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ABSTRACT
Unspecific peroxygenases (UPOs) and cytochrome P450 monooxygenases (CYPs) with peroxygenase activity are becoming the

preferred biocatalysts for oxyfunctionalization reactions. While whole cells (WCs) or cell‐free extracts (CFEs) of Escherichia coli

are often preferred for cofactor‐dependent monooxygenase reactions, hydrogen peroxide (H2O2) driven peroxygenase reactions

are generally performed with purified enzymes, because the catalases produced by E. coli are expected to quickly degrade H2O2.

We used the CRISPR/Cas system to delete the catalase encoding chromosomal genes, katG, and katE, from E. coli BL21‐Gold
(DE3) to obtain a catalase‐deficient strain. A short UPO, DcaUPO, and two CYP peroxygenases, SscaCYP_E284A and

CYP102A1_21B3, were used to compare the strains for peroxygenase expression and subsequent sulfoxidation, epoxidation, and

benzylic hydroxylation activity. While 10mM H2O2 was depleted within 10min after addition to WCs and CFEs of the wild‐type
strain, at least 60% remained after 24 h in WCs and CFEs of the catalase‐deficient strain. CYP peroxygenase reactions, with

generally lower turnover frequencies, benefited the most from the use of the catalase‐deficient strain. Comparison of purified

peroxygenases in buffer versus CFEs of the catalase‐deficient strain revealed that the peroxygenases in CFEs generally per-

formed as well as the purified proteins. We also used WCs from catalase‐deficient E. coli to screen three CYP peroxygenases,

wild‐type SscaCYP, SscaCYP_E284A, and SscaCYP_E284I for activity against 10 substrates comparing H2O2 consumption with

substrate consumption and product formation. Finally, the enzyme‐substrate pair with highest activity, SscaCYP_E284I, and

trans‐β‐methylstyrene, were used in a preparative scale reaction with catalase‐deficient WCs. Use of WCs or CFEs from

catalase‐deficient E. coli instead of purified enzymes can greatly benefit the high‐throughput screening of enzyme or substrate

libraries for peroxygenase activity, while they can also be used for preparative scale reactions.

1 | Introduction

Unspecific peroxygenases (UPOs) and cytochrome P450 mono-
oxygenases (CYPs) with peroxygenase activity are becoming the
preferred catalysts for reactions traditionally performed with
monooxygenases (Monterrey et al. 2023; Xu et al. 2023). While

whole cells (WCs) or cell‐free extracts (CFEs) of Escherichia coli are
often preferred for monooxygenase‐catalyzed reactions which
require reduced cofactors and their regeneration, hydrogen peroxide
(H2O2) driven peroxygenase reactions are generally performed with
purified enzymes, since it is assumed that the catalases produced by
E. coli will quickly catalyze the disproportionation of H2O2. Two
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catalases (katG and katE), together with an alkyl hydroperoxide
reductase (AhP) are responsible for scavenging H2O2 in E. coli with
the catalases dominating when H2O2 levels exceed 20μM (Xu
et al. 2020; Liu et al. 2021). In the case of UPOs, Pichia pastoris is the
preferred host for heterologous expression because these are ex-
tracellular glycosylated fungal enzymes that generally do not ex-
press well in E. coli (Kinner et al. 2021, Monterrey et al. 2023).
However, E. coli is gradually more often used for the expression of
short UPOs (Linde et al. 2020, Kinner et al. 2021), and recently a
superfolder‐green‐fluorescent‐protein (sfGFP) mediated secretion
systemwas developed that facilitated the expression of four different
UPOs, including the long UPO, AaeUPO, in E. coli (Yan et al. 2024).
The activity of these UPOs displayed on the cell surface of E. coli
was detected using WCs and CFEs of E. coli BL21(DE3), despite
possible disproportionation of H2O2 by the well‐described catalases
of E. coli.

Catalase‐deficient strains of E. coli have been constructed and
characterized (Nakagawa et al. 1996; Hui et al. 2014; Xu et al. 2020;
Liu et al. 2021). Nakagawa et al. (1996) constructed a catalase‐
deficient strain of E. coli for the large‐scale production of catalase‐
free uricase preparations. They found that deletion of both chro-
mosomal genes, katG, and katE, from a strain derived from E. coli
K‐12 did not affect growth or uricase production. The same catalase‐
deficient E. coli strain was subsequently used by the Arnold group
to develop variants of CYP102A1 with peroxygenase activity (Cirino
and Arnold 2002, 2003; Salazar et al. 2003). More recently Xu et al.
(2020) deleted katG and katE from E. coli BL21 (DE3), the com-
mercially available B strain commonly used for heterologous pro-
tein expression. They used this catalase‐deficient E. coli strain to

develop a high‐throughput screening method relying on H2O2

consumption detected by the colorimetric Amplex Red assay. This
screening method was used to screen large DNA shuffling and
random mutagenesis libraries of the fatty acid decarboxylases
OleTJE (CYP152L1) and CYP‐Sm46Δ29 (CYP152L2) for improved
variants (Xu et al. 2020).

We deleted katG and katE from E. coli BL21‐Gold(DE3), to
investigate the use of WCs and CFEs from catalase‐deficient
strains expressing different known peroxygenases for different
hydrogen peroxide driven reactions. Three heme‐thiolate‐based
peroxygenases were selected, namely DcaUPO, a short UPO
from Daldinia caldariorum (Linde et al. 2020), SscaCYP_E284A,
a variant of SscaCYP a CYP peroxygenase from Streptomyces
scabiei which contains an Asp instead of the usual Thr in the I
helix, both previously described by our group (Ebrecht
et al. 2023), and the CYP102A1_21B3 CYP peroxygenase deve-
loped by the Arnold group from the N‐terminal heme‐domain
of CYP102A1 (Cirino and Arnold 2003). Three reactions which
all three enzymes can catalyze to various degrees were selected
to evaluate peroxygenase activity using WCs and CFEs. These
were sulfoxidation of thioanisole, benzylic hydroxylation of
ethylbenzene, and conversion, mainly epoxidation, of styrene
(Scheme 1). Next, we evaluated the robustness of the colori-
metric H2O2 consumption assay by screening the wild‐type
SscaCYP, together with two mutants, SscaCYP_E284A used
above and SscaCYP_E284I also previously described by us
(Ebrecht et al. 2023), for activity against 10 different substrates.
From this screening, we finally selected the enzyme‐substrate
pair with highest activity, SscaCYP_E284I, and trans‐β‐

SCHEME 1 | Reactions used for comparing activities were (a) sulfoxidation of thioanisole to methyl phenyl sulfoxide, (b) hydroxylation of

ethylbenzene to 1‐phenyl ethanol and further to acetophenone, and (c) epoxidation or anti‐Markovnikov type oxidation of styrene to styrene oxide

and phenylacetaldehyde, respectively. Methyl phenyl sulfone, 1‐phenyl ethanol, and phenylacetaldehyde can be further oxidized in a second round of

peroxygenase reactions. Phenylacetaldehyde might also be formed by rearrangement of styrene oxide (Aschenbrenner et al. 2024).
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methylstyrene, for a preparative scale reaction using catalase‐
deficient WCs.

2 | Results and Discussion

CRISPR/Cas‐assisted λ‐red recombineering was used for suc-
cessive in‐frame deletions of the katE and katG genes in E. coli
BL21‐Gold(DE3). Successful knockout mutants were identified
using colony PCR and verified by Sanger sequencing. Deletion
of the catalase‐encoding genes was further confirmed by mon-
itoring the fate of H2O2 (10mM) added to WCs and CFEs of
wild‐type E. coli BL21‐Gold(DE3) (WT) and its catalase‐
deficient derivative (CD), both transformed with empty pET‐28a
(+). As expected, H2O2 was quickly depleted by catalase‐
containing WCs and CFEs from the catalase‐containing E. coli,
with no H2O2 left after 20min (Figure 1a). However, H2O2

levels dropped slowly in WCs and CFEs from the catalase‐
deficient strain, with more than 5mM left after 8 h which
remained up to 24 h. Xu et al. (2020) also observed H2O2 con-
sumption (ca. 20%) in their catalase‐deficient strain with katE
and katG genes deleted and ascribed it to the activity of the
alkyl hydroperoxide reductase (AhP) which functions at low
H2O2 concentrations (< 10 μM) or other unknown scavenging
enzymes. In their experience a triple deletion strain with the
ahp gene also deleted displayed severe growth defects. After 8 h
H2O2 stability was similar to what we observed in buffer
without WCs or CFEs, where 7mM H2O2 remained after 24 h.

The catalase‐deficient strain displayed satisfactory growth and
enzyme production. Biomass harvested from its cultures ex-
pressing the different peroxygenases was 6%–18% less than from
wild‐type cultures (Figure 1b). DcaUPO and SscaCYP_E284A
expressed equally well in both catalase‐deficient and wild‐type
strains, while expression of CYP102A1_21B3 was lower in the
catalase‐deficient strain (Figure 1c).

Given how quickly H2O2 is depleted by catalase‐containing
WCs and CFEs, it was surprising that in 24 h reactions, sul-
foxidation of thioanisole by all three peroxygenases could be
detected with WCs and CFEs of the wild‐type strain even when
H2O2 (20mM) was added in a single dose to start reactions
(Figure 2a). The initial sulfoxidation of thioanisole by DcaUPO
is evidently a very fast reaction since there was essentially no
difference between reactions with catalase‐containing and
catalase‐deficient CFEs both giving approximately 80% con-
version of the substrate. WC sulfoxidation by DcaUPO benefited
from the use of catalase‐deficient cells, most likely because
H2O2 diffusion into the cells is quicker than thioanisole diffu-
sion. When H2O2 was produced in situ by glucose oxidation
with glucose oxidase (GOx) there was a significant difference in
the product distribution from catalase‐containing and catalase‐
deficient CFEs, with further oxidation of the sulfoxide to sul-
fone by DcaUPO more prevalent in catalase‐deficient CFEs
(Figure 2a). In the case of SscaCYP_E284A, which was ex-
pressed at lower concentrations, there was a clear benefit to
using the catalase‐deficient strain, whether H2O2 was added in
a single dose or produced in situ by GOx. With catalase‐
deficient WCs and CFEs, however, significant sulfoxidation to
the sulfone was observed. Chiral analysis of extracts from
reactions with catalase‐deficient WCs and CFEs containing
SscaCYP_E284A revealed that use of WCs or CFEs did not
reduce enantioselectivity when compared with previous results
obtained with purified protein when the (S)‐enantiomer of the
sulfoxide was produced with 81% ee (Ebrecht et al. 2023)
(Figure S7). Activity of CYP102A1_21B3 towards thioanisole
was much lower than that of the other two enzymes, with only
traces of sulfoxide observed with wild‐type WCs and CFEs.
Highest conversions were achieved when H2O2 was supplied
in situ by GOx. However, no further oxidation to the sulfone
was observed with CYP102A1_21B3 (Figure 2a).

