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Abstract

Cytochromes P450 are useful biocatalysts in synthetic chemistry and important bio‐

bricks in synthetic biology. Almost all bacterial P450s require separate redox

partners for their activity, which are often expressed in recombinant Escherichia coli

using multiple plasmids. However, the application of CRISPR/Cas recombineering

facilitated chromosomal integration of heterologous genes which enables more

stable and tunable expression of multi‐component P450 systems for whole‐cell

biotransformations. Herein, we compared three E. coli strains W3110, JM109, and

BL21(DE3) harboring three heterologous genes encoding a P450 and two redox

partners either on plasmids or after chromosomal integration in two genomic loci.

Both loci proved to be reliable and comparable for the model regio‐ and

stereoselective two‐step oxidation of (S)‐ketamine. Furthermore, the CRISPR/Cas‐

assisted integration of theT7 RNA polymerase gene enabled an easy extension of T7

expression strains. Higher titers of soluble active P450 were achieved in E. coli

harboring a single chromosomal copy of the P450 gene compared to E. coli carrying a

medium copy pET plasmid. In addition, improved expression of both redox partners

after chromosomal integration resulted in up to 80% higher (S)‐ketamine conversion

and more than fourfold increase in total turnover numbers.
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1 | INTRODUCTION

Selective oxidation of complex compounds is an important step

towards their functionalization in synthetic chemistry and structural

diversification during biosynthesis. Several enzymes enable C–H

bond oxidation, including α‐ketoglutarate‐dependent hydroxylases,

dioxygenases and unspecific peroxygenases (Aranda et al., 2021).

However, cytochrome P450 monooxygenases (P450s or CYPs)

currently remain unsurpassed regarding their broad substrate and

reaction spectra as well as their targeted specificity. In this context,

P450‐catalyzed reactions often represent key steps in biosynthetic

pathways as well as artificial multienzyme cascades (Fessner, 2019).

Two well‐known examples are the synthesis of a precursor of the

chemotherapeutic drug taxol in Escherichia coli (Ajikumar et al., 2010)

and the production of a precursor of the antimalarial drug artemisinin

in Saccharomyces cerevisiae (Ro et al., 2006). Due to these properties,
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P450s have been recognized not only as useful biocatalysts for

organic chemistry but also as important bio‐bricks in synthetic

biology (Urlacher & Girhard, 2019).

P450s are normally dependent on the cofactor NAD(P)H and on

redox partner proteins which transfer electrons from NAD(P)H to the

heme group and thus almost always function as multi‐component

systems (Hannemann et al., 2007; Li et al., 2020). After substrate

binding, ferric (Fe3+) heme iron is reduced by redox partners via one

electron reduction to ferrous (Fe2+) form, which binds molecular

oxygen. After the second one‐electron reduction by the redox

partners and two protonation steps, the dioxygen bond is cleaved,

yielding the reactive ferryl‐oxo species Compound I and water as

byproduct. The Compound I is considered the main active species in

P450 reactions (Belcher et al., 2014). Traditionally, microorganisms

harboring P450s and their cognate redox partner proteins have been

used since the 1960s to produce oxidized compounds like hydro-

cortisone or pravastatin at industrial scale (Park et al., 2003; Petzoldt

et al., 1982). After introducing recombinant DNA technology,

heterologous microbial hosts have become more attractive as

whole‐cell biocatalysts or microbial cell factories with better control

over enzyme activities and costs. For P450‐catalyzed reactions, E. coli

seems to be a particularly appropriate host because it is easy to

manipulate and does not express intrinsic P450s (Brixius‐Anderko

et al., 2015). Metabolic pathways and gene expression in E. coli are

extensively studied, and a number of commercial expression strains

as well as a variety of genetic engineering methods are available

(Pontrelli et al., 2018).

