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In the emerging bioeconomy of the twenty-first century, enzymes 
are geared to play a pivotal role as biocatalysts for an ever-expand-
ing range of applications, including the sustainable, green pro-

duction of fine chemicals and biofuels. Currently, however, the 
application of enzymes is limited by poor stability and high pro-
duction costs compared with conventional chemical catalysts. 
Thermostable proteins are also highly desirable for applications 
in synthetic biology and are more amenable to crystallization and 
other procedures required for biophysical characterization.

Attempts have been made to engineer enzymes with improved 
thermostability and solvent tolerance1–11, but a general strategy 
for the a priori design of proteins with greatly increased stability 
remains to be established. For most proteins, insufficient informa-
tion is available concerning sequence–structure–function relation-
ships to enable efficient rational design. In particular, it is difficult 
to anticipate epistatic effects that occur when individual stabiliz-
ing mutations are combined7. Computational methods have been 
applied, but these depend on a structure and often time- and 
resource-intensive studies to provide training data. Ancestral recon-
struction has suggested that enzymes from the pre-Cambrian era 
may be highly thermostable compared with extant forms12. More 
commonly, directed evolution, combined in some cases with tar-
geted rational, consensus or ancestral mutations13, has been used to 
select enzymes with improvements in thermostability, solvent toler-
ance and/or other desirable properties, such as substrate specificity 
and catalytic efficiency. However, this typically requires multiple 
iterations of mutagenesis and screening of large numbers of mutants 
to achieve incremental improvements3,11.

A case in point is CYP102A1, a representative of the cyto-
chrome P450 (P450) family of enzymes—ubiquitous, haem- 

containing monoxygenases that catalyse the regio- and stereose-
lective functionalization of unactivated C–H bonds. This remains 
one of the most challenging and, therefore, highly coveted reac-
tions in the production of high-value chemicals14, and P450s (espe-
cially CYP102A1) have attracted intense interest for biocatalysis15. 
CYP102A1 has been the model system for the development of many 
directed evolution methods. The engineering of a thermostable 
form of CYP102A1 required multiple rounds of point mutagenesis 
to increase the denaturation temperature by ~6 °C over that of the 
parental form3. Recombinatorial directed evolution was used to 
achieve a further increase of 3.4 °C6. Finally, Gaussian process land-
scape modelling16, informed by thermostability data obtained from 
screening the recombinatorial CYP102 library, achieved a further 
increase of ~5.3 °C.

As exemplified with CYP102A1, recombinatorial evolution of 
enzymes has been shown to produce mutant libraries with diverse 
and often novel properties6,17, exploring a wider area of viable 
sequence space than methods such as random or site-saturation 
mutagenesis18. However, the fitness (that is, stability and activity) 
of the resulting mutants may be compromised when structurally 
incompatible residues that have arisen during natural evolution in 
different branches of the evolutionary tree are recombined in vitro 
in a directed evolution experiment19. We hypothesized that even a 
relatively recent, mesophilic ancestor of an enzyme family should 
be intrinsically more compatible with mutations that have arisen 
in different, descendent, phylogenetic groups and, thus, would be 
a more useful scaffold than any extant form for recombinatorial, 
directed evolution to develop more stable enzymes.

As model systems, we have chosen two unrelated groups of enzymes 
relevant to biocatalysis: P450s and ketol-acid reductoisomerases  
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(KARIs). While the robust expression and high turnover rate of 
the bacterial CYP102A1 towards its natural substrates has made 
it a major focus of protein engineering15—in particular to alter 
its substrate specificity from fatty acids to substrates of commer-
cial interest—other P450s that already metabolize such substrates 
of interest provide an alternative starting point for directed evolu-
tion. In particular, xenobiotic-metabolizing P450s, such as CYP3A4 
and CYP2D6, show broad substrate promiscuity and catalytic ver-
satility towards many industrially useful chemical scaffolds, being 
responsible for the metabolic clearance of at least 40% of all drugs 
in humans20. However, characteristics such as poor thermal stabil-
ity, sensitivity to solvents and low turnover rates have impeded the 
industrial application of these enzymes, prompting efforts to engi-
neer forms with more desirable properties.

KARI is the second enzyme in the branched-chain amino acid 
biosynthetic pathway and is a vital component of an enzymatic cas-
cade for the production of biofuels21. There are two structural classes 
of this enzyme: class I are ~390 amino acids in length and class II are 
~550 amino acids. Both KARI classes employ a conserved catalytic 
mechanism22, but the active site in the larger class II KARIs is fully 
contained within a single polypeptide, which is favourable for use 
in cell-free production of a biofuel. Therefore, class II KARIs have 
been the principal target of engineering to improve thermostability, 
isobutanol tolerance, catalytic rate and other properties.

Here, we show that increases in thermostability and longevity 
of the magnitude commonly associated with pre-Cambrian recon-
structions can be achieved by reconstruction of even recent ances-
tors, such as the vertebrate ancestor of the CYP3 family of P450s. 
This robust CYP3 ancestor was more solvent tolerant than the 
extant human drug-metabolizing form, CYP3A4, but metabolized 
a similar range of substrates at comparable efficiency. Furthermore, 
the ancestral bacterial KARI enzyme demonstrated an eightfold 
enhanced specific activity, as well as better thermostability com-
pared with the extant Escherichia coli form. Thus, ancestral enzymes 
may provide markedly improved starting points for enzyme evolu-
tion for biocatalysis.

