Check for
updates

A EUROPEAN JOURNAL OF CHEMICAL BIOLOGY

CHEM CHEM

SYNTHETIC BIOLOGY & BIO-NANOTECHNOLOGY

Accepted Article

Title: From bugs to bioplastics: Total (+)-dihydrocarvide biosynthesis
by engineered Escherichia coli

Authors: Gabriel A Ascue Avalos, Helen S Toogood, Shirley Tait,
Hanan Messiha, and Nigel Scrutton

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemBioChem 10.1002/cbic.201800606

Link to VoR: http://dx.doi.org/10.1002/cbic.201800606

A Journal of

>

:’I *
t
emPubSoc

WI LEY-VCH www.chembiochem.org EORE®



http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcbic.201800606&domain=pdf&date_stamp=2018-11-15

ChemBioChem 10.1002/cbic.201800606

WILEY-VCH

From bugs to bioplastics: Total (+)-dihydrocarvide biosynthesis
by engineered Escherichia coli

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

Abstract: The monoterpenoid lactone derivative (+)-dihydrocarvide  was limited by prec Xicity issues." A
((+)-DHCD) can be polymerised to form shape memory polymers. = more recent stud as the limonene
Synthetic biology routes from simple, inexpensive carbon sources  feedstock in mixe binant microorganisms
are an attractive, alternative route over chemical synthesis from (R)-  containing the pat -carveol and (+)-DHCD
carvone. We have demonstrated a ‘proof of principle’ in vivo his was successful in
approach for the complete biosynthesis of (+)-DHCD from glucose in generating orange peel, however

E. coli (6.6 mg/L). The pathway is based on the Mentha spicata  limonene cytotORgty i e upper levels of feedstock
route to (R)-carvone, with the addition of an ‘ene’-reductase and ould be applied." To overcome this
Baeyer-Villiger cyclohexanone monooxygenase. Co-expression with y designed a cell-free system for (R)-
a limonene synthesis pathway enables complete biocatalytic glucose."™ However, due to time
production within one microbial chassis. Successful production of efficiently produced.

(+)-DHCD was achieved by screening multiple homologues of the
pathway genes, combined with expression optimisation via selective

o]
promoter and/or ribosomal binding site screening. This study M o
demonstrates the potential application of synthetic biology HMGR HMGS atoB - RO L "
approaches in the development of truly sustainable and renewable " OHOH

Glucose

bioplastic monomers.

Introduction

(1S,5R)-Carveol (R)-Carvone  (2R,5R)-Dihydrocaryone (+)-Dihydrocarvide

applications is driven by concerns over dwindli
supplies and the environmental impact of non

Lactone Pathway

heme 1. Synthetic biology approach towards in vivo (+)-dihydrocarvide

often composed of cyclic ester monomers (lactones® onomer biosynthesis in E. coli. Enzymes: atoB = acetoacetyl-CoA synthase;
example poly-e-caprolactone™™ and polylactide™ are employed HMGS = hydroxymethylglutaryl-CoA synthase; HMGR = hydroxymethylglutaryl
drug delivery and tissue engineering applications,”” and_are? -CoA reductase; MK = mevalonate kinase; PMK = phosphomevalonate kinase;
often major components in polyure hane biopolymers.[ F’MD = p.hosphomeval_onate def:arboxylase, idi = isopentyl diphosphate

. . . . isomerase; trGPPS = N-terminally truncated geranyl pyrophosphate
variety of limonene-based monoter synthetase; LS = limonene synthase; P450 = limonene-6-hydroxylase; CPR =
essential oils™ can be converted i cytochrome P450 reductase; ADH = alcohol dehydrogenase; ER = ene-
menthide, carvomenthide and (+)-dihydro . reductase and CHMO = cyclohexanone monooxygenase.

