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Abstract

Alternative materials are needed to replace traditional plastics, since
their production and recalcitrance in nature have negative effects on the
environment. Polyhydroxyalkanoates (PHAs) are bacterially synthesised
polymers which are potential alternatives to plastic on account of their
availability from renewable sources, plastic-like properties and

biodegradability.

Cupriavidus necator H16 is a model organism for PHA production
and is also capable of using CO, as a carbon source. Therefore, an
opportunity exists for producing biodegradable plastics and other valuable
chemicals from CO, using engineered strains of C. necator H16. However,
the PHA which is produced by C. necator H16, polyhydroxybutyrate
(PHB), does not possess properties which are ideal for the manufacture of

plastic products.

PHA copolymers, which consist of more than one type of monomer,
can often exhibit better properties than PHA homopolymers, such as PHB.
Therefore, in this study, the primary goal was to produce the PHA
copolymer poly(3-hydroxybutyrate-co-3-hydroxypropionate (poly(3HB-co-
3HP) using engineered C. necator H16. In comparison to PHB, poly(3HB-
c0-3HP) is less crystalline, has a lower melting temperature, and a lower
glass transition temperature than PHB, which significantly improves its
processability. Through plasmid engineering, medium alteration, and
suppression of 3HB-CoA formation, it was possible to produce poly(3HB-
c0-3HP) containing a 3HP molar fraction of between 0 and 91 mol% 3HP

using C. necator H16. Previously, the highest 3HP molar fraction reported



in a poly(3HB-co-3HP) copolymer produced by an engineered strain of C.

necator H16 was 1 mol%.

While PHAs are the most studied biodegradable polymer, a more
recent development in the field of biobased materials is the production of
polymers containing pB-methyl-A-valerolactone (BMAVL). BMAVL is
derived from mevalonate, and can be used in the synthesis of homopolymers
or reacted with other compounds to produce copolymers. Mevalonate can be
synthesised by engineered C. necator H16, and other mevalonate-derived
compounds have been produced from C. necator H16 from CO,. Therefore
an opportunity to produce novel biodegradable polymer precursors from
CO, arises. To attempt to stabilize mevalonate biosynthesis in a bioreactor,
a plasmid addiction system was also tested. Using a metabolism-based
plasmid addiction system it was possible to co-produce approximately 14
g/L mevalonate and over 10 g/L PHB from CO, in autotrophic batch
fermentation. However, during autotrophic continuous fermentation the

plasmid addiction system did not support stable mevalonate production.

The results presented in this thesis indicate several directions for
future research to continue developing a poly(3HB-co-3HP)-producing
strain of C. necator H16. It was also found that C. necator H16 could be
engineered to produce significant quantities of mevalonate from COa,,
although further work is required to implement a stable plasmid for use in

high-density autotrophic cultivation of this organism.
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1.1 General Introduction

Modern life is heavily dependent on the exploitation of fossil
reserves to manufacture everyday chemicals, materials and fuels. This is
particularly the case for plastic production. This reliance poses numerous
problems for a world in which concerns about climate change are continuing
to grow. Firstly, fossil reserves are finite. Therefore, the feedstock for
plastic production is limited. Additionally, plastic production is highly
polluting and results in significant carbon dioxide (CO,) release.
Furthermore, fossil-fuel derived plastics are recalcitrant in nature, leading to
accumulation in and damage to the environment. Based on this, it is evident

that alternatives to traditional plastics are required.

Polyhydroxyalkanoates (PHAS) are a polymeric storage compound
accumulated by numerous bacteria in response to nutrient-limiting
conditions. While bacteria use PHAs as a carbon and energy source, PHAs
can also be extracted and purified from the bacteria to form a material with
properties similar to plastic. Since bacteria are capable of growing on a
range of carbon sources, this presents the opportunity of producing
alternatives to plastic without the need for fossil fuels. Another advantage of
PHAs is that they are biodegradable. PHAs are therefore a promising

candidate for replacing fossil fuel-derived plastics.

A major challenge of replacing traditional plastics with PHAS is
ensuring properties of the polymer are able to closely match those of
traditional plastics. The properties of PHAs can be modulated by changing
the composition of the polymer such that more than one monomer species is

present, resulting in a copolymer. The properties of the copolymer can be
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further influenced by the ratio of the monomers relative to one another. It is
therefore possible to produce biodegradable plastics with controllable

properties.

Cupriavidus necator H16 (C. necator H16) is a Gram-negative
betaproteobacterium found in soil and freshwater, first identified in 1961. C.
necator H16 is widely regarded as the model organism for PHA production,
as it naturally accumulates a species of PHA known as polyhydroxybutyrate
(PHB). Additionally, C. necator H16 is capable of growing and producing
PHB using CO, and hydrogen (H2) as sole carbon and energy sources,
highlighting a route for biodegradable plastic production from CO,. While
C. necator H16 is capable of accumulating large quantities of PHB, the
properties of PHB are not ideally suited for plastic product manufacturing.
Therefore it is necessary to improve the properties of PHB by including a
second monomer. It has been shown that inclusion of 3-hydroxypropionate
(3HP), a three-carbon compound, in PHB results in improved polymer
properties. The main aim of this project therefore was to engineer C.
necator H16 such that it is capable of producing poly(3-hydroxybutyrate-co-
3-hydroxypropionate) with a range of 3-hydroxypropionate content, with the
intention of producing such polymers from CO; in the future. Recently,
biodegradable polymers containing mevalonate-derived compounds have
been described. Therefore, second goal of this work was to produce
mevalonate from CO, using C. necator H16, thereby expanding the range of

polymers available from C. necator H16.
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1.2 Background

1.2.1 Traditional plastics — pollution from production

Fossil fuels are currently consumed in vast quantities to provide
energy for electricity, heating, and transportation. More than 80% of energy
consumed in 2017 was derived from oil, gas, or coal (1). However, heavy
dependence on fossil fuels poses serious problems for the future of the
planet. Firstly, fossil fuels are a finite resource. At current consumption
levels, it is expected that known oil, gas, and coal reserves could last
another 50, 51, and 132 years respectively (2). A second major issue is the
level of pollution caused by fossil fuel consumption. It is estimated that
almost 33,000 million tonnes of CO, were released into the atmosphere in
2017 (1). More than 99% of this CO, was released due to consumption of
oil, gas, and coal. CO, is a greenhouse gas, and therefore known to
contribute to global warming. Expected effects of continued global warming
include changing weather patterns and more frequent extreme weather

events, both of which will affect global food supply (3,4).

Replacement of fossil fuels with alternative feedstocks will also
mean finding other ways of producing countless fossil fuel-derived goods.
For example, fossil fuel provide the precursor chemicals for many products
essential to everyday life, including tyres, fertilizers, and plastics (5).
Plastics in particular constitute an essential global commodity, and are used
in virtually every aspect of day to day life, including packaging, the
automotive, construction, and medical sectors, as well as in household and
sporting goods. Numerous beneficial traits of plastics have led to their

widespread proliferation in society. They are extremely cheap to produce,
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highly durable, easy to process and manufacture, and exhibit a very wide
range of properties, from hard plastics to elastic films, allowing them to be

used for a multitude of functions.

In order to fulfil the thousands of roles in which plastics are
involved, a huge amount of plastic must be produced, and a significant
amount of fossil fuel is required for this. Between four and eight percent of
all oil produced is devoted to the manufacture of plastics (6). A recent report
estimated that this resulted in the production of 380 million tonnes of plastic
in 2015, up from only two million tonnes in 1950 (7). The same report
calculated that the total amount of plastic ever produced is around 8300

million tonnes.

This gives cause for concern, as the process of plastic production is
highly polluting. Transporting oil from the well to refinery alone, prior to
any refining or plastic production, accounts for significant quantities of CO,
emission. Global extraction and transport of oil to refineries resulted in the
release of approximately 1.7 Gt of CO; into the atmosphere in 2015 (8).
Considering that between four and eight percent of oil is destined for use in
plastic production, between 68 and 136 million tonnes of CO, can be
attributed to the extraction and transport of oil for plastic production. Due to
the diverse ways in which plastics are manufactured, it is difficult to
accurately assess the emissions of the plastic production process after this
stage. It is estimated, however, that the production of one tonne of plastic
will result in the production of around 1.89 tonnes of CO, (9). Despite the
environmental concerns associated with emissions from fossil fuel-derived

plastics, production is unlikely to decrease soon. The American Chemistry
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Council have predicted an increase in US plastic sales from USD 6.5 billion
in 2014 to USD 21.5 billion by 2030 due to newly discovered shale gas
reserves (10), while analysis by Material Economics estimates that
increasing demand for plastic in Asia and Africa could drive global plastic

production up to approximately 800 million tonnes per year by 2050 (11).

1.2.2 Traditional plastics — recalcitrance in nature

A second concern is that plastics are highly durable, and do not
readily biodegrade in nature. In certain roles, non-biodegradability of the
plastic is essential. For instance, plastics used in building and construction
materials, or those used in the automotive or engineering sectors are
typically expected to undergo several years or even decades worth of use.
The property of non-biodegradability becomes a more serious problem
when plastics are applied in single use applications, such as in packaging. It
has been estimated that a PET bottle remains intact and robust in seawater
for at least 15 years before any signs of decomposition begin to appear (12).
A second report calculated that a PET bottle buried in landfill, where
conditions for decomposition are much less favourable, may have a half-life
of around 2500 years (13). Recalcitrance of plastic in the environment
coupled with the amount of plastic entering the environment has several

negative consequences for fish, animals, and humans.

The majority of discarded plastic ends up entering landfills or the
natural environment (7). While recycling and incineration are end of life
options for plastics, only around 7% and 10% of plastics have been treated
by these means, respectively. On the other hand, 60% of all plastic ever

produced is estimated to be in landfills or the natural environment (7). A



23

considerable amount of discarded plastic also ends up in oceans; it is
thought that as much as 12.7 million tonnes of plastic may have entered the
ocean in 2015 alone (14). Evidence that plastic could be detected at all
ocean levels, including discovery of a plastic bag at the bottom of the
Mariana Trench almost 11km beneath the surface, highlights the extent to

which plastic pollutes the environment (15).

Such ubiquitous plastic pollution poses significant risk to animals
and fish, as well as humans. Animals and fish can become trapped in plastic,
or consume it, potentially resulting in death. Another factor to consider is
the increasing presence of microplastics in the natural environment. As
larger single plastic items break down, they release smaller particles of
plastic, termed “microplastics” (16). The effects of microplastics on human
health are not yet understood, and studies are currently limited (17). Studies
using test organisms however indicate potential for disrupted metabolism,
effects on bone density, and induction of the inflammatory response (18-
20). Since microplastics are believed to be present in numerous common
food items, their consumption by humans is highly likely (17). Furthermore,
the global economic damage resulting from lost tourism, disruption to
fisheries, and clean-up operations amongst other factors, is predicted to be

around USD 0.5-2.5 trillion per year (21).

Single use plastics, such as those used in packaging, are major
contributors to plastic pollution. It is estimated that roughly 40% of all
plastic produced is used in packaging, the majority of which is made of
polypropylene (PP), polyethylene (PE), and polyethylene terephthalate

(PET) (22). Given that 380 million tonnes of plastic were produced in 2015,
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it can be estimated that around 150 million tonnes of plastic packaging was
produced in the same year. Plastic packaging is predicted to have a mean
lifespan of less than one year; the plastic is produced, sold, used, and
disposed of in that time (7). As a result, plastic packaging is estimated to
have resulted in the generation of around 140 million tonnes of plastic waste
in 2015 (7). While there are no estimates on how much plastic in the
environment is derived specifically from plastic packaging, it is likely that a
significant amount of plastic pollution can be traced to plastic used for
packaging. The reasons for this are three-fold: 1) 40% of all plastic
produced is used for packaging; 2) plastic packaging is typically produced,
sold, used, and discarded within one year, generating a substantial amount
of plastic waste, and; 3) plastic is far more likely to end up in landfill or the

environment than it is to be recycled or incinerated (7,22).

The recalcitrance of plastics is a desirable property during the life
time of a plastic product, however, becomes problematic once that plastic is
disposed of, since most discarded plastic ends up in the environment. The
large amounts of plastic environment have several negative consequences
and potentially many as-yet unknown effects. To combat the vast amounts
of plastic pollution, biodegradable alternatives are needed, particularly in

sectors such as packaging.

1.3 Current alternatives to traditional plastics

As the effect of plastics on the environment has garnered more
attention, so too has interest in the production of materials which can
replace plastics without the associated disadvantages. The finite nature of

fossil fuel also necessitates adoption of alternative materials. An alternative
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material would ideally be derived from renewable and sustainable
feedstocks, in order to avoid the need to extract and refine fossil fuels. Such
a material would also be biodegradable, to avoid dangerous accumulation of
plastic in the environment. As a result, research interest has been growing in
the field of bioplastics. In the last 20 years, the number of scientific

publications related to bioplastic has been increasing [Figure 1.1].
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Figure 1.1 — Increasing discussion about “bioplastic” over the last two decades.

Publications containing the keyword “bioplastic” have increased from 13 in the year 2000,
to 740 in 2019. Data obtained by searching keyword “bioplastic” using scientific search

engine ScienceDirect.

The term “bioplastic” has a broad definition, and can be considered
to mean a plastic which is derived from renewable material, or a plastic
which is biodegradable or compostable. Certain bioplastics are both
renewable and biodegradable or compostable. This definition also means
however that biodegradable materials can be made from unsustainable
feedstocks, such as fossil fuels, and still be considered bioplastics [Figure

1.2].
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Figure 1.2 — Grouping of selected plastic and bioplastic materials based on feedstock and
biodegradability. Traditional plastics are derived from fossil fuels and are non-
biodegradable (red quadrant). More than 60% of bioplastics are bio-based, but non-
biodegradable. While the raw materials are taken from renewable sources (e.g. biomass),
the chemical composition is identical to that of traditional plastic (blue quadrant). Almost
14% of bioplastics are biodegradable, but use starting materials derived from fossil fuels
(orange quadrant). Approximately 25% of bioplastics are both bio-based and biodegradable
(green quadrant). PLA (polylactic acid), PHA (polyhydroxyalkanoate), PE (polyethylene),
PET (polyethylene terephthalate), EVOH (ethylene vinyl alcohol), PA (polyamide) PP
(polypropylene), PVC (polyvinyl chloride), PS (polystyrene), PU (polyurethane), PCL
(polycaprolactone), PBAT (polybutylene adipate-co-butylene terephthalate), PBS
(polybutylene succinate). Data for percentages, plastic/bioplastic names, and information

on feedstock source and biodegradability were taken from (23-31).

The production of bioplastics represents less than 1% of global
plastic production. Whereas in 2015 approximately 380 million tonnes of
fossil fuel-based plastic was produced, only around 2.03 million tonnes of

bioplastic was produced in the same year (32). Nonetheless, data from 2018
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shows gradually increasing production of bioplastics, as global production

increased to 2.61 million tonnes (23).

Unfortunately there are drawbacks to many bioplastics which limit
their effectiveness at reducing damage to the environment. For instance,
more than 61% of all bioplastics produced in 2018 were non-biodegradable
(23). In these cases, the bioplastic is identical to traditional plastics, but the
starting feedstocks have been derived from sources other than fossil fuels.
For example, the most produced bioplastic in 2018 was bio-polyethylene
terephthalate (bio-PET), a bio-based version of traditional PET, which
accounted for more than 40% of all bioplastic produced (23). Whereas PET
is traditionally produced from ethene and terephthalic acid derived from
fossil fuels, bio-PET uses conversion of sugars or starch to acquire ethene.
The terephthalic acid used for bio-PET is almost always fossil fuel-derived
(33). Furthermore, regardless of how the bio-PET is produced, the chemical
composition of PET and bio-PET is the same. Since PET is not
biodegradable, bio-PET is also non-biodegradable. Thus bioplastics such as
bio-PET fail to fulfil the requirements for an ideal alternative to traditional

plastics, as they are non-biodegradable and persist in the environment.

As mentioned previously, a material can also be described as a
bioplastic if the material is biodegradable or compostable. Approximately
39% of bioplastics produced in 2018 were considered biodegradable or
compostable (23). However, a significant proportion of these biodegradable
plastics are derived from fossil fuels. For instance, PBAT and PCL, which
are biodegradable plastics produced from fossil fuels, currently occupy

around 14% of the total bioplastic market (23). Such plastics are not a viable
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alternative to traditional plastics due to dwindling fossil fuels resources, as

outlined previously.

Currently, there are relatively few choices available which are both
bio-based and biodegradable. These include polylactic acid (PLA), starch-
based polymers, and polyhydroxyalkanoates (PHASs). PLA and starch-based
polymers accounted for approximately 14 and 7% of all bioplastics
produced in 2018 respectively, whereas about 4% could be attributed to
PHAs (23). Due to their individual properties, different roles are ascribed to
each of these types of polymer. PLA is composed of L-lactic acid and/or D-
lactic acid, which are typically derived from microbial fermentation of
sugars derived from foodstuffs such as sugarbeet or corn (34). Altering the
ratio of lactic acid stereoisomers in the polymer influences the properties of
the polymer, and expands the range of applications for PLA polymers. As a
result of its biocompatibility and resorbability, PLA is commonly used in
medical applications (35). Large-scale application of PLA in roles such as
packaging are currently hindered, however as PLA is typically brittle, and
biodegrades very slowly under non-ideal conditions (36,37). Alternatively,
starch represents a low cost and abundant feedstock for polymer production,
and is an attractive material for use in packaging as a result. Since the
processability and properties of natural starch are limited, downstream
treatment of starch is required to enhance the properties. Following
treatment, the starch is typically more flexible, has a lower glass transition
temperature, and more extensible (38,39). Despite this, starch-based
polymers are brittle and are highly hydrophilic, and so cannot be used for

packaging of wet products (38,40). Nonetheless, starch-based polymers
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have applications as trays and films, and the ability of starch to form foams

means it is capable of replacing polystyrene as loose-fill or packaging (40).

Unlike PLA and starch-based polymers, PHAS are a class of polymer
produced in bacteria. PHAs have great potential as biodegradable polymers
owing to the immense diversity of hydroxyalkanoate (HA) monomers which
are available for incorporation into the polymer; more than 160 HA
monomers have been identified to date (41). This diversity is reflected in the
range of properties that PHAs can exhibit. PHAs can be brittle or flexible,
transparent or opaque, and some have adhesive properties, depending on the
composition of the polymer. On account of the biocompatibility,
biodegradability, and varied properties shown by PHAs, they currently have
applications in medical and packaging roles. As is the case with PLA and
starch-based polymers, various drawbacks limit the widespread application
of PHAs as biodegradable plastics. These limitations are largely associated
with cost of production of the polymers via fermentation. Use of expensive
starting substrates or precursors, and extraction of the polymer from cells
increases costs, while low PHA content of the cells also negatively affects

the economics of the process (42).

The large-scale production of PLA, starch-based polymers, and
PHAs currently relies on sugars and starches derived from plants. These
sugars and starches are converted by chemical and/or biological means into
carbon compounds which can be polymerized to produce bioplastics. Food
crops such as corn, wheat, sugarcane, or sugar beet are used to provide the
biomass for production of these bioplastics in the vast majority of cases. The

use of food materials as a feedstock is a controversial issue as it increases
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pressure on already strained food supplies, and significant quantities of land
and water are required for growing sufficient biomass (43). A preferable
alternative would be to use waste materials as a source of carbon
compounds for polymer production. Bacteria are capable of growing on a
range of carbon sources including low purity, “dirty”, or waste carbon
sources, rather than refined sugars, which can be exploited to produce
compounds and materials without encroaching on food supplies. Given that
PHAs can be produced entirely in bacteria, are biodegradable, exhibit
plastic-like properties, and are very diverse, it is valuable to investigate the
possibility of producing PHAs from waste carbon sources using bacteria as

cellular factories.

1.4 Bio-based and biodegradable plastics - Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are a storage compound which
certain bacteria accumulate in response to nutrient-limiting conditions
[Figure 1.3]. PHAs were first described in 1926 by Maurice Lemoigne, who
identified white granular deposits inside cells of Bacillus megaterium as
poly(3-hydroxybutyrate) (PHB), a PHA composed of repeating units of 3-

hydroxybutyrate (3HB) (44).

Relatively little was known about the properties of PHAs until a
1958 study by Williamson and Wilkinson, which described dried PHB
extracted from Bacillus species as having an appearance “somewhat
reminiscent of plastic sheeting”, and a melting temperature of
approximately 170°C (45). The biodegradability of PHB by extracellular
enzymes secreted from a species of Pseudomonas was later shown (46). The

plastic-like appearance and biodegradability of PHB generated interest in
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large-scale production of biodegradable plastic. In the early 1960s, patents
for the extraction and use of PHB were filed (47,48). Later, Imperial
Chemical Industries (ICI) attempted to commercialize the process for the
purpose of large-scale manufacturing of biodegradable plastic products,
however found the performance of PHB-based products was not a
satisfactory replacement for plastics such as PP and PET (49). This is due to
certain properties of PHB being sub-optimal. For instance, rapid thermal
degradation of the polymer occurs at temperatures very close to the melting
temperature. Kunioka and Doi showed that, while PHB exhibited a melting
temperature of approximately 177°C, thermal degradation occurred within
minutes at 175-180°C (50). Furthermore, PHB was found to have a
crystallinity of approximately 60% (51). Higher crystallinity is associated
with increased brittleness (52). As a result, PHB is a brittle polymer with
low impact resistance (53). Due to the combination of these factors, PHB is

not yet an ideal replacement for traditional plastics.

Figure 1.3 — Electron microscopy reveals the accumulation of PHB inside cells of C.

necator H16. Image adapted from Koller et al. 2011 (54).



32

As the 100™ anniversary of the discovery of PHAs approaches,
PHAs have been found in at least 300 different microorganisms, and more
than 160 HA monomers have been identified (41,55). Table 1.1 highlights a
selection of organisms which can natively accumulate PHAs, as well as the
range of carbon sources from which PHAs were produced in these

organisms.

Table 1.1 — Selection of organisms with native ability to accumulate PHAs

Organism Substrate PHA produced Ref.
Cupriavidus necator H16 Fructose PHB (56)
Gluconate PHB (57)
CO, PHB (58)
Syngas PHB (59)
Spent coffee PHB (60)
grounds
Pseudomonas putida Oleicacid  MCL-containing copolymers  (61)
Pseudomonas aeruginosa Gluconate ~ MCL-containing copolymers  (62)
Bacillus megaterium Sugarcane PHB (63)
molasses
Alcaligenes latus Sucrose PHB (64)
Haloferax mediterranei Various PHB (65)
Methylosinus trichosporium OB3 Methane PHB (66)
Methylocystis parvus OBBP Methane PHB (67)
Methylobacterium organophilum Methane PHB (68)
Methylocystis spp. Methane* PHB (69)
Rhodosporillum rubrum Syngas PHB (70)
Azotobacter vinelandii Beet PHB (71)
molasses

Synechococcus sp. MA19 CO, PHB (72)
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Burkholderia sacchari Wheat straw PHB (73)
Aeromonas caviae Olive oil poly(3HB-co-3HHX) (74)
Aeromonas hydrophila Various poly(3HB-co-3HHX) (75)
Chromobacterium sp. USM2 Various PHB, poly(3HB-co-3HV) (76)
Zooglea ramigera Glucose PHB (77)
Chloroglea fritschii Various PHB (78)
Synechocystis sp. PCC6803 Various PHB (79)
Rhodobacter sphaeroides Various PHB (80)
Nostoc muscorum Various PHB (81)

*Methane was sourced from landfill and anaerobic digester gas.

From Table 1.1 it can be seen that a range of organisms including
hydrogen-oxidizing bacteria, methanotrophs, cyanobacteria, and microalgae
have been shown to naturally accumulate PHAs and can do so using a
variety of carbon sources, from sugars, to oils, to gases. While the range of
microorganisms found to accumulate PHAs is broad, the best studied PHA
biosynthetic pathway is that used by the chemolithoautotroph C. necator
H16, which is also considered the model organism for PHA accumulation.
The biosynthesis of PHB in C. necator H16 proceeds by a three-gene
pathway described as the phaCAB operon (82). The first step is the
condensation of two molecules of acetyl-CoA by the B-ketothiolase (PhaA),
producing acetoacetyl-CoA. NADPH-dependent reduction of acetoacetyl-
CoA to 3-hydroxybutyryl-CoA (3HB-CoA) is catalysed by an acetoacetyl-
CoA reductase (PhaB). The polymerization of 3HB-CoA is facilitated by

PHA synthase (PhaC) [Figure 1.4].
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Figure 1.4 — The PHB biosynthesis pathway of C. necator H16, the model organism for

PHA accumulation.

PHA synthases are the key enzymes of PHA biosynthesis, catalysing
the incorporation of HA monomers into growing PHA chains. Generally
PHA synthases have substrate specificity for short-chain-length (SCL) HA
monomers of 3 — 5 carbons in length, or medium-chain-length (MCL)
monomers of 6 — 14 carbons in length (83). For instance, the PHA synthase
of C. necator H16 preferentially uses SCL HA monomers as substrates,
while the PHA synthase of Pseudomonas aeruginosa has specificity for
MCL HA monomers. Due to the relatively broad specificity of PHA
synthases, and the wide range of HA monomers available, it is possible to

produce PHAs consisting of more than one type of HA monomer.

The advent of metabolic and genetic engineering combined with an
understanding of how PHA biosynthesis can occur has led to significant
efforts to produce PHAs using microorganisms which do not natively
accumulate PHAs and to engineer both natural and non-natural PHA
producers to accumulate more varied PHAs, such as copolymers. Table 1.2
highlights numerous studies describing the engineering of microorganisms

for the production of diverse PHAs. Furthermore, a range of strategies
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employed to confer, enhance, and alter PHA production is indicated in

Table 1.3.
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1.5 Polyhydroxyalkanoates — The effect of altering monomer

composition

As can be seen from section 1.4, a diverse range of PHA-
producing organisms, both natural and non-natural, have been described.
Additionally, these organisms have been shown to produce copolymers
beyond simply PHB. The value of producing PHA copolymers is that
inclusion of a second monomer results in a polymer with altered properties
compared to the original homopolymer. Furthermore, the ratio of the two
monomers can be modulated. In this manner it is possible to produce a
range of polymers with different properties by varying the amount of one

monomer present in the copolymer.

Frequently incorporated secondary HA monomers include 3-
hydroxypropionate (3HP), 3-hydroxyvalerate (3HV), 3-hydroxyhexanoate
(3HHx), and 4-hydroxybutyrate (4HB). As one of the most popular
copolymers, the properties of poly(3HB-co-3HV) are relatively well
described. As 3HV content increases to approximately 45 mol%, the
melting temperature of the copolymer decreases from around 170°C down
to near 60°C. As 3HV fraction increases further, melting temperature begins
to rise again, reaching around 110°C when 3HV content is close to 100
mol% (50). On the other hand, the glass transition temperature decreases
consistently as 3HV content increases (84). The decrease in melting
temperature is beneficial for processing, as it means copolymers of
poly(3HB-co-3HV) can be melted at temperature ranges far below that of
thermal degradation, reducing the risk of polymer loss. However, increasing

3HV content has minimal effect on copolymer crystallinity, and higher
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molar fractions of 3HV in a poly(3HB-co-3HV) copolymer are even shown

to result in higher crystallinity than exhibited by PHB (85).

Copolymers of poly(3HB-co-3HHX) display unique mechanical and
physical properties due to the combination of SCL and MCL monomers. At
3HHx content of around 30 mol%, poly(3HB-co-3HHX) is highly elastic
and ductile (86). These properties make it similar to low-density
polyethylene (LDPE). Interestingly, poly(3HB-co-3HHx) with 3HHX
content above 70 mol% has been shown to be a gluey and sticky polymer,

and as such has potential roles as an adhesive compound.

Another PHA copolymer displaying interesting properties depending
on monomer ratio is poly(3HP-co-4HB). As well as exhibiting much greater
elasticity and lower melting temperatures in comparison to PHB, poly(3HP-
co-4HB) copolymers also possess interesting optical properties. By altering
the 4HB content of the polymer it was possible to produce copolymers with
different levels of transparency. For instance, poly(3HP-co-4HB) with 67
mol% 4HB was completely transparent, while copolymers with more or less
4HB were seen to be opaque (87). Table 1.4 shows the thermal and
mechanical properties of a range of PHAs compared to those of traditional
plastics. The wide range of properties that can be achieved through
diversifying PHA composition means PHAS can be used in a broad range of
generic applications, including packaging, utensils, and containers, as well
as more specialist applications such as scaffolds for tissue engineering,

surgical sutures, and as drug delivery systems (88—90).
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Based on the evidence presented above, PHA copolymers clearly
have potential as a replacement for traditional plastics. A wide range of
thermal and mechanical properties can be obtained, and other factors, such
as transparency, can also be controlled. Additionally, PHASs can be produced
from a range of carbon sources. Another copolymer which has been shown
to exhibit promising properties is  poly(3-hydroxybutyrate-co-3-

hydroxypropionate) (poly(3HB-co-3HP).

1.5 Poly(3-hydroxybutyrate-co-3-hydroxypropionate)

1.5.1 Properties of poly(3-hydroxybutyrate-co-3-hydroxypropionate
Poly(3HB-co-3HP) can be produced if both 3HB and 3HP
monomers are available for polymerization by PHA synthase. If 3HB is not
available, it is also possible to produce a homopolymer of 3HP; poly(3HP).
Biosynthesis of these polymers has required supplementation of the medium
with 3HP or use of an artificial pathway. The development of engineered
pathways now facilitates the biosynthesis of 3HP-containing polymers from

various different carbon sources.

Nakamura and coworkers first reported the bacterial biosynthesis of
poly(3HB-co-3HP) in 1991 by feeding C. necator H16 with 3HP. While
only 7 mol% 3HP was included in the copolymer, the melting temperature
was seen to decrease by almost 30°C, and the enthalpy of fusion also
decreased, suggesting a concomitant decrease in crystallinity (91).
Considering that high melting temperature and crystallinity are major
drawbacks of PHB, the potential for a polymer more amenable to processing

was clear. Subsequently it was shown that Alcaligenes latus (now known as
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Azohydromonas lata (92)) was capable of incorporating greater amounts of
3HP into the polymer than C. necator H16. Studies in the 1990s and early
2000s therefore used Alcaligenes latus to produce poly(3HB-co-3HP) with
higher 3HP molar fractions, allowing further characterization of the effect of
increasing 3HP content (51,93-99). Additional studies of the thermal
properties of poly(3HB-co-3HP) were later made by Fukui et al., and Wang
et al., who used engineered C. necator H16 and E. coli to produce the
polymer respectively (100,101). Compiling data from some of these
publications, it can be seen that increasing 3HP molar fraction of the
polymer has significant effects on the thermal properties of the polymer
[Figure 1.5]. Glass transition temperature decreases consistently as 3HP
molar fraction increases. On the other hand, crystallinity, melting
temperature, and enthalpy of fusion decrease before increasing again as 3HP
molar fraction increase. Since PHB is known to possess properties which
are not ideal for manufacture of biodegradable plastics, addition of 3HP into

the polymer results in a material with greater potential than PHB.
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Figure 1.5 —Effect of changing 3HP molar fraction on the thermal properties of poly(3HB-
co-3HP). The change in crystallinity (A), melting temperature (B), glass transition
temperature (C), and enthalpy of fusion (D) are shown. Data was compiled from

(51,91,93,96,97,99-101).

The 3HP molar fraction has also been shown to influence the
biodegradability of the polymer. The breakdown of poly(3HB-co-3HP) has
been investigated by directly exposing the copolymer to purified PHA
depolymerases, and also by environmental degradation. Shimamura et al.
investigated the degradation of PHB and poly(3HB-co-3HP) by the PHA
depolymerase from Alcaligenes faecalis (51). Samples of PHB and
poly(3HB-co-3HP) were incubated with the PHA depolymerase for 2 hours
at 37°C. Their results showed that after 2 hours, only 0.3mg of PHB had
been degraded, copolymers with a molar fraction of between 7 and 43 mol%

had lost between 1 and 1.6mg of their weight. Studies by Cao et al.
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investigated the degradation of both PHB and poly(3HB-co-3HP) in river
water (102). PHB and copolymers containing a 3HP molar fraction of up to
95.9 mol% 3HP were observed to be degraded in the river water, and
increased 3HP molar fraction was associated with faster degradation.
However, degradation of poly(3HP) in the river water was not observed.
Several other studies however have shown degradation of poly(3HP).
Degradation of poly(3HP) could be achieved by numerous purified PHA
depolymerases, and by microorganisms from a range of different

environments including various water and soil sources (103-105).

In these early studies describing biosynthesis of poly(3HB-co-3HP),
the polymer was produced by feeding bacteria with 3HP as a sole carbon
source, or the 3HP was provided alongside sucrose or 3HB. In order to
avoid feeding with 3HP and to use cheaper, more abundant carbon sources
as precursors to 3HP, recombinant bacteria can be used. In line with
advances in metabolic engineering, several pathways have been described

which lead to production of the 3HP monomer.

1.5.2 Pathways to the 3HP monomer

Engineering of bacteria for the production of polymers containing
3HP, including poly(3HB-co-3HP), poly(3HP-co-4HB), and poly(3HP), has
been described in numerous publications. While the focus of this thesis is on
the production of poly(3HB-co-3HP), at this point it is important to consider
3HP-containing polymers in general, as various different pathways have

been designed which lead to the 3HP monomer. The range of pathways and
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carbon sources used to produce the 3HP monomer are reviewed below, and

depicted in Figure 1.6.
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(Chloroflexus aurantiacus); PanDcge. — L-aspartate decarboxylase (Corynebacterium
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glutamicum/Escherichia coli); Pcs’c, — acyl-CoA synthetase domain of propionly-CoA
(Chloroflexus aurantiacus); Pctc, — propionyl-CoA transferase (Clostridium propionicum
X2); PduP s — propionaldehyde dehydrogenase (Lactobacillus reuteri/Shimwellia blattae);
PhaCcpics — (Cupriavidus necator H16/Chromobacterium sp. USM2) PP0596p, — B-alanine
pyruvate aminotransferase (Pseudomonas putida KT 2442); PrpEg. — propionyl-CoA
synthetase (Escherichia coli) YdfGg. — NADP-dependent 3-hydroxyacid dehydrogenase
(Escherichia coli); Tpi — triosephosphate isomerase. Genes which are black and bold have
been overexpressed for the production of 3HP-containing copolymers. Genes in gray are
part of the indicated pathway but were not overexpressed. Dashed lines indicate multiple

steps. Figure was constructed using pathways from (87,100,113-118,101,106-112).

