687−5691.
(478) Bahrami, A.; Vincent, T.; Garnier, A.; Larachi, F.;
Boukouvalas, J.; Iliuta, M. C. Noncovalent Immobilization of
Optimized Bacterial Cytochrome P450 BM3 on Functionalized
Magnetic Nanoparticles. Ind. Eng. Chem. Res. 2017, 56 (39),
10981−10989.
(479) Bahrami, A.; Garnier, A.; Larachi, F.; Iliuta, M. C. Covalent
immobilization of cytochrome P450 BM3 (R966D/W1046S) on
glutaraldehyde activated SPIONs. Canadian Journal of Chemical
Engineering 2018, 96 (10), 2227−2235.
(480) Alcalde, M.; Farinas, E. T.; Arnold, F. H. Colorimetric high-
throughput assay for alkene epoxidation catalyzed by cytochrome
P450 BM-3 variant 139−3. J. Biomol Screen 2004, 9 (2), 141−146.
(481) Dietrich, J. A.; Yoshikuni, Y.; Fisher, K. J.; Woolard, F. X.;
Ockey, D.; McPhee, D. J.; Renninger, N. S.; Chang, M. C. Y.; Baker,
D.; Keasling, J. D. A Novel Semi-biosynthetic Route for Artemisinin
Production Using Engineered Substrate-Promiscuous P450BM3. ACS
Chem. Biol. 2009, 4 (4), 261−267.
(482) Lim, J. B.; Barker, K. A.; Eller, K. A.; Jiang, L.; Molina, V.;
Saifee, J. F.; Sikes, H. D. Insights into electron leakage in the reaction
cycle of cytochrome P450 BM3 revealed by kinetic modeling and
mutagenesis. Protein Sci. 2015, 24 (11), 1874−1883.
(483) Bloom, J. D.; Labthavikul, S. T.; Otey, C. R.; Arnold, F. H.
Protein stability promotes evolvability. Proc. Natl. Acad. Sci. U. S. A.
2006, 103 (15), 5869−5874.
(484) Zhou, Q.; Chin, M.; Fu, Y.; Liu, P.; Yang, Y. Stereodivergent
atom-transfer radical cyclization by engineered cytochromes P450.
Science 2021, 374 (6575), 1612−1616.
(485) Ben Chorin, A.; Masrati, G.; Kessel, A.; Narunsky, A.;
Sprinzak, J.; Lahav, S.; Ashkenazy, H.; Ben-Tal, N. ConSurf-DB: An
accessible repository for the evolutionary conservation patterns of the
majority of PDB proteins. Protein Sci. 2020, 29 (1), 258−267.
(486) Ashkenazy, H.; Abadi, S.; Martz, E.; Chay, O.; Mayrose, I.;
Pupko, T.; Ben-Tal, N. ConSurf 2016: an improved methodology to
estimate and visualize evolutionary conservation in macromolecules.
Nucleic Acids Res. 2016, 44 (W1), W344−350.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c00086
ACS Catal. 2024, 14, 5560−5592

5592

https://doi.org/10.1021/ja409337v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2014.05.046
https://doi.org/10.1016/j.bmc.2014.05.046
https://doi.org/10.1016/j.bmc.2014.05.046
https://doi.org/10.1021/acs.iecr.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b02872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjce.23208
https://doi.org/10.1002/cjce.23208
https://doi.org/10.1002/cjce.23208
https://doi.org/10.1177/1087057103261913
https://doi.org/10.1177/1087057103261913
https://doi.org/10.1177/1087057103261913
https://doi.org/10.1021/cb900006h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb900006h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.2793
https://doi.org/10.1002/pro.2793
https://doi.org/10.1002/pro.2793
https://doi.org/10.1073/pnas.0510098103
https://doi.org/10.1126/science.abk1603
https://doi.org/10.1126/science.abk1603
https://doi.org/10.1002/pro.3779
https://doi.org/10.1002/pro.3779
https://doi.org/10.1002/pro.3779
https://doi.org/10.1093/nar/gkw408
https://doi.org/10.1093/nar/gkw408
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

