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Abstract

Natural products such as secondary metabolites (e.g. plant terpenoids) have been found to be a major source
of bioactive compounds. These natural products accumulate as complex mixtures with other related
compounds and this chemical complexity adds cost to the downstream recovery and purification of natural
products from plant biomass. One aim of synthetic biology and metabolic engineering programmes is to
produce such compounds from synthetic gene clusters (SGC) in heterologous hosts and thereby achieve more
targeted and affordable production. Both fungi and bacteria are common hosts for metabolic engineering in
industry. Fungal hosts include Penicillium chrysogenum, Saccharomyces cerevisiae, Aspergillus niger and the
bacterial hosts Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum.[l] E. coli is often selected as a

I BI of using this organism in laboratory-

host given the ease of its genetic manipulation and the long history
based bioengineering.m Bl The bioengineering of E. coli extends also to feedstock pathways to interface and
optimise the production of high value compounds from widely available and inexpensive carbon sources.
Genome editing is important in these microbial bioengineering programmes and is needed to isolate stable
strains and to optimise production. Here we discuss frequently used methods for genome editing in E. coli in

relation to the production of natural compounds and chemicals.

Introduction

Secondary metabolites are high value natural chemicals that are commercially used, for example in the food-
flavouring, food-additive, fragrance, pharmaceutical, biochemical and biomedical industries. These natural
compounds can be extracted from plant biomass by steam distillation as complex mixtures known as ‘Essential
0ils’.1® Many of the natural products, like terpenes and their derivatives (terpenoids), have been tested for
potential use as bioactive chemicals and drug candidates for a variety of ailments and many have been shown

78 3nd Alzheimer's[gl) and to possess antimicrobial

to have potential benefits in major diseases (e.g. cancer
activity against multi-drug resistant bacterial pathogens,[m] but most compounds still have not been clinically
tested. Most secondary metabolites cannot be extracted from plants as pure compounds and are usually
isolated as complex mixtures of natural chemicals.” The composition of such natural extracts (e.g. Essential
Oils) depends on the geographic location and vegetative stage of plants during harvest.™ An additional

problem is the availability of these compounds since crop yields and access to biomass may fluctuate due to

environmental effects or other factors (e.g. disease, land repurposing, political barriers).m] Many compounds
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are also present in relatively low quantities and intensive purification is required to recover these products
from plant biomass.”® Alternative routes to sourcing these compounds using synthetic chemistry can be
expensive and environmentally costly.“s] These issues have led to an increased emphasis on the production of
natural compounds in microbial cells from fermentable and low cost carbon sources.™ The challenge here is
to redirect carbon fluxes from cellular metabolism towards the desired product but is limited by the extent to
which natural metabolic pathways — encoded by genetic information contained in the chromosome — can be
engineered for this purpose.[lsl Production in microbial hosts also presents new downstream processing
challenges for recovery of these products from microbial bioreactors. These challenges are often distinct from
those associated with purification following production using synthetic chemistry approaches, or from

agricultural biomass.

Synthetic biology and metabolic engineering approaches allow one to introduce new ‘parts’ to the existing
genetic frame of a recipient organism enabling extension of existing microbial metabolic frames. These parts
are generally organised in synthetic gene clusters (SGC), which comprise the coding sequences for component
enzymes and associated regulators (e.g. promoters, ribosome binding sites) required for gene expression. Not
only does this enable production of any naturally occurring compound from a known metabolic pathway, but
additionally it facilitates production through de novo pathway engineering.[” A crucial requirement for
microbial production is a genetically stable production host, which can maintain its genetic and phenotypic
form over time to support optimal production.[m] 171 Extracellular DNA in the form of a plasmid is the fastest
way to introduce and test a variety of new synthetic pathways in E. coli.l*® However, the continuous use of

19 and

antibiotics in industrial-scale operations is not acceptable for environmental, cost and stability reasons
plasmids are prone to loose productivity after 20 generations due to unequal plasmid segregation.[m] In this
review, we focus on strategies that allow chromosomal manipulations in E. coli to i) redirect/manipulate the
metabolic frame towards the desired product, and ii) insert genetic information for a heterogeneous pathway
(i.e. a novel SGC comprising coding sequences and regulatory parts) to produce a stable production strain. We
examine the most recent and prominent cases of genetic frame engineering customized for the production of
high value natural products through the insertion of heterologous SGCs. Typically this kind of genetic

manipulation requires a set of tools to facilitate genetic manipulations via recombination-mediated genetic

engineering or ‘recombineering’.

