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Evolution of P450 BM3 is a topic of extensive research, but screening the various

substrate/reaction combinations remains a time-consuming process. Indigo production

has the potential to serve as a simple high-throughput method for reaction screening,

as bacterial colonies expressing indigo (+) variants can be visually identified via their

blue phenotype. Indigo (+) single variants, indigo (−) single variants and a combinatorial

library, containing mutations that enable the blue phenotype, were screened for their

ability to hydroxylate a panel of 12 aromatic compounds using the 4-aminoantipyrine

colorimetric assay. Recombination of indigo (+) single variants to create a multiple-

variant library is a particularly useful strategy, as all top performing P450 BM3 variants

with high hydroxylation activity were either indigo (+) single variants or contained

multiple substitutions. Furthermore, active variants, as determined using the 4-AAP

assay, were further characterized and several variants were identified that gave more

than 90% conversion with 1,3-dichlorobenzene and predominantly formed 2,6-

dichlorophenol; other variants showed significant substrate selectivity. This supports the

hypothesis that substitution at positions that enable the indigo (+) phenotype, or

hotspot residues, is a general mechanism for increasing aromatic hydroxylation activity.

Overall, this research demonstrates that indigo (+) single variants, identified via

colorimetric colony-based screening, may be recombined to generate a multiply-

substituted variant library containing many variants with high aromatic hydroxylation

activity. The combination of colony-based screening and other screening assays greatly

accelerates enzyme engineering, as readily-identified indigo (+) single variants can be

recombined to create a library of active multiple variants without extensive screening of

single variants.
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Introduction

Efforts to functionalize C–H bonds in late-stage processes are highly sought-aer
for the synthesis of small molecules and pharmaceuticals. However, achieving
high yields and desired stereoselectivity using chemical synthesis methods can be
challenging.1 As the demand for cost-effective and environmentally friendly
alternatives for small-molecule C–H functionalization increases, it is necessary to
develop new biocatalytic methods. Enzyme catalysis offers several advantages
over traditional chemical methods,2–6 including performing reactions under mild
conditions that do not require elevated temperatures, extreme pH, or toxic
reagents. Enzymes have a main limitation in that their native substrate scope can
be limited.7 To overcome this challenge, enzyme engineering uses natural
evolution as inspiration, introducing mutations to create variants with modied
properties, such as altered substrate promiscuity, stereoselectivity, or improved
stability under operating conditions.

Cytochrome P450 monooxygenases (P450s) are heme-containing enzymes that
catalyze a broad range of complex oxidation reactions on organic compounds,
including non-activated C–H bond reactions. This makes them ideal for gener-
ating ne chemicals such as chiral compounds used in avors, fragrances, and
pharmaceuticals, including new antibiotics and drug precursors.8,9 The use of
P450s for selective oxidation is highly appealing. CYP102A1, also referred to as
P450 BM3, is a self-sufficient cytochrome P450 enzyme from Bacillus megaterium.
The enzyme has gained attention as a biocatalyst for various synthetic applica-
tions due to its high stability and catalytic activity.10,11 P450 BM3 naturally
hydroxylates long-chain fatty acids such as lauric acid.12 Enzyme engineering has
expanded its reactivity in recent years, allowing it to catalyze oxidation reactions
on non-native substrates, as well as new-to-nature reactions such as carbene13 and
nitrene transfer reactions.14 Variants are generated and screened against the
desired reaction/substrate combination, which is a time-consuming and
resource-intensive aspect of enzyme engineering. Several colorimetric assays have
been developed for screening P450 BM3 variants.15–17 However, these assays still
require multiple experimental steps before a color is visualized. In many cases,
characterization with HPLC, LC-MS, or GC-MS is primarily used, which greatly
limits screening throughput.18–21

Previous studies have demonstrated that specic P450 BM3 variants can
effectively hydroxylate indole, resulting in the formation of indigo dye.22–32 This is
in contrast to the native enzyme, which does not perform this reaction at a readily-
detectable level.22 Indigo-producing variants can be easily identied as dark blue
colonies when expressed in E. coli.33 Furthermore, these variants have demon-
strated a greater propensity to hydroxylate certain aromatic substrates.34–37 More
broadly, the production of indigo by cytochrome P450 variants can be a successful
predictor of promiscuous activity, and some correlations have been estab-
lished.30,31,33,38,39 In our earlier work, only indigo-producing P450 BM3 variants
were observed to hydroxylate 4-phenylbutan-2-one into 4-(4-hydroxyphenyl)butan-
2-one, the prevalent raspberry aroma widely employed in the food and avor
industry,22 priced near 10 000 USD per kg. A similar colorimetric colony-based
screening was used to identify P450 BM3 variants with oxidation activity
towards coumarin and 7-ethoxycoumarin.33 These variants possess catalytic
30 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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properties similar to human cytochrome P450 enzymes, which are primarily
involved in the metabolism of endogenous and xenobiotic compounds.33 Because
the wild-type P450 BM3 lacks visible indigo production, observation of indigo
formation in E. coli can serve as a simple primary screen for new activities or as
a starting point for further enzyme engineering.

Recently, we used an in-house P450 BM3 variant library to establish a corre-
lation between indigo formation and hydroxylation of the aromatic compounds
anisole and naphthalene.40 In this work, 97 previously unreported variants of
P450 BM3 substituted at any of 18 positions resulted in a blue phenotype, with 80
among the variants being well-expressed. These indigo-positive (indigo (+)) vari-
ants were signicantly more likely than similarly well-expressed indigo-negative
(indigo (−)) variants to favor the hydroxylation of anisole and naphthalene,
providing up to a three-fold increase in activity compared to wild-type P450 BM3.
These limited experiments demonstrated that colony-based screening is an effi-
cient, high-throughput approach to identify P450 BM3 variants having the
potential to exhibit new or improved reactivity.

