IMPERIAL COLLEGE LONDON

DEPARTMENT OF LIFE SCIENCES

THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Introduction of an Alternative Carbon

Fixation Cycle into Synechocystis sp.
PCC 6803

Author: Supervisor:
Charles Anthony Rowland COTTON Dr. James William MURRAY

October 30, 2016



Abstract

The aim of thesis was to replace the carbon-fixing Calvin cycle of Synechocystis sp.
PCC 6803 with the 3-hydroxypropionate bi-cycle. A genome-scale metabolic model was
made to test how integration of the 3-hydroxypropionate bi-cycle into the cyanobacterial
cell might affect growth and central metabolism. Two separate approaches for knocking out
the Calvin cycle were tested, by deleting either the phosphoribulokinase gene or replacing
the RuBisCO operon with a metabolic bypass. The first DNA constructs for expression of
all enzymes in the bi-cycle were made and introduced into Synechocystis sp. PCC 6803,
although expression of proteins other than the malonyl-CoA reductase and propionyl-CoA
synthase was not detected. Several enzymes of the bi-cycle were cloned and expressed in
FEscherichia coli for characterisation and protein crystallisation studies. The structure of
the native state of the tri-functional malyl-CoA lyase involved in the 3-hydroxypropionate
bi-cycle was solved. The efforts made in these studies should prove useful for the successful

engineering of the remainder of the 3-hydroxypropionate bi-cycle into Synechocystis sp.
PCC 6803.
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Chapter 1

General Introduction

This thesis explores the possibility of replacing the Calvin cycle in Synechocystis sp. PCC
6803 with an alternative carbon fixation cycle, the 3-hydroxypropionate bi-cycle. This
introduction gives an outline of photosynthesis, an in-depth discussion of both of these
carbon fixation pathways and their relevance for improving photosynthesis, and a review
of the state-of-the art for systems and synthetic biology in Synechocystis sp. PCC 6803
(henceforth Synechocystis).

1.1 Introduction to photosynthesis and carbon fixation

Photosynthesis is the process by which light energy is converted into chemical energy.
The term photosynthesis is a loose definition in the sense that it does not specify a final
product for the reaction, meaning to calculate a photosynthetic efficiency, a final product
must always be specified (i.e. light-to-biomass, NADPH etc.). Photosynthesis can however
be usefully split into “light” reactions in which light energy is captured and stored in
chemical mediators such as NADPH or reduced ferredoxin, and “dark” reactions in which
the energy stored in these mediators is used in biologically important reactions such as
carbon fixation.

The global reaction, first proposed in 1931 by van Niel, can be described as:
2HsA + COy —— (CHQO) +2A +2H,0

In this scheme a hydrogen donor (H2A) is photodecomposed and used for the reduction of
carbon dioxide to form carbohydrates (CH20O) (Arnon, 1971). This definition encompasses
both oxygenic photosynthesis, in which the donor is HoO, and anoyxgenic photosynthesis,
in which the donor can be a range of reduced compounds such as sulfide, nitrite, or
hydrogen. Oxygenic photosynthesis is performed by the cyanobacteria, algae and plants,
and anoyxgenic photosynthesis by the purple, green sulfur and several other clades of

bacteria.
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Chapter 1. General Introduction

In both oxygenic and anoxygenic photosynthesis, light energy is captured by pigments
in a membrane, transferred to a reaction centre, and used to oxidise a reductant, typically a
hydrogen donor or cytochrome. The electrons removed from this donor are transferred via
an electron transport chain to generate a proton motive force used for ATP synthesis. In the
case of oxygenic photosynthesis, NADPH is generated, as NADP™ is the terminal electron
acceptor for the photosynthetic electron transport chain. In anoxygenic photosynthesis
NADPH may be generated from oxidation of other chemicals as is the case in purple
bacteria, but may also be produced by Type I reaction centres in green sulfur bacteria
(Buchanan and Evans, 1969).

These reactions are outlined below for the cyanobacterial light-dependent reactions

(Fig 1.1).

NADP+ NADPH

He FNR
h\ | H h\ (Fg)
1/2 PQH,
N
P680 PQ

ADP + Pi ATP
N A

Q Thylakoid
membrane

P700

12H,0 1/40,+H*
Photosystem Il Cytochrome b6f Photosystem | ATP synthase

| Thylakoid lumen |

Figure 1.1: The light-dependent reactions: Diagram showing the light-dependent
reactions in an oxygenic phototrophic system (cyanobacterial system). Light energy in the
form of photons (hv) is added to the system twice, first exciting the P680 reaction centre
of the Photosystem II (PSII) complex, allowing for charge separation and the oxidation
of water. The electrons removed from water are passed down the electron transfer chain,
from plastoquinone (PQ) to quinone (Q), quinone to cytochrome cg (C6) or plastocyanin
(PC) and from cytochrome c¢g or plastocyanin to Photosystem I. At Photosystem I, light
energy is used once more to achieve a sufficiently negative potential to reduce NADP™
via ferredoxin (Fd) by the action of ferrodoxin:NADP™ reductase (FNR). Protons are
transferred across the membrane to the lumenal side by association with PQ and Q. These
protons, in addition to those generated by the photolysis of HoO, return to the cytoplasm
via the ATP synthase, resulting in the formation of ATP.

Additional ATP can be produced by cyclic electron flow in which ferredoxin reduces
plastoquinone, repeating the steps which generate proton motive force in the system.
The ATP and NADPH generated in these reactions is then used in the light-independent
reactions to fix carbon dioxide. There are many other elements in the membrane which

allow for regulation of the photosynthetic electron process such as the terminal oxidases
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(Lea-Smith et al., 2013), the hydrogenase (Appel et al., 2000), and the Mehler reaction
(O2 reduction) performed by flavodiiron proteins (Allahverdiyeva et al., 2015).

1.1.1 Carbon fixation pathways

The majority of the ATP and NADPH generated by the light-dependent reactions is used
in the light-independent reactions to fix inorganic carbon from the environment. Carbon
fixation is the process by which COj is incorporated into organic compounds (Bar-Even
et al., 2010). Carbon fixation occurs in both photosynthetic and non-photosynthetic
organisms. There exist six known natural carbon fixation pathways (Bassham et al., 1954;
Ljungdahl, 1986; Berg et al., 2007; Huber et al., 2008; Zarzycki et al., 2009; Evans et al.,
1966). The Calvin-Benson-Bassham Cycle (also known as the reductive pentose phosphate
pathway, henceforth referred to as the Calvin cycle) is responsible for carbon fixation
in the vast majority of photosynthetic organisms including cyanobacteria (Tang et al.,
2011), eukaryotic algae, virtually all purple bacteria (Hunter, 2008) and the entirety of the
Plantae kingdom (Blankenship, 2002). The Calvin cycle is also used by non-photosynthetic
autotrophs (Shimizu et al., 2015).

Four of the six naturally existing pathways appear mostly in anaerobes or microaer-
obes because they contain oxygen-sensitive enzymes: the reductive tricarboxylic acid
cycle (rTCA) or Arnon-Buchanan cycle (Evans et al., 1966; Buchanan et al., 1990), the
reductive acetyl-CoA or Wood-Ljungdahl pathway (Ljungdahl, 1986), the dicarboxylate/4-
hydroxybutyrate cycle (DC/4-HB) (Huber et al., 2008) and the 3-hydroxypropionate/4-
hydroxybutyrate cycle (3-HP/4-HB) (Berg et al., 2007). The Calvin cycle dominates in
aerobic environments, although organisms using this cycle require a lot of energy to recycle
the byproducts of oxygen catalysis (see Section The Calvin cycle). The only photosynthetic
pathway which is completely oxygen-insensitive is the 3-hydroxypropionate (3-HP) bi-cycle
(Herter et al., 2002; Zarzycki et al., 2009). A summary of the overall energetic costs for
production of a 3-carbon phosphoglycerate molecule equivalent by each of these carbon
fixation pathways is presented below (Table 1.1, adapted from Bar-Even et al. (2010)).

There is significant structural overlap between the 3-HP, DC/4-HB , 3-HP /4-HB and
rTCA cycles as these 4 cycles are structured around the key metabolites acetyl-CoA and
succinyl-CoA. All four of these pathways can then be described as having a “downward”
arm in which acetyl-CoA is carboxylated twice to succinyl-CoA and an “upward” arm
which regenerates acetyl-CoA and provides the cell with a fixed compound (Fig. 1.2 (A))
(Bar-Even et al., 2012). Despite structural similarities these pathways appear to have
evolved independently (Berg, 2011; Berg et al., 2010; Fuchs, 2011).

The general architecture of carbon fixation pathways can be understood by examining
three main constraints. The first constraints are local thermodynamic barriers. Two

reactions - carboxylations and the reduction of carboxyl groups to carbonyls, are highlighted
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Figure 1.2: Known carbon fixation pathways (Calvin cycle excluded): (A) Known
carbon fixation pathways which use acetyl-CoA and succinyl-CoA as central metabolites.
Semicircles encompassing sub-pathways indicate labelled cycles. Figure adapted from
(Bar-Even et al., 2012). (B) The reductive acetyl-CoA pathway (also referred to as the
Wood-Ljungdahl pathway). Ubiquinone (UQ), ferredoxin (Fd), tetrahydrofolate (THF) and
a generic electron donor (AHsg) are abbreviated as cofactors. (A1) 2-oxoglutarate synthase; (A2)
isocitrate dehydrogenase; (A3) aconitase; (A4) ATP citrate lyase; (B1) pyruvate synthase; (B2) pyruvate
water dikinase; (B3) PEP carboxylase; (B4) malate dehydrogenase; (B5) fumarase; (B6) fumarate reductase;
(B7) succinyl-CoA synthetase; (C1) succinyl-CoA reductase; (C2) 4-hydroxybutyrate dehydrogenase; (C3)
4-hydroxybutyryl-CoA synthetase; (C4) 4-hydroxybutyryl-CoA dehydratase; (C5) enoyl-CoA hydratase
(crotonase); (C6) 3-hydroxybutyryl-CoA dehydrogenase; (C7) acetyl-CoA C-acyltransferase; (D1) acetyl-CoA
carboxylase; (D2) 3-oxopropionate dehydrogenase (malonyl-CoA reductase); (D3) 3-hydroxypropionate
dehydrogenase; (D4) 3-hydroxypropionyl-CoA synthetase; (D5) 3-hydroxypropionyl-CoA dehydratase;
(D6) acrylyl-CoA reductase; (D7) propionyl-CoA carboxylase; (D8) methylmalonyl-CoA epimerase; (D9)
methylmalonyl-CoA mutase; (E1) methylmalyl-CoA lyase; (E2) methylmalyl-CoA dehydratase; (E3)
mesaconyl-CoA C1-C4 CoA transferase; (E4) mesaconyl-C4-CoA hydratase; (E5) citramalyl-CoA lyase; (F1)
succinyl- CoA:malate CoA transferase; (F2) succinate dehydrogenase; (F3) fumarase, and (F4) malyl-CoA
lyase. (G1) formate dehydrogenase; (G2) formate tetrahydrofolate ligase; (G3) methenyltetrahydrofolate
cyclohydrolase; (G4) methylenetetrahydrofolate dehydrogenase; (G5) methylenetetrahydrofolate reductase;
(G6) Co/Fe-containing corrinoid iron-sulfur protein; (G7) CO dehydrogenase; (G8) acetyl-CoA synthase
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Carbon Fixation Pathway ATP Consumption (mol) | NAD(P)H Consumption (mol)
Calvin Cycle (20% oxygenase) 133 8.58

Calvin Cycle (0% oxygenase) 9 6

rTCA ) 6

rAcetyl-CoA 4 6

3-HP/4-HB 9 6

DC/4-HB 8 6

3-HP 11 6

Table 1.1: Stoichiometric comparison of energetic costs of naturally occurring
carbon fixation pathways: Table adapted from Bar-Even et al. 2010 Supplementary
Information S1 (Bar-Even et al., 2010). Table shows the energy requirements for production
of one mole of 3-phosphoglyceric acid (also known as phosphoglycerate/PGA) by various
carbon fixation pathways. An estimation of 20% photorespiration is conservative for Cg
plants at current ambient [CO3] and 25°C (Zhu et al., 2010).

as the energetically challenging reactions in carbon fixation (Bar-Even et al., 2012). As
a result, these reactions must be coupled directly or indirectly to ATP hydrolysis. The
second constraint is the type of carboxylase used, with only small number of these found
in nature. The number of carboxylases is further limited in the aerobic context. The
final constraint on the architecture of a carbon fixation pathway is which other chemicals
are required from the carbon fixation pathway for needs other than direct fixation. An
example of such a situation is the use of ribose-5 phosphate from the Calvin cycle in
cyanobacteria for generation of histidine (Knoop et al., 2013). Given the constraints on
carbon fixation pathways can be discussed in the above terms, efforts to predict novel,
potentially kinetically superior pathways, have been made (Bar-Even et al., 2010) but as

yet none has been tested either in vitro or in vivo.

1.1.2 Challenges for carbon fixation

Carbon fixation is made difficult because the concentration of carbon dioxide in the air is
low (= 0.04%) compared to oxygen (=~ 21%), and carbon dioxide and oxygen are similar in
chemical structure (180° bond angles, 7 delocalisation). As such the active concentration of
carbon dioxide, and the downstream management of oxygenation reactions are challenges
for carbon fixing organisms.

Many carbon fixing pathways have carboxylases which incorporate bicarbonate (HCO3")
rather than carbon dioxide (COz) to avoid this selectivity problem. However, ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), the carboxylase for the Calvin cycle, uses
CO2 and has oxygenase activity. This activity is significant: the rate of photorespiratory
COs, release is approximately 25% of the rate of net COy assimilation at 30°C in plant
systems (Sharkey, 1988).

To avoid this problem, organisms use diverse carbon concentrating mechanisms, from

C4 metabolism in plants, to pyrenoid structures in unicellular green algae (Raven et al.,
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2008). Cyanobacteria use inorganic carbon transporters and specialised structures, known
as carboxysomes, to encapsulate RuBisCO and raise the local concentration of inorganic
carbon surrounding the enzyme. Collectively, these are termed the carbon concentrating
mechanism.

Carbon concentrating mechanisms in cyanobacteria are thought to be 300 - 500 million
years old (Badger et al., 2006; Raven et al., 2008). The operation of these systems in
cyanobacteria allows increases in cytosolic levels of inorganic carbon 1000-fold greater than
extracellular levels (Kaplan et al., 1991; Price et al., 2008). This is particularly important
for cyanobacterial systems given the 20-fold difference between the K,,(CO2) of RuBisCO
and the CO2 concentration at equilibrium with water (Badger, 1980; Kaplan et al., 1998;
Burnap et al., 2015).

Photorespiration

Photorespiration is defined here as the set of biochemical reactions which remove 2-
phosphoglycolate, which originates from the oxygenase reaction of RuBisCO, from the cell.
Two out of three photorespiratory pathways found in cyanobacteria regenerate the Calvin
cycle intermediate 3-phosphoglycerate (3PG). Photorespiration requires the investment
of ATP and NADPH for the regeneration of the molecule 3PG. The C2 photorespiratory
pathway (see Fig. 1.3) is found in all organisms which use the Calvin cycle, whereas the
glycerate pathway and direct decarboxylation of glyoxylate are found only in cyanobacteria
(Huege et al., 2011).

1.1.3 Photosynthesis research for developing technologies

Studying photosynthesis is important for two existing and developing technologies: agri-
culture and chemical production.

Modern agriculture has enabled a rise in global population that will approach 8 - 10
billion by 2050 (Lutz and Samir, 2010). The rise in population from ~ 2.5 billion in the
1950s to the current ~ 7 billion was accompanied by a doubling in the yield of major
grains (from an average 1.2 t ha! in 1951 to 2.3 t ha™! by 1993 (Long et al., 2006)). This
increase in productivity was known as the “Green revolution” and was led by advances in
plant breeding. The yield of many major crops has since stagnated. Between 1987 and
1997, China increased its average rice yields from 5.4 t ha™' to 6.4 t ha™', but between
1997 and 2007 no further increase was observable (Zhu et al., 2010). Beyond improving
crop yield, understanding the mechanisms of photosynthesis will be desirable both for
reducing levels of agricultural requirements like water and nitrogen (Condon et al., 2002),
and understanding the adaptation of crops to new environmental conditions (Long et al.,
2006; Leakey et al., 2009; Hatfield et al., 2011).
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Figure 1.3: Photorespiratory pathways (cyanobacteria): The three available pho-
torespiratory pathways in cyanobacteria are shown: the plant C2-like pathway (black),
the bacterial glycerate pathway (green) and the direct decarboxylation of glyoxylate (red).
(PGP) 2-phosphoglycolate phosphatase; (GLD) glycolate dehydrogenase; (GOX) glyco-
late oxidase; (GGT) glutamate:glyoxylate aminotransferase; (AGT) alanine:glyoxylate
aminotransferase; (SHM) serine hydroxymethyl transferase; (GDC) — glycine decarboxy-
lase; (HPR1) hydroxypyruvate reductase 1; (GLYK) glycerate 3-kinase; (GCL) glyoxylate
carboligase; (TSR) tartronate semialdehyde reductase; (GXO) glyoxylate oxidase; (ODC)
oxalate decarboxylase; (FDH) formate dehydrogenase. Note the stoichiometry in this
diagram is not accurate; 2 glycine are required for the formation of a single serine by the
glycine decarboxylase (GDC, also known as the glycine cleavage system). The ammonium
released by the GCS can be used to resynthesise amino acids from 2-oxoglutarate or pyru-
vate. SHM/GDC are not a single enzyme but are shown together with a methyl-transfer
step not shown in the diagram. Figure adapted from Hagemann et al. (2013).

Of interest to agriculture will be research into photoinhibition (Horton, 2000; Parry
et al., 2011) and the alteration of carbon fixation and plant physiology surrounding
carbon fixation (Raines, 2011). Under this heading falls research into photorespiratory
bypasses (Peterhansel and Maurino, 2011), C4 and crassulacean acid metabolism (CAM)
physiology (Leegood, 2002), altered flux through the Calvin cycle (Miyagawa et al., 2001)
and alternative carbon fixation mechanisms like the one described in this thesis. In addition,
an improved understanding of photosynthetic and carbon fixation machinery may help us
choose more efficient crops for future agriculture.

Photosynthetic organisms may also be useful in specific contexts for the production of

chemicals as per the biorefinery concept (Ohara, 2003). In these instances photosynthetic
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organisms should be compared with industrially robust “chassis” for synthetic biology like
Escherichia coli and used in contexts where their native metabolism, which is significantly
different from that of E. coli, are favourable for the production of a given chemical.
The possibility of photosynthetic organisms producing chemicals from carbon and even
nitrogen available in the air is an attractive concept, but with current technology should be
tempered by the understanding that yields are low and culture costs (both energetically and
financially) are high (Cotton et al., 2015). The technological application in this sense seems
more remote but if applicable, understanding flux through the light and dark reactions of

photosynthesis will be instrumental to successful metabolic engineering.

1.2 The Calvin cycle

1.2.1 Structure of the Calvin cycle

The reactions of the Calvin cycle can be grouped into three stages (Figure 1.4). In the
first stage, carbon fixation, carbon dioxide (CO2) is added to the 5-carbon sugar acceptor
molecule ribulose-1,5-bisphosphate by the enzyme RuBisCO. The two triose phosphate
sugars resulting from this reaction are then reduced and modified using NADPH and
ATP from the light reactions. One in every six 3-carbon sugars can leave the cycle
and five in every six reduced 3-carbon sugars are required to regenerate ribulose-1,5-
bisphosphate (RuBP). Carbon can leave the cycle at many points: erythrose-4-phosphate
for the shikimate pathway, fructose-6-phosphate for starch synthesis, dihydroxyacetone
phosphate for sucrose synthesis, ribose-5-phosphate for thiamine and nucleotide synthesis
and glyceraldehyde-3-phosphate for isoprenoid synthesis (Raines, 2011). In this way the
Calvin cycle functions as a hub for central carbon metabolism in photosynthetic organisms.

The full cycle uses 10 (cyanobacterial) or 11 (plant) different enzymes for 13 different
reactions. Many of these reactions are shared with the pentose phosphate pathway (PPP)
and the pathway is occasionally described as the reverse pentose phosphate pathway,
despite some changes (Stincone et al., 2014).

In terms of rationale for the arrangement of the cycle there are two thermodynamically
challenging reactions in the Calvin cycle: the carboxylation reaction catalysed by RuBisCO
and the reduction of the carboxyl group done by glyceraldehyde-3-phosphate dehydroge-
nase (Bar-Even et al., 2012). The thermodynamic driving force for turning the cycle is
provided by the hydroxycarbon-carbonyl bond cleavage from the carboxy-3-ketoarabinitol
intermediate of RuBisCO into the two phosphoglycerate molecules (A,G™ of -70 kJ mol™!,
net reaction -40 kJmol! with carboxylation).

The only enzyme thought to be unique to the Calvin cycle is the phosphoribulokinase
(PRK). Phosphoribulokinase phosphorylates ribulose-5-phosphate, generating ribulose-1,5-
bisphosphate, the substrate for RuBisCO. Interestingly, the Calvin cycle is the only carbon
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Figure 1.4: The Calvin cycle: Diagram showing conversion of sugars in the Calvin cycle.
Enzymes are labelled in grey font. Inputs are marked stoichiometrically per CO5 entering
the cycle. The carboxylation step is marked in green and the “reductive” steps in red. All
are other arrows can be considered part of the reactions required for the regeneration of
Ribulose-1,5-bisphosphate. The ATP expenditure of phosphoribulokinase is not considered
an energy input for the Calvin cycle as it is not directly linked with the carboxylation
reaction or the reduction of carboxyl groups (Bar-Even et al., 2012). The (2) labels following
3-phosphoglycerate, 1,3-bisphosphoglycerate and glyceraldehyde-3-phosphate all indicate
that 2 molecules of this species are formed from the original Ribulose-1,5-bisphosphate.
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fixation pathway which invests ATP for reasons other than carboxylating or reducing the
carboxyl group, presumably using PRK activity to keep all sugars phosphorylated and
avoid metabolite leakage (Bar-Even et al., 2012; Davis, 1958; Westheimer, 1987).

Until recently it was thought that both RuBisCO and sedoheptulose-1,7-bisphosphatase
were also unique to the Calvin cycle. RuBisCO has been shown to be involved in Archaeal
AMP metabolism (Aono et al., 2012) and sedoheptulose-1,7-bisphosphatase has been shown

to be involved in riboneogenesis in yeast (Clasquin et al., 2011).

1.2.2 Control of the Calvin cycle
Calvin cycle kinetic control

The first comprehensive kinetic model of the Calvin cycle concluded that control of the
cycle is split between two factors: the rate of carbon assimilation by RuBisCO and the rate
of ribulose-1,5-bisphosphate regeneration (as a product of electron transport limitation)
(Farquhar et al., 1980). Several studies in plants in subsequent years supported this
view (Von Caemmerer and Farquhar, 1981, 1984; Badger et al., 1984; Poolman et al.,
2000). RuBisCO exhibits its greatest effect on Calvin cycle flux under conditions of
limited intracellular carbon dioxide concentration (c;) and abundant light. In contrast,
transaldolase, transketolase and specifically sedoheptulose-1,7-bisphosphatase (SBPase)
activities have been identified by metabolic control analysis (Poolman et al., 2000), and
knockdown experiments to have a uniquely high flux control at ambient COs concentrations
(Harrison et al., 2001; Poolman et al., 2001).

The Calvin cycle under light regulation

The proton motive force across the thylakoid membrane is one way in which the light
reactions interact with the dark reactions, but there are many others. Thioredoxins are ubiq-
uitous small proteins with redox active disulfide bridges which play active roles in the reg-
ulation of plant metabolism (Schiirmann and Jacquot, 2000). Depending on their location
they can be reduced enzymatically by both NADP-dependent or by ferredoxin-dependent
reductases which then transmit signals to the relevant proteins by disulfide/dithiol inter-
change reactions. The system can be imagined as a proxy for light availability - when
the light reactions are on, ferredoxins are reduced, thioredoxins becomed reduced and all
target proteins are reduced.

The control of the Calvin cycle by thioredoxins is complicated and works on the
transcriptional, translation, post-translational levels as well as having signalling control
over other factors which influence the Calvin cycle such as carbon concentration and the
light reactions (Buchanan and Balmer, 2005). The more obvious interactions with the

Calvin cycle are those which are direct and post-translational: FBPase, SBPase, PRK and
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GAPDH are all directly activated by the ferredoxin/thioredoxin system (Schiirmann and
Buchanan, 2008). The disulfide bond can interact with a target enzyme in a number of
ways. Formation of a disulfide can physically block the enzyme active site of chloroplast
phosphoribulokinase (Brandes et al., 1996), or it can be distant to the active site and
alter the catalytic properties as for chloroplast fructose-1,6-bisphosphatase (Chiadmi et al.,
1999) or NADP-malate dehydrogenase (Krimm et al., 1999).

An interesting example of thioredoxin-dependent control is the formation of the GAPDH-
CP12-PRK complex. Two enzymes from the Calvin cycle, together with a short intrinsically
disordered protein known as CP12 form a complex when in their reduced state, significantly
decreasing their enzymatic activity (Wedel and Soll, 1998; Marri et al., 2005). Some authors
have referred to this as an on/off switch for the Calvin cycle, dependent on direct signalling
from the light reactions. This CP12 protein family has also been suggested to play a role
as a thioredoxin-mediated general metabolic switch (Lépez-Calcagno et al., 2014; Gontero
and Maberly, 2012).

The above discussion includes largely plant based literature as the intricacies of the
model organism Synechocystis will be covered in Section 1.5.4. This discussion also
largely ignores complex physiological controls on the Calvin cycle in plants like mesophyll

conductance or C4 compartment physiology.

1.2.3 Prevalence of the Calvin cycle

If the Calvin cycle is not the most ATP/NADPH efficient carbon fixation pathway (see
Table 1.1), how did it come to dominate the modern landscape? The trivial answer is that
cyanobacteria used the Calvin cycle when they were engulfed as endosymbionts (Archibald,
2015) and thus, because plants and cyanobacteria are the dominant phototrophs, the
Calvin cycle is the most widespread cycle (Rothschild, 2008). Beyond this superficial
answer there are two underlying factors, oxygen, and links to other metabolism, which
help explain the role and distribution of the biological carbon fixation pathways. As Georg
Fuchs pointed out: “there are no good or bad solutions, as all pathways have stood the
test of time for billions of years” (Fuchs, 2011).

The largest constraint on the distribution of the biologically occurring carbon fix-
ation pathways is oxygen. The reductive acetyl-CoA (Wood-Ljungdahl) pathway is
strictly anaerobic because of the involvement of two of the most oxygen-sensitive enzymes
known: NADPH-dependent formate dehydrogenase and CO-dehydrogenase-acetyl-CoA
synthase (Ragsdale, 2008; Ragsdale and Pierce, 2008). The acetyl-CoA /succinyl-CoA
(3HP/3HP4HB/DC4HB) based pathways are more varied. The oxygen-sensitive enzymes
of the acetyl-CoA /succinyl-CoA containing pathways are pyruvate synthase, 2-ketoglutarate
synthase and 4-hydroxybutyryl-CoA dehydratase (Bar-Even et al., 2012). These proteins all

contain iron-sulfur clusters and involve free radical intermediates (Kerscher and Oesterhelt,
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1981; Ragsdale, 2003; Martins et al., 2004; Scott et al., 2004; Imlay, 2006; Néser et al., 2005).
Despite this limitation some species contain moderately oxygen-tolerant versions of these
enzymes. For example, the 4-hydroxybutyryl-CoA dehydratase for Archaea which grow
with the 3-hydroxypropionate/4-hydroxybutyrate cycle are sufficiently oxygen insensitive
to grow in oxygenic environments, but pyruvate synthase must be avoided by a metabolic
workaround (Estelmann et al., 2011; Fuchs, 2011).

Links to other parts of metabolism are another crucial factor in the prevalence of a
carbon fixation cycle. Many of the acetyl-CoA /succinyl-CoA based pathways contain a num-
ber of key metabolic “pillars” like acetyl-CoA, pyruvate, oxaloacetate and 2-oxoglutarate
(Fuchs, 2011). Because the Calvin cycle is not built on these same “pillars” one possible
advantage may have been that regulation of central carbon metabolism and carbon fixation
can be deconvoluted and separate robust control developed for carbon fixation specifically
(Fuchs, 2011). The Calvin cycle may also have helped shape modern plant metabolism, as
plants require large quantities of sugar phosphates for lignocellulose in cell walls (Fuchs,
2011), and the Calvin cycle is the only cycle to use sugar phosphates extensively.

In contrast to the perceived advantages of pathway isolation, the 3-hydroxypropionate
bi-cycle is thought to have evolved as a carbon fixation cycle which was particularly
amenable to the co-assimilation of organic compounds like glycolate, propionate and
acetate (Zarzycki and Fuchs, 2011). It may have arisen as a response to aquatic habitats
in which Chlorofiexi were exposed to carbon oligotrophic conditions where carbon was
available but insufficient - requiring an addition carbon fixation pathway for growth. Even
simple 3-hydroxypropionate or 3-hydroxypropionate/4-hydroxybutyrate cycles would make
co-assimilation of organic compounds like glycolate excreted by cyanobacteria possible
(Fuchs, 2011).

The evolutionary pressures on carbon-fixing organisms are very varied and the metabolic
heritage of an organism starts a feedback process of integration between the autotrophic
cycle and the central metabolism of the organism. The primordial metabolism was almost
certainly anaerobic (Fuchs, 2011), and may have been some sort of an amalgam between
autotrophic cycles which exist today (Braakman and Smith, 2012). Some organisms can
host two carbon fixation cycles (Markert et al., 2007; Thiel et al., 2012) and not all
Chloroflexi use the 3-hydroxypropionate bi-cycle (Kuznetsov et al., 2011), so clearly some

lateral gene transfer is possible.

1.2.4 Calvin cycle knockouts in photosynthetic microbes

The Calvin cycle has never been fully knocked out in an oxygenic phototroph, although a
high-carbon requiring mutant phenotype has been made in cyanobacteria (Amichay et al.,
1993; Pierce et al., 1989). In contrast, the Calvin cycle has been completely knocked out
in purple bacteria at the level of both PRK (Hallenbeck et al., 1990) and RuBisCO (Paoli
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et al., 1998). These studies provide insight on two important factors for inactivating or
replacing the Calvin cycle, the toxicity of ribulose-1,5-bisphosphate and the importance of

the Calvin cycle in dissipating excess reducing power.

Purple bacteria - Calvin cycle inactivation

Purple bacteria are phototrophic proteobacteria which rely on reduced compounds (sulfide,
nitrite, hydrogen), rather than water, as electron donors. Purple bacteria use the Calvin
cycle for carbon fixation, and often have many copies of key enzymes. Some species,
like Rhodobacter sphaeroides, have two copies of phosphoribulokinase and two types of
RuBisCO comprising two of the families of that enzyme. The form I RuBisCO is encoded
by the operon rbcLS, has an LgSg morphology and generally resembles the RuBisCO of
cyanobacteria and higher plants. The form II RuBisCO encoded by rbcR is dimeric, and
exhibits a higher V. but a lower selectivity over O (Tabita, 1988).

Strains in which phosphoribulokinase activity has been knocked out have been made
in Rba. sphaeroides (Hallenbeck et al., 1990). For photoheterotrophic growth, carbon
fixation is normally essential. The presence of an external electron acceptor in the media,
dimethylsulfoxide (DMSO), could negate the requirement for carbon fixation. The same
result was observed in Rhodobacter capsulatus strains lacking PRK activity (Paoli et al.,
1998). These results suggested carbon fixation in purple bacteria plays an essential
role in attaining cellular redox balance in the absence of external electron acceptors.
Further evidence in favour of this redox balance hypothesis was provided by the discovery
of suppressor mutations, which produced constitutive nitrogenases, which are known
electron sinks in these organisms, in RuBisCO knockout backgrounds of Rs. rubrum, Rba.
sphaeroides (Joshi and Tabita, 1996) and Rba. capsulatus (Tichi and Tabita, 2000).

Later suppressor mutations found for RuBisCO knockouts in Rs. rubrum offer an
alternative to this hypothesis (Wang et al., 2011). Mutations in Calvin cycle proteins
(FBPase, PRK) could also relieve the growth phenotype, leading the authors to investigate
intracellular levels of ribulose-1,5-bisphosphate. These results suggested accumulation
of ribulose-1,5-bisphosphate, rather than redox imbalance, caused the growth phenotype
(Wang et al., 2011). These conclusions were again disputed by the demonstration that
while ribulose-1,5-bisphosphate accumulation can impede growth in Rs. rubrum and Rp.
palustris, photoheterotophic growth is simply not possible in phosphoribulokinase mutants
unless Ho production is active or an external electron acceptor is provided (Gordon and
McKinlay, 2014).

While there is no absolute consensus on the relative importance of of maintaining
redox balance compared to the buildup of the metabolite ribulose-1,5-bisphosphate in
Calvin cycle mutants, it is clear that both are important. Though purple bacteria are

metabolically very different from cyanobacteria, these conceptual lessons may be applicable
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in the case of oxygenic phototrophs as well, where the Calvin cycle is also suggested to

play a major role in dissipating reducing equivalents.

Oxygenic phototrophs

There are no known attempts at knocking out phosphoribulokinase in a oxygenic phototroph
in the literature. There have been however, two attempts at inactivating RuBisCO function,
by replacing the endogenous RuBisCO with a form II RuBisCO. In this way a high-carbon
requiring mutant phenotype was generated.

Pierce et al. generated a Synechocystis mutant which partially replaced the native
RuBisCO gene with the homodimeric Rhodospirillum rubrum RuBisCO (Pierce et al., 1989).
They replaced only a portion of the native rbcL gene with the Rs. rubrum RuBisCO and
an antibiotic resistance cassette. Mutants could grow in an atmosphere of 5% CO2/95% N,
but could not grow in air, either in the presence, or absence of glucose. Western blot
confirmed the presence of Rs. rubrum RuBisCO and absence of cyanobacterial protein.
The mutant showed roughly half the rate of CO fixation when compared to wildtype and
slightly higher rates of photosynthetic electron transport. The mutant lacked carboxysomes.
The complete knockout strain lacking the Rs. rubrum RuBisCO could not be segregated.
Atrazine was also used to encourage segregation by eliminating the activity of Photosystem
II, but efforts were unsucessful.

In 1993, Amichay et al. improved upon the Pierce et al. mutant. This group pursued
making this mutant because all attempts to introduce wild-type or in vitro modified rbc
genes back into the mutated rbe locus of the existing mutant had failed (J. Pierce, personal
communication in Amichay et al. (1993)). Only =~ 300 bp of the rbcL gene had been
removed in the Pierce construct. Amichay et al. replaced the full operon of rbc genes
(rbeL, rbeX, a chaperone, and rbeS) with the Rs. rubrum RuBisCO and a chloramphenicol-
resistance marker. The wild-type transformation was unsuccessful. However, when the
high-carbon requiring mutant constructed by Pierce et al. was transformed with the same
construct, the mutant segregated under 5% CO,. No carboxysomes were present in their

knockout strain.
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1.3 Carbon fixation as a target for improved photosynthesis

1.3.1 Carbon fixation as a photosynthetic bottleneck

There are several lines of evidence which suggest carbon-fixation may be a photosynthetic
bottleneck in the modern agricultural and microbial culture contexts. This is in contrast to
earlier agricultural settings in which the use of fertilizers and irrigation was not widespread.
Many Cs plants can show a significant increase in biomass when exposed to double the
atmospheric COy concentration (Ainsworth and Long, 2005; Poorter and Navas, 2003).
Transgenic Arabidopsis thaliana lines expressing more efficient bacterial photorespiration
pathways (instead of the native C2 recovery pathway) show increased shoot and root
biomass, contain more soluble sugar and generally grow faster (Kebeish et al., 2007). Trans-
genic tobacco lines created by Miyagawa et al. expressing a dual-function cyanobacterial
fructose-1,6-bisphosphatase/sedoheptulose-1,7-bisphosphatase (FBP /SBPase) in the chloro-
plast also indicate that Calvin cycle limitations affect growth; under greenhouse conditions
these lines showed an overall photosynthetic efficiency of 1.24 times the wild-type (in terms
of fixed carbon) and had a ~ 30% increased biomass yield (Miyagawa et al., 2001). This
biomass increase can be specifically attributed to greater flux through the Calvin cycle. A
similar but less drastic result was obtained with increased sedoheptulose-1,7-bisphosphatase
activity (Lefebvre et al., 2005). Generally these examples imply a Calvin cycle limited
growth barrier, suggesting improvements to carbon-fixing enzymes and related pathways
do increase biomass and potentially crop yield.

Carbon-limitation is not always the limiting factor for growth in modern, controlled en-
vironments. For example the reduction of the chlorophyll antennae size in Chlamydomonas
reinhardtii lead to an increase in carbon fixation at high light intensity (Lee et al., 2002)
suggesting available reducing power in the bulk culture was limiting in this experiment.
In addition, while photorespiratory bypasses seem effective so far in plants, in cyanobac-
teria one had little effect (Shih et al., 2014), presumably because of better downstream

management of byproducts and the presence of carbon concentrating mechanisms.

1.3.2 Current attempts to improve carbon fixation

Given Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase (RuBisCO) may be up to
50% of the soluble protein in a Cg leaf (Spreitzer and Salvucci, 2002) and up to 30%
of soluble proteins in Cy leaves (Sugiyama et al., 1984) improvement of this ubiquitous
enzyme has been a historic starting point. RuBisCO has a number of apparent deficiencies
regarding its catalytic activity which make it an attractive target for engineering. First it
has a low turnover rate for a central carbon metabolism enzyme (approximately 1 to 12
s1) (Badger and Bek, 2008; Bar-Even et al., 2011). Second, under ambient CO5 concentra-
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tions (21% O3, 0.04% CO») it also catalyses the oxygenation of ribulose-1,5-bisphosphate
(RuBP) producing one molecule of 3-phosphoglycerate (3PG) and one molecule of 2-
phosphoglycolate (2PG). Third, RuBisCO needs to be “primed” by carbamylation (with
additional stabilisation by a key Mg?* ion) at a key lysine residue in the active site, and if
RuBP binds before this carbamylation prevents activation of the enzyme and requires the
activity of a heat-labile chaperone, RuBisCO activase (Kellogg and Juliano, 1997; Parry
et al., 2013).

Despite these possible areas for improvement, engineering RuBisCO has met so far with
limited success (Whitney et al., 2011). Being composed of 8 large subunits clustered into
four dimers, capped by 4 small subunits on either side ((L2)4Sg) (Kellogg and Juliano, 1997)
Form I RuBisCO has proved experimentally difficult to assemble in vitro and is prone to
forming insoluble aggregates. This means testing the effects of mutations on the catalytic
centre is more difficult (Spreitzer and Salvucci, 2002), although there has been some recent
success (Liu et al., 2010). It has been suggested that there is an evolutionarily-optimised,
intrinsic trade-off between RuBisCO’s selectivity and catalytic rate that will always restrict
the maximum activity of the enzyme (Tcherkez et al., 2006). The result of this trade-off
is that faster RuBisCO catalytic rates are accompanied by increases in photorespiratory
losses.

Despite this tradeoff, there exists natural kinetic variation between RuBisCOs which
may be exploited under certain circumstances. Red algae RuBisCOs appear to have
higher K, values than those found in plants and other algae, and may be useful in
high COg environments (Ducat and Silver, 2012; Badger and Bek, 2008; Tcherkez et al.,
2006). A cyanobacterial RuBisCO has recently been expressed in Nicotiana tabacum and
is functional, although plants require ~ 9000 p.p.m.CO3 to grow and cannot survive at
ambient concentrations (Lin et al., 2014). An interesting approach suggested by Mueller-
Cajar et al. is to mutagenise and evolve RuBisCO and chaperone proteins together in
vitro and to later integrate these together in new strains (Mueller-Cajar and Whitney,
2008). Co-expression of auxiliary proteins has been shown to be important in plants using
A. thaliana RuBisCO large subunits and the protein RuBisCO Accumulation Factor 1 as
a test case. When co-expressed in tobacco two to threefold improvements in the amount
and biogenesis rate of the hybrid RuBisCO were observed (Whitney et al., 2015).

There has been more success in improving photosynthetic efficiency by engineering
other Calvin cycle or RuBisCO-associated proteins. Sedoheptulose-1,7-bisphosphatase has
a high flux control coefficient (Poolman et al., 2001) and shows promise as an overexpression
target at high concentrations of COsy. Equally, improved thermostability of RuBisCO
activase, a RuBisCO chaperone, has lead to increases in biomass accumulation under
moderate heat stress of Arabidopsis strains (Salvucci et al., 2006; Kurek et al., 2007).

Other enzymes such as plastid aldolase present a more complicated picture and while
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they have moderate flux control coefficients (Poolman et al., 2000) reductions of greater
than 50% in the levels of the enzyme plastid aldolase are necessary before any significant
effect was seen on photosynthetic capacity (Haake et al., 1998). In Synechocystis, there is
evidence that RuBisCO itself has little impact on limiting the rate of photosynthesis and
that the most probable limitation is phosphoglycerate reduction (due to lack of ATP or
NADPH) (Marcus et al., 2011).

Perhaps the most promising in terms of improving the efficiency of “carbon fixation”
are advances in photorespiration bypasses for Cs plants (Peterhansel et al., 2013). Three
groups have identified and investigated separate approaches to reduce photorespiratory
losses in Cj3 plants (Peterhansel et al., 2013). As previously described, Kebeish et al.
produced transgenic lines of A. thaliana which expressed the E. coli glycolate catabolic
pathway in chloroplasts. These strains grew faster and produced more biomass than
wild-type (Kebeish et al., 2007). Carvalho et al. produced a line of transgenic tobacco
plants which avoided the release of ammonia in the photorespiratory cycle (Carvalho et al.,
2011), but these strains showed no improvement in growth. The final bypass which has
been tested in plants was produced by Maier et al. in which a short glycolate oxidative
cycle was introduced directly into the chloroplasts of A. thaliana (Maier et al., 2012).
Some of these strains showed higher dry weight, photosynthetic ratios and changes in
glycine/serine ratio compared to the wild-type.

Other approaches focus on improving photosynthesis in plants by increasing the concen-
tration of carbon dioxide available for carbon fixation. These approaches rely on transferring
understanding from bacterial carbon concentrating mechanisms, eukaryotic carbon concen-
trating mechanisms and physiology of the C4 and crassulacean acid metabolism (CAM)
plants to Cs plants. It has been suggested that the introduction of bicarbonate transporters
alone into Cs plants could improve growth by up to 28% (Price et al., 2013a) but in a
first proof-of-concept study, despite integration and function at levels compared to the
native organism, no improvement in growth was observed (Pengelly et al., 2014). However,
in transgenic rice in which the cyanobacterial dual-function FBP /SBPase and IctB, an
inorganic carbon transporter from Synechococcus sp. PCC 7942 (Bonfil et al., 1998), are
both expressed, strains show growth improvements (Gong et al., 2015). Understanding the
functionality of these transporters in their cyanobacterial system (Orf et al., 2015) should
be important for their improved functionality and future use.

FEukaryotic carbon concentrating mechanisms work on similar principles but are in
earlier stages of integration into heterologous systems than their bacterial counterparts
(Atkinson et al., 2015). Finally the integration of C4 or CAM-style traits and physiology
into the C3 plants has been a long-term goal in plant physiology because of improved water
use efficiency and greater yield in these plants (Mitchell and Sheehy, 2006). The theoretical

rationale for these styles of interventions are supported by evidence that the best rice
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strains have improved mesophyll conductance (Adachi et al., 2013) and that leaf anatomy
is a constraint on COq access (Tholen et al., 2012). The proposed timeline for producing
C, rice is encouraging (3 years prototype, 15 years field testing) (von Caemmerer et al.,
2012).

Projects aimed at bypassing the Calvin cycle altogether by using either the 3-HP
bi-cycle or synthetic pathways (Bar-Even et al., 2010) could avoid a number of constraints
in photosynthesis improvement efforts. Avoiding the Calvin cycle completely provides two
potential advantages: no RuBisCO related problems (low turnover and photorespiration)
and improved pathway kinetics. The alternative carboxylases used in these cycles are
faster and use bicarbonate (HCO3™). Bicarbonate is both less similar to Og as a substrate
and more bioavailable in both the cyanobacterial cytoplasm and alkaline environments
in which cyanobacteria traditionally live. Bicarbonate also becomes preferentially more
soluble at pH > 7 whereas the concentration of dissolved COs remains constant (Ducat
and Silver, 2012).

Improved pathway kinetics are predicted for synthetic pathways (Bar-Even et al. (2010))
in terms of pathway specific activity (umol-GA3P min ! mg pathway protein™) but also for
the 3-hydroxypropionate cycle assuming greater than 0% RuBisCO oxygenase activity in
the Calvin cycle. Projects in which the Calvin cycle is replaced will necessarily suffer from
expression tuning difficulties and unforeseen metabolic pathway interference but given the
possible scale of improvement, merit research. To achieve the “carbon-fertilisation” effect,
links to other nutrients, in particular nitrogen, may also have to be balanced (Kant et al.,
2012).

For the relevance of these projects in plants, uncertainties include relative concentra-
tions of CO2:HCO3™ inside chloroplasts. The gaps in knowledge for inorganic carbon
concentrations, pumping and fluxes have been reviewed recently (Raven and Beardall,
2016). Despite this uncertainty, the presence of carbonic anhydrase co-localised with

RuBisCO should, in theory, allow for rapid equilibrium between HCO3™ and COq locally.

1.3.3 Potential applications of the 3-hydroxypropionate bi-cycle in a

photosynthetic organism

Though technically challenging there has already been interest in heterologously expressing
the enzymes of the 3-hydroxypropionate bi-cycle (Mattozzi et al., 2013). In these attempts
each of the enzymes could be shown to be functional when expressed in E. coli although the
different modules did not function as a bi-cycle. From a microbial technology standpoint,
the enzymes of the bi-cycle are interesting because 3-hydroxypropionate is produced.
3-hydroxypropionate has been identified a bioplastic precursor (Meng et al., 2012) and
has been placed on a priority list of platform chemicals suitable for the development of

alternative renewable production methods by the US Department of Energy (Valdehuesa

38



Chapter 1. General Introduction

et al., 2013). 3-hydroxypropionate can currently be produced in non-industrial titres from
transgenic E. coli (Wang et al., 2014; Meng et al., 2015), yeast (Borodina et al., 2015) and
cyanobacteria (Lan et al., 2015).

Cyanobacteria are model organisms for photosynthetic interventions and experimen-
tation. Genetic manipulation is easier in cyanobacteria that are naturally transformable
like Synechocystis, than it is in plants, although rapid progress is being made in this
area (Meyers et al., 2010; Bock, 2015). In this way genetic engineering in cyanobacteria
can be viewed as a stepping-stone for eventual integration in plant systems. However, in
this process it is important to be aware of the critical differences in photosynthesis and
particular carbon metabolism, between the two systems (see Section 1.5.4). The most
likely part of the 3-hydroxypropionate bi-cycle to be immediately integrated into plants is
probably the right-hand side of the bi-cycle as it forms a photorespiratory bypass, recycling
glyoxylate to pyruvate (Shih et al., 2014).

From an intellectual standpoint the introduction of an alternative to the Calvin cycle
in a photosynthetic cell provides the opportunity to fully separate the “light” and “dark”
reactions from one another and examine their interactions. RuBisCO has never been fully
knocked out in an oxygenic phototroph before (see Section 1.2.4). Given the importance of
carbon fixation as a “sink” reaction (Bar-Even et al., 2012), it may not be possible to fully
knock out the Calvin cycle in an oxygenic photosynthetic autotroph, even when grown on

an organic carbon source.

1.4 The 3-hydroxypropionate bi-cycle

The 3-hydroxypropionate bi-cycle was first discovered in Chloroflezus aurantiacus (Holo,
1989; Strauss and Fuchs, 1993) and the final enzymes were identified in 2009 (Zarzycki et al.,
2009). Chlorofiexus aurantiacus (henceforth C. aurantiacus) is a facultative autotrophic
green nonsulfur bacterium which grows in slightly alkaline thermal springs (Pierson and
Castenholz, 1974; Klatt et al., 2013). Visibly orange layers of C. aurantiacus are identifiable
in microbial mats containing cyanobacteria (Pierson and Castenholz, 1974; Ruff-Roberts
et al., 1994). The optimal temperature for these organisms appears to be 55°C and they
can grow on a wide range of carbon sources including, but not limited to: aspartate,
pyruvate, acetate, succinate, malate, glucose, glycerol and ethanol under various conditions
(Pierson and Castenholz, 1974; Madigan et al., 1974). The photosynthetic reactions of
C. aurantiacus are strictly anoxic, using hydrogen or sulfide as an electron donor and a
quinone type (type II c.f. PSII, type I) reaction center (Tang et al., 2011). Carbon fixation
for these organisms takes place only under anaerobic conditions and expression of many of
the key enzymes involved in the 3-hydroxypropionate bi-cycle are regulated accordingly
(Alber and Fuchs, 2002; Hiigler et al., 2002).
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1.4.1 Distribution and function of the 3-hydroxypropionate bi-cycle

The complete 3-hydroxypropionate bi-cycle is restricted to the Chlorofiexi phylum al-
though not all members of the Chlorofiezi use the bi-cycle for autotrophic carbon fixation
(Kuznetsov et al., 2011). An autotrophic carbon fixation pathway which closely resembles
the first steps of the 3-hydroxypropionate bi-cycle and is found in Archaea was termed the
3-hydroxypropionate/4-hydroxybutyrate cycle (Berg et al., 2007). This pathway features
the same oxygen-insensitive pathway for reducing acetyl-CoA to succinyl-CoA, though
phylogenetic analysis suggests the pathway has evolved independently (Berg et al., 2007;
Zarzycki et al., 2009; Fuchs, 2011). Parts of the 3-hydroxypropionate bi-cycle which are
homologous to the Chlorofieri genes are scattered across the bacteria; the gamma pro-
teobacterium HTCC2080 (Thrash et al., 2010; Zarzycki and Fuchs, 2011) appears to contain
genes for a chimeric 3-hydroxypropionate/4-hydroxbutyrate cycle yet unseen in bacteria
and the betaproteobacterium “Candidatus Accumilibacter phosphatis” (Hesselmann et al.,
1999) seems to contain the full set of genes for the glyoxylate-assimilating right-hand side
of the bi-cycle (Zarzycki and Fuchs, 2011).

Why the full bi-cycle is so narrowly distributed is an open question. The genesis of the
bi-cycle is suggested to have been influenced by the oligotrophic background Chloroflexi
experience in microbial mats. The 3-hydroxypropionate bi-cycle appears particularly
well suited to co-assimilation of substrates and immediately co-assimilates glycolate,
propionate, acetate, 3-hydroxypropionate and butyrate without a noticeable lag (Zarzycki
and Fuchs, 2011). The availability of some of these compounds in microbial mats is assured
as cyanobacteria excrete glycolate (Cheng et al., 1972; Renstrom and Bergman, 1989;
Stanier and Cohen-Bazire, 1977) and at elevated temperature (50 - 70°C) of the mats the
oxygenation reaction of RuBisCO would be exacerbated increasing glycolate concentrations
(Bateson and Ward, 1988; Zlotnik and Dubinsky, 1989). Other fermentative products like
acetate, propionate, butyrate, lactate, and ethanol have been shown to be available in these
mats (Anderson et al., 1987) and the abundant osmoprotectant dimethylsulfoniopropionate
can be metabolised via 3-hydroxypropionate (Ansede et al., 1999; Todd et al., 2010; Fuchs,
2011).

40



Chapter 1. General Introduction

1.4.2 Structure of the cycle

The whole bicyclic pathway results in the formation of pyruvate from 3 molecules of
bicarbonate. The bi-cycle involves 19 catalytic steps but only 13 enzymes (Zarzycki et al.,
2009). This is because there are several bi- and tri-functional enzymes: the tri-functional
propionyl-CoA synthase, the bi-functional malonyl-CoA reductase, the tri-functional malyl-
CoA lyase and a succinyl-CoA:(S)-malate CoA transferase which also catalyses two formal
steps, the release of succinate and the activation of (S)-malate (Zarzycki et al., 2009). While
the other enzymes perform their multiple activities at separate sites, the multifunctional
malyl-CoA lyase performs all three activities at the same active site.

The bi-cycle can be split conceptually into a middle, in which acetyl-CoA is carboxylated
and reduced to propionyl-CoA, a left-hand side in which propionyl-CoA is converted to
(S)-malyl-CoA and split into acetyl-CoA and glyoxylate and finally a right-hand side in
which this glyoxylate is combined with propionyl-CoA, converted through a number of
Cs compounds and finally split to regenerate acetyl-CoA and the product of the bi-cycle,
pyruvate (see Fig. 1.5).

The slowest enzyme of the 3-hydroxypropionate bi-cycle may be the carboxylating
enzyme, propionyl-CoA carboxylase, which under ambient COs is expected to have a
specific activity (maximal rate (umol/min) catalysed by 1 mg of enzyme) only somewhat
higher than that of RuBisCO (Bar-Even, 2012). The minimum specific activity of the
enzymes of this autotrophic pathway in C. aurantiacus is 0.013 ymol™! (mg of protein)
corresponding to a calculated COs fixation rate of 0.026 ymol™! (mg of cell protein)™! (Hiigler
et al., 2002). Overall, the kinetics of the 3-hydroxypropionate bi-cycle, ignoring pho-
torespiration is similar to that of the Calvin cycle (0.4 pmol (glyceraldehyde 3-phosphate
equivalent)™! min™! (mg pathway protein)!). However when photorespiration is consid-
ered (RuBisCO oxygenase activity assumed at 20%), the 3-hydroxypropionate bi-cycle is
expected to be 1.5 times faster than the Calvin cycle (Bar-Even et al., 2010).
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1.4.3 Middle enzymes

The “middle” of the bi-cycle is composed of three enzyme activities: acetyl-CoA carboxylase,
malonyl-CoA reductase and propionyl-CoA synthase (see Fig. 1.10). For every pyruvate
generated by the bi-cycle the reactions of the middle part of the pathway occur twice.
With the exception of the carboxylation that happens at the start of the left-hand side,
the middle also features the only thermodynamically challenging steps and all chemical

reduction in the bi-cycle.

2 Acetyl-CoA

o

/U\ S-CoA

2 HCOZ
Acetyl-CoA 7/2 ATP

Carboxylase C
2ADP + 2P,

Al
2 Malonyl-CoA
o o

HO )J\/”\ S-CoA

4 NADPH + 4 H"

Malonyl-CoA

.
Reductase 4 NADP

2 CoA

y
2 3-Hydroxypropionate
[¢]

"o /\/\kOH

2 CoA
Propionyl-CoA
Synthase
C 2NADPH + H* + 2 ATP
2 NADP*+ 2 AMP

+2 H,0 + 2PP,

Al
2 Propionyl-CoA
o

\/”\ S-CoA

Figure 1.6: 3-Hydroxypropionate cycle (middle enzymes): Diagram of the 3-
hydroxypropionate bi-cycle with metabolites labelled in black. Enzyme names are shown
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formation of a molecule of pyruvate.
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Acetyl-CoA carboxylase in C. aurantiacus is a biotin-dependent carboxylase which
uses bicarbonate (HCOs3™) as its substrate and catalyses the ATP-driven carboxylation of
acetyl-CoA to malonyl-CoA. Acetyl-CoA carboxylase catalyses the first step in fatty acid
biosynthesis. The bacterial-type acetyl-CoA carboxylase is a multi-domain protein encoded
by four separate genes accA,accB, accC, and accD. In some species of Roseiflexus, a member
of the Chlorofiexi, the genes for propionyl-CoA synthase and malonyl-CoA reductase cluster
with another gene which from homology may be an acetyl-CoA carboxylase, but in C.
aurantiacus these are found at different loci (Zarzycki and Fuchs, 2011). While there are
known specific acetyl-CoA carboxylases, and propionyl-CoA carboxylases, there are also
promiscuous acetyl-CoA carboxylases in the Archaea which can catalyse the carboxylation
of acetyl-CoA and propionyl-CoA (Chuakrut et al., 2003; Hiigler et al., 2003). It is as
yet unknown which of the three C. aurantiacus biotin-dependent carboxylases found in
the genome are for which specific reaction or if any are promiscuous (Tang et al., 2011;
Zarzycki and Fuchs, 2011; Tang et al., 2011).

The biotin-dependent carboxylases have two distinct enzymatic activities and catalyse
their reactions in two steps (Knowles, 1989; Attwood and Wallace, 2002; Tong, 2013).
The first step is a MgATP-dependent carboxylation of the biotin cofactor by the biotin
carboxylase component. Biotin is linked covalently to the biotin carboxyl carrier protein
component (BCCP) of the protein. In a second step the CO4 transfer from the carboxybiotin
to the acceptor of the carboxyl group is catalysed by the carboxyltransferase component of
the protein. Most of the substrates of these proteins are CoA-linked esters of organic acids.
The bacterial biotin-dependent carboxylases contain four subunits: a biotin carboxylase
subunit (=~ 50 kDa), a biotin carboxyl carrier protein component (~ 17 kDa) and two
subunits (o and  ~ 33 kDa each) for carboxyltransferase activity (Tong, 2013). The
holoenzyme has the stoichiometry (BC)y(BCCP)4(a,3)2 but is generally unstable and
readily dissociates in vitro (Cronan and Waldrop, 2002; Tong, 2013). Understanding
of these enzymes has been improved over the last decade by the crystal structures of
propionyl-CoA carboxylase (Huang et al., 2010), pyruvate carboxylase (Xiang and Tong,
2008), 3-methylcrotonyl-CoA carboxylase (Huang et al., 2012) and urea carboxylase (Fan
et al., 2012).

In general, the biotin-dependent carboxylases seem to be relatively fast carboxy-
lases. In a kinetic analysis, PEP carboyxlase and pyruvate carboxylase were found to
be the most kinetically favourable carboxylating enzymes, having high specific activities
(> 30 pmol min™! mg!) and the best affinity for HCO3", being almost saturated at ambient
conditions. These carboxylases were followed by known acetyl-CoA and propionyl-CoA
carboxylases (specific activity (> 20 gmolmin! mg?) with carboxylases like RuBisCO
(< 2 pmol min! mg!) at the bottom of the ranking (Bar-Even, 2012).

Malonyl-CoA reductase (MCR) was first discovered in C. aurantiacus in 2002 and
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was the first enzyme shown to catalyse the biological reduction of malonyl-CoA (Hiigler
et al., 2002). The protein does not share significant sequence identity with any known
protein. The reduction is catalysed in two steps; malonyl-CoA is first reduced to malonate
semialdehyde, and then again to 3-hydroxypropionate. The protein responsible is likely
a homodimer with a monomer size of 145 kDa. MCR can use either Mg?* or Fe?*, but
a metal is essential for catalysis. MCR is very specific for its substrates with K, values
of 30 uM for malonyl-CoA and 25 uM for NADPH. The protein could not use NADH as
an reducing agent and accepts neither acetyl-CoA, propionyl-CoA nor succinyl-CoA as a
substitute for malonyl-CoA. There is evidence that the protein is downregulated during
photoheterotrophic growth (non-carbon fixing) of C. aurantiacus (Hiigler et al., 2002).

Malonyl-CoA reductase has been shown to have improved catalytic properties when
the two domains are separated by expression as distinct polypeptides (Liu et al., 2013).
The N-terminal construct (1-549 AA) contained the short-chain dehydrogenase/reductase
(SDR) responsible for the alcohol dehydrogenase activity (1-283 AA) and the C-terminal
construct (550-1219 AA) contained the second SDR domain responsible for the aldehyde
dehydrogenase activity (550-782 AA) (see Fig. 1.7). The same reactions are managed by
two separate proteins in the 3HP/4HB cycle (Alber et al., 2006). Structural information
for malonyl-CoA reductase from C. aurantiacus in the native state and in the presence
of NADPH has been collected, showing the ordering of a hairpin at the NADPH binding
site (Kabasakal et al., 2015) but as yet the catalytic mechanism is unresolved. There also
appears to be two Rossman folds in both the C-terminal and N-terminal domains (Murray
lab, unpublished).

Malonyl-CoA reductase

Alcohol dehydrogenase SDR Aldehyde dehydrogenase SDR

0 (1-238 AA) (550-782 AA) 1219 AA
' I |
N-terminal region C-terminal region
(1-549 AA) (550 - 1219 AA)

Figure 1.7: Malonyl-CoA reductase domains: Diagram shows the identified domains
of malonyl-CoA reductase. Terminal regions of the malonyl-CoA reductase were discovered
to be functionally distinct (Liu et al., 2013). The malonyl-CoA can be reduced to free
intermediate malonate semialdehyde with NADPH by the MCR-C fragment, and further re-
duced to 3-hydroxypropionate by MCR-N fragment. Short-chain dehydrogenase/reductase
domains are filled in colour.

Propionyl-CoA synthase is a natural fusion protein of 201 kDa consisting of a CoA
ligase, an enoyl-CoA hydratase, and an enoyl-CoA reductase (Alber and Fuchs, 2002).
When purified it has a very large native molecular mass of between 500 and 800 kDa,

suggesting it may have a homotrimeric or homotetrameric structure (Alber and Fuchs,
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2002). The protein is specific for its substrates and will not reduce glycolate, malonate,
[S-alanine, 3-hydroxybutyrate or crotonate but catalyses acrylate reduction at the same
rate as 3-hydroxypropionate. As with MCR, NADH could not replace NADPH. The three
reactions catalysed by the propionyl-CoA synthase are shown in Table 1.2. There is no
crystal structure of the propionyl-CoA synthase from C. aurantiacus or any enzymes of
that name in the Protein Data Bank. Each activity may be functionally distinct as the
NADPH oxidation function of the enzyme can be knocked out even when the enzyme
can activate 3-hydroxypropionate to its CoA-thioester and dehydrate it to acrylyl-CoA
(Alber and Fuchs, 2002). Similar polyfunctional large enzymes are common in secondary

metabolism but are unusual in central carbon metabolism (Alber and Fuchs, 2002).

No. Reaction

1 3-hydroxypropionate + ATP + CoA = 3-hydroxypropionyl-CoA + AMP + PPi
2 3-hydroxypropionyl-CoA = acrylyl-CoA + H2O

3 acrylyl-CoA + NADPH — propionyl-CoA + NADP*

Table 1.2: Reactions of propionyl-CoA synthase: The three reactions catalysed by
the tri-functional propionyl-CoA synthase are shown in order. Though the CoA ligase
reaction (1) is reversible, pyrophosphate is rapidly hydrolysed in most cells, shifting the
equilibrium to the product side (Alber and Fuchs, 2002)

3-hydroxypropionate was ranked in the top 12 value-added chemicals from biomass by
the US Department of Energy (Werpy et al., 2004). It contains both hydroxyl and carboxyl
functional groups which allow for a range of chemical reactions including, but not limited
to, polymerisation, dehydration and lactonisation allowing production of biopolymers and
lactones (Valdehuesa et al., 2013). The malonyl-CoA reductase (MCR) described here has
been expressed in a number of heterologous systems including F. coli (Cheng et al., 2016)
and some cyanobacteria (Lan et al., 2015) although often the Archaeal enzymes are used

depending on the host (Thorgersen et al., 2014).

1.4.4 Left-hand side

The left-hand side of the bi-cycle begins with propionyl-CoA and ends with the lysis of
(S)-malyl-CoA, generating glyoxylate and regenerating acetyl-CoA, the substrate for the
middle enzymes. The left-hand side also shares two reactions with the tricarboxylic acid
cycle (succinate dehydrogenase and fumarate hydratase).

The second carboxylation reaction in the bi-cycle in which propionyl-CoA is carboxy-
lated to (S)-methylmalonyl-CoA starts the left-hand side reactions. The propionyl-CoA
carboxylase is again a biotin-dependent carboxylase but it is not yet known which gene
codes for the propionyl-CoA carboxylase in C. aurantiacus or if there is a promiscuous
carboxylase which catalyses the carboxylation of both acetyl-CoA and propionyl-CoA. One

of the best studied bacterial propionyl-CoA carboxylases is the Streptomyces coelicolor
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propionyl-CoA carboxylase (Bramwell et al., 1996; Rodriguez and Gramajo, 1999) which
does not recognise acetyl-CoA. This carboxylase was studied in detail by the Pfeifer lab
for recreating polyketide synthesis pathways (Pfeifer et al., 2001; Zhang et al., 2009, 2010;
Boghigian et al., 2011; Mattozzi et al., 2013) and crystal structures of the [S-subunit
and various mutants exist (Arabolaza et al., 2010). In a propionate resistance assay in
E. coli, two of the putative propionyl-CoA carboxylases from C. aurantiacus (Caur3435
and Caur2034) showed lower activity with propionyl-CoA as a substrate than did the S.
coelicolor propionyl-CoA carboxylase (Mattozzi et al., 2013).

The carboxylation product (S)-methylmalonyl-CoA is converted to (R)-methylmalonyl-
CoA by methylmalonyl-CoA epimerase. Methylmalonyl-CoA mutase then converts the
(R)-methylmalonyl-CoA to succinyl-CoA. The structure of the heterodimeric bacterial
methylmalonyl-CoA mutase has been known for twenty years (Mancia et al., 1996) and
human structures have since followed (Froese et al., 2010). The enzymes were studied in
the industrially important Propionibacterium shermanii subsp. freudenrichii, a bacterium
used in Swiss cheese production (fermentation of pyruvate to propionate) (Thierry et al.,
2011). The epimerase is a small enzyme for which a crystal structure and extensive
characterisation has taken place (Leadlay, 1981; McCarthy et al., 2001). The epimerase
forms a highly heat-stable dimer (2 x 16.5 kDa) which is activated by divalent metal ions.
The C. aurantiacus gene caur_3037 is annotated as an methylmalonyl-CoA epimerase and
appeared to function when expressed in in vivo assays in F. coli (Mattozzi et al., 2013)
but has not been heterologously expressed, purified and characterised.

The methylmalonyl-CoA mutase requires vitamin B2 (adenosylcobalamin) as a cofactor.
The enzyme from Propionibacterium shermanii, but few others, has been extensively
characterised. The mutase is an a8 heterodimer of 150 kDa (Francalanci et al., 1986)
composed of an 80 kDa (728 residue) « chain and a 70 kDa (638 residue)  chain (Marsh
et al., 1989a; Mancia et al., 1996). The § subunit displays sequence similarity to the «
subunit but does not bind either substrate or cofactor (Mancia et al., 1996). The three
genes identified for methylmalonyl-CoA mutase in C. aurantiacus are caur_1844, caur_2508
and caur-2509 although none of these genes have been expressed and tested in vitro (Tang
et al., 2011). Methylmalonyl-CoA mutase and methylmalonyl-CoA epimerase along with
propionyl-CoA carboxylase are involved in odd-chain fatty acid metabolism. In some
organisms the f-subunit is predicted to be fused to the methylmalonyl-CoA epimerase
(Cracan and Banerjee, 2012).

The subsequent step in the left-hand side reactions is catalysed by a unique enzyme to
the bi-cycle, the succinyl-CoA:(S)-Malate transferase (smtAB). The two ORFs caur_0178
and caur_0179 responsible for coding the smtAB protein, cluster together with the proteins
of the right-hand side of the bi-cycle in the C. aurantiacus genome (Zarzycki et al., 2009;
Tang et al., 2011). The transferase forms a large (), complex of 46 and 44-kDa subunits
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and catalyses the reversible reaction succinyl-CoA + L-malate = succinate + L-malyl-CoA
(Friedmann et al., 2006). The enzyme is specific for succinyl-CoA as a CoA donor but
will accept citramalate in the place of malate (Friedmann et al., 2006). Though unique in
function, the enzyme is a member of the well-studied class III CoA transferases. The enzyme
was stable enough to be heterologously expressed in F. coli, purified and characterised at
55°C (Friedmann et al., 2006). In line with its role in the 3-hydroxypropionate bi-cycle
the activity of the transferase in cell extracts was 15-fold upregulated under autotrophic
conditions (Friedmann et al., 2006).

The remaining reactions of the left-hand side are canonical reactions of the tricarboxylic
acid (TCA) cycle. C. aurantiacus contains all genes for the TCA cycle. Briefly, succinate
dehydrogenase is the only membrane-bound enzyme of the tricarboxylic acid cycle, and it
also participates in the aerobic electron-transport pathway. It is also known as complex II. In
C. aurantiacus this enzyme would be referred to as a succinate:menaquinone oxidoreductase
as menanquinone is the only known quinone (Hale et al., 1983) and the opposite reaction
(fumarate — succinate) is catalysed by a menaquinol:fumarate oxidoreductase (Xin et al.,
2009). Complex IT was annotated as sdhBAC' (caur_1880 - 1882) in the original genome
annotation (Tang et al., 2011). Fumarate hydratase is a less complex enzyme and was
annotated as Caur_1443 in the original genome reconstruction (Tang et al., 2011). Fumarase
catalyses the reversible addition of a water molecule to fumarate to form malate. The
C. aurantiacus enzyme is a class Il fumarase, which are heat-stable, oxygen-insensitive,

iron-independent, tetrameric enzymes.

1.4.5 Malyl-CoA lyase

The final step of the left-hand side of the bi-cycle is catalysed by the tri-functional malyl-
CoA lyase. This enzyme is responsible for three reactions in the bi-cycle shown in Figure 1.9.
In catalysing these three reactions the enzyme connects the middle, left and right-hand
sides of the bi-cycle.

MCL belongs to the large superfamily of CitE-like enzymes, named after the S-subunit
of citrate lyase (CitE). Members of the CitE-like superfamily are widely distributed among
Bacteria, but are also found in Archaea and Eukaryota (Zarzycki and Kerfeld, 2013). These
enzymes all require Mg?" or Mn?T for catalytic activity and are by nature promiscuous
enzymes (Williams, 1988; Zarzycki et al., 2009; Erb et al., 2010).

The malyl-CoA lyase gene is located with the other genes for right-hand side enzymes
in C. aurantiacus (Zarzycki and Fuchs, 2011) and is encoded by the gene caur_0174. The
protein has a molecular mass of 38.4 kDa and forms a hexamer (228 £+ 15 kDa) (Williams,
1988; Zarzycki and Kerfeld, 2013).

The structure of the C. aurantiacus MCL and divergent Rba. sphaeroides MCL have

been shown to have very similar tertiary and quaternary structures (Zarzycki and Kerfeld,
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Figure 1.9: Malyl-CoA lyase: Diagram showing the three reactions catalysed by malyl-
CoA lyase in the 3-hydroxypropionate bi-cycle

2013). This Rba. sphaeroides enzyme is used in the acetate-assimilating ethylmalonyl-CoA
pathway:.

1.4.6 Right-hand side

The reactions of the right-hand start with the synthesis reaction of malyl-CoA lyase,
catalysing the conversion of propionyl-CoA and glyoxylate into S-methylmalyl-CoA. The
next steps are catalysed by three different enzymes and finally the breakdown of the Cs
metabolite (S)-citramalyl-CoA is catalysed by malyl-CoA lyase to generate acetyl-CoA
and pyruvate, the product of the bi-cycle.

The right-hand side enzymes were the last to be identified in the bi-cycle. The mesaconyl-
CoA hydratase (80 kDa) is responsible for the reversible reaction of S-methylmalyl-CoA =
mesaconyl-CoA + HO. The C. aurantiacus protein is 58 % similar to the Rba. sphaeroides
protein which is active in the ethylmalonyl-CoA pathway (Zarzycki et al., 2008). The
activity of this protein was upregulated 10 to 15 times under autotrophic conditions. The
C. aurantiacus mesaconyl-CoA hydratase, along with the Rba. sphaeroides and a number
of other organisms, showed two hydratase domains when normally enoyl-CoA hydratases
contain only one such domain (Zarzycki et al., 2008). There are structures of this protein
available (PDB:4E3E, Murray Lab unpublished data), but no paper discussing the enzyme
has been published. This protein is classified as a MaoC-type protein dehydratase and was
crystallised in the absence of ligands.

The next enzyme in the right-hand side, the mesaconyl-CoA isomerase, is unique to
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and product of the bi-cycle respectively. Enzyme names are shown in red. Stoichiometries
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the 3-hydroxypropionate bi-cycle. The mesaconyl-CoA isomerase protein eluted from gel
filtration column with an observed molecular mass of 73 + 4 kDa suggesting a homodimer.
No organic cofactor was necessary but Mg?* stimulated catalysis. It catalyzed the expected
reversible transformation of mesaconyl-C1-CoA to mesaconyl-C4-CoA with a turnover
number 840 s with an apparent K, for mesaconyl-C1-CoA of 0.24 mM. The enzyme was
not promiscuous - no CoA transferase activity was observed with itaconate, mesaconate,
(R)-/(S)-malate, and (R)-/(S)-citramalate as CoA acceptors when acetyl-CoA or succinyl-
CoA as CoA were used as CoA donors. The enzyme exhibited a pH optimum at pHggo of
7.5-7.8 (extrapolated from pHssoc of 7.1-7.4), with half activity at pHage 6.6.

The third enzyme dealing with Cs-CoA compounds on the right hand side is the
mesaconyl-C4-hydratase. This enzyme was discovered at the same time as the mesaconyl-
CoA isomerase, making these the final enzymes required for the full elucidation of the
bi-cycle (Zarzycki et al., 2009). The gene caur_0180 codes for a 33 kDa protein which
probably forms a functional homodimer (size-exclusion data, unpublished Murray lab).
The enzyme has a turnover number of 1,045s™' at 55°C and an apparent K, for mesaconyl-
C1-CoA of 0.75 uM. No cofactors were needed for catalysis other than Mgt (Zarzycki
et al., 2009). No structural information is available for this enzyme but it appears to be
part of a subclass of enoyl-CoA hydratases with a C-terminal hotdog-fold (Zarzycki et al.,
2009).

The right-hand side is expected to be faster than the left-hand side kinetically and
contains smaller, less complicated enzymes. Several other systems are now known to feature
similar Cjs cycles including an acetate assimilation system in Halobacteria (Archaea) which
runs in the opposite direction, generating glyoxylate and propionyl-CoA from mesaconyl-
C1-CoA (Fuchs and Berg, 2014; Khomyakova et al., 2011). Similar C5 pathways are
important in the ethylmalonyl-CoA pathway (Alber et al., 2006; Erb et al., 2007, 2009), the
citramalate cycle (Ivanovsky et al., 1997; Berg and Ivanovsky, 2009) and even in bacterial

pathogenicity (itaconate) (Pujol et al., 2005; Sasikaran et al., 2014; Fuchs and Berg, 2014).

1.4.7 Heterologous expression of the 3-hydroxypropionate bi-cycle

Modules of the 3-HP bi-cycle have been heterologously expressed in E. coli (Mattozzi
et al., 2013) and Synechococcus elongatus sp. PCC 7942 (Shih et al., 2014).