191

elastomers (shape memory p ers)”' and pressu

adhesive components.® 1% We propose a more direct route, where a M. spicata-like

Synthetic routes togonomeric pathway to (R)-carvone production is combined with a specific
hydrogenation and s idation of the CHMO within one recombinant strain of E. coli (Scheme 1).
natural product (R)- . Limitations in C5 isoprenoid precursor production would be

route could serve as an alte minimised by incorporating a second construct containing a

that the enzymes responsible (R)-carvone biosynthesis in  €ukaryotic mevalonate pathway, to enable lactone production
Mentha spicata prior studies with Baeyer- from simple carbon sources.'” The latter pathway was shown
Villiger  cyclohe nases (CHMO) have Previously to substantially increase the in vivo production of the

demonstrated (+)-D 1 An early attempt at in
n was performed by incorporating the G.A. Ascue Avalos, Dr H.S. Toogood, Dr H.L. Messiha, Prof. N.S. Scrutton

. . . School of Chemistry, Faculty of Science and Engineering
C5 isq eranyl pyrophosphate) production University of Manchester

athway genes into recombinant 131 Princess Street, Manchester M1 7DN, U.K.

Escherichia coli. js approach was unsuccessful E-mail: nigel.scrutton@manchester.ac.uk

due to severe Ilmltatlon§ in limonene precu.rsor avgllablllty. This Supporting information for this article is given via a link at the end of the
was overcome by feeding the cultures with (S)-limonene, but document.
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limonene derivative perillyl alcohol in E. coli'”® Homologues
and modifications of key enzymes were screened using in vivo
reactions to develop an optimised pathway to (+)-DHCD.
Functional pathway constructs underwent further modifications
of the controlling 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-
hydroxylase (L6H) with its electron transfer partner cytochrome
P450 reductase (CPR)."® We generated an N-terminally
truncated and modified form of L6H, based on earlier studies "
to eliminate the signal sequence and increase soluble
expression in E. coli (L6Hy). Unfortunately only a partial
sequence was available for mint CPR (205 aa; GenBank:
AW255332), from studies with expressed sequence tags (EST)
from mint glandular trichomes."® However the CPR from Salvia
miltiorrhiza (Chinese Sage; SmCPR) has a high amino acid
sequence homology (92%) to the EST CPR sequence from mint.
Additionally, early studies with native L6H showed hydroxylation
occurs in the presence of a CPR from Arabidopsis thali
(AtCPR)." Therefore we generated C-terminally Hise-t
versions of both SmCPR and AtCPR to determine the best

electron transfer partner for L6H,.
L6H/CPR
—
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Figure 1. In vivo production
CPR constructs co-expressed wi
coli. Cultures (5 mL) were grown |
(9.4 g/L KH,PO, and 2.2 g/L K
kanamycin and 10 icilli
rpm until reaching O
&-aminolevulinic acid,
(pBbE2k) addition. The
culture aliquot (1 mL) was

, 0.7 % (w/v) glucose, 60 ug/mL
ulture was incubated at 37°C, 200
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Initial co-expression constructs of L6H, with either SmCPR
or AtCPR were generated in plasrgid pCWori, under the control
of a tac promoter."” In vitro biotr ations of cell lysates
with limonene showed only poor (1S,5 ol production by
L6H,, with either SmMCPR or AtCPR oy, 95.2 + 3.3
uM with SMCPR; 1.9% yiel i Figure S6).
Therefore new L6H./CPR ere generated, with the
araBAD (arabinose) or
smid backbones
. WeV¥performed in vivo
L6H,-CPR pairs instead
This is due to difficulties
ble, active membrane-
his method involved the

structs with a limonene
2l thereby eliminating the need
e with limonene. Cultures were grown in
of a nonane overlay, which efficiently
oids away from the aqueous phase

(pBbB8k and pBb
reactions for the d
of using purified prj

tion of functio
ins or cell lysat
quantities of

co-expression
production plas
to supplement the

to minimise cytotoxicity.

(S)-Limonene production was detected in all cultures, with a
rdnge of titr f 137-220 mg/L/ODgoo dependent on the L6Hm,-
R const (Figure 1). These differences likely reflect the
iency of production vs the rate of utilisation by the expressed
CPR, however the nature of the L6H,-CPR plasmid
e appeared to impact on limonene titres. The best
egl producing construct was L6Hn,-SmCPR in
+ 4.3 mg/L/ODego), with the equivalent AtCPR-
containing Wasmid showing a 20-fold reduction in yields (Figure
1). The higher than expected variability in (1S,5R)-carveol yields
within replicates is a reflection on the non optimised growth and
jon conditions, however a clear preference for the sage
as seen. No detectable levels of (1S,5R)-carveol were
d with the constructs in the tetracycline-inducible pBbE2k
smid. This could be indirectly related to the higher copy
umber 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 increase in the relative
proportion of insoluble protein expressed in these constructs
(results not shown).

