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From Bugs to Bioplastics: Total (4)-Dihydrocarvide
Biosynthesis by Engineered Escherichia coli

Gabriel A. Ascue Avalos, Helen S. Toogood, Shirley Tait, Hanan L. Messiha, and

Nigel S. Scrutton*®

The monoterpenoid lactone derivative (+)-dihydrocarvide
((+)-DHCD) can be polymerised to form shape-memory poly-
mers. Synthetic biology routes from simple, inexpensive
carbon sources are an attractive, alternative route over chemi-
cal synthesis from (R)-carvone. We have demonstrated a proof-
of-principle in vivo approach for the complete biosynthesis of
(4)-DHCD from glucose in Escherichia coli (6.6 mgL™"). The
pathway is based on the Mentha spicata route to (R)-carvone,
with the addition of an ‘ene’-reductase and Baeyer-Villiger cy-

Introduction

The increasing popularity of non-petroleum-based biopolymer
applications is driven by concerns over dwindling fossil fuel
supplies and the environmental impact of accumulating non-
biodegradable plastic waste." Industrially relevant biodegrad-
able polymers include elastomers, resins and composites,
which are often composed of cyclic ester monomers (lac-
tones).”! For example poly-e-caprolactone® and polylactide™
are employed in drug delivery and tissue engineering,””’ and
are often major components in polyurethane biopolymers.© A
variety of limonene-based monoterpenoids found in Mentha
essential oils”’ can be converted into the lactone monomers
menthide, carvomenthide and (4)-dihydrocarvide
((4)-DHCD).®! Subsequent polymeric forms have uses as ther-
moplastic elastomers (shape-memory polymers)® and pres-
sure-sensitive adhesive components.'”

Synthetic routes to monomeric (4)-DHCD include hydroge-
nation and subsequent Baeyer-Villiger oxidation of the natural
product (R)-carvone.”™' However, a synthetic biology route
could serve as an alternative approach (Scheme 1) given that
the enzymes responsible for (R)-carvone biosynthesis in
Mentha spicata are known,” and prior studies with Baeyer-Vil-

[a] G. A. Ascue Avalos, Dr. H. S. Toogood, S. Tait, Dr. H. L. Messiha,
Prof. N. S. Scrutton
School of Chemistry, Faculty of Science and Engineering
University of Manchester
131 Princess Street, Manchester M1 7DN (UK)
E-mail: nigel.scrutton@manchester.ac.uk

Supporting information and the ORCID identification numbers for the
authors of this article can be found under https://doi.org/10.1002/
cbic.201800606.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

5 en

ChemBioChem 2019, 20, 785 -792 Wiley Online Library

clohexanone monooxygenase. Co-expression with a limonene
synthesis pathway enzyme enables complete biocatalytic pro-
duction within one microbial chassis. (+)-DHCD was successful-
ly produced by screening multiple homologues of the pathway
genes, combined with expression optimisation by selective
promoter and/or ribosomal binding-site screening. This study
demonstrates the potential application of synthetic biology
approaches in the development of truly sustainable and re-
newable bioplastic monomers.

liger cyclohexanone monooxygenases (CHMO) have demon-
strated (4)-DHCD production.®' An early attempt at in vivo
(R)-carvone production was to incorporate the C5 isoprenoid
precursor (geranyl pyrophosphate) production and subsequent
spearmint pathway genes into recombinant Escherichia coli.l"™
However this approach was unsuccessful owing to severe limi-
tations in limonene precursor availability. This problem was
overcome by feeding the cultures with (S)-limonene, but pro-
duction was limited by precursor uptake and cytotoxicity
issues.™ A more recent study used orange peel as the limo-
nene feedstock in mixed culture of two recombinant micro-
organisms containing the pathway genes for (15,5R)-carveol
and (4)-DHCD lactone biosynthesis, respectively."? This was
successful in generating (+)-DHCD from waste orange peel;
however, limonene cytotoxicity impacted on the upper level of
feedstock concentrations that could be applied."* To over-
come this cytotoxicity, another study designed a cell-free
system for (R)-carvone production from glucose."” However,
due to time constraints only limonene was efficiently pro-
duced.

We propose a more direct route, in which a M. spicata-like
pathway to (R)-carvone production is combined with specific
alcohol dehydrogenase (ADH) and CHMO enzymes within one
recombinant strain of E. coli (Scheme 1). Limitations in C5 iso-
prenoid precursor production would be minimised by incorpo-
rating a second construct containing a eukaryotic mevalonate
pathway to enable lactone production from simple carbon
sources."™™ The latter pathway was shown previously to sub-
stantially increase the in vivo production of the limonene de-
rivative perillyl alcohol in E. coli.”*® Homologues and modifica-
tions of key enzymes were screened in in vivo reactions to de-
velop an optimised pathway to (+)-DHCD. Functional pathway
constructs underwent further modifications of the controlling

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-4182-3500
http://orcid.org/0000-0002-4182-3500
http://orcid.org/0000-0002-4182-3500
https://doi.org/10.1002/cbic.201800606
https://doi.org/10.1002/cbic.201800606
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