Mattozzi et al. expressed all the enzymes of the 3-hydroxypropionate bi-cycle in E. coli
in submodules, showing all enzymes could be expressed heterologously in a functional state.
These enzymes could perform all the reactions of the 3-hydroxypropionate bi-cycle but
were not all from C. aurantiacus and included the Streptomyces coelicolor propionyl-CoA
carboxylase and the native F. coli “sleeping beauty mutase”. Several mutant backgrounds
were used to show the activity of the enzymes, for example a SucAD™ mutant was used

to show that the reactions from acetyl-CoA and glyoxylate were functional in the reverse
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direction, supplying the cell with the required succinyl-CoA. Despite the active state of all
the enzymes in the bi-cycle the entire bi-cycle was not shown to function in concert. The
authors suggest the complex regulation of central carbon metabolism will require tuning
using directed evolution as a next step.

Shih et al. expressed malonyl-CoA reductase, propionyl-CoA synthase, the malyl-
CoA lyase and the right-hand side of the bi-cycle in the cyanobacterium Synechococcus
elongatus PCC 7942 (Shih et al., 2014). This submodule of the bi-cycle was tested as a
photorespiratory bypass, as an alternative pathway for the recovery of glyoxylate. Together
with the middle enzymes, this bypass would also fix additional HCOgs™. The genes for the
malyl-CoA lyase and the right-hand side proteins were expressed in bicistronic operons
using promoters Py (IPTG-inducible) and Ppgpa1 (native, constitutive). Both propionyl-
CoA synthase and malonyl-CoA reductase were placed under control of the inducible
promoter, while the four smaller proteins of the right-hand side were placed under a strong
constitutive promoter. The rationale was that the larger proteins (MCR, PCS) would
place a larger burden on the cell and inducible constructs may be more favourable. The
protein activities of malonyl-CoA reductase, propionyl-CoA synthase and malyl-CoA lyase
were shown in cyanobacterial cell extract and the functioning of the other right-hand side
proteins was inferred from the total disproportionation of propionyl-CoA and glyoxylate
to acetyl-CoA and pyruvate. Despite the right-hand side appearing to be fully functional

in the cyanobacterium, no improvement in growth rate was visible (Shih et al., 2014).

1.5 The model organism Synechocystis sp. PCC 6803

1.5.1 General information

Synechocystis is a freshwater, Gram-negative, non-diazotrophic, unicellular cyanobacterium.
The organism was the first oxygenic phototroph to be fully sequenced (Kaneko et al.,
1996) and became a routine cyanobacterial model organism. Synechocystis is naturally
transformable (Grigorieva and Shestakov, 1982) and a strain capable of growth on glucose
was developed (Rippka et al., 1979; Williams, 1988). The glucose-tolerant strain, which is
used in the majority of experiments on the organism, has been sequenced and shows few
changes from the Kaneko et al. strain with the exception of a single nucleotide change,
a 152 bp deletion and two insertion sequences (Tajima et al., 2011). The doubling time
for the organism ranges from 8 — 12 h under median light conditions (Williams, 1988).
Although originally isolated from freshwater, Synechocystis can survive in saline media,

albeit with an altered metabolism (Kopf et al., 2014; Iijima et al., 2015).
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1.5.2 Genetic background

Synechocystis has a circular chromosome 3.6 Mbp in length, (Kaneko et al., 1996), four
large plasmids of 44 to 120 kb (Kaneko et al., 2003) and three smaller plasmids of 2.4 to
5.2 kb (Yang and McFadden, 1993, 1994; Xu and McFadden, 1997).

The cyanobacteria are an ancient clade thought to have diverted from other clades like
the proteobacteria approximately 3 billion years ago (David and Alm, 2011; Cardona, 2016).
Synechocystis is unusual within the cyanobacteria for having fewer polycistronic operons
than other members, with large intra-operonic distances (Memon et al., 2013). 50 % of
genes in a typical prokaryote are structured in operons (Price et al., 2006). Synechococcus
elongatus sp. PCC 7942, another cyanobacterium, is predicted to have 56% of protein
coding genes as part of polycistronic mRNAs (Memon et al., 2013). Synechocystis on the
other hand appears to have few of the moderately to poorly conserved operons among
cyanobacteria, while retaining highly conserved operons for ribosomal proteins, ATP
synthase, NADH dehydrogenase and transport of nitrate, phosphate and other inorganic
substrates (Memon et al., 2013). This lack of operon conservation may be due to a high
rate of genome shuffling (Itoh et al., 1999).

Synechocystis is a polyploid organism, conventionally thought to have 8-12 copies of
the chromosome (Labarre et al., 1989). Recent experiments using real-time PCR, suggest
the ploidy may be as high as 218 in the wild-type strain and 142 in the glucose-tolerant
strain (Griese et al., 2011) although the same group has published more moderate results
suggesting a maximum copy number of &~ 25 which fluctuates by growth phase (Zerulla
et al., 2016). This is unusual and other cyanobacterial species in the same analysis appeared

to have only 3-4 copies of these circular chromosomes (Griese et al., 2011).

1.5.3 Gene expression
RNA polymerase and o factors

Cyanobacteria contain only one type of RNA polymerase (RNAP). The cyanobacterial core
is composed of two « subunits, a § subunit, a /3, a v subunit and an o subunit (Schneider
and Haselkorn, 1988). There is a unique cyanobacterial core subunit, the v subunit, which
in part resembles the C-terminus of the F. coli 5’ unit, but features a specific extension
(Schyns et al., 1998).

In Eubacteria many different ¢ units compete for a limited number of RNAP cores
(Maeda et al., 2000; Nystrom, 2004). Sigma factors are normally divided into two gene
families, the 0™ and > factors of E. coli (Wosten, 1998). Cyanobacteria appear to have
only o0™-type factors (Tanaka et al., 1992; Osanai et al., 2008). These factors fall into
three groups: group 1 appears to form monophyletic clades in Eubacteria and has been

suggested to be responsible for transcription of housekeeping genes during exponential
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growth (Wosten, 1998; Imamura et al., 2003), Synechocystis has a single group 1 factor,
sigA (Imamura and Asayama, 2009). Group 2 factors are typically non-essential, and
respond to changes in the environment. Synechocystis has four group 2 factors (sigBCDE)
(Koskinen et al., 2016). Finally, group 3 o factors (sigFGHI) are important in pilus

biogenesis and cell movement (Bhaya et al., 1999; Imamura and Asayama, 2009).

Transcription Start Sites (TSS)

Two studies have looked in depth at the transcription start sites of Synechocystis under
different growth conditions (Mitschke et al., 2011; Kopf et al., 2014). The first study found
only one-third of transcription start sites were in front of a gene, a further third were
antisense and the rest were made up of 314 other non-coding RNAs (ncRNAs) and internal
transcription start sites (iT'SS). Some of these iTSS were known to be functional, for
example the gene petH encodes a second isoform of ferredoxin:NADP oxidoreductase from
an iTSS (Thomas et al., 2006). The same study also found that many highly transcribed
promoters did not have a -10 element, which is usually associated with non-standard
growth conditions (Mitschke et al., 2011). The most recent study extended the number of
identified transcriptional units to 4091 expressed under 10 different conditions (Kopf et al.,
2014). In nearly all tested conditions the most highly expressed transcripts were small
RNAs (sRNAs), for example Ncr07000 is the most highly expressed transcript in darkness.
A focus on operons showed 683 transcriptional units that cover more than one gene. The
longest operon contained 22 genes (the rfb-glycosyltransferase gene cluster), the second
largest 18 genes and the third 9 genes (s10/spc ribosomal protein operon). The median 5’
untranslated region (UTR) for a Synechocystis transcript is 52 nt, and the median 3’ UTR
is 118 nt. (Kopf et al., 2014).

1.5.4 Metabolic background
Central carbon metabolism

The central carbon metabolism of Synechocystis can be structured around 5 pathways. The
first is the Calvin cycle, which is the main electron sink for Synechocystis (Holland et al.,
2015) and the entry point for carbon under natural conditions. The particularities of the
cyanobacterial Calvin cycle and carbon concentrating mechanisms are described later in this
section under the heading Carbon concentrating mechanism. The other four pathways that
are important in central carbon metabolism are: the oxidative pentose phosphate pathway,
glycolysis/gluconeogenesis, the bifurcated tricarboxylic acid cycle and the pathways for
the synthesis of various storage compounds (glycogen, polyhydroxybutyrate etc. reviewed
in Section 1.5.4).

The oxidative pentose phosphate (OPP) pathway in Synechocystis is the most active
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sugar catabolism pathway when Synechocystis is grown on glucose. The pathway generates
NADPH and Cj precursors which may be used to replenish the Calvin cycle (Yang et al.,
2002a; Young et al., 2011). There is a small flux through the OPP pathway, even in the
light during autotrophic conditions (Young et al., 2011). This flux has been hypothesised
to be the result of either incomplete suppression of enzyme activity or the maintenance of
a metabolic “stand-by” mode (Schuetz et al., 2012; Knoop et al., 2013).

The pathways for glycolysis and gluconeogenesis are largely typical, but the Calvin
cycle and these pathways are linked at a number of points. Particularly the metabolite
3-phosphoglycerate can be metabolised by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in either glucose degradation (isozyme gall) or in the Calvin cycle and gluco-
neogenesis (isozyme gal2) (Yang et al., 2002a).

The tricarboxylic acid cycle provides important precursors for cellular biosynthesis e.g.
2-oxoglutarate which provides carbon backbones for amino acids made by the glutamine
synthetase-glutamate synthase (GS-GOGAT) cycle (Wolk et al., 1976; Hauf et al., 2013).
Unlike in other prokaryotes, the TCA cycle in cyanobacteria does not appear to be used
oxidatively to generate NADPH and ATP (Young et al., 2011).

The tricarboxylic acid (TCA) cycle in Synechocystis is bifurcated under most growth
conditions (Young et al., 2011) and was long thought to be incomplete due to the lack
of genes encoding the 2-oxoglutarate dehydrogenase. Two bypasses, which avoid the
production of succinyl-CoA, have been suggested (Zhang and Bryant, 2011; Xiong et al.,
2014) and a small flux (< 2% total) demonstrated from 2-oxoglutarate to succinate (Xiong
et al., 2014; You et al., 2015). Mutant evidence suggests other unknown pathways
probably exist and bioinformatic analyses show that these bypasses do not exist in all
cyanobacteria (Xiong et al., 2014). The absence of the 2-oxoglutarate dehydrogenase, which
is a multiprotein complex, may have evolved as a response to sufficient ATP/NADPH
generation from light-reactions under normal conditions and the availability of bypasses
which place lower protein burden on the cell for completion of the TCA cycle (Nogales
et al., 2012).

The existence of two other pathways in Synechocystis central carbon metabolism, the
glyoxylate shunt and the phosphoserine pathway, have previously been the subject of
debate but are now settled by strong evidence.

The glyoxylate shunt connects two parts of the tricarboxylic acid cycle. Isocitrate
is converted to glyoxylate and succinate by isocitrate lyase and the resultant glyoxylate
is converted to malate following a reaction with acetyl-CoA. The glyoxylate shunt is
widespread and found in Plants, Bacteria, Protists and Fungi. It was previously included
in Synechocystis metabolic models but has been removed following experimental evidence
(Knoop et al., 2013) and the absence of identifiable isocitrate lyase genes in the genome. In

addition there is no evidence for glyoxylate shunt in metabolic flux analysis studies (Young
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et al., 2011; You et al., 2014).

The phosphoserine pathway is a light-independent way to generate serine, which was
produced from photorespiratory glyoxylate in early Synechocystis metabolic models (Knoop
et al., 2010). Phosphoserine pathway activity was observed in cyanobacterial crude extract
(Colman and Norman, 1997) but the activities of the pathway have now been demonstrated
by recombinant protein expression (Klemke et al., 2015). The activity of the phosphoserine
pathway has been shown to contribute 30-60% of the total serine pool. The phosphoserine
pathway seems to be encoded in the genomes of most cyanobacteria and is essential in
Synechocystis (Klemke et al., 2015).

Particularities of carbon fixation in Synechocystis

One difference from the plant Calvin cycle is that a single enzyme, fructose-1,6-
bisphosphate /sedoheptulose-1,7-bisphosphatase, performs the activities of two enzymes in
the Plant system. The Calvin cycle fixes the majority of carbon in the light, supported by
13C-MFA and transcriptional upregulation of RbcLS and gap2 transcripts in the light (Yang
et al., 2002a). RuBisCO activity appears to be heavily regulated both at the transcriptional
and post-translational levels (Yang et al., 2002a; Schiirmann and Buchanan, 2008; Marcus
et al., 2011). Other enzymes involved in the Calvin cycle like the bifunctional fructose-1,6-
bisphosphate /sedoheptulose-1,7-bisphosphatase, aldolase and phosphoribulokinase are not
regulated by transcript or enzyme synthesis but by changes in metabolite concentration
(Yang et al., 2002a) and posttranslational modification (thioredoxin/ferredoxin system)
(Pérez-Pérez et al., 2009). Finally, there is evidence from isotopically labelled metabolic
analyses for “metabolic channeling” within the Calvin cycle from unidentified Calvin cycle

multiprotein complexes (Huege et al., 2011; Young et al., 2011).

Carbon concentrating mechanism

Synechocystis has 5 CO2/HCO3™ transporters: (1) BicA, a low-affinity Na™ dependent
bicarbonate transporter (Price et al., 2004) (2) NADH dehydrogenase (NDH)-14, a consti-
tutive, low-affinity COq-uptake system (Shibata et al., 2001) (3) NADH dehydrogenase
(NDH)-13, an inducible, high-affinity COg-uptake system (Ohkawa et al., 2000) (4) SbtA,
an inducible, high-affinity Nat/HCO3~ symporter (Shibata et al., 2002) and (5) BCT1,
a high-affinity HCOs3~ transporter (ATP-binding cassette), which is inducible under low
carbon conditions and encoded by the substrate-responsive ecmpABCD operon (Omata
et al., 1999). Both (NDH)-13 and (NDH)-1,4 are specialized NDH-1 complexes (Battchikova
et al., 2011).

The carboxysome is an icosahedral structure, typically between 90-400 nm in size,
which contains high levels of carbonic anhydrase and RuBisCO (Price et al., 2013b). The

carboxysome genes are in an operon ccmKLMNQO (Badger et al., 2006) and a knockout of
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the structural protein ccmM results in carboxysome-less mutant which can only survive
in high CO2 conditions (Ogawa et al., 1994; Berry et al., 2005). When 4 out of the 5
transporters (leaving BicA) are knocked out a “phenocopy” of the wild-type organism
under low-carbon conditions can be simulated in high-carbon conditions (Orf et al., 2015).

A second, perhaps auxiliary, use of the carbon concentrating mechanisms may be
as a method of energy dissipation in the cell, while providing some pH homeostasis.
Photodamage is induced when bicarbonate transporters are knocked out (Xu et al., 2008).
Carbon concentrating mechanisms are tightly regulated in cyanobacteria (Burnap et al.,
2015). The CCM is linked to the cellular metabolism by the metabolites NADP* and
2-oxoglutarate by CemR (a negative transcriptional regulator of carbon transporters)
(Daley et al., 2012) and ribulose-1,5-bisphoshate and 2-phosphoglycolate which activate
CmpR (a positive transcriptional regulator of carbon transporters) (Omata et al., 2001;
Nishimura et al., 2008).

Photorespiration

Synechocystis contains three pathways for detoxifying 2-phosphoglycolate: the plant-like
Cs pathway, the bacterial glycerate pathway, and the direct decarboxylation of glyoxylate
(Huege et al., 2011). The first two pathways are thought to be present in all cyanobacteria
(Kern et al., 2011). The detoxification of 2-phosphoglycolate (2PG) is important because
both 2PG and the first metabolite in the detoxification pathway of 2PG, glycolate, inhibit
enzymes of the Calvin cycle including triose phosphate isomerase (Kelly and Latzko, 1977;
Norman and Colman, 1991). The genes for photorespiration are essential in Synechocystis
(Eisenhut et al., 2008) and metabolic studies show that while levels of photorespiration are
often very low (0.5% of RuBisCO flux), they are detectable (Huege et al., 2011; Young et al.,
2011). The same studies show flux through both the plant-like and glycerate pathways
but discount the direct decarboxylation of glyoxylate under the conditions investigated.
Apart from the role in serine generation described in Section 1.5.4, photorespiration has
also been suggested to play a role in high-light acclimation (Kozaki and Takeba, 1996),
energy dissipation (Hackenberg et al., 2009) and even pathogen defence (Foyer et al., 2009;
Hagemann et al., 2013).

Malic enzyme & phosphoenolpyruvate carboxylase

Yang et al. in an early metabolic flux analysis study on Synechocystis observed 25% of total
carbon flux was passing through phosphoenolpyruvate carboxylase (PEPC) under their
experimental conditions (Yang et al., 2002b). This was thought to indicate a functional Cy-
style carbon fixation in cyanobacteria (Yang et al., 2002b). It was described as a substantial
flow of carbon from the tricarboxylic acid cycle to glycolysis carried by malic enzyme. In

this direction malic enzyme converts malate to pyruvate, producing COo and NADPH at
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the expense of ATP and NADH. In practice, this CO4 release is carbon-neutral for the cell
as it is originally fixed anaplerotically by PEPC. The function of this metabolic loop apears
to be to regenerate pyruvate (for amino acid synthesis) and possibly to balance cofactors
(NADPH/NADH). This alternative method of pyruvate generation is perhaps required in
the light as pyruvate kinase is inhibited by ATP (Bricker et al., 2004). The existence of
this malic enzyme/phosphoenolpyruvate cycle is supported by the more rapid labelling of
the phosphoenolpyruvate pool than the 3-phosphoglycerate pool in all conditions (Huege
et al., 2011).

Storage metabolites

Cyanobacteria are known to make at least three specialised storage molecules: glycogen,
polyhydroxybutyrate and cyanophycin. These compounds can accumulate to high levels;
under nitrogen starvation conditions, 36.8% and 13.5% of the cell by dry weight are
glycogen and polyhydroxybutyrate respectively (Monshupanee and Incharoensakdi, 2014).
The understanding of these storage molecules and how their formation is affected by various
conditions is useful for metabolic engineering (Gudmundsson and Nogales, 2015).

Polyhydroxybutyrate (PHB) is a polymer composed from CoA-linked precursors origi-
nally derived from acetyl-CoA in the cell. PHB accumulates under nitrogen stress and/or
phosphorus starvation (Asada et al., 1999), is visible by transmission electron microscope
(Tsang et al., 2013) and can be knocked out to eliminate competition for acetyl-CoA usage
(Anfelt et al., 2015).

Glycogen is a multibranched polysaccharide which is a major carbon sink under
photoautotrophic conditions (Li et al., 2014). The first commited step of glycogen synthesis
is performed by ADP-glucose pyrophosphorylase (AGPase) which is allosterically activated
by 3-phosphoglycerate, providing a feedback mechanism between the Calvin cycle and
carbon flow to storage (Gémez Casati et al., 1999). Mutants incapable of producing
glycogen release pyruvate and 2-oxoglutarate into the media under photomixotrophic
conditions, a phenomenon termed “metabolic overflow” (Carrieri et al., 2012; Griindel
et al., 2012). Glycogen under normal conditions is suggested to be involed in anaplerotic
reactions during changes of COy concentration (Eisenhut et al., 2008), dark metabolism
(Pelroy and Bassham, 1972; Burnap et al., 2015), and particularly in replenishing the
Calvin cycle after dark exposure (Shimakawa et al., 2014).

Cyanophycin is an elongated nitrogen storage polymer, composed of a poly-aspartate
backbone with arginine sidechains, which accumulates in response to excess nitrogen
(Maheswaran et al., 2006). Cyanophycin has also been knocked out in order to reduce
competition for acetyl-CoA and nitrogen for heterologous expression pathways (Liu et al.,
2011).
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1.5.5 Main regulatory pathways

The main stimuli which alter metabolism in Synechocystis are changes in light, carbon,
and nitrogen. Other stimuli such as metal stress and acid stress are important but are less
often used in the cyanobacterial metabolic engineering context.

The light reactions are complicated, highly regulated, and interface with central carbon
metabolism (Hackenberg et al., 2009; Burnap et al., 2013). The light reactions are capable
of producing excess reducing power which must be dissipated. This excess reducing energy
is often dissipated by mechanisms like the Mehler reaction (Helman et al., 2003), terminal
oxidases (Lea-Smith et al., 2013), the hydrogenase (Appel et al., 2000) or nitrite reduction
(Baebprasert et al., 2011). The rate of dissipation by these mechanisms is necessarily linked
to carbon availability. Estimations of the activity of the Mehler reaction suggest the flux
of electrons from water-splitting to Mehler may vary from 20% under carbon sufficient
conditions to 60% under carbon limited conditions (Allahverdiyeva et al., 2011). The light
reactions also interface with central carbon enzymes directly, by the thioredoxin system
(see Section 1.2.2), and with the levels of intracellular inorganic carbon through feedback
with the carbon concentrating mechanism (see Section 1.5.4). More generally, transcription
in Synechocystis is globally regulated by light (Mitschke et al., 2011).

Inorganic carbon is normally the major sink for photosynthetic reductant in organisms
capable of oxygenic photosynthesis (Holland et al., 2015). A limitation of inorganic
carbon causes a number of changes to metabolism despite the presence of alternative sinks.
Quinone and NADP pools become highly reduced resulting in the accumulation of electrons
in carrier pools leading to the production of damaging reactive oxygen intermediates as
well as the loss of overall photosynthetic efficiency due to photorespiration (Holland et al.,
2015). Several carbon responsive operons are known other than those involved in the
carbon concentrating mechanism. These operons often encode regulatory cascades like the
chromosomal hik31 operon (Nagarajan et al., 2014) and the cybrA2 transcription factor
(Kaniya et al., 2013).

Nitrogen starvation causes large-scale changes in the concentrations of various metabo-
lites in the cell (Hauf et al., 2013; Osanai et al., 2014). Within the first 4 - 6 hours of
nitrogen starvation the light-harvesting phycobilisomes are broken down resulting in a
chlorotic phenotype (Collier and Grossman, 1994; Sauer et al., 1999). In capillary elec-
trophoresis metabolite analysis of nitrogen starved Synechocystis after 4 hours there was a
large increase in some metabolites of the tricarboxylic acid cycle like succinate, malate
and fumarate while acetyl-CoA and citrate levels appeared unchanged (Osanai et al.,
2014). There was also a transient shift in the distribution of 19 amino acids, probably
indicative of the phycobilisome breakdown, and the author notes specifically those amino
acids synthesised from pyruvate and phosphoenolpyruvate show marked increase (Osanai
et al., 2014). During this period there is a transient reduction in total NAPDH/NADP™
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and a shift to the oxidised form (Osanai et al., 2014).

After the first transient spike of phycobilisome breakdown, at about 24 h, amino acid
levels return to pre-nitrogen starvation levels and all metabolites of the tricarboxylic acid
cycle seem to accumulate with the exception of succinic acid (Hauf et al., 2013). The cell
becomes overreduced and excess NADPH supports accumulation of polyhydroxybutyrate
and glycogen, generating the canonical “nitrogen starvation” response (Hauf et al., 2013).
In general there is a specific increase in 2-oxoglutarate in unicellular cyanobacteria during
nitrogen starvation (Muro-Pastor et al., 2001).

In conclusion, due to the constraints placed upon cyanobacteria by the photoautotrophic
mode of growth, they have to be unusually sensitive to small changes in a variety of
environmental signals when compared with heterotrophs (Nogales et al., 2013; Burnap,
2015). Understanding the various metabolic responses to stimuli may provide some
advantages for metabolic engineering in this class of organisms, although optimal growth

under varying conditions may suffer.

Cofactors important for the 3HP bi-cycle - Coenzyme A and vitamin Bis

Coenzyme A (CoA) is a cofactor used as both an acyl-carrier and carbonyl-activating
group in a number of central biochemical reactions, including the tricarboxylic acid cycle
and fatty acid metabolism (Daugherty et al., 2002). Of the 14 principal carbon compounds
in the 3-hydroxypropionate bi-cycle, 10 are CoA thioesters, of which at least acetyl-CoA
and malonyl-CoA should be present in the wild-type Synechocystis.

As discussed previously, the coenzyme A pool is probably small under steady-state
conditions and can be exhausted by the addition of exogenous organic acids not normally
metabolised by the cell such as propionate and acrylate (Begemann et al., 2013). The
exhaustible nature of this pool was also demonstrated by a cyanobacterial growth assay in
which bacteria first incubated with propionate failed to assimilate acetate and contained
lower intracellular levels of free CoA (Ihlenfeldt and Gibson, 1977). The knockout of a
non-essential CoA-ligase (acsA, sll05/2) can reduce susceptibility of strains to this kind
of response, for example in Synechocystis resistance to acrylate was increased 3,600 fold
(Begemann et al., 2013). Levels of acetyl-CoA and pyruvate are variable between species
of cyanobacteria, but the pyruvate : acetyl-CoA ratio is consistently high, for example in
Synechococcus sp. PCC 7002 the ratio is 300:1 (Dempo et al., 2014).

Levels of CoA-linked compounds have been manipulated indirectly in at least two ways
in Synechocystis. The most straightforward example of increased levels of intracellular
acetyl-CoA was performed by overexpressing group 2 o-factor sigEl (Osanai et al., 2011).
To varying degrees nitrogen starvation has been used to alter the levels of acetyl-CoA as
well, although it appears that intracellular acetyl-CoA is only raised in nitrogen starved

polyhydroxybutyrate-deficient strains (Anfelt et al., 2015) while the reports are mixed for
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the wild-type strain (Anfelt et al., 2015; Osanai et al., 2014; Hondo et al., 2015) and will
be light and carbon-dependent.

CoA-linked compounds have also been directly manipulated for applications in synthetic
biology. One of the most common engineering strategies is the overexpression of acetyl-CoA
carboxylase (Liu et al., 2011) as this step is known to be rate-limiting for fatty acid
biosynthesis, at least in E. coli (Davis et al., 2000).

Other studies use native acetyl-CoA and malonyl-CoA levels as their starting point
(Lan et al., 2013; Wang et al., 2013) but achieve low yields in part, they suggest, due
to low levels of acetyl-CoA accumulated in cyanobacterial cells under photoautotrophic
growth (Tan et al., 2011; Asada et al., 1999; Lan and Liao, 2011; Young et al., 2011; Zhou
et al., 2012). The main strategy for altering acetyl-CoA levels other than overexpressing
the acetyl-CoA carboxylase is the expression of phosphoketolases, which have been shown
to increase the acetyl-CoA pool 6-fold under nitrogen replete conditions (Anfelt et al.,
2015). This approach is favoured over altering levels of pyruvate dehydrogenase as this
enzyme is highly regulated (Tovar-Méndez et al., 2003). However, generating high levels of
substrate metabolite in order to increase product levels is a shortsighted approach, as in F.
coli overexpression of acetyl-CoA carboxylase leads to a 100-fold increase in malonyl-CoA
levels, but only a 6-fold increase in fatty acid synthesis (Davis et al., 2000). More useful
may be “product pull” style engineering designs (Morandini, 2009; Ducat et al., 2012).

Cyanobacteria are known to make a compound referred to as pseudo-B1s. The difference
between pseudo-Bis and vitamin Bps is that the 5,6-dimethylbenzimidazole of vitamin
Bs is replaced with adenine in the pseudo-Bis version. Pseudo-Bis is not exclusive to
the cyanobacteria (Watanabe et al., 2001; Taga and Walker, 2008). The function of a
heterologously expressed vitamin Bio-dependent glycerol dehydratase in a cyanobacterium,
which required the addition of exogenous vitamin Bis for function in E. coli, suggests
pseudo-B1o will be able to functionally replace vitamin Bps in cyanobacterial expression

systems (Hirokawa et al., 2016).

1.5.6 Main metabolic modes of Synechocystis

Synechocystis can be grown in four different metabolic modes: photoautotrophically
(no supplements, in light), photomixotrophically (in light, supplemented with external
carbon source, usually glucose), photoheterotrophically (in light, with carbon source and
an inhibitor of light reactions) and heterotrophically (in the dark with glucose). For
heterotrophic growth a pulse of 5 minutes of light a day is required, possibly to maintain
the circadian rhythm of the cell (Anderson and McIntosh, 1991). Optimal growth conditions
are autotrophic at 33°C, pH 9 - 11 and 40 pumol photonss™ m™2 according to a recent study
(Lopo et al., 2012). In contrast, most studies do growth experiments at 30°C where

mixotrophic growth is approximately 2 - 2.5 times faster than photoautotrophic growth
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(Huege et al., 2011) although this value varies depending on levels of light and inorganic
carbon. Glucose utilisation in mixotrophic cultures appears to saturate at approximately 5
mM (Huege et al., 2011).

13C metabolic flux analysis

The use of *C metabolic flux analysis (}*C-MFA) has been key in understanding the
function of pathways in these different growth modes. Early studies applied isotopic
steady-state *C-MFA to examine heterotrophic or mixotrophic growth of cyanobacteria
(Yang et al., 2002b) as well as recent studies that have pioneered the use of isotopically non-
stationary MFA (INST-MFA) to study autotrophic cultures (Young et al., 2011). The term
isotopic steady-state means labeling measurements are obtained after '3C incorporation
into metabolites has fully equilibrated (Adebiyi et al., 2015). In this approach, labelled
glucose is added and the fluxes through pathways are reconstructed by analysis of the
labelling of endpoint products, usually proteinogenic amino acids. In the isotopically
non-stationary MFA, labelled bicarbonate can be used and the flux through metabolites
visualized by various forms of mass spectrometry analysis on quenched samples. This
second approach is critical for studying autotrophic organisms as any labelled carbon that
is fixed will eventually produce a uniform 3C pattern.

The first studies by steady-state '3C-MFA were performed by Yang et al. and used
labelled glucose to investigate mixotrophic and heterotrophic conditions (Yang et al.,
2002a). The first isotopically non-stationary *C-MFA was performed by Young et al.
(Young et al., 2011).

Autotrophic

Metabolic flux in autotrophic conditions can only be measured by isotopically non-stationary
I3C-MFA and for that reason there are a limited number of studies available (Young et al.,
2011; Huege et al., 2011). Steady state labelling of most compounds is achieved in around
10 minutes, although labelling of TCA intermediates appears to take longer. Both existing
studies followed the labelling of 15 selected metabolites during photoautotrophic growth.
The most surprising result from these studies was that despite photoautotrophic growth
being centred largely around the Calvin cycle, a residual flux is consistently maintained
through the oxidative pentose phosphate pathway which was thought to be inactive
in the light (Young et al., 2011; Huege et al., 2011). RuBisCO oxygenation and the
photorespiration reactions, previously assumed to be an unknown loss of carbon from
the cell, had very low fluxes. Young et al. calculate just 0.5% of the flux through
RuBisCO is the oxygenation reaction. In contrast, the autotrophic growth mode exhibits
suboptimal carbon efficiency by the use of the OPP pathway and the malic enzyme shunt

(see Section 1.5.4) under standard photoautotrophic conditions. Young et al. calculate
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127 £+ 2 mol are required for every 100 C-moles of biomass fixed, 16 £ 2 mol of CO4 are
released by OPP pathway and 5 + 0.8 mol are released by malic enzyme, making these
the biggest contributors to this loss. In addition to these two “inefficiencies” there is
a necessary excess accounted for by the COs-releasing reactions required for generating
biosynthetic precursors (pyruvate dehydrogenase, isocitrate dehydrogenase etc.) and losses
due to respiration. These are often included in flux-balance analysis predictions of optimal
solutions provided by flux balance analysis (Shastri and Morgan, 2005), whereas the malic
enzyme and OPP pathway results are not. The authors suggest the activity of the OPP

pathway could be useful in balancing redox or cofactor needs.

Mixotrophic

Much more information is available for mixotrophic growth than for autotrophic growth
because steady-state isotopic labelling by glucose feeding is less experimentally demanding.
The use of glucose is not simply additive to the metabolism of Synechocystis, but actually
induces a large number of changes to cellular metabolism including but not limited to,
stimulating respiration (Kurian et al., 2006; Lee et al., 2007), enhancing nitrite excretion
(Reyes et al., 1993), and altering the expression of NADPH dehydrogenase (Ma and
Mi, 2008) and the synthesis of carotenoids (Ryu et al., 2004; Haimovich-Dayan et al.,
2011). When exogenous glucose transporters are expressed in cyanobacteria incapable of
mixotrophic growth, those that survive spontaneously knockout this function (Zhang et al.,
1998). This evidence coupled with the fact that most species of cyanobacteria are obligate
autotrophs, suggests that the addition of glucose to the media may impose “metabolic
disequilibrium” (Haimovich-Dayan et al., 2011). While glucose does stimulate growth
under the most commonly investigated systems (Beuf et al., 1994) autotrophic growth for
Synechocystis may be optimal under the correct temperature and pH settings (Lopo et al.,
2012). Although cellular respiration is also thought to be low under standard cultivation
conditions (Vermaas, 2001), this process would share several components of the electron
transport chain with photosynthesis in the thylakoid membrane, namely plastoquinone,
the cytochrome bgf complex and the soluble redox carriers (Peschek et al., 2004; Lea-Smith
et al., 2013).

Compared to wild-type photoautotrophic growth the levels of most transcripts and
proteins are unchanged during mixotrophic growth (Yang et al., 2002a; Nakajima et al.,
2014; You et al., 2014). In contrast, the concentrations of metabolites in the oxidative
pentose phosphate pathway and glycolysis are increased while those for the Calvin cycle
are decreased (Takahashi et al., 2008). The Calvin cycle remains the predominant pathway
for carbon entry under mixotrophic conditions. Values for flux through the OPP pathway
are described as about half the flux going through the Calvin cycle compared to glucose

catabolism in one study (Yang et al., 2002a) and approximately 16% of total carbon flux
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through the OPP pathway in a more sophisticated non-steady state investigation under
ambient carbon conditions (Huege et al., 2011). This second value has been replicated by
another steady-state report which suggests the ratio of flux of CO» fixation was six times
higher than glucose utilisation (You et al., 2014). This value appears to be dependent on
intensity of light and availability of carbon. It has also been suggested that previously
employed photobioreactor cultures with high cell density, like that of Yang et al. allowed
a subsection of cells to be kept in the “dark” even with continuous mixing, allowing for
overestimations of oxidative pentose phosphate pathway activity in the light (You et al.,
2014).

The cyclic flux of the tricarboxylic acid cycle (from 2-oxoglutarate to succinate) in
mixotrophic growth is very low (<2 %) and the malic enzyme bypass is still considered

the main route for generating pyruvate (You et al., 2014).

Photoheterotrophic

The photoheterotrophic growth mode is defined by growth in light in the presence of an
inhibitor of Photosystem II, typically DCMU (You et al., 2015), or atrazine (Nakajima
et al., 2014). These chemicals block the exchangeable Qg site of the D1 protein of PSII.

Photoheterotrophic growth is approximately half as fast as mixotrophic growth with
similar glucose utilisation (Nakajima et al., 2014). Generally studies observe a repression
of carbon fixation to one-sixth the mixotrophic rate, and an upregulation of approximately
3 to 4 fold of the OPP pathway, along with some genes involved in glycolysis (Nakajima
et al., 2014; You et al., 2015). The most conspicuous transcript change appears to be the
repression of the gapl gene, the isozyme of glyceraldehyde-3-phosphate dehydrogenase
used in the Calvin cycle.

In the case of one DCMU inhibited study, Photosystem I was highlighted as particularly
important in ATP generation (40 % of total) by cyclic electron flow, again noting that the
Calvin cycle was largely inactive, that the TCA cycle showed no compensatory cyclic flow
and that glyceraldehyde-3-phosphate entered glycolysis after residual carbon fixation by
RuBisCO (You et al., 2015). Despite noting that DCMU can alleviate pyruvate kinase
inhibition by blocking photosynthetic linear electron flow based ATP synthesis, malic
enzyme still appeared to be the prominent pathway for pyruvate generation (You et al.,
2015)

Heterotrophic

The heterotrophic growth mode implies the cell is grown in the dark, with external
carbon sources, and is given a five to fifteen minute pulse of light per day. Heterotrophic
growth is described as approximately one-third the rate of mixotrophic growth (Lopo

et al., 2012). Many of the Calvin cycle proteins are not heavily downregulated, levels
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of phosphoribulokinase, fructose-1,6-bisphosphate/sedoheptulose-1,7-bisphosphatase and
aldolase transcripts hardly decrease while the RuBisCO small subunit and gap2 transcripts
are only downregulated 2-fold (Yang et al., 2002a). Nonetheless no carbon fixation
is observed, presumably reinforced by posttranslational mechanisms which otherwise
downregulate Calvin cycle activity. In the heterotrophic flux distribution more than 90%
of glucose is channeled through pentose phosphate pathway (Yang et al., 2002b). There
is a large-scale downregulation of phycobilisome synthesis and there are severe changes
in thylakoid morphology (Plohnke et al., 2015). General protein synthesis is repressed as
evidenced by low levels of ribosomal proteins (Plohnke et al., 2015). Glycogen synthase
is expressed very highly along with other enzymes for glycogen synthesis (Plohnke et al.,
2015) but no glycogen production is possible as these proteins are controlled by the
ferredoxin/thioredoxin system and active only in the light (Lindahl and Florencio, 2003;
Griindel et al., 2012).

13C-MFA and transcriptomics

Most often '*C-MFA studies are done in conjunction with transcriptomic studies, but given
poor correlation between protein abundance and transcript level in other cyanobacteria
(Waldbauer et al., 2012) T have tried to use proteomic data where possible in this discussion.
It seems that while Synechocystis can grow in many metabolic modes for extended periods
of time, that these modes are not balanced and equivalent and cause varying degrees of

stress on the cell.

1.6 Systems biology in Synechocystis

1.6.1 Systems biology

Systems biology is the study of living organisms as a network of biological components
rather than the sum of individual parts. The value of systems biology is predicated on
the assumption that the behaviour of a living system is not always readily predictable
from the function and activities of its subcomponents. This area of biology is dominated
by computational approaches and seeks to formalise biological processes in mathematics
(Steuer et al., 2012). The most widely applied systems biology approach for understanding
cyanobacterial growth and metabolism to date is the use of flux-balance analysis models,
for both genome-scale (Fu, 2009; Knoop et al., 2010; Montagud et al., 2010, 2011; Knoop
et al., 2013; Saha et al., 2012; Maarleveld et al., 2014) and core metabolism simulations
(Shastri and Morgan, 2005; Hong and Lee, 2007).

66



Chapter 1. General Introduction

Flux Balance Analysis (FBA)

Flux balance analysis (FBA) is a mathematical approach for analyzing the flow of metabo-
lites through a metabolic network (Orth et al., 2010). A network of any size can be
reconstructed, from simple systems to genome-scale metabolic models (GSMM). Genome-
scale models require careful curation, and a 96-step protocol is now available to ensure
robust generation of a GSMM (Thiele and Palsson, 2010).

The analysis is based on constraints imposed by each metabolic reaction. Constraints
from reactions are represented as stoichiometric coefficients in a matrix. Several reactions
can be arbitrarily set to import flux (i.e. glucose added into the system, carbon fixation,
or light). These settings also impose constraints on the flow of metabolites through the
network. Every reaction in a network can be given upper and lower bounds in terms of
possible flux, may be made irreversible or may be completely shut off. The solver then
works using a linear programming algorithm to optimise the flux through the network
for a given objective function. For testing growth, this objective function is the rate at
which metabolic compounds are converted into biomass constituents such as nucleic acids,
proteins and lipids, which are derived from experimental data. Basic models include no
impositions of kinetics, enzyme levels or thermodynamics, though mixed models are highly
desirable (Chakrabarti et al., 2013; Navid and Almaas, 2012; Steuer et al., 2012). This
section will summarise the most recent reconstructions and their contributions to our
understanding of the metabolism of Synechocystis.

Although there are previous reports of genome-scale models, this section will start with
the genome-scale reconstruction produced by Knoop et al. (Steuer group) in 2010 (Knoop
et al., 2010). This model contained 380 reactions and 291 compounds, contributing a large
amount of “gap-filling” for annotation of various amino acid synthesis pathways. The
model was allowed to import unlimited carbon and was run at a specified light intensity.
The highest predicted flux was for glyceraldehyde-3-phosphate dehydrogenase (gap2).
The optimum ratio of glyceraldehyde-3-phosphate to flow to biosynthesis compared to
re-entering the Calvin cycle was calculated as 1:8. This is higher than the “textbook” ratio
of 1:5 as carbon is also withdrawn at other points in the cycle such as ribose-5-phosphate
for synthesis of folate, purines and histidine. The surprising result from this simulation was
the incorporation of 4-5 % photorespiration in the optimal growth solution for the efficient
production of amino acids glycine, serine and cysteine, using glyoxylate as a precursor.
This pathway is shown to be interchangeable with the less costly phosphoserine pathway
in later models (Knoop et al., 2013).

The next genome-scale model to appear was that of Nogales et al. which made large
efforts to extend the light-reactions and alternative electron flow pathways (Nogales et al.,
2012). It was larger than the previous Knoop et al. model with 678 genes, 863 metabolic and

transport reactions, 795 nonunique metabolites and four cellular compartments, although
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it should be noted that the size of a reconstruction is not a good measure of predictive
power (Sweetlove and Ratcliffe, 2011; Erdrich et al., 2015). In total 9 alternative electron
dissipation pathways were introduced into the model revealing a high degree of cooperativity
between these pathways was critical for optimal autotrophic growth. This model focussed
on outlining optimal ATP/NADPH ratios and how they might be produced by the mixture
of various light reaction/metabolism combinations. At a basic computational level the
linear electron flow of photosynthesis generates an ATP/NADPH ratio of 1.28, and the
“textbook” Calvin cycle requires a ratio of 1.5. Photosystem I cyclic electron flow is
usually invoked to generate the remaining ATP required. This model detailed a number of
possible solutions for achieving optimal ATP/NADPH balances, with both photorespiration
and nitrate reduction identified as useful pathways for NADPH dissipation. This group
also completed the TCA cycle in silico by addition of the conventional a-ketoglutarate
dehydrogenase and noted that under autotrophic/mixotrophic condition there was no
difference to the optimal solution i.e. the bifurcated TCA was optimal. As a result they
conjectured, in line with previous suggestions, that the metabolic burden of maintaining
this system for advantage only under the relatively unnatural photoheterotrophic and
heterotrophic growth modes was probably selected against. Finally, the model commented
on the metabolic flexibility of the autotrophic systems, suggesting a core set of 259 essential
genes (34%) required in all growth modes. Their prediction method had an accuracy rate
of 80 %, but when compared with the known set of 14.5% essential genes in E. coli the
model built a picture of Synechocystis as an organism which was finely tuned for achieving
optimal photoautotrophic growth under varying light and carbon conditions, but which
achieved that flexibility at the cost of metabolic robustness (Nogales et al., 2012).

A model by Saha et al. was published in the same year and compared genome-scale
reconstructions of Synechocystis with the nitrogen-fixing cyanobacterium Cyanothece sp.
ATCC 51142 (Saha et al., 2012). New pathways included the addition of the Zhang and
Bryant TCA bypass (Zhang and Bryant, 2011) and a more complete fatty acid biosynthesis.
The model also simulated a diurnal cycle using the light reaction model described by
Nogales et al. (Nogales et al., 2012).

Knoop et al. (Steuer group) updated their model in 2013 (Knoop et al., 2013). Changes
included the addition of the phosphoserine pathway, the inclusion of dark/light diurnal
cycles in calculations and extension of the model to include lipid, fatty acid, peptidoglycan,
chlorophyll and pigment metabolism as well as synthesis pathways for several cofactors.
The model also outlined a basal maintenance requirement of 1.3 mmol ATP h™! gDW-!.
Some alternative electron flow pathways were set arbitrarily in these simulations, for
example Mehler and terminal oxidases assumed to offset 10% of water oxidation and Os
consumption by respiratory activity in the light was used by about 6% of Os production.

The most recent FBA model of Synechocystis was produced by Maarleveld et al. and
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was based on the earlier Nogales et al. model (Maarleveld et al., 2014). This model
subcompartmentalised the biomass objective function into nine major components (e.g.
DNA, RNA, protein) to allow users to track uptake and destination of these components

individually.

1.7 Synthetic biology in Synechocystis

Synthetic biology is a fast-developing field which aims to design and engineer biologically
based parts, novel devices and systems — as well as redesigning existing, natural biological
systems (Kitney and Freemont, 2012). The field can be viewed as a synthesis between
biology and engineering, borrowing paradigms such as the concepts of circuits and reusable
parts from the former.

Over the past ten years Synechocystis specifically has been engineered with the aim
of making industrial titres of ethanol (Dexter and Fu, 2009; Gao et al., 2012), ethylene
(Guerrero et al., 2012), fatty acid (Liu et al., 2011), isobutanol (Varman et al., 2013),
isoprene (Lindberg et al., 2010; Bentley et al., 2014), n-butanol (Anfelt et al., 2015), lactic
acid (Varman et al., 2013), alkanes (Tan et al., 2011; Wang et al., 2013), p-coumaric
acid, (Xue et al., 2014), squalene (Englund et al., 2014), other diterpenoids (Englund
et al., 2015) and 3-hydroxypropionate (Wang et al., 2016). The use of synthetic biology
tools and design principles is rapidly increasing in these types of cyanobacterial metabolic
engineering projects.

This section will summarise the state-of-the-art for synthetic biology in Synechocystis

and outline the benefits and challenges of using a cyanobacterial chassis.

1.7.1 Synthetic biology outline

A major objective of synthetic biology is to make the process of designing genetically
encoded biological systems more systematic, predictable and robust (Wang et al., 2013). To
make the transition to a biology-based engineering discipline, the foundations of synthetic
biology require standardised “biological parts”, which can be readily exchanged to build
more complex systems (Miiller and Arndt, 2012). A biological part is a discrete, genetically
encoded entity, such as a promoter, an RNA aptamer or a fluorescent reporter protein,
that exhibits a fundamental biological function (Wang et al., 2013).

Standardisation and reproducibility are vital to success of synthetic biology but can be
technically challenging to investigate. The first consolidated attempt at part standardisation
was the Registry of Standard Biological Parts launched at the Massachusetts Institute of

k™ parts, which are standardised

Technology. This registry contains thousands of BioBric
in construction according to a restriction-ligation cloning protocol, allowing for rapid part

interchange. Characterisation of these parts is non-trivial and the development of a system
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of in vivo relative units, compared to internal housekeeping standards, was an important
development in the conception of biological standard parts (Kelly et al., 2009).

With sufficiently well-characterised parts, more complicated systems, like genetic
circuits, can be constructed. The first gene circuits reported were a genetic toggle switch,
in which promoters drove the expression of mutually inhibitory transcriptional repressors
(Gardner et al., 2000) and an oscillatory circuit which consisted of a triple negative-feedback
loop of sequential repressor-promoter pairs, also known as the repressilator (Elowitz and
Leibler, 2000). These two circuits allowed for the functions of switching stable states, and
periodic oscillation respectively (Cameron et al., 2014). The field has progressed to the
point where there are over 100 new regulators that are orthogonal to natural systems,
which could, at least theoretically, be used to build synthetic regulatory networks at the
scale of natural networks in bacteria (Brophy and Voigt, 2014).

The best characterised “chassis” or organisms for synthetic biology are FE. coli and
Saccharomyces cerevisiae. As the field has developed however, new organisms, with different
metabolic properties, have been used. Among these are the Clostridia, which can degrade
cellulose and produce acetone and alcohols (Kovécs et al., 2013), and the cyanobacteria
(Berla et al., 2013).

DNA assembly

Several advances in DNA assembly have facilitated the growth of synthetic biology. Over
the last 10 years a number of ligase independent (CPEC (Quan and Tian, 2009) and
SLIC (Li and Elledge, 2007)) and ligase dependent (e.g. Gibson (Gibson et al., 2009))
DNA assembly protocols have been published (Chao et al., 2015). These techniques allow
for rapid assembly of large constructs, but are no longer constrained by the necessarily
modular assembly method of restriction-ligation cloning in, for example, the BioBrick™
model (Ellis et al., 2011).

While the cloning and DNA assembly method should, to a certain extent, be decided by
the nature of the project (Ellis et al., 2011), the development of modular overlap-dependent
cloning strategies to replace the BioBrick model are desirable (Casini et al., 2013). These
techniques marry the benefits of standardised part building from systems like the BioBrick,
with newer assembly techniques. Given the ever decreasing price of gene synthesis and
advances in genome editing, the central importance of DNA assembly may shift, but
assembly will remain a key technology because of the necessarily parallel nature of most

synthetic biology projects (e.g. tuning expression of a gene by trying several promoters).

1.7.2 Transformation of Synechocystis

Synechocystis is normally genetically altered by natural transformation with suicide vectors

which contain chromosomal homology regions (Grigorieva and Shestakov, 1982). This
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process happens with high efficiency and has been extensively characterised (Zang et al.,
2007). Synechocystis can also be transformed by electroporation for improved efficiency
(Zang et al., 2007). Plasmids for integration will typically feature 600 bp homologous regions
on either side of the desired recombination site (see Fig. 1.11). It has recently been shown
that premethylation of foreign DNA using newly identified endogenous methyltransferases

from Synechocystis improves transformation efficiency (Wang et al., 2015).

"Suicide" vector

Flanking Region 1 D D : B @D Flanking Region 2
(600 bp) \/ \ / (600 bp)

{ Homologous recombination

I_I |—| Bacterial Chromosome

Flanking Region 1 |—| |—| Flanking Region 2
(600 bp) (600 bp)

D Flanking site o Barcode + RBS v f:)rpat;r:eHeadlng @ Antibiotic Resistance Cassette

Figure 1.11: Homologous recombination mechanism: Synechocystis is naturally
transformable and incorporates foreign DNA by homologous recombination. Matching
flanking sequences 1 and 2 on both the “suicide vector” and on the bacterial chromosome
are swapped by the native DNA repair machinery, integrating the construct between the
two sites designated on the bacterial chromosome.

Neutral sites

A neutral site is a genomic locus used for integration of foreign constructs, designed to
perturb chassis systems as little as possible. Until recently only few genomic neutral sites
were used in Synechocystis. The most popular neutral site is in the open reading frame
(ORF) of gene slr0168 originally used by Williams et al. (Williams, 1988; Kunert et al.,
2000; Gao et al., 2012; Tan et al., 2011; Wang et al., 2013; Angermayr et al., 2014; Yao
et al., 2014). Other observed neutral sites more rarely used are slr1556 (Wang et al., 2013),
“neutral site 1”7 in the psbA1 gene (Varman et al., 2013; Immethun et al., 2016), “neutral
site 2”7 (Englund et al., 2015), and sir0646 (Xue et al., 2014).

Neutral sites on endogenous plasmids have also been suggested and tested (Berla and
Pakrasi, 2012; Armshaw et al., 2015). An advantage of these sites is that expression of
genes from the plasmids appear to be upregulated during stationary phase.

More systematic approaches for neutral site discovery in Synechocystis were used in
two recent studies (Ng et al., 2015; Pinto et al., 2015). Ng et al. used RNA-seq data
to identify sites from which there is no transcription, filtered results by manual curation
and characterised two sites, one on an endogenous plasmid and the other on the bacterial

chromosome. These sites were validated by expression of the fluorescent protein, EYFP,
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from the loci. Arguably these are the most “neutral” sites available as traditional neutral
sites often interrupt ORF's of unknown function. In line with this previous methodology,
Pinto et al. specifically searched for new intra-ORFs neutral sites. They filtered for
ORF's encoding unknown or hypothetical proteins that were less than 300 amino acids,
encoded proteins without TM domains, were not listed as interacting with other proteins in
two-hybrid systems and did not have significant hits from a BLAST search. They analysed
16 candidates and selected those with the lowest transcription under study conditions.
From these they identified and confirmed expression from 5 candidate neutral sites (Pinto
et al., 2015).

Selection systems

Selection of transformed mutants in Synechocystis is typically achieved by the use of a
limited number of antibiotic resistance cassettes (see Materials € Methods: Vectors and
Recombinant Plasmids). To allow re-use of two alternating resistance cassettes for multiple
integration the “domino” style of integration can be used (Itaya et al., 2008). In this
concept the new transforming plasmid replaces the previous antibiotic resistance cassette
with a new ORF and another, alternative antibiotic resistance cassette, allowing multiple
insertions of alternating resistance.

Alternatively techniques for markerless mutants are now available in Synechocystis.
The first markerless technique to be used in Synechocystis was the sacB/kan cassette (Gay
et al., 1985; Ried and Collmer, 1987; Ermakova-Gerdes and Vermaas, 1999). In this system
sacB codes for a levansucrase, the expression of which is lethal to the cells if exposed to
sucrose. The system normally requires two transformations, the first of which is with a
plasmid which provides the antibiotic resistance and the sacB ORF, which is selected
for on the antibiotic of choice. The second transformation removes both the cassette
and the sacB ORF and is selected on media containing sucrose. A recent single vector-
based system has been developed which relies on intraconstruct spontaneous homologous
recombination to remove the antibiotic resistance cassette and sacB ORF (Viola et al.,
2014). Markerless transformation has also been demonstrated by the use of nickel-inducible
mazF, an endoribonuclease from E. coli which acts as a general inhibitor of protein synthesis
(Cheah et al., 2013). The Flippase/ FRT recombination target (FLP/FRT) system from
Saccharomyces cerevisiae has also been applied in Synechocystis (Tan et al., 2013). Finally,
a counter-selection system for Synechocystis and other cyanobacteria has been developed

using the toxic acrylate and CoA-ligase gene knockouts (Begemann et al., 2013).

Promoters

Promoters for use in the cyanobacterial chassis have been an active area of research as

promoters borrowed from the E. coli system often perform poorly (Huang et al., 2010).
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This may be to do with fundamental differences in the structure of cyanobacterial RNA
polymerases as described in Section 1.5.3.

Promoters can be categorised into three functional types (Imamura and Asayama,
2009). Type I promoters are the canonical Eubacterial promoters which contain both a
-35 element and the -10 element (Hook-Barnard and Hinton, 2007). Type II promoters
contain only the -10 element and some enhancer regions for specific activating proteins.
The majority of investigated promoters in Synechocystis are type II promoters. Type III
promoters are used only for specific responses and do not resemble types I or II.

In principle, non-native promoters are preferable for synthetic biology as they have
minimal cross-talk with the host regulatory background (Nandagopal and Elowitz,
2011). In practice, the use of non-native promoters has been challenging in the
cyanobacterial system. Three promoters commonly used in FE. coli, APp-derived
BBa_R0040, APg-derived BBa_R0051 andPy,c.-derived BBa_R0010 (found in BioBrick
Registry: http://partsregistry.org/Promoters) in their original state showed no function in
Synechocystis (Huang et al., 2010). The Py, promoter shows leaky repression and a narrow
range of regulation (Ng et al., 2000; Huang et al., 2010). The construction of libraries of
non-native promoters has been useful in identifying features for regulating transcription
(APy, library (Huang and Lindblad, 2013), Pt library (Albers et al., 2015)).

The Py, promoter was the first foreign promoter to be tailored to Synechocystis (Huang
et al., 2010). The Py, promoter is a version of the P, promoter where the spacing between
the -35 and -10 is increased from 16 bp to 17 bp (Brosius et al., 1985). The Py, is itself
a hybrid promoter generated from the E. coli promoter regions Py, and P, (Dickson
et al., 1975). The P10 described by Huang et al. contains a single operator sequence
(which is bound by Lacl repressor) whereas P00 contains two such operators, the second
operator having a higher affinity for Lacl (Huang et al., 2010). P20 functions as a
stronger promoter than P10 and shows better repressibility in Synechocystis (Huang
et al., 2010). Further studies have investigated the consequences of DNA looping on this
repression (Camsund et al., 2014). Consensus sites for these promoters are similar to the
consensus -35 and -10 of the cyanobacterial type I promoters recognised by the primary
sigma factor under normal conditions (Imamura and Asayama, 2009; Camsund et al.,
2014). The repressor proteins such as Lacl are not native to Synechocystis and must also
be expressed heterologously.

Promoters are ideally benchmarked against P,,pg, the promoter for ribonuclease P,
for which transcription is known to be unaffected by light/dark transitions and redox
perturbations (Alfonso et al., 2000, 2001; Nagarajan et al., 2012) and for which measurement
is consistent between studies (Huang and Lindblad, 2013; Mitschke et al., 2011). A list of
both non-native and native promoters used in synthetic biology can be found in Table 1.4

and some of these promoters have been benchmarked agains P,n,p (Huang et al., 2010;
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Huang and Lindblad, 2013; Mitschke et al., 2011).

Ribosome binding sites

The ribosome binds at a specific site on the mRNA to initiate translation. In prokaryotes
this ribosome binding site (RBS) usually contains a core Shine-Dalgarno (SD) sequence (5'-
GGAGG-3’) (McCarthy and Gualerzi, 1990). The effectiveness of a ribosome binding site
relies in part on the match between this core SD sequence and the anti-SD sequence found
on the 3’ end of the 16S rRNA sequence. Synechocystis appears to be relatively unusual in
that only 26 % of genes contained a core SD sequence (Heidorn et al., 2011) compared to
57% in E. coli (Ma et al., 2002). In an effort to improve synthetic biology understanding
of RBS in cyanobacteria, Heidorn et al. designed a new RBS complementary to the 16S
rRNA of Synechocystis (RBS*: TAGTGGAGGT) which contained an optimal spacing of 9
bp between the A of the core SD sequence and the first base of the start codon. The RBS*
compared favourably with three RBSs from the BioBrick registry (BBa_B0030, BBa_B0032,
BBa_B0034) and expression was improved by > 2-fold from the RBS* containing constructs
(Heidorn et al., 2011). Previous to this study BioBrick ribosome binding site BBa_B0034
had been shown to be functional in Synechocystis (Huang et al., 2010). This RBS* has
since been used in synthetic biology pursuits (Englund et al., 2015). Varying the strength of
the ribosome binding sites using RBS calculators as predictive tools (Salis, 2011; Borujeni
et al., 2013) has been used successfully in generating moderated levels of protein expression

in oxygen-responsive gene circuits in Synechocystis (Immethun et al., 2016)

Transcriptional terminators

Few transcriptional terminators are currently available for synthetic biology in Synechocys-
tis. The non-native transcriptional terminator of bacteriophage T7 (Miller, 1991), and
terminator of rrnB of E. coli (Geerts et al., 1995) have been expressed in cyanobacteria. A
combination of both of these parts has been submitted to the BioBrick registry (BBa_B0015)
and is functional in Synechocystis (Huang et al., 2010). The native RuBisCO terminator
from Synechocystis has also been used in synthetic biology (Tan et al., 2011; Zhou et al.,
2014; Wang et al., 2016) along with the groEL terminator in other cyanobacteria (Jacobsen
and Frigaard, 2014).

Synthetic operons & logic gates

Typically synthetic operons in Synechocystis contain only two ORF's per promoter (Liu
et al., 2011; Gao et al., 2012; Varman et al., 2013; Englund et al., 2015) and feature designed
RBSs similar to that produced by Heidorn et al. (Heidorn et al., 2011; Englund et al.,
2015). Larger synthetic operons with three (Anfelt et al., 2015) or four (Bentley et al.,
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Promoter

Description

References

Pcpc or Pcpc560

The promoter for the phycocyanin operon.
Strongest native promoter available. Light and
redox sensitive (Gill et al., 2002; Hihara et al.,
2003). Pcpeseo is a well characterised Py, variant
consisting of two promoters from the cpcB gene
and 14 predicted TF binding sites.

(Zhou et al., 2014; Ng
et al., 2015) (closely re-
lated sp. PCC 6714 ver-
sion Imashimizu et al.

(2003))

Hybrid promoter generated from the E. coli pro-
moter regions Py, and Pj,e

(Dickson et al., 1975;
Varman et al., 2013;
Wang et al., 2013) &
library (Albers et al.,
2015)

Ptrc or PtrclO

Version of the Pi,. promoter where the spacing
between the -35 and -10 is increased from 16 bp
to 17 bp

(Brosius et al., 1985;
Huang et al., 2010; Guer-
rero et al., 2012; Cam-
sund et al., 2014; Anger-
mayr et al., 2014; Anfelt
et al., 2015)

Pire20 Variant of Pyc10 with an additional Lacl repress- (Huang et al., 2010;

ible operator Angermayr et al., 2014)
& library (Camsund
et al., 2014)

Pietr Anhydrotetracyclin inducible APy, promoter (Kincade et al., 1991)
& Library (Huang and
Lindblad, 2013)

PaiLaco-1 Version of Py, with improved dynamic range (Lutz and Bujard, 1997;
Guerrero et al., 2012)

Ppsbar Promoter from gene encoding one of three photo- (Nair et al., 2001; Taka-
system II D1 proteins from Synechococcus elon- hama et al., 2003; Guer-
gatus sp. PCC 7942 rero et al., 2012)

Ppsba2 Promoter from gene encoding one of three pho- (Lindberg et al., 2010;
tosystem II D1 proteins. One of the strongest Joseph et al., 2013; Bent-
native protein expressing promoters from tran- ley et al., 2014; Anger-
scriptome data (Kopf et al., 2014) mayr et al., 2014; An-

felt et al., 2015; Englund
et al., 2015)

PusB Endogenous nickel inducible promoter (Peca et al., 2008; Liu
and Curtiss, 2009; Blasi
et al., 2012; Englund
et al., 2015)

Proer, Endogenous RuBisCO promoter (Huang et al., 2010; Tan

et al., 2011; Yoshikawa
et al., 2015)

Table 1.3: Promoters identified for use in Synechocystis (1):

for use in Synechocystis and a short description of their function.
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Promoter Description References
Ppete Endogenous plastocyanin gene promoter, respon- (Briggs et al., 1990; Tan
sive to copper ions et al., 2011; Guerrero
et al.; 2012; Yao et al.,
2014)
Ppets Endogenous promoter for Cytochrome cs53, re- (Kuchmina et al., 2012;
pressed by copper Guerrero et al., 2012)
PrupB Endogenous promoter for housekeeping gene ri- (Huang et al., 2010;
bonuclease P Angermayr et al., 2014)
Pubia Endogenous promoter for protein involved in (Woods et al., 2010;

phycobilisome degradation, upregulated under Yoshikawa et al., 2015)
nitrogen stress

Prira Nitrate induced ammonium repressed promoter (Omata et al., 1999;
from Synechococcus elongatus sp. PCC 7942 Ivanikova et al., 2005)

Pria Endogenous dark induced promoter (Imamura et al., 2004)

Peoat Endogenous heavy metal (Co, Zn) induced (Guerrero et al., 2012;
Peca et al., 2008)

P.rsB Endogenous arsenic oxide induced promoter (Blasi et al., 2012)

Piaa Endogenous cadmium, zinc induced promoter (Blasi et al., 2012)

Pisian Endogenous iron repressed promoter (Kunert et al., 2003)

Pemt Zinc induced promoter from Synechococcus elon- (Guerrero et al., 2012)

gatus sp. PCC 7002

Table 1.4: Promoters identified for use in Synechocystis (2): Promoters identified
for use in Synechocystis and a short description of their function

2014) ORFs placed together in front of a single promoter have also been demonstrated.
In this same paper proteins from multiple polycistronic constructs were simultaneously
expressed (Bentley et al., 2014). In other cyanobacteria the general strategy is to use only
two ORF's to a promoter (Shih et al., 2014).

So far only one example of a logic gate in a genetic circuit exists in Synechocystis. A
logic gate is a device which employs a Boolean function, i.e. performs a logical operation
on one or more logical inputs and returns a single logical output. The most common
examples are AND/OR gates. In Synechocystis an oxygen-responsive gene circuit based on
the E. coli fumarate and nitrate reduction (FNR) system has been constructed and returns

an output only with the AND stimulus of anhydrotetracyclin (Immethun et al., 2016).

Degradation tags

Degradation tags are amino acid sequences which can be added to proteins to accelerate

degradation by cytoplasmic proteases like ClpXP and CIpAP. Several paralogs of ClpP
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have been found in Synechocystis (Sokolenko et al., 2002). The tags for such proteases
are C-terminal oligopeptide extensions. In the natural system, proteins stalled on the
ribosome are co-translationally tagged with a short peptide sequence encoded by the ssrA
RNA before being released from the ribosome. This tag is then bound by SspB and ClpX
which associate with other proteases to degrade the target in an ATP-dependent manner
(Gottesman et al., 1998). Three tags -ASV, -AAV, LVA were investigated by Huang et al.
(Huang et al., 2010). Using EYFP as a test expression protein, degradation tags have also
been systematically mutated to investigate the effect on degradation rate in Synechocystis
(Landry et al., 2013).

Other tools

A shuttle vector is a vector which can replicate in two or more host species. Only one shuttle
vector appears to be available for Synechocystis although vectors for other cyanobacterial
systems have been reviewed (Wang et al., 2012). The shuttle vector pPMQAK1 uses the
cyanobacterial replicon RSF1010 and is stably maintained in both Synechocystis and FE.
coli (Huang et al., 2010). Reports of copy number for the RSF1010 containing plasmids
very from 10 (Marraccini et al., 1993) to 30 (Ng et al., 2000) in Synechocystis and about
10 in E. coli (Thomas, 1989). Due to lack of an active plasmid partitioning mechanism,
RSF1010-derived plasmids can be eliminated from cells and as such antibiotic selection
pressure must be maintained (Becker and Meyer, 1997; Meyer, 2009).

In terms of fluorescent reporter proteins, EYFP, cerulean and GFPmut3b have all been
shown to have fluorescent properties which are not affected by the strong background
of photosynthetic pigments (Huang et al., 2010) and have been used extensively in the
cyanobacterial system (Landry et al., 2013).

1.7.3 Characteristics and challenges of the cyanobacterial chassis

The same unique characteristics of a chassis organism can be viewed as challenges or
opportunities depending on the desired output of the system. Specific characteristics of the
cyanobacterial chassis, as exemplified by Synechocystis include: a wide range of accessible
metabolic modes, high NADP(H)/NAD(H) ratios, varied storage compounds and a diurnal
lifestyle. Specific problems for the system include the soluble problem of limited genetic
tools, as described earlier, and the less well-studied issue of genetic stability.
Cyanobacteria have access to a wide range of growth modes which significantly alter
intracellular metabolite concentrations and pathway flux. This dynamic range is further
increased by characteristic responses to stimuli like changes in light, carbon or nitrogen
levels. These stimuli are cheap inducers of novel metabolic states. Nitrogen-starvation
has been used to improve production of polyhydroxyalkanoates (Osanai et al., 2013), and

n-butanol (Anfelt et al., 2015) in this way, but the effect on growth is also critical for
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continous production. Equally, incubation in the dark increases levels of 2-oxoglutarate
(Hanai et al., 2014) although this discovery has not to my knowledge been used for synthetic
biology. The same challenge that makes optimisation of production difficult, makes dynamic
ranges of metabolite concentrations and pathway flux available. The use of in silico models
built on further '3C-MFA and metabolomics data should allow researchers to make better
use of the wide range of metabolic states available to cyanobacteria.

The most attractive metabolic mode for cyanobacterial biotechnology is photoautotro-
phy, due to cheap and renewable inputs. Specific pathways may benefit from the layout of
central carbon metabolism in Synechocystis with a bifurcated, non-oxidative TCA cycle
and consistently active oxidative pentose phosphate pathway. In many respects synthetic
biology in photoautotrophic strains may become about matching the product with the
chassis rather than the reverse. For example, high, unidirectional flux to 2-oxoglutarate
suggested production of ethylene (Guerrero et al., 2012) and the overflow of pyruvate
and 2-oxoglutarate in glycogen-deficient mutants suggests another pathway available for
engineering (Carrieri et al., 2012; Griindel et al., 2012).

One concept which seems to be generally true for photoautotrophic synthetic biology
is the value of excreted carbon and reductive power sinks (Ducat et al., 2012). Excretion
of the product from the cell not only avoids any problem of toxic buildup but actually
significantly improves photosynthetic performance and production titre (Ducat et al., 2012).
The use of exporter proteins will be vital in expanding upon this area of synthetic biology
(Niederholtmeyer et al., 2010).

One consequence of the photoautotrophic lifestyle of cyanobacteria is a high
NADP(H)/NAD(H) ratio when compared with heterotrophic chassis. This cofactor is
difficult to measure due to instability during extraction but has been estimated at approx-
imately 7:1 in both Synechochoccus sp. PCC 7942 and Synechocystis (Vermaas, 2001;
Tamoi et al., 2005; Takahashi et al., 2008; Varman et al., 2013). The same ratio in E.
coli has been reported as approximately 1:3 in favour of NADH (Chemler et al., 2010).
Figures for the exact value in cyanobacteria and the level of reduction within that pool
under changing conditions are conflicting (Kauny and Sétif, 2014; Gudmundsson and
Nogales, 2015; Anfelt et al., 2015) but the principle makes sense given the reduction of
NADPH by the photosynthetic light reactions. When using NADH-requiring enzymes
two approaches have been demonstrated. The first is to substitute the enzyme with
an existing NADPH-requiring enzyme (Lan and Liao, 2012). The second is to express
soluble transhydrogenases to balance the cofactors in favour of NADH (Savakis et al.,
2013). Finally this same “challenge” to conventional synthetic biology is an opportunity
for other tragets, as is the case with NADPH-requiring IspH in the native methyl-erythritol
phosphate used for terpenoid synthesis (Englund et al., 2015) or the NADPH-specific
propionyl-CoA synthase and malonyl-CoA reductase described in this project.
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The main issue for cyanobacterial synthetic biology is the issue of low yields. No
chemical produced by engineered cyanobacteria has reached a titre of more than 10 gLt
(Savakis and Hellingwerf, 2015). The explanations so far put forward for poor yield are:
“autotrophic burden” (Burnap, 2015), thermodynamic and regulatory constraints (Cotton
et al., 2015), and photosynthetic efficiency at the expense of metabolic diversity (Nogales
et al., 2012). The “autotrophic burden” argument broadly suggests that surface area and
cytoplasmic space represent a zero-sum game and, given the requirement for not only all
the photosynthetic machinery, but also all of the enzymes required to build all parts of
the cell from simple inorganic components, there is little physical space for anything else
to be overexpressed. The thermodynamic and regulatory constraints argument suggests
that because of the inherent danger of using light as an energy source, layers of regulation
and energy loss are required for a living organism to survive. The final argument about
photosynthetic efficiency at the expense of metabolic diversity suggests that because wild-
type organisms have to react to changing circumstances constantly in order to optimise
their photosynthetic efficiency, other metabolic pathways have become less flexible and
adapt more poorly to the addition of new pathways. None of these three broad opinions
are mutually exclusive, and none suggests that we cannot engineer more efficient systems.
The suggestion is just that to engineer more efficient photoautotrophic production of
chemicals, facets of the wild-type system, particularly those that allow growth under
changing conditions, will have to be streamlined.

The limited number of genetic tools is being addressed by a number of groups and
does not present an insurmountable barrier to synthetic biology in cyanobacteria. A less
well understood phenomenon is that of genetic instability in cyanobacteria (Jones, 2014).
Because this typically represents a negative result, there are few reports in the literature,
but they do exist. For example the ability to form ethylene was spontaneously lost from
Synechococcus elongatus sp. PCC 7942 (Takahama et al., 2003) though in Synechocystis
the same gene was expressed normally (Guerrero et al., 2012). The specific strain is not the
problem however as Synechocystis also had wild-type revertants in a lactic acid producing
strain (Angermayr et al., 2012). The phenomenon is not unheard of in other hosts like F.
coli (Tyo et al., 2009; Sleight and Sauro, 2013), but the rate of spontaneous instability will

be important for development of synthetic biology in cyanobacteria (Jones, 2014).

1.8 Thesis aims

The 3-hydroxypropionate bi-cycle has a number of predicted advantages over the Calvin
cycle in Synechocystis for biotechnological purposes as it avoids the RuBisCO oxygenation
reaction, uses bicarbonate as a carbon source, and makes pyruvate as the end product

of the bi-cycle. An additional advantage in the synthetic biology context is the use of
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a central carbon pathway which is orthogonal to the host, avoiding complicated native
regulation put in place to help the organism adapt to changing environments which are
not relevant in the laboratory or biotechnological setting.

The task is very ambitious given the current state of synthetic biology in cyanobacteria
and its development over the past four years. Even in a well-studied and tool-rich species
like E. coli the project is complicated and requires significant troubleshooting (Mattozzi
et al., 2013). Nonetheless, the project represents an exciting opportunity to test the
state-of-the-art genetic engineering tools in Synechocystis and provide a functional case for

central carbon metabolic engineering in cyanobacteria.

Project aims:

e Develop an in-house flux-balance analysis model for Synechocystis which accurately

reflects current understanding of central carbon metabolism

e Use the flux-balance analysis model to assess mutant strategy for integrating Syne-

chocystis and the generation of intermediate strains
e Develop methods for inactivation of the Calvin cycle in Synechocystis

e Select and clone all desired genes for expression of the 3-hydroxypropionate bi-cycle

into vectors for expression in Synechocystis

e Express the enzymes of the 3-hydroxypropionate bi-cycle in Synechocystis using a

modular approach (e.g. middle, left-hand side and right-hand side).
e Characterise intermediate strains and identify obstacles to pathway engineering

e Investigate key enzymes of the 3-hydroxypropionate bi-cycle by structural methods
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Materials & Methods

The following chapter contains all materials and methods used for the experiments described
in this thesis. Additional information related to DNA sequences may be found in the

Appendizx.

2.1 Escherichia coli strains and growth conditions

2.1.1 Strains

The NEB 5-alpha and 10-beta E. coli strains (New England BioLabs Limited, UK) were
used for cloning and the KRX strain (Promega UK Limited, UK) was used for protein

expression.

Strain Genotype Supplier

NEB 5-alpha  fhud2, A(argF lacZ)U169, phoA, ginV44, ¢80, New England Biotech
A(lacZ)M15 gyrA96, recAl, relAl, endA1, thi-1,
hsdR17

NEB 10-beta A (ara-leu) 7697, araD139, fhuA AlacX7/, New England Biotech
galK16, galE15, eld ¢80dlacZ AMI15, recAl,
relAl, endA1, nupG, rpsL, (Str®) rph, spoT1,
A (mrr-hsdRMS-merBC)

KRX [F",  traD36, AompP, proA*B7", lacl?, Promega
AlacZ)M15], AompT, endAl, recAl, gyrA96
(Nal"),thi-1, hsdR17 (v, my'), eld” (McrA”),
relAl1, supE44, A(lac-proAB), A(rhaBAD)::T7
RNA polymerase

Table 2.1: E. coli strains: Strain names, genotypes and suppliers used for E. coli strains
used.
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2.1.2 Growth conditions

E. coli cells grown for transformation or cloning purposes were grown in liquid Luria-
Bertani (LB) medium (1% (w/v) bacto-tryptone, 0.5 % (w/v) yeast extract and 1% (w/v)
NaCl) (Sambrook and Russell, 1989) on an orbital shaker (Innova 4400 incubator-shaker,
New Brunswick Scientific, UK) at 37°C and 250 rpm. Cells grown on solid LB 1.5%
(w/v) agar plates were incubated in a static incubator (Astell Hearsen, UK) at 37°C.
Antibiotics for selective growth in both liquid and solid LB medium were used at the
following final concentrations: ampicilin (AMP; 100-200 ug mL"), kanamycin (KAN;
50 ug mLt), chloramphenicol (CAM; 35 ugmLt).