Optimisation trials were performed in vivo with the best
performing construct L6Hn,-SmCPR in pBbB8k co-expressed
with the limonene production plasmid pJBEI6410. The
parameters varied were the presence/absence of a n-nonane
bilayer, culture density at induction, inducer concentration (IPTG
and arabinose) and post induction time (Supporting Information
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
production by at least 7-fold (1.7 + 0.9 vs 12.8 + 4.4 mg/L/ODegp).
This is likely due to the sequestering of the (S)-limonene
generated by the pJBEI6410 plasmid into the co-solvent,
thereby reducing the intracellular concentrations and availability
for the hydroxylation enzyme. Increasing the kanamycin
concentration (selective for L6H,-SmCPR) from 15 to 60 ug/mL
led to a 3-fold increase in (1S,5R)-carveol. The best conditions
leading to the highest yields of (1S,5R)-carveol were found to be

2
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induction at an mid log phase, with 25 uM IPTG and 25 mM
arabinose (33.8 + 5.0 mg/L/ODgqo).

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
dehydrogenase (IPDH)."! This alcohol dehydrogenase (ADH) is
a member of the zinc-dependent short-chain dehydrogenase/
reductase superfamily similar to human 178-hydroxysteroid
dehydrogenase.?"! We performed in vitro biotransformations of
cell lysates of IPDH expressed in E. coli strain BL21(DE3) with
(1S,5R)- and (1R,5R)-carveol mix. Unfortunately only minor (R)-
carvone yields were obtained, only ~2-fold higher than that
obtained by constitutive E. coli ADHs alone (0.33 + 0.17 vs 0.14
+ 0.01 uM). Therefore we cloned three additional IPDH
homologues to identify the best performing enzyme capable of
generating (R)-carvone in E. coli.
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Figure 2. In vitro biotransformations of ADH
showing the proposed pathway of for
dihydrocarvone, dihydrocarveol isomers
dihydrocarvone produced is ~ 90% (2R,5R)-isomer.

Rhodococcus ruber DSM
variety of (S)-secondary
al homologue screened
acillus kefir DSM 20587 (LKADH).**!
ing NADP*-dependent, (R)-selective,

second candida
44541 (RrADH),

rior studies with cell extracts of E.
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coli expressing LK-ADH showed a 21% conversion of a mixture
of (1S,5R)- and (1R,5R)-carveol stgmeoisomers.?*

Each gene was expressed in E. co
clarified cell lysates were used for in

BL21(DE3), and
formations
tely, E. coli

contains constitutive Old es and ketoreductases,

which are likely to produce (2R,5R)-
dihydrocarvone® and g . respectively from
(R)-carvone (Figur, idence of each

recombinant ADH
from the detection

| cell lysates is apparent
potential products.

e highest yields of (R)-
followed by CDH (0.34 +
However, higher levels of by-products
(1.83 + 0.19 mM) and neo-
mM) were detected with enzymes
ing high activity of the earlier ADH
step. An additional by-p ct carvyl acetate (0.54 + 0.05 mM)
was seen in reactions with CDH lysate, presumably generated
the acti of an E. coli alcohol acetyltransferase on
veol. 2% refore, potentially each of these ADH enzymes

be used to catalyse in vivo (1S,5R)-carveol
rogenation within E. coli.

)
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carvone (0.
10 mM; Figure
dihydrocarvone i S

o (R)-carvone operons

OH Z o) ER o]
L6H/CPR ADH
— — L > P

(1S,5R)-Carveol "« (2R5R)-
Dihydrocarvone

i (R)-Carvone

N
S

o
o

s
£ w0
o
=3
T 60 H I I
o L
a0, E i
i i =
2.0 i I i i
T P e o N
&Kk 55 i i I
00 KRS S i i &
RBS1 RBS2 RBS1 RBS2 RBS1 RBS2 RBS1 RBS2
IPDH CDH LkADH RrADH