The first example of engineering a bacteria to produce poly(3HB-co-
3HP) was reported in 2000, however, addition of 3HP to the media was still
required (119). E. coli was engineered to produce poly(3HB-co-3HP) using
a two plasmid system in which one plasmid contained the phaCAB operon
of C. necator H16 for synthesis of the 3HB monomer and expression of the
PHA synthase. A second plasmid carried genes encoding one of three CoA-
addition mechanisms; either propionyl-CoA synthetase from Salmonella
typhimurium, acetyl-CoA synthetase from C. necator H16, or acetyl-CoA:4-
hydroxybutyryl-CoA transferase from Clostridium propionicum. Since PHA
synthases can only polymerise substrates with a CoA moiety attached,
expression of a CoA-addition mechanism was essential to facilitate addition
of CoA to 3HP, resulting in 3HP-CoA. It was shown that bacteria could be
engineered to produce poly(3HB-co-3HP), even those which do not natively
accumulate PHAS, such as E. coli. In this case the authors were able to
produce poly(3HB-co-3HP) with 91 mol% 3HP using the propionyl-CoA
synthetase from Salmonella typhimurium to facilitate addition of CoA to

3HP.
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To avoid addition of 3HP to the media, Fukui et al. engineered C.
necator H16 and JMP134 to produce 3HP from the central metabolism
through a route termed the malonyl-CoA route. While the 3HB monomer
was produced through the native PHB metabolism of C. necator H16, the
3HP monomer was synthesised using an arabinose-inducible plasmid-based
pathway containing the malonyl-CoA reductase and the 3HP-CoA synthase
domain of propionyl-CoA synthase from the 3-hydroxypropionate cycle of
Chloroflexus aurantiacus (C. aurantiacus) (100). Feeding with fructose and
inducing with L-arabinose, poly(3HB-co-3HP) was produced in both
strains, though the molar fractions were low; 1 mol% 3HP in C. necator
H16, and 2.1 mol% in C. necator JMP134. The authors suggested the low
amounts of 3HP in the polymer could be due to low activity of the 3HP-
CoA synthase domain used to a CoA moiety to 3HP. Since 3HP must first
be activated to 3HP-CoA before incorporation into the polymer, inefficiency
at this step would limit the amount of 3HP available to the PHA synthase. A
variation of the malonyl-CoA route was also used to produce the
homopolymer poly(3HP) from glucose using E. coli as the host organism
(108). To increase the malonyl-CoA pool, acetyl-CoA carboxylase was
overproduced to enhance conversion of acetyl-CoA to malonyl-CoA. To
facilitate production and incorporation of 3HP into the polymer, a second
plasmid carried genes coding for malonyl-CoA reductase from C.
aurantiacus, propionyl-CoA synthetase from E. coli, and PHA synthase of
C. necator H16. Without expression of the phaCAB operon, no 3HB was
available. With only 3HP available, rather than 3HB and 3HP, a

homopolymer was produced. Though the study described the biosynthesis
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of poly(3HP) from a structurally unrelated carbon source, the yield was very
low; PHA content of the cells was less than 1%. Low activity of malonyl-
CoA reductase, due to suboptimal temperature, was cited as a reason for the
low vyield. The authors also described significant plasmid loss as a

contributing factor.

One of the most popular routes to production of the 3HP monomer is
the pduP route. The pduP route describes a pathway by which glycerol is
first converted to 3-hydroxypropionaldehyde by glycerol dehydratase using
vitamin B12 as a cofactor. The 3-hydroxypropionaldehyde is subsequently
converted to 3HP-CoA by propionaldehyde dehydrogenase. The pathway
takes its name from the propionaldehyde dehydrogenase, which is encoded
by the pduP gene (120). Since the pathway results in production of 3HP-
CoA, rather than 3HP, a CoA-addition mechanism is not required. The pduP
route has been used for the production of poly(3HP) and poly(3HB-co-3HP)
(101,106,109,112,114). A variation of the pduP route, here termed the
glycerol-3-phosphate route, proceeds by a slightly longer pathway than that
of the pduP route. A 2015 study by Meng et al. used glucose as the sole
carbon source for production of 3HP-containing polymers (116). In this
case, dihydroxyacetone phosphate available from glycolysis is converted to
glycerol by the action of glycerol-3-phosphate dehydrogenase and glycerol-
3-phosphate phosphatase from S. cerevisiae. With glycerol now available to
the cell, the genes of the pduP route facilitate production of 3HP-CoA.
While the pduP route allows use of cheap glycerol for the biosynthesis of
3HP-CoA, one drawback is that most bacteria do not synthesise vitamin

B12 naturally (121). As mentioned above, glycerol dehydratase facilitates
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the conversion of glycerol to 3-hydroxypropionaldehyde in a vitamin B12-
dependent reaction. Therefore, supplementation with vitamin B12 is often

required when glycerol is used to produce 3HP-containing polymers.

Another common pathway is the 3HP route, so named as 3HP is an
intermediate in the pathway. Like the pduP route, variations of the 3HP
route exist. The most common variation uses 1,3-propanediol (1,3-PDO),
supplied in the medium, as the precursor molecule to 3HP. Firstly, the 1,3-
PDO is converted to 3-hydroxypropionaldehyde by action of 1,3-
propanediol dehydrogenase. This is subsequently converted to 3HP in a
reaction catalysed by aldehyde dehydrogenase. Since this reaction forms
3HP, rather than 3HP-CoA, a CoA-addition mechanism is required. This
pathway was used in a series of publications describing the production of
poly(3HP) and poly(3HP-co-4HB) (87,107,122). One major drawback of
producing 3HP in this manner is that 1,3-PDO is an expensive compound
and other carbon sources, such as glycerol are cheaper. In order to avoid
using 1,3-PDO, several studies have used Shimwellia blattae (S. blattae)
grown in glycerol as their production platform (110,111,117). The
advantages of producing 3HP-containing polymers using S. blattae are that
it naturally accumulates 1,3-PDO from glycerol when grown in anaerobic
conditions and also synthesises vitamin B12. As a result, neither 1,3-PDO
nor vitamin B12, both of which are costly, need to be exogenously supplied.
By cultivating S. blattae in anaerobic conditions for 24 hours, it was
possible to convert glycerol to 1,3-PDO inside the cells. Following a switch
to aerobic conditions, the 3HP production pathway was induced by addition

of isopropyl thio-p-D-galactoside (IPTG). One disadvantage of this pathway
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was that cells of S. blattae began to secrete 1,3-PDO into the supernatant in
the anaerobic conditions, resulting in not all of the substrate being converted
into poly(3HP). Nonetheless, using this two-step process, poly(3HP) and
poly(3HB-co-3HP) were produced. A final variation of the 3HP route made
use of Klebsiella pneumoniae (K. pneumoniae) as the host strain, and used
glycerol as the carbon source (115). Like S. blattae, K. pneumoniae is
capable of producing vitamin B12 and 1,3-PDO from glycerol. In this case,
glycerol was converted to 3-hydroxypropionaldehyde, as is common in the
pduP pathway, but the resulting 3-hydroxypropionaldehyde is then
converted to 3HP by aldehyde dehydrogenase, rather than to 3HP-CoA by
propionaldehyde dehydrogenase. This process allowed a one step, fully

aerobic pathway.

A more recently developed pathway for the production of 3HP-
containing polymers is the B-alanine route. This route relies on drawing
carbon from intermediates in the TCA cycle towards 3HP via B-alanine, and
has been used for the production of 3HP and poly(3HP) (113,118,123).
Several genes are required to facilitate the production of 3HP-containing
polymers from the TCA cycle. Firstly, L-aspartate derived from
oxaloacetate must be converted to B-alanine by an aspartate decarboxylase.
Conversion of B-alanine to 3HP occurs in two steps; transamination of f-
alanine by a [-alanine pyruvate aminotransferase produces malonic
semialdehyde, which is then reduced to 3HP by a 3-hydroxyacid
dehydrogenase. 3HP is then activated to 3HP-CoA before being
polymerized by PHA synthase. In the first study to produce poly(3HP) using

the B-alanine route, poly(3HP) was produced using glucose and glycerol,
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and PHA content of the cell reached 10% (113). To further improve this, a
second study used an aspartate decarboxylase from Corynebacterium
glutamicum to increase conversion of aspartate to p-alanine (118). Use of
the B-alanine pathway provides several advantages over other pathways: it is
redox neutral, does not require additional cofactors and, since the precursor
is drawn from the TCA, a wide range of carbon sources can be used.
However the yield from the pathway is relatively low. As a result,

significant work is required to improve yield using the B-alanine route.

The descriptions above highlight the numerous pathways and carbon
sources used to produce 3HP-containing polymers. Each pathway has
advantages and disadvantages. For the production of poly(3HB-co-3HP) in
C. necator H16, a suitable carbon source and pathway must be chosen.
Carbon sources such as 1,3-PDO are not ideal, as they are expensive and are
useful compounds in their own right (124). On the other hand, glycerol is a
cheap and widely available carbon source. However, use of glycerol to
produce 3HP-containing polymers typically requires addition of vitamin
B12 to maintain the function of glycerol dehydratase. It has been shown that
C. necator H16 does not possess the necessary pathway for biosynthesis of
vitamin B12 (125). Therefore, the use of glycerol to produce 3HP-
containing polymers using C. necator H16 would require supplementation
of expensive vitamin B12. The malonyl-CoA pathway suffers due to low
activity of malonyl-CoA reductase on account of its high optimum
temperature of around 55°C, whereas the B-alanine route requires more
pathway optimization. Nevertheless, the malonyl-CoA and B-alanine routes

both allow production from a range of carbon sources, since they use
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intermediates of the central metabolism as precursors. The malonyl-CoA
route has been shown to be more strongly oxygen-dependent than the -
alanine route, and to have a lower predicted yield than the -alanine route
(123). Therefore, the B-alanine route was chosen as the pathway for the

production of 3HP-containing polymers.

1.6 Cupriavidus necator H16 — chemolithoautotrophic chassis

Cupriavidus necator H16 (C. necator H16) is a Gram-negative, non-
pathogenic betaproteobacterium found in soil and freshwater (126). It is
both a facultative chemolithoautotroph, and a facultative anaerobe, allowing
use of organic and inorganic carbon as growth substrates, and the use of
oxygen, nitrate, or nitrite as the final electron acceptor (127). The versatile
metabolism of C. necator H16 is reflected by a relatively large genome; the
organism possesses two chromosomes and a megaplasmid (pHG1),
constituting a total of 6626 coding sequences (125,128). Previously, C.
necator H16 has been known by several names; Hydrogenemonas eutropha,
Alcaligenes eutrophus, Wautersia eutropha, and Ralstonia eutropha (129).
Nowadays the organism is referred to as Ralstonia eutropha H16 or
Cupriavidus necator H16. As outlined below, the metabolic versatility of C.
necator H16 has led to significant research and industry interest with the

aim of exploiting it for biotechnological applications.

1.6.1 Brief history of C. necator H16 research

C. necator H16 was first discovered in the early 1960s, and was
shown to grow and accumulate PHB in chemolithoautotrophic conditions
(130). Possible applications for C. necator H16 were investigated soon after

this discovery. Several subsequent studies examined the possibility of using
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C. necator H16 in space as a food source during long space missions. For
cultivation in space, carbon dioxide would be produced through respiration
of the astronauts, oxygen and hydrogen would be derived from electrolysis
of water, and nitrogen would be available from compounds found in urine
(131-133). The results of these studies provided information on the growth
rate and gas consumption characteristics of C. necator H16 in continuous
chemolithoautotrophic cultivation and showed that a wide range of
compounds could be used as a nitrogen source. At the same time, further
study into the accumulation of PHB was underway (134). Schlegel et al.
reported in their 1961 publication that PHB accumulation occurred under
nitrogen and phosphate limitation (130). In the 1970s it was found that
magnesium and sulphate limitation also induced PHB accumulation, the
minimum nutrient concentrations required for unrestricted growth of C.
necator H16 were elucidated (135). This information was then used in an
accompanying publication in which C. necator H16 was grown to a high
cell density of 25 g/L in chemolithoautotrophic growth conditions, the
highest cell density reported at the time (136). By this point the potential of
PHB as a bioplastic was being explored. The ability to accumulate
significant amounts of PHB and achieve high cell densities led ICI to begin
their large-scale fermentations for the production of PHB using C. necator
H16. Although ICI subsequently ceased their PHB production efforts,
research and industry interest in C. necator H16 has continued. The
availability of a fully sequenced genome and necessary genomic tools have
allowed in depth study of the organism’s metabolism. As such C. necator

H16 has become not only a model organism for PHB accumulation and
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chemolithoautotrophic growth, but also a target of metabolic engineering for

the production of industrially relevant chemicals and polymers.

1.6.2 Overview of C. necator H16 metabolism

The metabolism of C. necator H16 is unique in that a wide variety of
carbon sources can be assimilated as biomass and PHB, but certain common
carbon sources are not consumed. For instance, wild-type C. necator H16
cannot use glucose due to numerous absent enzymes, including a major
facilitator for glucose transport into the cell (57). Cultivation in glycerol is
also slow, and results in upregulation of stress-related enzymes (137).
Genetic engineering and adaptive evolution can be employed to overcome
these barriers however (57,138,139). Instead fructose or gluconate are used
as common carbon sources, which are metabolised via the Entner-Duodoroff
pathway, since key enzymes of the Embden-Meyerhof-Parnas, and oxidative

pentose phosphate pathway are absent [Figure 1.7].
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Figure 1.7 — Metabolism of fructose and gluconate proceeds through the Entner-Duodoroff

pathway in C. necator H16. Key enzymes of the Embden-Meyerhof-Parnas pathway and
oxidative pentose phosphate pathway, PFK and 6PGDH respectively, are absent. Missing
genes are indicated in red. Missing pathways are indicated in grey. Dashed lines indicate

multiple steps. PFK — phosphofructokinase, 6PGDH — 6-phosphogluconate dehydrogenase.

Beyond these, C. necator H16 can make use of a range of other
carbon sources including fatty acids, aromatic compounds, amino acids, and
TCA  intermediates  (125).  Additionally, as a  facultative
chemolithoautotroph, C. necator H16 is capable of using the Calvin-
Benson-Bassham (CBB) cycle for growth, using CO, and H; as sole carbon

and energy sources.

The genes for the CBB cycle are encoded in duplicate operons in the
case of C. necator H16; one operon is located on chromosome 2, while a
second operon is located on the megaplasmid (125). Each operon also
possesses a transcriptional regulator, encoded by cbbR, however only the

copy present on chromosome 2 is active. The key enzyme of the CBB cycle
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is ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) facilitates
the fixation of CO,, adding it to ribulose-1,5-bisphosphate (Rul,5BP) to
produce two molecules 3-phosphoglycerate (3PG). One of these molecules
of 3PG enters the central metabolism through pyruvate, while the second is
regenerated to Rul,5BP in order to continue the cycle (140). Molecular
hydrogen is oxidized to provide reducing equivalents and ATP through
oxidative phosphorylation. In C. necator H16, the cleavage of molecular
hydrogen is facilitated by three Ni-Fe hydrogenases which are encoded on

the megaplasmid (128,141).

1.6.3 Metabolic engineering of C. necator H16

Since C. necator H16 can metabolise a wide range of carbon
sources, efforts have been made to utilise this for the production of valuable
or useful compounds. The natural ability of C. necator H16 to accumulate
PHA has been exploited as a means of producing PHAs beyond PHB. On
the other hand, as C. necator H16 is capable of directing large amounts of
carbon towards PHB, the PHB biosynthesis pathway can be deleted, with
the aim of redirecting the carbon towards other products. These include
various PHASs, cyanophycin, alcohols, alkanes, fatty acids, and ketones

(142,143).

In order to produce a variety of products from C. necator H16,
genetic engineering has been utilised. This has allowed the redirection of
metabolic flux for the biosynthesis of a desired product, competing
pathways can be removed, interesting native pathways can be upregulated,
or entirely novel pathways can be expressed. Fortunately, a robust range of

genetic tools is available for use in C. necator H16. While early studies on
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C. necator H16 made use of Tn5 mutagenesis for gene knockouts, the
availability of homologous recombination alongside a fully annotated
genome allows for targeted deletion of desired genes (129). Furthermore, a
range of plasmids and promoters allows expression and fine-tuning of a

given pathway to optimise production (144-146).

The ability of C. necator H16 to grow chemolithoautotrophically
leads to the interesting possibility of producing valuable chemicals and
compounds from CO,. Several compounds have already been produced
using autotrophically grown C. necator H16 as the microbial chassis
including PHB, humulene, and isopropanol (58,147,148). The potential for
production of PHAs beyond PHB using CO; is also an area of interest. It has
previously been shown that C. necator H16 supplemented with various fatty
acids during growth on CO, is capable of synthesising copolymers
containing 3HV, 3HHx, 3HHp, and 3HO (149). With the aim of producing
PHAs with improved properties from CO; in the future, efforts were made
to construct a strain of C. necator H16 capable of incorporating 3HP into

PHB, resulting in a copolymer of poly(3HB-co-3HP).

1.7 Synthesis of novel polymer precursors from CO, by C. necator H16

C. necator H16 is best known for its ability to accumulate large
amounts of PHB when grown under nutrient-limiting conditions. While this
capability is one of the major reasons for interest in the microorganism, C.
necator H16 has also been used for non-PHA polymers, and for the
biosynthesis of compounds which can act as precursors to other non-PHA
compounds. For instance, several publications describe the biosynthesis of

cyanophycin, a polymer consisting of a polyaspartic acid backbone with
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arginine side chains attached, by engineered C. necator H16 (150-153).
Cyanophycin is a biodegradable compound which exhibits properties
similar to polycarboxylates, and can be used in a range of applications
including laundry detergents, washing detergents, and as a water treatment
chemical (154). Additionally, C. necator H16 has been engineered to
produce and secrete 2-hydroxyisobutyrate, which can be used as a precursor

to polymers such as poly(methylmethacrylate) (155,156).

A more recent development in the field of biodegradable materials is
the use of mevalonate-derived compounds as a monomer in the production
of polymers (157,158). Similarly to PHAs, polymers and copolymers
containing the mevalonate-derived compounds have been shown to exhibit a
range of properties depending on the composition, from stiff and tough
plastics to soft and extendable materials, depending on their composition.
Briefly, the publications by Xiong et al and Zhang et al show that
mevalonate, synthesised from glucose by E. coli, can be enzymatically or
chemically converted to pB-methyl-A-valerolactone (BMAVL). In the
enzymatic process, mevalonate is first converted to anhydromevalonyl-CoA
by acyl-CoA ligase (Sidl) and enoyl-CoA hydratase (SidH). The
anhydromevalonyl-CoA is then converted to PMAVL by enoate reductase,
Oye2. In contrast, the chemical process involves purification of mevalonate
from the fermentation broth, dehydration of mevalonate to form
anhydromevalonyl-CoA, and reaction over a palladium catalyst to form
BMAVL. It was finally shown that BMAVL could be polymerized via ring-
opening transesterification polymerization to form a homopolymer, and

could even be reacted with lactide, a cyclic di-ester of lactic acid, to produce
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a copolymer. Recently, mevalonate was shown to be synthesised from
fructose by engineered C. necator H16 by members of the SBRC, and a-
humulene, a mevalonate-derived compound, has also been synthesised from

CO;, by C. necator H16 by other researchers (147,159).

Given that the focus of this work was biodegradable polymers, it
was envisioned that a strain of C. necator H16 could be engineered to
overproduce mevalonate from CO,, which could then be processed to
produce PMAVL-containing polymers. Furthermore, it was estimated that
the production cost of BPMAVL from glucose by E. coli would be around $2
kg™ (157). Using carbon dioxide as the carbon source, particularly from a
waste source, could potentially reduce the cost of BMAVL production even
further, thereby increasing the range of possible applications. Such a strain
would represent a novel application of the autotrophic capabilities of C.

necator H16.

During the course of this work, a DASGIP® bioreactor system was
installed in the SBRC at the University of Nottingham, which allowed for
autotrophic cultivation of C. necator H16 in working volumes of up to 750
mL. While this offered an opportunity to cultivate C. necator H16 to higher
cell density than was previously possible in autotrophic conditions, it
presented a challenge in maintenance of the biosynthetic mevalonate

pathway, as is discussed below.

1.7.1 Plasmid stability in high-density fermentation
High titre of the desired product is essential in any industrial

process. This is also the case when considering bacterial fermentation for
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the production of chemicals. Numerous factors can be considered when
aiming to increase product titres in bacterial fermentation. For instance,
competing metabolic pathways can be deleted in order to direct as much
flux as possible towards the desired product. Deletion of the phaCAB
operon in C. necator H16 has been used to direct carbon towards other
products (152,160,161). Additionally, the biosynthetic pathway can be
optimally expressed, noting that organization of an operon can have a large
influence on efficacy of the pathway (111,162,163). Another factor which
must be taken into account is the manner in which the pathway is expressed.
The two options available for bacterial fermentation are genomic integration
of the pathway, or plasmid-based expression. Each option, however, comes
with advantages and disadvantages. At high-density fermentation, as is often
required for maximum product titre, genetic stability of plasmids decreases,
affecting productivity (164). Typically, plasmids can be maintained by
addition of antibiotics. In industrial fermentation, antibiotic addition is not
feasible. The large amounts of antibiotic needed and their removal from the
final product both contribute to the cost of the fermentation (164-166).
Another factor to consider is that plasmid loss has been noted to occur even
in the presence of antibiotics (167). Thus, in the case of large-scale

fermentation, addition of antibiotics is not practical.

The alternative option of genomic integration has the advantage of
genetic stability; the pathway is not plasmid based, therefore cannot be lost
due to plasmid loss. Conversely, however, only one copy of the pathway is
present per cell. Several genomic integrations can be carried out, though this

requires identification of neutral sites in the genome which will not affect
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cell viability if disrupted and is a cumbersome process. Compared to
plasmid-based systems, in which there are often tens of copies of the
production pathway per cell, genomic integration therefore typically results

in a reduced capacity for product formation (152).

Choosing between genomic integration and a plasmid-based system
therefore represents a choice between increased pathway stability but low
product formation, versus increased product formation with the likelihood
of reduced pathway stability and decreasing productivity. Another option to

explore is plasmid addiction, a method of antibiotic-free plasmid retention.

Plasmid addiction can be described as a method of ensuring stable
plasmid retention and maintenance in cells. Numerous mechanisms by
which plasmid addiction can be facilitated have been described in literature,
and these fall broadly into three categories: toxin/antitoxin, metabolic, and
operator/repressor systems (164). Each option differs in the mechanism by
which the plasmid is maintained. Toxin/antitoxin systems rely on the
simultaneous expression of a toxic protein in the genome and an antitoxin,
which counteracts the effect of the toxin, is expressed on the plasmid
containing the biosynthetic pathway of choice. In order to abrogate the
effects of the toxin, the antitoxin must be present. Since the gene coding for
the antitoxin is present on the plasmid, the plasmid must be retained in order
for the antitoxin protein to be formed (168). A second, less common
mechanism of plasmid addiction is the operator/repressor system. In this
case, a genomic copy of an essential gene is placed under the control of a
repressor, while the operator is placed on a plasmid. To release the

repression of the target gene, the operator must be present. Therefore cells
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which lose the plasmid cannot grow, leaving only plasmid-containing cells
in the fermentation (164). A third mechanism relies on the deletion of a gene
from the genome and replacement of that gene on a plasmid containing the
product biosynthetic pathway. More specifically, the target gene must be
essential for the function of the bacteria, such that the bacteria cannot
survive without it. By placing the target gene on the plasmid, and deleting it
from the genome, the plasmid must be retained in order for the bacteria to
survive. Since the plasmid is forcibly retained, the biosynthetic pathway is
also retained. The resulting high-copy number of the plasmid within cells
allows higher titres of product than genomic integration, while maintaining
genetic stability of the pathway [Figure 1.8]. This type of plasmid addiction
system typically targets a gene involved in an essential metabolic reaction,
such as the breakdown of a specific metabolite, or the biosynthesis of an
amino acid. This type of system is referred to as a metabolism-based

addiction system.
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Figure 1.8 — Depiction of different methods of plasmid maintenance in large-scale
fermentation. Without antibiotics as an option, plasmid loss can be expected. This leads to
low production pathway expression, and loss of productivity. Genomic integration allows
increased pathway stability, but due to the low copy number, productivity is also likely to
be low. Plasmid addiction forces the cell to retain the plasmid for cell viability. By forcing

plasmid retention, the production pathway is also maintained, resulting in high productivity.

Numerous examples of metabolism-based plasmid addiction are
described in the literature. These examples fall into two further categories:
catabolism- and anabolism-based addiction. In the case of catabolism-based
addiction, a gene responsible for the breakdown of a specific metabolite is
deleted. One of the first examples of an addiction system based on
catabolism was utilised in C. necator H16 to produce cyanophycin (152).
The authors found low cyanophycin contents of between 4.6 and 6.2% in
30L fermentations of engineered C. necator H16, and attributed this to
plasmid loss due to the absence of antibiotics. To stabilize expression, the
cyanophycin production pathway was then integrated into the genome.

However, the low copy number resulted in similarly low titres of around 2.2
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and 7.7%. A plasmid addiction system based on the catabolism of fructose
and gluconate was then developed. As described previously, C. necator H16
metabolises fructose and gluconate through the Entner-Duodoroff pathway.
One of the metabolites of this pathway is 2-keto-3-deoxy-6-
phosphogluconate (KDPG), which is converted to pyruvate and
glyceraldehyde-3-phosphate and pyruvate by KDPG-aldolase, encoded by
the gene eda. The gene product of eda is the only enzyme capable of
catalysing this reaction. Therefore, loss of eda renders the mutant unable to
grow using fructose or gluconate. To facilitate plasmid retention for the
production of cyanophycin, eda was deleted from the genome and instead
expressed on a plasmid containing the cyanophycin biosynthetic pathway.
The plasmid-addicted strain was again cultivated in a 30L fermenter, this
time achieving cyanophycin contents of up to 36% even in the absence of
antibiotics. Further scale up to 500L resulted in cyanophycin contents up to

32%, demonstrating the efficacy of the plasmid addiction system.

Anabolism-based addiction systems target a gene involved in the
biosynthesis of a metabolite. Amino acids and nucleobases are common
targets for the development of an anabolic addiction system and have been
used in several instances for the production of polymers in bacteria.
Cyanophycin production was carried out using Pichia pastoris GS115, a
strain which is a histidine auxotroph. Absence of the his4 gene prevents
conversion of L-histidinol to L-histidine, and as a result strain GS115
cannot grow without supplementary histidine. Stabilization of the plasmid-
based cyanophycin production pathway was achieved when the his4 gene

from S. cerevisiae also expressed on the plasmid, resulting in cyanophycin
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content up to 23% in a 2L batch fermenter (169). Proline auxotrophy,
achieved by deletion of the pyrroline-5-carboxylate reductase encoded by
proC, has been exploited for the production of poly(3HB-co-3HHX) in C.
necator H16 in two separate publications. It was firstly shown that a strain
using plasmid addiction to maintain plasmid stability accumulated
poly(3HB-co-3HHXx) to similar levels and composition as a strain which
used antibiotics to maintain the plasmid (170). In a second publication, the
same strain was used in a high-density batch fermentation to produce
poly(3HB-co-3HHXx) from palm oil without the need for antibiotics (171).
More recently, uracil auxotrophic Halomonas bluephagenesis was used as a
host strain for the production of PHB. Orotidine 5’-phosphate
decarboxylase, encoded by pyrF, is responsible for the conversion of
orotidine 5’-monophosphate to uridine 5’-monophosphate in the uracil
biosynthesis pathway. Deletion of pyrF from the genome resulted in uracil
auxotrophy. Expression of pyrF on a plasmid containing the PHB
biosynthetic operon of C. necator H16 resulted in a strain capable of
accumulating up PHA content of up to 95% in flask cultivation, and almost

80% in 7L batch fermentation without the need for antibiotics (172).

The above examples indicate the ability of plasmid addiction to
provide stable plasmid maintenance in larger scale fermentations without
the addition of antibiotics. Since the aim of this section was to produce
mevalonate from CO, in high-density cultivation, it was also chosen to test
the applicability of a plasmid addiction system in stabilizing mevalonate

biosynthesis.
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1.8 Aims of the project

Various factors make C. necator H16 an interesting host organism
for biotechnological applications. It is genetically amenable, non-
pathogenic, and can grow on a range of carbon sources, including carbon
dioxide. Therefore, an opportunity arises for the production of valuable and
useful chemicals from waste carbon sources. In particular, it is possible to
use C. necator H16 for the synthesis of biodegradable plastics in the form of
PHAs. This attractive trait can be further enhanced if the PHA produced by
C. necator H16 can be altered to contain a second monomer, such as 3-
hydroxypropionate. The properties of poly(3HB-co-3HP) are superior to
those of PHB, making the copolymer the more attractive compound for the

manufacture of biodegradable plastic products.

There was also interest in developing C. necator H16 as a chassis for
the biosynthesis of mevalonate from CO,, as this compound has recently
been used in the biosynthesis of novel biodegradable polymers and
copolymers. Since the option was available to use a bioreactor for the
biosynthesis of mevalonate from CO,, it was also hypothesised that a
plasmid addiction system could help stabilize production of mevalonate,
since the pathway instability associated with larger scale cultivation can

negatively affect bioprocesses.

The overall aims of the project therefore were as follows:

e To facilitate conversion of exogenous B-alanine to 3HP using an

engineered pathway.
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To increase the ability of C. necator H16 to incorporate 3HP into a
growing polymer chain

To investigate the effect of altering medium composition and the
genomic makeup of the background strain on 3HP incorporation into
the polymer.

To facilitate biosynthesis of mevalonate, a precursor to
biodegradable polymers, from CO..

To investigate the stabilization of the mevalonate biosynthesis

pathway using a plasmid addiction system.



Chapter 2: Materials and
Methods

72
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2.1 Preparation of Growth Media

2.1.1 Lysogeny broth

Standard lysogeny broth (LB) medium was prepared with 20 g/L sodium
chloride, 10 g/L yeast extract and 20 g/L tryptone. For LB agar, 15 g/L
technical agar no. 3 was added to the broth. LB medium and agar were both

sterilized by autoclaving.

2.1.2 Low salt lysogeny broth
Low salt lysogeny broth (LSLB) was prepared with 2.5 g/L sodium
chloride, 5 g/L yeast extract, and 10 g¢g/L tryptone. LSLB medium was

sterilized by autoclaving.

2.1.3 LSLB + 15% sucrose
LSLB was prepared as above then 15% sucrose (w/v) was added. For LSLB
+ 15% sucrose agar, 15 g/L technical agar no. 3 was added to the broth.

LSLB +15% sucrose medium and agar were both sterilized by autoclaving.

2.1.4 Hanahan’s broth
Hanahan’s broth was prepared according to the manufacturer’s instructions.

Hanahan’s broth was sterilized by autoclaving.

2.1.5 Minimal medium

Minimal medium (MM) was prepared with 9 g/L Na;HPO, x 12 H,0, 1.5
g/L KH2PO4, 0.5 g/L NH4CI, 0.2 g/L MgSO4 x 7 H,0, 20 mg/L CaCl, x 2
H,0, 1.2 mg/L Fe(l1I)NH,-citrate, and trace element solution (SL7) 1 mL/L.
SL7 was prepared to the following composition; 25% (w/v) HCI 1.3 mL/L,

H3BO3 62 mg/L, COC|2 X 6 HZO 190 mg/L, CUC|2 X 2 HZO 17 mg/L, MI’IC'z
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x 4 H,0 100 mg/L, Na;MoQO,4 x 2 H,O 36 mg/L, NiCl, x 6 H,O 24 mg/L,

and ZnCl, 70 mg/L. The pH was adjusted to 6.9.

For sodium gluconate minimal medium (SGMM), 2% sodium gluconate

(w/v) was added. SGMM was sterilized by filter sterilization.

For SGMM agar, 15 g¢/L technical agar no. 3 was added to the broth.

SGMM agar was sterilized by autoclaving.

2.2 Cultivation and Storage of Bacteria

2.2.1 Storage of E. coli and C. necator H16 strains

All strains were stored at -80 °C in Microbank vials. To prepare a
Microbank vial containing a culture of interest, cultures of the strain were
grown overnight in LB medium supplemented with the appropriate
antibiotics. A loop of cells taken from a streak on an LB agar plate
supplemented with the appropriate antibiotics was used to inoculate the
overnight cultures. The following day, culture from the overnight cultivation
was pipetted into three Microbank vials for storage. Approximately 1mL of

culture was used per vial.

2.2.2 General cultivation of E. coli and C. necator H16

Liquid cultures of E. coli were grown aerobically at 37 °C in a shaking
incubator at 200 rpm. Approximately 5 mL of LB medium was inoculated
with a single bead from a Microbank vial, or with a single colony taken
from an LB agar plate. If antibiotics were required, for instance in the case
of plasmid maintenance, the following concentrations were used,;

chloramphenicol 12.5 pg/mL, tetracycline 15 pg/mL.
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Liquid cultures of C. necator H16 were grown aerobically at 30 °C in a
shaking incubator at 200 rpm. Approximately 5 mL of LB medium was
inoculated with a single bead from a Microbank vial, or with a single colony
taken from an LB agar plate. In strains of C. necator H16 not containing a
plasmid, 10 pg/mL of gentamicin was added. If antibiotics were required,
for instance in the case of plasmid maintenance, they were used in the
following concentrations: chloramphenicol 50 pg/mL, tetracycline 15

pg/mL.

2.2.3 Conditions for PHA production

PHA production by C. necator H16 was carried out in a shaking incubator
set at 200 rpm and 30 °C. Cultivations were carried out in 250 mL
Erlenmeyer flasks containing 30 mL of SGMM supplemented with varying
amounts of B-alanine, as described in the text. On one occasion, 2 mM
cysteine was also added to the medium. An overnight culture of C. necator
H16 was used to inoculate the flasks to a starting ODggo 0f 0.05. For plasmid
maintenance, tetracycline was added to the medium at a concentration of 15

pug/mL.

