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A panel of new thermostable CYP116B self-sufficient cytochrome 
P450 monooxygenases catalysing C-H activation with diverse 
substrate scope 
Michele Tavanti, Joanne L. Porter, Selina Sabatini, Nicholas J. Turner* and Sabine L. Flitsch* 

 

Abstract: The ability of cytochrome P450 monooxygenases to 
catalyse a wide variety of synthetically challenging C-H activation 
reactions makes them highly desirable biocatalysts both for the 
synthesis of chiral intermediates and for late stage functionalisations. 
However, P450s are plagued by issues associated with poor 
expression, solubility and stability. Catalytically self-sufficient P450s, 
in which the haem and reductase domains are fused in a single 
protein, obviate the need for additional redox partners and are 
attractive as biocatalysts. Here we present a panel of natural self-
sufficient P450s from thermophilic organisms (CYP116B65 from A. 
thermoflava, CYP116B64 from A. xiamenense, CYP116B63 from J. 
thermophila, CYP116B29 from T. bispora and CYP116B46 from T. 
thermophilus). These P450s display enhanced expression and 
stability over their mesophilic homologues. Activity profiling of these 
enzymes revealed that each P450 displayed a different fingerprint in 
terms of substrate range and reactivity covering reactions as diverse 
as hydroxylation, demethylation, epoxidation and sulphoxidation. 
The productivity of the biotransformation of diclofenac to produce the 
5-hydroxy metabolite rose by 42-fold using the thermostable P450-
AX (> 0.5 g L-1 h-1) compared to the previously reported P450-RhF 
system. In conclusion, we have generated a toolkit of thermostable 
self-sufficient P450 biocatalysts, with broad substrate range and 
reactivity. 

Introduction 

Cytochromes P450 (P450s) are a superfamily of haem-thiolate 
enzymes that are ubiquitous in Nature and play a primary role in 
drug metabolism and the biosynthesis of physiologically 
important compounds including steroids and vitamins.[1] P450s 
have the ability to catalyse a wide range of synthetically 
challenging C-H activation reactions with high levels of regio- 
and stereoselectivity.[2] The most common P450 catalysed 
reactions are monooygenation reactions (e.g. hydroxylations, 

 

Figure 1. (A) P450-catalysed oxidations, including C-H activation and (B) 
structural organisation of CYP116B and CYP102A self-sufficient P450s. 

heteroatom oxidations or epoxidations) using a single oxygen 
atom from molecular oxygen, with the other oxygen atom 
reduced to water (Figure 1A). Two electrons supplied by 
NAD(P)H are shuttled following productive interaction with redox 
partners to enable molecular oxygen activation.[3] Less common 
P450 reactions also include N- and O- dealkylations, 
desaturations, ring formations and expansions, oxidative ester 
cleavage and isomerisation.[4] As such, P450s have immense 
potential as biocatalysts due to the challenging nature and wide 
range of chemistry they can facilitate and present a green 
alternative or partner to chemocatalysis.[5] However despite 
these attractive features, the number of P450s in use industrially 
are limited.[6] The key factors limiting their widespread 
application include low levels of expression, poor solubility 
and/or stability particularly in recombinant systems, narrow 
substrate scope and production cost of the biocatalyst.[6-7] 

There are two main approaches to overcome these 
restrictions (i) the use of protein engineering and (ii) the use of 
alternative naturally evolved enzymes from Nature’s vast pool of 
diverse sequences. The use of natural over engineered 
enzymes is becoming an increasingly popular approach, 
especially in recent years with the advancements in DNA 
sequencing and the exponential increase in available sequences 
in protein and nucleotide databases.[8] Given this increasing 
number of diverse, naturally evolved protein sequences 
available, there are now answers contained within these 
databases for many biocatalyst requirements. Moreover, the 
ease with which they can be accessed by gene synthesis 
outweighs the often-lengthy process of laboratory evolution or 
the sometimes fortuitous nature of rational engineering. Of 
particular interest for the development of biocatalytic processes 
is the use of enzymes from extremophiles (e.g. alkaliphiles, 
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halophiles or thermophiles) that have already adapted to 
conditions in line with requirements for the target application.[9] 
For example, enzymes originating from thermophilic organisms 
have been shown to display remarkable thermal and chemical 
stability in isolation and in recombinant systems.[10] These 
enzymes are of immediate interest due to the crucial role 
stability plays when assessing the applicability of enzymes for 
industrial roles. Moreover, enhanced enzyme stability also 
creates an important platform from which to further engineer the 
catalytic properties of enzymes.[11] 