.@2 ChemPubSoc
Brd-? Europe

Mevalonate Pathway

idi PMD PMK MK

Limonene synthesis

HMGR HMGS

I CHEMBIOCHEM
Full Papers

HOH
Ho
atoB H?—IMH
¢
H OH

Q LS trGPPS

D

AN
(1S,5R)-carveol

(S)-limonene

OH O O o
— _— 1)
AN

(R)-carvone

glucose

l

(2R,5R)-dihydrocarvone
(+)-dihydrocarvide

—

P450 CPR ADH

Lactone Pathway

Scheme 1. Synthetic biology approach to in vivo (4)-dihydrocarvide monomer biosynthesis in E. coli. Enzymes: atoB = acetoacetyl-CoA synthase, HMGS = hy-
droxymethylglutaryl-CoA synthase, HMGR = hydroxymethylglutaryl-CoA reductase, MK=mevalonate kinase, PMK = phosphomevalonate kinase, PMD = phos-

phomevalonate decarboxylase, idi =isopentyl diphosphate isomerase, trGPPS =N-terminally truncated geranyl pyrophosphate synthetase, LS =Ilimonene syn-
thase, P450 =limonene-6-hydroxylase, CPR = cytochrome P450 reductase, ADH = alcohol dehydrogenase, ER = ene-reductase and CHMO = cyclohexanone

monooxygenase.

elements (e.g., promoters) to enable significant levels of the
terminal lactone product to be generated.

Results and Discussion
Limonene hydroxylation

The entry step into the M. spicata biosynthesis of (R)-carvone is
the hydroxylation of (S)-limonene to (1S,5R)-carveol (Scheme 1)
catalysed by the cytochrome P450 enzyme limonene-6-hydrox-
ylase (L6H) with its electron-transfer partner cytochrome P450
reductase (CPR)."® Based on earlier studies, we generated an
N-terminally truncated and modified form of L6H"” (L6H,,) to
eliminate the signal sequence and increase soluble expression
in E. coli. Unfortunately only a partial sequence was available
for mint CPR (205 aa; GenBank: AW255332) from studies with
expressed sequence tags (EST) from mint glandular tri-
chomes."® However the CPR from Salvia miltiorrhiza (Chinese
sage; SMCPR) has high amino acid sequence homology (92 %)
to the EST CPR sequence from mint.

Additionally, early studies with native L6H showed that hy-
droxylation occurs in the presence of a CPR from Arabidopsis
thaliana (AtCPR)."” Therefore, we generated C-terminally His,-
tagged versions of both SmCPR and AtCPR to determine the
best electron-transfer partner for L6H,,.

Initial co-expression constructs of L6H,, with either SmCPR
or AtCPR were generated in plasmid pCWori under the control
of a tac promoter."” In vitro biotransformations of cell lysates
with limonene showed only poor (15,5R)-carveol production by
L6H,, with either SmCPR or AtCPR over 24 h (eg., (95.2+
3.3) um with SmCPR; 1.9% vyield; Figure S6 in the Supporting
Information). Therefore new L6H,/CPR constructs were gener-
ated without Hiss tags and controlled by either araBAD (arabi-
nose) or tet (tetracycline) promoters on different plasmid back-
bones (pBbB8k and pBbE2k, respectively). We performed in
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vivo reactions for the detection of functional L6H,-CPR pairs
instead of using purified proteins or cell lysates. This is due to
difficulties in obtaining sufficient quantities of soluble, active
membrane-associated L6H,, (results not shown). This method
involved the co-expression of L6H,,-CPR constructs with a limo-
nene production plasmid pJBEI6410,"*" thereby eliminating
the need to supplement the culture with limonene. Cultures
were grown in the presence or absence of a nonane overlay,
which efficiently sequestered the monoterpenoids away from
the aqueous phase to minimise cytotoxicity.

(S)-Limonene production was detected in all cultures, with a
range of titres of 137-220 mgL™'/ODy, dependent on the
L6H,-CPR construct (Figure 1). These differences likely reflect
the efficiency of production versus the rate of utilisation by
the expressed L6H,,/CPR; however, the nature of the L6H-CPR
plasmid backbone appeared to have an impact on limonene
titres. The best (15,5R)-carveol-producing construct was L6H,,-
SMCPR in pBbB8k ((6.7 -4.3) mgL™'/ODgy,), with the equivalent
AtCPR-containing plasmid showing a 20-fold reduction in yield
(Figure 1). The higher than expected variability in (15,5R)-car-
veol yields within replicates is a reflection on the nonoptimised
growth and induction conditions; however, a clear preference
for the sage CPR was seen. No detectable levels of (1S,5R)-car-
veol were found with the constructs in the tetracycline-induci-
ble pBbE2k plasmid. This could be indirectly related to the
higher copy number and promoter strength, leading to
changes in soluble recombinant protein expression levels and/
or a higher metabolic burden on E. coli. This was seen by an in-
crease in the relative proportion of insoluble protein expressed
in these constructs (results not shown).

Optimisation trials were performed in vivo with the best per-
forming construct L6H,,-SmCPR in pBbB8k co-expressed with
the limonene production plasmid pJBEI6410. The presence/
absence of a n-nonane bilayer, culture density at induction,
inducer concentration (isopropyl-p-p-thiogalactopyranoside

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chembiochem.org

\\,* ChemPubSoc
Rt Europe
OH
L6H/CPR
300 - Y Y
AN AN
250 4 (S)-limonene [[] (18,5R)-carveol
S 200 |
Y, I
= 150 -
£
g 100 -
o
o
50 -
0 I
pBbB8k pBbE2k pBbB8k pBbE2k
L6H,,-SmCPR L6H,-AtCPR

