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ABSTRACT

DEVELOPMENT OF GENETIC PARTS FOR IMPROVED CONTROL OF TRANSLATION INITIATION IN

SYNECHOCYSTIS SP. PCC 6803 WITH AN APPLICATION IN BIOFUEL PRODUCTION

Metabolic engineering is developing into a field that can change the way we produce a wide variety of
valuable chemicals. Many chemicals are already produced in microbial cultures. Metabolic engineering
enables us to modify organisms to produce metabolites they don’t usually produce, assuming an
enzyme can be identified in another organism that catalyzes the formation of that product (or an
enzyme can be designed for that task through protein engineering). The distribution of accumulated
metabolites can also be altered. There are some cases where metabolites can be accumulated through
cultivation practices. Methods of metabolic engineering to overexpress, knockdown, or knockout native
enzymes provide additional tools to alter cellular metabolism and drive accumulation of those products.

Precise control over gene expression is central to these efforts.

To avoid competition with human food crops and the resources need to produce them, cyanobacteria
may be utilized for production of valuable chemicals. Through photosynthesis, they can utilize carbon
dioxide from geological formations or from industrial waste streams. Since most metabolic engineering
has been developed in E. coli and yeast, it was necessary to first adapt the basic methods for use in
cyanobacteria. Along with my co-authors Dr. Allison Werner and Dr. Christie Peebles, we reviewed
methods for producing genetically modified Synechocystis Sp. PCC6803 (S. 6803). To facilitate the
generation of strains with many modifications, we covered the method developed in the Peebles Lab for

making markerless selections which remove any antibiotic selection markers.



A previous graduate student in the Peebles lab, Stevan Albers, found that strong promoter-ribosome
binding site combinations that drove high expression of GFP did not necessarily result in high expression
when used to drive expression of a different gene. Therefore, in our work to produce bisabolene in S.
6803 we tested many ribosome binding sites. In addition, we tested five different codon optimizations
of the bisabolene synthase to ensure that expression was not prevented by slow translation elongation.
We found that the simple measure of the codon adaptation index (CAl) correlated with expression of
the five different codon optimizations. Using a thermodynamic model of translation initiation, we
designed ten ribosome binding sites to increase bisabolene synthase expression by 10-fold. Only one of
those designs actually approached a 10-fold increase, highlighting the need to continue testing several
ribosome binding sites to achieve a desired expression level. Since industrial cultivation of cyanobacteria
occurs outdoors, subject to natural light:dark cycles, we tested two of the designed strains in light:dark
cycles. The strains reached similar bisabolene titers after being exposed to the same amount of total
light period as those previously tested in continuous light. Overall, this work increased the highest

bisabolene titer reported in cyanobacteria by approximately 10-fold.

The need to test many ribosome binding sites limits progress in cyanobacterial metabolic engineering.
The research of others suggest that ribosome binding sites interact with coding sequences by forming
secondary structures with different free energy of folding. The estimation of the free energy of folding
may be inaccurate, and, further, the kinetics of such folding may also be important to translation
initiation rates. We tested two different designs to limit the impacts that secondary structures that span
either side of the start codon may have on translation initiation rates in both E. coli and S. 6803.
Utilization of a 21-nucleotide leader sequence after the start codon to make the sequence context
consistent for ribosome binding sites between different coding sequences did not improve the
correlation found between the expression of two different reporter genes in either organism. Bicistronic

designs use translational coupling between an upstream open reading frame and the gene of interest



with a ribosome binding site contained within the upstream open reading frame to re-initiate
translation. This design exploits the helicase activity of ribosomes in elongation mode to actively unfold
the secondary structure around the start codon of the gene of interest. We expected this activity to
reduce the impacts of secondary structure and improve the correlation in expression between two

different reporter genes. Intriguingly, the correlation was much improved in E. coli, but not in S. 6803.

Together, this dissertation suggests that there are important differences in translation initiation
between E. coli and S. 6803. Improved ribosome binding site design for cyanobacteria would facilitate
further increases in terpenoid production both by enabling higher expression of heterologous terpenoid
synthases and by reducing the number of strains that must be tested to achieve the desired expression
level for each enzyme. Future directions suggested by this work include studies of translation initiation
mechanisms in cyanobacteria, development of cell-free expression systems to facilitate rapid testing of
many different genetic constructs, and further efforts at pathway engineering to increase terpenoid titer

and productivity in cyanobacteria.
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CHAPTER 1: INTRODUCTION

Metabolic engineering is rapidly growing field in which engineers seek to control the rates of metabolic
conversions and the distribution of metabolites present in large-scale cultivation, usually of microbial
cultures. Often, the objective is to maximize the production of a single valuable product. To achieve this,
it is essential to be able to control gene expression, precisely and accurately. Nielsen and Keasling
reviewed the metabolic engineering field recently (Nielsen and Keasling 2016). The brief history of
microbial utilization for production of valuable products commenced with fermentations for food
products. Genetic modification of microbes to improve their performance started with random
mutagenesis and screening, application of which towards penicillin production increased production by
10,000-fold (Thykaer and Nielsen 2003). Dramatic increases in our understanding of cell biology
facilitated by full genome sequencing have resulted in impressive improvements in our ability to more

precisely alter cell metabolism.

The ability to genetically modify organisms has opened an entirely new field in which engineers have
opportunities to address numerous societal problems. Modification of microbial metabolism opens the
door to replacing existing processes for producing chemicals that generate pollution. Microbial
production of chemicals can be considered renewable and can be completed at lower temperatures and
pressures than many petrochemical processes. This is because organisms rely on catalysis of thousands
of different enzymes. Production of valuable plant metabolites that are often produced very slowly in
miniscule amounts by plants can also be improved by engineering fast growing bacteria or yeast to

produce those molecules.

Several companies including Ginkgo Bioworks, Evolva, Inscripta, and Lumen Biosciences have started in

the last ten years that provide strain design service. These services promise to deliver strains optimized



for maximum production of a valuable product. Typically, these services rely on automated generation
of large numbers of variant strains, followed by product screening, data analysis, and redesign of new
strains. This cycle may be repeated until adequate performance is attained. Other companies are being
built around novel products that rely on genetic engineering. Bolt Threads has genetically modifying
yeast and bacteria to produce spider silk proteins. Butamax and Gevo produce isobutanol as a fuel using
Saccharomyces cerevisiae. Amyris has engineered S. cerevisiae to produce the anti-malarial drug
precursor artemisinic acid. This engineering process is expensive and time consuming, however. Nielsen
and Keasling (2016) estimated that the development of new strains capable of accumulating products at

industrially relevant scales generally takes 6-8 years (or more than 200 worker years) and $50 million.

Climate change

Providing food and water to a global population that continues to grow presents an enormous challenge
to humanity. Disruption of earth systems that agriculture depends on for continued activity by climate
change compounds those challenges. Development of biofuels that don’t compete with agriculture for
arable land and fresh water can be one part of the solution. Biofuels produced by cyanobacteria or algae
do not require organic carbon feed like the sugars required for biofuel production by E. coli or yeast. In
addition, many species of cyanobacteria and algae are salt tolerant and can be grown in brackish or sea
water. Utilization of photosynthetic microbes could remove CO; from the waste streams from other

processes and reduce the carbon impact of liquid fuels.

Metabolic engineering importance

Cyanobacteria and algae do not naturally accumulate large quantities of many metabolites are needed
for industrial production of fuels or other products. Technology to manipulate metabolic networks
needs to be applied to these organisms to improve performance of this task. Metabolic engineering is a

rapidly growing field which applies genetic modifications to organisms to alter cellular function and



metabolic flux, generally to maximize productivity of one or more value products. The principles of
metabolic engineering have been used to produce a wide array of molecules in cyanobacteria. Often,
genetic elements such as promoters, ribosome binding sites, and protein coding sequences previously
characterized for use in E. coli are used as a starting point for metabolic engineering projects in
cyanobacteria. Reliable tools for manipulating metabolism are needed in order to develop microbial cell
factories. Those include tools for modulating expression levels of proteins at the transcriptional level
through promoters, and at the translation level through ribosome binding sites. Often, the tools applied
towards metabolic engineering in cyanobacteria have been previously developed for use in E. coli. As we

have found, such tools do not always work the same way in cyanobacteria.

Resource requirements for E. coli vs cyanobacteria

Production of biofuels and other valuable products by E. coli and yeast requires inputs of organic
carbon. This may come in the form of sugars derived from maize or other food crop sources. Because of
that requirement, these processes compete with human food crops for agricultural resources such as
arable land, fresh water, and fertilizer. Processes that instead rely on cyanobacteria or algae do not
require organic carbon inputs. Instead carbon dioxide from deep wells or from the waste streams of
combustion processes can be used as inorganic carbon sources that these organisms can fix through

photosynthesis.

Many species of cyanobacteria and algae are also salt-tolerant and can be grown in brackish or sea
water. This is a major advantage since freshwater resources are limited in many places around the
world. Cyanobacteria do require nitrogen and phosphate inputs, however. Researchers are investigating
possible sources of these, including from municipal wastewater treatment plants and farmland runoff. In

both of these, excess nitrogen and phosphate cause problems, for example, with toxic algae blooms.



Some species of cyanobacteria are also capable of fixing nitrogen, and researchers are also attempting

to engineer other species to give them this capability.

To minimize capital costs, cyanobacteria are often grown outdoors in open raceway ponds which are
shaped like racetracks with a large paddle wheel mixing the culture. Sunlight is a free source of energy
for these cultures, and carbon dioxide-enriched air can be bubbled through them. These conditions can
be quite different than what metabolic engineers use to test genetically modified strains. In Chapter 3,
on bisabolene production in S. 6803, we sought to address at least part of this scale-up problem by
growing the best-performing engineered strain in simulated outdoor light conditions. There are many
other stresses that engineered strains may face in outdoor ponds that we did not address in this
research. For example, the ponds may also be subject to exposure to pathogens and organisms that
graze on cyanobacteria, exposure to temperature extremes, and exposure to nutrient starvation. The
potential of cyanobacteria and microalgae as sustainable biofactories has been reviewed recently

(Benedetti et al. 2018).

Metabolic engineering in cyanobacteria

The strains

There are several strains of cyanobacteria that are commonly used for biological studies as well as for
metabolic engineering projects. These include Synechocystis Sp. PCC 6803 (S. 6803), Synechococcus
elongatus sp. PCC 7002 (S. 7002), and Synechococcus elongatus Sp. PCC 7942 (S. 7942). These have
doubling times of 6.6 hours, 4.1 hours, and 4.9 hours, respectively, when grown with 3% CO; supplied
(Yao et al. 2016). S. 6803 and S. 7942 are freshwater strains, while S. 7002 tolerates a wider range of salt
concentrations and can also tolerate high light intensities. Generally, strains that accumulate
glucosylglycerol during osmotic stress (including S. 7002) can tolerate salinity up to 200-250% of sea

water, while those that instead accumulate sucrose can only tolerate up to 50-100% of seawater. S.



6803 and S. 7002 were both found to tolerate double the salinity of seawater (Reed and Stewart 1985).
Strategies for engineering other strains to be more salt tolerant have been reviewed recently (Cui et al.

2020).

A faster growing cyanobacteria which has a doubling time of 1.9 hours, Synechococcus elongatus UTEX
2973 (S. 2973), had been identified recently and is already being used in metabolic engineering projects.
Synechococcus elongatus UTEX 2973 was isolated from a mixed culture of Synechococcus leopoliensis
UTEX 625. That strain had been fast growing but had lost its fast growth ability in the years since it was
first described in 1955. (Doubling times above from Yu et al., 2015). S. 2973 and S. 7942 have 99.8%
identical genomes, with just 55 SNPs between them (Yu et al., 2015). Anabaena sp. PCC 7120 (A. 7120) is
one of the nitrogen-fixing cyanobacteria. It has much slower growth rate with a doubling time of 14-15
hours (Callahan and Buikema 2001). Nitrogenase reduces N, but is extremely sensitive to oxygen. This is
a problem for cyanobacteria which generate oxygen through photosynthesis. Most strains that can fix
nitrogen do so in heterocysts, a different cell type in this filamentous species, (A. 7120 is one example)
which do not generate oxygen. Other strains have solved this problem by fixing nitrogen only during the
night (Stal 2015). Many species of cyanobacteria have fully sequenced genomes, annotation lags behind
E. coli (and even in E. coli so much is unknown) and many or most genes have unknown function and are

only annotated as hypothetical proteins.

Transformation methods

Transformation of cyanobacteria is generally a straight-forward process. Plasmids can be constructed
that contain some cargo flanked on either side by regions that have an identical sequence to a target
region in the chromosome. Some cyanobacteria, like S. 6803, S. 7002, and S. 7942, naturally uptake
DNA. With some frequency double stranded breaks may occur and homologous recombination will use

the plasmid DNA to repair that break. This can be a rare event, but antibiotic selection markers can be



used to ensure that only the cells that are transformed will grow Natural uptake and modification of
chromosomal DNA in S. 6803 through homologous recombination was demonstrated in 1988 (Williams
1988). In this method, cells at a high density are simply incubated in the light with a large amount of
DNA, and then screened for transformants. Since cyanobacteria are often polyploid, or have multiple
copies of their chromosomal DNA (Griese, Lange, and Soppa 2011), it is necessary for mutant screening
to check for both the presence of the mutation as well as the absence of the wildtype fragment.
Transformation efficiency was found to vary most strongly with the amount of DNA, and convenient
incubation times of 2-6 hours worked well (Williams 1988). Elhai and Wolk (1988) described the method
of conjugal transfer for transforming cyanobacteria which allows the plasmid of interest to be
transferred from E. coli to the cyanobacteria through direct contact with the assistance of an IncP helper

plasmid such as RP4 (Elhai and Wolk 1988)

Zang et al. (2007) optimized and compared electroporation, ultrasonic treatment, and natural uptake
methods of transformation. The longest homology regions they tested (1,300 base pairs on one side,
and 1,700 on the other) resulted in the highest transformation efficiency. They reported that neither
electroporation nor ultrasonic treatment improved the transformation efficiency. For natural uptake,
plasmid concentrations of 10 ug/ml or greater had much higher transformation efficiency than lower
concentrations and cells harvested at and OD of about 0.8 were optimal for transformations. They also
found a steep drop-off in transformation efficiency if the plasmid incubation varied from five hours

(zang et al. 2007).

Methylation of foreign DNA using the native methyltransferase of S. 6803 improves the efficiency of
transformation by 11- to 161-fold, presumably by reducing the degradation of the DNA by nucleases.
This was demonstrated by cloning sll0729 and slr0214 methyltransferases into the integration plasmid

which allowed the plasmid to be methylated during cloning in E. coli (Wang et al. 2015b).



CRISPR/Cas9-like systems could potentially accelerate transformations. Cas9 nuclease may be toxic to
cyanobacteria, and its utilization required transient expression to generate gene knockouts in UTEX2973
(Wendt et al. 2016). As an alternative, an RNA-directed dsDNA nuclease from Francisella novicida, Cpf1,
has been successfully utilized for generating double-stranded breaks in the fast-growing
cyanobacterium, Synechococcus elongatus UTEX 2973. Like other CRISPR technology, Cpfl may be used
for facilitating markerless knock-ins, knock-outs, and point mutations. Cpfl was less toxic than cas9 in
UTEX2973, requires shorter sgRNA (single guide RNA) than cas9, and can more easily be applied to
multiple targets because it does not require the tracrRNA and crRNA to be fused for correct processing

as in the case of cas9 (Ungerer and Pakrasi 2016).

Metabolic engineering methods

A wide variety of metabolic engineering strategies have been developed in the last 30 years (a good
recent review: (Chae et al. 2017)). | briefly introduce some of these strategies here and cover some
strategies in more detail below in the “Cyanobacteria toolbox” section below if they have been applied
in cyanobacteria. Protein engineering is an entire field dedicated to the design and modification of
protein functions. Computational models of protein structure can facilitate protein design and
compliments strategies such as saturation mutagenesis at specific amino acids followed by screening of
the mutants for the desired function. Co-localization of enzymes that operate within a pathway have
increased production rates of some metabolites, possibly through substrate-channeling. This has been
achieved by fusing the proteins together or using protein scaffolds bearing interaction domains to
recruit specific enzymes (for example, (Dueber et al. 2009)), or by designing or repurposing bacterial
microcompartments (for example, (Plegaria and Kerfeld 2018)). These strategies can be particularly
useful if one or more intermediates in the pathway are toxic because the intermediate is likely to be
consumed by the subsequent enzyme in the pathway before it can diffuse away and cause damage.

Knockouts of genes in pathways that compete with those that generate the product of interest can



often increase titers if they are not lethal. Genome scale models of metabolism can be used in
conjunction with algorithms such as OptKnock to identify genes to knockout to maximize production
(Burgard, Pharkya, and Maranas 2003). In cases where a knockout may be lethal, gene repression using
antisense RNA or CRISPR interference where the asRNA for dCas9 prevent the RNAP or ribosome from
binding the DNA or RNA. Evolutionary engineering generates sequence diversity through error-prone
PCR or methods such as MAGE, screens those diverse sequences for function, and repeats the cycle with
the best performing strains. Development of a high-throughput screen for the product of interest is
required for success in this field, and often biosensors are utilized that can transduce the signal of a
specific molecule into something easy to measure such as a fluorescent protein. Gene expression
components such as promoters and ribosome binding sites that function well in a variety of organisms

and sequence context are essential for many of these strategies.

Metabolic engineering for terpenoid production in cyanobacteria

Cyanobacteria have been engineered to divert metabolic flux to a wide variety of products. As discussed
in Chapter 3, we targeted bisabolene as our target molecule. Catalytic hydrogenation of bisabolene
produces bisabolane, a saturated fifteen carbon molecule with combustion properties much like Diesel
#2 fuel (Peralta-Yahya et al. 2011). Terpenoids are a diverse class of molecules (more than 70,000
(Vickers et al., 2014)) that include commercially valuable photosynthetic pigments. The titers and
productivity of terpenoids in engineered cyanobacteria generally lags far behind those for other
products that are closer to central metabolism, where metabolite abundances and metabolic fluxes are
much higher. Products such as ethanol and 2,3-butandiol have reached the g/L scale, while terpenoids
are generally produced at the tens of mg/L scale (Table 1.1, below, summarizes reports of terpenoid

production in cyanobacteria).



Cyanobacteria utilize the methylerythritol phosphate (MEP) pathway to convert pyruvate and
glyceraldehyde-3-phosphate to isopentenyl pyrophosphate and dimethylallyl pyrophosphate, which
form the backbone of terpenoids. In cyanobacteria, a single enzyme, geranylgeranyl pyrophosphate
synthase catalyzes the three successive additions of IPP to a DMAPP-derived head-group to form geranyl
pyrophosphate, farnesyl pyrophosphate, and geranylgeranyl pyrophosphate. These three metabolites
are precursors for diverse terpenoids, including essential photosynthetic pigments including carotenoids
and chlorophyll. Eukaryotes, archaea, and some gram-positive bacteria including Staphylococcus aureus
(Balibar, Shen, and Tao 2009) instead use the mevalonate pathway which draws on acetyl-CoA for

terpenoid production.

Terpenoid Biosynthesis Pathway in Cyanobacteria
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Figure 1.1: The terpenoid biosynthesis pathway in cyanobacteria. The five-carbon molecules that form
all terpenoid backbones, isopentenyl pyrophosphate and dimethylallyl pyrophosphate, are produced
from pyruvate and glyceraldehyde-3-phosphate via the methyl-erythritol pathway. The enzyme crtE
then produces ten-, fifteen-, and twenty-carbon backbones for this diverse class of molecules. Examples
of heterologous products that have been made in cyanobacteria are shown on the right side.




Examples of efforts to engineer cyanobacteria to produce other terpenoids such as isoprene, limonene,
farnesene, bisabolene, and bisabolol are discussed in this section. A common thread observed is that
titers of terpenoid products is greatly enhanced by continuous removal of the product. Isoprene is
volatile enough that it can be collected from the gas phase. This presents challenges for capturing the
product. However, as Gao et al. (2016) showed, continuous removal of the headspace vapor of the
bioreactors increased the total isoprene produced over what was measured when a sealed container
was used. For the less volatile molecules like limonene and bisabolene, cultures are grown with an oil
overlay of dodecane where most of the product is harvested. It is unclear how these large, hydrophobic
molecules are transported from inside cells to the overlay. A molecular dynamics model made clear that
10-15 carbon terpenoids can traverse bacterial cell membranes. Specifically, insertion of these
molecules into the cell membrane incurs an energetic penalty which is partly compensated for by
proximity of cells to the dodecane phase (Vermaas et al. 2018). Decreased growth rates of Duneliella
salina with increasing rates of dodecane sparging, along with light microscopy showed that dodecane
can lyse cells, releasing their contents (Kleinegris, van Es, et al. 2011; Kleinegris, Janssen, et al. 2011).
Continuous removal of the product may reduce the negative impact that product inhibition can have on

enzyme catalysis.

Among the terpenoid product titers discussed here, a vast difference is found between the maximum
isoprene titer achieved and the titers achieved for the others. This could be due to differences in the
transport rates and the related impact of product inhibition. It may also be due to differences in
precursor abundance. In cyanobacteria, a single enzyme (crtE) catalyzes three successive reactions
which each add another five carbons from isopentenyl pyrophosphate to a dimethylallyl pyrophosphate
head group. Given the hydrophobicity of the terpenoid backbone being constructed in this process, it
may be that crtE usually binds the backbone until the full 20-carbon geranylgeranyl pyrophosphate

(GGPP) molecule is completed. This would limit the abundance of the intermediates, geranyl
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pyrophosphate and farnesyl pyrophosphate which are precursors for heterologous products limonene
and bisabolene, respectively. It was recently demonstrated that the GGPP synthase in S. 7002 (crtE)

mainly produces GGPP (Feng et al., 2020).

In an early prototyping experiment to produce heterologous terpenoid synthases in cyanobacteria, a
single construct for bisabolene synthase (from Abies grandis) or limonene (from Mentha spicata)
expression demonstrated that these terpenoids could be produced in S. 7002. Titers of each were higher
when a dodecane overlay was applied, reaching 4 mg/L for limonene and 0.6 mg/L for bisabolene.
Glycogen synthesis knockout failed to improve those titers. Instead, those strains exhibited over-

accumulation of several organic acids (Davies et al. 2014).

Expression of all seven genes in the mevalonate (MVA) pathway from bacterial sources increased the
isoprene production by 2.5-fold over a strain of S. 7002 that only expressed isoprene synthase (Bentley,
Zurbriggen, and Melis 2014). This modest increase may be due to the relatively small pool sizes of the
precursor metabolites for the MVA pathway. Gao et al. (2016) observed that acetyl-CoA was 20-fold less
abundant in S. 7942 than it was in E. coli, while glyceraldehyde-3-phosphate and pyruvate were 5- and

21-fold more abundant in S. 7942 than they were in E. coli, respectively.

Chaves et al. (2016) increased isoprene production by only co-expressing the isopentenyl diphosphate
isomerase from Pseudomonas pneumoniae with isoprene synthase. Interestingly, knockout of the cpc
operon that codes for phycocyanin could also increase isoprene production. Knockout of phycocyanin
increased production of carotenoids, which would likely necessitate increased flux through the MEP

pathway that isoprene synthase also relies on (Chaves et al. 2016).

A strain of Synechococcus elongatus engineered by Gao et al. (2016) achieved 1.26 g/L isoprene after 21
days, equivalent to 40% of the fixed carbon. They first compared expression levels of codon-optimized

and non-optimized isoprene synthase gene from six plants, as well as the catalytic activity of the six
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different genes. The best performing strain combined the best of those strains with IDI overexpression
to increase the pool of available dimethylallyl pyrophosphate. In addition, to channel DMAPP substrate
to isoprene synthase, IDI was fused to isoprene synthase. The proximity of the two enzymes was

expected to help isoprene synthase compete with native enzymes for DMAPP (Gao et al. 2016).

Codon optimized ispS from kudzu (Pueraria montana) was expressed from different promoters, PrbcL,
Ptac, PpsaA*, with and without co-expression of dxs, a purported bottleneck in the precursor pathway
(methyl-erythritol phosphate, or MEP, pathway). PrbcL driven ispS alone resulted in the highest
expression of ispS, and the highest isoprene specific productivity of 1.2 ng/mL/hr/OD (equivalent to 93
ug/g DCW) in closed cultures. Online detection of headspace isoprene, in which isoprene was
continuously removed, increased this to 4.2 ng/mL/hr/OD (336 ug/g DCW), suggesting negative
feedback on the MEP pathway. Performance was also tested in high salt concentrations to simulate
growth in seawater. Isoprene production lagged in 600mM NaCl due to an extended lag phase and,
likely, to a diversion of metabolic flux towards osmoprotectants such as sucrose and glucosylglycerol

(Pade et al. 2016).

Dienst 2020 utilized high density cultivation to increase terpenoid titers in S. 6803. The petE promoter
and the strongest bicistronic design (BCD) from Mutalik et al. (2013) (BCD2) were used to express
bisabolene, bisabolol, or patchoulol synthases (protein abundance not quantified). The titers reached

179 mg/L, 96.3 mg/L, and 17.3 mg/L, respectively for these products.

Following a strategy demonstrated earlier in E. coli (for example, (Martin et al. 2003; Pitera et al. 2007)),
Bentley et al. (2014) expressed the six mevalonate pathway enzymes from Enterococcus faecalis and
Streptococcus pneumoniae in S. 6803 to increase the production of isoprene (a five-carbon terpenoid).
Although expression of the mevalonate pathway enzymes were not optimized, this strategy did increase

isoprene production by about 2.5-fold (Bentley, Zurbriggen, and Melis 2014).
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A summary of reports of terpenoid production in cyanobacteria, arranged first by the product
precursor (a terpenoid backbone with five carbons (IPP), ten carbons (GPP), fifteen carbons (FPP), or

twenty carbons (GGPP)), then by year of the report (adapted from Lin and Pakrasi (2019)).

Table 1.1
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Cyanobacteria toolbox

Cloning

Modular cloning systems are important for standardizing assembly of genetic parts in synthetic biology.
Precise definition of parts is essential for facilitating combinatorial assembly of plasmids that may
include variable origins of replication, homologous regions for chromosomal integration, antibiotic
selection markers, promoters, ribosome binding sites, genes of interest, terminators, and secondary
proteins that may regulate expression of the gene of interest. The syntax of these assembly/design
languages consists of standardized sequences flanking each genetic part including the restriction
enzyme recognition sequences and the overlapping sticky end sequences that are generated on
digestion. Typically, each part interface has its own unique sticky ends which ensures that the parts are
assembled in the correct order (e.g., promoter-coding sequence-terminator). The modularity of these
cloning systems also facilitate the design and documentation of plasmids, and automated cloning in the
biofoundries that are beginning to generate thousands of strains every day. Two such systems have

recently been developed: SyneBrick (Kim et al., 2017) and CyanoGate (Vasudevan et al., 2019).

SyneBrick vectors were developed for gene expression in S. 7942 for chromosomal integration. They are
based on BglBrick formatting and contain the pUC origin of replication, one of three flanking pairs of
neutral site homologous regions, a selection marker, an inducer gene (or none), a promoter, and a gene
of interest. The ribosome binding sites utilized are inherited from promoter sequences. CyanoGate is a
similar modular cloning system for cyanobacteria protein expression based on the Plant MoClo syntax
which relies on Type IIS restriction enzymes Bsal and Bbsl. Unlike other restriction enzymes, Type IIS
enzymes cut outside of their recognition sequence (and recognize asymmetric sequences so that they
only cut on one side of the recognition sequence), allowing for the generation of unique single stranded

“sticky ends” which guide Golden Gate assembly. This system was used to adapt pPMQAK1 with an
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RSF1010 origin of replication and pSEVA421 with an RK2 origin to this syntax. Copy numbers in S.6803

were estimated at 31 and 10 for these plasmids, respectively (Vasudevan et al. 2019).

Neutral sites for homologous recombination

Heterologous genes are often chromosomally integrated into neutral sites which are not expected to
result in other phenotypic changes to the organism. In S. 6803, a commonly used neutral site is the
slr0168 hypothetical protein gene. Common practice is to use the two halves of the gene as the
homologous regions flanking the synthetic construct to be introduced. Transcription of the slr0168 gene

could result in unwanted and unexpected interference with the expression of the gene of interest.

Transcriptomic data has been used to identify new neutral sites for S. 6803 which have no background
transcription, in both the chromosome and an endogenous plasmid. Those sites with the longest stretch
of un-transcribed DNA were chosen for study. Characterization by YFP expression in two chromosomal
sites were similar to each other, while expression was around 10x higher for the endogenous plasmid
integration. Expression from the pCC5.2 plasmid neutral site was also much higher than from the
pPMQAK1 plasmid with RSF1010 origin of replication. Expression of YFP from this site using the strong
promoter Pcpc560 resulted in YFP accumulating to an estimated 20% of total cellular protein (Ng, Berla,

and Pakrasi 2015).

Pinto et al. (2015) tested 13 chromosomal integration sites in S. 6803 for the potential as neutral sites.
These sites were identified by selecting small open reading frames annotated as hypothetical or
unknown proteins with no transmembrane domains, no reported interaction with other known
proteins, and minimal similarity to other known proteins. Of those sites several were shown to have low
transcription levels (potentially, this low transcription level could easily be unique to the growth
conditions they tested). Of the five sites identified, only two (sIlr0271 and slr0397) were shown to grow

at the same rate as WT in each of five different representative growth conditions. Examination of the
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proteome of GFP-expressing mutants from these five sites showed that only one native protein was
differentially expressed. None of the sites from Ng et al. (2015) were considered here because they
didn’t meet the screening requirements listed above. At the time of this study, 1532 of 3264 ORFs were
still unknown or hypothetical. A full set of barcoded single-gene knockout strains of S. 6803 has recently
been constructed with the expectation that the function of more of these unknown proteins will be

identified (Gale et al. 2019).

A frequently used neutral site corresponds to the gene SIr0168 which has unknown function, but its
deletion doesn’t result in a phenotype. Transformation site originally from Williams 1988 that has been
used many times since then for genomic integration that interrupt the native gene without an observed
phenotype being generated by the disruption (Williams 1988). It has been found that protein
corresponding to slr0168 is secreted (Sergeyenko and Los 2000). The psbA2 gene is also sometimes used
because there are two copies of the gene. Finally, a site between slr2030 and 2031 has also been used

(Satoh et al. 2001; Englund et al. 2015).

Replicative plasmids

Several plasmid backbones have been developed for expressing heterologous genes in cyanobacteria.
Expression from plasmids avoids potential interference from (or of) the genomic DNA. It is also slightly
more convenient for transformations because it not necessary to allow time for homologous
recombination and it is also not necessary to ensure that each copy of the chromosome contains the
correct modification. Most of the replicative plasmids used in cyanobacteria contain the broad-host
range RSF1010 replicon which can replicate in E. coli as well as in the cyanobacteria. pPMQAK1 uses the
RSF1010 replicon and contains a BioBrick standard cloning site (H. H. Huang et al. 2010b). The pDF
plasmids contain the same replicon, and include the spectinomycin resistance gene, the lacl® gene for

repression of promoters containing lac operators, and follows the cutsite-part format of Spel-Promoter-
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KpnI-ORF-Pstl (Guerrero et al. 2012). Several other replicative plasmids for use in cyanobacteria were

summarized by Heidorn et al. (2011).

More recently, Ferreira et al. (2018) have introduced the pSEVA plasmid series built on the Standard
European Vector Architecture (SEVA) as another option for use in cyanobacteria. The SEVA architecture
is formed by cargo, replication origin and selection marker variable regions separated by the oriT
conjugation origin and the TO and T1 terminators. Those used by Ferreira use the RSF1010 replicon
(Ferreira et al. 2018). Liu and Pakrasi (2018) have also adapted two of the endogenous plasmids of S.
6803 for use in biotechnology by combining them with the pUC118 plasmid. This facilitates cloning by
enabling the plasmids to replicate in E. coli with a high copy number. Specifically, pCA-UC118 and pCB-
SC101 were constructed by combining pUC118 (high copy number in E. coli) with the S. 6803
endogenous plasmid pCA2.4 (former), and pSC101 (low copy number) with the endogenous plasmid
pCB2.4. Both of the resulting plasmids were capable of generating about 50% higher expression of GFP
than the same construct in an RSF1010 backbone plasmid, suggesting that both had higher copy

numbers in S. 6803 than the RSF1010 plasmid (Liu and Pakrasi 2018).

Knockdowns with CRISPR interference or antisense RNA

Gene knockouts have been an important tool for reducing metabolic flux though pathways that
compete with the product for precursors. In many cases, genes that would be helpful to delete are
essential to growth. Therefore, new tools have been developed to reduce expression of such essential
genes, often at a certain point in time when the culture can be optimally switched from prioritizing
growth to prioritizing production. The concept of a metabolic valve, where flux through competing
pathways can be reduced to the level that maximizes productivity, has been developed in the lab of Dr.
Kristala Prather (for example, (Gupta et al. 2017)). This concept has been applied to production of
valuable chemicals in cyanobacteria. Often, the CRISPR/dCas9 system is used to this end where the

deactivated Cas9 (mutated to eliminate its nuclease activity) binds the DNA either within the promoter
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to inhibit transcription initiation, or within the target gene, inhibiting transcription elongation. When the
promoter is targeted, this action functions much like transcription factors that repress transcription
initiation except that single guide RNA can be designed to direct the dCas9 to any target. An important
limitation has been identified by a few papers that have found that expression of multiple guide RNA

targeting multiple sites can quickly overwhelm the dCas9 resulting in reduced efficiency in repression.

Yao et al. knocked down expression of GFP all the way to background level of wild-type S. 6803 when
Ptrc was used to express the sgRNA (single guide RNA) which targeted the 5’ region of the coding
sequence and dCas9. Weaker promoters for this purpose resulted in less effective repression, and
expressing two or more different sgRNAs resulted in less effective repression (Yao et al. 2016). The same
lab of Dr. Elton Hudson used the same approach to reduce expression of up to six native genes to
increase production of fatty alcohols. Those six genes were selected as those that utilized the C16 and
C18 fatty acid ACP which would compete with the heterologous fatty acid-ACP reductase expressed. The
best performing strain targeted all six genes even though the repression of each individual gene was less

efficient in this strain than those that targeted fewer genes for repression (Kaczmarzyk et al. 2018).