All three peroxygenases displayed lower activity toward ethyl-
benzene than to thioanisole. SscaCYP_E284A displayed barely
detectable activity with wild‐type and catalase‐deficient CFEs only
when H2O2 was supplied in situ by GOx (Figure 2b). In DcaUPO‐
catalyzed reactions activity was low with WCs in both strains. In
similar CFE reactions with H2O2 also added as a single dose,

FIGURE 1 | (a) Stability of H2O2 (10mM) in buffer containing WCs

(0.1 g wet weight mL−1) (open circles) or CFEs (produced after cell

disruption at 0.1 g wet weight mL−1) (closed triangles) from wild‐type
(WT) and catalase‐deficient (CD) E. coli and in buffer without WCs or

CFEs (gray open diamonds) at 25°C, pH7. (b) Biomass (wet weight)

recovered from cultures of WT and CD E. coli when cells were harvested

for biotransformations. (c) Concentrations of different peroxygenases

(based on CO difference spectra) in biotransformation reactions con-

taining WCs (dark colors) or CFEs (light colors) fromWT (blue) and CD

(red) E. coli (0.1 g wet weight mL−1) as well as purified protein (grey).

Averages and standard deviations were calculated from at least three

independent repeats.
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activity in catalase‐deficient CFEs was higher with more of the
initially formed 1‐phenyl ethanol further oxidized to acet-
ophenone. When H2O2 was supplied in situ by GOx the advantage
to using catalase‐deficient CFEs became even more apparent with
ca. 80% of ethylbenzene hydroxylated and subsequently oxidized
to acetophenone while with wild‐type CFEs ca. 60% was hydrox-
ylated with only ca. 24% further oxidized to acetophenone. Activity
of CYP102A1_21B3 toward ethylbenzene was much lower than
that of DcaUPO with in the best reactions only ca. 10% conversion
and very little oxidation to acetophenone. However, activities with
both WCs and CFEs were significantly improved when the
catalase‐deficient strain was used (Figure 2b).

Oxidation of styrene by these peroxygenases yielded mainly
styrene oxide which was in 24 h reactions spontaneously
hydrolyzed to styrene glycol. In the case of DcaUPO, which
again yielded the most product given its high concentration,
small amounts of phenylacetaldehyde were also detected, some
of which were oxidized to phenylacetic acid (Figure 1c). In
these reactions, activity was only slightly improved when
catalase‐deficient WCs and CFEs were used with H2O2 added in
a single dose. With in situ generation of H2O2 by GOx there was
in 24 h reactions, no benefit to using catalase‐deficient CFEs.
CYP102A1_21B3 and SscaCYP_E284A activities in all cases
benefited significantly from the use of the catalase‐deficient

FIGURE 2 | Concentrations of different products formed by DcaUPO, SscaCYP_E284A, and CYP102A1_21B3 from (a) thioanisole, (b) ethyl-

benzene and (c) styrene in 24 h reactions using WCs or CFEs of wild‐type (WT) and catalase‐deficient (CD) E. coli. H2O2 was added in a single dose to

start reactions or H2O2 was produced in situ by oxidation of glucose with GOx. Concentrations of products from thioanisole are displayed by the axis

on the left. Arrows point to products formed by DcaUPO from ethylbenzene and styrene displayed by the axis on the left and those from ethylbenzene

and styrene produced by SscaCYP_E284A and CYP102A1_21B3 by the axis on the right. Reactions contained WCs or CFEs of WT and CD E. coli

(0.1 g wet weight mL−1), substrate (10mM), acetone (5% (v/v)), H2O2 (20mM) or GOx (0.2 U mL−1) with glucose (100mM). Averages and standard

deviations were calculated from at least three independent reactions.
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strain. SscaCYP_E284A produced relatively more phenylace-
taldehyde than the other two peroxygenases.

Next, we compared the performance of purified peroxygenases
in buffer and peroxygenases in CFEs of catalase‐deficient E. coli
in a series of time‐course experiments. In these experiments,
H2O2 was added as a single dose or produced in situ using
either GOx or formate oxidase (FOx). A total number of oxy-
genations was calculated and plotted assuming that the for-
mation of sulfone from thioanisole, acetophenone from
ethylbenzene, and phenylacetic acid from phenylacetaldehyde
required in each case two sequential peroxygenase reactions
rather than peroxidase activity (Figure S1). These values were
used to calculate turnover numbers (TONs) at the times when
reactions leveled off (Figure 3, Table S3). It is evident from these
results that the peroxygenases in CFEs of the catalase‐deficient
strain generally performed at least as well as the purified per-
oxygenases in buffer. The exception was the purified DcaUPO
which, when H2O2 was produced in situ, achieved maximum
product concentrations already after 8 h in thioanisole and
ethylbenzene conversions, while these reactions with CFE took
24 h (Figure S1, Table S3). This might be due to the GOx and
FOx being unable to supply sufficient H2O2 quickly enough for
the high concentration of DcaUPO when enzymes in the CFEs
consumed some of the H2O2, glucose and/or formate. On the
other hand, in the case of CYP102A1_21B3, which displayed
low activity on all substrates, the CFEs generally yielded better
results than the purified peroxygenases, possibly because the
CFEs improved stability of the CYP102A1_21B3. Notable from
these time course experiments are the reactions with styrene
which in all cases with all three enzymes leveled off within 2 h,
indicating that styrene most likely inhibited or denatured these
peroxygenases. Activity of SscaCYP_E284A toward ethylben-
zene, in all cases, ceased within 1 h.

Xu et al. (2020) used CFEs of catalase‐deficient E. coli in the
H2O2‐dependent high throughput screening method they had
used to screen libraries derived from OleTJE (CYP152L1) and
CYP‐Sm46Δ29 (CYP152L2) for decarboxylase activity against
lauric acid. We explored whether WCs of catalase‐deficient
E. coli can similarly be used by screening SscaCYP_E284A as
well as WT SscaCYP and a second mutant SscaCYP_E284I for
activity against 10 different substrates (Figure S8). Although
H2O2 consumption could reliably be detected in WC assays, the
correlation between H2O2 consumption and activity detected
with GC analysis (substrate consumption and product forma-
tion) was evidently influenced by the enzymes and substrates
(Figure 4). H2O2 consumption accurately indicated the activity of
SscaCYP_E284I against trans‐β‐methylstyrene, α‐methylstyrene,
4‐methoxybenzyl alcohol, and vanillyl alcohol and the activity of
SscaCYP_E284A against trans‐β‐methylstyrene. However, it did not
indicate activity of SscaCYP_E284I against 1,5‐cyclooctadiene and of
SscaCYP_E284A against 4‐methoxybenzyl alcohol, both for which
products were detected with GC, or any activity against styrene,
which all three enzymes converted. The presence of the CYPs in the
absence of substrate increased H2O2 consumption in an enzyme‐
dependent manner, with SscaCYP_E284I consuming at least 60%
more H2O2 than the no‐CYP control. In some instances, the pres-
ence of substrate reduced H2O2 consumption, particularly in the
case of SscaCYP_E284I where propylbenzene, 3‐methoxybenzyl

FIGURE 3 | Comparison of turnover numbers (TON) of

DcaUPO, SscaCYP_E284A, and CYP102A1_21B3 in CFEs of

catalase‐deficient E. coli and as purified protein. TONs were cal-

culated from time course experiments at times when activities

leveled off (Table S3, Figure S1). H2O2 was added in a single dose to

start reactions or H2O2 was produced in situ by oxidation of glucose

by GOx or by oxidation of formate by FOx. Reactions contained

CFEs of catalase‐deficient E. coli (0.1 g wet weight mL−1) or a

corresponding concentration (based on CO difference spectra) of

purified protein, substrate (10 mM), acetone (5% [v/v]), H2O2

(20 mM) or GOx (0.2 U mL−1) with glucose (100 mM) or FOx (0.2 U

mL−1) with formate (100 mM). Standard deviations of TONs were

calculated using standard deviations of the product concentrations

and the catalyst concentrations.

5 of 10

 10970290, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.28959, W

iley O
nline Library on [03/03/2025]. See the Term

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

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



alcohol, 2‐methoxybenzyl alcohol, and 1,3‐cyclooctadiene reduced
H2O2 consumption by between 34% and 40%. On the other hand,
with vanillyl alcohol residual H2O2 was markedly reduced even in
the absence of enzyme. Although it is possible that H2O2 might
directly react with a phenolic compound such as vanillyl alcohol, no
product was detected in the GC analyses of the no‐CYP control
samples. It is more likely that this is an apparent reduction in H2O2

since interference of phenolic compounds with the Ampliflu Red
assay has been described (Tama et al. 2023). The effects of enzymes
and substrates on H2O2 consumption might explain why H2O2

consumption is not always suitable for detecting low activity levels.
It might also explain why 20 variants selected by Xu et al. (2020) out
of 8000 clones in their high‐throughput screening based on H2O2

consumption, did not as purified enzymes display dramatically
improved activity over the parental OleTJE (CYP152L1) and CYP‐

Sm46Δ29 (CYP152L2). High‐throughput screening of peroxygenase
libraries need not depend solely on H2O2 consumption, and the use
of catalase‐deficient WCs or CFEs can facilitate the development of
complementary high‐throughput screening methods for discovering
improved or novel peroxygenases.

Finally, we used the conversion of trans‐β‐methylstyrene to
cinnamaldehyde via cinnamyl alcohol by SscaCYP_E284I to
explore the use of catalase‐deficient WCs in a preparative scale
reaction. In this reaction, the biomass concentration was
increased to 20 g wet weight mL−1, and H2O2 was added in
10mM aliquots every 4 h up to 12 h and then at 24 h. H2O2

accumulation, CYP stability (CO‐difference spectra) and
product formation was followed over 28 h at which time the
total reaction mixture was extracted (Figure 5). Although the

FIGURE 4 | (a) Remaining H2O2 (measured as absorbance at A560nm in Ampliflu assay), (b) percentage remaining substrate, and (c) percentage

product formed in reactions of WT SscaCYP and its E284A and E284I mutants with 10 different substrates. Reactions (1 mL) contained WCs of

catalase‐deficient E. coli (0.1 g wet weight mL–1), substrate (10mM), acetone (5% [v/v]) and H2O2 (20mM). H2O2 was added in a single dose to start

reactions and assays and extractions were done after 4 h. The percentage remaining substrate and percentage product formed were calculated as

percentage of maximum ratio of given substrate to internal standard in GC‐FID assays. The percentage substrate and product are for reactions done

in duplicate with Ampliflu assay for each reaction also done in duplicate.