Previous studies have looked at the genomes of thermophilic 
organisms in order to identify more suitable biocatalysts. 
Nevertheless the number of P450s from thermophilic 
microorganisms that have been studied so far is few, including 
CYP119A1 from S. solfataricus,[12] CYP119A2 (P450st) from S. 
tokodaii,[13] CYP154H1 from T. fusca[14] and CYP175A1 from T. 
thermophilus,[15] Given that required redox partners are also 
proteins, applications require not only thermostable haem 
proteins, but also the co-expression or addition of independent 
thermostable redox partners. In some cases the corresponding 
native thermophilic electron transport system has been identified, 
however their discovery is no simple task.[12c, 16] More 
conveniently, mesophilic reductase domains have been 
employed but limit the overall stability and coupling efficiency of 
the system to the stability of the most labile protein 
component.[12a, 14] 

The self-sufficient nature of class VII (e.g. CYP116B2, P450-
RhF) and class VIII (e.g. CYP102A1, P450-BM3) P450s 
containing the haem and reductase domains on a single 
polypeptide strand makes them desirable biocatalysts, as the 
need for identification and separate expression of redox partners 
is negated (Figure 1B). Isolated from the mesophilic bacterium 
Bacillus megaterium, P450 BM3 fatty acid hydroxylase is the 
best studied self-sufficient P450.[17] The subsequently 
discovered class VII self-sufficient enzymes include the 
mesophilic P450-RhF from Rhodococcus sp. NCIMB 9784,[18] 
which displays a varied range of activities,[19] including 
hydroxylation of the widely used anti-inflammatory drug 
diclofenac.[20] P450-RhF has a unique FMN and 2Fe-2S 
ferredoxin containing phthalate dioxygenase-type reductase 
domain fused to the C-terminus of the P450 to create a 
monomeric 85-kDa self-sufficient enzyme.[18a, 21] The reductase 
domain has been exploited to create artificial fusion proteins with 
various independent haem domains. These chimeric constructs 
have been used for benzylic oxidation reactions and the 
production of drugs and drug metabolites.[22] For example, the 
RhF reductase domain was fused to the engineered P450Prava 
and utilised in the single step fermentative production of the 
cholesterol lowering drug pravastatin.[23] However the stability of 
both the native and artificial constructs is poor, with previous 
results showing that upon purification the native enzyme is 
largely inactive due to instability of the FMN-FeS reductase 
domain.[20] 

The idea of combining thermostability and catalytic self-
sufficiency to create a robust biocatalyst is very attractive. 
Recently a fungal BM3 homologue from M. thermophilia has 
been isolated and characterised. However CO-binding studies 
monitoring conversion from P450 to the inactive P420 form with 

increasing temperature gave a T50 value of only 43 °C,[24] which 
is comparable to the mesophilic BM3.[25] Alternatively, 
engineering studies have been directed towards creating 
thermostable self-sufficient enzymes. For example, thermostable 
P450 chimeras have been generated by exchange of the BM3 
reductase domain with the more stable one from the homologue 
CYP102A3 or through structure-guided SCHEMA recombination 
of the haem domains of CYP102A homologues.[26] In another 
study the haem domain of CYP175A1 was linked to its native 
redox partners to give an artificial fusion protein displaying 50 % 
residual activity after incubation at 80°C for 10 minutes.[27] 

Here, our aim was to identify natural P450s from 
thermophilic origins that could outperform their mesophilic 
counterparts in terms of expression, solubility and stability in 
recombinant systems. In particular, we sought self-sufficient 
P450s to avoid the search for redox partners with matching 
thermostability and to simplify protein production. Thus, the 
thermal stability and catalytic properties of five class VII P450s 
have been investigated and compared to that of P450-RhF. 
Given that these multi-domain catalysts have evolved each in 
thermostable organisms, it was also interesting to ask if the 
observed thermostability would be the same for all subdomains, 
or if one of the domains consistently displayed higher stability in 
these five systems. 