In E. coli, heterologous gene expression is often accomplished

using episomal (plasmid‐based) systems. Such systems generally have

several advantages like easy cloning and gene manipulation including

protein engineering. Nevertheless, there are also a few drawbacks,

particularly when antibiotic resistance genes are used as selectable

markers to maintain plasmids within the host. Apart from the

negative impact on further emergence of antibiotic resistance, the

use of antibiotics often affects cell growth. Furthermore, multiple

high copy plasmids may lead to the expression heterogeneity and

contribute to the high transcriptional metabolic burden (Ajikumar

et al., 2010; Birnbaum & Bailey, 1991; Mairhofer et al., 2013). In

contrast, chromosomal integration of heterologous genes eliminates

the need for antibiotics while maintaining stable expression and

reducing the transcriptional metabolic burden which can result in

similar or even higher enzyme activities and increased metabolite

production compared to plasmid‐based systems (Englaender

et al., 2017; Mairhofer et al., 2013; Wang et al., 2016). The adaption

of the CRISPR/Cas system for E. coli has expedited genome editing

including chromosomal integration (Jiang et al., 2015), and its

combination with λ‐Red recombineering has been reported several

times for E. coli (Dong et al., 2021; Ou et al., 2018). In contrast to the

λ‐Red recombineering method originally described by Datsenko and

Wanner (2000), CRISPR/Cas‐assisted recombineering can be

designed “scarless” which facilitates iterative genome editing,

because it excludes the risk of undesired genomic rearrangements

(Reisch & Prather, 2015).

While examples of the use of E. coli strains with chromosomally

integrated genes or even metabolic pathways are still less common

than plasmid‐based systems, to our knowledge, no direct comparison

between plasmid‐based and chromosomal expression for P450‐

catalyzed biotransformations has been described yet. In this regard, it

is not only important to achieve high P450 expression levels, but also

to balance its concentration with those of the redox partners because

their ratios affect the conversion efficiency (Bakkes et al., 2017;

Khatri et al., 2017; Liu et al., 2022). To perform such a comparison,

we chose a variant of CYP154E1 from Thermobifida fusca YX (further

referred to as CYP154E1 QAA) supported by two redox partners—

the flavodoxin YkuN from Bacillus subtilis and the FAD‐containing

reductase FdR from E. coli—as a three‐component model P450

system. In our previous study, the YkuN/FdR couple was selected as

the most appropriate for reconstituting CYP154E1 activity among

several heterologous redox partners (von Bühler et al., 2013).

CYP154E1 was recently engineered by mutagenesis to catalyze a

two‐step conversion of (S)‐ketamine via the highly chemoselective N‐

demethylation and the regio‐ and stereoselective C6‐hydroxylation

to (2S,6S)‐hydroxynorketamine, which is considered a potential

antidepressant (Bokel et al., 2020; Zanos et al., 2016, 2018)

(Scheme 1).

In our previous work, a two‐plasmid system harboring all three

genes under control of the T7 promoter was established, and whole

cells were used for this biotransformation (Bokel et al., 2020).

However, T7 expression requires the presence of the phage T7 RNA

polymerase (T7RNAP) which thus limits the choice of expression

strains. Therefore, the commercial, engineered E. coli B strain

BL21(DE3) as well as its derivatives, among others, are commonly

used (Dumon‐Seignovert et al., 2004; Miroux & Walker, 1996). In

contrast, the number of commercially available K‐12 strains which

are suitable for T7 expression is, however, very limited. Hence, the

first step of this study was the CRISPR/Cas‐assisted chromosomal

integration of T7 gene 1 which encodes theT7RNAP into different K‐

12 strains.

Further, several plasmid‐free recombinant strains were con-

structed, in which the three genes encoding CYP154E1 QAA, YkuN

and FdR were integrated combinatorially into different genomic loci.

Particular focus was placed on the experimental design for fast PCR‐

based synthesis of the linear donor DNA template for homologous

recombination. This method facilitates the step from plasmid‐based

to plasmid‐free biotransformations using existing pET vector‐based

libraries as a starting point. Finally, episomal and chromosomal

expression for efficient two‐step whole‐cell biotransformation of (S)‐

ketamine to (2S,6S)‐hydroxynorketamine were compared.

2 | MATERIALS AND METHODS

2.1 | Strains and plasmids

E. coli DH5α (Clontech) was used for cloning and plasmid propaga-

tion. E. coli BL21(DE3) (Novagen), E. coli JM109 (NEB) and E. coli
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W3110 (DSMZ) were used for genome engineering, expression and

whole‐cell conversion. pET‐16b YkuN, pET‐28a(+) CYP154E1 QAA

(includes N‐terminal 6xHis tag), pET‐22b(+) CYP154E1 QAA (without

His tag) and pCOLADuet YkuN (I) FdR (II) were described in previous

studies (Bokel et al., 2020; Girhard et al., 2010) and served as

templates to construct donor DNA for chromosomal integration or

were used for episomal expression, respectively. Plasmids pCas

(Addgene plasmid #62225) (Jiang et al., 2015), pEcCas (Addgene

plasmid #73227) (Li et al., 2021), and pgRNA‐bacteria (hereinafter

referred to as “pgRNA,” Addgene plasmid #44251) (Qi et al., 2013)

were derived from Addgene. A complete list of all primers, strains,

and plasmids used in this study can be found in the Supporting

Information (Tables S1–S3).