Gordon et al. (2016) also observed that balancing expression of sgRNAs and dCas9 was necessary for
optimal repression in S. 7002. The RBS Calculator was also used to design RBSs to tune expression of
dCas9. However, the predicted RBS strength did not correlate with repression of the reporter gene being
repressed. The utility of this system was further demonstrated by successfully repressing important
genes that would be difficult to completely knockout without incurring growth defects, including

carboxysome shell proteins, the phycobilisome operon, and glutamine synthetase | (Gordon et al. 2016).

CRISPRi using dCas9 was also successfully applied in S. 7942. The authors observed that repression was
slightly more effective when the sgRNA targeted the start of the coding sequence than when it targeted

the -35 region of the promoter (C.-H. Huang et al. 2016). Liu, Johnson, and Pakrasi recently developed a
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similar CRISPR interference tool by deactivating the nuclease activity of the Cpf (analog of Cas9) (Liu,
Johnson, and Pakrasi 2020). Expression of an antisense RNA may be used to for a similar purpose. Zess,
Begemann, and Pfleger expressed a small antisense RNA under control of the tet repressor that, when
induced, could repress expression of GFP by more than 50% by binding the 5’-UTR and reducing the

translation initiation rate (Zess, Begemann, and Pfleger 2016).

Promoters

Promoters are the DNA sequences that control the rate of transcription initiation. As one of the main
controls on protein expression, many studies have been carried out to identify promoters of varying
strengths, and inducible promoters that can be switched on. As with many other synthetic biology tools,
many of the promoters used in cyanobacteria have been imported from use in E. coli. However, there
are many native promoters from cyanobacteria that have been characterized, especially those that are
inducible by light. Since cyanobacteria will be grown in the light, it is important to note that the
commonly used inducer for promoters containing the tet operator, anhydrotetracycline (aTc), is light
sensitive. Rreduced gene expression in an aTc-induced strain has been observed after 48 hours due to

this light sensitivity (Kim et al. 2017).

A wide variety of promoters inducible by certain types of light have been identified in cyanobacteria
including those inducible by green light (Abe et al. 2014), UV-B light (Maté et al. 1998), high light
intensity (Mazouni et al. 1998; Eriksson et al. 2000; Salem and van Waasbergen 2004; Muramatsu and
Hihara 2007), or no light (dark inducible) (Imamura, Asayama, and Shirai 2004). The Peebles Lab has also
contributed to the identification and characterization of promoters in cyanobacteria as discussed below.
To identify light-inducible promoters, Werner et al. (2018) selected promoters from genes that were
shown to oscillate in light:dark cycle by microarray data (Beck et al. 2014) and defined as the 500nt
upstream from the start codons of genes except that sequences were truncated to remove other open

reading frames. Of the nineteen promoters tested, four conferred light:dark cycle correlated expression
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of bacterial luciferase. PhliC, Prbp1, Pslr0006, PsigA were strongly light entrained in 12:12 light:dark
cycles. Generally, transcripts of luxAB for these four promoters rose sharply after 1 hour in light, and fell
back near the dark-phase level by three hours after the onset of light. Expression of luxAB in these
strains ceased oscillation when shifted to continuous light. Expression from PhliC conferred a light-
intensity response such that increasing the light level from ~200 UE to 500 WE resulted in a nearly 10-fold

higher expression one hour after light onset (Werner et al. 2018).

Albers et al. (2015) characterized expression levels in S. 6803 of promoters commonly used for
heterologous expression in E. coli and adapted Ptic to be inducible by IPTG through addition of lac
operators. PsigA, Ptac (Psca4-0, removed lac operators), Ptrc (Psca5-0, removed lac operators), Ptic
(Psca6-0, removed lac operators). Ptac had higher expression in S. 6803 than it did in E. coli, and Ptic had
lower expression in S. 6803. Ptrc had similar expression in both organisms. Pscal-2, Psca2-2, Psca3-2:
Ptic with 3, 2, 1 nt removed between -35 and -10: Interestingly, Psca3-2 had slightly higher expression

than Psca6-2 (Albers, Gallegos, and Peebles 2015b).

Camsund et al. altered the trc promoter to improve the repression by lac operators which had
previously been found to poorly repress transcription initiation. They tested 8 BioBrick promoters
(BBa_J23## series) which were originally designed based on the consensus E. coli promoter sequence,
plus the native promoters PnirA, PpetE, and PrnpB. The BioBrick promoters spanned a wide range of
expression levels both higher and lower than the native promoters. Ribosome binding sites are often
inherited from promoters, meaning the entire region from the start codon to the 5’-end of the promoter
region is treated as “the promoter.” Somewhat uniquely, a single ribosome binding site, RBS*, was used
consistently throughout this study. These promoters are also known as the Anderson collection from the
iGEM registry and were suggested as a useful set of orthogonal promoters for use in cyanobacteria
based on the results found. A series of Ptrc variants were also tested in order to improve the Ptrc

repression by changing the spacing between the 5’ lac operator and the -35 box. However, this effort
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failed to improve the fold change in expression (from uninduced to induced) in S. 6803 (Camsund,

Heidorn, and Lindblad 2014).

Surprisingly, Huang et al. (2010) found that the BioBrick promoters BBa_R0040 (tet), BBa_R0051
(lambda phage PR), BBa_R0010 (Plac) had minimal expression or below the detection limit. Seven
variants of rbcL promoter between -277 and the TSS generated a range of expression levels, but all were
much weaker than Ptrc10 and Ptrc20 (one lac operator and two lac operator versions of Ptrc) (H. H.

Huang et al. 2010b).

Huang and Lindblad (2013) designed and characterized a set of trc promoter variants in S. 6803. For
example, promoter L12 was generated by changing the -10 element of BBa_R0040 to TATAAT, the
consensus sequence in S. 6803. This change had the unexpected result of decreasing, rather than
increasing, the expression level. Varied the sequence between the -10 element and the transcription
start site of the L12 promoter to obtain a wider range of expression levels. LO3 swapped the AG at -6
and -5 from the TSS to GC and increased the expression level by about 450-fold. An improved induction
ratio of 83 was also achieved by this promoter. Ptrc10 still had the highest maximum expression.
However, the uninduced expression was nearly the same as the induced level. (H.-H. Huang and

Lindblad 2013)

PnirA was shown to be responsive to nitrate concentration over the range 10-100 uM. However,
expression reached a maximum (between 4 and 8 hours after exposure) and then receded (Ivanikova,
McKay, and Bullerjahn 2005). Briggs et al. observed that copper ions at 3 uM could induce expression of
the plastocyanin gene petE, but that accumulation of the corresponding transcript was independent of
the copper concentration (Briggs, Pecoraro, and Mclntosh 1990). Subsequent studies, such as that by
Englund et al., (2016) suggested that the amount of copper present in BG11 is enough to induce

expression of PpetE. PcoaT and PnrsB were characterized using bacterial luciferase. PcoaT-luxAB showed
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a detection range of 0.3-6 uM for Co?* and 1-3 uM for Zn?* induction. PnrsB-luxAB showed a detection
range of 0.2-6 pM of Ni%* (Peca et al. 2008). Guerrero et al. (2012) used ethylene production as a
reporter for promoter activity in S.6803. Ptrc and PAllacO-1 had high activity, PpetE and PcoaT had

medium production, and Psmt and PluxRI (a quorum sensing promoter) had low activity.

Markley et al. (2015) tested two constitutive promoter libraries in S. 7002. One was generated by error-
prone PCR of PcpcB from S. 6803, truncated to 89 nucleotides. The truncation reduced expression of YFP
by about half, but one of the 29 library members had a similar expression level to the full PcpcB
sequence. All others had reduced expression level. The second promoter set was a selection of 13 the
BioBrick BBa_J23119-derived series. Addition of the lac operator to make the truncated PcpcB promoter
inducible, reduced expression by 80%, co-expression of lacl further reduced expression, which was
relieved by addition of 1mM IPTG. Interestingly, they found only a weak correlation in expression
between E. coli and S. 7002 (Markley et al. 2015). Generally, it has been difficult to improve function
with random mutations. It is necessary to generate and screen a much larger library to sample more of

the potential expression level space.

In another promoter library, Sengupta et al. (2019) Generated a library of 48 promoter-RBS fragments
(300 bp 5’ of the start codons) using error-prone PCR starting with PrbcL and PcpcB. Although developed
in S.7942, the promoters had activity in S. elongatus PCC11801 and PCC11802, though the expression
profiles were somewhat different. High carbon (1% CO2) still generally reduced expression from the
PrbcL mutant promoters as it does in the native sequence. Also, high light generally reduced expression
from the PcpcB mutants as it does in the wild-type promoter. Six of the mutants of PrbcL abolished
measurable activity. Some of the remaining mutants increased activity while others decreased it. The
variants of both PrbcL and PcbcB were also tested in E. coli. Expression was poorly correlated between S.

7942 and E. coli for both sets. (Sengupta et al. 2019)
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Englund et al. (2016) tested characterized several native promoters in S. 6803, with a focus on those
which were expected to be inducible by metal ions (PnrsB, PnrsD, PnrsS, PcoaT, PziaA, PpetE, PrbcL1A,
PpsaA, PpsbA2, PrrnpB). PnrsB was tightly regulated with low expression the absence of nickel or cobalt
and expression similar to that of PpsbA2 when induced by those metal ions (for a 39-fold induction
rate). Expression from induced PnrsB was significantly stronger than from PrnpB or PrbcL1A. The
expression from the PpsbA2 was strongly dependent on the length of the promoter sequence used,
mainly because the shortest variant did not include a binding site for an anti-sense RNA that regulates
expression of psbA. They also observed that expression from the PpsbA2L promoter increased at higher
metal ion concentrations. PnrsB had a significantly wider dynamic range in response to metal ion
concentration however, with lower metal concentrations resulting in lower expression from PnrsB (0.5-
10uM). Of the S. 6803 promoters tested, only PpsbA2 had measurable activity in E. coli (Englund, Liang,

and Lindberg 2016).

Ferreira et al. (2018) tested PrnpB, three T7 promoter variants, psbA2, tac, four trc variants, native ggp$s
promoter, and five BioBrick promoters. The pSEVA251, pSEVA351, pSEVA451 backbones are variant
plasmids built on SEVA architecture. All used the RSF1010 origin of replication and kanamycin-,
chloramphenicol, or spectinomycin/streptomycin- resistances (respectively). In stark contrast to Huang
et al. (2010), the BBa_R0051 (lambda phage Pg) promoter far exceeded the strength of the PrnpB (by
~20-fold) and the other BioBrick promoters (by ~120-fold). As a reporter, they used GFP generator
BBa_E0240 which relies on the RBS BBa_B0032 for translation initiation. S.6803 constitutively expressing
the T7 RNA polymerase were also used to test four T7 promoter variants. Each of these generated
expression between one quarter and one half that of the PrnpB promoter. De-repression of promoters
coning lac or tet operators only resulted in about a two-fold increase in expression, continuing the

challenges in developing inducible promoters in S. 6803 with a wide dynamic range. (Ferreira et al. 2018)
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Jin et al. also examined T7 promoters. T7 RNAP and T7 promoters do offer the ability to generate
transcripts at least somewhat orthogonally to the native transcription machinery. Attempts to increase
the expression from the T7 promoter by increasing the expression of T7 RNAP resulted in toxicity from
the high level of T7 RNAP expression. The nickel-inducible nrsB promoter was successfully utilized to
drive expression of the T7 RNAP. Mutation of just two nucleotides adjacent to the transcription start site
of the T7 promoter resulted in a more than 2-fold increase in the reporter expression level (Jin, Lindblad,

and Bhaya 2019).

Liu and Pakrasi (2018) tested twelve promoters copied from the S. 6803 genome and the Ptrclo
promoter resulting in an 8000-fold range of expression of eYFP. The cpcB promoter resulted in the
highest expression followed by Ptrclo. The promoters tested have different lengths and the authors did
not explain how they selected the 5’ end of the promoters. Each one did contain the RBS inherited from
the promoter (Liu and Pakrasi 2018). Potential interactions between the RBS and the coding sequence in
the mRNA may impact translation initiation rates. Therefore, if another gene of interest is expressed

using this promoter set, a different expression profile may be observed.

Wang et al. (2018) discovered one of the strongest cyanobacteria promoter, which happened to be a
combination of PpetE from S. 6803 and PpsbA from Amaranthus hybridus, and was designated PpsbA*.
They measured 7-fold higher ethylene production from a strain that used this promoter to express
ethylene forming enzyme (efe) than a strain that used the strong promoter Pcpc560. Unlike most other
studies of the relative expression of different promoters, this one utilized the same RBS (“RBSv4”) for
each promoter. This should be expected to better isolate transcription initiation as the rate being

measured (Wang et al. 2018).

The other “super strong” promoter for expression in S. 6803 is Pcpc560 found by Zhou et al. (2014). This

promoter consists of the 560 nucleotides upstream of the start codon of the native cpcB gene.
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Expression of two heterologous genes (separately) using this promoter reached approximately 15% of
total soluble protein. The strength of this promoter is due to the fourteen transcription factor binding

sites, and possibly also due to it containing two separate transcription start sites (Zhou et al. 2014).

Ribosome binding sites

Heidorn et al. (2011) compared expression of GFPmut3B in E. coli and S. 6803 using BioBrick RBSs B0030,
B0032, and B0034 as well as RBS* which contains the Shine-Dalgarno sequence with the S. 6803
consensus spacing from the start codon. RBS* resulted in the highest expression in S. 6803 — about 2-
fold higher than BO030 and about 4-fold higher than BO032 and B0034. In E. coli, fluorescence
measurements were generally an order of magnitude higher, and B0034 and BO030 had the highest
expression, followed by RBS* and, at about 1/6 the expression of B0O034, B0032. In other words, the
expression profiles for the four RBSs were significantly different between the two organisms. (Heidorn

etal. 2011)

Markley et al. (2015) generated 11 RBS variants in S. 7002, focusing on mutations within the Shine-
Dalgarno sequence. The set of RBSs generated about a 30-fold range of expression, and measured
expression had a weak correlation to the predictions made by the RBS Calculator. Generally, the
transcript abundance for RBSs had low variability except for one which had about three times the
abundance of the others. This RBS, with SD sequence ‘AGGAGA’ also resulted in the highest expression
of the YFP reporter gene (Markley et al. 2015). The transcript abundance may have been higher due to a
higher translation initiation rate which caused higher ribosome occupancy of the mRNA which blocks

degradation by RNases.

Englund et al. (2016) tested 11 RBS sequences in S. 6803 including eight BioBrick parts, the RBS*
previously tested by the Lindblad Lab, and the native RBSs from the psbA2 and rbcL genes. In order to

assess the context dependence of the measured translation initiation rates of the RBSs, both EYFP with
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the PpetE promoter and mTagBFP with the PpsbA2S promoter were combined with each of the RBSs.
The expression profiles of the two reporters for this RBS set were somewhat different. Six of the eleven
had similar relative expression for each reporter, while the other five showed different expression
levels. The mTagBFP set of constructs was also tested in E. coli. This resulted in a similar expression
profile to mTagBFP tested in S. 6803, except that the fluorescence divided by the optical density was

generally about an order of magnitude higher in E. coli (Englund, Liang, and Lindberg 2016).

Thiel et al. (2018) also examined the impact that the reporter gene coding sequence may have on the
expression profile of a set of ribosome binding sites. They measured the GFP and YFP expression when
driven by 13 different ribosome binding sites including RBS*, the native RBSs for cpcB, psbA2 and rbclL,
the RBS from S. 7002 cpcB, the RBS inherited from the lac promoter, and six selected from those
designed by the RBS Calculator (Salis, Mirsky, and Voigt 2009). The expression profile was similar but
varied significantly for a few RBSs, and the overall Spearman rank correlation coefficient was just 0.543.
This is remarkable because the 5’ region of the GFP and YFP coding sequences used only differ by codon

usage, and have similar nucleotide sequences (Thiel et al. 2018).

Liu and Pakrasi (2018) swapped the 22 nucleotides 5’ of twenty native start codons in S. 6803 for the
RBS in between Ptrclo and eYFP. Only the constructs with RBS sequences from ndhJ and psaF exceeded
the original RBS contained within the Ptrc10 promoter. Nine of the RBS sequences resulted in

expression below the limit of detection. (Liu and Pakrasi 2018)

Wang et al. (2018) found that an EcoRV cloning scar between the PpsbA2* promoter and RBS
dramatically decreased ethylene production compared with a strain that lacked the scar. They
completed rational design of the RBS sequence to vary from RBSv4 to generate 14 total RBSs. Two of the

RBS designs increased expression by about 2.5-fold. The highest expressing strain (v33) reached 12.6%
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of total soluble protein (Wang et al. 2018). This is too small of a set of sequences to draw many

overarching conclusions about how to design RBSs.

Several tools are available to study cyanobacteria at the system level. Widely used methods to measure
the abundance of all mRNA, proteins, and metabolites as well as the metabolic fluxes through many
reactions have also been applied to cyanobacteria. In addition to such measurements, several metabolic
models that describe the flux through all reactions in cells have been developed. These system-wide
measurements and predictions promise to improve understanding of cell function and the adjustments
that cells make in response to perturbations such as gene knockouts, knockdowns, and overexpression

or expression of heterologous enzymes.

Previous work in the Peebles Lab

Two observations from previous graduate students in the lab suggested that our projects to improve
biofuel production from S. 6803 were being stymied by poor control over the expression of
heterologous enzymes. Yi Ern Cheah attempted to express the TesA gene from E. coliin S. 6803, but was
unable to detect the protein. He did, however, detect the mRNA for that gene. This suggested that there
was a problem with translation of TesA. Secondly, our initial attempt to produce bisabolene in S. 6803
(by Stevan Albers) failed to produce measurable bisabolene. The plasmid used for this relied on the
Ptic2op promoter and the bisabolene synthase gene from the grand fir tree which was codon optimized
for expression in S. 6803. This prototype strain failed and suggested to us that the enzyme was not being

expressed at a sufficient level to generate bisabolene.

Significance of this work

This dissertation addresses several aspects of metabolic engineering of cyanobacteria. Out of the many
problems that need to be addressed in this field, | focused on the precise control over the expression of

proteins in S. 6803. Although many projects have succeeded in expressing heterologous proteins in
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cyanobacteria, the expression level for a given promoter-ribosome binding site-coding sequence
combination has been unpredictable, and often very low, hindering the function of engineered strains.
Usually, this means a low titer of the desired product. This thesis focuses specifically on improving

translation initiation control.

First, | present methods for metabolic engineering in cyanobacteria including cultivation, plasmid design,
transformation, western blotting, and selection of fluorescent proteins for reporter genes. These
methods are fundamental to engineering cyanobacteria. Much of this chapter was co-written with Dr.
Allison Werner and Dr. Christie Peebles. It was written to help new researchers join the cyanobacteria
synthetic biology and metabolic engineering community. An example genetic modification workflow is
provided, taking the reader from gene cloning, through transformation of S. 6803, finishing with

measurements of GFP.

Second, | report on the use of codon optimization and ribosome binding site design for improving
expression of heterologous genes. Specifically, bisabolene synthase was expressed in 19 different
constructs, one of which increased the titer of bisabolene achieved by nearly 10-fold over a previously
report. We concluded that many ribosome binding sites need to be tested to achieve a desired
expression level. The simple codon adaptation index (CAl) correlated well with the bisabolene titer and
bisabolene synthase expression level of the five different codon optimizations, and we determined that
the codon optimizations completed by large commercial gene synthesis companies generally worked
reasonably well. To measure the impact of light-dark cycles, one important aspect of scale-up from
bench-scale to industrial-scale, production of bisabolene was measured from cultures grown in

simulated outdoor light conditions.

Third, | review the literature which examines translation initiation in cyanobacteria. This was motivated

by our observations that genetic parts that work well in E. coli don’t always work well in cyanobacteria,
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leading us to question how well translation initiation mechanisms are conserved between them. For
example, what explains why, in S. 6803, only 26% of genes have a Shine-Dalgarno sequence in the 5’-
untranslated region? Several mechanisms independent of the Shine-Dalgarno sequence interaction
between mRNA and 16S rRNA are found in cyanobacteria. However, further research is needed to
determine the significance of these alternative mechanisms including how they impact translation

initiation rates and how ribosome binding sites should be designed in this context.

Fourth, we observed that coding sequences can interact with ribosome binding sites to impact
translation initiation rates. We replicated the work of Thiel et al. (2018), measuring the expression
profiles of either yellow fluorescent protein (YFP) or green fluorescent protein (GFP) from 13 ribosome
binding sites including native S.6803 sequences and sequences designed by the RBS Calculator.
Significant differences in the expression profiles suggest that ribosome binding sites are not modular as
currently design. This represents a significant problem in synthetic biology and metabolic engineering,
because the uncertainty in expression levels for a given RBS-coding sequence combination necessitates
the testing of several combinations to achieve a desired expression level. Two methods for reducing the
impact of the coding sequence on the translation initiation rates were tested in both E. coli and S. 6803.
Insertion of 21 nucleotide leader sequence was intended to simply keep the coding sequence context
constant for different genes. However, this failed to improve the correlation between GFP and YFP in
either organism. Bicistronic designs dramatically improved the correlation in E. coli, but did notin S.

6803.

Finally, the findings reported are summarized in the Discussion. | synthesize overarching conclusions
drawn from those findings. Several different lines of future research are suggested by this dissertation.
Perhaps the highest impact of these would be the development of a cell-free transcription-translation

system using S. 6803 lysate. Such a system would dramatically accelerate testing genetic parts for use in
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cyanobacteria and facilitate furthering our understanding of translation initiation and other mechanisms

in cyanobacteria.
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CHAPTER 2: IMPROVING EXPRESSION OF A HETEROLOGOUS PROTEIN

FOR BIOFUEL PRODUCTION IN SYNECHOCYSTIS SP. PCC68031

Summary

Cyanobacterial biofuels have the potential to reduce the cost and climate impacts of biofuel production
because primary carbon fixation and conversion to fuel are completed together in the cultivation of the
cyanobacteria. Cyanobacterial biofuels, therefore, do not rely on costly organic carbon feedstocks that
heterotrophs require, which reduces competition for agricultural resources such as arable land and
freshwater. However, the published product titer achieved for most molecules of interest using
cyanobacteria lag behind what has been achieved using yeast and Escherichia coli (E. coli) cultures. In
Synechocystis sp. PCC 6803 (S. 6803), we attempted to increase the product titer of the sesquiterpene,
bisabolene, which may be converted to bisabolane, a possible diesel replacement. We tested 19 strains
of genetically modified S. 6803 with five different codon usage sequences of the bisabolene synthase
from the grand fir tree (Abies grandis). At least three ribosome binding sites (most were designed using
the RBS Calculator) were tested for each codon usage sequence. We also tested strains with and without
the farnesyl pyrophosphate synthase gene from E. coli. Bisabolene titers after five days of growth in

continuous light ranged from un-detected to 7.8 mg/L. Bisabolene synthase abundance was measured
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Synechocystis Sp. PCC 6803 for Alpha-Bisabolene Production.” Metabolic Engineering Communications

10 (June): e00117. https://doi.org/10.1016/j.mec.2019.e00117.

39



and found to be well correlated with titer. Select strains were also tested in 12:12 light:dark cycles,
where similar titers were reached after the same amount of light exposure time. One engineered strain
was also tested in photobioreactors exposed to a simulated outdoor light pattern with maximum light
intensity of 1,600 umol photons m s, Here, the bisabolene titer reached 22.2 mg/L after 36 days of
growth. Dramatic improvements in our ability to control gene expression in cyanobacteria such as S.
6803, and the co-utilization of additional metabolic engineering methods, are needed in order for these

titers to improve to the levels reported for engineered E. coli.

Background

Development of biofuel production technology offers one potential path for generating renewable
energy that could reduce the concentrations of atmospheric greenhouse gases generated from human
activity. Metabolic engineering of photoautotrophs such as cyanobacteria and microalgae offers the
potential to design processes that directly convert sunlight into biofuel products or precursors. This
avoids the necessity of growing crops for carbohydrate feedstocks required for heterotrophic cultivation
as is currently implemented in the microbial conversion of maize to biofuels. Cyanobacteria and
microalgae have higher areal biomass productivities than land crops and do not require arable land
(Dismukes et al., 2008). A comparison of microalgal biodiesel to soybean biodiesel has shown the net
energy ratio (energy consumed by all processing steps divided by the energy produced) to be more

favorable in microalgal biodiesel (Batan et al., 2010).

Though cyanobacteria generally also grow more slowly than heterotrophs, some species such as
Synechococcus UTEX 2973 approach the growth rate of Saccharomyces cerevisiae, with a doubling time
of 1.9 hr (Yu et al., 2015). Many species of cyanobacteria are salt tolerant, allowing their growth in
seawater (Pade and Hagemann, 2014), and municipal wastewater streams have also been proposed as

media that provide nitrogen and phosphorous (Gongalves et al., 2016; Hughes et al., 2018). The
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advantages of these species may be eventually realized by translating what is learned from our current
model cyanobacteria for use with those species. Synechocystis sp. PCC 6803 (S. 6803) is a model
cyanobacteria and has been widely studied from the perspectives of metabolic engineering as well as
from the perspective of photoautotroph biology. The chromosome of S. 6803 can be easily modified
using the organism’s native homologous recombination mechanisms. In addition, several replicative
plasmids have been used to modify S. 6803 without modifying the chromosome (Ferreira et al., 2018;
Huang et al., 2010; Jin et al., 2018; Liu and Pakrasi, 2018). The genome of S. 6803 was sequenced in 1996
(Kaneko et al., 1996), and other genome projects listed on the CyanoBase website

(http://genome.microbedb.jp/CyanoBase) have reached 376 cyanobacterial species.

A robust research community is engaged in developing and testing diverse genetic parts and studying
the biology of cyanobacteria. Many genes from different organisms have been expressed heterologously
in cyanobacteria. The genetic elements necessary for expressing these proteins, including promoters
and ribosome binding sites (RBSs), have been directly adapted from use in Escherichia coli (E. coli) or
have been elements copied from the cyanobacteria species itself (Huang and Lindblad, 2013; Wang et
al., 2018). The RBS Calculator has also been applied for the development of those genetic parts in
cyanobacteria (Markley et al., 2015). A recent review (Carroll et al., 2018) covers these topics in detail,
including the advancements achieved in metabolic engineering of cyanobacteria in terms of the titers

achieved for many products.

One class of molecules, terpenoids, have been targeted for production in cyanobacteria which may be
utilized in industries ranging from pharmaceuticals, to commodity chemicals and fuels. One successful
example of metabolic engineering in cyanobacteria is provided by Gao et al., who achieved a product
titer of 1.26 g/L of the five-carbon terpenoid, isoprene in Synechococcus elongatus by implementing

many common metabolic engineering strategies in combination (Gao et al., 2016).
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Similar product titers have not been achieved for more complex terpenoids. For example, the C10
monoterpene, limonene, has been produced at titers of 1 mg/L after 30 days of cultivation (Kiyota et al.,
2014), and 6.7 mg/L after 7 days (Lin et al., 2017). The C15 sesquiterpene, caryophyllene, was produced
at a titer of 46 pg/L after seven days (Reinsvold et al., 2011). Pattanaik and Lindberg have provided a

review of terpenoid production in cyanobacteria (Pattanaik and Lindberg, 2015).

Davies et al. previously engineered Synechococcus sp. PCC 7002 to produce 0.6 mg/L bisabolene by
expressing a codon optimized sequence bisabolene synthase from Abies grandis (A. grandis), using the
strong, constitutive cpcBA promoter from S. 6803 (Davies et al., 2014). In this work we increased
bisabolene production in S. 6803 by varying codon usage and RBS sequences to control expression of
bisabolene synthase. We utilized a counterselection method (Cheah et al., 2013) and inducible promoter
(Albers et al., 2015) previously developed in our lab. Five codon optimizations of the bisabolene
synthase gene from A. grandis were compared and, for each codon optimization, three or four RBS
sequences designed by the RBS Calculator (Salis et al., 2009) were utilized. The co-expression of farnesyl
pyrophosphate synthase from E. coli was also hypothesized to increase the supply of the substrate
molecule for bisabolene synthase and therefore increase the bisabolene titer. Here, we present the
impact these variations in genetic sequences had on bisabolene synthase expression and on bisabolene

production.

Methods

Strains and cultivation

S. 6803 seed cultures were started from freezer stocks (5 % DMSO, stored at -80 °C) and generally grown
in shake flasks containing 45 mL Bg-11 media (Stanier et al., 1979) with phosphate increased to 1 mM,
buffered with 10mM TES-NaOH, pH 8.0 . All strains were grown at 30 °C under fluorescent light at

approximately 200 +/- 20 umol photons/m?/s with shaking at 200 rpm. For continuous light
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experiments, 0.9 mL of 1 M sodium bicarbonate was added every twelve hours of growth starting at 0
hours. For 12:12 light:dark cycles, in which the lights were turned off while shaking continued, 0.9 mL of
1 M sodium bicarbonate was added every 24 hours, at the beginning of the light period. Bisabolene
synthase (and when the gene was also present, farnesyl pyrophosphate synthase) was induced by
addition of IPTG to 1 mM at 12 hours after inoculation, and 9 mL of dodecane (Sigma-Aldrich) was added

directly to flasks at the time of induction.

Photobioreactor experiments were completed using 3 L photobioreactors (Allen Scientific Glass,
Boulder, CO, USA) containing 1.5 L BG-11 (with 1 mM phosphate) buffered with 10 mM TES-NaOH, pH
8.0. An air stream enriched to 5% CO, was supplied to the bottom of the reactor at a rate of 200 mL min-
! following the reactor setup and operation described by Werner et al. (Werner et al., 2019). However,
in this case, the cultures were not entrained to the light:dark cycle before commencing the experiment.
We simulated outdoor sunlight exposure for the photobioreactors with two 4000k white LED panels
(Reliance Laboratories, Port Townsend, WA, USA) programmed with a sinusoidal light intensity curve
peaking at a light intensity of approximately 1600 pmol photons m2 s, with 12 hours of darkness. The
reactors were inoculated from shake flask cultures to an initial OD730nm of 2.0, which we found was
necessary for the cultures to survive the high light intensity. A 150 mL dodecane overlay and IPTG to

1mM were added to this at the time of inoculation of the PBRs.

E. coli (DH5a) was used for plasmid construction and was grown at 37°C in lysogeny broth. Initial
plasmids used for generating a markerless bisabolene synthase expressing strain were assembled using
ligase cycling reactions (Kok et al., 2014) (PCR of parts using New England Biolabs Phusion DNA
polymerase, ligase cycling using Ampligase from Lucigen). Bisabolene synthase codon usage variants
were synthesized by GenScript (‘GS’) and IDT (‘IDT’, ‘EuH’, and ‘HCR’) or PCR amplified from a plasmid
(‘2.0%), and inserted into plasmids using Gibson Assembly (Gibson et al., 2009). RBS variant plasmids

were generated using ligase cycling. Correct colonies were screened via colony PCR, and then sequenced
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(GeneWiz or QuintaraBio). Transformation of WT S. 6803 was completed as previously described by
Cheah et al. (2013). Colonies were screened by colony PCR and sequenced confirmed by one Sanger
sequencing reaction originating in the upstream homologous region, and covering the promoter, RBS,

and 5’ region of the bisabolene synthase gene.

Bisabolene measurement (GC-MS)

Samples of dodecane were taken directly from dodecane layers of shake flask and photobioreactor
cultures to measure the bisabolene concentration. These samples were analyzed on an Agilent 6893 GC
equipped with an Agilent 5973N mass spectrometer. A 50 m Agilent HP-5 column was used to separate
hydrophobic molecules. Oven temperature was ramped from 180 °C to 260 °C at a rate of 15 °C/min.
Bisabolene quantities were calculated based on a standard curve generated using serial dilutions of
bisabolene (mixture of isomers, AlfaAesar). The software, Automated Mass spectral Deconvolution and
Identification System(AMDIS), was used to analyze the spectral data and identify bisabolene

(chemdata.nist.gov).

Protein abundance (Western blot)

Cultures of each strain were grown for 48 hours, starting at OD730 = 0.05, with induction by 1 mM IPTG
added at 12 hrs, and no dodecane added. Cells were harvested by centrifugation, frozen in liquid
nitrogen, and stored at -80 °C for less than three weeks. Frozen cell pellets were thawed on ice and
resuspended with 0.5 mL ice cold PBS, pH 7.4. These were centrifuged and the supernatant fully
removed before being resuspended in 500 L lysis buffer consisting of 1x PBS, pH 7.4, 0.1% Triton X-100,
1 mM DTT, and 1x HALT protease inhibitor (ThermoScientific). Cells were lysed by sonication (Misonix
model S-4000, with a microtip at 45% power, 3s on/3s off for 2 minutes processing time), and the cell
debris removed by centrifugation (12,000 x g for 10 minutes). The total protein concentration in the

lysate was measured using a Pierce BCA Protein Assay kit and a BMG FLUOstar Omega microplate
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reader. For each bioreplicate, 25 pg of total protein was loaded into a lane of a BioRad MiniPROTEAN
TGX pre-cast gel. A relative standard curve was included on each gel which consisted of the pooled
lysate from three 50 mL flasks of the 2.0-10xB strain grown using the same methods as used to obtain
protein samples from the other strains. Four different amounts of this lysate were loaded in four lanes
of each gel to generate a relative response curve. Proteins were transferred from the gel to PVDF
membrane at 100 V for 100 minutes on ice in 1x TRIS/Glycine/SDS, and 20% methanol. Membranes
were blocked overnight at 4 °C in PBS, 0.05% Tween20, 5 mM EDTA, and 5% nonfat milk. Mouse anti-
histag antibody (ThermoFisher Scientific) was diluted 1:2,500 in 1x PBS, 0.05% Tween20, 0.5% nonfat
milk, and 5 mM EDTA, and the membrane was incubated in the primary antibody solution with gentle
shaking for 2 hours at room temperature. The membranes were then washed in PBS with 0.05%
Tween20 once for 15 minutes and then twice for 5 minutes each before being incubated in a 1:25,000
dilution of goat anti-mouse antibody conjugated to horseradish peroxidase (ThermoFisher Scientific) (in
1x PBS, 0.05% Tween20, and 0.5% nonfat milk) for 2 hours with gentle shaking at room temperature.
Again, the membranes were then washed in PBS 0.05% Tween20 once for 15 minutes and then twice for
5 minutes each before being incubated at room temperature for 5 minutes with 500 pL of SuperSignal
West Femto Maximum Sensitivity ECL substrate (Thermo Scientific) between sheets of plastic wrap.
Membranes were imaged using a UVP BioChemi gel imager and band intensity was quantified using

Imagel software (Schneider et al., 2012).