The limited number of substrates used in previous correlation studies high-
lights the need to examine the broader applicability of indigo production as
a proxy assay for predicting the hydroxylation of specic aromatic substrates by
P450 BM3 variants. Based on prior information, we hypothesized that indigo
formation is associated with generalized substrate promiscuity. Here, we report
our screening efforts against a panel of structurally diverse aromatic substrates
using a series of indigo (+) and indigo (−) variants. We applied a sequence of three
assays that serve different purposes. The indigo formation is a colony-based, high-
throughput screen that allowed us to readily identify the top indigo-producers.
The limitation of this cellular assay is that only indole can be used as a substrate,
such that it does not allow evaluating substrate promiscuity. To evaluate substrate
promiscuity, we used the more general 4-AAP assay: it measures phenol forma-
tion, thus allowing investigation within the class of aromatic compounds. Finally,
an NADPH consumption assay complements the 4-AAP assay since it measures
overall reactivity of the enzyme; together they allow determination of the
“coupling efficiency” – the fraction of NADPH used for product formation rather
than for unproductive conversion of H2O to H2O2. Thus, variants that produce
equal levels of phenolic product may do so with different levels of NADPH
consumption, demonstrating different coupling efficiencies. Both the 4-AAP and
NADPH assays are of moderate throughput. Differences in activity between indigo
(+) and (−) variants will be discussed. Finally, regioselectivity and reaction
conversions for the hydroxylation of 1,3-dichlorobenzene by P450 BM3 variants
will be highlighted.

Results and discussion
P450 BM3 variant-library design and project workow

With the increasing interest in broadening the scope of reactions that P450 BM3
and its variants can catalyze, there is a growing need for high-throughput
screening approaches. Indigo production has the potential to serve as a simple
high-throughput method for reaction screening, as bacterial colonies expressing
indigo (+) variants can be visually identied via their blue phenotype. Variants
capable of hydroxylating indole to form indigo have shown the ability to
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 29–51 | 31
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Fig. 1 Panel of substituted benzenes tested as substrates with indigo (+) and indigo (−)
P450 BM3 variants.
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hydroxylate a limited number of other aromatic substrates.22,34–37 Furthermore,
previous studies have shown some success by screening only these indigo (+)
variants33 but the few variants and substrates assayed preclude generalizing
a correlation between indigo formation and aromatic hydroxylation.

In this study, we further investigate the importance of indigo-producing
variants relative to their indigo-negative counterparts by testing a library of
both indigo (+) and indigo (−) variants against a panel of aromatic compounds
(Fig. 1). Substituted benzenes with varied steric and electronic properties were
selected to test for tolerance of P450 BM3 variants to a wide range of functional
groups. Certain P450 BM3 variants can accept these substituted benzenes,
most notably 1–5 37,41–52 and 41–52) and 11.18,37,52 However, apart from 11, only a
few variants have been shown to accept these compounds as substrates
(ESI Table S1†), suggesting that hydroxylation of substituted benzenes is under-
explored. Alternatively, these compounds and their derivatives may not be
adequate substrates of previously investigated P450 BM3 variants and have
therefore not been reported.

To maximize the probability of identifying P450 BM3 variants capable of
accepting 1–12 as substrates for hydroxylation, we used an in-house library
comprising point-substituted (single) variants and multiply substituted variants.
Investigating variants with diverse mutational patterns and differing numbers of
substitutions allows sampling the sequence landscape that enables increased
hydroxylation of these aromatic substrates.

Singly-substituted variants were generated using site-saturation mutagenesis
(SSM) at 42 distinct active-site residues that lie above the plane of the heme, in the
vicinity of the active site.40 This allowed identication of “single variants” that
have the indigo (+) or indigo (−) phenotype when expressed in E. coli (Fig. 2A).
Among the indigo (+) single variants, 56 were selected that include a substitution
at any of 15 positions, including the well-known mutational hot-spot residues
A82, F87, A180, M212, R255 and I263 (Fig. 2A). These 56 substitutions were used
to design a multiply-substituted, combinatorial variant library (Fig. 2B). The
32 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Engineering strategy for creating the P450 BM3 variant library. Site-saturation
mutagenesis (SSM) was performed at 42 positions in the vicinity of the active site; indigo
(+) singly-substituted variants (single variants) were then recombined to producemultiply-
substituted variants (multiple variants). As a result, multiple variants are all derived from
indigo (+) single variants but may have an indigo (+) or indigo (−) phenotype. Indigo (+) and
indigo (−) single and multiple variants were then investigated for aromatic hydroxylation.
(B) Indigo (+) P450 BM3 substitutions used to create the multiply-substituted variant
library. (C) Crystal structure of P450 BM3 (PDB: 1FAG)53 representing all substituted
positions discussed in this article as colored spheres. The colors correspond to the
secondary structure elements listed in (B): B0-helix (red), F-helix (yellow), G-helix (green)
and I-helix (blue). Position 87 and other unintended positions not listed in (B) are repre-
sented by black and beige spheres, respectively.
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combinatorial library was designed to afford an average of 4 substitutions per
multiply-substituted variant with the majority (96% of the library) having between
2 and 7 substitutions. The positions of all planned substitutions investigated in
this study, whether singly or in combination, are highlighted in Fig. 2C; the
complete list of variants investigated in this study, including their indigo (+) or
(−) phenotype, is found in ESI Table S2.† In addition, three unplanned substi-
tutions were observed that result from errors during library creation. One such
example is substitution E143D in variant B10 (identity F81Y/E143D/A180M/
M212K; indigo (+) phenotype); the others are T88P (in variant F9) and P172H
(in variant G8) (ESI Table S2†).

Expression of the multiply-substituted library in E. coli and selection of ∼1050
colonies for the indigo (+)/(−) phenotype showed that only ∼33% of variants
exhibited the indigo (+) phenotype. This was unexpected, since all substitutions
included in the multiple-variant library were originally selected for their indigo (+)
phenotype; we had expected that most of the multiple variants would display
straightforward additivity of the indigo (+) phenotype, or that positive sign epis-
tasis would amplify their combination. The observed predominant negative sign
epistasis illustrates the complexity of indigo (+) substitutions.