For expression of foreign proteins an inoculum of 10 mL E. coli KRX culture, trans-
formed with the appropriate plasmid, was grown overnight (16 h) and under selective
antibiotic pressure. The inoculum was added to one litre of Terrific Broth media (granu-
lated, Melford, UK, see Table 2.2) supplemented with ampicilin (200 pg/mL). One litre
cultures were grown in baffled flasks at 37°C and 250 rpm (Innova 43 series incubator-
shaker, New Brunswick Scientific, UK) until they reached an optical density (O.D.) of ~
0.6 at a wavelength of 600 nm. ODggp was measured in a 1 mL disposable cuvette using
a Shimadzu spectrophotometer (UV-1601, Shimadzu, Japan). At ODggg cultures were
induced by addition of 5 mL of filtered 200 mgmL™! L(+)-Rhamnose. Induced cultures
were left for ~ 20 hours at 22°C. After 20 hours cultures were centrifuged (15 minutes,

3300 g), the supernatant removed and pellets stored at —20 °C for later use.

Component Amount (L)
Casein Digest Peptone 12 g
Yeast Extract 24 g
Dipotassium phosphate 94 ¢
Monopotassium phosphate 22¢g
Glycerol 4 mL

Table 2.2: Terrific Broth formulation: Media components for terrific broth. Bought as
granulated mixture, added 4 mL glycerol and deionised water to 1 litre.

2.2 Cyanobacterial strains and growth conditions

2.2.1 Strains

No true wild-type strain of Synechocystis sp. PCC 6803 was used in this thesis and
the wild-type referred to consistently is the derived, non-recombinant, glucose-tolerant
Synechocystis sp. PCC 6803 strain (GT) (Williams, 1988) which was a gift to the Nixon
lab from Dr. J. K. Williams (Dupont, Delaware, USA).
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Strain Description Reference

WT (GT) Glucose-tolerant Synechocystis sp. PCC (Williams, 1988)
6803 strain

stJWM_3HP_C01 Glucose-tolerant strain expressing (Papagiannakis,
malonyl-CoA reductase 2012), this work

stJWM_3HP _C02 Glucose-tolerant strain expressing (Papagiannakis,
propionyl-CoA synthase 2012), this work

stJWM_3HP_C01-02 Glucose-tolerant strain expressing both This work
malonyl-CoA reductase and propionyl-CoA
synthase

stJWM_3HP_dLHS1 Glucose-tolerant strain with partial This work

integration of left-hand side operon for
expression of 3-HP bi-cycle

stJWM_3HP_C02_dLHS1 Malonyl-CoA reductase expressing, This work
glucose-tolerant strain with partial
integration of left-hand side operon for
expression of 3-HP bi-cycle

stJWM_3HP_C01-02_.dLHS1  Propionyl-CoA synthase and Malonyl-CoA  This work
reductase expressing, glucose-tolerant
strain with partial integration of left-hand
side operon for expression of 3-HP bi-cycle

stJWM_3HP_dRHS1 Glucose-tolerant strain with partial This work
integration of the right-hand side operon
for expression of the 3-HP bi-cycle

stJWM_3HP_C02_dRHS1 Propionyl-CoA synthase expressing, This work
glucose-tolerant strain with full integration
of the right-hand side operon for expression
of the 3-HP bi-cycle

stJWM_3HP_C01-02.dRHS1  Propionyl-CoA synthase and Malonyl-CoA  This work
reductase expressing, glucose-tolerant
strain with full integration of the
right-hand side operon for expression of the
3-HP bi-cycle

stJWM_3HP_C01- Propionyl-CoA synthase and Malonyl-CoA  This work
02_dLHS1_dRHS1 reductase expressing, glucose-tolerant

strain with partial integration of left-hand

side operon for expression of 3-HP bi-cycle

and full integration of the right-hand side

operon for expression of the 3-HP bi-cycle

Table 2.3: Synechocystis sp. PCC 6803 strains: Strain names, descriptions and
references for Synechocystis sp. PCC 6803 strains used.

2.2.2 Routine growth conditions

All Synechocystis sp. PCC 6803 strains were cultivated on BG-11 (1.5% (w/v)) agar
plates (BG-11 basic mineral medium (Stanier et al., 1971)), supplemented with 0.3 %
(w/v) sodium thiosulphate, 10 mM N-tris[hydroxymethyl]methyl-2-aminoethansulfonic
acid (TES-KOH) pH 8.2 (Hihara and Ikeuchi, 1997). Plates were restreaked every two to
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four weeks. Liquid BG-11 cultures (5 mM TES-KOH, pH 8.2) were grown in either sterile
air-filter capped tissue culture flasks or in sterile flasks autoclaved with cotton wool and
cheesecloth stoppers on orbital shakers at 100 rpm. All cyanobacterial strains were grown
in a temperature controlled room set at 29 °C and illuminated with incident fluorescent
white light intensity of ~ 10 uEm™s! and 25-70 uEm™s! (in liquid cultures).

For long-term storage 20 mL exponential phase cultures of a strain were centrifuged
(20 minutes, 3300 g), resuspended in 3 mL liquid BG-11 supplemented with 15 % glycerol,
aliquotted into cryotubes, flash cooled in liquid nitrogen and stored at —80°C. To revive
strains from glycerol stocks, glycerol stocks were streaked on BG-11 (5 mM glucose) and
then streaked onto increasing concentrations of the appropriate antibiotic(s).

Where necessary, antibiotics were added at the following concentrations: kanamycin
(KAN; 50 to 200 pg mL1), chloramphenicol (CAM; 17 to 35 ug mLt), erythromycin (ERY;
10 g mLY), gentamicin (GEN; 5 to 100 ug mL™!) and spectinomycin (SPEC; 25 to 50 ug
mL ).

2.2.3 Photoheterotrophic growth conditions

Existing strains of both wild-type and engineered Synechocystis sp. PCC 6803 were tested
for growth on exogenous carbon sources using agar plates (1.5% (w/v)). Growth was
monitored at 30°C and low light (10 pgEm™s!). Exogenous substrates were titrated to
pH 8.2 with the exception of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) which was
added in such small quantities (10 pM from 1 mM stock) it was assumed affect on pH
would be negligible. All exogenous substrates were added to BG-11 from sterile-filtered
stocks after autoclaving. See Table 4.1 for full details. Cultures of mutants were allowed
to grow to an OD73¢ of ~ 0.5 and were serially diluted in eppendorf tubes to OD73y 0.1,
0.01 and 0.001 before plating. Drops (2 uli) were then placed ~ 1.5 cm from one another

on the agar plate forming a grid.

Substrate Final Concentration
Propionic Acid 0.1 -5 mM
3-Hydroxypropionate 1-20 mM
Lactic Acid 5 mM
DCMU 10 pM

Table 2.4: Additional compounds: Substrates and relevant final concentrations for
growth experiments
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2.3 Chloroflexus aurantiacus strain and growth conditons

Chlorofiexus aurantiacus (J-10-fl, DSM No. 635) was grown in microaerobic liquid culture
in Hungate tubes (Bellco Glass Incorporated, US) at 45 °C. The media was made according
to Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ) standards
(DSM Medium No. 87, see Table 2.5). Media pH was adjusted to 8.2 and individual
Hungate tubes were sparged with nitrogen gas after autoclaving. Neutralized NaS solution
was added after sparging to scavenge oxygen. This sulfide solution was made (as per DSMZ
media 28) using 3.00 grams of NayS-9 H2O in 100 mL distilled water, with the pH of the
solution adjusted to 8 using drop-wise addition of 2M H3SOy4 in a fume hood, checked by

universal pH paper and agitated to avoid precipitation of elemental sulfur.

Component Amount (L) ‘ Component Amount (L)
Chloroflexus aurantiacus media SL-6 Trace Solution
Yeast extract 1.00 g Z/nSO4 - THyO 0.10 g
Glycyl-glycine 1.00 g MnCl, - 4H50 0.03 g

NasHPOy4 - 2H50 0.10 g H3BOg3 0.30 g
MgSO4 e HQO 0.10 g COClz -6 HQO 0.20 g
KNO3 0.10 g CuCl; - 2 HyO 0.01 g
NaNOg 0.50 g NiCls - 6 H,O 0.02 g
NaCl 0.10 g NasMoOy - 2 H,O 0.03 g
CaCls - 2 HoO 0.05¢g
Fe(III) citrate solution 5 mL
(0.1 g in 100 mL H20)
Trace element Solution SL-6 1.00 mL

Table 2.5: Chloroflexus media (DSM No. 87) and trace element (SL-6) solution:
(left) DSMZ suggested media for growth of Chloroflezus aurantiacus. (right) Components
and relevant final concentrations for SL-6 solution used in Chlorofiexus aurantiacus culture.

2.4 Estimation of cell concentration of liquid cultures

The optical density of cells was determined using 1-ml disposable cuvettes and a Shimadzu
spectrophotometer (UV-1601, Shimadzu, Japan). For liquid E. coli cultures the optical
density was measured at 600 nm (ODgoo) whereas the optical density of liquid Synechocystis
sp. PCC 6803 cultures was measured at 730 nm (OD730). An ODr3g of 0.25 for Synechocystis
sp. PCC 6803 is equivalent to approximately 1 - 108 cells ml' (Williams, 1988).
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2.5 Molecular biology techniques

2.5.1 Standard buffers and solutions

Standard buffers and solutions were prepared according to Sambrook et al. (Sambrook
and Russell, 1989) unless otherwise stated. Reverse osmosis filtered (RO) filtered water
(Neptune model 1993162, Purite Limited, UK) was used (18.2 M) to prepare all buffers
and solutions. Chemicals and organic solvents were analytical grade and purchased
from: Amersham Biosciences UK Limited; Boehringer, Germany; ThermoFisher Scientific
Limited, UK; Merck Chemicals Limited, UK; Sigma Aldrich Company Limited, UK,
and VWR International Limited, UK. Coenzyme A (CoA) standards were bought from
Avanti Polar Lipids Incorporated, US and stored in 70% ethanol (v/v) when left in
solution. Media was sterilised by autoclaving for at least 40 min at 121°C (130 kPa). Any
thermolabile compounds were filter sterilised by filtration through 0.2-pm syringe tip filters.
Buffers were filtered using 1 litre filtration systems (0.22 ym filter, pore 54.5 cm?, Corning
Incorporated, NY, US). Antibiotics were prepared with RO water and sterile filtered with
the exceptions of erythromycin and chloramphenicol which were dissolved in 100 % (v/v)
ethanol. Photosystem II inhibitor (3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was
dissolved in 100 % (v/v) ethanol. DCMU, antibiotics, and stocks for addition to agar plates
were stored as concentrated frozen aliquots (500-fold to 1000-fold) at —20°C.

2.5.2 Vectors and recombinant plasmids

The only commercially available plasmid used was pRSET A (ThermoFisher Scientific
Limited, UK) which was modified (Ernesto Cota, personal communication) and used for
His-tagged heterologous protein expression. The modification was an exchange of the
Enterokinase recognition site for a thrombin cleavage site to remove the tag.

Antibiotic resistance cassettes and their origins are listed in Table 2.6.

All plasmids and a description of their functions can be found in Table 2.7.
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Vector

Antibiotic-resistance
cassette

Accession

Reference
number

pJWM_3HP_CO01,
pJWM_APRK kan

Kanamycin (aphl) from
pUC4K

X06404 (Taylor and Rose, 1988)

pJWM_3HP_C02

Erythromycin (erm()

from pE194

NC_005908 (Elhai and Wolk, 1988)

pJWM_3HP_dLHS1

Chloramphenicol (catl)
from pACYC184

X06503 (Rose, 1988)

pJWM_3HP_dRHS1

Spectinomycin  (aadA)
from pHP45-omega

M60473  (Prentki et al., 1991)

pJWM_APRK gen,
pJWM_ARBC _gen,
pJWM_ARBC _tk_iso,
pJWM_ARBC_tk_full,
pPJWM_ARBC_hb_iso,
pJWM_ARBC_hb_full

Gentamicin (aaC(3)-1a)
from pl1658/97

NC_004998 (Miriagou et al., 2005)

All plasmids

Ampicilin from psll-ery

N/A (Foldynov4, 2009)

Table 2.6: Antibiotic resistance cassettes: The vector in which it was used, the source,
the NCBI GenBank accession number and the references for all antibiotic resistance

cassettes used.
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Plasmid Name

Description

pJWM_3HP_C01

Malonyl-CoA reductase ORF (caur_2614) and an erythromycin
resistance cassette inserted between psbA2 flanking regions,
using the colE1 origin of replication and ampicillin resistance

cassette from psll-ery as a backbone

pJWM_3HP_C02

Phycocyanin promoter (Pcpc), propionyl-CoA synthase ORF
(caur-0613) and a kanamycin resistance cassette flanked by
sll1169 and slr1285 regions, using the colK1 origin of replication

and ampicillin resistance cassette from psll-ery as a backbone

pJWM_3HP_dLHS1

Phycocyanin promoter (Pcpc), synthetic left-hand side 3-
hydroxypropionate bi-cycle operon and a chloramphenicol re-
sistance cassette flanked by sll0405 and sll0404 regions, using
the colEl origin of replication and ampicillin resistance cassette

from psll-ery as a backbone

pJWM_3HP_dRHS1

Prre20 promoter, synthetic right-hand side 3-hydroxypropionate
bi-cycle operon and a streptomycin resistance cassette flanked by
sll1498 and sll0800 regions, using the colE1 origin of replication

and ampicillin resistance cassette from psll-ery as a backbone

pJWM_APRK _gen

Gentamicin resistance cassette inserted between phosphoribu-
lokinase (sl11525) flanking regions, using the colEl origin of
replication and ampicillin resistance cassette from psll-ery as a
backbone

pJWM_APRK kan

Kanamycin resistance cassette inserted between phosphoribu-
lokinase (sl11525) flanking regions, using the colE1l origin of
replication and ampicillin resistance cassette from psll-ery as a
backbone

pJWM_ARBC _gen

Gentamicin resistance cassette inserted between RbcL (slr0009)
upstream flanking region and RbcS (slr0012) downstream re-
gion, using the colE1 origin of replication and ampicillin resis-

tance cassette from psll-ery as a backbone
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pJWM_ARBC _tk_iso

Thermococcus kodakarensis ribulose-1,5-bisphosphate isomerase
(Tk-E2b2) and gentamicin resistance cassette inserted between
RbcL (slr0009) upstream flanking region and RbcS (sir0012)
downstream region, using the colE1 origin of replication and

ampicillin resistance cassette from psll-ery as a backbone

pJWM_ARBC_tk_full

Synthetic operon containing Thermococcus kodakarensis
ribulose-1,5-bisphosphate isomerase (Tk-E2b2) and AMP phos-
phorylase (Tk-deoA) with a gentamicin resistance cassette in-
serted between RbcL (slr0009) upstream flanking region and
RbcS (slr0012) downstream region , using the colE1 origin of
replication and ampicillin resistance cassette from psll-ery as a
backbone

pJWM_ARBC _hb_iso

Putative Halogeobacterium  borinquense ribulose-1,5-
bisphosphate isomerase and gentamicin resistance cassette
inserted between RbcL (slr0009) upstream flanking region and
RbcS (slr0012) downstream region, using the colE1l origin of
replication and ampicillin resistance cassette from psll-ery as a
backbone

pJWM_ARBC_hb_full

Synthetic operon containing possible Halogeobacterium borin-
quense ribulose-1,5-bisphosphate isomerase and AMP phospho-
rylase with a gentamicin resistance cassette inserted between
RbcL (slr0009) upstream flanking region and RbcS (slr0012)
downstream region , using the colE1 origin of replication and

ampicillin resistance cassette from psll-ery as a backbone

pRSETA-Caur0174

Malyl-CoA lyase ORF (caur_-0174) cloned into multiple cloning
site of modified pRSET A

pRSETA-Caur0173

Mesaconyl-C1-CoA hydratase ORF (caur-0173) cloned into
multiple cloning site of modified pRSET A

pRSETA-Caur0175

Mesaconyl-CoA C1-C4 CoA transferase (caur-0175) cloned into
multiple cloning site of modified pRSET A

pRSETA-Caur0180

Mesaconyl-C4-CoA hydratase (caur_0180) cloned into multiple
cloning site of modified pRSET A

pRSETA-SmtAB

Succinyl-CoA:(S)-malate CoA-transferase ORFs with genomic
DNA spacer (caur-0178 and caur-0179) cloned into multiple
cloning site of modified pRSET A
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pRSETA-Caur2614N  Malonyl-CoA reductase (caur-2614) (N-terminal 1-549 AA)
construct cloned into multiple cloning site of modified pRSET
A

pRSETA-Caur2614C ~ Malonyl-CoA reductase (caur-2614) (C-terminal 550-1219 AA)
construct cloned into multiple cloning site of modified pRSET

A

pRSETA-Caur2614 Malonyl-CoA reductase (caur_2614) construct cloned into mul-
tiple cloning site of modified pRSET A

pRSETA-Caur0613 propionyl-CoA synthase (caur-0613) construct cloned into mul-
tiple cloning site of modified pRSET A

Table 2.7: Plasmid descriptions: Names and descriptions of plasmids used.

2.5.3 Transformation
E. coli transformation

NEB 10-alpha, 10-beta cells and Promega KRX cells were transformed as per manufacturer’s
instructions. 5 pl of Gibson reaction mixture was used where cells were transformed directly
after assembly. For purified plasmid 50 ul aliquots of E. coli cells were thawed on ice,
gently mixed with ~ 1 ug of plasmid DNA and incubated for 30 minutes on ice. Cells were
then heat shocked for 30 seconds at 42 °C and incubated for 5 minutes on ice. 950 ul of
liquid LB medium was added to cells and cells were incubated for 1 hour, at 37°C with
vigorous shaking. Depending on the transformation 50 - 1000 ul of culture was plated
onto LB agar plates supplemented with ampicillin (200 ug - ml'!). The plates were then
incubated at 37 °C overnight.

Synechocystis sp. PCC 6803 transformation

Synechocystis sp. PCC 6803 cells were transformed according to the protocol described by
Williams et al. (Williams, 1988) and Nixon et al. (Nixon et al., 1992). Pre-transformation
cultures were grown in liquid BG-11 medium (5 mM glucose and antibiotic selection where
required) were harvested in exponential growth phase (OD730 =~ 0.6) and pelleted by
centrifugation (Allegra 6R, Beckman Coulter Limited, UK, GH-3.8 rotor; 2000 ¢, 15 min,
30°C). Pellets were resuspended in fresh BG-11 (supplemented with 5 mM glucose) to
give a cell suspension with final OD73p of ~5.0. 200 ul of concentrated cell suspension
was then incubated with 1 to 10 ug of purified recombinant plasmid DNA. The mixture
was incubated under low light (=5 puE m™ s!) at 30°C for 5 hours with agitation once

every hour. The transformation mix was then plated onto sterile cellulose nitrate filters (47
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mm dia, 0.45 ym pore size, Whatman®) and placed on BG-11 agar plates (1.5 % (w/v),
5 mM glucose). After 48 h of continuous illumination (10 pE m™ s!) the filters were
transferred onto plates containing half the final level of required antibiotic. Following
another 72 hours the filters were transferred to a plate containing the full level of antibiotic
required. Resistant colonies usually appeared within 7 to 10 days. Transformants were
then restreaked as many times as necessary for segregation and PCR. analyses performed

to check levels of wild-type DNA.

2.5.4 Extraction and purification of DNA
Miniprep plasmid purification from E. coli

Plasmid minipreps from F. coli were performed according to the manufacturer’s instructions
(peqGOLD Miniprep Kit II, Peqglab Limited, Germany). Single colonies were picked and
grown overnight in 10 ml cultures at 37 °C with vigorous shaking. The contents of each
solution are proprietary but the material safety data sheet (MSDS) indicates the lysis
buffer contains sodium hydroxyide (0.5 - 1%) and sodium dodecyl sulphate (1 - 2.5 %), the
neutralisation buffer contains guanidium chloride (25 - 50 %) and acetic acid (10 - 25 %).
With the exception of the column matrix and the addition of guanidium chloride it is
reasonable to assume the preparations follow a broadly similar pattern to those described
by Birnboim and Doly in 1979 (Birnboim and Doly, 1979).

Midiprep plasmid purification from E. coli

For larger quantities of DNA midipreps were used. Plasmid midipreps from E. coli were
performed according to the manufacturer’s instructions (peqGOLD XChange Plasmid
Midi Kit, Peqlab Limited, Germany). 30 ml cultures were used to inoculate 250 ml
cultures grown overnight at 37°C with vigorous shaking. Overnight cultures were then
centrifuged for 20 minutes at 3500 g, the supernatant discarded and cells resuspended in 4
ml Resuspension buffer containing RNase 1. 4 ml lysis buffer was added to the resuspended
pellet in a 2 ml eppendorf tube, the suspension inverted 6 times and incubated at room
temperature for 3 minutes. 4 ml neutralisation buffer was added, the mixture inverted
gently 6 - 8 times and the samples cooled on ice for 5 minutes. An XChange Midi column
was equilibrated with 2.5 ml Buffer EQ. When empty a small filter was folded and pre-
wet above the column, the bacterial lysate was then poured through the filter and the
flow-through collected. The XChange Midi column was then washed with 10 ml DNA
Wash Buffer. The DNA on the matrix was eluted with 5 ml elution buffer and split into 5
different 2 ml eppendorfs. 700 ul isopropanol (room-temperature) was added to each of
the eppendorfs to elute the plasmid DNA and the samples centrifuged at 15,000 g for 30
minutes at 4°C and the supernatant discarded. 400 ul of 70 % ethanol (v/v) was added to
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each eppendorf. Each eppendorf was then vortexed briefly and centrifuged at 15,000 ¢ for
10 minutes at room temperature. The ethanol was then removed with a pipette tip and
the pellet dried for 10 minutes at room temperature. DNA pellets were resuspended in ~
100 pl sterile deionised HoO by attachment to a tube rotator (Stuart Blood Tube Rotator
SB-1, Bibby Scientific Limited, UK) for 60 minutes. The contents of the resuspension, lysis
and neutralisation solutions are proprietary but the material safety data sheet (MSDS)
indicates the lysis buffer contains sodium hydroxyide (0.5 - 2%). With the exception of
the column matrix it is reasonable to assume the preparations follow a broadly similar
method to that described by Birnboim and Doly in 1979 (Birnboim and Doly, 1979).

Extraction of genomic DNA

A peqGOLD Bacterial DNA kit was used for the extraction of all genomic DNA from
Synechocystis sp. PCC 6803 and Chloroflexus aurantiacus as manufacturer’s instructions

directed for gram-negative bacteria.

Estimation of DNA concentration and quality

DNA concentration was measured using a NanoDrop 1000 Spectrophotometer (Thermo-
Scientific Limited, UK) and the nucleic acid software submodule. The machine was run
with a blank of 2 ul sterile, deionised water then 2 ul of sample was loaded on to the
measurement pedestal. The spectrophotometer has a pathlength of 0.2 mm, a lower limit
of detection of 2 ngng ul! and an upper limit of 3700 ng yl™'. The typical reproducibility
in the relevant range of most samples (2 - 100 ng ul™!) is & 2ng ul™t. The machine detects
absorbance at 260 nm and at 280 nm and assesses the purity of the sample. A ratio of
~ 1.8 (260/280) is considered pure for DNA and the value is ~ 2 for RNA. There is a
second ratio for absorbance at 260 nm against 230 which is often higher than the respective
260/280 nm ratio and is a secondary check of purity. The concentration determined
by the spectrophotomter was always verified by eye using agarose gel electrophoresis,
UV illumination (BioDoc-IT™ system; UVP; CA; USA) and a DNA ladder of known

concentration.

2.6 DNA manipulation

2.6.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA fragments according to size. Gels
were prepared using high-gel strength agarose (Melford Laboratories Limited, UK) [0.7
- 1.5% (w/v)]) dissolved in Tris-acetate-EDTA buffer (TAE; 40 mM Tris-acetate, 1 mM
EDTA, pH 8.0) with SYBRsafe® DNA stain (Life technologies, USA; final [1 ug ml™)).
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DNA samples were mixed with 6x DNA loading buffer (40 % (v/v) glycerol, 0.25% (w/v)
Orange G), and loaded into wells. DNA ladders used included a 1 kb ladder (PeqLab
Limited, Germany) and 2-log DNA ladder (New England BioLabs Limited, UK). Fragment
sizes (bp) for the two ladders can be seen in Table 2.8. Gels were run in TAE buffer at 100
- 120 V in a horizontal mini gel system (PerfectBlue™ Mini Gel system; Peqlab Limited,
Germany). DNA was visualised using an UV illuminator and photographs taken using the
BioDoc-IT™ System (UVP, CA, USA).

Ladder Name Fragment sizes (kbp) Supplier

1 kb DNA Ladder 10, 8, 6, 5, 4, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0,  Peqglab (VWR)
0.75, 0.5, 0.25

Quick—Load® 2-log DNA 10, 8, 6, 5, 4, 3, 2, 1.5, 1.2, 1.0, 0.9, 0.8,  New England

Ladder (0.1-10.0 kb) 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1 BioLabs

Table 2.8: DNA ladders: Names, fragment sizes and suppliers for DNA ladders used.
Sizes typeset in bold are those band on the ladder which are more intense due to higher
mass (ng) of loaded DNA.

2.6.2 DNA purification from gels

Purification of DNA fragments from agarose gels was performed according to PeqGOLD
Gel Extraction Kit (Peqlab Limited, Germany) manufacturer’s protocol. For high con-
centrations of DNA twice the volume of Binding buffer suggested was used to maintain
neutral pH. DNA bound to the column was eluted with 40 uL sterile, deionised water, and
a second elution step was done with the eluant from the first round. DNA was stored at

—20°C for later use.

2.6.3 PCR amplification
DNA polymerase enzymes

Three types of DNA polymerase enzyme were used in this project: Phusion polymerase
(New England BioLabs Limited, UK), Q5 polymerase (New England BioLabs Limited,
UK) and Crimson Tag DNA polymerase (New England BioLabs Limited, UK). Crimson
Taq was only used briefly as a tool for colony PCR to check for segregation as it proved less
reliable than Q5 polymerase. Phusion polymerase was used for all cloning for the period
2012 to mid 2013 after which Q5 polymerase (a development of Phusion) was used for all
applications. Phusion polymerase was also the polymerase added to the Gibson assembly

mixture.
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Polymerase chain reaction conditions

A typical 20 ul Q5 PCR reaction mix contained 0.4 units of polymerase 4 ul of 5x Q5
Reaction Buffer (as supplied by New England BioLabs Limited, UK), 0.4 ul of 10 mM
peqGOLD dNTP-Mix (Peqlab Limited, Germany; final (0.2 mM for each nucleotide: dATP,
dGTP, dCTP, dTTP), 1 ul of 10 uM of each forward and reverse primer (Invitrogen™,
ThermoFischer Scientific Limited, UK; final [0.5 xM]) and ~ 100 ng template DNA.
The reaction mixture was completed to 20 ul using sterile deionised water and mixed by
pipetting. 50 ul reaction mixes, routinely used to achieve higher concentrations for Gibson
assembly, contained the same concentration of each component. Q5 High GC Enhancer
(as supplied by New England BioLabs Limited, UK) was useful for several PCR reactions
from Chloroflexus aurantiacus genomic DNA. All PCR reactions were performed in a
thermocycler (PeqSTAR, Peqlab Limited, Germany). A typical program consisted of an
initial denaturation step (98°C, 30s) followed by 25 - 30 cycles of denaturation (98°C,
10s) primer annealing (50 — 72°C, 30s) and extension (72°C, 30s per kb) finished with a

final extension of 2 minutes at 72°C.

2.6.4 List of all primers used

All primers are listed in Table 2.9 in the order that they appear in projects in this thesis.
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Name

Sequence

prk_gen_1_FOR
prk_gen_1_REV
prk-gen_2_FOR
prk_gen_2_REV
prk_gen_3_FOR
prk_gen_3_REV
prk_gen_4_FOR
prk_gen_4_REV
prk_kan_2_REV
prk_kan_3_FOR
prk_kan_3_.REV
prk_kan_4_FOR
rbc_rplc_us_F
rbc_rplc_us_R
rbc_rplc_gen_F
rbc_rplc_gen_R
rbc_rplc_ds_F
rbc_rplc_ds_R
rbc_rplc_us_R_tk_iso
rbc_rplc_iso_F _tk_iso
rbc_rplc_iso_R_tk_iso
rbc_rplc_gen_F_tk_iso
rbc_rplc_full _R_tk_full
roc_rplc_gen_F_tk_full
rbc_rplc_us_R_hb_iso
rbc_rplc_iso_F_hb_iso
rbc_rplc_iso_R_hb_iso
rbc_rplc_gen_F_hb_iso
rbc_rplc_full_R_hb_full
rbc_rplc_gen_F_hb_full
rbc_region_PCR_check F
rbc_region PCR_check R
sll0404_ds_F
sll0404_ds_R
cpc_promoter_F

cpc_promoter_R

CGTAAAATTCCCTTGGCGATCGCCGTTTCTTCTTCCGCTTCCTCGCTCACTGACTCGCTG
GTAATCGTTTATTCGTTTATGAGGTAATCGTATGGTGCACTCTCAGTACAATCTGCTCTG
GAGCAGATTGTACTGAGAGTGCACCATACGATTACCTCATAAACGAATAAACGATTACCG
GGCACCCAGCCTGCGCGAACAGGATCCCCTCAAAAATGCAAAACTGATTGTTAACC
GGTTAACAATCAGTTTTGCATTTTTGAGGGGATCCTGTTCGCGCAGGCTGGGTGCCAAGC
CAGCAGGTCAGGTAATTATTGGTACCGCAGGGATCCTAGAAGATTCACCACGTCACTACC
GGTAGTGACGTGGTGAATCTTCTAGGATCCCTGCGGTACCAATAATTACCTGACCTGCTG
CAGCGAGTCAGTGAGCGAGGAAGCGGAAGAAGAAACGGCGATCGCCAAGGGAATTTTACG
CCTACAACAAAGCTCTCATCAACCGTGGCTCCCTCAAAAATGCAAAACTGATTGTTAACC
GGTTAACAATCAGTTTTGCATTTTTGAGGGAGCCACGGTTGATGAGAGCTTTGTTGTAGG
CAGCAGGTCAGGTAATTATTGGTACCGCAGGGATCCGATCCACGCGTCTTAAGGCGGCCG
CGGCCGCCTTAAGACGCGTGGATCGGATCCCTGCGGTACCAATAATTACCTGACCTGCTG
CAGAGCAGATTGTACTGAGAGTGCACCATAGCTTTGCAGGATAATCAGCGG
GCTTGGCACCCAGCCTGCGCGAACAGGATCCTAGGTCAGTCCTCCATAAACATTGAATAG
CTATTCAATGTTTATGGAGGACTGACCTAGGATCCTGTTCGCGCAGGCTG
CAGTTTTTTAGTAATTGCCAAAACTGTAACGGATCCTAGAAGATTCACCACGTCACTACC
GGTTAACAATCAGTTTTGCATTTTTGAGGGGATCCTGTTCGCGCAGGCTGGGTGCCAAGC
CAGCGAGTCAGTGAGCGAGGAAGCGGAAGACCCAGATCCAACAGGCTG
AATTTCGAGGACTTCTTTAACAACAGCCATCTAGGTCAGTCCTCCATAAACATTGAATAG
CTATTCAATGTTTATGGAGGACTGACCTAGATGGCTGTTGTTAAAGAAGTCCTCG
GCACCCAGCCTGCGCGAACAGGATCTTAATCTTCCCAGGGTTCGGTG
CTGAAATACACCGAACCCTGGGAAGATTAAGATCCTGTTCGCGCAGGCTG
GCTTGGCACCCAGCCTGCGCGAACAGGATCTTAGATATTCCCAATCCGCTGTAGTAC
ATGGTACTACAGCGGATTGGGAATATCTAAGATCCTGTTCGCGCAGGCTG
GTCTGTTACGCGACTTTCGGGATTGTCCATCTAGGTCAGTCCTCCATAAACATTGAATAG
CTATTCAATGTTTATGGAGGACTGACCTAGATGGACAATCCCGAAAGTCGC
GCACCCAGCCTGCGCGAACAGGATCTTATTCTACTACCCAGGGTTCGGTG
GGGACCACCGAACCCTGGGTAGTAGAATAAGATCCTGTTCGCGCAGGCTG
GCACCCAGCCTGCGCGAACAGGATCTTACAGCTGTTCCACCAGGG
CCCGACGAAACCCTGGTGGAACAGCTGTAAGATCCTGTTCGCGCAGGCTG
GGCATCCCCTGCGTGATAAG

CGGTCAGGATGCGGTCAAC
CAGATTGTACTGAGAGTGCACCATAGCTAATCCTGGTAAGCTTTTTCC
ATTCCTGCTTTTTGTACAGGTTAATTGGTTAACAAAAAC
AATTAACCTGTACAAAAAGCAGGAATAAAATTAACAAG

TCGTAGGCGATCGTGAATTAATCTCCTACTTGACTTTATG
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sll0405_us_F
sll0405_us_R

backbone_ori_amp_F

backbone_ori_amp_-R

dLHS_sub1_all_F
dLHS sub1 _all_R
dLHS_sub2_all_F
dLHS sub2_all_R
dLHS_sub3_p2_F
dLHS_sub3_p2_R
dLHS _sub3_p3_F
dLHS _sub3_p3_R
dLHS_sub3_p4_F
dLHS sub3_p4 R

dLHS_sub3_p4_R-c1
dLHS _sub3_p4_R-c2

dLHS sub3_all_F
dLHS_sub3_all_LR
dLHS _sub4 _p2_F
dLHS sub4 p2 R
dLHS_sub4_p3_F
dLHS sub4 p3_R
dLHS sub4 _p4 F
dLHS_sub4_p4_R
dLHS_sub4_all_F
dLHS _sub4_all_R
4_3_oligo_1

4 3 oligo_2

4 3 oligo_3
3L_dLHS
6L_dLHS
9R_dLHS
7L_dLHS
8L_dLHS
9L_dLHS
10L_dLHS
11L_dLHS
12L_dLHS

GGAGATTAATTCACGATCGCCTACGATCAAAAAACTG
AGTCAGTGAGCGAGGAAGCGGAAGAGTCGCTGCAATTAATTCGCCAAT
TCTTCCGCTTCCTCGCTCACTGA

TATGGTGCACTCTCAGTACAATCTGC
GATCTTCCGTCACAGGTATTTATTCGGCGCCGATCGCCTACGATCAAAAAAC
CCGCGGTTTGCGATCAAGACTTTACGCATTGAATTAATCTCCTACTTGACTTTATGAGT
AACTCATAAAGTCAAGTAGGAGATTAATTCAATGCGTAAAGTCTTGATCGCAAACC
TAACCCCCAGCAAATATCCACTGGAACGCTTTATGCGTCTAGACTAGCCCGTAATTTCTT
CAGAGCAGATTGTACTGAGAGTGCACCATAAGCGTTCCAGTGGATATTTGC
GATCTGGTCAGGCGTGACGCTTTTGCCATATGGTTATAATTCCTTATGTATTTGTCGATG
CATCGACAAATACATAAGGAATTATAACCATATGGCAAAAGCGTCACGCCT
ATCCATCTAGGACCTCCACTAAGATAGCCTGTTACGCTAAATAATCTTGCGGCTGCGCAG
TTATTTAGCGTAACAGGCTATCTTAGTGGAGGTCCTAGATGGATGGAACGACCACAACG
GGAAGACTAGGACCTCCACTAACCTATTGCGTAAGCCTATATCACCCGCTTTGAACGCAG
GAGTCAGTGAGCGAGGAAGCGGAAGACTATATCACCCGCTTTGAACGCAG
CGAGGAAGCGGAAGACTATATCACCCGCTTTGAACGCAG
AAGAAATTACGGGCTAGTCTAGACGCATAAAGCGTTCCAGTGGATATTTGCTG
GCGCATCTAGGACCTCCACTAACCTATTGCGTAAGCCTATATCACCCGCTTTGAACGCAG
CAGAGCAGATTGTACTGAGAGTGCACCATAATGCGCAAGCTAGCTCACAACTTCTAC
ATGAGAAAAGTGTTAGTCGGTCACTAAACCTCACAGACCATACGCCTGGGC
CCCGACCTGGCCCAGGCGTATGGTCTGTGAGGTTTAGTGACCGACTAACACTTTTCTC
GTGTGCTTCTCAAATGCCTGATCGGGATGGAAACGAAAGAGAGCTTAGCAAGTGAAAAAA
TTTTTTCACTTGCTAAGCTCTCTTTCGTTTCCATCCCGATCAGGCATTTGAG
CAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCGAATAAATACCTGTGACG
GTGATATAGGCTTACGCAATAGGTTAGTGGAGGTCCTAGATGCGCAAGCTAGCTCACAAC
CAACTGCAGTTTTTTGATCGTAGGCGATCGGCGCCGAATAAATACCTGTGACG
CCCAGGCGTATGGTCTGTGAGGTTTAGTGACCGACTAACACTTTTCTCATAAAATCCCAG
GAGCTTAGCAAGTGAAAAAAAGGGAGGCCGAAACCTCCCTGGGATTTTATGAGAAAAGTG
GCTTCTCAAATGCCTGATCGGGATGGAAACGAAAGAGAGCTTAGCAAGTGAAAAAAAG
CTTTTCTACGGGGTCTGACG

AGGCCAGGACAAGAAAATGG

TGTACGATAGTGCGGTACGG

TGATACCCCAGCGACAAGTT

CCCGTGATTGCAGCTTACAA

TGATTGTTACAGGTCGAACGC

TGATCGTAGTGTTGGAGGCA

GGGAAGTGTACGGCCAAAAG

CCAGACAGTGCCAATCAACC
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13L_dLHS ACATTCTACATCGCCGGACA
14L_dLHS TGATGAATCCACCGTAGCCA
17R_dLHS TAATACTGGAATTGTTCTCGCCG
15L_dLHS CTTAGCAACAGGAGCCGAAT
16L_dLHS AAAATTGGGCGGCATGTCT
17L_dLHS CGAAAGCGTTATACCTGTCCG
18L_dLHS GAAAGCAACGCCTTTTACCG

19L_ dLHS CGAATCTGTGGGCCTAAACG
20L_dLHS AAGTGGGAGGCATGGCTAAG
21L_dLHS GTCAAGATGGCCATGATCGT

22L dLHS ACTGACTGACCACTGACCTT
23L_dLHS AGGACACGCAGAATCAAAG
26L_dLHS GTTACGCTCAACCTGCAACA
27L_dLHS CAAAGACGGGAAATGGGTGG
28L_dLHS CGGGTGATATAGGCTTACGC

29L dLHS AGGGCATGGTCAATCTGGAA
30L_dLHS GAAGCAGGCGAAGGTGATC

8207 GGCTTAGATCCAATTGCTTTTG
13200 GAAGCAATGGAGCGCCCGGAAC
13713 GCGCCTTTTTGTGCGACCCTG

14222 CGAACAGACCGGACGCGGCCAG
15224 GGTGGGCAATAAACTCGATGTG
12923 CGACTATATCGCCAGTCTGTTCG
caur_0179_check_F ATGGCAAAAGCGTCACGCCTG
caur_0179_check R CTAAATAATCTTGCGGCTGCGCAGACG
caur_0178_check_F ATGGATGGAACGACCACAACGTT
caur_0178_check-R CTATATCACCCGCTTTGAACGCAG
caur_0174_check_F ATGCGCAAGCTAGCTCACAAC
caur_0174_check_R TCACAGACCATACGCCTGGG
dLHS1_seg_checkl_F CCGGAGACGGTAATTTACATCCCC
dLHS1_seg_check1_R CCGACCAGAAATTCCACAGTGCC
dLHS1_seg_check2_F CCGCAACGGCTTTATCGAGGTAG
dLHS1_seg_check2_R GGTCTCTATGCAATGGGAAACGGC
dLHS1_seg WTcheck_F CGGTTTGTCTCCCTTGTTTTTAGG
dLHS1_seg WTcheck_R CAAGCGTTCTAGATATGAGTTAACAATTGAG
rhs_us_F CAGAGCAGATTGTACTGAGAGTGCACCATACCGATTGCTCCAAAATTAGGGAGTCAGC
rhs_us_R TATGGTGCACTCTCAGTACAATCTGCTCTGCCCTGGCCAAATCACTGATTAACAGTAACG
rhs_synth_F AGATTGTACTGAGAGTGCACCATA

97



Chapter 2. Materials & Methods

rhs_synth_R
rhs_spec_F
rhs_spec_R

rhs_ds_F

rhs_ds_R
Seg_check_1_dRHS_F
Seg_check_1_.dRHS_R
Seg_check 2. dRHS_F
Seg_check 2 dRHS_R
dRHS_seq 9615
dRHS_seq_1891
dRHS_seq_6993
dRHS_seq_8927
dRHS_0_600
dRHS_3337_3937
dRHS_3939.4539
dRHS_4538 5138
dRHS_5140.5740
dRHS_5750.6350
dRHS_seq 6993
dRHS_6354_6954
dRHS_7928 8528
For_ga_ca0613_prset
Rev_ga_ca0613_prset
For_ga_ca2614 _prset
Rev_ga_ca2614 _prset
For_ga_ca0174 _prset
Rev_ga_ca0174 _prset
0173_CRYS_FOR
0173_CRYS_REV
0175_CRYS_FOR
0175_CRYS_REV
0180_CRYS_FOR
0180_-CRYS_REV
prset_vector_amp_for
prset_vector_amp._rev

2614C_crys_REV

2614 _crys_.FOR_10072014

ACCCTAGAGGTCCCCTTTTTTATTTTAAAAAAACGAAAGAGAGCTTAGCAAGTG
TTTTTTCACTTGCTAAGCTCTCTTTCGTTTTTTTAAAATAAAAAAGGGGACCTCTAGGGT
GAGATTGAGCTCGATTTACCTTGACACCCATTTTAAAATAAAAAAGGGGACCTCTAGGGT
ACCCTAGAGGTCCCCTTTTTTATTTTAAAATGGGTGTCAAGGTAAATCGAGCTCAATCTC
CAGCGAGTCAGTGAGCGAGGAAGCGGAAGACAAAAAATGCACCCTTTTCAGTATTTGGGG
GCCTAAATTTCAAGCCGCAATGCC

GCCGTGGCCGATCAGTATCATTAATC

CGCCGATCCTCAGGAAGGTC

GCGATGGCCCAAAACAACAACG

GAGTCAGTCCTCGGGGAGAGGATG

CAAATAGGGGTTCCGCGCACAT

CCCATTGCAAAACGGGTATTTAGCCCGG

CGGATGAAGTGGTTCGCATCC

TCTTCCGCTTCCTCGCTCACTGACTCG
GGGAGAGAAGGTTAGGTCGTTACTGTTAATCAG
GGGACGAAGTTGTGTTAGAATACATTCG

CCTGCAGTAGTACTGGATTTTGATTACACTG

CGCGTTAGGTTTATTGGCTGCCGAG

GGCTAGGCGAACACACCGATGAG

CACTCCCGTAGAACTCCCCCCAG

GCCAAGGAAGCTGCCCGCAATG

GCGCCTCAAATAGATCCTGTTCAG
CTCATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGATCGACACTGCGCCCC
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTCTACCGCTCGCCGGCC
CTCATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGAGCGGAACAGGACG
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTTACACGGTAATCGCCCG
CTCATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGCGCAAGCTAGC
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTCACAGACCATACGCCTGGGCC
CATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGAGCGCTAAAACCAATCC
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTCATCCCCGACGCGGCATC
CATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGAAGGGTATTCTCCACGG
CCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTCGGCTACGCTGCCCGATCTGGC
CATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGAGCAGCGCGGATTGGATGG
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTCATCCCCCCAACTCAACCG
GGATCCACGCGGAACCAGACCATGATGATGATGATGATGAGAACCCCGCAT
AAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGC
GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTTACACGGTAATCGCCCG

CATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGAGCGGAACAGGACGACTG
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2614 _crys_REV_10072014 GCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTTACACGGTAATCGCCCGTCC

2614N_crys_.REV_10072014 CTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTTTAAATGTTGGCAGGGATGTTGAGGG

smtAB_for CATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCCATGGCAAAAGCGTCACGCC
smtAB_REV_10072014 CTTTCGGGCTTTGTTAGCAGCCGGATCAAGCTTCTATATCACCCGCTTTGAACGCAGATC
T7_UNIV_SEQ TAATACGACTCACTATAGGG

T7_TERM_SEQ GCTAGTTATTGCTCAGCGG

PsbA2_F_RTPCR TGGGTTGTGGTGCTCTGTTA

PsbA2_R_RTPCR GTCGAGGTCAGGCATGAAC

caur0613_F_RTPCR GATATATGTGATCGCCGATCCG

caur0613_R_RTPCR CATCACCCTTCCAGGCC

caur0173_F_RTPCR CAGACATCTCCTTAAACGCTATCG

caur0173_.R_RTPCR GATGGATTGGTATGTCGGCC

caur0175_F_RTPCR GGTGAACACGCCGGTTTATTTATTAC

caur0175_R_RTPCR GCATGAAACCATGGTTCCAGTAAAG

caur0180_F_RTPCR CCCCTTATGGCATTGGTTTTATTTTC

caur0180_.R_RTPCR CCAAGTCAAACAAGGGAGCC

caur0174_F_RTPCR GTACTATGCGGGAATTTAGAAGATGC

caur0174_R_RTPCR CAGGCGGCTTCATCCTTAATATC

Table 2.9: All primers used: Primers are 50-60 bp in length as were used for Gibson
assembly giving overlap of ~30bp where possible. Sequencing and segregation check
primers are ~ 25 bp in length.

2.6.5 Gibson assembly

Gibson assembly is a method of DNA assembly based on PCR of DNA fragments with
overhang regions homologous to adjacent fragments (Gibson et al., 2009). Primers for PCR
parts were designed such that adjacent parts of a plasmid should have approximately 20- 30
bp overlap. Primers were designed and checked manually. The New England BioLabs Tm
calculator online tool was used to match melting temperatures for annealing parts of the
primers. The IDT OligoAnalyzer (IDT, 2016) was used to check self-dimerisation and
hairpins in the primers. An absolute upper threshold of AG (kcal-mol™t) = -10 was used for
an unacceptable hairpin, and if achievable, a hairpin of AG (kcal-mol!) <-5 was sought.
Individual parts for the plasmids were amplified by PCR (See Section 2.6.3) combined
in stoichiometric molar amounts, and incubated for 1 hour at 50°C in a thermocycler.
Approximately 10 to 100 ng of each of the DNA fragments was mixed in a final volume of
5 pLi together with 15 ul of the 1.33x Master Mix (Table 2.10) in a thin walled 0.2 ml PCR
tube.

For smaller plasmid (2 - 3 parts) 5 L of this mixture was used to transform NEB
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10-beta cells (cloning strain), this was usually sufficient to screen for colonies transformed
with the correct plasmid (< 20 minipreps). From the start of 2015 the New England

BioLabs Gibson Assembly® Kit was used as per manufacturers instructions.

Component Amount

5x Isothermal buffer 100 plL
T5 exonuclease (10 U/uL) 2 puL
Phusion DNA pol (2 U/ul)  6.25 uL
Taq DNA ligase (40 U/uL) 50 pL
Template DNA (> 15 ng) 0.5 pL
H,0 216.75 uL

Table 2.10: Gibson master mix (1.33 x). Master mix used for Gibson cloning method.
Final volume 375 pL. U stands for units. Made 25 x 15 pL aliquots stored at —20°C.
During trials of > 6 parts larger 60 uL aliquots were used. Protocol given by Ben Reeve
(University of Cambridge iGEM team; personal communication, derived from (Gibson
et al., 2009)). All enzymes were bought from New England BioLabs Limited, UK.

Final Conc. Stock Amount Stock Conc.
25% PEG-8000 0.75 g powder
500 mM Tris-HC1, pH 7.5 1.5 mL 1M
50 mM MgCl, 75 pl 2 M
50 mM DTT 150 pl 1M
1 mM dNTPs 120 pL 100 mM
5 mM NAD 300 plL 50 mM
ddH-0O up to 3 mL

Table 2.11: 5x isothermal buffer (Gibson reactions). Isothermal buffer needed in
Gibson 1.33 x Master Mix, stored at —20°C.

2.6.6 Restriction endonuclease digestion

Restriction endonuclease digestions were performed under suitable conditions as recom-
mended by the manufacturer’s instructions (New England BioLabs Limited, UK). Typically
1 pg of DNA was digested in 20 pl with 10 to 20 units of restriction endonuclease in the
recommended buffer. Acetylated bovine serum albumin (BSA; as supplied by New Eng-
land BioLabs Limited, UK; final [100 ug ml!]) was used where advised. Digestions were
typically incubated for 1 hour at 37°C

2.6.7 DNA sequencing

All plasmid sequencing was done by commercial Sanger dideoxy sequencing (Sanger et al.,
1977) with overlapping 600 bp reads where applicable. The eurofinsMWG® SmartSeq

system was used and ClustalX or Ugene Ul used to visualise results.
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2.6.8 DNA design and synthesis

All constructs were designed and annotated in “a Plasmid Editor (aPE)” version 2.0.7
(M. Wayne Davis, http://biologylabs.utah.edu/jorgensen/wayned/ape/). The IDT codon
optimisation tool was used in the design of dLHS1, dRHS1, and isomerase constructs from
both species (IDT, 2016). Neutral DNA spacers (15 bp) were designed using R20DNA
designer (Casini et al., 2014) with GC content set to the average for Synechocystis sp.
PCC 6803 (47.7% (Kaneko and Tabata, 1997)). The ribosome binding site was a hybrid
piece formed using information from Huang et al. (Huang et al., 2010) and elements from
the RbcL upstream region. The full sequences can be found in the Appendix (Section 8.8).

All synthetic DNA was purchased from Bio Basic Canada Incorporated and was cloned
into pUCHT vectors. The appropriate DNA was then treated as any other Gibson assembly
part.

Primer extension oligo synthesis

The three primers “4_3_oligo_17, “4_3_oligo_2”, and “4_3_oligo_3” were used to assemble
the 88 bp hairpin for the groEL terminator DNA part. The oligos overlapped by & 20 bp.
The oligos were diluted to 25 uM in sterile deionised water. For the first PCR 25 ul
reactions were used containing 0.5 units of polymerase, 5 ul 5x Q5 Reaction Buffer (as
supplied by New England BioLabs Limited, UK), 0.5 ul of 10 mM peqGOLD dNTP-Mix
(Peglab Limited, Germany; final (0.2 mM for each nucleotide: dATP, dGTP, dCTP, dTTP),
1.25 pl of each “4_3_oligo_1” and “4_3_oligo_2” 25 uM primer (Invitrogen™, ThermoFischer
Scientific Limited, UK; final [0.5 uM]). For the second PCR, 100 ul reactions were used
containing 2 units of polymerase, 20 ul 5x Q5 Reaction Buffer (as supplied by New England
BioLabs Limited, UK), 2ul of 10 mM peqGOLD dNTP-Mix (Peglab Limited, Germany;
final (0.2 mM for each nucleotide: dATP, dGTP, dCTP, dTTP), 10 ul purified gel extracted
DNA from the first PCR and 5 pL of 25 uM “4_3_oligo_3” (Invitrogen™ ThermoFischer
Scientific Limited, UK; final [0.5 uM]). The PCR program followed the following format:
98°C for 5 min, then 2-3 cycles of 98°C for 30s, 59°C for 30s, 72°C for 30s and a
final extension of 72°C for 5minutes. This protocol was taken from the Knight Lab

OpenWetWare webpage “Annealing and primer extension with Taq polymerase”.

2.7 RNA manipulation and analysis

2.7.1 RNA extraction

RNA was extracted from Synechocystis sp. PCC 6803 cells using the hot TRIzol method
(Pinto et al., 2009) in which cyanobacterial pellets (40 ml culture, OD739) are resuspended in
500 ul TRIzol® (ThermoFisher Scientific Limited, UK) and heated to 60°C for 5 minutes
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before processing. Following this treatment 100 ul was added to each sample, tubes
agitated by hand for 15 seconds and left to incubate for 3 minutes at room temperature.
Samples were then centrifuged at 11,600 rcf for 15 minutes at 4°C. The aqueous phase
(=300 ul) was then transferred to a fresh RNA-free tube and the RNA precipitated
by addition of a half volume of 100% room temperature ethanol and gentle inversion.
Precipitated RNA was transferred to a Qiagen RNeasy mini-spin column (Cat No. 74104,
QIAGEN Ltd., UK) and the protocol followed as per manufacturer’s instructions (excluding
on-column gDNA digest). The resulting eluant was checked using the Nanodrop 1000
spectrophotometer (ThermoFisher Scientific Limited, UK) and evaluated and ratios of
absorbance at 260/280 nm and 260/230 nm verified for good extraction. If extraction was
successful a digest of the genomic DNA was performed using DNase I (Amplification Grade,
Sigma-Aldrich Limited, UK) as per manufacturer’s instructions. The DNA digest was
incubated at room temperature for 45 minutes, the resulting sample mixed with 350 ul
buffer RLT and treated as an “RNA cleanup” sample, again following manufacturer’s
instructions. Again ratios of absorbance at 260/280 nm and 260/230 nm were verified for

extraction purity and yield.

2.7.2 Generation of cDNA

For the generation of cDNA RevertAid First Strand ¢cDNA Synthesis Kit (ThermoFischer
Scientific Ltd., UK, Part Number: K1621) was used as per manufacturer’s instructions.
2.5 pug of purified RNA was used for each reaction and for every positive sample in which
reverse transcriptase was added to the reaction mixture, a negative sample in which the
enzyme was excluded was run in parallel in order to assess background contamination.
Random hexamer primers were used for the synthesis reaction and the optional 65 degree

incubation step was performed.

2.7.3 PCR amplification from cDNA

The resulting cDNA was diluted 1:10 in ddH>O for use in PCR reactions (1 pl diluted
template in 25 ul reaction). PCRs were performed as described in Section 2.6.3 with the
exception that the number of rounds of amplification was raised to 35 and all reactions
were performed at least in duplicate. All RT-PCR products presented are ~600 bp in
length and are predicted to anneal at 66 — 67°C.
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2.8 Protein biochemistry techniques

2.8.1 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis (PAGE) was used to separate mixtures of proteins
according to size difference. Bands formed of discrete sizes in the polyacrylamide gel matrix
(Laemmli, 1970).

One-dimensional sodium dodecyl sulphate gel electrophoresis (1-D SDS-
PAGE)

Samples for one-dimensional SDS-PAGE analysis were prepared by adding 2x SDS sample
buffer (125 mM Tris/HCl pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 0.1% (w/v)
bromophenol blue and 10% (v/v) [-mercaptoethanol) in equal volume to a protein
sample. The sample was then incubated for 5 minutes at 98 °C. Samples were spun in a
microcentrifuge to pellet unsolubilised material (10000 g, 1 minute, RT) and samples loaded
into the wells of the gel. Two types of gel were used, nUView™ Tris-Glycine precast gels,
featuring either an 8 - 16 % gradient or a 4 - 20 % gradient (NuSep Holdings Limited, NSW,

k™ mini-cell electrophoresis

Australia). Gels were run in an Invitrogen XCell SureLoc
system with a variant of Laemmli running buffer (25 mM Tris, 190 mM glycine, 0.1 % (w/v)
SDS, pH 8.3) (Laemmli, 1970). The gels were run at room temperature at a constant
voltage of 180 - 200 V for a period of 45 minutes to 1.5 hours using a Bio-Rad PowerPac
Basic (Bio-Rad Laboratories Limited, UK). The resultant gels were stained with 1-step
Quick Coomassie stain (Generon Limited, UK) or used for immunoblotting analysis (see

Section 2.9.2).

Protein molecular weight markers for PAGE

Three sets of protein molecular weight markers were used, peqGOLD Protein Marker
I (Peqglab Limited, Germany) and Spectra™ Multicolor Broad Range Protein Ladder
(ThermoFisher Scientific Limited, UK) (see Table 2.12.

2.8.2 Protein purification from E. col:
Lysis and fractionation of E. coli samples

Frozen cell pellets of induced E. coli (see Section 2.1) were resuspended in a final volume of
~ 20 ml resuspension buffer (50 mM Tris/HCI pH 7.9, 150 mM NaCl). Protease inhibitor
cocktail tablets (cOmplete™, mini, EDTA-free, Roche; Sigma-Aldrich Limited, UK) were
added to the resuspension buffer during sample thawing. Samples were sonicated (5 x

1 minute at setting 6 on the Bandelin Sonopuls 70W HD2070). Sonicated samples were
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Marker Name Protein sizes (kDa) Supplier
peqGOLD Protein 14.4, 18.4, 25.0, 35.0, 45.0, 66.2, 116.0 Peqlab
Marker I

Spectra™ Multicolor 10 (green), 15 (blue), 25 (blue), 35 (blue) , ThermoFisher
Broad Range Protein 40 (red), 50 (green), 70 (red), 100 (blue), Scientific

Ladder 140 (pink), 260 (red)
Precision Plus 10 (blue), 15 (blue), 20 (blue), 25 BioRad
Protein™ Dual Color  (magenta), 37 (blue), 50 (blue), 75
Standards (magenta), 100 (blue), 150 (blue), 250
(blue)

Table 2.12: Protein markers: Protein molecular weight marker names, respective protein
sizes and suppliers for protein molecular weight markers used.

centrifuged (31000 g, 4°C, 20 min) in a JA-25 rotor (Beckman Coulter Limited, UK) to

separate the soluble fraction (supernatant) from the insoluble fraction (pellet).

Purification using nickel affinity column

Malyl-CoA lyase featured an N-terminal, Hisg-tag that could be used for a batch method
purification with Ni?T-charged chelating sepharose. His-tag Ni-NTA purification was
performed as stated in the Invitrogen Ni-NTA Purification Manual using BioRad® columns
and ~ 2 ml of nickel resin (Super-NiNTA 100; Generon Limited, UK). The column was
pre-equilibrated with resuspension buffer (50 mM Tris/HCI pH 7.9, 150 mM NaCl). The
soluble fraction resulting from the lysed cell pellet was poured onto the column. The resin
was washed 3 times with 8 ml wash buffer (50 mM Tris/HCI pH 7.9, 150 mM NaCl, 50 mM
imidazole). Finally the protein was eluted in 2 x 8 ml elution buffer (50 mM Tris/HCI1 pH
7.9, 150 mM NaCl, 500 mM imidazole). Controls and samples from the purification process
were run on SDS-PAGE gels to confirm protein binding, washing and elution.

Buffer exchange to remove imidazole was achieved using protein concentrators (10,000
MW cut-off; VivaSpin®, Sartorius GmbH, Germany), exchange with resuspension buffer
(100 ml) and 3 iterations of centrifugation (3100 g, 4°C). Protein concentration was
determined using a Nanodrop 1000 spectrophotometer (ThermoScientific Limited, UK)
with molecular weight and extinction coefficients calculated by ProtParam (Wilkins et al.,
1999).

Thrombin cleavage

For removal the Hisg-tag from the purified protein, the concentrated protein was incubated
with 50 units of thrombin (GE Healthcare, UK) in cleavage buffer (140 mM NaCl, 2.7 mM
KCl, 10mM NagHPOy, 1.8 mM KHyPOy, pH7.3) for 16 hours at 22°C. The efficacy of
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thrombin cleavage was analysed by SDS-PAGE and the protein was again run through
a Ni**t-charged chelating sepharose column as previously described but in this case the
un-tagged protein was collected in the resuspension and wash fractions. The protein was
again diluted in resuspension buffer and concentrated. Once the protein volume was < 1 ml
the sample was filtered in a microfuge (Proteus™ protein clarification mini spin-columns;
Generon Limited, UK).

Purification by size-exclusion column

Filtered protein was loaded using an FPLC (AKTApurifier, GE Lifesciences, UK) onto a
gel filtration column (Superdex200 HiLoad 16/600; GE Lifesciences, UK) pre-equilibrated
with resuspension buffer (50 mM Tris/HCI pH 7.9, 150 mM NaCl) and run with a flow-rate

of 1 ml min™?

, analysed continuously by UV spectroscopy (280 nm) and separated into
2 ml fractions. Appropriate fractions were analysed by SDS-PAGE. Relevant fractions
were concentrated and protein concentration was determined using a Nanodrop 1000
spectrophotometer (ThermoScientific Limited, UK) with molecular weight and extinction
coefficients calculated by ProtParam (Wilkins et al., 1999). Protein was stored at 4°C
for crystallisation trials. A calibration curve was created using a sample containing
thyroglobulin (669 kDa), S-amylase (200 kDa) and Bovin Serum Albumin (66 kDa) among

other proteins to help determine the approximate size of the multimeric complex.

2.8.3 Crystallisation trials

Three crystal screens were used: the Wizard 3 screen (Rigaku Europe, UK), JCSG-plus™
HT-96 screen (Molecular Dimensions Limited, UK) and the PEG /Ion 2 screen (Hampton
Research Limited, UK). Screening plates were set up using a Mosquito robot (TTP Labtech
Limited, UK) and droplet size of 100: 100 nl and 200 : 100 nl protein to condition ratios.
Malyl-CoA was used in crystallisation trials at a concentration of ~ 10 mg/ml. Crystals
of malyl-CoA lyase formed in the condition A (100 mM HEPES, 10 % (w/v) PEG 6000,
pH 7.0) and condition B (100 mM bicine, 20 % (w/v) PEG 6000, pH 9.0). Crystals from
condition A degraded so only crystals from condition B were used at the synchrotron.
Hanging-drop crystal plates (1 ul protein: 1 ul condition in drop, 100 ul reservoir volume)
were made in order to optimise the condition formulations. Crystals were cryoprotected
by creating a drop of 10 ul mother liquor, 3 ul PEG 400 and mixing 1 ul of this solution
into the hanging drop containing crystals. For the quick soak approach the cryoprotectant
also contained a substrate or combination of substrates with the given final concentrations:
50 mM pyruvate, 50 mM glyoxylate, 50 mM MgCls, 10 mM propionyl-CoA, and 20 mM
acetyl-CoA. Soaking with acetyl-CoA caused crystals in this condition to dissolve. For
co-crystallisation studies a separate crystallisation condition was made in which the final

concentration of the above substrates was achieved in a small volume for mixing with
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the protein droplet (i.e. the reservoir volume did not contain substrate). If a substrate
was “soaked-in” to the crystal, the drop was incubated with the substrate/cryoprotectant
mixture for 10 minutes before looping the crystal. Once in the loop the crystals were stored
in canes for use at the National Synchrotron Light Source I (NSLS-I) or pucks (Hampton
Research Limited, UK) for Diamond Light Source (DLS), temporarily placed in liquid
nitrogen and transported to the synchrotron in dry shippers (TW-201, Taylor-Wharton,
US) pre-cooled with liquid nitrogen.

2.8.4 Synchrotron source

Crystals for the native structure of malyl-CoA lyase were examined at the National
Synchrotron Light Source I (Brookhaven, US) and subsequent co-crystallisation studies
were examined at 104 and 124 at Diamond Light Source (Harwell Innovation Campus,
Oxfordshire, UK)

2.9 Synechocystis sp. PCC 6803 analytical techniques

2.9.1 Segregation colony PCR checks

After transformation six colonies were picked from each filter and streaked onto a partitioned
BG-11 agar plate (1.5% (v/v)) containing an appropriate antibiotic. Colonies were
restreaked as many times as required for the wild-type DNA to be replaced by the
recombinant DNA insert. This is a necessary procedure because Synechocystis sp. PCC
6803 is highly polyploid (Griese et al., 2011). The retention of wild-type DNA was
checked by colony PCR. For colony PCR a single colony was picked using a sterile wooden
toothpick and dabbed 3 times into a 20 ul PCR reaction mix with all components added
(see Section 2.6.3). Two changes which greatly improved this kind of colony PCR are
using twice as much polymerase per PCR reaction as standard and using a cell lysis and

denaturation step holding samples at 100 °C for 5 minutes.

2.9.2 Immunoblotting analysis
Lysis and fractionation of Synechocystis sp. PCC 6803 cultures

Synechocystis sp. PCC 6803 cells were harvested (20 min, 4°C, 3300 ¢) from 20 ml cultures
growing in exponential phase. Cell pellets were resuspended in 500 L KPN media (40 mM
potassium phosphate buffer, pH 8.0, 100 mM NaCl) supplemented with protease inhibitor
cocktail (cOmpleteTM, mini, EDTA-free, Roche; Sigma-Aldrich Limited, UK) in a 2 mL
eppendorf. Samples were lysed by bead-beating (150 to 212 um acid-washed glass beads;
Sigma Aldrich Limited, UK) using three 1-min vortexing steps with samples cooled on

ice between vortexing. After bead-beating the samples were spun down (10000 g, 1 min)
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and the supernatant transferred to a fresh tube. Samples were spun for 30 minutes at
15000 g to separate the insoluble fraction (thylakoids; pellet) from the soluble protein
(supernatant). Normalisation of gel loading soluble protein per sample was done using
absorbance at 650 nm (peak fluorescence for phycocyanin). For protein SDS-PAGE gel

standard procedure please refer to Section 2.8.1.

Western blotting procedure

Two different blotting procedures were used. For the propionyl-CoA synthase and malonyl-
CoA reductase blots polyacrylamide gels were washed in transfer buffer (3 mM NayCOs,
10mM NaHCO3 and 20% (v/v) methanol), assembled into tank blotting apparatus
(TransBlot; Bio-Rad Laboratories Limited, UK) (Burnette, 1981; Towbin et al., 1979) with
an ice pack and transferred to a nitrocellulose membrane (TransBlot, transfer medium
nitrocellulose membrane, 0.2 ym; Bio-Rad Laboratories Limited, UK) for 1 hour at 55 V.
Once the proteins had been transferred, the nitrocellulose membrane was blocked for 1
hour with 1x PBS-T (150 mM NaCl, 7.5 mM NasHPOy, 2.5 mM NaHsPOy4 and 0.1 % (v/v
Tween 20)) supplemented with 5% (w/v) milk powder (Waitrose, UK). The membrane
was then washed three times with 1x PBS-T (10 min each) and incubated with primary
antibody (dilution 1:2000, see Table 2.13) at 4 °C overnight on a rocking shaker. Blots were
then washed three times in PBS-T for 20 minutes before incubation with the secondary
antibody (anti-rabbit IgG (from goat), horseradish peroxidase conjugate, 1:10000 dilution
in 1x PBS-T; GE Healthcare Limited, UK) at room temperature for 1 hour. The blot was
finally washed 3 x 10 minutes in PBS-T and 2 x 10 minutes in PBS.

For the malyl-CoA lyase and mutB blots proteins from the polyacrylamide gels were
transferred to polyvinylidene fluoride (PVDF) membranes using the Invitrogen iBlot system
(ThermoFisher Scientific Limited, UK) and the 7 minute protocol. Once the proteins had
been transferred, the membrane was blocked for 1 hour with 1x TBS-T (135 mM NaCl, 50
mM Tris, adjust pH to 7.6 with HCl and add 0.1 % (v/v Tween 20)) supplemented with 5 %
(w/v) milk powder (Waitrose, UK). The membrane was then washed three times with 1x
TBS-T (5 min each) and incubated with primary antibody (dilution 1:2000, see Table 2.13)
at 4°C overnight on a rocking shaker. Blots were then washed three times in TBS-T for
10 minutes before incubation with the secondary antibody (anti-rabbit IgG (from goat),
horseradish peroxidase conjugate, 1:10000 dilution in 1x PBS-T; GE Healthcare Limited,
UK) at room temperature for 1 hour. The blot was finally washed 3 x 5 minutes in TBS-T
and 2 x 10 minutes in TBS.

Immunoblotting visualisation procedure

The secondary antibody was then visualised by the enhanced chemiluminescence procedure

(ECL; (Durrant et al., 1990; Schneppenheim et al., 1991)). The membrane was incubated
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in a 1:1 solution of ECL reagent A (100 mM Tris/HCL, pH 8.3, 0.4 mM p-Coumaric acid
(90 mM stock soluion in DMSO), 2.5 mM luminol (250 mM stock solution in DMSO)) and
ECL reagent B (100mM Tris/HCI, pH 8.3, 100mM H303) for one minute. The Hy0O2
was added fresh for each reaction. For the propionyl-CoA reductase and malonyl-CoA
reductase blots, the membrane was then put into an A4-sized reinforced metal pocket and
exposed to X-Ray film (SuperRX, X-Ray Film, 100 NIF, 18x24 cm; Fuji Medical, UK) for
1 sec to 3 minutes. The film was developed according to manufacturer’s instructions. For
the malyl-CoA lyase and mutB blots, the reaction was visualised using a Fujifilm LAS-3000
system and corresponding software.

Polyclonal antibodies from rabbit for Chloroflexus aurantiacus proteins were purchased
from Covalab UK and were generated using synthesised peptides and an 88-day protocol
(see Table 2.13).

Name Target Antigenic peptide
a- Propionyl-CoA synthase (11-28):
caur_0613 NH5-RAPRSNPIRDRVDWEAQR-C-coOH
a- Malonyl-CoA reductase (1174-1190):
caur_2614 NHy-C-EPRDPHERQQELERFIE-coNHo
a- Malyl-CoA lyase (208-223):
caur_0174 NH,-C-DPQEGQAERPFYQQDL-coNH,
a-mutB Methylmalonyl-CoA (688-706): NHo-C-

mutase IPEQDFDELRKDGAVEIYT-coNHs

Table 2.13: Polyclonal antibodies generated for this project: Names, targets and
synthesised antigenic peptides for antibodies raised in rabbit and used.
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2.9.3 LC-MS/MS for protein analysis

MRM (Multiple Reaction Monitoring) mass spectrometry was used to determine the

expression of foreign proteins in the Synechocystis sp. PCC 6803 soluble fraction.

Tryptic digest

100 ml bacterial cultures growing in exponential phase (OD73y &~ 0.5) were centrifuged (20
minutes, 3300 g) and cell pellets used for tryptic digest. Pellets were re-suspended in 10 ml
urea solution (7 M Urea, 4 mM DTT, deionised sterile HoO) and sonicated (Cole-Parmer
130 Watt Ultrasonic processor; Cole-Parmer Instrument Company Limited, UK) at 40%
amplitude (2 s pulse and 2 s pause program) for 2 rounds of 7.5 min. Samples were
centrifuged (15,000 g, 4°C, 45 min) to separate urea solubilized cell proteins from urea
insoluble material. 25 pul of the soluble fraction was removed and added to 250 ul of 50 mM
NH4CO3, 4 mM DTT buffer and incubated with 25 pul mass spectrometry grade trypsin
stock (0.4mg-ml! stored in 50 mM acetic acid; Trypsin Gold, mass spectrometry grade,
Promega UK Limited, UK). Trypsin digestion was carried out for 4 h at 37°C and left
overnight at room temperature. The trypsin digest was stopped with 10 ul of 5% formic

acid.

Sample analysis

Trypsin digested samples were analysed on an Applied Biosystems QTrap MS coupled
to an Agilent 1100 LC system. The Agilent system contains a binary pump, capillary
pump, well plate autosampler and a column oven with an integrated 6-port valve. The
system loaded samples of (50 ul) onto a trap column (Agilent Zorbax SB 5 ym x 0.3 mm x
35mm) using the binary pump. The trap column was washed for 5 minutes, switched to
capillary flow and peptides resolved on a capillary column (Agilent SB 5 um x 0.5 mm x
150 mm). The LC was connected to the MS using a Turbo Ion Spray Source. The loading
and washing solvent mixture was sterile deionised water containing 0.2 % methanoic acid
and 0.02 % trifluoroacetic acid. Loading and washing steps were run at a flow rate of
150 xl mint. The resolving solvent was a gradient system of 0% to 40 % B over 45 min
at a flow-rate of 10ul min! [(A) 94.9% H20, 5% CH3CN, 0.1% COOH; (B) 5% H-O,
94.9% CH3CN, 0.1 % COOH]. The column oven was heated to 40°C. Standard mass
spectrometer parameters were used (curtain gas 10 psi, GS1 20 psi, GS2 20psi, interface
heater on, TEM 150°C, DP 65). CE (collision energy) was set to values estimated by
MIDAS software (Applied Biosystems, ThermoFischer Scientific Limited, UK). The mass
spectrometer was used in triple quadrupole mode for multiple reaction monitoring (MRM).
Signature peptides investigated and transistions for MRM-MS can be seen in Table 2.14.
Data analysis was performed using Analyst software (ABSCIEX, SCIEX UK limited, UK).

