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Abstract: Selective, one-step C� H activation of fatty
acids from biomass is an attractive concept in sustain-
able chemistry. Biocatalysis has shown promise for
generating high-value hydroxy acids, but to date enzyme
discovery has relied on laborious screening and pro-
duced limited hits, which predominantly oxidise the
subterminal positions of fatty acids. Herein we show
that ancestral sequence reconstruction (ASR) is an
effective tool to explore the sequence-activity landscape
of a family of multidomain, self-sufficient P450 mono-
oxygenases. We resurrected 11 catalytically active
CYP116B ancestors, each with a unique regioselectivity
fingerprint that varied from subterminal in the older
ancestors to mid-chain in the lineage leading to the
extant, P450-TT. In lineages leading to extant enzymes
in thermophiles, thermostability increased from ances-
tral to extant forms, as expected if thermophily had
arisen de novo. Our studies show that ASR can be
applied to multidomain enzymes to develop active, self-
sufficient monooxygenases as regioselective biocatalysts
for fatty acid hydroxylation.

Introduction

Selective hydroxylation of fatty acids offers many opportu-
nities for generating a wide range of pharmaceuticals,
flavours, and fragrances from the limited starting materials
that are available from biomass.[1] For instance, hydroxyla-
tion at each of the 19 C� H bonds in the highly abundant
starting material, decanoic acid, would provide 17 unique
products that can only be accessed by kinetic control over
reaction conditions.[2] The challenge is to find catalysts that
can distinguish chemically similar positions so as to
selectively modify each of these C� H bonds. Biocatalytic
methods offer the potential for exquisite control over the
position of hydroxylation, but despite considerable efforts,
only a limited number of effective biocatalysts for selective
fatty acid hydroxylation have been identified to date. Most
of these biocatalysts are from the superfamily of cytochrome
P450 monooxygenases (P450s, CYP family) and have been
largely limited to terminal or subterminal hydroxylases
(Figure 1).[3] Many different P450 families hydroxylate fatty
acids,[3] for example, CYP2,[4] CYP4,[2] CYP52A,[5]

CYP102,[6–8] CYP116,[9] CYP147G,[10] CYP152A1,[11] and
CYP153A.[12] Despite the potential of these enzymes for use
in organic synthesis, difficulties with recombinant, heterolo-
gous expression, and low stability have limited their
implementation. In addition, the identification and develop-
ment of new biocatalysts is time-consuming; intensive
screening of large numbers of natural and synthetic
sequences is typically needed to identify a very small
number of viable biocatalysts. Efforts to identify novel P450
biocatalysts from metagenomic databases have yielded very
few P450s that are capable of selective mid-chain
hydroxylation,[2,3,13–15] although much of the metagenomic
sequence space remains unstudied, identifying forms that
have the necessary specificity and kinetic selectivity is
challenging. Directed evolution and rational protein design
has improved the activity and selectivity of some terminal
fatty acid hydroxylases, for example, CYP102A1 (P450-
BM3)[8,16,17] and altered the regioselectivity of others, such
as, CYP152A (P450-BSβ),[18,19] but engineering P450s, like
metagenome mining, is time-consuming, and both labour-
and resource-intensive, due to the need to screen large
numbers of potential biocatalysts to identify one with the
desired properties.

We recently identified CYP116B46 (P450-TT) from a
panel of self-sufficient thermostable wild-type, extant
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CYP116B enzymes as being capable of selective mid-chain
hydroxylation of decanoic acid to (S)-5-hydroxydecanoic
acid,[13] while related enzymes from the same family (P450-
AT, -TB, -AX, and -JT, Figure. 2) were either not
regioselective or favoured ω-1 hydroxylation.[13] To further
understand what made P450-TT selective for mid-chain
hydroxylation, and to develop other P450s with similar
capacities for mid-chain hydroxylation, we performed ances-
tral sequence reconstruction (ASR) on the CYP116B family.