The DNA sequence was analyzed for 192 of the∼1050 colonies. This conrmed
integrity of the library design (barring the 3 unexpected substitutions mentioned
above) and the expected distribution of substitutions per variant. The panel of 192
multiple variants sequenced contains mutations at all 15 of the hot spot positions
(Fig. 2B and C). Furthermore, many of the indigo (+) variants contained within the
single- and multiple-variant libraries are novel and differ considerably from
Scheme 1 4-AAP colorimetric assay. (A) Conjugation of 4-aminoantipyrine (4-AAP) with
the representative compound, phenol, to form a colored 4-AAP-phenol conjugate (red/
pink) observed at 485 nm (ref. 17). (B) Colors of conjugation products with the substrates
1–12 and their respective hydroxylated products observed at 485 nm.

34 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Activity of indigo (+) (blue) and indigo (−) (orange) P450 BM3 variants towards
hydroxylation of 1. The conjugation of phenolic products to 4-aminoantipyrine was
measured at 485 nm. For clarity, of the 91 variants assayed, only the 74 variants showing
activity are represented; no wild-type P450 BM3 activity was observed. Note: A82Q* = C-
terminal His-tag. All experiments were performed in at least duplicate.
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previously reported indigo (+) variants (ESI Table S3†). Substitutions at any of the
15 positions, either singly or in combination, can produce either an indigo (+) or
indigo (−) phenotype (ESI Table S2†).

From these 192 variants, we brought 37 unique indigo (+) and 19 unique indigo
(−) multiple variants forward for further analysis. The sequence composition of
this panel of multiple variants is representative of the larger combinatorial library
(ESI Table S2†). We note that A82Q* is a C-terminally His-tagged variant. The His-
tag enables purication and immobilization of the enzyme in continuous ow
reactions. We included this variant to determine whether addition of the His-tag
affects enzyme activity under our operational conditions.

The panel of 56 indigo (+)/(−) multiple variants was complemented by addition
of 35 single variants (21 indigo (+) and 14 indigo (−)). The 91 variants of P450 BM3
were assayed against compounds 1–12 to determine the phenolic product(s)
formed. We initially performed a rapid colorimetric screen, where the production
of phenolic products was estimated using the 4-aminoantipyridine (4-AAP assay)
(Scheme 1A).17 Prior to performing the enzymatic hydroxylation reactions, we
veried that none among compounds 1–12 give rise to signicant color formation
when reacted with 4-AAP (Scheme 1B), thus conrming that unreacted 1–12 will
not cause a signicant background signal. Using a panel of commercially-sourced
phenols representing the most likely products of hydroxylation of compounds 1–
12, we observed that most form colored 4-AAP conjugates (Scheme 1B). Because
the intensity and color differ, this assay will serve to compare the reactivity of
variants toward one substrate, but should not be used to compare the reactivity of
any variant between different substrates.

The results of such a screen are expected to conform to one of the three
following scenarios: (A) a demonstration that indigo (+) variants are more active in
aromatic hydroxylation than indigo (−) variants; (B) no difference in aromatic
hydroxylation activity being seen between the two groups; or (C) indigo (+) vari-
ants being less active in aromatic hydroxylation than indigo (−) variants. In
addition to determining any correlation between indigo production and aromatic
hydroxylation, this analysis enables us to identify variants of interest for further
characterization using more sensitive analytical techniques, such as liquid
chromatography (LC).
Screening for aromatic hydroxylation

Using the rapid 4-AAP assay, we found that 7, 11, and 12 are substrates for the
wild-type P450 BM3. These results differ from literature reports demonstrating
that 2–5 and 11 are substrates for the wild-type enzyme (ESI Table S1†). This
discrepancy is due to many of these studies using LC-MS or GC-MS detection
techniques, which are more sensitive than the 4-AAP assay at detecting low levels
of phenolic products.18 Additionally, the 4-AAP assay is not equally sensitive at
detecting all phenolic products; the efficiency of 4-aminoantipyrine conjugation
36 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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varies as a result of phenolic substitution, as does the absorbance of the resulting
conjugate (Scheme 1B). As a result, differences in reaction regioselectivity can
lead to different levels of detection. Another important distinction is that WT
P450 BM3 mainly hydroxylates the isopropyl group of p-cymene (11), rather than
carrying out ring hydroxylation. As the 4-AAP assay only measures phenolic
product formation, it cannot serve as a reporter for these other sites of hydrox-
ylation (see ethylbenzene a-hydroxylation product, Scheme 1B). These results
indicate that the 4-AAP assay should be used solely as a semi-quantitative indi-
cator of reactivity in this context.

Nonetheless, the 4-AAP reporter assay allowed ready comparison of the reac-
tivity of variants toward a given substrate. Using the 4-AAP assay, the panel of 91
single and multiple variants (in addition to WT and His-tagged P450BM3), con-
taining both indigo (+) and indigo (−) variants, were tested for reactivity with 1–12
ESI Table S4.† Fig. 3 shows the resulting activities with 1, stratied according to
the (+)/(−) indigo phenotype; the variant identities are given. The reactivities with
2–12 are in ESI Fig. S1–S11.† Furthermore, the data is also provided in a machine-
readable format (ESI Table S4†).

Analysis of these results shows only modest differences in activity between the
indigo (+) and indigo (−) populations when assayed against 1–12 and reported
with the 4-AAP assay (ESI Fig. S12†). Indigo (+) and indigo (−) variants displayed
an equal ability to hydroxylate 1, 8, 9, and 12. Indigo (+) variants had the highest
activity for 2–5, 11, and 12. In contrast, for 1 and 6–10 an indigo (−) variant
exhibited the highest level of activity. Compound 11 showed the largest difference
in activity between the indigo (+) and indigo (−) variants (ESI Fig. S12†).

Nonetheless, in all cases the differences in average activity observed between
the indigo (+) and indigo (−) populations was modest (ESI Fig. S12†). Statistical
tests showed no signicant difference between these two populations for reaction
with any of the 12 compounds. Furthermore, no statistically signicant difference
was found when comparing the top 5% most active indigo (+) and indigo (−)
variants to the rest of the indigo (+) and indigo (−) population for each substrate.
This was unsurprising; despite the frequent observation of indigo (+) variants
being the most active for a given substrate, many indigo (−) variants exhibited
high levels of activity (ESI Fig. S12†).