Figure 1. In vivo production of (S)-limonene and (15,5R)-carveol by L6H,,-
CPR constructs co-expressed with limonene synthesis plasmid pJE16410 in
E. coli. Cultures (5 mL) were grown in Terrific broth, containing phosphate
salts (9.4 gL' KH,PO, and 2.2 gL' K,HPO,), 0.7% (w/v) glucose, 60 pgmL™"
kanamycin and 100 ugmL~" ampicillin. The culture was incubated at 37°C

at 200 rpm until the ODgy, reached 0.4, then 25 um IPTG (pJE16410), 500 um
d-aminolevulinic acid, 25 um arabinose (pBbB8k) or 100 nm tetracycline
(pBbE2k) was added. The cultures were incubated at 30°C for 72 h. Each cul-
ture aliquot (1 mL) was cooled for 10 min on ice, then the nonane layer was
extracted with ethyl acetate (2x375 plL) containing 0.01% sec-butyl ben-
zene. Product yields and identification were determined by GC-MS analysis.
An 0Dy, of 1.0 corresponds to ~1.7 gL' wet weight of cells."” No detecta-
ble limonene hydroxylase activity was detected in control E. coli cells.

(IPTG) and arabinose) and post-induction time were varied
(Table S10). In contrast to studies with in vivo production of
limonene and other monoterpenoids,”® the presence of a
n-nonane co-solvent reduced the levels of (1S,5R)-carveol pro-
duction at least sevenfold ((1.7+£0.9) vs. (12.844.4)mgL™"/
ODygg)- This is likely due to the sequestering of the (S)-limo-
nene generated by the pJBEI6410 plasmid into the co-solvent,
thereby reducing the intracellular concentrations and availabili-
ty for the hydroxylation enzyme. Increasing the kanamycin
concentration (selective for L6H,,-SmCPR) from 15 to
60 ugmL™' led to a threefold increase in (15,5R)-carveol. The
conditions leading to the highest yields of (15,5R)-carveol with
the highest reproducibility were found to be induction at a
mid-log phase, with 25 um IPTG and 25 mm arabinose ((33.8+
5.0) mg L™"/ODgy).

Alcohol dehydrogenase selection

The second step in the M. spicata biosynthetic pathway is the
NAD "-dependent oxidation of (1S,5R)-carveol to (R)-carvone
(Scheme 1) catalysed by (—)-isopiperitenol/(—)-carveol dehy-
drogenase (IPDH).” This ADH is a member of the zinc-depen-
dent short-chain dehydrogenase/reductase superfamily similar
to human 17B-hydroxysteroid dehydrogenase.”” We per-
formed in vitro biotransformations of cell lysates of IPDH ex-
pressed in E. coli strain BL21(DE3) with a (15,5R)- and (1R,5R)-
carveol mix. Unfortunately only minor (R)-carvone yields were
obtained, only about two times higher than that obtained by
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constitutive E.coli ADHs alone ((0.33+0.17) vs. (0.14+
0.01) um). Therefore, we cloned three additional IPDH homo-
logues to identify the best performing enzyme capable of gen-
erating (R)-carvone in E. coli.

The first homologue was (15,5R)-carveol dehydrogenase
from Rhodococcus erythropolis DCL14 (CDH),”" known to oxi-
dise each of the four isomers of carveol, but with the highest
affinity and turnover rate with the desired (1S,5R)-carveol. The
second candidate was the ADH from Rhodococcus ruber DSM
44541 (RrADH), which is specific for a variety of S secondary al-
cohols, such as cyclohexanol.”? The final homologue screened
was the ADH from Lactobacillus kefir DSM 20587 (LkADH).”*
This enzyme differed by being NADP *-dependent, R-selective,
and required Mg®" for activity. Prior studies with cell extracts
of E. coli expressing LK-ADH showed a 21% conversion of a
mixture of (1S,5R)- and (1R,5R)-carveol stereoisomers.”?"

Each gene was expressed in E. coli strain BL21(DE3), and
clarified cell lysates were used for in vitro biotransformations
with the (15,5R)- and (1R,5R)-carveol mix. Unfortunately, E. coli
contains constitutive Old Yellow Enzymes (OYEs) and keto-
reductases, which are likely to consecutively produce (2R,5R)-
dihydrocarvone™ and dihydrocarveol isomers, respectively
from (R)-carvone (Figure 2). Therefore evidence of each recom-
binant ADH activity above control cell lysates is apparent from
the detection of one or more of three potential products.

Cell lysates of RrADH showed the highest yields of (R)-car-
vone ((0.42+0.13) mm), closely followed by CDH ((0.34+
10) mm; Figure 2). However, higher levels of by-product dihy-
drocarvone isomers ((1.83+£0.19) mm) and neo-dihydrocarveol
((2.6 =0.5) mm) were detected with RrADH and LkADH, thus
suggesting high activity of the earlier ADH step. An additional
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Figure 2. In vitro biotransformations of ADH enzymes in E. coli cell extracts,
showing the proposed pathway for the formation of by-products (2R,5R)-
dihydrocarvone, dihydrocarveol isomers and carvyl acetate. The dihydro-
carvone produced is 290% 2R,5R isomer. No detectable native E. coli ADH
activity with carveol was detected during in vivo reactions (Figure 1). ER:
ene-reductase, KR: ketoreductase.
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by-product carvyl acetate ((0.54+0.05) mm) was seen in reac-
tions with CDH lysate, presumably generated by the action of
an E. coli alcohol acetyltransferase on carveol.” Therefore, po-
tentially each of these ADH enzymes could be used to catalyse
in vivo (15,5R)-carveol dehydrogenation within E. coli.