Results
Thermostable ancestor of a xenobiotic-metabolizing enzyme. 
Focusing on the most promiscuous of the extant P450 families, we 
inferred and resurrected the ancestor of the CYP3 family (Fig. 1a), 
denoted CYP3_N1, which is predicted to have existed in the first 
vertebrates ~450 million years ago. The ancestral protein could be 
expressed in E. coli as a haemoprotein and showed a characteristic 
Fe(ii)·CO versus Fe(ii) difference spectrum, indicative of a prop-
erly folded P450 (Supplementary Fig. 1). The enzyme was expressed 
at levels in excess of 500 nmol l−1 (~25 mg l−1)23. Unexpectedly, even 
before any directed evolution, CYP3_N1 showed a high degree of 
intrinsic thermostability compared with several extant CYP3As 
(human CYP3A4 and CYP3A5, as well as CYP3A27 (a piscine 
form) and CYP3A37 (an avian form)). It showed a 60T50 (the tem-
perature at which 50% of the protein remains folded after 60 min) 
of 66 ±  2 °C—approximately 30 °C higher than that of extant CYP3s 
(Fig. 1b and Supplementary Table 1). Compared with CYP3A4, the 
temperature optimum of CYP3_N1 was also elevated by ~20 °C 
(Fig. 1c).

The economic viability of a biocatalytic process relies on being 
able to maximize the volume–time yield of an enzymatic reaction; 
stability to higher temperatures correlates with an extended half-
life under milder process conditions. It was not possible to detect 
any loss of CYP3_N1 at 37 °C over several days within the sensi-
tivity of the spectral assay; however, its half-life at 50 and 60 °C, as 
indicated by retention of the characteristic spectrum, was increased 
over that of CYP3A4 and other extant CYP3 forms from 1–5 min 
to ~10 h (Fig. 1d and Supplementary Table 2). The ancestral and 
extant CYP3 enzymes showed first-order inactivation kinetics 

between 45 and 80 °C, and an Arrhenius plot yielded an inactiva-
tion energy of 251 kJ mol−1 for CYP3_N1—1.7 to 3 times greater 
than that for the extant P450s (91–151 kJ mol−1; Supplementary Fig. 
2 and Supplementary Table 1).

CYP3_N1 shows similar catalytic activity to human CYP3A4. 
When the activity of CYP3_N1 is compared with that of the well-
characterized, human form, CYP3A4, the ancestor shows compa-
rable or greater activity towards known CYP3A4 substrates (Fig. 2a 
and Supplementary Table 3). Spectral binding studies, based on the 
ability of ligands binding close to the active site to alter the absor-
bance spectrum of the haem prosthetic group, revealed that CYP3_
N1 interacted with ligands of diverse structures, including several 
steroids and large macrolide antibiotics (Fig. 2b and Supplementary 
Table 4), with affinities comparable to those of CYP3A4. The ances-
tor showed better catalytic efficiency for the 6β -hydroxylation of 
testosterone and the oxidation of nifedipine—marker substrates for 
CYP3A4 (Supplementary Fig. 3 and Supplementary Table 5). Thus, 
CYP3_N1 shows similar substrate promiscuity to the major human 
drug-metabolizing P450, although changes in the relative activity, 
including regioselectivity, towards different substrates are evident.

The CYP3 ancestor is stabilized by hydrophobic interactions. 
CYP3_N1 differs by 139–169 residues compared with each of the 
extant CYP forms (Supplementary Fig. 4). While no major trends 
are present in overall amino acid composition, slight changes in 
the proportions of different hydrophobic residues are apparent in 
CYP3_N1. Thus, we hypothesized that the increased thermostabil-
ity resulted from better hydrophobic core packing. Nine substitu-
tions in CYP3_N1 were identified that appeared to increase the 
favourable non-covalent interactions in specific regions of the fold 
(Supplementary Fig. 5 and Supplementary Table 6). When each can-
didate residue in CYP3_N1 was mutated to decrease hydrophobic-
ity, each change significantly reduced the thermostability. All nine 
in combination (in SDM8) decreased the 10T50 to a value not sig-
nificantly different from that of CYP3A4 (Supplementary Fig. 5b). 
However, introduction of the reverse mutations into CYP3A4 failed 
to enhance thermostability, and in several cases, obviated the het-
erologous expression of the mutant (results not shown). This result 
highlights the difficulty in rationally designing thermostability into 
proteins with intrinsically different epistatic landscapes.

CYP3_N1 is a robust template for further directed evolution. 
With ancestral sequence reconstruction (ASR), it is not possible to 
ascertain which sequence is historically correct, but only to infer 
the most probable ancestor. Therefore, to determine the robust-
ness of the inference that the ancestral CYP3 was thermostable, we 
mutated ten sites (Fig. 3a,b) where the uncertainty associated with 
the ancestor prediction was greatest (that is, the two most likely resi-
dues showed similar posterior probability). In effect, we generated 
a population of possible ancestral proteins that may have existed 
in the first vertebrates (hereafter denoted as the CYP3 ancestral 
cloud library). This pool of possible ancestors also represents a set 
of mutants that may have different phenotypes from which the most 
appropriate progenitor can be selected for a given directed evolu-
tion experiment. For biotechnological purposes, the robustness of 
the phenotype is less important as more phenotypic variety can be 
useful for protein engineering.