6 of 10 Biotechnology and Bioengineering, 2025
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trans‐β‐methylstyrene was essentially completely (99%) con-
verted after 12 h, we allowed the reaction to proceed for 28 h to
obtain complete conversion of cinnamyl alcohol to cinna-
maldehyde. This unfortunately led to significant oxidation of
the cinnamaldehyde to cinnamic acid. Additionally, cinna-
maldehyde could have been epoxidized and then oxidized to
benzaldehyde by the H2O2 (Chen et al. 2012). Traces of benz-
aldehyde were detected in the final extracts (Figure S11). The
eventual poor recovery of cinnamaldehyde (only 18%) might
also be ascribed to Schiff base adduct formation of cinna-
maldehyde in the amino acid‐rich environment of the WCs
(Wei et al. 2011). Further experiments will be required to
determine the role residual H2O2 and WCs played in the loss of

cinnamaldehyde and to optimize reaction conditions and
product recovery. However, our experiment demonstrates that
catalase‐deficient WCs are suitable for a preparative scale
reaction in which over 5 mM cinnamaldehyde was formed after
12 h of reaction (Figure 5c).

The Arnold group employed a spectrophotometric assay in
96‐well microtiter plates using clarified CFEs from mutant li-
braries expressed in catalase‐deficient E. coli K‐12 to screen for
H2O2‐driven hydroxylase activity (Cirino and Arnold 2003). It is
surprising that there were no further reports on the use of such
catalase‐deficient E. coli strains in peroxygenase research until
2020 when Xu et al. for the first time reported using CFEs of a
catalase deficient derivative of the commercially available,
commonly used B strains in a H2O2 dependent high throughput
screening for improved variants of CYP152 decarboxylases.
Although it is possible, as demonstrated by Yan et al. (2024), to
use WCs or CFEs of catalase‐containing E. coli to screen large
numbers of UPO variants for an improved characteristic, our
results show that when activities are low, and specifically in the
case of CYP peroxygenases, the use of catalase‐deficient E. coli
will be advantageous. We have demonstrated that peroxygenase
containing WCs or CFEs from catalase‐deficient E. coli gener-
ally perform as well as purified peroxygenases and that not only
CFEs but also WCs of catalase‐deficient E. coli can be used
when screening for improved peroxygenases. However, it
should be kept in mind that H2O2 is a very potent oxidizing
agent which might react with the enzyme of interest destroying
it or react directly with the substrate or products. Additionally,
substrates or even products might interfere with H2O2 assays
such as the peroxidase‐dependent Ampliflu or Amplex Red
assays. Thus, for both screening and preparative scale reactions
extensive controls and optimization will be required for every
enzyme‐substrate combination whether purified peroxygenase,
CFEs, or WCs are used.

3 | Materials and Methods

3.1 | Deletion of katE and katG in E. coli BL21‐
Gold(DE3)

CRISPR/Cas‐assisted λ‐red recombineering was used to create
in‐frame gene deletions. The start codon and the codons en-
coding the six residues of the C‐terminus as well as the stop
codon were left as described by Baba et al. (2006) for the con-
struction of the Keio Collection.

The genome sequence of E. coli BL21(DE3) was used as a ref-
erence genome (GenBank accession number CP001509.3).
Plasmids pEcCas (Addgene plasmid #73227) (Li et al. 2021) and
pgRNA‐bacteria (Addgene plasmid #44251) (Qi et al. 2013)
were obtained from Addgene. The CRISPR/Cas‐assisted λ‐red
recombineering was carried out as described before (Luelf
et al. 2023). Briefly, gRNA targeting sequences were designed
using the CHOPCHOP web toolbox (Labun et al. 2019) and
cloned into the pgRNA‐bacteria plasmid. For construction of
the repair template, homology arms of approx. 500 bp length
were amplified from boiled cells and combined by fusion PCR.
Electrocompetent cells of E. coli BL21‐Gold(DE3) harboring
pEcCas were transformed with modified pgRNA and the repair

FIGURE 5 | Results from preparative scale conversion of trans‐β‐
methylstyrene by the SscaCYP_E284I mutant. The reaction mixture

(50mL) contained WCs of catalase‐deficient E. coli (0.2 g wet weight

mL−1), initial (CYP) 25 μM, substrate (10mM) and acetone (5% [v/v]).

The reaction was started by the addition of H2O2 (10mM) with subse-

quent additions every 4 h (up to 12 h, and then at 24 h). Samples were

taken every 4 h (up to 12 h, then at 24 and 28 h) to analyze enzyme

stability (CO‐difference spectra) (a), H2O2 accumulation (Ampliflu

assay) (b) and trans‐β‐methylstyrene conversion (GC‐FID) (c) with the

total reaction mixture extracted after 28 h.
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template as described in Supporting Information S1. The
knockout was verified by colony PCR and sequencing (Eurofins
Genomics, Germany). Curing of the plasmids pEcCas and
pgRNA‐bacteria was performed as described before (Luelf
et al. 2023). Primers for amplification of the homology arms and
exchange of the targeting sequence in the plasmid pgRNA are
listed in Tables S1 and S2.

3.2 | Plasmids and Enzymes

For expression of the (CYP‐)peroxygenases, the constructs
pET‐22b(+):CYP102A1_21B3, pET‐28a(+):DcaUPO, pET‐28a
(+):SscaCYP_E284A, pET28a(+):SscaCYP and pET‐28a(+):
SscaCYP_E284I were obtained as described elsewhere
(Aschenbrenner et al. 2024; Ebrecht et al. 2023; Ebrecht
et al. 2023). The construct pET‐21c(+):AoFOx for expression
of the formate oxidase (FOx) from Aspergillus oryzae was
kindly provided by Prof. Frank Hollmann (Delft University of
Technology, the Netherlands) with permission of Prof. An-
dreas Bommarius (Georgia Institute of Technology, USA)
(Tieves et al. 2019; Willot et al. 2020). All constructs were
introduced into E. coli BL21‐Gold(DE3) (WT) and the
catalase‐deficient strain E. coli BL21‐Gold(DE3) ΔkatE ΔkatG
(CD). Heterologous expression and protein purification are
described in the Supporting Information S1. GOx from
Aspergillus niger was purchased from Sigma‐Aldrich.

Concentrations of CYP peroxygenases were calculated using the
usual extinction coefficient at 450 nm of 91mM−1cm−1 from the
respective CO‐difference spectra recorded using a Spectra‐max
M2 Microtiter Plate Reader (Molecular Devices Corporation)
(Omura and Sato 1964, Guengerich et al. 2009). For DcaUPO,
concentrations of purified protein were determined using the
Pierce BCA assay kit (ThermoFisher Scientific), with bovine
serum albumin as a standard. Purified DcaUPO was then used
to calculate a concentration factor to determine the final con-
centration of enzyme in the CFEs and WCs from CO‐difference
spectra (at 450 nm).

3.3 | H2O2 Measurement

H2O2 stability was tested in WCs and CFEs from wild‐type and
catalase‐deficient E. coli (0.1 g wet weight mL−1) in 200 mM
potassium phosphate buffer pH 7.0. Reactions containing
800 μL of WCs or CFEs and 10mM of H2O2 were incubated at
25°C. Samples were taken at different time points and H2O2

concentrations were quantified with the Ampliflu Red assay
(Sigma‐Aldrich) (560 nm ε= 71 000M−1 cm−1) using the Spec-
tramax M2 spectrophotometer.

3.4 | Biotransformations

Biotransformations were performed in 4mL glass vials, in a
final reaction volume of 1 mL. Reactions were incubated at
25°C with shaking at 200 rpm.

Reaction mixtures consisted of 800 μL of WCs or CFEs from
wild‐type and catalase‐deficient E. coli (0.1 g wet weight mL−1)

in 200 mM potassium phosphate buffer pH 7.0, 10 mM sub-
strate, 5% (v/v) acetone, 20 mM H2O2 or 0.2 U GOx or FOx,
100mM glucose or sodium formate. In reactions with purified
proteins WCs or CFEs were replaced with 800 μL 200 mM
potassium phosphate buffer pH 7.0 containing purified perox-
ygenases at similar concentrations.

Reactions were stopped and extracted by addition of 1mL ethyl
acetate containing 2mM internal standard (1‐undecanol). Sam-
ples were analyzed by GC‐FID (Shimadzu GC‐2010) and GC‐MS
(Thermo Scientific TraceGC ultra—Trace DSQ) (Figures S2–S6)
using a FactorFour VF‐5ms column (60m× 0.32mm× 0.25 μm,
Varian) column. Temperature program: 100°C hold 1min, then
8°C min−1 up to 200°C. Concentrations of products and
remaining substrates were calculated from standard curves of
commercial standards and corrected for low levels of H2O2 oxi-
dation in the absence of enzyme detected with cells transformed
with empty plasmid. Chiral analysis of extracts from thioanisole
reactions was performed by GC‐FID (Thermo Scientific TraceGC
ultra) using a CHIRALDEX B‐TA column (30m× 0.25mm×
0.12 μm). Temperature program: 100°C hold 1min then 1.5°C
min−1 up to 136°C.

Averages and standard deviations were calculated from at least
three independent reactions. Standard deviations of TONs were
calculated using standard deviations of the product concentra-
tions and the catalyst concentrations.

3.5 | Screening Experiment

Reactions for the screening experiment were performed as
described above using WCs of catalase‐deficient E. coli (0.1 g
wet weight mL−1) containing no CYP, SscaCYP (4 μM), Ssca-
CYP_E284A (8 μM) and SscaCYP_E284I (8 μM). After 4 h 10 μL
aliquots from each reaction mixture were transferred in dupli-
cate to a 96‐well microtiter plate and diluted 200 times in
200mM potassium phosphate buffer pH 7.0. Remaining H2O2

levels were measured at 560 nm using the Ampliflu Red assay.
The remaining reaction mixtures were extracted as described
above and analyzed with GC‐MS/FID (Thermo Scientific
TraceGC ultra—Trace DSQ) (Figures S9 and S10) using the
FactorFour VF‐5ms column (60m × 0.32mm× 0.25 μm, Var-
ian) column.