Results and Discussion 

Identification of RhF homologues from thermophiles 

Initially BLAST searches of nucleotide and protein databases 
were carried out using P450-BM3 or P450-RhF as the query 
sequence to identify homologues from thermophilic bacteria. 
Several BM3 homologues were identified from thermophilic 
organisms, however most were fungal (Table S1). Due to the 
interesting range of activity displayed by P450-RhF, as outlined 
above, we selected five RhF homologues from thermophilic 
bacteria for characterisation: CYP116B65 (P450-AT) from 
Amycolatopsis thermoflava, CYP116B64 (P450-AX) from 
Albidovulum xiamenense, CYP116B63 (P450-JT) from 
Jhaorihella thermophila, CYP116B29 (P450-TB) from 
Thermobispora bispora and CYP116B46 (P450-TT) from 
Tepidiphilus thermophilus (Table 1). The amino acid sequences 
were aligned and the amino acid compositions were assessed 
(Figure S1, S2 and Table S2, Supporting Information). It has 
been commonly observed that thermophilic enzymes have an 
increased number of hydrophobic and aromatic interactions as 
well as more H-bonding and ionic interactions.[28] As such the 
amino acid composition of thermophiles can show trends 
towards larger non-polar, aromatic and charged amino acids at 
the expense of small non-polar and polar uncharged 
residues.[10c, 29] Here general trends could be observed with 
fewer Ala and an increase in Ile, Phe and Arg residues with 
increasing thermal stability, though it is difficult to rationalise 
without structural context. 
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Table 1. Sequence information for P450-RhF and the identified homologues AT, AX, JT, TB and TT 

[a] Cultivation conditions for microorganisms were obtained from the NCIMB or DSMZ catalogues. 

 

Figure 2. Phylogenetic tree with new and previously reported Class VII P450s as well as the Class VIII BM3. The evolutionary analyses were conducted in 
MEGA7 with sequences aligned using ClustalW and evolutionary history inferred using the UPGMA method. The evolutionary distances were calculated using the 
Poisson correction method and are in the units of number of amino acids substitutions per site. 

A phylogenetic tree was constructed with the five new 
sequences and the five previously characterised class VII 
CYP116B enzymes (Figure 2). Preliminary data exists for 
several proposed class VII enzymes,[30] however the number of 
fully characterised class VII enzymes is very limited with only 
five previously published (CYP116B1 from C. metallidurans, 
CYP116B3 from R. ruber, CYP116B4 from L. aggregata, 
CYP116B5 from A. radioresistens and the previously mentioned 
CYP116B2 RhF).[18b, 31] Unsurprisingly due to the small number 
of thoroughly characterised sequences, there is less sequence 
identity than would otherwise be expected from more populated 
classes such as the class VIII CYP102A enzymes (Figure 2 and 
Figure S3, Supporting Information). The most closely related to 
RhF is P450-AT with 75 % sequence identity, followed by TB 
with 69 % identity. In all cases there is closer homology between 
the haem domains than the reductase domains.  

 
Expression, purification and UV-visible absorption 
properties of thermophilic class VII P450s 

The genes encoding P450 AT, AX, JT, TB and TT were cloned 
from genomic DNA into pET28a and expressed in Escherichia 
coli BL21(DE3) with cleavable polyhistidine tags. SDS-PAGE 
analysis showed overexpression of the correct size constructs 
(AT = 87.0, AX = 88.2, JT = 88.7, TB = 90.8 and TT = 93.0 kDa) 
with good levels of soluble protein (Figure S4, Supporting 
Information). The P450 concentration was measured in the 
corresponding cell lysates with the new panel of P450s showing 
up to 5.6-fold better expression and stability during the lysis 
process compared to RhF (TT = 315.5 and RhF = 56.1 nmolP450 
gcdw

-1) (Table S4, Supporting Information). The new panel of 

CYP116B2 (RhF) | Rhodococcus sp.

CYP116B3 | R. ruber

CYP116B65 (AT) | A. thermoflava

CYP116B29 (TB) | T. bispora

CYP116B1 | C. metallidurans

CYP116B4 (LaMO) | L. aggregata

CYP116B64 (AX) | A. xiamenense

CYP116B63 (JT) | J. thermophila

CYP116B46 (TT) | T. thermophilus

CYP116B5 | A. radioresistens S13

CYP102A1 (BM3) | B. megaterium

0.000.200.400.600.80

Sequence I.D. to RhF

57 %          60 %          53 %

58 %          62 %          53 %

53 %          61 %          47 %

57 %         62 %          54 % 

66 %          76 %          54 %

60 %          67 %          53 % 

69 %          76 %          62 %

75 %          82 %          68 %

94 %          97 %          91 % 

Full-length     Haem     Reductase

P450 MW (kDa) CYP number Organism Cultivation 
temperature[a] Source 

RhF 85.3 CYP116B2 Rhodococcus sp. NCIMB strain 9784 25 °C Soil 

AT 84.9 CYP116B65 Amycolatopsis thermoflava DSM strain 44574 45 °C Soil, China 

AX 86.0 CYP116B64 Albidovulum xiamenense DSM strain 24422 55 °C Terrestrial hot spring, China 

JT 86.5 CYP116B63 Jhaorihella thermophila DSM strain 23413 28 °C Coastal hot spring, Taiwan 

TB 87.2 CYP116B29 Thermobispora bispora DSM strain 43833 45 °C Decaying manure 

TT 89.4 CYP116B46 Tepidiphilus thermophilus DSM strain 27220 50 °C Terrestrial hot spring, India 
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enzymes were purified by IMAC following sonication of whole 
cells expressing the respective P450. The purified samples were 
subsequently analysed by SDS- PAGE and showed purification 
of the full-length enzymes (Figure S5, Supporting Information). 