To quantify the fraction of total protein in the engineered strains represented by bisabolene synthase,
immobilized metal affinity chromatography was utilized to purify bisabolene synthase. E. coli (DE3 strain
lemo21, New England Biolabs) transformed with the plasmid expressing the GS100-op construct was
grown to OD600 of 1.2, at which point IPTG was added to 1 mM and the culture incubated with shaking
at 22 °Cfor 24 hours. Cells were centrifuged and the pellets frozen at -80 °C. Cells were resuspended in

1x PBS, pH 7.4, 0.1% Triton X-100, 1 mM DTT, and 1x HALT protease inhibitor, and sonicated to lyse the
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cells. BioRad Profinity IMAC resin was used to purify the histagged bisabolene synthase. The binding,

wash, and elution buffers suggested by the Profinity manual were used.

Results

We initially designed a strain of S. 6803 to express the bisabolene synthase from A. grandis (Figure 2.1),
with the sequence codon optimized by GenScript for expression in S. 6803. This strain used the IPTG-
inducible Ptic2op promoter and the RBS inherited from that promoter (Albers et al., 2015). After five
days of growth in shake flasks under continuous light, this strain produced 1.1 + 0.08 mg/L bisabolene.
According to the metabolic network of S. 6803 available in KEGG, the native terpenoid synthase
pathway uses one enzyme to catalyze the production of geranyl pyrophosphate, farnesyl pyrophosphate
and geranylgeranyl pyrophosphate. We hypothesized that this may result in low concentrations of
farnesyl pyrophosphate in the cell, and that co-expression of a farnesyl pyrophosphate synthase may

increase the production of bisabolene.
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Figure 2.1: Terpene synthesis in S. 6803 (A). Blue boxes indicate the heterologous genes used ispA gene
from E. coli and the bisabolene synthase gene from Abies grandis. The two-step selection/
counterselection transformation allows the generation of strains without selection markers (B).

We cloned the farnesyl pyrophosphate synthase from E. coli, codon optimized by GenScript, into an
operon downstream of the bisabolene synthase gene. Denoted ‘GS-1x’, this engineered strain produced
bisabolene at 1.6 + 0.2 mg/L when grown in 45 mL BG-11 in shake flasks for five days. Since the strain
that expressed both genes had a significantly higher bisabolene titer, we included farnesyl
pyrophosphate synthase in all future strains. To further increase the product titer of bisabolene, we
attempted to increase the expression of bisabolene synthase in S. 6803 by testing different codon

optimized sequences and RBS sequences. In these designs, Ptic2op initiated transcription (when induced
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by addition of IPTG) of a bicistronic operon including a GenScript codon optimized sequences for A.
grandis bisabolene synthase and farnesyl pyrophosphate synthase from E. coli. This sequence, along
with constitutively expressed lacY and lacl for Ptic2op induction/repression, was integrated into the
slr0168 neutral site containing the mazF counterselection cassette (Cheah et al., 2013). This cassette
replaced the nickel-inducible counter-selection marker (mazF) and the kanamycin resistance gene, such
that no selection marker was present in the final strain. No growth defects were observed due to either
the presence of a dodecane layer or due to the expression of bisabolene synthase and farnesyl
pyrophosphate synthase (see Figure A2.51). During the exponential growth phase, the specific growth
rates were all between 0.09 and 0.11 hr! corresponding to a doubling time between 7.3 hours and 6.1

hours.

Codon Optimization

Five codon optimization strategies were tested (the sequences are given in Table S2). The GenScript
optimization of bisabolene synthase was described above, denoted ‘GS.” IDT (Integrated DNA
Technologies, Skokie, IL USA) codon optimization tool was utilized to optimize the bisabolene synthase
gene, denoted ‘IDT,” for S. 6803. A bisabolene synthase gene optimized by DNA2.0 for expression in
Synechococcus p. PCC 7002 was provided as a gift from Dr. Fiona Davies (Davies et al., 2014). Strains
using this sequence are denoted ‘2.0’. The free software, EuGene, was utilized to design two additional
codon optimizations (Gaspar et al., 2012). One utilized only the harmonization algorithm, denoted ‘EuH’,
which considers the codon usage frequency of the native host organism and attempts to match that
frequency in the design for the target organism. This function was limited by a lack of published gene
sequences from A. grandis. Only 16 gene sequences were available from the Dendrome Project (now
available at treegenesdb.org) to calculate codon usage for the native organism. Another sequence,

denoted ‘EUHCR’, utilized the harmonization, codon context, and remove repeats rules.
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Figure 2.2: Comparison of bisabolene titer for five different codon optimizations of bisabolene synthase
(A). (B) shows the linear regression between the codon adaptation index for each of these strains versus
bisabolene titer. Shading represents the 95% confidence interval for the fit. Error bars indicate the
standard deviation of the titer measured from three biological replicates. An ANOVA determined that
there are significant differences between the codon optimizations, and a Tukey test indicated
similarities as shown by the compact letter designation annotations (paired t-test with p<0.05).

The five sequences have between 73% and 80% sequence identity. The codon adaptation index (CAl)
compares the codon usage of a given gene sequence to the codon usage frequency of the organism
(Sharp and Li, 1987). The GenScript optimization had the highest CAl at 0.89, while the DNA2.0, IDT, and
EuH each had CAl between 0.76 and 0.71. The EuUHCR-optimized gene had a CAl of 0.64. We measured
the bisabolene titer of five strains of S. 6803 expressing each of the codon optimizations using identical
promoters (Ptic2op) and the RBS inherent to the that promoter. After five days of growth in continuous
light, the bisabolene titer of these strains varied from 0.1 + 0.2 mg/L for the EuHCR strain to 1.6 + 0.2
mg/L for the GenScript-optimized strain (see Figure 2.2). The EuH, DNA2.0, and IDT optimized strains,
which had similar CAl, also had similar bisabolene titers of 1.0+ 0.2, 0.8 £ 0.2, and 0.7 £ 0.1 mg/L,
respectively. Bisabolene titer and CAl were well correlated with an R2 value of 0.85 determined for the

linear regression.
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Ribosome binding site design

RBSs were designed using the RBS Calculator (Espah Borujeni et al., 2014; Espah Borujeni and Salis,

2016; Espah Borujeni et al., 2017; Salis et al., 2009) forward engineering tool (free energy version v1.1)

using the pre-sequence ‘GATAACAATT corresponding to the sequence of the Ptic2op promoter just 5’ of

the RBS and transcription start site. The first 30 nucleotides of codon optimized bisabolene synthase

sequence were entered as the gene sequence (see Table 2.1). Two RBSs were designed for each codon

optimized gene sequence with a target expression level of 2000 (arbitrary units), or about ten times the

expression level predicted by the RBS Calculator for the GS-1x strain. After we constructed strains based

on these designs, the RBS Calculator was revised (free energy version v2.1), and we recalculated

predicted expression levels using the updated calculator. The translation initiation rates predicted by

both versions of the calculator for each RBS used in this study are provided in Table A2.51.

Table 2.1: RBS sequences used in this work. The preceding sequence and the first 30 nucleotides of the

gene used to design the RBSs in RBS Calculator are also shown.

Strain RBS sequence Gene sequence (first 3ont)
Pre-sequence: AATTGTGAGCGGATAACAATT

GS1x TCACACAGGAAACAGAATCAT | ATGGCTGGAGTGTCTGCCGTGAGCAAAGTG
GS10xA AAACCTACGTAAACCCCTTTTTAAGGTAAAAG | ATGGCTGGAGTGTCTGCCGTGAGCAAAGTG
GS10xB ACCAACACCTTTTAGAAGGGGTAAATTATA | ATGGCTGGAGTGTCTGCCGTGAGCAAAGTG
GS100x ATCCCCCAAACCAAAGGGAGGTTTAAGA | ATGGCTGGAGTGTCTGCCGTGAGCAAAGTG
2.0-1x TCACACAGGAAACAGAATCAT | ATGGCCGGTGTGAGCGCAGTGAGTAAAGTG
2.0-

10xA GAGGAGACGGACCCTTTCCAAGACGTTTAGGTAAG | ATGGCCGGTGTGAGCGCAGTGAGTAAAGTG
2.0-

10xB TTATTCTAAAATCTAACTATTATAGGAAGAGATT | ATGGCCGGTGTGAGCGCAGTGAGTAAAGTG
IDT1x TCACACAGGAAACAGAATCAT | ATGGCTGGAGTCTCCGCGGTGAGTAAAGTT
IDT10x

A CAATAGCATCTATATAAAACATATCGGTAAAA | ATGGCTGGAGTCTCCGCGGTGAGTAAAGTT
IDT10x

B TCGGTAGCCGAAAAAAAATCCAAGTAGGTATCGAA | ATGGCTGGAGTCTCCGCGGTGAGTAAAGTT
EuHlx TCACACAGGAAACAGAATCAT | ATGGCCGGAGTGAGTGCCGTCAGCAAGGTG
EuH10x

A AACAGGAATATACTATTTAGAGGTACGGTAAACAT | ATGGCCGGAGTGAGTGCCGTCAGCAAGGTG
EuH10x

B CACACAGAAAGGAGAAGTCAGAAAACAA | ATGGCCGGAGTGAGTGCCGTCAGCAAGGTG
HCR1x TCACACAGGAAACAGAATCAT | ATGGCGGGGGTATCGGCGGTTTCCAAGGTT
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HCR10x

A GCGCAGCACATCGCAACAATAAAAGGGCTAT | ATGGCGGGGGTATCGGCGGTTTCCAAGGTT
HCR10x

B TTCACAAAATTCTTTTAGTTTAGGCGTCAAC | ATGGCGGGGGTATCGGCGGTTTCCAAGGTT
Pre-sequence: CACCATCATCACCATTAATAA

FPPS ‘ CGAGGAAAACCAT | ATGGATTTTCCCCAACAACTGGAAGCCTGC

Bisabolene titer for strains designed for higher translation initiation rates
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Figure 2.3: Bisabolene titer for S. 6803 strains with RBS sequences designed for higher translation
initiation rates for codon optimized gene sequence designed by GenScript (A), DNA2.0 for expression in
Synechococcus sp. PCC7002 (B), IDT (C), and EuGene (D). Error bars indicate the standard deviation of
the titer measured from three biological replicates. ANOVA tests indicate differences between RBS
designs within each codon optimization group (a = 0.05) except the HCR codon optimization. Tukey tests
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for each group indicated statistically significant differences as shown by the compact letter designation
annotations (paired t-test with p<0.05).

Utilizing different RBSs for each codon optimization allowed us to reach a bisabolene titer of 7.9 £ 0.6
mg/L for one strain (2.0-10xB), though most strains generated titers between 0.4 and 2.7 mg/L, and the
bisabolene concentration was below the detection limit in two cases (HCR-10xA and HCR-10xB) (see
Figure 2.3). The predicted expression levels from the RBS Calculator correlated poorly with bisabolene
titers. Within each set of strains that used the same codon optimized bisabolene synthase, RBS
sequences designed to have higher translation initiation rates either increased or decreased the
bisabolene titer from the base case titer for that codon optimization. For example, one RBS sequence
designed to have 10-fold higher expression than the base case GenScript codon optimization strain had
a statistically similar titer, while the other actually had a lower titer of 0.9 + 0.2 mg/L compared to 1.6 +
0.2 mg/L. The strain with an RBS designed to have expression 100-fold higher than that for the same
base case strain did achieve a higher bisabolene titer of 2.5 + 0.4 mg/L. The two designed RBS for the
EuHCR codon optimization resulted in strains that failed to produce detectable levels of bisabolene
(corresponding to a titer of 0.01 mg/L). The RBS Calculator-predicted expression level only poorly

trended with bisabolene titer (Figure 2.4).
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Bisabolene synthase concentration correlations
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Figure 2.4: Bisabolene synthase relative protein abundance measured by Western blot versus
bisabolene specific titer (A) and relative measured bisabolene synthase abundance versus the RBS
Calculator v2.1 predicted translation initiation rate (B). Error bars represent the standard deviation of
the Western blot signals or bisabolene specific titer from three biological replicates. 2.4(C) shows the
log-log plot of 2.4(A), above it, and (D) shows the log-log plot of 2.4(B).

We compared the measured bisabolene titer to the relative bisabolene concentration for these strains
using Western blotting to validate the assumption that bisabolene titer could be used as a proxy for
gene expression. Bisabolene titer and relative bisabolene synthase concentration were correlated with

an R2-value of 0.87, though the correlation is strongly influenced by the measurements for 2.0-10xB,
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which was in outlier on both axes (see Figure 2.4). The correlation between relative bisabolene synthase
concentration and the RBS Calculator v2.1-predicted translation initiation rate was weaker, with an R2-
value of 0.50. A final Western blot containing a serial dilution of purified bisabolene synthase was used
to estimate the fraction of total protein represented by bisabolene synthase in these samples. For the
highest expressing strain, 2.0-10xB, bisabolene synthase was only 0.4% of the total protein. The
presence of bisabolene synthase and farnesyl pyrophosphate synthase in the 2.0-10xB strain was also

verified using LC-MS/MS (data not shown).

Impact on light:dark cycle cultivation on bisabolene titer

Cheah et al. (2013) previously explored an important, but often overlooked, aspect of cyanobacterial
metabolic engineering. Engineered strains are often tested in shake flasks under continuous light,
though industrial cultivation is likely to occur outside and be subject to diurnal light fluctuations. They
found that strains successfully engineered to produce higher titers of free fatty acids in continuous light
lost all advantage over wild type cells with regards to titer when grown in 12:12 light-dark cycles. Since
bisabolene is not produced by wild type S. 6803, we could only explore the impact of light-dark cycles on
the mutant strains. Two strains, GS-1x and 2.0-10xB, were grown in 12:12 light dark cycles for either 5
days or 10 days. When grown for 5 days in light-dark cycles, the titer of each was less than half of what it
had been when grown for the same time period in continuous light (0.6 vs. 1.6 mg/L for GS-1x and 2.6 vs
7.8mg/L for 2.0-10xB, see Figure 2.5). Growth in light-dark cycles for 10 days exposed the cultures to the
same total amount of light as the 5-day continuous light cultures, and these cultures ended up with cell
densities closer to the 5-day continuous light cultures than the 5-day light-dark cycle cultures. Both
strains achieved higher titers of bisabolene (2.7mg/L for GS-1x and 9.7 mg/L for 2.0-10xB) when grown
in 10-day light-dark cycles. The statistical significance of these comparisons is unclear when comparing
on a specific titer basis. The specific titer of GS-1x grown for 10-days in a light:dark cycle was higher than

the 5-day continuous light culture, whereas, for 2.0-10xB, the 10-day light:dark cycle cultures had a
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similar titer to the cultures grown for 5-days in continuous light. Only for 2.0-10xB was the specific titer

when grown in a 5-day light-dark cycle significantly different than when grown in a 5-day continuous

light condition.

Bisabolene production in continuous light and light:dark cycles
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Figure 2.5: Comparison of bisabolene titer and productivity for two strains grown either in continuous
light (white bars) or in 12:12 light-dark cycles. Error bars indicate the standard deviation of the titer
measured from three biological replicates. ANOVA tests indicated differences in titer and specific titer
depending on the cultivation conditions (a = 0.05). Tukey tests of the titers for each strain (A) indicate
significant differences all paired cultivation conditions. Tukey tests on the specific titer (B) indicated
similarities as shown by the compact letter designation annotations (paired t-test with p<0.05).

Bisabolene production in a photobioreactor

Finally, the best-performing strain tested in shake flasks, 2.0-10xB, was grown in a 3 L photobioreactor
containing 1.5 L BG-11, aerated with 200 mL/min. 5% CO»-enriched air, following the reactor setup and
operation described by Werner et al. (Werner et al., 2019) including simulated outdoor sunlight
exposure for the photobioreactors. After six days, the titer reached 7.4 + 0.8 mg bisabolene/L and

plateaued (Figure 2.6).
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PBR bisabolene titer and OD vs time
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Figure 2.6: Bisabolene titer and growth over time in photobioreactors grown with sinusoidal light:dark
cycles. Error bars indicate the standard deviation of the measurements from three biological replicates.

Interestingly, the titer increased during stationary phase and reached 22.2 + 1.0 mg bisabolene/L at 36
days. There was no significant stripping bisabolene from the dodecane layer due to the bubbling of gas

through the reactor (data not shown).

Discussion

Following other work to generate bisabolene from microbial cultures (Davies et al., 2014; Peralta-Yahya
et al., 2011), we sought first to show that bisabolene could be produced in genetically modified S. 6803.
The bisabolene synthase from A. grandis was selected as it had shown the highest activity in E. coli
among four codon-optimized genes from trees (Peralta-Yahya et al., 2011). We anticipated that S. 6803
may have a small concentration of the precursor metabolite, farnesyl pyrophosphate (FPP), because it
appears to lack a dedicated farnesyl pyrophosphate synthase. Instead, the production of FPP in S. 6803
likely depends on geranylgeranyl pyrophosphate synthase sometimes releasing FPP before another
isopentenyl pyrophosphate reacts with FPP in the active site. Therefore, we co-expressed FPP synthase

from E. coli, codon optimized by GenScript for expression in S. 6803, in an operon structure with
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bisabolene synthase. Transcription of this biscistronic mMRNA was initiated by the tic promoter. This
promoter has relatively strong expression in S. 6803 (Albers et al., 2015), and the presence of two lac
operators maintains low expression until induced by IPTG. This was expected to be useful in the event
that the expression of the two genes was toxic to S. 6803. We did not, however, find there to be
significant impacts on growth from the expression of bisabolene synthase. The initial strain produced 1.6
+ 0.2 mg bisabolene/L after 5 days or 0.31 + 0.04 mg/L/day, a significantly higher titer than previously

reported 0.6 mg/L bisabolene titer in cyanobacteria after 4 days (Davies et al., 2014).

Building on an initial proof of concept that bisabolene synthase from A. grandis could be expressed and
functional in S. 6803, we sought to increase the expression of this gene and increase the bisabolene titer
achieved. Lacking a high-throughput screen for bisabolene production, we constructed a set of S. 6803
strains with varied codon usage (five variants) and varied RBS sequence (three or four RBS sequences for

each codon usage variant).

The simple measure of CAl correlated with bisabolene titer when compared using the same RBS. All
three commercially designed gene sequences could be used to generate functional bisabolene synthase.
When RBS sequences were varied, the range of bisabolene titers achieved using each of these three
codon optimizations were significantly overlapping. Kudla et al. (2009) measured the fluorescence of
154 different coding sequences of GFP expressed in E. coli and found that the stability of mRNA
secondary structure near the RBS accounted for about half of all variation in the expression level, while
the CAl was a poor predictor of fluorescence (Kudla et al., 2009). This suggests that it may also be
possible to improve heterologous gene expression without changing much of the sequence, and thereby
avoid the requirement to synthesize the full gene sequences which may or may not be expressed at a

higher level than the wild-type sequence.
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The RBS sequences tested in this work show that the sequence of the 5’ untranslated region clearly
impacts gene expression, but at this time we can’t make accurate predictions about the expression level
of a gene in S. 6803 based only on this sequence. The RBS Calculator poorly predicted the relative
expression of bisabolene synthase in S. 6803. Similar results were found by Wang et al. (2017) when
expressing ethylene forming enzyme in S. 6803. This tool was originally validated using fluorescent
protein expression in E. coli, and subsequently in Pseudomonas fluorescens, Salmonella typhimurium
LT2, and Corynebacterium glutamicum (Farasat et al., 2014; Salis et al., 2009). Although we do expect
translation to be a similar process across species of prokaryotes, the only concession the RBS Calculator
makes to differences between organisms appears to be the 16s rRNA sequence which interacts with the
RBS in the mRNA. S. 6803 and E. coli have nearly identical sequences in the last 14 nucleotides at the 3’
end of their 16S rRNA and, therefore, The RBS Calculator uses the same anti-Shine-Dalgarno sequence
for S. as it does for E. coli (only the final nucleotide of the 16s rRNA differs between these organisms).
The translation initiation rates predicted using the RBS Calculator for the sequences used in study are

generally the same or similar between the two organisms.

The ability to accurately predict relative gene expression rates would facilitate the development of more
complex genetic circuits in S. 6803 for applications in industrial biotechnology. Genetic studies provide
some evidence that translation may be different between E. coli and S. 6803. For example, a smaller
proportion of genes in S. 6803 than in E. coli appear to be initiated by Shine-Dalgarno (SD) sequences
(26% for S. 6803 versus 57% for E. coli) (Ma et al., 2002). It is not clear whether SD sequences should be
expected to increase translation initiation rates in S. 6803 as much as they do in E. coli. SD-antiSD
hybridization is thought to reduce the impact of mRNA secondary structure on translation initiation (de
Smit and van Duin, 1994). However, cyanobacterial mRNA that lack SD sequences are generally
predicted to have weaker secondary structure adjacent to the start codon on either side than the

mRNAs of y-proteobacteria that lack a SD sequence (Scharff et al., 2011). Optimal spacing between the
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start codon and SD sequence can also influence translation initiation rates. RBS Calculator penalizes
deviation in spacing from five nucleotides between the SD and start codon (Salis et al., 2009). Ma et al.
found the most frequent spacing for between SD and the start codon to be five for E. coli, and seven for

S. 6803 (Ma et al., 2002).

We were also surprised that cultivation of the best performing strain in photobioreactors supplemented
with CO; did not significantly increase the product titer beyond what was measured from shake flask
cultivation. We expected these cultures to reach higher optical densities in the CO,-rich environment
and also to have higher precursor availability for bisabolene synthase. However, both the maximum
optical density and the titer after five days growth were similar to what was measured from shake flask
cultures. It is likely that, in both cases, a nutrient other than carbon becomes limiting and prevents
further growth and bisabolene production. For example, Clark et al. (2018) increased the concentration
of nitrate by more than 10-fold, the concentration of phosphate by nearly 80-fold and the concentration
of iron by more than 35-fold in Media A to reach higher cell densities of Synechococcus sp. PCC 7002

(Clark et al., 2018).

In both shake flask and PBR cultures subjected to light:dark cycles, bisabolene titer continued to
increase after the cultures reached stationary phase . The bisabolene titer in PBR cultures increased
significantly after they reached stationary phase and the specific titer increased from 0.26 + 0.03
mg/L/OD after 14 days of growth to 2.6 + 0.19 mg/L/OD after 36 days of growth. This result suggests
that the MEP pathway may remain active during stationary phase, and continue to make IPP, DMAPP,
and FPP available for bisabolene synthesis. Carotenoid production is also reliant on the MEP pathway
and may increase during the stationary phase as the cells experience low light in the high-density
culture. Carotenoids are also an important component of photoprotection, and their increased
production may also be necessary for the periods of time that the cell are exposed to the high light

intensity of the surface of the culture.
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These results are similar to the findings of others. In terms of the product titer, Davies et al. (2014)
expressed the same DNA2.0 codon optimized bisabolene synthase sequence in Synechococcus sp. PCC
7002 using a cpcBA promoter from S. 6803. Their tests resulted in a bisabolene titer of 0.6 mg/L after 96
hours of growth in continuous light (6 pg/L/hr). Wichmann et al. (2018) engineered strains of the algae
Chlamydomonas reinhardtii to produce titers of 3.9 mg/L of bisabolene in phototrophic conditions and
11.0 mg/L in mixotrophic conditions after seven days of growth (Wichmann et al., 2018). Wang et al.
(2017) tested a small set of RBS sequences driving expression of ethylene forming enzyme in S. 6803,

achieving a 2.5-fold increase above the base strain.

We utilized a solvent layer of dodecane to collect produced bisabolene, following the work of others
(Davies et al., 2014; Peralta-Yahya et al., 2011). The dodecane layer formed an emulsion after a few days
of growth in both the shake flasks and the photobioreactors. Occasionally, samples of this emulsion
required brief centrifugation in order to collect a completely organic sample. We did not find any growth
inhibition due to the addition of dodecane in shake flasks and bisabolene was not detected following
extraction (Bligh and Dyer, 1959) of cells harvested from cultures grown with dodecane (data not
shown). Molecular dynamics models have supported the hypothesis that bisabolene may diffuse
through the cell membrane into aqueous media, or, more rapidly, into dodecane in contact with the cell
(Vermaas et al., 2018). Conversely, it has also been reported, in studies using Dunaliella salina, that a
stagnant dodecane did not result in cell death while dodecane sparged through a culture did result in
cell death (Kleinegris et al., 2011). The collection of excreted, hydrophobic, and volatile products from
cyanobacterial or microalgal cultures which are grown outside to utilize sunlight is an area that requires
further research into both the mechanism by which they are excreted (as this may limit the production

rate), as well as into cost effective means of capturing the excreted product.

Our findings reinforce that it continues to be necessary to test combinations of genetic components in S.

6803 to obtain a desired outcome because present tools for predicting the effects of the components
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are inadequate. Combinations of RBSs and codon optimizations resulted in 3.3-fold increase in the
concentration of bisabolene synthase over our original strain. However, even the highest expressing
strain, bisabolene production likely remains limited by the expression of this enzyme. In this strain, 2.0-
10xB, bisabolene synthase was estimated at just 0.4% of the total protein. Continued progress in
metabolic engineering of cyanobacteria would benefit from improved understanding of translation
initiation mechanisms in cyanobacteria and how they may differ from our understanding of translation
initiation mechanisms in E. coli. Further improvements to genetic component design rules are needed to

reduce the impacts of context dependence on the function of the components.
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CHAPTER 3: REVIEW OF TRANSLATION INITIATION IN CYANOBACTERIA

Motivation

Ribosomes are the manufacturing facilities of cells which produce the machines which cell uses to do
chemistry (metabolism) and build structures. RNA polymerase reads the genetic code and generates
mRNA transcripts that include the sequences that code for proteins. The process of producing
transcripts is highly regulated in terms of when and how many copies of the code to produce.
Translation by the ribosomes is also subject to regulation, and the rate of translation initiation is thought

to be a rate-limiting step in translation (Kozak 2005).

Protein production overall is a resource intensive process. Up to 50% of energy use in rapidly growing
bacteria may be devoted to translation (Russell and Cook 1995). In E. coli, 55% of the cell dry weight is
composed of proteins (Neidhardt and Curtiss 1996). Given the high resource requirements of protein
synthesis, it is essential for cells to be able to accurately produce proteins, and to produce the right

proteins at the right time. Both transcription and translation initiation are regulated for these ends.

In this review, we focus on the mechanisms used by cyanobacterial cells to regulate translation initiation
and to identify correct start codons within transcripts. As most research on prokaryotic translation
initiation has occurred in E. coli, that perspective is presented before reviewing the research that has, so
far, suggested that the mechanisms utilized by cyanobacteria may be somewhat different than they are

in E. coli.

Challenges in controlling translation initiation for metabolic engineering of cyanobacteria
Beyond the interest in understanding how translation is initiated, metabolic engineers need to be able
to reliably control translation initiation to have success in manipulating cellular metabolism. Despite all
that we do know about the mechanisms of translation initiation, it is generally necessary to test many
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ribosome binding site sequences in order to achieve the desired expression level. Many studies have
characterized the relative “strength” of ribosome binding sites using reporter genes. Unfortunately, the
relative strengths are dependent on the coding sequence as well and not in a predictable manner.

Something is missing from our model of translation initiation.

Those of us performing metabolic engineering of cyanobacteria have tended to adopt the designs and
tactics previously developed in E. coli metabolic engineering projects. To manipulate translation
initiation in cyanobacteria, we have either utilized ribosome binding sites characterized in E. coli, copied
the 20 or so nucleotides upstream of highly expressed native genes as RBSs as had been done in E. coli,

or have used the RBS Calculator to design RBSs and predict their strength.

Heidorn et al. (2011) characterized three iGEM BioBrick RBSs (developed for use in E. coli) in
Synechocystis sp. PCC6803 (S. 6803) as well as one sequence simply designed for strong SD-antiSD
binding designated ‘RBS*.” Markley et al. (2015) varied the SD sequence within an RBS and measured
fluorescent protein expression in Synechococcus sp. 7002. Englund, Liang, and Lindberg (2016) tested
thirteen RBSs, including eight iGEM biobrick sequences, three native sequences, and RBS* and tested
each RBS for initiating translation of YFP and BFP. Thiel et al. (2018) also tested 13 RBSs in S. 6803,
including some native sequences and several sequences designed by the RBS Calculator and previously
tested in E. coli. Thiel et al. also demonstrated the impact that the downstream coding sequence can
have on translation initiation rates by comparing the expression of GFP and YFP driven by the 13 RBS.
Despite some sequence similarity in the coding sequences, the expression profiles between GFP and YFP
were significantly different. Wang et al. (2018) made select mutations to an RBS to generate twelve
other sequences and measured ethylene production when the RBSs were used to initiate translation of
ethylene forming enzyme. Predictions from the RBS Calculator were compared against the
measurements. The RBS Calculator performed particularly poorly in this case, with the predictions and

measurements seemingly anti-correlated. Liu and Pakrasi tested 20 RBSs derived from native 5'-
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untranslated regions of native genes. Surprisingly, they measured fluorescence similar to the
background for 9 of the RBS when driving YFP expression. These included the sequences preceding

highly expressed genes cpcB, rbcL, and psbA2.

Importance of translation initiation

Many start codons may exist in a given transcript. In order to avoid producing nonsense amino acid
sequences without function, ribosomes must accurately identify the correct start codons. This may be
achieved via specific binding between the 16S ribosomal RNA and the Shine-Dalgarno (SD) sequence
often found in the 5’-untranslated region of transcripts at a defined distance from the start codon.
However, many genes have internal SD-like sequences, and significant portions of many prokaryotic
genomes lack such a sequence near the start codon. An alternative mechanism likely exists where the
correct start codon is selected by virtue of having minimized secondary structure of the adjacent mRNA

making it uniquely accessible to the ribosome.

In the cyanobacterium, Synechocystis sp. PCC6803 (S. 6803), only about 26% of genes have a SD
sequence (Ma, Campbell, and Karlin 2002). Several research groups have undertaken projects to
precisely control translation initiation rates in this species for the expression of heterologous proteins
which may have applications in biofuels or the production of other valuable chemicals. Generally, there
has been less success in controlling translation initiation rates in cyanobacteria than in E. coli including in
projects which have utilized the expression level prediction software, RBS Calculator. It is therefore
necessary that we take a closer look at translation initiation in cyanobacteria. Is the translation initiation
mechanism as widely conserved across prokaryotes as we biological engineers have assumed? If we
want to control translation initiation and design/engineer this process, what might be missing from our

engineering perspective?
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The canonical model of bacterial translation initiation

The Shine-Dalgarno sequence (SD) has often been presumed to be the defining element of the ribosome
binding site. The SD, however, is only one component of the ribosome-mRNA interactions that help to
initiate translation at the correct start codon in bacteria. In fact, many mRNA lack any SD sequence.
Most genes in Synechocystis Sp. PCC6803 lack a Shine-Dalgarno sequence. As will be discussed below,
several other elements such as the standby site, S1 ribosomal protein binding, mRNA secondary
structure, and the base-pairing between start codon and the anticodon may be used to identify the start

codon. These elements also contribute to controlling the rate of translation initiation from the mRNA.

Overview of the canonical prokaryotic translation initiation

The prokaryotic ribosome consists of 30S and 50S subunits which together contain approximately 55
proteins and three ribosomal RNAs of 120 (5S), 1,500 (16S), and 2,900 (23S) nucleotides with a total
molecular mass of about 2.6-2.9 x 10° Daltons (K.E. van Holde and W.E. Hill 1974). Laursen et al. (2005)
provide a useful review of prokaryotic translation initiation. Translation initiation is the rate-limiting step
in protein synthesis. It is therefore of interest to metabolic engineers as an important mechanism to
modulate for expressing heterologous enzymes. As Gualerzi and Pon (2015) observed, the central role of
the Shine-Dalgarno sequence in translation initiation has been “taken as dogma.” Shine-Dalgarno
sequence base-pairing with the 3’-end of 16S rRNA does play an important role in the efficiency and
accuracy of translation initiation. However, it cannot sufficiently explain how bacteria control translation

initiation given that many genes lack a Shine-Dalgarno sequence.

The process of formation of the 70S initiation complex is briefly described here. Initially, IF2-GFP and IF3
bind the 30S subunit, followed by IF1. The position of IF1 allows it to block the P-site which may ensure
that the initiator tRNA binds to the A-site first. The initiator tRNA, fMet-tRNA, and the mRNA then bind,

in either order. Any secondary structure that blocks access to the start codon must then unfold, forming
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the 30S pre-initiation complex. Complex interactions between the initiation factors, the mRNA, and the
tRNA are responsible for moving the tRNA to the P-site. Conformational changes in the 30S pre-initiation
complex facilitate the binding of fMet-tRNA anti-codon to the start codon, forming the more stable 30S
initiation complex. This “locking” process is the rate-limiting step in the formation of the 30S initiation
complex. The 50S ribosomal subunit may then bind and IF1 and IF3 then dissociate. GTP bound to IF2 is
hydrolyzed and IF2 is released. The 70S initiation complex may then commence translation by catalyzing
the first peptidyltransferase reaction (Laursen et al. 2005). An in-depth review of bacterial translation

initiation which is summarized here has been provided by Gualerzi and Pon (Gualerzi and Pon 2015).

l\ 308 ) ‘ (13
\ / O 3OSQ,
— fMet-  [jF2- \Q A
IF2- Gn“ tRNA | GTP LIF1 | mRNA
IF3 riF3 _ fMet- Y ]
i L — X IF3 = tRNA mRNA unfold‘lng
0.9 202 s : =
X = IF2- X 30%}' tRN b 305~ JHES O 3o<> £
gTZP \\ ) // ‘GTP N F1] X “ - \\Q/\// - IF2- \O /
mRNA GTP| (et 6T fee 305 prelC
Y tRNA tRNA
@ 052 1B
\>/ 1 l k
n N A | tocking
TN AT O 30&@, =
/ \ / \ IF2- \ i
y \ / ‘ _GTP. m;(' 30SIC
( 505 \ [/ 505 \ tRNA
\ ‘ ]
505 _\ [ =
O osO\ = - ’ 305
VN
X @ Ol \&/
GTP | [fMet- fMet. 70s IC
tRNA tRNA

Figure 3.1: The canonical model of bacterial translation initiation (adapted from Gualerzi and Pon, 2015).
The 30S ribosomal subunit first binds initiation factors, IF2-GTP and IF3, followed by IF1. The initiator
tRNA (fMet-tRNA) and mRNA are then bound in either order. At this point, the mRNA must unfold for
the 30S pre-initiation complex to form. This complex can then transition to the more stable 30S
initiation complex. The 50S subunit can then bind and, following several steps in which the initiation
factors are released, the 70S initiation complex is formed.