3.6 | Preparative Scale Reaction

A WC suspension (50mL) of catalase‐deficient E. coli (0.2 g wet
weight mL−1 in 200mM potassium phosphate buffer pH 7.0)
containing SscaCYP E284I (ca. 20 μM) was supplemented with
trans‐β‐methyl styrene (10mM, 5% v/v acetone). The reaction
was started by the addition of H2O2 (10mM) and then incu-
bated at 25°C with shaking at 200 rpm. Samples were taken
every 4 h up to 12 h and then at 24 h. Enzyme stability
(CO‐difference spectra), H2O2 accumulation (quantification by
Ampliflu Red assay), and substrate conversion (GC‐MS/FID)
(Figure S10) were evaluated, followed by the addition of H2O2

(10mM). After 28 h enzyme, stability and H2O2 accumulation
were evaluated and then the total reaction mixture was ex-
tracted with an equal volume of ethyl acetate.
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1 6.1±1.5 1 6.5±1.2 8 10.6±0.7 24 11.5±1.7 8 10.2±0.7 24 11.8±1.5 
1 15.5±4.5 1 16.5±1.8 24 16.5±3.2 4 18.0±2.2 8 18.7±4.0 4 17.0±2.0 
1 6.0±3.7 1 6.8±2.7 24 3.6±1.3 24 9.4±3.8 24 2.9±1.0 24 6.8±3.9 

Ethylbenzene 
1 1.5±0.1 1 2.4±3.5 8 9.8±0.9 24 10.9±1.4 8 10.7±0.8 24 12.0±1.3 
1 0.2±0.1 1 0.1±0.1 1 0.8±0.1 1 0.5±0.1 1 0.7±0.1 1 0.6±0.1 
1 2.2±0.9 8 1.6±0.4 24 0.9±0.6 24 2.2±0.7 24 1.2±0.5 24 3.3±0.9 

Styrene 
1 2.6±0.4 1 5.2±0.6 2 4.7±0.3 2 5.9±0.6 2 4.9±0.8 2 5.9±0.5 
1 2.1±0.6 1 1.6±0.3 1 3.0±0.6 1 3.2±0.4 1 3.2±0.7 1 3.3±0.8 
1 5.8±2.2 2 9.4±2.7 8 4.4±1.6 24 5.1±2.3 4 4.2±1.3 4 5.0±1.4 
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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.

K E YWORD S

chromosomal integration, CRISPR/Cas9, cytochrome P450, episomal expression,
redox partners, whole‐cell catalyst

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).
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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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Supporting Tables 

Table S1. Primer sequences. Restriction sites are underlined. N20 targeting sequence are shown in italic.  

Name  Reference 

gRNA Primer 

gRNA rev ATATATACTAGTATTATACCTAGGACTGAGCTAG 
general 
design (Seo 
et al., 2017) 

gRNA_XXX fw (general primer design) ATATATACTAGT-N20-GTTTTAGAGCTAGAAATAGC 
general 
design (Seo 
et al., 2017) 

gRNA _001 fw (nupG BL21(DE3)) ATATATACTAGTACCAGCAGTACGGTGCCGAAGTTTTAGAGCTAGAAATAGC  

gRNA_002 fw (nupG K-12) ATATATACTAGTACCAGCAGTACAGTACCGAAGTTTTAGAGCTAGAAATAGC 
N20 sequence 
(Bassalo et 
al., 2016) 

gRNA_003 fw (ybhB_ybhC K-12) ATATATACTAGTCTAACTTGAGCGAAACGGGAGTTTTAGAGCTAGAAATAGC  

gRNA_004 fw (atpI_gidB) ATATATACTAGTTTATTAAAAATGTCAATGGGGTTTTAGAGCTAGAAATAGC  

pgRNA seq GCCACCTGACGTCTAAG  

   

Primers for amplification and sequencing of lopA region 

lopA fw GAAGCGCAACAGGCATC  

lopA rev AAGCCCGAATTAGCCTGC  

   

Primers for synthesis of dsDonorDNA 

HA1 fw (ybhB_ybhC) GCTCATGCCACCATCAAG  

HA1 rev (ybhB_ybhC) TTCATAGCCCGGAGCAAC  

HA2 fw (ybhB_ybhC) GCCATCTGGCAGAGTGATTAAC  

HA2 rev (ybhB_ybhC) GCGCGGTACAGGATGAAAC  

T7RNAP fw + Overlap HA1 (ybhB_ybhC) GTTGCTCCGGGCTATGAAATACGCAAACCGCCTCTC  

T7RNAP rev + Overlap HA2 (ybhB_ybhC) GTTAATCACTCTGCCAGATGGCTTACGCGAACGCGAAGTC  

HA1 fw (atpI_gidB) GCCACCACCAGTAACAC  

HA1 rev (atpI_gidB) TGATCGAACAGGGTTAGC  

HA2 fw (atpI_gidB) CAGCCAATGATGGTTCTTAGC  

HA2 rev (atpI_gidB) CGTCAGGTGCAACATGAG  

pET(+) fw + Overlap HA2 (atpI_gidB) GCTAACCCTGTTCGATCATTAATGCGCCGCTACAGG  

pET(+) rev + Overlap HA1 (atpI_gidB) GCTAAGAACCATCATTGGCTGTATAGGCGCCAGCAACC  

pET rev + Overlap HA1 (atpI_gidB) GCTAACCCTGTTCGATCATGGTTATGCCGGTACTGC  

pCOLADuet fw + HA2 fw (atpI_gidB) GCTAAGAACCATCATTGGCTGATGCGACTCCTGCATTAG  

pCOLADuet rev + HA1 rev (atpI_gidB) GCTAACCCTGTTCGATCATGACCGTGTGCTTCTC  

HA1 fw (nupG) TGCCAACGCTTGGGTTAATC  



 

Name  Reference 

HA1 rev (nupG) GGATGGTCAGAATGAACAGGG  

HA2 fw (nupG) CTAACGGCTTCGGCTGTATC  

HA2 rev (nupG) TAGCGCTTATATTCGCGGTG  

pET(+) fw + Overlap HA2 (nupG) GATACAGCCGAAGCCGTTAGTTAATGCGCCGCTACAGG  

pET(+) rev + Overlap HA1 (nupG) CCCTGTTCATTCTGACCATCCTATAGGCGCCAGCAACC  

pET fw + HA2 (nupG) GATACAGCCGAAGCCGTTAGTGGTTATGCCGGTACTGC  

pCOLA Duet fw + HA1 (nupG) CCCTGTTCATTCTGACCATCCATGCGACTCCTGCATTAG  

pCOLA Duet rev + HA2 (nupG) GATACAGCCGAAGCCGTTAGTGACCGTGTGCTTCTC  

 

 

 

Table S2. Strains used and created. Triple mutant I238Q G239A M388A (QAA) of cyp154e1 was used 

for all experiments. 

Strain Purpose Source 

E. coli BL21(DE3) expression and genome engineering Novagen 

E. coli DH5  cloning procedures Clontech 

E. coli JM109 genome engineering NEB 

E. coli W3110 genome engineering DSMZ 

E. coli JM109(T7) expression and genome engineering this study 

E. coli W3110(T7) expression and genome engineering this study 

E. coli BL21(DE3) CYP154E1 QAA (nupG) expression and genome engineering this study 

E. coli BL21(DE3) CYP154E1 QAA (atpI_gidB) expression and genome engineering this study 

E. coli JM109(T7) CYP154E1 QAA (nupG) expression and genome engineering this study 

E. coli JM109(T7) CYP154E1 QAA (atpI_gidB) expression and genome engineering this study 

E. coli W3110(T7) CYP154E1 QAA (nupG) expression and genome engineering this study 

E. coli W3110(T7) CYP154E1 QAA (atpI_gidB) expression and genome engineering this study 

E. coli BL21(DE3) CYP154E1 QAA (nupG) YkuN (atpI_gidB) expression this study 

E. coli BL21(DE3) CYP154E1 QAA (nupG) YkuN+FdR (atpI_gidB) expression this study 

E. coli BL21(DE3) CYP154E1 QAA (atpI_gidB) YkuN (nupG) expression this study 

E. coli BL21(DE3) CYP154E1 QAA (atpI_gidB) YkuN+FdR (nupG) expression this study 

E. coli W3110(T7) CYP154E1 QAA (nupG) YkuN (atpI_gidB) expression this study 

E. coli W3110(T7) CYP154E1 QAA (nupG) YkuN+FdR (atpI_gidB) expression this study 

E. coli W3110(T7) CYP154E1 QAA (atpI_gidB) YkuN (nupG) expression this study 

E. coli W3110(T7) CYP154E1 QAA (atpI_gidB) YkuN+FdR (nupG) expression this study 

 



 

Table S3. Plasmids used and created. Triple mutant I238Q G239A M388A (QAA) of cyp154e1 was used 

for all experiments. 

Plasmid Purpose Source 

pET-28a(+) CYP154E1 QAA expression and PCR template (Bokel et al., 2020) 

pET-22b(+) CYP154E1 QAA expression and PCR template (Bokel et al., 2020) 

pET-16b YkuN PCR template (Girhard et al., 2010) 

pCOLADuet YkuN(I) FdR(II) expression and PCR template (Bokel et al., 2020) 

pCas genome engineering in K-12 strains (Jiang et al., 2015) 

pEcCas genome engineering in K-12 and B strains (Li et al., 2021) 

pgRNA-bacteria template for N20 exchange (Qi et al., 2013) 

pgRNA_001 targets nupG locus in B strains this study 

pgRNA_002 targets nupG locus in K-12 strains this study 

pgRNA_003 targets ybhB_ybhC locus for integration of 
T7 gene 1 this study 

pgRNA_004 targets atpI_gidB locus in both B and K-12 
strains this study 

 



 

Supporting Figures 

 

Figure S1. PCR-based synthesis of double-stranded donor DNA (dsDonorDNA) for homologous 

recombination. Primers (blue) were designed to bind to any pET vector (containing a f1 origin of 

replication) upstream and downstream of the multiple cloning site which harbors the gene to be integrated 

in order to amplify the whole operon including promoter and terminator (green). Introduced overlaps 

match the locus-dependent homology arms for homologous recombination amplified from the genome 

(orange/red) and enable fusion PCR of all three fragments. 

 

 

Figure S2: Sequence alignment of lon transcription site of strains E. coli BL21(DE3) (GenBank Accession 

no. CP001509.3), E. coli W3110 (GenBank accession no. AP009048.1), and E. coli JM109 (sequencing 

results from this study). Box represents sequence homology in all three strains.  Lon promoter (yellow) 

is disrupted in BL21(DE3) and JM109 by IS186 transposon insertion (green) which leads to protease 

deficiency (SaiSree et al., 2001). 

 



 

  

 

 

Figure S3: SDS-PAGE analysis of the soluble protein fractions after expression of cyp154e1m 

(cf. Figure 2). 