2.2 | Verification of Lon protease deficiency in E.
coli JM109

Primers binding upstream and downstream of the region which

expected to harbor the lopA gene (encoding Lon protease) in E. coli

JM109 (cf. Table S1) were designed based on the genome sequence

of E. coli W3110 (GenBank accession no. AP009048.1). The PCR

product was then sequenced using Sanger sequencing (Eurofins

Genomics).

2.3 | Chromosomal integration

CRISPR/Cas‐assisted chromosomal integration was carried out by

adapting the protocol originally described by Jiang et al. (2015).

Evaluation and design of guide RNAs (gRNAs) for CRISPR/Cas‐

assisted genome engineering were performed using the CHOPCHOP

v3 web tool (Labun et al., 2019) except for the gRNA targeting the

locus nupG in K‐12 strains which was previously described by Bassalo

et al. (2016). Due to a single mutation, a slightly different targeting

sequence had to be used in B strains as compared to K‐12 strains for

this locus (cf. Table S1). To substitute the N20 targeting sequence of

the aforementioned plasmid pgRNA, a PCR followed by restriction

digestion with FastDigest™ BcuI (SpeI) and DpnI (Thermo Scientific)

and a self‐circularization ligation step was carried out as described by

Seo et al. (2017). Successful gRNA substitution was verified by

Sanger sequencing (Eurofins Genomics).

Homology arms (~500 bp) for λ‐Red‐mediated homologous

recombination were designed using the genome sequences of E. coli

W3110 (GenBank accession no. AP009048.1) and E. coli BL21(DE3)

(GenBank accession no. CP001509.3) and were amplified by PCR

from boiled cells. T7 gene 1 (encodes T7 RNA polymerase for

integration in K‐12 strains) was amplified from boiled cells of E. coli

BL21(DE3) as well. Other genes for integration were amplified from

pET‐28a(+) CYP154E1 QAA, pET‐16b YkuN, and pCOLADuet YkuN

(I) FdR (II), respectively. Double‐stranded donor DNA (dsDonorDNA)

for homologous recombination was generated by fusion PCR of

homology arms and the gene(s) of interest (cf. Figure S1). Fusion PCR

contained 50 ng of the amplified gene and equimolar amounts of the

homology arms as well as 0.5 µM of the outermost primers (cf.

Table S1) in 50 µL total reaction volume. The further composition of

the samples was prepared according to the manufacturer's protocol

for Phusion™ DNA polymerase (Thermo Scientific).

For preparation of electrocompetent cells, 5 mL 2xYT medium

(30 µg/mL kanamycin) were inoculated with 100 µL of an overnight

culture harboring either pCas (in case of W3110) or the updated

plasmid version pEcCas (in BL21(DE3) and JM109), which was

designed to improve genome editing in BL21(DE3) (Li et al., 2021).

For induction of λ‐Red genes, 100 µL 1M L‐arabinose were added

and the cultures were incubated at 30°C (pCas) or 37°C (pEcCas), 200

revolutions per minute (rpm) for 2 h (pEcCas) or 4 h (pCas),

SCHEME 1 Consecutive two‐step oxidation of (S)‐ketamine to (2S,6S)‐hydroxynorketamine catalyzed by the CYP154E1 QAA variant. Time‐
course studies have revealed a high preference (indicated by bold arrows) of oxidative N‐demethylation followed by hydroxylation rather than
the other way around (Bokel et al., 2020).

1764 | LUELF ET AL.

 10970290, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bit.28404 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [10/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



respectively. After cell harvesting by centrifugation, the cells were

washed twice with 1mL ice‐cold 10% (vol/vol) glycerol (cell pellet

resuspended, 10min incubation on ice, centrifugation). Finally, the

cell pellet was resuspended in 100 µL ice‐cold 10% (vol/vol) glycerol.