Interactions between the ribosome and mRNA
Looking more closely at the interactions between the ribosome and the mRNA, footprinting assays have
provided evidence for extensive interaction between the 30S ribosome and mRNA. Hydroxyl radical

footprinting indicated that the region between -35 and +19 from the start codon interfaced with the
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ribosome (Huttenhofer and Noller 1994). This region of the mRNA adjacent to the start codon is called
the ribosome binding site. Specific interactions between the ribosome and the mRNA are accomplished
by base pairing between the 16S rRNA and the Shine-Dalgarno sequence of the 5’-untranslated region
upstream of the start codon and between the tRNA anticodon and the start codon. These interactions
facilitate the identification of the correct start codon which will define the start of the coding sequence
and the reading frame of the protein coded for. In other words, these interactions are important

regulators for accuracy in protein production.

The Unified View — Secondary structure and SD-antiSD

Nakagawa found that highly expressed genes with significant mRNA folding energy tended to have
Shine-Dalgarno sequences and suggested that the SD-antiSD interaction may be used to facilitate
translation initiation in the presence of this thermodynamic barrier of unfolding the mRNA (S. Nakagawa
et al. 2010). This interpretation was echoed by Wei and Xia (2019) in their study of translation initiation
in cyanobacteria. These interpretations follow the idea that was summarized by Tokumasa Nakamoto
(Nakamoto 2006). His hypothesis was that start codons were uniquely accessible to the ribosome,
allowing translation to initiate specifically. Nakamoto observed that mRNA is significantly structured,
with 60-70% of nucleotides being base-paired, and he pointed to several publications from the 1960’s
which suggest that ribosomes bind RNA quite promiscuously in the absence of secondary structures.
Nakamoto and Vogel found that cell-free transcription and translation systems that accurately produced
phage proteins also could initiate translation from random positions within poly(U), poly(CU), poly(ACU),
and poly(GU) RNAs (Nakamoto and Vogl 1978). In this framework, the SD-antiSD is not considered an
important component of identifying the correct start codon. Instead, the SD sequence is used to
overcome strong secondary structures in the RBS and initiate translation and, thus, is not needed when

the RBS has weak secondary structure.
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Marzi et al. determined the structures of several states of the pre-initiation complex that forms on the

rpsO mMRNA. These revealed that the ribosomal protein S15 stabilizes mRNA secondary structure, which
prevents the mRNA from entering the mRNA channel of the ribosome and inhibits translation initiation.
Inhibition can be relieved by competitive binding of S15 to the 16D rRNA (in other words, by an increase

in concentration of 16S rRNA) (Marzi et al. 2007).

Saito et al. (2020) recently used orthogonal ribosomes with mutated aSD sequences to test whether SD-
antiSD base-pairing was necessary for identification of correct start codons. They found that this base
pairing was not necessary for correct identification, but that both SD-antiSD base pairing and A-rich
regions can enhance initiation rates (Saito, Green, and Buskirk 2020). Komarova et al. found that longer
SD sequences decreased the concentration of the reporter gene beta-galactosidase (Komarova et al.

2002).

What is the role of the SD-antiSD interaction?

mRNA may base pair with themselves to form secondary structures consisting of stems and un-paired
loops. Such structures within the ribosome binding site prevent interaction with the ribosome which can
only bind single-stranded mRNA. Many studies have confirmed the hypothesized “unified view” which
states that translation initiation generally occurs at start codons with low secondary structure and that

SD sequences can help ribosomes overcome secondary structures in the region.

De Smit and van Duin observed a strong negative correlation between the stability of a hairpin
containing a ribosome binding site and protein expression (M. H. de Smit and van Duin 1990). Olsthoorn
et al. (1994 and 1995) examined the translation initiation of the coat protein mRNA of bacteriophage
MS2 with mutations and monitored the evolution of the phage. Specific mutations were made to disrupt
secondary structure in the 5’-UTR or the SD sequence. Mutations that weakened or strengthened the

secondary structure were compensated for in subsequent generations by other mutations in the
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sequence to revert the stability to its wild-type strength, while none of the mutations that arose
disrupted the SD sequence (R. C. Olsthoorn, Licis, and van Duin 1994). Similarly, mutations were made to
shorten or extend the SD sequence in this gene’s translation initiation region. Future generations
compensated for extended SD-antiSD complementarity with mutations that increased secondary
structure strength. Mutations that decreased structure strength arose following shortening of the SD
sequence (R. C. L. Olsthoorn, Zoog, and Duin 1995). These results supported the hypothesis that the SD
sequence can be used to overcome secondary structure barriers to translation initiation and that the SD
sequences is unnecessary in mRNA with weak secondary structure. The balance of SD-antiSD
hybridization and secondary structure free energy changes was suggested to be controlling the rate of
translation initiation. In a separate study Olsthoorn and van Duin observed that stems of the hairpins in
the MS2 A-protein gene could be extended without affecting the phage fitness, but extended loops in
the same hairpin decreased fitness. This led the authors to conclude that there is selection pressure
against single-stranded RNA (R. C. Olsthoorn and van Duin 1996). This may be due to the vulnerability of

the single-stranded RNA to RNases.

Examination of evolutionary changes in start codons and SD sequences in E. coli mRNA suggested that
high protein expression levels could be maintained in mRNA for which the start codon mutated from the
preferred AUG by contemporaneous mutations that increased SD-antiSD base-pairing (Belinky, Rogozin,
and Koonin 2017). Complementarity between the 16S rRNA and a region 3’- of the start codon of some
mRNAs suggested another specific interaction (downstream box) (Sprengart, Fatscher, and Fuchs 1990),

but the interaction does not appear to have a role in translation initiation (Moll et al. 2001).

Standby-site binding and mRNA unfolding

De Smit and van Duin followed up their previous studies on the influence of mutations that impacted

mRNA secondary structures on translation initiation by considering the mRNA folding kinetics, rather
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than just the folding free energy. They found that mRNA hairpins typically fold too quickly for the small
subunit of the ribosome to bind and reasoned that an unstructured region of mRNA must be present to
increase local concentrations of ribosomes which can traverse the mRNA to the RBS in the brief periods
when it is unstructured. This unstructured region has been referred to as the standby site (Maarten H.

de Smit and van Duin 2003).

If transcription and translation are not closely coupled, the mRNA may hybridize with itself. This
hybridization can present a thermodynamic barrier to translation initiation if the translation initiation
region is not single-stranded and available to the 30S ribosome for binding. Two models have emerged
for how the ribosome can overcome this barrier. Either the 30S ribosome can only bind the mRNA when
it exists in the unfolded state or it may bind first to an upstream site, called the “standby site”, and may
travel to the start codon as the mRNA unfolds. Studer and Joseph (2006) measured the binding kinetics
of 30S ribosomes of MRNA designed to have different secondary structures. mRNA with weaker
secondary structure bound 30S ribosome with higher affinity, and those that lacked SD sequences but
had weak secondary structure were also capable of binding the 30S ribosome. The length of the SD

sequence did not have a significant effect on the binding kinetics (Studer and Joseph 2006).

The presence of initiation factors (IF1, IF2, and IF3) or the initiator tRNA did not impact the binding
kinetics. However, the presence of both initiation factors and the initiator tRNA did stabilize the 30S
binding of mRNA, especially in structured mRNA. Further experiments demonstrated that the SD
sequence was necessary for the unfolding of strong secondary structure, along with both the IFs and
initiator tRNA. Unfolding was also dependent on GTP being bound to IF2, but hydrolysis of GTP was not
necessary suggesting that the unfolding of the mRNA was a passive process rather than one driven by
some helicase activity (Studer and Joseph 2006). Reviewing translational repression mechanisms, Schlax
and Worhunsky concluded that kinetic barriers to translation were common and needed to be

considered in addition to thermodynamic models of translation initiation (Schlax and Worhunsky 2003).
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This work has been followed by numerous studies that support the finding that the SD sequence may be
necessary for structured translation initiation regions, but not for those with weak structures. Kudla et
al. (2009) observed that strong secondary structure in the translation initiation region inhibited
translation initiation in synthetic ribosome binding sites in E. coli. Scharff et al. (2011) determined that

mRNA that lacked both a SD sequence and had low secondary structure could be translated.

What is the role of S1-binding?

Takyar et al. (2015) demonstrated that the ribosome of E. coli has helicase activity in elongation mode,
and that the S3 and S4 proteins are likely the specific proteins having this activity (Takyar, Hickerson,
and Noller 2005). This helicase activity is the basis for the engineered translation initiation systems
called “bicistronic designs” where an small upstream open reading frame puts the ribosome in
elongation mode to take advantage of helicase activity to unfold structures around a reinitiation site
which consists of an RBS and a start codon of the gene of interest which overlaps with the stop codon of
the upstream reading frame (Mutalik et al. 2013). How does the ribosome overcome secondary

structure before it enters elongation mode?

The ribosomal S1 protein also interacts with AU-rich region 5’ of where the Shine-Dalgarno sequence is
typically found. This S1 protein was shown to be essential for translation of the ssb mRNA in E. coli (Boni
et al. 1991). Komarova et al. found that translation initiation rates could be increased by addition of
A/U-rich S1 binding sites. Following a previous finding of others that S1 could bind BoxA, they altered an
RBS to include BoxA to determine if it might be used to enhance translation initiation rates. BoxA is
known better as an anti-terminator in the E. coli rrnB operon which prevents transcription termination
at a hairpin and allows the full operon to be transcribed. It has the sequence 5’-GCUCUUUAACA-3’, in an
mRNA that is not translated. Translation was strongly enhanced by addition of BoxA to the RBS, 5’ of the
Shine-Dalgarno sequence. Their work suggested that S1 binding in translation initiation regions should

also be considered when evaluating ribosome binding (Komarova et al. 2002).
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Duval et al. (2013) found that the E. coli S1 protein helps the 30S ribosome bind structured mRNAs. Their
work also demonstrated that S1 helps to destabilize secondary structures in natural mRNA, but
characterized the activity of S1 as an RNA chaperone that promotes binding rather than a helicase that
actively unfolds the RNA. The S1 protein acts as a ratchet that prevents secondary structure from re-
forming after it unfolds. In addition, they found that mRNA containing a SD sequence could be
translated efficiently without the S1 protein present, but that S1 was needed for those that lacked an SD

sequence (Duval et al. 2013).

The S. 6803 ribosomal S1 was not associated with the rest of ribosomal proteins in gradient
sedimentation (Riediger et al. 2020). Baers et al. (2019) found S1 in the cytosol fraction, and S3 in the
thylakoid membrane fraction in their proteome mapping of S. 6803 (Baers et al. 2019). The authors

suggested that these proteins may have a role in protein localization.

What factors determine the expression level of proteins?

Gingold and Pilpel (2011) provide a concise review of the factors which impact translation initiation and
elongation rates. They include a helpful discussion around whether translation rates are limited by a
single factor or by a combination of factors. This is especially difficult to delineate given that each
sequence change can impact multiple factors such as the mRNA degradation rate, codon usage,
secondary structure of the mRNA, the ribosome elongation rate, and proper folding of the protein

(Gingold and Pilpel 2011).

Kudla et al. (2010) found that expression levels of GFP genes with synonymous codon variations was
better correlated with the folding free energy than with the codon adaptation index. However, Tuller et
al. (2010) found that, in natural genes in E. coli, both codon usage and folding free energy were
determinants of translation rates (Tamir Tuller et al. 2010). Tuller and Zur later reviewed the many,

often overlapping, translation regulating signals found on either side of the start codon. These included
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the prevalence of weak mRNA secondary structure around the start codon, and sequence-related
degradation rates (T. Tuller and Zur 2015). These factors are difficult to separate because changing one
nucleotide in the sequence changes multiple parameters. In addition, those parameters sometimes have
multiple explanations. For example, A/U-rich sequences in the 5’-UTR may increase protein expression
by reducing folding energy of the mRNA. Such sequences can also be bound by the ribosomal S1 protein
in E. coli which is an RNA chaperone which helps position the ribosome for single stranded mRNA

binding as it unfolds.

Testing of large-scale randomized RBS libraries

A large library of 18 nucleotide RBS sequences was subjected to three rounds of selection based on
approximate translation rates. The library was enriched only slightly in SD sequences. It was also
enriched in cytosine in many positions which the authors suggested also may base-pair with the 16S
rRNA outside of the aSD sequence (Barendt et al. 2012). A follow-up study using shorter 5’-UTR leaders
resulted in an RBS library in which 54% were non-SD sequences. The sequences had a position-
independent G/U bias which often could be explained as additional nucleotides which may base-pair
with the 16S rRNA outside the aSD. For RBSs which did contain an SD sequence, A/U-rich sequences
were often also present, suggesting that these two motifs work together to produce high expression
rates. The authors suggested that the longer 5’UTR used in the previous report allowed for more
interactions between the ribosome and mRNA, giving rise to different motifs in the RBS (specifically, C-
rich sequences with the longer leader, and G/U-rich sequences with the shorter leader, though both
types were expected to contribute to base-pairing between the 16S rRNA and the mRNA) (Barendt et al.

2013).

Evfratov et al. (2017) tested a large library of completely randomized RBS sequences in E. coli. The

sequences were sorted by expression level (cerulean fluorescent protein) using Flowseq. High
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expressing fractions were enriched in A and depleted of C. A/G enrichment in the -7 to -13 region
relative to the start codon corresponding to the SD sequence was also observed. Estimated secondary
structure folding energy positively correlated with translation efficiency. Machine learning was applied
to model the impacts of several parameters on expression level including the length and location of SD
sequence, start codon used, secondary structures, and A/U-rich sequences. They found a potential
benefit of multiple SD sequences and start codons as well as AG repeats for high expression, but also

concluded that precise prediction of translation efficiency remains difficult.

Alternative mechanisms in bacteria

A recent commentary provides a useful primer on the emergence of ideas around alternative
mechanisms of translation initiation (Babitzke and O’Connor 2017). Why are there different mechanisms
across species? Hockenberry et al. attempted to answer this question. They found covariance of SD
sequence usage and factors such as high growth rates indicating the necessity of high efficiency
translation (Hockenberry et al. 2018). It could be that SD-antiSD sequences facilitate higher rates of
translation initiation. However, the discovery of alternative mechanisms of translation initiation in
bacteria further our understanding of how translation is controlled by the cell and provide opportunities
for designing new expression systems in metabolic engineering. Such discoveries may also suggest why

current designs are proving unpredictable in the resulting expression level.
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Figure 3.2: Translation initiation may occur via several different mechanisms. A) The 30S ribosome can
bind an A/U-rich region of the mRNA with low secondary structure. The ribosomal S1 protein can act as
an RNA chaperone, gradually reducing the secondary structure that prevents binding the start codon. B)
and C) Under the “Unified View,” SD-antiSD base-pairing can compensate for high energetic penalty of
unfolding strong mRNA structures (B), while translation initiation regions with low secondary structure
strength do not require such compensation (C). D) 70S ribosomes can also initiation translation of mRNA
that lack a 5’-UTR.

S1-mediated translation initiation
Several studies have implicated the ribosomal S1 protein in translation initiation. S1 is generally thought
to bind A/U-rich regions of mRNA and act as an RNA chaperone that ratchets open secondary structure.

This facilitates 30S subunit binding of the RBS and subsequent translation initiation.

The S1 protein was shown to bind U-enriched sequences of phage RNA, as well as the U-rich region of E.
coli ssb mRNA that precedes the SD sequence (Boni et al. 1991). S1 is essential for translation initiation
in E. coli. Sorensen, Fricke, and Pedersen deleted the rpsA gene that encodes the ribosomal protein S1 in
E. coli. Growth was only possible when this knockout strain was induced to express a copy of the gene

from a plasmid. Their studies also revealed that reduced S1 expression resulted in depletion of amino
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acids, and that ribosomes depleted of S1 failed to elongate peptide chains (Sgrensen, Fricke, and
Pedersen 1998). Previously, mRNA with strong interaction between the SD and antiSD was reported to

obviate the need for S1 in translation initiation (Farwell, Roberts, and Rabinowitz 1992).

Mutsuda and Sugiura (2006) studied the translation initiation of wild-type and mutant mRNA for the
small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in Synechococcus
elongatus PCC7942 and PCC6301 using an in vitro translation system. The translation initiation region of
the rbcS gene contains a SD sequence of AGGAU. Mutation of this sequence to ACCAU should reduce
SD-antiSD interaction. This mutation actually led to an increase in the translation of rbcS. In contrast,
deletions of the pyrimidine-rich sequence between -46 and -14 from the start codon (though still 5’ of
the SD sequence) dramatically lowered translation of the gene. The authors confirmed by
immunoprecipitation that the ribosomal S1 protein binds the -46 to -14 region of the rbcS mRNA and
that deleting nucleotides in that region reduced or abolished S1 binding. The S1-mRNA interaction
appears to be the most important sequence element for translation initiation of rbcS. Unlike the E.coli
S1 protein which binds an AC-rich region, the Synechococcus S1 binds a CU-rich region (Mutsuda and

Sugiura 2006).

There are two analogs to the E. coli S1 protein which are 31 and 38 kDa compared with 61 kDa for the E.
coli S1. S. 6803 also has two sequence homologs of similar size to those in S. 6301, rbcS1A and rbcS1B.
These proteins have not been characterized at this time. Mutsuda and Sugiura did not provide direct
evidence contrary to the Salah et al. (2009) results that suggest that cyanobacteria S1 protein may not
bind the ribosome. Due to these contradictory results, further experimentation is needed to confirm the

role of the S1 protein and its interaction with the ribosome in cyanobacteria.

The structure of the 30S subunit with bound S1 (E. coli) was determined in 2001, which identified the S1-

30S interface and confirmed that the S1 protein bound the 5’-end of the mRNA bound to the ribosome
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(Sengupta, Agrawal, and Frank 2001). Salah et al. (2009) examined the sequence similarities of bacteria.
They found that Synechococcus sp. (strain not stated) S1 appears to lack domains 1, 4/5, and 6 found in
E. coli S1, and contains an additional domain not found in E. coli S1. It contains only three domains
compared with six found in E. coli (Salah et al. 2009). In E. coli, domain 1 is essential for binding the
ribosome. Domains 3, 4, and 5 are all involved in binding RNA. The function of domain 6 is not known,

and it is not essential for translation.

S1-mediated translation initiation does not provide a full explanation in species of archaea and bacteria
which lack the S1 protein entirely (many gram-positive bacteria), or which lack an S1 protein with
activity in translation (Babitzke and O’Connor 2017). In those species with functional S1 protein, what is
the mechanism by which it assists translation initiation? Conformational switching in the Vibrio
vulnificus S1 protein assists with unfolding mRNA in a step-wise manner with domains D3 and D4
operating in tandem (Qureshi et al. 2018). This mechanism contrasts slightly with what has been
observed for E. coli S1-mediated mRNA unfolding. Qu et al. used optical tweezers to monitor E. coli S1
binding mRNA, concluding that individual domains of S1 molecules capture single-stranded mRNA
during the brief times secondary structure unfolds, each occupying about 10 nucleotides and preventing

it from refolding (Qu et al. 2012).

Romilly et al. conducted an in-depth study to characterize the standby site of the tisB mRNA expressed
in E. coli. Under normal growth, a small RNA (IstRI) hybridizes with the fifteen-nucleotide single-stranded
standby site which inhibits 30S ribosome binding and promotes degradation of the mRNA by RNase .
Under stress conditions, IstRl is expressed at a lower level compared with tisB, allowing the ribosome to
bind the standby site and subsequently initiate translation. The ribosomal S1 protein was essential for
30S subunits to bind the standby site, and S1 proteins were also found (independent of the 30S subunit)
to bind the standby site. A stem-loop structure 5’ of the standby site also appeared to be essential to

30S binding of the standby site, suggesting to the authors that structures at both ends of the standby
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site can stabilize the 30S-mRNA complex. An aspect of the tisB standby site which is contrary to the
general model of standby sites is its remoteness from the RBS — approximately 100 nucleotides distant

(Romilly, Deindl, and Wagner 2019).

70S scanning and leaderless initiation

Yamamoto et al. (2016) demonstrated that 70S scanning can also initiate translation in E. coli. Although
the 70S ribosome could not bind directly to RBSs in their study, the full 70S ribosome was shown to
continue scanning an mRNA after translation termination and re-initiate at secondary open reading
frames (Yamamoto et al. 2016). This study also showed that IF3 was bound to the 70S ribosome during
initiation of both leaderless mRNA and in re-initiation. This may be the primary mechanism for initiating
translation of genes in operons. Further, this lab found that IF3 binding to the 70S ribosome promoted
initiation of leaderless transcripts, while IF3 binding of 30S ribosomes prevents initiation of leaderless
transcripts. This is used to explain cold shock responses and energy source depletion responses where
70S ribosomes accumulate to a higher concentration, out competing 30S for IF3 binding, and activating

translation of leaderless transcripts (Goyal, Belardinelli, and Rodnina 2017).

At least in a few cases, the interactions between the 5’-UTR of the mRNA and ribosome are not used at
all because the start codon is coincident with the 5’-end of the mRNA. A few bacterial mRNAs have been
identified that have a start codon either coincident with the 5’ terminus or within a few nucleotides of it,
precluding any SD-antiSD interactions. Only about 40 such mRNA were identified by Moll et al. in 2002.
More recently, certain species of bacteria and archaea have been found have many leaderless
transcripts making up 26% up to 69% of all transcripts (Brenneis et al. 2007; Shell et al. 2015; Wurtzel et

al. 2010).

Fully assembled 70S ribosome including fMet-tRNA binds the start codon. Brock et al. used photo-

crosslinking to study initiation of leaderless phage transcripts and the ability of 70S particles to bind the
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start codon. They also observed that a synthetic random transcript with an AUG start codon at the 5’
end could be bound by the 70S ribosome as well, suggesting that the AUG sequence was sufficient signal

to initiate translation of leaderless transcripts (Brock et al. 2008).

Transcription-Translation Coupling

Transcription and translation can become coupled such that a ribosome follows close behind the RNA
polymerase, commencing translation before the mRNA is fully transcribed. Interactions that have been
observed between the ribosome and RNA polymerase suggest that the ribosome may bind the RBS
before secondary structure can form within the mRNA, overcoming a typical barrier to translation
initiation. Conn et al. recently reviewed the literature on this topic to construct a model of the
mechanisms involved. In their model, transcription pauses 100-150 nucleotides into the transcript,
allowing the 30S ribosome to bind. It is hypothesized that the ribosome then assists the RNAP in

releasing the pause site and continuing transcription.

In factor-free coupling, the RNAP and 30S ribosomal subunit interact directly, while in factor-mediated
coupling, the factor RfaH tethers the two together (Conn et al. 2019). Kohler et al. performed cryo-EM
to determine the structures of molecules involved and their interfaces. They described interacting RNAP
and ribosomes engaged in coupled transcription-translation as an “expressome” complex (Kohler et al.
2017). The NusG transcription factor is used in what described by Conn et al. as a hybrid between factor-
free and factor-mediated coupling mechanisms. NusG forms part of the interface between the ribosome
and RNAP in E. coli but, unlike RfaH, the NusG arrives to the complex after it leaves the pause site. This
interaction between NusG and the RNAP and ribosome is not stable, and the binding of adjacent
sequences of mMRNA are essential to holding this complex together (Webster et al. 2020). Interestingly,
NusG in S. 6803 has only 41% identity with the NusG in E. coli. NusA has also been observed tethering

the ribosome to RNAP (C. Wang et al. 2020). In cell measurements have also been performed in
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Mycoplasma pneumoniae that show both NusA and NusG are involved in the expressome (O’Reilly et al.

2020)

Polysomes

Multiple ribosomes can bind the standby sites of some mRNA, which can lead to the formation of
polysomes which result in high translation rates of those mRNA. Once the first ribosome initiates
translation, the next can potentially move to the start codon before mRNA folding can occur. This allows
the second, and subsequent, ribosomes to avoid one of the barriers to translation initiation. The
ribosomal proteins S1 and S2 were essential for this rapid second initiation (Andreeva, Belardinelli, and

Rodnina 2018).

Jacobson and Baldassare estimated that 73% of ribosomes in E. coli were within polysomes. However,
their definition of polysome consisted simply of any mRNA with more than one ribosome bound. They
did suggest a slightly different mechanism for ribosome loading than the standby site model — a second
ribosome may bind the unfolded mRNA of the RBS that the first ribosome recently vacated (Jacobson

and Baldassare 1976).

Operon Re-initiation
Ma et al. (2002) observed that genes in operons across prokaryotic phyla had a higher likelihood of

having SD sequence than other genes (Ma, Campbell, and Karlin 2002).

Burkhardt examined translation efficiency of genome-wide operons in E. coli. Of the mRNA signals they
looked at, the secondary structure of the entire ORF had the strongest impact on translation efficiency.
They found low secondary structure around translation initiation regions, and observed that each ORF
had a characteristic level of secondary structure. In downstream ORFs, secondary structure propensity
was generally decreased just downstream of the start codon, and some specific mRNA structures were

proposed as important signals for translation initiation in those genes (Burkhardt et al. 2017).
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Translation initiation in cyanobacteria

Wei and Xia (2019) examined translation initiation elements in Synechocystis, concluding that SD
sequences were found mainly in highly-expressed genes, and that mRNA that lacked an SD sequence
compensated by having reduced secondary structure in the ribosome binding site (Wei and Xia 2019).
Wei and Xia also examined the frequency each SD-like sequence was used by S. 6803, with GGAG,
AGGA, and AGGAG being most common representing around 10% each and many other sequences
used. When comparing the protein expression levels of mRNA containing an SD and those that don't,
the average expression level of those with an SD was slightly higher, though the distributions
significantly overlap. It is not a clear-cut rule that an SD should indicate higher expression. Finally, Wei
and Xia calculated the free energy of folding the 40 nucleotides 5’ of the start codon and compared the
expression levels to that energy for the mRNA that contained an SD sequence and those that did not.

They found that sequence that had an SD sequence tended to have stronger folding.

Evidence that things are different in cyanobacteria

It is well known that base pairing between the 3’ end of the 16s ribosomal RNA and the Shine-Dalgarno
sequence in the 5’-untranslated region of the mRNA is an important step in the process of translation
initiation. Perhaps its importance has been overstated. Such interaction may facilitate translation
initiation for some genes, in some bacterial species. However, only a fraction of mRNA in a given species
actually contains a recognizable Shine-Dalgarno sequence. In addition, prokaryotes that do have a high
proportion of SD genes, may also utilize alternative mechanisms for the genes that lack the SD

sequence.

Several studies have found reduced prevalence of the SD sequence in the 5’-UTR of cyanobacteria,
suggesting a reduced reliance on this mechanism for initiating translation. Ma et al. (2002) examined the

translation initiation regions of 30 genomes and found that 57% of E. coli genes had a SD sequence,
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while in Synechocystis only 26% of genes had the SD sequence. The also reported a correlation between
the presence of a SD sequence and expression level, although expression levels were predicted based
only on codon usage (Ma, Campbell, and Karlin 2002). Starmer et al. (2006) used SD-antiSD hybridization
energies to identify SD-initiated genes. In the cyanobacteria Anabaena sp. PCC7120 and Synechocystis
sp. PCC6803, only a small proportion of genes had upstream SD sequences (31.1% and 27.5%,
respectively) (Starmer et al. 2006). Cyanobacteria species were among the ~10% of genomes that Hyatt
et al. determined must rely on translation mechanisms other than SD-antiSD hybridization because few
5’-UTRs contained the SD motif (Hyatt et al. 2010). This group concluded that “Synechocystis PCC6803,
like most cyanobacteria, does not seem to use the SD motif at all, and instead favors AT-rich regions

upstream of its translation start sites.”

The study by Nakagawa et al. (2010), again, showed that cyanobacteria have a much lower proportion of
genes with strong SD-antiSD interaction than other phyla. The authors analyzed the proportion of
known genes in 277 species of prokaryotes that contain a recognizable Shine-Dalgarno sequence. They
observed that three unrelated phyla had much a smaller proportion of mRNA’s that contained a Shine-
Dalgarno sequence, including Nanoarcheota, Bacteroidetes, and cyanobacteria. The authors suggested
that other mechanisms of translation initiation must be used in these organisms. Two possible
mechanisms suggested were initiation mediated by the ribosomal S1 protein and initiation of leaderless
transcripts for which the start codon coincides with the transcription start site. Others have observed a
distinct lack of Shine-Dalgarno sequences in Bacteroidetes and found evidence that the ribosomal S1
protein is used to identify start codons (Accetto and Avgustin 2011). They also suggested that the SD
sequence may not necessarily promote translation initiation in species such as these (Nakagawa et al.

2010).

Scharff et al (2011) examined both the SD-antiSD hybridization energy and the mRNA folding energy of

genes in prokaryotes and chloroplasts. They estimated that about 50% of all cyanobacterial genes have
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SD sequences. Overall, the genes studied tended to have reduced secondary structure (a peak in free
energy of folding) around the start codon, suggesting the accessibility of the start codon may be one
mechanism that cells use to select correct start codons. For genes that lack SD sequences, secondary
structures were even weaker, and in cyanobacteria this difference in the peak heights was greater than
in other prokaryotes. Echoing the “unified view” of Nakamoto, the authors proposed that there may be
two unique pathways to translation initiation in prokaryotes: one in which accessibility alone is used to
select the start codon, and another in which a combination of SD sequence and accessibility are used
together. RBSs with SD sequences are less sensitive to the degree of folding free energy. Free energy of
folding was also found to be higher (weaker) around correct start codons than around than around

those internal to the gene (both in and out of frame) (Scharff et al. 2011).

Nakagawa and colleagues followed up their previous genomic analysis of translation initiation in 2017
and examined the nucleotides on both sides of the start codon of genes that lacked SD sequences. They
found symmetry in the nucleotide biases which may prevent the formation of secondary structures. In
cyanobacteria as in most other prokaryotes, free energy of folding calculations confirmed that
secondary structures were weaker in the translation initiation region for genes that lacked SD
sequences. This work also confirmed a finding from Starmer et al. (2006), that hybridization between
the 16s rRNA and transcripts generally has strong binding right at the start codon. In most species this
binding is stronger in non-SD-initiated genes than SD-initiated genes. However, in cyanobacteria, this
binding was similarly strong for both types of genes. Strong biases were found in nonSD mRNA in
cyanobacteria towards A and U were found in the -10 region (from the start codon A), and a very strong
bias towards C/U was also found in the -2 position (So Nakagawa, Niimura, and Gojobori 2017). Instead
of C/U, Sazuka and Ohara (1996) found a bias across all genes in S. 6803 for having two pyrimidines

(A/U) just 5’ of the start codon, followed by a purine 3’ of the start codon (Sazuka and Ohara 1996).
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Are there any hints from chloroplasts or cyanophages?

Wei and Xia, 2019 compared translation initiation elements in Synechocystis and tobacco chloroplasts.
They observed two prevalent species of the 16S rRNA in S. 6803: one ending with CACCUCCU-3’ and the
other, more frequently found, having an additional UU at the 3’-end. Both sequences lacked the AAGGG
at the 3’-end that was previously annotated as the end. SD-antiSD base pairing tended to align the 3’
end of the 16S rRNA to a nucleotide 16-18 nucleotides 5’ of the start codon in S. 6803. Chloroplast genes
examined used SD sequences less often and when they were used, those genes did not tend to have
higher expression as they did in cyanobacteria. Cyanophage genes examined showed a similar pattern of

SD sequences and SD-start codon distance as was found in the cyanobacteria (Wei and Xia 2019).

The genes endogenous to chloroplasts mainly consist of those coding for proteins involved in
photosynthesis and some involved in protein translation. Homologs to bacterial ribosomal RNAs, tRNAs,
initiation factors, elongation factor EF-Tu, and others have been identified in nuclear and chloroplast
genomes of plants and algae. Like most bacteria genomes, chloroplast genomes contain both genes with
SD sequences and those without. In general, mutations of the SD sequences in chloroplast-translated
mRNA only slightly reduced expression levels of proteins (Zerges 2000). Chloroplast mRNA often do have
SD sequences, though they have more variable spacing from the start codon than they do in E. coli
(Sugiura, Hirose, and Sugita 1998). Three elements of the psbD gene in the chloroplast of
Chlamydomonas reinhardtii were identified as being important to translation initiation and the
expression level: 1) a stem loop important for mRNA stability, a U-rich region from -20 to -15, and an

antiSD -14 to -11 from the start codon (Nickelsen et al. 1999).

Regulation of translation in cyanobacteria

In a couple cases, translation regulatory mechanisms of specific genes are well studied. The translation

of photosystem Il protein D1 in S. 6803 is regulated by a complex mechanism involving a pause site
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within the mRNA and targeting of the nascent peptide chain to the thylakoid membrane. Ribosomes
were found to pause at a specific position in the mRNA under dark conditions. After transition to light
conditions, translation resumed and the D1 peptide was targeted to the thylakoid membrane (Tyystjarvi,
Herranen, and Aro 2001). In the filamentous cyanobacterium Fremyella diplosiphon, the Initiation Factor
Il encoded by infC regulates translation of the cpeC operon that encodes photosynthetic light-
harvesting proteins, which is part of a chromatic acclimation process. Possibly, this IF3 regulates cpeC
translation initiation by modulating the degree of transcriptional-translational coupling (Gutu et al.
2013). Riboswitches and riboregulators used in cyanobacterial biotechnology have recently been

reviewed (Till et al. 2020).

Importance for metabolic engineering & synthetic biology

Many researchers have been engaged in investigating the use of cyanobacteria as catalysts to convert
sunlight and carbon dioxide into fuels and other valuable chemicals. Generally, we have attempted to
replicate the successes metabolic engineers have had in controlling heterologous gene expression in E.
coli. Genetic parts such as promoters and ribosome binding sites have been imported to cyanobacteria,
having been first characterized in E. coli. Genetic parts native to cyanobacteria have also been
developed and characterized following the methods previously used in E. coli. Computational design
tools such as the RBS Calculator have also been utilized to design genetic parts for use in cyanobacteria.
This has been successful in some studies (Markley et al. 2015), and not in others (B. Wang et al. 2018;
Sebesta and Peebles 2020). Bacteria may rely more, or less, on each of the many different mechanisms
for initiating translation. A more complete understanding of each of those mechanisms is necessary
because different mechanisms are all encoded in the same region of mMRNA and each change to the

sequence invokes trade-offs between the different mechanisms.
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Conclusions and Future Directions

Translation initiation is thought to be a rate limiting step in protein synthesis. However, many other
processes affect this rate. First and foremost, the rate of transcription, controlled by promoter
sequences, as well as the rate of mRNA degradation control the abundance of the mRNA. The
translation elongation rate is another variable, controlled by codon usage, and ribosomal pausing within
the transcript can reduce the elongation rate. Protein degradation rates also affect the protein
concentrations observed in cells. The translation initiation rate and elongation rate determine the
occupancy of ribosomes in the mRNA. Regions of mRNA bound by ribosomes (or other proteins) are
protected from degradation by RNAses such as RNase E. mRNAs with higher ribosome occupancy,
therefore, have longer lifetimes (Yarchuk et al. 1992; Deana and Belasco 2005). Widespread regulation
of translation and mRNA degradation by anti-sense RNA may also occur in cyanobacteria (Georg et al.
2009). It is not clear at this time how the polyploidy of cyanobacterial chromosomes may impact how

cells control translation initiation.