The UV-visible absorption features of the newly expressed 
and IMAC purified P450s were characteristic of typical P450 
haemoproteins (Figure S6, Supporting Information). The 
oxidised form of the purified proteins gave spectra with the 
absorption maximum of the main Soret band at 419 nm and the 
α and β bands located at 567 and 533 nm respectively for AT. 
Similarly the main Soret band and the α and β bands were 
located at 422, 567 and 536 nm for AX, 420, 568 and 530 nm for 
JT, 420, 570 and 532 nm for TB and 420, 568 and 537 nm for 
TT. Reduction with sodium dithionite causes a slight shift in the 
main Soret band (< 420 nm) and for it to diminish in intensity. 
The addition of CO to the dithionite-reduced samples causes the 
expected shift in absorption to 449-451 nm (449, 451, 450, 449 
and 449 nm for AT, AX, JT, TB and TT respectively) upon 
formation of an Fe(II)-CO complex, which is where the P450 
name derives. 

Substrate scope and nucleotide cofactor preference 

Prior to investigation of the substrate scope the cofactor 
preference of the class VII P450s AT, AX, JT, TB and TT was 
determined monitoring the reduction of cytochrome c as the 
electron acceptor in steady-state reactions. Both NADH and 
NADPH were tested as electron donors but there was a strong 
preference observed for NADPH over NADH in all cases (Table 
S6, Supporting Information). This is consistent with the 
previously characterised Class VII enzymes CYP116B1, B2, B3 
and B4 all of which also showed preference toward NADPH.[18a, 

31a, 31c, 31d] The observed kcat value of 5.6 ± 0.7, 8.3 ± 0.7 and 
40.5 ± 0.8 s-1 for NADPH as electron donor by TB, AX and TT is 
in the same range as those previously determined for 
CYP116B1-3 (kcat = 2.5 – 39 s-1), however AT and JT exhibit 
higher rates with kcat values of 69 ± 2 and 70 ± 2 s-1 respectively.   

P450-RhF displays a notable degree of substrate 
promiscuity, being able to catalyse not only hydroxylation 
reactions but also the O-dealkylation, sulfoxidation and 
epoxidation of a diverse range of compounds.[19] We assembled 
twelve such compounds creating a test set with which to explore 
the substrate scope of P450-AT, AX, JT, TB and TT. Reactions 
were run using soluble cell lysates (the equivalent of 200 mg mL-

1 wet cell weight) (P450 concentrations determined by CO 
binding are shown in Table S8, Supporting Information) for 20 h 
with NADP+ and a cofactor recycling system consisting of 
glucose and glucose dehydrogenase (GDH) to facilitate 
production of the more expensive NADPH (Table 2). 

Table 2 shows the total substrate conversions catalysed by 
each enzyme including RhF. In most cases the major product 
could be identified by comparison with an authentic standard. 
The number and approximate distribution of unidentified 

products have also been indicated in order to provide a general 
fingerprint[32] of the respective enzyme activities (Table 2). A 
range of activity was observed including demethylation, 
epoxidation, hydroxylation, and sulphoxidation. Previously P450-
RhF has been shown to possess good activity towards 
diclofenac (1) and produce the human metabolite 5-
hydroxydiclofenac (2).[20] In this study P450-AT, AX, JT and TT 
all displayed better conversions (> 85 %) to the hydroxylated 
product than RhF (63 %) under the screening conditions. 
Furthermore in terms of total substrate conversion, RhF was 
outperformed in all cases by two or more of the new class VII 
P450s from this study, with the exception of just α-isophorone 
(17) and tetradecane (22) where no activity was observed with 
any P450. Demethylation was observed for P450 
biotransformations with 4-methyoxyacetophenone (3), 2-
hydroxy-4-methoxyacetophenone (5), 4-methoxybenzophenone 
(7), 4-methoxybenzonitrile (9) and 7-methoxycoumarin (11) and 
the demethylated compound was the major product in most 
cases. 