ASR was employed as a tool to explore the sequence
space of the CYP116B family, which enabled us to analyse a
comparatively small number of potential biocatalysts with a
greater chance of successfully identifying catalytically active
enzymes with the desired properties of thermostability, self-
sufficiency, and selective fatty-acid hydroxylation. ASR
allows the generation of new proteins based upon a
sequence alignment and inferred evolutionary tree that link
a set of extant sequences; the most probable common
ancestor and other evolutionary intermediates are inferred
from the initial input.[20] The method has previously been
used to identify and engineer enzymes with improved
properties: greater thermal stability, enhanced expression,
broader pH, and solvent tolerances.[21–34] This technique can

identify novel sequences leading to functional diversity that
otherwise may not have been investigated by conventional
enzyme engineering and, unlike mutagenesis, most ancestors
are functional.[35,36] ASR has also been used to improve the
thermostability and solvent tolerance of animal P450s,[37–40]

which can improve the heterologous expression and dura-
bility of biocatalysts;[41] typically, inferred ancestors have
been found to be more thermostable than their extant
counterparts. However, the evolution of thermostable
enzymes within a largely mesophilic family had not been
previously explored. As the extant CYP116B family has
both mesophilic and thermophilic branches, and several
previously characterised CYP116B sequences (e.g., P450-
TT) originate from thermophilic (rather than mesophilic)
bacteria we were interested in what evolutionary trends
would emerge in the ASR of the CYP116B enzymes.

Although ASR has been successfully used for single-
domain proteins, it was not clear if the approach could be
used for multidomain P450s. In particular, in the CYP116B
family, electron transfer from NAD(P)H to the P450 haem
via a fused reductase domain and an iron-sulfur ferredoxin
domain is essential for function.[42] These are self-sufficient
enzymes, where the expressed proteins can be directly used

Figure 1. Hydroxy acid regioselectivity classification: carboxy terminal (α, β), mid-chain (δ/ω-5), and terminal/subterminal (ω, ω-1) positions, and
their properties. The previously identified self-sufficient extant CYP116B enzymes displayed activity towards fatty acids with a range of mid-chain
and subterminal regioselectivities.[13] P450-TT uniquely favoured mid-chain hydroxylation of decanoic acid. Therefore, the CYP116B family was
further explored through ancestral sequence reconstruction to create a panel of ancestral self-sufficient biocatalysts, where the nodes shown depict
a simplified representation of the differing regioselective of decanoic acid hydroxylation from mid-chain (ω-5; orange) to different subterminal
positions (ω-1, dark blue; ω-2, cyan).
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for catalysis without the need for additional redox
partners.[41] Accordingly, natural and artificial self-sufficient
enzymes are easier to apply in biotechnology. The proximity
of the reductase and haem domains facilitates electron
shuttling and enables a more effective transfer, enhancing
their potential as biocatalysts.[43] It was not clear if ASR
would produce functional multidomain enzymes with linker
regions that would allow critical electron transfer between
domains.[44–47] Since these regions are also likely to show
greater variation across the extant three-domain proteins of
the CYP116B family, than the haem and redox partner
domains per se, more uncertainty was expected in the
inference of the connecting sequences. Thus, we were
interested if the interactions between individual domains
would be retained when they were inferred together, in
addition to the folding of the individual domains.

Using ASR to identify important mutational paths that
lead to changes in enzymatic activity can provide insight into
the mechanisms that control substrate specificity and
activity,,[31–33,48–57] as demonstrated in the recent work on
stereoselective C� H activation by flavin-dependent
monooxygenases.[57] We were interested in how the regiose-
lectivity towards fatty acid hydroxylation arose within the
ancestral CYP116B family, especially in the pathway toward
the unique mid-chain selectivity of P450-TT. In particular,
we wondered whether some of these ancestors would allow
us to access new regioselectivities, such as ω-2, which is not
commonly observed in other biocatalysts.

We found ASR to be an effective method to generate
eleven, self-sufficient, ancestral CYP116B P450 enzymes. A
range of stabilities was observed, with a trend towards
increasing thermostability along the branches leading to the
more thermostable extant forms, suggesting that thermophi-
licity arose recently in the P450-TT and other extant
thermophilic lineages, rather than being maintained from a
highly stable ancestor. The inferred CYP116B ancestors
were all catalytically active and showed unique regioselectiv-
ity profiles towards the hydroxylation of decanoic acid,
including ancestors with novel selectivity for the ω-2
position. Finally, by examining the existing CYP116B
structural information[42,58–60] and comparing the ancestral
sequences, we were able to identify two active site residues
that were partially responsible for changes to the regiose-
lectivity of the CYP116B ancestors vs. the wild-type P450-
TT from terminal to mid-chain hydroxylation.