After addition of 100 ng pgRNA and approximately 500 ng donor

dsDonorDNA, electroporation was performed in a 2mm gap

electroporation cuvette at 2.5 kV (MicroPulser™ electroporator from

Bio‐Rad). The cells were suspended immediately in 1mL of ice‐cold

2xYT or SOC medium and recovered for 1–2 h at 30°C (pCas) or 37°C

(pEcCas), respectively. Subsequently, the cells were plated out on LB

agar plates (100 µg/mL ampicillin, 30 µg/mL kanamycin) and incu-

bated overnight. Successful genome engineering was verified by

colony PCR. Curing of pgRNA plasmid, while maintaining pCas/

pEcCas for iterative genome engineering, was performed in 5mL LB

medium either by addition of 0.5 mM IPTG (pCas) or 10mM L‐

rhamnose (pEcCas). For curing of pCas/pEcCas plasmids, incubation

at 42°C, 180 rpm (pCas) or addition of 5% (wt/vol) sucrose (pEcCas)

and subsequent incubation at 37°C, 180 rpm were performed (in

some cases this step needed to be repeated at 42°C). After streaking,

single colonies were tested for antibiotic resistance to obtain cured

strains.

2.4 | Expression and biotransformation

For evaluation purposes, P450 expression was carried out in 50mL

Terrific Broth (TB) medium in 500mL Erlenmeyer flasks. Episomal

expression required 30 µg/mL kanamycin for maintaining the pET‐

28a(+) plasmid. After inoculation with 1mL of an overnight culture,

the expression cultures were incubated at 37°C, 180 rpm until an

optical density (OD600) of 0.6–0.8 was reached. Transcription was

induced by adding 0.1 mM IPTG. To support heme production,

0.1 mM FeSO4 as well as 0.5 mM 5‐aminolevulinic acid were

supplemented. After incubation at 25°C, 140 rpm for 24 h, the cells

were harvested by centrifugation. The pellet was resuspended in

4mL 100mM potassium phosphate buffer (pH 7.5) per gram cell wet

weight for cell disruption by sonication. Cell debris was separated by

centrifugation and the soluble fraction was used for P450 quantifica-

tion by carbon monoxide (CO) difference spectra as described by

Omura & Sato, (1964a, 1964b). In addition, sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS‐PAGE) analysis of

both the soluble and insoluble fractions after cell disruption was

performed.

Coexpression of P450 and redox partners was carried out in

autoinduction medium (100mL TB medium containing 0.1 mM

FeSO4 and 0.5 mM 5‐aminolevulinic acid, 2 mL “50 × 5052,” 2mL

“50 xM” as described by Studier, 2014). Episomal expression

required 100 µg/mL ampicillin and 30 µg/mL kanamycin for main-

taining the plasmids pET‐22b(+) and pCOLADuet. After inoculation

with 2mL of an overnight culture, expression cultures were

incubated at 37°C, 180 rpm until an OD600 of approximately 1.0

was reached. After incubation at 25°C, 120 rpm for 20 h, the cultures

were split in half and harvested by centrifugation. One half was

treated as described above. The other half was washed once with

PSE buffer (6.75 g/L KH2PO4, 85.5 g/L sucrose, 0.93 g/L EDTA‐Na2·2

H2O, pH 7.5), adjusted to a cell density of 50mg/mL and stored at

−80°C for at least 24 h.

Whole‐cell conversion was carried out in 500 µL scale for which

465 µL of cell suspension were thawed. After addition of 25 µL

nutrient solution (0.12M glucose, 0.12M lactose, 0.24M sodium

citrate in PSE buffer) and 10 µL 100mM (S)‐ketamine (2mM final

concentration), the reaction mixture was incubated at 25°C,

1200 rpm for 20 h. Extraction was performed with ethyl acetate

after adding sodium carbonate and the internal standard xylazine as

described by Bokel et al. (2020). The organic solvent was evaporated,

and the residue was resuspended in a mixture of acetonitrile and

water. Product formation was quantified by LC/MS analysis (LCMS‐

2020, Shimadzu; Chromolith Performance RP‐8e 100–4.6 mm

column and Chromolith RP‐8e 5–4.6 mm guard cartridge, Merck

Millipore) as described before (Bokel et al., 2020).