However, our mutational dataset is biased: all positions that were mutated in
this work were initially selected because substitution at each of these positions
can give rise to one or more indigo (+) variants. Our results suggest that the
positions that were substituted are hotspots where substitution – regardless of the
outcome for indigo production – tends to increase reactivity for aromatic
hydroxylation relative to the wild-type activity (ESI Fig. S13†). This is suggested
upon comparing the single variants: the indigo (+) single variants showed
marginally higher activity than the indigo (−) single variants for 1, 4, 6, 7, and 11,
whereas for 3, 5, and 8, there was little difference in activity between the single
variants, and for 2, 9, 10, and 12, the indigo (−) variants exhibited greater activity
than the indigo (+) single variants.

Nonetheless, we observed many cases (substrates 1, 4, 8 and 9–11) where the
multiple variants had higher activities than either the indigo (+) or indigo (−)
single variants. Furthermore, in all cases except for 3 and 11, the most active
variants all contained more than one substitution (ESI Fig. S13†). To investigate
the impact of creating multiple variants, we further stratied the multiple-variant
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 29–51 | 37
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Fig. 4 Aromatic hydroxylation activity of P450 BM3 variants as reported with the 4-AAP
assay. (A) Activity of P450 BM3 variants towards substituted benzenes (substrates 1–12) is
given as absorbance at 485 nm. Mean absorbance values for each substrate are displayed
with a black “X”. Wild-type activity is represented with a red “X”. Variants above each red
line are the 10 most active for that substrate. Dots are colored according to the variant
category with indigo (−) single variants, indigo (+) single variants and multiple variants
being gold, blue and grey, respectively. The top three variants overall are F87P, D80N/
F81Y/F173P/R255G/Y256H, and L75H/F81Y/F87P/L181P/M212R/R255D/Y256V and are
represented as blue, black, and green lines, respectively. All experiments were performed
at least in duplicate and the average value is shown. (B) Classification of the 10 most active
variants for each substrate with the number of indigo (−) single variants (gold), indigo (+)
single variants (blue) and multiple variants (grey) for each substrate displayed in the
respective substrate columns. The sum of each column is 10.
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group into indigo (+) and indigo (−) and compared them to the indigo (+) and
indigo (−) single variants (Fig. 4). Many moderately to highly active variants
capable of accepting 1–12 as substrates were discovered in the indigo (+) and (−)
multiple-variant libraries. Interestingly, indigo (−) single variants typically dis-
played moderate activity, yet were rarely found to be amongst the most active
variants for a particular substrate. Although no clear trend was observed
regarding whether indigo (+) variants are more active than indigo (−) variants,
this data demonstrates that recombining indigo (+) mutations leads to variants
with increased aromatic hydroxylation activities over the respective single vari-
ants, regardless of whether the resulting multiple variant is indigo (+) or indigo
(−). This supports the hypothesis that substitution at these hotspot residues is
a general mechanism for increasing aromatic hydroxylation activity.
38 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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Impact of specic substitutions on aromatic hydroxylation of 1–12

Using 1 as a substrate, indigo (+) single variants were, on average, more active
than indigo (−) variants and were outperformed by the multiple variants; the
most active variant is D80N/F81Y/F173P/R255G/Y256H, which is an indigo (−)
multiple variant (Fig. 4). With regards to 2, indigo (−) single variants were most
active on average, yet the most active variant is an indigo (+) multiple variant
containing three substitutions, F87P/A180M/I263G. The different variant groups
all had similar patterns of activity with 3, with the two most active variants being
F87P and (as for 1) D80N/F81Y/F173P/R255G/Y256H, which are indigo (+) and
indigo (−), respectively.

For 4, indigo (+) multiple variants had higher average activity than the other
three variant groups, with F81Y/E143D/A180M/M212K having the highest activity.
The two variants with the next highest activity for 4 were D80N/F81Y/F173P/
R255G/Y256H (as for 3) and L75H/F81Y/F87P/L181P/M212R/R255D/Y256V,
which are both indigo (−) multiple variants. The most active variants for 5 and
6were F87P/A180M/I263G (as for 2) and D80N/F81Y/F173P/R255G/Y256H (as for 1
and 3), which are indigo (+) and indigo (−) multiple variants, respectively.

Nearly all 91 variants tested showed a signicant improvement in activity for 7
compared to the wild-type P450BM3. This demonstrates that one or a few
substitutions at the hot-spot positions suffice to result in ameasurable increase in
activity relative to the wild-type enzyme. Furthermore, it demonstrates that
substitution at many different positions enables this increase in activity. The
indigo (−) multiple variant D80N/F81Y/F173P/R255G/Y256H displayed the high-
est activity with 7 (similar to 1, 3, 4 and 6), outperforming all single variants
tested.

Multiple variants all had higher activity with 8–10 than single variants (Fig. 4).
In all three cases, the most active variant was again the indigo (−) D80N/F81Y/
F173P/R255G/Y256H. With 11, the top three most active variants were L75H,
F87L/M177L/A184K/Y256V, and R255G. These three variants are indigo (+), but
there are also many indigo (−) multiple variants that displayed high activities for
11. Finally, for 12, the three most active variants were F87P/A180M/I263G (as for 2,
5 and 6), F87P (as for 3) and A184K, which are all indigo (+) variants. Overall, these
results demonstrate that many variants can accept a wide range of aromatic
compounds having different steric and electronic properties.

We observed several examples of variants that possess enhanced selectivity for
certain substrates (ESI Fig. S14A†). If a variant’s ranking for a compound is
considerably higher (lower number in ranking) than the ranking for other
compounds, then we assume that the variant is more selective for that compound.
Variant L75H has low activity towards 1–10, and 12 and ranks poorly when
compared the other variants tested (ESI Fig. S14B†). However, it is the most active
variant tested against 11, demonstrating that L75H possesses enhanced selectivity
for 11 over the other compounds tested. R255P follows a similar trend, displaying
high activity towards 2 (ESI Fig. S14B†). For this variant, little to no activity was
detected with other compounds. I258F is selective for 11 in addition to compound
2 (ESI Fig. S14B†). F87P/A180M/I263G is moderately selective for compounds 1–7,
9 and 12 but displays low activity for the other compounds tested. Furthermore,
this variant possesses the highest activities, ranking rst for 2, 5, and 12 out of all
the variants tested. F81Y/E143D/A180M/M212K displayed high selectivity for 4
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and 7 where it was the rst and h most active variant tested (ESI Fig. S14B†).
However, it is ranked 44th with 12, displaying activity lower than that of wild-type.
F81R/F87L/M177L displayed remarkable selectivity for 10, mainly due its poor
reactivity with the other compounds tested. These variants can be highly useful
for selective hydroxylation of certain substituted benzenes. This analysis
demonstrates that certain variants are selective for specic compounds while
F87P, D80N/F81Y/F173P/R255G/Y256H, and L75H/F81Y/F87P/L181P/M212R/
R255D/Y256V (Fig. 4A) are universally active across all substrates tested and
display promiscuity rather than selectivity. This demonstrates that recombination
of indigo (+) mutations is a benecial approach to enhancing hydroxylation of
benzene derivatives to form phenols.