Hydroxylation was observed with fluorene (13) to give 9-
fluorenol (14) as the major product. In addition, benzylic C-H 
activation of ethylbenzene (15) resulted in 35 % conversion by 
AT, 8 % by JT and 13 % by TB, to produce (S)-1-phenylethanol 
(16) (90 ± 10 % ee) (Table S10, Supporting Information). 
Furthermore the sulphoxidation capability of AT, AX, JT, TB and 
TT was demonstrated with methyl phenyl sulphide (18) to give 
conversions of 59, 34, 58, 58 and 21 % respectively to the 
corresponding sulfoxide 19 (predominantly (S)-methyl phenyl 
sulfoxide). Epoxidation activity was also demonstrated using 
styrene (20) as substrate with conversions of 10-20 % to give 
the epoxide 21 as a racemate catalysed by AT, JT and TB. 

Thermal stability of the P450 panel 

Previous literature on thermostable P450s placed the major 
focus on the stability of the haem domain at high temperatures. 
However, P450 chemistry depends also on the effective supply 
of reducing equivalents from redox partners, the stability of 
which needs to match the haem domain. As we were interested 
in the overall construct stability, the thermal stability of the 
P450s was measured in two ways, (i) determining the residual 
CO binding by formation of the Fe(II)-CO complex at 450 nm 
and (ii) by monitoring the residual activity toward 7-
methoxycoumarin (11). The plots showing P450 concentration 
determined by CO binding were obtained using cell-free lysates 
and include P450-RhF for comparison (Figure 3A). Each of the 
P450s from this study displayed greater thermal stability than 
RhF, which was encouraging given the previous issues with 
stability of P450-RhF.[20] P450 AT and JT showed modest 
improvements from RhF, while AX, TB and TT showed 
significant improvements with increases in T50 of greater than 
15 °C. The residual activity experiments shown in Figure 3B 
were conducted using purified protein and demonstrate not only  
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Table 2. Substrate conversions and product fingerprint from Class VII P450s 

 
[a] Reactions were carried out using soluble cell lysates. Product fingerprints are indicated in the charts under the respective conversion value with blue indicating 
a product identified through comparison with an authentic standard and grey indicating unidentified product(s) (fingerprints are not given where substrate 
conversion is less than 10 %).  
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Conversions)(%)[a])

RhF) AT) AX) JT) TB) TT)

Diclofenac*1) 2)

63* >99* >99* >99* 37* 86*

42Methoxyacetophenone*3) 4)

5* >99* 11* 28* 24* 32*

22Hydroxy242methoxyacetophenone*5) 6)

56* >99* 10* 41* 95* 26*

42Methoxybenzophenone*7) 8)

13* >99* 9* 12* 29* 10*

42Methoxybenzonitrile*9) 10)

7* 56* 6* 10* 12* 7*

72Methoxycoumarin)11) 12)

22* 95* <5* 34* 55* 37*

Fluorene*13) 14)

10* 29* 12* 9* 43* 6*

Ethylbenzene*15) 16)

0* 35* 0* 8* 13* 0*

α2Isophorone*17)

n/a*

0* 0* 0* 0* 0* 0*

Methyl*phenyl*sulphide*18) 19)

8* 59* 34* 58* 58* 21*

Styrene*20) 21)

0* 16* 6* 15* 15* <5*

Tetradecane*22)

n/a*

0* 0* 0* 0* 0* 0*
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Figure 3. Thermal stability of P450s assessed by (A) the residual CO binding 
following incubation of soluble cell lysates at elevated temperature for 15 min 
and (B) the residual activity toward 7-methoxycoumarin following incubation at 
elevated temperature 15 min with (C) the corresponding T50 values determined 
from either method. 

thermal stability but also confirm the self-sufficient nature of 
these P450s. RhF is not stable during routine purification and is 
therefore not included for comparison.[20] Similarly to the data 
shown in Figure 3A, the P450s exhibiting the greatest stability 

determined by residual activity were TB, AX and TT. These 
operating temperatures are largely consistent with the growth 
temperatures of their native hosts (JT < AT = TB < TT < AX) 
(Table 1). 