109



Chapter 2. Materials & Methods

Protein Peptide (transition) Q1 Q3 Retention Collision
time energy
MCL IPEVAK (+2y5) 328.7 543.3 55.1 20.7
MCL IPEVAK (+2y4) 328.7 446.3 55.1 20.7
MCL IPEVAK (+2y3) 328.7 3172 55.1 20.7
MCL NGFIEVVK (42y7) 453.3 791.5 64.2 25.2
MCL NGFIEVVK (+42y6) 453.3 7344  64.2 25.2
MCL NGFIEVVK (+42y5) 453.3 5874  64.2 25.2
MCL  NGFIEVVK (+2y4) 453.3 4743 64.2 95.2
MCL NGFIEVVK (+42y3) 453.3 3452  64.2 25.2
MCL ATDFGDTALWVR (+2y10) 676.3 1179.6 80.4 33.2
MCL ATDFGDTALWVR (+2y9) 676.3 1064.6 80.4 33.2
MCL ATDFGDTALWVR (42y8) 676.3 917.5 80.4 33.2
MCL ATDFGDTALWVR (+2y7) 676.3 860.5 804 33.2
MCL ATDFGDTALWVR (42y6) 676.3 7454 804 33.2
MCL VNALNSPWVLDDIAEIVAAVGNK 1204.6 1427.8 118.9 52.2
(+2y14)
MCL VNALNSPWVLDDIAEIVAAVGNK 1204.6 1314.7 118.9 52.2
(4+2y13)
MCL VNALNSPWVLDDIAEIVAAVGNK 1204.6 1199.7 118.9 52.2
(+2y12)
MCL VNALNSPWVLDDIAEIVAAVGNK 1204.6 1084.6 118.9 52.2

(+2y11)

MCL VNALNSPWVLDDIAEIVAAVGNK (+2ys) 1204.6 771.5  118.9 52.2

MCL  AFYGPFGDIK (+2y9) 5578 10435 718 28.9
MCL  AFYGPFGDIK (+2y8) 5578 896.5 718 28.9
MCL  AFYGPFGDIK (+2y7) 5578 7334 718 28.9
MCL  AFYGPFGDIK (+2y6) 5578 6764 718 28.9
MCL  AFYGPFGDIK (+2y5) 557.8 579.3 718 28.9
MCL  VIVDLAR (+2y6) 393.2 6864 59.8 23
MCL  VIVDLAR (+2y6) 393.2 573.3 598 23
MCL  VIVDLAR (+2y6) 393.2 4743 598 23
MCL  VIVDLAR (+2y6) 393.2  359.2  59.8 23
MCH TNPGNFFEDFR (+2y9) 672.3 11285 80.1 33.1
MCH TNPGNFFEDFR (+2y8) 672.3 10315 80.1 33.1
MCH TNPGNFFEDFR (+2y7) 672.3 9744  80.1 33.1
MCH  TNPGNFFEDFR (+2y6) 672.3 860.4 80.1 33.1
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MCH  TNPGNFFEDFR (+2y5) 672.3 7133 80.1 33.1
MCH  TNPGNFFEDFR (+2y3) 672.3 4372  80.1 33.1
MCH  TITEGDVALYTSLYGSR (+2y13) 923.5 1401.7 98.4 42.1
MCH  TITEGDVALYTSLYGSR (+2y12) 923.5 1344.7 98.4 42.1
MCH  TITEGDVALYTSLYGSR (+2y11) 923.5 1229.7 98.4 42.1
MCH  TITEGDVALYTSLYGSR (+2y10) 923.5 1130.6 98.4 42.1
MCH  TITEGDVALYTSLYGSR (+2y9) 923.5 1059.5 98.4 42.1
MCH  TITEGDVALYTSLYGSR (+2y8) 923.5 9465 98.4 42.1
MCH  FALTSSTPFAQSLGLER (+2y13) 913.0 1392.7 97.7 41.7
MCH  FALTSSTPFAQSLGLER (+2y12) 913.0 1305.7 97.7 41.7
MCH  FALTSSTPFAQSLGLER (+2y11) 913.0 12186 97.7 41.7
MCH  FALTSSTPFAQSLGLER (+2y10) 913.0 1117.6 97.7 41.7
MCH  FALTSSTPFAQSLGLER (+2y9) 913.0 10205 97.7 41.7
MCH  TVPDISLNAIANLGYAGGR (+2y15) 951.5 1489.8 100.5 43.1
MCH  TVPDISLNAIANLGYAGGR (+2y14) 951.5 1376.7 100.5 43.1
MCH  TVPDISLNAIANLGYAGGR (+2y13) 951.5 1289.7 100.5 43.1
MCH  TVPDISLNAIANLGYAGGR (+2y12) 951.5 1176.7 100.5 43.1
MCH  TVPDISLNAIANLGYAGGR (+2y11) 951.5 1062.6 100.5 43.1
MCH  TVPDISLNAIANLGYAGGR (+2y10) 951.5 991.5 1005 43.1
MCH  FGAVVYPGDTLSTTSK (+2y12) 821.9 1268.6 91 38.4
MCH  FGAVVYPGDTLSTTSK (+2y11) 821.9 1169.6 91 38.4
MCH  FGAVVYPGDTLSTTSK (+2y10) 821.9 1006.5 91 38.4
MCH  FGAVVYPGDTLSTTSK (+2y9) 821.9 909.5 91 38.4
MCH  FGAVVYPGDTLSTTSK (+2y8) 821.9 8524 91 38.4
MCH  FGAVVYPGDTLSTTSK (+2y7) 821.9 7374 91 38.4
MCH  LYQNTAR (+2y6) 433.2 7523  62.7 24.5
MCH  LYQNTAR (+2y5) 433.2 5893  62.7 24.5
MCH  LYQNTAR (+2y4) 433.2 4612  62.7 24.5
MCH  SLSFNGLANALSIAAINSGR (+2y14) 988.5 1370.8 103.2 44.4
MCH  SLSFNGLANALSIAAINSGR (+2y13) 988.5 1257.7 103.2 44.4
MCH  SLSFNGLANALSIAAINSGR (+2y12) 988.5 1186.7 103.2 44.4
MCH  SLSFNGLANALSIAAINSGR (+2y11) 988.5 1072.6 103.2 44.4
MCH  SLSFNGLANALSIAAINSGR (+2y10) 988.5 1001.6 103.2 44.4
MCH  TDIGALR (+2y6) 373.2 644.3 583 22.3
MCH  TDIGALR (+2y5) 373.2 5293 583 22.3
MCH  TDIGALR (+2y4) 373.2 4163 583 22.3
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MCI  QGNYLYGAFGR (+2y10) 623.3 11175 76.6 31.3
MCI  QGNYLYGAFGR (+2y9) 623.3 1060.5 76.6 31.3
MCI  QGNYLYGAFGR (+2y8) 623.3 9465 76.6 31.3
MCI  QGNYLYGAFGR (+2y7) 623.3 7834 76.6 31.3
MCI  QGNYLYGAFGR (+2y6) 623.3 670.3 76.6 31.3
MCI ~ ATGLTDAFNALGAR (+2y11) 689.4 1148.6 81.4 33.7
MCI ~ ATGLTDAFNALGAR (+2y10) 689.4 10355 81.4 33.7
MCI ~ ATGLTDAFNALGAR (+2y9) 689.4 9345 81.4 33.7
MCI ~ ATGLTDAFNALGAR (+2y8) 689.4 819.4 81.4 33.7
MCI  ATGLTDAFNALGAR (+2y7) 689.4 7484 81.4 33.7
MCI ~ VIWAPYR (+2y6) 446.7 7934  63.7 24.9
MCI ~ VIWAPYR (+2y5) 446.7 692.4  63.7 24.9
MCI  VTWAPYR (+2y4) 446.7 506.3  63.7 24.9
MCI ~ VIWAPYR (+2y3) 446.7 4352  63.7 24.9
MCI ~ LPVQPAPR (+2y7) 439.3 7644  63.1 24.7
MCI ~ LPVQPAPR (+2y6) 439.3 667.4  63.1 24.7
MCI ~ LPVQPAPR (+2y5) 439.3 5683  63.1 24.7
MCI ~ LPVQPAPR (+2y4) 439.3 4403  63.1 24.7
SCT  TVVPDPR (+2y6) 392.2 6824  59.7 23

SCT  TVVPDPR (+2y5) 392.2 5833 59.7 23

SCT  TVVPDPR (+2y4) 392.2 484.3  59.7 23

SCT  SQAPLFDLAPFR (+2y10) 681.4 1146.6 80.8 33.4
SCT  SQAPLFDLAPFR (+2y9) 681.4 1075.6 80.8 33.4
SCT  SQAPLFDLAPFR (+2y8) 681.4 9785 808 33.4
SCT  SQAPLFDLAPFR (+2y7) 681.4 865.5 80.8 33.4
SCT  SQAPLFDLAPFR (+2y6) 681.4 7184 80.8 33.4
SCT  SQAPLFDLAPFR (+2y5) 681.4 6034 80.8 33.4
SCT  SQAPLFDLAPFR (+2y3) 681.4 419.2 80.8 33.4
SCT  IDLEAQGPDGATALSATVELGG (+2y16) 1043.0 1415.7 107.2 46.4
SCT  IDLEAQGPDGATALSATVELGG (+2y15  1043.0 1358.7 107.2 46.4
SCT  IDLEAQGPDGATALSATVELGG (+214) 1043.0 1261.6 107.2 46.4
SCT  IDLEAQGPDGATALSATVELGG (+2y13  1043.0 1146.6 107.2 46.4
SCT  IDLEAQGPDGATALSATVELGG (+2y12)  1043.0 1089.6 107.2 46.4
SCT  IDLEAQGPDGATALSATVELGG (+2y5  1043.0 246.1  107.2 46.4
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Table 2.14: Overview of signature peptides and transitions for MRM-MS: Protein
abbreviations, peptides, Q1 values, Q3 values, retention times and collision energies for
signature peptides and transitions for the proteins analysed by multiple reaction monitoring
mass spectrometry. Propionyl-CoA synthase (PCS; caur_0613), Malyl-CoA lyase (MCL;
caur_0174), mesaconyl-Cl-hydratase (MCH; caur_0173), mesaconyl-CoA isomerase (MCI;
caur_0175) and succinyl-CoA citramalate CoA transferase (SCT; caur_0180) were all part
of the original scan.

2.9.4 Acyl-CoA quantification in vitro assay

To see if enzymes were functional in the soluble fraction of Synechocystis sp. PCC 6803
extracts Coenzyme-A linked substrates were mixed with the extract and analysed by
high-performance liquid chromatography (HPLC). Cells were harvested during exponential
phase (OD73p =~ 0.5) centrifuged (20 minutes, 3300 ¢), the supernatant removed and the
resulting pellets used frozen at —20°C for later use.

When retrieved bacterial pellets were re-suspended in a 2-fold volume of resuspension
buffer (200 mM MOPS/KOH buffer pH 7.5) and cell suspensions sonicated (Cole-Parmer
130 Watt Ultrasonic processor; Cole-Parmer Instrument Company Limited, UK) at 40%
amplitude (2 s pulse and 2 s pause program) for 2 rounds of 2 min. Samples were centrifuged
(15,000 g, 4°C, 45 min) to separate solubilized cell proteins (supernatant) from insoluble
material (pellet).

The reaction mixture (400 pl) for HPLC analysis contained 200 mM MOPS/KOH buffer
(pH7.5), 5mM MgCly, 0.5 mM propionyl-CoA and cell extract (150 ul). The reaction was
started by addition of 5mM glyoxylate. The time-series was run at 37 °C with samples of
100 pl being withdrawn at time points (0, 6, 15, 30) and stopped by the addition of 10 ul
of 90 % formic acid. Acidic conditions help to keep CoA compounds stable. Samples were
kept on ice and precipitated protein removed by centrifugation (16000 g, 10 min).

Standard CoA-linked compounds were run on the HPLC. Standards were stored in
70 % (v/v) ethanol and were at 10 mM concentration. Free CoA (Sodium salt, > 85 %
pure; Sigma Aldrich; Sigma Aldrich Limited, UK), acetyl-CoA (Sodium salt, > 93 % pure;
Sigma Aldrich; Sigma Aldrich Limited, UK) and propionyl-CoA (Avanti® Polar Lipids
Incorporated, US) were used as standards. LC separations were achieved using a 1290
Infinity system (Agilent, Santa Clara, CA) with a binary pump and diode array detector
(DAD). A Luna® reversed-phase Cig 100A column (5 pum, 125 x 4.0 mm; Phenomenex,
Torrance, CA) was used at room temperature with a flow rate of 0.6 ml/min. Buffer
A was 4% acetonitrile 40 mM KoHPO,/formic acid (pH4.2) in water and buffer B was
acetonitrile. Elution of components was achieved with a linear gradient from 0% to 24%
buffer B over 28 minutes. UV absorbance at 260 nm was measured throughout the LC run.

Standards were tested at various volumes and were clearly visible at 10 ul injections. The
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HPLC system ran equilibration, wash and separation runs at a flow-rate of 0.6 ml min.

Two sets of biological samples were run using the HPLC system, one which was flash-
frozen before the night of HPLC analysis and one which was done done fresh on the
morning of the analysis for both wild-type and stJWM_3HP_dRHS1 samples. 20 pul was

loaded of each of the biological samples.

2.9.5 LC-MS/MS for in vivo CoA quantification

Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) was applied for
the quantitative detection of CoA compounds as would be found in wvivo. All of this work
was done in collaboration with Dr. Richard Haslam at Rothamsted Research.

Lysing the cells efficiently and reproducibly in a background that would not alter
metabolic analysis or interfere with downstream analytic techniques was the main challenge
with this technique. Three methods for lysis were used: plant-style pestle and mortar under
liquid nitrogen (Larson and Graham, 2001), bead-beating and digestion with lysozyme

and proteinase K.

Sample preparation

Plant-style pestle and mortar acyl-CoA extraction (Larson and Graham, 2001) was used
on biological samples from plates, from pelleted colonies and from filtered cultures. For
plate-based assays, strains were streaked onto fresh BG11 agar plates (1.5% (v/v)) for 3
days before being transferred to either BG-11 control plates or BG-11 plates containing 5
mM 3-hydroxypropionate (Tokyo Chemical Industry Limited, UK). Plates were scraped
clean with a flatend toothpick and a wet weight measurement was taken of the sample in a
pre-weighed 2 mL eppendorf microfuge tube. After weighing, samples were flash frozen
in liquid nitrogen. Fresh, ice-cold resuspension buffer (200 ul) was added to each sample
(2 ml isopropanol, 2 ml pH 7.2 50 mm KHyPOy, 50 ul glacial acetic acid, 80 pl 50 mg
ml "t BSA (Sigma) (Larson and Graham, 2001). In this extraction buffer samples were
ground with a polypropylene pestle and electronically motored mortar for 3 x 1 minute. In
between grinding samples were flash-frozen again and stored in liquid nitrogen.

For pelleted samples, 10 ml cultures at exponential phase (OD739 ~ 0.5) were spun in
a centrifuge (20 minutes, 3300 g, 29 °C) and frozen at —20°C. Pellets were resuspended in
200 pl extraction buffer and processed as above.

For filtered samples 100 ml cultures were harvested at exponential phase (OD73y =~ 0.5)
using a variety of filters, the best of which were sterile cellulose nitrate filters (47 mm dia,
0.45 pm pore size, Whatman®). Filtering took in the worst case scenario ~ 1 hour but
in contrast to centrifugation could be done in the light. Filters were then scraped using
razor blades and added to an eppendorf tube. Filtered samples specifically were lyophilised

(Coolsafe™  Scanvac, Labogene Limited, UK) to determine a more accurate dry-weight
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for quantification. Extraction buffer was then added to dried samples for processing as
above with electric pestle and mortar.

For beadbeating analysis starter cultures were grown at 29 °C, over the course of ~
5 days from plates. 10 ml growth cultures were then made with a standardised starting
ODr30 of 0.2 and a final concentration of 5 mM of the exogenous substrate where applicable.
After 3 days of growth at 29°C, samples were normalised to OD739 0.2 and 750 uL of
these cultures spun down in screw-top microcentrifuge tubes (HydroLogix®7 Molecular
BioProducts, Fischer Scientific, UK) for 5 min at 15000 g. The supernatant was poured off,
and the pellet resuspended in 200 uL ice-cold extraction buffer. 2 mini-spatula spoonfuls of
150-212 pm glass beads (Sigma Aldrich Company Limited, UK) were added to each sample
and 10 pL of internal standard added where appropriate. The samples are vortexed using
a vortex adapter (Ambion®, ThermoFischer Scientific Limited, UK) for the Vortex-Genie
2 Mixer (Scientific Industries Incorporated, US) for 3 x 1 min with 1 min on ice in between

each iteration.

Sample treatment

Once lysed all samples could be treated equivalently. Samples were washed with 3 x 200
uL petroleum ether (60 - 80 b.p. ; Sigma Aldrich Company Limited, UK) saturated with
1:1 ddH3O :isopropanol, each time separating phases with a low-speed (2000 rpm, 1 min)
spin, and removing the upper phase (lipid layer; should be green). Following the washes 5
uL saturated (NHy)2SO4 was added to the aqueous phase in a fresh eppendorf, and 600
uL 2:1 MeOH : CHCIl3 added. The samples were capped and left at room temperature
for ~ 20 minutes (a white pellet should form). Samples were then gently vortexed and
centrifuged in a bench-top microfuge (25000 g, 2 minutes). The resultant supernatant was
transferred to a tapered HPLC vial (Chromacol® 1.1-CTVG; Chromacol, Hertfordshire,
UK) and dried under Ny gas in a sample concentrator (60°C). Once dry (= 1.5 hours) the
samples were reconstituted in in 45 pL 90:10 ddHsO:ACN, 15 mM ammonium hydroxide.

Sample analysis

LC-MS/MS + MRM analysis in positive ion mode was performed on an ABSciex 4000
QTRAP quadrupole/linear ion trap mass spectrometer (Applied Biosystems, Foster City,
CA) as described by Haynes et al. (Agilent 1200 LC system; Gemini C18 column (Phe-
nomenex, Torrance, CA), 2mm inner diameter, 150 mm length, particle size 51m) (Haynes
et al., 2008; Ruiz-Lopez et al., 2014). The flow rate used was 200 pl/min in binary gradient
mode with the following elution program: the column was equilibrated with mobile phase
A [HoO/CH3CN (85:15, v/v), containing 0.05% triethylamine], the sample was injected,
and mobile phase A was used for 5 min, followed by a 14 min gradient to 50 % phase A and
50 % phase B [HoO/CH3CN (10:90, (v/v)), containing 0.05% triethylamine]. Afterward,
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the column was washed by a 1 min gradient to 100 % B held at 100 % B for 5 minutes,
followed by re-equilibration of the column by a 1 min gradient to 100% A and a 5 min
hold at 100 % A before injection of the next sample (Haynes et al., 2008).

Dry Ny gas was used for nebulisation of the column effluent (gas 1) and for the
desolvation gas (gas 2), curtain and collision gases instrument settings of 35, 25, 15
(arbitrary units) respectively were used. The ESI needle voltage was 5.5 kV in positive ion
mode and -4.5 kV in negative ion mode. The interface heater was set to 100°C, and the
Turbo V ESI source temperature was set to 350 °C (Haynes et al., 2008).

The MS/MS parameters were determined by using the acyl chain-retaining product
ions, which in positive ion mode were the result of the loss of 507.0 Da from the (M +
H)* precursor, and optimizing CE, collision cell exit potential (CXP), and collisionally
activated dissociation (CAD) gas values for each molecule (Haynes et al., 2008).

5 pmol external standards made from (> 99% pure) bought propionyl-CoA, butyryl-CoA
and hexanoyl-CoA (Avanti Polar Lipids Incorporated, US) and fatty-acid free Acetyl-CoA
(Sigma Aldrich Limited, UK) were made by serial dilution and checked using absorption of
the CoA group at a wavelength of 260 nm. Internal standards for use at a final amount of

2 pmol were also made. All standards were stored in 70% (v/v) ethanol.

2.10 Bioinformatics Tools

Databases, programs, internet servers and programming languages used can be found in
the section below
2.10.1 Protein and gene databases

CyanoBase (Version 01.01.2010; (Nakao et al., 2010))
(http://genome.microbedb.jp/cyanobase)

NCBI Database (http://www.ncbi.nlm.nih.gov/)

NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/) see chapters for genome refer-

ences.

UniProt (Bateman et al., 2015) (http://www.uniprot.org/)

2.10.2 Metabolism and pathway databases

KEGG (Releases 62.0 - 76.0; (Kanehisa et al., 2014; Kanehisa and Goto, 2000))
(http://www.kegg.jp)

Metacyc (Releases 16.1 - 19.5; (Caspi et al., 2014)) (http://metacyc.org/)

116



Chapter 2. Materials & Methods

2.10.3 Protein prediction servers

ExPASy (Gasteiger et al., 2003) ProtParam tool was used to calculate the extinction
coefficient at 280 nm and the isoelectric point for the malyl-CoA lyase. The ExPASy
Translate tool was used to check the resulting amino acid sequence from DNA mutations
identified.

2.10.4 Homology search tools

BLAST (Releases 2.2.28 - 2.2.31; (Altschul et al., 1997))
(http://www.ncbi.nlm.nih.gov/BLAST/)

2.10.5 DNA design tools
Primer design

The melting temperature of primers was calculated using the New England Biotech
(NEB) T,, software (version 1.8.1) (http://tmcalculator.neb.com/). IDT SciTools®
OligoAnalyzer® (IDT, 2016) was used to determine hairpin AG for Gibson assembly

primers.

Codon optimisation

The IDT codon optimisation tool was used in the design of dLHS1 and dRHS1 (IDT,
2016).

Plasmid planning

A plasmid editor (aPE) version 2.0.7 (M. Wayne Davis,
http://biologylabs.utah.edu/jorgensen/wayned/ape/) was used for annotating all

sequences, for predicting restriction digests and for the export of plasmid diagrams.

2.10.6 Multiple sequence alignment and dot plot

ClustalX 2.1 (Larkin et al., 2007) and Ugene version 1.14.2 (Okonechnikov et al., 2012)
were used for multiple alignment of sequencing reads. For the larger plasmids dLHS1 and

dRHS1 sequencing reads were manually aligned in the UGENE graphical interface.

2.10.7 Flux-Balance Analysis

The iJN678 model was modified using the COBRA (COnstraints-Based Reconstruction
and Analysis) toolbox (version 2.0.5) (Schellenberger et al., 2011) in MATLAB R2014a
(Natick, USA: The Mathworks Inc., 2011) to generate the iAC101 model. The resultant
SBML (Systems Biology Markup Language (Hucka et al., 2003)) file was edited to include
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E.C. numbers, associated gene reactions and pathway subsystems of the new reactions
to fulfil MIRIAM standards (Le Novere et al., 2005). The biomass objective functions
(BOFs) from the iTM686 model (Maarleveld et al., 2014) were adapted for the iAC101
model. The majority of the reactions were inherited from the Nogales et al. (1JN678)
model (Nogales et al., 2012). Loops were eliminated using manual curation and the in-built
COBRA function, “loopless COBRA” (Schellenberger et al., 2011). The flux solutions
were than normalized to the carbon intake supplied to the model, in order to make it easier
to compare predicted flux values to those obtained by '3C labelling studies. Autotrophic
metabolism was simulated by constraining the HCO3~ exchange to 3.7 mmol gDW h~!,
the maximum COg uptake rate calculated by Shastri and Morgan (Shastri and Morgan,
2005). Photon uptake was constrained to 40 mmol gDW h~!, to run the simulations
under non-saturating light conditions. For non-light limiting simulations, photon uptake is
constrained to 100 mmol gDW h~!. Under this condition, iAC101 achieves the maximum
growth rate of 0.0884 h~! which is agreement with the experimentally derived maximum
growth rate of Synechocystis sp. PCC 6803 (0.085 4+ 0.015 h™!) (Shastri and Morgan,
2005; Emlyn-Jones et al., 1999). Solutions to the linear programming problem posed
by flux-balance analysis inside the Matlab/COBRA framework were provided by Gurobi
Optimizer (Gurobi Optimization, 2015).

2.10.8 Thermodynamics tool

Estimated Gibbs free energy of reactions for chemical equations was calculated using
eQuilibrator (Flamholz et al., 2012). Standard conditions of 1 mM reactants, pH 7.0 and

0.1 M ionic strength were used unless explicitly stated.

2.10.9 Crystallographic software

All diffraction images from the synchotron were processed by zia2 (Winter, 2010) using
the “3dii” setting/ XDS (Kabsch, 2010). The malyl-CoA structure was solved by molecular
replacement with Phaser (Mccoy et al., 2005) with protein RipC (PDB: 3QLL), modified
by Chainsaw (Stein, 2008) as a molecular replacement model. Structures were refined
using REFMAC (Murshudov et al., 2011) and tools from the CCP4 package (Winn et al.,
2011). Model building was done in Coot (Emsley and Cowtan, 2004). MolProbity (Chen

et al., 2010) was used for the validation statistics of the structure.

2.10.10 Written Scripts

All scripts for scanning GenBank files were written in Python using BioPython 1.63.
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2.10.11 Imaging programs

DNA was visualised by using a UV transilluminator and photographs were taken (BioDoc-
ITTM System; UVP, CA, USA). All image editing was done in the GNU Image Manip-
ulation Program (GIMP version 2.8) and figures made in xFig (version 3.2, patch level

5a).
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Chapter 3

Modelling the Integration of the
3-Hydroxypropionate Bi-cycle into

a Cyanobacterium

This chapter describes the production of an in silico genome-scale metabolic model (GSMM)
of Synechocystis for flux balance analysis and the use of this model for simulating the
integration of the 3-hydroxypropionate bi-cycle. The main aims of this project were to
assess the suitability of several intermediate strains for engineering, to identify potential
flux bottlenecks, and to discover possible interactions with the host metabolism. Important
results are the involvement of the glycerate/glycerolipid pathway for glyoxylate assimilation,
the interaction of the 3 HP bi-cycle left-hand side with the tricarboxylic acid (TCA) cycle,
the relative growth rates of various mutants and the identification of a number of substrates
which may be useful in complementing a Calvin cycle inactivated mutant. The importance
of the RuBisCO oxygenation reaction in forcing flux via the 3-hydroxypropionate bi-cycle
is also explored in a mixed model containing both Calvin cycle and 3-HP bi-cycle. This
chapter represents part of the work done in collaboration with MRes student Alysha
Chua, which considered a number of carbon fixation cycles in the same model and is being

prepared for publication.

3.1 Results

Rationale for new model

Flux balance analysis (FBA) is a useful in silico tool for predicting the potential flux of
metabolites through a pathway. FBA is particularly useful for predicting the viability of
knockout mutants or the ability of an organism to grow on a particular carbon source. In

FBA, a genome-scale metabolic model (GSMM) is organised as a stoichiometric matrix
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defining all reactions in the cell. A solution is found which optimises a given function,
typically the biomass objective function, which represents the growth of the cell. Flux
through the set of reactions defined by the stoichiometric matrix is calculated to optimise
this function. The major benefit of FBA is that it does not need any kinetic parameters
or rate constants (Orth et al., 2010; Schellenberger et al., 2011), and deals only with the
stoichiometry of the chemical reactions important for metabolism. Unfortunately, FBA
requires a high quality reconstruction as small errors can cause large differences in predicted
values and experimental results (Wang et al., 2012; Yoshikawa et al., 2011). For this reason,
we created a refined Synechocystis model (iAC101) focusing on improved central carbon

metabolism, adding both reactions from other models and making our own additions.

3.1.1 Development of the iAC101 model

The 1AC101 model is a new GSMM of Synechocystis, based on the iJN678 model (Nogales
et al., 2012), with additions from later models: Knoop (Knoop et al., 2013), Saha (iSyn731)
(Saha et al., 2012) and iTM686 (Maarleveld et al., 2014). The list of modifications made to
the model is as follows: 119 new reactions added, 9 reactions deleted, and 27 unbalanced
reactions corrected. The total number of reactions in the model is 984 and the the total
number of metabolites is 843. Important extensions include the incorporation of the fatty
acid and lipid metabolism from iSyn731 (Saha et al., 2012), a completed phosphoserine
pathway for synthesis of serine, and the removal of the glyoxylate shunt. The biomass
objective function is the function which is maximised by the FBA model. The biomass
objective function (BOF) for iAC101 was adapted from the iTM686 model which uses
nine sub-BOFs (inorganic ions, soluble pool, protein, RNA, lipid, lipopolysaccharide,
peptidoglycan, pigment and DNA) (Maarleveld et al., 2014). This BOF was chosen because
it was the most comprehensive in scope and the purpose of this model was to recreate the

central carbon metabolism of Synechocystis to the highest available quality.

Model assumptions

In order to best simulate laboratory growth conditions, in autotrophic metabolism simula-
tions HCO3™ exchange was constrained to 3.7 mmol HCO3s™ per gram of dry weight per
hour (gDW-'h™!), the maximum COs uptake rate as calculated by Shastri and Morgan
(Shastri and Morgan, 2005). Photon uptake was constrained to 40 mmol gDW-h! (non-
saturating) or 100 mmol gDW-'h"! (light-saturating). The default in all simulations unless
stated otherwise was 40 mmol gDWh! (non-saturating) conditions. The iAC101 model
assumes constant illumination, again imitating laboratory growth conditions rather than
environmental conditions. In order to emulate postulated wild type (WT) conditions, 5%
oxygenase activity from RuBisCO is assumed and enforced. The ~ 5% RBCh activity
is standard across other FBA models (Nogales et al., 2012; Knoop et al., 2010, 2013)
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and was the previous assumption before C labelling suggested a lower value. If not
specified WT refers to the scenario where the oxygenase reaction is constrained to 5%
(WT 5% PHOTOR), although lower levels of oxygenation and resulting photorespiration

are investigated and labelled where appropriate.

Pathway inclusion & modification

Previously, the tricarboxylic acid (TCA) cycle was thought to be incomplete for all
cyanobacteria as no homologues were found for the constituents of the 2-oxoglutarate
dehydrogenase complex (Zhang and Bryant, 2011). Synechocystis contains genes to
functionally complete the TCA cycle in at least two ways: the GABA shunt (Nogales et al.,
2012) and the 2-OGDC/SSALyr bypass (Zhang and Bryant, 2011), as shown in Figure 3.1.
Both of these pathways are active in the iAC101 model.

In previous Synechocystis models the glyoxylate shunt was included (Shastri and Morgan,
2005; Hong and Lee, 2007; Fu, 2009; Montagud et al., 2010, 2011). This shunt, also known
as the glyoxylate cycle, is important because connects acetyl-CoA to carbohydrate, also
avoiding the COy releasing steps in the TCA cycle. This allows organisms to grow on
substrates such as acetate or fatty acids. Our BLAST results suggest the Synechocystis
genome does not contain candidate genes for the required malate synthase and isocitrate
lyase enzymes (MALS and ICL respectively in Figure 3.1). Given this, and in line with
recent findings (Knoop et al., 2013; You et al., 2014), the glyoxylate shunt has been excluded.
Our own investigations as to whether excluding the glyoxylate shunt causes noticeably
altered fluxes, found its impact to be negligible in Synechocystis flux balance analysis.
Furthermore, the completion of the TCA cycle, while correct, is not important under all
growth conditions and flux through the TCA cycle is expected to be bifurcated (flux to both
malate and 2-oxoglutarate from oxaloacetate) rather than cyclic under photoautotrophic
conditions (Xiong et al., 2015).

The TCA cycle is one component of central carbon metabolism which was updated in
the model. Another change required for central carbon metabolism was the addition of a
complete phosphoserine (PS) pathway. In the iJN678 model, an intermediate of the pathway,
3-phosphohydroxypyruvate was listed as a dead-end metabolite (Nogales et al., 2012).
When the phosphoserine pathway (Figure 3.2) was added, the iAC101 model predicted
this pathway would also be used for serine synthesis alongside the previously assumed
photorespiratory pathway in which serine is made from glyoxylate. This involvement of
the phosphoserine pathway has recently been shown experimentally (Klemke et al., 2015).

The glycine cleavage system, glycine decarboxylase (GDC), is a multi-enzyme complex
involved in the rapid destruction of glycine produced during photorespiration (Douce et al.,
2001; Hasse et al., 2007). Correcting metabolism around photorespiration is particularly

important for a model investigating the value of various carbon fixation pathways. It is
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Pyruvate
Acetyl-CoA
K\\f7///////'cmme\\\\\\\\\
Oxaloacetate Isocitrate

,ﬂc \\\
' | GLUDy
Malate < - Glyoxylate 2-Oxoglutarate—— Glutamate
| 20GDH
\ : / 20GDC

4-Aminobutanal

Fumarate Succinyl-CoA
p Succinic ABTA
7 SSALyr semialdehyde
P
Succinate

Figure 3.1: Complete TCA cycle in iAC101: Red arrows represent the 20GDC/S-
SALyr bypass (Zhang and Bryant, 2011). Blue arrows represent the GABA shunt. (Nogales
et al., 2012). Magenta dashed arrows represent glyoxylate shunt (deliberately excluded
from model).
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Figure 3.2: Phosphoserine pathway: Enzymes in red were added in the iAC101 model.

unclear if the glycine cleavage system is reversible in Synechocystis. One previous model
(Nogales et al., 2012) sets activity as reversible whereas in both the Knoop et al. (Knoop
et al., 2013) and iSyn731 (Saha et al., 2012) models the reaction is set to be irreversible.
The glycine cleavage is fully reversible in a wide range of other organisms, even in ones
that do not rely on the GDC for glycine synthesis, such as Saccharomyces cerevisiae,
Arthrobacter globiformis and pea leaf mitochondria (Bar-Even et al., 2012). For this reason,
the GDC was considered to be reversible in our model.

Amino acid production and degradation interacts with photosynthetic metabolism
through photorespiration and the central roles of the metabolites glyoxylate and pyruvate.
Previous models relied on an overactive proline degradation pathway as compensation for

an incomplete phosphoserine pathway. The trans-4-hydroxy-L-proline degradation pathway

123



Chapter 3. Modelling the integration of the 3-HP bi-cycle into a cyanobacterium

(henceforth proline degradation pathway) included in earlier Synechocystis models (Knoop
et al., 2013; Maarleveld et al., 2014) breaks down proline into pyruvate and glyoxylate. A
functioning proline degradation pathway would require prolyl 4-hydroxylase (E.C. 1.14.11.2,
R01252), pyrroline-5-carboxylate reductase (NAD) (E.C. 1.5.1.2, R03291) and pyrroline-5-
carboxylate reductase (NADP) (E.C. 1.5.1.2, R03293). This degradation pathway may
exist in Synechocystis as a candidate gene has been suggested for the first reaction (Knoop
et al., 2013). In our opinion, previous models relied on unreasonably high levels of flux
through proline synthesis and degradation pathways feeding an unlikely metabolic loop.
This loop was the result of a requirement to produce levels of glycine (from glyoxylate)
for optimised growth. The completion of the phosphoserine pathway in our model allows
serine to displace glyoxylate as the source of glycine, highlighting what we think is a more
physiologically likely pathway.

Care was also taken with other less central pathways, as with a systems approach any
small mistake can amplify unexpectedly. As an example, the Bis biosynthesis pathway was
corrected to the best of our knowledge using reactions from Knoop (Knoop et al., 2013)
and iSyn731 (Saha et al., 2012).

Validation of the model

The iAC101 model performed well against experimental data available for Synechocystis.
Under light-saturating conditions, iAC101 predicts a growth rate of 0.0884 h™! which agrees
with the experimentally derived maximum growth rate of Synechocystis (0.085 + 0.015 h™!)
(Shastri and Morgan, 2005; Emlyn-Jones et al., 1999). Metabolic fluxes predicted by the
model for specific pathways were compared with the original iJN678 model (Nogales et al.,
2012) and experimental data from '3C labelling studies (Young et al., 2011) (see Table 3.1).
The flux values and directionality of reactions in central metabolism are generally in
agreement with previous studies. iAC101 better replicated experimental results for both
D-glyceraldehyde-3-phosphate lyase (FBA3) and sedoheptulose 1,7-bisphosphate (SBP)
fluxes. These reactions are dependent on better predicted fluxes for the transaldolase,
resulting in many stages of the Calvin cycle being more closely validated by the data (See
Table 3.1 for values, Figure 3.3 for flux map comparison).

Differences between the iAC101 model and C experimental data exist at the level of
pyruvate generation. The iAC101 model generates pyruvate by reverse malate dehydroge-
nase (MDH) and pyruvate kinase (PYK) flux. No flux is assigned to malic enzyme (ME1)
which provides an alternative pyruvate producing pathway (PEP — oxaloacetate — malate
— pyruvate). Flux is predicted through MEI in the iJN678 model (15.8 mmol gDW-1h)
and observed in experimental '3C data (5.37 mmol gDW-'h!). Other FBA models Knoop
(Knoop et al., 2010, 2013), Shastri (Shastri and Morgan, 2005) and iTM686 (Maarleveld
et al., 2014) do not predict flux through ME1. ME1 may play a role in concentrating
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Figure 3.3: Validation map of in silico model: Comparison of fluxes (mmol gDW-'h1)
between those predicted from 3C labelling studies (blue), from model iJN67819 (red)
and from model iAC101 (green). The dotted arrow from glycine to 3-phosphoglycerate

represents the remaining four steps of the C2 photorespiratory pathway.
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COg, working with PEP carboxylase in a system similar to C4 plants (Yang et al., 2002b;
Laurent et al., 2008; Young et al., 2011), but this function would not be captured by a
FBA model. ME1 is likely to be important as Synechocystis mutants with deleted ME1
grew 15 times slower than WT strains under autotrophic conditions (Bricker et al., 2004).
MET1 flux dissipates ATP and in theory should not be predicted by FBA without additional
constraints. It was postulated by Knoop et al. that flux through ME1 in the iJN678
model is the result of carbon-limited state constraints used and resulting ATP dissipation
(Knoop et al., 2013). The flux through ME1 was not additionally constrained in iAC101
and remains zero.

Another validation metric for core metabolism in phototrophs is the phosphoglycerate
kinase (PGK) to phosphoglycerate mutase (PGM) flux ratio. The phosphoglycerate kinase
(PGK) to phosphoglycerate mutase (PGM) ratio can be thought of as the ratio of 3-
phosphoglycerate (3PG) which is recycled back into the Calvin cycle compared to the
3-phosphoglycerate which leaves the cycle at this point. The naive stoichiometrical ratio
for PGK:PGM is 5:1, with at least five 3PG being required for every 3PG leaving the
Calvin cycle. PGK : PGM ratios predicted by FBA models are higher than these values as
Calvin cycle intermediates are needed as precursors for biosynthesis, e.g. dihydroxyacetone
phosphate (DHAP) for synthesis of lipids, ribose-5-phosphate (R5P) for histidine, folate,
purine and riboflavin metabolism (Knoop et al., 2010, 2013) and erythrose-4-phosphate
for use in the shikimate pathway (Maeda and Dudareva, 2012). The iAC101 model
predicts a value of 7.65:1 , which falls within the range of other FBA models: Shastri
(8.359: 1 (Shastri and Morgan, 2005)), Knoop (8.02:1 (Knoop et al., 2010) and 7.4: 1 when
phosphoketolase is absent (Knoop et al., 2013)). ¥C flux analysis indicate that the true
ratio could be as high as 9.82 + 1.0:1 (Young et al., 2011).

In conclusion, the iAC101 model improves upon existing flux balance analysis genome

scale models by using updated knowledge of the central carbon metabolism of Synechocystis.

3.1.2 3-hydroxypropionate bi-cycle simulations

The 3-hydroxypropionate bi-cycle was introduced into iAC101 in several stages. Models in
which only the left-hand side of the bi-cycle (with the central enzymes included), only the
right-hand side, the full model and a mixed model (full 3-hydroxypropionate bi-cycle and
the Calvin cycle both present) were all produced.

Left-hand side results

A module of the 3HP bi-cycle containing the middle and left-hand side enzymes can sustain
growth in a Calvin cycle knockout model (see Fig. 3.5).
When introduced the left-hand side of the 3HP bi-cycle (in concert with the middle

enzymes) interacts with the tricarboxylic acid cycle and glycerate/glycerolipid pathways of
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Figure 3.4: PGK:PGM ratio This diagram gives a simplified view of the importance of
the phosphoglycerate kinase (PGK) to phosphoglycerate mutase (PGM) flux ratio under
autotrophic conditions.

Synechocystis to form a larger carbon assimilating cycle (see Fig. 3.5). The 3HP bi-cycle
has two carboxylation reactions: acetyl-CoA carboxylase (ACCOACr) and propionyl-CoA
carboxylase (R01859) by which carbon enters the system. The carbon leaves the central
TCA/3HP cycle at the level of glyoxylate, 95% (223%4) of which is passed down the
glycerate/glycerolipid pathway to 2-phosphoglycerate and pyruvate to form biomass, and

5% is used by reaction SPT_syn2 in another mechanism to satisfy glycine production for
the model (alanine + glyoxylate = pyruvate + glycine). The final link in the larger cycle
(shown in green) is the conversion of phosphoenolpyruvate to oxaloacetate to re-enter the
TCA cycle. The 3HP bi-cycle is in this way fed by the TCA cycle, as the TCA cycle
acts as supplementary source of malate to the 3HP pathway segment. This is shown
by an increase in predicted flux through fumarase (FUM) and succinate dehydrogenase
(SUCDH) and a reversed malate dehydrogenase (MDH) flux in the TCA cycle. A confusing
reaction which is more easily explained in text is succinyl-CoA:(S)-malate CoA transferase
(R00406), which is simply a CoA transfer mechanism between succinyl-CoA and malate
(succinyl-CoA + malate = malyl-CoA + succinate).

Several smaller simulations were run to see if, given the interaction with the TCA cycle,
smaller pathway segments could support growth in Synechocystis. In pathways which
generated succinyl-CoA and succinate the models were not functional in the absence of
the Calvin cycle. This is a somewhat unintuitive result as Synechocystis is predicted to
grow with succinate as a sole carbon source. It appears a fully functional left-hand side is
required, at which point the predicted growth is only slightly reduced in the absence of
the Calvin cycle (0.0721 h™t with Calvin cycle vs. 0.0713 h™t without).
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Figure 3.5: Pathway Analysis: 3-hydroxypropionate bi-cycle left-hand side and
middle enzymes: Diagram showing predicted flux through left-hand side and middle
enzyme reactions generated by iAC101. Predicted flux values (mmol gDW-h!) are shown:
the left-hand side and middle enzymes of the 3-HP bi-cycle (orange). The larger carbon

for the wild-type model containing the full Calvin cycle (blue) and for the model containing
fixation cycle formed with native metabolism is indicated (green).
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In conclusion, without the right-hand side of the 3HP bi-cycle the model depends on an
altered native glyoxylate management systems for the entry of carbon to central metabolism
and reroutes TCA flux via oxaloacetate and malate to regenerate the carboxylation substrate
acetyl-CoA. This model also suggests that partial pathways which result in intermediates
succinyl-CoA or succinate cannot sustain or improve growth by interaction with the TCA

cycle.

Right-hand side results

In a Calvin cycle inactive model the right-hand side module of the 3HP bi-cycle alone
cannot sustain photoautotrophic growth. Even in models containing the Calvin cycle, the
right-hand side of the model is not functional in Synechocystis without the addition of the
middle enzymes as propionyl-CoA is a dead-end metabolite in the wild-type model.

A simulation of the WT model containing the middle enzymes and the right-hand
side of the 3HP bi-cycle under conditions of 0% RuBisCO oxygenation shows a small flux
(0.918 mmol gDW—'h~1) through the right hand enzymes but does not improve predicted
growth of the model.

The right-hand side of the 3-HP bi-cycle has been suggested as a photorespiratory
bypass (Shih et al., 2014). Flux through the right-hand side enzymes is indeed higher
when photorespiration is set to 5% (= 5.3 mmol gDW~'h~!) but there is only a very
small improvement in growth when compared to the wild type: WT 0.0695 gDW~'h~! vs.
3HP 0.0698 gDW'h~!. Flux through the native glyoxylate management system (GLXCL)
falls to zero in this simulation and less than a tenth of the carbon in the model is fixed by
acetyl-CoA carboxylase with the central carbon metabolism very closely resembling the
Calvin wild-type model. In an extreme case where the RuBisCO oxygenation reaction is
set to 100 % and in this way “inactivated” as a carbon fixation pathway the right-hand
side and central bi-cycle enzymes do work as a carbon fixation pathway, incorporating
glyoxylate generated by RuBisCO oxygenation.

In conclusion, the right-hand side module, including the middle enzymes, carries some
flux but models predict little improvement on growth under estimated physiological levels

of RuBisCO oxygenation and photorespiration.
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Figure 3.6: 3-hydroxypropionate bi-cycle right-hand side: Diagram showing pre-
dicted flux through right-hand side reactions generated by iAC101. Predicted flux values
(mmol gDW-'h'!) are shown: for the wild-type model containing the full Calvin cycle
(blue), for the model containing the middle and right-hand side of the 3-hydroxypropionate
bi-cycle (red) and for the model containing the middle and right-hand side reactions
(magenta), but with a more efficient middle enzyme step (part of propionyl-CoA synthase
activity). The right-hand side acts as a glyoxylate bypass but has very little improvement
on growth, or any large change in flux at 5% RuBisCO oxygenation.
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Full bi-cycle results (Calvin cycle inactive)

Two full bi-cycle simulations with the Calvin cycle inactivated were also run. The only dif-
ference between the two simulations was the inclusion of an alternative 3-hydroxypropionyl-
CoA synthetase found in the Thaumarchaeotae (Konneke et al., 2014) which is more
efficient and hydrolyses ATP to ADP instead of AMP. This synthetase activity is a part of
the reactions labelled here as propionyl-CoA synthase (PCS), which happens in a single
enzyme in C. aurantiacus. This single difference seems to have large effects, suggesting
simple ATP usage is a strong predictor of the carbon fixation efficiency of a pathway.
Results are shown in blue for wild-type, red for the full 3-hydroxypropionate bi-cycle as it
is in C. aurantiacus and magenta for the simulation with the more efficient synthetase
(see Fig 3.9). Both models outperformed the wild-type model in terms of total growth
for the 5% photorespiration estimate, but only the more efficient cycle outperformed the
wild-type in a 0 % photorespiration scenario (see Table 3.2 in Section 3.1.2).

The global structure of the pathway integration is similar to the model with only the
left-hand side. Malate is the metabolite through which the TCA cycle and the 3-HP
bi-cycle interact and the directionality of the fluxes surrounding the central metabolism
are predicted to be the same. The two solutions containing the 3-HP bi-cycle are different
in terms of where carbon leaves the 3-HP bi-cycle. In the original 3-HP bi-cycle, this
model predicts that only ~ 13 % of flux enters the right-hand side of the cycle to generate
pyruvate. This is contrasted with ~61 % in the more ATP efficient, novel synthetase-
containing simulation. In this version of the 3-HP bi-cycle no flux is assigned through
the glycerate/glycerolipid pathway and phosphoenolpyruvate is instead generated from
pyruvate by phosphoenolpyruvate synthase activity. Consequently, the direction of the
glycolytic/gluconeogenic enzymes are reversed in favour of gluconeogenesis.

This result suggests that ATP-limitation, which can be partially relieved by using
a more efficient synthetase, favours the use of the glycerate/glycerolipid pathway and
glycolysis over the right-hand side of the cycle and gluconeogenesis. This result is not
obvious from the ATP costs of the pathways directly associated. This could be a significant
result, but it is also important to remember it could be result of an optimisation of the
biomass function which is is only marginally favourable or one of many possibilities. The
solution may also highlight two different aspects of Synechocystis metabolic flexibility
under different stresses.

In conclusion, the inclusion of the complete 3-hydroxypropionate bi-cycle in a simulation
shows globally the same architecture as the model with only the left-hand side following a
glycolytic mechanism via the glycerate/glycerolipid pathway. In a model in which a less
ATP consuming 3-HP bi-cycle was simulated, the right-hand of the bi-cycle handled the
majority of flux via phosphoenolpyruvate synthase and gluconeogenesis. In terms of total

growth, both 3-HP bi-cycle models out perform the Calvin cycle at 5% photorespiration,
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flux values (mmol gDW-'h!) are shown: for the wild-type model containing the full Calvin
cycle (blue), for the model containing the full 3-hydroxypropionate bi-cycle (red) and for

the model containing the middle and right-hand side reactions (magenta), but with a more

predicted flux values through the full 3-HP bi-cycle as generated by iAC101. Predicted
efficient middle enzyme step (part of propionyl-CoA synthase activity).

Figure 3.7: 3-hydroxypropionate bi-cycle (Calvin cycle inactive)
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but only the more ATP-efficient one does at 0% photorespiration.

Mixed model results (3HP and Calvin cycle active)

The mixed model was run with four variations:

e 0% RuBisCO oxygenation, 3HP bi-cycle C. aurantiacus enzymes
e 0% RuBisCO oxygenation, 3HP bi-cycle with modified archaeal enzyme
e 5% RuBisCO oxygenation, 3HP bi-cycle C. aurantiacus enzymes

e 5% RuBisCO oxygenation, 3HP bi-cycle with modified archaeal enzyme

These results gave insight into the ATP-sensitivity and balance between accessible
metabolic modes. Under the 0% RuBisCO oxygenation conditions, the difference in
the ATP/ADP vs. ATP/AMP hydrolysis in the 3HP cycle (the difference in between
the Chloroflexus and archaeal enzymes) determined whether the model was primarily
Calvin cycle based or 3-HP based for carbon fixation (see Fig. 3.8). With 0% RuBisCO
oxygenation in the model and the use of the Chloroflezus enzymes, the flux through
the model is very similar to that of the wild-type model with a few small exceptions:
phosphoenolpyruvate carboxylase (PEPC), malate dehydrogenase (MDH) and succinyl-
CoA synthase (SUCCOAs) activity all resemble the 3-HP active model. This phenomenon
is the result of preferential glyoxylate generation from the left-hand side of the 3-HP
bi-cycle in the model. The interesting result from these two simulations at 0% RuBisCO
oxygenation is that the conversion of ATP to ADP rather than AMP for a step in the
3-HP bi-cycle may be the difference between the 3HP bi-cycle being used preferentially
over the Calvin cycle.

At 5% RuBisCO oxygenation both models use the 3HP bi-cycle and in the case of the
modified bi-cycle there is no flux through RuBisCO. For the modified bi-cycle there are no
appreciable differences between the model solution when the Calvin cycle is deleted and
when it is included. For the C. aurantiacus style simulation the model reacts differently.
Flux for the management of glyoxylate is sent through the glycerate/glycerolipid metabolism
rather than through the right-hand side of the cycle and the bottom half of glycolysis
(PGK, PGM, ENO) are all primarily glycolytic rather than gluconeogenic. This result
shows that in the case where the 3-hydroxypropionate bi-cycle is favourable over the Calvin

cycle, there exist many metabolic modes for growth.
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Diagram showing predicted flux values through the mixed 3-HP bi-cycle / Calvin

for the wild-type model containing the full Calvin cycle (blue), for the model containing
the full 3-hydroxypropionate bi-cycle and Calvin cycle (red) and for the model containing

cycle model as generated by iAC101. Predicted flux values (mmol gDW-'h"!) are shown:
the full bi-cycle, but with a more efficient middle enzyme step (magenta).

Figure 3.8: 3-hydroxypropionate bi-cycle (Calvin cycle active, 0 % photorespi-

ration)



00

ajesaoh|boydsoyd-¢ \ Isoydsiq-g‘L-asoinqry
0 698
Ogy
umounun TEELES
901004

9'LE Vb
££200d
VIN

voO-IAlewed—(sg)

9'LE LI'E
282604 \
VIN

vo9-1he0y

alejen

djesewny
V52 €V

80 8€0

Chapter 3. Modelling the integration of the 3-HP bi-cycle into a cyanobacterium

— > apAyapjesadf|n

00-y9-1Auooess) 6.5 008
vooTroTify " 1OVOO0V T&u:
€55
9lE LLE voo-lAuojep
€8260d 611G £y
V/N HOW
VIN S dHe!
voo-10-lAuodesepy (SHD dHE; ajeuoidoidAxoIpAH-¢ - SHD dHE:
615 £bY
. SOd
TS « ‘
09-1Aouedoid €0z Ly oz 11y VOO-MAuUIOONS
VIN
voo-iflewlAylewi-eleg _%00H viN
91E L1E vod-lAuojewAylan-(s)
¥€6004 )
YN a1ejhxokin op )
0 L€z dluoipel 0 1€z
10X19 1HYSHL

S6°L6L-
ON3 562161~
g'lz- DY
gle-

ajesaaf|boydsoyd-¢

0v'96v°2-
vo9-1A190y AOd
91
ajend ajesao/|boydsoydsiq-g‘|L
) epe o9 0
< Hadvo
§ 91
mh._NnD. 7= ajeydsoyd-g-apAyaplesadi|n
9)e1)100S| .
reHo0s] 999 ~ 60 06
ajeydsoyd Va4
auojasehxolpAyia e
ajeydsoydsiq-9‘L-asojoniy
S€0- 822 .
0 m.m..w.:.moxo& Nn_mm_wo i mm_mMm v
’ Tve

ateydsoyd-g-joio0hin ajeydsoyd-g9-asojonig

ﬁ 08'0 820

0 1ee 19d

O 0
8€0

10182419 ajeydsoyd-g9-asoon|n

0 L'ee
6100V
80

sIsoUBB0BUOIN|D /SISAI0DAID
136

| uoneusbAxo 0DSIENY %S

Diagram showing predicted flux values through the mixed 3-HP bi-cycle / Calvin

cycle model as generated by iAC101. Predicted flux values (mmol gDW-'h"!) are shown:

for the wild-type model containing the full Calvin cycle (blue), for the model containing
the full 3-hydroxypropionate bi-cycle and Calvin cycle (red) and for the model containing

Figure 3.9: 3-hydroxypropionate bi-cycle (Calvin cycle active, 5% photorespi-
the full bi-cycle, but with a more efficient middle enzyme step (magenta).

ration)
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Comparison of total growth for all models

In these flux balance analyses models, all models containing the 3-hydroxypropionate
bi-cycle and its constituent pathways performed the same as or better than the CBB
cycle at 5% RuBisCO oxygenation. Some had only a marginal improvement, like those
incorporating the central and right-hand side modules, whereas some had relatively large

improvements like the modified LHS modules.

Growth at Growth at
Model 0% RuBisCO oxygenation 5% RuBisCO oxygenation
(Growth as % of WT) (Growth as % of WT)
WT 100% 100 %
3HP (LHS) (ACC) 98 % 103 %
3HP (LHS)* (ACC) 98 % 103%
3HP (full) (ACC) 99 % 104 %
3HP (full)* (ACC) 104% 109%
3HP (LHS) 103 % 104 %
3HP (LHS)* 104 % 106%
3HP (RHS) 100 % 104 %
3HP (ME + RHS) 100 % 104 %
3HP (ME + RHS)* 100 % 101%
3HP (full) 103% 104%
3HP (full)* 104% 109%

Table 3.2: Total predicted model growth: Table showing growth prediction of final
solution for FBA using linear programming methodology. CC stands for Calvin cycle.
Results are given as a percentage of WT growth under the enforced condition, values are
valid for comparison only within columns). All LHS simulations also contained the middle
enzymes.

3.1.3 Photorespiration as important factor for pathway selection

As an exploration of the importance of photorespiration in the model, the percent-
age of RuBisCO oxygenation activity was forced over a range of values. As the 3-
hydroxypropionate bi-cycle right-hand side has been suggested as a potential photorespira-
tory bypass from glyoxylate to pyruvate (Shih et al., 2014) the relevant models containing
the 3-hydroxypropionate bi-cycle were tested for their performance under increasing levels
of RuBisCO oxygenation activity.

When carbon fixation cycle models are run in isolation, the Calvin cycle is outperformed
in terms of growth rate by the 3HP bi-cycle at 0.7% RuBisCO oxygenation activity.
However, in a mixed model containing both the full 3HP bi-cycle and the full Calvin
cycle the simulation does not change to predominant usage of the 3HP bi-cycle until 4.8 %
RuBisCO oxygenation activity, and maintains approximately 10 % flux through the Calvin
cycle until RuBisCO oxygenation activity has reached 6.3 % (See Fig. 3.10). While exact

137



Chapter 3. Modelling the integration of the 3-HP bi-cycle into a cyanobacterium

ranges of photorespiration are not known in Synechocystis, this model suggests that use of
the 3HP bi-cycle over the Calvin cycle in an organism containing both, would only occur
at photorespiration levels of greater than 4.8 % on purely stoichiometric grounds.

In a model containing the Calvin cycle and the right-hand side of the 3HP bi-cycle
suggested to be a photorespiratory bypass, little change in growth rate is predicted until
RuBisCO oxygenation activity reaches approximately 10% (see Fig 3.11). Over this
threshold the change in growth rate is considerable. The difference between models
containing bypasses and those that do not at 20 % RuBisCO oxygenation is 5.8 % of total
predicted growth rate, rising to 15 % of total predicted growth rate at 30 % RuBisCO
oxygenation. The detriment to growth rate caused by photorespiration probably varies
across organisms but up to 30 % decrease in net carbon assimilation has been stated for
C3 plants (Zhu et al., 2010) suggesting bypasses like the 3HP right-hand side may be more
effective in eukaryotic chloroplasts than cyanobacteria. However, in this calculation the
energetic costs of carbon-concentrating mechanisms such as active inorganic carbon (Cj)

pumping and the construction of carboxysomes are neglected.
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3.1.4 Calvin cycle knockout substrates

The eventual aim of this project is to see if the Calvin cycle can be replaced by the 3HP
bi-cycle completely in Synechocystis. Using the in silico tool developed, simulations were
run to determine the best way to knockout the Calvin cycle and which carbon substrates
may be the best for mutant growth. Phosphoribulokinase was first chosen as the knockout
locus for the Calvin cycle, over for example RuBisCO, because ribulose-5-phosphate can
re-enter carbon metabolism relatively easily and ribulose-1,5-bisphosphate is a dead-end
metabolite in the cell. Furthermore, given the high levels of RuBisCO expression and
complicated regulation, phosphoribulokinase seemed a more conservative target.

The Calvin knockouts in Table 3.3 were iAC101 simulations run with phosphoribu-
lokinase activity constrained to zero. This constraint stops function of the Calvin cycle
fully. Various substrates were then checked for their ability to sustain growth in this model.
The level of carbon input was chosen for the simulation not on physiological grounds (i.e.
it is not equivalent to for example 5 mM) but rather to be a point at which the growth
relationship of all models to substrate input is still linear. This value was then standardised
per carbon atom, for example half as many molecules of glucose (6C) were allowed to enter

as pyruvate (3C).

Model Mixotrophic Growth Photoheterotrophic Growth
(mmol gDW~1h~1) (mmol gDW~1h~1)

WT (5% RuBisCO oxygenation) 0.0695 0.0000
ACC + Glucose 0.0630 0.0471
ACC + Pyruvate 0.0630 0.0392
ACC + Citrate 0.0342 0.0342
ACC + Fumarate 0.0525 0.0392
ACC + 2-Oxoglutarate 0.0456 0.0418
ACC + Succinate 0.0525 0.0458
ACC + Malate 0.0525 0.0392

Table 3.3: Total predicted model growth for Calvin cycle inactivated growth on
exogenous carbon sources: Table showing growth prediction of final solution for FBA
using linear programming methodology for growth of Calvin cycle inactivated mutants (no
PRK activity) on a range of carbon sources.

Glucose and pyruvate were predicted to be the best growth substrates and interact with
central carbon metabolism in different ways. Glucose passes through the glycolytic pathways
(PGI, FBAi > 10 gDW-'h™!) and passes through enolase in the forward direction (19.72
gDW-th'1). Pyruvate makes the central metabolism gluconeogenic (PGI ~ -0.6 gDW-th!,
FBAi ~ -1.7 gDWh!) and requires an active enolase in the opposite direction (ENO =~
7.3 gDWh!) and an active phosphoenolpyruvate synthase (PPS ~ 13.5 gDW-'h!). The
other substrates entered the TCA cycle directly in many ways, but citrate was chosen as

the most interesting substrate because it had high cyclic flux through the TCA cycle (TCA
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enzymes > 10 gDWh!), unlike all other substrates which bifurcated in a typical fashion.

The purpose of these simulations was to identify suitable substrates to supplement
Calvin cycle knockouts, and as a result of these simulations glucose, pyruvate and citrate
were chosen as substrates which sustained growth via qualitatively different pathways. The
hypothesis was that one of these pathways might be complementary to knocking out the
Calvin cycle if the others fail.

3.2 Discussion

3.2.1 3-hydroxypropionate bi-cycle simulations

It is important not to overinterpret flux balance analysis results as they are one of many
possible solutions and small differences in flux are not necessarily relevant. Important
hypotheses generated from the simulations containing the 3-HP bi-cycle simulations are as

follows:

e 3HP bi-cycle enzymes and pathways could improve growth, especially in conditions

of high RuBisCO oxygenation
e The left-hand side of the bi-cycle integrates into central metabolism

e The left-hand side modules are more important in growth improvement than the

right-hand side modules

e The right-hand side module does not seem to act as an important photorespiratory

bypass under predicted physiological conditions
e Use of the right-hand side module appears to be ATP-sensitive

e Practical use of the glycerate/glycerolipid pathway, particularly the glyoxylate car-
boligase enzyme (GLXCL), may be important in pathway engineering

e In an organism in which the full Calvin cycle and the full 3HP bi-cycle are functioning
there is an additional growth advantage over either pathway in isolation

3.2.2 Photorespiration

The calculations surrounding photorespiration again should be broadly interpreted as

suggesting a few hypotheses for experimental validation:

e The importance of the SHP RHS as a photorespiratory bypass for growth improvement
in a Synechocystis model appears to be much greater when effective RuBisCO

oxygenation activity is > 10%
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e The interaction between the 3HP and Calvin cycles means that preferentially the

3HP is not used over the Calvin cycle until approximately 5% RuBisCO oxygenation

e Growing Synechocystis under higher pOs may favour the inactivation of the Calvin

cycle in an organism containing both 3HP and Calvin cycles

3.2.3 Value and limitations

Flux balance analysis is a simple form of modelling which provides only an outline for
metabolic engineering projects. Regulation, kinetics and metabolic/protein burden are
all ignored despite being major factors in the success and failure of metabolic engineering
projects. Nonetheless, FBA does provide a broad understanding of the structure of the
metabolism and is particularly useful for understanding if a mutant will be non-viable.
A drawback of the iAC101 is the lack of a night/dark cycle. This is important because it
regulates storage mechanisms in Synechocystis. As such, the ATP/NADPH made available
from the light reactions may not all be directly available for carbon fixation as assumed by
this FBA. This drawback is mitigated by the fact that in the laboratory conditions used in
this thesis, Synechocystis was under constant illumination. More generally FBA models
in Synechocystis would benefit greatly from the integration of additional '3C labelling

experiments under different conditions and to have these reflected in multi-state models.

3.2.4 Conclusions and design outcomes

The purpose of these in silico flux balance simulations was to determine what effects the
3HP bi-cycle may have on Synechocystis metabolism and which pathway segments may be
useful to integrate as plasmids.

The simulations have shown that introducing the 3HP bi-cycle both in segments and
as a whole could improve growth. They also show that products of the bi-cycle at various
stages can be managed by native metabolism, for example glyoxylate produced by the
left-hand side can be metabolised by the glycerate/glycerolipid pathway.

These simulations also show that the right-hand side of the bi-cycle is less favoured
under conditions of ATP-limitation and may not be relevant as a photorespiration bypass
until levels of RuBisCO oxygenation exceed predicted physiological levels for Synechocystis.
These levels however, are poorly characterised and are probably much higher in plants
(Zhu et al., 2010).

As a result of these simulations it is clear that no smaller pathway segment than the
middle and LHS can sustain growth in the absence of the Calvin cycle. For this reason
pathway segments can only be tested with appropriate auxotrophs which will have to be

generated as part of this project. In addition, three substrates, glucose, pyruvate and
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citrate have all been predicted to be useful as sole carbon sources in the absence of the

Calvin cycle and interact with the native metabolism in qualitatively different ways.
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Chapter 4

Calvin Cycle Knockout Strategies

4.1 Results

This chapter describes attempts at knocking out the Calvin cycle in Synechocystis. The
Calvin cycle has never been knocked out in an oxygenic photosynthetic bacterium, but it
has been replaced by a substitute dimeric RuBisCO from purple bacteria to produce a high
carbon dioxide-requiring phenotype (Pierce et al., 1989; Amichay et al., 1993). This mutant
is an imperfect background to demonstrate the dependence of a cyanobacterium upon
the 3-hydroxypropionate bi-cycle for carbon fixation. This chapter outlines two strategies
used for inactivating the Calvin cycle: the deletion of phosphoribulokinase gene, and
the substitution of RuBisCO with an archaeal ribulose-1,5-bisphosphate bypass. Neither
approach was successful under the conditions sampled but mutants of the second approach

showed a high level of segregation.

4.1.1 Phosphoribulokinase knockouts
Rationale

The stated aim of my thesis is to replace the Calvin cycle with the 3-hydroxypropionate
bi-cycle. To complete this, the Calvin cycle will have to be inactivated. The Calvin
cycle has been disrupted at the level of RuBisCO before in Synechocystis (Pierce et al.,
1989; Amichay et al., 1993) but a full knockout was not created. Instead the native or
“green” LgSg RuBisCO was replaced by the dimeric RuBisCO from the purple bacterium
Rhodospirillum rubrum resulting in a high carbon requiring (HCR) phenotype. This
HCR mutant requires 5% (v/v) COz in air for growth. This background is probably
sufficient to test the activity of the 3-hydroxypropionate bi-cycle as an independent carbon
fixation cycle in Synechocystis but is not an ideal experimental background for this project.
Prof. Michael Gurevitz of Tel Aviv University kindly provided me with this strain in the

eventuality that further Calvin knockouts could not be made in this thesis.
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In the first part of this chapter, PRK was selected as the target for deletion in our Calvin
cycle knockout strain in Synechocystis. PRK is unique to the Calvin cycle in nature and is
unlikely to have any side reactions in other areas of metabolism. Furthermore, knocking out
PRK will result in a buildup of ribulose-5-phosphate, rather than ribulose-1,5-bisphosphate
(RuBisCO knockout), which cannot be recycled back into central carbon metabolism.

In terms of managing the redox balance, Synechocystis already has a number of methods
for dissipating extra electrons including a hydrogenase, terminal oxidases, nitrate reduction
and others mentioned earlier. While the Calvin cycle is straightforward to knockout in
anaerobic photosynthetic organisms like purple bacteria, the systems for electron dissipation
are different in oxygenic phototrophs. There is not to my knowledge, a DMSO reductase
homologue in the Synechocystis genome, nor any similar mechanism for electron donation
to an external chemical acceptor in the medium. Finally, it is possible and fairly probable
that after up to 3 billion years of co-evolution between light and dark reactions the level
of sophisticated regulation between the two at the levels of DNA, RNA and protein may
mean that a Calvin cycle knockout strain is not possible but given the proposed benefits,

the attempt seems worthwhile.

Strategy

The genome of Synechocystis contains only a single gene which codes for PRK, sll1525
(GenBank Accession: NC_000911.1, Chr:2066001 - 2066999) (see Fig. 4.1). A BLAST
search using both PRK sequences from Rba. sphaeroides (GI: 125570 and GI:1346395)

matched the same region.

Chr ; i
I i + + + i + + +—+ o + + + -

Chr
2062k 2063k 2064k 2085k 2066k 2067k 2068k 2069k 2070k 2071k

1 1 i 1 1 L 1 il i Il
2062k 2063k 2064k 2085k 2086k 2067k 2068k 2069 2070k 2071k
protein_coding_gene

5111526 5512971 slri643 slr1645
] < _—— -
hypothetical protein hypothetical protein ferredoxin-NADP oxidoreductase photosyste
slri641 5111525 s111524 slri6e
[comsmasa e s e e g < <TACTEIER |
ClpB protein phosphoribulokinase hypothetical protein ribon
slri6d4
=

hupothetical protein

Figure 4.1: PRK gene locus in Synechocystis sp. PCC 6803: ~ 5 kb of DNA with
PRK gene in Synechocystis sp. PCC 6803 highlighted. PRK chromosomal location is
Chr:2066001..2066999. Taken from CyanoBase (Nakao et al., 2010).
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4.1.2 APRK vectors

Simple gentamicin and kanamycin resistant APRK suicide vectors were made using Gibson
assembly. Both plasmids contained the parts outlined below and a representation is shown

in Figure 4.2.

e colEl - origin of replication for FE. coli
e AmpR - antibiotic selection in E. coli
e Upstream & downstream regions of PRK for homologous recombination (600bp each)

e Antibiotic (kanamycin or gentamicin) resistance cassette to replace PRK

prk_downstream 4752...5352
colE1 847...165

gentamicin_cassette_ds 3997...4751

rk_ko
;352 bp AmpR 1802...945

gentamicin_cassette_us 2785...3443 \
prk_upstream 2189...2784

Figure 4.2: APRK-gen vector: A representation of the built APRK-gen. Numbers refer
to basepairs and for an individual part are ordered from start codon to stop codon.

Vector parts, Gibson assembly and purification

All parts were produced by PCR using the labelled primers in Table 2.9 with 30 basepair
overlaps designed for Gibson assembly. Primers were checked for hairpin formation using
the Integrated DNA technologies SciTools webserver (IDT, 2016).

All PRK construct PCR products can be seen in Fig. 4.3. A gel of the Gibson
reaction products was run with sensitive SYBRSafe Gold® stain to visualise products and
byproducts of the Gibson reaction. In addition to conventional colony screening, plasmids

could be excised (from approximately the right length) and gel purified (Fig. 4.3).

PCR checks

Candidate plasmids were screened for assembly directionality using PCR (Fig. 4.4).
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2268 bp

N —
1276 bp

Figure 4.3: Parts required for construction of APRK plasmids (left): 1.0% agarose
DNA gel of PCR products showing (1) Origin of replication for E. coli and Ampicilin
resistance cassette (backbone), (2) upstream genomic region of PRK. (3) Antibiotic
resistance cassettes for cyanobacterial selection. (4) Downstream genomic region of PRK.
DNA Ladder (NEB 2-Log). 0.7% DNA agarose gel with SYBRSafe gold® to
visualise Gibson products (right): 20 uL of Gibson reaction for the designated plasmids
was loaded into the lanes with marker at the end of the hour incubation. Bands of the
appropriate length were excised from the gel and gel extracted as well as conventionally
screened. DNA ladder (Peglab 1kb).

Sequencing data

For both the APRK _gen and APRK kan plasmids both the upstream PRK and downstream
PRK regions were sequenced to ensure directionality and homologous flanking regions for
integration (see Fig. 4.5 for partial sequence).

Transformation Plate

Synechocystis was transformed and segregated in a variety of conditions (see Table 4.1) in

the formats seen in Fig. 4.6.
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Part 1 Forward -> Part 3 Reverse Part 3 Forward —> Part 1 Reverse]

Part 2 Forward -> Part 4 Reverse

10 (kb)
8

STSSTE - G v

3247 bp

Figure 4.4: PCR tests done across parts to check assembly of APRK plasmids:
1.0 % DNA agarose gel showing PCR checks done to ensure pieces had assembled in the
correct order in the Gibson assembly. Plasmids 1, 2 and 3 are three candidate plasmids
from the same screen. DNA ladder (NEB 2-Log).

23k 3k 9 30 o ok ok 99 ok ok ok o ook i ok 9k 9k o o ok ok o ke ko o o o ok ok o ok ok o e e ko

prk_ko_gen_simple 1840
Contig2_contiglrevcomp 70
prk ko gen zimple 19820
Contig2_contiglrevcomp 150
prk_ko_gen_simple 2000
Contig2_ contiglrevcomp 230
prk_ko_gen_simple T 2080
Contig2_contiglrevcomp [T 310
prk ko gen simple 2160
Contig2 contiglrevcomp 380
prk_ko_gen_simple 2240
Contig2 contiglrevcomp G 470
prk ko gan =zimpla 2320
Contig2_contiglrevcomp 550
prk ko gen simple 2400
Contig2 contiglrevcomp 630

Figure 4.5: APRK _gen sequencing data: Partial sequence of APRK_gen plasmid,
showing the start of the region 1774 - 3271 bp which stretches from the AmpR cassette into
the gentamicin resistance cassette.
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Figure 4.6: Colonies for APRK strain: (top) Individual colonies seen on nitrocellulose
filter for gentamicin resistant APRK strain. (bottom) Individual colonies are spread to
one of each of the 6 separations in the plate to allow time for full chromosomal segregation
of the genotype. Plates contain 10 xM DCMU, 5mM glucose, 5 ug-mL~! gentamicin.

Full list of conditions

Two rounds of experiments were done with the APRK knockout constructs. The first
ran for 7 months from Jan 2014 to August 2014 and the second ran from August 2014
until Feb 2015 (see Table 4.1). The first experiments were under constant illumination,
supplemented with 5mM glucose, 10 uM DCMU and used both antibiotic resistance
plasmids for transformation. 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) is a specific

inhibitor of photosystem II. As a result, no reducing equivalents are made from the light
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reactions of photosynthesis and the cyanobacterium must rely on external carbon sources
for growth. It should be noted that PSI is active under these conditions (You et al., 2015).
in All colonies segregated and were maintained on 5 ug-mL~! gentamicin for the duration
of the experiment. Some copies of the mutant gentamicin cassette were present in all
strains but no significant increases or decreases in wild-type copy number were visible over
time.

For the second set of experiments only the gentamicin plasmid was used in order to
sample more growth conditions. In addition, the gentamicin resistance cassette integrated
better with the project plan as the malonyl-CoA reductase expressing strain has kanamycin
resistance (see Chapter 5). The inclusion of the dark experiments was an effort to see if
heterotrophic growth modes would allow for improved mutant segregation.

For the second round of experiments transformations were done on the substrates
pyruvate, glucose or glucose + pyruvate. Transformations on either carbon source were
successful but on the plates combining both no colonies were seen. Colonies formed on
the pyruvate-containing plates were initially much smaller than those seen on the glucose
plates. Colonies formed on pyruvate grew well when transferred to glucose whereas those
formed on glucose when transferred to pyruvate grew poorly or not at all. As the level of
antibiotic pressure rose combined glucose 4+ pyruvate in the medium appeared to be the
most successful substrate background although this may just be due to the increased levels
of substrate. Citrate had a negative effect on growth even when incorporated into plates
already containing pyruvate and glucose. There were no differences in preferred substrate
between the light and dark experiments, but the dark plates grew more slowly by a factor
of ~ 2. The transformation process required light. Organisms at the end of the process did

not look unhealthy (i.e. not yellow), but grew much slower.