(S)-Limonene to (R)-carvone operons

The next stage involved combining the highest performing
(1S5,5R)-carveol-producing construct (L6H,,-SmCPR in pBbB8k)
with the four ADH enzymes to find the optimal set of biocata-
lysts. Each operon was constructed by inserting the ADH gene
downstream from SmCPR, separated by one of two ribosome
binding sequences. RBS1 (GAATA ACTAT TTAAG AGGGA GATTA
ATAAC A) has a predicted translation rate of 13969,?” whereas
RBS2 (TAAGGAGGT) was chosen as it successfully increased the
production of p-coumaryl alcohol in E. coli when using a tri-
cistronic operon.”® Each construct was co-transformed with
plasmid pJBEI6410 into E. coli strain NEB10f to screen for the
in vivo production of (R)-carvone from glucose.

Constructs containing CDH showed the highest levels of (R)-
carvone production ((71£10) mgL™" with RBS1). In contrast,
IPDH-containing constructs showed a twofold reduction in
yield (36.5+1.8 with RBS1; Figure 3). In both cases, (2R5R)-
dihydrocarvone was present due to the action of an E. coli
ene-reductase. RrADH cultures only showed the presence of
(15,5R)-carveol, thus suggesting a lack of functional ADH pro-
tein expression. LKADH cultures also contained significant
levels of (15,5R)-carveol, with only moderate ADH activity de-
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Figure 3. In vivo production of (R)-carvone and other monoterpenoids by
L6H,,-SmCPR-ADH constructs in E. coli, coexpressed with limonene synthesis
plasmid pJE16410, showing the proposed pathway for product formation.
Cultures (5 mL) were grown in Terrific broth containing phosphate salts

(94 gL' KH,PO, and 2.2 gL' K,HPO,), 0.7 % (w/v) glucose, 60 pgmL™~"' kana-
mycin and 100 pgmL ™" ampicillin. The culture was incubated at 37°C and
200 rpm until the ODg, reached 0.4, then 25 pm IPTG (pJE16410), 500 pm 6-
aminolevulinic acid and 25 pm arabinose were added. Cultures were incu-
bated at 30°C for 72 h. Culture aliquots (3 mL) were extracted with ethyl
acetate (2x375 pL) containing 0.01 % sec-butyl benzene. Product yields and
identification were determined by GC-MS analysis.
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tected (Figure 3). Therefore, CDH was chosen as the biocatalyst
for the in vivo production of (R)-carvone in E. coli.

Biocatalyst selection and screening for (2R,5R)-dihydro-
carvone and (+)-DHCD production

The NADPH-dependent C=C reduction of (R)-carvone to
(2R,5R)-dihydrocarvone is a well-known reaction catalysed by
OYE family members.”>? We selected the classical OYE sub-
class member pentaerythritol tetranitrate reductase (PETNR)
from Enterobacter cloacae PB2 as the biocatalyst for this step,
as it is highly expressed in E. coli and is known to react with
(R)-carvone to produce (2R,5R)-dihydrocarvone with high yields
and diastereoselectivity (94% de).”

For the next step, the flavin-dependent cyclohexanone mon-
ooxygenases (CHMO) catalyse the NADPH-dependent Baeyer—
Villiger oxidation of cyclic ketones to form cyclic esters (lac-
tones).®" The CHMO from Rhodococcus species Phil (CHMO,)
catalyses the oxidation of (2R,5R)-dihydrocarvone; however, it
generates the unwanted abnormal lactone (3S,65)-6-isopropen-
yl-3-methyl-2-oxo-oxepanone.’?  Site-directed mutagenesis
studies of this enzyme generated a triple variant (F249A/
F280A/F435A; CHMO,,) that successfully produced the re-
quired “normal” (+)-DHCD lactone.®! Therefore, we selected
CHMO,,, as the catalyst for the final lactone production step in
E. coli.

To assess the performance of these two enzymes in E. coli, a
variety of multigene constructs were generated and assessed
for both (2R,5R)-dihydrocarvone and (+4)-DHCD production
under standard fermentation conditions. Cell extracts of each
construct were tested by in vitro biotransformations in the
presence of a commercially available (15,55)- and (1R,5R)-car-
veol mix, NAD* (IPDH) and an NADPH cofactor-recycling
system (PETNR and CHMO;,). These early constructs contained
the complete pathway from (S)-limonene to (+)-DHCD (L6H,,-
IPDH-PETNR-CHMO,y,; L6H,,IPC;,,) except for CPR, as the most
suitable CPR (and ADH homologue) had not been determined
at the time of pathway construction. However, the focus of
these operon designs was to generate the most suitable
PETNR-CHMO,,, gene arrangement to maximise (+)-DHCD
production from exogenously supplied (R)-carvone, so the
absence of CPR and the presence of IPDH instead of CDH was
inconsequential. Full details of the production of these con-
structs can be found in the Supporting Information (Experi-
mental Sections 1-5, Tables S1-S7 and Figures S1-S4).