Results and Discussion

Inference of the Phylogenetic and Ancestral Intermediates

The CYP116B family is highly diverse and CYP116B
enzymes vary substantially in their thermostability, fatty
acid hydroxylation regioselectivity,[13,43] and sequence iden-
tity (Tables S1 and S2). To generate an enzyme panel with
diversified catalytic range, CYP116B sequences were col-
lected by database searches and curated. We obtained 467
CYP116B sequences that included all three domains (P450/
haem, iron-sulfur, and reductase). The sequences were

mostly derived from two main phyla, Actinobacteria and
Proteobacteria (Figure S1)[61,62] and covered twenty different
bacterial orders, encompassing sequences that were >45%
identical to P450-TT. In contrast to the previously charac-
terised thermophilic panel of extant CYP116B sequences,
most of the sequences were isolated from mesophiles (Fig-
ure S2),[43] although specific lineages appeared to be thermo-
philic, such as P450-TT and its closest homologues from
Caldimonas taiwanensis and Schlegelella thermodepolymer-
ans, which have been isolated from hot springs and activated
sludge, respectively.[63,64] To explore the sampled sequence
space, we inferred the ancestors from each major phyloge-
netic group (N374, N1, N213, N104, N118, N23, N70, and
N3), as well as specific ancestors of the P450-TT lineage
(N106 and N115) and the node (N0) connecting the major
clade (Proteobacteria) with the outgroup (Actinobacteria).
A total of 11 full-length multidomain CYP116B ancestors
(Figure 2, the highlighted nodes within the tree) were
inferred using the inference program Graphical Representa-
tion of Ancestral Sequence Predictions (GRASP), through a
joint reconstruction maximum likelihood approach.[20] These
self-sufficient ancestral enzymes were selected to explore
the thermostability and fatty acid hydroxylation regioselec-
tivity trends in the P450-TT lineage and to investigate nodes
on divergent CYP116B branches corresponding to meso-
philic wild-type sequences. All ancestors were expressed as
holoenzymes with characteristic P450 spectra, with two
forms reaching micromolar concentrations in culture (Ta-
ble S3). N106 and N115 showed higher expression at 25 °C
than all other CYP116B enzymes including their direct
descendant, P450-TT, which was the most highly expressed
extant form.

Thermostability Profiles

Enhanced thermostability has been repeatedly observed in
reconstructed ancestral proteins, including other P450s,
compared to the extant forms from which they are inferred,
where sequences have been derived from mesophilic organ-
isms. However, to the best of our knowledge, no reconstruc-
tions have been performed to trace the evolution of stability
in protein families from thermophiles. As the CYP116B
family contains proteins from both mesophiles and thermo-
philes (Figure S2), we were interested in whether thermo-
stability in CYP116B family enzymes is a recent develop-
ment and a specific adaptation in CYP116B sequences from
thermophilic organisms. We assessed the thermostability of
the CYP116B ancestors by incubating the proteins at a
range of temperatures (25–80 °C) and assessing the loss of
the P450 holoenzyme by changes to the characteristic P450
spectrum. Two incubation times were used (15 and 60 mi-
nutes), which allowed us to determine both the 15T50 and
60T50 stabilities for each ancestor (Table 1; Figures S3 and
S4). A wide range of thermostabilities (15T50 38–54 °C and
60T50 <30–55 °C) was observed among different ancestors
across the CYP116B tree. As expected, the 60T50 values were
generally lower than the 15T50 values, indicating a lower
tolerance for prolonged heating, particularly in the ancestors
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Figure 2. Phylogeny of the 467 sequences from the CYP116B family (top) used for ASR depicting the “evolutionary pathway” (in green) towards the
extant wild-type panel and the resurrected nodes (a). The simplified tree representations (bottom) highlight the different thermal stability (b) and
hydroxylation regioselectivity distribution (c) of the ancestral and extant enzymes at each node. The thermal stability was determined from the
residual P450 peak after incubating the enzyme at 25–80 °C for 15 min or 60 min. P450-TT and -AX were the most stable extant forms whereas N3
was the most thermostable ancestral enzyme. The regioselectivity of the ancestral enzymes in the pathway to P450-TT showed a change from the
mid-chain selectivity in P450-TT towards subterminal selectivity in the older ancestors. In addition, there was a change in the ancestral nodes from
ω-1 hydroxylation in the majority of the ancestral enzymes to ω-2 hydroxylation in N0 and N374. Data for the extant forms are from Manning
et al.[13]
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and wild-type enzymes with lower stability, for example,
15T50 <45 °C (Figure 2, Table 1). A full sigmoidal denatura-
tion curve was not obtained for 6 of the enzymes at 60 min,
so the 60T50 values are not shown; however, 15T50 correlated
with 60T50 where both values could be determined (R2 =

