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Renewable energy resources are necessary for a sustainable environment, energy
independence, and national security. Cyanobacteria (blue-green microalgae) hold great
potential as sources of sustainable bioproducts because of their ability to convert sunlight and
atmospheric carbon-dioxide into energy-rich compounds such as isoprene, a high-value
precursor for synthetic rubber and biofuels. Our group has introduced optimized transgenes
for an isoprene synthase (IspS) enzyme and a rate-limiting, methyl erythritol phosphate
(MEP) pathway isomerase (IDI) from poplar into the fast-growing marine cyanobacterium,
Synechococcus sp. PCC 7002, and achieved isoprene synthesis at 4 mg L culture?12 h day™
(~ 40 to 80-fold higher than previously reported for cyanobacteria). To further improve
isoprene yields: 1) a competing glycogen biosynthesis pathway was inactivated, 2) the IspS
and IDI genes were targeted to a chromosomal petJ2 site to improve genetic stability, and 3)
a second set of IspS-1DI genes was targeted to a high copy plasmid (pAQ1) of Synechococcus.
I hypothesized that 1) inactivation of glycogen synthesis, a major carbon-storage pathway,
will increase carbon flux to isoprene, 2) targeting the IspS-1DI genes to the chromosome will
increase their stability, and 3) increasing the copy number of the IpsS and IDI genes, by
targeting both the chromosome and plasmid, will further improve isoprene yield.

The glgAl and glgA2 glycogen synthase genes were inactivated. However, isoprene
production in these Synechococcus strains was only ~ 20% higher than in strains with
functional glycogen synthesis. This suggested that carbon previously used for glycogen
synthesis was directed to pathways other than the MEP pathway. Integration of the IspS-1DI
transgenes into the chromosomal petJ2 site (encoding a cs-like cytochrome protein) resulted
in continuous, stable isoprene production in these strains (petJ2::1spS-1DI) compared to
strains carrying these genes only on the plasmid (pAQZ1::IspS-IDI). Inactivation of the petJ2
gene had no observable impact on growth, thus identifying petJ2 as a suitable site for
transgene integration. Increased copies of the IspS-IDI transgenes, achieved by targeting
these genes to the plasmid as well as the chromosomal petJ2 site, resulted in strains
(petJ2::1spS-1DI, pAQL::1spS-IDI) that produced ~ 1.5 times more isoprene than strains
carrying these genes on plasmid pAQL only. Reverse transcriptase quantitative polymerase
chain reaction gene-expression experiments showed that IspS transcript levels in the
petJ2::1spS-IDI strains were several hundred fold higher, especially in old, dense cultures,
than in strains with the IspS-IDI genes on plasmid pAQ1 only. These data demonstrate that
improved isoprene yields in the petJ2::IspS-IDI strains resulted both from greater stability of
the transgenes and increased mRNA transcript levels.

This research demonstrates the utility of the petJ2 site and chromosomal integration
for transgene stability and expression of isoprene synthase (IspS) and MEP pathway genes
for enhanced isoprene production. The study further shows that Synechococccus sp. PCC
7002 is an excellent platform for genetic engineering to achieve improved yields of isoprene
and other industrially relevant terpenes or bioproduct-biofuel chemicals.
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INTRODUCTION

Statement of Problem

The development of alternative energy resources is necessary for a sustainable
environment, reduced energy cost and national security. Photosynthetic organisms such
as cyanobacteria and microalgae hold great potential as sources of sustainable biofuels
and bio-products because of their ability to use energy from sunlight to convert
atmospheric carbon-dioxide (CO,) into energy-rich compounds including isoprene and
terpenes such as -pinene, limonene and camphene that can be efficiently converted to jet
fuels with high energy density (1, 2). Isoprene is a high-value precursor for thousands of
terpene products including synthetic rubber, pharmaceuticals, fragrances, and biofuels. It
is produced biologically by many plants such as poplar, kudzu, oak, and in low yields by
marine algae (3, 4, 5). Cyanobacteria, despite their methyl erythritol phosphate pathway
(MEP) for terpenoids biosynthesis, lack the key isoprene synthase (IspS) enzyme for
isoprene biosynthesis, but have been genetically engineered to produce isoprene for
possible commercial exploitation (6, 7). The MEP pathway is important as products of
CO,, fixation and sugar intermediates are channeled into this biosynthetic route for the

synthesis of essential terpenoids such as chlorophyll, carotenoids, and quinones.

The methyl erythritol phosphate (MEP) biosynthesis pathway (Figure 1) uses
pyruvate and glyceraldehyde-3-phosphate (G3P) as substrates. These substrates are
condensed to form deoxyxylulose-5-phosphate (DXP). The DXP is then converted into

MEP which is subsequently converted by a series of enzymes into



hydroxymethylbutenyldiphosphate (HMBPP). HMBPP is used as a substrate in the
formation of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
The interconversion of DMAPP and IPP is catalyzed by isopentenyl diphosphate

isomerase (IDI).

G3P PYR
DXP

v
MEP
\1, MEP
CDP-ME pathway
%
CDP-MEP
ME-cPP
HMBPP
« N IspS ISOPRENE
IPP €57 DMAPP >
L IDI e P
5 /
3 ke
Carotenoids, quinone, isoprenoids,
chlorophyll

Figure 1. The Methyl Erythritol Phosphate (MEP) pathway. Glyceraldehyde-3-
phosphate (G3P) and pyruvate (PYR) serve as starting substrates for the MEP pathway.
The arrows point in the direction of the products formed at different points in the pathway.
DXP, 1-Deoxy-D-xylulose-5-phosphate; MEP, 2-C-methyl-D-erythritol 4-phosphate; CDP-
ME, 4-(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol; CDP-MEP, 2-Phospho-4-
(Cytidine 5’-diphospho)-2-C-methyl-D-erythritol; ME-Cpp, 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate; HMBPP, 1-Hydroxy-2-methyl-2-butenyl-4-diphosphate; IPP,
Isopentenyl diphosphate; DMAPP, Dimethylallyl diphosphate; IspS, Isoprene synthase.



Although most eukaryotes and some bacteria possess a well characterized type |
IDI isomerase (8), Ershov et al. (9) reported that both the Synechocystis sp. PCC 6803
and Synechococcus sp. PCC 7942 cyanobacteria lack this isomerase activity. However, a
functional type-11 IDI was later identified from Synechocystis sp. PCC 6803 (10), and
also in the archaean, Sulfolobus shibatae (11), indicating that multiple and unrelated
forms of IDI may exist, especially across different cyanobacterial species. Alternatively,
IPP can be generated by an independent and non-homologous mevalonic acid pathway
(MVA). The MVA pathway had been known as the source of DMAPP and IPP in several
different groups of organisms, before the discovery of the MEP pathway in bacteria. The
MVA pathway is found in eukaryotes, archaea and some bacteria, but has not been found
in cyanobacteria (12). The Isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) serve as two important precursors of isoprenoids/terpenoids with DMAPP

being converted into isoprene by the isoprene synthase (IspS) enzyme.

Isoprene production has been successfully demonstrated in E. coli with the
application of genetic engineering strategies. Although strategies to further improve bio-
isoprene yield have produced results, increased efforts are still needed to achieve
commercial production levels. The native MEP pathway in E. coli has been targeted to
increase the DMAPP and IPP pool for enhanced metabolic flux through this pathway,
resulting in improved production of carotenoids and other terpenoids (13, 14). Also, a
combination of protein and metabolic engineering strategies has been used to improve the
catalytic activity of relevant enzymes involved in the MEP pathway and increase the

metabolic flux towards terpenoid biosynthesis (15). The overexpression of selected genes



coding for important enzymes in the MEP pathway or expression of heterologous genes
coding for enzymes involved in either the MVA or MEP pathway in E. coli and B.
subtilis resulted in improved terpenoid/isoprene yields (16, 17, 18). In another study, the
overexpression of enzymes involved in the native MEP pathway as well as expression of
a complete suite of heterologous MV A pathway genes was used. The genetically
engineered E. coli strain expressing both a heterologous kudzu IspS (kIspS) and an
optimized MVA operon carrying E. coli- specific ribosomal binding sites (RBS) resulted
in a 150-fold increase in isoprene production compared to control strains expressing only
a native klspS enzyme (19). These results demonstrate the importance of genetic
engineering strategies as a viable research tool for further improving bio-isoprene

production in suitable model organisms.

Isoprene production has also been achieved in cyanobacteria by the introduction
of a codon-optimized gene for isoprene synthase (IspS) from kudzu (6). Lindberg et al. (6)
reported a 10-fold increase in isoprene production resulting in ~50 pg/g dry cell per day,
under ~ 40 pmol photons m2s™ light intensity in the cyanobacterium, Synechocystis sp.
6803. The introduction of a codon-optimized kudzu IspS gene transcriptionally fused to a
native PsbA2 promoter increased isoprene yield compared to Synechocystis sp. 6803
strain expressing a native kudzu IspS (6). Recent studies have successfully demonstrated
improved isoprenoids and isoprene production by metabolically engineering the native
MEP pathways in cyanobacterial strains (7, 20). Kudoh et al. (20) reported that
overexpression of the MEP pathway deoxy-xylulose-5-phosphate synthase enzyme in

Synechocystis sp. 6803 resulted in the production of 1.5 times more carotenoids



compared to wild type strains. Bentley et al. (7), showed the successful heterologous
expression of a complete set of MV A pathway genes of bacterial origin under the control
of the photosynthetic PsbA2 promoter in a Synechosystis sp. 6803 strain carrying a
codon-optimized IspS gene resulting in a 2.5-fold increase in isoprene production
compared to strains expressing only the codon-optimized kudzu IspS gene.

Also, isoprene production has been achieved in cyanobacteria by the introduction
of codon-optimized IspS and IDI1 isomerase transgenes from poplar (Nelson and Kallas,
unpublished). In 2011, Nelson and Kallas introduced codon-optimized poplar transgenes
for a rate-limiting, methyl erythritol phosphate (MEP) pathway isomerase (IDI), and an
isoprene synthase (IspS) enzyme into the marine cyanobacterium, Synechococcus sp.
PCC 7002, and produced isoprene at rates ~ 40 to 80-fold higher (i.e. ~4 mg gDW™ 12 h
day ™) than previously reported for cyanobacteria. The introduction of a codon-optimized,
rate-limiting isomerase 1DI transgene from poplar plant enhanced isoprene yield by ~ 15-
fold compared to the original transformant strain that carried only the codon-optimized,
poplar IspS gene. The result suggested that the introduced heterologous IDI further
enhanced the MEP pathway for increased isoprene yield. These data show that
modifications that increase carbon flow through the MEP pathway to DMAPP can greatly
increase isoprene production in Synechococcus sp. PCC 7002.

Bio-isoprene production from cyanobacterial species has not yet reached a
sufficient level for purposes of commercial exploitation. A major problem that needs to
be addressed is the physiological inefficiency of cyanobacteria and microalgae to convert

solar energy into biofuels under mass culture conditions (21, 22). Despite the highly



efficient light capturing mechanism as well as higher photosynthetic efficiency exhibited
by microalgae and cyanobacteria compared to terrestrial plants, their solar energy
conversion efficiency can be further improved. Not all of the usable active radiation (~
400 nm — 700 nm) reaching the earth from the sun is absorbed by light harvesting
pigments associated with photosynthesis (21). Cyanobacteria and microalgae absorb low
energy, longer wavelengths (680 nm and 700 nm) light photons to drive photosynthetic
reaction center chemistries respectively, in photosystem Il and photosystem I. Therefore,
shorter wavelengths captured and trapped by the photosynthetic reaction centers are lost
as heat or fluorescence (via non-photochemical quenching (23)) which further reduces
available incident solar radiation for conversion into chemical energy and biomass (21,

24).

More so, under dense culture conditions, the problems of self-shading by cells
prevents light from reaching cells deep in the culture and this can reduce photosynthetic
efficiency by 95% due to light limitation (21, 25, 26). Cells at the surface of such dense
cultures become saturated with excessive high light leading to photoinhibition (damage to
photosynthetic machinery caused by excessive light) which also reduces the
photosynthetic efficiency (21), although some cyanobacteria species such as
Synechococcus sp. PCC 7002 can tolerate twice full sunlight intensity (27). Furthermore,
about 30% of fixed carbon is used during respiration, which further reduces the carbon
pool available for conversion into biomass and biofuels, though this may vary depending

on species of cyanobacteria or microalgae (21).



To improve algal biofuels and bio-products yield, strategies involving
optimization of carbon fixation and organic carbon utilization, light capture, energy
transfer, and culture conditions (21, 28, 29) will further enhance the photosynthetic
efficiency for conversion of light energy into chemical energy in cyanobacteria and
microalgae. As shown in the successful truncation of antenna complexes in the alga
Chlamydomonas reinhardtii (30, 31) which resulted in enhanced availability of light to
cells over a large cross-sectional area of a controlled culture condition such as that in a
photobioreactor. The enhanced light availability to cells increased photosynthetic activity
and energy conversion efficiency under high saturating light and mass culture conditions.
Therefore, improved light capture resulting from truncation of light harvesting antenna
will be fundamental in generating algal biofuels at commercially significant rates (25, 26).
Consequently, our group (Kallas’ lab) has proposed the inactivation of selected genes in
the phycocyanin cluster in the model organism Synechococcus sp. PCC 7002 to reduce

the antenna complex for increased isoprene yields under high light conditions.

Recent studies have also involved strategies aimed at improving CO, assimilation
via the Calvin Benson cycle by overexpression of the ribulose-1, 5-biphosphate
carboxylase/oxygenase enzyme (RuBisCO) for increased photosynthetic productivity
(32). The overexpression of key enzymes involved in the Calvin Benson cycle for
enhanced photosynthetic capacity and bio-products yield is also gaining interest (33). In
addition to metabolic engineering of relevant pathways as part of strain optimization,
further strategies involving efficient culturing and harvesting practices have been

suggested (National Alliance for Advanced Biofuels and Bio-products (NAABB), Final



report 2014, www.energy.gov). These strategies will potentially improve production of

bio-products and biofuels yield.

As part of efforts toward improving algal biofuels/bioproducts production, my
research involved a carbon partitioning strategy based on the inactivation of a competing
carbon pathway for glycogen biosynthesis in Synechococcus sp. PCC 7002, so that
carbon stored as glycogen will be re-routed to the MEP pathway for increased isoprene
synthesis. In addition, the optimized poplar IspS and IDI genes previously expressed on a
high-copy plasmid in Synechococcus sp. PCC 7002 were targeted to a chromosomal
neutral site to circumvent the problem of decreased isoprene yield over time, possibly
resulting from loss of transgenes from the plasmid. | expected that the chromosomal
integration of these optimized genes would enhance the stability of their messenger RNA
(mRNA) transcripts for long-term isoprene production. Once target DNA is stably
integrated to the chromosome, such gene(s) of interest are also replicated with the
chromosome and therefore not easily lost compared to heterologous genes expressed on
plasmids. Therefore, the stability of the IspS and IDI genes is expected to improve stable

gene expression for long-term isoprene production.

To further improve isoprene production, | targeted the IspS to a pAQ1 plasmid, in
addition to a chromosomal site. The targeting of IspS and IDI to both a chromosomal and
plasmid location was expected to increase their gene copies and thus increase IspS and
IDI expression levels for improved isoprene yield. The research further involved gene

expression studies to analyze the link between IspS transcript levels and isoprene



production. The result of the experiment is expected to improve our understanding of the
effect of increased copies of key MEP pathway genes on isoprene yield. The
experimental outcome is also expected to aid the design of future experiments that may
involve overexpression of heterologous MEP pathway enzymes in Synechococcus sp.