3 | RESULTS AND DISCUSSION

3.1 | Enabling T7 expression in K‐12 strains

The number of commercially available K‐12 strains which are suitable

for T7‐based expression is very limited, although E. coli K‐12 strains

appear to be more easily manipulated by genome editing methods

and show occasionally beneficial characteristics in comparison to B

strains like lower sensitivity to stress and tolerance to lower oxygen

levels (Kang et al., 2002; Yoon et al., 2012). Thus, we chose the E. coli

K‐12 strains W3110 and JM109 for the integration of T7 gene 1.

W3110 is an industrially used strain which is closely related to the

ancestral K‐12 strain (Hayashi et al., 2006; Kang et al., 2002). By

selecting JM109, we aimed to combine the high editing efficiency of

K‐12 strains with improved heterologous protein production due to

the lack of Lon protease. The Lon protease encoded by lopA gene

contributes to degradation of foreign proteins, making Lon‐protease‐

deficient strains such as BL21(DE3) commonly preferred for

heterologous gene expression (SaiSree et al., 2001). Lon protease

deficiency in JM109 due to IS186 transposon insertion was first

mentioned at the OpenWetWare website (Richter et al., 2019) and

confirmed in this study by sequencing the region of the lopA gene

promoter (Figure S2). Very recently, the complete genome sequence

of the JM109 strain was uploaded to GenBank (accession no.

CP117962.1) and revealed this transposon insertion and the absence

of a second copy of lopA.

The BL21(DE3) strain for T7 expression was originally con-

structed by cloning T7 gene 1 into a lambda phage derivative and

subsequent lysogenization of BL21 (Studier & Moffatt, 1986).

Nowadays, advances in genome editing allow targeted integration

without lysogenization which avoids the consequent integration of

irrelevant phage genes. Since expression levels of chromosomally

integrated genes depend on their integration site (Bryant et al., 2014;

Englaender et al., 2017), T7 gene 1 was integrated between the genes
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ybhB and ybhC as seen in commercial BL21(DE3) to ensure

comparability (Figure 1). To this end, T7 gene 1 under control of

the lacUV5 promoter was amplified from the genome of E. coli

BL21(DE3) and integrated into both K‐12 strains using CRISPR/Cas9‐

assisted recombineering. Integration of a second copy of the lacI

gene, which is also located in the DE3 lysogen of BL21(DE3), was

omitted because we suggested that the copy present in the lac

operon is sufficient to repress transcription of single chromosomal

copies of heterologous genes. This approach was also described by

another group and did not result in higher basal plasmid‐based

expression (Ting et al., 2020). The constructed K‐12 strains harboring

a chromosomal copy of T7 gene 1 are hereafter referred to as

W3110(T7) and JM109(T7).

3.2 | Effect of Lon protease deficiency on CRISPR/
Cas‐assisted genome engineering

Besides our efforts to enableT7 expression in K‐12 strains, the use of

an updated version of the plasmid pCas—so‐called pEcCas—improved

genome editing in BL21(DE3) (Li et al., 2021), so that in the following

all three E. coli strains—W3110(T7) and JM109(T7) as well as

BL21(DE3)—were compared. However, it should be noted that the

integration efficiency in BL21(DE3) remains low compared to

W3110. Surprisingly, the observed integration efficiency in JM109

was equally low (data not shown) as in BL21(DE3), although K‐12

strains are reported to show higher integration efficiencies than B

strains (Chung et al., 2017; Li et al., 2019). This might be due to a

negative effect of the Lon protease deficiency on the efficiency of

CRISPR/Cas‐assisted chromosomal integration, which was very

recently reported by Okshevsky et al. (2023). In addition to its

contribution to the degradation of improperly folded proteins, the

Lon protease plays a critical role in the SOS response to DNA damage

in cells (Gottesman, 1996). It is likely that the expression of the lopA

gene explains the differences between BL21(DE3), JM109, and

W3110 in our study, rather than the fact that one is a B strain, and

the others K‐12 strains. When choosing a strain for chromosomal

integration and subsequent expression of heterologous genes, it

should be considered whether the lack of Lon protease is crucial to

produce recombinant proteins or whether high integration efficiency

is more important.