2.2.3 Strains

Table 2.1 — List of strains used in this study

Strain Genotype Source

E. coli

DH5-a F- ¢80lacZAM15 A(lacZY A-argF)U169
deoR recAl endAl hsdR17(rk-, mk+)
phoA supE44 thi-1 gyrA96

S17-1 recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu:Km
Tn7 Apir, Tp® SmM®

C. necator H16
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H16 Wild type DMS 428

A3 H16 derivative; AmMmSALAMmMSA2AmmsA3 | (173)

A3A H16 derivative; This study
AmmsALIAMmMsA2AmmsA3AphaA

A3B1 H16 derivative; This study
AmmsA1AmmsA2AmmsA3AphaB1

A3ABI1 H16 derivative; This study
AmmsA1AmmsA2AmmsA3AphaAAphaBl

ApanC H16 derivative; ApanC This study

ApanCAphaCAB H16 derivative; ApanCAphaCAB This study

(Marco Garavaglia)

AphaCAB::phaA mv
aES

H16 derivative;

This study

(Marco Garavaglia)

ApyrE H16 derivative; ApyrE This study
ApanD H16 derivative; ApanD This study
2.3 DNA manipulation
2.3.1 Plasmids
Table 2.2 — List of plasmids used in this study
Plasmid Description* Source
pMTL71301 Broad host range plasmid; pBBR1 Muhammad
origin of replication, Tet" Ehsaan

pBBR1_PphaC-

pBBR1 derivative; PphaCc,, BAPAT,,

Katalin Kovacs

CvBAPAT-EcydfG ydfGe,
pBBR1_PphaC- pBBR1 derivative; PphaCc,, BAPAT,, This study
CvBAPAT-EcydfG- ydfGg, pctcy
Cnpct
pPMTL71101_PphaC- PMTL71101 derivative; PphaCegh, This study

CvBAPAT-EcydfG-
Cnpct

BAPAT,, ydfGe., pctcy

PMTL71101_PphaC

pMTL71101 derivative; PphaCc,

Katalin Kovacs
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PMTL71301_PphaC

pMTL71301 derivative; PphaCc,

Alex van Hagen

pCNCM_eyfP pMTL71301 derivative; PphaCc,, eyfP Katalin Kovacs
pCNCMO pMTL71301 derivative; PphaCc,, Katalin Kovacs
BAPAT,, ydfGg,
pCNCM1 pMTL71301 derivative; PphaCc,, This study
BAPAT,, ydfGg, prpEcn
pCNCM2 pMTL71301 derivative; PphaCc,, This study
BAPAT,, ydfGeg, pctcy
pCNCM3 pMTL71301 derivative; PphaCc,, This study
BAPAT,, ydfGg, prpEe.
pCNCM4 PMTL71301 derivative; PphaCc, This study
BAPAT,, ydfGg,, atoADg,
pCNCM5 PMTL71301 derivative; PphaCc, This study
BAPAT,, ydfGg,, ptb-bukc,
pCNCM6 PMTL71301 derivative; PphaCc, This study
BAPATCV; prpECm ydfGEc
pCNCM7 pMTL71301 derivative; PphaCc, This study
BAPATCV: pCtCm ydfGEc
pCNCM8 pMTL71301 derivative; PphaCc, This study
BAPAT y, PrpEec, ydfGe.
pCNCM9 pMTL71301 derivative; PphaCc,, This study
BAPAT,, atoADc,, ydfGg,
pCNCM10 pMTL71301 derivative; PphaCc,, This study
BAPAT,, ydfGg,, phaCc,
pCNCM11 pMTL71301 derivative; PphaCc,, This study
BAPATC,, ydfGe., phaCes™*%s.
pCNCM12 pMTL71301 derivative; PphaCc,, This study
BAPAT(,, ydfGg, rrnBT1T2¢, prpEcy,
Ptrpec
pCNCM13 pMTL71301 derivative; PphaCc,, This study
BAPAT(,, ydfGg, rrnBT1T2¢,, pctcn,
Ptrpe,
pCNCM14 pMTL71301 derivative; PphaCc,, This study
BAPAT ,, ydfGeg, rrBT1T2g, prpEe.,
Ptrpe,
pPCNCM15 PMTL71301 derivative; PphaCc, This study

BAPAT ,, ydfGeg, rrBT1T2g,, atoADg,
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Ptrpg.

PCNCM16

pMTL71301 derivative; PphaCc,,
BAPAT,, ydfGg, rrBT1T2g, phaCey,

PrpEcy, Prpe.

This study

PCNCM17

pMTL71301 derivative; PphaCc,,
BAPATG,, ydfGg, rrnBT1T2¢,, phaCe,,
PClen, Prpec

This study

PCNCM18

pMTL71301 derivative; PphaCc,,
BAPATG,, ydfGg, rrnBT1T2¢,, phaCe,,

PrpEgc, Ptrpec

This study

PCNCM19

pMTL71301 derivative; PphaCc,,
BAPATG,, ydfGg, rrnBT1T2g,, phaCe,,
atoADg, Ptrpg.

This study

pCNCM20

pMTL71301 derivative; PphaCc,,
BAPATc,, ydfGg, rrnBT1T2¢,, phaCes,

PrpEcy. Ptrpe.

This study

PCNCM21

pMTL71301 derivative; PphaCc,,
BAPAT,, ydfGeg, rrBT1T2g, phaCes,

pCtcn, Ptrpe.

This study

PCNCM22

pMTL71301 derivative; PphaCc,,
BAPAT,, ydfGeg, rrBT1T2g, phaCe,,

PrpEgc, Ptrpe

This study

PCNCM23

pMTL71301 derivative; PphaCc,,
BAPAT,, ydfGeg, rrnBT1T2g., phaCe,,
atoADg., Ptrpg,

This study

pPMTL70641

Suicide vector used for gene knockouts
in C. necator H16. Contains sacB
counter-selection marker and confers
tetracycline resistance

Muhammad
Ehsaan

PMTL70641_phaA

pMTL70641 derivative; carries phaA
deletion cassette

This study

PMTL70641_phaB1

pMTL70641 derivative; carries phaB1
deletion cassette

This study

pLO3_phaAB1

pLO3 derivative; carries phaAB1
deletion cassette

Giorgia Tibaldero

pMTL70641_pyrE

pMTL70641 derivative; carries pyrE
deletion cassette

This study

pMTL70641 panC

pMTL70641 derivative; carries panC

Muhammad
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deletion cassette

Ehsaan

pMTL70641_panD

pMTL70641 derivative; carries panD
deletion cassette

This study

pMTL70641::AphaCAB-
Kl araC-Pbad-mvaES

pPMTL70641 derivative; carries mvaES
expression cassette, integrates at the
phaCAB locus

Marco Garavaglia

pCNCMpanC

pMTL71301 derivative; panCc,

This study

pCNCM_eyFP_panC

pCNCM_eyfP derivative; PphaCc,,
eyfP panCc,

This study

p71301_mvaES

pMTL71301 derivative; PBAD, mvaES

Marco Garavaglia

p71301_mvaES_panC

pMTL71301 derivative; PBAD, mvaks,

Marco Garavaglia

panCcy,
p71301_phaA _ pMTL71301 derivative; PBAD, phaA, | Marco Garavaglia
mvaES_panC mvaksS, panCc,
PCNCMpyrE pMTL71301 derivative; pyrEc, This study
p71301_phaA _ pMTL71301 derivative; PBAD, phaA, | Marco Garavaglia
mvaES_pyrE mvaESg;, pyrEcy

pUC57_phaCCs USM2 pUC57 derivative; phaCcs This study
(purchased from
Genscript)
2.3.2 Primers
Table 2.3 — List of primers used in this study
Primer name Sequence (5’ - 3°) Function

tctagaaggagacagcaatgaaggtgatca
ccgeacgega

Construction of
pBBR1_PphaC-CvBAPAT-
EcydfG-Cnpct

Gcgatcgttacaggtgcaggggeecggce
cty

Construction of
pBBR1_PphaC-CvBAPAT-
EcydfG-Cnpct
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Fw HiFi — CnprpE — ccaccgtcagtaaactagttctagacagac | Construction of pPCNCM1
CNCM1 gcggaggagacagacatgacggcaagcc

atgccgtgcatgeecg
Rev HiFi — CnprpE — Caaatgcaggcttcttatttttatgctagccta | Construction of pPCNCM1
CNCM1 gcctttcagegcetgectgceaactgttccage

gcacc
Fw HiFi — EcprpE - ccaccgtcagtaaactagttctagacaacag | Construction of pPCNCM3
CNCM3 gagagcattatgtc
Rev HiFi — EcprpE — Gcaggcttcttatttttatgctagectactctt | Construction of pPCNCM3
CNCM3 ccatcgectg
Fw HiFi — ECAtoAD — aatgtccaccgtcagtaaactagttctagatg | Construction of pPCNCM4
CNCM4 tatgcaagagggataaaaaatg
Rev HiFi — ECAtoAD — | caaatgcaggcttcttatttttatgctagctcat | Construction of pPCNCM4
CNCM4 aaatcaccccgttg
Fw HiFi — Captbbuk — ccaccgtcagtaaactagttctagacagac | Construction of pPCNCM5
CNCM5 gcggaggagacagacatgattaagagtttt

aatgaaattatcatgaagg
Rev HiFi — Captbbuk — caaatgcaggcttcttatttttatgctagcttat | Construction of pPCNCM5
CNCM5 ttgtattccttagcettttictictcctcttaaaact

ctaagtccac
Fw HiFi — CvBAPAT — | agtgacggcagagagacaatcaacatatg | Construction of pPCNCM6
CNCM6 aaccacccgctcaccacc
Rev HiFi — CvBAPAT — | Tctccteegegtetgtcaggecagcettgge | Construction of pPCNCM6
CNCM6 cagcg
Fw HiFi — CnprprkE — Caagctggcctgacagacgeggaggaga | Construction of pPCNCM6
CNCM6 cagac
Rev HiFi — CnprpE — Gggtatatctcctctagectttcagegetge | Construction of pPCNCM6
CNCM6 ct
Fw HiFi — EcydfG - Gctgaaaggctagaggagatatacccatg | Construction of pPCNCM6
CNCM6 gccg
Rev HiFi — EcydfG — agaggatccccgggtaccgagctcgaattc | Construction of pPCNCM6

CNCM6

ttactgacggtggacattcag
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Fw HiFi — CvBAPAT — | agtgacggcagagagacaatcaacatatg | Construction of pPCNCM7
CNCM7 aaccacccgctcaccacc

Rev HiFi — CvBAPAT — | Cattgctgtctcctcaggecagcettggeca | Construction of pPCNCM7
CNCM7 gcg

Fw HiFi — Cnpct — caagctggcctgaggagacagcaatgaag | Construction of pPCNCM7
CNCM7 gtgatcaccg

Rev HiFi — Cnpct — Gggtatatctcctttacaggtgcaggggee | Construction of pPCNCM7
CNCM7 cgg

Fw HiFi — EcydfG - Cctgcacctgtaaaggagatatacccatgg | Construction of pPCNCM7
CNCM7 ccg

Rev HiFi — EcydfG — agaggatccccgggtaccgagctcgaattc | Construction of pPCNCM7
CNCM7 ttactgacggtggacattcag

Fw HiFi — CvBAPAT — | agtgacggcagagagacaatcaacatatg | Construction of pPCNCM8
CNCMS8 aaccacccgctcaccacc

Rev HiFi — CvBAPAT — | Tgctctcctgttgtcaggecagettggeca | Construction of pPCNCMS8
CNCMS8 gcg

Fw HiFi — EcprprE — Caagctggcctgacaacaggagagcatta | Construction of pPCNCM8
CNCMS8 tgtcttttag

Rev HiFi — EcprpE - Ggotatatctcctctactcttccatcgectgg | Construction of pPCNCM8
CNCM8 c

Fw HiFi — EcydfG — Gatggaagagtagaggagatatacccatg | Construction of pPCNCM8
CNCM8 gceg

Rev HiFi — EcydfG — agaggatccccgggtaccgagctcgaattc | Construction of pPCNCMS8
CNCM8 ttactgacggtggacattcag

Fw HiFi — CvBAPAT — | agtgacggcagagagacaatcaacatatg | Construction of pPCNCM9
CNCM9 aaccacccgctcaccacc

Rev HiFi — CvBAPAT — | Cctcttgcatacatcaggccagcttggcca | Construction of pPCNCM9
CNCM9 gcg

Fw HiFi — ECAtoAD — Caagctggcctgatgtatgcaagagggat | Construction of pPCNCM9
CNCM9 aaaaaatg

Rev HiFi — ECAtoAD — | Gggtatatctccttcataaatcacceegttge | Construction of pPCNCM9
CNCM9 g

Fw HiFi — EcydfG - Gggtgatttatgaaggagatatacccatgg | Construction of pPCNCM9
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CNCM9 ccg

Rev HiFi — EcydfG — agaggatccccgggtaccgagctcgaattc | Construction of pPCNCM9
CNCM9 ttactgacggtggacattcag

Fw HiFi — CnphaC — aatgtccaccgtcagtaaactagttctagaa | Construction of pCNCM10
CNCM10 gtgacggcagagagacaatc

Rev HiFi — CnphaC — caaatgcaggcttcttatttttatgctagctcat | Construction of pPCNCM10

CNCM10

gecttggcetttgac

Fw HiFi — CsphaC —
CNCM11

Aatgtccaccgtcagtaaactagttctagaa
atccctattaaaatcaatatctcacaaaggag
gittttatg

Construction of pPCNCM11

Rev HiFi — CsphaC —
CNCM11

caaatgcaggcttcttatttttatgctagctca
gttcaaggcggeggce

Construction of pPCNCM11

Fw HiFi — rmBT1T2 - Ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM12
CNCM12 taaaacgaaaggctc
Rev HiFi —rrBT1T2 — | gaaaggctaggtagaaacgcaaaaaggc | Construction of pPCNCM12
CNCM12
Fw HiFi — CnprpE — gcgtttctacctagectttcagegcetge Construction of pPCNCM12
CNCM12
Rev HiFi — CnprpE — gcaggcttcttatttttatgctagectgttgac | Construction of pCNCM12
CNCM12 aattaatcatcgaactagttaactagtacgca

atgacggcaagccatgcec
Fw HiFi — rrmBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM13
CNCM13 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | gcacctgtaagtagaaacgcaaaaaggc Construction of pPCNCM13
CNCM13
Fw HiFi — Cnpct — gcgtttctacttacaggtgcaggggecc Construction of pPCNCM13
CNCM13
Rev HiFi — Cnpct — gcaggcttcttatttttatgctagectgttgac | Construction of pCNCM13
CNCM13 aattaatcatcgaactagttaactagtacgca

atgaaggtgatcaccgcacg
Fw HiFi — rrBT1T2 - ccaccgtcagtaaactagttctagaatcaaa | Construction of pCNCM14
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CNCM14 taaaacgaaaggctc
Rev HiFi —rrmBT1T2 — | ggaagagtaggtagaaacgcaaaaaggc | Construction of pPCNCM14
CNCM14
Fw HiFi — CnprpE — gcgtttctacctactcttccatcgecty Construction of pPCNCM14
CNCM14
Rev HiFi — CnprpE — gcaggcttcttatttttatgctagectgttgac | Construction of pPCNCM14
CNCM14 aattaatcatcgaactagttaactagtacgca

atgtcttttagcgaattttatcag
Fw HiFi — rrBT1T2 - ccaccgtcagtaaactagttctagaatcaaa | Construction of pCNCM15
CNCM15 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | tgatttatgagtagaaacgcaaaaaggc Construction of pPCNCM15
CNCM15
Fw HiFi — ECAtoAD — gcgtttctactcataaatcacceegttg Construction of pPCNCM15
CNCM15
Rev HiFi — ECAtoAD — | Gcaggcttcttatttttatgctagectgttgac | Construction of pPCNCM15
CNCM15 aattaatcatcgaactagttaactagtacgca

atgaaaacaaaattgatgacattac
Fw HiFi — rrBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM16
CNCM16 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | caaggcatgagtagaaacgcaaaaaggc | Construction of pPCNCM16
CNCM16
Fw HiFi — CnphaC — gcgtttctactcatgecttggctttgac Construction of pPCNCM16
CNCM16
Rev HiFi — CnphaC — gaaaggctaggaatagtgacggcagagag | Construction of pPCNCM16
CNCM16
Fw HiFi — CnprpE - gtcactattcctagectttcagegetge Construction of pPCNCM16
CNCM16
Rev HiFi — CnprpE — gcaggcttcttatttttatgctagectgttgac | Construction of pCNCM16
CNCM16 aattaatcatcgaactagttaactagtacgca

atgacggcaagccatgcec
Fw HiFi — rrmBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM17
CNCM17 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | caaggcatgagtagaaacgcaaaaaggc | Construction of pPCNCM17




84

CNCM17
Fw HiFi — CnphaC — gcgtttctactcatgecttggctttgac Construction of pPCNCM17
CNCM17
Rev HiFi — CnphaC — gcacctgtaagaatagtgacggcagagag | Construction of pPCNCM17
CNCM17
Fw HiFi — Cnpct — gtcactattcttacaggtgcaggggcecc Construction of pPCNCM17
CNCM17
Rev HiFi — Cnpct — gcaggcttcttatttttatgctagectgttgac | Construction of pPCNCM17
CNCM17 aattaatcatcgaactagttaactagtacgca

atgaaggtgatcaccgcacg
Fw HiFi — rrBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of CNCM18
CNCM18 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | caaggcatgagtagaaacgcaaaaaggc | Construction of CNCM18
CNCM18
Fw HiFi — CnphaC — gcgtttctactcatgecttggctttgac Construction of CNCM18
CNCM18
Rev HiFi — CnphaC — Ggaagagtaggaatagtgacggcagaga | Construction of pPCNCM18
CNCM18 g
Fw HiFi — EcprpE — gtcactattcctactcttccatcgectg Construction of pPCNCM18
CNCM18
Rev HiFi — EcprpE - gcaggcttcttatttttatgctagectgttgac | Construction of pPCNCM18
CNCM18 aattaatcatcgaactagttaactagtacgca

atgtcttttagcgaattttatcag
Fw HiFi — rmBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM19
CNCM19 taaaacgaaaggctc
Rev HiFi —rrBT1T2 — | caaggcatgagtagaaacgcaaaaaggc | Construction of pPCNCM19
CNCM19
Fw HiFi — ECAtoAD — gcgtttctactcatgecttggctttgac Construction of pPCNCM19
CNCM19
Rev HiFi — ECAtoAD — | tgatttatgagaatagtgacggcagagag Construction of pPCNCM19
CNCM19
Fw HiFi — ECAtoAD — gtcactattctcataaatcacccegttg Construction of pPCNCM19
CNCM19
Rev HiFi — ECAtoAD — | gcaggcttcttatttttatgctagectgttgac | Construction of pPCNCM19

aattaatcatcgaactagttaactagtacgca
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CNCM19

atgaaaacaaaattgatgacattac

Fw HiFi — rrBT1T2 - ccaccgtcagtaaactagttctagaatcaaa | Construction of pCNCM20
CNCM20 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | Cgccttgaactgagtagaaacgcaaaaag | Construction of pPCNCM20
CNCM20 gc
Fw HiFi — CsphaC — tttgcgtttctactcagttcaaggeggegge | Construction of pPCNCM20
CNCM20
Rev HiFi — CsphaC — cagagagacaatcaaatcatgcagcagttt | Construction of pCNCM20
CNCM20 gtcaattccctg
Fw HiFi — CnprpE — caaactgctgcatgatttgattgtctctctgec | Construction of pCNCM20
CNCM20 gtcactattcctagcectttcagcgctge
Rev HiFi — CnprpE — caaatgcaggcttcttatttttatgctagcctg | Construction of pCNCM20
CNCM20 ttgacaattaatcatcgaactagttaactagta

cgcaatgacggcaagccatgcec
Fw HiFi — rrmBT1T2 — ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM21
CNCM21 taaaacgaaaggctc
Rev HiFi —rrBT1T2 — | Cgccttgaactgagtagaaacgcaaaaag | Construction of pPCNCM21
CNCM21 gc
Fw HiFi — CsphaC — tttgcgtttctactcagttcaaggeggegge | Construction of pPCNCM21
CNCM21
Rev HiFi — CsphaC - cagagagacaatcaaatcatgcagcagttt | Construction of pPCNCM21
CNCM21 gtcaattccctg
Fw HiFi — Cnpct — caaactgctgcatgatttgattgtctctctgce | Construction of pPCNCM21
CNCM21 gtcactattcttacaggtgcaggggcecc
Rev HiFi — Cnpct — caaatgcaggcttcttatttttatgctagcctg | Construction of pCNCM21
CNCM21 ttgacaattaatcatcgaactagttaactagta

cgcaatgaaggtgatcaccgcacy
Fw HiFi — rrnBT1T2 - ccaccgtcagtaaactagttctagaatcaaa | Construction of pPCNCM22

CNCM22

taaaacgaaaggctc

Rev HiFi — rrnBT1T2 —
CNCM22

Cgccttgaactgagtagaaacgcaaaaag
gc

Construction of pPCNCM22

Fw HiFi — CsphaC —
CNCM22

tttgcgtttctactcagttcaaggcggegge

Construction of pPCNCM22
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Rev HiFi — CsphaC — cagagagacaatcaaatcatgcagcagttt | Construction of pPCNCM22
CNCM22 gtcaattccctg
Fw HiFi — EcprpE — caaactgctgcatgatttgattgtctctctgece | Construction of pPCNCM22
CNCM22 gtcactattcctactcttccatcgectg
Rev HiFi — EcprpE — caaatgcaggcttcttatttttatgctagcctg | Construction of pPCNCM22
CNCM22 ttgacaattaatcatcgaactagttaactagta

cgcaatgtcttttagcgaattttatcag
Fw HiFi —rrBT1T2 - ccaccgtcagtaaactagttctagaatcaaa | Construction of pCNCM23
CNCM23 taaaacgaaaggctc
Rev HiFi —rrnBT1T2 — | Cgccttgaactgagtagaaacgcaaaaag | Construction of pPCNCM23
CNCM23 gc
Fw HiFi — CsphaC — tttgcgtttctactcagttcaaggeggegge | Construction of pPCNCM23
CNCM23
Rev HiFi — CsphaC — cagagagacaatcaaatcatgcagcagttt | Construction of pCNCM23
CNCM23 gtcaattccctg
Fw HiFi — ECAtoAD — caaactgctgcatgatttgattgtctctctgce | Construction of pPCNCM23
CNCM23 gtcactattctcataaatcaccccgttg
Rev HiFi — ECAtoAD — | caaatgcaggcttcttatttttatgctagcctg | Construction of pPCNCM23

CNCM23

ttgacaattaatcatcgaactagttaactagta
cgcaatgaaaacaaaattgatgacattac

phaA LHA Fw HiFi

catgattacgaattcgagctcttgcgcgagg
ccacgctgggegge

Amplification of phaA left
homology arm

phaA LHA Rev HiFi

aaccccttcctgtgtagtectttcaatggaaa
cgggagggaacctgcaggec

Amplification of phaA left
homology arm

phaA RHA Fw HiFi

Ggactacacaggaagggottttccggggc
cgege

Amplification of phaA right
homology arm

phaA RHA Rev HiFi

atggacgcgtgacgtcgactctagaacgac

Amplification of phaA right

aaccaggcgcagatcgaggc homology arm
phaA ext Fw gcttgcatgagtgecggegtge External screening primer
for phaA KO
phaA ext Rev ggcttegttatcgtcgeegggtee External screening primer
for phaA KO
phaA int Fw caagccggagcaggtg Internal screening primer

for phaA KO




phaA int Rev

ccgttcacattgaccttggag

Internal screening primer
for phaA KO

phaBl LHA Fw HiFi

catgattacgaattcgagctccatcacacgc
gaggcgcaggatga

Amplification of phaB1 left
homology arm

phaBl LHA Rev HiFi

Ggccggeagggtccactccttgattggett
cgttatcgtc

Amplification of phaB1 left
homology arm

phaB1 RHA Fw HiFi

Aggagtggaccctgccggectggttcaac
cagtc

Amplification of phaB1
right homology arm

phaB1 RHA Rev HiFi

atggacgcgtgacgtcgactctagagectg
gatgttcttttccaggtaggtgc

Amplification of phaB1
right homology arm

phaB1l ext Fw gcgcggacccggegacgataacg External screening primer
for phaB1 KO

phaB1 ext Rev ccgcegcetggcetgeaccgcaatac External screening primer
for phaB1 KO

phaB1l int Fw gcattgcgtatgtgaccgge Internal screening primer

for phaB1 KO

phaBl int Rev

cgagaaaccggactcctcegac

Internal screening primer
for phaB1 KO

phaAB1 LHA Fw HiFi

agatccttttaattcgagctcccatgtgeagtt
gcgegaggecac

Amplification of phaAB1
left homology arm

phaAB1 LHA Rev HiFi

ggccggeaggtgtgtagtectttcaatggaa
acgggaggg

Amplification of phaAB1
left homology arm

phaAB1 RHA Fw HiFi

Ggactacacacctgccggcectggttcaac
cagtc

Amplification of phaAB1
right homology arm

phaAB1 RHA Rev HiFi

tttaaacagtcgactctagagtcgatgaagg

Amplification of phaAB1

cctggatgttcttttccag right homology arm
phaAB1 ext Fw gatcaacgtgctcggcttctgegt External screening primer
for phaAB1 KO
phaAB1 ext Rev gcatgttcatgaactgcgaccacatg External screening primer
for phaAB1 KO
phaABL1 int Fw gccatgaccatcaacaaggtgtge Internal screening primer

for phaAB1 KO

phaABL1 int Rev

cgtcgatcacctgcttggtgacgt

Internal screening primer
for phaAB1 KO
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panC LHA Fw

atggcggccatgctgatcgagatcaag

Amplification of panC left
homology arm

panC LHA Rev

catctgccttggtgtgetggtcg

Amplification of panC left
homology arm

panC RHA Fw

tgagcggcagegecgeaccaggce

Amplification of panC right
homology arm

panC RHA Rev

tgttgctgaccacgctggtgggcgtg

Amplification of panC right
homology arm

panC ext Fw ccgcaggacctgtacatcc External screening primer
for panC KO

panC ext Rev gtatatcggcctgagcecttg External screening primer
for panC KO

panC int Fw caactgcgcggccagaac Internal screening primer
for panC KO

panC int Rev ccagcttggcggcagtcag Internal screening primer
for panC KO

panD LHA Fw Catgattacgaattcgagctcgeecgegeac | Amplification of panD left

cactaccag

homology arm

panD LHA Rev

agcaaacccgggtgatacgtccttatatttg
atgcaaaagc

Amplification of panD left
homology arm

panD RHA Fw

cgtatcacccgggtttgeteccctctee

Amplification of panD right
homology arm

panD RHA Rev

atggacgcgtgacgtcgactctagaatcag
gaccagcgtggtc

Amplification of panD right
homology arm

panD ext Fw

tctcggectgectgatgtgea

External screening primer
for panD KO

panD ext Rev

gatcaggttgatcaccgtgtggttca

External screening primer

for panD KO

panD int Fw ggcggacctcaactacg Internal screening primer
for panD KO

panD int Rev cgttcaccaggatgaccttg Internal screening primer

for panD KO

pyrE LHA Fw HiFi

Catgattacgaattcgagctccttgtagate

Amplification of pyrE left
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gagcaaag

homology arm

pyrE LHA Rev HiFi

Atcaacggttcatttctctctgaattcaaaatt
tc

Amplification of pyrE left
homology arm

pyrE RHA Fw HiFi

gagagaaatgaaccgttgatggcaaggg

Amplification of pyrE right
homology arm

pyrE RHA Rev HiFi

atggacgcgtgacgtcgactctagaggtcg
aagtcggcaaaac

Amplification of pyrE right
homology arm

pyrE ext Fw ggtatcggcgatcttcg External screening primer
for pyrE KO
pyrE ext Rev cgtagaagctgacatgge External screening primer
for pyrE KO
pyrE int Fw gcagaaaccgcccgegggtgcecgatctc Internal screening primer
for pyrE KO
pyrE int Rev cgtagcgctgacgataggccgecaccgce Internal screening primer
for pyrE KO
Fw HiFi pyrE caggcttcttatttttatggcgegectcgggg | pyrE complementation
aaattttgaattcagagagaaatgatgacg plasmid Fw
Rev HiFi pyrE tctggegcetectgeggecggecgecgege | pyrE complementation
tcctgecgatt plasmid Rev
Fw HiFi panC caggcttcttatttttatggcgcegeccccace | panC complementation
cgcgetgegagg plasmid Fw
Rev HiFi panC tctggegcetectgeggecggecaaaaage | panC complementation
aggccgccggectge plasmid Rev
Fw HiFi panC Caggcttcttatttttatggcgegeccccac | PphaC_eyfP panC
ccgegetgegagg complementation plasmid
Rev HiFi panc tctggegcetectgeggecggecaaaaage | PphaC_eyfP panC
aggccgccggectge complementation plasmid
ara_fwd ctacaatttttttatcaggaaacagctatgacc | Construction of
gcggcecegcttaagcagaaggccatcc p71301_mvaES panC
ara_rev aatcaccacggttttcatatgtatatctccttct | Construction of
taaaagatcttttg p71301_mvaES panC
mvae_fwd Taagaaggagatatacatatgaaaaccgtg | Construction of

gtgattattg

p71301_mvaES panC
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mvae_rev Ttattttgtcgctaatcattactgtttacgcag | Construction of
atcattc p71301_mvaES_panC
mvas_fwd Gatctgcgtaaacagtaatgattagcgaca | Construction of
aaataaataac p71301_mvaES_panC
mvas_rev tatttttatgctagttgatcagttatctagatcc | Construction of
ggtggatccttaattacgatagctacgc p71301_mvaES_panC
mvas_REV?2 gagatctccatggacgcgtgacgtcgactc | Construction of
tagaggatccttaattacgatagctacgc p71301_mvaES
ara-phac_fwd gttcgaatagtgacggcagagagacaatca | Construction of
aatcccatggttaagcagaaggccatcc pMTL70641::AphaCAB-KI
araC-Pbad-mvaES
mvas-phab_rev ccgcgaaacgggcggcgaaacgaaacge | Construction of
ccgccgcecatggttaattacgatagctacgc | pMTL70641::AphaCAB-KI
araC-Pbad-mvaES

2.3.3 Synthesised PHA synthase from Chromobacterium sp. USM2

The synthesised PHA synthase was ordered from Genscript and was
provided in the pUC57 vector as lyophilised DNA. DNA was resuspended
according to the manufacturer’s instructions before being transformed into

E. coli. Codon optimization was not used.

The DNA sequence of the PHA synthase of Chromobacterium sp. USM2 is

indicated below;

ATGCAGCAGTTTGTCAATTCCCTGTCGCTCGGCCAGGACCAGTCCGATGCCCCC

CATCCGCTGACCGGCGCCTGGTCGCAGCTGATGAGCCAGACCAATCAGCTCTTG
CAGCTGCAATCCAGCCTCTACCAACAGCAATTGGGCTTGTGGACGCAATTCCTC
GGCCAAACCGCCGGCAACGACGCTTCCGCGCCGTCGGCCAAGCCGAGCGACCG
CCGCTTCGCCTCGCCGGAGTGGGATGAGCATCCGTTCTACAGCTTCCTCAAGCA
GAGCTATCTGCAAACCTCCAAGTGGATGATGGAGCTGGTGGACAAGACCCAGA
TCGACGAAAGCGCTAAGGACAAGCTGTCCTTCGCCACTCGCCAGTACCTGGAT

GCCATGGCGCCCAGCAACTTCATGCTGACCAACCCCGACGTGGTCAAACGCGC
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CATCGAAACCCAGGGCGAAAGCCTGGTGGAAGGCATGAAGAACATGATGGAG
GACATCCAGAAGGGCCATATCTCGATGTCCGACGAGAGCAAGTTCCAAATCGG
CAAAAACCTGGTGGTGACGCCGGGCGAGGTGGTGTTCCGCAATGAACTGATCG
AGCTGATCCAGTACACGCCGACCACCGAAAAAGTCCACGAAAAGCCCTTGCTG
TTTGTCCCGCCGTGCATCAACAAGTACTACCTGATGGATCTGCAGCCGGACAAC
TCCATGGTGCGCCACTTCGTCGGCCAGGGTTACCGCGTTTTCCTGGTCAGCTGG
CGTTCCGCCGTGCCCGAGATGAAGAACTTCACTTGGGAGACCTACATCGAGAA
AGGCGTGTTCGCCGCGGCCGAAGCGGTTCAGAAGATCACCAAGCAGCCGACCA
TGAACGCGCTGGGCTTCTGCGTGGGCGGCGTGATCCTCACTACCGCGCTGTGCG
TGGCCCAGGCCAAGGGTCTGAAATACTTCGACTCCGCCACCTTCATGACGTCGC
TGATCGACCACGCCGAACCGGGCGAGATCTCCTTCTTCATCGACGAGGCGCTG
GTAGCCAGCCGCGAAGCCAAAATGGCGGCCGGCGGCATCATCAGCGGCAAGG
AAATCGGACGCACTTTCGCCAGCCTGCGCGCCAACGACCTGGTGTGGAACTAC
GTCGTCAACAACTACCTGCTGGGCAAGACCCCGGCGCCGTTCGACCTGCTGTAC
TGGAACAACGACGCGGTGGACCTGCCGCTGCCGATGCACACCTTCATGCTGCG
GCAGTTCTACATCAACAACGCGCTGATCACCCCGGGCGCCATTACGCTGTGCGG
CGTCCCGATCGACATCTCCAAGATCGACATCCCGGTGTATATGTTCGCCGCGCG
CGAAGACCACATCGTGCTGTGGAGTTCCGCCTACTCCGGCCTGAAATATCTGAG
CGGCACGCCAAGCCGCCGCTTTGTCCTGGGCGCATCCGGCCACATCGCCGGLTC
GATCAACCCCGTCACCAAGGATAAGCGCAACTACTGGACCAACGAGCAGCTGC
CGGTGAATCCGGAAGAATGGCTGGAGGGCGCGCAAAGCCATCCAGGCAGCTG
GTGGAAGGACTGGGACGCCTGGCTGGCCCCGCAATCTGGAAAACAGGTTCCGG
CGCCCAAGATGCTGGGCAGCAAGGAGTTCCCCCCGCTGCAGCCTGCGLLCGGGL

AGCTATGTGCTCGCCAAGGCGATGCCTCCCGTCGCCGCCGCCTTGAACTGA

2.3.4 Isolation of plasmid DNA
Plasmid DNA isolation was performed using the Monarch Plasmid
Miniprep Kit (New England BiolLabs Inc. (NEB)) according to the

manufacturer’s instructions using 5 mL of an overnight culture.
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2.3.5 Isolation of chromosomal DNA
Genomic DNA isolation was performed using the GenElute Bacterial
Genomic DNA Kit (Sigma-Aldrich) according to the manufacturer’s

instructions using 1 mL of an overnight culture.