0.874). Only five ancestral enzymes maintained their thermal
stability after an hour incubation.

In contrast to most other reconstructions, particularly of
P450 enzymes, we did not observe a general trend towards
greater thermostability in the deeper nodes. Instead, specific
lineages appeared to have lost and then sometimes devel-
oped thermostability de novo during CYP116B evolution
(Figure 2, Figure S5). P450-AX, -TT, and -TB were the most
thermostable extant forms, in agreement with previous
studies[43] with 15T50 values of 54, 53, and 52 °C, respectively,
over 10 °C higher than those for P450-JT and -AT, forms
that were markedly less thermostable and derived from
organisms with generally lower optimal growth
temperatures.[43] Amongst the ancestors, N3, which theoret-
ically gave rise to mesophilic and uncharacterised extant
CYP116B sequences, was the most stable with a 15T50 of
51 °C (Table 1, Figure S5).

A closer look at the sequence comparisons in relation to
three dimensional structures showed that variation was
concentrated in the loops of the ancestors (Figure S6).
Greater flexibility in the protein scaffold may explain the
reduced thermostability of the ancestors relative to P450-
TT.[65] Often proteins from thermophiles are shorter than
those from mesophiles, by reduction in the length of loops
and linkers; however, no such difference was apparent here
between P450-TT and the ancestral CYP116B forms. A
general comparison of amino acid composition (Table S4)
showed a high degree of similarity between ancestors and
extant forms, with a slight shift towards more hydrophobic
amino acids in the ancestors compared to P450-TT, as noted
previously for the CYP3 family reconstruction.[37]

We were interested in tracing the evolutionary paths
leading to the development of thermostable extant enzymes,
such as P450-TT; many ASR studies using sequences from
mesophiles and one thermophilic family of proteins have
reported increases in thermostability in deeper ancestors,
but it was not clear if the same would be true for enzymes
from thermophiles within a larger, predominantly meso-
philic tree.[29,37,38,66] In our studies we found a range of
stability profiles for the haem domain, however, no clear
overall trends were observed across the tree, and the oldest
ancestors were not the most thermostable. Overall, there
appeared to be considerable variability in the 15T50 values of

ancestors of various lineages, with intermediate nodes
varying in 15T50 between approximately 42 and 51 °C.
However, ignoring the most basal node of the tree, N0,
which joins the proteobacterial clade with the actinobacte-
rial outgroup so cannot be strictly considered as a potential
historical ancestor, a general trend towards gain of thermo-
stability over time can be seen in lineages terminating in a
thermostable extant form (i.e., P450-AX, -TT, or -TB). For
example, in the P450-TT lineage, for which more intermedi-
ate nodes were characterised, the ancestors closest to P450
TT were also thermostable, with both N115 and N106 having
a 15T50 of 50 °C, suggesting a trend towards gain of thermo-
stability in this lineage. These differences in thermostability
may reflect a transition from meso- to thermophilic bacteria
in some lineages, for example, leading to Tepidiphilus
thermophilus,[67] where there would have been selection
pressure for enhanced thermostability. Characterisation of
additional intermediate or descendant nodes in other
lineages would allow better definition of trends in other
branches of the tree, including the point at which thermo-
stability arose in different CYP116B lineages. It would be of
particular interest to assess descendants of N3 and N23,
which showed relatively high 15T50 values, and determine
whether any of the uncharacterised source organisms of
their descendants are thermophiles.