To assess the impact of the substitutions from another angle, we performed
comprehensive ranking of the variants based on the 4-AAP assay data with each
substrate (ESI Table S5†). The top P450 BM3 variant rankings for each substrate,
according to the 4-AAP absorbance results, are listed in (ESI Table S6†). The
results reveal clear insights into the impact of substitutions toward different
substrates. Notably, the indigo (+) single variant F87P emerged as the top-ranked
variant overall (ESI Tables S5 and S7†), showcasing exceptional performance
across the entire substrate panel. Further analysis indicates a noteworthy trend,
as substitutions at position F87 are consistently included in the multiple variants
ranked as the 3rd, 4th, 5th, 7th, and 8th top variants for the different substrates.
This suggests a crucial role for substitutions at position 87 in inuencing the
substrate promiscuity of P450 BM3 variants across a diverse range of aromatic
substrates.

In addition to the recurrence of F87 substituents, many of the multiple vari-
ants highlighted above had substitutions at R255, F81, Y256, F173 and I263 (in
descending order of frequency). These results demonstrate that screening indigo
(+) single variants and multiple variants that are derived from indigo (+) muta-
tions is benecial, as these variants are most active, whether their indigo
phenotype is (+) or (−) (ESI Tables S5 and S6†). Furthermore, many highly active
variants contain multiple mutations, demonstrating that recombining mutations
found in active single variants is a valid strategy for increasing aromatic
hydroxylation activity. Many of these substitutions are novel to P450 BM3-cata-
lyzed aromatic hydroxylation reactions (ESI Table S1†). The approach of using
indigo-positive variants allowed us to identify amino acid positions (255, 81, 256,
and 173) that are infrequently studied compared to positions that are frequently
reported in the literature with respect to aromatic hydroxylation (47, 51, 74, 75, 87,
330, and 263) (ESI Table S1†).54 Combining these mutations has led to variants
with high activity towards substituted benzenes, demonstrating utility of the
approach. This work showcases that identication of positions where indigo (+)
substitutions occur serves to identify hotspots for aromatic hydroxylation;
screening single variants made at those positions is likely to yield improvement
relative to wild-type activity, and recombining these substitutions leads to many
highly active variants.
NADPH consumption

NADPH consumption serves as a valuable metric for assessing the activity level of
P450 BM3 variants. The rate of NADPH consumption provides insights into the
40 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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overall catalytic activity of the enzyme. However, its efficacy as a standalone
indicator may be inuenced by the coupling efficiency of the reactions; where
NADPH consumption is poorly coupled with product formation, correlation with
the desired reactivity is weakened. Nonetheless, integrating NADPH consumption
data with colorimetric assays measuring product formation offers a high-
throughput approach for characterizing P450 BM3 variants.

Analysis of P450 BM3 NADPH consumption rates over 10 minutes yielded no
clear difference between the indigo (+) and indigo (−) variants for reaction with
substrates 1–12. These results are consistent with the results of the 4-AAP assay
and no statistically signicant differences were observed. Indigo (+) variants most
oen had the highest NADPH consumption rates with 2, 3, and 5–12 (ESI
Fig. S15†). For example, the highest NADPH consumption rate measured was for
variant A184K with compound 6, at 0.156 mM NADPH per min; this variant was
ranked in 14th for activity with compound 6 based on the 4-AAP assay (ESI Table
S8†). With 12, variant A184K is ranked in the top 3 of all variants for both NADPH
consumption rates and the 4-AAP assay, but the correlation between the two
assays does not always hold. For example, A184K ranked 3rd highest in NADPH
consumption for 1 and 11, but ranked low (46 and 53 of the 91 variants tested)
according to the 4-AAP assay. High NADPH consumption and low 4-AAP results
suggests low coupling efficiency or no phenolic product formation, as is possible
for 11, where oxidation of the alkyl substituents could occur rather than aromatic
hydroxylation. Further observations of high NADPH consumption and lower 4-
Table 1 Reaction conversion and product distribution for the oxidation of 1,3-dichlor-
obenzyne (12) by P450 BM3 variantsa

Variant identity Conversionb (%) 12a (%) 12b (%) 12c (%)

M212K 98 0 8 92
L71N 93 0 10 90
D80C 91 0 13 87
A180F 70 0 9 91
I263G 68 0 10 90
F87P/A180M/I263G 67 0 16 84
A184K 66 0 9 91
Wild-type P450 BM3 63 0 25 75
A180M 61 0 18 82
F87P 12 0c 70 30
His-A82Qd 8 0 80 20
F87L/M177L/R255G/I263N 5 0 61 39

a Reactions were performed in duplicate with shaking for 3 hours using an NADPH recycling
system (G-6-PDH, 9 eq. glucose-6-phosphate). b Sum of products. c Product 12a was detected
aer 6 hours reaction time. d C-terminal His6-tagged A82Q.
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AAP activity with A184K were seen for 6–10, suggesting reaction uncoupling. Low
NADPH consumption with moderate activity based on the 4-AAP assay was also
seen for variant A184K and substrate 2. Overall, NADPH consumption is
complementary to the 4-AAP assay in providing a distinct assessment of catalytic
capacity; both assays offer strengths and have weaknesses, and are readily
amenable to a high-throughput format.