Mutants were designed to encode a carboxy (C)-terminally fused 
enhanced yellow fluorescent protein (eYFP). Of the 1,023 mutants 
sampled, 77% were properly translated, as evidenced by eYFP fluo-
rescence in cells. These translated mutants all expressed detectable 
P450 in E. coli with an average yield of 550 ±  270 nmol l−1 of cul-
ture (mean ±  s.d.). While most showed comparable thermostabil-
ity, 222 mutants demonstrated significantly higher thermostability 
than CYP3_N1, up to a 10T50 of 75.8 °C (Supplementary Table 7).  
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Screening of a subset of mutants against prototypical CYP3A4 
substrates revealed varying profiles of activity, indicating that the 
library was functionally diverse (Supplementary Fig. 6).

The ancestral CYP3 enzyme shows enhanced solvent tolerance. 
Space-time yield can also be increased by substrate loading. For 
lipophilic substrates, such as many drugs, it is useful to be able to 
conduct biotransformation reactions in the presence of organic 
solvents. To test the effect of solvents on CYP3_N1 without any 
confounding effect of human NADPH-cytochrome P450 reductase 
(hCPR), reactions were supported by the oxygen surrogate cumene 
hydroperoxide (Supplementary Fig. 7). CYP3_N1 showed a marked 
increase in tolerance to methanol and acetonitrile, but not dimethyl 
sulfoxide, compared with CYP3A4 (Fig. 4). At 37 °C, CYP3_N1 
retained 91 ±  7 and 63 ±  6% of activity at 10% (v/v) methanol and 

acetonitrile, respectively, compared with 39 ±  2 and 4 ±  2% for 
CYP3A4.

The approach is applicable to other protein families. To demon-
strate the versatility of the approach, we next studied a function-
ally unrelated enzyme, KARI, which converts either 2-acetolactate 
into 2,3-dihydroxyisovalerate or 2-aceto-2-hydroxybutyrate into 
2,3-dihydroxy-3-methylvalerate (EC 1.1.1.86; Supplementary Fig. 8).  
Most class II KARI sequences in the available databases are forms 
from eubacteria (specifically Proteobacteria and Bacteroidetes), 
with fewer sequences from Verrucomicrobia, Fibrobacteres and 
Spirochaetes, so the common ancestor of these groups was inferred 
(Fig. 5a and Supplementary Fig. 9). The ancestral class II KARI 
selected from this analysis showed a melting temperature (Tm) by dif-
ferential scanning fluorimetry of 59 °C, versus 42–44 °C (Fig. 5b) for 
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the extant class II KARIs from E. coli and Oryza sativa. Furthermore, 
this enzyme has an eightfold higher turnover number (kcat) and 
specific activity towards 2-acetolactate, albeit with a fivefold higher 
Michaelis constant (Km) than the extant E. coli form (Fig. 5c and 
Supplementary Table 8). The 10T50 determined from measuring 
activity after a 10 min incubation at various temperatures was also 
elevated (Supplementary Fig. 10), whereas the temperature optimum 
and isobutanol tolerance of the ancestral enzyme were not enhanced 
relative to the E. coli enzyme (Supplementary Figs. 11 and 12).

Discussion
Thermostability is a characteristic that is highly sought after in pro-
teins for commercial use. In biocatalysis, it allows reactions to be 
run for longer times with the same amount of enzyme, reducing 
the costs and increasing the yield. Performing reactions at higher 
temperatures can facilitate higher substrate loading and reduce the 
potential for microbial contamination of bioreactors, all of which 
enhance the economic viability of a process. Even increases in T50 
values of as little as 5–10 °C can be meaningful in an industrial  
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Fig. 3 | Strategy for CLADE using site-directed mutagenesis. a, Creation of the ancestral cloud library of mutants differing at residues where the 
uncertainty associated with the ancestor prediction was greatest (that is, two residues showed similar posterior probabilities determined using maximum 
likelihood for the marginal ASR). The inferences obtained differ at positions 57, 74, 101, 164, 172, 232, 250, 284, 451 and 484. A combinatorial library, 
theoretically consisting of 210 variants, was generated by overlap extension PCR, using mutagenic primers to introduce the amino acid changes shown.  
b, The location of the ten degenerate sites in the ancestral cloud library is shown in a homology model of CYP3_N1 looking down on the active site from 
the distal side of the haem (left image) and down the axis of the I-helix with the haem visible in cross-section (right image).
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setting. The ~30 °C increase in thermostability achieved here for 
the CYP3_N1 ancestor can be benchmarked against previous stud-
ies to stabilize CYP102A1 (refs 3,16)—an enzyme that has been the 
target of intensive engineering over the past two decades to improve 
its characteristics for industrial application24. The most stable 
CYP102 mutant reported to date showed a 10T50 of 69.7 °C, whereas 
the corresponding 10T50 for CYP3_N1 is 71.4 °C (Supplementary 
Table 7). Notably, the CYP102 mutant was derived from extant 
parents with significantly higher Tm values a priori (10T50 values of 
49–55 °C) than the extant CYP3A enzymes examined here (10T50 
values of 35–38 °C).

Traditional approaches to stabilizing proteins have involved 
directed evolution by random, site-directed and recombinatorial 
mutagenesis. These have enabled improvements in thermostability 
to be obtained with little or no structural information. However, typ-
ically multiple iterations of mutagenesis and screening or selection 
are required to identify improved mutants, involving the time- and 
resource-intensive screening of often very large libraries of mutants 
to obtain incremental increases in stability. Rational mutagenesis 
and computational design have also been attempted with some 
success, but require considerable previous knowledge of protein 
structure–function relationships. Gaussian process landscape mod-
elling proved successful for CYP102 (ref. 25), but again depended 
on training data obtained from previous studies. In contrast, infer-
ence of the ancestral form of the CYP3, CYP2D and KARI enzymes 
here required a single step and no a priori structural information or 

thermostability data. Instead, our approach leveraged the abundant 
sequence data for the respective protein (sub)families and is there-
fore applicable to any protein family for which multiple forms are 
known and have been sequenced.