These findings contrast with those from the ASR of the
thermophilic myo-inositol-3-phosphate synthase family pro-
posed to have descended from a thermophilic archaeal
ancestor, where the resurrected ancestral forms were more
stable than the extant enzymes.[66] However, in both cases,
the trends in thermostability in the inferred ancestors vs.
their extant counterparts reflect the expected changes based
on the hypothesised niche of the ancestral organism; here,
the ancestor is presumed to have been a mesophile since the
majority of the extant forms containing a CYP116B are
mesophilic, whereas the ancestral myo-inositol-3-phosphate
synthase is proposed to have existed in an organism that was
more thermophilic than its descendants.

It has been proposed that ASR using maximum like-
lihood methods is biased towards predicting ancestors with
enhanced thermostability.[68] However, the trends seen here
in lineages leading to thermophiles suggest instead that any
such bias is likely to be small relative to the trends related to
evolution of biological niche (i.e., meso- to thermophile).
This implies that it is not necessarily feasible to obtain a
more thermostable enzyme simply by inferring and resur-
recting ancestors of a group of extant sequences without
considering the possible evolutionary pathway in the context

Table 1: Thermostability of the CYP116B ancestral enzymes, where the 15T50 and 60T50 values are the temperature when 50% of the P450 has been
lost after a 15- or 60-min incubation. Data are means�standard error.

Thermal
stability

Ancestral CYP116B panel Extant CYP116B panel

N0 N1 N3 N23 N70 N104 N106 N115 N118 N213 N374 TT JT AX AT TB

15T50/ °C 48�1 44�4 51�1 40�1 43�2 45�3 50�1 50�1 46�4 42�1 50�1 53�1 40�1 54�1 38�3 52�1
60T50/ °C 36�8 48�2 49�2 n.d.[a] n.d.[a] 50�2 48�1 49�1 n.d.[a] n.d.[a] <30[a] 55�1 n.d.[a] 54�3 n.d.[a] 48�2

[a] An accurate estimate of 60T50 could not be determined (n.d.) since a full sigmoidal denaturation curve was not obtained.
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of the biological niche of the extant enzymes. Rather, as
shown by comparison with other studies,[20,37–40] candidate
families for which this strategy is most likely to succeed are
those where there has been broad diversification of enzymes
in a protein family from a common ancestor in mesophiles,
leading to large extant families with diversified functions.

Ancestral Catalytic Activities

In multidomain enzymes, such as the self-sufficient
CYP116B forms, loop and linker variation across domains,
such as seen here among in the ancestors (Figure S7), can
influence the dynamics and interactions between the
domains. In particular, efficient electron transfer across the
domains to the haem domain is vital for hydroxylation
activity. The ability of the ancestors to hydroxylate fatty
acids was analysed using purified enzyme (10 and 50 μM;
Figures S8–9), with decanoic acid (0.5 mM) as the substrate
with a glucose dehydrogenase recycling system, in 0.1 M
potassium phosphate buffer, pH 8 and at 30 °C, with
agitation at 200 rpm for 20 h. Decanoic acid was chosen as a
substrate because a highly selective and unusual mid-chain
hydroxylation had been reported previously and the prod-
ucts have considerable commercial value as lactones in the
food and flavour industries.[13] The biotransformations
utilised glucose dehydrogenase for concomitant regenera-
tion of NADPH, the preferred cofactor of the reductase
domain of P450-TT.[43] At the lower enzyme concentration
(10 μM), N70 displayed 69% conversion of decanoic acid,
whereas the conversion with the other ancestral enzymes
was low or negligible (0–37%, Table S5). Therefore, the
ancestral regioselectivity fingerprints (Figure 2) were exam-
ined using a five-fold higher enzyme loading. Under these
conditions, all self-sufficient ancestors were catalytically
active (Tables S5 and S6), implying that electron transfer
was maintained in all the ancestors, and attesting to the
ability of ASR to facilitate the engineering of active electron
transport chains. Interestingly, the highest turnover among
ancestral forms at both P450 loadings was achieved with
N70, N106, and N115, forms which also showed the best
expression.