PCC 7002.

The field of algal biofuels will have to overcome the current production hurdles
by developing appropriate and desirable carbon partitioning strategies that will ensure
that the carbon requirements and priorities for cell biomass are compatible with the
carbon flux available or channeled towards the synthesis of useful products (34, 35) such
as isoprene and terpenoids. Also, the development of efficient strategies that will improve
culture conditions for increased photosynthetic activities will be necessary to achieve

commercial-scale biofuels production.

Background

Recently, scientists have found photoautotrophic organisms such as cyanobacteria,
microalgae and some algal species, to be excellent model organisms for genetic
engineering and production of bioproducts and biofuels because of their genetic plasticity
comparable to E. coli and yeast (36). For about 2.5 billion years during earth’s history,
cyanobacteria have played an important role as a source of atmospheric oxygen (37).
They are also important players in the earth’s carbon and nitrogen energy cycling (38).
Cyanobacteria comprise a large and morphologically diverse group of photosynthetic

bacteria (39) which can vary from 1 um to 65 pm in width (as in Lyngbya wollei) (40).
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Cyanobacteria, (formerly described as blue-green algae) are unicellular or
filamentous organisms sometimes mistaken for microalgae but differ from algae because
of their lack of defined organelles such as nucleus, chloroplast and mitochondria — i.e.
because of their prokaryotic cellular organization (41). Cyanobacteria are gram-negative
(42), but possess photosystem I and Il (PSI and PSII) and cholorophyll a pigments. A
characteristic morphological feature of the cyanobacterial cell is an envelope structure
comprising an external surface structure, outermembrane, polypeptidoglycan layer and a
cytoplasmic membrane typical of gram negative membrane structures. However, the
cyanobacterial peptidoglycan layer is thicker and more highly cross-linked than most
gram negative cells (43). In addition to their cytoplasmic membrane, cyanobacteria
possess uniform sheet-like thylakoid membranes (44) containing the components of their
photosynthetic electron transfer chain. Cyanobacteria can be found in different
environments such as land, fresh water, and marine habitats (45).

Cyanobacteria carry out oxygenic photosynthesis using photosynthetic pigments
such as phycobilisomes, chlorophyll a, and chlorophyll b (found only in a few
cyanobacteria), and electron transport chain components located in the thylakoid
membrane (46), allowing them survive a broad range of environmental conditions. The
phycobilisomes contain phycobilin pigments composed of bilin proteins involved in
transfer of light energy to PSII which in turn transduces the excitation energy into
chemical energy. Phycobilisomes are light harvesting proteins that absorb light of
wavelength between 500 - 670 nm (47) in the visible spectrum, largely outside the range

of chlorophyll a (48). Bilin proteins can be classified majorly into allophycocyanins (AP),
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phycocyanins (PC), and phycoerythrins (PE) with peak absorbances of ~ 650 nm, ~ 620

nm, and ~ 560 nm respectively (49).

Cyanobacteria fix CO, via the Calvin Benson cycle by means of enzymes such as
RuBIisCO (ribulose-1, 5-biphosphate carboxylase/oxygenase) and carboxysomal carbonic
anhydrase (CA) (50) located in microcompartments called carboxysomes. Photosynthetic
aquatic prokaryotes such as cyanobacteria have evolved a carbon concentrating
mechanism (CCM) to help them deal with the fluctuations of CO;, in their habitats and
overcome the inefficient process of CO, fixation mediated by the cyanobacterial
RuBisCO enzyme (51). The RuBisCO in cyanobacterial cells is less efficient compared
to that in terrestrial plants and other algal cells. This can be attributed to the significantly
lower CO, diffusion rate in aquatic cyanobacterial species due to the slow equilibration of

CO; in water compared to air (52).

In addition to the slow chemical equilibrium between bicarbonate (HCO3") and
CO,, the less abundant inorganic carbon available for cyanobacteria in acidic
environments, contribute to a less efficient RuBisCO (52). The CCM therefore increases
RuBIisCO efficiency by elevating CO; levels around the active sites of the RuBisCO
enzyme and thus, allows the accumulation of bicarbonate via the operation of some active
CO; and bicarbonate transporters found in both the thylakoid and plasma membranes (51).
Consequently, the pooled cytosolic bicarbonate is then converted by CA into CO, within

the carboxysomes.
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Carbon fixation in cyanobacteria results in the generation of sugars or
polysaccharides, which are stored majorly as glycogen reserves. In addition to glycogen,
some cyanobacteria store nitrogen in cyanophycin granules, which are polymers of
arginine and aspartic acid (38). The polysaccharides or sugars generated from carbon
assimilation are broken down through glycolysis to generate intermediates that serve as
substrates for the tricarboxylic acid cycle (TCA), thus, generating useful respiratory
intermediates for adenosine-triphopshate (ATP) synthesis. Until now, it was thought that
cyanobacteria lacked a functional citric acid cycle because of the absence of an a-
ketoglutarate dehydrogenase. The absence of a 2-oxoglutarate dehydrogenase had been
the premise for the incomplete TCA cycle described in cyanobacteria over the decades.
Also, this incomplete citric acid cycle had been described as the reason why majority of
cyanobacteria are obligate photoauthotrophs (53). Although many cyanobacteria are
obligate photolithoautotrophs (e.g. Synechococcus sp. PCC 7002 which can also grow
photoheterotrophically on glycerol (54)), some cyanobacteria can grow
chemoheterotrophically (e.g. Anabaena sp.) in the dark by oxidizing glucose or other

sugars.

However, in a recent study by Zhang and Bryant (55), it was shown that genes
encoding 2-oxoglutarate decarboxylase and succinic semialdehyde dehydrogenase in
Synechococcus sp. PCC 7002 could convert 2-oxoglutarate to succinate and therefore
acted as functional replacements for 2-oxoglutarate dehydrogenase and succinyl-CoA

synthetase, respectively. This variant of the TCA cycle as described in Synechococcus sp.
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PCC 7002, by Zhang and Bryant may be responsible for the metabolic adaptation of

cyanobacteria to different physiological and ecological requirements (53).

In most cyanobacteria, photosynthetic electron transport occurs in the thylakoids
while respiratory electron transport occurs in both the cytoplasmic membranes and
thylakoids. The photosynthetic electron transport chain is triggered by light energy from
the sun. PSII uses this energy as a catalyst for splitting water molecules and electrons
generated are subsequently used to reduce plastoquinone (PQ). These electrons then
move from the PQ pool to the cytochrome bgf complex and from there to a soluble
electron carrier such as plastocyanin (found in many cyanobacteria under copper replete
conditions) or cytochrome cg (as found in Synechococcus sp. PCC 7002) (46).
Cytochrome cg, or plastocyanin, which carry one electron at a time reduce the oxidized
PSI reaction center chlorophyll, P700 *. The Oxidation of P700 reaction center results
from the transfer of electron from PSI to ferredoxin and then back to NADP™. This
process uses light energy from the sun. The protons generated during the splitting of
water and oxidation of the PQ pool by the cytochrome bgf complex flow into the lumen to
generate a proton gradient across the thylakoid membrane, which is used for ATP
synthesis by the thylakoid-membrane ATP synthase (Figure 2). This photosynthetic

electron flow route is described as linear electron flow.

In addition to the above mentioned linear electron flow pathway, a cyclic electron
transport also occurs. This pathway involves the ferredoxin, that was reduced by PSI,

transferring its electron either via an NADPH (NDH-1) dehydrogenase back to the PQ
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pool or directly back to cytochrome bgf complex and then to PSI (46). This cyclic
electron flow around PSI has also been shown to be essential for photosynthesis as it

helps to prevent over-reduction caused by accumulation of NADPH (56).

In contrast, the respiratory electron transport flux in cyanobacteria involves
succinate dehydrogenase (SDH) and NADPH-dehydrogenase activities (NDH-1). Two
types of NADPH dehydrogenase have been identified in cyanobacteria; NDH-1 which
prefers NADPH as substrate and NDH-I1 which prefers NADH. The dehydrogenases,
NDH-I and NDH-II control the oxidation-reduction state of NADP and NAD,
respectively, thus indirectly regulating electron flow through SDH into the PQ pool or
respiratory electron transport flux (57). Cooley et al. (58) showed that the cyanobacteria,
Synechocystis PCC 6803 mutants lacking SDH displayed significantly slower electron
flow rates into the PQ pool compared to wild type and NDH-1 mutants, suggesting that

SDH also plays an important role in the flow of respiratory electron into the PQ pool.

Electrons generated from the oxidation of NADPH and succinate to NADP and
fumarate respectively flow into the PQ pool. The protons produced by the redox reactions
during the transfer of electrons from the PQ pool to the soluble PC is pumped into the
lumen to produce a hydrogen ion concentration and charge gradient which consistently
generates a proton motive force (PMF) used by ATP synthase to generate ATP in the
thylakoid membrane. Photosynthetic electron flux activity is comparatively higher than
respiratory electron flow activity under abundant light condition (46). All cyanobacteria

can carry out respiration in the dark using oxygen as the terminal electron acceptor.
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Figure 2. Photosynthetic and respiratory electron flux pathways in thylakoid
membranes of cyanobacteria. Arrows indicate the directions of electron flow as well as
products formed. The Yellow thunderbolts represent light that triggers the redox reactions in
both PSI and PSII. Electron transfer complexes that are specifically involved in photosynthetic
electron flux pathway are PS Il and PS I, while those specific for respiratory electron transfer
include NDH-1, SDH, and the terminal oxidase. The PQ, cyt bsf and PC/ cyt ¢ are shared by
both electron transfer pathways. The presence of either PC or cyt cg is determined by copper
availability in the environment. Abbreviations: cyt bgf, the cytochrome bef complex; Fd. and
Fd,q, Ferredoxin in oxidized and reduced forms, respectively; NADP(H), Nicotinamide —
adenine dinucleotide phosphate (reduced form); NDH-1, type 1 NADPH dehydrogenase;
Oxidase, terminal oxidase; PC, plastocyanin; cyt cg cytochrome; PQ, plastoquinone; SDH,
succinate dehydrogenase; G3P, glyceraldehydes-3-phosphate; TCA, tri-carboxylic acid cycle.
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Cyanobacteria as Cell Factories for Biofuels Production

The term algal biofuel refer to ‘green fuels’ generated from microalgae,
cyanobacteria and macroalgae (or seaweed). The main themes driving the development of
algal biofuels for decades have been the search for a cleaner and cheaper energy,
reduction in green-house gas (GHG) or carbon emissions and more importantly, saving
the environment from further consequences of global climate change. According to the
US Environmental Protection Agency (EPA), fossil fuels are a major source of GHG
pollution and carbon-dioxide (CO,) identified as the primary GHG pollutant; with
increasing global levels of atmospheric CO, implicated in global climate change (59).

Biofuels development started with the first generation liquid biofuels derived
from sugar cane and corn, and such fuels were marred by concerns about food shortages
leading to increase in food prices, as well as relevant ethical and ecological questions as
to the use of high-value arable land for the cultivation of these crops for energy purposes
rather than as food sources (60). These challenges spurred the development of second
generation biofuels utilizing lignocellulosic biomass from non-edible crops (e.g. switch
grass), with its peculiar challenges of cost-effectiveness, feed stock availability and
technology (61). However, the third generation biofuels (also described as algal biofuels),
produced from cyanobacteria and microalgae offer further advantages over the other
biofuel generations and has attracted the interests of researchers.

Cyanobacteria and microalgae exhibit a higher photosynthetic efficiency than
terrestrial plants (62) based on their relatively higher photosynthetic and biomass

production rates and this provides a major attraction for utilization of these organisms for
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biofuel generation. Cyanobacteria and microalgae are useful model organisms for
production of biofuel and other valuable co-products because of the following reasons, 1)
high productivity, 2) a non-food based resource, 3) they can be cultivated on non-arable
land, 4) they can also grow on brackish and wastewater, and 5) useful for recycling
carbon-dioxide and other nutrient waste streams (63). Cyanobacteria and macroalgae
accumulate mainly polysaccharides such as glycogen, mannitol or fucoidin as storage
reserves (64) while certain eukaryotic algae naturally accumulate high amounts of
triacylglycerides (about 30-60% dry weight) (65). These energy-rich compounds and
biosynthetic by-products stored in relatively high amounts in cyanobacteria and several
algal species can be explored for the production of biodiesel, or as precursor compounds
for production of high energy-density biofuels (including isoprene).

In order to provide sustainable energy for the future and reduce dependence on
fossil fuels; alternative carbon neutral energy sources must be explored. A good example
of such alternative bio-energy solution relies on the ability of plants or algae to use
sunlight to fix atmospheric CO; into organic matter or cellular biomass, thereby reducing
the atmospheric concentration of CO,. Cyanobacteria have advantages that make them a
suitable alternative and a sustainable source of renewable energy. They can tolerate a
high CO,, possess a comparatively efficient CO, concentrating mechanism (CCM) which
helps to concentrate CO, by a 1000-fold around the RuBisCo enzyme (51), and are easier
to manipulate genetically because of their fast growth, prokaryotic cell structure, and
smaller genome sizes (36) of 1.6 Mb (Prochlorococcus sp.) to 9.2 Mb (Nostoc

punctiforme) (66) compared to eukaryotic algae.
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Our lab uses the model cyanobacterium; Synechococcus sp. PCC 7002 (Figure 3)
which possesses a number of characteristics that enhances its suitability as a model strain
for functional genomics and biotechnological applications. These characteristics include
1) a fast doubling time of ~ 4 hours, 2) high light tolerance, 3) relative ease of natural
transformability, 4) facultatively photoheterotrophic (i.e. can grow on glycerol (55), and
5) fully sequenced genome of about 3.4 Mbp. The Synechococcus sp. PCC 7002 strain
carries 6 - 8 copies of its chromosome and six endogenous plasmids; pAQ1, pAQ3,
pAQ4, pAQ5, pAQ6 and pAQ7 with sizes of: 4809; 16,103; 31,972; 38,515; 124,303;
and 186,459 bp, respectively (67); (See Kyoto Encyclopedia of Genes and Genomes,
http://www.genome.jp/keggbin/showorganism?org=syp). Although the copy number of
these plasmids may depend on growth conditions, the pAQ6 and pAQ7 plasmids have
similar copy numbers as the chromosome while the pAQ1 plasmid shows the highest

copy number (about 50 — 100 copies per cell) under exponential growth phase (67).
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Figure 3: Transmission electron micrograph of Synechococcus sp. PCC 7002.
Scale bar, 500 nm. (Credit: original image by Prof. Donald Bryant’s lab, Penn State
University)
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Isoprene Synthesis in Cyanobacteria

Isoprene (CsHg) (Figure 4), also known as 2-methyl-1, 3-butadiene, is a colorless
compound that can be polymerized to yield high-energy liquid biofuels. Isoprene is a
volatile hydrophobic compound and passes through cellular membranes allowing it
separate from the cyanobacterial biomass and then be captured in the headspace of a
bioreactor or sealed container for collection (68). It is an important precursor compound
for the production of synthetic rubber and thousands of high-value terpenoid compounds,

which makes isoprene a relatively high-value chemical.
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Figure 4. Chemical structure of isoprene

Bio-based isoprene does not have the same adverse environmental impacts as
petroleum-based isoprene and is potentially more economical than that produced from

petroleum. The development of bio-based isoprene from sustainable renewable energy
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sources is expected to drive a competitive process less dependent on increasing crude-oil

prices.