Figure 3. In vivo production of (R)-carvone and other monoterpenoids by
L6H,,-SmCPR-ADH constructs in E. coli, co-expressed with limonene
synthesis plasmid pJE16410, showing the proposed pathway of product
formation. Cultures (5 mL) were grown in Terrific broth, containing phosphate
salts (9.4 g/L KH,PO, and 2.2 g/L K,HPOy,), 0.7 % (w/v) glucose, 60 mg/mL
kanamycin and 100 mg/mL ampicillin. The culture was incubated at 37°C, 200
rpm until reaching ODgo = 0.4, followed by 25 uM IPTG (pJE16410), 500 uM
S-aminolevulinic acid and 25 mM arabinose addition. Cultures were incubated
at 30 °C for 72 hours. Culture aliquots (3 mL) were extracted with ethyl acetate
(2 x 375 mL) containing 0.01 % sec-butyl benzene. Product yields and
identification were determined by GCMS analysis.
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The next stage involved combining the highest performing
(1S,5R)-carveol-producing construct (L6H,-SmCPR in pBbB8k)

with the four ADH enzymes to find the optimal set of biocatalysts.

Each operon was constructed by inserting the ADH gene
downstream from SmCPR, separated by one of two ribosome
binding sequences. RBS1 (GAATAACTATTTAAGAGGGAGAT
TAATAACA) has a predicted translation rate of 13969,”” while
RBS2 (TAAGGAGGT) was chosen as it successfully increased
the production of p-coumaryl alcohol in E. coli using a tricistronic
operon.”® Each construct was co-transformed with plasmid
pJBEI6410 into E. coli strain NEB10f to screen for in vivo
production of (R)-carvone from glucose.

Constructs containing CDH showed the highest levels of (R)-
carvone production (71 + 10 mg/L with RBS1). In contrast,
IPDH-containing constructs showed a 2-fold reduction in yield
(36.5 + 1.8 with RBS1; Table 2). In both cases, (2R,5R)-
dihydrocarvone was present due to the action of an E. coli ene-
reductase. RrADH cultures only showed (1S,5R)-carveol
presence, suggesting a lack of functional ADH protein
expression. LKADH cultures also contained significant levels of
(1S,5R)-carveol, with only moderate ADH activity detected
(Table 2). 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)-

dihydrocarvone and (+)-DHCD production

The NADPH-dependent C=C reduction of )-carvo
(2R,5R)-dihydrocarvone is a well known reactlon catalysed by
OYE family members.”> *! We selected the classi
subclass member pentaerythritol tetranitrate reductas
from Enterobacter cloacae PB2 as the biocatalyst f,
as it is highly expressed in E. coli and is known to
carvone to produce (2R,5R)-dihydrocarvone with
diastereoselectivity (94% de).*%

For the latter step, the flavin-dependent cyclo
monooxygenases (CHMO) catalyse the NADPH-depe
Baeyer-Villiger oxidation of cyclic ketones to form cyclic esters
(lactones).® The CHMO from Rhodococcus species

(F249A/F280A/F435A; CHMO3
required ‘normal’ (+)-DHCD

for both (2R, 5R) dlhydrocar
under standar
construct were
presence of a co
carveol mix, NAD*

(+)-DHCD production
itions. Cell extracts of each
biotransformations in the
(1S,5S5)- and (1R,5R)-
H) and an NADPH cofactor recycling

HMOsn). These early constructs
ay from (S)-limonene to (+)-DHCD
| 6HmIPCay) except for CPR, as

the most suitable CPR (and H homologue) had not been
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determined at the time of pathway construction. However the
focus of these operon designs was, enerate the most suitable
PETNR-CHMOsy gene arrangem maximise (+)-DHCD
production from exogenously supplie
absence of CPR and the presence of |
inconsequential. Full detg

constructs can be foun
Experimental sections 1-5 (Table

Table 1. In vitro monoj®enoid producti y L6HIPpCsy constructs with
three different promotejipstream of CHM \

of these
Supporting Information
and Figures S1-S4).