Previous studies have shown that incorporating mutations 
derived from inferred ancestors can effect modest increases in 
the stability of a protein8,13,26–30. However, our study goes further 
in showing that resurrecting even relatively recent ancestors (for 
example, from primitive vertebrates or tetrapods) can be used to 
achieve ~20–30 °C increases in thermostability, while enabling 
functional diversification. The thermostability of the bacterial class 
II KARI ancestor was not unexpected; ancestral class II bacterial 
KARIs are predicted to have existed in organisms present between 3 
and 3.25 billion years ago31, and other reconstructed proteins from 
the pre-Cambrian era have been shown to be thermostable32–35. 
However, the scale of the improvement in thermostability of the 
P450 ancestors was unexpected. These forms were predicted to 
have been present in the first vertebrates, and would have existed 
under mild conditions little different from those today, yet showed 
~30 °C higher thermostability than extant forms. Such a difference 
is similar to that seen between extant and resurrected pre-Cambrian 
enzymes32–36, and exceeds that expected from any assumed bias in 
the ASR process37, but is supported by a study on a paraoxonase 
ancestor reported while this work was in progress38. We hypothesize 
that, rather than being maintained by any direct selection pres-
sure, the thermostability of recent ancestors is carried over from an 
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ancient antecedent that evolved when ambient ocean temperatures 
may have reached ~55–60 °C or more39. This thermostability may 
then have been lost gradually through neutral drift in the diversifi-
cation of the extant enzymes.

Organic solvents can affect enzyme structure and activity by 
stripping essential water molecules and altering the relative strength 
of intramolecular interactions at the surface, within the active site 
or in the core of the protein. While solvent tolerance does not nec-
essarily correlate with thermostability, these two properties have 
been shown to coincide in other cases40, including extremozymes41. 
Improved packing of the hydrophobic core in thermostable enzymes 
may minimize exposure to organic solvents, and this would be con-
sistent with our observations with the ancestral CYP3 enzyme res-
urrected here.

The thermostable enzymes created by the approach described 
here will serve as robust templates for biophysical characteriza-
tion and engineering to further improve stability and potentially 
other properties42. Re-running evolution from this starting point 
should enable deleterious mutations to be buffered more effec-
tively in subsequent engineering, in contrast with most current 
engineering strategies that use contemporary proteins as starting 
points. Moreover using the ancestor as a template may avoid epi-
static interactions that compromise attempts to recombine extant 
forms. This approach, which we term Combinatorial Libraries 
of Ancestors for Directed Evolution (CLADE), will enable the 
construction of enzymes and other proteins with the longevity 
required not only for biocatalysis but also for emerging applica-
tions in synthetic biology43.

The discovery of highly thermostable yet promiscuous P450s 
provides much-needed alternative starting points for engineer-
ing specialized monooxygenases. While the thermostable P450 
enzymes described here do not show catalytic rates as high as 
CYP102 mutants, they have the benefit of pre-existing activity 
towards a broad range of substrates of relevance to the pharma-
ceutical industry. Importantly, they can serve as robust templates 
for further engineering to optimize turnover or catalytic specific-
ity. A major application for P450s in the pharmaceutical industry 
is in the production of metabolites of drugs and drug candidates to 
facilitate structural identification or other studies. Currently, both 
recombinant human CYP3A4 and engineered CYP102 mutants are 
used. Microbial and plant P450 forms obtained by bioprospecting 
are employed at other points of the drug discovery and development 
pipeline to circumvent difficult steps in chemical synthesis and in 
the synthesis of new chemical entities that are not accessible by tra-
ditional synthetic chemistry approaches44,45. The CLADE approach 
will greatly expand the list of candidate forms for such applications 
in pharmaceutical development. More broadly, it will facilitate the 
development and deployment of P450s in other areas such as fine 
chemical synthesis (for example, flavours, fragrances and agro-
chemicals), biosensors and the bioremediation of anthropogenically 
polluted environments.

A combination of three factors currently limits the widespread 
use of KARIs in industrial applications: limited thermostability, 
slow catalytic rate and the requirement for NADPH. E. coli KARI 
variants with enhanced preference for the less expensive NADH 
have been generated46, but are not thermostable. Class I KARI forms 
are structurally more complex and often show enhanced thermo-
stability compared with class II forms, which may be due in part 
to their multimeric structure47. The class I KARI enzyme extracted 
from the extremophile Meiothermus ruber is stable at tempera-
tures of up to 65 °C and has been evolved by directed evolution to 
enhance its preference for NADH48. However, the modest turnover 
rate still remains to be addressed to make KARI an enzyme viable 
for industrial applications. Using ASR, we have been able to increase 
the thermal tolerance of the reconstructed enzyme to levels similar 
to that of the class I KARI enzyme extracted from M. ruber.

Importantly, the ancestral KARI is not only more stable than 
the extant enzyme, but it also has an eightfold higher specific activ-
ity at 25 °C (4.88 versus 0.61 U mg−1). Furthermore, the activity of 
ancestral KARI increases 3.5-fold (to 17 U mg−1) when assayed at 
50 °C (Supplementary Fig. 11)—a temperature suitable for indus-
trial applications. Hence, this ancestral KARI has a significantly 
higher specific activity at 50 °C than wild-type M. ruber KARI 
(1.1 U mg−1) and a mutant of M. ruber KARI optimized for NADH 
as the preferred cofactor (2.66 U mg−1)49. Thus, the ancestral KARI 
represents an improved starting point for further engineering of 
an industrially useful KARI. This can be achieved by introducing 
mutations that lead to additional improvements of enzyme activ-
ity and stability, and for altering the cofactor specificity to favour 
NADH over NADPH.