PETNR is known to be highly expressed and active in E. coli
extracts,®® so the main focus of the multiple L6H,,IPC, de-
signs was to increase the expression of CHMO;,,. An initial con-
struct was generated with the genes under control of a single
lacUV5 promoter (L6H,IPCs,,). Biotransformations with carveol
showed the production of (R)-carvone ((0.87+0.03) mm) and
dihydrocarvone ((0.34+0.03) mm) above control E.coli ex-
tracts, the latter predominantly the 2R5R enantiomer
(Table S11). No (4)-DHCD was detected, probably due to the
low levels of the (2S,5R)-dihydrocarvone present. To further
check for CHMO,, expression, biotransformations were per-
formed with (R)-carvone, thereby eliminating the need for the
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IPDH step. This generated both (2S,5R)-dihydrocarvone ((1.47 +
0.08) mm) and (+)-DHCD ((0.11+0.01) mm), thus suggesting
the presence of active CHMO,,. However, higher expression
levels of CHMO,,, are required to enable efficient (+)-DHCD
production from earlier pathway intermediates. Three addition-
al L6H,,IPC;,, constructs were generated in which the riboso-
mal binding-site sequence upstream of CHMO;,, was varied in
an attempt to increase its expression levels. However, no
(+)-DHCD was detected during biotransformations, even in the
presence of CHMO,, substrate (2S,5R)-dihydrocarvone
(Table S12).

The next approach to boost expression was to insert a varie-
ty of promoters upstream of CHMO,,,. The selected promoters
were induced by IPTG (trc/lacO, tacll/lacO, lacUV5), rhamnose
(rhaBAD) or tetracycline (PtetA), allowing either a single (IPTG)
control over the expression of all three genes or differential
control for CHMO;,,.** Biotransformations of cell extracts were
performed with three different substrates to determine the
most effective expression control system for CHMO;,, (Tables 1,
S13 and S14). As expected, in each case, the highest (+)-DHCD
production was seen in the presence of (25,5R)-dihydrocarvone
(CHMO,,, substrate), with the best yields obtained with
CHMO,,, under the control of a trc/lacO promoter ((0.57 +
0.07) mm; Table 1). When the CHMO,;,, promoter was substitut-
ed for PtetA and rhaBAD, the yields decreased by 1.7- and 4.4-
fold, respectively. Biotransformations in the presence of carveol
showed a significant decrease in (+)-DHCD production ((0.12+

Table 1. In vitro monoterpenoid production by L6HIPpC,, constructs
with three different promoters upstream of CHMO;y,.”!

OH oH O O CHMO4y o]
EEm—— e —_— [e)
(1S,5R)- (R)-carvone (2R,5R)- (+)-dihydro-
carveol dihydrocarvone carvide
CHMO,y, Substrate (2R,5R)-DHC (4)-DHCD DHCL
promoter [mm] [mm] [mwm]
trc/lacO® carveol 0.0540.01 0.1240.01 0.0440.01
carvone 2.36+0.13 0.47 £0.06 trace
DHC mix - 0.574+0.07 trace
PtetA carveol 0.114+0.01 0.05+0.02 0.03+0.01
carvone 0.92+0.15 0.28+0.05 n.d.
DHC mix - 0.33+0.06 n.d.
rhaBAD carveol 0.15+0.01 n.d. 0.41+0.07
carvone 2.294+0.07 0.11+£0.02 0.104+0.02
DHC mix - 0.13+0.03 n.d.

[a] No C-Hiss tag on PETNR. Reactions (1 mL) were performed in buffer
(50 mm Tris, pH 7.0) containing cell lysate, 5 mm (R)-carvone, 150 um
NAD*, +15 um NADP*, 15 mm glucose and 10 U GDH. Reaction mixtures
were incubated for 24 h at 30°C and 130 rpm. Monoterpenoids were ex-
tracted with 2x0.5 mL ethyl acetate containing 0.1% sec-butylbenzene
internal standard. Product yields and identification were determined by
GC-MS analysis using a DB-WAX column. No evidence was seen of native
E. coli lactone formation. DHC mix: (2R,5R)- and (2S,5R)-dihydrocarvone,
DHCD: dihydrocarvide lactone, DHCL: dihydrocarveol by-product; trace:
<0.02 mMm, n.d.: none detected. The data for the production of (R)-car-
vone and the by-product carvyl acetate are given in Tables S13 and S14.
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0.01) mm with trc/lacO). In the case of the rhaBAD-containing
construct, no (+)-DHCD was produced in the presence of car-
veol. Therefore, the inclusion of the promoters trc/lacO and
PtetA upstream of CHMO,,, have successfully led to the pro-
duction of (+)-DHCD from carveol.

Lactone production from glucose

Full pathway assembly was performed by using the most suc-
cessful carvone-producing construct as the backbone (L6H,-
SmCPR-CDH RBST; arabinose inducible), and inserting PETNR-
promoter-CHMO,,, genes downstream of CDH. Constructs
L6HIP-trc-Cy, and L6HIP-tet-C;y, were chosen as the source of
PETNR-promoter-CHMO,,, genes due to their ability to produce
(+)-DHCD in the presence of carveol. Additionally, the L6HIP-
rha-Cs,, construct was chosen as it generated significant
(+)-DHCD in the presence of (R)-carvone. The three dual pro-
moter constructs  (L6HCCP-trc-C;,, L6HCCP-tet-C;, and
L6HCCP-rha-C;y) were co-expressed in E. coli with the limo-
nene synthesis plasmid for total in vivo production of
(+)-DHCD lactone from glucose. Given the length of the
number of steps in the pathway to (+)-DHCD, CHMO,,, inducer
was added either at the same time as the other inducers (IPTG
and arabinose) or 6 h later so as to give time for the intermedi-
ate monoterpenoid concentrations to build up within the cell.
The trc-promoter is IPTG inducible, so the expression of
CHMO,,, in construct L6HCCP-trc-C;), could not be postponed
for 6 hours, as IPTG is required for the induction of the limo-
nene synthesis genes (pJBEI6410 plasmid).