P450 BM3 variant expression

If our results suggest that substitution at these 15 hotspots positions tends to
increase reactivity for aromatic hydroxylation relative to the wild-type, it could be
that these positions have an impact on expression of well-folded, active enzyme.
Higher expression of indigo (+) variants over indigo (−) has been observed
previously, on a small scale.55 Here, we observed that the expression of well-folded
indigo (+) variants was signicantly higher than that of indigo (−) variants (ESI
Table S9 and ESI Fig. S16†); well-folded enzyme is observed via the CO-difference
assay, which quanties the concentration of heme-bound enzyme. As the scale of
enzymatic reactions grows, so does the need to produce higher amounts of
protein. Our analysis of 91 variants of P450 BM3 shows that on average, indigo (+)
variants provide higher expression of well-folded protein and are thus better
suited for reaction scale-up over indigo (−) variants, assuming similar activity
levels.

We note that, throughout this work, the indigo (+) phenotype was essentially
stable. In rare cases, a variant having been previously observed to be indigo (+) in
the presence of indole appeared indigo (−); we minimized the impact of such
observations by performing a sufficient number of experimental replicas. Such
rare observations are likely related to expression level: when expressed in liquid
culture in deep-well plates – where oxygenation is poor – expression can be weaker
in some experiments as measured by the CO spectrophotometric assay, indicating
that it is a systematic error and not a property of the variants. Under those
conditions, a direct link is seen between poor expression and apparent “loss” of
the indigo phenotype.

Overall, by screening a library of P450 BM3 variants, we identied highly active
variants capable of hydroxylating compounds 1–12. Variants containing multiple
mutations were oen the most active for a particular substrate, with indigo (+)
single variants occasionally being the most active.

Reaction conversion and product distribution of active P450 BM3 variants

We selected substrate 12 (1,3-dichlorobenzene) to determine reaction conversion
and regioselectivity with some of the active variants identied during initial
screening. Compound 12 was chosen, since many variants were active with this
substrate and three hydroxylation products can be formed, allowing for the
possibility of identifying variants with differing regioselectivity. We utilized
a cofactor-recycling system to regenerate NADPH, ensuring that the cofactor was
not limiting. This regeneration process was carried out by glucose-6-phosphate
dehydrogenase, using glucose-6-phosphate as a substrate to convert NADP+ into
NADPH and 6-phospho-gluconolactone.56,57

Reactions were performed using a 9-fold excess of glucose-6-phosphate (36
mM) over 1,3-dichlorobenzene (4.0 mM). A side-product of many P450 reactions,
42 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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including P450 BM3, is uncoupling of the reaction cycle to produce H2O2. As
mentioned above, this uncoupling reaction is unproductive, as it consumes
NADPH yet no product is formed; in addition, the H2O2 produced decreases
enzyme stability.58 The large excess of glucose-6-phosphate used to recycle
NADPH allows variants that are active and stable, but have lower coupling effi-
ciencies, to produce phenolic products without being limited by NADPH.

We selected P450 BM3 variants that were active for 12 (ESI Fig. S11†). The panel
of variants consisted of nine single variants (M212K, L71N, D80C, A180F, I263G,
A184K, A180M, F87P and A82Q) and two multiple variants (F87P/A180M/I263G
and F87L/M177L/R255G/I263N). L71N is an indigo (−) variant while the others
are indigo (+) variants. Under the reaction conditions, wild-type P450 BM3 dis-
played modest conversion (63%) using 1,3-dichlorobenzene, with 2,6-dichlor-
ophenol (12c) being the major product (Table 1). However, the regioselectivity of
the wild-type enzyme was signicantly lower than that of the majority of variants
tested, with as much as 20% of the products formed being 3,5-dichlorophenol.
M212K proved to be the most active variant, with a reaction conversion of 98%,
predominantly forming 2,6-dichlorophenol (Table 1). L71N and D80C also
showed high reaction conversions (93% and 91%, respectively). The regiose-
lectivity was similar to that of M212K, where 2,6-dichlorophenol is the major
product and 2,4-dichlorophenol (12b) is the minor product. The reaction
conversions for variants A180F, I263G, F87P/A180M/I263G, A184K, and A180M
ranged from 61–70%. Variants F87P, His-A82Q, and F87L/M177L/R255G/I263N
had signicantly lower reaction conversions, ranging from 5–12%. However, for
these variants, the major product was 2,4-dichlorophenol, in contrast with the
other variants tested. No 3,5-dichlorophenol (12a) was detected for any of the
variants aer 3 hours of reaction time. However, detectable levels of 3,5-
dichlorophenol were observed for F87P aer 6 hours of reaction time.

Overall, most of the variants had moderate to excellent reaction conversions
and predominantly formed compound 2,6-dichlorophenol (12c). The differences
in conversion and regioselectivity between the wild-type enzyme P450 BM3 and the
variants tested demonstrates that some substitutions enhance the selectivity for
hydroxylation of 1,3-dichlorophenol, as is the case for M212K, L71N, D80C, and
I263G. Substitutions at position 180, such as A180M, have a null effect on activity
and selectivity as these values were like those of the wild-type enzyme. However,
A180F did see modest improvements in both conversion and regioselectivity.

The process we adopted in this work is a balance of screening throughput and
how quantitative a test is. We initially focused on identifying variants unlikely to
be of interest (indigo colony screen) and then used more quantitative methods (4-
AAP and NADPH consumption) on fewer variants but with a greater variety of
compounds. Finally, we measured reaction conversion and regioselectivity for the
variants of interest with analytical methods. When comparing reaction conver-
sions to the 4-AAP assay results, no discernible trend was observed regarding an
increase in absorbance at 485 nm compared to reaction conversion (ESI Table
S10†). The amount of conjugation of phenolic compounds to 4-aminoantipyrine
differs between regioisomers and this can lead to differences in the level of
detection (Scheme 1B). Furthermore, differences in the extinction coefficients of
the 4-aminoantipyrine-phenolic product conjugates are likely to exist. This means
that as the ratio of regioisomers produced by P450 BM3 variants changes, the
measurements from the 4-AAP assay may differ from those determined via LC.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 29–51 | 43
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However, this cannot account for the range of 4-AAP assay values obtained for the
four variants giving the highest conversion, since they exhibit similar regiose-
lectivity. Another possible explanation is that the 4-AAP reaction conditions use
lower levels of NADPH (400 mM) and shorter reaction times than the glucose-6-
phosphate dehydrogenase-coupled assay. Longer reaction times and excess
NADPH, used to measure conversion, provide more time for less active but more
stable variants to outcompete the more active but less stable ones. Further
analysis of the variants is necessary to determine the underlying reason for the
difference in activity levels. This will be explored in the future. Despite its
shortcomings, the 4-AAP assay provides a quick assessment of activity and
separates variants into active and inactive groups. The active group, or a subset,
can be further characterized using more accurate analytical techniques, as shown
here, ultimately allowing identication of variants that were highly active for
hydroxylation of 1,3-dichlorobenzene and selectively formed 2,6-dichlorophenol
as the major product.