In addition to the potential of our ASR-based approach to tai-
lor enzymes for specific needs, a more general benefit can also be 
envisaged. This approach will support the structural annotation 
of poorly characterized sequences in genome databases and accel-
erate the understanding of protein structure–function relation-
ships by facilitating structure determination. One of the limiting 
factors in characterizing new protein families is obtaining repre-
sentative structures for novel folds. We expect that thermostable 
ancestral proteins will be more amenable (that is, more robust) 
candidates for crystallization and other biophysical studies, and 
will therefore accelerate the structural characterization of novel 
protein families identified by large-scale genome sequencing—
the so-called dark proteome50.

In conclusion, we have demonstrated with two unrelated groups 
of enzymes that ancestral resurrection can yield thermostable and 
highly active forms of contemporary proteins. This approach offers 
the potential to engineer thermostable forms of other proteins for a 
broad range of purposes.

Methods
Materials. Oligonucleotides were synthesized by Life Technologies or Integrated 
DNA Technologies. The complementary DNA for CYP3A27 and CYP3A37 were 
generous gifts from D. R. Buhler (Oregon State University, Corvallis, Oregon, 
USA) and R. Coulombe (Utah State University, Logan, Utah, USA) respectively, 
and were amino (N)-terminally modified as described previously23, then subcloned 
into bicistronic format with hCPR. pCW/3A4His/hNPR, pCW/3A5His/hNPR, 
pCW/2C19FLHis/hNPR, pCW/2C19FL-eYFPHis/hNPR and pCW/hNPR (where 
hNPR is a designation previously used for hCPR and FL indicates a P450 retaining 
an N-terminal hydrophobic sequence) were as prepared previously51–54.

Restriction endonucleases, Phusion High-Fidelity DNA Polymerase and other 
DNA-modifying enzymes were purchased from New England Biolabs. The E. 
coli DH5α F’IQ strain was obtained from Life Technologies. Luminogenic P450-
Glo kits were obtained from Promega containing the following probe substrates: 
luciferin 6′ -chloroethyl ether (Luc-CEE); luciferin 6′ -methyl ether (Luc-ME); 
6′ -deoxyluciferin (Luc-H); ethylene glycol ester of luciferin 6′ -methyl ether 
(Luc-ME EGE); ethylene glycol ester of 6′ -deoxyluciferin (Luc-H EGE); luciferin 
6′ -pentafluorobenzyl ether (Luc-PFBE); luciferin 6′ -benzyl ether (Luc-BE); 
luciferin isopropyl acetal (Luc-IPA); and methyl ester of luciferin 6′ -methyl ether 
(Luc-Multi-CYP). Coumarin, p-nitrophenol, testosterone, progesterone and 
7-benzyloxyresorufin were obtained from Sigma–Aldrich. 7-Ethoxyresorufin, 
7-methoxyresorufin and 7-pentoxyresorufin were obtained from AnaSpec. 
2-Acetolactate was prepared as described previously55.

ASR of the CYP3 family. A total of 138 CYP3 sequences from 42 vertebrate 
species were collected from UniProt, NCBI and the cytochrome P450 
nomenclature homepage (http://drnelson.uthsc.edu/CytochromeP450.html). The 
sequences were aligned using MAFFT56. The alignment was fine-tuned manually 
with reference to a previous phylogenetic study57 to improve reliability at the gap 
positions. Phylogenetic relationships of these CYP3 sequences were reconstructed 
using the maximum likelihood method under the Jones–Taylor–Thornton (JTT) 
substitution model58 with Phyml using T-REX59. The default parameters were used 
and the initial tree was determined by neighbour-joining (BIONJ)60. Bootstrapping 
analysis with 100 replicates was performed to evaluate the tree. The tree was rooted 
using the branch of CYP3 forms found in Actinopterygii (subfamilies CYP3A, 
CYP3B, CYP3C and CYP3D) as an out-group, and the last common ancestor 
of vertebrate CYP3 forms (ancestral node N1) was inferred using FastML61. A 
codon-optimized nucleotide sequence for this N1 amino acid sequence was 
synthesized by GeneArt, in which the first 19 codons of N1 were replaced with a 
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sequence encoding the peptide, MALLLAVFL, as previously shown to facilitate 
the expression of P450s in E. coli23. A hexa-His tag was fused to the C terminus 
of the ancestral P450 coding sequence by a Ser–Thr linker encoding a SalI site. 
Neither the modified N-terminal membrane anchor nor the C-terminal hexa-His 
tag would be expected to affect folding of the catalytic, cytoplasmic domain of the 
P450, based on previous expression of mammalian P450s in E. coli.

The CYP3_N1 open reading frame (ORF) was subcloned between the NdeI 
and SalI sites of the pCW expression vector62 containing the hCPR sequence, and 
verified by automated dideoxy sequencing at the Brisbane Node of the Australian 
Genome Research Facility (Brisbane, Australia).