In vivo studies showed that two of the three construct com-
binations successfully generated (+)-DHCD from glucose
(Figure 4). The most successful limonene to lactone-producing
construct in E. coli was L6HCCP-rha-Cs,,, which showed around
6 mgL™" (+)-DHCD, dependent on the induction conditions.
Interesting, the highest in vitro (4+)-DHCD-producing construct
L6HCCP-trc-C5,, did not show any detectable levels of
(4+)-DHCD under in vivo conditions when co-expressed with
the limonene-producing plasmid. This highlights the impor-
tance of screening multiple constructs with different control-
ling elements, as the addition of an extra IPTG-inducible path-
way can sometimes have an (unpredictable) impact on the ex-
pression of each recombinant gene.

Conclusions

In vivo production of fine chemicals is one possible solution to
the increasing demand for sustainable and renewable manu-
facturing. The cost-effectiveness of biological manufacturing
strategies is dependent on the construction of recombinant
microorganisms that express the correct “assembly line” of
enzymes at sufficient levels. We have achieved a proof-of-prin-
ciple demonstration of in vivo production of the bioplastics
precursor (+)-DHCD in E. coli, grown on a simple, inexpensive
carbon source. This overcomes the severe limitations in the ex-
isting partial pathway approach (limonene to lactone) caused
by the addition of a cytotoxic precursor (limonene) supply to
the microorganism.™ The in vivo production of limonene in
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Figure 4. In vivo monoterpenoid production from limonene by L6CCPpC,y,
constructs with three different promoters upstream of CHMO,,,, co-ex-
pressed with limonene synthesis plasmid pJE16410. Cultures (5 mL) were
grown in Terrific broth containing phosphate salts (9.4 gL™' KH,PO, and

2.2 gL™" K,HPO,), 0.7% (w/v) glucose, 60 ugmL~" kanamycin and

100 pg mL~" ampicillin. The culture was incubated at 37 °C and 200 rpm
until the ODg, reached 0.4, then 25 um IPTG (pJE16410), 500 um d-aminole-
vulinic acid, 25 um arabinose and either 0.05% rhamnose or 100 nm tetra-
cycline were added at the time of induction or after 6 h. Cultures were in-
cubated at 30°C for 72 h. Aliquots (3 mL) were extracted with ethyl acetate
(2%x375 pL) containing 0.01% sec-butyl benzene. Product yields and identifi-
cation were determined by GC-MS analysis.

E. coli overcomes the precursor uptake constraints, and mini-
mises cytotoxicity by the effective removal of the precursor
molecules by the remaining pathway steps.

Further studies are required to increase the productivity and
cost-effectiveness of this bio-manufacturing approach to bio-
plastics production. This is necessary to increase the produc-
tion titres, concomitant with the elimination of selection
agents (antibiotics) and expensive chemical induction (e.g.,
IPTG and rhamnose). For example, host selection and (chromo-
somal) modification could be applied to reduce the cytotoxici-
ty and recovery of the monoterpenoids and increase cellular
export. A high-throughput combinatorial approach could be
applied to screen for the best combination of enzyme homo-
logues/variants, vector backbone, promoter combination and
gene order. However our demonstration of the complete in
vivo production of (+)-DHCD is a leap forward in the develop-
ment of truly sustainable and renewable bioplastic monomers.
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Experimental Section

General materials and reagents: All reagents and solvents were
purchased from commercial suppliers, and were of analytical grade
or better. Media components were obtained from Formedium
(Norfolk, UK). Gene sequencing and oligonucleotide syntheses
were performed by Eurofins MWG (Ebersberg, Germany). The
BglBrick series of vectors and the mevalonate pathway overexpres-
sion plasmid pJBEI6410"*¥ were obtained from Addgene (https://
www.addgene.org).>¥

Gene synthesis and subcloning: The genes encoding the C-termi-
nally His-tagged proteins pentaerythritol tetranitrate reductase
(PETNR C-His,) from E. cloacae (UNIPROT: P71278)®% and cyclohexa-
none monooxygenase (CHMO,;) from Rhodococcus species Phil
(UNIPROT: Q84H73)® were synthesised and subcloned into
pET21b, as described previously. The CHMO triple variant F249A/
F280A/F414A (CHMO,,) was generated by PCR mutagenesis, as de-
scribed previously.® The following C-terminally Hiss-tagged alcohol
dehydrogenase genes were synthesised and subcloned into
PET21b by GenScript: (—)-trans-isopiperitenol dehydrogenase from
Mentha piperita (IPDH; UNIPROT: Q5C919),”" (15,5R)-carveol dehy-
drogenase from R. erythropolis (CDH; UNIPROT: Q9RA05)," (R)-spe-
cific alcohol dehydrogenase from L. kefir (LKADH; UNIPROT:
Q6WVP7)2% and secondary alcohol dehydrogenase from R. ruber
DSM 44541 (RrADH; UNIPROT: Q8KLT9).”' Each gene was codon
optimised for optimal expression in E. coli. In the case of IPDH, a
stop codon was inserted before the Xhol site by overlap extension
PCRP” to eliminate the C-terminal His, tag.