ASR has been widely used for single-domain
proteins,[30,37,56,57] but enzymes composed of multiple domains
linked by highly variable linkers, present a particular
challenge since these regions influence conformational
dynamics (e.g., needed for efficient electron transfer) but
are also inferred with least confidence in the ASR. Here we
show that ASR can also be applied successfully to the three-
domain family of self-sufficient CYP116B monooxygenases,
generating self-sufficient single polypeptide ancestral pro-
teins that are all properly folded, with electron transfer
across the domains and enzymatic activity retained. Con-
ducting ASR on the full length CYP116B system has several
advantages, including that the activity of the P450 domain
can be directly evaluated because all ancestors are self-
sufficient and do not need to be reconstituted. Furthermore,
one single series of experiments can yield new synthetic
reductases as well as P450s, the activity of which is verified

by the ability to support P450 activity in each ancestor.
These synthetic reductases should be a useful addition to
natural sequences available for engineering self-sufficient
fused chimeric enzyme systems,[46,69–74] an approach which
has become a very popular for generating active P450s.

Evolutionary Shift in Regioselectivity

It was previously shown that P450-TT was highly selective
for mid-chain hydroxylation of decanoic acid.[13] Across the
ancestral panel, hydroxylation of decanoic acid at each
position between ω-5 and ω-1 was detected; yet there was no
observation of any mid-chain ω-6 hydroxylation or hydrox-
ylation closer to the carboxylate. In N0 and N374, there was
an unexpected shift in selectivity to favour the ω-2 position
over the ω-1 position. This novel subterminal preference for
the ω-2 position was not seen in any of the wild-type product
distributions. By contrast, the other deep ancestors, N1,
N104, N3, and N23, showed a preference for ω-1 hydrox-
ylation (Figure 2). The deeper ancestral enzymes tended to
be more regioselective than the more recent ancestors or the
extant enzymes that were examined, with the exception of
P450-TT and -TB. Mid-chain hydroxylation arose independ-
ently in two different lineages (N70 and N106), from
ancestors that were predominantly ω-1 hydroxylases (N1,
N3 and N104). In the N70 lineage, a non-selective ancestor
(N70: 38% mid-chain and 32% subterminal), gave rise to
two non-selective wild-type enzymes P450-JT and -AX
which displayed slight preferences for the ω-5 (51%) and ω-
1 (48%) positions, respectively. In contrast, the P450-TT
lineage developed a preference for mid-chain hydroxylation
much earlier, in the N106 ancestor, and resulted in a switch
to exclusively mid-chain hydroxylation in P450-TT. Indeed,
the major product was hydroxylated at the ω-5 position, with
99% conversion, for both N115 and N106, although these
ancestors also showed a greater tendency towards hydrox-
ylation at the ω-3 and ω-4 positions, compared to P450-TT.
Therefore, this lineage shows a prominent shift in the
regioselectivity, compared with the CYP116B bacterial
ancestors, and suggests an evolutionary pathway towards the
unusual regioselectivity of P450-TT. These results highlight
the different ways in which selectivity might have evolved
and provide biocatalysts for hydroxylation at alternative
C� H positions in fatty acids.

Structural Insight into the Shifting Regioselectivity

Having explored the range in regioselectivity in the ancestral
CYP116B enzymes, we compared their sequences overall
and within their active sites (Figure 3) to identify determi-
nants of selectivity. Ancestral sequence identities (Table S2)
ranged from 59 (earlier ancestors) to 77% (more recent
ancestors) compared to the P450-TT holoenzyme. Most of
the non-conserved residues were found in the regions that
are predicted to be surface exposed (Figure 3a), with more
conservation in the core regions of each domain. The only
changes in the active site were two consecutive amino acids
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(Ala205Thr and Phe206Trp), which increased the active site
polarity and were present in all ancestors apart from the two
closest to P450-TT (N115 and N106, Figure 3b). This
suggested a more polar active site may favour subterminal
hydroxylation in the CYP116B family. Only 17 of the 467
initial extant sequences in the alignment (Figure S10) lacked
the Thr-Trp motif present in most of the characterised
ancestral sequences, instead having either Ala-Phe, Ile-Trp
or Gln-Phe residues, suggesting these could be key active
site positions governing regioselectivity towards fatty acid
hydroxylation. Additionally, molecular docking simulations
(Figure S11) showed the substrate orientated towards the
subterminal positions in the nine ancestral models contain-
ing the Thr-Trp active site motif. In contrast, to the two
closest ancestors to P450-TT with the Ala-Phe motif (N115
and N106) the carboxyl group was anchored to an alter-
native Thr residue, favouring mid-chain selectivity.