ASR of KARI class II enzymes. All bacterial class II KARI sequences were 
downloaded from the UniProt, NCBI and Australian Centre for Ecogenomics 
(University of Queensland, Brisbane, Australia) genome databases. Duplicated 
sequences were removed using CD-hit63. Most sequences collected were from 
Proteobacteria and Bacteroidetes, with the remainder from Verrucomicrobia, 
Fibrobacteres and Spirochaetes. A total of 1,244 sequences were aligned using 
MAFFT56. The alignment was fine-tuned manually to improve reliability at gap 
positions and then used to create a phylogenetic tree using FastTree64 with the 
default parameters. Bootstrapping analysis with 100 replicates was performed 
to evaluate the tree. The tree was rooted using the Spirochaetes branch as an 
out-group, and the last common ancestor of class II KARI was inferred using a 
Bayesian network-based tool developed in-house (M.B. et al., unpublished). This 
N1 amino acid sequence was back-translated and codon-optimized for expression 
in E. coli, then the resulting nucleotide sequence was synthesized with a C-terminal 
hexa-His tag and cloned into the pET21a (+ ) vector at NdeI and XhoI sites by 
General Biosystems.

Mutagenesis of potential stabilizing interactions in CYP3_N1. Mutations were 
introduced at the following sites in the CYP3_N1 ancestor by overlap extension 
PCR using mutagenic oligonucleotides (Supplementary Table 9): Ile93Ala (mutant 
SDM_1); Ile160Ala (SDM_2); Ile196Ala and Ile207Ala (SDM_3); Ile225Ala 
(SDM_4); Ala252Ser (SDM_5); Ile360Ala (SDM_6); Ile398Ala and Ile400Ala 
(SDM_7); and all nine mutations together (SDM_8). Residues are numbered 
according to the native extant CYP3A4 sequence, rather than the expressed 
ancestral protein (to correspond with the 3A4 X-ray structure, pdb:1TQN)65. 
Residue numbers are reduced by ten in the expressed protein due to modification 
of the N terminus for expression. Mutated segments were amplified by PCR in a 
total volume of 25 μ l with 10 ng pCW/3_N1_EYFP_hNPR as a template, 0.4 μ M of 
forward and reverse primers (Supplementary Table 9) and 0.5 U polymerase. PCR 
cycling conditions were: an initial ‘hot start’ at 98 °C for 30 s; 30 cycles of 98 °C for 
10 s, the annealing temperature (Tann) for 30 s and 72 °C for 30 s; a polishing stage 
at 72 °C for 10 min; and storage at 16 °C. Pairs of contiguous fragments were joined 
in a primerless PCR containing 10 ng DNA per 100 base pairs in length of each 
fragment and 0.5 U polymerase in a total volume of 30 μ l. PCR cycling conditions 
were as follows: 98 °C for 2 min; 14 cycles of 98 °C for 10 s, Tann for 30 s and 72 °C for 
45 s; and storage at 16 °C. The joined fragments were further amplified with 0.5 μ M  
flanking primers (1F1 and 1R10, Supplementary Table 9) and 0.5 U polymerase 
in a total volume of 50 μ l, and PCR cycling as follows: 98 °C for 2 min; 14 cycles 
of 98 °C for 10 s, Tann for 20 s and 72 °C for 1 min; 72 °C for 10 min; and storage at 
16 °C until use. PCR products were gel purified and subcloned into the pCW vector 
containing hCPR, and mutations were confirmed by automated Sanger sequencing 
(Australian Genome Research Facility, Brisbane).

Creation of the CYP3_N1 first-generation library. Overlap extension PCR was 
used to construct a mutant library based on CYP3_N1 with codon substitutions 
at multiple sites66. Each fragment (A1, A2, B1, B2, C1, C2, D1, D2, E1 and E2; 
Supplementary Table 10) was amplified individually with the following: 10 ng 
template DNA, 200 μ M of each dNTP, 0.5 μ M of silent or mutagenic primers 
(Supplementary Table 10) and 0.2 U Phusion polymerase in polymerase  
buffer (25 mM TAPS-HCl, pH 9.3, 50 mM KCl, 2 mM MgCl2 and 1 mM  
β -mercaptoethanol), in a total volume of 20 μ l. Fragment F, encoding the eYFP 
C-terminal tag, was amplified using pCW/2C19FL His eYFP/hNPR54 as a template. 
PCR cycling conditions were as follows: an initial ‘hot start’ at 98 °C for 1 min; 29 
cycles of 98 °C for 10s, Tann for 20 s and 72 °C for 10 s; a polishing stage at 72 °C for 
10 min; and storage at 4 °C. Equal quantities of matched fragments from each PCR 
(A1 and A2, B1 and B2, C1 and C2, D1 and D2, and E1 and E2) were combined in 
a primerless reassembly PCR containing polymerase buffer, 200 μ M of each dNTP 
and 0.6 U polymerase in a total volume of 30 μ l. Cycling conditions consisted of 
an initial ‘hot start’ at 98 °C for 2 min, followed by 14 cycles of 98 °C for 10 s and 
72 °C for 30 s, before storage at 4 °C until use. These 30 µ l PCR mixtures were then 
supplemented with additional polymerase buffer, dNTP and polymerase, plus each 
of the two flanking primers, to a final concentration of 0.5 µ M in a final volume of 
50 µ l. The fragments were then amplified using the following conditions: an initial 
‘hot start’ at 98 °C for 2 min; followed by 14 cycles of 98 °C for 10 s and 72 °C for 
30 s; a polishing stage at 72 °C for 10 min; then storage at 4 °C until use.

Fragments A, B, C, D, E and F were combined in a stepwise manner from A 
to F. Equal quantities of fragment A were first combined with fragment B in a 
primerless reassembly PCR followed by PCR with flanking primers as above. After 

gel purification, fragment AB was then combined with fragment C. The process 
was continued with the addition of fragments D, E and F in order, until the full-
length ORF was obtained. The full-length mutant sequences were then subcloned 
into the NdeI and XbaI sites of the pCW/2C19FLHis/hNPR plasmid in place of the 
CYP2C19 ORF.