Values for T50 were extracted by fitting the data to a Hill type 
equation (Page S14, Supporting Information) and are compared 
in Figure 3C. In most cases there are small discrepancies 
between the observed T50 values for the residual CO binding 
and the residual activity, but for AT, AX, JT and TT these 
differences are less than 3 °C. Differences are expected due to 
the different experimental setup and the use of lysate for the CO 
binding compared to the use of purified protein with a defined 
buffer composition used for the residual activity. However, in the 
case of P450-TB (and AT to a lesser extent) the T50 values 
determined by each method differ significantly. The T50 
determined by CO binding (TB: T50 = 59.3 ± 0.7 °C) is greater 
than the T50 determined by residual activity (TB: T50 = 53.1 ± 
0.3 °C) by 6.2 ± 1 °C. The source of difference can likely be 
attributed to a less stable reductase domain for TB since the CO 
binding is concerned purely with the integrity of the haem 
domain, while the residual activity requires function of the entire 
construct from electron transport through the FMN-FeS domain 
to substrate turnover in the haem domain.  

To ascertain the relative stability of the P450 reductase 
domains compared to their partner haem domains, residual 
electron transfer was measured using cytochrome c as electron 
acceptor following incubation at the individual T50 determined by 
CO binding (where residual activity > 50 % would suggest a 
more stable reductase domain compared to the corresponding 
haem domain and residual activity < 50 % would suggest a less 
stable reductase domain) (Figure 4). The residual electron 
transfer values were in accordance with the residual activities 
observed for 7-methoxycoumarin (11). Under these 
experimental conditions the AX, JT, and TT reductase domains 
showed equal or greater stability than their fused haem domains 
(similarly to the results in Figure 3C), while as expected the TB  

 

Figure 4. Residual electron transfer monitored by cytochrome c reduction 
following heat treatment at the T50 calculated by CO binding, where (---) shows 
the 50 % residual CO binding at the indicated temperature. 
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and AT reductase domains were mostly inactive following 
incubation. This indicates a comparatively less stable reductase 
than haem domain and suggests that electron transport is 
indeed the limiting factor influencing substrate turnover at higher 
temperatures. This agrees with previous reports that the 
reductase domain of these self-sufficient enzymes may be 
responsible for reduced stability of the whole construct.[20, 26a] 

The P450 displaying the highest stability through either 
experimental method was TT. To assess not only maximum 
temperature stability but also the stability at moderate 
temperatures over longer periods, half-life assays were 
conducted at 50 and 58 °C (Figure S8, Supporting Information). 
TT displayed a half-life of approximately 9.5 h with incubation at 
50 °C, while the half-life was reduced to approximately 2 h at 
58 °C. In addition, further studies were conducted investigating 
the kinetic parameters of P450-TT. Having already established 
the preference for NADPH and determined the kinetic properties 
at 25 °C (Table S6, Supporting Information), we wanted to see if 
conducting the reaction at higher temperature yielded an 
increase in electron transfer rate (Table S7, Supporting 
Information). At 50 °C using NADPH as substrate with 
cytochrome c as electron acceptor the kcat value was 80 ± 2 s-1 
which is approximately double the rate when the reaction was  

 

Figure 5. Whole cell biotransformations with 1, 2, 10 and 20 mM diclofenac 
conducted at (A) 20 °C and (B) 40 °C. 

performed at the lower temperature of 25 °C (kcat = 40.4 ± 0.8 s-

1). 

Whole cell biotransformations of diclofenac 

Diclofenac (1) is a widely used non-steroidal anti-inflammatory 
drug that along with its 4’-hydroxy and 5-hydroxy 2 metabolites 
is persistent in the environment due to low biodegradability. The 
P450-RhF catalysed hydroxylation of diclofenac (1) in an E. coli 
whole cell system has been previously reported for the 
regioselective production of 5-hydroxydiclofenac (2).[20] The 
production levels of P450-RhF were comparable to those of 
P450-BM3 and good product yields (0.29 g L-1) were achieved 
using a substrate feeding strategy. However, when high 
concentrations ofsubstrate were added at the beginning of the 
reaction in a single batch, very low conversions were observed. 
Here our initial screening experiments (as discussed above) 
suggested that the present thermostable enzymes would be 
significantly better biocatalysts for this reaction (Table 2). To 
investigate the suitability of these P450s for the production of 5-
hydroxydiclofenac (2) whole cell biotransformations were 
conducted. Diclofenac (1, 2, 10 or 20 mM final concentrations) 
was added in a single addition to start the reactions, which were 
carried out at both 20 and 40 °C (Figure 5).As a baseline for our 
investigations, we observed that P450-RhF catalysed the 
transformation of diclofenac (1) to produce 5-hydroxydiclofenac 
(2) (~ 0.5 mM) with 1 and 2 mM substrate loading at 20 °C but 
not at higher substrate concentrations. Furthermore, for the 
whole cell biotransformations conducted at 40 °C with P450-RhF 
(Figure 5B), there was no appreciable amount of product 
detected for any of the RhF catalysed reactions regardless of 
initial substrate concentration. When the temperature was raised 
to 40 °C and when using high substrate loading (10 and 20 mM), 
AX, JT, TB and TT all outperform RhF in terms of final product 
titer. P450-AX also outperforms RhF under its optimum 
conditions of 20 °C using 1 or 2 mM diclofenac and in fact 
performed significantly better than not just RhF but also AT, JT, 
TB and TT under all of the tested conditions. It is interesting to 
note that increasing the temperature of the AX catalysed 
production of 5-hydroxydiclofenac (2) from 20 to 40 °C with a 10 
mM substrate loading led to a 100 % increase in product 
formation. 