It has been proposed that cyanobacteria use the ribosomal S1 protein to initiate translation using A/U or
C/U-rich sequences, but this protein has not been characterized. Detailed study of cyanobacterial S1
protein is needed, similar to what was conducted with E. coli S1 protein by Duval et al. (2013). It would
be informative to also follow the work by Studer and Joseph and use cyanobacteria ribosomes and
mRNA to study binding kinetics and mechanism of initiation. Given the widespread transcription of
antisense RNA in Synechocystis found by Georg et al. (2009), could translation be widely regulated in
cyanobacteria by a mechanisms similar to that of flv4 (Eisenhut et al. 2012) and psbA (Sakurai et al.
2012) in Synechocystis sp. PCC6803, and rpsO in E. coli (Marzi et al. 2007)? Is such regulation more

common in cyanobacteria than it is in E. coli?
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New studies are needed to determine what controls translation efficiency in cyanobacteria. To benefit
biological engineering efforts in cyanobacteria, those studies should identify which genetic elements are
necessary for reliably controlling translation efficiency or determine if translation initiation mechanisms
can be simplified in order to design reliable parts. Ideally, a large library of random RBS sequences would
be characterized and machine learning applied to identify the determinants of translation efficiency in
cyanobacteria as has been done by Barendt et al. and Evfratov et al. in E. coli (Barendt et al. 2013;
Evfratov et al. 2017). Such studies should also take into account the findings of Thiel et al. which
suggested that different coding sequences of reporter genes and genes of interest impact the relative

“strength” of RBSs (Thiel et al. 2018).
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CHAPTER 4: CONTEXT DEPENDENCE OF RIBOSOME BINDING SITES IN

SYNECHOCYSTIS SP. PCC6803 AND E. COL/?

Summary

Adapting gene expression elements to new contexts is an overlooked problem in metabolic engineering.
As a starting point, it is assumed that genetic parts such as ribosome binding sites will work similarly
regardless of the gene being expressed, and the organism in which the gene is expressed. This
assumption has not generally been confirmed, and brute force methods of testing many elements to
achieve a specified expression level has been required for success which leads to increased cost in strain
development. We tested 13 ribosome binding sites and compared expression of green fluorescent
protein (GFP) and yellow fluorescent protein (YFP) in Escherichia coli (E. coli) and Synechocystis sp. PCC
6803 (S. 6803). Protein leader sequences and bicistronic designs were implemented to address this issue
of sequence context. The results confirm previous findings that the bicistronic design can support
reliable gene expression in E. coli. Interestingly, the bicistronic design was not as reliable in S. 6803. The
protein leader sequences did not have similar success in either organism. Correlations between the RBS
Calculator and the measured fluorescence values were weak in both organisms, and the overall

correlation between expression in the two organisms had an R? of 0.498 and a Spearman rank

2 This chapter has been submitted as:

Sebesta, Jacob, and Christie AM. Peebles. (submitted) “Effect of coding sequences on translation

initiation rates of 13 ribosome binding sites in E. coli and Synechocystis sp. PCC6803.”
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correlation R value of 0.788. Precise control of gene expression through ribosome binding site sequence
variation still generally requires testing multiple sequences in S. 6803, though bicistronic designs may be

reliably applied to this end in E. coli.

Introduction

Motivation

Benefits of reusable/reliable genetic parts including ribosome binding sites

Many metabolic engineering efforts involve the balancing of expression of multiple enzymes in a
pathway, requiring genetic elements that can generate expression at a specific level. Ideally,
transcription promoter sequences and translation initiation regions or ribosome binding sites (RBSs),
that generate known rates of transcription and translation could be applied to this end without
significant variation in expression levels in different contexts. At a minimum, they should have the same
rank order. However, there are significant differences in observed expression levels depending on both
the nucleotide sequences adjacent to these parts and many other differences that arise when using
these parts in different organisms. As such, metabolic engineering projects often rely on brute force
methods and high-throughput screening to test many combinations of genetic parts simultaneously.
Metabolic engineering could benefit from the development of reusable genetic parts that function
similarly in different contexts. This reliability is essential for projects that don’t use high-throughput
methods of cloning and screening. The development of reliable parts could also facilitate projects that
do use high-throughput methods in that they might help to focus the search on more interesting
problems than simply trying to achieve a certain expression level. In other words, we might be better
able to control expression level with reliable parts rather than simply needing to test many sequences
for each gene. We focused on improving ribosome binding sites in this work to improve control of

translation initiation rates in different contexts. In synthetic biology, the ribosome binding site is a DNA
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sequence that encodes part of the 5’-untranslated region of the mRNA which controls the rate that
ribosomes initiate translation. This rate is thought to be a rate limiting step in protein production.
Translation initiation rates have coding sequence dependence mainly due to secondary structure that
may form within the mRNA, spanning the RBS itself and the adjacent sequences. This can inhibit

ribosome binding.

Strategies to overcome context dependence of ribosome binding sites

We tested two strategies to overcome these challenges of context dependency in translation initiation.
We utilized the 26 plasmids constructed and tested by Thiel et al., (2018) as a starting point. In their
tests, GFP and YFP were expressed in S.6803 from replicative plasmids using the Plac promoter, and 13
ribosome binding sites. They found significant differences in the expression profile of the RBSs
depending on which coding sequence was used. We repeated their experiment, and constructed

additional plasmids designed to reduce the differences in the expression profiles.

First, a leader peptide was inserted at the N-terminus of YFP. The first 24 nucleotides from GFP were
inserted, followed by a ‘glycine-glycine-serine’ linker. This was intended to keep the sequence context of
the ribosome binding sites constant between the different proteins. We hypothesized that the
expression level of other proteins may be more accurately predicted for an RBS characterized using GFP
if the N-terminal leader of GFP was inserted. N-terminal peptide tags are used frequently for

purification or detection of proteins and are usually non-disruptive to protein folding.

A second strategy was implemented which does not alter the coding sequence. The bicistronic design
developed by Mutalik et al. (2013) was utilized in order to reduce context dependence of RBS function.
This design functions by inserting the RBS sequences withing a small open reading frame, creating an
operon structure with the stop codon of the first ORF partially overlapping with the start codon of the

gene of interest. The ribosome has helicase activity during the elongation of the first ORF peptide,
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allowing it to unfold secondary structures within the RBS, and re-initiate translation. These designs
worked well in E. coli in improving the Spearman rank correlation for a set of RBSs when used to express
different proteins (generally from ~0.5 to ~0.85). Recently, one bicistronic design (BCD) was successful in
translating a terpenoid synthase in S. 6803 (Dienst et al. 2020). We adapted the 13 RBSs to bicistronic
designs by mutating any stop codons in the upstream open reading frame which could allow the
ribosome to either disengage the mRNA before reaching the start codon of the gene of interest, or to re-

enter the pre-initiation state.

A precisely defined ribosome binding site should have similar function in different contexts. It would be
useful to metabolic engineers to be able to reuse well-characterized genetic elements to narrow the
immense number of possible sequences that currently must be tested to achieve a defined output. We
utilized the correlations statistics (including R?and Spearman rank correlation coefficient) of GFP and
YFP expression to estimate the coding sequence dependence of expression levels. Utilization of the
leader peptide for YFP expression consistently increased the expression of YFP, but did not improve the
correlation between GFP and YFP expression in either E. coli or S. 6803. The correlation between GFP

and YFP were much improved by the bicistronic design RBSs in E. coli, but not in S. 6803.

Methods

Strains and cultivation

E. coli (DH5a) was used for plasmid construction and was grown at 37 °C in lysogeny broth with shaking
at 225 rpm. Twenty-six initial plasmids were generously shared with us by the lab of Dr. Paulo Kallio
(Thiel et al. 2018). The basic plasmid map and translation initiation design variants are shown in Figure
4.1. These broad host range replicative plasmids (RSF1010-derived) contained either GFP or YFP (EYFP).
Transcription was driven by a lac promotor including a lac operator for inducible expression (plasmids

also contained the lacl gene). The 5’ UTR for GFP/YFP included an “insulator” sequence (Zelcbuch et al.
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2013) and one of 13 different ribosome binding sites. These plasmids were modified by insertion of the
cyan fluorescent protein (CFP) gene, mTurquoise2 (Goedhart et al. 2012) using the coding sequence
utilized by Gutu et al., 2018 (Gutu, Chang, and O’Shea 2018). Expression of CFP was driven by the lac
promoter and the RBS7, one of the 13 applied to expression of GFP and YFP. To prevent transcription
readthrough, CFP was flanked by the terminators BBa_B1006 (5’ of the lac promoter), and BBa_B0014

(3’) from the iGEM Registry of Standard Biological Parts.

Additional ribosome binding sequences, such as the bicistronic designs, were generated via restriction
enzyme cloning. Overlap extension PCR using New England Biolabs Phusion DNA polymerase was
completed to generate bicistronic design DNA fragments which were digested and cloned into the
plasmid backbone carrying either GFP or YFP using Ndel and Xhol restriction enzymes. To facilitate
cloning, the mobA gene in the plasmid backbone was mutated to knock out DNA nicking activity (Taton
et al. 2014). This mutation was completed via whole-plasmid PCR to generate blunt ended linear DNA
which was directly transformed. Correct colonies were screened via colony PCR, and then sequenced by
Sanger sequencing (GeneWiz). Wild type S. 6803 was transformed by electroporation (Ludwig et al.

2008) and colonies were confirmed by colony PCR.
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Figure 4.1: Plasmid map (A) for the plasmids used in this study and, (B): depiction of different translation
initiation designs used (GFP and YFP, YFP+leader, BCD-GFP, BCD-YFP not shown).

For fluorescence measurements, E. coli containing the plasmids of interest were grown in 2 mL of
lysogeny broth at 37 °C with shaking at 250 rpm. Two cultures were started from overnight cultures of
each strain. After 2 hours of growth, IPTG was added to 1 mM. Optical density and fluorescence were

measured at that time, as well as at six hours after the addition of IPTG.

S.6803 strains containing each of the plasmids were grown in 3 mL of BG11 medium at 30 °C with
shaking at 225 rpm. Two cultures were started from these cultures of each strain. After 24 hours of
growth, IPTG was added to 1 mM, and NaHCO3 to 20 mM. Optical density and fluorescence were
measured at that time, as well as at 48 hours after the addition of IPTG. Fluorescent lighting was
supplied continuously with intensity of 195 + 25 pmol photons/m2/s at the approximate level of the top

surface of the cultures.

Absorbance and Fluorescence measurements

At each timepoint, three 100 uL samples of each culture were transferred to black-sided, clear bottom
polystyrene 96-well plates (Corning). Fluorescence was measured using a BioTek H1 Synergy plate

reader using monochromators to select specific light wavelengths for excitation and emission (Ex./Em.)
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for each fluorescent protein: GFP fluorescence was measured using Ex./Em. at 485/525nm, YFP at
505/535nm, and CFP at 425/495 nm. Fluorescence measurements in S. 6803 were taken using Ex./Em =
490/520 nm for GFP, 505/535 nm for YFP, and 425/477 nm for CFP. Optical density measurements using

absorbance at 600 nm for E. coli and 730 nm for S. 6803 in the same BioTek H1 plate reader.

Figures were prepared using pandas (McKinney 2010) and Matplotlib (Hunter 2007), and correlations

were calculated using Scipy (SciPy 1.0 Contributors et al. 2020).

Table of sequences

Table 4.1: RBS sequences used here including the ID, the names used by Thiel et al., the original source
of the sequence, and the sequence itself. Shine-Dalgarno sequences are shown in red italics and the
start codon is shown in bold.

RBS | Thiel RBS Sequence Notes
ID RBS
Name | Source

ATG
1 CTAGAGTAGT GGAGGTTACTAGATG | Oiginally designed by (Huang and
S1 RBS* Lindblad 2013)
2 cpcB AATATAAGT AGCAGATAAAAACATG Native to Synechococcus sp.
S2 (7002) PCC7002
3 S3 cpcB AGTCAAGTAGGAGATTAATTCAATG | Native to S. 6803
4 S4 psbA2 ATACATAAGGAATTATAACCAAATG | Native to S. 6803
5 S5 rbclL TGTTTATGGAGGACTGACCTAGATG | Native to S. 6803
6 S6 TAGCCTAGGAGGAGGAAAAATCATG
7 S7 lac CATTAAAGAGGAGAAAGGTACCATG | From the E. coli lac gene
8 A Salis-ZB AACAAAATGAGGAGGTACTGAGATG | Originally designed by Salis et al.
9 B Salis-ZA AGGAGGTTTGGAATG | (2009) and selected for use by
10 |cC Salis-ZC AAGTTAAGAGGCAAGAATG | (Zelcbuch et al. 2013)
11 D Salis-ZE TAAGCAGGACCGGCGGCGATG
12 E Salis-ZD TTCGCAGGGGGAAGATG
13 “Dead-RBS” from BIOFAB also

; 2 CACCATACACTGATG | geq by Zelcbuch et al., 2013

Preceding | aattgtgagcggataacaatttcacacagaattca | Italics indicate the “insulator”

sequence | ttaaagactagttaatagaaataattttgtttaac | ysed by Zelcbuch etal., 2013
ttta
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Table 4.2: The bicistronic design sequences used. The constant sequence of the upstream cistron is
shown in italics. Mutations to the RBS which were made to avoid stop codons in the upstream cistron

are lowercase.

Upstream RBS (constant): GGGCCCAAGTTCACTTAAAAAGGAGATCAACA

Name Upstream open reading frame sequence

BCDO ATGAAAGCAATTTTCGTACTGAAACATCTTLAATG

BCD1 ATGAAAGCAATTTTCGTACTGAAACATCTTACTAGAGTAGTGGAGGTTACTtaATG
BCD2 ATGAAAGCAATTTTCGTACTGAAACATCTTAAATATAAGAAGGAGATAAAALaATG
BCD3 ATGAAAGCAATTTTCGTACTGAAACATCTTAAGTCAAGTAGGAGATTAATTtaATG
BCD4 ATGAAAGCAATTTTCGTACTGAAACATCTTAATACATAAGGAATTATAACCLAATG
BCD5 ATGAAAGCAATTTTCGTACTGAAACATCTTATGTTTATGGAGGACaGACCTLtaATG
BCD6 ATGAAAGCAATTTTCGTACTGAAACATCTTATAGCCaAGGAGGAGGAAAAATAATG
BCD7 ATGAAAGCAATTTTCGTACTGAAACATCTTACATTAAAGAGGAGAAAGGTALaATG
BCDS8 ATGAAAGCAATTTTCGTACTGAAACATCTTAAACAAAATGAGGAGGTACTGtaATG
BCD9 ATGAAAGCAATTTTCGTACTGAAACATCTTATTaAACTTaAAGGAGGTTTGLAATG
BCD10 | ATGAAAGCAATTTTCGTACTGAAACATCTTAACTTTAAAGTTAAGAGGCAALAATG
BCD11 | ATGAAAGCAATTTTCGTACTGAAACATCTTATTTATAAGCAGGACCGGCGGtaATG
BCD12 | ATGAAAGCAATTTTCGTACTGAAACATCTTATAACTTTATTCGCAGGGGGAtaATG
BCD13 | ATGAAAGCAATTTTCGTACTGAAACATCTTATTaAACTTTACACCATACACTaATG

Table 4.3: The five design sets tested in this study.

‘GFP’ design ‘YFP’ design ‘YFP+leader’ ‘GFP-BCD’ ‘YFP-BCD’
set set design set design set design set
Translation RBSO—RBS13 | RBSO—RBS13 | RBSO—RBS13 | BCDO-BCD13 | BCDO-BCD13
Initiation
Fluorescent GFP YFP GFP24+YFP GFP YFP
protein
Results

We constructed plasmids for five design sets, each with the lac promoter (Plac) and one of thirteen ribosome binding site
sequences driving expression of either GFP or YFP (

Table 4.3). Each plasmid also contained CFP with expression driven by Plac and RBS7. The ‘GFP’ and ‘YFP’

design sets simply contain one of the ribosome binding sites from RBS0-RBS13 and GFP or YFP. The

‘YFP+leader’ set included YFP with the first six nucleotides of the YFP coding sequence replaced with the

first 24 nucleotides of the GFP coding sequence plus nine additional nucleotides coding for a serine-

glycine-glycine linker peptide. Each of the ribosome binding sites were adapted for use as bicistronic

translation initiation sequences by inserting an additional translation initiation sequence and start codon
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5’ of each RBS and removing any stop codons within the RBS which would interfere with the re-initiation
mechanism used by the bicistronic design. These were used to construct the GFP-BCD and YFP-BCD

design sets.

We included, for each of these designs, an RBS-0 which simply removed the nucleotides between the
insulator and the start codon. Two of the design sets, ‘GFP’ and ‘YFP+leader’, also included strains that
lacked any 5’ UTR, such that the start codon coincided with the transcription start site (‘gLL’ and ‘y+LL)’.
In E. coli, these two had OD-normalized fluorescence divided by CFP fluorescence of 8.24 + 2.15 and 8.33
+ 3.84, respectively, which exceeded the expression of the similar RBSO strains (RBSO-GFP and RBSO-
YFP+leader) by a factor of 4.7 and 1.2. In S. 6803 the leaderless and RBSO constructs had similar
expression levels to one another (1.39 + 0.06 and 1.60 + 0.11 for ‘gLL’ and ‘y+LL’ versus 1.5 + 0.09 and
1.55 + 0.13 for RBSO-GFP and RBSO-YFP+leader). However, the fluorescence of leaderless constructs only

represented 2-7% of the highest fluorescence measurements in E. coli and 5-20% of those in S. 6803.
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Comparison to Thiel et al. 2018 data
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Figure 4.2: A: Our measurements did not correlate well with the GFP and YFP fluorescence
measurements reported in Thiel et al. (2018). To compare, the fluorescence measurements were not
normalized to CFP fluorescence, but only to OD, following Thiel et al. (error bars not shown). The inset
table summarizes the R? and Spearman R (S. R) for GFP, YFP, and all strains. B: the CFP-normalized
fluorescence (y-axis) for each plasmid tested in this work is compared with the fluorescence without
CFP-normalization (x-axis). In this panel, all GFP measurements are normalized to the maximum GFP
measurement, and all YFP measurements normalized to the maximum YFP measurement.

We compared our measurements to those made by Thiel et al. (2018), normalized only to optical density

and to the maximum GFP or YFP fluorescence (Figure 4.2A). The two datasets were not well correlated

with R? values of 0.174 for GFP, 0.141 for YFP, and 0.165 overall. Spearman rank correlation coefficients

were 0.759 for GFP, 0.419 for YFP, and 0.557 overall. Within the GFP set, RBS4 deviated the most from

the apparent correlation, while the YFP set showed several deviations in fluorescence between the two

datasets including RBS6, RS8, and RBS9. The deviations in the YFP dataset may be due to a cloning scar

in the Thiel sequences that left a second start codon after the Ndel cutsite. These secondary start sites

have the potential to have different effects on the translation initiation rates of the ribosome binding

sites. Either one, or both, of these start sites may be utilized, likely they have different rates of use.

Other differences between our tests should affect all strains similarly. These include the mutation to




mobA, the precise growth conditions, and our fluorescence measurement equipment. These differences

should not affect the rank order of the different RBSs because all are impacted similarly.

To gauge the contribution of the CFP normalization to the results, we compared S.6803 fluorescence
with and without CFP normalization (Figure 4.2B). We expect plasmid copy number to be the main
driver of variability between the different constructs because the promoter, RBS, and coding sequence
for CFP were the same in each one. Fluorescence measurements with and without CFP normalization
were well correlated (R? = 0.929, Spearman R = 0.982), with larger deviations found at higher

fluorescence values.

A consistent N-terminal leader sequence failed to make expression profiles more similar for GFP
and YFP

We hypothesized that inserting the N-terminal coding sequence for GFP at the start codon for eYFP
would improve the correlation of YFP fluorescence with GFP fluorescence when using the same 13
ribosome binding sites to control translation initiation. A reliable RBS design would result in expression
of different proteins with the same rank order. This would allow the GFP leader sequence to be used in
other coding sequence contexts with a predictable trend in protein expression. The YFP-to-CFP
fluorescence was normalized to OD and compared to the GFP-to-CFP fluorescence normalized to OD for

the same RBS sequences.

In both E. coli and S. 6803, the YFP fluorescence without the leader correlated better with GFP

fluorescence than the YFP constructs which implementation of the leader (
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Figure 4.3). In E. coli, the Spearman rank order correlation was also decreased by YFP+leader versus GFP

(Figure 4.3C), while in S. 6803 the rank order correlation was slightly improved when the leader was

used. In both species, YFP fluorescence was increased by the insertion of the leader peptide for all

ribosome binding sites, except for RBS-S2 in E. coli. Compared with the measurements in S. 6803 by

Thiel et al. (2018), the Spearman rank correlation coefficient for GFP versus YFP was higher in these

results (0.659 versus 0.543).
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Figure 4.3: GFP and YFP fluorescence comparisons revealed only weak correlations in both E. coli (A) and
S. 6803 (B). The leader peptide generally increased YFP fluorescence for given RBSs, but its insertion did
not improve the correlation in either organism. All measurements were normalized to OD and CFP
fluorescence. Error bars represent the standard deviation of two biological replicates. Spearman rank
correlation coefficients and the corresponding P-values for each design set are shown in the table (C).
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Figure 4.4: The relative expression profiles of gfp, yfp, and yfp+leader design sets differed between the
two species: E. coli (top) and S. 6803 (bottom).

We compared the relative expression of three design sets (GFP, YFP, and YFP+leader) normalized to the
maximum expression within each design set (Figure 4.4) as measured in E. coli (top) and S. 6803
(bottom). Overall, the expression profiles are similar between the two species (the corresponding
Spearman rank correlation coefficient was 0.772). One notable difference was the higher relative
fluorescence of the RBSO in S. 6803 than in E. coli. This is a null RBS in which the insulator sequence
leads directly to the start codon. GFP fluorescence differed between the two species by the most for
RBSO and RBS2 (cpcB RBS from S. 7002). For RBS1, YFP expression with or without the leader was higher
in both species than GFP expression. For RBS2, the YFP leader decreased expression in E. coli, making
the relative expression dissimilar to the GFP relative expression. The leader did not have the same effect

in S. 6803.

The online tool, RBS Calculator, offers a means to predict translation initiation rates for any nucleotide

sequence in prokaryotes. We compared the relative strengths of the ribosome binding sites when used
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to express GFP, YFP and YFP+leader to the expression level predicted by the RBS Calculator for E. coli

and S. 6803 (Figure 4.5). Based on reports of the RBS Calculator performing poorly for RBSs tested in

cyanobacteria (Wang et al. 2018; Sebesta and Peebles 2020), we expected the RBS Calculator to more

accurately predict fluorescence in E. coli than in S. 6803. However, predicted translation initiation rates

were not well correlated with the normalized fluorescence measurements in either E. coli or S. 6803.

Within each design set, the correlations are also poor. The overall Spearman R of all designs (excluding

bicistronic designs) was 0.520. In E. coli the Spearman R was much lower for the ‘YFP+leader’ set than

the other two.
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Figure 4.5: The RBS Calculator prediction were not well correlated with fluorescence measurements in
E. coli (A) orin S. 6803 (B). Fluorescence measurements are normalized to the maximum measurement
for all GFP or YFP measurements in each organism. Y-axis error bars represent the standard deviation of
two biological replicates. Spearman rank correlation coefficients and the corresponding P-values for
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Bicistronic designs improved the GFP/YFP correlation in E. coli, but not in S. 6803

Bicistronic designs have previously been demonstrated in E. coli to reduce the variation in expression
levels when different proteins are expressed using the same BCD sequence when compared with the
more commonly used RBSs (Mutalik et al. 2013). We adapted the 13 RBSs used in this study to the
bicistronic design by removing any in frame stop codons in the upstream open reading frame and
compared GFP to YFP expression in E. coli and S. 6803 (specifically, the TAA codons were mutated to
AAA). In contrast to the leader/no-leader constructs, the fluorescent protein expression from bicistronic
GFP and YFP constructs matched expression profiles well in E. coli (Figure 4.6A); GFP expression was a
good predictor of YFP expression. The Spearman rank correlation coefficient of the bicistronic designs
was also improved over that of the basic design, to 0.956. GFP and YFP expression were less well
correlated in S. 6803 (Figure 4.6B). The Spearman rank correlation was 0.527 for S. 6803, and the R?

value was just 0.348.
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Figure 4.6: Bicistronic designs improved the GFP-YFP correlation in E. coli (A), resulting in a Spearman
R of 0.956. The bicistronic designs did not improve the correlation in S. 6803 (B). Measurements are
OD and CFP-fluorescence normalized. Error bars represent the standard deviation of two biological
replicates.
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Comparison between species

Since most genetic parts have been tested in E. coli, it is often convenient to utilize those same parts in
other species. However, parts such as RBSs, do not always function the same way in different contexts.
We compared the measured fluorescence for all plasmids tested in E. coli and S. 6803 (per OD, per CFP,
and normalized to the maximum fluorescence for YFP or GFP) (Figure 4.7). We found a correlation with
R? value of 0.519. The overall Spearman R was 0.812 with values for each design set ranging from 0.415

for BCD_YFP to 0.881 for YFP+leader.
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Figure 4.7: Fluorescence measurements were not correlated between E. coli and S. 6803 (A). All GFP-
expressing strains were normalized to the maximum GFP measurement, and all YFP-expressing
strains were normalized to the maximum YFP measurement in each organism. Spearman rank
correlation coefficients and the corresponding P-values between the organisms for each design set
are shown in the table (C).
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Discussion

Metabolic engineering promises to develop the capability to redesign organisms to modify the profile of
metabolites accumulated. A central requirement to achieve this is the ability to precisely and reliably
control gene expression. Presently, the design of genetic elements used to control gene expression is
not adequate to avoid testing many of these new elements in each new context in which they are used
(both at the sequence level, and at the organism level). This work assessed some current methods for
predicting gene expression levels across contexts. First, we replicated the work of others who have
tested a set of RBS with more than one protein of interest. Second, we tested RBS which were insulated
from the gene of interest sequence by including a leader peptide. Third, we adapted the RBS set to the
bicistronic design, and tested those with the same to reporter proteins. We compared expression

profiles in E. coli and S. 6803 for each design set.

RBSs are not totally modular because their strength depends on the coding sequence

We first replicated the work of Thiel et al. (2018) who compared the expression of GFP and YFP when
translation was initiated by the same 13 RBSs. We utilized the same plasmids as a starting point and
modified them three ways. We inserted a second Plac promoter, the RBS7, and mTurquoise2 into each
of the plasmids as a control for potential variation in the plasmid copy numbers. We also mutated the
mobA gene to knock out its nicking activity to facilitate cloning, and we removed cloning scars from the
plasmids containing YFP which inserted a second potential start codon starting at nucleotide 7 of the
coding sequence. This second ATG could code for methionine, but it may also provide an alternative

start site for YFP.

The results reported here do not exactly follow the expression profiles previously measured. The GFP
measurements are generally well correlated with RBS 4 being an outlier. The YFP measurements are

poorly correlated. This may be due to the cloning scar. Overall differences between the data sets could

114



also be due to different timepoints being used: while we induced at OD~0.12 and measured at 48 hrs,
while Thiel et al. induced at OD=0.5 and measured fluorescence 6 hr. Six RBSs are the same as those
used by Zelcbuch et al. (2013) who also tested expression in E. coli using YFP. Our results in E. coli and
YFP match the rank order found there. Our GFP measurements in E. coli differ slightly from that order in

that two strongest RBS switched places, and the two weakest RBS switched places.

Like Thiel et al., we did also observe two different expression profiles for GFP and YFP. The linear
regression R? was 0.537 for E. coli and 0.569 for S. 6803, while the Spearman R was 0.793 in E. coli and
0.684 in S. 6803. This is despite the YFP and GFP sequences being quite similar. The full coding
sequences are 75% identical (many of these differences are due to codon usage since these two proteins
are derived from the same source and share 232 of 241 amino acids). Only nine of the first 35
nucleotides in the two sequences are the different. More sequence diversity at the N-terminus of the
coding region could lead to greater difference in expression profiles due to differences in mRNA
hybridization between the RBS and coding region and other coding sequences might have worse

correlations.

One mechanism that may explain why coding sequences impact relative RBS strength is that secondary
structures can span either side of the start codon. Self-hybridization of the mRNA within this region
must be broken, or unfolded, to allow the ribosome to properly bind. One mechanism that has been
proposed to facilitate initiation in sites with strong secondary structure involves the ribosome binding a
nearby, unstructured standby site where it can wait for the unfolding to occur unfolds (de Smit and van
Duin 2003; Studer and Joseph 2006). It has been suggested that the SD-antiSD hybridization is another
mechanism used to compensate for strong secondary structure (Scharff et al. 2011). All RBSs tested here
except RBSO, RBS12, and RBS13 contain SD sequences capable of hybridizing with the 16S rRNA in either

E. coli or S. 6803. If such secondary structures explain differences in expression profiles, our results
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suggest that the SD-antiSD hybridization is insufficient for completely overcoming the impacts that those

structures have on translation initiation rates.

We expected the insertion of the GFP N-terminus sequence into the 5’ end of the YFP coding sequence
to make the RBS context more similar and improve the correlation between GFP expression and YFP
expression. For most RBSs, the GFP leader peptide increased YFP expression. However, the correlation
between GFP and YFP expression was lower in both E. coli and S. 6803. Alternative designs of the leader

peptide may have performed better.

Secondary structure predictions performed using Nupack (Zadeh et al. 2011) show that the YFP mRNA
has a strong hairpin structure with 10 base pairs (8 of 10 G/C) starting 30 nucleotides 3’ of the start
codon. Our leader design shifted this structure to 57 nucleotides 3’ of the start codon without
introducing a similar, but slightly weaker structure contained at the same position of the GFP mRNA.
Although our leader peptide improved the sequence context similarity between the ‘gfp’ and
‘vfp+leader’ designs, this structure context was inadvertently altered. This might have been avoided by
using a longer leader sequence that would have included the GFP hairpin structure, or by replacing the
N-terminus of YFP with that of GFP rather than inserting the GFP sequence. However, it is not clear what
impact this hairpin has on expression of these genes and it may be too far from the RBS to have an

impact on translation initiation.

Bicistronic design translation initiation is modular in E. coli, but not in S. 6803

In BCDs, an upstream RBS initiates translation of an upstream open reading frame (LORF). In elongation
mode, the ribosome has helicase activity which reduces the impact of mRNA secondary structure on re-
initiation. The stop codon of the uORF overlaps with the start codon of the gene of interest which is
expected to result in re-initiation. In E. coli, bicistronic designs provide predictable protein expression

across different genes of interest. We found a Spearman R of 0.956 for the BCDs tested here. Mutalik et
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al. found a Spearman R of 0.85 between GFP and RFP expressed in E. coli for 22 different BCDs. In
contrast, when the same constructs were tested in S. 6803, the Spearman R was only 0.547. Is it possible
that S. 6803 ribosomes do not reinitiate in precisely the same way that they do in E. coli at coupled stop-
start codons (with sequence TAAtg)? Our BCD measurements were not generally higher than the MCD
measurements in E. coli, in contrast to the findings of Nieuwkoop et al. (2019) (Nieuwkoop, Claassens,

and van der Oost 2019).

Ribosome binding sites are not modular across species

In this work, the GFP- and YFP-to-CFP ratios were generally much higher in E. coli than they were in S.
6803. This is partly due to much higher CFP fluorescence measurements in S. 6803, approximately 15-
fold higher. Although the mechanisms and components involved in translation initiation are thought to
be well conserved across prokaryotic species, differences may have been overlooked. For all sequences
tested, the correlation between expression in E. coli and S. 6803 had an R? of just 0.519. Most detailed
studies of prokaryotic translation initiation have been carried out in E. coli. The results have been
extrapolated to other prokaryotes via bioinformatics studies which examine genomes assuming that

things are similar in other species.

In the cyanobacteria, Synechocystis sp. PCC6803 (S. 6803), only about 26% of genes have a SD sequence
compared with 57% in E. coli (Ma, Campbell, and Karlin 2002). Analysis of the non-SD translation
initiation regions in cyanobacteria found bias towards A and U around -10 from the start codon as well
as a strong bias for A and U at the -2 position. In gamma-proteobacteria, such genes displayed a bias
towards A-rich sequences -2 to -15, while cyanobacteria have a bias against G in this region (Nakagawa,
Niimura, and Gojobori 2017). Recently, ribosome profiling indicated the presence of 70S ribosomes 5’ of
the SD region, providing more evidence that cyanobacterial ribosome assembly may occur in an A/U-rich

region -15 to -45 rather than directly at the SD (Karlsen et al. 2018).
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In E. coli, S1 promotes mRNA unfolding by binding transiently formed single stranded regions (Qu et al.
2012). S1 functions independent of GTP or ATP, in contrast to helicases, and is therefore characterized
as an RNA melting protein. Two smaller proteins in S. 6803, homologs A and B, have 49% and 43%
sequence identity with E. coli S1. Mutsuda and Sugiura showed that these were essential to the
translation of rbcS in Synechococcus sp. PPC6301 and 7942 (Mutsuda and Sugiura 2006), but no further
studies of these proteins have been reported. Takyar et al. (2005) demonstrated the helicase activity of
ribosomes in elongation mode and attributed it to the ribosomal proteins S3 and S4 (Takyar, Hickerson,
and Noller 2005). S. 6803 rps3 and rps4 have 53% and 42% identity to rpsC and rpsD in E. coli and no
studies on their activity have been reported. S1 ribosomal proteins, which bind A/U-rich RNA, are
required for initiation of rbcS mRNA in Synechococcus sp. PCC 6301 and 7942 (when SD sequence
mutated) (Mutsuda and Sugiura 2006). There are two analogs to the E. coli S1 protein which are 31 and
38 kDa compared with 61 kDa for the E. coli S1. S. 6803 also has two sequence homologs of similar size

to those in S. 6301, rbcS1A and rbcS1B which have not been characterized at this time.