Expression and thermostability measurement of P450 enzymes. Recombinant 
P450s were expressed as described previously67. Recombinant CYP3A4 (ref. 23), 
CYP3A5 (ref. 68), CYP3A27 and CYP3A37 (ref. 69) were expressed in parallel as 
controls for experiments concerning CYP3_N1 or mutants derived therefrom.

Cell pellets were resuspended in whole-cell assay buffer (100 mM potassium 
phosphate, 6 mM magnesium acetate and 10 mM (+ ) glucose, pH 7.4) and heated at 
various temperatures (30–75 °C) for 10 or 60 min in a Bio-Rad MyCycler Thermal 
Cycler cooled at 4 °C for 5 min and equilibrated at room temperature for 5 min. The 
residual folded protein was then quantified by Fe(ii)·CO versus Fe(ii) difference 
spectroscopy, compared with a control maintained at 4 °C70.

For extant and ancestral CYP3 enzymes, the half-life was estimated by plotting 
the decay curve of P450 remaining after heating at 50, 55, 60, 65, 70 and 75 °C 
for specific times, and the residual folded protein was quantified. The percentage 
of folded enzymes remaining after heat treatment was compared with the non-
heat-treated samples and used to calculate empirical half-lives and generate an 
Arrhenius plot.

Thermostability screening of the ancestral cloud library. Library variants were 
expressed as fusion proteins with eYFP from a bicistronic expression vector also 
encoding hCPR. This vector was chosen to enable facile screening to eliminate 
mutants containing frame-shift mutations or premature stop codons in the 
subsequent library. Each CYP3 library variant was grown in duplicate from two 
independent colonies in parallel with CYP3_N1 and a negative control encoding 
only hNPR. Enzymes were expressed in microplates under aerobic conditions, 
harvested and resuspended in whole-cell assay buffer as previously described71. The 
fluorescence of resuspended cultures was detected in a SpectraMax M2 microplate 
reader using emission and excitation wavelengths of 514 and 527 nm, respectively, 
for the detection of eYFP.

Thermostability screening was done generally according to the method above, 
except that resuspended cells containing recombinant enzymes were screened 
at either 72 or 73 °C for 10 min, cooled at 4 °C for 5 min and equilibrated at 
room temperature for 5 min before the residual folded protein was quantified by 
Fe(ii)·CO versus Fe(ii) difference spectroscopy70. Variants that showed 50–60% 
residual folded protein after heating at 73 °C, or 60–70% after heating at 72 °C, 
were also analysed at 74 °C. Finally, 65 mutants were selected for determination 
of 10T50 values as described above. Of these, 42 were the variants that showed the 
best thermostability in initial tests at 72–74 °C, and the remaining 23 variants were 
chosen to reflect mutants with thermostability that was lower than or similar to 
CYP3_N1. After sequencing, 39 mutants were prioritized for characterization 
of activity. Bacterial membranes were prepared from 50 ml cultures of bacteria 
expressing CYP3_N1, ancestral cloud library mutants and the relevant extant 
enzymes according to established procedures23.

Screening for P450 activity. Microplate-based screening assays were performed 
using whole cells as described previously72 with luminogenic P450-GloTM 
substrates at the following final concentrations: luciferin-CEE (15 μ M), luciferin-
ME (50 μ M), luciferin-H (50 μ M), luciferin-ME-EGE (15 μ M), luciferin-H-EGE 
(5 μ M), luciferin PFBE (25 μ M), luciferin-BE (25 μ M) and luciferin-IPA (1.5 μ M). 
The hydroxylation of coumarin, 7-MAMC and p-nitrophenol was assayed in whole 
cells as described previously72,73 using 100 µ M coumarin and 8.3 µ M p-nitrophenol.

The O-dealkylation of fluorogenic 7-alkoxyresorufin substrates was measured 
using membranes isolated from cells co-expressing P450s and hCPR as described 
previously74, using 5 µ M substrate, 0.1 µ M P450, 0.2 µ M hCPR and a NADPH-
generating system consisting of 10 mM glucose-6-phosphate, 250 μ M NADP+ and 
0.5 U ml−1 glucose-6-phosphate dehydrogenase.

Analysis of drugs metabolized by P450 by liquid chromatography–mass 
spectrometry using alternating low and elevated collision energy (MSE). Bacterial 
membranes containing 0.1 μ M CYP3_N1 or CYP3A4 were incubated with the 
substrates listed in Fig. 2 at 10 μ M. Incubations were prepared in 250 μ l  
total volume of 0.1 M potassium phosphate buffer, pH 7.4, and initiated by the addition 
of the NADPH-generating system described above. Reactions were quenched at 0 and 
30 min by the addition of two volumes of ice-cold acetonitrile. Precipitated protein 
was removed by centrifugation and samples were lyophilized then resuspended in 
50% (v/v) acetonitrile in water. Samples (10 µ l) were injected into a Waters ACQUITY 
UPLC liquid chromatography system coupled to a Waters Synapt HDMS instrument 
(Waters) with an electrospray ionization source. Separation was achieved with a 130 Å, 
1.7 µ m x 2.1 mm x 100 mm Waters ACQUITY UPLC BEH C18 column (Waters) 
at a column temperature of 45 °C. Mobile phases consisting of ultra-pure water 
supplemented with formic acid (0.1% (v/v); mobile phase A) and pure acetonitrile 
(mobile phase B) were used at a flow rate of 0.5 ml min−1 according to the following 
gradient: 0–6.0 min (10–70% mobile phase B); 6.0–6.7 min (70–90% mobile phase B), 
then a return to the initial mobile phase composition over 0.01 min. The MSE analysis 
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was performed with a Waters Synapt HDMS operating under V-mode positive 
electrospray ionization conditions. A routine method with two scan functions was 
used, comprising an m/z range of 80–1,000, a cone voltage of 20 V and a scan time of 
0.1 s. The trap collision energy in function 1 was 20 V; in function 2, an energy ramp 
of 15–45 V was applied and the transfer cell collision energy was 12 V. Data were 
collected in a centroid mode. Leu-enkephalin (250 pg ml−1) was used as a lock mass 
(m/z 556.2771) for internal calibration at a flow rate of 0.04 ml min−1. The MSE data 
were processed in MetaboLynx 4.1 (Waters) using the dealkylation tool and mass 
defect filter, and the proposed metabolites were manually reviewed.