2.3.6 PCR analysis of DNA
All primers designed during the course of this study were ordered from
Sigma-Aldrich. Lyophilized oligonucleotides were resuspended in sterile

de-ionised water to a final concentration of 100 pmol/ul.

PCR was performed using GoTaq, Q5, or Phusion polymerases according to
the manufacturer’s instructions. Taq polymerase was used for screening of
colonies for successful plasmid transformation or gene deletion. Q5
polymerase was used to amplify genes for cloning into overexpression
vectors, and to amplify homology arms used in the generation of knockout
cassettes. Phusion was used to amplify the pantothenate synthetase gene

(panC) and of C. necator H16.

2.3.7 Restriction analysis of plasmid DNA

Restriction enzymes from two sources were used; NEB and “FastDigest”
from Fermentas (ThermoFisher Scientific). Each was used according to the
manufacturer’s instructions. Restriction digestion reactions typically
contained 1 pl of the relevant restriction enzymes, 0.5-1 pg DNA, 2 ul of
10x buffer and nuclease-free water up to 20 pl. The digestions were
performed at 37 °C for two hours and analysed by agarose gel

electrophoresis.
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2.3.8 Agarose gel electrophoresis

A 1% agarose gel solution was prepared by mixing 1 g agarose powder with
100 mL 1x TAE buffer (40mM Tris-acetate, ImM EDTA). The agarose gel
solution was poured into a casting tray and 10 ul SYBR Safe DNA Gel

Stain (ThermoFisher Scientific) was added.

Approximately 20 pl of the relevant sample (restriction digest or PCR
product) was loaded per well. Restriction digestions using NEB enzymes or
PCR mixtures using either Q5 or Phusion polymerases were mixed with 4pul
loading dye (Gel Loading Dye, Purple (6x)) prior to loading of the sample.
The reaction mixture of restriction digests using FastDigest enzymes or
PCR reactions using GoTaq contained green dye and could be loaded

directly into the gel.

2.3.9 Gel extraction and purification
Fragments of DNA amplified by PCR and relevant digestion bands were
excised from agarose gels and recovered using a Monarch DNA Gel

Extraction Kit (NEB) in accordance with the manufacturer’s instructions.

2.3.10 Quantification of DNA
Quantification of DNA was carried out using a SimpliNano microvolume

spectrophotometer (GE Healthcare Life Sciences).

2.3.11 Ligation of plasmid DNA

Ligation reactions were performed using T4 DNA ligase (NEB). Samples of
digested vector and insert were mixed, at a ratio of 1:3, with 1 ul T4 DNA
ligase, 2 ul T4 ligation buffer, and nuclease-free water in a total volume of

20 pl. The reaction mixture was incubated overnight at room temperature.
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The following day, the reaction mixture was transformed into E. coli using

the method outlined in section 2.4.2.

2.4 Transformation of bacterial strains

2.4.1 Preparation of chemically competent E. coli cells

An overnight culture of E. coli cells was diluted 1:100 in 100 mL LB at 37
°C and 200 rpm until ODgg of approximately 0.8 was reached. The culture
was then cooled on ice for approximately 20 minutes. The culture was
centrifuged at 5000 rpm for 6 minutes at 4 °C to collect the cells. The pellet
was resuspended in 100 mL of ice-cold 0.1 M calcium chloride and
centrifuged again under the same conditions as before. The cells were again
collected, and then resuspended in 50 mL of ice-cold calcium chloride +
15% (v/v) glycerol, before being centrifuged again as before. The cells
were collected again and resuspended in 5 mL of ice-cold calcium chloride
+ 15% (v/v) glycerol. The final cell suspension was divided into 50 pl
aliquots in pre-chilled Eppendorf tubes, and immediately used or frozen at -

80 °C.

2.4.2 Transformation of chemically competent E. coli cells

A single aliquot (50 pl) of chemically competent E. coli cells was mixed
with 5 pl of a solution containing 50-100 ng DNA and incubated in ice for
one hour. The cells were heat-shocked for two minutes at 42 °C in a water
bath, and 950 ul SOC was added immediately after removal from the water
bath. The cells were then incubated at 37 °C for approximately 90 minutes.
The cells were then collected by centrifugation at 4000 rpm for 5 minutes at

room temperature, and resuspended in 100-200 ul of LB, before being
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plated on LB agar plates containing the appropriate antibiotic. The plates

were then incubated overnight at 37 °C.

2.4.3 Preparation of electrocompetent C. necator H16 cells

An overnight culture of C. necator H16 was used to inoculate 50 mL of
Hanahan’s broth to an ODggo Of approximately 0.05. The culture was grown
at 30 °C /200 rpm until ODgg 0.2-0.3 was reached. Cells were then collected
by centrifugation at 7000 rpm for 10 minutes at 4 °C. The cells were
resuspended in 20 mL of 1 mM HEPES (pH 7.0) and centrifuged again as
before. The wash was repeated again with 10 mL of 1mM HEPES (pH 7.0),
and cells centrifuged as before. The cells were collected again and
resuspended in 2 mL of 1 mM HEPES + 10% glycerol (v/v). The final cell
suspension was divided into 50 pl aliquots in pre-chilled Eppendorf tubes

and used immediately.

2.4.4 Transformation of electrocompetent C. necator H16 cells

A single aliquot (50 pl) of electrocompetent C. necator H16 cells were
mixed with 5 ul of a solution containing 100-500 ng DNA in a pre-chilled
electroporation cuvette with a 0.2 cm gap width and incubated on ice for 5
minutes. After incubation on ice, the cell suspension was subjected to
electroporation at 2.5 kV, 200 Q, and 25 pF, using a MicroPulser
Electroporator (Bio-Rad). Immediately after electroporation, 950 ul SOC
was added to the cell suspension, followed by incubation at 30 °C /200 rpm
for approximately two hours. The cells were then collected by centrifugation
at 4000 rpm for 5 minutes at room temperature, and resuspended in 100-200
ul of LB, before being plated on LB agar plates containing the appropriate

antibiotic. The plates were then incubated for 48 hours at 30 °C.
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2.4.5 Conjugative plasmid transfer into C. necator H16

E. coli S17-1 was incubated overnight in LB containing the appropriate
antibiotic at 37 °C/200 rpm. C. necator H16 was incubated overnight in
LSLB containing the appropriate antibiotic at 30 °C/200 rpm. The following
day, 1 mL of each culture was separately centrifuged for 4 minutes at 5000
rpm to collect cells. The cell pellets were individually resuspended in 1 mL
of LB and centrifuged as before. The cell pellets were resuspended in 500
pL the mixed together. The cells were centrifuged as before. The cell pellet
was resuspended in 30 ul LB and spotted on an LB agar plate for mating.
Mating was allowed to occur at 30 °C for at least 6 hours, up to a maximum
of 24 hours. After mating, cells were collected from the plate using a sterile
loop and resuspended in 200 pl PBS. The cell suspension was then plated on
SGMM + tetracycline (15 ug/mL) agar plates. Transconjugants appeared
after 48-72 hours of incubation at 30 °C. Tetracycline-resistant colonies
were picked and purified by streaking again on SGMM + tetracycline (15
ug/mL) agar plates. This process was repeated a second time to purify C.
necator H16 transconjugants and eliminate any remaining E. coli S17-1

donor cells.

2.5 Construction of plasmids

2.5.1 Construction of expression vectors

With the exception of plasmids pBBR1_PphaC-CvBAPAT-EcydfG-Cnpct,
pMTL71101_PphaC-CvBAPAT-EcydfG-Cnpct, and pCNCM2 (described
below), all other expression plasmids in this study were designed using the
NEBuilder Assembly Tool and constructed using HiFi DNA Assembly Kit

(NEB) following the manufacturer’s protocol. Following amplification of
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the target insert(s) and digestion of the target plasmid with the appropriate
restriction enzymes, the vector and insert were analysed by gel
electrophoresis and extracted from the gel according to sections 2.3.8 and
2.3.9. The vector and insert(s) were then mixed in a 1:2 ratio along with 5 pl
of 2x NEBuilder DNA HiFi Assembly Master Mix, and nuclease-free water
added to a final volume of 10 ul. The mixture was incubated at 50 °C for
one hour to facilitate ligation of insert and vector. The resulting assembly

was transformed into E. coli using the procedure described in section 2.4.2.

Plasmid pBBR1_PphaC-CvBAPAT-EcydfG-Cnpct was constructed using
traditional cloning. Propionyl-CoA transferase from C. necator H16 (Cnpct)
was amplified with primers containing restriction sites for Xbal (5”) and
Pvul (3”). Plasmid pBBR1_PphaC-CvBAPAT-EcydfG and the Cnpct insert
were digested by Xbal/Pvul. The digested vector and insert were analysed
by gel electrophoresis and extracted from the gel according to sections 2.3.8

and 2.3.9, then ligated according to the method described in section 2.3.11.

Plasmid pMTL71101_PphaC-CvBAPAT-EcydfG-Cnpct was constructed by
ligation of linearised pMTL71101 PphaC and the CvBAPAT-EcydfG-
Cnpct fragment from plasmid pBBR1_PphaC-CvBAPAT-EcydfG-Cnpct.
Using the restriction enzymes Ndel/Pvul, pMTL71101 PphaC was
linearised, while digestion of plasmid pBBR1 PphaC-CvBAPAT-EcydfG-
Cnpct released the CvBAPAT-EcydfG-Cnpct fragment. The digested vector
and insert were analysed by gel electrophoresis and extracted from the gel
according to sections 2.3.8 and 2.3.9, then ligated according to the method

described in section 2.3.11.
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Plasmid pCNCM2 was constructed by ligation of linearised
pMTL71301 PphaC and the CvBAPAT-EcydfG-Cnpct fragment from
plasmid pBBR1_PphaC-CvBAPAT-EcydfG-Cnpct. Using the restriction
enzymes Ndel/Nhel, was pMTL71301_PphaC was linearised, while
digestion of plasmid pMTL71101_PphaC-CvBAPAT-EcydfG-Cnpct
released the CvBAPAT-EcydfG-Cnpct fragment. The digested vector and
insert were analysed by gel electrophoresis and extracted from the gel
according to sections 2.3.8 and 2.3.9, then ligated according to the method

described in section 2.3.11.

2.5.2 Construction of deletion vectors

Gene deletions in C. necator H16 were carried out using either the pLO3 or
pPMTL70641 suicide vectors. These plasmids both contain a tetracycline
resistance marker and encode the sacB gene that allows for counter-

selection in sucrose.

The suicide vector was digested with Sacl/Xbal, and 750 bp upstream and
downstream of the target gene were amplified by PCR. The amplified
flanking regions of the target gene and the digested vector were analysed by
gel electrophoresis and extracted from the gel according to sections 2.3.8
and 2.3.9. The digested vector and amplified flanking regions were then
mixed in a 1:2 ratio along with 5 ul of 2x NEBuilder DNA HiFi Assembly
Master Mix, and nuclease-free water added to a final volume of 10 pl. The
mixture was incubated at 50 °C for one hour to facilitate ligation of insert
and vector. The resulting assembly was transformed into E. coli using the

procedure described in section 2.4.2.
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2.5.3 Construction of ORF deletions in C. necator H16

Suicide vectors containing the target gene sequence and sacB gene were
transferred from E. coli S17-1 to C. necator H16 by conjugation as
described in section 2.4.5. Transconjugants resistant to tetracycline after
two streaks on SGMM + tetracycline were used to inoculate 5 mL of LSLB
+ 15% sucrose. These cultures were grown overnight at 30 °C/200 rpm. The
cultures were then serially diluted and 100 pl of dilutions 10 - 10° were
spread on LSLB + 15% sucrose agar plates and incubated at 30 °C. Sucrose-
resistant colonies appeared 48-72 hours of incubation. These colonies were
picked and purified in LB agar plates, after first streaking in LB +
tetracycline agar plates to confirm loss of the suicide vector. Clones were
screened by colony PCR to identify strains of C. necator H16 with the gene

deletion.

2.5.4 Construction of putatively auxotrophic strains of C. necator H16

To construct the ApanD, ApanC, and ApyrE strains, the conjugation and
ORF deletion protocols described in sections 2.4.5 and 2.5.3 respectively
were used as before, but with modifications to account for the potentially

auxotrophic phenotype of the resulting knockout strains.

Following resuspension in 200 ul PBS described in section 2.4.5, cells were
subsequently plated on SGMM + tetracycline (15 pg/mL) agar plates
supplemented with the metabolite for which the knockout strains were
putatively auxotrophic. Metabolite supplementation was used for all
remaining steps of the conjugation protocol. Metabolite supplementation
was also used in all steps of the ORF deletion protocol, with the exception

of the LB + tetracycline plates.
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During the construction of strain ApanD, 1 mM [-alanine was
supplemented. During the construction of strain ApanC, 1mM pantothenate
was supplemented. During the construction of strain ApyrE, 20 uM uracil

was supplemented.

2.5.5 Evaluation of strains ApanD, ApanC,and ApyrE for auxotrophy
To determine whether the ApanD, ApanC,and ApyrE strains were
auxotrophs, each strain was spread on SGMM with and without

supplementation of the appropriate metabolite.

The concentration of the supplemented metabolites was the same as

described in section 2.5.4.

2.5.6 Plasmid stability assay

To analyse the stability of the plasmid addiction system, samples were
withdrawn from the reactors approximately every 24 hours throughout the
fermentation. These samples were first spread on LB plates containing
gentamicin and incubated for 24-48 hours at 30 °C. Following appearance
of colonies on this plate, 100 colonies were chosen at random and restreaked
on LB plates containing no antibiotic and LB plates containing tetracycline.
These plates were incubated for another 24-48 hours at 30 °C. The plates
were then compared to identify the proportion of cells which had failed to

grow on LB containing tetracycline (indicating plasmid loss).



101

2.6 Bioinformatics

2.6.1 Plasmid map analysis
Sequence alignment, restriction site analysis, and design of plasmids was

conducted using Benchling (https://benchling.com/)

2.6.2 Sequence databases

Nucleotide and peptide sequences of genes of interest were investigated
using the National Center for Biotechnology Information (NCBI) database.
Functional information of proteins was investigated using UniProt.
Metabolic pathways and associated genes were investigated using the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The sequence for the PHA
synthase of Chromobacterium sp. USM2 was taken from the European

Bioinformatics Institute (EBI) database.

2.6.3 ldentification of ribosome binding sites
The Salis Lab ribosome binding site (RBS) calculator was used to identify
the RBS of genes of interest, and to construct a synthetic RBS for the

synthesised PHA synthase from Chromobacterium sp. USM2.

2.6.4 Data presentation and figure construction
Figures presenting data were constructed using Graphpad Prism. Figures
presenting metabolic pathways or biological concepts were constructed

using ChemBioDraw Ultra 14.0.


https://benchling.com/
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2.7 Detection and analysis of compounds

2.7.1 HPLC detection of gluconate and 3HP

Culture samples were centrifuged at 14,000 rpm for 2 minutes. The
supernatant was filtered through a 0.2 um filter. The cell pellet was kept for
GCMS to analyse PHA content and composition. Approximately 150 ul of
filtered supernatant was added to 150 ul of mobile phase and vortex to
ensure sufficient mixing. The mobile phase was a solution of 5 mM H,SO,

supplemented with 50 mM valerate as an internal standard.

Samples were run at a flow rate of 0.5 mL min™ at 35 °C for 30 minutes. A
Dionex UltiMate 3000 HPLC system (ThermoFisher Scientific), Rezex
ROA-Organic Acid H+ (8%) 150 mm x 46 mm x 8 pm column
(Phenomex), and a Diode Array detector (UV-VIS 210 nm) were used.
When required, an Aminex HPX-87H 300 nm x 7.8 mm X 9 um column

(Bio-Rad) was used to better separate peaks.

2.7.2 HPLC detection of mevalonate

Culture samples were centrifuged at 14,000 rpm for 2 minutes. The
supernatant was filtered through a 0.2 pm filter. Approximately 150 pl of
filtered supernatant was added to 150 pl of mobile phase and vortex to
ensure sufficient mixing. The mobile phase was a solution of 5 mM H;SO4

supplemented with 50 mM valerate as an internal standard.

The mobile phase was composed of 0.005 M H,SO,4. The mix was passed
through a membrane filter with a pore size of 0.22 pm. Samples were
analysed using a Dionex 3000 HPLC system (Thermo Fisher Scientific)

equipped with a Rezex ROA-organic  acid H+  (8%)
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150 mm % 7.8 mm % 8 um column (Phenomex) and a diode array detector
(UV-VIS 210 nm). The column was operated at 35 °C with a flow rate of
0.5 mL/min. Samples were run for 30 min and the injection volume was

20 pl.

2.7.3 Freeze drying of cell pellets

Cell pellets were retained after centrifugation of culture at 14,000 rpm for 2
minutes. Samples were washed three times with water. Eppendorf tubes
containing the washed samples were then covered with aluminium foil. The
foil covering the opening of the Eppendorf tube was pierced to allow
moisture to leave during freeze drying. Prior to freeze drying, samples were
frozen at -80 °C to prevent bubbling of the sample during freeze drying.
Samples were freeze dried for approximately 24 hours using a

Micromodulyo Freeze Dryer (ThermoFisher Scientific).

2.7.4 Extraction of PHA from cells

Freeze dried sample of a known weight was added to a glass centrifuge tube.
In a fume cupboard, 100 ul of 1 mg/mL benzoic acid in 1-propanol was
added to the sample, followed by 2 mL of 25% concentrated hydrochloric
acid in 1-propanol, followed by 2 mL chloroform. The screw cap tube was
closed, and samples were incubated in a dry block heater at 100 °C for 2

hours.

After heating, the samples were removed from the dry block heater and
allowed to cool to room temperature. In a fume hood, 4 mL of de-ionised
water was added to the samples. Samples were vortexed for 30 seconds and

set aside for 5 minutes to allow for phase separation. Following phase
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separation, the upper aqueous layer was removed and discarded. Another 4
mL of de-ionised water was added to the samples. Samples were again
vortexed for 30 seconds and set aside for 5 minutes to allow for phase
separation. Following phase separation, the upper aqueous layer was

removed and discarded again.

Approximately 1 mL of the sample was transferred to a GC vial and the cap

closed. Samples were then taken for analysis.

2.7.5 Analysis of PHAs by GCMS

Samples were run at a flow rate of 0.6 mL min™ at 250 °C using H, as a
carrier gas. An Agilent 6890N GC with 5973N MSD (Conquer Scientific)
and an Agilent HP-INNOWAX 20 m x 0.18 mm x 0.18 um column
(Conquer Scientific). During samples analysis, the oven was held at 50 °C
for 4 minutes, ramped to 240 °C at 19 °C/min, and held at 240 °C for 6

minutes.

2.8 Gas fermentation

2.8.1 Gas fermentation media

Seed cultures were incubated in 50 mL Hanahan’s broth in 250 mL flasks at
30°C 200 rpm for 24 hours. A modified version of the DSMZ 81 medium
was used for batch and continuous autotrophic cultivation. In the modified
medium, the standard vitamin solution and NaVOs are left out, and KH,PO,4
is replaced with NasP3Og, L-arabinose was added to a final concentration of

2 g/L (0.2% wi/v) to induce cultures.
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2.8.2 Gas fermentation reactor setup
Gas fermentation was carried out using a DASGIP® bioreactor system

according to the protocols described by Bommareddy et al. (174).

Briefly, autotrophic fermentations were carried out in 1L bioreactors with a
750 mL working volume. Gas composition during fermentation was
maintained at 78% H,, 3% CO,, and 19% air. The rate of gas flow into the
reactor was maintained by mass flow controllers [M13 mini CORI-FLOW
Coriolis Mass Flow Meter — Bronkhorst]. Agitation was facilitated by two
Rushton impellers. Stirring speed was controlled at between 400 rpm and
1600 rpm. Gas sparging was facilitated by two spargers, one for CO, and
air, and the other for H,. The pH was monitored by a pH probe [Mettler
Toledo] and the dissolved oxygen measured by an optical probe [Mettler
Toledo]. To ensure the gas composition was maintained outside explosive
limits, the DASware® software was programmed to halt the flow of CO,,
air, and Hy, and flood the reactor with N if the O, concentration in the off

gas rose above 5%.

2.8.3 Autotrophic culture inoculation, maintenance, and sampling

For cultivation initiation, gas fermentation medium in the reactor was
inoculated using the 50 mL preculture. Agitation was initially set at 400 rpm
and was controlled by the DASware® software such that low dissolved
oxygen resulted in accelerated agitation, up to a maximum of 1600 rpm, in
order to facilitate increased oxygenation of the culture medium. The pH was
maintained at approximately pH 6.9 by the DASware® software using

aqueous NHs.
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Batch fermentations lasted approximately 8 days. Following inoculation, no
additional medium was provided. Induction with arabinose was carried out

after 48-72 hours of growth.

Continuous cultivations lasted approximately 14 days. Feeding with
medium containing arabinose began after 48-72 hours of growth. The initial
rate for the feeding rate was 7.5 mL/h™, and the initial dilution rate was set
at 0.01 h™. During continuous cultivation, the level of the cultivation was

maintained at a maximum of 750 mL by the level probe.

During both batch and continuous cultivation, samples were withdrawn
from the reactor approximately every 24 hours. Optical density was
measured using a spectrophotometer at 600 nm. The samples were used to
collect cells for the plasmid stability assay, to determine the PHB

concentration, and to determine the concentration of mevalonate.
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Chapter 3: Engineering of C.
necator H16 for the production
of 3HP-containing polymers
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3.1 Introduction

To date, the biosynthesis of poly(3HB-co-3HP) copolymers has been
described in several publications, as mentioned in Chapter 1
(Introduction). The biosynthesis of this copolymer by C. necator H16 has
only also been reported on two occasions. In both instances, however, the
3HP molar ratio of the copolymer accumulated by the cells was very low. In
the first instance, C. necator H16 was cultivated with various amounts —
between 5 and 30 g/L — of 3HP added to the cultivation media, achieving a
maximum 3HP molar fraction of 7 mol% (91). Subsequently, Fukui et al.
reported the engineering of C. necator H16 for de-novo synthesis of 3HP
and production of the copolymer from fructose, however the 3HP molar
fraction was even lower, 1 mol% (100). This work aimed to engineer C.
necator H16 to produce poly(3HB-co-3HP) with much higher 3HP molar

fraction, as this was shown to improve its thermal and physical properties.

Of the numerous pathways which have been described to produce
poly(3HB-co-3HP), the pathway proceeding via p-alanine was chosen based
on advantages over other pathways, as described in Chapter 1
(introduction). In previous studies, 3HP and poly(3HP) have been

produced using the B-alanine route (113,118,123,175).

The p-alanine pathway can be split into two sections. The
overproduction of B-alanine from central metabolism is referred to as the
“upstream” part, while conversion of B-alanine to 3HP is referred to as the
“downstream” part. Previous studies indicate that implementation of the -
alanine route, particularly the upstream part of the pathway, requires

extensive pathway and strain engineering. For instance, in the study by
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Borodina et al., the integration of a five gene pathway into the genome of S.
cerevisiae was required to produce 3HP via the [-alanine route (123).
Notably, sufficient flux towards p-alanine required multiple integrations of
the gene encoding aspartate decarboxylase, the role of which is the
conversion of aspartate to P-alanine. On the other hand, only a single
integration was required for genes forming the downstream part of the
pathway (123). Production of 3HP via the B-alanine pathway in E. coli also
required expression of a five gene pathway, though in this case using a two-
plasmid system was used rather than genome integration (175). In a
previous study, the same group had described a strain in which six genome
deletions had been made in order to increase flux towards p-alanine (176).
Using the same strain in a subsequent study for production of 3HP using the
B-alanine pathway, promoter engineering was also employed to further
increase flux towards [-alanine (175). Moreover, the conversion of -
alanine to 3HP in these studies requires only two steps, whereas production

of B-alanine from the central metabolism requires three steps.

The pathway by which poly(3HB-co-3HP) could be produced is
shown below [Figure 3.1]. Starting from B-alanine, conversion of B-alanine
to 3HP via malonate semialdehyde is facilitated by a B-alanine-pyruvate
aminotransferase (BAPAT) and an NADP-dependent 3-hydroxyacid
dehydrogenase (ydfG). Next, 3HP is activated to 3HP-CoA by a CoA-
addition mechanism. This step is essential as PHA synthases can only
catalyse the polymerization of hydroxyacyl-CoA substrates (83).
Engineering is not required to supply the 3HB-CoA monomer, since it is

provided by the activity of the genes of the phaCAB operon natively present
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in C. necator H16. The B-ketothiolase encoded by phaA condenses two
molecules of acetyl-CoA to produce acetoacetyl-CoA, which is then reduced
by the acetoacetyl-CoA reductase encoded by phaBl to form 3HB-CoA.
The final step in the pathway is incorporation of the 3HB-CoA and 3HP-
CoA monomers into the polymer, which is catalysed PHA synthase,

encoded by phaC.

Carbon source ----------oocoooiiiiiooiis > PEP

pyruvate

PEPC
PYC
PhaA

acetyl-CoA — acetoacetyl-CoA

p-alanine aspartate oxaloacetate

PanD AspT
' TCA
Cycle

PhaB

malonate
semialdehyde

YdfG l

3HP

CoA-addition
mechanism

Figure 3.1 — Schematic for the biosynthesis of poly(3HB-co-3HP) by engineered C.
necator H16. The 3HP monomer can be provided from the central metabolism by
expression of the B-alanine pathway. The B-alanine pathway can be split into two parts: an
upstream part and a downstream part. The upstream part of the B-alanine pathway results in
overproduction of B-alanine from the central metabolism (indicated by orange lines). Genes
such as PEPC and PYC can be overexpressed to increase flux towards oxaloacetate, which

is then converted to B-alanine via aspartate. The resulting B-alanine is converted to 3HP and
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incorporated into the polymer in the downstream part of the pathway (indicated by green
lines). B-alanine is converted to malonate semialdehyde by BAPAT. Malonate
semialdehyde is subsequently reduced to 3HP by YdfG. The 3HP is then activated to 3HP-
CoA by a CoA-addition mechanism, before being incorporated into the copolymer by PHA
synthase, encoded by phaC. 3HB-CoA is provided and incorporated into the copolymer by
the genes of the phaCAB operon of C. necator H16. For the purposes of this work, the
focus was on the downstream part of the pathway, and excess B-alanine was supplied
exogenously. AspT — aspartate decarboxylase, BAPAT - pB-alanine pyruvate
aminotransferase, PhaA — p-ketothiolase, PhaB — acetoacetyl-CoA reductase, PhaC — PHA
synthase, PEP — phosphoenolpyruvate, PEPC- PEP carboxylase, PYC — pyruvate

carboxylase, YdfG — NADP-dependent 3-hydroxyacid dehydrogenase.

Currently, biosynthesis of 3HP using the -alanine pathway has not
been described in C. necator H16. Establishment of the upstream part of the
pathway required substantial work even in model organisms such as S.
cerevisiae and E. coli. Equally, the studies of Nakamura et al. and Fukui et
al. showed that C. necator H16 does not efficiently incorporate 3HP into the
polymer, suggesting that significant optimisation would also be needed
there. Since the primary goal was to improve the ability of C. necator H16
to incorporate 3HP into the polymer, work carried out first focused on the
downstream part of the B-alanine pathway. For the purposes of this work,
the downstream part of the B-alanine pathway is considered as conversion of

-alanine to 3HP and incorporation of 3HP into the polymer.

Rather than attempt to construct the entire pathway at once, a
systematic approach was adopted. This allowed us to more easily identify
bottlenecks associated with any given step. Firstly, a previously constructed

pathway for conversion of B-alanine to 3HP was tested. Next, enhanced
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activation of 3HP to 3HP-CoA by expression of a CoA-addition mechanism
was tested. The effect of overexpressing a PHA synthase was also tested,
since the PHA synthase of C. necator H16 does not have high activity
towards 3HP-CoA compared to 3HB-CoA (177). Finally, the effects of
separating the enzymes involved in conversion of B-alanine to 3HP from
those involved in incorporation of 3HP into the polymer were tested, such
that 3HP production and integration of 3HP into the polymer were
controlled by different promoters. In total, five different CoA-addition
mechanisms and two different PHA synthases were tested in various
combinations and operon structures. A summary of all plasmids tested for
the production of poly(3HB-co-3HP) in this study is shown in Figure 3.2

and Table 3.1.



113

(A N\ (E N
l_) T Py
D
\ Poac BAPAT, fG. / Porc  BAPAT, 1dfG. prpEg,
(B ) _|—’_o_-_a_- T o1 ™
1 ~
_r)_ﬁ_-_ﬂ_-_D_D_—E Pprac  BAPAT, ydfGp, petcy
Puc  BAPAT,  ydfGy — prpke, P,
LQ_._Q_._Q_D_—E Poac  BAPATG, ydfGy, PP
P BAPAT,,  ydfG, pel, - P,
phaC Jat ydfGg, Cn T mp
V|
s> e [ Ge
La_-_a_-_a_Dl \_Fowc  BAPAT.,  ydfG, AioADg, J
Ppiac  BAPAT, ydfGp, PIPEg.
: (F A
P, P
Pouc  BAPAT, ydfG, atoADp,
Poc  BAPAT, ydfGp, phaCe, prpEe,
= D — Py
\_ Poae  BAPAT, YfG. pibbukc, J
Poac  BAPAT, ydfGp, phaCy, petey
(C N
Py
Poac  BAPATG, ydfGp. phaCe, proEg,
Ppiuc  BAPAT, PrpEc, YdfGp,
P
A o T o e~ "
r i T = » <1 < .
\ Poac  BAPAT, ydfG, phaCe, atoA Dy, /
Pouc  BAPAT, Pety ydf G,
Pluc  BAPAT, proEg. YfG, |_) ~ . ~ . T . 4 — ~ Py
T~ T
f ~ - ~ : A - Poac  BAPAT, ydfG. phaCe, prpEc,
Y P,
P BAPAT,, atoADy,  ydfGp, o
\_ "¢ o Ec E J |—) fa - o - I Ve B N (J
( D N\ Pouc  BAPAT, ydfGp, phaCe, yaren
i Pup
Poiuc  BAPAT, ydfGp, phaCy, Porac  BAPAT, dfGp, phaCe, prpEg,
_I_)_Q_-_Q_-_Q_D T = Pup
\_Pomc  B4PAT, ydfGp, phaCe, )\ Powe  BAPAT, ydfGr. phaCy, atoADy, )

Figure 3.2 — Depiction of all plasmid structures tested for production of poly(3HB-co-3HP)

in this chapter. Gene names and the function of the enzymes they encode are depicted by

the following colours; purple, BAPAT¢, — conversion of B-alanine to malonic semialdehyde;

dark green, ydfGg, — conversion of malonic semialdehyde to 3HP; pale green, CoA-addition

mechanisms — activation of 3HP to 3HP-CoA; grey, PHA synthases — incorporation of 3HP

into the polymer. Various different combinations of genes and operon structures were

tested. (A) Plasmid pCNCMO, (B) plasmids pCNCM1-5, (C) plasmids pCNCM6-9, (D)

plasmids pCNCM10 and 11, (E) plasmids pPCNCM12-15 (F) plasmids pCNCM16-19 (G)

plasmids pCNCM20-23. Coloured, pointed boxes indicate genes. Arrows indicate
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promoters. T-shapes (T) indicate terminators. Semi-circles indicate ribosomal binding site
(RBS). Cn — Cupriavidus necator H16, Cs — Chromobacterium sp. USM2, Cv -
Chromobacterium violaceum, Ec — Escherichia coli, Pyc — phaC promoter, Py, — trp
promoter, BAPAT — B-alanine-pyruvate aminotransferase, ydfG — NADP-dependent 3-
hydroxyacid dehydrogenase, prpE — propionyl-CoA synthetase, pct — propionyl-CoA
transferase, atoAD — acetyl-CoA acetyltransferase, ptb-buk — phosphotransbutyrylase-

butyrate kinase, phaC — PHA synthase.

Table 3.1 — Plasmid names and description of genes encoded on each plasmid.

Plasmid Plasmid Description

pCNCMO pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg,

pCNCM1 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg,, prpEcn
pCNCM2 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., pctcy
pCNCM3 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., prpEg.
pCNCM4 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., atoADg,
pCNCM5 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg,, ptb-bukc,
pCNCM6 pMTL71301 derivative; PphaCc,, BAPATc,, prpEcy, YdfGg,
pCNCM7 pMTL71301 derivative; PphaCc,, BAPAT,, pCtcy, YdfGg,
pCNCM8 pMTL71301 derivative; PphaCc,, BAPAT,, prpEg., ydfGg,
pCNCM9 pMTL71301 derivative; PphaCc,, BAPAT,, atoADc,, ydfGg,
pCNCM10 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., phaCc
pCNCM11 pMTL71301 derivative; PphaCcn, BAPAT,, YdfGee, phaCes o5,
pCNCM12 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g., prpEcn, Ptrpec
pCNCM13 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g., pcCtcy, Ptrpgc

pCNCM14 pMTL71301 derivative; PphaCc,, BAPAT(,, YdfGg., rrnBT1T2g., prpEg, Ptrpg.
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pCNCM15 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g., atoADg, Ptrpg,
pCNCM16 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg, rrnBT1T2g., phaCcy, prpEcn, Ptrpec
pCNCM17 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g,, phaCcy, pCtcy, Ptrpgc
pCNCM18 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g., phaCc,, PrpEe., Ptrpe.
pCNCM19 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg., rrnBT1T2g,, phaCc,, atoADg, Ptrpg.
pCNCM20 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg, rrnBT1T2g., phaCcs, prpEcn, Prpec
pCNCM21 pMTL71301 derivative; PphaCc,, BAPAT(,, YdfGg., rrnBT1T2¢,, phaCcs, pcten, Ptrpe:
pCNCM22 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg, rrBT1T2g., phaCcs, prpEg., Ptrpg.
pCNCM23 pMTL71301 derivative; PphaCc,, BAPAT,, ydfGg, rrnBT1T2g,, phaCcs, atoADg., Ptrpg.

Earlier work showed that C. necator H16 is capable of using 3HP as
a carbon source (173). Since the goal of this work was to incorporate 3HP
into the copolymer, this trait was undesirable. It was shown that a triple
mutant, in which three methylmalonate semialdehyde dehydrogenases
encoded by mmsAl, mmsA2, and mmsA3 have been deleted, is unable to
grow using 3HP as a carbon source (173). This strain, hereafter referred to
as A3, was used as the background strain in all experiments described in this

chapter.