Most successful conditions & example segregation checks

Colonies were streaked onto new plates once every two to four weeks if growth was visible,
each time raising the concentration of antibiotics. This process of segregation is required
because Synechocystis features more than 8 copies of its chromosome per cell (Labarre
et al., 1989; Zerulla et al., 2016). For a typical gene knockout this process takes less than 4
weeks. Colony PCRs for each of the six colonies on a plate were done to determine the level
of segregation (i.e. the presence of any wild-type chromosomal DNA). The colonies which
grew with the highest antibiotic pressure, 50 ug-mL™ gentamicin (10-fold the normally
required dose for segregation), were grown on glucose and pyruvate. These colonies however
did not look to have fewer wild-type copies than earlier colony PCRs. The colony PCR
technique is flawed in that the amplification process is stochastic so the relative measure
of band A against band B is not a particularly good quantitative measure. This is further

confused by the fact that larger pieces of DNA (mutant band) fluoresce more brightly
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Light Transfer Antibiotic R
Cogndition Substrate Substrate (pg-mL™1) Timeline
Glucose 5 - 50 6 months
Glucose Pyruvate 5-10 5 weeks
Pyruvate + Glucose 5 - 50 6 months
Light Pyruvate + Glucose + Citrate 5 - 30 1 week
Glucose 5 - 00 6 months
Pyruvate Pyruvate 5 -40 4 weeks
Pyruvate + Glucose 5-50 6 months
Pyruvate + Glucose + Citrate 5 - 30 1 week
Glucose 5 - 50 6 months
Glucose Pyruvate 5-10 4 weeks
Pyruvate + Glucose 5 - 50 6 months
Dark Pyruvate + Glucose + Citrate 5 - 30 1 week
Glucose 5 - 50 6 months
Pyruvate Pyruvate 5-40 4 weeks
Pyruvate + Glucose 5-50 6 months
Pyruvate + Glucose + Citrate 5 - 30 1 week

Table 4.1: All conditions used in APRK-gen trials in the second round of ex-
periments: List of conditions used for APRK-gen trials. The light condition is a constant
illumination of 20 yuE-m™-s'. The dark condition agar plates were wrapped in tinfoil
in the same growth room as the light plates and exposed to light for ~ 5 minutes daily.
Pyruvate, glucose and citrate were always added at a concentration of 5 mM for each
substrate. Plates were transferred to “transfer substrates” at different points depending
on growth.

under UV light than smaller ones (wild-type band). Nonetheless the technique was deemed
appropriate given the desired strain should contain no copies at all of the wild-type. This
strain could then be checked by more rigorously at the level of genomic DNA sequencing,

and eventually by Western blot for residual wild-type protein.
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Res. cassette
2123 bp

Res. cassette
2123 bp

- W W -

wT
1155 bp —

- e e

Figure 4.7: Segregation checks for APRK strain: (Top) 1.0% Agarose gel showing
segregation status of colonies at a gentamicin concentration of 20 ug mL™ by colony
PCR (Bottom) 1.0% Agarose Gel showing segregation status of colonies at gentamicin
concentrations of 50 and 40 ug mL™! by colony PCR. The higher band at 2123 bp represents
a gentamicin cassette integration into a chromosome whereas the wild-type band at 1155
bp represents the maintenance of the wild-type PRK locus.
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4.1.3 Archaeal ribulose-1,5-bisphosphate bypasses
4.1.4 Rationale

The Calvin cycle knockout (APRK) strain was not achieved using the conditions described
above. Given that PRK appears to be redox regulated in purple bacteria (Wang et al., 2011)
and is a critical part of the Calvin cycle, perhaps it is an essential gene in cyanobacteria.
For this reason, an alternative strategy which would not disrupt PRK but would still

remove ribulose-1,5-bisphosphate was pursued.

4.1.5 Archaeal bypass: adenosine nucleotide degradation IV pathway

Enzymes for an adenosine nucleotide degradation pathway show the potential for breakdown
of ribulose-1,5-bisphosphate, the substrate of RuBisCO and the product of PRK (See
Figure 4.8). The left-hand side of the pathway in Figure 4.8 shows the breakdown of
adenosine monophosphate (AMP) as it is seen in Archaea (Sato et al., 2007). The same
pathway can be used to recycle 5-phospho-D-ribose-1-diphosphate (PRPP) which is used in
histidine, purine and pyrimidine biosynthesis. On this diagram the arrows in red show the
steps which, when running in reverse, could be used to remove ribulose-1,5-bisphosphate.

The discovery of anaerobic Archaea with functional RuBisCOs but no Calvin cycle
(lacking phosphoribulokinase) suggested an alternative function for RuBisCO in these
organisms (Ezaki et al., 1999; Watson et al., 1999). The RuBisCOs were classified as type
IIT and were shown to be fully functional by complementation of RubisCO deletion strains
of non-sulfur purple photosynthetic bacteria to allow autotrophic COo-dependent growth
(Finn and Tabita, 2003). Work on anaerobic methanogenic Archaea Methanocaldococcus
jannaschii confirmed the synthesis of ribulose-1,5-bisphosphate from 5-phospho-D-ribose-1-
pyrophosphate (PRPP) (Finn and Tabita, 2004) and an evolutionary link between purine
recycling pathways and the Calvin cycle was suggested. A second pathway which used
these type III RuBisCOs was identified in Thermococcus kodakarensis. It was shown here
to be important in AMP recycling specifically (Sato et al., 2007) and nucleoside recycling
generally in the presence of AAMP (Aono et al., 2012).

In the case of a Calvin cycle knockout it may be possible to use the pathway to allow
for recycling of metabolites such that some cyclic activity of the Calvin cycle can be
maintained if this is what is limiting segregation. Thermodynamically it is possible: the
changes in Gibbs free energy (AGs) listed in Table 4.2 suggest the reactions are reversible
at plausible physiological conditions. The metabolite 5-phospho-D-ribose 1-diphosphate is
already present in standard cyanobacterial metabolic models, as is the gene activity ribose-
1,5-bisphosphate phosphokinase (candidate slr1123, annotated as “guanylate kinase”, E.C.
2.7.4.23). The enzymes from Thermococcus kodakarensis have been functionally expressed

in E. coli and characterised in vitro in the presence of oxygen (Sato et al., 2007).

154



Chapter 4. Calvin Cycle Knockout Strategies
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Figure 4.8: Adenosine nucleotide degradation pathway (IV): Proposed pathways
for ribulose-1,5-bisphosphate breakdown. Enzyme names are shown in blue. Suggested

reversible RuBP removal pathway is shown with red arrows.

The dotted arrows are

suggestive of the two pathways which may be used to detoxify ribulose-1,5-bisphosphate
which are relevant in the different constructs. The overall architecture of the pathway can
be found listed as the adenosine nucleotide degradation pathway (IV) in the MetaCyc

database.
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Enzyme Reaction AG™ (pH 7.0) A,G™ (pH 8.0)
[kJ/mol] [kJ/mol]

Ribulose-1,5-bisphosphate  Ribulose-1,5-bisphosphate = 19+1.5 20+ 15

isomerase a-D-ribose-bisphosphate

AMP phosphorylase AMP + phosphate = -2.5 £ 5.0 -2.1 £5.0
a-D-ribose-bisphosphate + adenine

Ribose-1,5-bisphosphate a-D-ribose-bisphosphate + ATP = 9.1 +£4.9 9.8 +£4.9

phosphokinase PRPP + ADP

Glucokinase Glucose + ATP — -17.3 £ 0.9 -22.5 + 0.9

Glucose-6-phosphate + ADP

Table 4.2: Thermodynamics of RuBP removal pathway: List of A;G’™ for reactions.
Glucokinase is included as an example of a known irreversible reaction. A, G’ refers to
the delta G at 1 mM substrate concentration as calculated by eQuilibrator (Flamholz
et al., 2012). The intracellular pH of Synechocystis is approximately 7 (Jiang et al., 2013)
but likely varies within a range as a result of photosynthesis.

Structure of the RuBisCO operon in Synechocystis

RbcL and RbceS are located in a single operon in Synechocystis. There is a single gene,
slr0011, which codes for RbcX, between the large and small subunits. RbeX is a RuBisCO
chaperone. RbcX can be knocked out in other species of cyanobacteria such as Synechococcus
sp. PCC 7942 (Emlyn-Jones et al., 2006). I decided that the whole operon should be
deleted in a single = 2.5 kb exchange step for a synthetic operon containing the bypass
genes or single isomerases. The promoter for rbcL is expected to be responsible for the
transcription of the entire operon and stem-loop structures have been identified in the
3’ downstream of rbeS (Amichay et al., 1993). Experimental evidence for mRNA of the
entire rbcLXS operon can also be identified by northern blot in Synechocystis (Omata
et al., 2001).

4.1.6 ARBC vectors
Outline

Five vectors were made for this part of the project. Two of the vectors featured the
genes from Thermococcus kodakarensis, the thermophile in which the archaeal pathway
in Fig. 4.8 was characterised. The required proteins are an AMP phosphorylase (Tk-
deoA) and a ribulose-1,5-bisphosphate isomerase (Tk-E2b2) (Sato et al., 2007). However,
T. kodakarensis lives at 85°C and the proteins from this organism may have a useful
catalytic range outside the growth temperature of Synechocystis. As a result, a BLAST
search was performed using these proteins against all non-redundant protein sequences
to search for the presence of this pathway in a mesophile. Candidate proteins for AMP
phosphorylase (96 % query cover, 48 % identity, 63 % positives, e-score 5e-138) and ribulose-
1,5-bisphosphate isomerase candidate (98% query cover, 50 % identity, 65 % positives,

e-score 4e-101) were found in a halophilic archacum, Halogeobacterium borinquense DSM
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>Synechocystis (Chr) ["2478411"]-["2480821"]
TAGATGGTACAAGCCAAAGCAGGGTTTAAGGCGGGCGTACAAGATTATCGCCTGACCTAC
TATACCCCCGACTACACCCCCAAGGATACCGACCTGCTCGCCTGCTTCCGTATGACCCCC
CAACCGGGTGTACCTGCTGAAGAAGCCGCTGCTGCGGTGGCCGCTGAGTCTTCCACCGGT
ACCTGGACCACCGTTTGGACTGACAACCTAACTGACTTGGACCGCTACAAAGGTCGTTGC
TATGACCTGGAAGCTGTTCCCAACGAAGATAACCAATATTTTGCTTTTATTGCCTATCCT
CTAGATTTATTTGAAGAAGGTTCCGTCACCAACGTTTTAACCTCTTTGGTCGGTAACGTA
TTTGGTTTTAAGGCTCTGCGGGCCCTCCGTTTAGAAGATATTCGTTTTCCCGTTGCTTTA
ATTAAAACCTTCCAAGGCCCTCCCCACGGTATTACCGTTGAGCGGGACARATTAAACAAA
TACGGTCGTCCTCTGCTTGGTTGTACCATCARACCCAAACTTGGTCTGTCCGCCAAGAAC
TACGGTCGGGCTGTTTACGAATGTCTCCGGGGTGGTTTGGACTTCACCAAAGACGACGAA
ARCATCAACTCCCAGCCCTTCATGCGTTGGCGCGATCGTTTCCTCTTCGTTCARGAGGCG
ATCGAAARAGCCCAGGCTGAGACCAACGAAATGAAAGGTCACTACCTGAACGTCACCGCT
GGCACCTGCGAAGARAATGATGAARACGGGCCGAGTTTGCCAAGGAAATTGGCACCCCCATC
ATCATGCATGACTTCTTCACCGGCGGTTTCACTGCCAACACCACCCTCGCTCGTTGGTGT
CGGGACAACGGCATTTTGCTCCATATTCACCGGGCAATGCACGCCGTAGTTGACCGTCAG
ARAARCCACGGGATCCACTTCCGGGTTTTGGCCAAGTGTCTGCGTCTGTCCGGCGGTGAC
CACCTCCACTCCGGTACCGTGGTTGGTAAATTGGAAGGGGAACGGGGTATCACCATGGGC
TTCGTTGACCTCATGCGCGAAGATTACGTTGAGGAAGATCGCTCCCGGGGTATTTTCTTC
ACCCAAGACTATGCCTCCATGCCTGGCACCATGCCCGTAGCTTCCGGTGGTATCCACGTA
TGGCACATGCCCGCGTTGGTGGAAATCTTCGGTGATGATTCCTGCTTACAGTTTGGTGGT
GGTACTTTGGGTCACCCCTGGGGTAATGCTCCCGGTGCAACCGCTAACCGTGTTGCTTTG
GAAGCTTGTGTTCAAGCTCGGAACGAAGGTCGTAACCTGGCTCGCGAAGGTAATGACGTT
ATCCGGGAAGCCTGTCGTTGGTCCCCTGAGTTGGCCGCCGCCTGCGAACTCTGGARAGAG
ATCAAGTTTGAGTTCGAGGCCATGGATACCCTCTARACCGGTGTTTGGATTGTCGGAGTT
GTACTCGTCCGTTAAGGATGAACAGTTCTTCGGGGTTGAGTCTGCTAACTAATTAGCCAT
TAACAGCGGCTTAACTAACAGTTAGTCATTGGCAATTGTCAAAAAATTGTTAATCAGCCA
ARACCCACTGCTTACTGATGTTCAACTTCGACAGCAATTTACCAATTACCGGGTAGAGTG
TTCATGCAAACTAAGCACATAGCTCAGGCAACAGTGAAAGTACTGCAAAGTTACCTCACC
TACCAAGCCGTTCTCAGGATCCAGAGTGAACTCGGGGARACCAACCCTCCCCAGGCCATT
TGGTTAAACCAGTATTTAGCCAGTCACAGTATTCAAAATGGAGAAACGTTTTTGACGGAA
CTCCTGGATGAAAATAAAGAACTGGTACTCAGGATCCTGGCGGTAAGGGAAGACATTGCC
GAATCAGTGTTAGATTTTTTGCCCGGTATGACCCGGAATAGCTTAGCGGAATCTAACATC
GCCCACCGCCGCCATTTGCTTGAACGTCTGACCCGTACCGTAGCCGAAGTCGATAATTTC
CCTTCGGAAACCTCCAACGGAGAATCAAACAACAACGATTCTCCCCCGTCCTARCGTAGT
CATCAGCAAGGARAACTTTTAARATCGATGAARACTTTACCCARAGAGCGCCGCTACGARA
CCCTTTCTTACCTGCCCCCTTTAACCGATCAACAGATTGCTAAACAGGTTGAGTTTCTGT
TAGACCAGGGCTTTATTCCCGGCGTGGAATTTGAAGAAGACCCCCAACCCGAAACCCACT
TCTGGACCATGTGGAAACTGCCCTTCTTTGGTGGTGCCACTGCCAACGAAGTTCTAGCCG
AAGTACGGGAATGTCGTTCTGAGAATCCCAACTGCTACATTCGGGTGATTGGTTTCGACA
ATATCAAACAGTGCCAGACTGTAAGCTTTATTGTCCACAAACCCAACCAARACCAAGGCC
GTTACTAAGTT

Figure 4.9: RuBisCO operon in Synechocystis sp. PCC 6803: (top) ~ 8 kb of
DNA surrounding RuBisCO operon in Synechocystis sp. PCC 6803 shown in Kazusa
genome browser of Cyanobase. slr0011 codes for RbeX. (bottom) ~ 2.5 kb of DNA with
RuBisCO operon in Synechocystis sp. PCC 6803 shown in text. slr009 codes for RbcL
(blue), slr0011 codes for RbcX (red) and sir0012 codes RbcS (green). Visualised is the
Synechocystis wildtype genome (Genbank: BA000022.2).
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11551. H. borinquense grows between 22 — 50 °C with optimum growth observed at 40°C
(Montalvo-Rodriguez et al., 1998). There is no published literature available for either
enzyme, but the automatic annotation of the second protein protein has changed from
an elongation factor to a ribose-1,5-isomerase over the course of this thesis writing. The
H. borinquense genes were integrated into plasmids in the same combinations as the 7.

kodakarensis genes. The 5 plasmids are outlined below (see Fig 4.11 for full plasmid maps).

e ARbc-gen, a suicide vector with RuBisCO operon flanking regions on either side
of the gentamicin resistance cassette. To be used as a control for gene expressing

mutants

e ARbc-Tklso, a suicide vector with RuBisCO operon flanking regions on either side of

the Ribulose-1,5-bisphosphate isomerase (Tk-E2b2) from Thermococcus kodakarensis

e ARbc-TkFull, a suicide vector with RuBisCO operon flanking regions on either side
of both the Ribulose-1,5-bisphosphate isomerase (Tk-E2b2) and AMP phosphorylase
(Tk-deoA) from Thermococcus kodakarensis. A synthetic ribosome binding site (RBS)

based on RbcL is located between the two genes

e ARbc-Hblso, a suicide vector with RuBisCO operon flanking regions on either side

of the predicted ribulose-1,5-bisphosphate isomerase (Tk-E2b2) from H. borinquense

e ARbc-HbFull, a suicide vector with RuBisCO operon flanking regions on either side
of both the predicted ribulose-1,5-bisphosphate isomerase and AMP phosphorylase
from H. borinquense. A synthetic ribosome binding site (RBS) based on RbcL is

located between the two genes

Construction

In all cases the whole region from 2,477,230 - 2,479,634 bp (Synechocystis sp. PCC 6803
GT-S, Genbank: AP012205.1) which begins at the start codon of rbcL and finishes at
the stop codon of rbeS (2404 bp) was targeted. 600 bp flanking regions upstream and
downstream of this region were used for recombination (see Fig. 4.10 for an explanation of
homologous recombination).

No base pairs were changed upstream of the rbcL start codon meaning the expression of
the genes in the operon should have been under the control of native RuBisCO regulation.
The Shine-Dalgarno sequence GGAGG at -10 upstream of the rbcL is clearly visible and
this promoter has been tested for expression of foreign genes (Huang et al., 2010).

The T. kodakarensis genes have also been expressed in E. coli and were functional, but
assays were only performed at 85°C so it is not yet known what activity they show at
30°C or in Synechocystis. The Halogeobacterium borinquense proteins are to the best of

my knowledge unstudied.
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Figure 4.10: Homologous recombination mechanism: Synechocystis is naturally
transformable and incorporates foreign DNA by homologous recombination. Matching
flanking sequences 1 and 2 on both the “suicide vector” and on the bacterial chromosome
are swapped by the native DNA repair machinery, integrating the construct between the
two sites designated on the bacterial chromosome.

Protein sequences for the 7. kodakarensis AMP phosphorylase (Uniprot: Q5JCX3)
and ribulose-1,5-bisphosphate isomerase (NCBI RefSeq: WP_011249140.1) were codon
optimised for Synechocystis using the Integrated DNA Technologies (IDT) algorithm (IDT,
2016) and synthesised by Bio Basic Inc. (Ontario, Canada). For the ARbc-TkFull plasmid
a 15 bp spacer and ribosome binding site were placed between the two genes (30 bp in
total). The 15 bp spacer upstream is unique and was generated using R2ZODNA as “neutral”
DNA (Casini et al., 2014). The ribosome binding site was based on the RBS upstream
of RuBisCO in combination with the RBS* of Huang et al. (Huang et al., 2010). The
same process was done for the genes from Halogebacterium borinquense listed as thymidine
phosphorylase (WP_006056821.1) and ribose-1,5-isomerase (WP_006056822.1). These two
functional attributions are very similar to the attributions for the T. kodakarensis genes
and these proteins are recognised to cluster together in phylogenetic trees (Sato et al.,
2007). For full synthesised sequence including spacers and RBSs please see Appendiz:
Synthesised Sequences.

All plasmids were assembled using Gibson assembly. A typical gel of component parts
is shown in Fig 4.12 for ARbc-TkFull.

Verification

Plasmids were verified by PCR, restriction digest (BglII/HindIII) and Sanger sequencing.
In all plasmids the flanking regions were correct and the directionality of the gentamicin
cassette confirmed. In the case of the coding sequences all were correct with the exception
of one mutation in the Thermococcus kodakarensis AMP phosphorylase found after trans-
formation. This mutation will be coding and changed the sequence from Kzgs AWEK3gg to

Ksg5 ACEK3gg. This tryptophan is not mentioned as a functional residue of the protein in
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rbcS_downstream 4757...5357
colE1 847...165

RbcKO-gen
5357 bgp AmpR 1802...945

rbcL_upstream 2189...2789

rbcS_downstream 5726...6326 rbeS_downstream 7268...7668 colE1 847...165

colE1 847...165

AmpR 1802...945

AmpR 1802...945
RbcKO-TkFull
RbcKO-Tkiso 7868 bp
6326 bp

rbel_upstream 2189...2789

tk_isomerase 2790...3755
15 bp spacer 3759...3773

tbel._upstream 21892789 tk_AMP_phosphorylase 3789...5297

tk_isomerase 2790...3755

bcS_downstream 7228...7826
rbeS_downstream 5720...6320 rocs_downsiream OlE1 847...165

colE1 847...165

AmpR 1802...945

AmpR 1802...945

RbcKO-Hblso
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rbel_upstream 2189...2788

hb_isomerase 2789...3748
15 bp spacer 3752...3766

hb_thymidine_phosphoryla

rbcl_upstream 2189...2789
hb_isomerase 2790...3749

Figure 4.11: Plasmids used in ARbc-Isomerase project: Maps of all plasmids used
in this results section. Numbers reference basepairs ordered from start codon to stop codon.
Plasmid maps generated in a Plasmid Editor.

the crystal structure publication (Nishitani et al., 2013), is not conserved and is found as
A, V or I in closely related proteins (Nishitani et al., 2013). Nonetheless it is unknown

what effect this mutation would have on protein function.

Segregation conditions

For these constructs transformations were done under constant illumination and with
glucose (5 mM) as a sole carbon source. After raising the gentamicin concentration to
5 pg-mL™! the strains were split into three light regimes: light, dark and bench (left on
lab bench, temperature 18 - 30°C, light-cycle Mar - July 2015, U.K.). This was in case
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2507 + ovl.
1966 + ovl.

601 + ovl. 601 + ovl.
-——

Figure 4.12: All parts for ARbc-TkFull: All PCR parts for Gibson assembly of ARbc-
TkFull. The abbreviation ovl. refers to the 30 bp overlaps that are present on either side
of the PCR part.

segregation required a light-dark cycle, as often phenotypes only exist under these conditions
(Bricker et al., 2004; Lea-Smith et al., 2013). Transformants from all 5 transformation
reactions were streaked onto the plates in Table 4.3. Each plate had 8 restreaked colonies

with the exception of HbFull in which only 4 transformant colonies were produced.

Light Antibiotic
Condition Substrate (ug ml—1)
Light Glucose 10
Glucose 15
Glucose + Pyruvate 40
Dark Glucose 10
Glucose 15
Glucose 50
Bench Glucose 10
Glucose + Pyruvate 40

Table 4.3: Conditions for all isomerase construct segregation: Plates were made
for all five constructs for these conditions. Each plate had 8 restreaked colonies with
the exception of Hb_full in which only 4 transformant colonies were ever produced. The
antibiotic concentration specified is the maximum antibiotic concentration upon which the
strain was grown.

Two control colonies (iso_control colony 1 & 2) and the two “best” experimental colonies

as perceived by growth and segregation (TkFull 8 and HbFull 3) were streaked in duplicate
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onto plates containing glucose, pyruvate, DCMU and gentamicin at concentrations of 60,
80 and 100 pg-mL~'. These were subsequently split into light and dark. Some growth
was seen for both the control and TkFull colonies for the plate containing gentamicin at a
concentration of 60 pg-mL™! but unfortunately a growth room overheating failure on the
night of 02, July, 2015 killed all segregating strains. No further experiments have been

undertaken.

Segregation results

All mutants, including the control, segregated to a certain extent. There seemed to be
little difference in either the quality of growth, colony size or segregation result depending
on condition used for growth. Some colonies grew much more quickly than others (TkFull
light 8) but this did not necessarily indicate a more favourable segregation result and was
more likely a result of increasing gentamicin resistance. The example segregation gels in
Fig. 4.13 show the potential pitfalls of colony PCR as a method. The colony result from
the first gel (RBCKO-TkFull (2), lane 4) is the same segregant for which 3 colonies were
checked in the lower panel (lanes 3, 4 and 5). It does seem that there are fewer copies of
the wild-type RuBisCO gene than were retained of the PRK gene in the PRK knockouts

attempts above.
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TkFull + res. cass. HbFull + res. cass.
4823 bp 4784 bp

Hblso + res. cass. .«

Tklso + res. cass. 3275 bp

3281 bp

Res. cassette
2312 bp

TKkFull + res. cass.
4823 bp

2750 bp

2312 bp
sette

Figure 4.13: Example segregation checks for ARbc strains: (top) Check of isomerase
colonies from a range of conditions. (bottom) In-depth investigation of RbcKO-TkFull(2)
from above which looked promising, colony PCR repeated three times and labelled on gel
as RbcKO-TkFull (dark) (3), (4) and (5) showing importance of verification.
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4.2 Discussion

This first round of exploratory knockouts gave some small insights into knocking out the
Calvin cycle but few concrete conclusions can be drawn, especially in the absence of a fully

segregated strain.

4.2.1 APRK vectors

The plasmids were made successfully and constructs integrated at the right position to give
gentamicin resistance. Growth measurements of colonies were not made with the exception
of noting upon which days colonies appeared, and no experiment was repeated twice in
exactly the same way. Some of the stranger results, for example colonies which were
transformed on plates containing glucose as a sole carbon source could not be transferred
to plates containing only pyruvate, should be repeated. In a sense, this result validates
the in silico prediction that pyruvate and glucose will both support growth, but with a
different central carbon metabolism. Experiments with citrate were few and conclusive,
suggesting citrate was highly toxic to the cells. The sampling in this part of the project
was relatively sparse and could have been more methodical. In reality, a sparse sampling
of substrate conditions was a constraint because of the time requirements of generating,
maintaining, testing and restreaking the quantity of plates required.

Given the nature of the segregation in Synechocystis, the small variance seen and the
use of PCR amplification as data it is probably not relevant to discuss which conditions
were more or less successful. It is clear that at least some copies of phosphoribulokinase
can be knocked out. For the APRK round of experiments no bench plates were made so it
is possible generation of the strain may require light/dark cycling. Increasing gentamicin
resistance did not seem to increase the levels of segregation seen in the APRK strain.
It should be noted that 50 ug-mL~! gentamicin in the plate was not a hard upper limit
for growth of Synechocystis, rather the colonies grew very slowly at this point and no
segregation relationship seemed apparent.

As an antibiotic, gentamicin was chosen because other antibiotic resistances had already
been used in other parts of this project design. It is an aminoglycoside and works by
irreversibly binding the 30S ribosomal subunit. There is a relatively small range of
antibiotic resistance cassettes available for cyanobacteria and gentamicin did not seem
particularly disadvantageous against other antibiotics, although this may be a relevant
factor for generating sufficient selection pressure.

The purpose of DCMU in the plates was two-fold. First, it inactivates the light
reactions by binding at the Qp site of Photosystem II and forces Synechocystis to use the
organic carbon source in the plate. Second, it interrupts the electron transport chain and

should in principle relieve reductive stress. These broad assertions have been challenged
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since the start of this project. It has been shown by '3C metabolic flux analysis that
photoheterotrophic growth (glucose + DCMU) causes a number of changes in central
metabolism (You et al., 2015). The most important findings are that glucose catabolism
forms a cyclic route that uses the oxidative pentose phosphate pathway, RuBisCO still
fixes carbon dioxide at considerable rates, cyclic flux through the TCA is low and cyclic
electron flow around Photosystem I is upregulated. The use of DCMU in these projects
remains, I think, the better option, but perhaps it would be advisable to sample plates
without it.

In terms of managing redox balance Synechocystis has a number of native mechanisms
for dissipating electrons such as terminal oxidases (Lea-Smith et al., 2013), hydrogenase
(Appel et al., 2000) and the flavodiiron complexes Flvl/3 and Flv2/4 (Allahverdiyeva
et al., 2013). In terms of allowing for external acceptors similar to the case of DMSO, it is
possible that electron mediators like 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone
(DBMIB) could have been used in the media. These would not function in the same way as
the DMSO to purple bacteria and given the concentrations required may have been toxic.
Another alternative that was deemed outside of the scope of this project was growth of the
mutant on electrodes as these can be used for electron dissipation (Bombelli et al., 2015).
Given these native mechanisms and the lack of visible bleaching it seems possible, but not

specifically likely, that reductive stress was really a bottleneck in these experiments.

4.2.2 Archaeal isomerase mutants

The mutation in the AMP phosphorylase of the Thermococcus kodakarensis “TkFull”
construct should be corrected. It was not corrected in this thesis given the limited time
available for these experiments.

An important unknown in these experiments is whether the strains containing isomerase
constructs were expressing functional protein. In the event of a successful transformant
and an unsuccessful ARbc-gen this result would have been suggestive, but in the absence
of this result SDS-PAGE gels of the soluble protein in the strains should be run. Assaying
function of these soluble protein extracts at 30 °C would also give a first indication as to
the potential efficacy of these designed bypasses.

The addition of “bench” experiments was done to see if light /dark cycling had any
influence on the ability to segregate these mutants. Early results suggest that there is
little effect but these experiments are not conclusive. Ideally the cycling would be run in a
temperature controlled incubator to be able to compare with the light and dark treatments.

Unlike the APRK round of experiments, false positives were generated by this experi-
ment (See Fig 4.13). Tentatively it seems that more copies of the RuBisCO operon could
be knocked out than the phosphoribulokinase gene. Full segregation was however, never

achieved. As before, PCR amplification of segregants is occasionally misleading, and it
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seems that none of the generated constructs performed much better than ARbec-gen in the
segregation trials. This statement is reinforced by the observation that at 60 ug-mL~" of
gentamicin in the plate both the ARbc-gen and TkFull constructs were growing.

One of the pathways used here was entirely speculative, using the enzymes from
Halobacterium borinquense. Neither of these proteins have been characterised enzymatically
and had the construct worked, the function of these proteins would have to have been
established in vitro to validate our claim.

In terms of characterisation of partial segregants, techniques checking for protein
expression and physiological changes to carboxysomes (electron microscopy) were being
considered at the time when the growth room overheating occurred. There was also interest
in analysing the media in the plates for the secretion of products associated with reductive
stress (carotenoids). Unfortunately, characterisation techniques for partial mutants are
difficult when selecting for a strongly disadvantaged mutant. Colonies that were picked for
growth in liquid cultures to collect sufficient biomass for characterisation grew very poorly
in the conditions required to maintain their segregation.

Finally, transformation around the RuBisCO genomic site has been noted as being less
straightforward than other loci (Pierce et al., 1989; Amichay et al., 1993). Amichay et al.
could not transform wild-type Synechocystis with their eventually successful pSynR 3.7
plasmid which replaced the whole RuBisCO operon (Amichay et al., 1993). Instead, they
had to use the Pierce et al. mutant in which 300 bp of the coding region of rbcL had
already been removed. This “non-obvious” difficulty was attributed in the paper to the
possibility that the DNA fragment was unusually large, although since then much longer
constructs have been added to Synechocystis. In addition, when trying to restore the
wild-type phenotype to their mutant they found that transforming with undigested genomic
DNA was the most effective, followed by plasmids containing homologous regions longer
than 2 or 3 kb. In conclusion, recombination at the RuBisCO locus seems to be more

difficult and unpredictable than recombination elsewhere in the genome.

4.2.3 Criticism of strategy

These experiments were designed to be preliminary tests for generating novel Calvin
cycle knockouts. Neither approach was successful and there did not appear to be a clear
difference between the various substrates and treatments used. Useful outcomes are that
supplementing with both glucose and pyruvate seemed to sustain growth of mutants better
in both experiments, and that gentamicin concentrations can be increased quickly to high
levels (60 ug-mL~! in three restreaks) without compromising growth.

Creating a Calvin cycle knockout in an oxygenic photosynthetic bacterium is difficult,
and this project tried new approaches to do so. In an age of increased automation, the

plate segregation technique used here feels outdated. It is possible that a similar approach
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to the one described in this thesis, but with larger sampling of substrate gradients, light
conditions and additional plasmids may have been successful. Unfortunately, rational
design in the case of these projects, considering only the variables of reductive stress and
ribulose-1,5-bisphosphate accumulation has been unsuccessful in the first stages. It is also
possible that neither of these problems is particularly important for the Calvin cycle in
Synechocystis but is only relevant for the purple bacterial system.

The primary aim of this part of the project was to create a Calvin cycle knockout strain
of Synechocystis to be sure that the 3-hydroxypropionate bi-cycle was the only functioning
cycle fixing carbon in the organism. The secondary aim was to be able to dissociate the
light reactions from the dark reactions and to understand what effects this has on central
metabolism. For the second aim it is worth noting that many cyanobacteria are already
adapted for laboratory use, Synechocystis that is most commonly used in the lab is the
substrain GT, which was selected for glucose tolerance (Williams, 1988). A similar selection
process is required to allow Synechococcus sp. PCC 7002 to grow on glycerol (Webb and
Punnett, 1989). Inevitably in these adaptations there are genetic and central metabolism
changes, and in such a way using a further mutated strain to understand the relationship
between the light and dark reactions may no longer accurately reflect biological function
of these process in situ in the soil or in the oceans. With respect to the first aim, the
Gurevitz et al. strain developed in 1993 will be used in further experiments for larger

project.
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Chapter 5

Towards Integration of the
3-Hydroxypropionate Bi-cycle into
Synechocystis sp. PCC 6803

This chapter contains descriptions of all attempts made to introduce various parts of
the 3-hydroxypropionate bi-cycle into Synechocystis and to measure their activity. The
expression of the two central proteins, malonyl-CoA reductase and propionyl-CoA synthase,
was confirmed by Western blot and phenotypes were analysed for these strains. Further
engineering attempts included the creation of a 17kb plasmid containing all of the genes
for the left-hand side and a 10kb plasmid containing all the genes for the right hand side,
in large synthetic operons. Transformations for the right-hand side plasmid were successful
but there is no evidence for expression of the proteins. Integration of the left-hand side

plasmid was partial, possibly due to plasmid instability.

5.1 Results

5.1.1 3-Hydroxypropionate bi-cycle and integration strategy

The 3-hydroxypropionate bi-cycle was split into three segments for integration: the
“middle enzymes” (malonyl-CoA reductase (MCR) and propionyl-CoA synthase (PCS)),
the “right-hand side”, and the “left-hand side”. The activity of three enzymes in the
pathway: acetyl-CoA carboxylase, succinate dehydrogenase, and fumarase are endogenous
to Synechocystis and are assumed to be functional. The integration of each module will be

discussed separately.
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Figure 5.1: 3-hydroxypropionate bi-cycle: This diagram of the 3-hydroxypropionate
bi-cycle has metabolites labelled in black, with the exception of glyoxylate (blue) and
pyruvate (green) to show their role as intermediate and product of the bi-cycle respectively.
Enzyme names are shown in red. For integration the project was split into three parts,

middle, right-hand side and left-hand side.
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Enzyme Name Gene E.C. Number
Acetyl-CoA carboxylase caur_1647, caur_1648 6.4.1.2
Malonyl-CoA reductase caur_2614 1.2.1.75, 1.1.1.298
Propionyl-CoA synthase caur_0613 6.2.1.36, 4.2.1.116,
1.3.1.84
Propionyl-CoA carboxylase caur_2034* 6.4.1.3
Methylmalonyl-CoA epimerase caur-3037* 5.1.99.1
Methylmalonyl-CoA mutase caur_1844%*, caur_2508*, 5.4.99.2
caur_2509*
Succinate dehydrogenase caur_1881* 1.3.5.1
Fumarate hydratase caur_1443* 4.2.1.2
Succinyl-CoA:Malate-CoA caur_0178, caur_0179 2.8.3.22
transferase
Malyl-CoA lyase caur_0174 4.1.3.24
Mesaconyl-C1-CoA hydratase  caur_0173 4.2.1.148
Mesaconyl-CoA isomerase caur-0175 -
Mesaconyl-C4-CoA hydratase  caur_0180 -

Table 5.1: Enzymes in C. aurantiacus 3-Hydroxypropionate bi-cycle: Full list
of enzyme name, genes and E.C. numbers for the C. aurantiacus 3-Hydroxypropionate
bi-cycle. The * implies predicted candidate gene, see Introduction for further information.
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5.1.2 Full table of plasmids and strains made in this part of the project

A full table of plasmids and their purpose is provided in Table 5.2. A full list of strains

and the plasmids used to create those strains is provided in Table 5.3.

Plasmid Name Purpose

pJWM_3HP_C01
pJWM_3HP_C02

Plasmid for MCR integration at psbA2 site
Plasmid for PCS integration at neutral site near sll1169, P¢pc

pJWM _3HP dRHS1 Plasmid for RHS integration under Pi,c.00 promoter
pJWM_3HP_dLHS1 Plasmid for LHS integration under Py,

Table 5.2: Full list of plasmids: Full list of plasmids used in this part of the project and
their desired effect.

Strain Name

Heritage

Wild-type (WT)

Synechocystis glucose-tolerant strain
originally a gift to the Nixon lab from
Dr. J. K. Williams (Dupont, Delaware, USA)

stJWM_3HP_C01

WT transformed with pJWM_3HP_C01

stJWM_3HP_C02

WT transformed with pJWM_3HP_C02

stJWM_3HP _dLHS1

WT transformed with dLHS1

stJWM_3HP_C02_dLHS1

stJWM_3HP_C02 transformed with
pJWM_3HP_dLHS1

stJWM_3HP_C01-02_dLHS1

stJWM_3HP_C01-02 transformed with
pJWM_3HP_dLHS1

stJWM_3HP_C01-02

stJWM_3HP _CO01 transformed with
pJWM_3HP_C02

stJWM_3HP_dRHS1

WT transformed with dRHS1

stJWM_3HP_C02_dRHS1

stJWM_3HP_C02 transformed with
pJWM_3HP_dRHS1

stJWM_3HP_C01-02_dRHS1

stJWM_3HP_C01-02 transformed with
pJWM_3HP_dRHS1

stJWM_3HP_C01-02_.dLHS1_dRHS1 stJWM_3HP_C01-02_.dLHS1 transformed
with pJWM_3HP_dRHS1

Table 5.3: Full list of strains generated: Full list of strains generated in this part of
the project and the plasmids used for their generation.
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5.1.3 Middle enzymes: malonyl-CoA reductase and propionyl-CoA syn-
thase

The two remaining middle enzymes of the 3-hydroxypropionate bi-cycle, malonyl-CoA
reductase (caur_2614) and propionyl-CoA synthase (caur-0613), were cloned into suicide
vectors for integration in Synechocystis by MRes student Alexandros Papagiannakis. The
plasmids used for these transformations can be seen in Figure 5.2. The key features of

these plasmids are as follows:

e Ampicillin resistance cassette and colE1 origin of replication amplified in a single
DNA fragment

e Kanamycin (KanR, used with caur_0613 (PCS)) or erythromycin (ermC, used with

caur_2614 (MCR)) resistance cassettes for selection in cyanobacteria

e Flanking sequences (=600 bp) for integration at either neutral site near sll1169
(caur_0613, PCS) or psbA2 loci (caur_2614, MCR)

e Promoter: only caur-0613 (PCS) is given a promoter (Pgpe, phycocyanin promoter
from Synechocystis) as caur_2614 (MCR) is under the control of the PsbA2 promoter

when integrated

e Open reading frames for the two genes

Plasmids were constructed by Gibson assembly, screened for correct assembly by
restriction digestion and fully sequenced using Sanger sequencing. Wild-type strains were
then transformed with appropriate plasmids and the two strains selected, and verified by
colony PCR until wild-type DNA at the integration site could no longer be amplified. It
was necessary to reconfirm this result after three generations grown without antibiotic
pressure (35 days) as the colony PCR result can give false positives. A double mutant was
then made using the same method by transforming the mutant containing malonyl-CoA
reductase (caur-2614) with the INT-Caur_-0613-cpc plasmid.

Reverse-transcriptase PCR (RT-PCR) was used to demonstrate the presence of mRNA

for these inserted genes but levels of protein expression were unknown.

Western blots

To confirm foreign protein expression Western blots (immunoblots) were performed on cell
extracts from mutant strains. The recombinant protein propionyl-CoA synthase (product
of caur_0613) is so highly expressed it can be visualised directly on the SDS-page gel
(see Fig 5.3). Expression of propionyl-CoA synthase is under the control of P, and the

proteins under native control of this promoter, phycobiliproteins, are up to 60% of soluble
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PsbA2_downstream 8301...8793 ColE1 origin 847...165

ermC 8017...7286 AmpR 1802...945

INT-Caur_2614-

slle
&)27 [)yp

PsbA2_upstream 2974...3469
Caur_2614 3470...7129

slr1285 upstream region - PART 4B 1...322
KanR - PART 2B 10398...9583 sIr1285 - PART 4B 323...622
colE1 - PART 1B 1469...787

AmpR - PART 1B 2424...1567

INT-Caur_0613-

10574 bp

sll1169 - PART 3B 3110...2811
sll1169 upstream region - PART 3B 3412...3111
Pcpc - PART 5B 3413...3732

Caur_0613 CDS - PART 6B 3733...9378

Figure 5.2: Plasmids for integration of malonyl-CoA reductase and propionyl-
CoA synthase: Plasmids constructed by MRes student Alex Papagiannakis for integration
of malonyl-CoA reductase (caur-2614) and propionyl-CoA synthase (caur-0613) in Syne-
chocystis. “Parts” are labelled to show where DNA fragments were amplified together, e.g.
Part 3B was amplified from the sll1169 upstream region into the ORF.

protein content or 20% of total dry cell weight (Bogorad, 1975; Glazer, 1987). In addition,
the foreign protein is one of the biggest proteins coded for in the Synechocystis genome
which is also confirmed by the gel. Malonyl-CoA reductase is not clearly visible on by
SDS-PAGE analysis but is identifiable by Western blot (see Figure 5.4).
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Figure 5.3: Expression of propionyl-CoA synthase and malonyl-CoA reductase
in Synechocystis: SDS-PAGE (4 %-20 %) gel of soluble protein fractions for several
mutants. The Synechocystis sample lanes are loaded with the soluble fraction of proteins nor-
malised by phycocyanin concentration (absorption at 650 nm). Strain stJWM_3HP_C02 ex-
presses the second central enzyme, propionyl-CoA synthase (caur_0613). stJWM_3HP_C01
expresses the first central enzyme, malonyl-CoA reductase (caur_2614) which is not clearly
visible in the SDS-PAGE gel. Strain C01-02 expresses both proteins. 20 pL boiled liquid
culture was used as WT C. aurantiacus sample.
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Figure 5.4: Western blots for propionyl-CoA synthase (caur_0613) (top) and
malonyl-CoA reductase (caur_2614) (bottom): Both blots were made using gels
from 17-well SDS-PAGE (4%-20%) run as in Figure 5.3. Whole cell extracts (W), soluble
fractions (S) and insoluble fractions (I) are shown for each strain. The final two C.
aurantiacus samples are both whole cell extracts with the second lane being a dilution
of the first. Marker: Spectra BR protein marker. The X-ray film for the propionyl-CoA
synthase blot developed for this picture was exposed for 30 seconds, and the exposure time
for the malonyl-CoA reductase blot was 5 minutes.
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Growth phenotypes

Growth phenotypes can be suggested for the 3 mutants from 4 sets of growth experiments

done on plates containing varying levels of 3-hydroxypropionate and propionic acid.

e stJWM_3HP_CO01 (MCR) grows faster than WT or any other strain when grown on
3-hydroxypropionate

e stJWM_3HP_C02 (PCS) grows slower than any other strain on control plates (BG11
media) under these light conditions. Day 14 for st JWM_3HP_C02 looks like Day 7

for other strains

e stJWM_3HP_C01-02 (MCR + PCS) grows at rates similar to stJWM_3HP_C01 or
WT on control plates; the addition of a second expressing protein does not decrease

growth rate

e stJWM_3HP_C01-02 (MCR + PCS) grows poorly at concentrations of >1 mM
3-hydroxypropionate, and worse than the single mutant stJWM_3HP_C02

e No strain could grow on 3-hydroxypropionate or propionic acid as a sole carbon
source (DCMU in the media)

e “Pseudorevertants” form on plates containing either 3-hydroxypropionate or propionic
acid. WT and stJWM_3HP_C01 (PCS) forms these revertants with the highest

frequency on propionic acid

The establishment of these phenotypes is based on their occurence in three separate
experiments. Figure 5.6 illustrates the first four points above. The fifth point is a negative
result, in that no strain appeared to be able to grow on plates containing DCMU and
either 3-hydroxypropionate or propionic acid. The sixth point is illustrated in Figure 5.7.

The presence of pseudorevertants happens in all cases given enough time. Possibly
they are only visible in those strains that fare less well and represent a subpopulation of
cells that manage higher levels of these chemicals. Alternatively, as they appear largely
later they could represent either a change in the levels of the chemicals in the agar or their
availability. Finally, these could also be spontaneous knockouts of the CoA ligase known
to give resistance to these chemicals (Begemann et al., 2013).

A full list of the appearance of pseudorevertants can be found in Table 5.5. The dates
at which these colonies were found is only indicative as the plates were photographed once
every ~ 5 days.

These revertants show three results. First, wild-type Synechocystis can grow when

exposed to low levels of propionic acid and high levels of 3-hydroxypropionate. Second,
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Media WT  CO1 CO2 CO1-CO2
(MCR) (PCS) (MCR + PCS)
BG-11 ++ 4+ + ++
BG-11 + glucose (5 mM) +++ +++
BG-11 + 3-HP (1 mM) 4+ 4t + 44
BG-11 + 3-HP (5 mM) ++ +4+ - S
BG-11 + 3-HP (20 mM) + S _ o
BG-11 + propionic acid (1 mM) - - - S .
BG-11 + propionic acid (5 mM) N S oo o
BG-11 + DCMU - S S R
BG-11 + glucose (5 mM) + DCMU ++ ++ ++ 4+

BG-11 + 3-HP (1 mM) + DCMU
BG-11 + 3-HP (5 mM) + DCMU
BG-11 + 3-HP (20 mM) + DCMU --- --- --- ---
BG-11 + propionic acid (1 mM) + DCMU - - - --- --- ---
BG-11 + propionic acid (5 mM) + DCMU - - - --- --- ---

Table 5.4: Growth summary: Summary of several rounds of growth experiments for
strains stJWM_3HP_C01, stJWM_3HP_C02 and stJWM_3HP_C01-02. Strains containing
malonyl-CoA reductase (MCR) or propionyl-CoA synthase (PCS) are indicated in the
header. The growth is indicated by a relative scale from - - - to +++ where - - - is no
growth and +++ is growth seen under photomixotrophic conditions with 5 mM glucose.

Strain Condition Day | Previously Visible Growth?

WT 1mM propionic acid | 22 Yes

WT 1mM propionic acid | 52 No

WT 10 mM 3HP 17 Yes

WT 20 mM 3HP 25 No

WT 20mM 3HP 22 Yes
stJWM_3HP_CO01 1mM propionic acid | 26 No
stJWM_3HP_C01 10mM 3HP 17 Yes
stJWM_3HP_C01 20 mM 3HP 22 Yes
stJWM_3HP_C01 20 mM 3HP 25 Yes
stJWM_3HP_C02 5mM 3HP 37 Yes
stJWM_3HP_C02 10 mM 3HP 26 Yes
stJWM_3HP_C02 20mM 3HP 22 Yes
stJWM_3HP_C02 20 mM 3HP 55 Yes
stJWM_3HP_C01-02 5mM 3HP 22 No
stJWM_3HP_C01-02 5mM 3HP 28 No
stJWM_3HP_C01-02 10mM 3HP 26 No
stJWM_3HP_C01-02 20 mM 3HP 16 No
stJWM_3HP_C01-02 20 mM 3HP 44 No

Table 5.5: Pseudorevertant appearance: Appearance of colonies which seem to be a
subpopulation capable of better growth than the original isolate.
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Figure 5.5: Middle enzymes of 3-hydroxypropionate bi-cycle: Reference diagram for
discussion of middle enzyme phenotypes. stJWM_3HP_C01-02 expresses both malonyl-CoA
reductase and propionyl-CoA synthase

the double mutant containing both middle enzymes can adapt to growth at >1mM 3-
hydroxypropionate. Third, the mutant expressing only malonyl-CoA reductase seems to
grow better on propionate than wild-type or any other mutant.

In conclusion, the phenotypes indicate the middle enzymes are being translated in
all strains in which they are appropriately expressed, and are having some phenotypic
effects. Specifically the double mutant strain stJWM_3HP_C01-02 grows very slowly at
> 1 mM 3-hydroxypropionate, an important phenotype for later engineering steps. The
growth phenotypes also suggest malonyl-CoA reductase is working in the reverse direction

to detoxify 3-hydroxypropionate and produce malonyl-CoA.
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Figure 5.6: 3-hydroxypropionate growth plates: Growth plates showing relative
improved growth of strain stJWM_3HP_C02 on 3-hydroxypropionate, slower growth of
strain stJWM_3HP_C02 generally, and the absence of this phenotype in the double mutant
strain stJWM_3HP_C01-02. Samples shown on day 9 and day 13.
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BG11 + 1 mM propionic acid
OoD730 10-2 10-3 10-4 10-2 10-3 10-4
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Figure 5.7: Propionic acid and 3-hydroxypropionate tolerant colonies: Growth
plates showing aberrant colonies which develop on 1 mM propionic acid or 20 mM propionic
acid in BG11. Propionic acid resistant colonies first developed for stJWM_3HP_CO01 at day
26.
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5.1.4 Left-hand side plasmid: pJWM_3HP_dLHS1
Plasmid design

The design for dLHS1 required the insertion of five genes, totalling 8 ORFs. The
genes in the left-hand side of the C. aurantiacus 3-hydroxypropionate bi-cycle are:
propionyl-CoA carboxylase (caur-2034 ), (S)-methylmalonyl-CoA epimerase (caur-3037),
methylmalonyl-CoA mutase (caur_1844), succinyl-Coenzyme A:L-malate Coenzyme A
transferase (caur-0178/caur-0179) and malyl-CoA lyase (caur_-017}). The two genes which
are already in Synechocystis and participate in the left-hand side reactions are the TCA
cycle enzymes succinate dehydrogenase and fumarate hydratase.

The use of these annotated genes was part of the original design for this plasmid,
but later I decided to substitute the first three C. aurantiacus genes with better studied
homologous proteins from other organisms. The genes used in the dLHS1 plasmid shown

in Figure 5.8 are

e Streptomyces coelicolor propionyl-CoA carboxylase (ORFs: accA1 and pceB)
(Rodriguez and Gramajo, 1999))

e Propionibacterium freudenrichii subsp. shermanii methylmalonyl-CoA epimerase
(Hull et al., 1988)

e Propionibacterium freudenrichii subsp. shermanii methylmalonyl-CoA mutase
(mutAB) (McKie et al., 1990)

e C. aurantiacus succinyl-CoA:L-malate coenzyme transferase (smtAB)
o (. aurantiacus malyl-CoA lyase

The sequence for the propionyl-CoA carboxylase (AccAl subunit) was originally taken
from the Rodriguez et al. sequence (Rodriguez and Gramajo, 1999). This paper cites
activity for the enzyme after heterologous expression and was the original source of material
for sequencing in S. coelicolor. After comparing the sequence with other known Streptomyces
propionyl-CoA carboxylases and the sequence from the more recent fully annotated genome
(Bentley et al., 2002) (RefSeq: WP_011029950.1) the genome sequence was used without
modification, rather than the original Rodriguez et al. sequence. For the PccB domain
there were no divergent residues between those found in the Rodriguez et al. and the
pceB sequence from the Bentley et al. published genome (RefSeq: WP_011029952.1). The
sequence for the epimerase from Propionibacterium freudenrichii subsp. shermanii (RefSeq:
WP_013160962.1) is the same as has been used in crystallisation studies (McCarthy et al.,
2001).

For the methylmalonyl-CoA mutase there was more sequence ambiguity. There is

no published genome for Propionibacterium freudenrichii subsp. shermanii to use as
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comparison for sequences generated from research papers. As such I compared existing
sequences from the Leadley group (Marsh et al., 1989b), from structural analysis (Mancia
et al., 1996), and from the published genome of a Propionibacterium freudenrichii known
as Propionibacterium freudenreichiic CIRM-BIA1 (Falentin et al., 2010) as well as using
BLAST to compare to closely related sequences. Given the function desired in this construct
was observed in the Marsh et al. paper, a bias was kept in favour of this sequence and
only 3 changes from the more modern Falentin et al. sequence were taken, provided
they were shared by other related species (see Table 5.6). The final protein sequence and
corresponding DNA sequence optimised for expression in Synechocystis can be found in
the Appendix.

Part 4.3, the 88 bp GroEL transcriptional terminator, was constructed by overlapping

oligonucleotides (see Materials and Methods) in a thermocycler.

Subunit Marsh et al. Falentin et al. Chosen Variant

MutA A3l T31 A3l
MutA G68 D68 D68
MutA V120 M120 V120
MutA A143 G143 A143
MutA 1180 V180 1180
MutA T212 N212 T212
MutA D270 E270 E270
MutA Vorl L271 1271
MutA $351 T351 351
MutA A421 T421 A421
MutA V513 1513 V513
MutA F558 Y558 F558
MutB R23 Q23 R23
MutB G35 E35 G35
MutB G520 A520 A520

Table 5.6: Divergent sequences methylmalonyl-CoA mutase: Three changes were
made to the protein sequence of the conventional Propionibacterium freudenrichii subsp.
shermanii MutA and MutB sequences from 1989 in line with newer genomic information
from associated species. None of the changed residues has been specifically highlighted as
catalytically important.

The integration site was chosen computationally. A neutral site was selected using a
Python script screening the Synechocystis GenBank file (RefSeq Accession: NC_000911)
for the largest unannotated inter-ORF spaces in the genome, excluding sites like the oriC
(Chr: 323607 - 324830) or dnaA (a protein important in DNA replication, Chr: 1350236 -
1351579). Each of the sites was then manually checked in the genome viewer function of
the Kazusa Cyanobase server (GenBank: BA000022.2). Chromosomal positions refer to
position in this viewer although the listing of the adjacent genes should make the regions

clear to anyone investigating similar genomes. Several sites were highlighted and analysed
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for suitability.

A sample of sites is shown in Table 5.7. Neutral site C2 (Site 2 in Table 5.7) was

selected for dLHSI.

Number | Chromosomal Locus (bp) | Length | Adjacent Gene Annotations

thetical protein (sll0800)

(slr1299)

1 1880699 - 1881917 1218 | Hypothetical protein (sll1169) & two-
component sensor histidine kinase
(slr1285)

2 2552962 - 2553961 999 unknown protein (sll0405) & glyco-
late oxidase subunit gleD (s110404)

3 3043528 - 3044655 1127 | unknown protein (ssl1493) & hypo-

4 1599538 - 1600659 1121 Photosystem II OEC 23K PsbP ho-
molog (sll1418) & sodium-dependent
bicarbonate transporter (slr1512)

) 1678565 - 1679517 952 putative diaphorase subunit of the
bidirectional hydrogenase (sll1220)
& putative transposase (ssr2227)

6 298590 - 299522 942 | hypothetical  protein  (sli1193)
&  UDP-glucose  dehydrogenase

Table 5.7: Longest unannotated spaces in Synechocystis: Chromosal position is
given as shown in Cyanobase Viewer for Synechocystis (GenBank: BA000022.2).

Succ-CoA:Mal-CoA Transferase
smtA (caur_0179)
(9460 - 10827 bp)

Methylmalonyl-CoA Mutase
mutB subunit :Vlalyl—goA)Lyase
ionyl- 6777 - 8960 b, caur_0174
Neutral Site C2 Propionyl-CoA Carboxylase ( p)

" (12106 - 13152 bp)
Upstream 35207‘“ ;gg:g“ Methylmalonyl-CoA Epimerase CmR
(1 - 600 bp) (927 - p) (4353 - 4769 bp)

Flanking Region

. PpsbA2
Pcpc Propionyl-CoA Carboxylase GroEL hairpin
(607 — 926 bp) pccB subunit (8964 - 9459 bp) 2
(2730 - 4319 bp) Methylmalonyl-CoA Mutase
mutA subunit Succ-CoA:Mal-CoA Transferase
(4830 - 6743 bp) smtB (caur_0178)

(10858 - 12075 bp)

(13465 - 14121 bp)

Flanking Region

(13153 - 13240 bp) Neutral Site C2

Downstream
(14334 - 14931 bp)

r‘> Promoter o Barcode + RBS b Ic:)rgﬂeReadmg D Other element

Figure 5.8: dLHS construct for genomic integration: Schematic for construct inte-
gration into Synechocystis. All genes were codon optimised for expression in Synechocystis.
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Plasmid construction

3 subcloning plasmids containing parts of the final operon were generated by Gibson

assembly and one plasmid was synthesised (with foreign genes codon optimised) in order

to assemble a larger 17 kb plasmid. This strategy was devised after a number of attempts

with Gibson assemblies of over 6 parts. The codon-optimised synthesised fragment was

cloned into pUC57 and provided by the company Bio Basic Inc. (Ontario, Canada).

Plasmid

Contents

Subcloning 1
Subcloning 2 (synthesised)

Subcloning 3
Subcloning 4

AmpR, colE1l, upstream neutral site C2 flanking region, Pcpc,
downstream neutral site C2 flanking region

pUC57 backbone, fragment from accAl to end of mutB,
ORF's codon-optimised and synthesised

AmpR, colEl, Pyg,a2, smtA, smtB (and barcode/RBS)
AmpR, colE1l, malyl-CoA lyase (and barcode/RBS), GroEL
hairpin (oligo synthesised), Chloramphenicol resistance
(CmR)

Table 5.8: Subcloning plasmids: In order to construct the larger 17 kb plasmid 4
subcloning plasmids (each containing max. 4 parts) were made for convenience. To
synthesise the larger plasmid Gibson parts were then amplified by PCR for another Gibson

reaction.
Parts Source
AmpR, colE1 ori from Alex Papagiannakis plasmid (see Appendix)
Pepe from Alex Papagiannakis plasmid (see Appendix)
Ppsba2 Synechocystis genomic DNA

Neutral site C2
AccAl & pceB

MutA & MutB

GroEL Hairpin
SmtA & SmtB
Chloramphenicol Resistance

Synechocystis genomic DNA

(synthesised)  RefSeq: WP_011029950.1 &
WP_011029952.1 codon optimised (see Appendix)
(synthesised) (Marsh et al., 1989b), (Mancia et al.,
1996) with three changes D270E, V271L, and G68D in
MutA and 1 in MutB G520A

Methylmalonyl-CoA Epimerase | (synthesised) (McCarthy et al., 2001)

Made by two rounds of PCR (see Appendix)
C. aurantiacus genomic DNA
Cam-pBS (Nixon Group, see Appendix)

Table 5.9: “Part” sources: Provenance of all DNA parts involved in the dLHS1 plasmid.

Candidate plasmids were screened by restriction enzyme digest using 4 different restric-
tion digests (Sall/AflII, AflIl/Xbal, Spel/SallHF, Spel/Xbal - see Fig. 5.10). To isolate

the correct plasmid it was required to grow E. coli with both antibiotics (ampicillin and

chloramphenicol) for overnight cultures.
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i

3142 bp

2228 bp

Figure 5.9: Subcloned “parts” for larger dLHS1 construction: PCR products from
each of the four subcloned plasmids for assembly into the larger plasmid. Products sizes
here do not include extensions for Gibson assembly. Products are shown after Dpnl digest
to remove template DNA and PCR cleanup directly prior to Gibson reaction.
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Figure 5.10: 4 restriction digest screen of candidate plasmids: 1% DNA agarose

gel of Sall/AflTI, Aflll/Xbal, Spel/SallHF, Spel/Xbal digests for five candidate plasmids.
Miniprep #11 results best matches the predicted band lengths shown in white text. Bands
in parentheses are not visible on the gel but are predicted from the restriction sites.
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The final plasmid (17119 bp) was sequenced using overlapping 600 bp Sanger sequencing
reads (see Fig. 5.11) and contained three mutations. The first mutation was in the colE1
region (G1381A) which may have resulted in lowered copy number (colE1 is a high copy
number origin of replication). The second mutation was a conservative mutation in the
pceB ORF (C6955T), and the resulting codon still codes for an alanine. The third change
was in the GroEL hairpin terminator (16016 GCTCTCTTT — GCTCTT) where two
basepairs were missing from the synthesised part. This change results in a small decrease
in the calculated AG (kcal-mol™!) for the hairpin from -8.91 to -8.74.

A1 0O N1 AU 0 00O 0 A T 0T O N ORI
L e ———————
IRNROOE DAY 0O N gy OO A WAV OO

Figure 5.11: Sequencing alignment for dLHS1: Overlapping Sanger sequences were
manually aligned for the full-length sequencing of the 17 kb plasmid. Region shown is
the region from the accAl ORF into the pccB ORF. This image is a screenshot from the
Unipro Ugene GUI (Okonechnikov et al., 2012).

Transformation & segregation

Wild-type Synechocystis, stJWM_3HP_C02 and stJWM_3HP _C01-02 were all transformed
with pJWM_3HP_dLHS1. All transformations gave colonies and survived on antibiotics
for all cassettes present (e.g. Kan/Ery/Chlor for stJWM_3HP_C01-02_dLHS1).

The inserted region for the dLHS1 plasmid was too long to get a reliable segregation
check across the full-length of the inserted region. Several checks for segregation were thus
used in triplicate. In Figure 5.12 a segregation check shows a colony of stJWM_3HP_C01-
02_dLHS1 segregating in which the end of the construct (containing the antibiotic resistance
cassette) has inserted into the genome but the upstream check is not found.

The size of the plasmid perhaps produced the problem of instability and the possibility
of recombination either within the plasmid or inside the genome of the transformed cell.
Other colonies consistently had the same problems with varying levels of the plasmid being
integrated. Nearly always the smtB ORF and malyl-CoA ORFs could be retrieved by
colony PCR. No PCR fragments were amplified from upstream of this part of the construct.

I generated a DNA dot plot (Gibbs and McIntyre, 1970) in Ugene to see regions of
high similarity which may be prone to recombination. The two regions which had a high
level of similarity to themselves were in the coding sequence of smtA and in the coding
sequence of smtB (caur_0178) as well as a small part of the coding sequence of mutB (see
Fig. 5.13 and Table 5.10).
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2786 bp

band not found
(1995 bp)

No WT
(350bp)

Figure 5.12: Segregation check for strain stJWM _3HP_C01-02_dLHS1 colony 2:
Colony PCRs done in triplicate, no wild-type DNA found in segregant, but only segregant
check 2 gives results (from inside malyl-CoA lyase to outside integration region). No DNA
for segregant check 1 is found (from upstream segment into accAl). Gel suggests partial

integration of the construct.
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Figure 5.13: Dot plot for dLHS1 plasmid: (left) Dot plot showing sequence similarity
of the plasmid to itself over the full-length of the plasmid, highlighting regions with
greater than 70% similarity that are longer than 50bp. (right) zoomed view of the region
smtA /smtB similarity region. Dot plots generated in Unipro UGene (Okonechnikov et al.,

2012).
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Homology Region 1 (bp) Location Homology Region 2 Location Length of similarity
8861 - 8926 MutA 10820 - 10885 MutB 66 bp
12479 - 12529 SmtA 13724 - 13774 SmtB 51 bp
12490 - 12542 SmtA 13735 - 13787 SmtB 53 bp
12495 - 12545 SmtA 13740 - 13790 SmtB 51 bp
12510 - 12558 SmtA 13755 - 13804 SmtB 50 bp
12522 - 12571 SmtA 13767 - 13816 SmtB 50 bp
12534 - 12583 SmtA 13779 - 13828 SmtB 50 bp
12582 - 12631 SmtA 13824 - 13873 SmtB 50 bp
12588 - 12639 SmtA 13830 - 13881 SmtB 52 bp
12661 - 12759 SmtA 13903 - 14001 SmtB 99 bp
12750 - 12799 SmtA 13882 - 14041 SmtB 50 bp
12759 - 12883 SmtA 14000 - 14125 SmtB 125 bp
12840 - 12889 SmtA 14082 - 14131 SmtB 50 bp
12942 - 13040 SmtA 14184 - 14282 SmtB 99 bp
12999 - 13049 SmtA 14241 - 14291 SmtB 51 bp
13018 - 13071 SmtA 14260 - 14313 SmtB 54 bp
13040 - 13096 SmtA 14282 - 14339 SmtB 57 bp
13051 - 13100 SmtA 14293 - 14342 SmtB 50 bp
13111 - 13162 SmtA 14356 - 14407 SmtB 52 bp
13118 - 13237 SmtA 14363 - 14482 SmtB 120 bp
13211 - 13265 SmtA 14456 - 14509 SmtB 54 bp
12401 - 12620 SmtA 13646 - 13865 SmtB 220 bp
12524 - 13133 SmtA 13766 - 14375 SmtB 610 bp
13040 - 13144 SmtA 14282 - 14386 SmtB 105 bp
13073 - 13466 SmtA 14318 - 14711 SmtB 394 bp
13430 - 13675 SmtA/RBS/SmtB | 14678 - 14923  SmtA/RBS/MCL 246 bp

Table 5.10: Dotplot identified regions of similarity: (before horizontal line) (50
bp overlap, 70% identity) overlaps (after horizontal line) 100 bp, 50% identity overlaps.
Basepair positions are with reference to plasmid (total length 17119 bp). For each line
homology region 1 is paired with homology region 2.

Western blot LHS strains

Despite the indication that only partial constructs had integrated, antibodies for malyl-CoA
lyase, the final gene in the second operon of the construct, and mutB the final ORF in the
first operon of the construct were available and Western blots were performed to confirm
an absence of expression of either protein. There is no evidence for expression of either
protein by SDS-PAGE analysis (Fig 5.14) or Western blot (see Fig. 5.15, Fig. 5.16).
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Figure 5.14: SDS-PAGE analysis of partial dLHS strains (4 % - 20 %): SDS-PAGE
analysis of five strains which were transformed with pJWM _3HP_dLHS1. A positive control
for malyl-CoA lyase was available in the form of purified, thrombin-cleaved protein (1 ug
loaded), and a short antigenic peptide (see Materials & Methods) was used as a positive
control for the mutB antibody. C. aurantiacus crude extract was loaded as before as a
potential positive control for either antibody.
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Figure 5.15: Western blot against malyl-CoA lyase (LHS strains): Western blot
of five strains transformed with pJWM_3HP_dLHS1. Blot was performed using polyclonal
antibody raised against synthetic peptide in rabbit. A positive control for malyl-CoA
lyase was available in the form of purified, thrombin-cleaved protein (1 ug loaded), and
a short antigenic peptide (see Materials & Methods) was used as a positive control for
the mutB antibody. WT refers to wild-type Synechocystis. C. aurantiacus crude extract
was loaded as before as a potential positive control for either antibody. No cyanobacterial
strain appeared to express malyl-CoA lyase though the positive control gave signal. This
blot was photographed with a 30 second exposure time though extending this value to ten
minutes did not qualitatively change the result.
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Figure 5.16: Western blot against methylmalyl-CoA mutase (LHS strains): West-
ern blot of five strains transformed with pJWM_3HP _dLHS1. Blot was performed using
polyclonal antibody raised against synthetic peptide in rabbit. A positive control for
malyl-CoA lyase was available in the form of purified, thrombin-cleaved protein (1 ug
loaded), and a short antigenic peptide (see Materials & Methods) was used as a positive
control for the mutB antibody. WT refers to wild-type Synechocystis. C. aurantiacus crude
extract was loaded as before as a potential positive control for either antibody. No strain
appeared to express methylmalyl-CoA mutase though the positive control gave a small
signal. This blot was photographed with a 30 second exposure time though extending this
value to ten minutes did not qualitatively change the result.
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5.1.5 Right-hand side plasmid: pJWM_3HP_dRHS1
Plasmid design

The plasmid pJWM_3HP_dRHS1 was made for the integration of the right-hand side

module with the following features:

e Ampicillin resistance and colE1l ori for replication and selection in E. coli
e Flanking regions for insertion at neutral site NS_C3

e Synthetic operon containing codon optimised mesaconyl-C1-CoA hydratase
(caur_-0173), mesaconyl-CoA isomerase (caur-0175), succinyl-CoA citramalate CoA
transferase (caur-0180) and malyl-CoA lyase (caur-0174) all under control of the

Pirc20 promoter
e GroEL Q transcriptional terminator

e Omega transposon for spectinomycin resistance

Neutral sequence C3 (number 3 in Table 5.7) was chosen and the flanking regions
selected to substitute a 70 bp region with the desired insert (for full flanking sequences see
Appendix: Neutral site sequences). It may be important to note that this unannotated
space is relatively close to carbon-concentrating mechanism genes: the gene coding for
CemO (slr0436) is ~ 2 kb away.

A linear schematic of the construct for integration can be seen in Figure 5.17.

Flanking Region Flanking Region
Neutral Site C3 Neutral Site C3
Upstream caur_0173 caur_0180 GroEL hairpin Downstream
(1 - 554 bp) (746 - 1801 bp) (3095 - 3934 bp) (5015 - 5102 bp) (7053 - 7653 bp)
Ptrc20 caur_0175 caur_0174 Omega transposon
(627 - 745 bp) (1835 - 3061 bp) (3968 - 5011 bp) (5103 - 7052 bp)

Open Readin
rDPromoter o Barcode + RBS 9 FrF;me 9 D Other element

Figure 5.17: dRHS construct for genomic integration: Schematic for construct
integration into Synechocystis. Mesaconyl-C1-CoA hydratase (caur_0173), mesaconyl-CoA
isomerase (caur-0175), mesaconyl-C4-CoA hydratase (caur-0180) and malyl-CoA lyase
(caur_0174) were all codon optimised for Synechocystis expression.

193



Chapter 5. Towards integration of the 3-HP bi-cycle into Synechocystis sp. PCC 6803

Plasmid construction

The 9888 bp plasmid was made by Gibson assembly, checked for directionality by PCR,
checked by restriction digest with HindIII/Xmal (6689/3199 bp) and sequenced by Sanger
sequencing (see primers in Table 2.9). In the final sequence the Omega transposon had
reversed itself, this was not visible in the restriction digested plasmid as this sequence should
have introduced a new HindIII digestion site which would have been visible in screening.
The mutation was probably the result of growth in E. coli for plasmid preparation purposes.
The plasmid is presented here as having the Omega transposon flipped as this is most
likely how it was integrated into the genome of Synechocystis. The coding region is not
changed.

The bulk of the plasmid was synthesised by Bio Basic Inc. (Ontario, Canada). This
piece contained the four ORFs which were codon-optimised for Synechocystis using the
IDT algorithm (IDT, 2016). Upstream of each ORF was a unique non-functional 15 bp
barcode sequence generated by R2Z0ODNA (Casini et al., 2014) attached to an optimised
ribosome binding site based on research by Heidorn et al. (Heidorn et al., 2011) and the
RbcL RBS (see Appendix: RBS sequence).

The sequencing of the plasmid (see Fig. 5.18) shows there to be no mutations in the
sequence with the exception of the inversion of the Omega transposon (bases 7380 to 9240

inverted).

4 4 4 4 4 4 4

Figure 5.18: Sample sequencing data for pJWM_3HP_dRHS plasmid: Full ~ 10
kilobases sequenced with overlapping Sanger reads of 600 bp manually aligned. Region
shown is sequence from Mesaconyl-C1-CoA hydratase (caur_0173) ORF into mesaconyl-
CoA isomerase (caur-0175) ORF.

Transformation & segregation

Wild-type, stJWM_3HP_C02, stJWM_3HP_C01-02 and stJWM_3HP_C01-02_.dLHS1 (par-
tial insert) were all transformed with the pJWM_3HP_dRHS1 plasmid to generate four
mutant strains. Full segregation for the right-hand construct was recorded for all strains,
and is shown for the stJWM_3HP_C02_dRHS1 generated mutant in Figure 5.19.
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Figure 5.19: dRHS construct segregation: Agarose gel (1%) showing colony PCRs
confirming segregation of stJWM_3HP_C02_dRHSI strain. Segregation is checked in three
different ways. In the bias short PCR extension time was set to 1 minute to selectively
amplify 1 kb with primers Seg_check 1 dRHS_F and Seg_check 2. dRHS_R, selectively
amplifying the WT band 1564 bp if present. In the bias long PCR the same primers were
used with an extension time of 6 minutes selectively amplifying the 8 kb fragment. Seg.
check 1 and 2 are PCR reactions with primers Seg_check_1_dRHS_F /Seg_check_ 1. dRHS_R
and Seg_check 2_ dRHS_F/Seg_check_1_ dRHS_R respectively, which represent fragments
with primers which prime inside the dRHS operon.
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MRM mass spectrometry for protein expression

Tryptic digests of the soluble protein fraction from transformants confirmed by colony
PCR were analysed by multiple reaction monitoring (MRM) mass spectrometry (LC-
MS/MS). The method could be specified to scan for fragments of a specific protein after
tryptic digest (for full details see Materials & Methods MRM mass spectrometry). 25 uL
samples were loaded in duplicated for wild-type, stJWM_3HP_dRHS1, stJWM_3HP _C02,
and stJWM_3HP_C02_dRHS1. Clear fragmentation patterns were seen for a high-level of
expression for the propionyl-CoA synthase (see Fig. 5.20). Levels of propionyl-CoA synthase
expression did not vary between samples of stJWM_3HP_C02 and stJWM_3HP_C02_dRHS
more than between biological replicates of the same strain in the duplicates used in this
assay (see 5.21). No signal for the fragmentation pattern of any of the proteins in the
right-hand side operon is visible in any of the samples. The variance from the wild-type is
shown for the first enzyme in the operon, mesaconyl-Cl-hydratase (caur-0173) and the
final enzyme in the operon malyl-CoA lyase (caur-0174) in Fig. 5.22. In conclusion,
the tryptic digest MRM mass spectrometry technique could identify soluble expression of
protein, but no evidence for expression of the right-hand side proteins were seen in the

soluble fractions of the mutants.
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Figure 5.20: Mass spectrometry of tryptic digests to test protein expression
(propionyl-CoA synthase peptide scan): Tryptic digests of soluble protein extractions
from Synechocystis were used to check protein expression levels. The y-axis is the counts
for predicted fragments of trypsin digested propionyl-CoA synthase. This diagram confirms
the expression of propionyl-CoA synthase (caur-0613) in both mutant strains containing
the construct. The WT scan for the relevant daughter ions of propionyl-CoA synthase
shows the noise in the system.
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Figure 5.21: Mass spectrometry of tryptic digests to compare protein expression
(propionyl-CoA synthase peptide scan): Tryptic digests of soluble protein extractions
from Synechocystis were used to check protein expression levels. The y-axis is the counts
for predicted fragments of trypsin digested propionyl-CoA synthase. This diagram shows
the relative expression of propionyl-CoA synthase in two biological replicates of two strains
expressing the enzyme. The data suggest there is no difference in propionyl-CoA synthase
expression or that the difference in expression is within the variability in either extraction
or between biological samples.
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Figure 5.22: Mass spectrometry of tryptic digests to identify protein expres-
sion (RHS expressed protein): Tryptic digests of soluble protein extractions from
Synechocystis were used to check protein expression levels. The y-axis is the counts for
predicted fragments of trypsin digested target protein. This diagram shows the expression
of the first enzyme in the RHS operon, mesaconyl-Cl-hydratase (caur-017%) and the final
enzyme in the RHS operon, malyl-CoA lyase (caur_0174). The data suggest there is no
or undetectable expression of RHS protein i.e. background (WT scans) are the same as
mutant scans c.f Fig. 5.20.
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Western blot RHS strains

Given the availability of antibodies for blotting against malyl-CoA lyase and the potential
sensitivity of this technique over the mass spectrometer in the method I was using, Western
blots were performed on strains which may have been expressing malyl-CoA lyase. The
Western blots confirmed the results of the tryptic digest MRM /MS analysis as no malyl-CoA
lyase could be detected by Western blot (Fig 5.24)

Figure 5.23: SDS-PAGE analysis of right-hand side mutants: SDS-PAGE analysis
of four strains which were transformed with pJWM_3HP_dRHS1. A positive control for
malyl-CoA lyase was available in the form of purified, thrombin-cleaved protein (1 ug
loaded), and a short antigenic peptide (see Materials & Methods) supplied with the
antibody. 5 ul Precision Plus Protein™ Dual Color Standards (BioRad) was used as
protein ladder.
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Figure 5.24: Western blot against malyl-CoA lyase for RHS strains: Western blot
of four strains which were transformed with pJWM_3HP_dRHS1. A positive control for
malyl-CoA lyase was available in the form of purified, thrombin-cleaved protein (1 ug
loaded), and a short antigenic peptide (see Materials & Methods) supplied with the
antibody. 5 plPrecision Plus Protein™ Dual Color Standards (BioRad) was used as
protein ladder.