(1S,5R)-Carveol O .
Dihydrocarvone (+)-Dihydrocarvide

CHMO3w Substrate ,5R)-DHC (+)-DHCD DHCL
promot E—— M) (mM) (mM)
trc/lacO®  Carveol oﬂ +0.01 0.12 +0.01 0.04 + 0.01
Carvone 2.36 +0.13 0.47 + 0.06 trace
ix - 0.57 + 0.07 trace
grveol 0.11 +0.01 0.05 +0.02 0.03 +0.01
Carvone 0.92 +0.15 0.28 + 0.05 ND
DHC mix - 0.33 + 0.06 ND
‘ Carve 0.15 + 0.01 ND 0.41 +0.07
2.29 +0.07 0.11 +0.02 0.10 + 0.02
- 0.13 +0.03 ND

[a] No C-Hise-tag on PETNR. Reaction-s (1 mL) were performed in buffer (50
mM Tris pH 7.0) containing cell lysate, 5 mM (R)-carvone, 150 uM NAD" + 15

DP*, 15 mM glucose and 10 U GDH. Reactions were incubated for
r 24 h at 130 rpm. Monoterpenoids were extracted with 2 x 0.5 mL
cetate containing 0.1 % sec-butylbenzene internal standard. Product
's and identification were determined by GCMS analysis, using a DB-WAX
mn. No evidence was seen of native E. coli lactone formation. DHC mix =
R,5R)- and (2S,5R)-dihydrocarvone; DHCD = dihydrocarvide lactone; DHCL
= dihydrocarveol by-product. Trace = < 0.02 mM. ND = none detected. The
data for the production of (R)-carvone and by-product carvyl acetate is found
in Supporting Information Tables S13-S14.

PETNR is known to be highly expressed and active in E. coli
extracts,®¥ so the main focus of the multiple L6H,IPCsy designs
was to increase the expression of CHMOg3y. An initial construct
was generated with the genes under control of a single lacUV5
promoter (L6HmIPCsm). 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 extracts,
the latter predominantly the (2S, 5R)-enantiomer (Supporting
Information Table S11). No (+)-DHCD was detected, likely due
to the low levels of the (2S, 5R)-dihydrocarvone substrate
presence. To further check for CHMOzvy expression,
biotransformations were performed with (R)-carvone, eliminating
the need for the IPDH step. This generated both (2S,5R)-
dihydrocarvone (1.47 + 0.08 mM) and (+)-DHCD (0.11 + 0.01
mM), suggesting the presence of active CHMO3;y. However
higher expression levels of CHMOsy are required to enable
efficient  (+)-DHCD  production from earlier pathway
intermediates. Three additional L6HnIPCsu constructs were
generated, where the ribosomal binding site sequence upstream

For internal use, please do not delete. Submitted Manuscript 4
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of CHMO3u was varied in an attempt to increase its expression
levels. However no (+)-DHCD was detected during
biotransformations, even in the presence of CHMOg3y substrate
(2S, 5R)-dihydrocarvone (Supporting Information Table S12).
The next approach to boost expression was to insert a
variety of promoters upstream of CHMOsw. The selected
promoters were induced by IPTG (trc/lacO, tacllllacO, lacUV5),
rhamnose (rhaBAD) or tetracycline (PtetA), allowing either a
single (IPTG) control over expression of all 3 genes or
differential control for CHMOsy.?* Biotransformations of cell
extracts were performed with three different substrates to
determine the most effective expression control system for
CHMOsw (Table 1 and Supporting Information Tables S13-S14).
As expected, in each case the highest (+)-DHCD production was
seen in the presence of (2S, 5R)-dihydrocarvone (CHMOgzy
substrate), with the best yields obtained with CHMO3y under the
control of a trc/lacO promoter (0.57 + 0.07 mM; Table 1). When
the CHMOg3y promoter was substituted for PtetA and rhaBAD,
the vyields decreased by 1.7- and 4.4-fold, respectively.
Biotransformations in the presence of carveol showed a
significant decrease in (+)-DHCD production (0.12 + 0.01 mM
with trc/lacO). In the case of the rhaBAD-containing construct,
no (+)-DHCD was produced in the presence of carveol.
Therefore, the inclusion of the promoters frc/lacO and PtetA
upstream of CHMOsy have successfully led to the production of
(+)-DHCD from carveol.