  

Figure S4: SDS-PAGE analysis of the soluble (A) and insoluble (B) protein fractions after coexpression 

of cyp154e1m, ykuN and fdr (cf. Figure 3).  
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Background
Lignans are a large and structurally diverse group of 
pharmacologically active secondary plant metabolites 
which are formed via oxidative dimerization of phenyl-
propanoids [1, 2]. In mammals, dietary intake of lignans 
from plants or plant-derived foods leads to the forma-
tion of enterolignans by the gut microbiome, which are 
classified as phytoestrogens and show health-promoting 
effects [3]. Furthermore, the chemotherapeutic drugs 
etoposide and teniposide are semi-synthetically produced 
from the aryl tetralin lignan (-)-podophyllotoxin which is 
isolated from the endangered plant Podophyllum hexan-
drum Royle [4]. The low content of lignans in plants com-
bined with a high demand and their structural complexity 
leads to a particular need for biotechnological solutions 
to produce these natural products [5, 6]. The biosynthe-
sis starts from cinnamic acid derivatives which origi-
nate from the shikimate and phenylpropanoid pathways. 
Depending on the phenylpropanoid monomer, different 
lignans are formed. The major subclass of furofuran lig-
nans, including the title compound pinoresinol 5, results 
from the dimerization of the monolignol coniferyl alco-
hol 4 [1]. Besides being a starting precursor for higher 
lignans, pinoresinol 5 possesses multiple biological activ-
ities including anti-inflammatory [7] and antioxidant 
activity, which also explains its hepatoprotective [8] and 
chemopreventive [9] properties. Furthermore, antifungal 
[10] and putative hypoglycemic properties [11] add to the 
list of pharmacological activities of interest. The above-
mentioned chemotherapeutics etoposide and teniposide 
are derived from pinoresinol 5 via  (-)-podophyllotoxin, 
indicating potentially high demand of this high-value 
compound. A first step towards the biotechnological 
production of these drugs in recombinant microorgan-
isms was recently taken by our group by synthesizing 
(-)-deoxypodophyllotoxin from (+)-pinoresinol in the 
heterologous host Escherichia coli [12]. However, the use 
of the high-value compound (+)-pinoresinol as a starting 
material remains an economic challenge. (+)-Pinoresinol 
has been isolated from plants with high enantiopurity 
but low efficiency [13]. As the subsequent reactions 
from pinoresinol 5 towards (-)-deoxypodophyllotoxin 

are catalyzed by enantioselective enzymes, racemic pin-
oresinol 5 instead of (+)-pinoresinol could be used as 
starting substrate [14, 15]. Thus, in this study, we engi-
neered and optimized growing E. coli cells for the pro-
duction of racemic pinoresinol 5. Starting from relatively 
inexpensive and readily available ferulic acid 1, we recon-
stituted an artificial phenylpropanoid path in E. coli to 
first produce the monolignol coniferyl alcohol 4. Ferulic 
acid 1 is reduced to coniferyl alcohol 4 via coniferyl alde-
hyde 3 in three enzymatic steps (Scheme 1). Two of the 
three steps are catalyzed by enzymes derived from the 
plants Petroselinum crispum and Zea mays [16, 17]. The 
final reduction step is catalyzed by endogenous E. coli 
alcohol dehydrogenases or aldo-keto reductases [18, 19]. 
For the synthesis of pinoresinol 5 from 4, laccases [20–
22] and peroxidases [23] have been successfully applied 
in the past. Previously, we have demonstrated that a lac-
case from Corynebacterium glutamicum gave the highest 
pinoresinol concentration in vitro and thus was used in 
this study [21]. In the reported reactions with isolated 
enzymes or in resting E. coli cells, pinoresinol concen-
trations ranged between several milligrams to grams 
per liter, depending on the complexity of the system, the 
starting substrate molecule, its concentration, and the 
number of reaction steps [14, 21–24].

In order to simplify the bioprocess design, growing cells 
were preferred instead of resting cells used for the pro-
duction of (-)-deoxypodophyllotoxin [12] and its precur-
sors [15] in our previous studies. In addition to the facts 
that enzymes are steadily produced during the reactions 
and that only one reaction vessel is required, the combi-
nation of cell growth and substrate conversion eliminates 
the need to prepare the cells for a resting cell approach 
and is therefore significantly less time-consuming.

Furthermore, plasmids were used for the co-expression 
of all genes in our previous work. Plasmids offer many 
advantages like easy cloning, fast and efficient transfor-
mation of different host strains, and high and tunable 
expression levels. However, there are also some short-
comings. As plasmids are extrachromosomal, non-essen-
tial DNA, a form of selectable markers has to be used 
to maintain the plasmids in the host cell and prevent 

Scheme 1 Recombinant biosynthetic path from ferulic acid 1 to pinoresinol 5 in E. coli. The substrate is sequentially converted by a 4-coumarate-CoA 
ligase from P. crispum (Pc4CL), a cinnamoyl-CoA reductase from Z. mays (ZmCCR), E. coli alcohol dehydrogenases or aldo-keto reductases and a laccase 
from C. glutamicum (CgL1)
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plasmid loss. For this purpose, antibiotics are often uti-
lized, which are cost-intensive on industrial scale, can 
affect the cell growth, and contribute to the develop-
ment of multidrug-resistant human pathogens [25–28]. 
In recombinant strains with plasmids, the number of 
gene copies can vary from cell to cell even within stable 
populations, leading to altered expression levels [25, 
28]. It should also be noted that the plasmid copy num-
ber can increase drastically after induction resulting in 
an increased metabolic burden [25, 27]. The transition 
from plasmid-based to chromosomal expression helps to 
avoid most of these issues. To this end, we developed an 
easy-to-handle toolbox that allows the simple transfer of 
genes from the often-used pET vector series into the E. 
coli chromosome based on CRISPR/Cas-assisted λ-Red-
mediated homologous recombination [29, 30].

Since the expression levels of chromosomally inte-
grated genes depend on their position in the genome, 
different integration sites can be used to tune expres-
sion levels. One general rule is the so-called ‘gene dos-
age effect’, which states that genes located closer to the 
chromosome’s origin of replication (oriC) are statisti-
cally more abundant in the cell and therefore more highly 
expressed [31, 32]. In addition, there are regional effects 
that affect the transcription of integrated genes, result-
ing in expression levels that vary on average by 2-4-fold 
depending on the integration site, with rare outliers of 
~ 300-fold deviation [31, 33, 34]. To achieve the highest 
possible integration efficiencies and expression levels, 
several previously uncharacterized integration loci pres-
ent in both E. coli K-12 and B strains were first identified 
and analyzed using the fluorescent reporter mCherry.

Further, we aimed to apply a method that does not 
require the separate synthesis of linear donor DNA but 
instead allows the use of the same type II restriction 
enzymes as used for the cloning of pET vectors. The use 
of circular instead of linear donor DNA for the CRISPR/
Cas-based recombination circumvents potential deg-
radation by exonucleases [35]. In addition, the transfor-
mation of supercoiled plasmids is highly efficient and 
high-fidelity replication within the cell results in a higher 
intracellular repair template concentration compared to 
linear PCR-synthesized donor DNA [36]. The combina-
tion of easy cloning and characterized integration loci in 
both E. coli K-12 and B strains aims to address the bio-
catalysis community that already has pET-based libraries 
in hand and wants to take the step towards plasmid-free 
whole-cell biocatalysis.

In this study, the application of the developed tool-
box led to a highly productive whole-cell system for 
pinoresinol 5 synthesis which was finally obtained after 
testing E. coli K-12 and B strains and optimizing culture 
media, gene copy number, and copper availability for lac-
case activity.

Results and discussion
Design of pgRNA-ET and pgRNA-DUET vector series for 
chromosomal integration
First, we identified several new intergenic integration 
sites present in both E. coli K-12 and B strains. To this 
end, information on the prototype E. coli K-12 strain 
MG1655 from its GenBank genome file (accession no. 
U00096.3), the information in RegulonDB [37] for pro-
moter and terminator sets of this strain, and EcoCyc 
database [38] for detailed operon information, were 
combined. Additionally, a study by Vora et al. [39], who 
described the protein landscape of the genome and iden-
tified so-called highly-expressed extended protein occu-
pancy domains (heEPODs) was included into the analysis 
as well. All selected integration sites should match the 
following criteria: (i) the influence on the expression of 
neighboring genes is minimized by avoiding integration 
downstream of a promoter or upstream of a termina-
tor listed in RegulonDB [37], (ii) they can be assigned 
to the heEPODs described by Vora et al. [39], and (iii) 
they are at least 100 base pairs long to facilitate design of 
CRISPR/Cas targeting sequences as well as primer design 
for amplification of the homology arms for homologous 
recombination. A similar approach to identifying new 
integration loci, albeit with different search parameters, 
was described by Goormans et al. [34]. The homology 
arms of the donor DNA template were designed to be 
500 bp in length, which results in higher integration effi-
ciency compared to shorter variants [40, 41]. However, 
as our toolbox was designed to be used in both K-12 and 
B strains, 500 bp homology arms without single nucleo-
tide polymorphisms had to be identified by comparing 
sequences of E. coli BL21(DE3) (GenBank accession no. 
CP001509.3) and the industrially relevant E. coli W3110 
(GenBank accession no. AP009048.1). This led to the 
exclusion of several integration sites that met all previ-
ous search criteria. Finally, six integration loci were cho-
sen for further experiments (Table S1), of which only one 
had been previously described in the literature [26, 34]. 
After cloning of the appropriate targeting sequences for 
CRISPR/Cas into the pgRNA plasmids, linear copies of 
the plasmids were amplified by PCR and fused with cor-
responding homology arms as well as the multiple clon-
ing sites derived from either pET-28a(+) or pETDuet-1 
to yield the pgRNA-ET or pgRNA-DUET vector series, 
respectively (Fig. 1).

Evaluation of selected integration loci
The selected integration sites were evaluated using the 
fluorescent reporter protein mCherry. The mCherry 
gene was cloned into the pgRNA-ET plasmid series and 
subsequently integrated into the chromosomes of E. 
coli BL21(DE3) and E. coli W3110(T7) to compare pos-
sible differences between these representative B and K-12 
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strains. Although E. coli BL21(DE3) is considered to be 
hard-to-edit [42, 43], high integration efficiencies of up 
to 100% of all screened colonies (n = 20) were achieved 
(Table S1 & Figure S1). For reference purposes, mCherry 
was also integrated into the gene-disrupting lacZ locus 
which was previously described as a medium-to-low-
expression locus [26, 34].

The expression of the chromosomally integrated 
mCherry gene showed no noticeable effect on cell growth 
(Figure S2). Compared to the lacZ reference locus, all 
mCherry integrations into the selected intergenic loci 
resulted in higher or at least similar fluorescence for both 
strains (Fig. 2).