3.3 | Integration procedure, integration loci, and
donor DNA design

For integration of the cyp154e1m gene coding for the target

CYP154E1 QAA enzyme, two genomic loci previously described in

literature and located similarly close to the origin of replication were

evaluated. The gene‐disrupting integration of the green fluorescent

protein gene (gfp) into nupG (encoding a nucleoside permease)

described by Bassalo et al. (2016) resulted in high fluorescence and

high integration efficiency. High expression levels after integration in

this region were also observed by Bryant et al. (2014) and Goormans

et al. (2020). The second integration site, an intergenic region

between the genes atpI and gidB (also known as rsmG) was previously

described by Englaender et al. (2017) and Goormans et al. (2020)

among others.

For chromosomal integration, the entire cassette consisting of

the cyp154e1m gene under control of the T7 promoter as well as

the T7 terminator was amplified from the pET‐based plasmid and

fused with homology arms for homologous recombination

(Figure S1). The primers listed in the supporting information were

specially designed for PCR amplification from any pET vector

F IGURE 1 Construction of the Escherichia coli W3110(T7) strain. (a) T7 gene 1 (encoding T7 RNA polymerase) under control of lacUV5
promoter and a lacZ fragment located between promoter and T7 gene 1 were amplified from the DE3 lysogen of E. coli BL21(DE3). (b) Gene map
of the insertion site in E. coli W3110 and design of the 500 bp homology arms (HA1 and HA2) for homologous recombination upstream and
downstream of the N20 target sequence for CRISPR/Cas cleavage. (c) Gene map of E. coli W3110(T7) showing the integration of T7 gene 1
between the genes ybhC (orange) and ybhB (green) comparable to E. coli BL21(DE3).
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which contains a f1 origin of replication (indicated by the (+)

following the name, e.g. in pET‐28a(+)) (Merck KGaA, 2011). In

deviation from this, different primers for amplification of the

cassettes of pET‐16b and pCOLADuet were designed. Thus, these

primer sets can be used for donor DNA synthesis and subsequent

chromosomal integration of any desired gene available on most

pET or pCOLADuet vectors which facilitates the step from

plasmid‐based to chromosomal expression in E. coli. Hence, after

successful optimization of properties such as activity, selectivity,

and stability of an enzyme by mutagenesis using well‐established

plasmid‐based engineering techniques, stable chromosomal ex-

pression of the optimized mutant can be achieved with little effort

using the herein described method and primers. It is worthy of

note, however, when choosing new integration loci for simulta-

neous expression of more genes in reaction cascades, it is

important to keep in mind that the T7 terminator (Tφ) is only

approximately 70% effective (Merck KGaA, 2011). Potential read‐

through and overexpression of homologous genes downstream of

the integration loci might be toxic to the cells.

3.4 | Comparison of episomal and chromosomal
expression of cyp154e1m

Expression studies revealed that chromosomal expression of

cyp154e1m was improved by an N‐terminal polyhistidine (6xHis)

tag (data not shown). After integration of the cyp154e1m gene

including the 6xHis tag into the chosen integration loci (atpI_gidB and

nupG) in all three strains, high discrepancies between episomal and

chromosomal expression as well as between the different strains

were observed (Figure 2). The highest P450 expression level of

246 nmol per gram cell wet weight (cww) or 6600 nmol per liter

culture was achieved in strain BL21(DE3) for chromosomal expres-

sion. Similar P450 amounts (also for other P450s) are usually only

achieved in high cell density cultivations rather than simple flask

cultivation (Pflug et al., 2007). More importantly, the chromosomal

integration of cyp154e1m increased the titer of soluble P450 by 40%

(from 176 ± 23 to 246 ± 23 nmol/g cell wet weight) in strain

BL21(DE3) as compared to episomal expression based on pET‐28a

(+). Englaender et al. (2017) even described a fivefold increase in

recombinant mCherry production after integration into the atpI_gidB

locus compared to a modified pET vector. In our case, this increase

can be explained by a stronger episomal expression leading to a high

portion of inactive P450 in the insoluble fraction, as revealed by SDS‐

PAGE analysis (Figure 2b). It is commonly known that overexpression

under control of the strong T7 promoter using a high‐copy vector

may lead to misfolding and aggregation of improperly folded proteins

to inclusion bodies in E. coli (Hoang et al., 1999). In addition,

accumulation of P450 apoprotein which does not contain the

prosthetic heme group can occur if protein folding outpaces heme

loading (Sudhamsu et al., 2010). A reduction of the gene copy number

from up to approximately 40 copies per cell as expected for a pET

vector (Merck KGaA, 2011) to a single chromosomal copy reduced

the amount of potentially improperly folded, insoluble P450 and, in

turn, increased the amount of heme‐loaded, soluble enzyme in

BL21(DE3).