Isoprenoids (or terpenoids) are a large family of compounds useful in biological
functions such as hormone-based signaling, electron transport, regulation of
transcriptional and post-translational processes, protein degradation and glycoprotein
biosynthesis (69). Isoprenoids are also an important component of organelles and cell
membranes (70) and also offer a natural reserve of useful compounds that can be
exploited in biomedicine and biotechnology. Isoprenoids such as sterols are important
components of membranes in eubacterial and eukaryotic cells and dolichols are structural

components of glycoprotein and bacterial cell wall biosynthesis (70).

Isoprenoid biosynthesis in living organisms is required for the production of
compounds such as carotenoids, vitamins, quinones, chlorophyll, and the primary
constituents of essential oils in plants (71). In all photosynthetic organisms including
cyanobacteria, microalgae and particularly plants, the carotenoids, 3-carotene, zeaxanthin
and tocopherol (vitamin E) have been suggested as functioning in a photoprotective role
either by dissipating excess excitation energy as heat or by scavenging singlet oxygen or
other reactive oxygen species (ROS) (72). In plants, isoprene is emitted through leaves
and helps plants withstand the effects of reactive oxygen species and heat flecks (3). Heat
flecks result from rapid temperature changes in leaves due to high radiant energy fluxes

and very low heat capacity of leaves (3).
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Terpenoids or isoprenoids are compounds of terpenes modified by chemical
oxidation and contain functional groups. Terpenes are composed of isoprene units and
vary in structure from linear to ring arrangements. Terpenes can also be grouped

according to their sizes depending on the number of isoprene units (Table 1).

Table 1. Examples of Terpenes and Isoprene units

Terpenoids Number of isoprene units Examples
Hermiterpenes (CsHg) 1 Isoprene, prenol (hemiterprenoid)
Monoterpenes (C1oH1s) 2 Limonene, geraniol
Sesquiterpenes (CisH24) 3 Farnesol, humulene
Diterpenes (C,oH3») 4 Cafestol, taxadiene
Sesterterpenes (CasHao) 5 Geranylfarnesol
Triterpenes (CoHys) 6 Squalene
Sesquarterpenes (CzsHse) 7 Ferrugicadiol
Tetraterpenes (C4oHes) 8 a-, B-, y-carotenoids
Polyterpenes >8 Natural rubber

Two different terpenoid biosynthesis pathways (see Figure 5) are known; 1) the
mevalonate acid (MVA) pathway (7) found in archaea, eukaryotes and some bacteria, and
2) the non-mevalonate or 2C-methyl-D-erythritol-4-phosphate (MEP) pathway in
cyanobacteria, algae, eubacteria and plant chloroplasts (73). The mevalonic acid (MVA)
pathway, which involves seven enzymes, starts with the formation of four molecules of
acetoacetyl-CoA after condensation of two acetyl-CoA molecules in a reaction catalyzed
by thiolase. A third acetyl-CoA condenses with acetoacyl-CoA to form 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) by a HMG-CoA synthase which is converted to

mevalonic acid by HMG-CoA reductase. The mevalonic acid is phosphorylated
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sequentially to mevalonic acid diphosphate by mevalonate kinase and
diphosphomevalonate kinase. The mevalonic acid diphosphate is decarboxylated by
mevalonate diphosphate decarboxylase to generate Isopentenyl diphosphate (IPP) (69,
70). The last step in generating isoprenoids precursors in the MVA pathway requires IDI
isomerase to maintain the DMAPP supply by catalyzing the isomerization of the IPP to

DMAPP.

The MEP pathway and associated genes, defined originally from studies in E. coli,
were used to identify homologous genes from different organisms including
cyanobacteria by comparative genomics and bioinformatics (particularly sequence
information) (74). The MEP pathway starts with 1-deoxy-D-xylulose-5-phosphate (DXP),
formed from the condensation of pyruvate and glyceraldehyde 3-phosphate (G3P) in a
reaction catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS) using thiamine
pyrophosphate as a cofactor. A reductoisomerase, 2C-methyl-D-erythritol 4-phosphate
(I1spC) converts DXP to 2C-methyl-D-erythritol-4-phosphate (MEP). Then, MEP reacts
with cytidine 5’-triphosphate (CTP) in a CTP dependent reaction to produce 4-
diphosphocytidyl-2C-methyl-D-erythritol (CDP-ME) in a reaction catalyzed by IspD (a
transferase). 4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate (CDP-MEP) is
formed by the ATP-dependent phosphorylation of CDP-ME in a reaction catalyzed by
IspE (a kinase). The enzymatic reaction catalyzed by IspF produces 2C-methyl-D-
erythritol-2, 4-cyclodiphosphate (ME-cPP) from 4-diphosphocytidyl-2C-methyl-D-
erythritol 2-phosphate. Also, IspF catalyzes the formation of 2C-methyl-D-erythritol 3, 4-

cyclophosphate, although at a slower rate. The ME-cPP is first converted to 1-hydroxy 2-
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methyl-2-(E)-butenyldiphosphate in a reaction catalyzed by IspG and then converted to
4-hydroxy-3-methyl-2-butenyl-4-diphosphate (HMBPP) in a reduction reaction. In
addition, the IspH enzyme catalyzes further reduction of the 4-hydroxy-3-methyl-2-

butenyl-4-diphosphate intermediate to IPP and DMAPP (69, 75, 76).

In vivo studies by Rohdich et al. (77) showed that the ratio of IPP and DMAPP is
5:1in E. coli strains overexpressing the IspH enzyme. Therefore, the addition of IPP to
chains of isoprenoid molecules depends on DMAPP availability and thus IDI catalyzes
the isomerization of IPP to DMAPP. Two types of IDI have been identified (10); IDI-I
which is found in eukaryotes, eubacteria and plants, and IDI-11 found in archaea and
some bacteria (78). The type I IDI requires only divalent cations as cofactors for activity
(79). Type 1l IDI are flavoenzymes and different from type 1 IDI1 (80). Type I1 IDI
requires flavin mononucleotide (FMN), nicotinamide adenine dinucleotide phosphate
(NAD[P]H) and divalent cofactors such as Mg®*, Mn?*, and Ca** (79). The simultaneous
production of DMAPP and IPP in the MEP pathway may explain why IDI isomerase is
not essential for survival, as shown in E. coli; however, it is useful in maintaining the
proper IPP/DMAPP ratio in cells (81).

It has been suggested that the MEP pathway in cyanobacteria may involve other
substrates besides pyruvate and G3P and that these substrates, from the pentose
phosphate pathway enter the MEP pathway at other points in the pathway (71). Ershov et
al. (71) suggested that xylulose-5-phosphate (XY5P) could be a precursor for DMAPP
synthesis in Synechocystis sp. PCC 6803. Under photoautotrophic conditions, XY5P is

converted to 2, 4 hydroxymethyl cyclodiphosphate (HME-2, 4-cPP) via a series of
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enzymatic reactions. The HME-2, 4-cPP is analogous to 2-C-methyl-D-erythritol 4-
phosphate -- the product of the reductase formation of MEP from deoxyxylulose-5-
phosphate (DXP) (71).

It is not clear yet how the MEP pathway in cyanobacteria is regulated, but this
regulation may involve the accumulation of products in the pathway, effector molecules,
transcriptional control, (69) or a combination of these mechanisms. Covalent
modifications such as enzyme phosphorylation may also play a role in regulating
enzymes and subsequent downstream reactions within the pathway (69). Most studies on
the regulation of the MEP gene and pathway have involved plants (82, 83, 84, 85), but
the identified regulatory mechanisms can also provide insight into MEP regulation in
cyanobacteria. Both share similar MEP pathway genes, athough their distribution and
expression patterns vary. Studies involving transgenic plants have shown that
overexpression or antisense repression of DXS resulted in corresponding increases or
decreases in accumulation of isoprenoid products (86), suggesting that the DXS enzyme

catalyzes a rate limiting step for IPP and DMAPP synthesis and isoprenoid final products.

In addition, DXP reductoisomerase (87) and 4-hydroxy-3methylbut-2-enyl
diphosphate reductase (88) have been suggested as having rate-limiting roles in IPP and
DMAPP synthesis. It has been observed that MEP genes are found in different sites
throughout the genome with no evidence of a shared, transcriptional regulator. In contrast,
genes for the MV A pathway (especially in gram positive bacteria) are found in an operon,
suggesting that the MVVA genes are transcriptionally controlled (69). Further

understanding of the transcriptional regulation of MEP genes will help researchers
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improve favorable transcriptional flux towards enhanced by-products yields such as

isoprene.
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Figure 5. Substrate flux via the MEP and mevalonate (MVA) pathways for
isopentenyl diphosphate (IPP) and dimethylallyldiphosphate (DMAPP) synthesis.
Arrows indicate direction of products formed. MV A pathway enzymes: AtoB, Acetyl-CoA-
acetyltransferase; HmgsS, Hydroxymethylglutaryl-CoA synthase; HmgR, Hydroxymethylglutaryl-
CoA reductase; MK, Mevalonate kinase; PMK, phosphomevalonate kinase; PMD,
phosphomevalonate decarboxylase. MEP pathway enzymes: Dxs, 1-deoxy-D-xylulose-5-
phosphate synthase; Dxr, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; IspD, 2-C-methyl-
erythritol 4 phosphate cytidyltransferase; IspE, 4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase; IspF, 2-C-methyl-D-erythritol 2, 4-cyclodiphosphate synthase; IspG, 4-hydroxy-3-
methylbut-2-en-1-yl diphosphate synthase; IspH, 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase; IDI, isopentenyl diphosphate isomerase; GPPS, geranyldiphosphate synthase; IspS,
isoprene synthase.
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Rationale and Objectives of the Study
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Figure 6. Isoprene production in cyanobacteria via the MEP pathway and
competing carbon pathway for glycogen synthesis. A codon-optimized heterologous IspS
gene from an isoprene producing plant is introduced into a model cyanobacterial species-
Synechococcus sp. PCC 7002 so that the isoprene precursor, dimethylallyl diphosphate
(DMAPP) can be converted into isoprene. Isoprene biosynthesis in cyanobacteria occurs via the
Methyl erythritol phosphate (MEP) pathway. Inactivation of the glycogen biosynthesis pathway
may increase the pool of MEP substrates; pyruvate and glyceraldehydes-3-phosphate (G3P) for
enhanced isoprene production.

Towards improving isoprene yield in the cyanobacterium, Synechococcus sp.
PCC 7002, the glycogen synthase genes glgAl and glgA2 were inactivated. Inactivation

of these genes is part of a strategy to channel carbon to the MEP pathway for improved
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isoprene yield. Inactivation of the glgAl and glgA2 genes should prevent the storage of
carbon as glycogen, the major storage carbohydrate of cyanobacteria (Figure 6).
Therefore, | hypothesized that the inactivation of a competing glycogen biosynthesis
pathway will allow carbon previously channeled into this pathway to be re-routed to the

MEP pathway for enhanced isoprene production.

In cyanobacteria, glycogen is synthesized by the enzymes: ADP-glucose
phosphorylase (GIgC) EC = 2.7.7.27 [SYNPCC7002_A0095], glycogen synthase (GIgA)
EC = 2.4.1.21 glgAl [SYNPCC7002_A1532]; glgA2 [SYNPCC7002_A2125] and
glycogen branching enzyme (GlgB) EC = 2.4.1.18 [SYNPCC7002_A1865] (45). The
end-product of glycogen biosynthesis, the major storage polysaccharide, is a a -D-(1-4)
homoglucan polymer formed from glucose residues linked through a-1, 4-glucosidic
bonds and a-1, 6-glucosidic linkages (~10% of the carbon-carbon bonds (64)) at
branching points and are usually stored as granules in the cytoplasm between the
thylakoids of cyanobacterial cells (89). Under optimal photosynthetic and nitrate replete

conditions; glycogen can accumulate to over 50% of cyanobacterial dry weight (90).

There are differences in the numbers of genes coding for glycogen biosynthesis
enzymes in different cyanobacteria, but Synechococcus sp. PCC 7002 carries two
isogenes for glycogen synthase; glgAl and glgA2. In contrast, other cyanobacteria such as
Synechococcus sp. PCC 7942 carry only one gene coding for a glycogen synthase.
Glycogen biosynthesis has been observed to be linked to environmental factors such as

nitrogen limitation, as glycogen may serve as a source of energy for surviving nitrogen


http://enzyme.expasy.org/EC/2.7.7.27
http://enzyme.expasy.org/EC/2.4.1.21
http://enzyme.expasy.org/EC/2.4.1.18
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starvation (91, 92, 93). Glycogen also plays a physiological role as observed in studies
with cyanobacterial mutants with impaired glycogen synthesis (45, 94). In a study with
Synechococcus sp. PCC 7942, glycogen synthase mutants showed a decrease in
photosynthetic activity and an increased sensitivity to high light stress compared to the
wild type (45). Synechocystis sp. PCC 6803 glycogen synthase mutants also showed
impaired viability under dark conditions indicating that glycogen serves as an important

respiratory substrate in the absence of light (94).

With respect to the physiological role of the glycogen synthase enzymes; GIgAl
[SYNPCC7002_A2125] and GIgA2 [SYNPCC7002_A1532] in Synechococcus sp. PCC
7002, Xu et al. (89) observed that mutants carrying inactivated copies of these isogenes
(i.e., 7002 AGIgA1A2 null mutants) showed accumulation of glucosylglycerol and
glucosylglycerate. The 7002 AGIgA1A2 mutants accumulated more sucrose,
glucosylglycerol and glucosylglycerate under hypersaline conditions, whereas under
optimal growth conditions, the 7002 AGIgA1 and 7002 AGIgA2 single mutants
accumulated more sucrose (89). These observations suggest that glycogen plays a
physiological role in cyanobacteria under salt stress conditions.

Energy (ATP) drives the transport of solutes and ions across the membrane as
well as synthesis of enzymes and heat shock proteins that help counteract the effect of
reactive oxygen species produced during osmotic, salt and oxidative stresses in
cyanobacteria (95). Grundel et al. (94), reported significant *overflow’ (i.e. loss) of
energetically important metabolites such as pyruvate and 2-oxoglutarate occur under

strictly photoautrophic condition in glycogen defective Synechocystis sp. PCC 6803
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mutants. This observed overflow was a result of the inability of the excess carbon to be
channeled into glycogen biosynthesis. Therefore, the absence of an important carbon
source such as glycogen may deprive cyanobacterial cells of considerable energy.
Notwithstanding, the inactivation of glycogen biosynthesis in the euryhaline
Synechococcus sp. PCC 7002 is expected to improve isoprene yield if the 7002
AGlgA1A2 mutant strains are cultivated under optimal photosynthetic and continuous
light conditions. Isoprene production is a metabolic process associated with
photosynthetic activity in the presence of light rather than in dark conditions, where
glycogen serves as substrate for respiration.

In our lab, previous strategies to introduce optimized genes for the
substrate-limiting IDI isomerase, and poplar isoprene synthase, IspS, genes into
Synechococcus sp. PCC 7002 involved targeting these genes to the high-copy pAQ1
plasmid. Declining isoprene yield observed in such strains after several days of growth
(data not shown) may be a consequence of plasmid loss or the result of metabolic burden
by multiple copies of these genes, highly expressed from plasmid pAQ1. Thus, it may be
advantageous to express such transgenes in the host chromosome rather than on high-
copy plasmids, as plasmid loss is a major cause of reduced heterologous gene expression
in plasmid-based systems.