In E. coli BL21(DE3), a 30–70% increase in fluorescence 
compared to lacZ was observed for all selected intergenic 
loci (p < 0.02). For E. coli W3110(T7), only integration 
into flgF_flgG (70% increase, p < 0.01) and glmU_atpC 
(20% increase, p = 0.04) loci resulted in higher expression 
compared to lacZ. It should be noted that after gene inte-
gration into the six intergenic loci, only low basal non-
induced expression was observed, while after integration 
into lacZ, high fluorescence was observed without addi-
tion of isopropyl β-d-1-thiogalactopyranoside (IPTG) 
(Figure S3). A correlation between the fluorescence out-
put and the distance from oriC - the above mentioned 
‘gene dosage effect’ due to chromosome replication - 
could not be observed in our case. However, Bryant et 

Fig. 2 Relative fluorescence normalized to optical density (OD650) of cell cultures after chromosomal expression of mCherry integrated into different ge-
nomic loci in (A) E. coli BL21(DE3) and (B) E. coli W3110(T7). Strains harboring no copy of mCherry were used as negative controls to quantify intrinsic fluo-
rescence of E. coli. Relative fluorescence was calculated in relation to lacZ. Means and standard deviations were calculated from three biological replicates

Fig. 1 Plasmid series pgRNA-ET (left) and pgRNA-DUET (right) for easy CRISPR/Cas-assisted transfer of genes from pET vectors into the E. coli chromo-
some. Each vector contains a pBR322 origin of replication (ori), a β-lactamase encoding gene (bla), a locus-specific single-guide RNA (sgRNA) as well as 
the corresponding homology arms (HA1 & HA2) for homologous recombination, and multiple cloning sites originating from pET-28a(+) or pETDuet-1 for 
pgRNAET and pgRNA-DUET, respectively
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al. reported that the gene dosage effect only accounted 
for 1.4-fold differences in expression [31]. Out of the six 
intergenic loci tested, atpI_rsmG had been described as 
one of the loci leading to the highest expression levels 
[26, 34]. Three of the newly characterized loci reached 
even higher fluorescence in E. coli BL21(DE3) (p < 0.05). 
It should be noted that unlike the gene-disrupting inte-
gration into the flagellar region 1 described by Juhas et al. 
[44], the integration between the genes flgF and flgG in E. 
coli W3110(T7) led to high expression combined with no 
loss of motility. Furthermore, plasmid-based expression 
using the pET-28a(+) vector showed that a single chro-
mosomal copy reached up to 20% fluorescence compared 
to the vector which is reported to give about 40 gene cop-
ies per cell [45]. The flgF_flgG locus was chosen as the 
most promising integration site for further experiments 
due to the higher fluorescence observed in both strains 
and particularly in E. coli W3110(T7).

Synthesis of coniferyl alcohol
First, the genes coding for the 4-coumarate-CoA ligase of 
P. crispum (Pc4CL) and the cinnamoyl-CoA reductase of 
Z. mays (ZmCCR) were cloned into a pETDuet vector for 
plasmid-based co-expression and preliminary tests for 
the synthesis of coniferyl alcohol 4. E. coli W3110(T7), a 
K-12 derivative and industrially used strain, carrying this 
plasmid, was tested in two different media, terrific broth 
(TB) and lysogeny broth (LB), for the conversion of 5 mM 
ferulic acid 1 with growing cells. The substrate was added 
2  h after induction. It was found that higher coniferyl 
alcohol 4 titers were reached in TB medium compared 

to LB medium 18 h after substrate addition (Figure S4). 
Thus, all following experiments were carried out using 
TB medium.

The same plasmid was then introduced into E. coli 
BL21(DE3) which is considered more suitable for het-
erologous expression due to its lack of Lon and OmpT 
proteases. Next, both heterologous genes were integrated 
into the flgF_flgG locus of both E. coli strains in a single 
step using the pgRNA-DUET vector. This allowed com-
parison of plasmid-based and plasmid-free expression as 
well as biotransformation in both strains.

Interestingly, the plasmid-based expression system per-
formed equally well in both strains and yielded 3.5 ± 0.1 
mM and 3.3 ± 0.5 mM coniferyl alcohol 4 (Fig. 3).

After chromosomal integration in BL21(DE3), however, 
only 1.52 ± 0.01 mM 4 was obtained. In general, lower 
expression levels and a therefore lower overall activity of 
the growing E. coli cells were expected due to the reduced 
copy number compared to the plasmid-based system. A 
striking exception for this was E. coli W3110(T7), which 
showed a coniferyl alcohol 4 titer comparable to the 
plasmid-based expression (3.75 ± 0.02 mM, 75% theoreti-
cal yield). The differences in product titers between plas-
mid-based and chromosomal expression systems can be 
mainly attributed to differences in heterologous expres-
sion of ZmCCR as visualized via Western Blot (Figure 
S5). Although ZmCCR appeared to be better expressed 
in E. coli BL21(DE3) compared to E. coli W3110(T7) 
when using plasmids, it was strongly affected by chro-
mosomal integration, which reduced expression in this 
strain. In contrast, chromosomal integration in E. coli 
W3110(T7) did not result in lower protein concentra-
tion which may explain similar levels after plasmid-based 
and chromosomal expressions in this strain. In addition, 
minor differences in cell growth of the chromosomal 
expression strains were observed (p = 0.02): whereas 
E. coli W3110(T7) grew to an OD600 of 5.1 ± 0.2, E. coli 
BL21(DE3) only reached 4.3 ± 0.3 (Figure S6). Without 
the addition of the substrate, ferulic acid 1, both strains 
reached significantly higher (p < 0.01) optical densities 
of 8.6 ± 0.1 and 7.8 ± 0.2, respectively. Since a concentra-
tion of 5 mM ferulic acid 1 does not affect the cell growth 
of E. coli as demonstrated by Yoon et al. [46], this differ-
ence may be due to either the metabolic burden caused 
by the consumption of cofactors during the reaction or 
the toxicity of the by-product coniferyl aldehyde 3. Like 
many related phenolic aldehydes, 3 can be considered 
toxic to the cells and is therefore suspected to be reduced 
to the less toxic coniferyl alcohol 4 by multiple aldo-keto 
reductases or dehydrogenases in E. coli [18, 47]. In the 
literature, the combination of 4CL, CCR and heterolo-
gous cinnamyl alcohol dehydrogenases (CAD) has been 
used to produce 0.6 mM 4 from 1 mM 1 (60% yield) [48] 
and 1.82 mM 4 from 2.5 mM 4 (73% yield) [49] with 

Fig. 3 Coniferyl alcohol 4 synthesized by different E. coli strains 18  h 
after addition of 5 mM ferulic acid 1. Expression of chromosomally inte-
grated genes was compared to a pETDuet vector in E. coli BL21(DE3) and 
W3110(T7). Means and standard deviation were calculated from three bio-
logical replicates
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plasmid-based whole-cell systems, clearly emphasizing 
the significance of our yield of 75% using single gene cop-
ies in the chromosome. However, an alternative plasmid-
based approach using a carboxylic acid reductase instead 
of 4CL/CCR in combination with a heterologous aldo-
keto reductase reached even 97% yield from 5 mM 1 [19].

To further investigate the differences between both 
strains after chromosomal integration and to gain insight 
into the metabolic flux, time course experiments were 
performed. Samples were taken every 2  h after sub-
strate addition and the concentration of both the prod-
uct coniferyl alcohol 4 and the intermediate coniferyl 
aldehyde 3 as well as the optical density were quantified 
(Fig. 4).

The higher productivity of E. coli W3110(T7) com-
pared to E. coli BL21(DE3), as shown in Fig. 2, becomes 
already evident within the first few hours of conversion, 
despite no significant differences in cell growth. After 8 h, 
the coniferyl alcohol 4 concentration reached 0.60 ± 0.01 
mM in E. coli BL21(DE3) and 1.58 ± 0.05 mM in E. coli 
W3110(T7). Coniferyl aldehyde 3 remained at constantly 
low levels and its highest concentrations of 0.17 ± 0.01 
mM and 0.48 ± 0.02 mM, respectively, were reached 
only two hours after substrate addition. Interestingly, we 
noted an intense orange coloration and a characteristic 
odor of the cultures after substrate addition. The intensity 
of the orange color could be correlated with the detection 
of 3, an orange substance, via LC/MS.

Pinoresinol production
The E. coli W3110(T7) strain was chosen to extend the 
cascade starting from ferulic acid 1 to pinoresinol 5 due 
to its higher productivity for coniferyl alcohol synthesis 

compared to E. coli BL21(DE3). Based on our previous 
results [21], the laccase CgL1 from C. glutamicum was 
selected as a promising candidate. Laccase-catalyzed 
oxidative coupling of two coniferyl alcohol 4 molecules 
proceeds via a radical mechanism. The phenol radical is 
stabilized by delocalization and can be represented by 
three different resonance forms (Figure S7). Thus, differ-
ent coupling products are formed, of which pinoresinol 
5 results from 8,8’-coupling and accounts for ~ 28% of 
all possible products in vitro [50]. Laccases contain four 
copper ions responsible for enzyme activity, and the 
reconstitution of the activity of CgL1 in recombinant 
hosts like E. coli depends on copper availability. For this 
purpose, copper ions, for instance in form of CuSO4, 
are usually added at the time point of induction of lac-
case expression [51]. However, in the case of the reaction 
described here, there are a few aspects to consider. In 
fact, coniferyl alcohol 4 is not the only potential substrate 
of the laccase, because other phenolic compounds like 
ferulic acid 1 and coniferyl aldehyde 3 are confirmed or 
suspected substrates for homo- and cross-coupling reac-
tions as well [51]. Indeed, during preliminary tests for 
laccase-mediated phenol coupling, cross-coupled dimers 
of coniferyl aldehyde 3 and coniferyl alcohol 4 were 
detected along with dimers of coniferyl alcohol 4. The 
assignment of possible respective coupling products was 
achieved using in vitro reactions with FeCl3 as oxidizing 
agent (Figures S8-S10).

The equilibrium of the reduction of the aldehyde 3 to 
the alcohol 4 seemed to depend on the redox state of 
the cells. The addition of CuSO4 increased the oxida-
tive stress [52], which in turn resulted in high aldehyde 3 
titers and a higher amount of coniferyl aldehyde-alcohol 

Fig. 4 Time course of coniferyl aldehyde 3 and alcohol 4 formation as well as cell growth (OD600) during conversion of 5 mM ferulic acid 1 by two differ-
ent plasmid-free whole-cell systems: (A) E. coli BL21(DE3) and (B) E. coli W3110(T7). Means and standard deviation were calculated from three biological 
replicates
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cross-coupled products (data not shown). Unfortunately, 
one of these coupling products showed the same reten-
tion time in LC/MS as pinoresinol 5 and could not be 
resolved even by changing the analytical conditions (Fig-
ure S10). In our previous study, the addition of glucose 
or glycerol to the resting cells increased pinoresinol 5 
formation [14]. As TB medium used in this study already 
contained glycerol, we tested additional glucose supple-
mentation. The addition of 5  g/L glucose 0  h, 18  h and 
42 h after substrate addition completely prevented alde-
hyde 3 accumulation and the subsequent formation of 
cross-coupling products (Figure S11). Apart from the 
NADPH-dependent reduction of 2 to 3 (Scheme 1), vari-
ous endogenous NAD(P)H-dependent aldo-keto reduc-
tases and dehydrogenases like YqhD and YahK contribute 
to the subsequent reduction of 3 to 4 [18, 19, 53]. The 
addition of glucose strongly minimized the reoxidation of 
coniferyl alcohol 4 back to coniferyl aldehyde 3, probably 
due to the change in the redox state in the cell and the 
increased availability of reduced nicotinamide cofactors 
[14]. In addition, changes in transcriptional regulation 
and expression of these endogenous enzymes might con-
tribute to the observed effects of glucose addition.