Evolving the ‘genetic frame’

Synthetic biology is a rapidly expanding research field. One aim of this field is to establish routes to stable,
pure, natural and environmentally friendly sources of high value natural compounds by production in microbial
cell factories. This process starts usually with the selection of a waste carbon source such as cane sugar by-
productsm] or crude glycerol[m to support fermentative growth through primary metabolic pathways.m] The
classical Darwinian approach of adaptation and selection has historically been an important and powerful tool
for natural genome engineering, which is limited by the organisms genomic content.””” This has been explored

from various angles, including the isolation of varieties and strains from the environment with acquired and
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evolved metabolic pathways. For example, a new E. coli strain (strain ZH-4) was isolated from bovine rumen
and is capable of cellulose utilisation and degradation.m] As cellulosic wastes are a large, natural and
renewable carbon source this shows potential for this metabolic adaption to serve as a genetic framework for
further strain modifications."* Also, directed evolution in a xylose-based chemostat has enabled the E. coli
genome to utilize CO, and to generate glucose. This was achieved using a heterologous Calvin-Benson-
Bassham (CBB) cycle, with RuBisCO, phosphoribulokinase (prk), and carbonic anhydrase expressed from a
plasmid.[zsl Laboratory-based evolution of E. coli has been used to introduce mutations in eight different genes
(prs, pgi, serA, glmU, crp, ppsR, xylA, and malT) involved in regulating fluxes between the CBB and tricarboxylic
acid (TCA) cycles. However, a genetic reconstruction showed that only five of the genes are sufficient to
restore the CO, utilising phenotype of E. coli.””’ Nature can therefore provide a roadmap for how to tap a
carbon source that is not only abundant but is also a major industrial waste product. Laboratory evolution in E.
coli shows that a natural means of genome engineering is important, as it does not require reverse engineering
of metabolic pathways to utilise the selected carbon source. 8 Strain evolution using adaptation and selection
therefore provides a non-invasive method to engineer the E. coli genetic frame to utilise different waste
carbon sources and to build up a pool of acetyl-CoA to support metabolic demand. As such, this is an excellent
starting point from which to complement this strain by introducing SGCs for the production of complex and

valuable natural products and chemicals.
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Figure 1. Schematic representation of two of the most common strategies used to insert a synthetic gene

cluster (SGC) in E. coli with A-RED. Selection marker based insertion (*, table 1) or Cas9 based insertion (**,
tablel). Abbreviations are as followed: FRT = flippase recombination target sites; RBS = ribosome binding site

Genome reorganisation and optimisation with the A-RED system

Genome engineering by adaptation and selection is clearly one route to developing E. coli strains with a
customised genetic frame for use with a carbon feedstock. However, distribution of the incorporated carbon
from the acetyl-CoA pool to downstream production pathways requires more targeted fine-tuning of genes or
gene circuits involved in those metabolic pathways.m] Frequently, this is achieved using the A-RED system to
integrate recombinant and synthetic double stranded (ds) DNA into the E. coli chromosome —a method known
as ‘recombineering’ (Figure 1). The A-RED system was discovered on the linear DNA of the A bacteriophage
and is essential for the virus to transition between lysogenic and the lytic cycles since it enables viral
integration into the E. coli chromosome.®” The A-RED system comprises three independent subunits (Beta, Exo