Chromosomal gene targeting may lead more readily to complete replacement of
target sites via segregation and thus stable integration of transgenes without the need for
selective pressure through the addition of adjacent antibiotic resistance genes.

Chromosomal integration of genes of interest may also enhance the expression of such
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gene compared to plasmid-based systems. In addition to gene stability, chromosomal
integration offers minimal metabolic burden on plasmids (96). Expression of
heterologous genes in host organisms causes changes in metabolism described as either
metabolic load or burden. Metabolic burden is often described in terms of resources such
as energy and essential nutrients. These resources are needed to maintain and express
heterologous genes (or replicate antibiotic resistance marker gene(s) carried by the
heterologous genes targeted to plasmids) in the host cell (96). Chromosomal integration
ameliorates the burden of plasmid maintenance and replication, and as such, cellular
resource expenditure may be minimal to maintain the heterologous genes in the host cells.
In addition, once the target genes are fully segregated and stably integrated to the
chromosome, the host cell requires no further antibiotic selection to maintain the
heterologous genes (97).

In the absence of complete segregational loss of the native target plasmid, the
maintenance of high-copy plasmids expressing heterologous genes will require selective
pressure provided by the growth medium which in turn, increases cost and thus becomes
impractical on a commercial scale. Consequently, a strategy was developed for targeting
the IspS and IDI genes to the petJ2 [SYNPCC7002_A2391] chromosomal location. The
petJ2 gene codes for a cg-like cytochrome protein whose functional role has not been
clearly elucidated. Cytochrome cg (Cyt-Cg), is a soluble electron carrier essential for
electron transport in cyanobacteria. Cyt-cg plays essential roles including electron transfer
from the Cyt bg f complex to the PSI complex during photosynthetic electron transport

and during respiratory electron transport, to the cytochrome oxidase complex in the
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thylakoid or plasma membranes (98). Genes for isoforms of this protein have been
identified in the genome of both unicellular and filamentous cyanobacteria. Two isogenes,
petJ1 and petJ2 of Cyt- cg like cytochromes have been identified in Synechococcus sp.
PCC 7002 (98). Growth studies involving petJ1 and petJ2 mutants of Synechococcus sp.
PCC 7002 showed that the PetJ1 protein plays an important role in electron transport
while petJ2 inactivation showed no effect (99). The PetJ1 and PetJ2 cytochromes differ
significantly in their electrostatic and redox properties, thereby casting doubt on whether
PetJ2 functions as an electron acceptor for the Cyt bgf complex during photosynthesis

(100).

A DNA construct carrying the codon-optimized IspS-1DI genes under the
transcriptional control of a strong CpcB promoter (Figure 7), was targeted to the petJ2
gene in the Synechococcus 7002 chromosome. The codon make-up of the IspS-I1DI genes
derived from poplar differs from the codon usage in the Synechococcus sp. PCC 7002
cyanobacterial host. Thus, for successful heterologous gene expression, optimized copies
of the IspS and IDI genes with codons similar to those frequently used in Synechococcus
7002 were designed by Matthew Nelson, UW Oshkosh. The transgene DNA construct
includes a linked streptomycin-spectinomycin antibiotic resistance gene cassette,
transcription terminator, and flanking sequences homologous to a target site on plasmid

pAQL, as described by Xu et al. (67).

| proposed that targeting the IspS-IDI genes to a chromosomal site would enhance

the genetic stability of these genes in Synechococcus 7002. The chromosomal integration
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of these genes is expected to enhance mMRNA transcript stability for the reasons described
above and thus allow continuous, stable, isoprene production for a longer period than
previously observed. In addition, since Synechococcus sp. PCC 7002 carries about 8
copies of its chromosome (67), this strategy, combined with I1spS-IDI genes integrated in
plasmid pAQ1, was likely to increase the total copy number of these genes in
Synechococcus 7002. This in turn should increase the mRNA transcript level of these

genes and thus increase IspS and IDI enzyme activity and isoprene yield.

Flank Flank

B Pepe  Ndel IspS Neol  IDI xoal  SM/Sp o, A
/ 1

EcoRI BamHI

Figure 7. lllustration of the DNA construct carrying codon-optimized isoprene
synthase (IspS) and Isopentenyl diphosphate isomerase (IDI) transgenes from
poplar plant. This gene construct was introduced into Synechococcus sp. PCC 7002 to
generate isoprene-producing strains. The heterologous IspS-1DI genes are transcriptionally
controlled by a PcpcB promoter from Synechococystis sp. 6803. Original design and
construction by Matthew Nelson, UW-Oshkosh.
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In this thesis, | describe the successful construction of recombinant plasmids
carrying inactivated copies of the Synechococcus sp. PCC 7002 glgAland glgA2 genes.
These were introduced into Synechococcus to generate a 7002 AGIgA1A2 null mutant
defective in glycogen synthesis. Optimized poplar I1spS-1DI genes were introduced into
the 7002 AGIgA1A2 strain to generate a 7002 AGIgAL1A2 (IspS-1DI) glycogen synthase
mutant to assess the impact of glycogen biosynthesis inactivation on isoprene yield. The
petJ2 gene was investigated as a chromosomal site for targeting heterologous genes, and
the IspS-1DI genes were targeted to this site to assess stability and isoprene production
from chromosomally targeted genes. Synechococcus carrying IspS-IDI genes targeted to
petJ2 produced isoprene at ~1.5 times the rate of strains with I1spS-IDI genes targeted to
the high-copy pAQ1 plasmid. Reverse-transcriptase quantitative PCR (RT-gPCR)
showed that IspS transcript levels were stable over at least a week and more than 100-
times higher in dense cultures than in strains with IspS-1DI targeted to plasmid pAQ1.
Synechococcus with IspS-1DI targeted to the chromosomal petJ2 site produced isoprene

stably for a period of at least one month.
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MATERIALS AND METHODS
Strains and Culture Conditions

The wild type (WT) Synechococcus sp. PCC 7002 (hereafter Synechococcus
7002), a euryhaline, gram-negative, rod shaped, unicellular prokaryotic organism, was
isolated from the Magueys mud flats of Puerto Rico (101). Synechococcus 7002 grows
well under photoautotrophic conditions, requires vitamin By, for growth and can also
grow photoheterotrophically on glycerol. Synechococcus 7002 is capable of growth over
a wide range of sodium chloride (NaCl) concentrations and is extremely tolerant of high-
light irradiation (27, 102). Under optimal conditions [37 — 39°C, 1 — 3 % (v/v) CO; in air,
and saturating irradiation of ~250 pumol photons m?s*], Synechococcus 7002 has a
doubling time of ~3.5 hours. Synechococcus 7002 is naturally transformable (102) and its
genome is completely sequenced and (available on the National Center for Biotechnology

Information website, http://www.ncbi.nlm.nih.gov/).

The DH5a Escherichia coli strain was used to propagate the recombinant plasmids.
Its geneotypic characteristics include the following; F-, lacZ-f fragment, recA-, endA-,
gyrA96 (nalidixic acid resistance). DH5a forms blue colonies on medium containing
Isopropyl B-D-1-thiogalactopyranoside (IPTG) and X-gal, when it carries a plasmid that
carries the lacZ-a fragment. DH50 was grown on either Luria-Bertani (LB) medium or

Minimal Salts/glucose/thiamine medium (103).


http://www.ncbi.nlm.nih.gov/

The Synechococcus transformant strains that were available previously or

generated in this study and their characteristic genotypes are shown in Table 2.

Table 2. Synechococcus sp. PCC 7002 mutant strains used in this study

Strains Genotype and Charactersistics Source

7002 Wild type Synechococcus sp. PCC 7002, control strain Pasteur

Culture
Collection

7002 (1108)-IspS- | pAQ1::IspS-1DI-Sp™/Sm"® Matthew

DI A transformant strain carrying IspS and IDI Nelson,
transgenes targeted to plasmid pAQL. The DNA UWo
construct confers streptomycin and spectinomycin
resistance.

7002 AGIgAl GlgAl:Km® Brandon
Carries a kanamycin resistance gene cassette I\h(()jmas &
inserted into the glycogen synthase glgA1 gene. harea

glycogen sy gigntg Felton, UWO

7002 AGIgA2 GlgA2:Em® This study
Carries an erythromycin resistance gene cassette
inserted into the glycogen synthase glgA2.

7002 (1305) GlgAl::Km® GlgA2::Em®, pAQ1::IspS-IDI- This study

AGIgA1A2-1spS- | Sp~/SmR

DI Transformant strain carrying inactivated glgAl and
glgA2 genes, and IspS-IDI genes targeted to
plasmid pAQ1. Carries resistance to Km, Em, and
Sm/Sp.

7002 ApetJ2 petJ2::1spS-1DI-Sp™/Sm® This study
Transformant strain carrying IspS-1DI genes
inserted into the chromosomal petJ2 gene. Carries
resistance to Sm/Sp.

7002 (1401) ‘Dual’ | PetJ2::IspS-1DI-Sp™/Sm", pAQ1::IspS-IDI-Km™ | This study

IspS-IDI

Carries dual sets and multiple copies of the IspS and
IDI genes. Carries IspS-IDI genes inserted into the
chromosomal petJ2 gene and the high-copy pAQ1
plasmid. Carries resistance to Sm/Sp and Km.

35
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Growth and Maintenance of Stock Cultures

Stock cultures of both WT and mutant strains of Synechococcus 7002 were grown
and maintained in liquid A (D7) and A (D7) agar media (see Appendix) containing
appropriate antibiotics concentrations. Fresh stock cultures were grown with shaking
(100 - 150 rpm) on an orbital shaker positioned in a Percival incubator (Percival scientific,
lowa, USA) with controlled growth conditions (at 39°C and light intensity of ~200 umol
photons m™ s™). Longer-term stock cultures were maintained at room temperature with
slow shaking on an orbital shaker under light intensity of ~ 80 umol photons m?2s?t

supplied by cool-white fluorescent lamps.

Stock cultures of WT and mutant strains were checked for contamination by
streaking samples onto Luria-Bertani (LB) agar medium, followed by overnight
incubation at 37°C. Depending on the age and appearance of the stock culture, samples
streaked onto LB were incubated at 24 — 26°C (or room temperature) for up to a week or
more to determine possible contamination. Subsequently, cultures that were free of
contamination were used as inocula for growth experiments. To ensure that strains do not
show unnecessarily long lag phases during growth experiments, a fresh, sterile A (D7)
medium, e.g. 50 mL, containing appropriate antibiotics was inoculated with 300 — 500 pL
of stock culture followed by incubation with shaking at 39° C and light intensity of ~ 200
umol photons m™2s™ in a Percival incubator until the culture reached an optical density
[O.D750nm] Of 1.5 — 2.0. Depending on the growth experiment required, Roux flask bottles

or septum-capped culture bottles were used to mimic continuous or closed-vessel growth
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conditions (or systems), respectively. Cultures in Roux bottles were supplied with 3%
(v/v) CO; in air, while cultures grown in capped bottles were saturated with 100% CO, to
pH between 6.0 and 6.5 (usually pH ~6.5). Culture bottles were then maintained in
aquaria at 39°C with constant stirring using a magnetic stir bar and light intensity of ~

200 or 2000 umol photons m™s™ for optimal or high-light conditions, respectively.
Optical Density (O.D) Measurements and Analysis of Growth

An Agilent 8453 UV-visible spectrophotometer was used for optical density (OD)
measurements of cultures at 750 nm in 1.0 cm light-path cuvettes. Before cell density
measurements are taken, double-distilled water (ddH,O) was used as a blank. Then, 1.0
mL of culture was drawn from culture flask from which 100 pL is transferred into the
cuvette for OD measurement. The OD values recorded are plotted as logarithmic values

against time using Kaleidograph software.
Electrotransformation of DH5a Competent E. coli Cells

Electrocompetent cells were prepared as described in the Appendix. For
transformation of recombinant DNA constructs prepared by ‘Gibson Assembly’
(described below), 2 uL of Gibson Assembly reaction product containing a desired
recombinant plasmid construct (~20 ng of plasmid DNA) was added to 40 pL
electrocompetent E. coli DH5a cells. The tube containing the mixture was flicked several
times, followed by incubation on ice for 2 minutes. The cell suspension was transferred
into a cold 0.2 cm gap electroporation cuvette and placed into a pre-chilled

electroporation chamber in a BioRad Gene Pulser device set to 25 pF constant



38

capacitance and 200 Q resistance, and pulsed once at 2 KV (~ 4.5 ms).Then, 0.5 mL SOC
medium (see Appendix) was immediately added to the cuvette and the cell suspension
transferred into a sterile 15 mL culture tube. An additional 0.5 mL SOC was used to rinse
the cuvette. The cell suspension was incubated at 37°C with shaking (~150 rpm) for 1
hour. Then, 500 pL of the electro-transformant cell suspension was spread onto LB plates
containing antibiotic (as determined by the antibiotic resistance gene cassette used for
gene interruption) at appropriate concentrations to select for recombinant plasmids.
Transformation plates were allowed to dry under sterile conditions and then incubated

overnight at 37°C.

DNA Manipulations and Cloning

Standard molecular genetics techniques were used according to Maniatis et al.
(104) unless otherwise stated. Synechococcus genomic DNA used as the template for
amplifying upstream and downstream regions of genes of interest was extracted from 0.6
mL wild type cells (typically OD7sonm 0.5 or greater) using a modification of the ‘Chelex
extraction method’ developed by Berthold et al. (105) for DNA extraction from
Chlamydomonas. Briefly, 0.6 mL of wild-type cells was concentrated by centrifugation
at 14,000 x g and suspended in 40 pL cold ethanol (50% v/v), followed by addition of 0.2
mL Chelex-100 [Bio-Rad] suspension (5% wi/v). The suspension was vortexed for 1
minute, heated in boiling water for 10 minutes, and then immediately cooled on ice. After

cooling, the suspension was vortexed briefly and centrifuged for 7 minutes at 14,000 x g
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to pellet cell debris and resin. The supernatant was transferred into a clean, sterile

microcentrifuge tube and stored at -20°C.
Quantification of DNA and RNA

An Agilent 8453 UV-visible spectrophotometer was used according to the
manufacturer’s recommendation. Samples were diluted (e.g by a factor of 20 or 30) into
distilled water. DNA concentration were calculated relative to a net absorbance of 1.0
(A260nm-As20nm) = 50 pg/mL double-stranded DNA or 1.0 Azsonm-Aszonm) = 33 pg/mL

single-stranded RNA.

Polymerase Chain Reaction (PCR)

Master mixes were prepared based on 1x PCR reactions. A typical 1x reaction
contained: 0.5 pL HF Phusion DNA polymerase (2U/uL) [Thermo Fischer], 200 uM
deoxynucleoside triphosphates (dNTPs), 0.2 uM of each primer, 1x Phusion DNA
polymerase buffer, template DNA and nuclease-free water in a final volume of 50 uL.
One (1.0) ng of plasmid DNA or 100 — 200 ng of genomic DNA was used as template
DNA for PCR. Reactions, in an Eppendorf gradient thermalcycler, were typically run
with the cycle profile: 98°C for 2 minutes initial denaturation, followed by 30 cycles of
98°C for 30 seconds, 30 seconds at optimal annealing temperature for primer pair (see
Table 3), 72°C extension (based on estimated DNA synthesis rate of 40 seconds per 1000

bp), and a final extension of 10 minutes at 72°C.
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Gel Electrophoresis

DNA samples were run in gels using Tris-Borate-EDTA buffer (see Appendix).
Briefly, 5 puL of PCR or enzyme digestion products were mixed with 3 pL of 1x loading
buffer and 2 pL of Syber green (1/1000 dilution) and loaded onto an 0.8% (w/v) agarose
gel. 5 pL of 1 kb DNA ladder (NEB) was loaded as a standard. The gel apparatus was
supplied with a constant voltage of 100 volts for 40 minutes. After electrophoresis, gels

were scanned using either a Bio-Rad FX® scanner or Gel Doc imager®.