Furthermore, the final product pinoresinol 5 also rep-
resents a substrate for laccases. In our previous in vitro 
studies, decrease of pinoresinol 5 was observed at a cer-
tain point of reaction dependent on the activity and the 
redox potential of the chosen laccase [21].

For plasmid-free pinoresinol 5 synthesis, the CgL1-
coding gene was cloned into the pgRNA-ET vector series 
for subsequent chromosomal integration at two different 
sites. The first gene copy was integrated into pepB_sseB 
locus of E. coli W3110(T7). An additional gene copy was 
integrated into atpI_rsmG locus to investigate the effects 
of the gene copy number on pinoresinol 5 production. To 
determine whether the timing of CuSO4 addition pro-
vides advantages in the formation and preservation of 
pinoresinol 5, addition at the time of induction (0 h) was 

compared to delayed addition after 18 h for both one and 
two integrated copies of cgl1 (Fig. 5).

Interestingly, the strain harboring two laccase gene 
copies in the chromosome showed a slower ferulic acid 
1 conversion and lower coniferyl alcohol 4 concentra-
tions, but no influence on pinoresinol 5 formation was 
observed. Apparently, the integration of the second lac-
case gene copy affected the conversion of 1 to 4 nega-
tively, which might be explained by altered expression 
levels of Pc4CL. Unfortunately, this hypothesis could 
not be confirmed via SDS-PAGE since the protein band 
on the gel did not appear prominent enough (Figure 
S12). However, the increased expression level of the lac-
case CgL1 could be confirmed, but the titer of 5 did not 
increase further compared to a single gene copy. Pin-
oresinol 5 is a known substrate of CgL1 and can therefore 
be degraded over time [21]. This might also explain why 
an equilibrium was reached between coniferyl alcohol 4 
coupling and pinoresinol 5 degradation during the obser-
vation period: coniferyl alcohol 4 titers decreased but 
the concentration of 5 remained constant. In addition, 
insufficient incorporation of copper ions into the laccase 
protein has often been reported as a limiting factor upon 
laccase expression in recombinant E. coli, which may 
explain similar laccase activity regardless of gene copy 
number [51, 54, 55].

The time of CuSO4 addition clearly affected the lac-
case-catalyzed oxidative coupling: When CuSO4 was 
added at the time of induction, pinoresinol 5 could 
already be detected after 18 h and reached its maximum 
after 42  h. In cases where CuSO4 was added 18  h after 
induction, a comparable titer was only reached after 66 h. 
This difference was also reflected by the time course of 
the coniferyl alcohol 4 titers: When CuSO4 was added 
at the time of induction, lower titers of 4 were observed 
as it was already converted to its dimers by CgL1. How-
ever, the gene expression is induced by IPTG and the 
same amount of proteins are therefore visible on the 

Fig. 5 Time course of ferulic acid 1, coniferyl alcohol 4 and pinoresinol 5 titers. The effect of delayed CuSO4 addition (at time of induction compared 
to 18 h after induction) and copy number of cgl1 (one or two copies) were compared after addition of 970 mg/L (5 mM) ferulic acid 1. Exemplary HPLC 
chromatograms are shown in Figure S11
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SDS-PAGE gel regardless of the time of CuSO4 addition 
(Figure S12).

Finally, a maximum concentration of ~ 100 mg/L (~ 270 
μM) pinoresinol 5 was achieved using E. coli W3110(T7). 
Considering that 5 mM of substrate could yield a maxi-
mum of 2.5 mM dimeric coupling products, this cor-
responds to a theoretical yield of 10.8% with respect to 
the amount of ferulic acid 1 used in the reaction. Since 
the maximum titer of coniferyl alcohol 4 from 5 mM 1 
was only 3.75 mM (Fig. 3), the yield of pinoresinol 5 with 
respect to coniferyl alcohol 4 was 14.4%. Our previously 
reported approach using recombinant E. coli resting cells 
and the endogenous E. coli multicopper oxidase CueO 
for coniferyl alcohol 4 coupling reached 240 μM pin-
oresinol 5 starting from 5 mM substrate (9.6% yield) on 
0.5 mL scale [22]. In this case, resting cells were applied 
at higher cell densities. With purified enzymes, even 4.4 
mM pinoresinol 5 starting from 10 mM eugenol could be 
achieved [21]. The higher yield of 17.6% might be attrib-
uted to the use of a biphasic in vitro system that might 
have prevented degradation of 5. Nevertheless, it should 
be noted that an in vitro setup with isolated/purified 
enzymes as well as the use of resting cells require signifi-
cantly more work compared to the growing cell approach 
presented here.

Since upscaling attempts with 10 mM ferulic acid 1 led 
to lower substrate conversion (data not shown), for pre-
parative synthesis of pinoresinol 5, 5 mM ferulic acid 1 
was converted using the strain harboring one cgl1 copy at 
400 mL scale. CuSO4 was added at the time of induction 
and the products were extracted after 66  h of conver-
sion. After flash chromatography using both normal and 
reversed phase silica, 43 mg of pinoresinol (> 98% purity 
quantified via HPLC, Figure S13) were isolated. Product 
identity was verified by LC/MS (ESI(-) m/z 357 [M-H]−) 
and nuclear magnetic resonance (NMR) spectroscopy. 
The results of 1H-NMR (Figure S14) and 13C-NMR (Fig-
ure S15) were consistent with published data [23].

Conclusions
In this study, the evaluation of six intergenic integration 
loci using the fluorescent reporter mCherry allowed the 
selection of suitable loci for plasmid-free heterologous 
expression of plant and bacterial genes and subsequent 
biotransformation in growing E. coli cells. A versatile 
plasmid toolbox for the transfer of genes from pET vec-
tors into these intergenic loci in both E. coli B and K-12 
strains was established and evaluated. The application of 
this toolbox was demonstrated by integrating the genes 
encoding enzymes for the conversion of ferulic acid 1 to 
pinoresinol 5 in E. coli BL21(DE3) and W3110(T7). In 
future studies, this toolbox could also be used to extend 
the developed biosynthetic path and introduce it into a 
tyrosine-overproducing E. coli strain that use the cheaper 

substrate glucose. The synthesis of coniferyl alcohol 4 
revealed substantial differences between the two strains 
tested. In E. coli W3110(T7), the chromosomal expres-
sion system enabled the same coniferyl alcohol 4 titer 
(3.75 mM) as the corresponding plasmid-based expres-
sion system. The reduction of coniferyl aldehyde 3 to 
alcohol 4 was catalyzed by endogenous enzymes of 
the host. Here, the supplementation of glucose to the 
medium shifted the equilibrium towards the formation 
of 4. Finally, a maximal concentration of 100 mg/L pin-
oresinol 5 was reached. This study not only provided a 
nature-inspired route for the synthesis of pinoresinol 5, 
but also helped to facilitate the progress towards plas-
mid-free enzymatic cascades in E. coli.

Methods
Strains and plasmids
E. coli DH5α was used for cloning and for plasmid propa-
gation. E. coli BL21(DE3) and W3110(T7) [56] were used 
for expression, genome engineering and biotransforma-
tion. A list of all strains used and created in this study can 
be found in the supporting information (Table S2). Plas-
mids used for expression, as template for gene amplifica-
tion or chromosomal integration are listed in Table S3.

Construction of pET-28a(+)_mCherry and pETDuet_
ZmCCR_Pc4CL
The gene mCherry was amplified from pSEVA227R and 
cloned into the pET-28a(+) empty vector (Novagen) 
using FastDigest NdeI and EcoRI restriction enzymes and 
T4 DNA Ligase (Thermo Fisher Scientific). Digestion and 
subsequent ligation of the digested genes and vectors was 
carried out according to the manufacturer’s protocols. A 
list of all primers used in this study can be found in the 
supporting information (Table S4).

The genes encoding the 4-coumarate-CoA ligase from 
P. crispum (Pc4CL) and the cinnamoyl-CoA reductase 
from Z. mays (ZmCCR) were amplified from pETDuet-
TAL-4CL and pRSFDuet-CCR-CAD [16], respectively, 
and cloned into the pETDuet-1 empty vector (Novagen). 
Restriction digestion of the amplified genes and vector 
was performed using FastDigest NdeI and XhoI for clon-
ing of Pc4CL and FastDigest EcoRI and NotI for cloning 
of ZmCCR (Thermo Fisher Scientific).

Chemically competent E. coli DH5α cells were trans-
formed with the respective ligation product. The con-
structed plasmids were isolated from 4  ml of overnight 
cultures using the ZR Plasmid Miniprep – Classic Kit 
from ZymoResearch. Sequence integrity was verified by 
Sanger sequencing (Eurofins Genomics).
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Construction of the pgRNA-ET and pgRNA-DUET vector 
series and chromosomal integration
The basic steps for CRISPR/Cas-assisted chromosomal 
integration were carried out as described before for lin-
ear donor DNA [56]. In brief summary, the design and 
evaluation of locus-specific sgRNAs was performed using 
the CHOPCHOP v3 web tool [57] (for details see Table 
S5). The N20 targeting sequence of the plasmid pgRNA 
was substituted for each of the chosen loci by PCR. The 
primers contained the locus-specific N20 as well as a BcuI 
(SpeI) restriction site for subsequent circularization of 
the linear PCR products (Table S4). Digestion with Fast-
Digest BcuI and DpnI (Thermo Scientific) to remove the 
methylated template DNA was followed by a self-circu-
larization ligation step as described by Seo et al. [43]. 
Successful substitution was verified by Sanger sequenc-
ing (Eurofins Genomics).

For λ-Red-mediated homologous recombination, 
homology arms of ~ 500  bp suitable for both E. coli 
K-12 and B strains were designed using the genome 
sequences of E. coli W3110 (GenBank accession no. 
AP009048.1) and E. coli BL21(DE3) (GenBank acces-
sion no. CP001509.3). These sequences were amplified 
by PCR from boiled cells of E. coli BL21(DE3). Linear 
double-stranded donor DNA (dsDonorDNA) for chro-
mosomal integration into the lacZ reference locus was 
generated by fusion PCR of homology arms and mCherry 
as described before [56].

For construction of the pgRNA-ET and pgRNA-DUET 
vector series, the different pgRNA plasmids containing 
the locus-specific targeting sequences were linearized 
by PCR. Corresponding amplified homology arms and 
expression cassettes from pET-28a(+) (for construction 
of the pgRNA-ET series) or pETDuet-1 (for construc-
tion of the pgRNA-DUET series) were recombined as 
described by Gibson et al. [58]. In some cases, fusion 
PCR of the homology arms and the expression cassettes 
prior to Gibson assembly was used to improve the clon-
ing efficiency. An illustration of the entire cloning proce-
dure can be found in Figure S16.