The scale-up of P450 based reactions at gram scale is still a 
challenge.[33] The number of reported preparative and gram 
scale reactions is low,[34] this is especially apparent in 
comparison to other enzyme systems. We aimed to assess 
scalability of the P450-AX whole cell biotransformation of 
diclofenac for comparison with the previous scale-up work with 
P450-RhF.[20] Accordingly, the reaction was scaled-up linearly 
from 0.5 to 100 mL with 10 mM diclofenac and conducted at 
40 °C as before. The reaction was monitored over time (Figure 
S9, Supporting information) and after 5-10 h a final product 
concentration of 5.0 mM (1.6 g L-1) was obtained, corresponding 
to a conversion of 50 %, with some substrate and/or product 
loss to the biomass. Production of the 5-hydroxydiclofenac 
metabolite (2) was confirmed by 1H NMR spectroscopy (Page 
S16, Supporting information), which gave spectral data  
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Table 3. Comparison of the RhF and AX catalysed production of 5-

hydroxydiclofenac 

 P450-RhF[a] P450-AX 

Substrate loading  
(delivery time) 

1 mM (0 h)  
0.3 mM (8 h) 
0.3 mM (23 h) 

10 mM (0 h) 

Average productivity  
(g L-1 h-1) 0.012 0.51 

Product yield (g L-1) 0.29 1.6 

Maximum specific activity 
(mgproduct h-1 mgP450

-1) 0.07 11.8 

[a] Values determined from previously published results21 
 
consistent with reported values.[20] The whole cell system 
showed good scalability with a greater conversion in the scaled-
up biotransformation than for the initial small-scale reactions (2.9 
mM).  

Product formation plateaued after approximately 5 h (Figure 
S9, Supporting Information) at 50 % conversion despite the use 
of a thermally stable P450 (AX: T50 = 59.3 ± 0.2 °C). This could 
be due to the use of whole cells rather than purified protein 
where mesophilic cellular enzymes are relied upon for cofactor 
recycling. Nevertheless, without any optimisation, the AX system 
showed more robustness with higher substrate loading and an 
impressive 42-fold improvement in productivity and a 150-fold 
improvement in maximum specific activity when compared to the 
previously reported metrics for the P450-RhF catalysed whole 
cell system (Table 3),[20] making it a more suitable system for the 
production of 5-hydroxydiclofenac (2).  

Uncoupling in P450 reactions is another important parameter 
to consider as it influences reaction rate and results in the 
formation of reactive oxygen species (ROS), which can effect 
the stability and performance of the whole system.[33b] ROS are 
side products of P450 reactions occuring due to inefficient 
coupling of electrons from NADPH to formation of, in this case 
the hydroxylation product. The modified human P450 CYP2C9 
catalyses the oxidation of diclofenac with a coupling efficiency of 
~ 30 %.[35] Here the coupling efficiency of the AX catalysed 
hydroxylation of diclofenac is 51 ± 3 %. In comparison with the 
self-sufficient BM3 with its native substrates where coupling is 
typically > 90 %,[36] this value is slightly modest and could impact 
activity in whole cell reactions.[37] However for other P450s and 
with non-physiological substrates, such high coupling efficiency 
is rare.  