Construction of Recombinant Plasmids

To generate recombinant plasmids carrying desired inactivation constructs,
component fragments were first amplified from genomic DNA or plasmid DNA
templates by polymerase chain reaction (PCR). A DNA inactivation construct design is
composed of an upstream gene fragment, an antibiotic resistant gene cassette and a
downstream gene fragment, respectively. To facilitate replacement of wild type copies of
gene(s) of interest by homologous recombination, flanking DNA fragments of ~ 500 —
800 bp in size with homology to the upstream and downstream regions of gene of interest
were used to target the linear inactivation DNA constructs to the desired chromosomal or
plasmid sites.

The recombinant plasmids constructed in this study used a pUC57 plasmid
backbone fragment, amplified from plasmid pOSH1108 (see Figure 10). The pUC57
DNA fragment carries both an origin of replication and an ampicillin resistance gene

cassette, Ap~. The amplification of DNA fragments by PCR was achieved with primers
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shown in Table 3. Lastly, an in-vitro, Gibson Assembly technique, was used to assemble
the component DNA fragments into a recombinant circularized plasmid. The assembled
DNA (recombinant plasmid) was either used directly for transformation or as a template
for PCR.

Recombinant plasmids were generated by an in-vitro assembly technique known
as Gibson Assembly developed by Daniel Gibson and colleagues in 2009. The Gibson
Assembly reaction allows for assembly of multiple overlapping DNA (deoxyribonucleic
acid) fragments in-vitro. The Gibson Assembly Master Mix contains 1) An exonuclease
that chews back 5’ ends to create 3’ single-stranded overhangs that anneal to fragments
that share complementary overlap regions, 2) A DNA polymerase that fills gaps within
each annealed fragment, and 3) A DNA ligase that seals the nicks in the assembled DNA
(106, 107).

The concentration of each DNA fragment used in the Gibson assembly reaction
was calculated as recommended by NEB. Thus: concentration (pmol) = [weight (ng) x
1000] / [fragment size (bp) x 650 Daltons]. Each DNA component (at 0.1 - 0.2 pmol) was
added to 10 pL Gibson assembly mix followed by addition of nuclease-free water for a
final volume of 20 pL. The reaction mixture was incubated at 50°C for 1-2 hours

followed by inactivation at 98°C for 2 minutes.



Table 3. PCR Primers used in this study.

Primers Nucleotide sequence (5°-3” direction) Tmused
GlgAl-al GACTGCATGCGCAATATCCAATGTCCGACC 63°C
GlgAl-a4 CTGAGAATTCCAAACCTGTGCTATCTTGCC 63°C
GlgA2-al GACTGCATGCGAATAATGCCGTCCTGTTGCG 63°C
GlgA2-a2 CTCTTGCGGGATATCGTCCATCAGACTAAGCT | 63°C
CGCGACTG

GlgA2_a3 GTGAATCGATAAGCTTGCATGCTATACACCGT | 63°C
GTACCCAGAGG

GlgA2_ a4 GACTGGATCCTGCGTAGGGCAACTTCTCCG 63°C

pRL409-Em~-F2 GATGGACGATATCCCGCAAGAG 63°C

pRL409-Em"-R GCATGCAAGCTTATCGATTCAC 63°C

GlgA2-F-pUC57-R GACGGCATTATTCGCATGCAGTCTGGCGTAAT | 63°C
CATGGTCATAGC

GlgA2-R-pUC57-F GTTGCCCTACGCAGGATCCAGTCGTGCACTCT | 63°C
CAGTACAATCTG

PetJ2-al CGACCAGGTCATTCGCCAG 62°C

1108-IspS-IDI-F_PetJ2-a2 CGAATTCGCCTCCTGAATAAAT- 62°C
CCCTGGTCGAGATCAGCAC

1108-IspS-IDI-R_PetJ2-a3 | CTAACAATTCGCTCGACGTCGAC- 62°C
GGCAATATGTCCGCCTACG

PetJ2-a4 CGATTGGCTACGCAACTATC 62°C

PetJ2-a4-pUC57-R GATAGTTGCGTAGCCAATCG- 62°C
TGGCGTAATCATGGTCATAGC

PetJ2-al-pUC57-F CTGGCGAATGACCTGGTC- 62°C
GTGCACTCTCAGTACAATCTG

1108-IspS-IDI-F ATTTATTCAGGAGGCGAATTCG 62°C

1108-IspS-IDI-R GTCGACGTCGAGCGAATTGTTAG 62°C

pAQl-F CTCTCACCAAAGATTCACCTG 68°C

pAQ1-flank AR GCATGCGGGGTTTTCTCGTGTTTAGGC 68°C

pAQ1-R CATGAGTGGGGGAAAACGAACC 68°C
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The melting temperatures, T, represent the temperatures at which the primer pairs anneal to the
template binding regions. The T, indicates annealing temperature for each primer pair as
determined by gradient PCR. The nucleotide sequences underlined represent the restriction
site(s) introduced into the primer sequences by design. The nucleotide sequences in red
represent primer overhangs to allow annealing of overlapping complementary regions of
component DNA fragments in Gibson Assembly reactions.
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Construction of the Synechococcus 7002-1spS-1DI Strain

The 7002-1spS-IDI strain was constructed using the wild type Synechococcus
7002 strain as host. This strain was constructed by a genetic engineering strategy that
targeted the optimized IspS and IDI genes to a high-copy plasmid pAQL1 (see Figure 8). A
DNA construct, 5014 bp in size flanked by pAQ1 upstream and downstream regions and
carrying a spectinomycin-streptomycin linked antibiotic resistant gene cassette was
generated by PCR from plasmid pOSH1108 (see Figure 10) using the pAQ1-F/pAQ1-
flank R primer pair (see Table 3). The purified DNA construct generated from PCR was
used to transform wild type Synechococcus 7002 with targeting to the high copy plasmid

pAQ1. This strain was generously provided by Matthew Nelson, UW-Oshkosh.
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Figure 8. Genetic engineering strategy for targeting codon-optimized IspS and IDI
transgenes to plasmid pAQL. First, the DNA construct carrying the codon-optimized
transgenes is amplified from the pOSH1108 parent plasmid and the generated amplicon is
targeted to the high copy pAQ1 plasmid, in Synechococcus 7002 and transformant cells.
Originally adapted from Xu and Bryant, 2011 (Credit: Matthew Nelson, UW-Oshkosh).
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Restriction Enzyme Digestion

To ensure that there was no carry-over of parent plasmid DNA into Gibson
assembly reactions, plasmid templates were linearized using restriction enzymes that cut
only at unique restriction sites. 400ng of plasmid pRL409 (Figure 9) was linearized using
Ndel restriction enzyme [NEB], 2 uL of 10x NEB 4 buffer and sterile double—distilled
water (ddH,0) for a 20 pL final reaction volume. Also, 500ng plasmid pOSH1108
(Figure 10) was linearized using Ncol enzyme [NEB], 2 puL of 10x NEB 3 buffer and
ddH,O for a final volume of 20 uL. The digestion reactions were incubated at 37°C for 2
hours, followed by heat inactivation at 65°C for 5 minutes. Successful digestion reaction

was confirmed by agarose gel electrophoresis.
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Plasmid pRL409

Hindlll Hpal

Figure 9: Plasmid pRL409. The red arrow shows the region on the plasmid DNA
encoding the erythromycin resistance gene cassette, Em®. The primer pair pRL409-EmR-F2
and pRL409-Em®-R amplifies the DNA fragment carrying the EmR gene cassette. The Em®
gene cassette was used to generate a recombinant plasmid carrying the glgA2-EmR®
inactivation construct using in-vitro Gibson Assembly technique.
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Figure 10: Plasmid pOSH1108. The region shown in red represents the plasmid pUC57
DNA fragment. The pUC57 DNA region which carries the sequence encoding the origin of
replication also carries an ampicillin resistance gene cassette, Ap~. These features made the
pUC57 DNA fragment a suitable plasmid backbone for generation of recombinant plasmids in
this research. The region between the EcoRI and Sall restriction sites represents the sequence
encoding the DNA construct carrying the PcpcB promoter (from Synechocystis sp. 6803), the
IspS and IDI transgenes from poplar plant and a streptomycin-spectinomycin, Sp~/SmF linked,
resistance gene cassette. This DNA construct enables isoprene production in genetically
transformed Synechococcus 7002 strains. (Constructed by Matthew Nelson, UW Oshkosh.)
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Glycogen Assay

Cells were harvested as described by Xu et al. (89), to obtain cells equivalent to
ODy750nm X culture volume (mL) = 2.5 (i.e., for a culture at 1.0 OD7s0nm, 2.5 mL cells were
harvested). Harvested cell culture was transferred into a sterile tube and centrifuged at
10,000 x g for 10 minutes. The tube was inverted to allow the pellet to dry. The pellet
was suspended in 500 uL diluent (10mM Tris-HCI pH 7.5, 10mM NaCl) for the 10x
BugBuster™ (Novagen) protein extraction reagent. The resuspended cell pellet in 500 pL
of 1x BugBuster™ reagent was mixed by vortexing gently. Before the next step,
lysozyme and DNase I, were added to 2.5 mg/mL and 30 ug/mL final concentrations,
respectively, and incubated at 37°C for 10 — 30 minutes but 2 hours was used to ensure
complete reaction. After incubation, samples were centrifuged at 14,000 x g for 20
minutes at 4°C. The supernatant was transferred to a clean screw-cap microcentrifuge

tube and stored at -20° C.

A portion (150 pL) of the saved ‘Bugbuster’ supernatant from above was
transferred to a clean screw-cap microcentrifuge tube for glycogen assay. Prior to
transferring from the BugBuster extract, tubes were centrifuged for 6 minutes at 4°C for
14,000 x g. For the glucose assay, a fresh 5 mg/mL amyloglucosidase (70 U/mg from A.
niger) solution was prepared in 100 mM sodium acetate (pH = 5.1). The 150 uL
supernatant sample was added to 300 puL of 100 mM sodium Acetate (pH=5.1), and 50

uL of 5mg/mL amyloglucosidase stock solution. The reaction mixture was incubated
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overnight at 50°C in roller tubes in the Robins Scientific 310 hybridization incubator to

allow mixing.

After overnight incubation, the reaction mixture was centrifuged for 6 minutes at
4°C for 14,000 x g. Thereafter, 100 pL of the supernatant was transferred to a new tube
for glucose determination. Glucose released from overnight samples (containing
extracted glycogen) was determined as described in the Sigma Glucose Assay Kit (Sigma
Aldrich) protocol. To determine the amounts of glucose released from glycogen samples
extracted from Synechococcus 7002 strains, glucose standards were prepared for standard

curves as shown in Table 4.

Table 4. Glucose standard preparation and concentrations

Tube Volume of diluent Volume of glucose Final
(UL water) standard added Concentration
(uL stock solution, (ng/mL)
1mg/mL)

Standard 1 100uL Bugbuster NIL, No glucose standard 0
(Blank) Reagent (1X) added

Standard 2 98 2 20
Standard 3 96 4 40
Standard 4 94 6 60
Standard 5 92 8 80
Standard 6 90 10 100

In addition to the glucose standards (Table 4), an assay reagent was prepared by
adding 0.8 mL o-dianisidine reagent to 39.2 mL of glucose-oxidase/peroxidase reagent
and protected from light. The assay reagent (200 pL) was added at time t = 0 to the
standard 1 tube and mixed well. An interval of 30 to 60 seconds was allowed between

additions to subsequent standards, 2 to 6, (as shown in Table 4 above). Each tube was
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incubated at 37°C for exactly 30 minutes and the reaction was stopped by addition of 200
uL 12N sulphuric acid. The overnight samples were also treated with assay reagent and
the reactions quenched with sulpuric acid as described above. Reaction products (300 pL)
were transferred to a clean micro titer dish and absorbance at 540 nm was read against the
reagent blank (see Table 4 above) in a Spectra Max plus 384 (Molecular Devices)
microtiter plate spectrophotometer. A standard curve of absorbance (Assonm) as a function
of glucose concentration was prepared using the SoftMax pro software. The
concentration of glycogen (as units of glucose) in each sample was determined relative to

the standard curve.

RNA Isolation and Purity Check

A hot-phenol RNA-isolation procedure was used as described by Mohamed and
Jansson (108) with some modifications. First, crude RNA was isolated from cultures
grown to a desired O.D750nm by harvesting 2 x 40 mL of cultures and injecting rapidly
into two (2) 50 mL Oakridge tubes containing 5 mL cold 10x metabolic stop solution (50%
equilibrated phenol, 48% 0.5M sodium ethylenediaminetetraacetic acid (Na,EDTA) pH
8.0 and 2% B-mercaptoethanol by volume). After vigorous shaking to mix the contents of
the tubes, samples were centrifuged at 4°C for 15 minutes at 10,000 rpm, using SR-30
GSA rotor in a Sorvall RC5C centrifuge. After centrifuging, the supernatant was
discarded and the tube blotted on clean Kimwipes to remove remaining supernatant. The
pellets were resuspended in 1 mL resuspension buffer (300 mM sucrose, 10 mM sodium

acetate pH 4.5 in DEPC (diethylpyrocarbonate) treated water) and centrifuged at 10,000 x
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g for 1 minute at 4°C. The supernatant was discarded and pellets resuspended in 1 mL
suspension buffer and the process repeated. The pellets were drained of residual buffer

solution before storage at -80°C.

Afterwards, these pellets were thawed on ice, followed by addition of 38 pL of
0.5 M Na,EDTA pH 8.0, 320 pL of cell resuspension buffer, 340 pL of 111 mM sodium
acetate pH 4.5 and 38 pL of 20% Sodium dodecyl sulfate (SDS), respectively. The
suspended cells were vortexed after addition of 20% SDS, and incubated at 65°C for 10
minutes. During incubation, tubes were mixed by inversion at 2 minutes intervals. After
incubation, 700 pL of hot acidic phenol (incubated at 65°C) was added and the resultant
mixture was incubated for 5 minutes. During incubation at 65°C tubes were mixed twice.
Following incubation, the cell mixtures were immediately cooled at -80°C for 45 - 60
seconds. After cooling, the suspension was centrifuged at room temperature for 10
minutes at 14,000 x g. The aqueous phase was carefully transferred to a clean sterile
screw-cap microcentrifuge tube, followed by further addition of 100 - 200 pL extraction
solution (38 uL 0.5 M NayEDTA, 320 pL cell suspension buffer, and 340 uL sodium
acetate, pH 4.5) to increase the volume of the aqueous phase for easier recovery. The
aqueous phase was treated twice with an equal volume of 25:24:1
phenol/chloroform/isoamyl alchohol, with thorough mixing after each treatment,

followed by centrifugation at 14,000 x g for 1 minute.