Analysis of P450 activity towards testosterone and nifedipine. Screening 
for testosterone metabolism was performed using high-performance liquid 
chromatography as described previously75 using bacterial membranes and a 
testosterone concentration of 100 µ M. Metabolites were identified by comparison of 
retention times with 6β -hydroxytestosterone, 1β -hydroxytestosterone and a mixture of 
2α - and 2β -hydroxytestosterone metabolites characterized previously75, and quantified 
with reference to a standard curve prepared for 6β -hydroxytestosterone (the only pure 
metabolite available in sufficient amounts to produce a standard curve).

Kinetic analyses were carried out with isolated membrane fractions using 
conditions under which product formation was linear with respect to the time and 
enzyme concentration. Testosterone assays were conducted using 1 µ M P450 and 
10–500 μ M testosterone for 10 min. Nifedipine oxidation was analysed as described 
previously76 using bacterial membranes containing 0.1 µ M P450 in 100 mM Tris 
buffer pH 7.4 and 5–200 µ M nifedipine for 5 min.

Solvent tolerance assays. Incubations of recombinant membrane preparations 
containing CYP3_N1 or CYP3A4 were incubated with testosterone and 0.5 mM 
cumene hydroperoxide, and supplemented with additional methanol, acetonitrile 
or dimethyl sulfoxide at the concentrations indicated.

Ligand-binding assays. Spectral binding assays were performed as described 
elsewhere77 with bacterial membranes containing CYP3_N1 or CYP3A4 at a 
final concentration of 0.1 µ M P450 in TES buffer (50 mM Tris acetate, 250 mM 
sucrose and 0.25 mM EDTA, pH 7.6) using an OLIS-modified Aminco DW2A 
spectrophotometer. Binding data were analysed in GraphPad Prism using the 
quadratic form of the binding equation78.

Homology modelling. Homology modelling of CYP3_N1 was performed using 
the SWISS-MODEL Server79 with the substrate-free crystal structure of CYP3A4 
(1TQN65) as a template.

Characterization of KARI enzymes. The recombinant plasmid encoding the 
ancestral KARI was transformed into E. coli BL21 cells and transformants were 
grown with shaking at 170 r.p.m. in liquid Terrific Broth medium containing  
100 µ g ml−1 ampicillin at 37 °C until the Abs600 reached 5–8. The ASR KARI protein 
was expressed using 0.8 mM isopropyl β -d-1-thiogalactopyranoside for 4 h at 22 °C.

The protein was purified using nickel affinity and size exclusion chromatography. 
Cells were resuspended in binding buffer containing 250 mM MgCl2, 10 mM Tris-
HCl pH 8, 500 mM NaCl, 10% (w/v) glycerol and 25 mM imidazole, and lysed by 
sonication using a Branson Sonifier W-450-D. The clarified lysate was loaded 
onto a Ni-NTA Agarose column and eluted with 500 mM imidazole. Protein was 
further purified on a Superdex 200 HiLoad 26/60 column in 10 mM Tris-HCl pH 8 
buffer containing 250 mM MgCl2, 500 mM NaCl and 10% (w/v) glycerol to remove 
aggregated, misfolded protein. The molar extinction coefficient of ASR KARI was 
determined to be 66,725 M−1 cm−1 by the method of Gill and von Hippel80.

The initial velocities were measured using 100 nM ancestral KARI in 0.1 M 
Tris-HCl pH 8 buffer containing 4 mM MgCl2 and 200 µ M NADPH in a total 
volume of 200 µ l. The reaction was initiated by adding 2-acetolactate (0.015–2 mM) 
and monitored at A340 for the conversion of NADPH to NADP+. Each substrate 
saturation curve was analysed with GraphPad Prism 5 Software using the 
Michaelis–Menten equation. The experiment was repeated using 270 nM wild-type 
E. coli KARI purified as described previously22.

Thermostability analysis of KARI enzymes. The thermostabilities of the  
ASR KARI and other KARI isoenzymes purified as described previously22,47 
were measured using nano differential scanning fluorimetry with a Prometheus 
NT.48 instrument (NanoTemper). A solution of KARI (~10 µ l of 1–2 mg ml−1) 
was loaded into each capillary and the excitation power was set at 10%.  
The thermal unfolding transition midpoint Tm was calculated from the  
ratio of tryptophan emission at 330 and 350 nm when the temperature  
was increased from 20 to 95 °C at a rate of 1.0 °C min−1. The data were  
analysed using PR Control version 1.12.3 software.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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