RHS strain RT-PCR

Because no right-hand side proteins were detected by either method, transcript production
by the strains was analysed by RT-PCR. All strains gave positive results for a control
fragment of the PsbA2 transcript (highly expressed protein involved in Photosystem II)
and appropriate strains showed transcription of the propionyl-CoA synthase gene but
transcript levels for the four genes, while potentially identifiable in some samples, are
largely in the noise of the technique (see Fig. 5.25). All PCRs were also performed on
samples in which reverse transcriptase had not been added (control) to check for gDNA

contamination and background. Two sets of primers were used for each gene and PCRs

201



Chapter 5. Towards integration of the 3-HP bi-cycle into Synechocystis sp. PCC 6803

were done in duplicate. The first set of primers produced a product of 100 bp, the data
for which was generally noisy due to background at this band length. As a result primers
for 600 bp products were designed for each of the genes (with the exception of PsbA2) as
shown in Fig. 5.25.

stJWM_3HP_C01-02_dRHS

.
600 bp 600 bp (?)

Figure 5.25: RT-PCR for genes of RHS operon: Comparison of RT-PCR products for
wildtype Synechocystis and stJWM_3HP_C01-02_.dRHS. The postive control band (PsbA2)
and band for propionyl-CoA synthase (caur-0613, 629 bp) are clearly identifiable whereas
RT-PCR products for the four genes of the operon appear to be very poorly expressed if
above the background noise of the technique at all.

RHS strain full sequencing

As a result of the poor transcription of the operon all strains generated were fully sequenced
by Sanger sequencing. Surprisingly, the upstream region of the stJWM_3HP_dRHS1 strain
could no longer be amplified by PCR, nor could the middle of the construct. Only the final
part of the construct, containing the antibiotic resistance cassette could be amplified and
sequenced. All other strains were sequenced and were exactly as intended in the coding

sequence.
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5.1.6 CoA analysis - LC-MS/MS at Rothamstead Research

Given the large number of CoA-bound compounds in the bi-cycle (10/16) it was decided
that the tracking of these compounds would be useful for determining the success of different
pathway engineering steps. The production of long-chain CoA-containing compounds in
vivo was being quantified regularly from Plant samples by Dr. Johnathan Napier’s group at
Rothamstead research using an LC-MS/MS system. In this system, CoA compounds were
solvent extracted from samples and processed first by LC-MS (see Section LC-MS/MS for
in vivo CoA quantification in Materials & Methods) and then through a triple quadrupole
mass-spectrometry system.

Extractions and processing were done with the help of Dr. Richard Haslam at Rotham-
sted Research.

Preliminary detection of CoA compounds from cyanobacterial samples using methods
adapted from plant samples was poor. In comparison to plant samples levels of CoA
compounds were very much reduced, although this is probably to be expected due to
differences in fatty acid metabolism.

I made efforts to get reproducible and physiologically relevant reflections of CoA-linked
metabolites present in Synechocystis. The system was sensitive to external standards of
50 pmol acetyl-CoA, propionyl-CoA, butyryl-CoA and hexanoyl-CoA, all of which eluted
from the liquid chromatography column within the first 2 minutes (see Fig. 5.26). The
consistent challenges in this part of the project were in sample preparation. Getting
sufficient cellular material, treated quickly as to avoid changes to metabolism, using
chemicals compatible with downstream treatment and drying all proved to be significant
challenges to reproducibility of quantification.

Early experiments then focused on trying different methods for extraction. The following

sample preparations were investigated:

e Conventional plant cell lysis using pestle and mortar under liquid nitrogen

Bead beating

e Chemical treatment - lysozyme

Fast-filtering, flash-freezing and scraping

Fast-filtering, scraping and lyophilisation

Bead-beating was arguably the most efficient at lysing cells but required formation of
a concentrated sample by pelleting. It is conceivable that pelleting of cells has an effect on
the metabolism of the cyanobacteria as they have approximately twenty minutes to adapt

to dark and microaerobic conditions during harvesting and centrifugation. Fast filtration
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Information Dependent Acquisition: LC +NL Survey of Propionoyl Acyl CoA
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Figure 5.26: Propionyl-CoA standard as detected by LC-MS/MS: Propionyl-CoA
as detected by the LC-MS/MS system used for in vivo quantification of CoAs in Syne-
chocystis. (A) Trace of the elution of the propionyl-CoA sample from the HPLC column
as detected by the MS system (B) Detection of propionyl-CoA above arbitrary threshold
required for triggering enhanced production ion (EPI) scan (C) Fragmentation pattern for
the enhanced production ion scan, showing the neutral loss m/z of 507 as illustrated, and
remaining peaks from which the mass of the CoA-linked group can be identified.

as a harvesting mechanism was adapted partly as a response to this constraint (Schwarz
et al., 2013).

The pestle and mortar treatment used for plant material did work on Synechocystis
to a small extent and clear peaks were visible in experiments where “wet” colonies taken
from plates and immediately lysed under liquid nitrogen (see Table 5.11). The problem
with this methodology is that because the cellular breakage was so incomplete and poorly
reproducible the samples could not really be quantitative - a key requirement for this
experiment in comparing strains.

For the remainder of the experiments I focussed on trying to get a reproducible wild-
type profile for both longer-chain CoAs and some of the smaller CoA compounds I was
interested in. This reproducible methodology could then be expanded to other mutants.
One surprising result is that we seemed to find propionyl-CoA consistently in the wild-type
organism (see Fig 5.27).

To have a useful understanding of the CoA pool in vivo for the cells grown under
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Sample Propionyl-CoA Hits (per mg wet cell weight)

298
Wild-type 800
132

1350
998
3790
928

stJWM_3HP_C02 510

990
stJWM_3HP_C01-02 1200
2000

128
65

894
1330
819
188

stJWM_3HP_C02 + 5 mM 3HP 79

1580
1130
1020
526

stJWM_3HP_C01

Wild-type + 5 mM 3HP

stJWM_3HP_C01 + 5 mM 3HP

stJWM_3HP_C01-02 + 5 mM 3HP

Table 5.11: Acyl-CoA Extraction Propionyl-CoA hits: Propionyl-CoA peak height
data processed by Richard Haslam at Rothamsted Research. This data is from colonies
picked from plates and extracted using the pestle and mortar with liquid nitrogen lysis
methodology. Each individual recognition of propionyl-CoA is counted as a hit. This data
is normalised by wet cell weight (hits per gram). Hits are counted when a fragmentation
pattern which coincides with the propionyl-CoA standard are matched, coincident with
the CoA headgroup being measured. No conclusions can be drawn from this data other
than low levels of propionyl-CoA appear to be present in all samples.

constant illumination I adopted the “fast-filtering” approach described by Schwarz et
al. (Schwarz et al., 2013) (see Fig 5.28). To achieve sufficient cell mass on the filter for
downstream processing, often my filtering was much slower than that described in the
methodology (described in the order of seconds, mine in the order of tens of minutes)
bringing my application of this technique into dispute for these experiments. Trials with
“fast-filtered” wild-type followed by pestle and mortar treatment gave similar traces to
those from wet samples with very low levels of visible CoA compounds. In February 2015
it was decided to focus on a more robust in vitro system to test the pathway engineering

of our strains.
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Acyl-CoA Anaylsis: LC-MS/MS +MRM (29 pairs)
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Figure 5.27: LCMS/MS and Multiple Reaction Monitoring MS Results for Acyl-
CoA extractions from Synechocystis: (left) LCMS results showing elution of com-
pounds from the column in time (minutes). (right) Quantification of acyl-CoA signal as a
% of the highest monitored. These readings were from a propionyl-CoA synthase expressing
mutant grown on BG-11 with 5 mM 3-HP. As previously mentioned these results are not
meant to be quantitative, but can only show that the technique is detecting background
acyl-CoA in the samples.

Figure 5.28: Photograph of filtering onto 0.45 uM nitrocellulose filters: Filtered
wild-type Synechocystis from an exponential phase culture of ~ 30 mL.
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In conclusion, efforts to get reproducible signals for the in vivo CoA pool of Synechocystis
wild-type or any of the mutants produced in this thesis were mostly unsuccessful due
to poor cell lysis in useful conditions for downstream analysis. The rapid extraction of
metabolites from whole cells in sufficient quantity for analysis would probably require a
dedicated set-up which was outside of the time-frame of this project. For time reasons an

in vitro cell extract assay was designed to replace the in vivo system I had hoped for.

In vitro CoA analysis

A Luna 5u Cig 100A column (5 gm, 125 by 4.0 mm; Phenomenex, Torrance, CA) was used
in order to replicate the CoA analysis done by Asao et al. (Asao and Alber, 2013) using
cell extracts. I troubleshot and fixed a semi-preparative Jasco HPLC system available
to me before deciding to form a collaboration with Dr. David Bell of the SynbiCite
Innovation and Knowledge centre at Imperial College who had access to a high-throughput
HPLC-MS(TOF) machine. Together we processed CoA standards, time-series samples
of the wild-type incubated with propionyl-CoA and glyoxylate and a time-series samples
of stJWM_3HP_dRHS1 cell extract with the same. This was performed before either the
Western blots or sequencing data had shown the strain would likely not be active for
this catalysis. The CoA standards were clearly visible and sufficiently separated for clear
analysis (see Fig 5.29). Two trials of the time-series to detect activity of the dRHS proteins
in cell extract on propionyl-CoA and glyoxylate (see Materials & Methods) were run, one
on the night before, with samples flash-frozen and a second on the morning of the day of
analysis. Experiments were stopped by addition of concentrated formic acid (90 % v/v,
23.6 M), which also stabilised CoA-linked compounds. Neither biological replicate for the
stJWM_3HP_dRHS1 showed any conversion of propionyl-CoA into other CoA compounds.
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Figure 5.29: HPLC analysis of CoA standards: Elution profile of a mixture of CoA-
linked standards each at 10 mM. Each graph represents a different injection volume onto
the column.
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Figure 5.30: HPLC analysis of stJWM_3HP_dRHS1 time-series: Elution profile of
different time-series samples (0, 6, 15, 30 minutes) of stJWM_3HP_dRHS1 mutant cell
extract incubated with propionyl-CoA and glyoxylate. No catalysis of propionyl-CoA
resulted from incubation with cell extract from these strains.
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5.2 Discussion

5.2.1 Overall strategy

The overall strategy for the integration of the 3-hydroxypropionate bi-cycle was to split
it into three modules and to test these in isolation before combining them in a single
strain. The rationale for this strategy was that in creating larger plasmids, even if they
failed, myself and subsequent students could subclone constructs with more conservative
designs from the parts integrated in the larger plasmids. In addition, flux balance analysis
suggested that the incorporation of the whole left-hand side and right-hand side were the
only sub-phenotypes which could sustain growth on sole carbon sources, which would have
been an ideal phenotype to demonstrate successful engineering of the pathway segment.
There were additional elements of interest in how much DNA could be inserted into the
genome in a single transformation of Synechocystis and how many ORFs could be expressed
effectively from a single promoter. I demonstrated here the insertion of a 6499 bp construct
and attempted unsuccessfully to integrate 13734 bp into the Synechocystis genome in a
single transformation. The 6499 bp insertion rivals the lengthier multi-ORF synthetic
operons in Synechocystis (Bentley et al., 2014) but is perhaps less impressive given the
propionyl-CoA synthase integration construct described in this chapter integrated at 6985
bp in length.

Generally this overall strategy was very optimistic and high-risk. The generation
of plasmids for transformation took longer than was expected but they are a useful
resource for further work. In defence of the strategy, a group which has been expressing
the 3-hydroxypropionate bi-cycle in E. coli has been analysing it by this large segment
approach (Mattozzi et al., 2013). Important differences here are the transformation time
of Synechocystis compared to E. coli and the level of understanding of synthetic biology
tools available for Synechocystis.

With respect to the order in which experiments were done, sequencing a strain thor-
oughly will be made a firm priority before embarking on any future characterisation studies.
I underestimated the time required for even simple characterisation experiments.

Alternative strategies that were not used here are for example the “domino” strategy
in which subsequent genes and antibiotic cassettes are designed to overlap and replace one
another (see Fig 5.31). In this way two antibiotic resistance cassettes can be exchanged as
many times as desired as the constructed integrated in the genome lengthens. This strategy
was not used because of long transformation times in Synechocystis and the large number
of metabolic dead-ends the introduction of this pathway would produce in a step-by-step
fashion. An alternative strategy that should be employed in this project is the use of
markerless mutants in Synechocystis, as described in the Introduction (Viola et al., 2014),

to relieve the burden of expression of antibiotic resistance proteins in the mutant strains.
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Figure 5.31: “Domino” strategy for gene insertion: The “domino” strategy allows
stepwise transfer of genes into an integration site and re-use of the same resistance cassettes
in a cyclic fashion.
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A more sophisticated approach may be valuable for the successful completion of this
project. The generation and use of auxotrophic knockout strains to establish the correct
function of smaller pathway segments in vivo would be of value. In this way, simple assays
available for growth on sole carbon sources can be used to confirm in vivo activity of
smaller pathway segments. For example, in the case of right-hand side verification for
the production of pyruvate, knockout strains of pyruvate kinase and malic enzyme could
be generated on pyruvate-containing media. The malic enzyme knockout alone (Bricker
et al., 2004), has a clear phenotype and rescue from this phenotype could be used as
indication for a functioning right-hand side allowing faster analysis of several mutants. For
the left-hand side a shorter construct as far as succinyl-CoA could be used to transform a
malate dehydrogenase knockout (AMDH)/succinate semialdehyde dehydrogenase knockout
(ASSALyr) strain. If this AMDH/ASSALyr strain has a clear phenotype (oxaloacetate
autotroph) the same strategy could be used again. This strategy is not without problems
but provides the additional advantage of allowing the researcher to gain some knowledge

of central metabolism directly by using the mutant strains.
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5.2.2 Plasmid design

In general, the plasmids were designed to produce integrated constructs that had very high
levels of transcript, by using strong promoters, that could then be tuned by altering RBS
strength. In practice, more recent research and analysis suggests that if many ORF's are
to be expressed a more sensible approach is to aim for medium to low levels of expression
in order to avoid the problem of cellular burden (Ceroni et al., 2015). Almost certainly
the first RBSs used should not have been designed to be as strong as possible, although
probably the excessive expression of propionyl-CoA synthase was already demanding too
much from the cell for any effects from dLHS1 and dRHS1 to be seen.

The dLHS1 and dRHS1 constructs both had more ORF's to a promoter than generally
found in the literature. The consensus seems to be at this stage in metabolic engineering
of cyanobacteria, more than two ORF's two a promoter is risky and the first ORF in the
operon shows noticeably greater expression than the second. This is not information that
was available to me at the beginning of the work but will be useful for future engineering
attempts.

A big problem at the beginning of my PhD was the availability of well-understood
“parts” for photosynthetic bacteria in comparison to E. coli. As a result these designs were
over-ambitious in their use of untested parts. For example the designed neutral sites |
used should have first been tested by fluorescent protein expression. I deliberately did not
use many “neutral sites” that I found in the literature because many, while genes could
be expressed from them, were known to be in the middle of ORFs. I thought it would be
more appropriate to annotate some potentially novel neutral sites, but should not have
integrated them into designs untested. Supportive of my original rationale however was
the recent paper by Ng et al. in which not only non-coding DNA was sought, but also
dRNA-seq data was used to discover perhaps genuinely “neutral” sites (Ng et al., 2015).

More generally, fluorescent proteins have been used to track protein expression in
Synechocystis (Huang et al., 2010). Constructs featuring one or two bi-cycle ORF's followed
by a fluorescent protein represent another approach for more rigorously testing construct
design, and should be implemented now they can be subcloned quickly from existing
plasmids.

In line with the generally optimistic style of design, malyl-CoA lyase was placed last,
rather than first, in the dRHS1 expression construct. This meant that if malyl-CoA
lyase expressed at all, all of the other enzymes would have to be expressed creating an
all-or-nothing phenotype. This made assessment of partial success difficult, for example
the in vitro CoA measurements would have shown some form of catalysis if at least the
malyl-CoA lyase was functional in the cell even if later proteins were not expressed. In
future constructs the malyl-CoA lyase should be placed first in the construct.

The use of non-C. aurantiacus enzymes to express the 3-hydroxypropionate bi-cycle was
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inspired in part by the publication of Mattozzi et al. (Mattozzi et al., 2013) as they could
show these enzymes were functional in F. coli. There are questions here about the function
of these enzymes in the cytosol of Synechocystis but the same questions were present for
the expression of proteins from C. aurantiacus so I believe the use of the Mattozzi et al.
proteins is the better choice. One interesting option which was not explored in this thesis
was the integration of promiscuous propionyl-CoA carboxylases (first step of left-hand
side) which are also acetyl-CoA carboxylases. This would be useful because the current
designs rely entirely on endogenous acetyl-CoA carboxylase activity for the functioning of

the bi-cycle, which while useful, may eventual limit flux capacity (Davis et al., 2000).

5.2.3 Plasmid construction

The use of sub-cloning plasmids was effective. In practice Gibson assembly with > 4 parts
is possible, but I have found it is more time efficient when screening as a single individual to
use 4-part assemblies. The probability of isolating a colony containing the correct plasmid
then requires ~ 20 colonies, a manageable number for screening.

The use of the high-copy origin of replication from colE1 for the 17 kb dLHS1 was
probably ill-advised and may have caused cellular burden. The origin of replication from
pBR322 may have been a more useful design (10 - 15 copies per cell). The high-copy origin
of replication was used in order to generate high-titres of vector as plasmids were to be
used as suicide vectors (requiring pg of DNA). It is interesting to note that one of three
mutations in the dLHS1 plasmid was in the origin of replication, perhaps this mutation
helps decrease the plasmid copy number. It is possible that one consequence of the burden
of the high-copy number plasmid may have been the requirement for both antibiotics in
the media.

The recombination which resulted in dLHS1 only partially integrating into the Syne-
chocystis must have happened after or during transformation, given the plasmid could
be sequenced contiguously. The presence of homologous regions clearly outlined by the
dot plot in the C. aurantiacus genes smtA and smtB makes integration of this region
problematic. The two genes are adjacent to one another in the C. aurantiacus genome
and this hairpin is as yet uninvestigated. It is likely this hairpin plays a functional role
in transcriptional control of this gene in C. aurantiacus. For inserting these genes into
Synechocystis either the ORFs could be integrated at different sites, or the genes could be

codon-optimised in such a way as to reduce homology.

5.2.4 Tools for mutant analysis

A number of required tools for mutant analysis in this project were established during this
PhD.
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Segregant checks were generally a useful tool and an approximate limit of 8 kb has
been found to be reproducible from colony PCR. Most problems with colony PCR from
Synechocystis were solved by using double the amount of polymerase normally recommended
and heating samples for 5 minutes at 100°C in the thermocycler. For segregant checks
longer than ~ 8 kb one solution for screening is triplicate checks from outside the flanking
regions into the constructs on either side of the insert. The final holistic check for mutants
is a restreak onto antibiotic containing media after 3 passages on media containing no
antibiotic followed by a PCR check for wild-type DNA recovery.

Western blots worked well, with little cross-reactivity and detected propionyl-CoA
synthase, malonyl-CoA reductase and malyl-CoA lyase (purified protein). The efficacy
of the mutB antibody remains largely unknown. There is evidence that propionyl-CoA
synthase and malonyl-CoA reductase were found in both the soluble fraction and insoluble
fractions. This suggests overexpression may have resulted in the packaging of protein in
inclusion bodies which centrifuge as part of the insoluble fraction. This is evidence that
both of these proteins are being expressed at levels which are higher than necessary.

The multiple reaction monitoring mass spectrometry proved to be a useful tool for
checking expression of proteins in the soluble fraction. The methods and scans developed
here can be used and improved upon to check future strains. A simple improvement
would be the use of quantifiable standards as many of these proteins are being expressed
heterologously for crystallisation studies. One drawback of this technique in comparison to
the Western blot is that proteins may be expressed in the insoluble fraction and remain
undetected.

The in vivo analysis of the Synechocystis CoA pool remains problematic. In the absence
of the in vivo analysis, the in vitro system provides a useful, and more robustly demonstrated
(Zarzycki et al., 2009; Asao and Alber, 2013) protocol for identifying expression of active
protein. Unfortunately this thesis did not provide mutants which gave positive results
from the samples provided, but the presence of well-separated standards is encouraging.
The analysis of stJWM_3HP_C01, stJWM_3HP_C02 and stJWM_3HP_C01-C02 mutants
using 3-hydroxypropionate should be revealing in this sense.

The use of growth plate phenotypes for mutant characterisation has a number of
advantages and disadvantages as used in this thesis. The advantages are that it is quick
and reproducible. There are three main disadvantages. The first is that unless a phenotype
is severe (death or no growth) the data lends itself to over-interpretation. This is particularly
difficult because they must be compared to control plates and mutants may grow at different
rates. The second is that the growth plate samples a very narrow range of conditions. The
third is that there are many samples growing on the same plate and metabolites may be

passed between the growing cultures, although this could easily be solved.
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Figure 5.32: Middle enzymes of 3-hydroxypropionate bi-cycle: Reference diagram
for discussion of middle enzyme phenotypes. stJWM_3HP_C01-02 expresses both malonyl-
CoA reductase and propionyl-CoA synthase

5.2.5 Information for wild-type and mutant analysis

Given the lack of observed phenotype for those strains in which the dRHS1 construct and
part of the dLHS1 construct had integrated the discussion of strains will be limited to
strains stJWM_3HP _C01, stJWM_3HP_C02, stJWM_3HP_C01-C02 and the wild-type. A
diagram of the central enzymes is shown enlarged in Figure 5.32 for reference.

The result that stJWM_3HP_C01 shows improved growth on 3-hydroxypropionate, par-
ticularly visible for 20 mM 3-hydroxypropionate, is unintuitive. In the 3-hydroxypropionate
bi-cycle this enzyme produces 3-hydroxypropionate from malonyl-CoA. One possible ex-
planation is that at sufficiently high concentrations of 3-hydroxypropionate this enzyme
may act reversibly, as a source of malonyl-CoA to the cell. This suggestion is reasonable
looking at the thermodynamics of the reaction at concentrations > 1 mM (see Fig 5.33).

The slow growth of strain stJWM_3HP_C02 is probably the result of the burden placed
on the cell for the production of large amounts of propionyl-CoA synthase. Alternatively,
this protein may be promiscuously converting other compounds, as there is no predicted
3-hydroxypropionate in the Synechocystis metabolome, into dead-end CoA compounds
and exhausting the CoA pool. My suspicion is that the first situation is closer to the truth

as the change in growth seems to be just a delay, and colonies appear as green and viable
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Malonyl-CoA (,q) + NADPH,) & 3-hydroxypropionate ) + NADP ,q) + CoA(,q)

Estimated A,G™ = —11.4 4 8.8 [kJ/mol] (1 mM 3-hydroxypropionate)
Estimated A, G’ = —3.9 £ 8.8 [kJ /mol] (20 mM 3-hydroxypropionate)

Estimated A,G’° = 5.8 + 8.8 [kJ/mol] (1 M 3-hydroxypropionate)

Figure 5.33: Thermodynamics of malonyl-CoA reductase: Estimated AG values
for the reaction malonyl-CoA reductase performs in the 3-hydroxypropionate bi-cycle.
The reaction at each of these concentrations falls within the range of in vivo reversibility.
A,G™ is a value calculated using 1 mM of each reactant. For A,.G’ all other reactants
were left at 1 mM and only the value for 3-hydroxypropionate concentration changed. All
calculations assume pH 7.0 and ionic strength of 0.1 M.

as wild-type just later. Equally, the strain grows as well as wild-type or stJWM_3HP_CO2
with 5 mM glucose added to the media.

The double mutant stJWM_3HP_C01-02 is interesting in that it does not feature
the growth delay of stJWM_3HP_C02 but also does not feature the improved growth
of stJWM_3HP_CO1 on 3-hydroxypropionate. The strain is in fact more sensitive to
3-hydroxypropionate than stJWM_3HP_C02. This could be explained in a number of
ways. Increased sensitivity to 3-hydroxypropionate is best explained by a functioning
propionyl-CoA synthase which would rapidly deplete internal CoA resources by production
of the dead-end metabolite propionyl-CoA. The lack of growth delay is more difficult to
explain. The pJWM_3HP_C02 plasmid was added to the st JWM_3HP_CO01 strain, so that
it is clear that this is not a growth defect that was removed, but a growth phenotype
that has remained roughly the same, with the exception of increased sensitivity to 3-
hydroxypropionate. This lack of growth defect is also seen on the control plates (only
BG11 media). It is possible the expression of propionyl-CoA synthase in the double
mutant strain is lowered in comparison to the stJWM_3HP_C02 single mutant, reducing
the cellular burden. It is also possible that whichever metabolite the single mutant may
have converted by promiscuous activity of the propionyl-CoA synthase in the single mutant
is now removed by the malonyl-CoA reductase working in the backwards direction. There
is evidence against the first scenario, in that the SDS-PAGE gels for the Western blots
show expression of the propionyl-CoA synthase in both the single and double mutants (see
Fig. 5.4). The second scenario is entirely speculative. Further experiments using varied
light and concentrations of external carbon sources may give information into the various
stresses of the two systems.

This unclear point links with the evidence for propionyl-CoA in the wild-type of

215



Chapter 5. Towards integration of the 3-HP bi-cycle into Synechocystis sp. PCC 6803

Synechocystis. 1 am skeptical of this result, but with the exception of the possibility
of contamination either from the agar plates, tools used for handling samples and the
possibility of non-axenic cultures of Synechocystis, the mass spectrometry analysis seems
relatively clear and reproducible. Discussion of propionate metabolism in Synechocystis
in the literature is limited. In 1979, Stanier & Cohen-Bazire suggested propionate is a
potent growth inhibitor of all cyanobacteria because it interacts with enzymes as acetate
might (Stanier and Cohen-Bazire, 1977). This review cites work from 1973 by Smith et
al. in Gloeocapsa alpicola and Anacystis nidulans neither of which are closely related to
Synechocystis (Smith et al., 1973). This paper shows propionate-resistant strains had
decreased abilities to assimilate both acetate and propionate and contained decreased
amounts of acetyl-CoA synthetase.

There is no propionyl-CoA found in either the KEGG database or any of the known flux
balance analysis models for Synechocystis and, to the best of my knowledge, any cyanobac-
teria. I have scanned the genome for possible propionyl-CoA production pathways but can
see no plausible candidates. There are closely related molecules 3-hydroxypropionate-CoA
and 3-oxopropionyl-CoA in the flux balance analysis model, both of which should be
sufficiently different to identify by molecular weight in the mass spectrometer. To convert
from either of these metabolites to propionyl-CoA would require enzyme activity not
currently predicted in Synechocystis. It is possible that obscure pathways such as androst-
4-ene-3,17-dione (a bacterial steroid) breakdown may contribute to levels of propionyl-CoA
but there are a number of enzymes not found in the genome. Given this acyl-CoA was
not identified in a recent, thorough metabolic analysis of Synechocystis (Taylor, 2012) this
result is likely an experimental artifact. If the presence of propionyl-CoA in the wildtype
is not an experimental artifact there will need to be more investigation into its potential
role in the cyanobacterial cell.

The adapted strains found for wild-type are probably a similar phenotype to those
described for Gloeocapsa alpicola and Anacystis nidulans. An acetate-assimilating deficient

Synechocystis strain could be isolated and used as an experimental tool.

5.2.6 Possible future work

The work presented in this chapter was important for establishing an experimental base
from which this project can grow. DNA constructs for expression of the total bi-cycle were
made and sequenced and various techniques such as MRM/MS-MS, Western blotting and
in vitro CoA analysis have been established as useful methods for analysing mutant strains.
The work presented here is also illustrative of an ambitious but overly optimistic expectation
of rapid progress. In future, a more step-wise approach should be taken, starting with
the generation of unmarked strains producing lower quantities of both propionyl-CoA

synthase and perhaps malonyl-CoA reductase. In parallel, the generation of auxotrophic
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mutants should be considered as these may provide simple phenotypes by which to check
if specific pathway segments are working. Finally, future work should make use of the
established synthetic biology tools which are now available and check operon designs by

use of fluorescent protein where appropriate. The following work would be suggested:

e Use in vitro system to verify functionality of malonyl-CoA reductase and propionyl-

CoA synthase in cell extracts
e Make unmarked mutants expressing the middle enzymes at moderate levels

e Use established neutral sites from literature or establish expression from neutral sites

in this thesis

e Make malic enzyme knockout mutants (Aslr0721) and pyruvate kinase mutants
(Asll0587 and Asll1275) to see if it is possible to generate a pyruvate auxotroph to
help right-hand side engineering

e Make malate dehydrogenase (Asll0891)/succinate semialdehyde dehydrogenase
(Aslr0370) knockout mutants to see if it is possible to generate a succinate auxotroph

for left-hand side engineering as far as succinyl-CoA
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Chapter 6

Crystallisation of
3-Hydroxypropionate Bi-cycle

Proteins

6.1 Results

This chapter describes the cloning of a number of constructs for 3-hydroxypropionate
bi-cycle protein expression and the structural characterisation of one protein in particular,
the tri-functional malyl-CoA lyase. The malyl-CoA lyase (MCL) is a promiscuous carbon-
carbon bond lyase that catalyses the reversible cleavage of structurally related coenzyme A
thioesters (Zarzycki and Kerfeld, 2013). It plays a crucial role in the carbon-fixing 3-
hydroxypropionate bi-cycle of C. aurantiacus, catalysing three separate reactions (Zarzycki
et al., 2009). It cleaves (S)-malyl-CoA into acetyl-CoA and glyoxylate, cleaves (S)-
citramalyl-CoA into acetyl-CoA and pyruvate and catalyses the synthesis of glyxoylate
and propionyl-CoA to form [-methylmalyl-CoA (see Fig. 6.2). The X-ray structure of the
protein in the native state was solved to 2.2 A. Whilst co-crystallising the protein with
suitable ligands to capture the active state, a structure was published by another group
which explains the function and compares this enzyme to other CitE-like proteins and

malate synthases (Zarzycki and Kerfeld, 2013).

6.1.1 Crystallisation plasmids

This part of the project was created to fill the gap in structural knowledge for the 3-
hydroxypropionate cycle. In Figure 6.1 those proteins targeted for structural investigation
are highlighted (purple dashed boxes). Of particular interest are the structures of the
malyl-CoA lyase, malonyl-CoA reductase and propionyl-CoA synthase as these proteins

perform the most interesting chemistry in the cycle.
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Figure 6.1: 3-hydroxypropionate bi-cycle crystallisation targets: This diagram of
the 3-hydroxypropionate bi-cycle has metabolites labelled in black, with the exception
of glyoxylate (blue) and pyruvate (green) to show their role as intermediate and product
of the bi-cycle respectively. Enzyme names (red) pursued as targets for purification and

crystallisation are in dashed purple boxes.
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Figure 6.2: Malyl-CoA lyase chemistry: The malyl-CoA lyase enzyme performs three

reversible reactions in the 3-hydroxypropionate bi-cycle.
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The malyl-CoA lyase performs three activities within the bi-cycle, two lyase reactions
and one synthesis reaction featuring glyoxylate. These reactions link the left-hand cycle to
the right-hand side of the cycle and eventually the malyl-CoA lyase forms pyruvate, the
final product of the bi-cycle (see Fig 6.2).

Malonyl-CoA reductase (MCR) catalyses the conversion of malonyl-CoA to 3-
hydroxypropionate. This enzyme is one of two reducing enzymes in the bi-cycle, the
other being propionyl-CoA synthase. MCR is of potential industrial importance as 3-
hydroxypropionate is ranked in the list of the top 12 value added chemicals from biomass
as released by the US Department of Energy (Werpy et al., 2004).

Liu et al. have separated this enzyme into its component domains using N- (alcohol
dehydrogenase) and C-terminal (aldehyde dehydrogenase) constructs (Liu et al., 2013). This
“dissection” of the enzymes domains resulted in improved enzyme activity and product yield
over full-length protein when expressed in E. coli (Liu et al., 2013). The constructs specified
in Table 6.1 are based on the Liu et al. domain separation constructs. These activities
are catalysed by two separate proteins in the 3-hydroxypropionate/4-hydroxybutyrate
(3HP/4HB) cycle in Archaea (Alber et al., 2006). The C-terminal construct structure for
the MCR is now solved, and the N-terminal construct structure is three-quarters built
(Murray Lab, unpublished).

Propionyl-CoA synthase is a large protein (1822 AA, 201 kDa) which contains CoA
ligase, enoyl-CoA hydratase and enoyl-CoA reductase activities (Alber and Fuchs, 2002).
This activity is performed by three separate enzymes in Archaea using the 3HP/4HB cycle
(Teufel et al., 2009).

The chemistry performed by the right-hand side of the cycle features a CoA rearrange-
ment from one side of the molecule to the other, which may have an interesting structural
mechanism. Even though the Mesaconyl-C1-CoA hydratase structure (caur_0173) has been
solved and is available from the PDB, there has been no associated publication of crystal
structures containing ligands or discussion surrounding the enzyme’s function.

In line with this knowledge gap, 8 expressions constructs for the most interesting
proteins (see Table 6.1) were cloned into modified pRSET-A vectors (ThermoScientific®)
using C. aurantiacus genomic DNA as PCR template. The pRSET-A vector features
a T7 promoter, a 6 x His-Tag, and ampicilin resistance cassette (AmpR). The plasmid
modification used in the Murray lab is the inclusion of a thrombin site for His-tag removal
(See Appendix). All plasmids were generated by Gibson assembly from PCR templates
and were sequenced for directionality and accuracy using Sanger dideoxy terminated
sequencing (Sanger et al., 1977). The only expression plasmid which contains two genes
was the pRSETA-SmtAB where the entire operon was cloned from gDNA (caur-0179 then
caur-0178 in native operon) and placed after the T7 Promoter. The primers used in this

part of the project can be found in Table 2.9.
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Plasmid Protein Name Size (bp)
pRSETA-Caur0173 mesaconyl-C1-CoA hydratase 3899
pRSETA-Caur0175 mesaconyl-CoA C1-C4 CoA transferase 4038
pRSETA-Caur0180 mesaconyl-C4-CoA hydratase 3648

pRSETA-SmtAB succinyl-CoA:(S)-malate CoA-transferase 5653
pRSETA-Caur2614N  malonyl-CoA reductase (N-terminal 1-549) 4455
pRSETA-Caur2614C  malonyl-CoA reductase (C-terminal 550-1219) 4818

pRSETA-Caur2614 malonyl-CoA reductase (full-length) 6465
pRSETA-Caur0613 propionyl-CoA synthase 8309
pRSETA-Caur0174 malyl-CoA lyase 3887

Table 6.1: Plasmids made for 3-hydroxypropionate bi-cycle protein crystallisa-
tion: Plasmids which were made to investigate proteins that performed important or
interesting chemistry in the bi-cycle.

6.1.2 Focus: malyl-CoA lyase purification

After preliminary expression and His-tag purification tests I decided to focus work on a
single enzyme, the malyl-CoA lyase, which expressed well in E. coli and was of critical
importance to the function of the bi-cycle in a foreign host (c.f. right-hand side enzymes).
Expression of the constructs on the other plasmids was offered to other students and since
this project’s inception 5 out of 8 constructs have crystallised and are subject to further
investigation.

Soluble extracts of E. coli expressing the His-tagged malyl-CoA lyase were first purified
by affinity chromatography using a nickel resin column (Fig. 6.3). The affinity purified
protein was incubated with thrombin to remove the His-Tag and was purifed by gel-filtration
(Superdex S200 16/600 HiLoad Column, GE Healthcare, UK). The purified protein eluted
at roughly 200kDa. The protein has a calculated molecular weight of 38.4 kDa so it could
have been a pentamer (192kDa) or a hexamer (230.4 kDa) from this information. The
native crystal structure later showed the protein to be a hexamer in line with earlier reports

and predictions from homology (Herter et al., 2002).
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Figure 6.3: Nickel affinity column purification: SDS-PAGE gel showing nickel column
purification samples of the 38.4 kDa protein (+ His-tag). The protein was subsequently

concentrated, cleaved with thrombin and processed by gel-filtration chromatography before
crystallisation.
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Figure 6.4: Size-exclusion chromatography of malyl-CoA lyase hexamer: Y-axis
is absorption of the sample (blue) at UV280, 25°C. X-axis is accumulated column
flow through (mL). In red are the collected fractions. The malyl-CoA lyase elutes as a
pentamer/hexamer. The calibration curve was done in a column for this column at 4°C as
opposed to our purification at 25°C which increases the error in the approximation.
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6.1.3 Crystal morphologies

From this level of purity malyl-CoA lyase crystallised in two conditions from crystal screens
JCSG+, Wizard 3 and PEG/Ion 2. Crystals formed in the condition 100 mM HEPES with
10% w/v PEG 6000 (pH 7.0) were never tested at the synchrotron because they degraded
before they could be cryocooled. Crystals formed in a variety of morphologies (See Fig. 6.5

and were indexed in a number of space groups (See Table 6.2) using the crystallisation
condition 100 mM Bicine with 20% w/v PEG 6000 (pH 9.0). A structure of the protein in
the native state was solved to 2.2 A with data taken at the National Synchrotron Light
Source I (Brookhaven, US).

Figure 6.5: Crystal morphologies: Different crystal morphologies all seen with the same
crystallisation condition: 100mM Bicine — 20% w/v PEG 6000, pH 9.0. There was no
direct correlation between morphology and any other physical attribute of the crystal
(resolution or space group). (top left) Native or glyoxylate, labelled “plates” (top right)
Often seen with high concentrations (>10 mM) of propionyl-CoA, labelled “stars” (bottom
left) In this case seen with pyruvate, labelled “triangles” (bottom right) “needles” can be
seen with acetyl-CoA and glyoxylate in the crystallisation drop. Effective concentrations
in crystallisation drop of substrate were 10 — 100 mM depending on substrate
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Co-crystallisation trials with key substrates (Acetyl-CoA [1-20 mM], Glyoxylate [1 - 50
mM], Pyruvate [1 - 50 mM], Propionyl-CoA [1 - 10 mM]) and cryoprotectant were set up
in known crystallisation conditions. Quick soaks were also tried (using 10 mM substrates)
and data sets collected to 2.8 A but no clear density for the substrates was seen in any
structure. The datasets for the associated soaks and co-crystallisation trials were taken
at the Diamond Light Source on several occasions. Crystals dissolved when soaked with
acetyl-CoA and MgCl, over five days, but did not dissolve when soaked with acetyl-CoA
and glyoxylate or acetyl-CoA and pyruvate. This dissolution may have happened upon the

transition to an active state.

6.1.4 Datasets taken and processed
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Co-crystallisation Morphology ~ Space Group Unit Cell a, b, ¢ (A) Resolution (A)

o, B, 7 (°)

Native Plate P2 2,2 156.1, 162.9, 95.9 2.2
90.0, 90.0, 90.0

Native Plate P2 2,2 156.2, 162.6, 95.8 2.4
90.0, 90.0, 90.0

Glyoxylate (quick soak) Plate P 2212 120.7, 132.0, 139.1 2.8
90.0, 90.0, 90.0

Pyruvate (quick soak) Plate P2 212 122.7, 134.9, 138.8 2.8
90.0, 90.0, 90.0

Pyruvate (quick soak) Plate P 2212 122.4, 135.3, 138.7 2.8
90.0, 90.0, 90.0

Pyruvate Plate P121 96.4, 125.6, 96.6 2.8
90.0, 92.6, 90.0

Pyruvate Plate P2 22 156.2, 164.5, 96.4 2.8
90.0, 90.0, 90.0

Pyruvate Plate P2 212 123.0, 136.5, 139.1 2.9
90.0, 90.0, 90.0

Pyruvate Plate P2 22 155.5, 163.9, 96.1 2.7
90.0, 90.0, 90.0

Pyruvate + MgCl, Plate P12, 1 97.8, 117.8, 102.9 3.1
90.0, 110.5, 90.0

AcCoA + Glyox Needle P12;1 96.1, 163.6, 155.0 34
90.0, 90.1, 90.0

AcCoA + Glyox + MgCl, Needle P2 2,2 154.9, 163.3, 96.9 2.9
90.0, 90.0, 90.0

PropCoA Plate P2 2,2 157.9, 164.8, 97.5 3.3
90.0, 90.0, 90.0

PropCoA Star P2 2,2 139.3, 123.4, 136.6 2.9
90.0, 90.0, 90.0

PropCoA Plate P2 22 138.8, 124.5, 136.4 3.4
90.0, 90.0, 90.0

PropCoAf Star P2 2,2 139.3, 123.7, 136.7 2.9
90.0, 90.0, 90.0

PropCoA + Glyox Star P2 22 131.4, 138.7, 122.5 3.5
90.0, 90.0, 90.0

Table 6.2: Full indexed datasets taken for malyl-CoA lyase: Indexing of space
groups and estimation of resolution taken from automatic pass of xia2 (Winter, 2010).
Three distinct crystal forms are visible represented by the P 21 21 2, P 27 27 2;, and P 1
21 1 space groups. The dagger (f) signifies propionyl-CoA was co-crystallised at 3-fold the
normal strength. The quick soak refers to soaking the crystals in a drop containing 10 uL
mother liquor, 3 uL. PEG 400 with a given final concentration of the substrate mentioned.
Typical final concentrations in the drop used for co-crystallisation were 50 mM pyruvate,
50 mM glyoxylate, 50 mM MgCls, 10 mM propionyl-CoA, and 20 mM acetyl-CoA.
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6.1.5 Structure solution

Figure 6.6: Malyl-CoA lyase crystal used for native dataset: Crystal examined at
NSLS at Brookhaven National Laboratory.

Variable Value

X-ray source Brookhaven NSLS-I
Wavelength (A) 1.075000
Temperature (K) 100.0

Detector Pilatus 2M (pixel)
Crystal-detector distance (mm) 262.110

Rotation range per image (°) 0.5

Total rotation range (°) 300

Space group P2 22

a, b, ¢ (A)

a, 3,7 (°)
Resolution range (A)

No. of unique reflections

Completeness (%)

Redundancy/Multiplicity

<I/o(I)>
Rmerge

95.86, 156.13, 162.90
90.00, 90.00, 90.00
51.3 - 2.2 (2.26 - 2.20)
124042 (9042)

100 (100)

12.2 (12.4)

20.2 (3.6)

0.096 (0.859)

Table 6.3: CC002 dataset statistics: Data taken from xia2 output. Table provides data
for determining quality of the dataset taken. Values in brackets refer to high resolution

shell.

The structure was solved using molecular replacement (MR) and a model taken from

RipC protein, a putative citrate lyase 8 subunit from Yersinia pestis (PDB: 3QLL).
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Variable Value
Resolution range (A) 51.29 - 2.20 (2.259 - 2.202)

Completeness (%)
No. of reflections, working set 117754 (8575)

No. of reflections, test set 6219 (446)
Final Ryopk 0.2116 (0.301)
Final Riree 0.2329 (0.353)
No. of atoms

Protein 16267

Ton 0

Ligand 0

Water 135

Total 16402

R.m.s. deviations

Bond angles (°) 1.857

Bond lengths (A) 0.017
Ramachandran plot

Favoured regions (%) 94.92
Additionally allowed (%) 3.69

Outliers (%) 1.39

Table 6.4: CCO002 structure refinement statistics: Taken from final round of CCP4
RefMac refinement. Statistics for Ramachandran plot variance generated by MolProbity
(Chen et al., 2010).

A=zy

Figure 6.7: Solved structure for native state malyl-CoA lyase: (1A) Protein model
built into typical 2.2 A electron density map (NCS averaged) (B) Pymol cartoon represen-
tation of the two trimers of malyl-CoA found in the asymmetric unit. The enzyme has a
Bs/as extended TIM barrel fold.

6.2 Discussion

6.2.1 Native structure insights

The native structure has a TIM-barrel structure with small elaborations and a small

C-terminal domain. The protein forms a dimer of trimers. All residues from Lys 3 - Leu
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347 could be built into the electron density reliably with the exception of a flexible loop
region at residues 210 - 215. No metals were clearly identifiable in the electron density
though electron density was of sufficient resolution to place waters.

The model used for molecular replacement was RipC from Yersinia pestis, a putative
citrate lyase (-subunit). This structure had no organic molecules bound and as such it
was not possible to infer the active site. The original characterisation of the malyl-CoA
lyase did not identify an active site or relevant residues (Herter et al., 2002) but the
superposition of a malate synthase from Haloferax volcanii (Bracken et al., 2011) for which
a structure featured bound magnesium and glyoxylate suggested a plausible region. No
electron density which may be attributable to a small organic molecule was found in this
region. No disulphide bridges were seen in the structure.

Examination of the temperature factors (B-factors) for the solved native model suggested
two flexible regions in the protein. The temperature factor is a measure of the thermal
motion of an atom and describes the attenuation of X-ray scattering by this process. In
other words, if a region has a higher temperature factor the region is more mobile in the
crystal structure. This result however, may also indicate static disorder. This temperature
factor is refined as a part of the structure solution process. The flexible loop which could
not be built (residues 210 - 215) faces the opposite direction from the trimer interface and
is clearly mobile. A second observation suggests the C-termini of the individual monomers
may be flexible. This flexibility in the C-terminal region is seen in varying degrees in the
six monomers in Figure 6.8. These two regions of flexibility may have played a role in the
difficulty of soaking in substrates at the active site as the C-terminus is relatively close (35

A) to the glyoxylate bound in the malate synthase structure.

6.2.2 Contribution from closed state structures

The structure of the active hexamer bound with magnesium, oxalate and propionyl-CoA
was solved by Zarzycki et. al (Zarzycki and Kerfeld, 2013). Their published manuscript
also mentioned dissolving crystals, particularly upon soaking with propionyl-CoA (20 mM
stock concentration, 5 mM effective concentration in drop). The structure in which the
ligands were able to bind was a space group I did not observe, P43. A key difference
between their approach and mine was to use oxalate as opposed to glyoxylate, as they had
found oxalate to be an enzyme inhibitor (Zarzycki and Kerfeld, 2013).

In the “closed” or active site they found the C-terminal domain to be shifted by 16 A
(a-carbon of Gly314) and rotated by 30°. This C-terminus acted as a flexible “lid” for an
adjacent monomer explaining both the requirement for multimerisation for function and
for crystal dissolution upon substrate soaking.

The native structure published simultaneously was almost identical to the structure

generated from dataset CC002. The root-mean-square deviation (RMSD) between the
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Potentially
Mobile

C-Termini

(320-348)

Flexible
Loop

Figure 6.8: Cartoon diagram of malyl-CoA lyase coloured by temperature factor:
Cartoon schematic of malyl-CoA lyase in the native state. The structure is coloured by
temperature with blue representing lower temperature factors and red representing higher
temperature factors, or more mobile regions. The structure crystallised as a dimer of
trimers, and the 6 monomers are shown here. Highlighted in green boxes are the mobile
loop (210-215) of a single monomer and C-termini from two separate monomers.

Zarzycki et al. structure and my structure for the C, of residues was 0.8207 A over the
1024 residues. This similarity is visible in representations (see Fig 6.9). They also could
not resolve the flexible loop from residues 210-215.

The Zarzycki et al. structure shows the active site and compares the Chloroflexus
malyl-CoA lyase to a malyl-CoA lyase from Rhodobacter sphaeroides and a number of
malate synthases. Malate synthases are capable of catalysing the synthesis of acetyl-CoA
and glyoxylate but lose CoA in the reaction forming malate. At the active site of the
malyl-CoA lyase the Mg?" ion is coordinated by Glul57, Aspl84, two waters and the
oxalate. The CoA is “bent” and the adenosine moiety is stabilised in a hydrophobic pocket.
Effectively the organic acid sits at the back of a long cleft next to the magnesium ion

and the end of the CoA upon which the propionyl is bound threads into this cavity. The
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Figure 6.9: Superposition of Zarzycki structure (red) on a monomer of my
structure (blue) : Superposition in pymol shows clearly that the crystallised protein
was in the open non-catalytic form, explaining the lack of efficient substrate binding.

residues of the moving “lid” appear to be involved in binding the pantetheine moeity of
the CoA. Unfortunately this comparison could not resolve structurally why the malyl-CoA
lyases are not able to hydrolyse CoA-thioester bonds as there are few significant differences
at the active site of the H. volcanii malate synthase (HaloMS), the two known E. coli
malate synthases and the malyl-CoA lyases solved in their paper.

The solution of this structure provides grounds for site-directed mutagenesis to further
probe enzyme characteristics. In particular, the investigation of residues which may control
the Ky, of glyoxylate (2 mM) (Herter et al., 2002) may be important for introduction of

the enzyme into Synechocystis.
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(General Discussion

This aim of this project was to replace the Calvin cycle of Synechocystis sp. PCC 6803 with
the 3-hydroxypropionate bi-cycle of C. aurantiacus. The rationale for doing this was to
investigate a number of perceived advantages of this carbon fixation pathway. A secondary
alm was to investigate the constraints and limitations carbon fixation pathways places upon
metabolism. A necessary byproduct of this project was the use and analysis of a number
of synthetic biology tools in the cyanobacterial system. To establish a framework for this
project, a metabolic flux balance analysis and a programme of enzyme characterisation
were developed.

The project was successful in five areas. First, a flux balance analysis model was
made with up-to-date understanding of carbon metabolism. This was used for outlin-
ing metabolic engineering strategies and understanding the perceived advantages of the
3-hydroxypropionate bi-cycle at a cellular level. Second, strains expressing the enzymes
of the middle pathway were confirmed and partially characterised in this study. Third,
several tools important for the success of this project such as the in vitro CoA characteri-
sation assay, MRM/MS-MS and the immunoblotting assay were developed. Fourth, large
plasmids containing the full set of 3-hydroxypropionate bi-cycle genes were created and are
now available for subcloning purposes. Finally, a number of constructs for heterologous
expression of proteins in F. coli were generated and the native structure of the Malyl-CoA
lyase solved.

The scope of the project was ambitious for the time available, and as such the project
remains incomplete in a number of ways. Neither approach for inactivating the Calvin
cycle resulted in fully segregated mutants. Integration of the large “left-hand side” operon
was only partial, and even though the “right-hand side” operon was integrated successfully
into the Synechocystis sp. PCC 6803 genome, transcription of genes was not observed.
Testing of synthetic biology concepts in vivo was limited in this project.

The current work will influence our understanding of the project by encouraging a more

conservative approach in future engineering steps. After surprising initial success with
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expression of the first two heterologous genes, malonyl-CoA reductase and propionyl-CoA
synthase, the work presented here suggests the remaining sections of the bi-cycle will
require a more complex engineering strategy. A step-wise approach integrating smaller, two
ORF operons into established neutral sites, in parallel with the generation of auxotroph
strains to demonstrate in vivo functionality of sub-pathways, will be pursued in future

project work.

7.1 In silico modelling

7.1.1 Aims

The aim of the in silico modelling was to test the 3-hydroxypropionate bi-cycle in a system
which replicated, as closely as possible, the central metabolism of Synechocystis sp. PCC
6803.

The flux validation map for the model suggests that the iAC101 model globally behaves
like the existing iJN678 model but with improvements in specific areas. One example
from central carbon metabolism is the flux of sedoheptulose-1,7-bisphosphatase. The
flux predicted by the iAC101 model through sedoheptulose-1,7-bisphosphatase (Calvin
cycle enzyme) replicates very closely experimental data, whereas iJN678 predicts zero flux
through this reaction. The iJN678 pathway instead uses a transaldolase through which
very little flux is seen experimentally. Because flux through a set of reactions is a network
property, I cannot specifically identify which changes resulted in the correction of flux
through the Calvin cycle in our model, but the fact that the model better replicates the
13C data in the central carbon metabolism is important. Particularly important for me
were the introduction of the phosphoserine pathway and the removal of the glyoxylate
shunt pathway. These pathways are likely to be important for improving model behaviour
for simulations concerning photorespiration and growth on exogenous carbon sources.

The final aim of this work was to use this model to develop strains more intelligently.
This was to be achieved by testing differences in growth and interactions with native
metabolism in the model, before performing any experiments. Whether the predicted
interactions suggested by this modelling work are seen in vivo can only be observed in
strains in which enzymes are appropriately expressed. Nonetheless the potential significance

of the results generated by the model can be discussed briefly.

7.1.2 Results and conclusions

There are six results from the simulations generated using the model.

e In the majority of tested cases, simulations using the 3-hydroxypropionate bi-cycle

slightly outperformed models which used the Calvin cycle, but only if RuBisCO
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oxygenation was simulated at > 0.7%

e Simulation containing the middle enzymes and left-hand side preferentially grew

using the glycerate/glycerolipid pathway

e Flux through right-hand side enzymes of the 3-hydroxypropionate bi-cycle was low
and ATP-sensitive

e Simulations of the mixed model (both 3-hydroxypropionate bi-cycle and Calvin cycle
present) showed some synergy and resulted in better growth than by using either in

isolation

e Autotrophic growth is not possible with any sub-set of the left-hand side and right-

hand side modules

e Flux-balance analysis predicts qualitatively different growth for heterotrophic and

photoheterotrophic growth on different substrates as sole carbon source

The first result is that the 3-hydroxypropionate pathway improves growth in the
majority of cases, but if RuBisCO oxygenation is less than 0.7 % the Calvin cycle is used
preferentially over the C. aurantiacus-style 3-hydroxypropionate bi-cycle. Ultimately, the
difference in predicted growth rate is not large. In simulations containing the more efficient
archaeal propionyl-CoA synthase subreaction, the 3-hydroxypropionate bi-cycle is always
more efficient regardless of RuBisCO oxygenation levels. Given photorespiration may be
as low as 0.5 % under laboratory conditions (Young et al., 2011; Huege et al., 2011) this
may mean the Calvin cycle would be used preferentially over the 3-hydroxypropionate
bi-cycle under standard conditions.

The second result is that in simulations containing the middle enzymes and the left-hand
side module, autotrophic growth is made possible using a hybrid glycerate/glycerolipid
pathway. The glyoxylate produced by the left-hand side module enters this pathway by
the action of tartronate semialdehyde synthase (also known as glyoxylate carboligase)
which catalyses the conversion of two glyoxylate molecules to tartronate semialdehyde,
releasing one COs in the process. The product of this reaction is then reduced to glycerate.
From glycerate approximately 40% of the flux is directly phosphorylated to glycerate-2-
phosphate (the normally expected glycerate pathway) and the remaining 60% is converted
to glyceraldehyde by glyceraldehyde dehydrogenase. The remaining enzymes of this
“glycerolipid” style pathway, which catalyse as far as 2-phosphoglycerate, are displayed in
Table 7.1. Overall, in generating 2-phosphoglycerate from glycerate the net result is the
exchange of one NADH for one NADPH.

If tartronate semialdehyde synthase or glycerate kinase (R199) are inactivated the model

simulates growth at the same rate. If glyceraldehyde dehydrogenase or glyceraldehyde
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reductase are inactivated, predicted growth decreases by ~ 1.5%. As such the main
advantage of this pathway seems to be slight, and it’s preferential selection may depend on
the NADH/NADPH exchange activity. I could only find experimental evidence of the exact
cofactor usage (NADH, NADPH, or promiscuous activity) for cyanobacterial glyceraldehyde-
3-phosphate dehydrogenase (Valverde et al., 1997), which is indeed promiscuous for both
NAD(P)H, in all other cases cofactor usage is assumed from other bacterial systems.
Given the naturally high ratio of NADPH : NADH in Synechocystis sp. PCC 6803, these
annotations may be wrong. In any event, while the pathway would probably not be
selected for given such a small growth increase and the requirement for expression of
so many proteins, one output of this modelling work is the central importance cofactor
balance appears to play in optimal growth of cyanobacteria. As such investigation of
precise cofactor requirements of central carbon metabolism, and internal cofactor balancing

mechanisms, could be key for the future of systems and synthetic biology in cyanobacteria.

Enzyme Abbreviation E.C. Number ATP/NAD(P)H
Usage in iAC101
Glyceraldehyde dehydrogenase GLYALDDr 1.2.1.89 - NADH
Glyceraldehyde reductase ALCD19 1.1.372 - NADH
Glycerol kinase GK 2.7.1.30 - ATP
Glycerol-3-phosphate dehydrogenase G3PD2 1.1.1.8 + NADH
Triose phosphate isomerase TPI 5.3.3.1 None
Glyceraldehyde-3-phoshate dehydrogenase GAPDH 1.2.1.12 + NADPH
Phosphoglycerate kinase PGK 2.7.2.3 + ATP
Phosphoglycerate mutase PGM 5.4.2.11(12) None

Table 7.1: Glycerate/glycerolipid pathway bypass: Hybrid glycerate/glycerolipid
pathway suggested by flux balance analysis. - indicates the enzyme requires the cofactor in
the direction of the bypass, + indicates the enzyme produces the cofactor in the direction
of the bypass. The overall balance of this pathway suggests the exchange of one NADH for
one NADPH. Enzymes are shown in order of the bypass.

The third result is that the right-hand side is not preferentially used as a photorespira-
tory bypass over native pathways at 5 % photorespiration. In principle the right-hand side,
in combination with the middle enzymes, makes an attractive photorespiratory bypass be-
cause additional carbon is fixed in the process of recycling glyoxylate. In practice, the added
growth benefit of additional carbon fixation and reducing power investment (by the middle
enzymes), must fall below the growth benefit provided by native glyoxylate management
pathways. Using the more efficient enzyme from the Thaumarchaeotae (propionyl-CoA
synthase sub-reaction) made a significant difference in flux through the right-hand side
enzymes. This result implies that the use of the right-hand side bypass and middle enymes
as a glyoxylate management system is ATP-sensitive. This more ATP-efficient enzyme
will probably not be used immediately in this project as it will require the expression of

a further ORF for an activity which the current propionyl-CoA synthase should already
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perform.

These results can be said to have been partially replicated in vivo (Shih et al., 2014).
The introduction of the middle enzymes and right-hand side pathway into Synechococcus
elongatus sp. PCC 7942 did not increase growth rate. The comparison here is not perfect
given possible suboptimal expression of enzymes, the use of a different cyanobacteria and
growth under slightly different conditions. Additionally, while it is clear from in vitro data
that the individual enzymes of the bypass were functional, there was no demonstration of
in vivo functionality. Nonetheless, in the first experiments by Shih et al., this modelling
result appears to have been replicated.

The fourth result, that the mixed model containing both Calvin cycle and 3-
hydroxypropionate bi-cycle reactions grew better than either model in isolation, was
unexpected. After examining central carbon pathways it is still unclear specifically what is
responsible for this improvement in growth. The result will almost certainly not translate
in an n vivo environment because flux-balance analysis neglects the protein cost of enzyme
production. In a trivial sense, it is logical that if a model is offered more pathways
for growth at no extra cost it will find alternative improved solutions. However, the
result does prompt a question for further research. When considering the co-evolution or
potential dominance of a given carbon fixation pathway, would certain segments of the
3-hydroxypropionate bi-cycle, when added in combination with the Calvin cycle, improve
photosynthetic carbon fixation? This could be checked exhaustively at a first level using
the flux-balance analysis model and adding all genes in all combinations to establish if any
subpathways provide improved growth.

The fifth result was that no submodules smaller than the middle enzymes and left-hand
side or middle enzymes and right-hand side could support autotrophic growth. Given no
growth was possible with the other simulations, these results cannot be discussed in depth.
They are nonetheless useful because growth phenotypes for in vivo subpathways cannot
be used as diagnostic unless auxotrophic mutants for Synechocystis sp. PCC 6803 are
generated.

The sixth result was that the model predicted growth on a number of substrates as
sole carbon source. The model predicted three broad growth modes: glycolytic (glucose),
gluconeogenic (pyruvate) and using the TCA cycle anaplerotically (citrate, other TCA
intermediates). This result could be tested in vivo in the future but due to time constraints

was not tested during this project.

7.1.3 Limitations and weaknesses

There are limitations in the flux-balance analysis methodology for approximating cellular
growth which have already been discussed. These can be summarised as: neglecting

protein costs, neglecting enzyme kinetics and neglecting regulatory networks. Despite these
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drawbacks, it is one of the few systems currently available to investigate metabolism at a
cellular level.

Both the iAC101 developed here and contemporary cyanobacterial models still do not
replicate two important facets of central carbon metabolism in Synechocystis sp. PCC 6803.
The first is that glucose is consistently metabolised by the glycolytic pathways, despite
13C isotope labelling data clearly indicating the oxidative pentose phosphate pathway is
used in vivo (Yang et al., 2002b; Huege et al., 2011). The second is that malic enzyme is
never active under standard conditions despite *C data indicating high activity (Yang
et al., 2002b). Malic enzyme flux would not normally be visible in a flux-balance analysis
solution as the catalysis requires ATP when the same activity is possible without ATP
expenditure. Nonetheless if the aim of these models is to accurately replicate central
carbon metabolism there are two options, force flux through the pathway or incorporate
regulatory feedback into the model such that a required level of malic enzyme flux is always
retained. Normally forcing flux is avoided, but in a recent model Knoop et al. flux towards
glycogen storage was forced at a constant rate (Knoop et al., 2013) so perhaps this will
become more standard in flux-balance analysis as the field progresses.

A technical limitation on flux-balance analysis currently is most analysis and data
interrogation is carried out manually, although several programs are now being developed
to address this need (Holzhutter, 2010; Maarleveld et al., 2014). As a result in the current
investigation, while flux values were generated for all metabolic reactions, the researcher
introduces an inherent bias by investigating specific reactions.

The results generated by this model were specifically not replicated for the in vivo
phosphoribulokinase and RuBisCO knockout strains. This is most likely because of the
central importance of these enzymes in regulatory mechanisms or from the insufficent
sampling of growth conditions. Possible reasons are discussed in the section below (Calvin
Cycle knockouts) but in any event it appears this model gives false positives with reference
to which organic molecules can be used as sole carbon source.

This work also resulted in the elucidation of a more general limitation in the conception
of the project. An aim of this project in the completed state was to be able to control
carbon fixation orthogonally to the light reactions, taking “carbon fixation outside of native
control”. The flux-balance analysis model expanded upon the close interaction of the
TCA cycle and the 3-hydroxypropionate cycle as well as highlighting several areas where
native pathways may remove flux from the bi-cycle. While succinate dehydrogenase and
fumarase enzymes are in use simultaneously for TCA and 3-HP roles, both the enzymes
and their resultant metabolites will feed back into photosynthetic regulation. Similarly the
production of glyoxylate by the left-hand side may interact with native pathways rather
than the right-hand side of the bi-cycle, depending on the intracellular concentrations

generated and the comparative Ky, of relevant glyoxylate-using enzymes. In conclusion, the
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argument that native control could be decoupled from the 3-hydroxypropionate bi-cycle

would require several layers of engineering on top of the basic introduction of the bi-cycle.

7.1.4 Significance

There are three significant outcomes of this work for researchers interested in carbon
fixation and photosynthetic metabolism.

The first significant outcome is that the RuBisCO oxygenation reaction rate under
which the Calvin cycle is predicted to outcompete the 3-HP bi-cycle (0.7 % of total activity)
is strikingly similar to the in vivo experimental value of 0.5 % observed for cyanobacteria
under standard conditions (Young et al., 2011; Huege et al., 2011). Photorespiration is
expected to be much higher in plants (Sharkey, 1988; Zhu et al., 2010). The maintenance
of such a low level of RuBisCO oxygenation rate in cyanobacteria also comes at an ATP
cost, via the synthesis and use of the carbon concentrating mechanism.

Whilst striking, there is a need to be careful with this comparison. The 0.5 % RuBisCO
oxygenation value is observed under a specific set of growth conditions. The same data, as
interpreted by groups with expertise in the technique, is later reviewed as a photorespiration
rate of &~ 1% (Orf et al., 2016). Furthermore, it is known that this reaction is temperature
sensitive (Brooks and Farquhar, 1985) and is likely to vary in natural contexts. This is
observed in cyanobacterial mats, where elevated temperatures induce glycolate excretion
as a result of high levels of photorespiration (Bateson and Ward, 1988). The stoichiometric
value also necessarily neglects the cost of producing carbon concentrating mechanisms.
Nonetheless, the similarity between the experimental and modelled RuBisCO oxygenation
threshold for competitive advantage may provide another line of evidence for the dominance
of the Calvin cycle in nature.

The modelling in this thesis was also the first comparative analysis of carbon fixation
cycles to be performed in a uniform photosynthetic model. Carbon fixation cycles were
compared in one other flux-balance analysis study (Boyle and Morgan, 2011). However, in
this study particularities in terms of reducing equivalents were included for some carbon
fixation pathways but not others, resulting in a comparison which perhaps reflected in vivo
reality for specific organisms, but which cannot allow judgments on standardised efficiences.
The work presented here provides an alternative, more engineering-focused, way of viewing
the same question.

The final outcome is that there will be a new publically available model for use upon
publication of the model and the standardised carbon-fixation pathway results described

above.
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7.1.5 Possible further work

There are many improvements that could be made to this flux-balance analysis model.
The most important changes to make, in order to more accurately replicate what may
happen in a Synechocystis sp. PCC 6803 cell, would be to replicate the malic enzyme/PEP
carboxylase cycling and to force flux through the oxidative pentose phosphate pathway.
Given there is experimental data which clearly indicates this flux, and the purpose of the
model is to replicate the experimental results, simulations should at least be investigated
with these reactions to see the response of the remainder of the model.

In terms of additional simulations using the 3-hydroxypropionate bi-cycle, it may be
interesting to run simulations to test one of the assertions for the proposed superiority
of the 3-hydroxypropionate bi-cycle. This assertion is that for certain biotechnological
applications, the direct production of pyruvate is beneficial. Models containing either the
Calvin cycle or 3-hydroxypropionate bi-cycle could be constrained to produce a certain
amount of, for example, lactate and their efficiencies compared.

Finally, it is suggested that the future of modelling contains mixed “integrative” models,
which use not only stoichiometric constraints but couple this data with kinetic, regulatory
and other forms of modelling (Steuer et al., 2012). Whilst stoichiometric models have proven
very useful by simply converting biological reactions to mathematical language, without
further data integration from these other sources, the resulting simulations will always
suffer a high degree of skepticism. For this reason, I would pursue a more integrative model
rather than trusting stoichiometric models as fine-grained tools for improving metabolic

engineering.

7.2 Calvin cycle knockouts

7.2.1 Aims

The aim of this work was to inactivate the Calvin cycle in Synechocystis sp. PCC 6803.
The purpose of this task was to generate a carbon fixation negative background in which
to test the function of the 3-hydroxypropionate bi-cycle. A secondary outcome of this
goal, if successful, would have been insight into the metabolism of Synechocystis in the
absence of the major ATP/NADPH sink in the cell, indicating which pathways for central
metabolism and alternative electron flow were most important or could carry high flux.
Two discrete approaches were taken: knocking out phosphoribulokinase (PRK) and
trying to replace the RuBisCO operon with a ribulose-1,5-bisphosphate removal pathway.
Both approaches were tested on a range of substrates and in a range of conditions.
Specifically, the APRK strain was tried on more substrates, and the RuBisCO replacement
operon was tested on fewer substrates but with a third light condition (light/dark cycle).
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Both approaches were unsuccessful, although in the second approach the majority of

wild-type DNA at the locus was replaced.

7.2.2 Results and conclusions

The main result from the APRK experiments is that several copies of the PRK gene
were replaced with the knockout cassette in all tested mutants. Unexpectedly, there was
no consistent distinguishing features for any of the growth regimes in terms of higher
or lower copy number of mutant DNA at the locus when compared to wild-type DNA.
This may indicate three possible situations: first, there is an absolute lower limit on PRK
gene expression, second, different growth regimes all resulted in the same central carbon
metabolism, or third, the technique is not sensitive enough to distinguish between different
experiments.

There were however, several qualitative differences in growth phenotype for the mutants
on different carbon sources: Synechocystis photoheterotrophic growth was slower than
mixotrophic growth, and growth on pyruvate as sole carbon source was worse than on
glucose as sole carbon source. Citrate at the concentrations added (5 mM) was toxic to the
cells and as such no transformants on this media were possible. Citrate could only be used
after pre-incubation on another exogenous carbon source, and in conjunction with other
carbon sources. In this context, citrate still appeared to have a negative affect on growth.
The slower photoheterotrophic growth compared to mixotrophic or wild-type is supported
by the literature (Nakajima et al., 2014) and by our FBA model (predicted ~ 65 % rate of
WT). There is no evidence for Synechocystis using citrate as an exogenous carbon source.

Growth on pyruvate as a sole carbon source is not supported by the literature (Bricker
et al., 2004) but is partly supported by my experiments and the FBA model, though
with lower growth than on glucose (predicted ~ 56 % rate of WT). In my experiments,
transformants could be selected on pyruvate (after 4 - 6 h incubation for transformation
on glucose), and maintained for four weeks. Bricker et al. identified mixotrophic growth in
liquid culture but reported very poor photoheterotrophic growth with pyruvate (Bricker
et al., 2004). The authors suggest that pyruvate cannot enter the oxidative pentose
phosphate pathway, and hence cannot produce the NADPH required for growth.

The FBA model suggests a pathway for generating sufficient NADPH from pyruvate
that is supported by in vivo 13C data. The model requires more carbon dioxide (this
is unbounded in the model) but a pathway is possible using pyruvate decarboxylase
(NAD"-dependent) to generate NADH, malic enzyme (NADP* dependent), and malate
dehydrogenase (NADH-dependent) (see Fig. 7.1). This replicates in part the natural malic
enzyme shunt which is responsible for ~ 25 % of assimilated carbon under mixotrophic
conditions (Yang et al., 2002b). This shunt relies particularly on the malate dehydrogenase

from Synechocystis being NADH-specific, which has been confirmed experimentally in
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crude cell extract (Cooley and Vermaas, 2001).

Pyruvate dehydrogenase

NADH
CoA + NAD“‘\) Acetyl-CoA + CQ
Malic enzyme

(NADP-ME)  NADPH +CO3 _ pyruvate ATP+H0
. Phosphoenolpyruvate
NADP AMP + Pi synthase
Malate Phosphoenolpyruvate
NAD* ’j HCO3™  Phosphoenolpyruvate
Malate dehydrogenase Pi carboxylase

NADH + H* Oxaloacetate

Figure 7.1: Malate pathway which makes pyruvate-dependent NADPH genera-
tion possible: NADH reducing power is generated by pyruvate dehydrogenase and can
be exchanged for NADPH using a metabolic loop featuring malate dehydrogenase and
malic enzyme.

It is possible that Synechocystis was living off carbon stored by glucose addition in the
transformation stage, but four weeks is long enough to suggest some growth on pyruvate
may be possible under more suitable conditions. Growth on pyruvate as a sole carbon
source was not tested in isolation during this thesis but should be tested both in liquid
culture and in agar plates. The investigation of this malic enzyme pathway for co-factor
balance or for growth on pyruvate as a sole carbon source provides an interesting hypothesis
which aligns well with previous literature and if growth is possible, 13C labelling could be
used to determine if this bypass is in fact responsible for NADPH generation.

The RuBisCO knockout bypass containing strain appeared to segregate more fully than
the APRK strain. This was not necessarily due to the presence of functional gene activity
as the ARbc-gen control cassette also segregated nearly fully. This result suggests few
genomic copies of RuBisCO are required for growth under the conditions tested. Again,
no specific growth condition resulted in fewer wild-type copies at the locus compared to
mutant copies.

The RuBisCO knockout bypass relied on the conversion of ribulose-1,5-bisphosphate to
either AMP or 5-phospho-a-D-ribosyl 1-pyrophosphate (PRPP). If the full operon was
functional ribulose-1,5-bisphosphate would be converted to AMP. If only the ribulose-1,5-
bisphosphate isomerase was functional, the ribulose-1,5-bisphosphate would be converted
to ribose-1,5-bisphosphate and endogenous PRPP synthesis pathways might allow the
carbon to enter the purine synthesis pathway. Breakdown to AMP appears a reasonable
strategy given that the size of the nucleotide pool, of which AMP is clearly the largest

component, is roughly equivalent to the size of the sugar phosphate pool (Dempo et al.,
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2014). Breakdown to AMP may be problematic however as the cyclic counterpart, cAMP,
has known roles in signalling pathways (Botsford and Harman, 1992; Hollands et al., 2007).

The conversion of ribulose-1,5-bisphosphate to PRPP can happen in two ways. The first
is by the action of a ribose-1,5-bisphosphate phosphokinase (E.C. 2.7.4.23) which does the
process in a single step. The conventional route for PRPP synthesis involves the use of first a
ribose-1-phosphokinase (KEGG R06837, putative enzyme), which dephosphorylates RuBP
generating ribose-1-phosphate, a phosphopentomutase mutase (E.C. 5.4.2.7), which converts
ribose-1-phosphate to ribose-5-phosphate and then a ribose-phosphate diphosphokinase
(E.C. 2.7.6.1) which generates PRPP from ribose-5-phosphate. Both of these pathways
have been observed in E. coli (Hove-Jensen et al., 2003), but a BLAST search against the
Synechocystis genome suggests the only hit for a ribose-1,5-bisphosphate phosphokinase is
a guanylate kinase (query cover: 96 %, e-value: 4e-10, identity: 31 % ; WP_010871278.1)
which is more similar to the E. coli guanylate kinase than this phosphokinase. As such
the primary route for PRPP is probably the conventional ribose-1-phosphate, ribose-5-
phosphate route.

The development of this bypass aimed to provide a method of ribulose-1,5-bisphosphate
breakdown as this appeared to be an issue in the purple bacterial system. All of these
approaches relied on the native Synechocystis alternative electron flow pathways to manage
the excess reductant. In defence of this decision, the buildup of cellular reductant should

have been strongly limited by inactivation of PSII.

7.2.3 Limitations and weaknesses

A critical issue here is that neither expression nor functionality of the proteins in these
RuBisCO bypasses was ever demonstrated. The knockout procedure in Synechocystis
makes it difficult to characterise segregating strains because growth is typically very poor
in liquid culture. This is a part of a larger problem for making observations on incompletely
segregated mutants. The conventional transformation process is normally a matter of weeks
and is not conventionally set up in a quantitative way. Number of individual transformant
colonies generated per ug of DNA (transformation efficiency) is reported as a quantitative
indication of the difficulty of a transformation (Amichay et al., 1993), but actual segregation

of a mutant is only reported as complete or incomplete.