The agueous phase was recovered and treated twice with an equal volume of 24:1

chloroform/isoamyl alcohol, with each step followed by thorough mixing and
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centrifugation at 14,000 x g for 1 minute at room temperature. The recovered aqueous
phase was then transferred into a clean microcentrifuge tube. One-fourth (1/4) volume of
10 M lithium chloride was added to the recovered aqueous phase followed by addition of
2.5 volumes of absolute (100%) ethanol. The resulting mixture was incubated at -20°C
for 60 - 75 minutes to allow for RNA precipitation, followed by centrifugation at 14,000
x g for 20 minutes at 4°C. The crude RNA precipitate or pellets (contaminated by DNA)
was carefully washed with 70% ethanol to prevent loss of the pellets and this process was
repeated twice. After washing, pellets were allowed to dry in the laminar flow hood
before resuspension in DEPC-treated 10T/0.1E buffer, pH 8.2 (containing 10 mM Tris-

HCl and 0.1 mM disodium EDTA).

The Second step required the removal of DNA contamination from the crude
RNA. The isolated RNA was treated with Ambion DNAse supplied in Turbo DNA-free
kit according to the manufacturer’s recommendation. Ten (10.0) pg of crude RNA was
added to 5 pL 10x Turbo DNase buffer, 1 pL Turbo DNase enzyme (2 U/uL) and DEPC
treated water for a final volume of 50 pL. This was followed by incubation at 37°C for 45
minutes and addition of 5 pLL Turbo DNase inactivation reagent after incubation. Samples
were centrifuged at 10,000 rpm for 2 minutes at room temperature and supernatants
carefully transferred into sterile microcentrifuge tubes and stored at -80°C. This step was
repeated, if treated RNA still contained DNA contamination. This is to ensure complete
removal of DNA from the RNA samples. In that case, 1 pL of Turbo DNase enzyme
(2U/uL) and a Turbo second DNase digest buffer was added to one-tenth of the volume

of sample from the first treatment. The samples were incubated at 37°C for 60 minutes
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after which Turbo DNase inactivation buffer was added to 1/10™ the sample volume. This
was followed by incubation at room temperature for 2 minutes after which samples were
centrifuged for 2 minutes at 10,000 rpm. The recovered supernatant from each sample

was transferred to a clean tube.

Third, RNA purity was checked by PCR and RT-PCR analysis. PCR and RT-PCR
reactions were set up to determine the purity of isolated RNA using Access RT-PCR
reagents (Promega). For PCR, 1 pL of RNA sample was added to 10 puL of 5x AMV
(Avian Myeloblastosis virus) reverse transcriptase, 5x Tfl (Thermus flavus) DNA
polymerase buffer, 5 uL of 10 mM dNTPs, 2.5 uL each of 20 uM forward and reverse
primers, 2 pL of 25 mM Magnesium sulphate (MgSO4), 1 uL Tfl polymerase (5U/uL)
and nuclease-free water for a final reaction volume of 50 puL. For RT-PCR reactions, the
reagents included those used for PCR and 1 uL. AMV reverse transcriptase (SU/uL) in
addition. A positive control reaction contained 2.5 attomoles RNA supplied by Promega
and other components for RT-PCR (as explained above). The thermalcyler (Eppendorf
mastercycler gradient™) profile used was an initial reverse transcription cycle of 45°C
for 45 minutes, followed by 94°C for 2 minutes for AMV reverse transcriptase
inactivation. The second step of 40 cycles each with initial denaturation of 94°C for 30
seconds, annealing at 60°C for 1 minute and extension at 68°C for 2 minutes. The
products of the PCR, RT-PCR and RT-PCR control reactions were analyzed using
agarose gel electrophoresis. The primer-pair TL-F, > ACGATCACCGTTTCCTTC 3’

and TK-2, 5’ AGCCATCGCCACCGGACGAC 3,” amplified a 800 bp fragment of the
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PetBD operon of Synechococcus 7002, and was used for positive control for RNA quality

by RT-PCR and detection of DNA contamination by PCR.

Complementary DNA (cDNA) Synthesis for Reverse Transcriptase Quantitative

PCR (RT-gPCR)

After carrying out RT-PCR and PCR purity check described above, the status of
DNA-free RNA was confirmed and cDNA synthesis proceeded. Following pure RNA
quantification, 500 ng of DNA-free RNA was added to 25mM magnesium chloride, 5x
AMV reverse transcriptase buffer, 10 mM dNTP, 1 uL of RNAsin plus (40U/uL), AMV
reverse transcriptase (5U/uL), 1 uL random hexamers (0.3 pg/uL) and nuclease free
water as described in the Access RT-PCR protocol (Promega). The mixture was placed in
an Eppendorf mastercycler thermalcycler and incubated at 42°C for 60 minutes, followed
by AMV RT inactivation and RNA-cDNA primer denaturation at 94°C for 2 minutes.
After the completion of the reaction, the cDNA products were maintained on ice while

the concentration of the cDNA was determined using the Agilent spectrophotometer.
Primers and Probes for RT-gPCR

Primers and ‘Tagman’ probes originally designed by Matthew Nelson and Toivo
Kallas were provided for use. The design was based on the following parameters; For
primers: annealing temperature, Ty, = 57 - 61°C with difference in primer pair T, not
exceeding 2°C, a GC content of 45-60% with presence of G or C nucleotide at the 3
position of the primers and length of primer about 15 - 22 bp. For probes; T,, = 67 - 70°C,

a maximum T, difference of 5-6°C between primer and probe, GC content of 45 - 60%,
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and length of probe should be 23 - 27 bp. For probes, guanine should be avoided at the 5’
end. The primers and probe (shown in Table 5) were designed for Synechococcus 7002
codon-optimized, poplar IspS transgene nucleotide sequence. The probe was designed to
carry a fluorescent 5-carboxyfluorescein dye (5-FAM) at the 5 end and a Black-hole

quencher (BHQ-1) dye at the 3’ end.

Table 5. Probe and primers designed for RT-gPCR
Gene Type Sequence
IspS Syn 7002-1spS-CO Taq Probe | TTCGCCGTGCATTAGATCGGT
(codon-optimized) TTGTG
Syn 7002-1spS-CO-F primer GTTTGGGTTACCGGTTTGAG
Syn 7002-1spS-CO-R primer | TCTTGGTCACCGCATCAAAG

Primer-Probe Validation and Efficiency Determination

Normalization of results obtained from the described primer-probe set requires
the validation of such primers and probes for g°PCR or RT-gPCR experiments. Reaction
volumes were scaled down to 20 puL and plasmid template DNA or crude RNA was
serially diluted 10 fold over 5 log;g values (e.g., from 10 ng/uL to 0.1 pg/uL). Thus, for
the primer-probe set, five reaction tubes and a no-template negative control were set up.
The reaction master mix was set up thus: 10 uL of 2x Bull’s Eye Tagman PCR master
mix, 1 uL of both forward and reverse primer (final concentration 1 uM), 0.25uL of
corresponding probe (final concentration=200 nM), and nuclease free or DEPC-treated
water for a final volume of 20uL. Reactions were run in an Applied Biosystems (ABI

Step One™) real-time PCR machine using a cycle profile of 95°C for 10 minutes for
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DNA polymerase activation, followed by denaturation of double-stranded DNA at 95°C
for 15 seconds, and primer annealing and extension at 60°C for 1 minute, repeated for 40
cycles. The validation reactions were set up using the ‘Quantitation standard curve’
program with threshold cycle values automatically set to 0.05 by the software. The cycle
to threshold (C+) values obtained for each dilution points for the primer-probe set were
plotted as a function of the log;o concentration of the starting template. The efficiency of
the primer-probe set was determined from the slope of the line on this graph. Percent
Efficiency = (E — 1) x 100 % where Amplification Efficiency, E =10 *'*, A PCR

efficiency of 92% or greater was considered acceptable for direct comparisons.
RT-gPCR Gene Expression Studies

The reaction components and cycling profile for these experiments were similar
to those described above for primer-probe efficiency tests. However, the method of
analysis used was comparative C+ (or A Ct). The means of cycle to threshold (C+) values
of three technical replicates for each sample (or biological replicate) was used as the
cycle to threshold value for each biological replicate. RNA templates were extracted from
strains grown to either low optical densities (OD7sonm) 0f 0.5 — 1.0 or high OD7sgnm 0f 4.0
- 8.0. The threshold values were manually adjusted to 0.05 for all samples.
Complementary DNA (cDNA) pools generated from DNA-free RNAs extracted from
‘Dual IspS-IDI’, 7002-1spS-IDI and APetJ2 strains were used as templates for the RT-
gPCR gene expression studies. As an internal control, each of the technical triplicates

was separately spiked with 67.2 pg/uL of a plasmid pOSH1108 DNA (which carries the
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codon-optimized IspS gene sequence) corresponding to ~ 8 x 10° million copies of the
plasmid. The plasmid copy number was calculated as recommended by ABI: weight in
Daltons (g/mole) = (size of plasmid) (660 Da/bp). Then, copy number (g/molecule) =

Weight of plasmid + Avogadro’s number.

The gene expression levels were determined by normalizing to the IspS transcript
level in the strain that showed the highest cycle to threshold, C+ values. These Cyvalues
were obtained from the mean Cr values of three biological replicates in the three
transformant strains grown to low- and high- cell densities. By this approach the AC+
(gene-expression) values obtained can be expressed as relative transcript levels (log.

scale) as a function of cell density (optical density) in the harvested cultures.
Isoprene Toxicity Test

Sealed, 250 mL septum-capped Boston round bottles were set up to mimic a
closed photobioreactor system. Cultures grown in sealed bottles were saturated with 100%
CO, to a pH of 6.0 to 6.5 (usually pH of 6.5) prior to incubation. Culture bottles were
inoculated with wild type Synechococcus 7002 to 0.1 OD7sonm @and maintained in an
aquarium at 39°C with constant stirring from a magnetic stirrer and light intensity of
~200 pmol photons m?s™. Dilutions of liquid isoprene (MW 68.12 g/mol, Sigma
Aldrich), prepared in 100% ethanol, were added to the cultures in the sealed bottles. Each
dilution series was prepared by adding liquid isoprene and ethanol for a final volume of

200 pL. A control culture had no liquid isoprene added. A clean syringe was used to draw
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1.0 mL culture samples at intervals, from each culture bottle for optical density

measurements at 750 nm and growth rate determinations.

Isoprene Production Assays

For isoprene production assays, Synechococcus cells were inoculated to a starting
ODy750nm 0f 0.5 and grown overnight in 200 mL volumes of A (D7) medium in a 250 mL
sealed Boston round bottle at 37°C with constant stirring at 200 pmol photons m’s ™ light
intensity. The culture was saturated with 100% (v/v) CO, to a pH of 6.5 prior to
incubation. To eliminate carry-over of isoprene traces from previous assays, bottles were
thoroughly rinsed with ethanol (95% v/v), and then dried. Isoprene accumulated in the
culture head-space was analyzed by a Gas Chromatography - Mass Spectrometry (GC-
MS). Head-space gas was drawn through the septum-cap of the sealed culture bottle with
a 100 pL Hamilton gas tight syringe and immediately injected into the GC. To determine
the relative quantity of isoprene in sample gases, a calibration curve showing isoprene
peak height from chromatogram as a function of isoprene amount (ppm) injected in the
GC was constructed. To plot the calibration curve, a serial dilution of vaporized pure
liquid isoprene standard (Sigma Aldrich, USA) of known concentration (ng/ul) was
prepared. For the high end dilution, 2.5 uL of liquid isoprene standard was added to a
tightly sealed septum-capped bottle and allowed to completely evaporate into gaseous
phase by placing in an oven at 37°C for ~ 20 minutes. Following the preparation of
several dilutions, 100 uL samples drawn from each dilution was injected and analyzed by

the GC.
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Isoprene analysis was performed using a Focus GC linked to a DSQ-11 Mass
Spectrometer (Thermo Scientific) with a Restek PLOT (Porous Layer Open Tubular) Rt-
U-BOND column (Restek Inc., Bellefonte, PA) with Xcalibur software. The GC oven
temperature was maintained at 150°C and held for 5.5 minutes. The ion source
temperature was 200°C and samples injected into GC with split ratio of 1:10. Single lon
Monitoring (SIM) method was used to identify isoprene from samples using a low mass
exclusion of 41 and qualifier ions set to 53, 67, and 68 m/z. The peak retention time for
isoprene was 5.5 minutes. Isoprene was identified by comparing the retention times of

sampled gas with that of a standard sample and its full scan mass spectrum.

Fast Isoprene Sensor (FIS) for Real-Time Isoprene Measurements

The Fast Isoprene sensor (FIS) [Hills Scientific Boulder, Colorado USA], is a
sensitive detecting system and can measure isoprene from less than 1 ppb to ppm
isoprene. The FIS works on the basis that isoprene reacts with ozone to produce violet
light of 435 nm. The violet light produced is detected and counted by a photon detector
for quantitative, real-time detection of isoprene using the LabView software provided by
manufacturer. According to manufacturer’s recommendation, oxygen and the ozonizer
were switched on for at least 1 hour (and preferably overnight) before calibrations to
allow FIS warm up and signal to fully stabilize. Sample gas was run until a continuous
steady state was achieved to eliminate the possibility of sampling pre-existing isoprene in
the culture head space. Before each calibration, the standard gas supply was purged for

10 seconds to remove degraded isoprene held in the tubing and connections (109). For
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sample analysis, the FIS pump actively draws headspace gas into the reaction cell at a
user-defined and electronically controlled flow rate. Oxygen was supplied at a pressure
and flow rate recommended by manufacturer to ensure that there was sufficient ozone to

react with the sample isoprene.

The culture volume in sealed photobioreactors was kept at two-thirds or less of
the vessel volume to allow sufficient headspace for gas sampling while concurrently
preventing bubbling-induced water droplets from entering the sampling outlet and
reaching the reaction cell of the FIS. The correspondence between isoprene concentration
and FIS signal output (photon counts) is linear over several thousand fold, and a 4 or 5
point calibration provides an excellent reference. The calibration response thus yields
both the zero count of background noise for y-intercept and calibration conversion factor
represented by the slope of the graph. Isoprene concentrations in the calibration standard

and samples were determined as follows:

Isoprene (ppb, gas phase) = (photon counts - base line count) + calibration factor where

base-line count = signal count at zero isoprene.

Isoprene (in FIS reaction cell) = (Isoprene standard gas)(isoprene standard gas flow) +
gas flow (in reaction cell) where reaction cell flow is a mixture of ozone flow, and flow
of either sample-isoprene from a culture head-space or isoprene standard gas. Isoprene in
the standard gas was 19.6 ppm isoprene in N gas. Figure 11 illustrates the FIS

configuration.
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Figure 11. Schematic of the Fast Isoprene Sensor (FIS) for measurement of
isoprene from culture head-spaces. Silicone tubing and connectors were used to connect
all of the components: oxygen gas, ozone gas from the ozonizer, isoprene standard gas, and
head-space gas from the culture vessel to the FIS. Arrows show the directions of the gas flows.
Oxygen gas is first converted to ozone (O3) by an ozonizer and then channeled into the FIS.
Ambient air, sample gas, and ozone are mixed via a connector before being channeled into the
FIS. The photon signals generated in the reaction cell, amplified by a photomultiplier, and
displayed in LabView software.
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RESULTS

Inactivation of a Competing Glycogen Pathway
Construction of the pUC57-glgA2-EmR Recombinant Plasmid.