To better understand the switch in selectivity from the
ω-5 to ω-2 or ω-1 products associated with the Ala205Thr

and Phe206Trp conserved motif, Ala205 and Phe206 in
P450-TT were mutated to obtain the corresponding single
and double mutants. The double mutant was more active
than P450-TT (Figure S12), which may explain the prom-
inence of these residues in other wild-type sequences.
Although ω-5 hydroxylation was still the most favoured
product, an increase in the proportion of ω-4 and ω-3
hydroxylated alkyl chains was observed (Figure 3c), suggest-
ing that the increased polarity in the active site has an
impact on regioselectivity.

The distinctive pathway to the unique mid-chain selectiv-
ity of wild-type, P450-TT, highlights the utility of ASR to
provide insight into the determinants of fatty acid hydrox-
ylation regioselectivity and other properties. The shifts in
regioselectivity seen here appear to occur steadily along
specific evolutionary lineages, with the most dramatic being
from the poor overall conversion and subterminal hydrox-
ylation in N104 to the higher conversion and mid-chain ω-5
selectivity of N106, ancestors that are separated by a single

Figure 3. Ancestral sequence comparison to P450-TT. a) Amino acids A205 and F206 (orange sticks; PDB ID: 6laa). All the residues that are not
conserved between one or more of the ancestors and P450-TT are in grey. The conserved haem domain residues are in green, conserved reductase
residues in pink, and conserved ferredoxin residues in cyan. b) The multiple sequence alignment of the active site residues in the ancestral
sequences compared to P450-TT, where the order of residues corresponds to the order in which they appear in the P450-TT amino acid sequence.
c) Regioselectivity observed after introducing the A205T and F206 W mutations separately and together into P450-TT.
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node (N105) in the tree (which contains the AF motif at
residues 205–206). Inspection of the sequence differences in
this lineage compared to the rest of the ancestors may reveal
sequence elements related to the enhanced overall turnover,
thermostability or expression yield, not only regioselectivity,
an investigation that could also be accelerated by a directed
evolution approach.[75]

Conclusion

In conclusion, facilitated by the steadily expanding pool of
genome and metagenome sequences, ASR is a useful tool to
both find biocatalysts with new reaction fingerprints, which
can be accessed through considerably streamlined screening,
as well as to understand trends in reaction selectivity and
other properties. Fatty acid hydroxylation is an industrially
important and chemically challenging target for regioselec-
tive C� H activation and ASR has been able to produce
biocatalysts with new regioselectivities, compared to natural
sequences explored previously. We have shown here that
ASR can be used to obtain a panel of biocatalysts, each with
a unique pattern of regioselectivity towards fatty acid
hydroxylation. Notably, ancestor N374 would be a good
starting point for engineering for efficient ω-2 hydroxylation,
having shown approximately 70% regioselectivity and 42%
product conversion here, as well as relatively high 15T50,
although its longer-term stability was not clear. Such
predominant ω-2 hydroxylation had not been observed
previously with other P450s and as such constitutes a new
enzyme selectivity. Similarly, N70, N106, and N115 would be
useful templates for engineering a higher efficiency biocata-
lyst for ω-5 hydroxylation, since they showed high regiose-
lectivity, almost quantitative conversion of decanoic acid
under the conditions used here, along with an overall
expression yield that was comparable to or higher than the
extant ω-5 hydroxylase, P450-TT.

Overall, ASR has enabled the identification of active site
residues influencing the differing C� H regioselectivity in a
panel of ancestral and wild-type CYP116B biocatalysts
without the need for a large-scale mutagenic screen. These
insights into the structure-function relationships leading to
the unique regioselectivity of P450-TT, that is, a shift
towards mid-chain hydroxylation. This approach has pro-
vided a library of diverse artificial templates both for the
P450 and the reductase domains and some landmarks in the
sequence space around these enzymes that can be used as
starting points in future protein engineering campaigns to
achieve efficient and regioselective C� H hydroxylation.
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Engineering Biocatalysts for the C� H Acti-
vation of Fatty Acids by Ancestral Sequence
Reconstruction

A family of biocatalysts for the regiose-
lective mid- and end-chain C� H activa-
tion of fatty acids to generate hydroxy
acids is described. Ancestral sequence
reconstruction was successfully applied
to the multidomain enzyme family of
CYP116B cytochrome P450 monooxyge-
nases to generate ancestor variants with
distinct product and thermostability pro-
files.
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