Conclusions

In this study, over 2000 datapoints (including duplicates) relating sequence and
enzyme activity were generated via the 4-AAP reporter assay. The data are provided
in a machine-readable format (ESI Table S4†) for easier incorporation into
enzymology databases, such as the RetroBioCat database59 or P450 BM3 variant
database.54 Such datasets relating sequence and a proxy for activity prove
invaluable to researchers aiming to create predictive machine learning algo-
rithms for enzyme engineering, as they require accurate and high-quality
datasets.59

The prospect of using a colorimetric colony-based screening assay to detect
variants capable of aromatic hydroxylation would greatly enhance our ability to
screen variants in a high-throughput fashion. This work provides valuable insight
into the properties of indigo (−) and indigo (+) variants towards hydroxylation of
aromatic substrates. No signicant correlation in activity was observed for indigo
(+) variants being more active than indigo (−) variants. This conclusion is similar
to a previous report that found no correlation between blue colonies and
hydroxylation of valencene, but that compound differs structurally from the
compounds used in this study as well as from indigo.60 Nonetheless, we have
demonstrated that recombination of indigo (+) single variants to create
a multiple-variant library is a particularly useful strategy, as all top performing
P450 BM3 variants were either indigo (+) single variants or contained multiple
substitutions generated by combining indigo (+) single variants. Furthermore, in
most cases, multiple variants had the highest activity, with both indigo (−) and
indigo (+) multiple variants being equally represented among the top variants.
Active variants, as determined using the 4-AAP assay, should be further charac-
terized using analytical approaches as demonstrated here.

By using this approach, we readily identied variants giving signicantly
higher conversion than the wild-type and more than 90% hydroxylation of 1,3-
dichlorobenzene. Overall, this research demonstrates the indigo (+) single vari-
ants, identied by colorimetric colony-based screening, may be recombined to
generate a multiple-variant library that yields many variants with high aromatic
hydroxylation activity toward reagents having diverse substituents. This approach
44 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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greatly accelerates enzyme engineering, as readily-identied indigo (+) single
variants can be recombined to create a library of active multiple variants without
extensive screening of single variants.

Experimental
General information

The WT P450 BM3 in the pcWORI vector was provided by Prof. Frances Arnold
(Caltech, USA). Substituted benzenes, phenolic products, and glucose-6-
phosphate were purchased from AK Scientic or Fisher Scientic. NADPH was
purchased from Enzo Life Sciences. Catalase and glucose-6-phosphate dehydro-
genase were purchased from Sigma Aldrich. DNA sequencing was performed at
the Génome Québec Innovation Center of McGill University. Box plots were
created with Excel using the default parameters. The “whiskers” extend to the
largest value that is less than or equal to 1.5 times the interquartile range.
Outliers, plotted as circle data points, represent data greater than 1.5 times the
interquartile range.

Variant-library generation and storage

The general engineering strategy for P450 BM3 is depicted in Fig. 2A. Initially,
a library of singly-substituted variants of P450 BM3 was generated through site-
saturation mutagenesis (SSM) at 42 active-site residues, encompassing residues
within a 20 Å radius above the heme-iron. The megaprimer method was
employed, utilizing four sets of primers (NDT, VMA, ATG, or TGG) per position to
encode each amino acid without redundancy or stop codons, according to
a previously reported procedure.22 Expression in Escherichia coli DH5a allowed
identication of well-expressed indigo producers. Among these, 56 indigo (+)
variants were selected; each includes a single substitution at any of 15 positions,
as listed in Fig. 2B. The identity of the 56 indigo (+) single variants was utilized to
construct a combinatorial library that was cloned into the pCWori vector (Twist
Bioscience, USA). Knowing that the library was designed to encode 73% wild-type
at each of the 15 target positions, the theoretical diversity of the combinatorial
library was 8 × 109 variants; the average number of substitutions per variant is
expected to be near 4 with the majority (96% of variants) having 2 to 7 substitu-
tions. Following transformation of the combinatorial library DNA, approximately
1 × 109 primary transformants were obtained by the supplier, from which the
pooled plasmid DNA was obtained. The combinatorial library plasmid DNA was
transformed into electrocompetent E. coli DH5a and plated on Luria–Bertani (LB)
agar with ampicillin (100 mgmL−1). Over 10 000 colonies were obtained. Over 1000
well-isolated colonies were selected for phenotypic determination (indigo (+) or
indigo (−)) by colorimetric colony screening, of which 192 were analyzed by DNA
sequencing.

Site-directed mutagenesis of P450 BM3 (CYP102A1)

Site-directed mutagenesis was performed to introduce the A82Q mutation into
the wild-type P450 BM3 (CYP102A1) gene. The mutagenesis was conducted using
traditional PCR methods. The forward primer used was A82Q FWD with the
following sequence: ACAAATTTAAGCGCTTGACTTAAGTTTTTATCAAAGCGTG
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 29–51 | 45
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and the reverse primer used was A82Q REV with the following sequence: ACGT-
GATTTTCAGGGAGACGGGTTATTTACAAGC. PCR amplication was carried out
using Phusion Plus polymerase. The reaction conditions were set with an
annealing temperature of 60 °C and a total of 35 cycles.