7.2.4 Significance

In both cases the mutations were designed to block the activity of the Calvin cycle. For
the segregation of such a mutant there will be two phases: first, the cell will have to
manage lower but consistent flux through the Calvin cycle, and finally, the cell will have
to establish a steady state in which a catabolic sugar pathway supports growth (most

likely the oxidative pentose phosphate pathway). An alternative to knocking out the
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Calvin cycle, for the purpose of this thesis, may be ensuring 100 % of the carbon fixed
by RuBisCO is exported outside of the cell (and is not available for uptake by other
cells in the media). This would allow for the functional inactivation of the Calvin cycle
without removing the ATP/NADPH sink. This proposal is tentative but the investigation
of alkaline phosphatases capable of dephosphorylating dihydroxyacetonephosphate (DHAP)
may be a first step towards export of Calvin cycle fixed carbon from the cell (Babich et al.,
2013).

Can the Calvin cycle be knocked out in cyanobacteria? The evidence presented here
suggests not. In addition, there is evidence that the Calvin cycle dependent carbon fixation
is active in all growth modes with the exception of heterotrophy (Yang et al., 2002b), and it
remains the largest ATP/NADPH sink available for the cell. However, there are significant
limitations on the investigation presented here. The main limitations were the sampling
strategy and the lack of quantitative data produced to form new hypotheses. Although
transformation has only been done on agar plates in our lab, it may be possible to do in
liquid culture, at which point the use of many more conditions and high-throughput growth
data would be accessible (assuming growth in 96-well plates). Alternatively, growth in
chemostats for directed evolution has proved very successful in other organisms (Marliere
et al., 2011) but has not yet been applied for such a purpose in cyanobacteria.

In summary, the Calvin cycle was targeted at two different points, PRK and RuBisCO,
in the first instance by replacement with an antibiotic resistance cassette and in the second
instance by replacement with an antibiotic resistance cassette or a putative ribulose-1,5-
bisphosphate removal pathway. Neither approach was successful, though all experiments
resulted in the loss of some copies of the wild-type gene. Transformation on pyruvate as
sole carbon source was observed on agar plates, but given the nature of these experiments

more quantitative growth curves under a range of conditions should confirm this result.

7.2.5 Possible future work

Possible future work on this project may include developing better resources for under-
standing growth on sole carbon source in Synechocystis. The possibility of pyruvate as a
sole carbon source would necessarily mean different central carbon metabolism pathways
would be in use which may facilitate the knockout of the Calvin cycle. I would first test
pyruvate, malate, oxaloacetate, fumarate and succinate as sole carbon sources and test
mixotrophic, photoheterotrophic and heterotrophic growth. 3C steady state isotopically
labelling may also be useful for determining the flux through the malic enzyme bypass.
The other opportunity for possible future work is to try similar experiments, particularly
APRK, when either the middle and left-hand side, or the full set of genes for the 3-
hydroxypropionate bi-cycle are already fully expressed. The presence of a carbon fixing

pathway which can be used as an ATP/NADPH sink may mitigate the need for the Calvin
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cycle and make its inactivation easier. I would do these transformations and segregations

mixotrophically as opposed to photoheterotrophically or heterotrophically.

7.3 Engineering of the 3-hydroxypropionate bi-cycle in
Synechocystis sp. PCC 6803

7.3.1 Aims

The aim of this part of the project was to express all proteins involved in the 3-
hydroxypropionate bi-cycle in Synechocystis and show functional carbon fixation. This
aim was to be achieved by the expression of the left-hand side and right-hand side modules
in large synthetic operons, in addition to the middle enzymes which were expressed from

separate loci.

7.3.2 Results and conclusions

The expression of the middle enzymes, malonyl-CoA reductase and propionyl-CoA synthase,
in isolated strains as well as in a double mutant was confirmed by Western blot. In the case
of propionyl-CoA synthase this was also shown by LC/MS-MS of soluble protein fraction
after tryptic digestion. These two proteins are the largest (201 kDa and 145 kDa) and some
of the most catalytically complicated proteins in the bi-cycle. A phenotype was observed for
malonyl-CoA reductase containing strain which suggested the enzyme was functional and
could act reversibly in the presence of high concentrations of 3-hydroxypropionate. A more
ambiguous phenotype for strains expressing propionyl-CoA synthase was also observed,
with less clear indication of protein function. It can be concluded that both of these
proteins are expressed, at levels that are possibly too high given observed expression in the
insoluble fraction. It cannot be concluded that both are fully functional. Measurements
in vitro using cell extract and HPLC analysis should be able to unambiguously confirm
activity of the enzymes.

Large plasmids which contained functional integration constructs for the “left-hand
side” (pJWM_3HP_dLHS1) and “right-hand side” (pJWM_3HP_dRHS1) sub-modules were
made. These plasmids contained the best annotated genes for all described functions in
the 3-hydroxypropionate bi-cycle. The plasmids were specifically designed to be altered
for subsequent designs by the incorporation of 15 bp neutral “barcode” sites before each
ribosome binding site. Both plasmids could be stably replicated in E. coli although strains
containing pJWM_3HP _dLHS1 require both antibiotics (ampicillin and chloramphenicol)
during cultivation for plasmid retention. These plasmids will be a valuable resource for
later students working on this project but their success can only be judged by in vivo

results in generated strains.
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The heterologous expression of proteins from the dLHS1 and dRHS1 constructs was
unsuccessful in both cases, but for different reasons. In the case of dLHS1 there appears
to have been only partial integration of the designed operon. In the case of dARHS1 the
operon was fully integrated into some strains but was not transcribed at detectable levels.

Because the dLHS1 operon did not appear to integrate, the output of the operon cannot
be judged. The dRHS1 operon did integrate and one conclusion and one inference can be
made from this result. The conclusion is that the introduction of the same plasmid into
different strains of Synechocystis did not have a reproducible result. While introduction
into the wild-type strain resulted in partial integration, introduction into all other strains
was complete at the stated neutral site. The inference that can be made from the dRHS1
result is that, assuming the neutral site does not alter transcription significantly, the
Pire20 is a weaker promoter than P in the strain generated in this thesis when tested by
RT-PCR during exponential phase.

In pursuing the aims of this project, several new tools and techniques were developed:
novel neutral sites were predicted and used, tryptic digest of soluble protein extracts were
used to confirm protein expression and both in vivo and in vitro approaches were developed
to investigate acyl-CoA compounds in Synechocystis.

The novel neutral sites were predicted by scanning for the largest unannotated regions
in the genome. Six regions were identified and three have been used in this project. The
first neutral site (NSC1, numbered 1 in Table 5.7) was used as the integration site for
propionyl-CoA synthase, which is actively expressed and thus it can be concluded that
this is a valid neutral site. The second neutral site (NSC2) was used for dLHS1, and as
such it is unknown whether this neutral site is valid. The third neutral site (NSC3) was
used for dRHS1 and while integration is possible at this site, it is unknown whether the
promoter underperformed or transcription is repressed at this position.

The approach taken in this thesis was recently validated by Ng et al. who used a
similar method to identify novel neutral sites in Synechocystis (Ng et al., 2015). Instead of
using genome annotations, this group used RNA-seq transcriptome-profiling data from
Mitschke et al. (Mitschke et al., 2011) to determine potential neutral sites. From this data
they identified 15 sites over 400 bp in length from which no transcription was identified.
Of the 15 neutral sites selected in their study, two were validated experimentally on the
chromosome. Of the 15 neutral sites they predicted, two were identical with those predicted
in this thesis, although one of the regions was significantly shorter in their study, implying
transcription from a site nearby. This result is described in Table 7.2

The investigation of in vivo acyl-CoA levels was explored as 10 out of 14 metabolites
in the bi-cycle are CoA linked. LC/MS-MS studies were selected as these have proven
successful with plant samples (Ruiz-Lopez et al., 2009). This part of the project was

terminated because of the lack of a stable detectable background of native CoA-linked
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Label Label Locus Locus Experimental
(this thesis) (Ng et al.) (this thesis) (Ng et al.) Validation
NSC4 NSC1 1599538 - 1600659 1599539 - 1600658 Yes
NSC2 NSC13 2552962 - 2663961 2553476 - 2553961 No

Table 7.2: Neutral sites predicted by this thesis compared with Ng et al. (2015):
Corroboration of two out of six neutral sites predicted in this thesis by a paper published

in 2015. Locus position is given by basepair and refers to the GenBank accession no.
BA000022.2 chromosome.

compounds. The assumption made was that a background of longer chain 16:0, 16:1 and
18:0 CoA linked compounds should be possible to identify given the corresponding fatty
acids have the highest abundance in cell membranes (Hitchcock et al., 1971).

New evidence from a recent thesis suggests this assumption was incor-
rect. Acyl-CoAs from Synechocystis were quantified using Liquid Chromatography-
Quadrupole/Quadrupole/Quadrupole-Mass Spectrometry (LC-QQQ-MS) and only a small
amount of acetyl-CoA and malonyl-CoA were detected (Taylor, 2012). No other acyl-CoAs
were observed in vivo. The technique was sensitive however to both acyl-CoAs produced
by E. coli and Synechocystis overexpressing the fadD from E. coli. This thesis gener-
ally concluded, with strong evidence, that the pathway for S-oxidation is not present in
cyanobacteria and hence the acyl-CoAs upon which our background test were predicated,
are not found in the cell.

In light of this new information, it may be possible to return to in vivo quantification
of novel CoA linked compounds by LC/MS-MS, using acetyl-CoA as the background
signal. This technique has an additional advantage over in vitro studies as it may facilitate
identification of metabolic bottlenecks. However, this technique should only be applied in
the final stage after in vitro demonstration of enzyme activity by the HPLC methodology
adapted in this thesis.

7.3.3 Limitations and weaknesses

The major limitation in the design of this part of the project was that data were collected
to demonstrate function of a given sub-pathway before demonstrating the heterologous
expression of a given subpathway. This design resulted in developing complicated analytical
experiments on strains which were inappropriate.

Partial strains were also insufficiently characterised. For example, growth phenotypes
for the stJWM_3HP_CO01 (MCR containing), stJWM_3HP_C02 (PCS containing) and
stJWM_3HP_C01-02 (double mutant) strain and protein expression data were deemed suf-
ficient to pursue the left-hand side and right-hand side modules when in vitro confirmation

of enzyme activity could have been pursued. The demonstration of 3-hydroxypropionate
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production in cyanobacteria was in itself of interest to the scientific community (Wang
et al., 2016) and perhaps could have been more thoroughly explored.

The design of the operons as large, continuous entities was a limitation but not a
weakness for this project. It limited the output of the research because segregation and
confirmation of knock-in are time-consuming processes in cyanobacteria. However, the
overall design was structured for easy subcloning from these initial plasmids, accelerating
the future design-build-test cycle.

An unforeseen weakness in the design was the retention of homologous regions in the
native smtAB gene. This issue may have contributed towards the incomplete integration
of the construct at the neutral site. This issue may be solved by synthesising the gene and

refactoring codon usage to reduce homology.

7.3.4 Significance

Other groups have now also expressed malonyl-CoA reductase and propionyl-CoA car-
boxylase in cyanobacteria (Shih et al., 2014; Wang et al., 2016), and as such this is no
longer a novel result. To the best of my knowledge however, there has been no mention
of the potential reversibility of malonyl-CoA reductase in vivo. The growth experiments
from this thesis should be replicated in liquid culture, but growth improvement in itself
is relatively weak data for this statement. It may be possible to make an acetyl-CoA
carboxylase mutant (E.C. 6.4.1.2) by segregating on malonic acid. This strain would not
be able to produce malonyl-CoA and may be a malonic acid auxotroph. Rescue of this
phenotype by expression of malonyl-CoA reductase and growth on 3-hydroxypropionate
would demonstrate definitively the reversibility of this enzyme in vivo.

The significance of the failure of expression from both left-hand side and right-hand
side modules for the future of this project is two-fold. First, more conservative designs
should be pursued for future engineering. Second, a number of candidate colonies deemed
correct by sequencing should be tested at least at the level of RT-PCR and possibly protein
expression using the soluble protein tryptic digest method described in this thesis.

This uncertainty in cyanobacterial knock-ins is also a field-wide problem for developing
a pipeline for synthetic biology in cyanobacteria. Genetic instability may be more of a
problem in cyanobacteria than other chassis (Jones, 2014). Polyploidy certainly makes
knock-ins and segregation more complicated in cyanobacteria than in other chassis. As
such a robust pipeline for new labs interested in cyanobacterial synthetic biology should
perhaps be discussed and made public, as lessons from other synthetic biology communities

may be less applicable.
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7.3.5 Possible further work

Specific experiments for the short-term have been enumerated at the end of Chapter 5 but
a comment can be made on organisation of future work. First, an experimental pipeline
for cyanobacterial knock-ins can be laid out for future constructs in this project. Second,
the generation of auxotrophic strains could be pursued in parallel to demonstrate in vivo
function of pathway segments.

The experimental pipeline is described in Table 7.3. This pipeline would ensure only

those strains most likely to show functional activity are characterised in later steps.

Number Step Description
1 Construction Sub-clone appropriate plasmid
2 Transformation Transform and select on antibiotic, pick 12

colonies for segregation

3 Segregation Pick 12 colonies from transformation plates and
restreak for segregation

4 Sequencing Sequence inserted region from genomic DNA in 6 strains
5 RT-PCR Analyse transcription efficiency for 6 strains
6 Protein expression Analyse protein expression by tryptic digest and LC-MS

and/or Western blot

7 Activity in wvitro Test activity of enzymes in crude cell extract using
HPLC (Cig column for CoA-linked)

8 Activity in vivo Establish activity in vivo by use of auxotroph rescue
(preferred) or growth on sole carbon source

Table 7.3: Proposed pipeline for cyanobacterial knock-ins: Proposal of steps re-
quired to demonstrate expression of a pathway segment in Synechocystis sp. PCC 6803.

The use of auxotrophy rescue, where auxotrophs are possible to generate, is preferrable
to establishing growth on sole carbon source for in vivo demonstration of a functional
pathway segment. Growth on sole carbon source is perhaps more definitive, but much
harder to achieve. Thus far growth of Synechocystis has only been fully demonstrated on a
single sole carbon source, glucose (Williams, 1988). The use of other chemicals as carbon
sources may be possible, as indicated by FBA, but to rely on this strategy to demonstrate
in vivo function of an unoptimised pathway segment is risky given the relative rigidity of

Synechocystis metabolism compared to naturally heterotrophic organisms such as E. coli.
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7.4 Structural investigation of key proteins in the 3-hydr-

oxypropionate bi-cycle

7.4.1 Aims

The first aim of this part of the project was to generate constructs for heterologous
expression of the majority of proteins in the 3-hydroxypropionate bi-cycle in E. coli. The
second aim was to purify and crystallise as many of the proteins as was possible in order
to better understand the structural basis of the 3-hydroxypropionate bi-cycle.

Both aims were relatively open-ended as one cannot predict which targets will crystallise
and many of the targets in the 3-hydroxypropionate bi-cycle were responsible for interesting
reactions including, but not limited to: propionyl-CoA synthase, malonyl-CoA reductase,
malyl-CoA lyase, and the right-hand side CoA transferase reactions. From structural
information new hypotheses can be generated, and existing information about an enzyme
can be rationalised.

Both aims were thus met partially, with 9 expression constructs made and a crystal

structure generated for the malyl-CoA lyase in the native, non-catalytic state.

7.4.2 Results and conclusions

The crystal structure supports the work of Zarzycki et al. (Zarzycki and Kerfeld, 2013). The
information gained from the inactive state is limited, but the fact that the same flexible
loops and mobile regions are observable in my structure corroborates the “lid-closing”

mechanism suggested by the group after the active state had been solved.

7.4.3 Limitations and weaknesses

The main limitation of the work presented in this section was the failure to crystallise
the active state of the malyl-CoA lyase. T am confident with more time it would have
been possible, but instead of optimising a single crystallisation condition for elucidation of
the active state, a better approach would have been to re-screen conditions for a single
co-crystallisation condition, for example the addition of propionyl-CoA and glyoxylate.
Ultimately for Zarzycki et al. the use of an inhibitor was sufficient to isolate the active
state.

A possible criticism of the approach would be the number of targets selected for investi-
gation. It is still time-consuming to check each target for expression and pilot crystallisation.
Perhaps focussing from an earlier date on a single protein would have accelerated progress.
Despite this, the preliminary work from this thesis started crystallisation trials of both the
malonyl-CoA reductase and the right-hand side proteins which are now being pursued by

other PhD students.
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7.4.4 Significance

The generation of a three-dimensional protein structure is not necessarily hypothesis driven,
it is a process of observation. As such, the knowledge gained from a crystal structure
of a protein can vary. In the case of Photosystem II the exact position of atoms in the
manganese cluster is important for modelling protein function when combined with other
experimental data (Umena et al., 2011). In other cases, such as malyl-CoA lyase, the
information gained is not sufficient to explain the interesting properties of the enzyme.
In this case the difference between the malyl-CoA lyase protein and the malate synthase
enzymes, in which the CoA thioester bond is cleaved during the reaction, is not readily
identifiable from existing structural information. Equally, the mechanisms which govern
preferential selectivity of substrate are not yet clear. Further structures, with all co-
substrates bound may help answer these questions. In contrast, the elucidation of the
structure, and in particular the active site, allows researchers to use directed mutagenesis
to investigate these questions in a hypothesis-driven manner.

Malyl-CoA lyase was an interesting target structurally because of its central importance
in the function of the 3-hydroxypropionate bi-cycle, catalysing the cleavage of L-malyl-CoA,
the condensation of propionyl-CoA and glyoxylate and the cleavage of S-methylmalyl-CoA.
Given the enzyme has the highest K, value of all substrates for glyoxylate (see Table 7.4)
and the AG’ for the condensation reaction is positive (+19.6 kJ, 55°C (Herter et al.,
2002)) the removal of glyoxylate by competing pathways will likely be a problem in using
this enzyme for metabolic engineering in Synechocystis. The enzyme is also promiscuous,
and oxaloacetate can be used in place of glyoxylate, possibly generating unusual CoA
compounds. As such the crystal structure may also provide insight into how to alter Ky, for
various substrates to adapt the enzyme for function in the host Synechocystis as internal
concentration of various metabolites, particularly glyoxylate and acetyl-CoA, are likely to

be different from C. aurantiacus.

Substrate Ky, (mM)

L-malyl-CoA 0.057
Acetyl-CoA 0.500
Propionyl-CoA  1.800
Glyoxylate 2.000

Table 7.4: K,,, values of malyl-CoA lyase: K,, values of malyl-CoA lyase (Herter et al.,
2002)

7.4.5 Possible further work

Further work including the expression, purification and crystallisation of unsolved targets

such as malonyl-CoA reductase and the right-hand side enzymes is underway. Ultimately
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the heterologous expression of each protein in the bi-cycle is desirable in case a specific
protein needs to be studied in further detail for engineering purposes.

No further structural information seems necessary for the malyl-CoA lyase. In terms of
enzyme characterisation, the interaction of this protein in possible multimeric complexes
could be investigated by mixing proteins of the bi-cycle and subsequently separating by
size-exclusion chromatography. There is no evidence to support the formation of multimeric
complexes in the 3-hydroxpropionate bi-cycle but given they are a feature of other carbon
fixation cycles and this pathway is “streamlined” by the functional grouping of enzyme
activities (propionyl-CoA synthase, malonyl-CoA reductase) the concept may be worth
investigating.

Analysing the potential function of this protein when engineered into Synechocystis
will be more difficult. A relatively simple experiment could be performed in which purified
malyl-CoA enzyme is added to cell extract to determine if there are changes in glyoxylate
and acetyl-CoA levels. The same test could be performed on the double mutant, containing
both malonyl-CoA reductase and propionyl-CoA synthase enzymes. In time, a mutant
strain containing the malyl-CoA lyase could be constructed and analysed for viability. In
principle, the knock-in of the malyl-CoA lyase enzyme would not be lethal as no propionyl-
CoA is thought to be produced by wild-type strains. As such, only the reversible reaction
of acetyl-CoA and glyoxylate to L-malyl-CoA would be functional. Projected intracellular
amounts of propionyl-CoA could then be added to the cell extract of such a mutant to

determine directionality and possible promiscuity issues in the designed strain.

7.5 Context of this thesis in the wider field of systems and
synthetic biology

This project is a grand challenge for synthetic biology. The successful replacement of
one autotrophic cycle with another would represent true understanding and redesign of a
photoautotrophic central metabolism. At the time, the conception of the total project was
ahead of the known synthetic biology potential of cyanobacteria, but this landscape is fast
changing and over the course of this thesis advances in genetic tools have been significant.

The project used the most up-to-date tools available at the time including R2Z0DNA
for neutral DNA design (Casini et al., 2013), the optimised ribosome binding site for
Synechocystis (Huang et al., 2010) and Gibson assembly. The cloning strategy employed
here was thought to be quick at the time of the project’s genesis, but at this point, other
strategies allowing more rapid interchange of parts, such as BASIC (Storch et al., 2015),
would be preferable.

This also highlights a limitation for synthetic biology in cyanobacteria, the speed of

the design-build-test cycle. For this reason some groups may have chosen to approach this
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project first in E. coli (Mattozzi et al., 2013). The current limitations appears to be not
only in the design, but also in the test step of the cycle, because a construct may take
weeks to segregate. Monoploid strains of cyanobacteria do exist (Armbrust et al., 1989),
and chromosomal copy number in polyploid strain appears to vary with environmental
conditions (Zerulla et al., 2016). As such the transformation and segregation of some
cyanobacteria may be accelerated. Acceleration in this regard will also help generate
auxotroph phenotypes more quickly, which will be a vital tool to establish metabolic
pathway viability.

In terms of the future of cyanobacterial synthetic biology as an industry, the field has
shifted away from the production of bulk chemicals, such as biofuels, toward the production
of high-value products. This is largely in order to establish the technology using more
economically viable test cases than fuel or bioplastic production. The primary focus of
this thesis was the refactoring and improvement of central metabolism, a goal which is
equally relevant to both bulk and high-value chemical production. Some of the enzymes
studied here, such as malonyl-CoA reductase, are more important for producing platform
chemicals i.e. for the development of the former technology (Valdehuesa et al., 2013),
others such as the C5-CoA compounds, given their relatively unique distribution, may in
the future be used to synthesise more niche products.

The production of the iAC101 model was a continuation of the existing paradigm
for systems biology in terms of genome-scale modelling. The value and limits of these
models are well-understood (Steuer et al., 2012) and the future of modelling the total
metabolic behaviour of a cell remains an open question. Generally, the broad concept of
the “integrative model”, in which kinetics, signalling pathways and regulatory information
are integrated into the stoichiometric model, is attractive. Given the many layers of
feedback between light reactions and central metabolism in photosynthetic autotrophs the
generation of these models will be both particularly important and particularly difficult.

Other systematic approaches taken in this thesis were validated by later researchers,
specifically the identification of neutral sites using bioinformatic analysis. Ng et al.
improved on my experimental design by incorporating RNA-seq data (Ng et al., 2015), and
Pinto et al. chose to characterise intra-ORF sites (Pinto et al., 2015), but the application
of other groups to more systematic “part” discovery was encouraging.

The pathways modelled and engineered in this thesis are also applicable to systems
and synthetic biology outside of cyanobacteria. Issues like photorespiration are critical for
improving plant performance, and despite some of the differences discussed in this thesis,

simulating plant engineering in cyanobacteria is a well-supported approach (Orf et al.,
2016).
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7.6 Conclusion

This thesis set up the framework for the grand challenge of replacing the carbon fixation
pathway of Synechocystis sp. PCC 6803 with the 3-hydroxypropionate bi-cycle. The
first DNA constructs for expression of all enzymes in the bi-cycle have been made and
introduced into Synechocystis sp. PCC 6803 and two separate approaches for knocking
out the Calvin cycle were tested. A genome-scale model was made to test how integration
of the 3-hydroxypropionate bi-cycle into the cyanobacterial cell might affect growth and
central metabolism, and the structure of the native state of the tri-functional malyl-
CoA lyase in the 3-hydroxypropionate bi-cycle was solved. The efforts made in these
preliminary studies should prove useful for the successful engineering of the remainder of

the 3-hydroxypropionate bi-cycle into Synechocystis sp. PCC 6803.
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Appendix

This appendix contains all important DNA sequences used in this work.

8.1 Neutral Sites and Flanking Sites for Integration

8.1.1 APRK flanking regions

>dbj |AP012276.1|2064723 to 2065318, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
CGATTACCTCATAAACGAATAAACGATTACCGGCATCGCTCTGGCGGGATGAAGTCGCTACGTAACCGGGACTGTACATGGGTTAATTGC
TCCCTACTCAATCAAATAATACTGACAGAAATTTATCGCAGTATTATCAAGCCTACCATCGTCAGGCGATCGCCGTGGCCGGGAGGAGCA
GTGGGGTCAGAAGCGGATATTTAGTCCTACCACCCTAACAAAGTTAACCTTGATAAAATGTAACCCATGTATCACTTTACCGGACGATTA
ACCCTGGAATGAACCTCCACTAGTCTAAGTTAAGTCTAGTCATAGGGCGCGCCCCCCCTTGAATCGGTCAATCTTGTAGAAGGGAATACA
ATTCTGATAGAATTCATACTCAGTATTCAGAGGGTCAGGCTATATCTCTGGCTAGAACCGAAGAGCGTTATCTGGGGTTGACCAGGATGA
CTAGATCTCAGGATTAGTTTTCCTTCGGCCCTTGACAGGGGGTTAACAAGCCCATAGGCTCTGGTTTGTCTCTCCAACACGCCATCTGGG

GTGAGGAGAAATTTTCTAGGAAACCGGGTTAACAATCAGTTTTGCATTTTTGAGGG

>dbj |AP012276.1|2063118 to 2063718, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (downstream)
CTGCGGTACCAATAATTACCTGACCTGCTGGTCTGCATAACCTAATTTACTATTTCGTGGTGGCCATGGCTGTGGTTCCGCCACGATTTT
TGTTGGGGTTTGATTTAAGGGAGAAATCTTCTAATATCTAAGGCGGAGTCGTTGTTTGATATCTTCACAACATCCGGGTTGAGCTTATTT
CTGGGGAGGATAATGATGCCATTTTTACTGGTGGTGGTGGTGGTTTTATTTGCCGGAGTGCAACTTTTCCAATGGCTATGGGGGGTAATT
TTGCCCCTGCCTATTTACGTTATGGCCGGTGCTTTTTTGGCGATCGCCAGCAATTATGACAAGGGCATGGCGGCTTTGATTAACCGGGGT
CAGGAGTTATTACCCCATCACCAAACCCCAGGGGCAACCATGACGGCGGAGTTGGAATCCCCTAGGGTTAGCATTGATGGAGTTATTAAT
CCGTCAGAGTTGACGGAACAGAAGTCCCTAAACGATGACTAAATCCCCCCTTAAACTGGTAAAACTGAGGCGTTCGTCGGTTTCATCCAC

CACAATGGTCTCACCAGGTTTGTAATCCCCCCGTAAAATTCCCTTGGCGATCGCCGTTTCT
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8.1.2 ARbc flanking regions

>dbj |AP012276.1|2475530 to 2476130, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
GCTTTGCAGGATAATCAGCGGGCCACTCTAGTGGGGGAAAAAACCTTTGGTAAGGGTTTGATTCAATCCTTGTTTGAACTATCCGATGGG
GCCGGCATTGCCGTCACGGTGGCCAAATACGAAACCCCCCAACATCACGACATCCATAAACTGGGCATTATGCCCGATGAAGTGGTGGAG
CAACCCCTGATTAGCTTTGCGGAAATTACTTCCCCCGCCGATGTGCAATACCAAGCCGCCTTAGATTTGCTCACCGGAGGAGTGGCAATC
GCCCATAAATCTTCTTCAATTCCCGCCATGGCAACGGCTCACAAGCCCAACTAATCACCATTTGGACAAAACATCAGGAATTCTAATTAG
AAAGTCCAAAAATTGTAATTTAAAAAACAGTCAATGGAGAGCATTGCCATAAGTAAAGGCATCCCCTGCGTGATAAGATTACCTTCAGAA
AACAGATAGTTGCTGGGTTATCGCAGATTTTTCTCGCAACCAAATAACTGTAAATAATAACTGTCTCTGGGGCGACGGTAGGCTTTATAT

TGCCAAATTTCGCCCGTGGGAGAAAGCTAGGCTATTCAATGTTTATGGAGGACTGACCTAG

>dbj |AP012276.1|2478536 to 2479136, Synechocystis sp. PCC 6803 substr. GT-I DNA,

complete genome (downstream)

GTTACAGTTTTGGCAATTACTAAAAAACTGACTTCAATTCAATGTTAGCCCGCTCCCGCGGGTTTTTTGTTGCTTTTTCACAGTGACTAT
AGGTAATCAGCAACACAATACGGCCCTGTTCTTTGGACAGTTTTTGTATAATGTTGACCGCATCCTGACCGGATTTTTTATCTAAGTGGG
GAATTGTCAATTGTCAATTAAAGCTAAGTTCTACTAATGTTTTAGAAGGCATTGTCGATTGAAAATAAGGGTTGAATGGAGAAAATTTTG
AGCCTTTGTCAAAGATAAAAATTTATTTCAACAGTTTTTTAACTAGCCGAACCAGAGAATGACCCAGTGGCGCTGACTTTGCTCCCGAGT

TTTTGTTAGAAATTACCCTCAAGAAGTAATCTAATAATAAACCTAACCGAATAATTTCCCAGGGGAGTATTCCGGAAAACCATGGTTAAA

CTTACTTGCCATCCCCCATGGTAAAATTGCAACGATTTTGATCAAAGTCCTAATTTTTTTGTAAAGCTTTTAGTAATCCTTCTGATTTTC

CCATGAAGCTCATCGATTCCCGTGGCAGAATTTTCGGCATAGTCAGCCTGTTGGATCTGGG

8.1.3 NS C1 flanking regions - INT-Caur_0613-cpc

>dbj |AP012276.1|1879319 to 1879920, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
TTGCACCTGGACGATGACCTGGCTTGTGGTTTGTTTTCCCCCCAGAATAATGGGCAATCCCACCATTCCTTCATTGCCAATTAAACCAAT
TTCTGTGGTGGAGCCATCTTCCATAATTGAGACAACGGAAATCATAGCTGTATTGGGAAAATAGGCAAATTCCATCACCTCATTGGGCTC
GTATAGTACTGTGCCGGTCTTGTAGACAACTTTTTTGAGATGGGGCGCTAAACGTTTATAAGCTTCGACGGGGAGGAGTCCTAATAACTG
ATTTAATTTTATGGGAGGATTATTGGTCATTGGCAATGCAATTAATTAAAAATGGCATCTCAATTCACTAACAATCATAAGGGTTGTATG
CTAACGCCACTTAGATTCATTTGAATTAAAATGTTTATGACTCCTTGTCTCCCAAAGCTTGGAAAAATTTACTCTGCACGATAAGCTGAT
CTCTGTATAGAGTAAGGATTGTGCGCAAACGGGACGCCGGTCAGGCCCAAACCAAGAGTTTATCTTCGGAACTACATTCTTATCTGTACG

AAACAGGACTTTAGGAGAATTTATTAATAGAAAATTTTCCGGCCATAGTCAATATCAAGGCG

>dbj|AP012276.1|1880514 to 1881135, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (downstream)
TCGTACCTGCGCCAATGATCATAGTGTTAATGCATCACAAAAATGATTGAGGAATTAACGTAGTTTTGCCCTGGTCAAGACGGAGAGCGG
TATAGGTTTGTCATCCTTTCTTCGCGCCTTTGCGTCCATCCGTCGGATTTTGTTCGGTTTTACGCCTAAGGGGGAAAGGAAAATGGGCTT

ACCATCAGGGAGAGAGGCCACACAAGACTGCTGAGTCTGTTAAATTGCAGTGGCAAAAAGTTTGCTATTTCCTATTCCCTTTCAGAACAT

254



Chapter 8. Appendix

CGTCCCCCGTTGTTACCGCTGTTAACTTTCCCATCCTAAAAATCTGGTTCCCGTGAATGAAGTTTGCCTAAAGTTGAGTGATTTGTTTGT
GTCTTCCGGTTGGGGAGGATATGACCGAGGGCGGGCTCCCCAGTGGGCCCATCCCAGAGCACAGCAACAATGGTTTGGGGCGATCGCCGC
TTTGGAACCATTTTTAAGACAAACTTTGCCCAATGTTGGGGGAGAATTACCGGGAATTTGTTTGACGGGCCCTGCCCCAGTGCTGAAAGA

TGCGGTGCTGGTGCGAAATTTTTACCAAGGCATTGCCACCCCCTGGGAAGAGTTTTCCCCCTGGCCCTGTTTAGCTGGCGAG

8.1.4 NS C2 flanking Regions - pJWM_3HP _dLHS1

>dbj|AP012276.1|2551184 to 2551783, Symechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
GCTAATCCTGGTAAGCTTTTTCCTACCCCCCGCAGTTGTGGAGAAGTGGCCAATGCCCAACGGCTTAACCTAGGCCAGGACAAGAAAATG
GAGGAAATTTATTGACCCTAAAACAAAAAACTGACAATAATCTCCCATGGCTCCAAAAAGTCTGAGAAAGTCAACAAATGGTTAAAAATG
GCTAAATGGGAAGGTTAATTAACTTTTAGAGCAAATAGGATTTGGATAAATTCAGATAATCGTTCCACATTGTTAAACCAGCGTTAAAAA
AGCATCGATGCAACAAGAACCAGCAAATCAAAATCTCAGGGCCATAGGATGGATCGGCGCTTTCATGTTGGCAGTTTGTGGCATCCCCCA
GGCCTACGAATGTTGGCTGAATGGCAATGCTAACGGTTTGTCTCCCTTGTTTTTAGGATCGTGGTTTATCGGGGAAGTCCTTACGCTGGT
GTTTGTTCTTTATGAGCAGGCAAGAACTGATGCTAATATGTGGCCCCTTTTATTTAACTACGCCATTAATATCTTGACTATTTTTGTGAT

GATTTATTACAAAGTATTTCCTGTTATTTAAAACCAGAAAGTTTTTGTTAACCAATTAAC

>dbj|AP012276.1|2550574 to 2551171, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
CGATCGCCTACGATCAAAAAACTGCAGTTGTAGAGATGTTACCAATGCCTAGCGAAATGATTTGCTCAATAAGCAAACAATCATTCAGGA
AAAACTCACTAGCAAGGTTAAATAATTACAGCAAATTTTGTGGGTAAAATAAAAACAGTTGACATTCCTCAATTGTTAACTCATATCTAG
AACGCTTGCGAAAATTTTCCTGCAAATAACCTCTCCCCCGTTCTTCAGTCCATCCCAAGCGCCTCATTTCCTTTAATATTAATTCCAATT
CTGGACATAACTCAATCACACCGGCAATTAATCGGTAGCACTGGCGACTACCACCAAGAAAAAGCCCCGTCAACTCCGGAGTAAGAAAGG
GAAGACAGAATGATCCCATAGCGCAGTGTCAAAAAAAGCAAATAAGCTGACCCTCTCCCATCTATCCACAGAGTCGATTACTTGTTATTC
TCACTGTAGAGGCCACGCAATCAACTCCGTGCCAACCTACAATGACCCAAAGCTATGGAGATACCACGATTGAAACAAGCTTGACTGGAG

CAGGGATATCCCCCGGCAAAGTCAGGTCGAAGGATATTGGCGAATTAATTGCAGCGAC

8.1.5 NS C3 flanking Regions - pJWM_3HP_dRHS1

>dbj |AP012276.1|3041491 to 3042086, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (upstream)
CCGATTGCTCCAAAATTAGGGAGTCAGCCCAAATTGGTTCCAGGGATAATTCCGTCGGACTAAGCTTAGTCAATTTGATTGGTCGTCCCA
GCAACCAGGCGGCATAGTCTTCGGAAAAGGATTCGGCGAGGAATTTGCACAGATTGTCAAACATACCCAAATTCTAAGGGCGATCGCCAT
AACCATGTTTTGAGAGTCTCACAACTTTAGGGGTATGGTAAAAGGGACTATTGAGACATAAAAAGAGACGGGGTTGGGGAGTAGTCTCGG
AAAGTGTACTTTCTAAGACCAACGGGCATAGTCATAGTGAGCAAGAATTTTTTGGTCTTTAGTCAGCAGTAAACTGTCAGTCAACGCAGA
CTGGGCTGTAATCAGACGGTCAAAAGGATCCCTTGTCCAGTCCAGTGTTAATGCTTGGTAAACAACTTGGTCGAAGTTCTTGGTACAGCT
ACATAAGCCAATATTATTCTCCAGAGTGGTGAGAATAGCTTCTGGCGATGCAGTAATTCTTTCAATCTCAAGAAGATATTTGAGCTCTAG

TCGTACTATGGGAGAGAAGGTTAGGTCGTTACTGTTAATCAGTGATTTGGCCAGGG
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>dbj |AP012276.1|3042131 to 3042731, Synechocystis sp. PCC 6803 substr. GT-I DNA,
complete genome (downstream)
TGGGTGTCAAGGTAAATCGAGCTCAATCTCTCCCTCCCAATCAATGGTGACCAACTCTTCCGGGTCGCCAATGATAACCCCTGGACGATG
TACTAAGTTCTTGAACTTATCCGGCTCCTCCACTGGCAGTATTCGTAGGCGTTTACCCCCCCGATTAATTTCCAGCGGTATGCCGGTTGC
CAGCACCTCATCTAGCAGGTTGTAAAGATTACCCCTCAGCTCCGTTGGCGTAATTTGTTTCATCCTATTCTGTTCAATGTACGTTCAAAA
TTAGTCTAACGTACATCAAAGCAAGATACTTTCCCTCAAAAGTCTATTTTCGCCCAGCCGCAGTCATCAGATGTTGCCATATTTTGGTGA
AATCTACTATAATTGAGTCAGTCCTCGGGGAGAGGATGTTTACCATCCAGGGAGTCTGGTATGCAAACTAAATATCAATACGGGATCTAC
ATTGGTCGGTTCCAGCCTTTTCATCTCGGTCATTTACGCACCCTTAATCTTGCGCTAGAAAAGGCTGAGCAAGTCATTATCATTTTAGGT

AGTCATCGGGTGGCCGCGGATACCCGCAACCCCTGGCGATCGCCAGAACGGATGGCGATGA

8.2 Promoters

8.2.1 P

>Pcpc (320bp)

AAAAAGCAGGAATAAAATTAACAAGATGTAACAGACATAAGTCCCATCACCGTTGTATAAAGTTAACTGTGGGATTGCAAAAGCATTCAA
GCCTAGGCGCTGAGCTGTTTGAGCATCCCGGTGGCCCTTGTCGCTGCCTCCGTGTTTCTCCCTGGATTTATTTAGGTAATATCTCTCATA
AATCCCCGGGTAGTTAACGAAAGTTAATGGAGATCAGTAACAATAACTCTAGGGTCATTACTTTGGACTCCCTCAGTTTATCCGGGGGAA

TTGTGTTTAAGAAAATCCCAACTCATAAAGTCAAGTAGGAGATTAATTCA

8.2.2 Popaz

>PpsbA2 (496 bp) (Synechocystis sp. PCC 6803)

AGCGTTCCAGTGGATATTTGCTGGGGGTTAATGAAACATTGTGGCGGAACCCAGGGACAATGTGACCAAAAAATTCAGGGATATCAATAA
GTATTAGGTATATGGATCATAATTGTATGCCCGACTATTGCTTAAACTGACTGACCACTGACCTTAAGAGTAATGGCGTGCAAGGCCCAG
TGATCAATTTCATTATTTTTCATTATTTCATCTCCATTGTCCCTGAAAATCAGTTGTGTCGCCCCTCTACACAGCCCAGAACTATGGTAA
AGGCGCACGAAAAACCGCCAGGTAAACTCTTCTCAACCCCCAAAACGCCCTCTGTTTACCCATGGAAAAAACGACAATTACAAGAAAGTA
AAACTTATGTCATCTATAAGCTTCGTGTATATTAACTTCCTGTTACAAAGCTTTACAAAACTCTCATTAATCCTTTAGACTAAGTTTAGT

CAGTTCCAATCTGAACATCGACAAATACATAAGGAATTATAACCAT

8.2.3 Pire20

>Ptrc20 (119 bp)
CGAATTGTGAGCGCTCACAATTCGAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTATAATGTGTG
GAATTGTGAGCGGATAACAATTTCACACA

8.3 Origin of replication - ColE1l

>ColE1l (683 bp)

GGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGAC
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AGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGC
CTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTG
TGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCC
ACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTA
CACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC
CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTAC

GGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGA

8.4 pJWM 3HP backbone (ColE1l + AmpR + spacer)

>Backbone (2158 bp)

TCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTA
TCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG
TTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATAC
CAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGA
AGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCC
GTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTA
TTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAG
TGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTT
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG
CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCC
GCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTG
TGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTG
CATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG
CGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTC
ATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAA
CAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGG
CGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGT

CTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCAT

257



Chapter 8. Appendix

8.5 GroEL hairpin

>GroEL hairpin (Synechocystis sp. PCC 6803)

GGTTTAGTGACCGACTAACACTTTTCTCATAAAATCCCAGGGAGGTTTCGGCCTCCCTTTTTTTCACTTGCTAAGCTCTCTTTCGTTT

8.6 “Barcodes” and Ribosome Binding Site (RBS)

8.6.1 ARbc-TkFull

> Barcode and RBS 1

GTTACTCTCAGAACGTAGTGGAGGTCCTAG

8.6.2 AHb-TkFull

> Barcode and RBS 1

CGGTTCAACTGATACTAGTGGAGGTCCTAG

8.6.3 pJWM_3HP_dLHS1

> Barcode and RBS 1
CTCTGAATAGGCTCATAGTGGAGGTCCTAG
> Barcode and RBS 2
GAAACGCTGTGCTTATAGTGGAGGTCCTAG
> Barcode and RBS 3
CAGTTTCTCCAGGAATAGTGGAGGTCCTAG
> Barcode and RBS 4
TCTCTGAGTAGACAGTAGTGGAGGTCCTAG
> Barcode and RBS 5
CGTAACAGGCTATCTTAGTGGAGGTCCTAG
> Barcode and RBS 6

GCTTACGCAATAGGTTAGTGGAGGTCCTAG

8.6.4 pJWM_3HP_dRHS1

> Barcode and RBS 1
GAAAGCGATTCCTTCTAGTGGAGGTCCTAG
> Barcode and RBS 2
GGAACTCAGTGTATCTAGTGGAGGTCCTAG
> Barcode and RBS 3

CGACACTATTGGTGATAGTGGAGGTCCTAG
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8.7 Antibiotic resistance cassettes

8.7.1 Ampicillin resistance cassette

>AmpR (858 bp)

CCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC
GATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCA
GCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAG
TAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAG
CTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAG
AAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGT
GACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGC
GCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAG
TTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAA

TGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCAT

8.7.2 Erythromycin resistance cassette

>ErmR (1171 bp)

ATTCTACGCCACAGGAACCACTACCAAACCAGCATAGTAAGAGAACGATAGAGACGTTGCAATGCGACGTCTCTATCATATTTCCGGCCC
CCCCTAGACAAACCCCCACGTCTTCGTGTAGACTCCCGGGATGCAGTTTATGCATCCCTTAACTTACTTATTAAATAATTTATAGCTATT
GAAAAGAGATAAGAATTGTTCAAAGCTAATATTGTTTAAATCGTCAATTCCTGCATGTTTTAAGGAATTGTTAAATTGATTTTTTGTAAA
TATTTTCTTGTATTCTTTGTTAACCCATTTCATAACGAAATAATTATACTTCTGTTTATCTTTGTGTGATATTCTTGATTTTTTTCTATT
TAATCTGATAAGTGAGCTATTCACTTTAGGTTTAGGATGAAAATATTCTCTTGGAACCATACTTAATATAGAAATATCAACTTCTGCCAT
TAAAAATAATGCCAATGAGCGTTTTGTATTTAATAATCTTTTAGCAAACCCGTATTCCACGATTAAATAAATCTCATCAGCTATACTATC
AAAAACAATTTTGCGTATTATATCTGTACTTATGTTATAACGTATATTACCAAATATTTTATAGGATTGGTTTTTAGGAAATTTAAACTG
CAATATATCCTTGTTTAAAACTTGGAAATTATCGTGATCAACAAGTTTATTTTCTGTAGTTTTGCATAATTTATGGTCTATTTCAATGGC

AGTTACGAAATTACACCTCTGTACTAATTCAAGGGTAAAATGCCCTTTTCCTGAGCCGATTTCAAAGATATTATCATGTTCATTTAATCT

TATATTTGTCATTATTTTATCTATATTATGTTTTGAAGTAATAAAGTTTTGACTGTGTTTTATATTTTTCTCGTTCATTATAACCCTCTT
TAATTTTGAAGTATAAAGTTTGACTGTGTTTTATATTTTTCTCGTTCATTATAACCCTCTTTAATTTGGTTATAATGAATTTTGCTTATT
AACGATTCATTATAACCACTTATTTTTTGTTTGGTTGATAATGAACTGTGCTGATTACAAAAATACTAAAAATGCCCATATTTTTTCCTC
CTTATAAAATTAGTATAATTATAGCACGAGCTCTGATAAATATGAACATGATGAGTGATCGTTAAATTTATACTGCAATCGGATGAGATC

C

8.7.3 Kanamycin resistance cassette

>KanR (1196 bp)
AGCCACGGTTGATGAGAGCTTTGTTGTAGGTGGACCAGTTGGTGATTTTGAACTTTTGCTTTGCCACGGAACGGTCTGCGTTGTCGGGAA
GATGCGTGATCTGATCCTTCAACTCAGCAAAAGTTCGATTTATTCAACAAAGCCGCCGTCCCGTCAAGTCAGCGTAATGCTCTGCCAGTG

TTACAACCAATTAACCAATTCTGATTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATA
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TTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCC
GACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATC
CGGTGAGAATGGCAAAAGCTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATCAAC
CAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAA
CCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGAT
CGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCT
GACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATA
GATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTCGA
GCAAGACGTTTCCCGTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATGATATATT
TTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACACAACGTGGCTTTCCCCCCCCCCCCTGCAGGTCGACGGGCCCGGTACCGCGGC

CGCCTTAAGACGCGTGGATCGGATCC

8.7.4 Chloramphenicol resistance cassette

>CmR (1093 bp)

CCATCCCGATCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAACCGGTAAACCAGCAATAGACATAAGCGGCTAT
CTAACGACCCTGCCCTGAACCGACGACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCGTAG
CAACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTAAGC
ATTCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTG
CCCATGGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAGACG
AAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATATGTGTAGAAACTGC
CGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCAT
ATCACCAGCTCACCGTCTTTCATTGCCATACGGAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAAC

TTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAAT

GCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCTCCT
GAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACGTCT
CATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCTTCCGTCACAGGT

ATTTATTCGGCGC

8.7.5 Spectinomycin resistance cassette

>Omega Transposon (as sequenced from dRHS1, transposon may be ‘‘flipped’’ relative to
literature, 1953 bp)
TTTTAAAATAAAAAAGGGGACCTCTAGGGTCCCCAATTAATTAGTAATATAATCTATTAAAGGTCATTCAAAAGGTCATCCACCGGATCA
TTCCCCTGCTCGCGCAGGCTGGGTGCCAAGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTG
CCGTGATCGAAATCCAGATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGA
TGCTCGCCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCCGATC
TCCTGAAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACC
TTGCGCTCGTTCGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACGGATGAAG

GCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACC
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GAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGGGGTACAGTCTATGCCTCGGGCATCCAAG
CAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTA
AACATCATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTG
CTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTT
GATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTC
ACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTT
GCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCA
GCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGAC
TGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCT
GCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGC
TTGGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAATGTCTAACAATT
CGTTCAAGCCGACGCCGCTTCGCGGCGCGGCTTAACTCAAGCGTTAGATGCACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCA
AGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAGCCCTACACAAATTGGGAGATATATCATGAAAGGCTGGCTTTTTCTTGTTATCGC
AATAGTTGGCGAAGTAATCGCAACATCCGCATTAAAATCTAGCGAGGGCTTTACTAAGCTTGATCCGGTGGATGACCTTTTGAATGACCT

TTAATAGATTATATTACTAATTAATTGGGGACCCTAGAGGTCCCCTTTTTTATTTTAAAA

8.7.6 Gentamicin resistance cassette

>GenR (1967 bp)

GATCCTGTTCGCGCAGGCTGGGTGCCAAGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTGC
CGTGATCGAAATCCAGATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGAT
GCTCGCCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCCGATCT
CCTGAAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACCT
TGCGCTCGTTCGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACGGATGAAGG
CACGAACCCAGTTGACATAAGCCTGTTCGGTTCGTAAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCG
AACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTCGGGCATCCAAGCAGC
AAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGCAACGATGTTACGCAGCAGGGCAGTCGC
CCTAAAACAAAGTTAGGTGGCTCAAGTATGGGCATCATTCGCACATGTAGGCTCGGCCCTGACCAAGTCAAATCCATGAGGGCTGCTCTT
GATCTTTTCGGTCGTGAGTTCGGAGACGTAGCCACCTACTCCCAACATCAGCCGGACTCCGATTACCTCGGGAACTTGCTCCGTAGTAAG
ACATTCATCGCGCTTGCTGCCTTCGACCAAGAAGCGGTTGTTGGCGCTCTCGCGGCTTACGTTCTGCCAAAGTTTGAGCAGGCGCGTAGT
GAGATCTATATCTATGATCTCGCAGTCTCCGGCGAGCACCGGAGGCAAGGCATTGCCACCGCGCTCATCAATCTCCTCAAGCATGAGGCC
AACGCGCTTGGTGCTTATGTGATCTACGTGCAAGCAGATTACGGTGACGATCCCGCAGTGGCTCTCTATACAAAGTTGGGCATACGGGAA
GAAGTGATGCACTTTGATATCGACCCAAGTACCGCCACCTAACAATTCGTTCAAGCCGAGATCGCTTCGCGGCCGCGGAGTTGTTCGGAA
AAATTGTCACAACGCCGCGGCCGCAAAAGCGCTCCGGCTTAACTCAGGCGTTGGGCAACAAGAAAACCGATATGAACGTACGCACTTGCA
CTGAATCTGACGTCGCCTCTATCGCAGTCGTATTTACTGAGTCTATTCATGTACTTGGAGCGTCTCACTATGACGCTTCGCAAAGGAATG
CGTGGGCACCGCGTCCCGCAGATATAGAGGCTTGGTCAGCTCGCTTATCTGGCCTACAGACTCTTCTAGCAATTGAGGGAGATGCGGTTA
TCGGGTTCATCTCTTACGAGCTTAGCGGCCACATCGAGTTTCTTTACACCGCACCGGGTTCCGAGCGTCGGGGCGTCGCGTCTGTTCTGT
ACCGTGAGGTTGAGAAAGCCCTCCCAGGTGTTTCGCTCTTCACAGAAGCCAGTCTGGTCGCCAAGCCCTTTTTCCTGCGGCATGGTTTCA

GTGTAGTTGAGGAGCAAAATGTCTCCCGTGGAGGCGTCATGTTCCGTAGGTATGCAATGCGCAAGGCAGTTGTCGCCCAACATGGCGCTC
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AAGCCGACCGGCCAGCCCTGCGGGCTGTCCGTCGGCTTAGCTAGGGCGTTAGAGCAAAAATGAACTGCGCACGCTGTGGCCGCCAGAATT

TCGTAGATGCACATCGTTGCGCTCACTGCGGCCACCACTTCTTTGACGGTAGTGACGTGGTGAATCTTCTAGGATCC

8.8 Synthesised sequences

8.8.1 Tk Full construct (as purchased)

>TkFull (2511 bp)

ATGGCTGTTGTTAAAGAAGTCCTCGAAATTGCTGAGAAAATTAAAAACATGGAAATTCGAGGGGCTGGCAAAATTGCTCGCTCTGCCGCC
TATGCGTTGCAATTGCAAGCGGAAAAATCCAAGGCCACCAATGTCGACGAGTTCTGGAAGGAAATGAAACAGGCTGCAAAAATTCTGTTC
GAGACTCGGCCGACCGCCGTGAGCCTGCCGAATGCCCTGCGCTACGTAATGCACCGGGGTAAAATTGCTTACAGCTCTGGTGCTGATCTA
GAACAATTGCGCTTTGTCATTATTAATGCTGCGAAGGAGTTCATTCATAATAGTGAAAAGGCCTTAGAACGTATCGGCGAATTTGGTGCT
AAGCGGATTGAGGATGGCGATGTAATTATGACCCATTGCCACAGCAAAGCAGCCATTAGTGTGATGAAAACCGCCTGGGAGCAAGGTAAA
GATATTAAAGTGATTGTGACTGAAACGCGCCCCAAGTGGCAAGGTAAAATCACTGCCAAAGAATTGGCTAGCTATGGCATTCCCGTCATT
TATGTGGTGGACTCTGCAGCGCGACACTATATGAAAATGACCGACAAAGTAGTAATGGGGGCCGATTCCATCACCGTTAATGGCGCCGTT
ATTAACAAAATTGGCACCGCTCTGATTGCTCTGACTGCTAAAGAACATCGGGTGTGGACAATGATCGCCGCCGAGACCTACAAATTTCAC
CCCGAGACCATGTTAGGCCAATTGGTCGAAATTGAAATGCGCGATCCCACGGAAGTGATCCCCGAAGATGAATTAAAGACTTGGCCCAAA
AATATTGAAGTCTGGAATCCCGCATTTGATGTGACTCCCCCCGAGTACGTTGACGTGATCATTACCGAGCGTGGTATCATTCCTCCTTAT
GCGGCGATCGATATTTTGCGGGAAGAATTTGGATGGGCTCTGAAATACACCGAACCCTGGGAAGATTAAGTTACTCTCAGAACGTAGTGG
AGGTCCTAGATGAAGGCAAAAATTCGGATCTTAGACATGTTTTCCGGCCGCTATACAGTACTGATTAACGAAGAAGACGCTAAAGAAGCT
AAGCTGCATCCTGATGATTTGGTTAAAATTGAAGCCGGCAAAAAAGCCGTATACGGCTCTGTAGCTCTCTCCAACCTAGTAGGCAAAGGT
GAAGTTGGCATTTCCCGTGATGTTTTGGATTTGCACAATTTTTCCGAAGGAGAGACGGTGTCCGTGATCCCCGCTGGGACTCCGGAATCC
GTGCGCTACATCAAAAAGAAAATGCACGGAGAAAAGTTACGCAAAGTAGAAATTGAGGCAATTGTCCGGGACATTGTCGATCGCAAATTA
CGCGATATTGAAATCAGTTCTTTTGTAACTGCTTTAGAGATTAATGGCCTCGATATGGATGAAATTGCTGCGCTAACTATTGCCATGGCC
GAAACCGGTGATATGCTAGATATCGATCGCAAGCCCATTATGGATGTGCATAGCATCGGAGGGGTCCCTGGTAATAAGACCAACATCTTG
GTGGTTCCGATTGTGGCGGCTGCCGGGCTGACGATTCCGAAGACATCTTCCCGGGCGATCACTAGTGCCGCCGGTACCGCTGATGTCGTC
GAAGTGTTTGCGGATGTGTCCTTTAGCCTCGACGAGATTAAGCGGATTGTGGAAAAGGTCGGAGCTTGCCTCGTGTGGGGAGGCGCCTTA
AATTTAGCTCCCGCGGATGACATTACGATTAAAGCCGAACGTGCCCTCTCTATTGATCCGACTGGACTAATGCTCGCTTCCATTATGAGT
AAAAAGTACGCTATGGGGAGTCAATACGTGTTAATTGACATTCCGACTGGAAAAGGAGTAAAAGTGGAAACCGTGGAAGAAGCCCGTTCC
CTCGCTCGCGACTTCATTGAGTTGGGCAAACGTTTAGGTCAGTACGTGGAGGTGGCTATTACGTATGGGGGTCAACCTATTGGGCACACT
GTGGGACCAGCTTTGGAGGCCCGAGAAGCCCTCTCCGCCTTAATGACAGGAAAGGGCCCTGGAAGTTTGATTGAAAAAGCGACCGGGCTG
GCCGGCATTCTGCTAGAAATGGGCGGCGTCGCCCCTGCTGGTACAGGGAAGAAAATGGCAAAAGAAATCTTGGAAAGTGGAAAAGCCTGG
GAAAAAATGAAGGAGATTATTGAAGCCCAAGGCGGGGATCCCAACATTAAACCAGAGGAGATTCCTATTGGAGATAAGACATACACTTTT
ACCGCCGCGACATCCGGTTACGTAACCGCTATCGACAACCGCGCAATTACCGCGATTGCTCGTGCCGCGGGTGCCCCCGAAGACAAAGGG
GCGGGCATTGAACTGTACGTAAAAGTGGGGGAAAAAGTGAAAGAAGGAGACCCTTTATTTACCATTCATGCTGAACATGAAGCTCGCTTA

GATCAGGCCATTGTGCTCGCTCGGCGCACAGAACCTATTCGCATTGAAGGGATGGTACTACAGCGGATTGGGAATATCTAA
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8.8.2 Hb Full construct (as purchased)

>HbFull (2472 bp)

ATGGACAATCCCGAAAGTCGCGTAACAGACGAAGTGCGCCAAACCGCCGATGCTATCGGAACCATGGAAATTCGGGGCGCCGCCACTATT
GCGGATGCGGCGGCGAAGGCGTTACGGACGCAAGCCGAACAGAGCTCTGCTGAAACAGCTGACGAACTCCGTGCCGAACTACGGGCTGCT
GCCCGGGTCTTACATGACACCCGGCCAACTGCCGTATCCCTGCCCAACGCCTTACGATACGTGCTATTTGATGCCGATGGTGCCACCGTC
GAGGATGTACGGGCCAGCGTGGTGACGTCTGTGGTAGAATTCTGTGATCGGTTAGAAAATGCCCAAACCGACTTGGGTCGGGTTGGTGCC
AACCGTTTACGGGATGGTGACACCATTATGACCCATTGTCACTCCACTGATGTTTTAGCATGTGTAGAAGCAGCGGTTGAACAAGGCAAA
GACCTAACCGCGATCGTGAAAGAGACACGTCCTCGTCTCCAGGGCCATATTACCGCGCGTGAGTTAGTGGAGATGGGGGTGGATGTGACC
CTAATTGTAGACAGCGCTGCCCGGCGGTACATGAACGATGTAGATCATGTGTTGGTCGGGGCCGACAGTATTGCCGCCGACGGTAGTGTG
ATTAATAAAATCGGAACCTCTGGTTTGGCGGTTACCGCTCGTGACCGTGGGACACCGATCGTGTGCGCCGCTCAAACTATCAAATTGCAC
CCCGATACCTTGACCGGTCATACAGTGGATATCGAAATGCGAGAAGAATCCGAAGTAATTGATCCCGATGAGGCCGACGAAATTGGCGAC
ATCACCGTGAAGAATCCGGCCTTCGATGTTACCCCCCCCCGTTATGTGGATGCCATCGTTACTGAACGGGGCCAGTACCCCCCCGAGAGT
ATTGTGACTTTGATGCGAGACTTATTTGGAGAAGGGACCACCGAACCCTGGGTAGTAGAATAACGGTTCAACTGATACTAGTGGAGGTCC
TAGATGCAGCTCACCACTGTGGACATTGACATCGGGACCCGTGCTCCCACCGTTCTGATGCACGGGGACGATGCGGCCACCTTAGGATTA
CACCCTTTAGATCGGGTGCAAATCGAAACCGAATCCGAAACGGTTGTGGGAATCGTTGAATTAAGTAATGAGTTAGTGGATACCGGCGAA
TTAGCAGTTACACGACGTTTAGGGCACATCGATGGCACCGTGGAGGTGACCCCAGCCCCTCGACCCAGTAGTGTTGAATTTATTCGAAAA
AAGCTGGACGATGATGAATTGGAGTATGACGAACTGGACCGGATTGTCCGCGACATTCGAGATGATCGTCTATCTGATGTCGAATTGGGG
GCTTATGTCTGTGCCATGTATATTAATGGCACCTCCCTGAGTGAAACTATGCACTTGAGTGAGTCCATGGCCGACGCTGGTGAGAAATTA
TCCTGGGAAGCTGACATTGTCGCGGACAAACATTGTGTGGGAGGTGTTTCTGGAAATCGCACTACGCCCATCATTGTGAGTATTGTGGCT
GCCGCTGGTGTTACGATCCCCAAAACTTCCTCCCGTGCAGTGACCAGCGCTGCAGGTACTGCAGATACCATGGAAGTTTTTTGTCCTGTG
GATTTATCTGCCAAAGAGATTCGAACTGTGGTTGCTGAAACTAATGGCTGTATTGCGTGGGGTGGCGCCGTTAATCTGAGTCCCGTCGAT
GATAAGATTATTCGCGCAGAAACTCCGTTAAGTCTCGATCCTCATGGGCAGTTGGTGGCCAGTGTATTAAGTAAAAAACAAAGTGCCGGT
AGTACTCACGTGTTAGTGGATATTCCCTACGGTGAGGGGGCCAAAGTGGGGTCTCTGGATGAGGCCCGGGAACTGGCACATGATTTCGGG
CGCGTAGGAGACCATTTAGGTATGACTATTGACTGTACTATTACTGGCGGTAGTGCCCCCATCGGGCGGGGCGTGAGTCCCGTCCTCGAA
GCACGGGACGTCCTCAGTGTATTGACTGGAAGTGGCCCCGGCGACTTACGTCGGAAGAGCGTGCGGTTGGCCCAGATTCTACTCGACTGT
GTAGGCGCCGATGCCGATGCGTCTGAAATTTTAGAAAGCGGGCGCGCGCTAGATCGCTTTTCTGCTATTGTGGCCGCCCAGGGGGGTGAT
CCGGATGTGCTCCCTTCCGAGCTAGTGCCCGGGCGGTATGAACAAACGGTTACAGCTGGCCGGGATGGAGTCGTTACACATATTAATAAT
CGGTTAGTTAATGATGTAGCCCGACGAGCCGGTGCGCCTCGGGCCCCCGGCAGCGGCCTCGAATTGCATCATTCCGTGGGCGACGCCGTT
GCCCAAGGTGATCCCCTATACACTATTCATGCAGAGGCAAGTGAACGGCTATCCGAAGCGGCGACCTATGCCGAAGACGCCGAAGCCGTG

CGTATCCGACCGCCCGACGAAACCCTGGTGGAACAGCTGTAA

8.8.3 pJWM_3HP_dLHS1 synthetic part (as purchased)

>dLHS1_synth (8037 bp)

ATGCGTAAAGTCTTGATCGCAAACCGCGGTGAAATCGCGGTGCGGGTCGCCCGGGCTTGCCGGGACGCTGGCATTGCCTCTGTTGCAGTT
TACGCTGATCCTGATCGGGACGCATTACATGTGCGAGCTGCTGATGAGGCTTTCGCTTTGGGCGGTGATACCCCAGCGACAAGTTATTTA
GACATTGCCAAAGTGCTGAAGGCGGCGCGTGAATCTGGGGCCGATGCCATTCACCCCGGTTACGGGTTCTTAAGCGAAAACGCCGAGTTT

GCTCAGGCCGTCCTCGACGCTGGTTTAATTTGGATCGGTCCCCCTCCCCACGCCATTCGGGATTTAGGGGATAAAGTGGCAGCGCGGCAC
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ATCGCGCAGCGCGCAGGCGCCCCCCTGGTCGCGGGCACCCCTGATCCCGTTTCCGGAGCTGACGAAGTAGTTGCTTTCGCCAAAGAACAT
GGCCTACCGATTGCGATTAAGGCCGCGTTCGGAGGCGGAGGACGTGGATTAAAAGTTGCTCGCACCTTAGAGGAAGTGCCTGAACTGTAC
GATAGTGCGGTACGGGAAGCCGTGGCGGCATTTGGCCGCGGAGAATGTTTTGTGGAACGCTACCTAGACAAGCCTCGTCACGTGGAAACA
CAATGTCTCGCCGACACACATGGCAATGTGGTCGTGGTGAGTACCCGTGATTGCAGCTTACAACGTCGGCACCAGAAATTAGTTGAGGAG
GCGCCCGCTCCCTTTTTAAGCGAAGCTCAAACTGAACAATTGTATTCCAGTTCCAAAGCGATTTTGAAAGAAGCAGGTTATGTTGGCGCG
GGCACTGTGGAATTTCTGGTCGGCATGGATGGTACGATTAGTTTTTTAGAAGTGAACACCCGATTACAAGTTGAGCATCCGGTGACGGAA
GAAGTGGCCGGCATTGACTTGGTACGAGAAATGTTTCGGATCGCCGATGGTGAGGAATTAGGATATGATGATCCCGCTCTGCGCGGGCAC
TCTTTCGAATTTCGCATTAATGGCGAAGACCCCGGTCGCGGCTTCCTACCCGCCCCAGGTACCGTGACCTTGTTTGATGCCCCGACGGGT
CCGGGTGTCCGCCTCGATGCCGGAGTGGAAAGTGGCAGTGTTATCGGACCAGCTTGGGATAGCCTGCTGGCCAAATTGATTGTTACAGGT
CGAACGCGAGCCGAAGCGTTACAACGCGCTGCCCGCGCGTTAGACGAATTTACGGTGGAAGGTATGGCTACCGCAATTCCATTCCATCGG
ACGGTTGTACGAGACCCCGCCTTTGCGCCTGAACTAACCGGCAGTACTGATCCGTTTACTGTACACACCCGCTGGATTGAGACAGAGTTC
GTCAATGAAATTAAACCCTTCACTACGCCCGCCGATACCGAAACGGATGAAGAATCTGGCCGGGAGACGGTTGTGGTGGAGGTCGGGGGC
AAGCGGTTAGAAGTAAGTCTACCCTCCTCTCTCGGAATGAGTCTAGCTCGCACCGGATTGGCAGCCGGGGCCCGGCCCAAACGCCGTGCC
GCAAAAAAATCCGGTCCTGCGGCTAGTGGAGACACCTTGGCCTCTCCCATGCAAGGAACAATTGTAAAAATTGCCGTTGAAGAAGGGCAG
GAAGTCCAAGAGGGAGACTTGATCGTAGTGTTGGAGGCAATGAAGATGGAACAACCCCTAAATGCACATCGTTCCGGTACTATCAAGGGT
TTGACCGCCGAAGTGGGTGCATCTCTGACCAGTGGCGCGGCTATTTGCGAAATCAAAGATTAACTCTGAATAGGCTCATAGTGGAGGTCC
TAGATGAGTGAACCCGAAGAACAACAACCAGATATTCATACCACCGCGGGCAAACTGGCAGACTTGCGCCGACGGATTGAAGAAGCTACC
CATGCCGGCTCTGCCCGTGCCGTTGAAAAACAGCACGCAAAAGGTAAACTGACTGCCCGTGAACGTATTGACCTCTTACTCGATGAGGGA
AGTTTTGTAGAATTGGATGAATTTGCACGGCACCGCAGTACGAACTTTGGTCTCGATGCAAACCGACCATATGGAGATGGCGTTGTCACA
GGCTATGGTACTGTCGATGGCCGTCCCGTCGCTGTATTTTCCCAGGATTTCACCGTGTTTGGCGGAGCCTTAGGGGAAGTGTACGGCCAA
AAGATTGTTAAAGTGATGGATTTTGCATTAAAAACCGGCTGTCCAGTAGTGGGGATTAACGATAGTGGCGGTGCACGAATTCAAGAGGGA
GTGGCTTCCCTAGGCGCCTATGGGGAAATCTTTCGCCGGAACACTCATGCTAGCGGTGTAATTCCACAGATTTCTTTGGTGGTGGGACCC
TGTGCGGGGGGTGCGGTGTACTCTCCCGCGATTACAGATTTCACCGTCATGGTTGATCAGACCTCCCATATGTTTATCACCGGACCTGAC
GTCATTAAAACGGTAACCGGGGAAGACGTCGGCTTCGAAGAGCTGGGCGGTGCACGCACGCATAACTCCACATCTGGTGTTGCTCATCAT
ATGGCTGGCGACGAAAAGGATGCTGTCGAATACGTTAAACAGTTGCTCTCCTATCTACCCTCCAATAATCTGTCCGAACCACCCGCGTTT
CCTGAAGAAGCGGACCTAGCTGTTACTGATGAGGATGCAGAATTAGATACTATTGTTCCAGACAGTGCCAATCAACCGTATGACATGCAT
AGCGTTATCGAACATGTGTTAGACGACGCCGAATTTTTTGAAACGCAACCACTCTTTGCCCCGAATATTTTGACTGGCTTCGGACGGGTA
GAAGGTCGACCCGTAGGGATTGTCGCGAATCAGCCCATGCAATTTGCCGGCTGTTTGGATATCACAGCCAGCGAGAAAGCTGCTCGTTTT
GTCCGCACTTGCGATGCGTTTAATGTACCTGTCCTCACCTTTGTTGATGTCCCCGGTTTTCTGCCTGGGGTGGATCAGGAACATGACGGC
ATTATTCGGCGCGGAGCCAAACTCATTTTTGCCTATGCTGAGGCTACCGTCCCGTTGATCACGGTGATTACTCGGAAAGCTTTCGGGGGT
GCCTATGATGTGATGGGTAGTAAACACTTAGGGGCTGACTTGAATTTGGCCTGGCCAACTGCCCAGATCGCAGTGATGGGTGCGCAAGGT
GCAGTGAACATTCTACATCGCCGGACAATTGCCGATGCCGGTGATGACGCCGAAGCCACCCGGGCCCGCTTAATTCAAGAATATGAGGAC
GCCCTCTTGAATCCGTATACCGCGGCTGAACGCGGATACGTGGACGCCGTGATTATGCCTAGTGATACCCGGCGGCACATTGTTCGCGGA
TTGCGCCAATTACGCACGAAACGTGAATCCTTGCCCCCCAAAAAACATGGGAATATTCCTCTCTAAGAAACGCTGTGCTTATAGTGGAGG
TCCTAGATGAGCAATGAAGATCTCTTTATTTGTATTGATCATGTGGCTTACGCCTGTCCTGACGCCGATGAAGCATCTAAATACTATCAG
GAAACTTTTGGTTGGCATGAATTACACCGCGAAGAGAATCCCGAGCAAGGTGTGGTCGAAATCATGATGGCACCGGCCGCCAAATTGACC
GAGCACATGACTCAAGTCCAAGTCATGGCCCCACTGAATGATGAATCCACCGTAGCCAAATGGTTGGCGAAGCACAATGGGCGAGCCGGG

CTGCATCATATGGCTTGGCGGGTGGATGATATTGATGCTGTTTCTGCCACACTGCGCGAACGCGGAGTTCAATTGCTGTACGATGAGCCG
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AAATTAGGCACGGGGGGGAACCGCATTAATTTTATGCATCCCAAGTCTGGAAAAGGTGTGTTGATCGAATTGACGCAGTACCCCAAGAAT
TAACAGTTTCTCCAGGAATAGTGGAGGTCCTAGATGAGTAGTACCGACCAAGGCACTAATCCTGCCGACACCGATGACCTAACTCCCACT
ACTCTCTCCCTGGCAGGGGATTTCCCCAAAGCTACTGAAGAGCAATGGGAACGAGAAGTGGAGAAGGTATTGAATCGCGGGCGGCCCCCC
GAGAAGCAACTGACCTTTGCGGAATGCCTGAAGCGTTTAACCGTTCATACCGTGGACGGAATTGATATCGTGCCAATGTATCGGCCGAAG
GATGCCCCCAAAAAATTGGGCTACCCTGGTGTGGCCCCCTTTACGCGTGGGACCACGGTGCGAAACGGGGATATGGATGCTTGGGATGTT
CGTGCCTTACATGAAGATCCCGATGAAAAGTTTACGCGGAAAGCGATTTTGGAAGATTTGGAGCGGGGTGTGACGAGTCTGCTCCTACGT
GTAGATCCCGACGCCATCGCGCCGGAACACCTCGACGAAGTGCTCTCTGATGTGTTGCTGGAAATGACCAAAGTTGAAGTCTTCAGTCGG
TACGATCAGGGGGCGGCGGCGGAAGCTCTCGTCTCCGTTTACGAACGTAGCGATAAGCCAGCCAAAGATTTGGCGCTGAATCTAGGCTTA
GATCCAATTGCTTTTGCAGCCTTACAAGGCACCGAACCTGATTTGACCGTATTAGGAGATTGGGTGCGTCGCCTAGCAAAATTTAGTCCT
GATTCTCGTGCGGTAACGATCGACGCCAATATTTACCATAATGCTGGGGCCGGCGATGTGGCCGAACTGGCCTGGGCCTTAGCAACAGGA
GCCGAATACGTACGTGCTCTGGTAGAACAAGGTTTTACAGCAACCGAAGCATTCGATACCATTAATTTTCGGGTGACCGCCACTCATGAT
CAGTTTCTGACTATTGCACGTTTACGTGCTTTGCGCGAAGCGTGGGCTCGGATCGGCGAAGTTTTTGGAGTGGATGAAGATAAACGAGGA
GCCCGCCAGAATGCTATTACCTCCTGGCGAGAATTGACCCGCGAAGATCCCTATGTGAATATTCTACGTGGCTCTATTGCCACGTTTAGT
GCCAGTGTGGGCGGCGCGGAATCCATCACGACGTTACCCTTTACACAGGCATTAGGATTACCCGAAGATGATTTTCCATTACGTATTGCT
CGTAATACTGGAATTGTTCTCGCCGAAGAAGTCAACATTGGCCGCGTGAATGACCCCGCCGGTGGCTCTTATTATGTTGAGTCCTTAACC
CGCTCCCTCGCCGACGCCGCCTGGAAAGAATTCCAGGAAGTGGAAAAATTGGGCGGCATGTCTAAAGCGGTCATGACTGAGCATGTGACG
AAAGTGTTGGATGCCTGTAATGCGGAACGGGCGAAACGTTTAGCCAACCGTAAACAGCCAATCACCGCTGTCTCCGAATTCCCCATGATT
GGGGCGCGGAGTATCGAGACCAAGCCGTTTCCTGCGGCCCCCGCCCGGAAAGGCTTAGCTTGGCATCGGGATTCCGAAGTGTTTGAGCAA
TTAATGGACCGGTCCACCAGTGTTAGCGAGCGCCCCAAGGTTTTTCTGGCATGTTTAGGTACCCGGCGTGATTTCGGGGGACGGGAAGGA
TTTAGCTCTCCTGTTTGGCATATTGCCGGTATTGATACGCCCCAGGTGGAGGGGGGAACTACCGCAGAGATTGTTGAAGCGTTTAAAAAA
TCCGGGGCTCAGGTTGCCGATCTATGTTCTAGCGCGAAAGTTTATGCCCAGCAGGGCTTGGAAGTCGCCAAGGCCCTGAAGGCAGCCGGT
GCGAAAGCGTTATACCTGTCCGGAGCCTTTAAGGAATTTGGGGACGATGCCGCCGAAGCTGAAAAATTAATTGACGGACGACTCTTCATG
GGGATGGATGTGGTCGATACTTTATCCTCCACACTGGACATCTTAGGCGTCGCTAAGTAATCTCTGAGTAGACAGTAGTGGAGGTCCTAG
ATGAGTACTTTACCCCGGTTTGACAGTGTGGATTTAGGAAATGCTCCCGTGCCTGCGGATGCCGCACGCCGGTTTGAAGAATTGGCGGCG
AAAGCTGGAACGGGGGAAGCTTGGGAAACCGCCGAACAAATTCCAGTAGGTACGCTGTTCAATGAAGACGTGTATAAAGATATGGATTGG
CTGGATACTTATGCAGGTATTCCCCCGTTTGTGCACGGGCCCTATGCAACCATGTACGCTTTTCGGCCCTGGACTATTCGGCAGTACGCA
GGCTTTAGTACCGCTAAAGAAAGCAACGCCTTTTACCGGCGTAATTTAGCCGCTGGCCAAAAGGGCCTAAGTGTGGCCTTTGATTTACCT
ACGCACCGTGGGTATGATTCCGACAACCCCCGGGTGGCTGGAGACGTGGGGATGGCTGGCGTGGCGATTGACAGTATTTATGATATGCGG
GAACTGTTTGCCGGTATCCCCTTAGATCAAATGTCCGTGTCTATGACTATGAACGGAGCGGTGTTGCCCATTCTGGCCTTATATGTCGTG
ACAGCGGAAGAACAGGGCGTTAAACCCGAGCAACTGGCAGGTACCATTCAGAATGATATCTTGAAAGAATTTATGGTACGGAATACCTAT
ATTTACCCCCCCCAACCCTCTATGCGCATTATTAGTGAAATTTTCGCTTACACGTCCGCCAATATGCCCAAGTGGAATTCTATTAGCATT
TCCGGTTATCACATGCAGGAAGCCGGAGCGACCGCCGACATTGAAATGGCGTATACCCTAGCCGATGGAGTCGACTACATTCGTGCCGGC
GAATCTGTGGGCCTAAACGTAGATCAATTTGCGCCTCGCCTGAGCTTTTTTTGGGGTATCGGTATGAACTTTTTTATGGAAGTCGCCAAA
CTCCGCGCCGCGCGGATGTTATGGGCCAAGTTGGTTCATCAGTTCGGACCGAAAAATCCAAAAAGTATGTCCTTACGAACCCATAGTCAG
ACAAGTGGGTGGTCCTTGACCGCTCAAGATGTCTACAACAACGTAGTCCGAACATGCATCGAAGCGATGGCAGCCACACAAGGCCATACT
CAGTCCCTCCACACCAATAGTCTGGACGAAGCTATCGCCTTGCCGACAGATTTTAGCGCACGGATTGCCCGTAACACCCAACTGTTTCTA
CAGCAAGAATCTGGCACCACCCGCGTAATTGATCCCTGGAGCGGTTCTGCGTATGTTGAAGAGCTGACCTGGGATTTGGCGCGAAAAGCC