Following the Gibson Assembly reaction method, primers were designed to
produce a recombinant plasmid carrying a DNA inactivation construct containing an
erythromycin resistance gene cassette flanked by upstream and downstream regions of
the glgA2 gene. As illustrated in Figure 12, the GlgA2-al/GlgA2-a2 primer pair amplifies
686 bp upstream while GlgA2-a3/GlgA2-a4 primer pair amplifies 715 bp downstream of

the wild-type glgA2 gene.

pRL409-EmR-F2 pRL409-EmF-R
L 1523pp J
686 bp 715 bp
| ) >| y
glgA2-al a2 a3 glgA2-ad

Figure 12. GlgA2-Em~ DNA construct for glycogen synthase glgA2 gene
inactivation. Arrows show the primer pairs for generating the upstream and downstream
glgA2 fragments and the Em® resistance gene cassette. The primers GlgA2-al and GlgA2-a2
amplify the glgA2 upstream fragment; the GIgA2-a4 and GIgA2-a3 generate the downstream
fragment while the pRL409-Em®-F2 and pRL409-Em®-R amplify the erythromycin-resistance
gene cassette, Em®.

A 1523 bp erythromycin resistance gene cassette (Em®) was amplified from the
plasmid pRL409 (5.4 kb) using pRL409-EmR-F2/pRL409-Em®-R primers. The pUC57

plasmid backbone fragment (2436 bp) carrying an ampicillin gene cassette (Ap~) was
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amplified from the plasmid pOSH1108 (7.6 kb) with the GlgA2-F-pUC57-R and GIlgA2-
R-pUC57-F primer pair.

Following the Gibson assembly reaction, a 5.3 kb recombinant plasmid product
carrying the glgA2-Em” inactivation DNA construct was expected. Two (2) uL of the
Gibson assembly product was used to transform DHS5o E. coli cells by
electrotransformation. The transformation mixture was spread on LB plates containing
ampicillin (150 pg/mL final concentration). After overnight incubation, colonies were
randomly selected and transferred into Luria Bertani (LB) liquid medium containing
ampicillin followed by incubation at 37°C for ~ 16 hours.

Following overnight incubation, plasmids were extracted from transformant cell
cultures using the Wizard® Plus purification system (Promega) according to
manufacturer’s recommendation. Isolated plasmid DNA was quantified using the Agilent
8453 UV-visible spectrophotometer, followed by PCR analysis to determine whether the
isolated recombinant plasmid carried the expected glgA2-Em" inactivation construct.

Wild type Synechococcus 7002 cells grown to 0.4 OD7sonm Were transformed
using ~2 pg of the glgA2-Em® inactivation construct amplified from the product of the
Gibson assembly reaction. The transformation suspension was spread onto A (D7) agar
medium containing erythromycin (20 pg/mL) and incubated at 37°C under moderate
illumination of ~200 umol photons m™s™. After a week, a few putative AGIgA2 mutant
colonies observed on the plates were transferred into liquid A (D7) medium containing

erythromycin (20 ug/mL) and incubated with moderate shaking. Genomic DNA extracted
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from the 7002 AGIgA2 mutants was analyzed by PCR to determine if the isolated
mutants carried inactivated copies of the glgA2 gene.

The gel image shown in Figure 13 indicates that the primers designed to amplify
the upstream and downstream fragments of the wild type glgA2 produced the expected

sizes of 686 bp and 715 bp amplicons, respectively.

Figure 13. Gibson Assembly reaction DNA fragments for pUC57-glgA2-Em~
recombinant plasmid construction. Lanes 1 and 2 show PCR amplifications of upstream
and downstream flanking regions of glgA2 respectively. Lane 3, NEB 1 kb ladder; Lane 4,
pUCS57 fragment and Lane 5, Em® fragment.

The second step involved the linearization of the plasmid pRL409 and subsequent
amplification of the Em® gene cassette from plasmid pRL409. As expected, a 1.5 kb Em®
fragment was amplified from the linearized plasmid pRL409. Also shown in Figure 13, is
the pUC57 fragment (2.4 kb), carrying an Ap" gene cassette amplified from the plasmid

pOSH1108. The pUC57 fragment carrying an origin of replication served as the plasmid
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backbone for the construction of the recombinant plasmid, pUC57-glgA2-Em® carrying
the glgA2-EmR construct.

The expected Gibson reaction product shown in Figure 14 (a pUC57-glgA2-EmR
recombinant plasmid carrying the glgA2-Em® DNA inactivation construct) was used to
transform DHS5a E. coli cells. Plasmid DNA extracted from the isolated E. coli DHS5a
transformant clones were characterized by PCR to determine whether the recombinant

plasmid carried the expected glgA2-EmR inactivation construct.

BsaXI-1 Sphl

Recombinantplasmid
pUC57-gigA2-EmF
5360 bp
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Figure 14. Recombinant plasmid pUC57-glgA2-EmR carrying the glgA2-Em®
inactivation DNA construct. The region between the BamHI and Sphl restriction sites
contains the DNA fragment that carries the glgA2-Em” inactivation construct. A unique Hpal
restriction site (shown in red-colored font) is located in the region of the open reading frame
(ORF) coding for the erythromycin gene cassette, Em®.
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To characterize the recombinant plasmid pUC57-glgA2-Em®, the Em® and pUC57
DNA fragments were amplified. As expected, the amplified products produced band sizes
of 1.5 and 2.4 kb on an agarose gel. In addition, the size of the glgA2-Em" inactivation
DNA construct generated from the recombinant plasmid with the GlgA2-al/GlgA2-a4
primer pair (which also amplifies the native glgA2 gene) corresponded with the expected
fragment size of 2.9 kb. These results, as shown in Figure 15, indicate that the
recombinant plasmid, pUC57-glgA2-Em® carried the inactivation construct, glgA2-Em~

(2.9 kb), and that the Gibson Assembly reaction was successful.

1 2, 83] 4, §5) 16] {2 8. 9k 10 11 12

Figure 15. PCR tests to characterize the recombinant pUC57-glgA2-Em®
plasmid. Lanes 1, 5, 9 and 12 show the inactivation constructs amplified from GlgA2-al
and GlgA2-a4 primers; lanes 2, 6 and 10 show Em® gene fragments amplified from pRL409-
EmR-F2 and pRL409-Em®-R primers; lanes 3, 7 and 11 show pUC57 fragments amplified
from GlgA2-R-pUC57-F and GlgA2-F-pUC57-R primers. Lanes 4 and 8 show size standards
(1 kb NEB ladder).

To determine whether putative Synechococcus 7002 AGIgA2 mutants carried
inactivated copies of the glgA2 gene, genomic DNAs were extracted from these mutants
and characterized by PCR. As shown in Figure 16, the GlgA2-al/GlgA2-a4 primer pair
generated a 2.9 kb amplicon from the mutants, while a 2.6 kb fragment was produced

from wild type Synechococcus 7002 DNA. However, since the PCR products generated
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from genomic DNA templates of wild type and 7002 AGIgA2 mutants differed by only
~300 bp, it was difficult to discern the difference in sizes of the native glgA2 and

introduced glgA2-Em® copies on agarose gel.

1 23 45 6 7 8 91011121314

Figure 16. PCR analysis to determine replacement of the native glgA2 with the
inactivated glgA2-EmR gene construct in Synechococcus 7002 AGIgA2 mutants.
Lanes 2-6 and 8-12 from 7002 AGIgA2 mutants; lanes 1 and 13 from wildtype controls.
Lanes 7 and 14 show 1 kb NEB ladders.

To further distinguish between the native glgA2 and introduced glgA2-Em® copy,
both PCR products were digested with Hpal restriction endonuclease [NEB]. Since the
Em® gene inserted into the inactivated glgA2 copy in the 7002 AGIgA2 mutants carries a
unique Hpal site (see Figure 14), which is not present in the wild type glgA2 sequence,
restriction digestion with Hpal endonuclease should confirm whether the PCR amplicons
generated from the 7002 AGIgA2 mutants were inactivated alleles of wild type glgA2
gene. The result of the restriction digest analysis, as shown in (Figure 17), indicated that
the AGIgA2 PCR products digested with Hpal resulted into two bands (1995 bp and 932
bp) as expected, because of the presence of a Hpal restriction site. However, the wild

type glgA2 DNA was not cleaved by this enzyme because it did not carry a Hpal
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sequence. These results confirmed that the AGIgA2 DNA carried the erythromycin-
resistance gene containing the Hpal sequence and thus 7002 AGIgA2 mutants carried the
inactivated copy of the glgA2 gene. These results confirmed the replacement of the wild

type glgA2 gene with the interrupted glgA2-Em® allele in the AGIgA2 mutants.

12 3456 7 8 9 1011 12 13

A

Figure 17. Restriction analysis of Synechococcus 7002 AGIgA2 mutants. Lanes 1-7
and 9-12 show Hpal digests of PCR product from AGlgA2 mutant clones. Lanes 1 and 13
show glgA2 DNA fragments digested using Hpal enzyme from wild-type controls. Lane 8
shows size standards (1kb NEB ladder). The PCR products were amplified from the al and a4
primers that flank the glgA2 gene.

Construction of the Double Glycogen Synthase Null Mutant (7002 AGlgA1A2).

After the successful construction of a recombinant pUC57-glgA2-Em® plasmid
carrying the glgA2-Em® inactivation construct, PCR was used to amplify the glgA2-Em~
inactivation DNA construct using the GlgA2-al1/GlgA2-a4 primer pair. The product of
the PCR was purified using Wizard® PCR clean-up reagents (Promega) according to
manufacturer’s instructions. The 7002 AGIgA1 mutant (constructed by Brandon Thomas

and Andrea Felton, UW-Oshkosh) was transformed using ~2 pg of purified glgA2-Em".
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The Synechococcus 7002 AGlgA1 mutant carries inactivated copies of the glycogen
synthase, glgAl isogene. The glgAl gene sequence was interrupted with a kanamycin
resistant gene cassette. After transformation of the Synechococcus 7002 AGIgA1 mutant,
the cells were spread onto A (D7) plates containing both erythromycin and kanamycin at
20 pg/mL and 50 ug/mL final concentrations, respectively.

After two weeks of incubation at 37°C under moderate illumination of ~ 200 pumol
photons m™s™, mutant colonies observed were randomly selected and transferred into
fresh liquid medium in 15 mL sterile snap cap tubes. Erythromycin and kanamycin
antibiotic solutions were added to ensure selection and growth of only mutants carrying
inactivated copies of both glgAl and glgA2 isogenes. Genomic DNA extracted from cells
in tubes that showed growth, was used as template for PCR analysis to determine whether
the native copies of glgAl and glgA2 had been replaced by the inactivation constructs.
The PCR analysis was carried out using two separate pairs of primers GlgAl-al/GlgAl-
a4 and GlgA2-al/GlgA2-a4 which amplify glgA1-Km® and glgA2-Em® DNA inactivation
fragments, respectively.

As expected, the GlgA2-al/GlgA2-a4 primers generated a 2.9 kb amplicon from
mutant DNA whereas a 2.6 kb fragment was produced from wild-type DNA (as control),
indicating that the native glgA2 gene had been replaced by the inactivated glgA2-Em”
allele. Further, the GlgAl-al/GlgAl-a4 primer pair generated a 2.3 kb product from
mutant DNA templates relative to a 1.8 kb amplicon from wild type genomic DNA. The
results of these PCR analyses (Figure 18) showed that the mutant clones still maintained

inactivated copies of glgAl. Moreover, these data confirm integration of the inactivated
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glgA2-Em® gene and demonstrate the successful replacement, by homologous

recombination, of both the wild type glgA1 and glgAz2 alleles with the inactivated copies.

1 2 3 4 5 6 7 8 9 10 11
=
.~ < 2901 bp
- - < 2659 bp
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1844 bp —>

Figure 18. PCR analysis to characterize Synechococcus 7002 AGIgA1A2 (glycogen
synthase null) mutants. Lane 1: Wild type, control Synechococcus 7002 genomic DNA
amplified from GlgAl-al/GlgAl-a4 primers. Lanes 2-5: Genomic DNA from AGIgA1A2
transformants amplified from GlgA1-al/GlgAl-a4 primers. Lane 6: NEB 1 Kb ladder, Lanes
7-10: Genomic DNA from the same AGIgA1A2 transformant clones (as in lanes 2-5)
amplified from GlgA2-al/GlgA2-a4 primers. Lane 11: Wild type, control Synechococcus 7002
genomic DNA amplified from GlgA2-al/GlgA2-a4 primers.



71

Impact of gigA1 and gigA2 ‘Knockouts’ on Glycogen Synthesis.
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Figure 19. Glycogen content of Synechococcus wild type and mutants. The
glycogen contents in strains defective in glycogen biosynthesis was compared to wild type
Synechococcus 7002 and an isoprene-producing strain with functional glycogen synthesis.
The relative amounts of glycogen detected were normalized to the glycogen content
determined for wild type Synechococcus 7002.

A hypothesis for this study was that modifications of carbon partitioning that will
enhance carbon flux into the MEP pathway will improve isoprene yield. Therefore,
inactivation of the glgA1 and glgA2 genes coding for glycogen synthase enzymes was
expected to cause an increase in isoprene production in genetically engineered isoprene-
producing strains. To evaluate the impact of inactivation of glycogen biosynthesis on
isoprene yield, a glycogen assay was used to determine the impact of the glgA1 and

glgA2 inactivations in 7002 AGlgA1A2 mutants. The glycogen contents in three different
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strains; 7002 AGlgA1A2-1spS-1DI, 7002 AGlgA1A2, and 7002-1spS-1DI were compared
to glycogen extracted from a wild type Synechococcus sp. PCC 7002 control. The results
of the glycogen assay (Figure 19) indicated that the AGlgA1A2-1spS-IDI and AGIgA1A2
mutants produced ~10% and ~15%, respectively, of the glycogen in the wild type. The
AGIgA1A2-1spS-IDI and AGIgA1A2 strains carry inactivated copies of both the glgAl
and glgA2 genes. These data show that the inactivation of both glgAl and glgA2 in

Synechococcus sp. PCC 7002 resulted in greatly reduced glycogen biosynthesis.

Interestingly, the glycogen determined in 7002-IspS-ID1 was less than 60% of that
detected in the wild type, while the glycogen content in 7002 AGlgA1A2-1spS-1DI was
also lower than in 7002 AGlgA1A2. This observed reduction in glycogen in strains
carrying the IspS and IDI transgenes compared to non-isoprene producing strains (wild
type and 7002 AGIgA1A2) may indicate increased carbon partitioning into the MEP
pathway in strains that actively produce isoprene. This suggests that expression or over-
expression of the IspS and IDI enzymes causes carbon previously directed into glycogen
biosynthesis to be channeled into the MEP pathway for isoprene production. Thus, it
appears that isoprene production also serves as a carbon-sink to ameliorate excess
reductant and carbon accumulation in genetically engineered isoprene-producing

Synechococcus 7002 strains.
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Impact of glgA ‘Knockouts’ on Growth under Continuous Culture Condition.

To determine the impact of glycogen synthase glgAl and glgA2 ‘knockouts’ on
photoautotrophic growth, mutant strains were cultivated under low- and high-light
conditions. The mutants tested were 7002 AGlgA1, 7002 AGlgA2, and 7002 AGIgA1A2
carrying inactivated copies of glgAl, glgA2 and both glgAl and glgAz2, respectively.
Since high light intensity is a known stress factor, the mutants were first exposed to
optimal light (~ 200 umol photons m'zs'l) before shifting to high light intensity (~ 2000
umol photons m™s™ or full sunlight intensity). The results of the growth experiment as
represented in Figure 20 show estimated doubling time, tp, of 4 hours for both wild type
and 7002 AGlgA1 mutant, under both optimal- and high-light intensities (~ 200 and ~
2000 pmol photons m?s? respectively). However, the7002 AGlgA2 and 7002 AGIgA1A2
showed an estimated tp of ~ 5 hours under optimal light. In addition, as shown in Figure
20, the exposure of 7002 AGIgA2 and 7002 AGIgA1A2 mutants to high light intensities,
increased their doubling times. The tp calculated for 7002 AGIgA2 under high light
intensity was ~ 5 hours, while the tp estimated for 7002 AGIgA1A2 mutant after shifting

to high light, increased to ~8 hours.
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Figure 20. Growth rates of Synechococcus glycogen synthase mutants. Cells were
grown at 37°C with continuous 3% CO; in air (v/v). Cell densities were measured as optical
density (OD) at 750nm. The growth rate of 7002 AGIgAL, 7002 AGIgAZ2, and 7002 AGIgA1A2
mutants were compared to wild type at both moderate and high light intensity of ~200 pmol m™
s*and ~ 2000 umol m? s, respectively.