3.2 Results

3.2.1 Production of 3HP from f-alanine

Previous work had resulted in construction of a plasmid in which a
putative  f-alanine  pyruvate  aminotransferase = (BAPAT) from
Chromobacterium violaceum and NADP-dependent 3-hydroxyacid

dehydrogenase (YdfG) from E. coli were cloned downstream of the
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constitutive phaC promoter (Ppnac) from C. necator H16 [source; Katalin
Kovacs]. This plasmid was termed plasmid pCNCMO. Transformation of
this plasmid into strain A3 resulted in strain A3 CNCMO. Flask cultivation
experiments showed that growing strain A3 CNCMO0 in SGMM with 50mM
B-alanine resulted in presence of approximately 40mM 3HP in the
supernatant. The control strains A3, containing no plasmid, and A3 eyfP,
containing a plasmid pPCNCM_eyfP in which eyfP is expressed under Ppnac,

produced trace or no 3HP respectively [Figure 3.3].
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Figure 3.3 - 3HP produced by strains A3, A3 eyfP, and A3 CNCMO
following flask cultivation in SGMM supplemented with 50mM B-alanine.
A peak of approximately 40mM 3HP was detected in the supernatant after
48hrs cultivation. (e) — A3, (m) — A3 _eyfP, (A) — A3_CNCMO. Experiments

were performed triplicate.

Approximately 40mM 3HP was detected in the supernatant,
suggesting the pathway for conversion of -alanine to 3HP was functional.

Control strains A3 and A3 eyfP produced trace and no 3HP, respectively.
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Since large quantities of 3HP were detected in the supernatant of strain
A3 CNCMO, this suggested minimal incorporation of 3HP into the

copolymer. This was confirmed by GCMS analysis [Table 3.2].

Table 3.2 — PHA composition of strains A3, A3 eyfP, and A3 CNCMO following flask
cultivation in SGMM supplemented with 50mM f-alanine. Experiments were performed in
triplicate.

Strain CDW (g/L) PHA (%owt) PHA(g/L) 3HB mol%  3HP mol%

A3 4.70 66.72 3.14 100 0
A3_eyfP 3.86 62.38 2.41 100 0
A3_CNCMO 2.00 17.74 0.35 98.73 1.27

Only 1.27 mol% 3HP was detected in the polymer extracted from
strain A3_CNCMO. Both control strains were unable to produce 3HP from
B-alanine, and a PHB homopolymer was produced. The results showed that
while conversion of B-alanine to 3HP was enabled by the plasmid-based
expression of BAPAT, and ydfGg., C. necator H16 has insufficient ability
to integrate this 3HP into a growing polymer chain. Furthermore, without
expression of BAPAT¢, and ydfGg. no significant quantities of 3HP were

seen.

3.2.2 Expression of CoA-addition mechanism

In order to improve the incorporation of 3HP into the polymer, five
genes with the ability to add a CoA moiety to compounds were selected for
testing. These genes were a propionyl-CoA synthetase (prpEcn) and a
propionyl-CoA transferase (pctcn) from C. necator H16, a propionyl-CoA
synthetase (prpEgc) and an acetyl-CoA acetyltransferase (atoADg.) from E.

coli, and a phosphotransbutyrylase and butyrate kinase gene pair (ptb-bukca)
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from Clostridium acetobutylicum. Each gene was cloned individually
downstream of ydfGg; in plasmid pCNCMO, yielding five plasmids
(PCNCM1-5). Transformation of these plasmids into the C. necator H16
background strain A3 resulted in strains A3 CNCMI1-5. These strains were

cultivated in SGMM supplemented with 50mM B-alanine as before.

The results of the cultivation of strains A3 CNCMI1-5 are shown
below in Figure 3.4 and Table 3.3. HPLC analysis showed that different
amounts of 3HP were detected in the supernatant depending on which CoA-
addition mechanism was used [Figure 3.4]. A significant amount of 3HP
was detected in the supernatant taken from strains A3 CNCMI1 and
A3 _CNCM3, which encoded the propionyl-CoA synthetases of C. necator
H16 and E. coli respectively. After 48 hours of cultivation, 44mM of 3HP
could be detected in the supernatant taken from strain A3 CNCMI.
However, this decreased to 35mM by the end of the cultivation. 3HP
production by strain A3 CNCM3 also peaked at 48 hours, and 48mM of
3HP was detected in the supernatant. In this case however the concentration
of 3HP did not decrease. Very little 3HP was detected in the supernatant of
strains A3 CNCM2 and A3 CNCM4, which used propionyl-CoA
transferase from C. necator H16 and acetyl-CoA acetyltransferase from E.
coli respectively. Production of 3HP by these strains only began at around
72 hours, and the maximum 3HP produced by both strains was
approximately 5mM. The strain using the ptb-buk gene pair as the CoA-
addition system, strain A3 CNCMS, produced no 3HP at any point during

the cultivation.



119

[3HP] (mM)

0 20 40 60 80 100
Time (Hrs)

Figure 3.4 — 3HP produced by strains A3_CNCM1-5 following flask cultivation in SGMM
supplemented with 50mM B-alanine. (¢) — A3 CNCMI1, (m) — A3 CNCM2, (A) -
A3 CNCM3, (V) — A3 CNCM4, (¢) — A3 CNCMS5. Experiments were performed

triplicate.

Analysis of the copolymers produced by strains A3 CNCMI1-5 is
shown below in Table 3.3. Inclusion of a CoA-addition mechanism
downstream of the 3HP-production operon increased 3HP molar fraction in
the polymer 3-4-fold in all strains in comparison to strain A3 CNCMO, with
the exception of strain A3 CNCMS. In the case of A3 CNCMS5, no 3HP

was detected in the polymer.

Table 3.3 — PHA composition of strains A3 CNCM1-5 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (9%owt) PHA(g/L) 3HB mol% 3HP mol%

A3_CNCM1 1.8 13.84 0.25 96.63 3.37
A3_CNCM2 0.80 2.50 0.02 96.52 3.48
A3_CNCM3 3.91 20.54 0.80 96.21 3.79
A3_CNCM4 0.74 3.12 0.02 95.98 4.02

A3_CNCMS 2.00 29.67 0.59 100 0
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The results shown in Table 3.3 suggest that conversion of 3HP to
3HP-CoA is a bottleneck for the synthesis of poly(3HB-co-3HP) in C.
necator H16. While each strain tested was an improvement upon strain
A3 CNCMO, the highest 3HP molar fraction achieved was by strain
A3 _CNCM4, at 4.02 mol% 3HP. Since strain A3_CNCMS, expressing ptb-
buk from C. acetobutylicum as the CoA-addition mechanism, produced a
polymer which contained no 3HP, further experiments with this gene were

not carried out.

3.2.3 Alteration of operon structure

The results of section 3.2.2 suggested that improving the ability of
C. necator H16 to produce 3HP-CoA resulted in poly(3HB-co-3HP) with
increased 3HP molar fraction. In order to further test this, the structure of
the operon was altered such that the gene used for CoA-addition was now
located in the second position. This gene rearrangement was expected to
increase the expression of the CoA-addition mechanism, and therefore
enhance 3HP-CoA synthesis. To test the effect of operon structure on the
ability to incorporate 3HP into the polymer, the operons described in
section 3.2.2 were reorganised such that the gene used for CoA-addition
was placed between BAPATc, and ydfGg.. The resulting plasmids were
termed pCNCM6-9, and once transformed into background strain A3; this
resulted in strains A3 CNCM6-9. These strains were cultivated in SGMM

supplemented with 50mM [-alanine.

The results of the cultivation of strains A3 CNCM®6-9 are shown
below in Figure 3.5 and Table 3.4. The amount of 3HP detected in the

supernatant of strains expressing the altered operons was very similar to that
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observed previously by strains expressing the original operons, as can be
seen in Figure 3.5. Changing the operon structure had virtually no effect on
3HP production by the two strains expressing propionyl-CoA synthetases,
A3 CNCM6 and A3 CNCMS, except that the strain expressing propionyl-
CoA synthetase from E. coli no longer showed a peak in 3HP production at
48 hours. A more pronounced effect was observed following the change in
operon structure with strains expressing pctc, or atoADg. as the CoA
addition mechanism. While A3 CNCM2 and A3 CNCM4 produced around
5mM 3HP, strains A3 CNCM7 and A3 _CNCM9 only produced around
2mM 3HP. However, 3HP production still only began after around 72 hours

of cultivation.
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Figure 3.5 — 3HP produced by strains A3 CNCM6-9 following flask cultivation in SGMM
supplemented with 50mM p-alanine. (e) — A3 CNCM6, (m) — A3 CNCM7, (A) —

A3 CNCMS, (V) — A3 CNCM9. Experiments were performed triplicate.

The effect of altering operon structure on copolymer composition is
shown in Table 3.4. All strains showed increased 3HP molar fraction

compared to those expressing operons in the original structure. The strains
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endowed with pctc, and atoADg;, A3 CNCM7 and A3 CNCM9, were
particularly improved by the operon reorganization, as both strains produced
a copolymer containing approximately 8 mol% 3HP, the highest 3HP molar
fraction achieved in this work so far. Strains A3 CNCM6 and A3 CNCM8
also showed an increase in 3HP molar fraction, though not as significant as

A3 CNCMT7 and A3 CNCMO.

Table 3.4 — PHA composition of strains A3 CNCM6-9 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (9%owt) PHA(g/L) 3HBmol%  3HP mol%

A3_CNCM6 3.55 14.90 0.53 94.37 5.63
A3_CNCM7 3.35 10.05 0.33 92.21 7.79
A3_CNCMS8 3.93 18.00 0.70 95.87 4.13
A3 CNCM9 3.03 6.21 0.19 91.95 8.05

The results of the cultivation following plasmid reorganization
showed that increasing the expression of the CoA-addition mechanism
improved incorporation of 3HP into the polymer. While an increase in 3HP
molar fraction was seen in all constructs, strains A3 CNCM?7 and
A3 CNCM9 produced copolymer with 7.79 and 8.05 mol% 3HP, the
highest molar fractions of 3HP seen so far in the course of these
experiments. However, these strains still required several days to begin
producing 3HP, and the amount produced was low. Overall the increase in
3HP molar fraction for strains A3 CNCMS6, 7, 8, and 9, was 67%, 124%,
9%, and 100% respectively, in comparison to the corresponding strains

described in section 3.2.2.



123

3.2.4 Expression of PHA synthases

A second option for improving 3HP incorporation into the polymer
was to increase the amount of PHA synthase available for carrying out the
polymerization reaction. To facilitate this, genes encoding the PHA
synthases from C. necator H16 and Chromobacterium sp. USM2 (C. sp.
USM2) were cloned downstream of ydfG in plasmid pCNCMO, resulting in
plasmids pCNCM10 and pCNCML11. Since genomic DNA of C. sp. USM2
was not available, the PHA synthase from this organism was synthesised,
and a synthetic ribosomal binding site (RBS) designed using the Salis Lab
RBS calculator was placed upstream of the start codon. Transformation of
PCNCM10 and pCNCMI1 into A3 resulted in strains A3 CNCMI10 and

A3 CNCML1. The results of the cultivation are shown below in Table 3.5.

Table 3.5 — PHA composition of strains A3 CNCM10-11 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (9%owt) PHA (g/L) 3HBmol%  3HP mol%
A3_CNCM10 2.13 15.25 0.32 97.13 2.87
A3 CNCM11 221 16.09 0.35 91.4 8.60

The effects of overexpressing a PHA synthase downstream of ydfGg.
differed between strains A3 CNCMI10 and A3 CNCMI11. While strain
A3 CNCMI10, expressing the PHA synthase from C. necator H16 showed
an approximately 2-fold increase in 3HP molar fraction compared to strain
A3 _CNCMO, strain A3 CNCMI1 carrying the PHA synthase from C. sp.
USM2 exhibited an almost 7-fold increase in 3HP molar fraction over strain
A3 _CNCMO. At 8.6 mol% 3HP, strain A3 CNCMI11 further increased the

maximum incorporation of 3HP achieved so far.
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3.2.5 Expression of CoA-addition mechanism and PHA synthase genes
under a separate promoter

Taken together, the results from sections 3.2.2, 3.2.3, and 3.2.4 showed that:
1) inclusion of a CoA-addition mechanism was beneficial for 3HP
incorporation; 2) increasing the expression of the CoA-addition mechanism
further improved incorporation, and; 3) overexpression of a PHA synthase
also had a positive effect on the ability of the engineered strains to
incorporate 3HP into the polymer. It was hypothesised that a combination of
these three factors would lead to a further increase in 3HP molar fraction. In

order to test this, another three sets of plasmids were generated.

3.2.5.1 Expression of CoA-addition mechanism under Py,

In the first set of these three sets of plasmids, the CoA-addition
mechanisms tested in section 3.2.3 were cloned and placed under the
control of the trp promoter (Pyp). The CoA-addition mechanism and Py
were transcribed in the reverse orientation, and the rrnbT1T2 double
terminator from E. coli was placed between ydfG and the gene used for the
CoA-addition mechanism. The resulting plasmids were termed pCNCM12-

15. Transformation into A3 yielded strains A3 CNCM12-15.

The results of the cultivation of strains A3 CNCM12-15 are shown
below in Figure 3.6 and Table 3.6. Strains A3 CNCM12 and A3 CNCM 14
produced around 45mM 3HP. Previously, strains expressing pctc, had
shown a long lag phase before production of 3HP began, and very low
amounts of 3HP were produced. However, in this case the strain encoding
pctcn, A3 CNCM13, was found to produce 3HP after 24 hours and a

maximum of 35mM 3HP was detected in the supernatant of this strain after
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48 hours of cultivation. By the end of the cultivation of strain A3 CNCM13,
around 29mM 3HP was detected in the supernatant. On the other hand,

strain A3 CNCM15 failed to grow.
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Figure 3.6 — 3HP produced by strains A3 CNCMI12-15 following flask cultivation in
SGMM supplemented with 50mM B-alanine. () — A3 CNCM12, (m) — A3_CNCMI13, (A)

— A3 _ CNCM14, (V) — A3_CNCMI15. Experiments were performed triplicate.

The composition of the copolymers produced by strains
A3 CNCMI12-15 is shown in Table 3.6. Strain A3 CNCM14 produced a
copolymer containing 11.5 mol% 3HP, the highest 3HP molar fraction
observed so far. On the other hand strains A3 CNCM12 and A3 CNCM14
did not benefit from increased expression of prpEc, or prpEg;, and 3HP
molar fraction was only around 2 mol% 3HP. Since strain A3 CNCMI5

failed to grow, no polymer analysis was carried out.
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Table 3.6 — PHA composition of strains A3_CNCM12-15 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (%wt) PHA(g/L) 3HBmol%  3HP mol%
A3 CNCM12 4.20 36.00 1.50 98.1 1.90
A3 CNCM13 2.78 11.23 0.31 88.5 11.50
A3 CNCM14 4.60 36.62 1.68 98.40 1.60
A3_CNCMI5

The results from strains expressing the CoA-addition mechanism
under Py, showed that pctc, outperformed the other strains, producing a
copolymer with 11.5 mol% 3HP, the highest molar fraction seen so far.
Interestingly, it was also seen that the constructs containing atoADg., which
was previously capable of achieving a high molar fraction of 3HP, failed to
grow. Furthermore, the two strains containing propionyl-CoA synthetases
had a reduced capacity for 3HP incorporation compared to previous

constructs used in sections 3.2.2 and 3.2.3.

3.2.5.2 Expression of CoA-addition mechanism and phaCc, under Py,

In the next series of plasmids, the C. necator H16 PHA synthase
gene and its native RBS were cloned downstream of the CoA-addition
mechanism. These plasmids were termed pCNCM16-19, and their

transformation into A3 resulted in strains A3 CNCM16-109.

HPLC analysis of supernatants taken during the cultivation of strains
A3 CNCM16-19 is shown below [Figure 3.7]. Strains A3 CNCM16 and
A3 _CNCMI18 both produced more than 40mM 3HP, as had previous
versions of these strains. A3 CNCM18 produced less 3HP than the previous
iteration of this strain; by the end of the cultivation only 21mM 3HP was

detected in the supernatant. While the previous iteration of the atoADg.-
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expressing strain, A3 CNCM15, was unable to grow, strain A3 CNCM19
showed weak growth. However, only around 2mM 3HP was detected in

samples taken during the cultivation of this strain.
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Figure 3.7 - 3HP produced by strains A3_CNCM16-19 following flask cultivation in
SGMM supplemented with 50mM B-alanine. (¢) — A3 CNCM16, (m) — A3 CNCM17, (A)

— A3 _CNCM18, (V) — A3_CNCMI19. Experiments were performed triplicate.

The effect of overexpressing phaCc, downstream of the CoA-
addition mechanisms on copolymer composition is shown below [Table
3.7]. An increase in 3HP molar fraction was observed in strains
A3 CNCM16 and A3 CNCM18 in comparison to strains A3 CNCM12 and
A3 CNCMI14. However, only around 7 mol% 3HP was achieved.
Conversely, the copolymer produced by strain A3 CNCMI17 had a
dramatically increased 3HP content compared to all previous strains, as the
copolymer contained approximately 77 mol% 3HP. Surprisingly, the
copolymer produced by strain A3 CNCMI19 contained even more 3HP, at

around 89 mol% 3HP.
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Table 3.7 — PHA composition of strains A3_CNCM16-19 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (%wt) PHA(g/L) 3HBmol%  3HP mol%
A3 CNCM16 2.81 30.75 1.23 93.91 6.81
A3 CNCM17 3.33 14.30 0.47 22.60 77.40
A3 CNCM138 3.36 26.17 0.94 93.63 6.73
A3 CNCM19 0.35 16.16 0.05 11.28 88.72

Strains A3 CNCM17 and A3 CNCM19 both produced copolymers
with a high molar fraction of 3HP. However, HPLC analysis showed that
more 3HP could be detected in the supernatant of strain A3 CNCM17.
Furthermore, strain A3 CNCM17 had shown much stronger growth than
strain A3 CNCM19. While strain A3 CNCM17 achieved a maximum
ODgoo of approximately 9, strain A3 CNCMI19 grew to an ODgy Of less

than 2 [Figure 3.8].

0 20 40 60
Time (Hrs)

Figure 3.8 - Comparison of growth profiles from strains A3 CNCM17 and A3 CNCM19.
Strains were cultivated in SGMM + 50mM f-alanine. (m) — A3 CNCM17, (V) -

A3 _CNCM19. Experiments were performed in triplicate.
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Since strain A3 CNCMI19 exhibited weak growth, the cell dry
weight was also low. It was reasoned that this would result in a low PHA
titre in comparison to strain A3 CNCM17. Further analysis revealed that
both cell dry weight (CDW) PHA titre of strain A3 CNCMI19 was

approximately 10 times less than strain A3 CNCM17 [Table 3.8].

Table 3.8 — Comparison of poly(3HB-co-3HP) production by strains A3 CNCM17 and
A3 CNCMI19. Strains were cultivated in SGMM supplemented with 50mM f-alanine.
Experiments were performed in triplicate.

Strain CDW (g/L) PHA (%wt) PHA(g/L) 3HBmol%  3HP mol%

A3_CNCM17 3.33 14.30 0.47 22.60 77.40

A3_CNCM19 0.35 16.16 0.05 11.28 88.72

In summary, overexpression of both a CoA-addition mechanism and
phaCc, had greatly increased the ability of strains A3 CNCMI17 and
A3 _CNCMI19 to incorporate 3HP into the copolymer. However, due to

weak growth, strain A3 CNCM19 produced very little copolymer.

3.2.5.3 Expression of CoA-addition mechanism and phaCcs under Py,

In the final series of vectors, the PHA synthase gene from C. necator
H16 used in plasmids pCNCM 16-19 was replaced by the PHA synthase
gene of C. sp. USM2. In order to better compare results of constructs
containing the different PHA synthases, the synthetic RBS originally used
for the phaCcs in section 3.2.4 was replaced by the RBS of the C. necator
H16 PHA synthase. These plasmids were termed pCNCM20-23 and

following transformation into A3, resulted in strains A3 CNCM20-23.

The analysis of strains containing the final vectors is shown below in
Figure 3.9 and Table 3.9. Strains A3 CNCM20 and A3 CNCM22

performed similarly to previous versions of these strains, both producing
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around 40mM 3HP by the end of the cultivation. Less 3HP was detected in
the supernatant of strain A3 CNCM21 than had been found in the
supernatant of strain A3 CNCM17. Strain A3 CNCM23 was found to be
unable to grow, as had its predecessor, strain A3 CNCM15. Therefore, no

3HP was detected in supernatant from this strain.
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Figure 3.9 — 3HP produced by strains A3_CNCM20-23 following flask cultivation in
SGMM supplemented with 50mM B-alanine. (o) — A3 CNCM20, (m) — A3_CNCM21, (A)

— A3 _CNCM22, (V) — A3_CNCM23. Experiments were performed triplicate.

The composition of copolymers produced by strains A3 CNCM20-
23 is shown below [Table 3.9]. The best performing strain was seen to be
A3 CNCM21, which produced a copolymer containing approximately 80
mol% 3HP. Strains A3 CNCM20 and A3 CNCM22 produced polymer with
very similar composition to their predecessors, A3 CNCM16 and
A3 _CNCM18, while the absence of growth meant that no polymer analysis

was carried out on strain A3 CNCM23.
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Table 3.9 — PHA composition of strains A3_CNCM?20-23 following flask cultivation in
SGMM supplemented with 50mM B-alanine. Experiments were performed in triplicate.

Strain CDW (g/L) PHA (%wt) PHA(g/L) 3HBmol%  3HP mol%
A3 CNCM20 3.23 28.46 0.91 94.90 7.10
A3 CNCM21 3.96 19.24 0.76 20.29 79.71
A3 _CNCM22 4.11 26.64 1.09 90.98 9.02
A3 CNCM23 - - - - -

Since strains A3 CNCM17 and A3 CNCM21 had both produced
copolymer with high 3HP molar fraction and had not shown any growth
defects, further analysis was carried out on these strains to determine which
would be most appropriate for further study. A comparison of CDW, PHA
content, and PHA titre for strains A3 CNCM17 and A3 CNCM21 is shown
below [Table 3.10]. While the only difference between the strains was the
PHA synthase used, it was seen that strain A3 CNCMZ21, expressing
phaCcs, contained approximately 35% more PHA than A3 CNCM17. As a
result, the PHA titre of strain A3 CNCM21 was approximately 62% greater

than strain A3_ CNCM17, expressing phaCc.

Table 3.10 — Comparison of poly(3HB-co-3HP) produced by strains A3 CNCM17 and
A3 _CNCM21. Strains were cultivated in SGMM supplemented with 50mM -alanine.
Experiments were performed in triplicate.

Strain CDW (g/L) PHA (%wt) PHA(g/L) 3HB mMol%  3HP mol%
A3 _CNCM17 3.33 14.30 0.47 22.60 77.40
A3 _CNCM21 3.96 19.24 0.76 20.29 79.71

As a result of extensive testing of numerous genes in various
different operon structures, plasmid pPCNCM21 was revealed to be the most

appropriate plasmid for further work.
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3.3 Discussion

The aim of this chapter was to produce poly(3HB-co-3HP) in C.
necator with high 3HP molar fraction. Of the numerous studies describing
biosynthesis of poly(3HB-co-3HP), only two describe the use of C. necator
(91,100). The highest 3HP molar fraction observed in those works was 7
mol% 3HP, despite supplementation with up to 30 g/L 3HP in the medium.
Initially, low 3HP content was observed in the polymer when cells were
engineered to produce 3HP from B-alanine. The low incorporation into the
polymer could result from a combination of two factors; that 3HP was not
being effectively activated to 3HP-CoA, and that the PHA synthase of C.
necator H16 has low affinity for 3HP-CoA. The initial experiments showed
that expression of a CoA-addition mechanism was advantageous for
increasing 3HP content in the copolymer, and that stronger expression of the
CoA-addition mechanism resulted in further improvements. Expression of a
PHA synthase was also shown to increase 3HP molar fraction. Later
experiments showed that combined overexpression of a CoA-addition
mechanism and PHA synthase greatly enhanced 3HP incorporation into the
copolymer. Following a significant amount of plasmid engineering, it
proved possible to produce poly(3HB-co-3HP) in C. necator H16 with a

3HP molar fraction of approximately 80 mol% 3HP.

The first aim of this study was to facilitate the conversion of (-
alanine to 3HP. This meant that adding 3HP directly to the medium could
be avoided and allowed construction of the downstream part of the B-alanine
pathway to procede. Earlier studies have shown that combined production of

a P-alanine pyruvate aminotransferase (BAPAT) and NADP-dependent 3-



133

hydroxyacid dehydrogenase (ydfG) could effectively provide 3HP from -
alanine (113,118,123,175). Following cultivation in medium supplemented
with 50mM B-alanine, it was observed that around 40mM 3HP accumulated
in the supernatant of strain A3 CNCMO, and a small amount of 3HP in the
copolymer produced, suggesting at least 80% of the B-alanine was converted
to 3HP [Figure 3.3]. However, in agreement with the studies by Nakamura
et al. and Fukui et al., availability of 3HP did not lead to a copolymer with
high 3HP molar fraction, as only 1.27 mol% 3HP was detected in the
copolymer produced [Table 3.2]. It was decided to test the effect of
overexpressing CoA-addition mechanisms and PHA synthases on 3HP

molar fraction.

The five CoA-addition mechanisms tested were chosen based on
their ability to activate 3HP to 3HP-CoA, or propionate to propionyl-CoA.
The five genes which were selected encoded propionyl-CoA synthetases
from E. coli and C. necator H16, propionyl-CoA transferase from C.
necator H16, acetyl-CoA acetyltransferase from E. coli, and the

phosphotransbutyrylase and butyrate kinase from C. acetobutylicum.

The propionyl-CoA synthetase from E. coli has been used on several
occasions to produce poly(3HP), demonstrating an ability to form 3HP-CoA
from 3HP (108,113,115,118). On the other hand, the propionyl-CoA
synthetase from C. necator H16 has been used in the production of
polymers containing lactic acid (LA), 2-hydroxybutyrate (2HB), and 3-
hydroxyvalerate (3HV), rather than those containing 3HP (178-181).
However, since LA is structurally very similar to 3HP, and production of

3HV requires activation of propionate to propionyl-CoA, it was reasoned
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that the propionyl-CoA synthetase of C. necator H16 may be able use 3HP
as a substrate as well. Furthermore, the evidence that the propionyl-CoA
synthetases of E. coli and S. typhimurium (119) have been used for the
production of 3HP-containing polymers suggests that propionyl-CoA
synthetases in general could have activity on 3HP. Moreover, propionyl-
CoA synthetases function in an ATP-dependent manner, which should be

favourable for conversion of 3HP to 3HP-CoA (182).

A propionyl-CoA transferase from C. necator H16 has been
characterized and was shown to transfer CoA from acetyl-CoA to 3HP as
well as several other substrates (183,184). Despite this, the pctc, gene does
not appear to have been used in the production of any compound, PHA or
otherwise, at the time of writing. On the other hand, the propionyl-CoA
transferase of Clostridium propionicum (C. propionicum) has been used
several times in previous studies for the production of 3HP-containing
polymers (110,111,117). Based on the results of these studies, it was
expected that the propionyl-CoA transferase of C. necator H16 would be
able to use 3HP as a substrate in vivo. While propionyl-CoA transferases do
not require ATP to function, they do require a donor molecule, such as

acetyl-CoA, to supply the CoA moiety (185).

The acetyl-CoA acetyltransferase from E. coli has so far been used
for the production of poly(3HB-co-3HV) copolymers (186,187). The
production of 3HV in these studies relied on conversion of propionate to
propionyl-CoA by atoAD, and the gene was chosen as a possible CoA-

addition mechanism due to this. Acetyl-CoA acetyltransferases function
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similarly to propionyl-CoA transferases in that they do not require ATP to

function, instead using a donor molecule to provide the CoA moiety (188).

Lastly, the ptb-buk gene pair from C. acetobutylicum has been used
to produce CoA-thioesters of various PHA monomers, including 3HB, 3HV,
4HB, and 4HV and to activate propionate and butyrate to propionyl-CoA
and butyryl-CoA for the biosynthesis of 3HV and 3-hydroxyhexanoate
(3HHX) (189,190). Reports also state, however, that the enzymes encoded
by ptb-buk are capable of performing the reverse reaction. That is, removing
the CoA moiety from a given substrate (191,192). The reaction catalysing
addition of CoA to a substrate uses ATP which could help to drive the

reaction in the direction of CoA-addition.

It was expected that expression of a CoA-addition mechanism would
positively influence 3HP content of the polymer, since activation of 3HP to
3HP-CoA is essential in order for incorporation of the monomer into the
polymer (83,119). The 3HP content of the polymer produced was influenced
not only by which CoA-addition mechanism was used, but also by how
strongly the CoA-addition mechanism was expressed. The results of section
3.2.2 showed that overexpression of a CoA-addition mechanism improved
the ability of the cells to integrate 3HP into the polymer [Table 3.3].
However, in comparison to strain A3_CNCMO, which began producing 3HP
after 24 hours, strains expressing either pctc, or atoADg. took approximately
72 hours begin producing 3HP due to a long lag phase, and the 3HP titre in
these strains was much lower [Figure 3.4]. Additionally, 3HP production
was completely abrogated in the strain expressing ptb-buk from C.

acetobutylicum as the CoA-addition mechanism, and the polymer produced
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by this strain contained no 3HP [Figure 3.4, Table 3.3]. Since expression
of ptb-bukc, had negatively affected the process, this gene was not used for

further study.

In section 3.2.3, the operons tested in section 3.2.2 were rearranged
in order to more strongly express the CoA-addition mechanism. This
resulted in further increased 3HP molar fraction. Work by Lim et al. showed
how the structure of an operon influences the expression of genes (162).
Using an operon containing three fluorescent proteins, it was shown that
higher or lower fluorescence was observed if the fluorescent protein was in
the first or third position in the operon respectively. This phenomenon has
been exploited for biotechnological purposes. In one instance, the phaCAB
operon of C. necator H16 was reorganized into six different structures to
investigate the effect of gene order on PHB accumulation (193). The authors
found that a gene order of phaCBA resulted in 57% PHA as CDW, while the
native gene order of phaCAB resulted in 52% PHA as CDW. In a second
study, Andreessen et al. rearranged the structure of an operon for the
production of poly(3HP) from glycerol in S. blattae (111). Secretion of 3HP
into the supernatant was observed in a previous attempt to produce
poly(3HP) by the same group, who reasoned that insufficient activation of
3HP to 3HP-CoA was the cause (110). Altering the operon structure such
that the CoA-addition mechanism was situated closer to the promoter
increased the poly(3HP) content of glycerol-grown S. blattae cells from
9.8% to 14.5%. In the work undertaken here, altering the operon structure
also improved the ability of the cells to incorporate 3HP into the polymer,

though not all strains benefitted equally. It was seen that the strains
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expressing pctcn or atoADg. benefitted much more from being placed closer
to the promoter than prpEc, or prpEgc [Table 3.4]. However, strain
expressing either pctc, or atoADg. still required several days to produce very

low amounts of 3HP [Figure 3.5].

The results of sections 3.2.2 and 3.2.3 suggested that increasing
expression of genes encoding the CoA-addition mechanisms also increased
3HP incorporation [Tables 3.3, 3.4]. Accordingly, the expression of the
CoA-addition mechanism was further enhanced by placing it under a
separate promoter. The strong promoter of the E. coli trp gene (Pup) Was
chosen as it has previously been successfully employed in C. necator H16,
and shown to be a stronger promoter than Pphac (194). Stronger expression
of the CoA-addition mechanisms under Pyyp, did not result in the same
effects as seen before except in the case of the strain expressing pctcy,
A3 CNCMI13 [Table 3.6]. Surprisingly, stronger expression of pctc,
relieved the apparent inhibition in 3HP production that previous strains
containing this gene had shown [Figure 3.6] Expression of the propionyl-
CoA synthetases under Py, resulted in decreased 3HP content in the
copolymer compared to previous strains containing propionyl-CoA
synthetases. It is possible that the increased expression resulted in excessive
production of protein which then aggregated. Alternatively the increased
metabolic burden of stronger expression may have excessively drained
cellular resources, leaving insufficient ATP for the propionyl-CoA
synthetases to effectively catalyse the addition of CoA to 3HP. It was also
observed that the strain expressing atoADg. under Py, A3 CNCM15, was

unable to grow [Table 3.6]. Strains expressing the same combination of
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genes had previously produced copolymer with some of the highest 3HP
molar fractions [Tables 3.3, 3.4]. One possible reason for this is that
atoADg. was too strongly expressed under Pyp, and as a result drained the
acetyl-CoA pool, as it can use acetyl-CoA in addition to acetoacetyl-CoA as
a CoA donor (188). A similar phenomenon was observed during the
characterization of propionyl-CoA transferase isolated from C.
propionicum. Expression of this propionyl-CoA transferase in E. coli
resulted in severe growth defects when induced using IPTG (195). The
authors suggested depletion of the acetyl-CoA pool resulted in excess
interference with essential metabolic pathways. Since growth defects were
not observed in the equivalent strain containing pctcn,, which also draws
CoA from acetyl-CoA, this may suggest that atoADg. has a higher activity
on acetyl-CoA than pctc,. The potential of atoADg in activation of 3HP to
3HP-CoA was also indicated by strain A3_ CNCM19 in Table 3.7 of section
3.2.5.2. The polymer produced by this strain contained 89 mol% 3HP,
though growth was still severely inhibited. Since the results of Tables 3.3,
3.4, and 3.7 showed atoADg has the capacity to improve addition of 3HP to
the polymer, further work could be carried out to express atoADg. under a
weaker promoter to investigate whether or not this would alleviate the
growth impairments observed in these studies. Although strain
A3 CNCMI19 was capable of producing copolymer with very high 3HP
molar fraction, the heavily restricted growth and PHA titre in comparison to
strain A3 CNCM17 meant strain A3 CNCM19 was not a viable choice for

further experimentation.
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In vitro studies have shown that the PHA synthase from C. necator
H16 has low affinity for 3HP-CoA compared to 3HB-CoA (177,196).
Therefore another possibility for improving 3HP content of the polymer was
increasing the amount of PHA synthase in the cells. The work carried out in
section 3.2.4 investigated two PHA synthases; the native PHA synthase
from C. necator H16, and the PHA synthase from C. sp. USM2. The PHA
synthase from C. necator H16 has been used extensively for the production
of  3HP-containing polymers from engineered microorganisms
(101,106,107,112). On the other hand, the PHA synthase of C. sp. USM2
has only been used on one occasion for the production of a 3HP-containing
polymer, in this case poly(3HP) (114). The PHA synthase of C. sp. USM2
was also chosen on account of the fact that it possesses a higher catalytic
activity than the PHA synthase of C. necator H16. While the PHA synthase
from C. necator H16 was shown to have an activity of around 40 U/mg, the

activity of the PHA synthase from C. sp. USM2 was 238 U/mg (177)(197).