A moderate increase in P450 amount compared to the episomal

system was also observed after chromosomal expression in

W3110(T7). The P450 amounts in soluble and insoluble fractions

were generally lower compared to BL21(DE3) (Figure 2 and

Figure S3). In the literature, integration of T7 gene 1 into W3110

resulted in higher fluorescence of sfGFP compared to BL21(DE3)

(Ting et al., 2020). However, the integration site of the T7 gene 1 used

in our study is different, which does not allow direct comparison.

Why P450 expression worked better in BL21(DE3) was not

elucidated further in the frame of this study, however, the expression

level generally depends on the gene chosen and might vary for

different proteins. Furthermore, possible differences in heme

F IGURE 2 Comparison of episomal and chromosomal expression of cyp154e1m gene in three E. coli strains after induction with 0.1 mM
IPTG. Episomal expression was carried out using a pET‐28a(+) vector, and chromosomal expression was performed after integration into the loci
nupG and atpI_gidB. (a) Amount of soluble P450 per gram cell wet weight and (b) SDS‐PAGE analysis of the insoluble protein fractions after
expression and cell disruption. Empty vector (EV) was used as negative control. The expected molecular weight of CYP154E1 QAA (6xHis) is
46.7 kDa.
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synthesis or loading in different strains, to the best of our knowledge,

have not been investigated so far.

The lowest amount of soluble P450 was measured after

chromosomal expression in JM109(T7) (Figure 2a and Figure S3),

while after episomal expression, P450 concentration was as high in

JM109(T7) as in W3110(T7). Moreover, only in this strain episomal

expression resulted in higher concentration of soluble heme‐loaded

P450 than chromosomal expression. Unexpectedly, less insoluble

protein was produced in Lon‐deficient JM109(T7) than in

W3110(T7), although as mentioned before, Lon protease degrades

misfolded proteins. Obviously, Lon protease deficiency is only one

feature that can influence heterologous expression in these strains

and other factors should be investigated to explain all observed

differences between the expression strains used.

Both genomic loci resulted in similar expression levels within the

respective strains. In comparison, a previous study by Goormans et al.

(2020) reported a slightly higher expression level of GFP in case of

the atpI_gidB locus compared to the nupG locus.

3.5 | Coexpression of redox partners and
biotransformation of (S)‐ketamine

The strains BL21(DE3) and W3110(T7) were chosen for further

experiments. The previously described plasmid‐based system con-

sisted of a pET‐22b(+) plasmid for cyp154e1m expression and a

pCOLADuet plasmid for coexpression of ykuN and fdr (Bokel

et al., 2020). This system was not altered and served as the reference

system for episomal expression. As described for the integration of

the cyp154e1m gene, the whole bicistronic operon was amplified

from the pCOLADuet vector carrying the ykuN and fdr genes, and

integrated into the locus that was not already occupied by the

previously integrated cyp154e1m gene (Table 1).

Since the FAD‐containing reductase FdR is originating from E.

coli and in vitro setups for P450‐catalyzed reactions usually contain

an excess of the flavodoxin/ferredoxin but not the reductase, strains

harboring only the cyp154e1m and ykuN genes without additional

integration of the fdr gene were also created to investigate whether

the endogenous expression of fdr is sufficient for the whole‐cell

biotransformation. After expression, SDS‐PAGE analysis of the

proteins, biotransformation of 2mM (S)‐ketamine, and quantification

of the P450 concentration were performed.

Similar to the case when cyp154e1m was expressed alone

(Figure 2), an increased P450 expression was observed in BL21(DE3)

compared to W3110(T7) (Figure 3). Not only the amount of protein

visible on the gel but also the P450 concentrations measured after

cell disruption were higher. Higher conversion of (S)‐ketamine by the

BL21(DE3) strains was observed in comparison to W3110(T7). In this

context, lower conversion correlates with high levels of the

intermediate norketamine (Scheme 1).