Conclusions 

Since our first discovery of P450-RhF,[18b] this class of self-
sufficient P450 monooxygenases has found wide applications 
and a number of homologues have been identified.[31] Here, we 
have presented a panel of five naturally self-sufficient P450s 
from thermophilic microorganisms. P450-AT (CYP116B65) from 
A.thermoflava, AX (CYP116B64) from A. xiamenense, JT 
(CYP116B63) from J. thermophila, TB (CYP116B29) from T. 
bispora and TT (CYP116B46) from T. thermophilus are novel 

catalytically self-sufficient class VII P450 monooxygenases. The 
need for identification and production of corresponding 
thermostable redox partners and the commonly encountered 
issues with stability of P450-PFOR constructs, such as that of 
P450-RhF, have been successfully overcome by using these 
self-sufficient thermostable enzymes. AT, AX, JT, TB and TT 
can be expressed reliably in a recombinant E. coli system and 
have shown considerable thermal stability in comparison with 
P450-RhF. In particular P450-AX and TT showed high levels of 
soluble expression and excellent robustnesswith T50 values for 
residual activity of 59.3 ± 0.2 and 62.9 ± 0.3 °C respectively. TT 
maintained activity at 50 °C with a half-life of over 9 h and also 
displayed a significantly (100 %) enhanced electron transfer rate 
at higher temperatures. Furthermore assessment of thermal 
stability has highlighted that stability of the corresponding haem 
and reductase domains has not necessarily evolved equivalently. 
The reductase domains of P450-TB and AT may limit activity of 
the overall fusion enzyme at high temperatures, however JT, AX 
and TT show excellent stability over the entire multi-domain 
construct. 

Activity profiling has shown these new class VII P450s to 
have different substrate fingerprints and to be capable of 
catalysing oxidation reactions, including aromatic hydroxylation, 
demethylation, epoxidation and sulphoxidation. In addition, 
whole cells expressing P450-AX have been used for the 
biotransformation of diclofenac to the human metabolite 5-
hydroxydiclofenac at preparative scale. The stability, 
reproducibility and higher product yields compared to the 
previously reported RhF system make P450-AX an ideal 
candidate for the regioselective production of 5-
hydroxydiclofenac (2), which is required for toxicology studies 
and as a standard for environmental analysis and is difficult to 
access chemically. This panel of robust P450s with differing 
substrate and reaction profiles is an important addition to the 
toolbox of biocatalysts available for biooxidations using 
molecular oxygen.  

Experimental Section 

For full experimental details please refer to the Supporting Information. 

P450 expression and purification 
The target genes were cloned from genomic DNA (DSMZ) into pET28a 
through In-Fusion cloning (Clonetech) and transformed into E. coli 
BL21(DE3). Transformed cells were inoculated, from a starter culture, 
into the M9 expression medium supplemented with 0.4 % glucose, 
0.05 % FeCl2, 1 mM MgSO4, 1 mM CaCl2 and kanamycin. Cultures were 
grown to OD600 ~ 0.8 then induced with IPTG (0.4 mM) ans 
supplemented with 5-aminolevulinic acid. Expression was carried out at 
20 °C for 20 h, cells were subsequently harvested by centrifugation. For 
purification, cells were resuspended and lysed by sonication then purified 
by immobilised metal ion affinity chromatography (IMAC). The target 
proteins were eluted with imidazole (300 mM) and fractions were 
analysed for purity by SDS-PAGE. Determination of P450 concentration 
was performed on a Cary UV/Visible spectrophotometer (Agilent) 
following a previously described protocol.[38] 
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Biotransformations 
Reactions were performed using clarified cell lysate at a final lysate 
concentration equivalent to 200 mg mL-1 wet cells. Reactions were 
carried out in 0.2 M KPi pH 8 with 1 mM substrate, 2 % DMSO and 
NADPH+. A cofactor recycling system consisting of D-glucose and 
glucose dehydrogenase was added to facilitate production of the required 
NADPH. 

Assessment of thermal stability 
Thermal stability was assessed by either residual CO-binding or by 
residual activity following incubation at elevated temperature. For 
residual CO-binding, clarified cell lysates were heated to various 
temperatures (30 - 80 °C) for 15 min. Cellular debris was removed by 
centrifugation and the P450 concentration was measured by CO-binding 
as described previously.[38] The residual P450 concentration was 
determined by comparison with protein aliquots not subjected to heat 
treatment. Data was obtained from single measurements due to the 
sample volume and time required for each measurement. 

Residual activity was measured using the 7-methoxycoumarin (11) 
as substrate. Purified protein was incubated between 30 - 80 °C for 15 
min, then the residual activity was monitored by formation of 7-
hydroxycoumarin (12) on a plate reader (Tecan) with excitation at 397 
nm and emission at 466 nm. Data was obtained in triplicate and the error 
is the standard deviation. For either method, T50 values were extracted 
by fitting a Hill type equation (Eq. 1, Supporting Information, Page S15), 
where T50 is defined as the temperature at which 50 % of the initial 450 
nm band or activity toward 11 is retained. 
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