The gene encoding an N-terminally modified mature (4S)-limo-
nene-6-hydroxylase from M. spicata (L6H,,; UNIPROT: Q9XHES8)""
was synthesised and subcloned without codon optimisation into
pCWori (+) by Geneart. The N terminus was modified by removing
the chloroplast signal sequence in addition to other modifications
designed to increase its soluble expression in E. coli, as described
previously."””! Two C-terminally Hiss-tagged cytochrome P450 re-
ductases from A. thaliana (AtCPR; UNIPROT: Q9SB48) and S. miltior-
rhiza (SmCPR; UNIPROT: S4URU2) were synthesised and subcloned
into pET21b by incorporating codon-optimisation techniques of
rare codon removal. Each gene was transformed into competent
cells of E. coli strain BL21(DE3) for functional overexpression ac-
cording to the manufacturers’ protocols.

Limonene hydroxylation construct assembly: Functional limo-
nene hydroxylation constructs were generated by In-Fusion clon-
ing (Takara)®® between PCR linearised L6H,, (3'-end) in pCWori (+)
and either AtCPR or SmCPR, with the inclusion of a Shine-Dalgarno
sequence between the genes (L6H,-AtCPR and L6H,-SmCPR,
respectively). The constructs were transformed into E. coli strain
JM109 for functional expression. The two constructs were further
subcloned into vectors pBbB8k-RFP and pBbE2k-RFP (Addgene)B*
under the control of tetracycline and pBAD promoters, respectively.
This was performed by using In-Fusion cloning between PCR line-
arised vector (RFP eliminated) and an L6H-CPR insert. Following
each PCR reaction, the template was removed by Dpnl digestion,
and PCR product size was determined by 0.6 % agarose gel electro-
phoresis. The oligonucleotide sequences encoding all the PCR pri-
mers can be found in Table S1. The correct assembly of each con-
struct was confirmed by DNA sequencing. Each construct was co-
transformed with plasmid pJBEI6410 into competent cells of E. coli
strain NEB10 for functional overexpression according to the man-
ufacturers’ protocols.

Production and in vitro biotransformations of ADH lysates: ADH
clones were grown in lysogeny broth (10gL™' tryptone, 5gL'
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yeast extract and 5 gL' NaCl) containing ampicillin (100 ugmL™")
and starter culture (2%). In the case of CDH production, sorbitol
(182gL™") and betaine-HCl (0.293 gL™") were included in the
medium. Cultures were incubated at 37°C until the ODgynm
reached 0.5. Protein production was induced by the addition of
IPTG (100 um), followed by incubation at 30°C for 16-18 h. Cells
were harvested by centrifugation (4000g), and the pellets were re-
suspended in lysis buffer (1.7 mL; 50 mm Tris, pH 7.0, containing
EDTA-free complete protease inhibitor cocktail, 1 mm MgCl,
0.1 mgmL™" DNasel, 0.1 mgmL™' lysozyme and 10% glycerol).
Cell-free supernatants were generated by sonication (10 cycles of
10 s on/1 min off at 40% amplitude) and centrifugation for (5 min,
13000g). The presence of the individual recombinant proteins was
determined by SDS-PAGE on 12% Mini-PROTEAN-TGX stain-free
gels (Bio-Rad). Protein content was visualised by using a Safe
Imager 2.0 Blue light trans-illuminator (Bio-Rad).

Reactions (1 mL) were performed in buffer (50 mm Tris pH 7.0) con-
taining a mixture of (15,5R)- and (1R,5R)-carveol (5 mwm), NADP*
(15 um), glucose (15 mm) and glucose dehydrogenase (GDH; 10 U).
Reaction mixtures were incubated for 72 h at 30°C and 130 rpm.
Control reactions were performed with E. coli lysates that did not
contain the recombinant plasmids. In each case, monoterpenoids
were extracted with ethyl acetate (2x0.5 mL) containing 0.1 % sec-
butylbenzene internal standard. Product yields and identification
were determined by GC and GC-MS analysis, respectively, on a DB-
WAX column.

Generation of the L6H-CPR-ADH constructs: Eight constructs
were generated in which each ADH was inserted downstream of
the CPR gene of L6H,,-SmCPR in pBbB8k preceded by one of two
different ribosome binding sequences (rbs1-2). This was performed
by using In-Fusion cloning between PCR linearised L6H,-SmCPR
and amplified rbs-ADH insert (L6H,-SmCPR-IPDH, L6H, -SmCPR-
CDH, L6H,,-SmCPR-LKADH and L6H,,-SmCPR-RRADH versions 1 and
2, respectively). Following each PCR, template removal and DNA
clean up were performed as above. The oligonucleotide sequences
encoding the PCR primers can be found in Table S2. The correct as-
sembly of each construct was confirmed by DNA sequencing. Each
construct was cotransformed with plasmid pJBEI6410 into compe-
tent cells of E. coli strain NEB10f for functional overexpression ac-
cording to the manufacturers’ protocols.

Construction of multienzyme-cascade constructs containing
PETNR and CHMO,,: A series of multigene constructs containing
L6H,, IPDH, PETNR and CHMO,; or CHMO;, were generated to
maximise the production of (+)-DHCD lactone from (15,5R)-carveol.
The optimisation parameters varied were the plasmid backbone
(pBbE1c or pBbE5c), RBS sequences and the presence of four dif-
ferent promoters upstream of CHMOs,,,. Full details of the assembly
techniques and biotransformation data performed for each con-
struct can be found in the Supporting Information.