Lactone production from glucose

Full pathway assembly was performed by using t

SmCPR-CDH RBS1; arabinose inducible), an
PETNR-promoter-CHMO3y genes downstrea
Constructs L6HIP-trc-Caw and L6HIP-tet-Csy were
source of PETNR-promoter-CHMO3y genes due,
produce (+)-DHCD in the presence of carveol. Ad
L6HIP-rha-Csy construct was chosen as it generated signific
(+)-DHCD in the presence of (R)-carvone. The three du
promoter constructs (L6HCCP-trc-Csn, LE6HCCP-tet-Cay
L6HCCP-rha-Csu) were co-expresse,

DHCD lactone from glucose. Given
steps in the pathway to (+)-DHCD, the

(IPTG and arabinose), or
intermediate monoterpepoid

be postponed
of the limonene

(+)-DHCD from glucose
ne to lactone-producing

jtro (+)-DHCD-producing construct
ny detectable levels of (+)-DHCD

under in vivo conditions wi -expressed with the limonene-
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producing plasmid. This highlights the importance of screening
multiple constructs with different trolling elements, as the
addition of an extra IPTG-induci way can sometimes
(unpredictably) impact on the expressi ch recombinant
gene.

OH
%j L6H/CPR %\r CDH
—_— —

(1S,5R)-Carve,

(S)-Limonene
100
90
80
70
60
50
40
30
20
1

Product (mg/L)

I= I
K e
Rhamnose 6 h Tetracycline 0 Tetracycline 6 h

trc rha tet

CHMO,,, Promoter/Induction timing

re 4. In lmonoterpenoid production from limonene by L6CCPpCsy
ructs with three different promoters upstream of CHMO,y, co-expressed
onene synthesis plasmid pJE16410. Cultures (5 mL) were grown in
broth, containing phosphate salts (9.4 g/L KH,PO, and 2.2 g/L

jncubated at 37°C, 200 rpm until reaching OD600 = 0.4,
dition of 25 uM IPTG (pJE16410), 500 uM d-aminolevulinic

the time of induction of after 6 hours. Cultures were incubated at 30 °C for 72
hours. Aliquots (3 mL) were extracted with ethyl acetate (2 x 375 ulL)
containing 0.01 % sec-butyl benzene. Product yields and identification were

In vivo production of fine chemicals is one possible solution to
the increasing demand for sustainable and renewable
manufacturing. The  cost-effectiveness  of  biological
manufacturing strategies is dependent on the construction of
recombinant microorganisms expressing the correct ‘assembly
line’ of enzymes at sufficient levels. We have achieved a proof of
principle demonstration of in vivo production of bioplastics
precursor (+)-DHCD in E. coli, grown on a simple, inexpensive
carbon source. This overcomes the severe limitations in the
existing 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 E. coli
overcomes the precursor uptake constraints, and minimises
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
bioplastics production. This is necessary to increase the
production titres, concomitant with the elimination of selection
agents (antibiotics) and expensive chemical induction (e.g. IPTG
and rhamnose). For example, host selection and (chromosomal)

5
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modification could be applied to reduce the cytotoxicity and
recovery of the monoterpenoids and by increasing cellular
export. A high throughput combinatorial approach could be
applied to screen for the best combination of enzyme
homologues/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
development of truly sustainable and renewable bioplastic
monomers.

Experimental Section

General materials and reagents: All chemicals 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 both performed by
Eurofins MWG (Ebersberg, Germany). The BglIBrick series of vectors and
the mevalonate pathway overexpression plasmid pJBEI64101"%® were
obtained from Addgene (https:/www.addgene.org).?**

Gene synthesis and sub cloning: The genes encoding the C-terminally
Hise-tagged proteins pentaerythritol tetranitrate reductase (PETNR C-
Hiss) from Enterobacter cloacae (UNIPROT: P71278)% and
cyclohexanone monooxygenase (CHMOwr) from Rhodococcus species
Phi1 (UNIPROT: Q84H73)®! were synthesised and sub cloned into
pET21b as described previously. The CHMO triple variant
F249A/F280A/F414A (CHMO3y) was generated by PCR mutagenesi
described previously.! The following C-terminally Hise-tagged al
dehydrogenase genes were synthesised and sub cloned into pET. y
GenScript: (-)-trans-isopiperitenol dehydrogenase from Mentha piperita
(IPDH; UNIPROT: Q5C919),” (1S,5R)-carveol dehydroge
Rhodococcus erythropolis (CDH; UNIPROT: Q9RAO05),2"
alcohol dehydrogenase from Lactobacillus kefir (LkAD
QB6WVP7)* and secondary alcohol dehydrogenase fro
ruber DSM 44541 (Rr-ADH; UNIPROT: Q8KLT9).*
codon optimised for optimal expression in E. coli. In {l
stop codon was inserted before the Xhol site by ove
PCRP to eliminate the C-terminal Hise-tag.