Expression of His-tagged A82Q in E. coli C41 DE3

The mutated P450 BM3 gene was cloned into the pET-15b vector and transformed
into E. coli C41 DE3 for expression. Starter cultures were grown in LB medium with
ampicillin (100 mg mL−1) at 37 °C with shaking at 250 rpm for 16 hours. For protein
expression, the starter culture was transferred to 500 mL of Terric Broth (TB)
supplemented with ampicillin (100 mgmL−1), d-aminolevulinic acid (12.5 mg mL−1),
thiamine (5 mg mL−1), trace metals, and Na2MoO4. The culture was grown until an
optical density (OD) of 0.7–1.0 was reached, followed by induction with 1 mM IPTG
and further incubation for 24 hours at 25 °C with shaking. Cells were harvested by
centrifugation, and the pellets were frozen at −80 °C for at least 2 hours. These
steps were performed according to a previously reported procedure.61

Colorimetric colony screening for indigo formation

Cultures of E. coli DH5a harbouring P450 BM3 variants (incubated overnight at
37 °C) were plated on ZYP5052 agar plates (autoinducing plates) containing
indole (0.5 mM in DMSO, 0.2% nal DMSO concentration) and ampicillin (100 mg
mL−1). Plates were incubated at 37 °C for 8 hours followed by further incubation
at 30 °C for 40 hours. Plates were stored at 4 °C to allow color development.

Enzyme expression and storage

Enzyme expression was performed according to a previously reported procedure22

with the following changes: (1) Erlenmeyer asks (125 or 250 mL) containing
30 mL of TB media were used instead of deep-well plates. This increased expres-
sion per mL and reduced batch-to-batch variations in variant expression. (2) The
expression temperature was set at 30 °C for 18 hours. (3) Cultures were separated
into two tubes (15 mL culture per tube) and pelleted for storage until use.

Enzyme preparation

The cell pellet, from 15 mL of E. coli culture, was thawed on ice and resuspended
in potassium phosphate buffer (100 mM, pH 8.0, 2.5 mL) containing lysozyme
(0.5 mg mL−1) and incubated at room temperature for 30 min with shaking. The
suspension was sonicated using a Branson Digital Sonier 250 (micro-tip, 30%
amplitude, 45 s ON/45 s OFF, 2 × 30 s ON/30 s OFF) for a total of 3 cycles. Cell
debris was removed by centrifugation at 13 623g for 10 minutes at 4 °C and the
resulting claried cell lysate was used for subsequent steps.

CO-difference assay

The concentration of well-folded P450 enzyme in claried cell lysates was deter-
mined using a CO binding assay as previously described.22 In brief, in a 96-well
plate, 40 mL of 0.3 M sodium dithionite was added to claried E. coli lysate (160
mL) and ameasurement at 450 nmwas taken. The plate was placed in a CO-purged
chamber for 5 minutes, aer which a second measurement at 450 nm was taken.
46 | Faraday Discuss., 2024, 252, 29–51 This journal is © The Royal Society of Chemistry 2024
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Enzyme concentrations were determined using the difference between the
measurements and an extinction coefficient (0.091 M−1 cm−1). The variant
concentrations were diluted to 0.13 mM for use in further experiments.
General procedure for screening P450 BM3 activity with substituted benzenes:
NADPH consumption and 4-AAP assay

Assays were conducted at room temperature in 96-well plates. Claried cell lysate
(0.13 mM P450 BM3, 100 mL), substrate (440 mM stock in DMSO, 20 mM nal
concentration) and potassium phosphate buffer (100 mM, pH 8.0, 95 mL) were
added to a well and incubated at room temperature for 5 min. NADPH (15 mL of
440 mM stock, 409 mM nal concentration) was added and NADPH consumption
was measured at 340 nm for 10 min. Aer a further 50 min of reaction time
(60 min total), the enzymatic reactions were quenched with 25 mL urea (4 M urea
in 0.1 M NaOH). 4-Aminoantipyrine17 (20 mL, 5 mgmL−1 stock) and K2S2O8 (20 mL,
5 mg mL−1 stock) were then added in rapid succession and incubated for 60 min
for the color to develop. Absorbance was measured at 485 using a microplate
reader.
LC characterization of P450 BM3-catalyzed hydroxylation of 1,3-
dichlorobenzene (12)

Sample preparation. P450 BM3 variants identied during initial screening
with the 4-AAP assay were characterized with 1,3-dichlorobenzene (12) using an
enzymatic NADPH recycling system. Each reaction contained claried cell lysate
(100 mM KPO4 buffer, with 0.13 mM P450 BM3), glucose-6-phosphate (35.7 mM),
catalase (1260 U mL−1), NADP+ (5.64 mM), NADPH (780 mM) and glucose-6-
phosphate dehydrogenase (2.7 U mL−1), and was initiated with addition of 1,3-
dichlorobenzene (4.0 mM, 440 mM stock in DMSO). The nal volume for the
reaction was 1115 mL, and total DMSO in the reaction was less than 1% v/v.
Aliquots (100 mL) were removed at various time points and quenched with
HPLC-grade methanol (900 mL). The reaction mixture was incubated at room
temperature for 10 min to precipitate the enzyme followed by centrifugation at 13
623g for 10 min. From the claried reaction mixture, 700 mL was transferred to an
HPLC vial for characterization by LC.

LC characterization. LC was performed at University de Montréal Regional
Mass Spectrometry Centre using an Agilent 1200 coupled to an Agilent
Table 2 LC method for characterization of the enzymatic conversion of 1,3-dichloro-
benzene (12) into 3,5-dichlorophenol, 2,4-dichlorophenol or 2,6-dichlorophenol by P450
BM3 variants

Time H2O (%) MeOH (%) Flow (mL min−1)

0 70 30 0.8
8 5 95 0.8
9 5 95 0.8
9.5 70 30 0.8
14 70 30 0.8
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Technologies 6110 Quadrupole LC/MS using a Symmetry C18 column (3.5 mm, 4.6
× 75 mm, Part No. WAT066224). Only LC was used; no mass analysis was per-
formed. Substrate consumption and product(s) formation were determined by
integrating peak areas at 214.4 nm. Integration values were compared to cali-
bration curve(s) of substrate and products to determine conversion (ESI
Fig. S17†). The LC method is depicted in Table 2.
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