Construction of the complete lactone-producing pathway from
limonene: (4)-DHCD-producing constructs from (S)-limonene (Fig-
ure S5) were generated by In-Fusion cloning between the PCR line-
arised L6H,-SmCPR-CDH construct (contains rbs1) in pBbB8k and
one of three PETNR-promoter-CHMO,, inserts amplified from
L6HIP-tet-C;y, L6HIP-rha-Cyy, and L6HIP-trc-C,y. These inserts differ
by the type of promoter located upstream of the CHMO;,, gene,
that is tetracycline-, rhamnose- or IPTG-inducible, respectively. PCR
linearisation of L6H,-SmCPR-CDH was performed between the
3’-end of CDH and the terminator region, amplification of the
PETNR-promoter-CHMO,,, inserts included rbs2 upstream of PETNR.
Following each PCR reaction, template removal and DNA clean up
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were performed as above. The oligonucleotide sequences encod-
ing the PCR primers can be found in Table S8. The correct assembly
of each construct was confirmed by DNA sequencing (L6HCCP-tet-
Cyw LBHCCP-rha-Csy, and L6HCCP-trc-Csy,). Each construct was co-
transformed with plasmid pJBEI6410 into competent cells of E. coli
strain NEB10f for functional overexpression according to the man-
ufacturers’ protocols. A summary of all the gene constructs is
found in Table S9.

In vivo biotransformations: A single colony of E. coli NEB10f co-
transformed with pJBEI6410- and pBbB8k-containing biosynthetic
constructs was used to inoculate Terrific broth (5 mL) containing
phosphate salts (9.4 gL~ KH,PO, and 22 gL' K;HPO,), glucose
(0.7%, w/v) kanamycin (60 pgmL~") and ampicillin (100 pgmL™").
The culture was incubated at 37°C and 200 rpm until the ODgqy,
reached 0.4, then IPTG (25 um), arabinose (25 mm), d-aminolevulin-
ic acid (500 pm) were added with/without tetracycline (100 nm)
and with/without rhamnose (0.05%). The cultures were incubated
at 30°C for 72 h unless otherwise stated. Each culture aliquot
(3 mL) was cooled for 10 min on ice, then extracted with ethyl ace-
tate (2x375 L) containing 0.01% sec-butyl benzene.” Product
yields and identification were determined by GC-MS analysis.

Analytical techniques: Monoterpenoid content was quantified by
using an Agilent Technologies 7890A GC system with a flame ioni-
zation detector (FID). Biotransformation extracts (1 uL) were ana-
lysed on a DB-WAX column (30 m; 0.32 mm; 0.25 um film thick-
ness; JW Scientific). In this method, the injector temperature was
220°C with a split ratio of 20:1. The carrier gas was helium with a
flow rate of 1 mLmin~' and a pressure of 5.1 psi. The program
began at 40°C with a hold for 2 min, then the temperature was
increased to 210°C at a rate of 15°Cmin~', with a final hold at
210°C for 3 min. The FID was maintained at a temperature of
250°C with a flow of hydrogen at 30 mLmin~'. Product was quan-
titated by comparing the peak areas to those of authenticated
standards of known concentration. Where authentic standards
were not commercially available (by-products only), the concentra-
tions were estimated by using an average concentration per peak
area value based on 11 related monoterpenoid standards.

Monoterpenoids were identified on an Agilent Technologies 7890B
GC system with a 5977A MSD extractor El source detector by using
the same DB-WAX column. In this method, the injector tempera-
ture was 240°C with a split ratio of 50:1. The carrier gas was
helium with a flow rate of 3 mLmin™' and a pressure of 8.3 psi.
The program began at 50°C with a hold for 1 min, then the tem-
perature was increased to 68°C at a rate of 5°Cmin~', with a hold
at 68°C for 2 min. A second temperature gradient was applied at
25°Cmin~" until 230°C with a final hold of 2 min. The mass spectra
fragmentation patterns were entered into the NIST/EPA/NIH 11
mass spectral library to identify any potential match.

Upscaled in vitro biotransformations and analysis: Reactions
(10 mL) were performed in buffer (50 mm Tris, pH 7.0) containing
(R)-carvone/(+)-dihydrocarvone starting substrate (5 mm; ~30 mg),
NADP™* (10 pm), glucose (15 mm), GDH (10 U) and the enzyme(s)
(10 um). The samples were incubated for 24h at 30°C and
180 rpm, then cooled in ice, and the organic compound(s) were
extracted with petroleum ether (PET; 1:2, v/v). Two further PET ex-
tractions were performed, and the pooled organic phase was dried
over anhydrous MgSO,. The product(s) were recovered following
solvent removal with a rotor evaporator with the water bath set to
30°C, at 20-30 Torr. Product(s) was/were purified chromatographi-
cally on silica gel (pore size 60, 220-240 mesh size, particle size
35-75 um), which was equilibrated with 100% PET. The com-
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pounds were eluted with a mix of PET and ether (5-40%), and
each elution fraction was analysed by thin-layer chromatography
(TLC) using a mobile phase composed of a PET/ether (70:30). The
TLC plate was stained with phosphomolybdic acid stain (PMA;
12 g in 250 mL ethanol) and exposed to UV light. The fractions
containing the desirable metabolites were pooled, and the solvent
was removed as before.

'"H and "“CNMR spectra of the scaled-up purified product(s)
(10 mgmL™") in deuterated chloroform were recorded on a Bruker
Avance 400 MHz NMR spectrometer at 298 K without the addition
of an internal standard. Chemical shifts were calibrated against the
residual solvent signal. 'H and "*C NMR spectra were analysed by
using MestreNova.
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