Conclusions

Ideally, metabolic engineers would have a design tool that can provide an RBS sequence with a given
expression level based on upstream and downstream sequence and the organism used. For reliable
translation initiation in E. coli, bicistronic designed sequences are supported as the best option at this
time. Our results don’t support a similar recommendation for the use of BCD in S. 6803. While they were
functional in S. 6803 translation initiation, the expression levels were not similarly ranked for YFP and

GFP.

In both E. coli and S. 6803, inserting an N-terminal GFP sequence at the beginning of the YFP sequence
(YFP+leader sets) increased the measured YFP fluorescence for most RBSs. However, inserting the leader

did not improve the correlation in expression between GFP and YFP. Bicistronic designs worked well in E.
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coli in that they resulted in similarly ordered strengths for GFP and YFP. The rank orders of the same

BCDs were not very similar in S. 6803.

The RBS Calculator has been widely used to predict translation initiation rates of RBS sequences and to
design RBS sequences and libraries. It has been updated and improved over the years since 2009 when it
was introduced. Here we found it did not accurately predict relative expression levels in either E. coli or
S. 6803. Since it is not designed to predict translation initiation by the re-initiation mechanism used by
the BCD, we only used the RBS Calculator to predict the monocistronic design translation initiation rates.
The Spearman rank correlation coefficients were 0.720 and 0.852 for the GFP and YFP design, but only
0.582 for the YFP+leader set when tested in E. coli. In S. 6803 the rank correlations were lower for GFP

and YFP, at 0.621 and 0.445, but higher for YFP+leader at 0.648.

The overall correlation between E. coli and S. 6803 for all tested plasmids had an R? of 0.519 with a
Spearman rank correlation coefficient of 0.812. This suggests that RBSs that have been characterized in
E. coli can usually be used in S. 6803 with a similar relative translation initiation rate, but not always
precisely the same expression level. Different cultivation temperatures of the two organisms could
contribute to the difference in expression profiles. Different expression profiles for RBSs have been
shown for E. coli grown at different temperature and in different medias (Vimberg et al. 2007). Design of

modular RBSs faces a difficult challenge from such differences which have an unknown basis.

Synthetic design of ribosome binding sites for use in cyanobacteria should take into account the
sequence biases found by Nakagawa et al., (2010) which identified a strong nucleotide bias in
cyanobacteria in the -2 position for C and for C or U in the -1 position. Of the RBSs tested here, RBS7 has
CCin those positions, while RBS3 has CA and RBS11 has CG. Vimberg et al. also showed that an A/U rich
region between 8 and 27 nucleotides 5’ of the SD sequence could enhance translation initiation rates

(Vimberg et al. 2007). This suggests that this region should also be considered part of the RBS. Eight to
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27 nucleotides 5’ of the SD sequence generally corresponds to the insulator sequence used in this work

(for RBS that had a SD sequence), which is 89% A/U.

Future work

Further research is needed to reduce the context dependence of ribosome binding sites in both
sequence context and organism context. Meeting this objective would benefit metabolic engineering
because such context dependence makes it difficult to predict how an RBS will perform. Our results
suggest that bicistronic designs work well in E. coli. In S. 6803, however, precise control of translation
initiation is elusive, and it remains essential to test several sequences to ensure the desired expression
level in S. 6803. Improved understanding of translation initiation mechanisms and determinants of
initiation rates in cyanobacteria is needed. Future improvements in RBS design might include utilization
of RibolJ, which is a self-cleaving ribozyme which has been used to insulate ribosome binding sites from
the sequence further 5’ by cutting it off following transcription (Lou et al. 2012). Longer leader
sequences should also be tested. Kudla et al. (2009), for example, used 28 codons designed to have low
secondary structure as a leader which dramatically reduced variability in expression of different codon
optimizations of GFP (Kudla et al., 2009). Further efforts to improve control of protein expression in
could follow the work of Bernstein et al. (2007), which demonstrated that modification of the native

ribosomal proteins could improve heterologous protein expression (Bernstein et al. 2007).
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CHAPTER 5: DISCUSSION

Conclusions

We set out first to increase expression of bisabolene synthase in S. 6803 by varying the coding sequence
and the sequences controlling translation initiation. The designed RBS sequences significantly impacted
the expression of bisabolene synthase and, therefore, the measured titers of bisabolene. Those impacts
were unpredictable. The RBS Calculator was used to design the sequences to have 10-fold higher
expression than an initial design. However, only one design of ten designed RBSs resulted in nearly a 10-

fold higher expression, while many designs reduced expression.

We hypothesized that the challenge in predicting expression levels was partly due to secondary
structures that may form in the translation initiation region and span the 5’-UTR and the coding
sequence. Using 13 RBS sequences and two reporter genes with different coding sequences, we showed
that the two reporter genes had different expression profiles. This was the case in both E. coli and S.
6803. We tested two alternative designs for RBS sequences and adapted the 13 RBSs to these designs.
Including a leader peptide sequence as part of the RBS sequence was expected to reduce the variability
in the expression profiles by maintaining the mRNA secondary structure formation propensity around
the start codon for different genes. In both E. coli and S. 6803 this leader peptide failed to improve the
correlation between expression of the two reporters. The second design, known as bicistronic design,
locates the RBS within a short upstream open reading frame which allows the ribosome to re-initiate
from elongation mode, and reduces the impact of mRNA folding on initiation of the gene of interest.
This design was successful in E. coli, resulting in a strong correlation between the expression of the two

reporters. It was not successful in S. 6803.
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In contrast to previous findings in the Peebles Lab (Cheah et al. 2015), bisabolene specific productivity
wasn’t reduced by light-dark cycles. Further research to determine why FFA accumulation was
decreased in light:dark cycles in the Aaas mutant that over-accumulated FFA in continuous light
compared to wildtype. Could in situ extraction of FFA with a dodecane layer improve FFA accumulation

in light:dark cycles?

Precise control of translation initiation rates hasn’t yet been achieved in cyanobacteria. In Chapter 3,
one out of ten ribosome binding sites designed by the RBS Calculator to increase expression 10-fold
above the base case actually achieved that in S. 6803. We interpreted this as consequence of the RBS
Calculator utilizing statistical fitting to measurements in E. coli. However, the predictions produced by
the Calculator for the RBSs tested in Chapter5 were not accurate in either species. Instead, the
bicistronic designs (BCD) present a more reliable tool for predicting expression in E. coli. The set of BCD
sequences used here resulted in similar expression profiles for two different reporter genes, and the
results from one reporter may be used to predict expression of another protein. This was a significant
improvement over the typical RBS designs as well as over the predictions made by the RBS calculators.
However, the BCD did not improve the correlation between the two reporters when implemented in S.
6803. Many of the promoters that Dr. Allison Werner tested to identify those that oscillate with
light:dark cycles failed to produce luxAB luminescence significantly different than the wild type S. 6803.
Potentially, translation initiation of the luxAB protein was inhibited by secondary structures that formed
that do not form when the native genes are expressed from those promoters. Improved understanding
of translation initiation in cyanobacteria could potentially improve tool development for biotechnology

in these organisms.
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Future directions

The work presented in this dissertation focused on improving heterologous protein expression in S.
6803. This is only one strategy used to maximize production in metabolic engineering. We considered
many other approaches that | did not pursue, but could be implemented in combination to reach higher
titers. In light of the results presented here, it is presently essential to test multiple variants of ribosome
binding sites and verify predicted protein expression levels. High throughput screening methods may
allow us to test thousands of constructs simultaneously. Improved understanding of translation
initiation would reduce the sequence space dedicated to this one variable. Further metabolic
engineering methods could be applied toward increasing the accumulation of bisabolene in S. 6803

cultures.

Directed evolution and high-throughput screening

Directed evolution could be potentially improve expression of bisabolene synthase in S. 6803. Error-
prone PCR could be used to generate sequence diversity in the RBS region. A good starting point for
generating mutants would be either of the two strong promoters demonstrated in S. 6803: Pcpc560
(zhou et al. 2014) or PpsbA2* (Wang et al. 2018). A C-terminal fusion of GFP to bisabolene synthase
could provide a quicker way to estimate relative expression than measuring bisabolene concentrations.
Selection of the some of the strains with the highest fluorescence could then be subjected to another

round of mutagenesis.

The substrate for bisabolene synthase is farnesyl pyrophosphate, a 15-carbon terpene backbone, which
is also a precursor for geranylgeranyl pyrophosphate (GGPP). GGPP is an important precursor for
forming photosynthetic pigments including both the carotenoids and chlorophyll. In the strains we
tested, no growth defect was observed. Two possible explanations for this are 1) the cells compensated

for the redirection of FPP to bisabolene by increasing the total metabolic flux through the MEP pathway,
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to GGPP, or 2) the low expression levels of bisabolene synthase were not capable of redirecting enough
FPP to produce a growth defect that could be reliably measured. It would be interesting to investigate
the effect of the bisabolene synthase on the gene expression of the genes within the MEP pathway and
continuing into GGPP synthase. Does this whole path get upregulated when taxed by a new metabolic

sink?

Metabolic valve

Since geranylgeranyl pyrophosphate (GGPP) is a precursor for photosynthetic pigments it is presumably
essential to cell growth, and it may not be possible to knockout the gene responsible for its production.
Instead, attenuation of this gene could be pursued to reduce the competition for FPP. A metabolic valve
could be designed such that GGPP synthase expression is reduced to a minimal after a certain cell
density is reached. Finding the optimal timing and reduced level of expression would be an interesting
experiment. Several possibilities exist for mechanisms that could be used to affect the expression

reduction, including CRISPR interference, interference by antisense RNA, or the use of degradation tags.

In vitro part characterization

To accelerate the characterization of genetic elements in bacterial species other than E. coli, one
important tool that may be used is cell-free transcription-translation systems. Such systems require
upfront development, but would facilitate testing by removing the slow process of transforming cells (at
least 2 weeks), and growing them to test them. At this time, no cell-free systems for cyanobacteria have
been reported. Most papers published utilize E. coli extracts, though a few such systems have been
developed for other organisms. We worked to adapt those systems to S. 6803 on a shoestring budget
and were not able to demonstrate expression of reporter genes. Initially, this was attempted without
using any additives such as ATP, amino acids, and components needed for energy regeneration. While

troubleshooting, more components that are typically used in these systems (which are also expensive)
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were gradually added, but still without success. The conclusion of Abraham Martinez, the REU (Research
Experience for Undergraduates) program student who worked on this for a summer, was that it was
essential to use a French press to lyse the cells in order to generate membrane vesicles which contain
some membrane-bound proteins needed for the energy regeneration system. Development of a cell-

free system would accelerate progress in prototyping genetic parts and circuits in S. 6803.

High-density cultivation and product extraction

The cultivation conditions for bisabolene production can be modified to increase the titer. A recent
paper demonstrated high density cultivation of S. 6803 engineered to produce bisabolene could
dramatically increase the titer (Dienst et al. 2020). High density was enabled by growing the
cyanobacteria in cultivator vessels (HDC 6.10 starter kit from CellDEG) where the cell cultures are
separated by a hydrophobic membrane from a carbonate buffer to continuously provide high CO2
concentrations. This setup may have more efficient capture of CO2 than bubbling CO2-enriched air
through the culture and doesn’t require the energy input of compressing the gas. Scale-up of this type of
system, however, may present other challenges. The optical density reached 42.6 after 192 hours with a
bisabolene titer of 179 mg/L. This was achieved using the PpetE promoter and a bicistronic design RBS
from Mutalik et al. (Mutalik et al. 2013). In this report bisabolene was recovered from a dodecane
overlay of the cultures. It is unclear how the bisabolene is transported from inside the cell to the

dodecane. Several publications have explored more active extraction of microalgae cultures.

A series of papers studying continuous extraction of carotenoids from the microalgae Dunaliella salina
(summarized in (Kleinegris, Janssen, et al. 2011b)) found that contact with dodecane ruptured cells,

allowing extraction of the hydrophobic molecules and causing cell death. An overlay like what we used
to recover bisabolene did not measurably impact growth rates, but sparging the dodecane through the

culture did reduce the growth rate (Kleinegris, van Es, et al. 2011). After long periods of exposure to
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dodecane, cell membrane components can accumulate and act as surfactants that result in the
formation of an emulsion which can complicate recovery of products (Kleinegris, Janssen, et al. 2011a).
Can cyanobacteria be engineered to excrete hydrophobic products and reduce the need for cell lysis for

extraction?

Pathway engineering

As originally proposed in the grant application that funded the bisabolene project, the metabolic
pathway from central metabolism to isopentenyl pyrophosphate could be modified to increase
metabolic flux to farnesyl pyrophosphate. This would include just increasing expression of the FPP
synthase. FPP is expected to be toxic as it is in E. coli (Martin et al. 2003), so the RBS of FPPS in operon to
increase expression until growth defect found. While prokaryotes generally use the MEP pathway for
production of DMAPP and IPP precursors for terpenoids, eukaryotes and archaea use the MVA pathway.
Researchers have introduced the entire MVA pathway to E. coli to increase production of terpenoids
(Martin et al. 2003). This has been done in cyanobacteria as well, and even though the pathway
expression was not optimized to maximize flux through it (or balanced as in E. coli as the previously

mentioned paper did), the titer was increased by 2.5-fold (Bentley, Zurbriggen, and Melis 2014),

To save money on codon optimized gene synthesis, plant mRNA could be used as in Englund et al.
(2015). Further, it would be interesting to test some 5’-UTRs from plants to see if they function for
translation initiation in cyanobacteria. For genes that lack Shine-Dalgarno sequences (which is most
genes in S. 6803), Nakagawa et al. found a strong nucleotide bias in S. 6803 genes to have ‘ACU’ or ‘ACC’

before the start codon similar to part of the Kozak sequence ((Nakagawa, Niimura, and Gojobori 2017).

Bisabolol would be less hydrophobic than bisabolene which may facilitate higher productivity. However,
Dienst et al. (2020) recently compared similar constructs expressing either bisabolene or bisabolol

synthase, and they both achieved similar titers. | constructed plasmids to express bisabolol synsthase in
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S. 6803, but did not have time to test them. Those plasmids would allow comparison between a codon

optimized gene and the sequence cloned from Maricaria chamomillia mRNA.

Translation initiation

Further work is needed to address the context dependence of translation initiation rates of ribosome
binding sites. Our study showed that neither the leader peptide nor the bicistronic designs reduced the
context dependence. It is unclear why the bicistronic designs might not work in S. 6803. Longer leader
peptide sequences could reduce more of the potential secondary structures that may prevent ribosome
binding. In addition, the leader peptides could be designed to have weaker secondary structure by
making them A/T rich. Nakagawa et al. found that S. 6803 genes that lacked 5’-UTR Shine-Dalgarno
sequences were A-rich and G-depleted (Nakagawa, Niimura, and Gojobori 2017). Since nearly all of the
ribosome binding sites characterized in S. 6803 contain an SD sequence, researchers should examine
some of the native RBSs that lack the SD sequence as well as based on the consensus sequence

identified by Nakagawa et al. (2017).

The free energy of folding mRNA is used by the RBS Calculator. However, the accuracy of that free
energy calculation is questionable. First, those calculations are completed assuming 30 °C, and the
change in free energy of folding may be different at the optimal growth temperature of S. 6803, 37 °C.
Second, the free energy of folding calculation likely assumes a salt concentration, an RNA concentration,
and concentrations of other nucleotides which may not be consistent with cyanobacteria. Third, the
folding kinetics also impact translation initiation rates. All these may need to be addressed to improve

predictions of translation initiation rates from mRNA sequences in cyanobacteria.
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Appendix 1: METHODS FOR GENETICALLY MODIFYING SYNECHOCYSTIS

SP. PCC 6803 AND CHARACTERIZING ENGINEERED STRAINS?

Summary

Synechocystis sp. PCC 6803 is a model cyanobacterium which has been investigated to produce a variety
of fuels and chemicals. Genetic mutations are of interest for studying photosynthesis and engineering
chemical production. Methods for culturing, preserving, and genetically transforming Synechocystis sp.
PCC 6803 are detailed here, complete with methods to test promoter strength using the green
fluorescent protein reporter. Furthermore, a method for markerless transformation of chromosomal
DNA is presented. Sufficient detail is described to enable application by the novice. This chapter updates
the publication listed above, adding methods for transformation by electroporation, Western blotting,

and affinity tag protein purification.

Introduction

Cyanobacteria, formerly called blue-green algae, perform oxygenic photosynthesis using solar light

energy and atmospheric carbon dioxide. Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) is a

3 portions of this chapter were co-written with Allison Werner and have been published as:

Sebesta, Jacob, Allison Werner, and Christie Ann Marie Peebles. 2019. “Genetic Engineering of
Cyanobacteria: Design, Implementation, and Characterization of Recombinant Synechocystis Sp. PCC
6803.” In Microbial Metabolic Engineering, edited by Christine Nicole S. Santos and Parayil Kumaran
Ajikumar, 1927:139-54. Methods in Molecular Biology. New York, NY: Springer New York.

https://doi.org/10.1007/978-1-4939-9142-6 10.
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model cyanobacterium by virtue of a fully-sequenced, publicly-available genome (Kaneko et al. 1996;
Nakao et al. 2010). Synechocystis 6803 performs natural DNA uptake and homologous recombination,
making the process of modifying chromosomal DNA relatively easy. Compared to common
heterotrophic production chassis such as yeast and E. coli, cyanobacteria have a major advantage of not
requiring expensive sugar feedstocks (which results in competition with food supply systems) while
maintaining high growth rates than other photosynthetic organisms. Engineered cyanobacteria have
great potential to be more efficient than plant feedstocks which require multiple conversion steps and
subsequent fermentation. Many researchers are working to extend metabolic engineering principles
developed in E. coli and yeast to cyanobacteria. Taken together, these advantages have resulted in
Synechocystis 6803 gaining wide attention as a potential chassis for the production of a variety of
chemicals (Angermayr, Gorchs Rovira, and Hellingwerf 2015). The objective of this chapter is to describe
the protocols necessary for obtaining, culturing, preserving, and genetically modifying Synechocystis
6803 with sufficient detail so that new investigators can apply them successfully. An example is
provided: constructing and transforming a promoter:GFP cassette into the Synechocystis 6803 slr0168

neutral site using markerless transformation and testing promoter strength by measuring fluorescence.

Materials

Cell Culture
1. Glass Erlenmeyer flasks, 250 mL (see Note 1)
2. Foam Stoppers
3. Glass storage bottles, 1L
4. BG-11 Stock Solutions (see Table Al1.1), sterile

5. 3M Hydrochloric acid, sterile
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10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

3M Sodium hydroxide, sterile

Antibiotic solutions (see Table A1.2)

Culture plates

Agar

Sodium thiosulfate, sterile
N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic Acid, sterile
Glass beads or cell spreaders, sterile

Surgical tape

50% Dimethyl sulfoxide, sterile

Centrifuge tubes, 15-50 mL

Microcentrifuge tubes, 1.5 mL

Gloves

75% ethanol in spray bottle

Laminar flow hood or biosafety cabinet

Temperature-controlled growth chamber with lights and platform shaker

-809C freezer

DNA Design for Homologous Recombination

1.

Software for visualizing DNA sequences (see Note 2)

Plasmid Construction

1.

2.

Cloning vectors (see Methods §3.2.3.)

Chemically-competent E. coli strain
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3. RNA polymerase

4. Nuclease-free water

5. Kpnl restriction enzyme (Thermofisher #ER0521)
6. Ndel restriction enzyme (Thermofisher #£ER0581)

7. T4 DNA ligase

Natural DNA Uptake and Homologous Recombination
1. Falcon tubes, 14 mL
2. Cell spreaders, sterilized
3. Inoculation loops or toothpicks, sterilized
4. Petridishes

5. Glass Erlenmeyer flasks, 250mL

Cell Culture
All handling of cyanobacteria and media should be performed using sterile technique in a laminar flow
hood. Wild-type Synechocystis 6803 [N-1] can be obtained from the American Type Culture Collection or

the Pasteur Culture Collection (see Note 3).

1. Prepare BG-11 components as specified in Table Al.1. Autoclave components A, B, and C on
liquid cycle (1219C, 15 PSIG) for >30 minutes. Filter sterilize the Trace Metals component. Store
at 4°C.

2. To prepare BG-11 liquid media, autoclave 1 L deionized water in a 2 L glass bottle. Using sterile

technique in a laminar flow hood, add 10 mL 100X A, 10 mL 600X B (see Note 4), 10 mL 100X C,
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and 1 mL 1000X Trace Metals. Adjust the pH to 8.0 using HCl and NaOH as needed. Add 10 mL
1M TES-NaOH, pH 8.0. Store at 42C or room temperature.

To prepare BG-11 agar plates (60 mm diameter petri dishes), autoclave 700 mL deionized water
with 7 g agar and a stir bar. Allow to cool, while gently stirring. When the media temperature
reaches ~559C, add 7 mL 100X A, 7 mL 600X B, 7 mL 100X C, and 0.7 mL 1000X Trace Metals.
Add 7 mL 1M TES-NaOH, pH 8.0. In addition, add 14.6mL 1M sodium thiosulfate (to 3.3 g/L) and
antibiotics as needed (see Table A1.2 and Note 5). Pour into plates and let sit until solidified.
Agar plates can be stored at 42C; however, plates less than 1 week old allow faster
cyanobacteria growth.

To inoculate and maintain a liquid cyanobacterial culture, add liquid BG-11 and appropriate
antibiotics (see Table A1.2) to an Erlenmeyer flask. Inoculate liquid culture by pipetting in cells
from another culture (e.g. from freezer stock) or scraping solid culture (e.g. individual colony,
agar stab) to 20-30 mL of liquid BG-11. Incubate at 26-302C, 225 rpm, 50-200 umol photos m? s
2 for 2-5 days (see Note 6).

Monitor cell growth by performing cell counts or optical density measurements at 730 nm.
Routine culture maintenance should remain below OD73 ~2.0. Passage number (the number of
times a colony is re-streaked or transferred to a new flask) should be kept as low as possible to
minimize genetic drift of the strain.

To transfer a liquid cyanobacterial culture to solid media, pipette 10-100 uL liquid culture onto a
BG-11 agar plate and spread using autoclaved glass beads or cell spreaders (see Note 7). Seal
plate with surgical tape and incubate at 26-302C, ~40% humidity, 50-200 pmol photons m2 s for
5-15 days (see Note 8).

To freezer stock a cyanobacterial culture, grow culture in BG-11 supplemented with appropriate

antibiotics to OD7300.6-0.9. Centrifuge culture at 2,760g for 5 minutes. Discard supernatant and
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re-suspend cell pellet in 1/10'" volume BG-11 liquid media (no antibiotic). Add DMSO (see Table
A1.2) to final concentration of 5%. Aliquot into 1.5 mL microcentrifuge tubes and store at -802C

(Section 3.1.4, above, describes how to revive a culture from a DMSO stock).

Counterselection for Markerless Transformation

1. Same materials as Materials §2.4. plus nickel sulfate hexahydrate

Methods

This section describes methods for:

Inoculating, maintaining, and preserving Synechocystis 6803 cultures;

Designing and constructing plasmids for transformation of Synechocystis 6803 chromosomal
DNA;

Transforming the chromosomal DNA of Synechocystis 6803 using an antibiotic selection marker;

and

Transforming the chromosomal DNA of Synechocystis 6803 using a counterselection marker.

Plasmid Design and Construction

Retrieve the DNA sequence of interest. Native Synechocystis 6803 genes can be accessed from

Cyanobase (http://genome.microbedb.jp/cyanobase/), and non-native genes can be found on
NCBI GenBank or an organism-specific database (see Note 9). Save the sequence as a new file in
your choice of DNA editing software. If a genetic knock-out is the end goal, the gene of interest
should be an antibiotic resistance cassette or other selectable marker.

Determine which expression control elements will be applied. Promoters and ribosome bindings

sites (RBSs) are important control elements to consider for strain design. Several native
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Synechocystis 6803 promoters, as well as modified E. coli promoters that perform in
Synechocystis 6803, have been previously characterized (Albers, Gallegos, and Peebles 2015a; H.
H. Huang et al. 2010a; Camsund and Lindblad 2014; Albers and Peebles 2016). The RBS
Calculator is a valuable tool for assessing native RBSs and designing sequences for strong
translation (Salis 2011). Codon optimization is frequently employed to optimize heterologous
gene expression, especially with genes derived from eukaryotes. Commercial gene synthesis
companies typically offer codon optimization free of charge when synthetic genes are ordered.
However, codon optimization is not fully understood, and the wide variety of mechanisms by
which codon usage impacts gene expression introduces a degree of uncertainty to optimization.
A good review of codon usage in this context has been provided by Quax and colleagues (Quax
et al. 2015).

Selection of a cloning vector to use for assembling the DNA construct in E. coli should be
informed by the vector copy number, selection marker, multiple cloning site (MCS), and
presence of homologous regions to Synechocystis 6803 neutral sites (see Note 10). For example,
plGA4 is a plasmid used in our lab to test promoter strengths. It uses the pUC origin of
replication to achieve a high copy number, contains the ampicillin antibiotic resistance marker,
and homologous regions (HRs) for the transformation into the s/r0168 neutral site (Albers,
Gallegos, and Peebles 2015a). Between the homologous regions, the plasmid contains the gene
sequence for a green fluorescent protein variant mutated to degrade more quickly than the
wild-type, facilitating measurement of rapid changes in expression (Albers, Gallegos, and
Peebles 2015a). The plasmid backbone has been mutated to remove an Ndel cut site from the
backbone so that Kpnl and Ndel cut sites can be used to clone in and test different promoters. If
a vector is used that does not have HRs, they need to be introduced flanking the gene of interest

(or MCS) and selection marker.
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4.

6.

Select a cloning method to insert the gene of interest into the cloning vector. Many options
exist, including “cut-and-paste” using restriction enzymes and ligase, GoldenGate (Engler and
Marillonnet 2014), ligase cycling (Kok et al. 2014), Gibson assembly (Gibson et al. 2009) and
others. In the simplest cases, a gene can be inserted into the MCS of a vector using a cut-and-
paste approach, explained here.

Design PCR primers to copy the gene or DNA region of interest (see Note 2 for DNA editing
software options). In general, primers should be 15-30 bases long, have a melting temperature
(Tm) between 50-609C, finish with a G or C at the 3’ end, and have minimal predicted primer
dimers or secondary structure. Additionally, the forward and reverse primers melting
temperatures should be within 52C of each other. If using cut-and-paste into the MCS, add
restriction endonuclease recognition sequences to 5’ end of both primers. In this case, four
bases should be added on the far 5’ end to facilitate enzyme binding.

Follow standard cloning practices for the method of choice to assemble the plasmid.

Natural DNA Uptake and Homologous Recombination

6803 is naturally competent (i.e. naturally uptakes DNA) due to the presence of a type IV-like pilus

structure (Yoshihara et al. 2001). Outlined here is a protocol for transforming Synechocystis 6803. This

protocol takes into consideration some of the findings of Zang et al. (2007), which previously examined

the effects of variables such as homologous region length and the time of incubation with plasmid DNA

on transformation efficiency (Zang et al. 2007). Though it is not included in this protocol, Wang et al.

(2015) showed that pre-methylation of the plasmid DNA used to transform by methyltransferase C from

Synechocystis Sp. PCC6803 improved transformation efficiency (Wang et al. 2015a).

1.

To concentrate Synechocystis Sp. PCC6803 cells for natural DNA uptake, grow cells to mid-log
phase. For each transformation, aliquot 10 mL of cell culture into a 15 mL conical centrifuge
tube on ice. Centrifuge each tube at 4000g for 6 minutes at 42C. In addition to the tubes
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destined for transformation, prepare a no-DNA negative control. Discard the supernatant, re-
suspend the cell pellet in 100 uL of BG-11, and transfer suspension to a 14 mL round-bottom
falcon tube.

Add 1 pg of the target plasmid to the suspension and incubate cells for 5 hours under low light
(20-100 pumol photons m2s?) at 30°C. Tubes should be gently shaken by hand after ~2.5 hours to
until the cells are re-suspended.

Pipette 100 uL of the transformation mixture onto an BG-11 agar plate without antibiotics and
spread using a cell spreader. Seal the plate with surgical tape and incubate under low light at
30°C for 48 hours for recovery. The plate should be covered with a dense green film of cells at
this point.

After 48 hours, select for transformants (colonies that have the desired mutation). Use a
bacterial loop spreader to perform a triple streak procedure from the recovery plate to a BG-11
plate supplemented with antibiotics (see Table A1.2). To isolate individual colonies, perform a
triple streak by touching the loop spreader to the plate and tracing a long, serpentine path
through one third of a fresh plate containing antibiotics. Flame the spreader to sterilize. Once
the spreader is cool, the loop is streaked through part of the first serpentine path to gather
some cells but less than was initially gathered from the plate lacking antibiotics. These cells are
then spread through a second third of the plate in a second serpentine path. The loop is flamed
and cooled again, then dragged through the second serpentine path to collect cells and streaked
in the last third of the plate in a third serpentine path. Seal the plate with surgical tape and
incubate under low light at 30°C. Single colonies should be observed in 5-14 days.

To verify that your gene of interest has been inserted by homologous recombination, perform a
colony PCR (cPCR) with primers that bind-to and amplify the region of modification. Briefly,

design primers which bind to the homologous region outside of the DNA inserted into the
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cloning vector (see Methods 3.2.5 for primer design). As a negative control, perform a cPCR on
wild-type Synechocystis Sp. PCC6803 (see Note 11).

6. To achieve full segregation, re-streak single colonies on a fresh BG-11 plate with antibiotics and
place in 30°C lighted incubator. Repeat this process once a week for 3-4 weeks or until full
segregation is achieved (see Note 12). Sequence confirmation of segregated mutants is highly

recommended.

Counterselection for Markerless Recombination

To remove selection markers, counterselection methods have been developed for transformation of
Synechocystis Sp. PCC6803. This allows the accumulation of multiple mutations without the potential
burden of expressing multiple antibiotic resistance genes. Described here is a counterselection method
that utilizes nickel-inducible expression of mazF, a toxic endoribonuclease, and aphll, kanamycin
resistance, into the locus of interest (Cheah, Albers, and Peebles 2013). Nickel induction of the mazF

gene is due to the use of the native, nickel-responsive nrsB promoter.

To perform markerless recombination, two transformations are necessary: (1) insert the mazF/kanR
cassette into the HR of interest, and (2) replace mazF/kanR with the modification/gene of interest. The
following protocol describes the steps necessary to select against cells retaining the mazF/aphll cassette
and for the cells that obtained the modification of interest (see Note 13). Here we assume that the
starting strain already contains the mazF/KanR cassette inserted into the locus of interest (see Methods
3.3. for transformation technique) and that a new plasmid has been constructed to replace the cassette

using the same homologous regions (see Methods 3.2. for plasmid design and construction).

1. To prepare Synechocystis Sp. PCC6803 for natural DNA uptake, follow steps 1-2 in Section 3.3,

above.
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Following the 5 hour incubation with the plasmid DNA, centrifuge the cells at 4000g for 6
minutes. Discard the supernatant and resuspend the cell pellet in a small amount of fresh BG-11
(100-500 pL).

Add the resuspended cells to 10 mL of fresh BG-11 in a shake flask and incubate for an
additional 24 hours.

With a cell spreader, spread 100 pL of each culture on BG-11 agar plates supplemented with 20
MM nickel sulfate (see Table A1.2). Seal the sides of the plates with surgical tape. Incubate the
plates under low light at 30°C, 40-50% humidity, for 5-7 days.

Once colonies form, streak single colonies on both BG-11 plus nickel plates and BG11 plus
kanamycin plates. The colonies with the expected insert should survive on BG-11 plus nickel but
not on BG-11 plus kanamycin plates. Colonies may need to be re-streaked two or more times on
nickel plates before the chromosomal copies are completely segregated (see Note 14).

Colony PCR (cPCR) may be used to confirm the presence of the mutations as well as the absence
of the wild-type fragment. Generally, primers that anneal to the homologous region and amplify
the region where the insertion is expected. This allows the detection of the wild-type fragment
and/or the mutation. If the cPCR results in multiple bands, both versions of the chromosome are
present. However, if the insert and the fragment it replaces are not significantly different in
length, two reactions for each colony may be necessary to determine the presence/absence of
the two versions. In such a case, one reaction would check for the presence of the correct
mutation by including one primer that binds within the homologous region and the second
binding with the gene being inserted, while the second would confirm the absence of the
mazF/kanR cassette by including one primer that binds within the homologous region and the
second binding within the mazF/kanR cassette. For such dual reaction tests, full segregation is

indicated when only the first of these reactions produces a band.
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7. To start a liquid culture, take a swab of cells from the BG-11 plus nickel plate and place itin 1 mL
of BG-11 liquid media supplemented with 20 uM nickel sulfate in a 14 mL round-bottom Falcon
tube. Incubate at 30°C with shaking. Once cells reach a sufficient cell density (about 2 days),
inoculate 50 mL of BG-11+20 uM nickel with the cell suspension. The culture should be

transferred to fresh media every 5-7 days.

Synechocystis sp. PCC6803 Electroporation Protocol (version 2)

Based on the following publication:

Ludwig et al. “Transformation and gene replacement in the facultatively chemoheterotrophic,
unicellular cyanobacterium Synechocystis sp. PCC6714 by electroporation.” DOI: 10.1007/s00253-008-

1356-y https://www.ncbi.nlm.nih.gov/pubmed/18286280

1. Grow Synechocystis Sp. PCC6803 (S. 6803) in 50 mL BG11 to an OD730nm Of approximately 0.7
2. Centrifuge at 6000 x g for 5 minutes!
3. Repeat 3x:
a. Resuspendin 10 mL 1 mM HEPES buffer, pH 7.5 (approx.)
b. Centrifuge at 6000 x g for 5 minutes
4. Resuspend in 300 pL 1mM HEPES? and aliquot 60 plL into 5 PCR tubes
5. Add 4 pL (1-8 pg) plasmid DNA to 60 uL of washed cells for each electroporation?
6. Set electroporator to following settings:
Field strength: 2400V (2 mm gap electroporation cuvettes)?
Resistance: 400 Ohm
Capacitor: 25 pF

Time constant (target): ~9 ms®
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7. Pipette the cells plus DNA into the electroporation cuvette

8. Have BG11 ready to go

9. Electroporate and quickly add 1 mL of BG11

10. Incubate in light with shaking at 30 °C for 48 hours

11. Streak cells onto BG11 plus antibiotics corresponding to the marker in the plasmid transformed

12. Colonies should appear in 1-2 weeks

Notes:

1: These steps may be completed at room temperature

2: Paper resuspended in 120 uL and completed one transformation per 50 mL culture.