TGGGGGCACATCCAAGAAGTGGAGAAAGTGGGAGGCATGGCTAAGGCGATCGAAAAAGGGATTCCTAAAATGCGGATCGAAGAAGCCGCC
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GCCCGGACCCAGGCTCGTATCGATTCTGGACGCCAGCCTTTAATTGGCGTAAACAAATACCGTTTAGAGCATGAACCCCCACTCGATGTG
CTCAAAGTGGACAATTCTACAGTGTTGGCAGAGCAGAAAGCTAAGCTAGTCAAGTTACGGGCCGAGCGAGACCCTGAAAAGGTGAAAGCC
GCGCTGGACAAGATTACCTGGGCTGCCGCAAACCCCGATGATAAAGATCCCGATCGCAATCTATTAAAACTGTGTATTGACGCAGGTCGG
GCTATGGCTACCGTCGGTGAAATGTCCGACGCCCTGGAAAAGGTATTTGGTCGCTACACCGCCCAAATCCGCACCATCTCCGGTGTCTAC
TCCAAAGAGGTGAAAAACACGCCCGAAGTTGAGGAAGCCCGTGAACTAGTTGAAGAATTCGAACAAGCTGAAGGGCGCCGCCCGCGTATT
CTGTTAGCTAAGATGGGTCAAGATGGCCATGATCGTGGCCAAAAGGTGATCGCCACAGCTTACGCCGACCTAGGATTTGATGTTGATGTC
GGTCCGCTGTTTCAGACGCCCGAGGAAACGGCTCGACAAGCCGTGGAAGCGGACGTCCATGTAGTCGGCGTTAGTAGTTTAGCCGGGGGC
CACCTAACGCTGGTGCCCGCGTTGCGTAAAGAACTAGATAAATTGGGCCGTCCCGACATTTTAATTACCGTGGGTGGAGTCATCCCCGAA
CAAGATTTTGATGAGTTACGGAAAGATGGTGCCGTCGAAATTTACACTCCAGGGACCGTCATTCCCGAGAGTGCCATCTCCTTGGTTAAG

AAATTACGGGCTAGTCTAGACGCATAA

8.8.4 pJWM_3HP dRHS1 synthetic part (as purchased)

>dRHS1_synth (4506 bp)

CAGAGCAGATTGTACTGAGAGTGCACCATACGAATTGTGAGCGCTCACAATTCGAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGA
CAATTAATCATCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAATGTCCGCCAAGACCAATCCCGGTAATTTTT
TTGAAGACTTTCGCTTAGGCCAAACCATTGTTCACGCTACTCCCCGCACTATCACCGAAGGCGACGTAGCCCTCTACACCAGTCTATACG
GATCCCGTTTCGCCCTAACTAGTAGTACTCCCTTTGCCCAAAGTTTAGGGCTGGAACGGGCACCCATTGATAGCCTCTTAGTATTTCATA
TTGTTTTTGGAAAGACCGTTCCAGACATCTCCTTAAACGCTATCGCCAACTTAGGTTACGCGGGGGGACGATTTGGAGCTGTGGTGTACC
CCGGTGATACATTGTCCACCACTAGCAAGGTAATTGGCTTGCGTCAAAATAAAGATGGAAAGACCGGCGTCGTTTATGTTCATTCCGTGG
GCGTCAACCAATGGGACGAAGTTGTGTTAGAATACATTCGTTGGGTGATGGTGCGAAAGCGGGATCCCAATGCACCCGCCCCCGAGACCG
TCGTTCCGGACTTGCCAGATAGTGTTCCGGTCACAGATCTCACCGTTCCATATACCGTTTCCGCTGCCAATTATAACCTGGCGCATGCCG
GCTCCAATTATCTGTGGGATGACTATGAAGTGGGAGAAAAAATCGATCATGTGGATGGCGTTACCATTGAAGAAGCCGAGCACATGCAAG
CCACCCGTTTATATCAGAATACCGCTCGCGTCCATTTTAATCTGCATGTCGAACGGGAAGGGCGGTTTGGGCGGCGCATCGTGTATGGTG
GTCATATCATTAGTTTAGCTCGGAGTCTGAGCTTCAATGGACTGGCCAATGCGCTCTCTATTGCCGCAATTAATTCTGGCCGACATACCA
ATCCATCTTTCGCCGGTGACACAATTTATGCCTGGAGCGAAATTTTGGCGAAAATGGCCATCCCCGGACGCACTGATATCGGTGCGTTGC
GCGTTCGGACTGTGGCAACCAAGGATCGGCCGTGTCACGATTTTCCTTATCGCGATGCTGAAGGGAACTACGATCCTGCAGTAGTACTGG
ATTTTGATTACACTGTTTTGATGCCGCGGCGCGGGTAAGAAAGCGATTCCTTCTAGTGGAGGTCCTAGATGAAAGGGATTCTCCACGGGT
TGCGCGTGGTTGAGGGTTCCGCCTTTGTGGCGGCACCCTTGGGGGGCATGACCCTCGCACAGTTGGGAGCCGACGTGATTCGGTTCGATC
CTATTGGCGGGGGTTTAGACTACAAGCGTTGGCCCGTTACTCTGGACGGTAAACATAGTCTGTTTTGGGCGGGGCTCAATAAAGGCAAGC
GGTCCATCGCCATTGATATCCGCCATCCTCGGGGCCAGGAATTGTTGACGCAGCTCATTTGTGCCCCTGGTGAACACGCCGGTTTATTTA
TTACTAACTTTCCTGCTCGTGGCTGGCTGAGTTATGACGAATTGAAGCGGCACCGCGCCGACCTCATTATGGTGAACTTAGTGGGACGTC
GCGATGGCGGAAGCGAGGTCGACTATACGGTGAACCCGCAGTTGGGCCTCCCTTTTATGACTGGTCCCGTGACGACCCCCGACGTAGTTA
ACCATGTCTTACCTGCCTGGGATATTGTTACGGGCCAGATGATCGCGTTAGGTTTATTGGCTGCCGAGCGACATCGCCGGCTGACGGGTG
AAGGACAACTAGTTAAAATTGCTCTCAAAGATGTGGGGCTCGCAATGATTGGGCACTTAGGAATGATTGCCGAAGTGATGATTAATGATA
CTGATCGGCCACGGCAAGGCAATTATCTGTACGGCGCCTTTGGGCGGGATTTTGAAACCCTAGACGGCAAGCGGGTGATGGTGGTGGGCC
TCACGGATCTACAGTGGAAAGCCCTAGGGAAAGCTACTGGACTCACCGATGCGTTTAACGCCTTGGGTGCTCGATTGGGTCTCAACATGG
ACGAAGAGGGGGACCGCTTTCGCGCCCGGCATGAAATTGCCGCTTTACTGGAACCATGGTTTCATGCCCGCACCTTGGCAGAAGTGCGGC

GGATTTTTGAACAGCATCGTGTCACGTGGGCCCCCTACCGCACCGTACGCGAGGCGATTGCCCAGGACCCGGACTGTTCCACTGACAACC
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CCATGTTTGCTATGGTCGAACAGCCCGGTATCGGGAGTTACTTAATGCCTGGGTCCCCCTTAGATTTTACGGCTGTCCCTCGTCTGCCTG
TGCAGCCTGCCCCCCGGCTAGGCGAACACACCGATGAGATTCTACTGGAGGTTTTGGGGCTATCTGAGGCTGAGGTGGGCCGGTTGCATG
ATGAAGGTATTGTGGCCGGCCCCGACCGGGCCGCCTAAGGAACTCAGTGTATCTAGTGGAGGTCCTAGATGTCCTCCGCGGACTGGATGG
CATGGATCGGGCGCACTGAGCAAGTTGAAGACGATATTTGCTTAGCCCAGGCCATTGCTGCTGCGGCGACGTTAGAACCTCCGAGTGGTG
CCCCAACGGCTGATTCTCCCCTACCCCCCTTATGGCATTGGTTTTATTTTCTACCCCGGGCACCACAGAGCCAGTTAAGCTCCGATGGCC
ATCCTCAACGAGGTGGTTTCATTCCCCCTATTCCGTATCCTCGGCGCATGTTCGCCGGAGCGCGGATTCGGTTTCATCACCCCCTACGGA
TCGGGCAACCTGCCCGTCGTGAAGGGGTGATCCGGAACATCACTCAAAAAAGCGGGCGTTCTGGTCCCTTAGCCTTCGTGACTGTCGGTT
ACCAGATTTACCAGCACGAAATGCTATGCATTGAAGAAGAACAAGATATTGTATACCGGGAGCCGGGCGCCCCTGTGCCCGCCCCCACTC
CCGTAGAACTCCCCCCAGTGCATGATGCAATTACTCGGACAGTCGTGCCCGATCCCCGATTATTATTTCGTTTTTCCGCACTCACTTTCA
ACGCCCATCGCATCCACTATGATCGCCCATATGCGCAGCACGAAGAGGGCTATCCCGGCCTAGTGGTTCACGGACCATTAGTCGCCGTGC
TATTGATGGAATTAGCCCGACACCATACCTCCCGACCCATCGTGGGTTTCAGTTTTCGGTCCCAGGCTCCCTTGTTTGACTTGGCGCCCT
TTCGTCTGCTGGCCCGACCCAATGGCGACCGGATTGATTTAGAGGCACAAGGACCTGATGGCGCGACCGCCCTGTCTGCTACCGTAGAAT
TGGGCGGATAACGACACTATTGGTGATAGTGGAGGTCCTAGATGCGCAAGTTGGCTCATAATTTTTATAAACCGCTAGCTATTGGAGCCC
CTGAACCCATTCGGGAATTACCCGTGCGGCCGGAACGCGTTGTGCATTTCTTCCCCCCACATGTGGAAAAAATTCGTGCCCGTATTCCCG
AAGTTGCTAAACAAGTGGATGTACTATGCGGGAATTTAGAAGATGCAATTCCCATGGATGCCAAGGAAGCTGCCCGCAATGGCTTTATTG
AGGTAGTAAAAGCGACGGACTTCGGCGATACAGCCCTCTGGGTGCGAGTGAATGCCCTGAACTCTCCGTGGGTCCTCGATGATATTGCTG
AGATCGTAGCAGCCGTAGGGAATAAATTAGACGTGATCATGATTCCTAAAGTGGAAGGGCCCTGGGATATTCACTTTGTTGACCAGTATT
TAGCTTTATTGGAGGCACGCCATCAAATTAAAAAGCCAATCCTGATTCATGCGCTCCTCGAAACTGCCCAGGGCATGGTAAATTTGGAAG
AAATCGCGGGTGCCAGCCCGCGAATGCACGGCTTCTCTTTGGGCCCAGCCGACCTAGCAGCTAGTCGAGGTATGAAAACCACTCGTGTGG
GCGGCGGCCACCCTTTTTATGGCGTGCTCGCCGATCCTCAGGAAGGTCAAGCCGAACGGCCGTTTTATCAGCAGGACTTATGGCATTACA
CCATTGCACGTATGGTAGATGTGGCAGTTGCTCATGGGTTACGGGCTTTTTACGGCCCATTTGGAGATATTAAGGATGAAGCCGCCTGCG
AAGCTCAATTCCGCAATGCATTTCTACTCGGATGTACGGGTGCTTGGTCCCTCGCACCCAACCAAATCCCCATTGCAAAACGGGTATTTA
GCCCGGACGTGAACGAAGTGCTCTTTGCTAAACGTATTCTCGAGGCCATGCCTGATGGTAGCGGCGTGGCGATGATTGATGGAAAAATGC
AAGACGATGCCACCTGGAAACAAGCCAAAGTGATTGTAGATCTAGCCCGTATGATTGCCAAGAAGGATCCTGATCTCGCTCAGGCTTATG
GGTTATAAGGTTTAGTGACCGACTAACACTTTTCTCATAAAATCCCAGGGAGGTTTCGGCCTCCCTTTTTTTCACTTGCTAAGCTCTCTT

TCGTTT

8.9 Full plasmids after sequencing

This section was included for those plasmids which showed some divergence from their

component parts. Mutations are identified by lowercase formatting.

8.9.1 ARbc-TkFull (as used in this project)

>pARbc-TkFull (7868 bp)

TCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTA
TCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG
TTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATAC

CAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGA
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AGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCC
GTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTA
TTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAG
TGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTT
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG
CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCC
GCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTG
TGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTG
CATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG
CGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTC
ATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAA
CAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGG
CGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGT
CTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCA
GAGCAGATTGTACTGAGAGTGCACCATAGCTTTGCAGGATAATCAGCGGGCCACTCTAGTGGGGGAAAAAACCTTTGGTAAGGGTTTGAT
TCAATCCTTGTTTGAACTATCCGATGGGGCCGGCATTGCCGTCACGGTGGCCAAATACGAAACCCCCCAACATCACGACATCCATAAACT
GGGCATTATGCCCGATGAAGTGGTGGAGCAACCCCTGATTAGCTTTGCGGAAATTACTTCCCCCGCCGATGTGCAATACCAAGCCGCCTT
AGATTTGCTCACCGGAGGAGTGGCAATCGCCCATAAATCTTCTTCAATTCCCGCCATGGCAACGGCTCACAAGCCCAACTAATCACCATT
TGGACAAAACATCAGGAATTCTAATTAGAAAGTCCAAAAATTGTAATTTAAAAAACAGTCAATGGAGAGCATTGCCATAAGTAAAGGCAT
CCCCTGCGTGATAAGATTACCTTCAGAAAACAGATAGTTGCTGGGTTATCGCAGATTTTTCTCGCAACCAAATAACTGTAAATAATAACT
GTCTCTGGGGCGACGGTAGGCTTTATATTGCCAAATTTCGCCCGTGGGAGAAAGCTAGGCTATTCAATGTTTATGGAGGACTGACCTAGA
TGGCTGTTGTTAAAGAAGTCCTCGAAATTGCTGAGAAAATTAAAAACATGGAAATTCGAGGGGCTGGCAAAATTGCTCGCTCTGCCGCCT
ATGCGTTGCAATTGCAAGCGGAAAAATCCAAGGCCACCAATGTCGACGAGTTCTGGAAGGAAATGAAACAGGCTGCAAAAATTCTGTTCG
AGACTCGGCCGACCGCCGTGAGCCTGCCGAATGCCCTGCGCTACGTAATGCACCGGGGTAAAATTGCTTACAGCTCTGGTGCTGATCTAG
AACAATTGCGCTTTGTCATTATTAATGCTGCGAAGGAGTTCATTCATAATAGTGAAAAGGCCTTAGAACGTATCGGCGAATTTGGTGCTA
AGCGGATTGAGGATGGCGATGTAATTATGACCCATTGCCACAGCAAAGCAGCCATTAGTGTGATGAAAACCGCCTGGGAGCAAGGTAAAG
ATATTAAAGTGATTGTGACTGAAACGCGCCCCAAGTGGCAAGGTAAAATCACTGCCAAAGAATTGGCTAGCTATGGCATTCCCGTCATTT
ATGTGGTGGACTCTGCAGCGCGACACTATATGAAAATGACCGACAAAGTAGTAATGGGGGCCGATTCCATCACCGTTAATGGCGCCGTTA
TTAACAAAATTGGCACCGCTCTGATTGCTCTGACTGCTAAAGAACATCGGGTGTGGACAATGATCGCCGCCGAGACCTACAAATTTCACC
CCGAGACCATGTTAGGCCAATTGGTCGAAATTGAAATGCGCGATCCCACGGAAGTGATCCCCGAAGATGAATTAAAGACTTGGCCCAAAA
ATATTGAAGTCTGGAATCCCGCATTTGATGTGACTCCCCCCGAGTACGTTGACGTGATCATTACCGAGCGTGGTATCATTCCTCCTTATG

CGGCGATCGATATTTTGCGGGAAGAATTTGGATGGGCTCTGAAATACACCGAACCCTGGGAAGATTAAGTTACTCTCAGAACGTAGTGGA
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GGTCCTAGATGAAGGCAAAAATTCGGATCTTAGACATGTTTTCCGGCCGCTATACAGTACTGATTAACGAAGAAGACGCTAAAGAAGCTA
AGCTGCATCCTGATGATTTGGTTAAAATTGAAGCCGGCAAAAAAGCCGTATACGGCTCTGTAGCTCTCTCCAACCTAGTAGGCAAAGGTG
AAGTTGGCATTTCCCGTGATGTTTTGGATTTGCACAATTTTTCCGAAGGAGAGACGGTGTCCGTGATCCCCGCTGGGACTCCGGAATCCG
TGCGCTACATCAAAAAGAAAATGCACGGAGAAAAGTTACGCAAAGTAGAAATTGAGGCAATTGTCCGGGACATTGTCGATCGCAAATTAC
GCGATATTGAAATCAGTTCTTTTGTAACTGCTTTAGAGATTAATGGCCTCGATATGGATGAAATTGCTGCGCTAACTATTGCCATGGCCG
AAACCGGTGATATGCTAGATATCGATCGCAAGCCCATTATGGATGTGCATAGCATCGGAGGGGTCCCTGGTAATAAGACCAACATCTTGG
TGGTTCCGATTGTGGCGGCTGCCGGGCTGACGATTCCGAAGACATCTTCCCGGGCGATCACTAGTGCCGCCGGTACCGCTGATGTCGTCG
AAGTGTTTGCGGATGTGTCCTTTAGCCTCGACGAGATTAAGCGGATTGTGGAAAAGGTCGGAGCTTGCCTCGTGTGGGGAGGCGCCTTAA
ATTTAGCTCCCGCGGATGACATTACGATTAAAGCCGAACGTGCCCTCTCTATTGATCCGACTGGACTAATGCTCGCTTCCATTATGAGTA
AAAAGTACGCTATGGGGAGTCAATACGTGTTAATTGACATTCCGACTGGAAAAGGAGTAAAAGTGGAAACCGTGGAAGAAGCCCGTTCCC
TCGCTCGCGACTTCATTGAGTTGGGCAAACGTTTAGGTCAGTACGTGGAGGTGGCTATTACGTATGGGGGTCAACCTATTGGGCACACTG
TGGGACCAGCTTTGGAGGCCCGAGAAGCCCTCTCCGCCTTAATGACAGGAAAGGGCCCTGGAAGTTTGATTGAAAAAGCGACCGGGCTGG
CCGGCATTCTGCTAGAAATGGGCGGCGTCGCCCCTGCTGGTACAGGGAAGAAAATGGCAAAAGAAATCTTGGAAAGTGGAAAAGCCtgtG
AAAAAATGAAGGAGATTATTGAAGCCCAAGGCGGGGATCCCAACATTAAACCAGAGGAGATTCCTATTGGAGATAAGACATACACTTTTA
CCGCCGCGACATCCGGTTACGTAACCGCTATCGACAACCGCGCAATTACCGCGATTGCTCGTGCCGCGGGTGCCCCCGAAGACAAAGGGG
CGGGCATTGAACTGTACGTAAAAGTGGGGGAAAAAGTGAAAGAAGGAGACCCTTTATTTACCATTCATGCTGAACATGAAGCTCGCTTAG
ATCAGGCCATTGTGCTCGCTCGGCGCACAGAACCTATTCGCATTGAAGGGATGGTACTACAGCGGATTGGGAATATCTAAGATCCTGTTC
GCGCAGGCTGGGTGCCAAGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTGCCGTGATCGAA
ATCCAGATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGATGCTCGCCTTC
CAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCCGATCTCCTGAAGCCA
GGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACCTTGCGCTCGTT
CGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACGGATGAAGGCACGAACCCA
GTTGACATAAGCCTGTTCGGTTCGTAAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGG
TGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTA
CGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAA
AGTTAGGTGGCTCAAGTATGGGCATCATTCGCACATGTAGGCTCGGCCCTGACCAAGTCAAATCCATGAGGGCTGCTCTTGATCTTTTCG
GTCGTGAGTTCGGAGACGTAGCCACCTACTCCCAACATCAGCCGGACTCCGATTACCTCGGGAACTTGCTCCGTAGTAAGACATTCATCG
CGCTTGCTGCCTTCGACCAAGAAGCGGTTGTTGGCGCTCTCGCGGCTTACGTTCTGCCAAAGTTTGAGCAGGCGCGTAGTGAGATCTATA
TCTATGATCTCGCAGTCTCCGGCGAGCACCGGAGGCAAGGCATTGCCACCGCGCTCATCAATCTCCTCAAGCATGAGGCCAACGCGCTTG
GTGCTTATGTGATCTACGTGCAAGCAGATTACGGTGACGATCCCGCAGTGGCTCTCTATACAAAGTTGGGCATACGGGAAGAAGTGATGC
ACTTTGATATCGACCCAAGTACCGCCACCTAACAATTCGTTCAAGCCGAGATCGCTTCGCGGCCGCGGAGTTGTTCGGAAAAATTGTCAC
AACGCCGCGGCCGCAAAAGCGCTCCGGCTTAACTCAGGCGTTGGGCAACAAGAAAACCGATATGAACGTACGCACTTGCACTGAATCTGA
CGTCGCCTCTATCGCAGTCGTATTTACTGAGTCTATTCATGTACTTGGAGCGTCTCACTATGACGCTTCGCAAAGGAATGCGTGGGCACC
GCGTCCCGCAGATATAGAGGCTTGGTCAGCTCGCTTATCTGGCCTACAGACTCTTCTAGCAATTGAGGGAGATGCGGTTATCGGGTTCAT
CTCTTACGAGCTTAGCGGCCACATCGAGTTTCTTTACACCGCACCGGGTTCCGAGCGTCGGGGCGTCGCGTCTGTTCTGTACCGTGAGGT
TGAGAAAGCCCTCCCAGGTGTTTCGCTCTTCACAGAAGCCAGTCTGGTCGCCAAGCCCTTTTTCCTGCGGCATGGTTTCAGTGTAGTTGA
GGAGCAAAATGTCTCCCGTGGAGGCGTCATGTTCCGTAGGTATGCAATGCGCAAGGCAGTTGTCGCCCAACATGGCGCTCAAGCCGACCG

GCCAGCCCTGCGGGCTGTCCGTCGGCTTAGCTAGGGCGTTAGAGCAAAAATGAACTGCGCACGCTGTGGCCGCCAGAATTTCGTAGATGC
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ACATCGTTGCGCTCACTGCGGCCACCACTTCTTTGACGGTAGTGACGTGGTGAATCTTCTAGGATCCGTTACAGTTTTGGCAATTACTAA

AAAACTGACTTCAATTCAATGTTAGCCCGCTCCCGCGGGTTTTTTGTTGCTTTTTCACAGTGACTATAGGTAATCAGCAACACAATACGG
CCCTGTTCTTTGGACAGTTTTTGTATAATGTTGACCGCATCCTGACCGGATTTTTTATCTAAGTGGGGAATTGTCAATTGTCAATTAAAG
CTAAGTTCTACTAATGTTTTAGAAGGCATTGTCGATTGAAAATAAGGGTTGAATGGAGAAAATTTTGAGCCTTTGTCAAAGATAAAAATT
TATTTCAACAGTTTTTTAACTAGCCGAACCAGAGAATGACCCAGTGGCGCTGACTTTGCTCCCGAGTTTTTGTTAGAAATTACCCTCAAG
AAGTAATCTAATAATAAACCTAACCGAATAATTTCCCAGGGGAGTATTCCGGAAAACCATGGTTAAACTTACTTGCCATCCCCCATGGTA
AAATTGCAACGATTTTGATCAAAGTCCTAATTTTTTTGTAAAGCTTTTAGTAATCCTTCTGATTTTCCCATGAAGCTCATCGATTCCCGT

GGCAGAATTTTCGGCATAGTCAGCCTGTTGGATCTGGG

8.9.2 pJWM_3HP dLHS1 (as used in this project)

>pJWM_3HP_dLHS1 (17119 bp)

CGATCGCCTACGATCAAAAAACTGCAGTTGTAGAGATGTTACCAATGCCTAGCGAAATGATTTGCTCAATAAGCAAACAATCATTCAGGA
AAAACTCACTAGCAAGGTTAAATAATTACAGCAAATTTTGTGGGTAAAATAAAAACAGTTGACATTCCTCAATTGTTAACTCATATCTAG
AACGCTTGCGAAAATTTTCCTGCAAATAACCTCTCCCCCGTTCTTCAGTCCATCCCAAGCGCCTCATTTCCTTTAATATTAATTCCAATT
CTGGACATAACTCAATCACACCGGCAATTAATCGGTAGCACTGGCGACTACCACCAAGAAAAAGCCCCGTCAACTCCGGAGTAAGAAAGG
GAAGACAGAATGATCCCATAGCGCAGTGTCAAAAAAAGCAAATAAGCTGACCCTCTCCCATCTATCCACAGAGTCGATTACTTGTTATTC
TCACTGTAGAGGCCACGCAATCAACTCCGTGCCAACCTACAATGACCCAAAGCTATGGAGATACCACGATTGAAACAAGCTTGACTGGAG
CAGGGATATCCCCCGGCAAAGTCAGGTCGAAGGATATTGGCGAATTAATTGCAGCGACTCTTCCGCTTCCTCGCTCACTGACTCGCTGCG
CTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAA
CATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCA
TCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCG
CTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAG
GTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAA
CTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGG
CGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTAC
CTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCG
CAGAAAAAAAGGATCTCAAGAAGATCCTTTaATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGT
CATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTG
GTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGT
GTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATC
AGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGA
AGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTAT
GGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCC
GATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAG
ATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACG
GGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCT
GTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAAC

AGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCAT
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TTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAA
AGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTT
CGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCG
TCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATAGCTA
ATCCTGGTAAGCTTTTTCCTACCCCCCGCAGTTGTGGAGAAGTGGCCAATGCCCAACGGCTTAACCTAGGCCAGGACAAGAAAATGGAGG
AAATTTATTGACCCTAAAACAAAAAACTGACAATAATCTCCCATGGCTCCAAAAAGTCTGAGAAAGTCAACAAATGGTTAAAAATGGCTA
AATGGGAAGGTTAATTAACTTTTAGAGCAAATAGGATTTGGATAAATTCAGATAATCGTTCCACATTGTTAAACCAGCGTTAAAAAAGCA
TCGATGCAACAAGAACCAGCAAATCAAAATCTCAGGGCCATAGGATGGATCGGCGCTTTCATGTTGGCAGTTTGTGGCATCCCCCAGGCC
TACGAATGTTGGCTGAATGGCAATGCTAACGGTTTGTCTCCCTTGTTTTTAGGATCGTGGTTTATCGGGGAAGTCCTTACGCTGGTGTTT
GTTCTTTATGAGCAGGCAAGAACTGATGCTAATATGTGGCCCCTTTTATTTAACTACGCCATTAATATCTTGACTATTTTTGTGATGATT
TATTACAAAGTATTTCCTGTTATTTAAAACCAGAAAGTTTTTGTTAACCAATTAACCTGTACAAAAAGCAGGAATAAAATTAACAAGATG
TAACAGACATAAGTCCCATCACCGTTGTATAAAGTTAACTGTGGGATTGCAAAAGCATTCAAGCCTAGGCGCTGAGCTGTTTGAGCATCC
CGGTGGCCCTTGTCGCTGCCTCCGTGTTTCTCCCTGGATTTATTTAGGTAATATCTCTCATAAATCCCCGGGTAGTTAACGAAAGTTAAT
GGAGATCAGTAACAATAACTCTAGGGTCATTACTTTGGACTCCCTCAGTTTATCCGGGGGAATTGTGTTTAAGAAAATCCCAACTCATAA
AGTCAAGTAGGAGATTAATTCAATGCGTAAAGTCTTGATCGCAAACCGCGGTGAAATCGCGGTGCGGGTCGCCCGGGCTTGCCGGGACGC
TGGCATTGCCTCTGTTGCAGTTTACGCTGATCCTGATCGGGACGCATTACATGTGCGAGCTGCTGATGAGGCTTTCGCTTTGGGCGGTGA
TACCCCAGCGACAAGTTATTTAGACATTGCCAAAGTGCTGAAGGCGGCGCGTGAATCTGGGGCCGATGCCATTCACCCCGGTTACGGGTT
CTTAAGCGAAAACGCCGAGTTTGCTCAGGCCGTCCTCGACGCTGGTTTAATTTGGATCGGTCCCCCTCCCCACGCCATTCGGGATTTAGG
GGATAAAGTGGCAGCGCGGCACATCGCGCAGCGCGCAGGCGCCCCCCTGGTCGCGGGCACCCCTGATCCCGTTTCCGGAGCTGACGAAGT
AGTTGCTTTCGCCAAAGAACATGGCCTACCGATTGCGATTAAGGCCGCGTTCGGAGGCGGAGGACGTGGATTAAAAGTTGCTCGCACCTT
AGAGGAAGTGCCTGAACTGTACGATAGTGCGGTACGGGAAGCCGTGGCGGCATTTGGCCGCGGAGAATGTTTTGTGGAACGCTACCTAGA
CAAGCCTCGTCACGTGGAAACACAATGTCTCGCCGACACACATGGCAATGTGGTCGTGGTGAGTACCCGTGATTGCAGCTTACAACGTCG
GCACCAGAAATTAGTTGAGGAGGCGCCCGCTCCCTTTTTAAGCGAAGCTCAAACTGAACAATTGTATTCCAGTTCCAAAGCGATTTTGAA
AGAAGCAGGTTATGTTGGCGCGGGCACTGTGGAATTTCTGGTCGGCATGGATGGTACGATTAGTTTTTTAGAAGTGAACACCCGATTACA
AGTTGAGCATCCGGTGACGGAAGAAGTGGCCGGCATTGACTTGGTACGAGAAATGTTTCGGATCGCCGATGGTGAGGAATTAGGATATGA
TGATCCCGCTCTGCGCGGGCACTCTTTCGAATTTCGCATTAATGGCGAAGACCCCGGTCGCGGCTTCCTACCCGCCCCAGGTACCGTGAC
CTTGTTTGATGCCCCGACGGGTCCGGGTGTCCGCCTCGATGCCGGAGTGGAAAGTGGCAGTGTTATCGGACCAGCTTGGGATAGCCTGCT
GGCCAAATTGATTGTTACAGGTCGAACGCGAGCCGAAGCGTTACAACGCGCTGCCCGCGCGTTAGACGAATTTACGGTGGAAGGTATGGC
TACCGCAATTCCATTCCATCGGACGGTTGTACGAGACCCCGCCTTTGCGCCTGAACTAACCGGCAGTACTGATCCGTTTACTGTACACAC
CCGCTGGATTGAGACAGAGTTCGTCAATGAAATTAAACCCTTCACTACGCCCGCCGATACCGAAACGGATGAAGAATCTGGCCGGGAGAC
GGTTGTGGTGGAGGTCGGGGGCAAGCGGTTAGAAGTAAGTCTACCCTCCTCTCTCGGAATGAGTCTAGCTCGCACCGGATTGGCAGCCGG
GGCCCGGCCCAAACGCCGTGCCGCAAAAAAATCCGGTCCTGCGGCTAGTGGAGACACCTTGGCCTCTCCCATGCAAGGAACAATTGTAAA
AATTGCCGTTGAAGAAGGGCAGGAAGTCCAAGAGGGAGACTTGATCGTAGTGTTGGAGGCAATGAAGATGGAACAACCCCTAAATGCACA
TCGTTCCGGTACTATCAAGGGTTTGACCGCCGAAGTGGGTGCATCTCTGACCAGTGGCGCGGCTATTTGCGAAATCAAAGATTAACTCTG
AATAGGCTCATAGTGGAGGTCCTAGATGAGTGAACCCGAAGAACAACAACCAGATATTCATACCACCGCGGGCAAACTGGCAGACTTGCG
CCGACGGATTGAAGAAGCTACCCATGCCGGCTCTGCCCGTGCCGTTGAAAAACAGCACGCAAAAGGTAAACTGACTGCCCGTGAACGTAT
TGACCTCTTACTCGATGAGGGAAGTTTTGTAGAATTGGATGAATTTGCACGGCACCGCAGTACGAACTTTGGTCTCGATGCAAACCGACC

ATATGGAGATGGCGTTGTCACAGGCTATGGTACTGTCGATGGCCGTCCCGTCGCTGTATTTTCCCAGGATTTCACCGTGTTTGGCGGAGC
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CTTAGGGGAAGTGTACGGCCAAAAGATTGTTAAAGTGATGGATTTTGCATTAAAAACCGGCTGTCCAGTAGTGGGGATTAACGATAGTGG
CGGTGCACGAATTCAAGAGGGAGTGGCTTCCCTAGGCGCCTATGGGGAAATCTTTCGCCGGAACACTCATGCTAGCGGTGTAATTCCACA
GATTTCTTTGGTGGTGGGACCCTGTGCGGGGGGTGCGGTGTACTCTCCCGCGATTACAGATTTCACCGTCATGGTTGATCAGACCTCCCA
TATGTTTATCACCGGACCTGACGTCATTAAAACGGTAACCGGGGAAGACGTCGGCTTCGAAGAGCTGGGCGGTGCACGCACGCATAACTC
CACATCTGGTGTTGCTCATCATATGGCTGGCGACGAAAAGGATGCTGTCGAATACGTTAAACAGTTGCTCTCCTATCTACCCTCCAATAA
TCTGTCCGAACCACCCGCGTTTCCTGAAGAAGCGGACCTAGCTGTTACTGATGAGGATGCAGAATTAGATACTATTGTTCCAGACAGTGC
CAATCAACCGTATGACATGCATAGCGTTATCGAACATGTGTTAGACGACGCCGAATTTTTTGAAACGCAACCACTCTTTGCCCCGAATAT
TTTGACTGGCTTCGGACGGGTAGAAGGTCGACCCGTAGGGATTGTCGCGAATCAGCCCATGCAATTTGCCGGCTGTTTGGATATCACAGC
CAGCGAGAAAGCTGCTCGTTTTGTCCGCACTTGCGATGCGTTTAATGTACCTGTCCTCACCTTTGTTGATGTCCCCGGTTTTCTGCCTGG
GGTGGATCAGGAACATGACGGCATTATTCGGCGCGGAGCCAAACTCATTTTTGCCTATGCTGAGGCTACCGTCCCGTTGATCACGGTGAT
TACTCGGAAAGCTTTCGGGGGTGCCTATGATGTGATGGGTAGTAAACACTTAGGGGCTGACTTGAATTTGGCCTGGCCAACTGCCCAGAT
CGCAGTGATGGGTGCGCAAGGTGCAGTGAACATTCTACATCGCCGGACAATTGCCGATGCCGGTGATGACGCCGAAGCCACCCGGGCCCG
CTTAATTCAAGAATATGAGGACGCtCTCTTGAATCCGTATACCGCGGCTGAACGCGGATACGTGGACGCCGTGATTATGCCTAGTGATAC
CCGGCGGCACATTGTTCGCGGATTGCGCCAATTACGCACGAAACGTGAATCCTTGCCCCCCAAAAAACATGGGAATATTCCTCTCTAAGA
AACGCTGTGCTTATAGTGGAGGTCCTAGATGAGCAATGAAGATCTCTTTATTTGTATTGATCATGTGGCTTACGCCTGTCCTGACGCCGA
TGAAGCATCTAAATACTATCAGGAAACTTTTGGTTGGCATGAATTACACCGCGAAGAGAATCCCGAGCAAGGTGTGGTCGAAATCATGAT
GGCACCGGCCGCCAAATTGACCGAGCACATGACTCAAGTCCAAGTCATGGCCCCACTGAATGATGAATCCACCGTAGCCAAATGGTTGGC
GAAGCACAATGGGCGAGCCGGGCTGCATCATATGGCTTGGCGGGTGGATGATATTGATGCTGTTTCTGCCACACTGCGCGAACGCGGAGT
TCAATTGCTGTACGATGAGCCGAAATTAGGCACGGGGGGGAACCGCATTAATTTTATGCATCCCAAGTCTGGAAAAGGTGTGTTGATCGA
ATTGACGCAGTACCCCAAGAATTAACAGTTTCTCCAGGAATAGTGGAGGTCCTAGATGAGTAGTACCGACCAAGGCACTAATCCTGCCGA
CACCGATGACCTAACTCCCACTACTCTCTCCCTGGCAGGGGATTTCCCCAAAGCTACTGAAGAGCAATGGGAACGAGAAGTGGAGAAGGT
ATTGAATCGCGGGCGGCCCCCCGAGAAGCAACTGACCTTTGCGGAATGCCTGAAGCGTTTAACCGTTCATACCGTGGACGGAATTGATAT
CGTGCCAATGTATCGGCCGAAGGATGCCCCCAAAAAATTGGGCTACCCTGGTGTGGCCCCCTTTACGCGTGGGACCACGGTGCGAAACGG
GGATATGGATGCTTGGGATGTTCGTGCCTTACATGAAGATCCCGATGAAAAGTTTACGCGGAAAGCGATTTTGGAAGATTTGGAGCGGGG
TGTGACGAGTCTGCTCCTACGTGTAGATCCCGACGCCATCGCGCCGGAACACCTCGACGAAGTGCTCTCTGATGTGTTGCTGGAAATGAC
CAAAGTTGAAGTCTTCAGTCGGTACGATCAGGGGGCGGCGGCGGAAGCTCTCGTCTCCGTTTACGAACGTAGCGATAAGCCAGCCAAAGA
TTTGGCGCTGAATCTAGGCTTAGATCCAATTGCTTTTGCAGCCTTACAAGGCACCGAACCTGATTTGACCGTATTAGGAGATTGGGTGCG
TCGCCTAGCAAAATTTAGTCCTGATTCTCGTGCGGTAACGATCGACGCCAATATTTACCATAATGCTGGGGCCGGCGATGTGGCCGAACT
GGCCTGGGCCTTAGCAACAGGAGCCGAATACGTACGTGCTCTGGTAGAACAAGGTTTTACAGCAACCGAAGCATTCGATACCATTAATTT
TCGGGTGACCGCCACTCATGATCAGTTTCTGACTATTGCACGTTTACGTGCTTTGCGCGAAGCGTGGGCTCGGATCGGCGAAGTTTTTGG
AGTGGATGAAGATAAACGAGGAGCCCGCCAGAATGCTATTACCTCCTGGCGAGAATTGACCCGCGAAGATCCCTATGTGAATATTCTACG
TGGCTCTATTGCCACGTTTAGTGCCAGTGTGGGCGGCGCGGAATCCATCACGACGTTACCCTTTACACAGGCATTAGGATTACCCGAAGA
TGATTTTCCATTACGTATTGCTCGTAATACTGGAATTGTTCTCGCCGAAGAAGTCAACATTGGCCGCGTGAATGACCCCGCCGGTGGCTC
TTATTATGTTGAGTCCTTAACCCGCTCCCTCGCCGACGCCGCCTGGAAAGAATTCCAGGAAGTGGAAAAATTGGGCGGCATGTCTAAAGC
GGTCATGACTGAGCATGTGACGAAAGTGTTGGATGCCTGTAATGCGGAACGGGCGAAACGTTTAGCCAACCGTAAACAGCCAATCACCGC
TGTCTCCGAATTCCCCATGATTGGGGCGCGGAGTATCGAGACCAAGCCGTTTCCTGCGGCCCCCGCCCGGAAAGGCTTAGCTTGGCATCG
GGATTCCGAAGTGTTTGAGCAATTAATGGACCGGTCCACCAGTGTTAGCGAGCGCCCCAAGGTTTTTCTGGCATGTTTAGGTACCCGGCG

TGATTTCGGGGGACGGGAAGGATTTAGCTCTCCTGTTTGGCATATTGCCGGTATTGATACGCCCCAGGTGGAGGGGGGAACTACCGCAGA
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GATTGTTGAAGCGTTTAAAAAATCCGGGGCTCAGGTTGCCGATCTATGTTCTAGCGCGAAAGTTTATGCCCAGCAGGGCTTGGAAGTCGC
CAAGGCCCTGAAGGCAGCCGGTGCGAAAGCGTTATACCTGTCCGGAGCCTTTAAGGAATTTGGGGACGATGCCGCCGAAGCTGAAAAATT
AATTGACGGACGACTCTTCATGGGGATGGATGTGGTCGATACTTTATCCTCCACACTGGACATCTTAGGCGTCGCTAAGTAATCTCTGAG
TAGACAGTAGTGGAGGTCCTAGATGAGTACTTTACCCCGGTTTGACAGTGTGGATTTAGGAAATGCTCCCGTGCCTGCGGATGCCGCACG
CCGGTTTGAAGAATTGGCGGCGAAAGCTGGAACGGGGGAAGCTTGGGAAACCGCCGAACAAATTCCAGTAGGTACGCTGTTCAATGAAGA
CGTGTATAAAGATATGGATTGGCTGGATACTTATGCAGGTATTCCCCCGTTTGTGCACGGGCCCTATGCAACCATGTACGCTTTTCGGCC
CTGGACTATTCGGCAGTACGCAGGCTTTAGTACCGCTAAAGAAAGCAACGCCTTTTACCGGCGTAATTTAGCCGCTGGCCAAAAGGGCCT
AAGTGTGGCCTTTGATTTACCTACGCACCGTGGGTATGATTCCGACAACCCCCGGGTGGCTGGAGACGTGGGGATGGCTGGCGTGGCGAT
TGACAGTATTTATGATATGCGGGAACTGTTTGCCGGTATCCCCTTAGATCAAATGTCCGTGTCTATGACTATGAACGGAGCGGTGTTGCC
CATTCTGGCCTTATATGTCGTGACAGCGGAAGAACAGGGCGTTAAACCCGAGCAACTGGCAGGTACCATTCAGAATGATATCTTGAAAGA
ATTTATGGTACGGAATACCTATATTTACCCCCCCCAACCCTCTATGCGCATTATTAGTGAAATTTTCGCTTACACGTCCGCCAATATGCC
CAAGTGGAATTCTATTAGCATTTCCGGTTATCACATGCAGGAAGCCGGAGCGACCGCCGACATTGAAATGGCGTATACCCTAGCCGATGG
AGTCGACTACATTCGTGCCGGCGAATCTGTGGGCCTAAACGTAGATCAATTTGCGCCTCGCCTGAGCTTTTTTTGGGGTATCGGTATGAA
CTTTTTTATGGAAGTCGCCAAACTCCGCGCCGCGCGGATGTTATGGGCCAAGTTGGTTCATCAGTTCGGACCGAAAAATCCAAAAAGTAT
GTCCTTACGAACCCATAGTCAGACAAGTGGGTGGTCCTTGACCGCTCAAGATGTCTACAACAACGTAGTCCGAACATGCATCGAAGCGAT
GGCAGCCACACAAGGCCATACTCAGTCCCTCCACACCAATAGTCTGGACGAAGCTATCGCCTTGCCGACAGATTTTAGCGCACGGATTGC
CCGTAACACCCAACTGTTTCTACAGCAAGAATCTGGCACCACCCGCGTAATTGATCCCTGGAGCGGTTCTGCGTATGTTGAAGAGCTGAC
CTGGGATTTGGCGCGAAAAGCCTGGGGGCACATCCAAGAAGTGGAGAAAGTGGGAGGCATGGCTAAGGCGATCGAAAAAGGGATTCCTAA
AATGCGGATCGAAGAAGCCGCCGCCCGGACCCAGGCTCGTATCGATTCTGGACGCCAGCCTTTAATTGGCGTAAACAAATACCGTTTAGA
GCATGAACCCCCACTCGATGTGCTCAAAGTGGACAATTCTACAGTGTTGGCAGAGCAGAAAGCTAAGCTAGTCAAGTTACGGGCCGAGCG
AGACCCTGAAAAGGTGAAAGCCGCGCTGGACAAGATTACCTGGGCTGCCGCAAACCCCGATGATAAAGATCCCGATCGCAATCTATTAAA
ACTGTGTATTGACGCAGGTCGGGCTATGGCTACCGTCGGTGAAATGTCCGACGCCCTGGAAAAGGTATTTGGTCGCTACACCGCCCAAAT
CCGCACCATCTCCGGTGTCTACTCCAAAGAGGTGAAAAACACGCCCGAAGTTGAGGAAGCCCGTGAACTAGTTGAAGAATTCGAACAAGC
TGAAGGGCGCCGCCCGCGTATTCTGTTAGCTAAGATGGGTCAAGATGGCCATGATCGTGGCCAAAAGGTGATCGCCACAGCTTACGCCGA
CCTAGGATTTGATGTTGATGTCGGTCCGCTGTTTCAGACGCCCGAGGAAACGGCTCGACAAGCCGTGGAAGCGGACGTCCATGTAGTCGG
CGTTAGTAGTTTAGCCGGGGGCCACCTAACGCTGGTGCCCGCGTTGCGTAAAGAACTAGATAAATTGGGCCGTCCCGACATTTTAATTAC
CGTGGGTGGAGTCATCCCCGAACAAGATTTTGATGAGTTACGGAAAGATGGTGCCGTCGAAATTTACACTCCAGGGACCGTCATTCCCGA
GAGTGCCATCTCCTTGGTTAAGAAATTACGGGCTAGTCTAGACGCATAAAGCGTTCCAGTGGATATTTGCTGGGGGTTAATGAAACATTG
TGGCGGAACCCAGGGACAATGTGACCAAAAAATTCAGGGATATCAATAAGTATTAGGTATATGGATCATAATTGTATGCCCGACTATTGC
TTAAACTGACTGACCACTGACCTTAAGAGTAATGGCGTGCAAGGCCCAGTGATCAATTTCATTATTTTTCATTATTTCATCTCCATTGTC
CCTGAAAATCAGTTGTGTCGCCCCTCTACACAGCCCAGAACTATGGTAAAGGCGCACGAAAAACCGCCAGGTAAACTCTTCTCAACCCCC
AAAACGCCCTCTGTTTACCCATGGAAAAAACGACAATTACAAGAAAGTAAAACTTATGTCATCTATAAGCTTCGTGTATATTAACTTCCT
GTTACAAAGCTTTACAAAACTCTCATTAATCCTTTAGACTAAGTTTAGTCAGTTCCAATCTGAACATCGACAAATACATAAGGAATTATA
ACCATATGGCAAAAGCGTCACGCCTGACCAGATCAACCGGTCAGCCAACGGAGGTGTCAGAAGGACAGGTCACCGGGACAAGCGAGATGC
CCCCCACAGGAGAAGAACCATCAGGACACGCAGAATCAAAGCCGCCGGCCAGTGATCCGATGAGCACACCGGGCACCGGTCAGGAGCAGT
TGCCGTTGAGTGGCATTCGGGTCATTGATGTAGGTAATTTTCTGGCCGGCCCGTATGCTGCTTCCATCCTGGGTGAATTCGGTGCCGAGG
TGCTCAAGATCGAACACCCGCTGGGTGGCGATCCGATGCGTCGTTTCGGCACTGCAACTGCGCGCCACGATGCAACACTGGCCTGGCTGA

GCGAGGCCCGTAACCGTAAGTCGGTCACGATTGATCTGCGTCAGCAAGAGGGCGTTGCGCTCTTTCTGAAGCTGGTCGCCAAATCCGACA

273



Chapter 8. Appendix

TTCTGATTGAAAACTTTCGCCCCGGTACGATGGAAGAATGGGGCTTGAGCTGGCCTGTTTTGCAGGCGACGAATCCCGGACTGATTATGC
TGCGGGTGTCGGGCTATGGTCAGACCGGGCCGTACCGTCGGCGTTCGGGGTTTGCCCATATTGCCCACGCTTTCAGCGGCCTCTCGTATC
TGGCCGGGTTCCCCGGCGAAACGCCAGTCTTGCCGGGAACGGCACCGCTCGGCGACTATATCGCCAGTCTGTTCGGGGCGATTGGGATTT
TGATCGCGCTGCGCCACAAAGAGCAGACCGGACGCGGGCAGTTGATCGATGTCGGGATTTACGAAGCGGTCTTCCGGATTCTGGATGAGA
TTGCCCCGGCTTACGGTCTGTTCGGCAAGATTCGTGAACGCGAAGGGGCCGGGAGTTTTATTGCTGTTCCGCATGGCCATTTCCGCTCGA
AGGACGGCAAGTGGGTTGCGATTGCCTGTACCACCGACAAGATGTTTGAACGGCTGGCCGAAGCAATGGAGCGCCCGGAACTGGCTTCGC
CGGAACTGTACGGCGATCAACGCAAACGGCTGGCAGCACGCGATATTGTGAACCAGATCACGATTGAATGGGTCGGTTCGTTGACGCGCG
ACGAGGTGATGCGGCGTTGTCTGGAGAAGGAAGTTCCCGTTGGCCCACTCAACAGCATCGCCGATATGTTCAACGACGAACATTTTCTGG
CTCGCGGCAACTTTGCCTGTATCGAAGCCGAGGGTATCGGCGAAGTGGTGGTTCCGAACGTGATCCCCAGACTGTCAGAAACACCGGGAC
GGGTGACCAACCTCGGCCCACCGCTGGGGAATGCCACGTATGAGGTGTTGCGCGAGCTGCTTGATATTTCTGCCGAAGAGATCAAGCGTC
TGCGCAGCCGCAAGATTATTTAGCGTAACAGGCTATCTTAGTGGAGGTCCTAGATGGATGGAACGACCACAACGTTGCCGCTGGCCGGAA
TTCGCGTTATCGATGCCGCGACGGTGATTGCTGCGCCTTTTTGTGCGACCCTGTTGGGCGAATTCGGCGCTGACGTGTTGAAAGTAGAAC
ATCCTATCGGCGGTGATGCGCTGCGCCGCTTCGGGACGCCGACCGCACGCGGCGATACGCTGACCTGGCTGAGCGAGTCGCGCAACAAGC
GTTCGGTTACGCTCAACCTGCAACATCCCGAAGGGGCGCGTGTCTTCAAAGAGCTGATCGCCCACTCCGATGTGCTGTGCGAAAATTTTC
GCCCCGGTACGCTGGAAAAATGGGGGCTGGGTTGGGATGTGTTGAGCAAGATCAACCCGCGCCTGATTATGTTGCGGGTCACCGGCTATG
GGCAGACCGGGCCGTACCGTGATCGACCGGGGTTTGCCCGGATTGCGCACGCCGTCGGTGGCATCGCGTATCTGGCCGGTATGCCGAAAG
GGACACCGGTGACGCCGGGGTCAACGACACTCGCCGATTACATGACCGGTCTCTACGGCTGTATTGGCGTGCTGCTGGCGCTGCGCCACC
GCGAACAGACCGGACGCGGCCAGTACATTGATGCCGCTCTGTACGAATCGGTCTTCCGCTGTAGCGATGAGCTGGTGCCGGCCTACGGGA
TGTATCGCAAGGTGCGTGAACGCCACGGTTCCCACTACAACGAGTTTGCCTGTCCTCACGGCCACTTCCAGACCAAAGACGGGAAATGGG
TGGCGATCTCGTGTGCGACCGATAAGCTGTTTGCCCGACTGGCAAATGCGATGGGGCGCCCCGAACTGGCGTCGTCGAGTGTCTACGGCG
ACCAGAAAGTACGGCTGGCGCACGCCAGTGATGTGAACGAGATTGTGCGTGACTGGTGTAGCTCGCTGACCCGCGCCGAAGTGCTTGAGC
GCTGTTACGCCACGGCTACCCCGGCGGCACCGCTGAACGACATTGCCGACTTCTTCGGTGATCGCCACGTCCACGCTCGTCGGAATCTGG
TCGCGATTGATGCCGAAGACCTGGGGGAGACGTTGATCATGCCGAATGTGGTGCCAAAGCTCTCGGAGACACCGGGCAGCATTCGCTCGC
TCGGCCCGAAACTCGGCGAGCATACGGAAGAGGTCTTGAAAGAGATTCTCGGCATGTGCGACGAGCAGATCAACGATCTGCGTTCAAAGC
GGGTGATATAGGCTTACGCAATAGGTTAGTGGAGGTCCTAGATGCGCAAGCTAGCTCACAACTTCTACAAACCGTTGGCCATCGGTGCTC
CGGAGCCGATCCGCGAGCTGCCGGTTCGCCCAGAGCGGGTCGTCCACTTTTTTCCGCCCCACGTGGAAAAGATTCGCGCCCGTATTCCCG
AAGTCGCCAAACAGGTTGATGTGCTGTGCGGCAATCTGGAAGACGCGATTCCGATGGACGCCAAAGAGGCCGCCCGCAACGGCTTTATCG
AGGTAGTCAAAGCAACCGATTTCGGCGATACCGCGCTCTGGGTGCGGGTCAATGCGCTCAACAGCCCATGGGTGCTCGACGATATTGCCG
AGATTGTGGCCGCGGTGGGCAATAAACTCGATGTGATTATGATCCCGAAGGTCGAGGGGCCGTGGGACATTCACTTCGTTGATCAGTATC
TGGCGCTGCTCGAAGCCCGCCACCAGATCAAAAAGCCGATTCTGATCCATGCTCTGCTAGAAACCGCCCAGGGCATGGTCAATCTGGAAG
AAATTGCCGGTGCCAGCCCCCGCATGCACGGCTTCAGTCTGGGGCCGGCTGATCTCGCCGCTTCGCGTGGCATGAAGACCACCCGTGTCG
GCGGTGGGCACCCCTTCTACGGCGTGCTGGCCGACCCGCAAGAAGGTCAGGCCGAGCGGCCATTCTATCAGCAAGACCTCTGGCACTACA
CGATTGCGCGGATGGTTGATGTGGCAGTTGCCCATGGCCTGCGCGCCTTCTACGGCCCCTTCGGCGACATCAAGGATGAAGCCGCCTGCG
AAGCCCAATTCCGCAACGCCTTCCTCCTCGGCTGCACCGGTGCGTGGTCGCTCGCGCCCAACCAGATTCCCATCGCCAAGCGCGTCTTCA
GCCCGGACGTGAACGAGGTGCTCTTCGCCAAACGCATCCTGGAGGCGATGCCCGATGGTTCGGGGGTGGCGATGATTGACGGCAAGATGC
AAGACGATGCGACCTGGAAGCAGGCGAAGGTGATCGTTGATCTGGCGCGGATGATTGCGAAGAAAGACCCCGACCTGGCCCAGGCGTATG
GTCTGTGAGGTTTAGTGACCGACTAACACTTTTCTCATAAAATCCCAGGGAGGTTTCGGCCTCCCTTTTTTTCACTTGCTAAgctcttCG

TTTCCATCCCGATCAGGCATTTGAGAAGCACACGGTCACACTGCTTCCGGTAGTCAATAAACCGGTAAACCAGCAATAGACATAAGCGGC
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TATCTAACGACCCTGCCCTGAACCGACGACCGGGTCGAATTTGCTTTCGAATTTCTGCCATTCATCCGCTTATTATCACTTATTCAGGCG
TAGCAACCAGGCGTTTAAGGGCACCAATAACTGCCTTAAAAAAATTACGCCCCGCCCTGCCACTCATCGCAGTACTGTTGTAATTCATTA
AGCATTCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATAT
TTGCCCATGGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACGTTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAG
ACGAAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCAGGTTTTCACCGTAACACGCCACATCTTGCGAATATATGTGTAGAAAC
TGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCC
CATATCACCAGCTCACCGTCTTTCATTGCCATACGGAATTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAA

AACTTGTGCTTATTTTTCTTTACGGTCTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGA

AATGCCTCAAAATGTTCTTTACGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATTTTAGCTTCCTTAGCT
CCTGAAAATCTCGATAACTCAAAAAATACGCCCGGTAGTGATCTTATTTCATTATGGTGAAAGTTGGAACCTCTTACGTGCCGATCAACG
TCTCATTTTCGCCAAAAGTTGGCCCAGGGCTTCCCGGTATCAACAGGGACACCAGGATTTATTTATTCTGCGAAGTGATCTTCCGTCACA

GGTATTTATTCGGCGC

8.9.3 pJWM_3HP_dRHSI1 (as used in this project)

>pJWM_3HP_dRHS1 (9888 bp)

TCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTA
TCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG
TTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATAC
CAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGA
AGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCC
GTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTA
TTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGT
GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAG
TGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTT
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG
CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCC
GCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTG
TGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTG
CATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG
CGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCT
TCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTT
ACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTC
ATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAA
CAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGG

CGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGT
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CTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCA
GAGCAGATTGTACTGAGAGTGCACCATACCGATTGCTCCAAAATTAGGGAGTCAGCCCAAATTGGTTCCAGGGATAATTCCGTCGGACTA
AGCTTAGTCAATTTGATTGGTCGTCCCAGCAACCAGGCGGCATAGTCTTCGGAAAAGGATTCGGCGAGGAATTTGCACAGATTGTCAAAC
ATACCCAAATTCTAAGGGCGATCGCCATAACCATGTTTTGAGAGTCTCACAACTTTAGGGGTATGGTAAAAGGGACTATTGAGACATAAA
AAGAGACGGGGTTGGGGAGTAGTCTCGGAAAGTGTACTTTCTAAGACCAACGGGCATAGTCATAGTGAGCAAGAATTTTTTGGTCTTTAG
TCAGCAGTAAACTGTCAGTCAACGCAGACTGGGCTGTAATCAGACGGTCAAAAGGATCCCTTGTCCAGTCCAGTGTTAATGCTTGGTAAA
CAACTTGGTCGAAGTTCTTGGTACAGCTACATAAGCCAATATTATTCTCCAGAGTGGTGAGAATAGCTTCTGGCGATGCAGTAATTCTTT
CAATCTCAAGAAGATATTTGAGCTCTAGTCGTACTATGGGAGAGAAGGTTAGGTCGTTACTGTTAATCAGTGATTTGGCCAGGGCAGAGC
AGATTGTACTGAGAGTGCACCATACGAATTGTGAGCGCTCACAATTCGAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTA
ATCATCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAATGTCCGCCAAGACCAATCCCGGTAATTTTTTTGAAG
ACTTTCGCTTAGGCCAAACCATTGTTCACGCTACTCCCCGCACTATCACCGAAGGCGACGTAGCCCTCTACACCAGTCTATACGGATCCC
GTTTCGCCCTAACTAGTAGTACTCCCTTTGCCCAAAGTTTAGGGCTGGAACGGGCACCCATTGATAGCCTCTTAGTATTTCATATTGTTT
TTGGAAAGACCGTTCCAGACATCTCCTTAAACGCTATCGCCAACTTAGGTTACGCGGGGGGACGATTTGGAGCTGTGGTGTACCCCGGTG
ATACATTGTCCACCACTAGCAAGGTAATTGGCTTGCGTCAAAATAAAGATGGAAAGACCGGCGTCGTTTATGTTCATTCCGTGGGCGTCA
ACCAATGGGACGAAGTTGTGTTAGAATACATTCGTTGGGTGATGGTGCGAAAGCGGGATCCCAATGCACCCGCCCCCGAGACCGTCGTTC
CGGACTTGCCAGATAGTGTTCCGGTCACAGATCTCACCGTTCCATATACCGTTTCCGCTGCCAATTATAACCTGGCGCATGCCGGCTCCA
ATTATCTGTGGGATGACTATGAAGTGGGAGAAAAAATCGATCATGTGGATGGCGTTACCATTGAAGAAGCCGAGCACATGCAAGCCACCC
GTTTATATCAGAATACCGCTCGCGTCCATTTTAATCTGCATGTCGAACGGGAAGGGCGGTTTGGGCGGCGCATCGTGTATGGTGGTCATA
TCATTAGTTTAGCTCGGAGTCTGAGCTTCAATGGACTGGCCAATGCGCTCTCTATTGCCGCAATTAATTCTGGCCGACATACCAATCCAT
CTTTCGCCGGTGACACAATTTATGCCTGGAGCGAAATTTTGGCGAAAATGGCCATCCCCGGACGCACTGATATCGGTGCGTTGCGCGTTC
GGACTGTGGCAACCAAGGATCGGCCGTGTCACGATTTTCCTTATCGCGATGCTGAAGGGAACTACGATCCTGCAGTAGTACTGGATTTTG
ATTACACTGTTTTGATGCCGCGGCGCGGGTAAGAAAGCGATTCCTTCTAGTGGAGGTCCTAGATGAAAGGGATTCTCCACGGGTTGCGCG
TGGTTGAGGGTTCCGCCTTTGTGGCGGCACCCTTGGGGGGCATGACCCTCGCACAGTTGGGAGCCGACGTGATTCGGTTCGATCCTATTG
GCGGGGGTTTAGACTACAAGCGTTGGCCCGTTACTCTGGACGGTAAACATAGTCTGTTTTGGGCGGGGCTCAATAAAGGCAAGCGGTCCA
TCGCCATTGATATCCGCCATCCTCGGGGCCAGGAATTGTTGACGCAGCTCATTTGTGCCCCTGGTGAACACGCCGGTTTATTTATTACTA
ACTTTCCTGCTCGTGGCTGGCTGAGTTATGACGAATTGAAGCGGCACCGCGCCGACCTCATTATGGTGAACTTAGTGGGACGTCGCGATG
GCGGAAGCGAGGTCGACTATACGGTGAACCCGCAGTTGGGCCTCCCTTTTATGACTGGTCCCGTGACGACCCCCGACGTAGTTAACCATG
TCTTACCTGCCTGGGATATTGTTACGGGCCAGATGATCGCGTTAGGTTTATTGGCTGCCGAGCGACATCGCCGGCTGACGGGTGAAGGAC
AACTAGTTAAAATTGCTCTCAAAGATGTGGGGCTCGCAATGATTGGGCACTTAGGAATGATTGCCGAAGTGATGATTAATGATACTGATC
GGCCACGGCAAGGCAATTATCTGTACGGCGCCTTTGGGCGGGATTTTGAAACCCTAGACGGCAAGCGGGTGATGGTGGTGGGCCTCACGG
ATCTACAGTGGAAAGCCCTAGGGAAAGCTACTGGACTCACCGATGCGTTTAACGCCTTGGGTGCTCGATTGGGTCTCAACATGGACGAAG
AGGGGGACCGCTTTCGCGCCCGGCATGAAATTGCCGCTTTACTGGAACCATGGTTTCATGCCCGCACCTTGGCAGAAGTGCGGCGGATTT
TTGAACAGCATCGTGTCACGTGGGCCCCCTACCGCACCGTACGCGAGGCGATTGCCCAGGACCCGGACTGTTCCACTGACAACCCCATGT
TTGCTATGGTCGAACAGCCCGGTATCGGGAGTTACTTAATGCCTGGGTCCCCCTTAGATTTTACGGCTGTCCCTCGTCTGCCTGTGCAGC
CTGCCCCCCGGCTAGGCGAACACACCGATGAGATTCTACTGGAGGTTTTGGGGCTATCTGAGGCTGAGGTGGGCCGGTTGCATGATGAAG
GTATTGTGGCCGGCCCCGACCGGGCCGCCTAAGGAACTCAGTGTATCTAGTGGAGGTCCTAGATGTCCTCCGCGGACTGGATGGCATGGA
TCGGGCGCACTGAGCAAGTTGAAGACGATATTTGCTTAGCCCAGGCCATTGCTGCTGCGGCGACGTTAGAACCTCCGAGTGGTGCCCCAA

CGGCTGATTCTCCCCTACCCCCCTTATGGCATTGGTTTTATTTTCTACCCCGGGCACCACAGAGCCAGTTAAGCTCCGATGGCCATCCTC
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AACGAGGTGGTTTCATTCCCCCTATTCCGTATCCTCGGCGCATGTTCGCCGGAGCGCGGATTCGGTTTCATCACCCCCTACGGATCGGGC
AACCTGCCCGTCGTGAAGGGGTGATCCGGAACATCACTCAAAAAAGCGGGCGTTCTGGTCCCTTAGCCTTCGTGACTGTCGGTTACCAGA
TTTACCAGCACGAAATGCTATGCATTGAAGAAGAACAAGATATTGTATACCGGGAGCCGGGCGCCCCTGTGCCCGCCCCCACTCCCGTAG
AACTCCCCCCAGTGCATGATGCAATTACTCGGACAGTCGTGCCCGATCCCCGATTATTATTTCGTTTTTCCGCACTCACTTTCAACGCCC
ATCGCATCCACTATGATCGCCCATATGCGCAGCACGAAGAGGGCTATCCCGGCCTAGTGGTTCACGGACCATTAGTCGCCGTGCTATTGA
TGGAATTAGCCCGACACCATACCTCCCGACCCATCGTGGGTTTCAGTTTTCGGTCCCAGGCTCCCTTGTTTGACTTGGCGCCCTTTCGTC
TGCTGGCCCGACCCAATGGCGACCGGATTGATTTAGAGGCACAAGGACCTGATGGCGCGACCGCCCTGTCTGCTACCGTAGAATTGGGCG
GATAACGACACTATTGGTGATAGTGGAGGTCCTAGATGCGCAAGTTGGCTCATAATTTTTATAAACCGCTAGCTATTGGAGCCCCTGAAC
CCATTCGGGAATTACCCGTGCGGCCGGAACGCGTTGTGCATTTCTTCCCCCCACATGTGGAAAAAATTCGTGCCCGTATTCCCGAAGTTG
CTAAACAAGTGGATGTACTATGCGGGAATTTAGAAGATGCAATTCCCATGGATGCCAAGGAAGCTGCCCGCAATGGCTTTATTGAGGTAG
TAAAAGCGACGGACTTCGGCGATACAGCCCTCTGGGTGCGAGTGAATGCCCTGAACTCTCCGTGGGTCCTCGATGATATTGCTGAGATCG
TAGCAGCCGTAGGGAATAAATTAGACGTGATCATGATTCCTAAAGTGGAAGGGCCCTGGGATATTCACTTTGTTGACCAGTATTTAGCTT
TATTGGAGGCACGCCATCAAATTAAAAAGCCAATCCTGATTCATGCGCTCCTCGAAACTGCCCAGGGCATGGTAAATTTGGAAGAAATCG
CGGGTGCCAGCCCGCGAATGCACGGCTTCTCTTTGGGCCCAGCCGACCTAGCAGCTAGTCGAGGTATGAAAACCACTCGTGTGGGCGGCG
GCCACCCTTTTTATGGCGTGCTCGCCGATCCTCAGGAAGGTCAAGCCGAACGGCCGTTTTATCAGCAGGACTTATGGCATTACACCATTG
CACGTATGGTAGATGTGGCAGTTGCTCATGGGTTACGGGCTTTTTACGGCCCATTTGGAGATATTAAGGATGAAGCCGCCTGCGAAGCTC
AATTCCGCAATGCATTTCTACTCGGATGTACGGGTGCTTGGTCCCTCGCACCCAACCAAATCCCCATTGCAAAACGGGTATTTAGCCCGG
ACGTGAACGAAGTGCTCTTTGCTAAACGTATTCTCGAGGCCATGCCTGATGGTAGCGGCGTGGCGATGATTGATGGAAAAATGCAAGACG
ATGCCACCTGGAAACAAGCCAAAGTGATTGTAGATCTAGCCCGTATGATTGCCAAGAAGGATCCTGATCTCGCTCAGGCTTATGGGTTAT
AAGGTTTAGTGACCGACTAACACTTTTCTCATAAAATCCCAGGGAGGTTTCGGCCTCCCTTTTTTTCACTTGCTAAGCTCTCTTTCGTTT
TTTTAAAATAAAAAAGGGGACCTCTAGGGTCCCCAATTAATTAGTAATATAATCTATTAAAGGTCATTCAAAAGGTCATCCACCGGATCA
TTCCCCTGCTCGCGCAGGCTGGGTGCCAAGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTG
CCGTGATCGAAATCCAGATCCTTGACCCGCAGTTGCAAACCCTCACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGA
TGCTCGCCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGGCAAGCGCCGCGACGGCCGAGGTCTTCCGATC
TCCTGAAGCCAGGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACC
TTGCGCTCGTTCGCCAGCCAGGACAGAAATGCCTCGACTTCGCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAAACGGATGAAG
GCACGAACCCAGTGGACATAAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACC
GAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGGGGTACAGTCTATGCCTCGGGCATCCAAG
CAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTA
AACATCATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCCATCTCGAACCGACGTTG
CTGGCCGTACATTTGTACGGCTCCGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTT
GATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTC
ACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTT
GCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCA
GCGGCGGAGGAACTCTTTGATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGAC
TGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCT
GCCGACTGGGCAATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGC

TTGGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAATGTCTAACAATT
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CGTTCAAGCCGACGCCGCTTCGCGGCGCGGCTTAACTCAAGCGTTAGATGCACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCA
AGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAGCCCTACACAAATTGGGAGATATATCATGAAAGGCTGGCTTTTTCTTGTTATCGC
AATAGTTGGCGAAGTAATCGCAACATCCGCATTAAAATCTAGCGAGGGCTTTACTAAGCTTGATCCGGTGGATGACCTTTTGAATGACCT
TTAATAGATTATATTACTAATTAATTGGGGACCCTAGAGGTCCCCTTTTTTATTTTAAAATGGGTGTCAAGGTAAATCGAGCTCAATCTC
TCCCTCCCAATCAATGGTGACCAACTCTTCCGGGTCGCCAATGATAACCCCTGGACGATGTACTAAGTTCTTGAACTTATCCGGCTCCTC
CACTGGCAGTATTCGTAGGCGTTTACCCCCCCGATTAATTTCCAGCGGTATGCCGGTTGCCAGCACCTCATCTAGCAGGTTGTAAAGATT
ACCCCTCAGCTCCGTTGGCGTAATTTGTTTCATCCTATTCTGTTCAATGTACGTTCAAAATTAGTCTAACGTACATCAAAGCAAGATACT
TTCCCTCAAAAGTCTATTTTCGCCCAGCCGCAGTCATCAGATGTTGCCATATTTTGGTGAAATCTACTATAATTGAGTCAGTCCTCGGGG
AGAGGATGTTTACCATCCAGGGAGTCTGGTATGCAAACTAAATATCAATACGGGATCTACATTGGTCGGTTCCAGCCTTTTCATCTCGGT
CATTTACGCACCCTTAATCTTGCGCTAGAAAAGGCTGAGCAAGTCATTATCATTTTAGGTAGTCATCGGGTGGCCGCGGATACCCGCAAC

CCCTGGCGATCGCCAGAACGGATGGCGATGATTGAGGCTTGTTTAAGCCCCCAAATACTGAAAAGGGTGCATTTTTTG

8.9.4 Modified pRSETA with thrombin cleavage site

Full plasmid without an ORF for expression. Basepair #1 is downstream of stop codon of
desired ORF, basepair #2842 (final) is just upstream of ATG start codon of desired ORF.

>pRSETA mod (2482 bp)

GAGCTCGAGATCTGCAGCTGGTACCATGGAATTCGAAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCA
CCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATCTG
GCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTT
TCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCC
CAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTT
TAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCGCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGC
CTATTGGTTAAAAAATGAGCTGATTTAACAAATATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGG

GGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTT

CAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTT
GCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGT
AAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATT
GACGCCGGGCAAGAGCAACTCGGTCGCCCCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACG
GATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGA
CCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCA
AACGACGAGAGTGACACCACGATGCCTGTAGCAATGCCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGG
CAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAA
TCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCGCTCCCGTATCGTAGTTATCTACACGACG
GGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTT
TACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAA

ATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTA
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ATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACT
GGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACA
TACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCG
GATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAG
CGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACG
AGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCG
TCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGGCTTTTGCTGGCCTTTTGCTCACATGTTCTTT
CCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGC
GAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGGATCTCGATC
CCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATA

TGCGGGGTTCTCATCATCATCATCATCATGGTCTGGTTCCGCGTGGATCC
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