and Gam) where Gam prevents degradation of linear dsDNA by the RecBCD nuclease, Exo (exonuclease)
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degrades dsDNA in a 5’ to 3’ manner to produce single-stranded (ss) DNA templates, and Beta binds to ssDNA
to facilitate annealing of homology arms (HA) of a minimum 35nt to repair the chromosome during
replication.[m Curing of the remaining plasmids (e.g. helper or donor plasmid) is usually achieved through the
use of a thermo-sensitive origin of replication pSC101. This disables plasmid segregation during replication at
42°C and thereby results in plasmid loss.®? small changes to the chromosome can be achieved using the A-RED
system by directing ssDNA (oligos) to the lagging strand of the replication fork in a process called ‘oligo-
mediated allelic replacement’.m B3 This approach has been the cornerstone of modern genome engineering
for example in the first multiplexed automated genome engineering (MAGE) platform.[34] The study
demonstrated that with sophisticated computational design of 90-mer oligos up to 20 genes can be altered
simultaneously with an efficiency of 30% (in 2 to 2.5h) by introducing mutations of up to 20 nucleotides or
deletions of up to 100nt.* Targeted genes located in the 1-deoxy-D-xylulose-5-phosphate pathway were
evolved to genetically engineer strains that have up to 5 times higher production levels of the isoprene
lycopene compared to the ancestor strain. The natural product lycopene is chemically a tetraterpene
assembled from eight isoprene subunits which derive from acetyl-CoA via the mevalonate pathway (MVA) and
is most commonly found as a red pigment in fruits like tomatoes. Lycopene is industrially most commonly used
as a biological colouring agent. A complementary genome-wide method has also been developed called
‘traceable multiplex recombineering’ (TRMR) that relies on parallel DNA synthesis and recombineering for
molecular barcoding.BS] This method changed the expression profile of 95 % of all genes in E. coli in 24h and
was utilized for mapping gene-traits of 8,000 distinct mutations in seven different environments.®” Genome
wide stop codon replacement (TGA to TAA) has also been achieved using MAGE®® and was further optimized
by manipulating the replication process.ml Methyl-directed mismatch repair (MMR) systems have also been

B8 \which can be applied to generate sets of genetic

used for transient suppression of DNA repair systems,
frames in E. coli with wide phenotypical diversity.[39] These strategies can be performed in a high throughput
(HTP) manner — generating enormous genetic and phenotypic diversity in E. coli — but are limited to maximum

insertions of around 20nt.

A-RED recombineering for insertion of SGCs

The A-RED system also allows insertion of larger synthetic fragments (e.g. genes and even whole SGCs) but this
kind of recombineering requires the use of selection markers flanked by 50nt HA or Ionger.[4°] To remove the
selective marker, a site-specific recombinase (termed flippase), that requires ‘flippase recombination target
sites” (FRT) that flank the antibiotic cassette is needed. An interesting way of using the selection marker is
through ‘chemically induced chromosomal evolution’ (CIChE), which explores the principle of tandem
duplication of cassettes. The cassettes comprise a SGC and antibiotic marker (5kb) flanked by 1kb homology
arms. This needs to be duplicated as a result of adaptation to increased antibiotic concentration, assisted by
the A-RED system, with the whole process being terminated by the deletion of RecA." The forced

multiplication of the SGC allows for rapid evolution of the E. coli genetic frame improving the production, for
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example, of lycopene by 60 % over plasmid borne production levels. Moreover, the strain had stable
production levels for more than 80 generations in contrast to the plasmid borne production strain, which was