3: Paper found optimal DNA amount as 1-10 pg DNA in 60 uL of cells

4: 1 used 2 mm cuvettes because that’s what | had. Cuvettes with a 1 mm gap are usually used for
bacteria. Adjust voltage for different cuvette gaps to meet 1200 V/mm. The resistance may also need to

be adjusted so that the time constant is around 9 ms.

5: The time constant is somewhat variable. Don’t worry about it being exactly 9 ms every time

Western blot protocol for quantifying proteins in Synechocystis sp. PCC6803
1. Thaw cell pellets on ice (from 30ml of culture)
2. Resuspend with 500 pL ice cold PBS
3. Centrifuge at 4°C at 6000g for 5 minutes
4. Discard supernatant

5. For total soluble protein, resuspend in 450 pL ice cold lysis buffer
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

a. Lysis buffer: 1x PBS, pH 8.0, 1% TritonX100, 1mM DTT, 1x HALT protease inhibitor
b. Ifinsoluble, protein aggregates desired, 8M urea can be used as part of the lysis buffer
Sonicate (on ice) with microtip probe
a. Amplitude = 25, 3s on 10s off for 2min processing time
Centrifuge at 4°C 10,000g for 30 minutes
Supernatant should be emerald green
If it is not, and a dark green pellet remains, resuspend and sonicate, centrifuge again
Measure protein concentration with BCA
a. 5pLsample + 250 L Bradford reagent (at room temp)
b. Make a new standard curve if using different lysis buffer. Otherwise, use this standard
curve equation: Conc [ng/ulL] = 3,154.9%Abs-116.1
c. It'sagoodidea to make new standard curves occasionally, or at least verify the accuracy
of this one using bovine serum albumin standard solutions.
Mix samples with water, loading dye, DTT according to “gels.xls” (use consistent total volume)
Boil samples at 95°C for 5 minutes, cool on ice
Centrifuge briefly
Load gel (mini-protean TGX stainfree, 4-15% 10x50 uL wells) and run 150 V for 1hr15min
a. Use standard Tris-glycine-SDS 1x buffer
Prepare Towbin buffer and chill in fridge while gel runs
a. 1xTris/glycine/SDS, pH 8.3, 20% methanol
Break open gel cassette and image on gel-imager
Place gel on imager
Set excitation to 302 nm and filter to SYBR green

Develop gel by exposing to 302 nm light for 1min
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Image gel (usually capture 3s, 6s, and 12s exposures)
Place gel in chilled Towbin buffer to equilibrate while setting up western
Cut out PVDF to gel size (nick one corner to correspond to the large-MW end of lane 1 of the
gel)
Soak PVDF in 100% methanol for 15-60 s, then place in Towbin buffer
Put some ice in a smaller autoclave tray, then place the transfer bath in with the lid on. Fill the
autoclave tray around the sides of the transfer bath with ice
Pour in the chilled Towbin buffer
Wet two transfer sandwich sponges and two filter papers in the Towbin buffer
Assemble sandwich in the following order
a. Black plate of cassette — sponge — filter paper — gel — PVDF — filter paper — sponge —red
plate of cassette
Place cassette in transfer bath with red plate on the side with the red terminal
Place autoclave tray with the loaded transfer bath in the walk-in fridge
Connect to an electrophoresis control box (with the correct wiring!) and transfer overnight, 16
hrs.at 30V
Image gel and PVDF with the gel imager (302nm and SYBR green filter) to ensure full transfer of
protein to the PVDF
Block membrane for 1hr at room temperature (RT) with gentle shaking
40 ml PBS + 0.05% Tween20 + 5 mM EDTA + 5% (w/v) dehydrated skim milk
Pour out blocking buffer and add primary antibody solution
15 mL PBS + 0.05% Tween20 + 5 mM EDTA + 0.05% (w/v) dehydrated skim milk + 1:2500 mouse
anti-histag antibody

Incubate at RT with gentle shaking for 2hr

146



37. Recover primary antibody solution for future use

38. Wash membrane with PBS + 0.05% Tween20 1x 15 min., 2x 5 min.

39. Remove wash buffer and add secondary antibody

40. 40 mL PBS + 0.05% Tween20 + 0.05% (w/v) dehydrated skim milk + 1:25000 goat anti-mouse
+HRP antibody

41. Incubate at RT with gentle shaking for 2 hr

42. Recover secondary antibody solution for future use

43. Wash membrane with PBS + 0.05% Tween20 1x 15 min., 2x 5 min.

44. Mix 0.5 mL of each substrate solution (Thermo WestFemto super sensitive substrate)

45. Place membrane on plastic film and add substrate, fold film over so that it fully contacts
membrane and incubate at RT for 5 min.

46. Remove membrane from film and place in gel box

47. Set filter to clear, and lights to off

48. Capture 1 min., 3 min., and 6 min. exposures

49. Turn white light on and capture one image to facilitate alignment

50. Quantify band intensity using Image)

Histag purification of protein from E. coli using spin columns

Using BIO-RAD Profinity IMAC resin

Capacity: up to 15mg/mL resin

Compatibility: < 5mM DTT, <50mM TRIS, <5% Triton/Tween, <1% SDS, <8M urea
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Cell growth stage

1. Grow overnight culture of E. coli expression strain (E.g., BL21 or Rosetta (DE3), lemo) in LB or
2xyt (EMBL says grow at 30°C)

2. Inoculate 1:100 into large culture with antibiotics

3. EMBL: “For good aeration, don't use more medium than 20% of the total flask volume.”

4. During mid-exponential phase (OD600 between 0.6 and 1.0), chill on ice, and move growth to
cooler temperature (20°C used for bisabolene synthase) and add inducer (0.05 to 2 mM IPTG,
1mM is typical)

5. Harvest cells after 12 hours (centrifuge 10 min. at 6000g at 4°C)

6. Discard supernatant and flash freeze in liquid nitrogen or continue with lysis

Lysis stage

Lysis buffer: 50mM sodium phosphate pH 8.0, 0.3M NaCl, 5mM imidazole, 1x HALT protease inhibitor

1. Weigh pellet and resuspend in 1:10 ratio (w/v) lysis buffer + protease inhibitor

2. Vortex to resuspend

3. If not sonicating, DNase treatment may be necessary to reduce viscosity

4. Sonicate: 3s on/3s off for 2 min. 50% amplitude

5. Centrifuge at 15000g for 20 minutes at 4°C

6. Forinclusion bodies: resuspend in 1:10 ratio (w/v) in PBS/8M urea, pH 7.5

7. Sonicate if needed to redissolve

8. Measure concentration (Bradford or BCA assay) and run gel to determine, roughly, the

proportion of target protein present

Purification stage

This section closely adapted from BioRad Profinity IMAC Resins Instruction Manual.
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Resin

Spin column

Binding Buffer: 50mM sodium phosphate, 0.3M NaCl, pH 8.0
Washing buffer: 50mM sodium phosphate, 0.3M NaCl, pH 8.0

Elution Buffer: 50mM sodium phosphate, 0.3M NaCl, 0.5M imidazole, pH 8.0

Charge Column

Using Biorad profinity resin with 15 mg histagged protein/ml resin capacity

1.

Equilibrate the column with 5 column volumes of 50 mM sodium acetate,0.3 M NaCl, pH 4.0.
After slurry packing is complete (see Sections 4 and 5), the column is ready for application of
metal ions.

Make a 0.1-0.3 M solution of the metal ion of choice. For best results, the pH of the solution
should be <7 (neutral to weakly acidic).

Apply 3-5 column volumes of the metal ion solution.

Wash with 5 column volumes of 50 mM sodium acetate, 0.3 M NaCl, pH 4.0. Remove excess ions
by washing.

Wash with 10 column volumes of deionized water.

Equilibrate with at least 5 column volumes of starting buffer, for example, 50 mM sodium

phosphate, 0.3 M NaCl, pH 7-8.

Part 1: Binding of Sample

1.

2.

3.

4.

Start with a prepacked spin column, charged with the metal ion of choice.
Place prepacked spin column in an appropriate spin collection tube.
Pre-equilibrate the spin column with 5 column volumes of binding buffer.

Add an appropriate amount of lysate (0.5 ml) to the micro spin column.
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5. Mix by pipetting up and down 5 times.
6. Incubate for up to 5 min in micro spin column.

7. Centrifuge at 1,000 x g for 1 min.

Part 2: Washing the Resin
1. Insert micro spin into new collection vessel.
2. Wash the resin with at least 5 column volumes of binding buffer containing imidazole.
3. Pipet up and down at least 5 times.
4. Centrifuge at 1,000 x g for 1 min.
5. Remove remaining unbound proteins by centrifuging. The wash step can be repeated if

necessary.

Part 3: Eluting the His-Tagged Protein
1. Insert micro spin column into new, clean collection vessel.
2. Elute bound proteins with 5 column volumes of elution buffer.
3. Pipet up and down at least 5 times and incubate for up to 5 min.
4. Analyze fractions from above steps by A2s0, SDS-PAGE, ELISA, etc.
5. Storage of protein at -20°C is okay in the short term. For longer term storage, buffer exchange

may be necessary to remove imidazole and add glycerol, and storage at -80°C is preferred.

Example: Testing promoter strength in Synechocystis 6803

In this example, step-by-step instructions will be provided for creating a strain of Synechocystis 6803
which contains a promoter driving green fluorescent protein (GFP) within the slr0168 neutral site via

markerless homologous recombination. A flow-diagram of these methods is provided (see Figure A1.1).

150



Obtain parent plasmids
Two plasmid backbones are needed for this protocol: pMK0168 and plGA4 (Addgene). pMK0168
contains a nickel-inducible mazF and kanamycin resistance marker targeted to the s/r0168
neutral site (see Figure A1.1A). pIGA4 contains the GFP marker and flanking s/r0168 homologous
regions; the promoter of interest will be inserted into the MCS immediately upstream of GFP

(see Figure A1.1A).

Amplify promoter of interest

Design primers to amplify the promoter of interest. The forward primer should be designed to contain a
Kpnl recognition site (GGTACC) and the reverse primer should be designed to contain a Ndel recognition
site (CATATG). Perform PCR on the promoter of interest and purify the amplified promoter fragment.
The resulting fragment will contain Kpnl and Ndel restriction enzyme cut sites (see Figure A1.1B). For
example, to clone the promoter from principal RNA Polymerase Sigma factor PsigA, use forward primer
(5’-TATAAGGTACCCCGTCATCGATTC-3’) and reverse primer (5’-TATAACATATGGCCGTTTTCCTCGTTAAC -

3’) where the underlined bases denote restriction enzyme recognition sites.

Construct promoter:GFP plasmid

Digest both plGA4 and the promoter fragment with Kpnl and Ndel at 37°C for 20 minutes to 1 hour
followed by heat inactivation at 80°C for 20 minutes. Dephosphorylate the sticky ends of pIGA4 using
CIP; incubate at 37°C for 20 minutes to 1 hour. Purify all products. Ligate the digested promoter into
plGA4 using T4 DNA Ligase overnight at 16°C. Transform the ligation product into chemically competent
DH5a E. coli via heat shock. Plate transformed E. coli onto LB agar plates supplemented with Ampicillin
and incubate at 37°C for ~16 hours. Perform colony PCR on colonies and extract the plasmid from

correct colonies. Confirm the plasmid is constructed correctly with sequencing (see Figure A1.1C).
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Transform Synechocystis 6803 with counterselection plasmid pMK0168

Follow the steps described in Methods 3.3 to insert mazF/kanR cassette into the s/r0168 neutral site (see
Figure A1.1D). Perform colony PCR (cPCR) of Synechocystis colonies to confirm proper transformation
using the primers listed in Table A1.3. The same protocols used to complete cPCR of E. coli may be used
for Synechocystis. Figure A1.1F shows the binding sites of the primers used for cPCR. If mazF/kanR is
properly inserted, cPCR with primers #3 and #4 will produce a 4.4 kb band. If proper insertion was not
achieved, Primers #3 and #4 should produce a 0.6 kb band. Incomplete segregation would be indicated if

both a 4.4 kb band and a 0.6 kb band are observed.

Synechocystis 6803 transformation with promoter:GFP plasmid

Follow the steps described in Methods 3.4 to replace the mazF/kanR cassette with the gene of interest
in the s/ir0168 neutral site (see Figure A1.1E). Transformants should grow on BG-11+Ni agar plates but
not on BG-11+Kan agar plates. Ensuring complete segregation of the transformed cyanobacteria by
completing cPCR with Primers #3 and #4 listed in Table Al1.3. If the GFP expression cassette is properly
inserted, cPCR with primers #3 and #4 will produce a 2.6 kb band. If the mazF/kanR cassette remains in
the slr0168 site, primers #3 and #4 will produce a 4.4kb band and primers. (see Note 15). Sequence

verify either the PCR fragment produced from primers #3 and #4, or the genomic DNA, using primer #3.

Test promoter by measuring fluorescence

Cultivate cells using the steps described in Methods 3.1. Inoculate wild-type and transformed cultures to
ODy730 ~0.1 from seed cultures at OD730 ~0.6-1.0 in triplicate. To measure fluorescence, transfer 300 uL of
culture to a black 96-well flat-bottom plate. Using a plate reader with fluorescence capabilities, measure
fluorescence with excitation wavelength 485 nm and emission wavelength of 525 nm. Measure optical
density and fluorescence every 6-12 hours for as many days as desired. Relative fluorescence will

provide a measure of promoter strength and activity over the test period.
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Figure Al.1. Design, implementation, and characterization of a Synechocystis 6803 transformants with a
promoter of interest driving GFP production.
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Table Al1.1. BG-11 Media Component Recipes

Part Amount in
Name Chemical Formula and Name 200 mL
NaNQs, Sodium nitrate 30.00¢g
MgS0,4-7H,0, Magnesium sulfate heptahydrate 1.498 ¢
100X CaCl-2H;0, Calcium chloride dehydrate 0.720¢g
Comp. A | CsHsO5, Citric acid 0.120¢g
NHsFeCitrate, Ammonium ferric citrate 0.120¢g
EDTA IDRANAL 0.020 g
600X K;HPO4-3H,0, Potassium phosphate trihydrate 4.800¢g
Comp. B
100X Na,CO3s, Sodium carbonate 0.400¢g
Comp. C
H3BO3, Boric acid 0.572¢g
MnCl;-4H,0, Manganese Il chloride tetrahydrate 0.362¢g
1000X
ZnS04-7H,0, Zinc sulfate heptahydrate 0.044 g
Trace
Na:Mo0,-2H,0, Sodium molybdate dehydrate 0.078 g
Metals
CuS0,-5H,0, Copper Il sulfate pentahydrate 0.016¢g
Co(NOs),-6H,0, Cobalt Il nitrate hexahydrate 0.010¢g
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Table A1.2: BG-11 Media Additions

Chemical Name

Final
Concentration

Stock
Concentration

Notes

Kanamycin

50 ug/mL

50 mg/mL

Prepare 1000x stocks by dissolving 500 mg
kanamycin salt in 10 mL deionized water.
Filter sterilize using a syringe and 0.2um
filter into autoclaved 1.5 mL microcentrifuge
tubes. Store in 1 mL aliquots at -20°C.

Spectinomycin

50 ug/mL

50 mg/mL

Prepare 1000x stocks by dissolving 500 mg
spectinomycin salt in 10 mL deionized water.
Filter sterilize using a syringe and 0.2 um
filter into autoclaved 1.5 mL microcentrifuge
tubes. Store in 1 mL aliquots at -20°C.

Sodium
thiosulfate

33g/L

1M

Prepare 300 mL 1 M stock by dissolving
47.43 g sodium thiosulfate in 200mL using a
magnetic stir bar on a stir plate. Once
dissolved, adjust volume to 300 mL and filter
sterilize into a sterile bottle.

TES®

10 mM

1M

Dissolve 68.78 g TES in 200 mL deionized
water. Adjust the pH to 8.0 using NaOH.
Adjust volume to 300 mL. Filter sterilize
using a syringe and 0.2 um filter and store at
4°C protected from light.

DMSO?

5%

50%

Filter sterilize a 50% DMSO in water solution
and store at room temperature.

Nickel sulfate

20 pM

20mM

Prepare 1000x stock of 20 mM nickel sulfate
by dissolving 0.526 g of nickel sulfate
hexahydrate (MW=262.848) in 100 mL
deionized water. Filter sterilize into an
autoclaved glass bottle. Store at room
temperature.

@ N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid

b Dimethyl sulfoxide
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Table A1.3: Primers

Primer # Primer name 5’3’ sequence

1 PsigA forward 5’-TATAAGGTACCCCGTCATCGATTC-3’

2 PsigA reverse 5’-TATAACATATGGCCGTTTTCCTCGTTAAC -3’

3 SIr0168 up forward 5’- TCCAGGCCACATTGTTG -3’

4 SIr0168 dn reverse 5’- AGTGACCTATTCAATCAGGAAGG -3’

5 MK reverse 5’- CAGAAAGACTTAAAATTATTGCCG -3’

6 GFP reverse 5'- TTATTATTTGTATAGTTCATCCATGCC -3’
Notes:

We recommend an acid wash of flasks after culturing Synechocystis 6803.

APlasmidEditor (Ape, http://biologylabs.utah.edu/jorgensen/wayned/ape/) is a free tool for
visualizing DNA sequences. SnapGene (http://www.snapgene.com/) can produce better plasmid
images and may be more intuitive to use, but requires a license to use. IDT Oligo Analyzer
(https://www.idtdna.com/calc/analyzer) is a tool and service for analyzing and ordering primers.
Several strains of Synechocystis 6803 are available for purchase and have different
characteristics, including the ability to grow with light-activated heterotrophic growth. The
strain of cyanobacteria referred to here (ATCC® 27184™) can be purchased here:
https://www.atcc.org/Products/All/27184.aspx. Synechocystis 6803 is also available through
the Pasteur Culture Collection at

https://brclims.pasteur.fr/crbip catalogue/faces/recherche catalogue.xhtml.

Since BG-11 was previously found to be limiting in phosphate [17], Component B can be

prepared as a 600x solution, but still added to the BG-11 media preparation at a 100x dilution.
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10.

11.

12.

13.

Although chloramphenicol is reported as an appropriate antibiotic for selection in Synechocystis
6803 and other cyanobacteria, in our hands, selection is poor. We recommend Kanamycin or
Spectinomycin if given a choice of antibiotic resistance.

Commercially available fluorescent lights are commonly used. LED lights may also be used.
“Grow lights” targeting specific wavelengths should not be used as these trigger the
reorganization of pigment-protein complexes in Synechocystis 6803 which may alter growth.

If the culture is sufficiently dense, adding small volumes (e.g. 10 pL) will be difficult to spread.
Add liquid BG-11 up to 100 pL (e.g. 90 ulL) on plate before spreading.

Using surgical tape, as opposed to Parafilm®, is advantageous for incubation of BG-11 plates
because it allows for more efficient gas transfer into the plate and thus faster cell growth.

The reader is referred to the Eaton-Rye methods paper for details on how to locate and
download sequences from Cyanobase [18]. Synechocystis 6803 sequences can be accessed at
Cyanobase: http://genome.microbedb.jp/cyanobase/Synechocystis. Gene sequences from many

organisms can be obtained at NCBI GenBank: https://www.ncbi.nlm.nih.gov/genbank/.

Several neutral sites have been identified in Synechocystis 6803 [19].

If expected PCR product is similar to the negative control, then a second primer specific to the
DNA insert can be used.

Synechocystis 6803 often maintains multiple copies of its chromosome. Full segregation means
that the genetic modification of interested was achieved on each copy of the chromosome.
Interestingly, the first round of transformation rarely results in full segregation, but it can be
achieved by repeatedly re-streaking the same colony onto selective media.

To perform markerless recombination as these protocols are written, the investigator should
apply the protocols in Section 3.3 using nickel-inducible mazF/KanR cassette as the gene

interest. To select for the successful transformants, BG-11 agar plates supplemented with only
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14.

15.

kanamycin should be used. Then, this base strain should be applied for further modification
using the protocols in Section 3.4 using the gene of interest.

In our laboratory, we have observed the formation of both small and large colonies. To increase
the probability of observing segregated transformants, screen a mixture of both large and small
colonies.

Colonies may be screened for the desired mutation as soon as they appear. The presence of
multiple copies of the chromosome in Synechocystis 6803 complicates screening for
transformants as some copies may carry the mutation while others retain the wild-type
sequence. Fully segregated transformants are those that carry the mutation and have
completely lost the wild-type sequence (or the mazF/kanR cassette in the case of a markerless
selection transformation) between the homologous regions used. Screening colonies using
colony PCR should be conducted with primers that bind within the homologous regions in order
to capture both the mutated and wild-type sequences (if both are present). Alternatively, two
PCR reactions may be completed for each colony, one with primers that amplify only the

mutated sequence, and a second with primers that amplify only the wild-type sequence.
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Appendix 2: SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Table A2.51: RBS Calculator predicted translation initiation rate for each construct using versions 1.1 and

2.1 of the Calculator

vl.1 v2.1
GS1 113 125.8
GS10a 2705 161.4
GS10b 2526 406.4
GS100 20607 3512.2
2.0-1 94.5 129.2
2.0-10a 2337 661.8
2.0-10b 2466 3681.1
IDT1 44 329
IDT10a 2580 411.6
IDT10b 2600 168.8
EuH1 194 134.5
EuH10a 2600 2401.1
EuH10b 2363 1032.3
HCR1 259 229.9
HCR10a 2155 371.6
HCR10b 2720 772.6
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Figure A2.51: Growth of wild-type and engineered strains in shake flasks under continuous light. No
growth defect due to genetic modifications was found.
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Table A2.52. Gene sequences used in this study. C-terminal histag and linker sequences are highlighted.

optimization

Gene name Gene name Sequence

abbreviation

GS Bisabolene ATGGCTGGAGTGTCTGCCGTGAGCAAAGTGTCTTCTCTGGTGTGTGATCT
synthase GTCTAGCACCTCTGGGCTGATTCGCCGGACCGCCAACCCCCATCCCAATG
GenScript TGTGGGGCTATGATTTGGTTCACTCCTTAAAAAGTCCCTACATTGACTCCA
codon GTTATCGCGAACGTGCCGAAGTGTTAGTTAGTGAAATTAAAGCCATGTTA

AACCCCGCTATTACCGGCGATGGTGAATCCATGATTACTCCCAGTGCCTA
TGACACTGCTTGGGTGGCTCGCGTTCCCGCTATTGATGGTAGCGCTCGTC
CCCAATTTCCCCAGACCGTGGATTGGATTCTGAAAAATCAATTGAAAGAC
GGCAGCTGGGGTATTCAGTCTCATTTTCTGTTATCCGACCGCCTGTTGGCC
ACCTTATCCTGTGTGCTGGTTTTACTGAAATGGAATGTGGGGGATTTGCA
AGTTGAACAGGGAATTGAATTTATTAAATCTAACTTAGAACTGGTGAAAG
ATGAAACCGATCAAGACTCCCTGGTTACTGACTTTGAAATTATTTTTCCCA
GTTTGTTACGGGAAGCCCAATCCTTGCGCTTAGGCCTGCCCTATGATTTG
CCCTACATTCATTTGTTGCAAACCAAACGTCAGGAACGGCTGGCTAAATT
GAGTCGGGAAGAAATTTACGCCGTGCCCAGTCCCTTACTGTATAGCTTGG
AAGGGATTCAAGACATTGTGGAATGGGAACGCATTATGGAAGTTCAATC
CCAGGATGGCTCCTTTTTGTCCTCCCCCGCCAGCACCGCTTGTGTGTTTAT
GCACACTGGCGATGCCAAATGCTTAGAATTTTTGAATAGTGTTATGATTA
AATTTGGTAACTTTGTGCCCTGTTTGTACCCCGTTGATTTGTTAGAACGCC
TGTTGATTGTGGACAATATTGTTCGCTTGGGTATTTACCGTCATTTTGAAA
AAGAAATTAAAGAAGCCTTAGATTATGTGTACCGGCACTGGAATGAACG
CGGGATTGGATGGGGCCGGTTGAACCCCATTGCCGATTTAGAAACCACT
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GCTCTGGGGTTTCGCTTACTGCGTTTACATCGGTATAATGTGTCCCCCGCT
ATTTTTGATAATTTTAAAGACGCCAACGGCAAATTTATTTGCAGTACCGGT
CAATTTAACAAAGATGTGGCCTCTATGTTGAACTTATACCGTGCTTCCCAG
CTGGCTTTTCCCGGCGAAAACATTTTGGATGAAGCCAAAAGTTTTGCTAC
CAAATATTTGCGTGAAGCCTTGGAAAAAAGCGAAACTTCCAGTGCCTGG
AATAACAAACAAAACCTGTCTCAGGAAATTAAATACGCCCTGAAAACCAG
CTGGCATGCTTCTGTGCCCCGTGTTGAAGCCAAACGGTATTGTCAAGTGT
ACCGCCCCGATTATGCCCGTATTGCTAAATGCGTGTACAAATTGCCCTAT
GTTAACAACGAAAAATTTCTGGAATTGGGTAAATTGGATTTTAACATTATT
CAATCCATTCACCAGGAAGAAATGAAAAACGTGACCTCTTGGTTTCGTGA
TTCCGGCTTACCCCTGTTTACTTTTGCCCGCGAACGGCCCTTGGAATTTTA
TTTTCTGGTGGCCGCCGGCACCTATGAACCCCAATATGCTAAATGTCGGT
TTTTGTTTACCAAAGTGGCCTGCTTGCAAACTGTTTTGGATGACATGTATG
ATACCTACGGCACTTTAGACGAATTGAAATTGTTTACCGAAGCCGTGCGG
CGCTGGGATTTATCCTTTACTGAAAATCTGCCCGACTACATGAAATTGTGT
TACCAAATTTATTACGATATTGTGCATGAAGTTGCCTGGGAAGCTGAAAA
AGAACAGGGTCGTGAATTGGTGTCCTTTTTCCGGAAAGGGTGGGAAGAT
TATTTGTTAGGATACTACGAAGAAGCCGAATGGTTGGCCGCTGAATACGT
GCCCACCTTAGATGAATACATTAAAAACGGGATTACTAGTATTGGACAAC
GGATTCTGTTGTTAAGCGGCGTTCTGATTATGGACGGTCAACTGTTGTCC
CAGGAAGCCTTAGAAAAAGTGGATTATCCCGGCCGGCGGGTTTTGACCG
AATTAAATAGCCTGATTTCTCGGTTGGCCGATGACACCAAAACTTACAAA
GCCGAAAAAGCTCGCGGAGAATTAGCCAGCTCTATTGAATGTTATATGAA
AGACCATCCCGAATGCACCGAAGAAGAAGCCTTGGATCACATTTATAGTA
TTCTGGAACCCGCCGTGAAAGAACTGACCCGTGAATTTTTGAAACCCGAT
GACGTTCCCTTTGCCTGTAAGAAAATGTTGTTTGAAGAAACCCGCGTGAC
TATGGTTATTTTTAAAGATGGTGACGGGTTTGGAGTTAGCAAATTGGAAG
TGAAAGACCATATTAAAGAATGCTTGATTGAACCCTTACCCTTG
ggcggtagtcatcaccatcatcaccatTAA

2.0

Bisabolene
synthase
DNA2.0 codon
optimization

ATGgCCGGTGTGAGCGCAGTGAGTAAAGTGAGCAGTCTAGTATGTGATT
TGAGTAGTACGTCGGGGTTGATTCGGCGCACCGCCAACCCCCATCCCAAT
GTTTGGGGGTATGATTTGGTCCATTCTCTCAAGTCTCCCTACATTGACAGT
AGTTATCGGGAACGGGCCGAAGTACTTGTATCTGAAATCAAAGCCATGTT
AAATCCCGCGATCACCGGTGATGGCGAATCTATGATTACGCCATCGGCTT
ATGATACCGCCTGGGTAGCGCGGGTGCCTGCGATCGATGGCAGCGCCCG
TCCACAGTTCCCCCAAACCGTGGATTGGATTTTGAAAAATCAACTGAAAG
ATGGATCGTGGGGCATCCAATCGCACTTTCTGCTCTCTGACCGCTTGCTC
GCGACCCTGTCGTGTGTCCTCGTGCTCCTGAAATGGAATGTAGGGGATCT
CCAAGTAGAACAAGGGATTGAGTTCATTAAGTCCAATCTCGAACTGGTGA
AAGATGAAACTGATCAAGATTCTCTCGTTACCGACTTTGAAATCATTTTTC
CCAGTCTCTTACGCGAGGCACAGTCCTTGCGGTTGGGACTGCCCTATGAC
TTGCCTTACATCCATCTCCTGCAGACCAAACGCCAAGAACGGCTCGCGAA
GCTCTCCCGCGAAGAGATTTATGCCGTGCCAAGTCCTCTGCTGTATTCCCT
CGAAGGTATTCAAGATATCGTTGAGTGGGAGCGGATCATGGAAGTGCAA
AGTCAGGATGGTTCTTTTCTGTCCAGTCCGGCTAGCACCGCGTGTGTTTTC
ATGCACACTGGTGATGCGAAGTGCCTCGAATTTCTCAATAGCGTTATGAT
CAAATTTGGAAATTTCGTTCCCTGCTTATACCCCGTTGATCTTCTGGAGCG
GTTATTGATTGTTGATAACATTGTCCGCCTGGGGATTTATCGCCATTTTGA
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GAAAGAGATTAAAGAAGCCCTCGATTATGTCTACCGGCATTGGAACGAA
CGGGGCATTGGTTGGGGTCGTCTGAACCCGATCGCGGATCTCGAAACAA
CCGCATTAGGCTTCCGCCTTCTCCGCTTACATCGGTATAATGTGAGCCCAG
CGATTTTTGACAACTTTAAAGATGCTAACGGCAAATTCATTTGTAGCACC
GGCCAGTTCAATAAAGACGTTGCCTCGATGCTCAACCTGTACCGTGCTAG
TCAGTTGGCATTTCCGGGCGAAAACATTTTGGACGAAGCAAAATCTTTTG
CTACGAAATATCTCCGGGAAGCCCTTGAAAAGAGTGAGACAAGTTCGGC
ATGGAATAACAAGCAGAATCTGTCCCAGGAAATCAAATACGCACTTAAA
ACGAGCTGGCACGCGAGCGTACCCCGTGTTGAAGCCAAACGGTATTGCC
AGGTGTACCGTCCCGATTATGCTCGTATCGCCAAGTGTGTGTACAAACTC
CCTTACGTCAATAACGAAAAGTTCCTGGAGCTGGGGAAACTCGACTTTAA
CATTATTCAATCCATTCACCAAGAAGAAATGAAGAATGTCACCTCTTGGTT
TCGCGACTCTGGCCTGCCCCTGTTTACGTTTGCGCGTGAACGCCCTTTAGA
GTTTTACTTTCTGGTGGCAGCCGGAACGTACGAGCCCCAATATGCAAAGT
GTCGGTTTTTGTTTACTAAAGTGGCCTGCCTGCAGACGGTCTTGGATGAT
ATGTATGACACTTATGGCACATTGGACGAACTGAAGCTGTTCACCGAAGC
GGTGCGTCGCTGGGATCTGAGCTTCACCGAAAACTTACCAGATTACATGA
AACTCTGTTATCAAATCTATTACGATATTGTCCATGAAGTGGCGTGGGAA
GCCGAGAAAGAGCAAGGTCGCGAATTAGTGTCCTTTTTCCGCAAAGGCT
GGGAAGATTACCTCTTAGGCTACTACGAAGAAGCGGAATGGCTCGCTGC
GGAATATGTGCCCACCCTGGATGAGTATATCAAGAATGGTATCACCAGTA
TTGGTCAACGGATCTTGTTGTTGAGCGGTGTGCTGATTATGGATGGACAA
CTTCTCTCGCAGGAAGCCTTGGAAAAGGTTGACTATCCCGGACGCCGTGT
TCTCACCGAACTGAATAGTCTGATTTCTCGCCTCGCCGATGATACAAAAAC
GTATAAGGCCGAAAAAGCTCGCGGGGAATTGGCATCCTCTATCGAATGC
TATATGAAAGATCATCCCGAATGCACCGAAGAAGAGGCCTTAGACCACA
TTTACAGCATTCTGGAACCGGCGGTGAAAGAATTGACACGTGAATTTCTT
AAACCTGATGACGTGCCATTTGCCTGTAAGAAAATGTTATTTGAAGAAAC
CCGCGTGACTATGGTGATCTTCAAAGATGGGGATGGGTTTGGCGTCAGC
AAATTAGAGGTGAAGGACCACATCAAAGAGTGTCTCATCGAACCGTTGC
CGTTAggcggtagtcatcaccatcatcaccatTAA