The expression cassette of pgRNA-ET consists of 
the T7 promoter, a ribosome binding site, one multiple 
cloning site containing different optional tags, and the 
T7 terminator. In contrast, the expression cassette of 
pgRNA-DUET contains two multiple cloning sites, each 
with an upstream T7 promoter and ribosome binding 
site, allowing for two transcripts: a monocistronic tran-
script of the gene located in multiple cloning site no. 2, 
and a bicistronic transcript of genes of both multiple 
cloning sites.

For chromosomal integration of heterologous genes 
using the created toolbox, the genes to be integrated 
were amplified from the respective pET vectors by stan-
dard PCR using Phusion High-Fidelity DNA Polymerase 

(Thermo Scientific) according to the manufacturer’s pro-
tocol. After purification by agarose electrophoresis, the 
amplicons as well as pgRNAET vectors were digested 
using FastDigest NdeI/XhoI for mCherry and FastDigest 
BamHI/NcoI for the laccase gene cgl1 as described in the 
manufacturer’s manual. Vectors and inserts were ligated 
using T4 DNA Ligase (Thermo Scientific) and subse-
quently used for transformation of chemically competent 
E. coli DH5α. Plasmids of selected colonies were iso-
lated using the ZR Plasmid Miniprep – Classic kit (Zymo 
Research) and sequenced using standard T7/T7term 
primers (Eurofins Genomics).

The laboratory steps for chromosomal integration were 
carried out as previously described [56]. In brief, electro-
competent cells harboring pEcCas for expression of cas9 
and λ-Red genes were freshly prepared. For this purpose, 
5  ml 2xYT medium (containing 30  μg/ml kanamycin 
and 20 mM L-arabinose) was inoculated with 100  μl of 
an overnight culture and incubated at 37 °C with shaking 
at 180 revolutions per minute (rpm) for 2  h. Cells were 
harvested by centrifugation and washed twice with 1 ml 
ice-cold 10%(v/v) glycerol. After the cell pellet was resus-
pended in 100 μl 10%(v/v) glycerol, 100 ng of the circu-
lar pgRNA-ET or pgRNA-DUET plasmids were added 
which provided both the sgRNA and the necessary repair 
template for homologous recombination. After electro-
poration (2.5 kV, MicroPulser™ electroporator from Bio-
Rad), the cells were immediately transferred to 1  ml of 
SOC medium and incubated at 37  °C, 180  rpm for one 
hour. Finally, the cells were plated out on LB agar plates 
(30  μg/ml kanamycin, 100  μg/ml ampicillin) and incu-
bated at 37 °C overnight. Successful integration was veri-
fied by colony PCR using the primers listed in Table S4. 
Primers were designed to amplify both with and without 
successful integration, so that integration could be iden-
tified by the length of the amplicons (as seen in Figure 
S1). Plasmid curing was performed iteratively in 5  ml 
LB medium with the addition of 10 mM L-rhamnose 
for removing pgRNA-ET or pgRNA-DUET and 5%(w/v) 
sucrose for pEcCas, respectively.

Chromosomal expression and quantification of mCherry
After chromosomal integration into all loci in E. coli 
BL21(DE3) and E. coli W3110(T7), the fluorescent 
reporter mCherry was expressed in 50  ml LB medium, 
which was inoculated with 1 ml of an overnight culture. 
The cultures were grown at 37 °C, 180 rpm until an OD600 
of 0.6–0.7 was reached. After addition of 0.1 mM IPTG 
for induction, the expression was performed at 30  °C, 
180  rpm for 20  h. The optical density was now quanti-
fied at 650 nm to avoid interference with the fluorescence 
of mCherry [59]. Fluorescence measurements of 200  μl 
culture aliquots were performed using a Tecan Infinite 
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M200 Pro microplate reader (excitation at 570 nm, emis-
sion at 625 nm).

Heterologous expression and biotransformation of ferulic 
acid
The genes encoding Pc4CL and ZmCCR were integrated 
into the flgF_flgG locus of the chromosomes of E. coli 
strains BL21(DE3) and W3110(T7). To compare chro-
mosomal and plasmid-based expression, both strains 
(without integrated genes) were also transformed with 
pETDuet_ZmCCR_Pc4CL. The laccase gene cgl1 was 
subsequently integrated into the loci pepB_sseB and atpI_
rsmG of E. coli W3110(T7) already harboring copies of 
Pc4CL and ZmCCR in the flgF_flgG locus.

For biotransformation, the respective E. coli cells were 
grown in TB or LB medium. Cultures were inoculated 
with 2%(v/v) of an overnight culture in either 50 ml for 
analytical reactions or 400  ml scale for the preparative 
reaction (cf. 4.7) and incubated at 37  °C, 180  rpm. For 
plasmid-based expression, 30 μg/ml kanamycin was used 
to maintain the pETDuet plasmid in the cell. At an OD600 
of 0.6 to 0.8, transcription was induced by addition of 0.1 
mM IPTG and the cells were subsequently incubated at 
30 °C, 140 rpm. After 2 h, 5 mM ferulic acid 1 was added 
using a stock solution of 250 mM in dimethyl sulfoxide 
(DMSO), resulting in a final concentration of 2%(v/v) 
DMSO. To prevent aldehyde 3 formation, 5 g/L glucose 
was supplemented at time of substrate addition, after 
18 h and after 42 h. For copper loading of the laccases, 3 
mM CuSO4 was added either at time of induction or 18 h 
after substrate addition. For quantification of substrate 
and products as well as SDS-PAGE analysis and Western 
Blot, 500 μl samples were taken at different time points.

For product analysis, 125  μl of culture medium was 
diluted with 115 μl water. Cinnamic acid (62.5 mM dis-
solved in DMSO) was added as an internal standard 
(10 μl, 2.5 mM final concentration). Extraction was per-
formed twice using 500  μl ethyl acetate each. The com-
bined organic phase (2 × 400 μl) was evaporated and the 
residue was dissolved in 100 μl methanol. Product analy-
sis was performed via HPLC and LC/MS analysis using 
a gradient of water with 0.1%(v/v) formic acid (A) and 
methanol (B) at a flow rate of 0.5 ml/min (LCMS-2020, 
Shimadzu; Chromolith Performance RP-18e 100 –4.6 mm 
column and Chromolith RP-18e 10 –4.6  mm guard car-
tridge, Merck Millipore). Details of the HPLC gradient 
settings are provided in Table S6. The LCMS-2020 was 
set to scan mode to detect both positive and negative 
ions using the dual ion source (m/z 159–1000, scan speed 
3750 u/s, event time 0.25 s). Products were identified by 
comparison of retention time and mass to charge ratio 
(m/z) with commercial standards. Substrate and prod-
ucts were quantified based on their UV absorption using 
a photodiode array detector (SPD-M20A, Shimadzu) at 

different wavelengths (ferulic acid 1 325  nm, coniferyl 
aldehyde 3 340  nm, coniferyl alcohol 4 260  nm, pin-
oresinol 5 280 nm). Linear internal calibration curves of 
all three compounds were used to calculate the substrate 
and product titers from peak areas at the indicated wave-
lengths for each sample.

For SDS-PAGE analysis, aliquots of the cell suspen-
sion equivalent to an OD600 of 0.25 were centrifuged. 
The cell pellets were resuspended in 50 μl 1 x SDS-PAGE 
loading buffer and loaded onto 12.5% polyacrylamide 
gels [60]. For Western blot analysis, proteins were blot-
ted onto a nitrocellulose membrane which was subse-
quently washed twice with TBS (20 mM Tris-HCl, 150 
mM NaCl, pH 7.6) and blocked with 3%(w/v) bovine 
serum albumin (BSA) in TBS. After washing with TBST 
(0.1%(v/v) Tween 20 in TBS) and TBS, the membrane 
was incubated with a 1:1000 dilution of the primary anti-
body (mouse 6x-His tag monoclonal antibody HIS.H8 
from Thermo Fisher Scientific) in TBS with 3%(w/v) BSA 
for one hour. Prior to the incubation with the secondary 
antibody (Peroxidase AffiniPure™ Goat Anti-Mouse IgG 
(Jackson ImmunoResearch), 1:10,000 diluted in TBS with 
10%(w/v) milk powder), the membrane was washed twice 
with TBST and once with TBS. Finally, the membrane 
was washed thoroughly with TBS and the color reaction 
was initiated by the addition of 3,3’,5,5’-tetramethylben-
zidine (TMB) Liquid Substrate System (Sigma Aldrich).

Oxidative coupling using FeCl3
For identification of cross-coupling products of coniferyl 
aldehyde 3 and alcohol 4, 10  μl of 5 mM solutions in 
DMSO for homo-coupling or 5 μl each for cross-coupling 
were diluted in 230  μl ddH2O. Addition of 10  μl 5 mM 
FeCl3 (equimolar amount) at room temperature led to the 
formation of coupling products within minutes. The mix-
ture was extracted twice with 500  μl ethyl acetate. The 
combined organic phases were evaporated and the resi-
due was dissolved in 50 μl methanol for LC/MS analysis.

Isolation of pinoresinol
For product isolation and purification, two 400  ml cul-
tures for conversion of 5 mM ferulic acid 1 were incu-
bated for 66 h (with glucose addition 0 h, 18 h, and 42 h 
after substrate addition). The reaction was monitored as 
described above. The cells were harvested by centrifuga-
tion and the supernatant was used for product extrac-
tion in a separation funnel. The aqueous solution was 
extracted with 2 × 400  ml ethyl acetate. The combined 
organic phases were dried with MgSO4, filtered and 
evaporated under reduced pressure. The residue was 
subjected to flash chromatography (Silica 60  M 0.04–
0.063 mm, Macherey-Nagel) using a mixture of ethyl ace-
tate (70%(v/v)) and n-heptane (30%(v/v)) as eluent. The 
addition of 2%(v/v) triethylamine to the eluent improved 
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separation. Progress of flash chromatography was moni-
tored using thin layer chromatography. Fractions con-
taining a high amount of pinoresinol 5 were combined 
and analyzed via LC/MS. Since purification via normal 
phase was not sufficient, reversed-phase flash chroma-
tography (C18-Reversed-Phase Silica, Sigma Aldrich) 
was performed. The mobile phase consisted of 50%(v/v) 
methanol in water. Combined fractions were first evapo-
rated under reduced pressure to remove methanol. The 
remaining aqueous phase was freeze-dried. The purity of 
the isolated compound was analyzed via HPLC and the 
structure was confirmed by 1H- and 13C-NMR (Bruker 
Avance III – 300).
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