stable for less than 20 generation.[lsl

Alternative strategies have allowed insertion of larger SGCs."" *J one strategy has relied on the insertion of
landing pads (LP) into specific chromosomal sites via 50nt HA flanked by LP of 50nt random sequences. The LP
facilitates recombination site, enabling the insertion of an SGC (up to 7kb) into the previously integrated
chromosomal site, while I-Scel endonuclease cleaves in the LP to facilitate recombineering.[“] A different
approach is offered by the KIKO (Knock-in/Knock-out) plasmid system, which does not require prior insertion
of a LP, but instead requires longer 500nt HA flanked with FRT used to excise the selective marker in an
additional step.m] To date, the largest SGC that has been introduced successfully on the E. coli chromosome is
59kb, using recombinase-assisted genome engineering (RAGE).[m RAGE requires pre-insertion of a LP that
contains a lox flanked selection marker. This is introduced to the chromosome site by the A-RED system and is
later used to insert the large 59kb SGC via a Cre recombination system derived from the P1 phage.[43] The
engineered E. coli strain was able to produce 40 % higher titres of ethanol from alginate degradation
compared to a comparable plasmid borne system, whilst maintaining the production levels for at least 50
generations.m] Also, 50kb DNA fragments have been inserted onto the chromosome using only the A-RED
system. This used seven 7kb fragments that had overlapping (minimum 60nt) homology with each other and in
this way could be assembled to 50kb inserts in a modular-flexible manner.”” The A-RED system is a versatile
and the most applicable tool for fast and economical genome engineering in E. coli. However, it is potentially
limited due to unwanted integrations or genome rearrangements that can happen due to high metabolic
burden caused by antibiotic use and spontaneous rearrangements attributed to partial similarities of the SGC

and regions of the chromosome.

CRISPR/Cas9 mediated recombineering

The discovery of the bacterial and archaeal viral defence systems called CRISPR (clustered regularly

)[45] was the basis for developing a new technology for targeted genome

interspaced palindromic repeats
engineering, namely CRISPR/Cas9. The technology utilizes the endonuclease activity of Cas9 that is guided
by small RNA (crRNA) to its cognate DNA target. DNA cleavage requires not only hybridization between target
DNA and crRNA, but also a matching protospacer adjacent motif (PAM e.g. 5-NGG-3’) on the non-targeted
DNA strand.”*”! The strategy behind the system is to introduce double strand breaks (DSB) with Cas9 in a
targeted and programmable fashion. To accomplish the repair of DSB, the A-RED system needs a DNA template
(synthetic oligonucleotides or plasmid borne dsDNA) with HA that are flanking the DSB in the chromosome but
does not require any antibiotic marker integration.[48] The first protocols for CRISPR/Cas9 genome editing in E.
coli were developed using a dual-RNA system, which comprises the guiding crRNA and an antisense tracrRNA
needed for association with Cas9. The whole system is based on three components; the helper plasmid that

encodes all the genes of enzymes needed for recombineering (Cas9, A-RED system and tracrRNA), a second

plasmid containing a programmed crRNA, and the editing template provided via DNA oIigonucIeotide.Mg] Using
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a slightly modified plasmid system up to three target genes can be simultaneously edited. The system is able to
integrate up to 4.5kb fragments with efficiency of up to 75 %, accomplished by using 400nt HA and single-
guide RNA (sgRNA), which mimics the previously used crRNA-tracrRNA duplex.[49’ *% A variation of this strategy
has been used to insert a SGC encoding for the pigment B-carotene, while also altering the genetic frame to
increase acetyl-CoA flux availability through the methylerythritol phosphate pathway (MEP) and increasing the

production levels of the resulting strain by 3-fold.®

B-carotene pigment is also a member of the terpene
family assembled from isoprene units found in most plants. It possesses a red-orange colour and like lycopene
is derived from acetyl-CoA via the MVA pathway and is used as a food colouring agent. Further improvements
of the editing strategy were achieved using a linear DNA template with a mutated PAM motif on the 5’ site of
100nt long HA to prevent sequential cleavage of the targeted DNA by Cas9 after the initial DSB was repaired by
the same template. This enabled a markerless chromosomal integration of a 10kb SGC with 50% efficiency
(14kb with 25% efficiency also reported) and a production for isobutanol at levels similar to the plasmid borne

production strain.”” These methods"* **

were also recently explored to integrate the melavonate pathway
(MVA) and optimize downstream pathways for sucrose utilization (e.g. cscAKB operon). Extensive efforts were
made for a 5-fold higher production of bisabolene in a genome engineered E. coli strain.®® Bisabolene is a
derivative of the MVA pathway which is commonly used as a scent and is a component of many essential
oils.”™ This study not only highlights the enormous potential of genome editing, but also points to weaknesses
since the 15kb SGC had to be split into 5kb sub-clusters for successful integration. Additional genome editing
of the intrinsic regulators (e.g. promoter) inside the SGC was needed because the chromosomally inserted SGC
had different expression levels compared to the SGC encoded on the plasmid.[53] A complementary tool in the