IDT

Bisabolene
synthase IDT
codon
optimization

ATGGCTGGAGTCTCCGCGGTGAGTAAAGTTTCCTCCCTAGTTTGCGACTT
ATCTAGTACGTCTGGTTTAATTCGGCGCACCGCCAATCCGCATCCAAACG
TCTGGGGGTATGATCTCGTACATAGCCTCAAATCCCCATACATTGATAGC
AGCTATCGAGAACGGGCGGAAGTACTCGTGTCCGAGATTAAAGCCATGC
TAAATCCCGCCATTACCGGGGATGGAGAAAGCATGATTACCCCGAGTGC
TTACGACACTGCATGGGTGGCACGCGTACCCGCAATCGACGGCTCCGCA
CGCCCCCAATTTCCTCAGACTGTCGACTGGATCTTGAAAAATCAATTAAAA
GACGGTAGTTGGGGCATCCAATCCCACTTTTTGTTAAGTGATCGCTTATT
GGCTACATTATCCTGTGTACTGGTACTATTGAAATGGAACGTAGGGGACT
TACAGGTGGAACAAGGGATCGAATTTATTAAATCCAACTTAGAATTGGTG
AAAGACGAAACCGACCAAGATAGTTTAGTGACCGACTTTGAAATCATTTT
TCCCTCCTTGCTGCGGGAAGCCCAATCTCTACGCCTAGGCTTGCCTTACGA
CTTACCCTATATCCATTTACTGCAGACGAAACGCCAGGAACGCCTGGCCA
AGCTGAGCCGGGAAGAAATCTACGCAGTTCCCTCTCCCTTACTATACTCC
CTGGAAGGCATCCAGGATATCGTGGAATGGGAACGCATTATGGAAGTGC
AATCTCAGGACGGCTCTTTTTTAAGTAGTCCCGCCTCTACGGCCTGCGTTT
TCATGCATACCGGTGATGCCAAATGTCTAGAATTTCTCAATAGCGTGATG
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ATCAAATTTGGCAATTTTGTGCCCTGCTTATACCCTGTCGATTTGCTAGAA
CGGTTATTAATTGTGGATAACATTGTTCGGCTGGGAATCTATCGCCATTTT
GAAAAGGAAATTAAAGAAGCTCTCGATTATGTGTATCGGCATTGGAATG
AACGGGGCATTGGATGGGGGCGACTGAATCCTATTGCAGACTTGGAGAC
CACTGCCTTGGGCTTTCGTCTACTGCGGTTACATCGGTATAATGTAAGTCC
TGCCATCTTTGACAACTTCAAAGACGCCAATGGCAAATTTATTTGCAGCAC
CGGCCAATTCAATAAAGATGTCGCTTCCATGTTAAACTTATACCGTGCTTC
CCAACTCGCGTTTCCAGGCGAGAATATTCTAGACGAAGCCAAAAGTTTTG
CGACCAAATACCTGCGCGAAGCCCTAGAAAAGAGTGAAACCAGTAGTGC
GTGGAACAACAAGCAGAACCTGTCCCAGGAAATCAAATATGCGCTAAAA
ACGAGCTGGCACGCCTCCGTTCCCCGGGTTGAAGCTAAACGCTACTGCCA
AGTGTATCGGCCAGACTATGCGCGGATCGCTAAGTGTGTGTACAAACTCC
CCTACGTGAATAACGAGAAATTCTTGGAATTGGGGAAGTTAGATTTTAAC
ATTATCCAGAGTATTCATCAGGAGGAGATGAAAAATGTTACCAGTTGGTT
TCGGGATAGTGGTTTGCCCTTATTTACGTTTGCTCGAGAACGACCCTTGG
AGTTTTATTTCCTCGTAGCCGCGGGGACCTACGAACCGCAGTATGCCAAA
TGCCGCTTTTTATTCACCAAAGTGGCCTGTCTCCAAACCGTATTGGATGAT
ATGTATGATACTTATGGGACCTTGGATGAACTCAAATTATTTACCGAAGC
TGTACGGCGTTGGGATTTAAGCTTTACTGAAAACCTACCCGATTATATGA
AGCTGTGCTACCAGATCTACTATGACATTGTTCATGAAGTGGCCTGGGAA
GCTGAGAAAGAACAAGGCCGTGAACTCGTGTCTTTTTTTCGGAAGGGCT
GGGAGGACTATCTATTAGGCTATTATGAAGAAGCAGAATGGTTGGCCGC
GGAGTACGTGCCTACACTCGACGAATATATTAAAAACGGTATTACTTCCA
TTGGGCAACGCATTTTGCTCCTATCCGGAGTGTTAATCATGGATGGCCAG
TTGTTGAGTCAGGAAGCACTGGAAAAAGTGGACTATCCCGGCCGACGAG
TGCTGACCGAGTTGAACTCCCTAATCTCCCGCCTCGCCGATGATACAAAA
ACTTACAAGGCGGAAAAAGCTCGTGGAGAGTTGGCCTCTTCCATTGAGT
GTTATATGAAGGATCATCCTGAGTGTACAGAAGAAGAAGCTTTGGACCA
TATTTACTCCATTTTAGAACCGGCAGTTAAAGAATTAACTCGGGAATTTIT
GAAGCCTGACGATGTACCGTTTGCGTGTAAAAAGATGCTGTTCGAAGAA
ACACGCGTAACCATGGTCATTTTTAAGGATGGTGATGGCTTCGGTGTTAG
CAAACTAGAGGTTAAAGATCATATTAAGGAATGTTTAATTGAACCACTGC
CTTTGggcggtagtcatcaccatcatcaccatTAG

EuH

Bisabolene
synthase
Eugene -
Harmonizatio
n codon
optimization

ATGGCCGGAGTGAGTGCCGTCAGCAAGGTGAGCTCTTTGGTGTGCGATT
TGTCATCTACGTCTGGATTGATCCGTCGGACCGCGAATCCCCATCCTAAT
GTCTGGGGGTATGATTTAGTTCATAGTTTAAAAAGCCCCTATATCGATAG
TTCTTACCGGGAAAGAGCAGAGGTCTTAGTGTCTGAGATCAAAGCAATG
TTAAATCCCGCCATCACTGGCGATGGCGAAAGCATGATCACCCCCAGTGC
CTATGACACTGCCTGGGTCGCACGTGTTCCTGCGATCGATGGAAGTGCCA
GACCACAATTTCCTCAAACTGTGGACTGGATCTTGAAAAACCAGCTCAAA
GATGGGAGCTGGGGCATCCAGAGCCACTTTCTGCTGAGCGACCGTTTATT
AGCGACCTTAAGTTGCGTGTTAGTTCTCTTAAAATGGAACGTGGGTGATC
TGCAAGTCGAGCAGGGCATCGAATTCATCAAGTCTAATCTGGAACTTGTC
AAGGATGAAACGGATCAAGATTCTTTGGTCACTGACTTTGAGATCATCTT
TCCCAGTCTGCTCCGGGAAGCCCAAAGTCTGAGACTCGGCTTACCTTACG
ACCTGCCCTATATCCATCTGTTGCAGACCAAAAGACAGGAACGGCTCGCC
AAATTAAGCCGTGAGGAAATCTATGCAGTGCCATCACCCTTGTTGTATAG
TCTCGAGGGCATCCAAGATATCGTGGAATGGGAACGTATCATGGAAGTG
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CAATCTCAGGATGGTAGTTTCCTCTCTAGCCCCGCCAGTACCGCGTGTGT
GTTCATGCACACTGGCGACGCAAAATGTTTAGAATTCTTGAACTCTGTTAT
GATCAAGTTTGGCAATTTTGTGCCTTGTCTGTATCCCGTTGATCTGCTGGA
AAGACTGTTGATCGTCGATAATATCGTCAGATTAGGCATCTATCGGCACT
TTGAAAAGGAAATCAAGGAAGCCTTAGATTATGTGTACCGTCATTGGAAC
GAACGGGGCATCGGTTGGGGACGGCTTAATCCTATCGCCGATTTAGAGA
CGACCGCCTTGGGCTTTCGTTTGTTAAGACTGCATCGTTACAATGTCAGTC
CCGCGATCTTTGACAACTTCAAAGATGCGAATGGTAAATTCATCTGTTCA
ACGGGGCAATTCAACAAAGATGTCGCCTCTATGCTGAATTTATATCGGGC
CAGCCAGCTCGCCTTTCCTGGCGAAAACATCTTAGATGAAGCCAAATCTT
TCGCCACCAAATATTTGCGGGAAGCCTTAGAGAAATCTGAGACCAGCTCT
GCCTGGAACAACAAACAAAACCTGTCTCAAGAGATCAAATACGCACTGA
AGACCAGTTGGCATGCGTCTGTGCCACGGGTTGAAGCCAAGCGGTACTG
CCAAGTTTATAGACCCGATTATGCCAGAATCGCCAAATGTGTGTACAAGC
TTCCTTACGTTAACAATGAAAAGTTTCTCGAGCTGGGCAAACTCGATTTCA
ACATCATCCAGAGCATCCACCAAGAAGAAATGAAGAATGTGACGTCTTG
GTTTCGGGATTCAGGTTTGCCCCTTTTCACGTTCGCCAGAGAGCGTCCACT
GGAATTCTACTTCCTCGTCGCAGCAGGTACGTATGAACCTCAGTATGCGA
AATGTCGTTTCCTCTTTACTAAAGTTGCCTGTTTGCAGACCGTGCTGGACG
ATATGTATGACACCTATGGCACGCTTGATGAATTGAAGCTTTTCACCGAG
GCCGTTCGGCGGTGGGACCTCAGCTTTACTGAAAACTTACCCGACTATAT
GAAACTTTGCTACCAAATCTATTATGACATCGTGCACGAGGTTGCCTGGG
AGGCCGAGAAGGAACAGGGTCGTGAATTGGTCTCTTTTTTCCGGAAGGG
CTGGGAGGATTATTTACTGGGGTATTATGAAGAAGCCGAATGGCTCGCC
GCCGAGTATGTTCCCACGTTGGACGAGTACATCAAGAATGGCATCACTAG
TATCGGACAACGTATCTTACTGTTGTCTGGCGTTTTGATCATGGATGGTCA
ACTCTTATCACAAGAGGCCCTCGAGAAAGTCGATTATCCCGGCCGGCGTG
TGCTCACTGAGCTGAATTCTCTCATCAGCAGACTGGCAGATGACACAAAG
ACTTATAAAGCCGAGAAGGCCCGTGGCGAATTGGCAAGCTCTATCGAAT
GCTACATGAAAGACCATCCCGAATGCACTGAGGAAGAGGCCCTCGATCA
CATCTATTCTATCCTGGAGCCAGCAGTTAAGGAACTGACTCGGGAGTTTC
TGAAGCCTGACGACGTCCCCTTCGCGTGTAAGAAGATGTTATTCGAGGA
GACTCGGGTTACAATGGTTATCTTCAAGGATGGCGATGGCTTCGGGGTG
AGCAAACTCGAAGTCAAAGATCATATCAAAGAGTGCCTCATCGAACCACT
GCCCCTGggcggtagtcatcaccatcatcaccatTAG

EuHCR

Bisabolene
synthase
Eugene —
Harmonizatio
n/Codon
Context/Remo
ve Repeats
codon
optimization

ATGGCGGGGGTATCGGCGGTTTCCAAGGTTTCTTCTTTGGTTTGTGACCT
ATCATCAACTTCTGGTTTAATCCGCCGCACTGCTAATCCTCATCCTAATGT
CTGGGGCTATGACCTAGTCCATTCCCTCAAATCCCCTTACATCGACAGTTC
TTACCGGGAAAGGGCAGAGGTACTAGTGTCGGAGATAAAAGTAATGCTC
AATCCGGCGATCACCGGGGATGGGGAATCCATGATCACTCCTTCCGCCTA
TGACACCGCTTGGGTAGCAAGGGTACCGGCGATCGATGGCAGTGCCAGA
CCTCAATTTCCCCAAACGGTGGACTGGATATTAAAAAACCAGCTAAAAGA
TGGCAGTTGGGGCATCCAGAGCCATTTTCTGCTGTCGGACAGATTACTGG
CAACTCTGAGTTGTGTGCTGGTTCTACTCAAATGGAATGTGGGGGATTTA
CAGGTAGAGCAGGGCATAGAGTTCATCAAGTCTAACCTGGAACTAGTCA
AGGATGAAACGGATCAAGATTCTTTGGTCACCGACTTTGAGATAATCTTT
CCTTCCCTACTGCGGGAAGCCCAATCCCTCAGGCTTGGTTTACCTTACGAC
CTACCTTACATCCATCTGCTCCAGACTAAAAGACAGGAAAGATTAGCTAA

171




ACTTTCCAGGGAGGAAATATATGCAGTGCCGTCGCCATTGCTCTACAGCC
TGGAGGGCATCCAGGATATAGTGGAATGGGAAAGAATAATGGAAGTGC
AAAGCCAGGATGGTTCTTTCCTTTCTTCCCCTGCTTCCACTGCTTGCGTTTT
CATGCACACCGGCGATGCAAAATGCCTGGAATTCCTCAACTCAGTAATGA
TCAAGTTTGGCAATTTTGTCCCTTGCCTTTATCCGGTGGATTTACTGGAAA
GATTATTAATAGTAGATAATATCGTCAGACTGGGCATCTATCGCCATTTTG
AAAAGGAAATCAAGGAAGCCCTTGATTATGTTTACCGCCATTGGAACGA
ACGGGGCATCGGTTGGGGAAGACTTAATCCGATCGCCGATTTGGAGACA
ACAGCATTGGGTTTTCGTTTACTGAGACTCCACCGTTACAACGTCAGCCC
AGCGATCTTTGACAACTTCAAAGATGCTAATGGTAAATTCATCTGCTCAAC
GGGACAATTCAACAAAGATGTAGCTTCTATGCTCAATCTTTATCGGGCCA
GCCAGCTAGCTTTTCCTGGGGAAAACATCCTCGATGAAGCAAAATCTTTC
GCCACTAAATATCTGCGGGAAGCCCTGGAGAAATCAGAGACTTCTTCTGC
CTGGAACAACAAGCAAAACCTCAGCCAGGAGATAAAATATGCTCTGAAG
ACTTCCTGGCATGCTTCAGTGCCAAGGGTTGAAGCCAAGCGTTACTGCCA
AGTTTATCGACCCGATTATGCCAGAATCGCCAAATGCGTTTATAAGCTTCC
TTACGTTAACAATGAAAAGTTTCTGGAGTTGGGAAAATTAGATTTCAACA
TCATCCAGTCAATCCACCAGGAAGAAATGAAGAATGTCACTTCTTGGTTC
CGGGATTCTGGTTTGCCCCTTTTCACTTTCGCCAGGGAGCGTCCTCTGGA
ATTCTATTTCCTGGTAGCGGCGGGAACTTATGAACCACAGTATGCTAAAT
GCCGTTTTCTTTTCACCAAAGTTGCTTGCCTGCAAACGGTGCTCGACGATA
TGTATGACACCTATGGCACACTAGATGAATTAAAGCTTTTCACTGAAGCA
GTACGCCGTTGGGACGTATCTTTCACGGAAAATTTACCGGACTATATGAA
ACTTTGTTACCAAATCTATTACGACATCGTCCACGAGGTAGCTTGGGAGG
CGGAGAAGGAACAGGGAAGGGAATTGGTCAGCTTTTTCCGTAAGGGTT
GGGAGGATTATTTACTGGGTTACTACGAAGAAGCAGAATGGTTAGCGGC
GGAGTATGTCCCTTCTTTGGACGAGTACATCAAGAATGGCATAACTTCCA
TCGGTCAAAGAATATTACTGCTGTCGGGGGTTTTAATCATGGATGGGCAA
CTACTCAGCCAAGAGGCCCTGGAGAAAGTAGATTATCCAGGGCGGCGAG
TGCTCACGGAGTTAAACAGCCTAATCAGCCGACTGGCAGATGACACAAA
GACCTATAAAGCCGAGAAGGCTAGGGGAGAATTAGCATCATCAATAGAA
TGTTACATGAAAGACCATCCGGAATGCACAGAGGAAGAGGCCCTAGACC
ACATCTATTCAATACTGGAGCCGGCGGTTAAGGAATTAACTAGGGAGTTT
CTCAAGCCAGACGACGTACCTTTCGCCTGCAAGAAGATGCTTTTCGAGGA
GACGGGGGTAACTATGGTTATCTTCAAGGATGGCGATGGTTTCGGAGTT
TCTAAACTGGAAGTAAAAGACCATATCAAGGAGTGCCTAATCGAACCGTT
ACCCCTTggcggtagtcatcaccatcatcaccatTAA

FPPS

Farnesyl
pyrophosphat
e synthase
GenScript
codon
optimization

ATGGATTTTCCCCAACAACTGGAAGCCTGCGTTAAACAAGCCAACCAAGC
CCTGTCCCGCTTTATTGCCCCCCTGCCCTTTCAGAACACTCCCGTGGTTGA
AACTATGCAATATGGGGCCTTGTTAGGCGGTAAACGCTTACGTCCCTTTC
TGGTGTACGCCACCGGCCACATGTTTGGTGTTAGCACCAATACTTTAGAT
GCTCCCGCCGCTGCCGTGGAATGTATTCATGCCTATTCTCTGATTCACGAT
GACTTGCCCGCTATGGATGACGATGACTTGCGGCGCGGTTTACCCACCTG
CCACGTGAAATTTGGCGAAGCTAACGCCATTTTAGCTGGTGATGCCTTGC
AAACTTTAGCTTTTAGCATTTTGTCTGATGCCGACATGCCCGAAGTGTCCG
ATCGGGACCGCATTTCCATGATTAGTGAATTAGCTTCCGCCAGTGGCATT
GCCGGCATGTGTGGGGGACAAGCCTTGGATTTGGATGCCGAAGGCAAA
CATGTGCCCCTGGATGCCTTGGAACGTATTCATCGGCACAAAACCGGCGC
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CTTGATTCGCGCTGCCGTTCGTTTAGGTGCTCTGTCCGCCGGGGATAAAG
GACGTCGGGCCTTGCCCGTGTTAGATAAATACGCTGAAAGTATTGGGCT
GGCCTTTCAAGTTCAGGATGACATTCTGGATGTGGTTGGAGACACCGCTA
CTTTGGGGAAACGTCAAGGAGCCGATCAACAGTTGGGGAAAAGCACCTA
CCCCGCCCTGTTGGGATTAGAACAGGCTCGGAAAAAAGCCCGCGATCTG
ATTGATGACGCTCGCCAATCCCTGAAACAGTTGGCCGAACAATCTCTGGA
TACTAGTGCTCTGGAAGCTCTGGCCGATTACATTATTCAGCGGAACAAAT
AA
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Table A2.S3: Primers used in this study

Sequencing primers
Primer
# Primer name | Sequence
14 Agl down
check v2 CACATTTATAGTATTCTGGAACCC
17 0168A down
check new CTACCCACAGAATTTGAACG
18 Aglint
checkl CAGTCTCATTTTCTGTTATCCG
19 Aglint check
rev AAACCAGCACACAGGATAAGG
20 Aglint
check2 CGCTATTTTTGATAATTTTAAAGACG
21 Aglint
check3 TGAATTGGTGTCCTTTTTCC
99 Agl down
check AGAAAATGTTGTTTGAAGAAACC
24 lacY down
check AGTTTGCTAATTTCTTTACTTCG
55 lacl down
check ATGCAAATGCTGAATGAGG
26 0168B down
check TATTGCGTAATCCCTTCAG
27 ispAint check | GCCCGTGTTAGATAAATACG
)8 Agl2.0int
checkl TCTCCCGCGAAGAGATTTATGC
29 Agl2.0int
check2 TGTACCGTCCCGATTATGCTC
30 Agl2.0int
check3 CGATGATACAAAAACGTATAAGGC
Agl IDT
57 intchkl CATGGGTGGCACGCGTACC
Agl IDT
58 intchk2 ATTGGATGGGGGCGACTGAATCC
Agl IDT
59 intchk3 GGCGTTGGGATTTAAGCTTTACTG
Agl EuH
60 intchkl CCTGGGTCGCACGTGTTC
Agl EuH
61 intchk2 CGGTTGGGGACGGCTTAATC
Agl EuH
62 intchk3 CGGTGGGACCTCAGCTTTACT
Agl HCR
63 intchkl AGCAAGGGTACCGGCGATC
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Agl HCR

64 intchk2 GTTGGGGAAGACTTAATCCGATCG
Agl HCR
65 intchk3 CGTTGGGACGTATCTTTCACGG
131 0168up check | aactccaagcggaagatattacgg
check BS ispA | gcaccgaagaagaagccttgg
chck HR mazF | ggagaccaagcccaatttcg
chck ispA lacY | gttgtttgtcggtgaacgctctc
chck lacl HR ccacttccacataggagactttgg
new check
0168A down GCCCAATTTCGTTTGCG
3' back-ispa cctttcagcaaaaaacccctcaagtctagacacctgcaccagac
chck lacY lacl | ctggtctgtttctgettctttaage
3' AgBIS-ispA | gttgttggggaaaatccatatggttttcctcgttattacaagggta
5' AgBIS-Back | gtctggtgcaggtgtctagacttgaggggttttttgctgaaagg
5' back-AgBIS | gcctttctgegtttataggtaacagttcttacgatttctagag
3'ispA-Back ctctagaaatcgtaagaactgttacctataaacgcagaaaggce
mazF5' cagaatagaagtgagttagtaac
mazF 3' tctagagaagaaggtgttgctga
V2 mazChkDw | gtcaaaatcaacccaaatcagatcg
V3-kanChkUp | gcaatgtaacatcagagattttgagacac
V4-KanChkDw | caccttcttcacgaggcagac
Cloning primers
Primer
# Primer name | Sequence
1 For Agl GS agttactctagaAACCCGGGGTACCAATTGTG
2 Rev Agl GS TGGTTTCACTCTAGAGTGGTTTTC
3 Agl2.05' ATGGCCGGTGTGAGCGCAG
4 Agl2.03' TTATAACGGCAACGGTTCGATGAGACAC
5 Ptic2op3' ATGATTCTGTTTCCTGTGTGAAATTG
6 Agl term 5' CCAGGCATCAAATAAAACGAAAGG
7 Ptic2op+Agl
2.0 CGGATAACAATTTCACACAGGAAACAGAATCATatggccggtgtgagegcag
8 Agl 2.0+term | GTGTCTCATCGAACCGTTGCCGTTATAAccaggcatcaaataaaacgaaaggctcag
9 Agl 2.0+ispA GTGTCTCATCGAACCGTTGCCGTTATAAtaacgaggaaaaccatatggattttccccaac
lacY 5'
23 (actually
lacY5') TCTAGAATGTACTATTTAAAAAACAC
33 Agl IDT-CO
Gibson | + TTCACACAGGAAACAGAATCATATGGCTGGAGTCTCCGC
34 Agl IDT-CO
Gibson | - GCGGAGACTCCAGCCATATGATTCTGTTTCCTGTGTGAA
35 Agl IDT-CO
Gibson Il + CCAACTCGCGTTTCCAGGCGAGAATATTCTAGACGAAGCCA
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36

Agl IDT-CO
Gibson Il -

TGGCTTCGTCTAGAATATTCTCGCCTGGAAACGCGAGTTGG

37

Agl IDT-CO
Gibson Il +

CCACTGCCTTTGTAGTAACGAGGAAAACCATATGGATTTTCCCCAA

38

Agl IDT-CO
Gibson Il -

TTGGGGAAAATCCATATGGTTTTCCTCGTTACTACAAAGGCAGTGG

39

Agl
COharmon
Gibson | +

TTCACACAGGAAACAGAATCATATGGCCGGAGTGAGTG

40

Agl
COharmon
Gibson | -

CACTCACTCCGGCCATATGATTCTGTTTCCTGTGTGAA

41

Agl
COharmon
Gibson Il +

CCTTTCCTGGCGAAAACATCTTAGATGAAGCCAAATCTTTCGC

42

Agl
COharmon
Gibson Il -

GCGAAAGATTTGGCTTCATCTAAGATGTTTTCGCCAGGAAAGG

43

Agl
COharmon
Gibson Il +

GAACCACTGCCCCTGTAGTAACGAGGAAAACCATATGGATT

44

Agl
COharmon
Gibson Il -

AATCCATATGGTTTTCCTCGTTACTACAGGGGCAGTGGTTC

45

Agl
HarmonConte
xt Gibson | +

TTCACACAGGAAACAGAATCATATGGCGGGGGTATCGG

46

Agl
HarmonConte
xt Gibson | -

CCGATACCCCCGCCATATGATTCTGTTTCCTGTGTGAA

47

Agl
HarmonConte
xt Gibson Il +

CTGGGGAAAACATCCTCGATGAAGCAAAATCTTTCGCCACTA

48

Agl
HarmonConte
xt Gibson Il -

TAGTGGCGAAAGATTTTGCTTCATCGAGGATGTTTTCCCCAG

49

Agl
HarmonConte
xt Gibson Il +

ATCGAACCGTTACCCCTTTAATAACGAGGAAAACCATATGGATT

50

Agl
HarmonConte
xt Gibson 1l -

AATCCATATGGTTTTCCTCGTTATTAAAGGGGTAACGGTTCGAT

66

Placdel 5'b

CTATGACCATGATTACGCCAAGC

67

ispA Histag
add 3'

TTAgtgatgatggtgatggtgggagccaccTTTGTTCCGCTGAATAATGTAATCG

68

iSpA
Histag+term

GCTCCCACCATCACCATCATCACTAA
CCAGGCATCAAATAAAACGAAAGGCTCAG
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Agl Histag

69 add 3' TTAatggtgatgatggtgatgactaccgccCAAGGGTAAGGGTTCAATCAAGCA
Agl gCGGTAGTCATCACCATCATCACCATTAAtAACGAGGAAAACCATATGGATTTTC
70 Histag+ispA CCCA
Agl HCR
77 Histag add 3' | TTAatggtgatgatggtgatgactaccgccAAGGGGTAACGGTTCGATTAGG
Agl HCR GCGGTAGTCATCACCATCATCACCATTAATAACGAGGAAAACCATATGGATTTTC
78 Histag+ispA CCCA
Plac del
79 bridge b ACTCATTAGGCACCCCAGGCCTATGACCATGATTACGCCAAGCTTG
80 Agl GSRBS5' | TATCGTACGTTTCAAAAACCTTATTAAGGAAAGAATGGCTGGAGTGTCTGCCG
81 Agl 2.0RBS5' | GAGGAGACGGACCCTTTCCAAGACGTTTAGGTAAGATGGCCGGTGTGAGCGC
Agl IDT RBS
82 5' CAATAGCATCTATATAAAACATATCGGTAAAAATGGCTGGAGTCTCCGCG
Agl EuH RBS
83 5' AACAGGAATATACTATTTAGAGGTACGGTAAACATATGGCCGGAGTGAGTGCC
Agl HCR RBS
84 5' GCGCAGCACATCGCAACAATAAAAGGGCTATATGGCGGGGGTATCGGC
85 lacO 3' AATTGTTATCCGCTCACAATTCCACAC
Agl GS RBS TGTGGAATTGTGAGCGGATAACAATTTATCGTACGTTTCAAAAACCTTATTAAGG
86 bridge AAAGA
Agl 2.0 RBS
87 bridge TGTGGAATTGTGAGCGGATAACAATTGAGGAGACGGACCCTTTCCAA
Agl IDT RBS TGGAATTGTGAGCGGATAACAATTCAATAGCATCTATATAAAACATATCGGTAA
88 bridge AAAT
Agl EUHRBS | TGTGGAATTGTGAGCGGATAACAATTAACAGGAATATACTATTTAGAGGTACGG
89 bridge TAAACA
Agl HCR RBS
90 bridge TGTGGAATTGTGAGCGGATAACAATTGCGCAGCACATCGCAACA
Agl GS RBS2
91 5' ataacatatggcaggagtgtccgcgAGCAAAGTGTCTTCTCTG
Agl 2.0 RBS2
92 5' tattataggaagagattATGGCCGGTGTGAGCGCA
Agl IDT RBS2
93 5' aacgaggcaagaatggcaGGAGTCTCCGCGGTGAGT
Agl EuH RBS2
94 5' aagtcagaaaacaaATGGCCGGAGTGAGTGCC
Agl HCR RBS2
95 5' agtttaggcgtcaacATGGCGGGGGTATCGGCG
Agl GS RBS2
96 3 ttcccgtaagtttttagttattgagaAATTGTTATCCGCTCACAATTC
Agl 2.0 RBS2
97 3 gttagattttagaataaAATTGTTATCCGCTCACAATTCCACACATTATAC
Agl IDT RBS2
98 3 cttgtgctaggtaggcctAATTGTTATCCGCTCACAATTCCAC
Agl EuH RBS2
99 3 ctectttctgtgtgAATTGTTATCCGCTCACAATTCCAC
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Agl HCR RBS2

100 3 aaaagaattttgtgaaAATTGTTATCCGCTCACAATTCCACACATTATAC
Agl GS RBS2
101 bridge AATTTCTCAATAACTAAAAACTTACGGGAAATAACATATGGCAGGAGTGTCCG
Agl 2.0RBS2 | GAGCGGATAACAATTTTATTCTAAAATCTAACTATTATAGGAAGAGATTATGGCC
102 bridge GGTG
Agl IDT RBS2
103 bridge GGATAACAATTAGGCCTACCTAGCACAAGAACGAGGCAAGAATGGCAGGA
Agl EuH RBS2
104 bridge CGGATAACAATTCACACAGAAAGGAGAAGTCAGAAAACAAATGGCCGGAG
Agl HCR RBS2
105 bridge GAGCGGATAACAATTTTCACAAAATTCTTTTAGTTTAGGCGTCAACATGGCG
ispA(sigA RBS)
106 5'v2 taacgaggaaaaccatatggattttc
Agl GS RBS2
107 5'v2 ataacatatggcaggagtgtccgcgGTGAGCAAAGTGTCTTCTC
Agl-GS
179 RBS20k ATCCCCCAAACCAAAGGGAGGTTTAAGAATGGCTGGAGTGTCTGCCG
tic2op+GS20k
180 bridge TGTGGAATTGTGAGCGGATAACAATTATCCCCCAAACCAAAGGGAGG
130 0168 B 3' ctaagtcagcgtaaatctgacaatgatg
pUC5' gcatgcggcegtaatcatgg
puC3' gagctcttacccaacttaatcg
0168-5' atgactattcaatacacccccctage
0168-3' atgactattcaatacacccccctage
BS5' cggatccgtggggatcc
BS3' ttacaagggtaagggttcaatcaagc
iSpA5' taacgaggaaaaccatatgg
ispA3' tctagaaatcgtaagaactgttacc
lac3' tcactgcccgctttccag
lac5' gaattcctcgacctgcagg
0168 B5' ttggggctggcggatttgg
0168 B3' ctaagtcagcgtaaatctgacaatgatgtcg
lacY 3'v2 atcactccgttatgatatgttggtc
lacY 3'v3 atcactccgttatgatatgttggtcggataagg
lacY 5' Ncut gattacacatggcatggatgaac
lacY 5' cutv2 | agttaggtcaatcatcatcggcaataattttaagtctttctg
lacY 5' cut agttaggtcaatcatcggcaataattttaag
Agl2.05' ATGGCCGGTGTGAGCGCAG
Agl12.03' TTATAACGGCAACGGTTCGATGAGACAC
Ptic2op3' ATGATTCTGTTTCCTGTGTGAAATTG
Agl term 5' CCAGGCATCAAATAAAACGAAAGG

Ptic2op+Agl
2.0

CGGATAACAATTTCACACAGGAAACAGAATCATatggccggtgtgagegcag

Agl 2.0+term

GTGTCTCATCGAACCGTTGCCGTTATAAccaggcatcaaataaaacgaaaggctcag
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pUC+slr0168 ctgcaaggcgattaagttgggtaGAGTCatgactattcaatacacccccctagecg
slr0168+BS getttggtctggtgcaggtgtctagaCGGATCCGTGGGGATCCGGCTGC
BS+ispA atgcttgattgaacccttaccctacccttgtaaTAACGAGGAAAACCATAT
ispA+lacY gcgtttataggtaacagttcttacgattTCTAGAgaattcctcgaCCTGCAGGA
lacY+pUC19 CCTTATCCGACCAACATATCATAACGGAGTGATgcatgcggcgtaatcat

Table A2.54: Bisabolene Synthase Percent Identity Matrix (https://www.ebi.ac.uk) (Li et al., 2015)

#
#
# Percent Identity Matrix - created by Clustal2.1
#
#

1: EuH 100.00 82.80 75.55 76.77 76.20
2: HCR 82.80 100.00 74.86 73.43 74.45
3:1DT 75.55 74.86 100.00 78.73 77.26
4:GS 76.77 73.43 78.73 100.00 80.15
5:20 76.20 74.45 77.26 80.15 100.00

Figure A2.S52: Peptides from bisabolene synthase and farnesyl pyrophosphate synthase that were
identified by LC-MS/MS from a sample of Synechocystis sp. PCC 6803, strain 2.0-10B are highlighted
below.

>Bisabolene synthase amino acid sequence
MAGVSAVSKVSSLVCDLSSTSGLIRRTANPHPNVWGYDLVHSLKSPYIDSSYRERAEVLVSEIKAMLNPAITGDGESMIT
PSAYDTAWVARVPAIDGSARPQFPQTVDWILKNQLKDGSWGIQSHFLLSDRLLATLSCVLVLLKWNVGDLQVEQGIEFI
KSNLELVKDETDQDSLVTDFEIIFPSLLREAQSLRLGLPYDLPYIHLLQTKRQERLAKLSREEIYAVPSPLLYSLEGIQDIVEWE
RIMEVQSQDGSFLSSPASTACVFMHTGDAKCLEFLNSVMIKFGNFVPCLYPVDLLERLLIVDNIVRLGIYRHFEKEIKEALD
YVYRHWNERGIGWGRLNPIADLETTALGFRLLRLHRYNVSPAIFDNFKDANGKFICSTGQFNKDVASMLNLYRASQLAF
PGENILDEAKSFATKYLREALEKSETSSAWNNKQNLSQEIKYALKTSWHASVPRVEAKRYCQVYRPDYARIAKCVYKLPY
VNNEKFLELGKLDFNIIQSIHQEEMKNVTSWEFRDSGLPLFTFARERPLEFYFLVAAGTYEPQYAKCRFLFTKVACLQTVLD
DMYDTYGTLDELKLFTEAVRRWDLSFTENLPDYMKLCYQIYYDIVHEVAWEAEKEQGRELVSFFRKGWEDYLLGYYEEA
EWLAAEYVPTLDEYIKNGITSIGQRILLLSGVLIMDGQLLSQEALEKVDYPGRRVLTELNSLISRLADDTKTYKAEKARGEL
ASSIECYMKDHPECTEEEALDHIYSILEPAVKELTREFLKPDDVPFACKKMLFEETRVTMVIFKDGDGFGVSKLEVKDHIKE
CLIEPLPLGGSHHHHHH

>Farnesyl pyrophosphate synthase amino acid sequence
MDFPQQLEACVKQANQALSRFIAPLPFONTPVVETMQYGALLGGKRLRPFLVYATGHMFGVSTNTLDAPAAAVECIH
AYSLIHDDLPAMDDDDLRRGLPTCHVKFGEANAILAGDALQTLAFSILSDADMPEVSDRDRISMISELASASGIAGMCG
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GQALDLDAEGKHVPLDALERIHRHKTGALIRAAVRLGALSAGDKGRRALPVLDKYAESIGLAFQVQDDILDVVGDTATL
GKRQGADQQLGKSTYPALLGLEQARKKARDLIDDARQSLKQLAEQSLDTSALEALADYIIQRNK
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List of Abbreviations

aSD:  The anti-Shine-Dalgarno sequence of the 3’-end of 16S rRNA

BCD: bicistronic design

BG11: Blue-green algae media 11

GFP:  Green fluorescent protein

RBS:  Ribosome binding site

S. 6803: Synechocystis Sp. PCC6803

S. 7002: Synechococcus Sp. PCC7002

S. 7942: Synechococcus Sp. PCC7942

SD: Shine-Dalgarno sequence

YFP:  Yellow fluorescent protein
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