The results from section 3.2.4 suggested that overexpression of the
PHA synthase gene from C. sp. USM2 was much more effective in
increasing 3HP molar fraction than overexpression of the C. necator H16
PHA synthase gene [Table 3.5]. However, the difference could be attributed
to various factors. One possibility is that the much higher activity of the C.
sp. USM2 PHA synthase contributed to the increased 3HP molar fraction.
Another possibility is due to the fact that the two constructs did not use the
same ribosomal binding site (RBS). The function of the RBS is to provide a

binding site for the ribosome at the 5’ end of mRNA, prior to protein
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translation (198). However, changes to the sequence of the RBS affect how
readily the ribosome binds to the mRNA, resulting in varied levels of
expression (199). This phenomenon can be exploited for biotechnological
purposes. For instance, Bi et al. showed that changing the RBS in a series of
plasmids designed for hydrocarbon production resulted in different titres
(144). In the case of plasmids A3 CNCM10 and A3 CNCMI11, phaCc, was
cloned downstream of its native RBS, while phaCcs was synthesised with a
synthetic RBS. The synthetic RBS was likely stronger than that of the
phaCc, native RBS, leading to greater expression and therefore more PHA
synthase available for incorporation of 3HP into the copolymer. While the
amount of 3HP content of the copolymers produced by strains A3 CNCMI10
and A3 CNCMI11 differed, it was indicated that overexpression of a PHA
synthase had increased the ability of the cells to incorporate 3HP into the

copolymer.

The results discussed so far had shown that overexpression of either
a CoA-addition mechanism or PHA synthase was beneficial for improving
the ability of C. necator H16 to incorporate 3HP into the polymer. Plasmids
pCNCM16-23 tested the effect of simultaneously overexpressing both a
CoA-addition mechanism and PHA synthase. The results of sections 3.2.5.2
and 3.2.5.3 revealed that strains A3 CNCM17 and A3 CNCM21, which
expressed pctc, alongside phaCc, or phaCcs respectively, had a dramatically
improved ability to integrate 3HP into the copolymer compared to previous
strains. An interesting observation was that while both strains accumulated
poly(3HB-co-3HP) with very similar 3HP molar fraction, the PHA content

and titre between the two strains was quite different. The PHA content and
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titre of strain A3 CNCM21 were around 35% and 60% higher than in strain
A3 CNCM17. As mentioned above in section 3.2.4, the effect of
overexpressing either phaCcp or phaCcs downstream of BAPAT, and ydfGg.
was tested using strains A3 CNCM10 and A3 CNCMI1 respectively. In
those experiments the PHA synthase gene of C. necator H16 was
downstream of its native RBS, while the PHA synthase gene of C. sp.
USM2 was downstream of a synthetic RBS. It is likely that strain
A3 _CNCMI11 outperformed strain A3 CNCM10 because the synthetic RBS
was stronger than the native RBS. In order to more fairly compare the effect
of the different PHA synthases in sections 3.2.5.2 and 3.2.5.3, the RBS used
in both cases was that of the C. necator H16 PHA synthase gene. As such
this suggests that the results presented in Table 3.10 are due to the higher

activity of the C. sp. USM2 PHA documented by Bhubalan et al (197).

With the exception of strain A3 CNCM19, which was discussed
above, no other strains in which a CoA-addition mechanism and PHA
synthase were simultaneously overexpressed showed a large increase in
3HP incorporation [Table 3.7, 3.9]. Strains expressing a propionyl-CoA
synthetase alongside a PHA synthase under Py, showed an increased 3HP
molar fraction compared to strains only expressing a propionyl-CoA
synthetase under Pyp, however the difference can likely be attributed to

increased PHA synthase activity in those cells.

The results of this chapter showed that C. necator H16 does not
readily incorporate 3HP into the polymer. However, this was remedied with
sufficient overexpression of relevant genes. It was shown that the expression

of BAPAT(, and ydfGg. under the control of Pyhac resulted in the conversion
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of 50mM p-alanine to approximately 40mM 3HP. Incorporation of 3HP into
the polymer required overexpression of both a suitable CoA-addition
mechanism and PHA synthase. Individual expression of either of these
enzymes did not lead to significant increase in 3HP molar fraction.
Furthermore it was shown that the higher activity of the PHA synthase from
C. sp. USM2 resulted in a greater PHA titre compared to the strain
overexpressing the PHA synthase of C. necator H16. The 79.71 mol% 3HP
achieved by strain A3 CNCM21 represents an almost 63-fold increase in
3HP molar fraction compared to the first strain, A3 CNCMO, which

achieved 1.27 mol% 3HP.
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Chapter 4: Effect of medium
composition on polymer
composition and content of cells
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4.1 Introduction

As highlighted in Chapter 1, the properties of PHAs can be
modulated not only by inclusion of a second monomer, but also by changing
the molar fraction of the second monomer. Data compiled from a number of
studies on poly(3HB-co-3HP) showed how increasing 3HP molar fraction
changed the properties of the copolymer (51,91,93,96,97,99-101) [Figure
1.5 Chapter 1]. Additional studies on copolymers such as poly(3HP-co-
4HB) and poly(3HB-co-3HHx) showed that changing the ratio of the
monomers can result in polymers with very diverse properties including

transparency, opacity, elasticity, and adhesive qualities (86,87).

One of the most common means of producing copolymers with
different monomer ratios is to cultivate the polymer-producing bacteria in
medium containing varied amounts of the precursor(s) towards the desired
HA monomer(s). This method was used extensively in early studies of
poly(3HB-co-3HP). For example, by cultivating Alcaligenes latus with 3HP
and sucrose, or 3HP and 3HB, poly(3HB-co-3HP) could be produced with
3HP molar fraction between 7 and 88 mol% 3HP (51). More recently, the
molar fractions of 3HB, 3HV, and 3HHXx in a copolymer of poly(3HB-co-
3HV-co-3HHXx) could be altered depending on the amounts of crude palm
kernel oil, valerate, and propionate added to the medium (200). A similar
approach was also used for the production of poly(3HP-co-4HB) by
engineered E. coli cultivated in medium containing 1,3-propanediol (PDO)
and 1,4-butanediol (BDO) as precursors to 3HP and 4HB, respectively. By
altering the concentration of PDO and BDO, it was possible to produce

poly(3HP-co-4HB) with 3HP molar fraction ranging between 16 and 88
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mol%. Furthermore, cultivation in only PDO or only BDO resulted in

production of poly(3HP) and poly(4HB) homopolymers respectively (87).

One unique approach employed for the production of poly(3HB-co-
3HP) using engineered E. coli was to separately control the expression of
pathways responsible for the biosynthesis of the 3HB and 3HP monomers
with different inducers (101). The pathway for 3HB biosynthesis was
controlled by an arabinose-inducible promoter, while the pathway for 3HP
biosynthesis was controlled by an IPTG inducible promoter. While IPTG
concentration was kept constant, different concentrations of arabinose were
used to vary the expression of the 3HB biosynthetic pathway. As a result,
the amount of 3HB available varied, and therefore the composition of the
polymer varied. Using this method, poly(3HB-co-3HP) with 3HP content

ranging from 11.5 to 95.6 mol% 3HP could be produced.

The work carried out in the previous chapter had resulted in the
production of poly(3HB-co-3HP) containing a high molar fraction of 3HP.
The composition of the polymers obtained, however, only covered a narrow
range of 3HP molar fractions; various 3HP contents from 1 to 11.5 mol%
3HP, and high 3HP contents of around 80 and 89 mol% 3HP had been
achieved. As such, no copolymer with 3HP content between 11.5 and 80
mol% 3HP had been produced. Therefore, the work of this chapter aimed to
fill in these gaps, such that poly(3HB-co-3HP) with a range of 3HP content

could be produced.

As mentioned above, supplementing PHA-producing bacteria with

varying amounts of precursor is a simple and effective means of producing a
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copolymer with varied composition. Accordingly, the effect of varying -
alanine concentration on 3HP molar fraction was investigated. Besides,
none of the plasmids tested in Chapter 3 contained any inducible elements;

therefore, control of gene expression in this manner was not an option.

On the one hand, the results of the previous chapter showed that
strain A3 CNCM19 had produced copolymer with the highest 3HP content,
growth of this strain was severely inhibited and PHA titre was very low. On
the other hand, strain A3 CNCM21 had exhibited a good balance of growth,
PHA titre, and high 3HP molar fraction. On account of these factors, strain

A3 _CNCM21 was used in the following experiments.

4.2. Results

4.2.1 Cultivation of strain A3_CNCMZ21 in varying concentrations of -
alanine

During the plasmid engineering experiments, strains were fed with
50mM p-alanine in order to produce 3HP. The strain with the best overall
performance was strain A3 CNCM21, producing a copolymer containing
approximately 80 mol% 3HP. In order to obtain poly(3HB-co-3HP) with a
varying 3HP molar fraction, it was reasoned that feeding strain
A3 CNCM21 with lower amounts of B-alanine would result in lower
amounts of 3HP produced, and subsequently a lower amount of 3HP in the
polymer. Further, it was hypothesised that supplementing strain
A3 _CNCM21 with 2mM cysteine as well as S0mM B-alanine would further
increase the 3HP molar fraction, since cysteine supplementation has

previously been used in increase CoA pool (201). Strain A3 CNCM21 was
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therefore grown in SGMM supplemented with [-alanine concentrations
ranging from 0 to 40mM, and in one instance in SGMM supplemented with

50mM p-alanine + 2mM cysteine.

The results of the cultivations in different medium are shown below
in Figure 4.1 and Table 4.1. HPLC analysis revealed that as the amount of
supplemented B-alanine increased, so did the amount of 3HP secreted by the
cells [Figure 4.1]. For instance, when A3 CNCM21 was grown in SGMM
supplemented with 5 or 10mM B-alanine, essentially no 3HP was detected
in the supernatant. If no B-alanine was provided, no 3HP was detected. It
was also noticed that different amounts of 3HP were found in the
supernatant at the end of the cultivation depending on whether strain
A3 CNCM21 was cultivated in SGMM supplemented with 50mM j-
alanine, or SGMM supplemented with 50mM B-alanine + 2mM cysteine.
Cultivation in SGMM supplemented with S0mM f-alanine resulted in the
presence of approximately 18mM 3HP in the supernatant after 48 hours of
cultivation. In contrast, only 13mM 3HP was detected after 48 hours
cultivation when strain A3 CNCM21 was cultivated in SGMM

supplemented with 50mM B-alanine + 2mM cysteine.
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Figure 4.1 - 3HP production by strain A3_CNCM21following flask cultivation in different
media. Cultivations were carried out in SGMM supplemented with varying millimolar
amounts of B-alanine, or B-alanine and cysteine. The cultivation conditions were as follows;
(®) — OmM B-alanine, (m) — 5mM pB-alanine, (A) — 10mM pB-alanine, (V) — 15mM B-
alanine, (¢) — 20mM f-alanine, (8) — 25mM B-alanine, (m) — 30mM B-alanine, (A) —

40mM p-alanine, (V) — 50mM B-alanine, (¢#) - S0mM B-alanine + 2mM cysteine.

The results of Figure 4.1 showed that the amount of 3HP secreted
into the supernatant increased as the amount of B-alanine increased. They
also showed that additional supplementation with 2mM cysteine reduced the
amount of 3HP secreted into the supernatant. Based on these results, it was
expected that the copolymers produced by strain A3 CNCM21 in each of
these different conditions would show similar variation in 3HP molar

content.

The results of the copolymer analysis are shown below in Table 4.1.
It was found that the ratio between 3HB and 3HP monomers could be
controlled by adjusting the amount of B-alanine in the medium. Cultivation
with between 5 and 50mM f-alanine resulted in production of copolymers

with a range of 3HP content; between 2 and 79 mol% 3HP was achieved. It
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was also shown that supplementation with 40 or 5S0mM B-alanine resulted in
copolymer with essentially the same 3HP molar fraction. While
supplementation with 40mM [-alanine resulted in 78 mol% 3HP,
supplementation with 50mM had previously resulted in 79 mol% 3HP. The
HPLC analysis showed that supplementation with 50mM [-alanine and
2mM cysteine resulted in a much lower final 3HP concentration in the
supernatant compared to cultivation in 50mM B-alanine alone. The results of
the copolymer analysis showed that including cysteine in the medium was
beneficial for 3HP incorporation into the polymer, since the 3HP molar

fraction could be increased to 89 mol%.

Table 4.1 — Composition of poly(3HB-co-3HP) produced by strain A3_CNCM21 grown in
different media. Cultivations were carried out in SGMM supplemented with varying
millimolar amounts of B-alanine, or B-alanine and cysteine. All experiments were carried
out in triplicate. Results are from samples taken at 48hrs. *** Data for cultivation with
50mM p-alanine was taken from the 48hr timepoint of the cultivation of A3_ CNCM21 in
section 3.2.5.3, Table 3.8.

p-alanine  Cysteine ChDw PHA PHA 3HB 3HP
(mM) (mM) (g/L) (Wt%0) (g/L) (mol%) (mol%)
0 - 2.92 65.98 1.93 >99.9 Trace

5 - 4.41 60.18 2.64 97.76 2.24
10 - 5.10 50.77 2.59 92.89 7.11
15 - 5.31 39.24 2.08 83.4 16.60
20 - 4.99 29.91 1.49 63.28 36.72
25 - 5.16 24.03 1.23 50.17 49.83
30 - 5.03 22.16 111 32.99 67.01
40 - 414 16.97 0.70 21.37 78.63
50*** - 3.96 19.27 0.76 20.29 79.71
50 2 4.76 17.51 0.83 11.16 88.84

The results from Table 4.1 showed that the molar fraction of 3HP

could be altered by supplementing strain A3 CNCM21 with varied B-
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alanine concentrations. By feeding strain A3 CNCM21 with varying
amounts of B-alanine it was possible to produce poly(3HB-co-3HP) with
molar fractions ranging from 0 to ~79 mol%. The results also revealed that
the 3HP molar fraction remained essentially the same between 40 and
50mM p-alanine. This apparent upper limit could be increased by adding
2mM cysteine to strain A3 CNCM21 cells grown in 50mM f-alanine.
Addition of cysteine increased 3HP molar fraction from approximately 79

mol% to almost 89 mol%.

4.2.2 Effect of different molar fraction of 3HP on polymer content of
cells

Previous studies have indicated that as the molar fraction of 3HP in a
copolymer of poly(3HB-co-3HP) increases, the PHA content of cells
decreases (93-95,100,101). From the cultivations described in section 4.2.1,
poly(3HB-co-3HP) with 10 different 3HP molar fractions had been
produced, ranging from trace to 89 mol% 3HP. To determine the effect of
increasing 3HP content on the cells, the PHA content and 3HP molar

fraction were compared [Figure 4.2].
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Figure 4.2 — Plot of the relationship between 3HP content of the copolymer and PHA
content of the cells. 3HP content of the polymer is indicated by the solid black line. PHA
content of the cells is indicated by the dashed line. Strain A3 CNCM21 was cultivated in
SGMM supplemented with varying amounts of P-alanine, and in one instance both f-
alanine and cysteine. “Cultivation conditions” indicates the amount of $-alanine or cysteine
supplemented in the SGMM. Cultivation conditions were as follows; 1 — 0mM B-alanine, 2
— 5SmM B-alanine, 3 — 10mM p-alanine, 4 — 15mM f-alanine, 5 — 20mM f-alanine, 6 —
25mM pB-alanine, 7 — 30mM pB-alanine, 8 — 40mM f-alanine, 9 — 50mM B-alanine, 10 —

50mM B-alanine + 2mM cysteine.

The results presented in [Figure 4.2] show that as 3HP molar
fraction increases, PHA content decreases. Cultivation of strain
A3 _CNCM21 in SGMM with no additional B-alanine resulted in a cellular
PHA content of approximately 66%, but only trace amounts of 3HP was
detected in the copolymer. On the other hand, cultivation of A3 CNCM21
in SGMM supplemented with 50mM B-alanine and 2mM cysteine resulted
in a copolymer containing 89 mol% 3HP, but the PHA content of the cells

was drastically reduced, as only around 17% of CDW was PHA. This
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represents a decrease in PHA content of over 70% between the first and last

cultivation.

4.3 Discussion

In the previous chapter, C. necator H16 was engineered to improve
its ability to incorporate 3HP into a growing PHA chain. As a result, strain
A3 CNCM21 was generated, which could produce poly(3HB-co-3HP) with
a 3HP molar fraction of approximately 80 mol% 3HP when cultivated in
medium containing 50mM B-alanine. Production of poly(3HB-co-3HP) with
a range of 3HP content is desirable on account of the fact that properties of
the polymer change according to composition. In this chapter it was shown
that the 3HP content of the copolymer can be varied by supplementing the
medium different amounts of B-alanine. Accordingly, it proved possible to
produce poly(3HB-co-3HP) with 3HP content ranging from 0 to 79 mol%
when strain A3 CNCM21 was grown in SGMM supplemented with 0 to
50mM B-alanine [Table 4.1]. This has interesting implications for future
poly(3HB-co-3HP)-producing strains of C. necator H16, since engineering
of the upstream part of the p-alanine pathway could be tailored to provide
more or less B-alanine depending on the desired polymer composition. It has
been shown that engineering of E. coli for overproduction of B-alanine
resulted in B-alanine titres of between 0.3 and 4 g/L in flask experiments
(176). The B-alanine titre was influenced by various factors, including
which genomic deletions had been made, which genes were overexpressed,
and how strongly those genes were overexpressed. If C. necator H16 could

be similarly engineered, combination of those strains with the downstream
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pathway encoded in plasmid pCNCM21 should result in production of

copolymer with a range of 3HP content.

Cultivation of strain A3 CNCM21 was undertaken in SGMM
supplemented with both 50mM B-alanine and 2mM cysteine. It was
reasoned that cysteine supplementation would increase the size of the CoA
pool in the cell, leading to an increase in the amount of acetyl-CoA
available. Plasmid pCNCM21 encodes pctc, as the CoA-addition
mechanism, which uses CoA derived from acetyl-CoA to activate 3HP to
3HP-CoA. It was anticipated that greater availability of acetyl-CoA would
mean increased ability of the cells to activate 3HP to 3HP-CoA, allowing
more 3HP to be incorporated into the copolymer. Besides, the
supplementation of amino acids in order to increase molar fraction of a
second monomer had been tested in a previously (202). During the
cultivation of Rhodosporillum rubrum for the production of poly(3HB-co-
3HV), threonine supplementation was shown to significantly increase the
3HV molar fraction of the copolymer. Threonine can be metabolised to

propionyl-CoA which, when condensed with acetyl-CoA, produces 3HV.

Manipulation of CoA biosynthesis has been employed in previous
studies with the aim of increasing CoA and acetyl-CoA pools for the
improved production of compounds. It was shown in E. coli that
supplementation with pantothenic acid, a precursor to CoA, led to an
increase in both CoA and acetyl-CoA levels (203). Subsequently it was
shown that the titre of isoamyl acetate, an acetyl-CoA-derived compound,
could be increased by supplementing engineered E. coli with pantothenic

acid (204). Similarly, supplementation with cysteine was used to increase
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the availability of free CoA in the production of 1-butanol by engineered E.
coli (201). Cysteine is condensed with 4’-phosphopantothenate, forming 4°-
phosphopantothenoyl-cysteine, an intermediate in CoA biosynthesis (205).
Since supplementing intermediates of the CoA biosynthesis pathway has
been shown to increase the levels of free CoA and acetyl-CoA,
supplementation with cysteine was tested as a means of increasing the
acetyl-CoA pool. Supplementation with 2mM cysteine was also clearly
beneficial. Not only was less 3HP found in the supernatant at the end of the
cultivation compared to cultivation with 50mM [-alanine alone, but a
significantly higher 3HP molar fraction was achieved. Previous cultivation
of strain A3 CNCM21 in 50mM B-alanine had resulted in a maximum 3HP
molar fraction of approximately 80 mol% 3HP. Supplementation with both
50mM p-alanine and 2mM cysteine increased the 3HP molar fraction
further, to 89 mol% 3HP. The observation that increasing CoA and acetyl-
CoA levels by supplementing with cysteine was beneficial for increasing

3HP molar fraction could guide future strain engineering efforts.

Previous studies reporting biosynthesis of poly(3HB-co-3HP) have
shown that as 3HP molar fraction increases, PHA content of the cells
decreases (93-95,100,101). The same trend was observed in the studies
described here [Figure 4.2]. A possible explanation for this is the substrate
specificity of the PHA synthase. The PHA synthases of C. necator H16 and
C. sp. USM2 are both considered Class | PHA synthases, meaning they
preferentially polymerize short-chain-length HA monomers with carbon
lengths of 3 to 5 carbons. However, previous studies have shown that the

specificity of PHA synthase from C. necator H16 towards 3HP-CoA is low
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compared to 3HB-CoA (177,196). In particular it was shown that CoA
release from 3HP-CoA, indicating polymerization, was far slower than CoA
release from 3HB-CoA (177). Release of CoA occurs during polymerization
of HA monomers (83). Since CoA release from 3HP-CoA was slower, this
suggests the time required to polymerize 3HP is longer, and that the binding
site of the PHA synthase is occupied for longer. If the binding site of the
PHA synthase is occupied for longer, less polymer synthesis will occur and
the total amount of polymer in the cells will be decreased. The substrate
specificity of the PHA synthase from C. sp. USM2 for 3HP-CoA and 3HB-
CoA has not yet been determined. However, since the PHA synthase from
C. sp. USM2 is also a Class | PHA synthase, it is possible that the substrate
specificities of the PHA synthase from C. sp. USM2 for 3HP-CoA and
3HB-CoA are similar to those of the PHA synthase from C. necator H16. If
this is the case, the PHA synthase of C. sp. USM2 will also have low
specificity for 3HP-CoA. This could explain why PHA content diminished

as the 3HP molar fraction increased.
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Chapter 5: Effect of phaCAB
operon alteration on polymer
composition and accumulation
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5.1 Introduction

The results of the previous two chapters had shown that plasmid
engineering could be used to produce poly(3HB-co-3HP) with high 3HP
molar fraction in C. necator H16, and that 3HP content could be controlled
by changing the concentration of B-alanine in the medium. In this chapter
the effect of reduced 3HB-CoA synthesis on copolymer accumulation and

composition was investigated.

Reducing the flux towards 3HB-CoA was hypothesised to confer
several advantages for the production of poly(3HB-co-3HP) in C. necator
H16. Firstly, suppression of 3HB-CoA biosynthesis should result in
decreased 3HB content in the polymer since less 3HB-CoA will be
available, thereby enhancing the 3HP molar fraction further. A similar
strategy has been used for the production of copolymers containing
enhanced molar fraction of second monomers including 3-
mercaptopropionate (3MP) and 3-hydroxyvalerate (3HV) (206,207).
Another potential advantage of reducing flux towards 3HB-CoA is that of
reduced acetyl-CoA consumption. In the previous chapter cysteine was
included in the PHA production medium with the aim of increasing the
intracellular pool of acetyl-CoA such that activation of 3HP to 3HP-CoA
was enhanced. If reducing flux towards 3HB-CoA results in increased
acetyl-CoA, the increased acetyl-CoA availability should be beneficial for
further increased 3HP content. This approach was employed to increase the
3HHx molar fraction during the production of poly(3HB-co-3HHXx) by
engineered C. necator H16 (208). Lastly, it was hypothesised that reduced

3HB-CoA might result in reduced turnover of the copolymer. The
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simultaneous biosynthesis and degradation of PHASs in C. necator H16 was
first shown in 1990 (209). As a result, the composition of PHA accumulated
over time can change. For instance, it was shown that C. necator H16
containing PHB homopolymer would begin to accumulate poly(3HB-co-
3HV) when transported to medium containing precursors to 3HV. Since
3HV has become available as a precursor, 3HV begins to appear in the
copolymer. Similarly, when C. necator H16 containing poly(3HB-co-3HV)
was transported to medium lacking precursors to the 3HV unit, the
composition of the polymer changed to PHB homopolymer again, since
there is no longer a supply of 3HV (209). It follows that suppressing 3HB-
CoA formation would result in a copolymer composition which retains

higher 3HP molar fraction throughout the course of the cultivation.

As was described earlier, PHB biosynthesis in C. necator H16
proceeds via the well-described phaCAB operon. The B-ketothiolase
encoded by phaA is responsible for the production of acetoacetyl-CoA from
two molecules of acetyl-CoA. Acetoacetyl-CoA is reduced to 3HB-CoA by
an acetoacetyl-CoA reductase encoded by phaBl, and polymerization is
catalysed PHA synthase encoded by phaC (82). A series of strains were
generated with different alterations to the phaCAB operon [Figure 5.1]. The
deletions were made in the A3 background, since previous experiments

undertaken in this study had used that strain.
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Figure 5.1 - Diagram illustrating the C. necator H16 phaCAB operon, the deletion mutants
generated and described in this chapter, and the targeted metabolite. (Green box)
Organisation of the PHB biosynthetic pathway in C. necator H16. Flux towards PHB is not
altered in the unperturbed operon. (Blue box) Genes targeted in knockout studies. From top
to bottom; deletion of phaA (B-ketothiolase), deletion of phaBl (NADPH-dependent
acetoacetyl-CoA reductase), deletion of phaA and phaBl. (Red box) Knockouts were
designed to reduce carbon flux towards indicated molecules. From top to bottom; phaA
single knockout aimed to reduce carbon flux toward acetoacetyl-CoA, phaB1l single
knockout aimed to reduce flux toward 3HB-CoA, phaAB1 double knockout aimed to

reduce flux toward both metabolites.

5.2 Results

5.2.1 Generation of phaA, phaB1, and phaAB1 knockouts strains

To reduce the carbon flux going towards PHB synthesis, a series of
knockout strains were generated. The phaA and phaB1 genes were knocked
out individually, and then knocked out together to create a phaAB1 double
knockout strain. The deletions were made in the A3 background strain,
resulting in strains A3A, A3B1, and A3AB1. The knockouts were generated

according to the knockout protocol described in materials and methods.
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Following screening on LB/LB tet plates, colony PCR was carried out on

colonies which had lost tetracycline resistance.

5.2.2 Effect of phaA, phaBl, and phaABl deletions on PHB
accumulation and 3HP molar fraction

Following generation of strains A3A, A3B1, and A3ABI,
transformation using plasmids pPCNCM21 and pCNCMeyfP was carried out.
This gave rise to the experimental strains A3A CNCM21, A3B1 CNCM21,
and A3AB1 CNCM21, and the control strains A3A_eyfP, A3B1 eyfP, and
A3ABI1 _eyfP. These strains were cultivated in SGMM + 50mM f-alanine as
had been used in previous experiments. The results of the cultivation are
detailed below in Table 5.1. While the cultivation of these strains lasted 54
hours, the data presented below uses samples taken at 48 hours in order to

fairly compare the results with those of previous chapters.

Table 5.1 — PHA content and composition of phaCAB mutant strains containing plasmid
PCNCM21 or pCNCMeyfP following flask cultivation in SGMM + 50mM pB-alanine.
Experiments were carried out in triplicate. Data presented is from samples taken at 48hrs
cultivation.

Strain CDW PHA PHA 3HB 3HP
(g/L) (Wt%) (g/L) (mol%) (mol%o)

A3A CNCM21 3.48 33.15 1.15 16.44 83.56
A3B1_CNCM21 2.93 28.15 0.83 10.82 89.18
A3AB1_CNCM21 3.01 29.50 0.88 8.89 91.11
A3A eyfP 3.23 72.13 2.33 100 0
A3B1_eyfP 2.15 18.05 0.38 100 0
A3ABI _eyfP 1.86 16.4 0.30 100 0

The results of Table 5.1 revealed that native PHB accumulation was
either slightly or significantly affected by the alterations made to the

phaCAB operon, indicated by PHA content and titre of the control strains.
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Deletion of phaA alone resulted in a minor decrease in PHA titre.
Previously, cultivation of strain A3_eyfP resulted in a PHA titre of over 3
g/L. Under the same conditions, strain A3A_eyfP produced around 2.3 g/L
PHA. In contrast, strains A3B1 eyfP and A3AB1 eyfP exhibited dramatic
reductions in their ability to form PHB. While deletion of phaB1l alone
resulted in a polymer content of only around 18%, deletion of phaA and
phaBl together reduced polymer content down to near 16%. The low PHA
content corresponded to a PHA titre of only 0.38 g/L and 0.30 g/L,
respectively. Deletion of phaB1 had a much more significant effect on PHB

accumulation than deletion of phaA.

Reducing the ability of C. necator H16 to form 3HB-CoA had a
positive impact on 3HP molar fraction. Strain A3A_CNCM21 was shown to
produce a copolymer with a 3HP molar fraction of approximately 84 mol%
3HP. Furthermore, the PHA content of the cells was 33%, and PHA titre
was 1.15 g/L. While PHA titre of strains A3B1 CNCM21 and
A3AB1_CNCM21 did not exceed 1 g/L, the poly(3HB-co-3HP) produced
by these strains contained 89 and 91 mol% 3HP respectively, and both
strains had a PHA content of almost 30%. Previously, supplementation with
cysteine had been required to achieve 3HP content of above 80 mol%. Here
it was shown that perturbation of the phaCAB operon could be used to
exceed 80 mol% 3HP without the need for cysteine supplementation.
Furthermore, the simultaneous deletion of phaA and phaB1 resulted in a
strain which could produce a copolymer containing 91 mol% 3HP, the

highest 3HP molar fraction observed so far.
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5.2.3 Effect of phaA, phaBl, and phaAB1l deletions on copolymer
turnover

While the differences between production and control strains
showed an effect on polymer composition and content at the end of the
cultivation, a difference was also observed in the composition of the

polymer over time, as can be seen in Figure 3.3.

1004

3HP fraction (mol%)
(22
T

A3A_CNCM21

A3B1_CNCM21
A3AB1_CNCM21

Figure 5.2 - Change in 3HP molar fraction over time. Bars for
each strain represent the times at which samples were taken (From

left to right; 24, 36, 48, 54 hours).

The data presented in Figure 5.2 highlights changes in 3HP molar
fraction during the course of the cultivation. It was observed that strain
A3A CNCM21 underwent the largest change in 3HP content. At 24hrs the
3HP molar fraction was approximately 95 mol% 3HP, and by the end of the
cultivation at 54hrs the 3HP molar fraction had decreased to 85%. While a
change in copolymer composition was seen in strains A3B1 _CNCM21 and

A3AB1 _CNCM21 as well, the decrease in 3HP molar fraction was not as
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significant. While strain A3B1 CNCM21 exhibited a decrease from
approximately 93 to 89 mol% 3HP, the 3HP content of strain

A3AB1 CNCM21 decreased from 95 to 91 mol% 3HP.

5.2.4 Effect of phaB1 deletion on PHB accumulation

It was apparent that control strains in which phaB1 had been deleted
produced very little polymer. Thus, the polymer titres of control strains
A3B1 eyfP and A3AB1 eyfP were both less than 0.4 g/L [Table 5.1]. This
was in contrast to the polymer titre of strain A3_eyfP which was more than
3 g/L. C. necator H16 is known to possess at least three acetoacetyl-CoA
reductases, encoded by phaBl, phaB2, and phaB3 (210). The study by
Budde et al. showed that deletion of phaB1l resulted in minor or major
inhibition of PHB biosynthesis, depending on growth conditions. It was
found that under certain conditions, expression of phaB3 was the cause of
PHB accumulation in phaB1 mutant strains. Expression of phaB2 was not

detected in any of the conditions tested.

In the experiments described here, only phaB1 had been deleted, but
PHB accumulation was severely reduced. This suggested phaB3 was not
active under the conditions tested here. To investigate whether or not phaB3
had influenced PHB accumulation at any point during the cultivation, the
data collected from the cultivation of the control strains was further
analysed. Specifically, how the PHA content changed over time was

analysed [Figure 5.3].
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Figure 5.3 — Change in PHA content over time for phaCAB mutant control strains. Graphs
represent data from the cultivation of (A) strain A3A_eyfP, (B) strain A3B1_eyfP, and (C)
strain A3AB1 eyfP. Optical density at 600nm is indicated by a black unbroken line (—) and
filled shapes. PHA content as a % of CDW is indicated by a black dotted line (- - -) and

empty shapes.
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The data presented in Figure 5.3 showed that in all cases, PHA
content of the cells increased linearly following the beginning of the
cultivation. As previously observed, strain A3A_eyfP performed similarly to
wild-type C. necator H16. The two phaB1 deletion strains, A3B1 eyfP and
A3ABI1 eyfP, exhibited a markedly decreased PHB content throughout the

course of the cultivation.

5.3 Discussion

In order to further increase the 3HP content of the polymer without
additional plasmid engineering, a series of phaCAB operon mutants were
constructed. The aim of these mutants was to test the effect of reducing flux
towards 3HB-CoA on poly(3HB-co-3HP) accumulation and 3HP molar

fraction.

Strain A3A lacked the [-ketothiolase encoded by phaA of the
phaCAB operon, which is responsible for the condensation of two acetyl-
CoA molecules to produce acetoacetyl-CoA, the precursor to 3HB-CoA
[Figure 5.1]. Deletion of phaA was shown to have a significant effect on
PHA content of the cells, copolymer composition, and titre of poly(3HB-co-
3HP) produced. In Chapter 3, cultivation of A3 CNCM21 in SGMM
supplemented with 50mM p-alanine the cells had a PHA content of
approximately 18% of CDW with a 3HP molar fraction of 80 mol% 3HP,
and the PHA titre was 0.76 g/L. In the case of A3A_CNCM21, the titre was
increased to 1.15 g/L while PHA content of the cells was near 40% of CDW

and 3HP molar fraction increased to 85 mol%. While it is clear that the
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deletion of phaA was beneficial for increasing PHA content, 3HP molar
fraction, and PHA titre, the deletion only resulted in a minor decrease in
PHB production. Comparison of the data between strains A3 eyfP and
A3A eyfP showed that while both had PHA content of around 70%, strain
A3 eyfP produced more than 3 g/l of PHB whereas strain A3A eyfP

produced only 2.33 g/L of PHB.