The gene encoding an N-terminally modified mature (4S)-limonene-
hydroxylase from M. spicata (L6H,; UNIPROT: Q9XHES8)!""
synthesised and sub cloned without codon gptimisation into pCWo

unctional limonene
ted by In-Fusion cloning (Takara)*®
N pCWori (+) and either AtCPR or
Igarno sequence between the
spectively). The constructs
functional expression. The
sub cloned into vectors pBbB8k-RFP and
er the control of a tetracycline and pBAD
s performed using In-Fusion cloning
eliminated) and an L6H-CPR insert.
Following each PCR reaction, template removal was performed by Dpnl

Limonene hydroxylation col
hydroxylation constructs were gel
between PCR lingggised L6H, (
SmCPR, with the
genes (L6Hn,-AtCPR
were transformed into
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digestion, and PCR product size was determined by 0.6% agarose gel
electrophoresis. The oligonucleotide sgguences encoding all the PCR
primers can be found in Supporting | ion Table S1. The correct
assembly of each construct was confirme A sequencing. Each
construct was co-transformed with plasmid into competent
cells of E. coli strain NEB10f for functional
the manufacturers protocols.

Production and in vitro biotran
clones were grown in LB (1

0.293 g/L betaine-HCI were
ted at 37°C until OD600 nm
addition of 100 uM IPTG,
. Cells were harvested by
ere resuspended in 1.7 mL
ing the EDTA-free complete
2, 0.1 mg/mL DNase I, 0.1 mg/mL
ol). Cell-free supernatants were generated by
s on/1 min off at 40 % amplitude) and
3,000 g). The presence of the individual
ined by SDS PAGE, using 12% Mini-
PROTEAN-TGX stain-free gels’(Bio-Rad). Protein content was visualised
using a Safe Imager 2.0 Blue light trans illuminator (Bio-Rad).

= 0.5. Protein produ
followed by incubati
centrifugation (
lysis buffer (5
protease inhibitor
lysozyme and 10%
sonication (10 cycles

) were performed in buffer (50 mM Tris pH 7.0)
(1S,5R)- and (1R,5R)-carveol mix, 15 uM NADP®, 15
lucose and 10 U GDH. Reactions were incubated at 30 °C for 72 h

determined
column.

GC and GCMS analysis, respectively, using a DB-WAX

Generation of the L6H-CPR-ADH constructs: Eight constructs were
ted whereby each ADH was inserted downstream of the CPR
f L6Hn-SmCPR in pBbB8k preceded by one of two different
me binding sequences (rbs 1-2). This was performed using In-
ion cloning between PCR linearised L6H,-SmCPR and amplified rbs-
H insert (L6H,-SMCPR-IPDH, L6H,-SmCPR-CDH, L6H,-SmCPR-
kADH and L6H,-SmCPR-RRADH versions 1 and 2, respectively).
Following each PCR reaction, template removal and DNA clean up was
performed as above. The oligonucleotide sequences encoding the PCR
primers can be found in Supporting Information Table S2. The correct
assembly of each construct was confirmed by DNA sequencing. Each
construct was co-transformed with plasmid pJBEI6410 into competent
cells of E. coli strain NEB10p for functional overexpression according to
the manufacturers protocols.

Construction of multi-enzyme cascade constructs containing
PETNR and CHMOg3y: A series of multi-gene constructs containing L6Hp,
IPDH, PETNR and CHMOwt or CHMOg3y were generated to maximise
the production of (+)-DHCD lactone from (1S,5R)-carveol. Optimisation
parameters varied were the plasmid backbone (pBbE1c or pBbE5c),
RBS sequences and the presence of 4 different promoters upstream of
CHMOgw. Full details of the assembly techniques and biotransformation
data performed for each construct can be found in the Supporting
Information document.