The norketamine intermediate is the main product formed from

ketamine by W3110(T7), while in case of BL21(DE3) more of the

desired (2S,6S)‐HNK was formed (Figure 3c). Remarkably, the

turnover numbers of 880–1100 oxidation reactions per P450

calculated for both strains seem comparable, so that differences in

product formation and distribution between the strains may be due

to different P450 concentrations (Figure 3d).

Consistent with the results shown in Figure 2, which implied high

similarity of the two integration loci, it made almost no difference

whether the cyp154e1m gene was integrated into the nupG locus and

the redox partners into the atpI_gidB locus, or vice versa. Interestingly,

in contrast to our previous results, the chromosomal (co)expression of

P450 and redox partners resulted in lower P450 concentrations

compared to the episomal expression systems in both strains (from

37% up to 64% reduction dependent on the chromosomal system).

However, in all cases, simultaneous chromosomal coexpression of

ykuN and fdr resulted in slightly higher P450 amounts compared to the

strains where no additional copy of fdr was integrated, although the

bicistronic operon was expected to increase the transcriptional burden.

In addition, a high portion of P450 was found in the insoluble fraction

after cell disruption for BL21(DE3), but not in W3110(T7). However,

both redox partner proteins were rather soluble in both strains

(Figure S4). Even though the highest P450 concentration was achieved

after episomal expression (123 ± 7 nmol/g cell wet weight), the highest

(S)‐ketamine conversion was observed for both strains with all three

chromosomally integrated genes (up to 90% (S)‐ketamine conversion

for BL21(DE3) and up to 46% conversion for W3110(T7)). For strains

without additionally integrated copy of fdr, lower turnover was

observed which implies that the endogenous fdr is not sufficient for

this biotransformation (Figure 3).

SDS‐PAGE analysis revealed higher amounts of the redox

partner proteins after chromosomal expression compared to the

episomal coexpression, which might explain the lower conversions in

the latter despite higher P450 concentrations (Figure 3 and

Figure S4). It is commonly observed for P450‐catalyzed reactions

that the ratio of P450:flavodoxin:reductase has a great influence on

the catalytic performance (Bakkes et al., 2017; Khatri et al., 2017).

While in in vitro reactions with purified enzymes this ratio can easily

be adjusted and fine‐tuned, there are only limited possibilities to do

so in recombinant microbial hosts. For future optimization, the ratio

could either be adjusted by altering the transcription strength using

different promoters or by altering the individual copy numbers of the

genes. In addition, in case of chromosomal expression, the use of

different loci might result in a different expression pattern and

subsequent altered catalytic performance.

TABLE 1 Bacterial strains with combinatorial integration of
cyp154e1m, ykuN, or ykuN/fdr.

Native strain
Combinatorially integrated genes

LabelatpI_gidB Locus nupG Locus

BL21(DE3) or
W3110(T7)

cyp154e1m ykuN P450‐Y

cyp154e1m ykuN/fdr P450‐Y/R

ykuN cyp154e1m Y‐P450

ykuN/fdr cyp154e1m Y/R‐P450
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4 | CONCLUSIONS

In summary, we demonstrated that P450‐catalyzed bio-

transformation can be performed using E. coli cells with chromosom-

ally integrated recombinant genes. When expressed alone, the

chromosomally integrated cyp154e1m resulted in higher P450

concentration compared to the plasmid‐based expression. More

importantly, a better‐balanced electron transport chain improved (S)‐

ketamine conversion to the potential antidepressant (2S,6S)‐

hydroxynorketamine. The two integration loci nupG and atpI_gidB

proved to be reliable and comparable. In addition, the chromosomal

integration of T7 RNA polymerase gene enables an easy extension of

possibleT7 expression strains so that specific advantages of different

strains can be combined with strong T7‐based expression. In our

particular case, the BL21(DE3) strain widely used for protein

expression still performed best. This is probably different for other

genes, as it has been described in literature (Ting et al., 2020). The

influence of the Lon protease deficiency not only on the production

of recombinant proteins, but also on the efficiency of genome

engineering should be considered when performing comparable

experiments. The primers designed in this study allow easy

chromosomal integration of any genes from pET vectors. Chromo-

somal integration can be regarded as the final step after successful

optimization of biocatalysts by mutagenesis to a stable and antibiotic‐

free expression and biotransformation.
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