Analysis of the genome sequence suggested the presence of
numerous genes encoding B-ketothiolases in C. necator H16 indicating a
significant capacity for direction of flux towards 3HB-CoA (125).
Therefore, subsequent studies investigated the effect of several single and
multiple B-ketothiolase deletions on PHB accumulation as well as the effect
on incorporation of a second monomer into the polymer (206,207). In
agreement with the results obtained here, deletion of phaA resulted in a
minor decrease in PHA titre and an increase in second monomer molar
fraction. In the case of the experiments described here however, the effect
on monomer composition was more pronounced. This could be because
incorporation of 3HP into the polymer was enhanced due to the
overexpression of pctc, and phaCcs in this study, whereas in the studies
undertaken by Lindenkamp et al. no such work was carried out.
Additionally, the molar fraction of 3HV in poly(3HB-co-3HV) increased as
more of the B-ketothiolases were deleted, such that it was almost possible to
produce a poly(3HV) homopolymer in C. necator H16 when the cells were
cultivated with valerate as the sole carbon source (207). Future work for
polymer production in C. necator H16 could use a similar approach to

attempt production of poly(3HP).
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As mentioned in the introduction to this chapter, it was hypothesised
that deletion of phaA may increase the pool of acetyl-CoA, since less acetyl-
CoA will be consumed in the production of PHB. Sato et al. deleted phaA in
their attempts to produce poly(3HB-co-3HHX) in C. necator H16 (208). The
3HHx monomer can be synthesised by the condensation of acetyl-CoA and
butyryl-CoA. Deletion of phaA resulted in an increased 3HHx molar
fraction, which the authors attribute to the increased amount of acetyl-CoA
available. Presumably the increased pool of acetyl-CoA was also a factor in
the studies described here, as more CoA would have been available for

activation of 3HP to 3HP-CoA.

The effect of deleting phaB1, both as a single knockout and as a part
of a double knockout, was also tested. The NADPH-dependent acetoacetyl-
CoA reductase encoded by phaBl is responsible for conversion of
acetoacetyl-CoA to 3HB-CoA, the substrate which PHA synthase uses to
produce PHB [Figure 5.1]. Deletion of phaBl from the C. necator H16
genome has been used for improving the 3HHx molar fraction of poly(3HB-
co0-3HHXx) (170,211-213). In both the single and double knockout strains,
deletion of phaB1 dramatically reduced PHB content of the cells, indicating
a major disruption of flux towards 3HB-CoA. Control strains A3B1_eyfP
and A3AB1_eyfP both contained low PHA content. Consequently, the PHA
titre of both strains was very low, at less than 0.4 g/L. This translated into
increased 3HP molar fraction in the experimental strains A3B1 CNCM21
and A3AB1_CNCM21, which produced poly(3HB-co-3HP) with 3HP
contents of 89 and 91 mol% 3HP, respectively [Table 5.1]. In the previous

chapter it was observed that PHA content decreases as 3HP molar fraction
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increases [Figure 4.2]. Considering this, it could be expected that at 91
mol% 3HP, the PHA content and titre of A3AB1 _CNCM21 would be lower
than that of A3 CNCM21, which produced a copolymer containing 80
mol% 3HP under the same cultivation conditions. In fact, strain
A3AB1_CNCM21 contained almost 30% PHA and produced almost 0.9 g/L
of poly(3HB-co-3HP), whereas strain A3 CNCM21 contained 20% PHA
and the PHA titre was 0.76 g/L. Deletion of both phaA and phaB1 in this
strain therefore appeared to lessen the negative effect of very high 3HP

molar fraction on PHA content and titre.

Further analysis of the data from these cultivations indicated that
suppression of 3HB-CoA biosynthesis had reduced the effect of polymer
turnover on copolymer composition [Figure 5.2]. It is known that PHB is
metabolised in a cyclic nature in C. necator H16 (209). While the
phenomenon is still not entirely understood, it is thought that the polymer is
continually synthesised and broken down in a non-futile cycle which
provides acetyl-CoA and NADH as limited carbon and energy sources
during times of nutrient limitation (214). This has implications for
copolymer composition. For instance, 3HB-CoA is continually formed by
the natural metabolism of C. necator H16. On the other hand, many second
monomers are formed by addition of precursor molecules at the beginning
of the cultivation, or are otherwise not available continuously from
metabolic pathways. As a result, the molar fraction of any second monomer
can decrease as cultivation continues, since 3HB-CoA is being continually
produced while availability of the second monomer is typically restricted.

As well as the initial report by Doi and co-workers (209), the effect can be
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observed in other publications. The study of Lindenkamp and co-workers
showed decreasing molar fraction of 3MP in a poly(3HB-co-3MP) as
cultivation continued, since the 3MP was only provided at the start of the
cultivation (206). In addition, the studies by Jeon and co-workers (211), as
well as Sato and co-workers (208), which investigated production of
poly(3HB-co-3HHX), both showed decreasing 3HHXx fraction as cultivation
continued, since the butyrate required for 3HHx formation was only
provided at the beginning of the cultivation. A similar trend was observed
here; 3HP molar fraction decreases as cultivation progressed. This trend was
less evident, however, in the two strains with a deletion of phaB1. While the
copolymer produced by strain A3A_ CNCM21 exhibited an almost 11%
decrease in 3HP content during the course of the cultivation, the copolymer
from strains A3B1_CNCM21 and A3AB1 _CNCM21 showed approximately
4.7 and 4.1% decreases in 3HP molar fraction respectively. Earlier data
obtained in this investigation had shown that in control strains deletion of
phaA did not significantly affect PHB production, whereas the phaB1l1
deletion strains were strongly affected [Table 5.1]. The slower rate of 3HP
loss can presumably be attributed to the severely inhibited ability of the
phaBl mutants to produce 3HB-CoA. With less 3HB-CoA available, it is
less likely that the PHA synthase will incorporate 3HB into the polymer,

thereby maintaining a higher 3HP molar fraction.

It was also of interest to explore how the deletion of phaBl had
affected PHB accumulation in control strains A3B1_eyfP and A3ABI1 eyfP,
since previous work had shown that deletion of phaB1 alone could result in

minor or major inhibition of PHB accumulation depending on the growth
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conditions used (210). That work had shown that during cultivation on
fructose, phaB3 was expressed and contributed to PHB biosynthesis,
thereby rescuing PHB accumulation in strains lacking phaB1l. In contrast,
growth on palm oil or trioleate did not induce expression of phaB3, leading
to strongly impaired PHB accumulation in phaBl-deleted strains. Other
studies have also indicated expression of phaB3 is dependent on growth
conditions. For instance, it was shown that expression of phaB3 decreases
significantly when C. necator H16 is grown on plant oils rather than
fructose (215). Additionally, increased phaB3 expression was observed
when C. necator H16 was cultivated in medium containing gluconate and
3,3 -thiodipropionic acid as opposed to cultivation with gluconate alone
(216). More recently, a publication by Zhang and co-workers showed that
phaB1-deleted strains of C. necator H16 which were engineered to grow on
glycerol and glucose produced different levels of PHA depending on carbon
source (213). While the PHA content of glucose- and fructose-grown cells
was above 60%, glycerol-grown cells contained less than 30% PHA (213).
Expression of phaB3, therefore, appears to be dependent on carbon source.
Budde and co-workers showed that a strain in which phaB1 and phaB3 were
deleted was unable to accumulate more than 20% PHA (210). Since in the
experiments here gluconate was used as a carbon source, and low PHB
contents of less than 20% in strains lacking phaBl were observed, it is

likely that phaB3 is not expressed when cultivated in gluconate.

The results of this chapter showed that reduction of flux towards
3HB-CoA is useful for increasing the molar fraction of a second monomer

such as 3HP. Thus, deletion of phaA resulted in increased PHA content of
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the cells, as well as a higher 3HP molar fraction in the polymer.
Furthermore, the PHA titre obtained was over 1 g/L after 48 hours
cultivation. Increased 3HP molar fraction could be achieved by deletion of
phaBl either as a single knockout or as in a double knockout with phaA,
although the PHA titre was not as high as was reached by the phaA single
knockout. Reduction of flux towards 3HB-CoA also reduced the effect of
PHA turnover on copolymer composition. Lastly, it was apparent that
phaB3 did not appear to contribute to PHB accumulation in strains grown
on gluconate. Understanding the conditions in which phaB3 is active will be

useful for future strain engineering.
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Chapter 6: Engineering of C.
necator H16 for stable
autotrophic biosynthesis of
mevalonate, a precursor to
biodegradable polymers




173

6.1 Introduction

As outlined in Chapter 1, mevalonate-derived compounds have
recently been shown to have important applications in the field of
biodegradable polymers. Since mevalonate has been shown to be produced
by engineered C. necator H16, and mevalonate-derived compounds have
been produced from CO; using C. necator H16, it was chosen to attempt
biosynthesis of mevalonate from CO; for the use in biodegradable polymer

synthesis.

A schematic diagram for the biosynthesis of mevalonate from carbon
dioxide is shown in Figure 6.1. The two genes required for conversion of
acetyl-CoA to mevalonate are mvaE and mvaS from the Gram-positive
bacterium Enterococcus faecalis. The mvaE gene encodes an acetyl-CoA
acetyltransferase/HMG-CoA reductase, and mvaS encodes an HMG-CoA
synthase. First, two molecules of acetyl-CoA are condensed to acetoacetyl-
CoA by MvaE in a reaction identical to that catalysed by PhaA from C.
necator H16. Acetoacetyl-CoA is then converted to HMG-CoA by Mvas.
Lastly, HMG-CoA is reduced to mevalonate by MvaE in an NADPH-
dependent reaction. While the interest of the work carried out here was to
produce mevalonate as a precursor to novel biodegradable polymers,
mevalonate is also a precursor to other useful compounds including
artemisinin (an anti-malarial compound) and B-carotene (a food colorant)

(217,218) [Figure 6.1].

Since C. necator H16 produces significant quantities of PHB using
acetyl-CoA as a precursor, a large intracellular pool of acetyl-CoA is

presumably available (219,220). As mentioned above, the PHB and
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mevalonate biosynthesis pathways share several metabolites, reactions, and
cofactors. For instance, both pathways use acetyl-CoA as the starting
molecule. Furthermore, the reactions catalysed by MvaE and PhaA carry out
the same role; condensation of two molecules of acetyl-CoA to produce one
molecule of acetoacetyl-CoA. Lastly, both pathways require NADPH as the
reducing cofactor. To determine how alterations to PHB metabolism might
affect mevalonate production, mevalonate production was also investigated
in phaCAB-negative deletion strains. Moreover, since PhaA and MvaE
catalyse the same reaction, a plasmid was also constructed in which phaA
was overexpressed alongside mvakE and mvaS with the aim of directing more
flux towards acetoacetyl-CoA. A further strain was constructed in which the
phaCAB operon had been replaced by a mevalonate production pathway to
compare the effect of multi-copy plasmid expression versus single-copy
genome expression. In all cases, the mevalonate production pathway was

placed under the control of an arabinose-inducible promoter.
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Figure 6.1 — Schematic diagram of mevalonate biosynthesis from CO, using C. necator
H16 as the host organism. In the first step of the pathway, acetyl-CoA derived from CO,
metabolism is condensed by MvaE to form acetoacetyl-CoA. The same reaction can be
carried out by PhaA, indicated in grey. The acetyl-CoA is can also be directed towards PHB
by the action of the phaCAB operon, indicated in grey. Acetoacetyl-CoA is then converted
to HMG-CoA by MvaS. Lastly, HMG-CoA is reduced and CoA removed in an NADPH-
dependent reaction by MvaE. Mevalonate can act as a precursor to numerous different
products. Products from top to bottom; artemisinin, f-methyl-A-valerolactone, -carotene.

Dashed lines indicate multiple reactions.
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It was also chosen to attempt construction of a plasmid-addicted
strain of C. necator H16, in order to stabilize the plasmid during high-
density autotrophic fermentation. As outlined in Chapter 1, plasmid
addiction can be facilitated by various different mechanisms. For the
purposes of this work, it was decided to develop a plasmid addiction system
based on metabolism. To that end, various strains of C. necator H16 which
were putatively auxotrophic for certain essential metabolites were

generated.

Coenzyme A (CoA) is an essential intracellular metabolite in all
known organisms. It is estimated that around 4% of all known enzymes use
CoA as a cofactor (221). CoA is involved in the tricarboxylic acid (TCA)
cycle, fatty acid biosynthesis and degradation, as well as the synthesis of
phospholipids (205,222). Starting from L-aspartate, the biosynthesis of CoA
involves seven steps. Previous studies have shown that loss of any one of
the genes involved in these seven steps results in abrogated growth in E.
coli. The first two steps of the pathway from L-aspartate involve conversion
of aspartate to B-alanine by aspartate decarboxylase, encoded by panD, and
conversion of B-alanine to pantothenate by pantothenate synthetase, encoded
by panC. Deletion of either panD or panC has been shown to generate E.
coli strains which cannot grow unless f-alanine or pantothenate is added to
the medium (223). Footprinting studies revealed that the remaining five
steps of the pathway, which facilitate conversion of pantothenate to CoA,
are also essential for growth (224). However, strains in which any of these
five steps are absent cannot be rescued by supplementation, since the

intermediates involved are phosphorylated. Since phosphorylated
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compounds cannot cross the membrane, there is no way for the cells to take
up these compounds, and growth cannot be restored. Mutation of any one
step of the CoA biosynthetic pathway results in E. coli strains with growth
defects. Based on this, strains of C. necator H16 lacking either panD or
panC were generated with the aim of producing strains auxotrophic for j3-

alanine or pantothenate, respectively.

Another option for generating auxotrophic strains was targeting of
the uracil biosynthetic pathway. Uracil plays a critical role in the cell as one
of the four bases of RNA. Two key genes of the uracil biosynthesis pathway
are orotate phosphoribosyltransferase and orotidine 5’phosphate
decarboxylase, encoded by pyrE and pyrF, respectively. These enzymes are
responsible for facilitating the conversion of orotate to orotidine
5’phosphate, and orotidine 5’phosphate to uridine 5’phosphate (225). It has
been shown that loss of pyrE or pyrF results in uracil auxotrophy in various
microorganisms (226-228). Additionally, a plasmid addiction system based
on complementation of pyrF was previously used in yeast (229). The uracil
auxotrophy exhibited by pyrE-deleted strains has also been used as a
counterselection marker in Clostridium (230). Therefore, generation of a C.
necator H16 strain auxotrophic for uracil by deleting pyrE was also

attempted.

The genomic contexts of the three genes targeted for deletion, as
well as their functions in their respective pathways, are indicated in Figure
6.2. Deletion of these genes was hypothesised to result in auxotrophic
strains of C. necator H16. The auxotrophy would then be exploited to

facilitate plasmid addiction. A plasmid encoding the deleted gene would be
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transformed into the corresponding auxotroph. Since retention of the
plasmid is required to maintain growth, cells should stably maintain the

plasmid, even in the absence of antibiotics.
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transhydrogenase, the genes upstream and downstream of panC and pyrE have not yet been
fully described in C. necator H16 and their functions are not yet known (A). PanD

facilitates the conversion of aspartic acid to B-alanine with the release of CO,. PanC
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condenses B-alanine with pantoate in an ATP-consuming reaction, resulting in production
of pantothenate. Pantothenate is then further metabolised to the essential intracellular
metabolite coenzyme A (CoA) (B). PyrE catalyses the formation of orotidine 5’phosphate
from phosphoribosyl pyrophosphate (PRPP) and orotic acid. Orotidine 5’phosphate is then
converted to uracil (C). Dashed lines indicate multiple steps. Genes which are targeted for

deletion are highlighted in red.

6.2 Results

6.2.1 Generation of panD, panC, and pyrE knockouts and testing for
auxotrophy

The candidate auxotrophic strains were generated in accordance with
the protocols specifically designed for each auxotroph, as described in the

materials and methods.

To investigate whether the knockouts had resulted in strains
auxotrophic for the target metabolite, the mutants were streaked on SGMM
with and without supplementation of the target metabolite. It was observed
that strains ApanC and ApyrE were unable to grow on SGMM lacking
pantothenate or uracil, respectively, but that growth could be rescued by
supplementing the medium with the necessary compound. On the other
hand, strain ApanD was still able to grow on SGMM even if -alanine or
pantothenate was not added to the medium. As a result, further experiments

with strain ApanD were not carried out.
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6.2.2 Complementation of panC and pyrE deletions

To confirm that the genomic deletions were responsible for the lack
of growth exhibited by strains ApanC and ApyrE, complementation studies
were carried out. The panC and pyrE genes were cloned into plasmid
pMTL71301, resulting in plasmids pCNCMpanC and pCNCMpyrE. The
upstream intergenic region, consisting of the sequence between the target
gene (panC or pyrE) and the gene upstream of the target gene, was used as
the promoter sequence. Transformation of these plasmids into the
auxotrophic strains resulted in strains ApanC_CNCMpanC and
ApyrE_ CNCMpyrE. After streaking ApanC_CNCMpanC onto SGMM
lacking pantothenate, it was shown that growth could be restored [Figure

6.3].
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Figure 6.3 — Effect of supplementation or complementation on growth of the ApanC strain.

Without supplementation of pantothenate, strain ApanC is unable to grow.
Supplementation with pantothenate, or complementation with a plasmid encoding a
functional copy of the panC gene restores growth. Strains are indicated by numbers; 1 =
ApanC_CNCMpanC, 2 = ApanC, 3 = Wild-type C. necator H16.Plate conditions are
indicated by letters; (A) SGMM + 10 ug/mL Gm, no pantothenate, (B) SGMM + 10 ug/mL
Gm, 1mM pantothenate, (C) SGMM + 10 ug/mL Gm, 15 pg/mL Tet, no pantothenate, (D)

SGMM + 10 pg/mL Gm, 15 pg/mL Tet, 1 mM pantothenate.

The same effect was observed using the pyrE mutant strain. These
results confirmed that deletions of panC and pyrE were responsible for the

observed auxotrophy.
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6.2.3 Initial experiments using panC-based addiction system in
continuous fermentation

The results of the complementation studies had shown that growth
could be restored to the auxotrophic ApanC and ApyrE strains if they were
transformed with a plasmid expressing either panC or pyrE, respectively.
Based on these observations it was anticipated that strains ApanC and
ApyrE should retain the plasmid during cultivation, since a plasmid
encoding the appropriate gene was essential for growth without

supplementation of pantothenate or uracil.

In the first instance, ability of strains using the panC-based addiction
system to produce mevalonate from CO, was tested. Therefore, in the first
set of experiments, two strains were grown simultaneously in continuous
autotrophic conditions. Wild-type C. necator H16 was transformed with
plasmid p71301_mvaES, while strain ApanC was transformed with plasmid
p71301 _mvaES-panC. The resulting strains were termed Wt _mvaES and
ApanC_mvaES-panC. In these experiments optical density (ODegg), plasmid
stability, and mevalonate production were measured. It should be noted
though that the experiment was interrupted by a hydrogen shortage which
affected the growth of the strains. The results of the fermentation are shown

below in Figure 6.4.
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Figure 6.4 — Growth, plasmid stability, and mevalonate production by strain Wt_mvaES
and strain ApanC_mvaES-panC during autotrophic continuous fermentation. Graphs
represent ODggo (A), plasmid stability (B), and mevalonate titre (C). Colours indicate strain
Wt_mvaES (e) and strain ApanC_mvaES-panC (m). Since no plasmid or mevalonate was
detected after approximately 72 hours, the cultivation of strain Wt_mvaES was stopped at

216 hours. X-axis represents time since induction with L-arabinose.
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Despite the disruption, the results of the above experiment indicated
that the plasmid addiction system had supported the growth of the
auxotrophic ApanC strain and production of mevalonate during autotrophic
cultivation. Strain ApanC_mvaES-panC reached an ODggo Of approximately
70 after 48 hours of cultivation, and ODggo of over 100 was achieved by the
end of the cultivation. Furthermore, plasmid stability assays indicated that
plasmid retention was completely stable through the entirety of the
cultivation of strain ApanC_mvaES-panC. On the other hand, severe
plasmid loss was observed in strain Wt_mvaES, even at the very start of the
cultivation. By 72 hours of cultivation, plasmid could no longer be detected
in strain Wt_mvaES. HPLC analysis revealed that mevalonate was produced
throughout the cultivation for strain ApanC_mvaES-panC, even after
recovery from the hydrogen shortage, although mevalonate titre was low
when ODggo Was low. More than 2 g/L of mevalonate was detected at 48
hours of cultivation in the case of strain ApanC_mvaES-panC, and at later
timepoints approximately 5 g/L was detected. Only trace amounts of
mevalonate were detected in samples from the cultivation of strain
Wt_mvaES, and only at a single timepoint. The cultivation of strain
Wt_mvaES was stopped after 216 hours since no plasmid or mevalonate had

been detected for several days.

6.2.4 Batch cultivation using panC-based addiction system
Although the first cultivation was interrupted by loss of hydrogen,
the results indicated that C. necator H16 could be engineered to produce

mevalonate from CO,, and that a plasmid addiction system could be used to
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facilitate this. Based on this, a range of batch fermentations were undertaken

as detailed below.

6.2.4.1 Batch cultivation of strains ApanC_mvaES-panC and
ApanC_phaA-mvaES-panC

In this experiment two strains were compared again. Strain
ApanC_mvaES-panC was used as before. Since PhaA catalyses the same
reaction as MvaE, it was hypothesised that overexpression of phaA
alongside mvakE and mvaS would further increases mevalonate titre.
Therefore, phaA was cloned into plasmid p71301_mvaES-panC, upstream
of mvaE. This resulted in plasmid p71301 phaA-mvaES-panC.
Transformation of strain ApanC with this plasmid resulted in a second
strain, ApanC_phaA-mvaES-panC. Optical density and mevalonate titre

achieved by each strain is shown below in Figure 6.5.
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Figure 6.5 — Growth and mevalonate production by strain ApanC_mvaES-panC and strain
ApanC_phaA-mvaES-panC during autotrophic batch fermentation. Graphs represent data
obtained for strain ApanC_mvaES-panC (A), and ApanC_phaA-mvaES-panC (B). ODgy is
represented by a black unbroken line (—) and filled circles. Mevalonate titre is represented
by a dashed line (---) and filled squares. X-axis represents time since induction with L-

arabinose.

Cultivation of the ApanC_mvaES-panC and ApanC_phaA-mvaES-
panC strains revealed that overexpression of phaA had a positive influence
on mevalonate titre. Whereas strain ApanC_mvaES-panC produced
approximately 13 g/ mevalonate, strain ApanC_phaA-mvaES-panC
produced 14.5 g/L mevalonate. Notably, the ODgg differed between the two

strains. While strain ApanC_mvaES-panC grew to an ODggy oOf
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approximately 108 at the end of the cultivation, strain ApanC_phaA-
mvaES-panC grew to an ODgg of around 90. The yields of mevalonate from
biomass for strains ApanC_mvaES-panC and ApanC_phaA-mvaES-panC

were approximately 0.43 g/gCDW and 0.57 g/gCDW, respectively.

The effect of overexpressing phaA on PHB content of the cells was
also investigated. GCMS analysis showed that although the PHA content of
both strains was approximately 44%, strain ApanC_mvaES-panC produced
around 13.4 g/L PHB, whereas strain ApanC_phaA-mvaES-panC produced

10.6 g/L PHB.

6.2.4.2 Batch cultivation of ApanCAphaCAB_phaA-mvaES-panC
Deletion of the phaCAB operon is frequently employed in studies of
C. necator H16 to redirect carbon flux away from PHB towards other target
compounds (220). The phaCAB operon was, therefore, deleted from the
genome of strain ApanC to investigate the effect this would have on
mevalonate production. This resulted in strain ApanCAphaCAB. The results
of the fermentations carried out in section 6.2.4 suggested that
overexpression of phaA along with mvak and mvas resulted in an increased
mevalonate titre. Strain ApanCAphaCAB was transformed with plasmid
p71301_phaA-mvaES-panC, resulting in strain ApanCAphaCAB_phaA-
mvaES-panC. The results of the fermentation are shown below in Figure

6.6.
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Figure 6.6 — Growth and mevalonate production by strain ApanCAphaCAB_phaA-mvaES-
panC during autotrophic batch fermentation. ODgy is represented by a black unbroken line
(—) and filled circles. Mevalonate titre is represented by a dashed line (---) and filled

squares. X-axis represents time since induction with L-arabinose.

Both the ODgyp and mevalonate titre achieved by strain
ApanCAphaCAB_phaA-mvaES-panC were lower than those seen during the
batch fermentation of strains in which the phaCAB operon was intact. A
maximum ODgg 0f around 10 was reached and by the end of the cultivation
approximately 7 g/L mevalonate was produced. However, while deletion of
the phaCAB operon had reduced mevalonate titre, the mevalonate yield
from biomass had increased to 1.56 g/gCDW, around 3-fold higher than

strains ApanC_mvaES-panC and ApanC_phaA-mvaES-panC had achieved.

6.2.4.3 Batch cultivation of AphaCAB::phaA-mvaES

The experiments carried out so far in this chapter had investigated
the use of a plasmid addiction system for the production of mevalonate from
CO,. Expression of a pathway from a plasmid is typically associated with
greater product formation due to the larger copy number compared to

genome integration. To compare genome integration versus plasmid
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addiction on mevalonate production, the mevalonate production pathway
was integrated into the genome of C. necator H16. A knock-in knock-out
approach was used to replace the phaCAB operon with the arabinose-
inducible promoter, phaA, mvaE, and mvaS. The resulting strain was termed

AphaCAB::phaA-mvaES.

Strain AphaCAB::phaA-mvaES was cultivated autotrophically in

batch mode as before. The results of the fermentation are shown below in

Figure 6.7.
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Figure 6.7 — Growth and mevalonate production by strain AphaCAB::phaA-mvaES during
autotrophic batch fermentation. ODgyy is represented by a black unbroken line (—) and filled
circles. Mevalonate titre is represented by a dashed line (---) and filled squares. X-axis

represents time since induction with L-arabinose.

As was observed with strain ApanCAphaCAB_phaA-mvaES-panC
which also lacks the phaCAB operon, the ODgqp of strain AphaCAB::phaA-
mvaES was relatively low; an ODgg 0f around 15 was achieved by the end
of the cultivation. However, despite only containing a single copy of the
mevalonate production pathway, strain AphaCAB::phaA-mvaES produced

almost 9 g/L mevalonate during the cultivation. Furthermore, the
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mevalonate yield from biomass was 1.43 g/gCDW, similar to that of strain

ApanCAphaCAB_phaA-mvaES-panC.

6.2.5 Continuous cultivation using panC-based addiction system

The results of the batch fermentation had shown that all strains using
the panC-based addiction system were capable of producing mevalonate in
autotrophic conditions. Furthermore, an integration strain had produced
almost 9 g/L mevalonate. The initial continuous cultivation had been
interrupted by loss of hydrogen. Nevertheless, the results of those
cultivations had indicated that the plasmid addicted strains had retained the
plasmid even through a period of very low ODggo, and had been capable of
producing mevalonate. Following on from the batch experiments, a range of

continuous cultivations were carried out using the same strains as above.

6.2.5.1 Continuous cultivation of strains ApanC_mvaES-panC and
ApanC_phaA-mvaES-panC

Strains ApanC_mvaES-panC and ApanC_phaA-mvaES-panC were
cultivated first. The results of the continuous cultivation of these strains are

show below in Figure 6.8.
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Figure 6.8 — Growth and mevalonate production by strain ApanC_mvaES-panC and strain
ApanC_phaA-mvaES-panC during autotrophic continuous fermentation. Graphs represent
data obtained for strain ApanC_mvaES-panC (A), and ApanC_phaA-mvaES-panC (B).
ODgg is represented by a black unbroken line (—) and filled circles. Mevalonate titre is
represented by a dashed line (---) and filled squares. X-axis represents time since induction

with L-arabinose.

The production of mevalonate by the two strains differed
significantly. Although the production of mevalonate by strain
ApanC_mvaES-panC was not stable, mevalonate was detected throughout

the cultivation. After induction, around 3 g/L mevalonate could be detected,
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though this dropped to less than 1 g/L after 168 hours of cultivation.
Mevalonate titre then increased again to around 4 g/L; however, this peak
also dropped towards the end of the cultivation, again nearer to 1 g/L. In
contrast to strain ApanC_mvaES-panC, it was found that strain
ApanC_phaA-mvaES-panC did not produce mevalonate throughout the
cultivation. HPLC analysis revealed that strain ApanC_phaA-mvaES-panC
produced relatively little mevalonate; a peak of around 2 g/L mevalonate
was observed 24 hours after induction. Mevalonate titre then steadily
decreased and by 192 hours cultivation, no more mevalonate could be

detected.

Growth of neither strain was a very stable, and oscillations in ODggo
were observed. The growth pattern of each strain was very similar. At the
point of induction, ODggo of both strains was around 53. A drop in ODgg to
nearer 30 was observed for both strains in the days following induction.
ODgo subsequently rose again by 100 hours of cultivation, before a second
decrease in ODgyo wWas observed. From here the ODgyo of both strains
continued to rise until the end of the cultivation, although minor decreases

in ODgg Were still observed.

6.2.5.2 Continuous cultivation of ApanCAphaCAB_phaA-mvaES-panC
Following on from the cultivations of strains ApanC_mvaES-panC

and ApanC_phaA-mvaES-panC, in which the PHB biosynthetic pathway is

intact, cultivation of the PHB-negative strain ApanCAphaCAB_phaA-

mvaES-panC was carried out [Figure 6.9].
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Figure 6.9 — Growth and mevalonate production by strain ApanCAphaCAB_phaA-mvaES-
panC during autotrophic continuous fermentation. ODgq, is represented by a black unbroken
line (—) and filled circles. Mevalonate titre is represented by a dashed line (---) and filled

squares. X-axis represents time since induction with L-arabinose.

The results of the cultivation strain ApanCAphaCAB_phaA-mvaES-
panC were similar to those of strain ApanC_phaA-mvaES-panC in the
previous section. Mevalonate titre peaked at approximately 3 g/L 48 hours
after induction with arabinose. Mevalonate titre then decreased until it could
no longer be detected. As had been observed during the cultivation of strains
ApanC_mvaES-panC and ApanC_phaA-mvaES-panC, strain
ApanCAphaCAB_phaA-mvaES-panC also exhibited some oscillatory

growth.

6.2.5.3 Continuous cultivation of AphaCAB::phaA-mvaES
Finally, strain AphaCAB::phaA-mvaES was grown in continuous

cultivation [Figure 6.10].
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Figure 6.10 — Growth and mevalonate production by strain AphaCAB::phaA-mvaES during
autotrophic continuous fermentation. ODgg is represented by a black unbroken line (—) and
filled circles. Mevalonate titre is represented by a dashed line (---) and filled squares. X-

axis represents time since induction with L-arabinose.

Compared to the plasmid addicted strains, the integration strain
AphaCAB::phaA-mvaES performed well in continuous cultivation,
achieving the highest peak in mevalonate production at more than 7 g/L.
However, mevalonate production still decreased to approximately 4.3 g/L
by the end of the cultivation. Nonetheless, mevalonate production was
observed for the entirety of the cultivation. Furthermore, production was
more stable in this strain than in strain ApanC_mvaES-panC, which had also
produced mevalonate throughout the cultivation. During the cultivation
smaller oscillations in ODgyy Were observed in comparison to the plasmid
addicted strains. However, at the end of the cultivation, a significant

increase in ODggg occurred; from 40 to 60 in 24 hours.

6.2.6 Production of mevalonate using pyrE-based addiction system
Having explored the panC-based addiction system, attention turned
to the pyrE-based system. The results of the panC-based addiction system

studies indicated that including phaA in the mevalonate production pathway
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had resulted in increased mevalonate titre. Accordingly, the pyrE-based
system was tested with phaA included in the mevalonate production
pathway. Strain ApyrE was transformed with plasmid p71301_phaA-

mvaES-pyrE. The resulted in strain ApyrE_phaA-mvaES-pyrE.

Strain  ApyrE_phaA-mvaES-pyrE  was grown in continuous
cultivation as had been used previously for the testing of the panC-based
system. Cultivation of this strain in autotrophic conditions did not result in
production of mevalonate. Furthermore, up to 0.5mM uracil could be
detected in the supernatant of samples taken through the fermentation (data
not shown). As a result, no further experiments were carried out using the

pyrE-based system.

6.3 Discussion

The aim of the work in this chapter was to develop engineered
strains of C. necator H16 for use in the production of mevalonate, a
precursor to biodegradable polymers, from carbon dioxide. It was also
chosen to investigate the development of plasmid addiction systems for use
in larger scale autotrophic cultivation, since ultimately the use of antibiotics
to maintain a mevalonate biosynthetic pathway would be infeasible for a
strain of C. necator H16 producing mevalonate at large scale. To facilitate
mevalonate biosynthesis, a plasmid in which the mvakE and mvaS genes of
E. faecalis were cloned downstream of Pgap Was used. In order to generate a
plasmid addicted strain, genes involved in pantothenate and uracil
biosynthesis were deleted, resulting in auxotrophic strains of C. necator
H16. Transformation of these auxotrophic strains with complementation

plasmids bearing the deleted gene restored growth to the cells. Lastly, the
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putative plasmid-addicted, mevalonate-producing strain was generated by
cloning the deleted gene into the plasmid bearing the mevalonate
biosynthesis pathway and subsequent transformation of that plasmid into the

relevant auxotroph.

To investigate further possibilities for increasing mevalonate
production, it was also decided to compare the effect of overexpression of
phaA in the mevalonate biosynthetic pathway, since PhaA of the PHB
biosynthetic pathway carries out the same reaction as MvaE. Additionally,
to attempt to direct more carbon towards mevalonate, deletion of the
phaCAB operon was investigated. With regard to pathway stability, in order
to compare the effect of mevalonate production from a multi-copy plasmid
versus the single-copy genome integration, a knock-in strain was also
generated in which the phaCAB operon was replaced with the mevalonate
biosynthesis pathway consisting of arabinose-inducible promoter, phaA,

mvaE, and mvas.