Construction of the complete lactone producing pathway from
limonene: (+)-DHCD producing constructs from (S)-limonene
(Supporting Information Figure S5) were generated by In-Fusion cloning
between the PCR linearised L6H\-SmCPR-CDH construct (contains rbs
1) in pBbB8k and one of three PETNR-promoter-CHMOg3)y inserts
amplified from L6HIP-tet-Cg\, L6HIP-rha-Cap and L6HIP-tre-C3pm. These
inserts differ by the type of promoter located upstream of the CHMOg\
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gene, which are tetracycline-, rhamnose- and IPTG-inducible,
respectively. PCR linearisation of L6Hy-SmCPR-CDH was performed
between the 3’ end of CDH and the terminator region, while amplification
of the PETNR-promoter-CHMOg3); inserts included rbs2 upstream of
PETNR. Following each PCR reaction, template removal and DNA clean
up was performed as above. The oligonucleotide sequences encoding
the PCR primers can be found in Supporting Information Table S8. The
correct assembly of each construct was confirmed by DNA sequencing
(LBHCCP-tet-Cgy, LBHCCP-rha-C3y  and LEBHCCP-tre-Cgy).  Each
construct was co-transformed with plasmid pJBEI6410 into competent
cells of E. coli strain NEB10p for functional overexpression according to
the manufacturers protocols. A summary of all the gene constructs is
found in Supporting Information Table S9.

In vivo biotransformations: A single colony of E. coli NEB10B co-
transformed with pJBEI6410 and pBbB8k-containing biosynthetic
constructs was used to inoculate 5 mL of Terrific broth, containing
phosphate salts (9.4 g/L KH,PO4 and 2.2 g/L K;HPO,), 0.7 % (w/v)
glucose 60 ug/mL kanamycin and 100 ug/mL ampicillin. The culture was
incubated at 37°C, and 200 rpm until reaching OD600 = 0.4, followed by
IPTG, arabinose, ©&-aminolevulinic acid + tetracycline addition +
rhamnose (25 uM, 25 mM, 500 uyM, 100 nM and 0.05%, respectively).
The cultures were incubated at 30 °C for 72 hours unless otherwise
stated. Each culture aliquot (3 mL) was cooled for 10 minutes on ice,
followed by extraction with ethyl acetate (2 x 375 uL) containing 0.0 %
sec-butyl benzene. Product yields and identification were determined by
GCMS analysis.

Analytical techniques: Monoterpenoid content quantification was
performed using an Agilent Technologies 7890A GC system with an
detector. Biotransformation extracts (1 mL) were analysed on a DB-
column (30 m; 0.32 mm; 0.25 um film thickness; JW Scientific).
method the injector temperature was at 220 °C with a split ratio of 20:1.
The carrier gas was helium with a flow rate of 1 mL/min and
of 5.1 psi. The program began at 40°C with a hold for 2 minut;
by an increase of temperature to 210°C at a rate of 15°C/l
final hold at 210 °C for 3 min. The FID detector was
temperature of 250°C with a flow of hydrogen at 30
quantitation was performed by comparing the peak
authenticated standards of known concentration.
standards were not commercially available (by-products
concentrations were estimated using an average concentration per
area value based on 11 related monoterpenoid standards.

Monoterpenoid identification was performed on an Agilent Technol

NIST/EPA/NIH 11 mas
match.

mL) were performed in buffer (5
carvone/(+)-dihydri i
(10 mM), glucose (1
samples were incubat

the enzyme(s) (10 uM). The
180 rpm, cooled in ice, and
re extracted with petroleum ether (PET; 1:2
tractions were performed, and the pooled
hydrous MgSO,. The product(s) were
al using a rotor evaporator with the
torr. Product(s) purification was

water bath set to 30 °C, a
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performed chromatographically on silica gel (pore size 60, 220-240 mesh
size, particle size 35-75 pm), which wasgquilibrated with 100% PET. The
compounds were eluted with a mix of ether (5-40%), and each
elution fraction was analysed by thin-layer € raphy (TLC) using a
mobile phase composed of a PET/ether in The TLC plate
in 250 mL
s containing the desirable
removed as before.

metabolites were pooled, and the

"H and "*C NMR spectra of
in deuterated chlorofor
NMR spectrometer at
Chemical shifts are
calibrated against th
were analysed using

ition of an internal standard.
per million (ppm) and are
I. '"H AND "NMR spectra

grants provided by the BBSRC and
BB/M017702/1). UK Catalysis Hub
is kindly thanked for resources and support provided via our
membership of the UK Catalysis Hub Consortium and funded by

(gr EP/K014706/2, EP/K014668/1, EP/K014854/1,
and EP/M013219/1)
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