54 \which uses the

CRISPR family is the CRISPR optimized multiple automated genome engineering (CRMAGE),
B-subunit of the A-RED system to introduce 20nt mutations. Here the genotype of a wild type cell is targeted
and degraded by the CRISPR/Cas9 system improving the recombineering efficiency to 97 % and allowing
genotype rather than phenotype selection.® Recently, this tool was used for genome wide excision of mobile
genetic elements in E. coli to engineer a more stable genetic frame.®™™ CRISPR systems are at the centre of a
rapidly evolving field with seemingly endless potential for developing tools to manipulate nucleic acids on all

levels such as Cpf1[56] or €2¢2.*” These will soon add complementary tools to the existing arsenal of

approaches (Table 1) used for genetic engineering in E. coli.

Table 1. Overview of most commonly used methods for recombineering.
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Method Size inserted Components Homology Product References
/mode arms /increase
laboratory strain Not one plasmid Not utilized CO, utilization
evolution specified /chemostat cultivation [26]
MAGE 20nt A-RED 35nt Lycopene /4- (341 38
JHTP fold"” Bl
CIChE 5kb A-RED 1kb Lycopene (el
JHTP /60%
A-RED & Ethanol from
RAGE 59kb Cre-recombinase lox site alginate [
JHTP /40%
A-RED high 7 x7kb = A-RED minimum Lactose utilization fa4]
molecular weight 50kb /Single cell 60nt
[*]
KIKO 5.4kb A-RED & FRT 500nt Not specified 2
[*] /Single cell
Landing pad 7kb A-RED & I-Scel & FRT 50nt Not specified 4
[*] /Single cell
CRISPR/Cas9 4.5kb A-RED & Cas9 400nt B-carotene 4]
[**] /Single cell /2.8-fold™? 51
CRISPR/Cas9 10kb A-RED & Cas9 100nt Isobutanol &2l
PAM-mutation /Single cell /equal level
[**]
CRISPR/Cas9 & 3x5kb = A-RED & Cas9 500nt Bisabolene R
KIKO 15kb /Single cell /5-fold
CRMAGE 20nt A-RED 35nt Not specified B4
/HTP (551

*Schematically represented in Figure 1; ** Schematically represented in Figure 1

Conclusions and outlook

Genome engineering can be used to generate E. coli strains with a genetic frame that harbours a SGC for the
production of high value secondary metabolites. Recent work has demonstrated an ability to engineer genetic
frames that utilize abundant and inexpensive carbon sources to produce acetyl-CoA using laboratory strain
evolution, MAGE, TRMR or CRMAGE platforms. The A-RED system is the most routinely used method to
introduce SGCs onto the E. coli chromosome. However, with this system larger SGCs (up to 8kb) require co-
insertion of a selection marker. The use of antibiotic resistance cassettes can be avoided by using a
CRISPR/Cas9 system, which introduces a targeted DSB in the chromosome and establishes a selective pressure
for E. coli to repair the DSB. More specialised methods — for example RAGE — can be used to insert very large
fragments (up to 50Kb). Chemically induced chromosomal evolution (CIChE) can also be used to increase the
chromosomal SGC copy number to achieve higher production levels. A variety of tools for genetic engineering
are therefore available, but these still require exquisite laboratory handling skills for sub-cloning and culturing,
detailed investigation of existing tool sets and method optimization. No doubt the future will usher in an

explosion in the number of newly identified SGCs™® as well as new tools for genome engineering.lsg] All this
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will be timely if we are to reproduce and diversify the natural products provided by nature and manufacture
new medicines for societal benefit. The relative ease by which genome editing can now be achieved in E. coli
should lead to rapid isolation of stable strains for the production of bioactive natural products as well as fine
and speciality chemicals, platform chemicals, therapeutics and components for new synthetic biological

materials.
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