As described in the introduction to this chapter, three genes involved
in the anabolism of essential metabolites were identified as targets which,
when deleted, could potentially lead to auxotrophic strains of C. necator
H16. Aspartate decarboxylase (panD), pantothenate synthetase (panC), and
orotate phosphoribosyltransferase (pyrE) were deleted, generating strains
ApanD, ApanC, and ApyrE, respectively. These enzymes are responsible for
the biosynthesis of [-alanine, pantothenate, and orotidine 5’phosphate

respectively.
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The initial plate experiments undertaken to test for auxotrophy
demonstrated that while strains ApanC and ApyrE were auxotrophic for
pantothenate and uracil, respectively, strain ApanD was not an auxotroph, as
it was capable of growing on SGMM without supplementation with (-
alanine. An earlier study by Hoppensack and co-workers discusses the
generation of C. necator strains lacking panD (231). Despite describing the
strains as [-alanine auxotrophs, the authors showed that the panD-deleted
strains still grew in minimal medium even in the absence of B-alanine.
Based on the results obtained here and those of the study by Hoppensack
and co-workers, it was concluded that C. necator H16 must be capable of
producing B-alanine by another pathway. Alternative routes for the
biosynthesis of B-alanine include the reductive pyrimidine pathway, the
spermine pathway, and the acryloyl-CoA pathway (232—234). The reductive
pyrimidine pathway facilitates the conversion of uracil to B-alanine via a
three-step pathway. The enzyme required for the first part of this pathway
has been identified and characterized in C. necator H16 (235). The
subsequent steps have not been demonstrated experimentally for C. necator
H16, although they are annotated in the organism’s KEGG database entry
for pyrimidine metabolism. Certain genes of the spermine and acryloyl-CoA
pathways are also annotated in the KEGG database entry for C. necator
H16, but no experimental work has shown their existence. As such, none of
the alternative pathways for f-alanine synthesis have been fully described in
C. necator H16. Therefore, further work is required to elucidate the

mechanisms by which the panD deletion strain produces f-alanine.
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Since strains ApanC and ApyrE were unable to grow without
supplementation with pantothenate and uracil, respectively, these strains
were taken forward for plasmid addiction studies. The auxotrophy exhibited
by strain ApanC could be relieved by supplementation with pantothenate or
complementation with a plasmid-based copy of the panC gene [Figure 6.3].
The same effect was observed if strain ApyrE was cultivated in the presence
of uracil or when it was transformed with a plasmid containing the pyrE

gene.

With regard to mevalonate biosynthesis by the engineered strains
using the panC-based addiction system, the results were mixed. In the initial
experiment, which tested the ability of the engineered strain to produce
mevalonate from CO, and estimated plasmid stability, showed that
mevalonate could be produced from CO, in continuous cultivation and that
the panC-based plasmid addiction system was beneficial in supporting this.
Despite the interruption to the cultivation, caused by a temporary lack of
hydrogen, strain ApanC_mvaES-panC recovered from the significant
decrease in ODgy and then continued to produce mevalonate [Figure 6.4].
Strain Wt_mvaES, which lacked the addiction system, failed to produce
mevalonate [Figure 6.4]. Furthermore, almost 15 g/L mevalonate could be
achieved in batch fermentation using the panC-based addiction system
[Figure 6.5]. Additionally, mevalonate and PHB could be co-produced, and
overexpression of phaA alongside mvaE and mvaS could further increase
mevalonate titre. However, later continuous cultivations showed unstable
mevalonate production or complete loss of mevalonate production when the

panC-based addiction system was used [Figures 6.8, 6.9].
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In the following discussion, the batch fermentations of plasmid-
addicted strains will be discussed first along with the implications of the
data obtained from those experiments. Next, the data from the initial
continuous cultivation and subsequent continuous cultivations of plasmid
addicted strains will be examined, and possible explanations for the data
obtained from those experiments presented. Lastly, the studies using the
integration strain will be discussed, followed by possible directions for

future work.

Through the batch experiments, the effect of overexpression of phaA
alongside mvakE and mvas, rather than only mvaE and mvas, on mevalonate
titre, was characterized. The effect of deleting the phaCAB operon on
mevalonate production was also investigated. The cultivation of strains
ApanC_mvaES-panC and ApanC_phaA-mvaES-panC showed that
additionally overexpressing phaA increased mevalonate titre, as strain
ApanC_mvaES-panC produced around 13 g/L mevalonate while strain
ApanC_phaA-mvaES-panC produced 14.5 g/L mevalonate. Through GCMS
analysis it was found that overexpressing phaA had an effect on the amount
of PHB produced by the cells as well. While the PHB content of both cells
was around 44%, the PHB titres differed. Strain ApanC_mvaES-panC
produced around 13 g/L PHB, and strain ApanC_phaA-mvaES-panC
produced nearer to 10 g/L. This could be due to two factors. Firstly, the
overexpression of phaA increased mevalonate titre. Comparing the yields
from biomass, it was seen that strain ApanC_mvaES-panC produced 0.43
9/gCDW mevalonate, while strain ApanC_phaA-mvaES-panC achieved

0.57 g/gCDW mevalonate. It is likely, therefore, that some carbon was
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diverted away from PHB towards mevalonate. Secondly, it was seen that the
ODgyo of strain ApanC_phaA-mvaES-panC was lower than that of
ApanC_mvaES-panC. The larger metabolic burden experienced by strain
ApanC_phaA-mvaES-panC could have negatively affected growth, meaning

a smaller PHB titre on account of less biomass.

Next, the effect of deleting the phaCAB operon on mevalonate titre
was tested. Deletion of the phaCAB operon is commonly employed in order
to redirect carbon flux towards other compounds and has been used
previously in the production of cyanophycin, alcohols, and fatty acids
(152,160,161). In comparison to strains ApanC_mvaES-panC and
ApanC_phaA-mvaES-panC, which produced 13 and 145 ¢/L of
mevalonate, respectively, strain ApanCAphaCAB_phaA-mvaES-panC
produced nearer to 7 g/L. Therefore, in this example, deletion of the
phaCAB operon reduced mevalonate titre. However, the mevalonate yield
from biomass was much higher, at 1.56 g/gCDW mevalonate. A similar
phenomenon was observed by Muller et al during their attempts to produce
methyl ketones from fructose using a PHB-negative mutant of C. necator
H16 (236). In this case the authors were unable to determine why deletion

of the phaCAB operon did not improve methyl ketone titre.

In the case of the autotrophically grown cells, one possible
explanation could be due to an effect of deletion of the phaCAB operon on
the regulation of enzymes of the Calvin-Benson-Bassham (CBB) cycle. A
commonly used PHB-negative strain of C. necator H16 is the PHB4 strain
(DSM 541), generated in 1970 by treating wild-type C. necator H16 with

the mutagen 1-nitroso-3-nitro-1-methylguanidine (NMG) (237). In this
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strain, PHB biosynthesis is abrogated due to a stop codon in the phaC gene,
introduced by a point mutation (238). As a result, the PhaC protein is
truncated, and neither the phaA nor the phaB1l gene is expressed. In the
present study, the entire phaCAB operon is deleted, however, the end effect
is the same; none of the genes of the phaCAB operon are expressed.
Transcriptome analysis has shown that the genes of the CBB cycle are
significantly downregulated in strain PHB'4 in comparison to wild-type C.
necator H16 (239). It is possible, therefore, that reduced capacity of the
phaCAB knockout strain to fix carbon dioxide resulted in lower carbon
uptake into the cell and, as a consequence, reduced carbon available for

conversion to mevalonate.

Regarding the higher mevalonate titre achieved by strains possessing
an intact phaCAB operon, it has also been shown that co-production of
PHAs can have a positive effect on the production of a second metabolite
(240,241). While this phenomenon is not yet well understood, one possible
reason for this could be the effect of NADPH consumption on flux through
the TCA cycle. Previously it was shown that deletion of the zwf gene from
the E. coli genome increases flux through the TCA cycle (242). The reaction
catalysed by G6PDH, which is encoded by zwf, is an NADPH-producing
reaction. The authors determined that in strains lacking a functional zwf
gene, flux through the TCA cycle was increased to maintain a sufficient
intracellular concentration of NADPH. It was later hypothesised by Kang et
al that this effect could be somewhat mimicked in E. coli which had been
engineered to produce PHB (243). Since PHB is a sink for NADPH, Kang et

al suggested that the engineered PHB-producing E. coli would also increase
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flux through the TCA in order to maintain adequate quantities of NADPH in
the cell. Their results showed that the NADPH/NADP+ ratio in PHB-
producing and non-producing strains of E. coli was the same, suggesting
higher carbon flux through TCA in order to maintain NADPH
concentration. Since their target product was succinate, an intermediate of
the TCA cycle, increased flux through the TCA was hypothesised to result
in increased production of succinate. One possibility is, therefore, that
removing PHB biosynthesis in C. necator H16 could reduce flux to the TCA
cycle, reducing acetyl-CoA availability and as a consequence reduce
mevalonate production. However, in this scenario it is unclear why NADPH
consumption due to mevalonate production would not result in the same

increased flux through the TCA cycle.

Compared to the results of the batch cultivations, the results of the
continuous cultivations carried out in this chapter gave different indications
of how effectively the engineered strains of C. necator H16 could produce
mevalonate from CO,, and of the functionality of the panC-based addiction
system. Despite the interruption to the cultivation, the initial continuous
cultivation indicated that mevalonate could be produced continuously from
CO; by engineered C. necator H16. The initial continuous cultivation also
suggested that the addiction system resulted in complete plasmid retention.
By comparison, a strain not using an addiction system lost the plasmid
rapidly, and mevalonate was not produced [section 6.2.3]. In contrast, later
continuous cultivations using the addiction system indicated unstable
mevalonate production or even loss of mevalonate production [sections

6.2.5.1 and 6.2.5.2]. Additionally, significant oscillations in growth were



204

observed during the continuous cultivations carried out in section 6.2.5.1
and 6.2.5.2. A large fluctuation in ODgy was also observed during the
continuous cultivation carried out in section 6.2.3; however, this is due to

loss of hydrogen for a period during the cultivation.

The unstable mevalonate production shown in sections 6.2.5.1 and
6.2.5.2 could possibly be attributed to a range of causes. These include loss
of pathway induction, washing out of cell culture during continuous

cultivation, or issues with pathway stability and integrity.

In this work, the mevalonate pathway was placed under the control
of the arabinose-inducible promoter Pgap. Arabinose can be metabolized as
a carbon source by many bacteria (244). Therefore, one possible reason
could have been that the arabinose used to induce the mevalonate
biosynthetic pathway was being consumed during the cultivation,
diminishing expression of the mevalonate pathway genes. HPLC analysis
however did not indicate this, as a stable level of arabinose could be

detected throughout the continuous cultivations (data not shown).

A second possibility could have been that either mevalonate or the
engineered cells were being washed out of the reactor. During continuous
cultivation, fresh medium is continually fed into the reactor, while medium
inside the reactor is removed via an outflow line, resulting in constant
turnover of the medium inside the reactor. If mevalonate is produced too
slowly, or the culture grows too slowly, the effect is gradual reduction of
mevalonate or cell concentration in the reactor, until that concentration

reaches 0. It was seen that during the continuous cultivation that ODggo
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increased, showing that cells were not washed out of the reactor [Figures
6.9, 6.9]. Therefore, loss of mevalonate production cannot be attributed to
the absence of cells. The remaining option is that mevalonate was produced
too slowly. However, since the cells were theoretically plasmid-addicted,
increasing ODggo should result in increased mevalonate production, as this
should mean more mevalonate-producing cells. Increasing ODggo but
decreasing mevalonate production therefore indicates that the ability to
produce mevalonate was being lost from the culture. This suggested issues

with the stability or integrity of the mevalonate biosynthetic pathway itself.

Despite the use of a plasmid addiction system, plasmid loss can still
occur if the addiction is dependent on a metabolite. In the experiments
described here, addiction systems dependent on pantothenate or uracil
auxotrophy were tested. Without the plasmid, strains lacking a genomic
copy of panC or pyrE are unable to grow. Therefore, retention of a plasmid
encoding a copy of panC or pyrE by these strains is essential for the cells to
grow. However, if sufficient pantothenate or uracil were to become
available in the growth medium, cells could use the metabolite in the
medium instead of synthesising it themselves. In this scenario, the plasmid
is no longer necessary for cell growth. Since the plasmid is no longer

needed for growth, the plasmid can be lost.

In the systems described here the panC and pyrE genes were
overexpressed on plasmids to facilitate plasmid addiction in the ApanC and
ApyrE strains, respectively. The base plasmid used in this work,
pMTL71301, has a copy number of 30-40 per cell (M. Ehsaan, personal

communication). As such, the capacity of the cells to produce pantothenate
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or uracil was much higher than usual, since each gene is normally only
encoded in the genome once. While pantothenate was not detected during
HPLC analysis, the sole attempt at using the pyrE-based addiction system
revealed up to 0.5mM uracil in the medium. The presence of uracil in the
medium of the strain using the pyrE-based addiction system could then
result in plasmid loss through the mechanism described in the previous
paragraph. It is also highly likely that pantothenate was also overproduced
and secreted into the medium in the case of strains using the panC-based
addiction system. The process by which plasmid-addicted cells
overproduce and secrete the metabolite responsible for auxotrophy thereby
resulting in plasmid loss is termed “cross-feeding”, and is a risk for plasmid
addiction systems based on auxotrophy (245,246). In a previous study,
leucine auxotrophy was exploited to facilitate plasmid addiction in S.
cerevisiae. Cells were observed to overproduce and secrete leucine into the
growth medium. Cross-feeding resulted in loss of auxotrophy and
subsequently decreased xylitol production (247). Initial data obtained
suggested the panC-based addiction system to be very stable, since the
plasmid stability assay did not indicate plasmid loss in the addicted strain
ApanC_mvaES-panC [Figure 6.4B]. However, if cross-feeding was
resulting in plasmid loss, it is unlikely that this could have been detected

due to the conditions of the plasmid stability assay, as is discussed below.

The plasmid stability assay was carried out by taking samples
throughout the cultivation and plating these on LB + Gm plates. After
colonies had appeared on the plates, 100 colonies were randomly chosen,

and these were restreaked on LB, and LB + Tet. Growth would only be
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observed on tetracycline-containing plates if the plasmid was retained. In
the case of strain Wt_mvaES, plasmid loss occurred rapidly and after 72
hours of cultivation, colonies were no longer detected on the LB + Tet
plates, indicating total plasmid loss. In contrast, the plasmid stability assay

indicated 100% plasmid retention for strain ApanC_mvaES-panC.

One factor which was not taken into taken into account during the
plasmid stability assay of the addiction system used in strain
ApanC_mvaES-panC was that any cells which had lost the plasmid would
be eliminated when they were plated on LB + Gm, since pantothenate was
not available on the plate. As a result, the conditions of the LB + Gm plate
selected for plasmid-addicted cells and against plasmid-free cells. This bias
would then carry over into the subsequent step in which individual cells
were restreaked on LB and LB + Tet. Since the only cells which could grow
on the LB + Gm plate were those retaining the plasmid, the results of
restreaking onto LB and LB + Tet would indicate 100% plasmid stability.
Taken together with the data of the continuous cultivations, which indicated
unstable mevalonate production, it is likely that some plasmid loss was
occurring due to cross-feeding. However, this would not have been detected

due to the conditions of the plasmid stability assay.

Cross-feeding could also explain the unstable ODggo Observed during
the work carried out in sections 6.2.5.1 and 6.2.5.2. If pantothenate was
secreted into the medium during cultivation of strains using the panC-based
addiction system, it is reasonable to assume that as ODggo increases, the
amount of pantothenate in the medium increases. Therefore, at a certain

point, sufficient pantothenate is in the medium that cross-feeding can occur.
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Now a population of cells can arise which have lost the plasmid and have
begun using pantothenate secreted into the medium instead. At this point,
both plasmid-addicted and plasmid-free cells are able to grow, resulting in
increasing ODggo. After the pantothenate in the medium has become
depleted, plasmid-free cells are no longer able to grow since they have lost
the plasmid which facilitated pantothenate biosynthesis, and no pantothenate
remains in the medium. As a result, these plasmid free cells are washed out
of the cultivation, causing a drop in ODgy. The ODggo increases again
afterwards due to the presence of cells still containing the plasmid, which
are able to repopulate the cultivation. This would also explain why strain
ApanC_mvaES-panC recovered and was able to produce mevalonate
following the hydrogen shortage which occurred in the continuous

cultivation detailed in section 6.2.3.

A second factor affecting the stability of an engineered pathway is
the presence of molecular mechanisms within the bacteria, the functions of
which are to generate genetic diversity. Examples of these mechanisms
include error-prone DNA polymerases, which can introduce point mutations
in a gene, and insertion sequences, which can move around the genome and
insert themselves into genes or operons (248). Such mechanisms are
valuable in the natural environment where conditions are frequently
changing, allowing bacteria to adapt to changes in order to survive. For
instance, error-prone DNA polymerase can restore lactose metabolism to
mutant E. coli, while movement of an insertion sequence into the bgl operon
can facilitate the use of B-glucosides as carbon sources (249,250). The

activity of mechanisms such as these typically increases when bacteria
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encounter stresses like DNA damage, heat-shock, or nutrient starvation,
amongst others (248). However, bacteria can also become stressed during
fermentation due to a range of factors, including population density, oxygen
availability, substrate availability (251). Plasmid maintenance and
expression of genes encoded on a plasmid impose further stress on bacteria
(252). As a result, these mutation-generating mechanisms can also become
active during fermentation for the production of a target compound. The
activation of such mechanisms during fermentation poses a significant threat
to the efficacy of a biosynthetic pathway. As the mutation rate increases, so
does the chance of the engineered strain acquiring mutations which are
detrimental to the production of the target compound. This leads not only to
loss of productivity, but also to the emergence of faster growing strains,
which do not experience the full metabolic burden of non-mutated strains.
These faster growing strains further reduce the productivity of the process,
as they begin to outcompete slower growing strains which are still
producing the target compound. Conveniently, recent work has studied the
effect of these mutation-generating mechanisms on E. coli engineered to
produce mevalonate (253). The authors of that study also observed declining
mevalonate production during their cultivations. To determine whether their
chosen mevalonate production pathway was affected by mutations, deep
sequencing was employed. They found that as the cultivation proceeded,
less and less of their sequencing reads mapped to the mevalonate production
pathway. In particular, the authors found that insertion sequences had

progressively disrupted the pathway, severely reducing mevalonate
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production. As mevalonate production decreased, growth rate was found to

increase.

Taken together, the effects of cross-feeding and mutation to the
mevalonate production pathway could explain the results of the continuous
cultivation of strains using the panC-based system. Cross-feeding would
simultaneously result in increasing ODgy and decreasing mevalonate
production. The plasmid-free cells no longer have the metabolic burden of
mevalonate production and are able to grow more quickly, increasing ODgo.
At the same time, mevalonate production decreases since fewer cells retain
the plasmid. Mutation of the mevalonate biosynthesis pathway would have a
similar effect. In this case, cells escape the metabolic burden of mevalonate
biosynthesis due to accumulation of mutations which inactivate the
mevalonate production pathway, leading to faster growth. The end result is
again increased growth and decreased mevalonate production. It is likely
that the performance of the batch fermentations were also limited by these
effects. However, since mevalonate cannot leave the reactor during batch
cultivation as there is no outflow line, loss of mevalonate production would

not be so apparent in this mode of culture.

It was also chosen to investigate the effect of integrating the
mevalonate pathway into the genome of C. necator H16, in order to
compare this with plasmid-based expression. Generally, plasmid expression
is preferred to genome integration, as the larger copy number associated
with plasmid expression results in higher product formation (164). To
compare the effect of plasmid addiction versus genome integration on

mevalonate production, strain AphaCAB::phaA-mvaES was constructed. In
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this strain the phaCAB operon was replaced with phaA, mvag, and mvaS

under the control of an arabinose-inducible promoter.

Despite encoding only a single copy of the mevalonate production
pathway, strain AphaCAB::phaA-mvaES was one of the best performing
strains. As mentioned previously, the base plasmid used in the plasmid
addiction studies, pMTL71301, has a copy number of 30-40 per cell (M.
Ehsaan, personal communication). Almost 9 g/L was achieved in batch
fermentation after 188 hours of cultivation and in continuous cultivation
mevalonate production peaked at over 7 g/L before decreasing to nearer 4
g/L by the end of the cultivation. The heterologous expression of proteins
can exert a large metabolic burden on cells (254). Studies in E. coli showed
that plasmid-based expression resulted in a significant increase in the
intracellular concentration of the stress molecule guanosine tetraphosphate
(ppGpp), whereas the concentration in ppGpp was largely unchanged when
expression from the genome was used instead (255). It has been shown that
ppGpp can activate mutation-generating mechanisms, one way in which
synthetic pathways can be lost (248). Therefore, reducing metabolic burden
can result in cells with improved fitness, which in turn positively influences
production formation (256). It is likely that the reduced metabolic load
experienced by strain AphaCAB::phaA-mvaES in comparison to strains
using plasmid-based expression was beneficial for the production of

mevalonate.

The outcome of the work carried out in this chapter indicated that C.
necator H16 is suitable for the biosynthesis of mevalonate from CO,,

though further work is needed to generate a stable plasmid for use in
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autotrophic cultivation. In particular, the results of the continuous
cultivations using plasmid addicted strains indicated either unstable
mevalonate production or total loss of mevalonate production, while an
integration strain was capable of stable production of mevalonate.
Nonetheless, several interesting observations were made which can inform

future work.

Using engineered C. necator H16, it was possible to produce
significant quantities of mevalonate from CO,. With the aim of producing
biodegradable materials containing BPMAVL, a derivative of mevalonate, a
next step would be to purify the mevalonate from fermentation broth and

convert it to a polymeric material, such as poly(BMAVL).

Using the plasmid addiction system, co-production of mevalonate
and PHB from carbon dioxide was demonstrated. Moreover, the co-
production of PHB appeared to be beneficial for mevalonate production, as
higher mevalonate titres were achieved in strains with an intact phaCAB
operon compared to those lacking the phaCAB operon. The co-production of
PHAs and other chemicals is of great interest as the added value of a second
product improves the economics of the process (257,258). Considering that
a key factor hindering the commercial viability of PHA-based materials is
the cost, the co-production of valuable chemicals alongside PHAs could be
important in the drive for more widespread application of PHA-based
products. Since the co-production of mevalonate and PHB was facilitated by
the use of the plasmid addiction system, continued research into improving
plasmid stability is needed. A more appropriate plasmid addiction system

would be one in which auxotrophy cannot be relieved, as likely happened
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with the panC- and pyrE-based systems. While the possibility of the
emergence of mutations in the mevalonate production pathway was not
investigated in the course of this work, future studies could also explore the
removal of mutation-generating mechanisms from the genome. A 2006
study described an engineered strain of E. coli, referred to as MDS42, in
which all insertion sequences had been deleted (259). The authors showed
MDS42 was able to produce a toxic fusion protein, while wild-type E. coli
was not due to the presence of insertion sequences in the coding region of
the toxic protein. Subsequent work using MDS42 has shown removal of
insertion sequences to be beneficial in improving pathway stability and
product titre (260,261). Further engineering of the strain first described, to
remove error-prone DNA polymerases, resulted in further decrease in
overall mutation rates (262). Additional work could be carried out to more
finely tune expression of production pathways, since excessive metabolic
loads represent a significant driver of genetic instability at large scale

fermentation (256).

Flux towards mevalonate could also be increased by overexpressing
phaA as well as mvaE and mvaS. Further work could investigate the
applicability of other enzymes which may be able to further boost
mevalonate production. For instance, the atoB gene from E. coli, encoding a
[-ketothiolase, has previously been used in the production of mevalonate in

engineered strains of E. coli (263).

Replacement of the phaCAB operon with the phaA, mvaE, and mvaS
genes resulted in a strain which performed very well in both batch and

continuous fermentation, despite only a single copy of the pathway being
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present in each cell. One drawback of this strain was that only mevalonate
could be produced, since the mevalonate production pathway replaced the
phaCAB operon. Future work could investigate neutral sites at which to
integrate the mevalonate production pathway such that the resulting strain
can produce both mevalonate and PHB using pathways encoded in the
genome. It would also be interesting to compare how expression of both
mevalonate- and PHB-producing pathways from the genome would affect
mevalonate titre, since the results from the plasmid addiction strains showed

co-production resulted in higher mevalonate titres.
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Chapter 7: General Discussion
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7.1 Outcomes of Thesis

The production of poly(3HB-co-3HP) with a high 3HP molar
fraction from fB-alanine was achieved using engineered C. necator H16. A
systematic approach was used to target bottlenecks at each step of the
pathway. Overexpression of a putative B-alanine pyruvate aminotransferase
from C. violaceum and NADP-dependent 3-hydroxyacid dehydrogenase
from E. coli under the promoter of the phaC gene of C. necator H16
resulted in efficient conversion of B-alanine to 3HP. 3HP incorporation into
the polymer could be drastically increased by also overexpressing
propionyl-CoA transferase from C. necator H16 and either PHA synthase
from C. necator H16 or C. sp. USM2. Furthermore, it was shown that
strains using PHA synthase from C. sp. USM2 produced more polymer than
strains using PHA synthase from C. necator H16. The final strain,
A3 CNCM21, was capable of producing poly(3HB-co-3HP) containing
approximately 80 mol% 3HP when grown in medium containing 50mM -

alanine.

The production of poly(3HB-co-3HP) with a range of 3HP molar
content was also demonstrated when strain A3 CNCM21 was cultivated in
medium containing different amounts of B-alanine. Supplementation of the
medium with 2mM cysteine could increase the 3HP content of the polymer
further. HPLC analysis revealed that the addition of cysteine appeared to
increase re-uptake of 3HP from the supernatant. Cultivation of strain
A3 CNCM21 in this manner resulted in the production of copolymer

containing trace to 89 mol% 3HP.
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The effect of suppressing 3HB-CoA biosynthesis on 3HP
incorporation into the copolymer was also explored. Three strains were
generated; a phaA knockout, a phaBl knockout, and a phaAB1 double
knockout. In each case, increased 3HP incorporation into the polymer was
observed. In particular, cultivation of strain A3ABI _CNCM21 resulted in
the production of a copolymer containing 91 mol% 3HP. A significant
increase in PHA titre using the strain in which phaA had been deleted,
A3A CNCM21, was observed compared to strain A3 CNCM2I1.
Specifically, strain A3A_CNCM21 produced approximately 1.15 g/L PHA,

while strain A3 CNCM21 produced only 0.76 g/L PHA.

Lastly, the use of plasmid addiction systems in autotrophic
cultivation of C. necator H16 was tested. Three knockout strains were
generated; ApanC, ApanD, and ApyrE. However, ApanD did not exhibit
auxotrophy, and no mevalonate was detected during the cultivation using
the ApyrE strain. The ApanC strain was cultivated in batch and continuous
cultivation. In batch cultivation it was possible to co-produce mevalonate
and PHB. In one instance, 14.5 g/L mevalonate and over 10 g/L PHB were
produced from CO,. However, continuous cultivations indicated unstable
mevalonate production by strains using the ApanC-based plasmid addiction
system, as mevalonate titre was either unstable or was lost completely. In
contrast, the integration strain AphaCAB::phaA-mvaES performed well in

both batch and continuous cultivation.
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7.2 Limitations and Future Work

The main goal of the work carried out in this thesis was to produce
poly(3HB-co-3HP) using C. necator H16 as the microbial host. While this
was successfully achieved, significant future work could be carried out to
further improve the strain. Various factors can be addressed which focus on
different aspects of the system, resulting in a strain with overall better

applicability.

The strategy employed focused on the production of poly(3HB-co-
3HP) using a partial B-alanine pathway; p-alanine supplied in the medium
was converted to 3HP and subsequently incorporated into the polymer. As
described earlier, the full B-alanine pathway makes use of excess B-alanine
derived from the central metabolism as the precursor to 3HP. Therefore, one
of the major directions of future work would be to construct a strain of C.
necator H16 which overproduces f-alanine from the central metabolism.
This would not only remove the need to supplement (-alanine but would
also allow the production of poly(3HB-co-3HP) from various carbon
sources. In this way, waste carbon sources could be more effectively
utilized. The work shown in this thesis indicates that pB-alanine can be
readily converted to 3HP and incorporated into the polymer, if an
appropriate pathway is used. The described studies also showed that
copolymer composition could be varied depending on the amount of B-
alanine supplemented in the medium. It may be possible to control 3HP
content in polymers produced by C. necator H16 by engineering a range of

strains with different degrees of flux directed towards p-alanine.
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Another factor which can improve the overall quality of the polymer
produced is the specificity of PHA synthase for 3HP. Previously it has been
shown that the activity level of PHA synthase has an impact on the
molecular weight of the polymer produced (193). Typically, PHAs with
higher molecular weights are more desirable than those with low molecular
weights (264,265). In this study it proved necessary to overexpress PHA
synthase in order to significantly increase the amount of 3HP incorporated
into the polymer. Given that the PHA synthase gene was positioned
downstream of the promoter of the trp gene, and on a plasmid a copy
number of 30-40 plasmids per cell, it is likely that the activity of PHA
synthase was high and therefore the molecular weight of the polymer low.
In order to resolve this issue, a lower copy number plasmid could be used,
or it may be possible to engineer the PHA synthase such that it has

increased specificity towards 3HP.

Data obtained also showed that 3HP molar content could be
increased by additional supplementation of the medium with 2mM cysteine.
It was hypothesised that cysteine supplementation would increase the pool
of acetyl-CoA available for activation of 3HP to 3HP-CoA, thereby
increasing the amount of 3HP which can be added to the polymer.
Cultivating strain A3 CNCM21 in SGMM + 50mM p-alanine resulted in a
copolymer containing approximately 80 mol% 3HP, whereas cultivation in
SGMM + 50mM p-alanine + 2mM cysteine resulted in a copolymer
containing 89 mol% 3HP. Future work could therefore investigate ways of
increasing acetyl-CoA biosynthesis in order to provide more CoA for the

activation of 3HP to 3HP-CoA. Increasing the pool of CoA or acetyl-CoA
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has been employed previously to improve the production of compounds

dependent on these molecules (201,204).

Other data demonstrated that reducing flux towards 3HB-CoA had a
significant effect on the 3HP molar fraction of the polymers produced.
Various studies have exploited this in order to obtain copolymers with a
higher molar fraction of a second monomer. In this case, deletion of phaA
and phaBl1 greatly reduced the amount of PHB produced by C. necator H16
and resulted in a copolymer containing 91 mol% 3HP. Further suppression
of 3HB-CoA biosynthesis could result in even higher 3HP content, and it
may even be possible to produce poly(3HP) if 3HB-CoA biosynthesis is

sufficiently reduced.

Another area which requires further investigation and is not directly
related to the biosynthesis of poly(3HB-co-3HP) or engineering of the
production strain, is greater study of the copolymer itself. While the thermal
properties of poly(3HB-co-3HP) and the biodegradability have been
documented, the mechanical properties of the copolymer remain to be
examined. In particular, the elongation at break, Young’s modulus, and
tensile strength are three basic parameters which must be evaluated in order
to determine the usefulness of a polymer for commodity application.
Elongation at break determines how much deformation a material can
undergo before breaking, Young’s modulus and tensile strength describe the
overall stiffness and strength of the material, respectively. The influence of
changing 3HP molar fraction in a poly(3HP-co-4HB) copolymer was
previously described and showed significant effects on both the thermal and

mechanical properties of the polymer (87). To gain a better understanding of
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the properties of poly(3HB-co-3HP) and to more accurately determine roles
in which this copolymer may be suitable for use, it is essential that the

mechanical properties of the copolymer are studied.

Regarding the work carried out to facilitate production of
mevalonate from CO, as was described in Chapter 6, several different routes
of research could be pursued. It was seen that mevalonate could be produced
from CO, using engineered strains of C. necator H16. Since the aim was to
produce mevalonate with the intention of using it to produce polymer,
subsequent work should focus on conversion of mevalonate to MAVL in
order to facilitate polymer synthesis. As was shown previously with lactide,
it may also be possible to react BMAVL with different compounds,

increasing the range of novel polymers containing a BMAVL monomer.

It was also shown in the original study by Xiong et al that BMAVL
could be synthesised either biologically or chemically. However, both
processes exhibited significant disadvantages. On one hand, the fully
biological process resulted in only around 270 mg/L of BMAVL, despite the
ability of the engineered E. coli to accumulate ~15 g/L of mevalonate. On
the other hand, the chemical process used a very expensive palladium
catalyst. Therefore, future work could also investigate protein engineering
on the Sidl, SidH, and Oye2 enzymes which are responsible for the low

conversion of mevalonate to BMAVL.

The secondary goal Chapter 6 was to investigate the applicability of
a plasmid addiction system for use in autotrophically growing strains of C.

necator H16. A plasmid addiction based on pantothenate auxotrophy
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initially appeared to function well in batch cultivation however in
continuous cultivation mevalonate production was evidently unstable. Use
of the plasmid addiction system however did facilitate co-production of
mevalonate and PHB, a phenomenon which is expected to improve the
economics of bioprocesses. Additionally, strains which co-produced
mevalonate and PHB were able to produce more mevalonate than strains
lacking PHB, highlighting another advantage. Both of these facts indicate it
IS necessary to continue research on developing plasmid addiction systems
for C. necator H16. Ideally a different plasmid addiction system should be
employed since those used in this study did not result in stable plasmid
maintenance. Work could be carried out to fine-tune expression, reducing
metabolic load on the producer cells. This can simultaneously improve
production and reduce the emergence of non-producing cells due to the
activity of mutation-generating mechanisms which are activated during
stress. Removal of inherent mutation-generating mechanisms would likely
also positively impact the performance of C. necator H16 in large scale
fermentation. Recent research indicates insertion sequences in particular
pose a threat to the stability of production pathways in large scale

fermentation.

Further investigation into the genomic integration of pathways in C.
necator H16 should also be carried out. One of the best performing strains
generated in the current study was the integration strain, despite only one
copy of the mevalonate production pathway being present. Since increased
mevalonate titres were observed when the phaCAB operon was intact, it

would be interesting to find a locus other than the phaCAB operon to
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integrate the mevalonate production pathway, such that mevalonate and

PHB could be co-produced from genomically encoded pathways.

7.3 Conclusions

Previous work had shown that C. necator H16 does not efficiently
incorporate 3HP into a growing polymer chain and attempts to produce
poly(3HB-co-3HP) using C. necator H16 had resulted in copolymer with a
low 3HP molar fraction. Additionally poly(3HB-co-3HP) with a wide range
of 3HP content had only been achieved in engineered strains of E. coli, or
by feeding A. latus with different concentrations of 3HP. A systematic
approach was adopted to improve the ability of C. necator H16 to
incorporate 3HP into PHB, resulting in a copolymer of poly(3HB-co-3HP)
with high 3HP molar fraction. Overexpression of both propionyl-CoA
transferase and PHA synthase was necessary to achieve this. The molar
fraction of 3HP could then be controlled depending on medium
composition. Furthermore, deletion of genes contributing to 3HB-CoA
biosynthesis was shown to positively influence 3HP content of the
copolymer. The use of a plasmid addiction system was also shown to be
beneficial for the production of mevalonate from carbon dioxide, though the
system used was ultimately not suitable for use in continuous cultivation.
The results presented in this thesis indicate numerous different opportunities
for further research into the use of C. necator H16 as a platform for the
production of poly(3HB-co-3HP) and for its use in the biosynthesis of other

valuable compounds from carbon dioxide in large-scale fermentation.
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