The growth data represented in Figure 20 showed that the inactivation of
glycogen synthase genes in all three mutants; 7002 AGlgA1, 7002 AGIgA2 and 7002
AGlgA1A2 had no adverse effect on photoautotrophic growth under optimal
photosynthetic condition. However, the growth of the 7002 AGlgA1A2 mutant was
slower compared to the wild type, 7002 AGlgA1 and 7002 AGlgA2-strains under high
light stress condition. These observations indicate that glycogen synthesis and glycogen

are not essential for photoautotrophic growth of Synechococcus sp. PCC 7002 under
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optimal photosynthetic conditions, but may provide an advantage for cells growing at

high light intensity.

Impact of gligAd ‘Knockouts’ on Growth under Closed Culture Condition.

1 I I I I I

@® AGIgA1A2 ©
® \GIgA1A2 (ISPS-IDI)
@® ISPS-IDI 8]

OD 750 nm

0 5 10 15 20 25 30
Time (h)

Figure 21. Impact of glycogen synthase mutations on growth of isoprene-
producing glycogen mutant strains in sealed bottles. Cells were saturated with
100% CO, to pH = 6.5 prior to incubation at ~ 200 umol photons m s ™ at 38°C.

Since a closed photobioreactor system will be necessary for capturing the volatile
isoprene produced in genetically engineered mutants expressing IspS and IDI, it was
important to evaluate growth of such strains under closed culture conditions. To

determine the impact of inactivating the glycogen biosynthesis pathway on growth, the
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7002 AGIgA1A2, 7002 AGIgA1A2-IspS-IDI, and 7002-1spS-1DI strains were grown in
sealed bottles. The growth of 7002 AGIgA1A2, 7002 AGIgA1A2-1spS-IDI, and 7002-
IspS-IDI strains was compared to wild-type Synechococcus 7002 (as control) under
optimal photosynthetic conditions (38°C, ~ 200 umol photons m™ s™ light intensity). The
calculated doubling time, tp, for both control and 7002-1spS-IDI was ~ 6 hours compared
to ~7.5 hours calculated for both 7002 AGlgA1A2-IspS-1DI and 7002 AGIgA1A2 mutant
strains carrying inactivated copies of both glgAl and glgA2. The result of the growth
experiments (as shown in Figure 21) suggested that inactivations of the glycogen
synthase, glgAl and glgA2 genes did not affect the growth of strains carrying such
defective glycogen background under optimal photoautotrophic conditions in closed

culture vessels .

Impact of Glycogen Inactivation on Isoprene Yield
Construction of 7002 4GlgA1A42-1spS-1DI Transformant.

The 7002 AGIgA1A2 mutant strain carrying inactivated copies of the glycogen
synthase glgAl and glgA2 genes was constructed by transformation with a purified DNA
construct carrying isoprene synthase, IspS and IDI isomerase transgenes and a linked
streptomycin-spectinomycin antibiotic resistance gene cassette. The DNA construct
(4817 bp, Figure 7) is flanked by upstream and downstream pAQ1 fragments
homologous to target regions on the high-copy plasmid pAQ1 in Synechococcus 7002,

and was amplified from a plasmid pOSH1108 template using the pAQ1-F/pAQ1-R
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primer pair. The DNA construct generated by PCR was purified and then used to
transform the 7002 AGlgA1A2 mutant host. The transformation mixture was spread onto
A (D7) agar containing spectinomycin and streptomycin (each at 50 ug/mL final
concentration). Colonies observed on plates were randomly selected and transferred into
15 mL sterile snap cap tubes containing liquid A (D7) medium with spectinomycin and
streptomycin. Genomic DNA extracted from transformant cells in tubes that showed
culture growth was used as templates for PCR.

Isolated transformant clones were characterized by PCR to determine integration
of IspS and IDI into target plasmid pAQ1. The results of the PCR analysis (Figure 22,
panel A) showed that IspS and IDI genes were successfully targeted to copies of the high-
copy plasmid pAQ1 in the 7002 AGIgA1A2 mutant strain. The result of the PCR analysis
presented in panel A suggested that not all copies of this plasmid were successfully
targeted since plasmid pAQ1 is a high copy number plasmid. Gel images shown in panel
B and panel C, confirmed the 7002 AGIgA1A2 mutant strain still maintained inactivated

copies of glgA2 and glgA1l.
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Figure 22: PCR analysis to characterize 7002 A GIgA1A2-1spS-IDI transformants.

PCR analysis to confirm integration of IspS and IDI into plasmid pAQ1 and the replacement of native
glycogen synthases, glgA genes with inactivated copies. Panel A. Lane 1-9: Genomic DNA from
transformant clones amplified with pAQ1-F/pAQ1-R primers. Lane 10: NEB 1 kb ladder Lane. 11: plasmid
pOSH1108 DNA (as control) amplified with pAQ1-F/pAQ1-R primers. The bands marked by the red box
represent the integration of the DNA construct to a targeted neutral site on the high copy pAQ1 plasmid,
while the intense bands represent the target region on the native plasmid pAQ1. Panel B. Lane 1: Wild type
Synechococcus 7002 genomic DNA (as control) amplified with GlgA2-al/GlgA2-a4 primers. Lane 2: NEB
1 kb ladder. Lane 3-11: Genomic DNA from transformant clones amplified with GlgA2-al/GlgA2-a4
primers. Panel C. Lane 1: Wild type Synechococcus 7002 genomic DNA (as control) amplified with GIgA1-
al/GlgAl-a4 primers. Lane 2- 10: Genomic DNA from transformant clones amplified with GlgAl-

al/GlgAl-a4 primers. Lane 11: NEB 1 kb ladder.
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Isoprene Production in 7002 AGIlgA1A42-1spS-1DI Transformant.
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Figure 23. Representative Gas Chromatography-Mass Spectrometry (GC-MS)
chromatogram of isoprene production in an isoprene-producing Synechococcus
PCC 7002 strain (1108, pAQ1::1sps-1Dl). A) GC-MS chromatogram showing isoprene
accumulated in the culture head-space. Isoprene concentration in the culture head-space was
~1.7 mg L™ indicating a production rate of ~330 pg isoprene gDW™ h. B) Fragment ion
spectra from GC peaks a and b shows that both contained isoprene (58.1 atomic mass units
[amu]) and characteristic degradation products. (Credit: Mathew Nelson, UW-Oshkosh)
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Figure 24. (GC-MS) chromatogram of isoprene produced by a Synechococcus
7002 AGIgA1A2 ‘knockout’ strain. The green peak represents the isoprene total ion
count as measured from 7002-1spS-ID1 strain while the blue peak represents isoprene ion
count from 7002 AGIgA1A2-1spS-1DI strain. The 7002-1spS-IDI strain has the codon-
optimized IspS and IDI transgenes targeted only to the pAQ1 plasmid while 7002
AGIgA1A2-IspS-IDI has the IspS and IDI transgenes targeted to pAQ1, in addition to
carrying inactivated copies of the glgAl and glgA2 glycogen synthases gene.

80
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As previously mentioned, | hypothesized that the inactivation of the competing
glycogen biosynthesis pathway will result in the channeling of carbon previously used for
glycogen into the MEP pathway for increased isoprene production. To determine the
impact of inactivation of glycogen synthase glgAl and glgA2 genes on isoprene
production, the 7002 AGIgA1A2-IspS-IDI and 7002-IspS-IDI strains were cultured under
closed culture conditions. The closed culture system is needed for accumulating and
harvesting a specific quantity of isoprene per unit time in the head-space of
photobioreactor. The result of the GC-MS analysis to determine isoprene accumulated in
the head-space of sealed culture-bottles is shown in Figure 24. The results show a total
ion count of 3.5 x 10° corresponding to ~ 750 ppm (parts per million) isoprene produced
by the 7002 AGIgA1A2-IspS-IDI strain compared to the 3 x 10° ion counts corresponding
to ~ 600 ppm isoprene produced by the 7002-IspS-IDI strain. Both strains carry the IspS
and IDI transgenes targeted to a high-copy plasmid pAQL only. These results indicate
that the 7002 AGIgA1A2-IspS-IDI strain produced ~ 20% more isoprene compared to the
7002-1spS-IDI strain. This result showed that the inactivation of the glycogen synthase
genes, glgAl and glgA2 in Synechococcus sp. PCC 7002 resulted in an increase in
isoprene production, although the ~ 20% increase observed was significantly lower than
anticipated. Therefore, the result suggests that carbon used previously for glycogen
biosynthesis was rather channeled into a carbon biosynthesis pathway other than the MEP

pathway.
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Isoprene Toxicity Test.
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Figure 25. Impact of isoprene on growth of Synechococcus sp. PCC 7002. Wild-
type Synechococcus cells were grown in sealed bottles and saturated with 100% CO,, to pH
= 6.5, prior to incubation at 38°C and ~ 200 pmol photons m™s™. Liquid isoprene was
added to the cultures in the sealed bottles prior to incubation. Optical Density
measurements at 750 nm were taken at different intervals within 24 hours. The condition
for this growth experiment mimics a closed culture system where isoprene is expected to
accumulate in the culture head-space.

The inactivation of the glgA genes in 7002 AGIgA1A2-I1spS-IDI strain resulted in
only ~ 20% increase in isoprene production compared to a 7002-IspS-1DI control strain
capable of glycogen synthesis. A possible explanation for the lack of a larger impact from

the glgA genes knockout in 7002 AGIgA1A2-IspS-IDl is that further increases in
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isoprene production may result in toxicity to the cells. To determine the impact of
isoprene on photoautotrophic growth, wild type Synechococcus sp. PCC 7002 cells were
grown in sealed culture bottles. Cultures of Synechococcus were spiked with different
dilutions (concentrations) of liquid isoprene. The results of the growth experiments
(Figure 25) showed a calculated doubling time, tp, of 5 hours for cells spiked with
isoprene concentrations corresponding to 7 mg/L, 14 mg/L, and 27 mg/L, similar to that
of the control culture (i.e. without liquid isoprene addition). Although the doubling time
of cells spiked with 135 mg/L isoprene, was higher than tp of ~5 hours calculated for the
control culture, no substantial growth inhibition was observed. However, cells spiked
with 270 mg/L isoprene showed an almost complete inhibition of growth after ~ 6 hours
of incubation. These data show that isoprene; is not toxic to Synechococus 7002
cyanobacteria, but can inhibit photoautotrophic growth at high concentrations that are far
in excess of current production levels. Also from these preliminary data we do not know
whether the cells continue to produce isoprene when growth has been limited by isoprene
accumulation. In summary, these growth data confirmed that isoprene is not toxic at

current production levels in the strains expressing the IspS and IDI, poplar transgenes.
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Chromosomal Integration of IspS and IDI for Improved Genetic Stability
Construction of pUC57-petJ2-1spS-1D1-Sp¥/Sm® Recombinant Plasmid.
To construct the recombinant plasmid pUC57-petJ2-IspS-IDI-Sp®/Sm*,

component DNA fragments as shown in Figure 26 were first generated by PCR.

1108-IspS-IDI-F-petJ2-a2 1108-IspS-IDI-R-pet/2-a3
L. 4108bp J
660 bp 681 bp
[ ) ;l "
petJ2-al a2 a3 pet)2-ad

Figure 26. PetJ2-1spS-1DI-Sp®/Sm™ DNA construct for inserting IspS-1D1 genes
into the chromosomal petJ2 gene -- The primer pairs used for generating the component
fragments of the Gibson Assembly reaction were as follows: petJ2-al/petJ2-a2 generates the
petJ2 upstream fragment, petJ2-a4 / petJ2-a3 generates the petJ2 downstream region, and
1108-1spS-1DI-F_PetJ2-a2/1108-1spS-1D1-R_PetJ2-a3 generates the PcpcB-1spS-1DI-
Sp®/SmR fragment.

The upstream and downstream petJ2 DNA fragments were amplified by PCR
from genomic DNA extracted from wild type Synechococcus. The petJ2-a1/1108-1IspS-
IDI-F_PetJ2-a2 primer pair amplified a 660 bp petJ2 upstream fragment, while 1108-
IspS-IDI-R_PetJ2-a3/pet2-a4 primer pair amplified a 681 bp petJ2 downstream
fragment from the wild type DNA template. The primers 1108-1spS-1DI-F /1108-1spS-
IDI-R generated a 4108 bp fragment carrying a linked spectinomycin-streptomycin

antibiotic resistance gene marker, isoprene synthase (IspS), and IDI isomerase transgenes
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transcriptionally fused to a CpcB promoter. The 4108 bp PcpcB-1spS-1DI-Sp¥/Sm™ DNA
construct was generated from the pOSH1108 parent plasmid (provided by Matthew
Nelson, UW-Oshkosh). In addition, the pUC57 plasmid backbone fragment (2436 bp)
was amplified from the plasmid pOSH1108 with the PetJ2-al-pUC57-F/PetJ2-a4-
pUC57-R primer pair. These DNA fragments were then added to a Gibson Assembly
reaction mix. Following Gibson Assembly, 2 uL of the assembly product was used to
transform DH5a E. coli cells by electrotransformation. The transformation mixture was
spread onto LB plates containing ampicillin (150 ug/mL final concentration),
spectinomycin (25 pg/mL final concentration) and streptomycin (25 pg/mL final
concentration).

After overnight incubation, colonies were selected and transferred into liquid LB
medium containing ampicillin, spectinomycin and streptomycin followed by incubation
at 37°C for ~16 hours. After incubation, plasmids were extracted from overnight cultures
by Wizard® Plus purification reagents (Promega) according to the manufacturer’s
instructions. One (1.0) ng of the extracted DNA was used as the template for PCR
analysis to determine whether the isolated plasmid DNA carried the expected petJ2-
PcpcB-1spS-1DI-Sp™/SmF inactivation construct. Figure 27 shows the recombinant

plasmid pUC57-petJ2-1spS-1DI-Sp?/Sm® expected from the Gibson Assembly reaction.
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Figure 27. Recombinant plamid pUC57-petJ2-1spS-1DI-SpR/Sm® carrying the
petJ2-1spS-1DI-Sp™/SmR construct. The regions shaded in black represent the petJ2
upstream and downstream DNA sections. The red region represents the pUC57 plasmid
backbone, carrying the origin of replication and an ampicillin resistance gene cassette, Ap~. The
region between the Sall and EcoRI restriction sites represents the PcpcB-1spS-1DI-Sp?/SmR
fragment carrying the codon-optimized isoprene synthase and DI isomerase transgenes for
isoprene production, and an antibiotic resistance gene marker that confers both spectinomycin
and streptomycin resistance. The IspS-1DI-Sp®/Sm® fragment was generated from the
pOSH1108 parent plasmid.

Plasmid DNAs extracted from the DH5a E. coli cells transformed with the Gibson
reaction products were tested by PCR to determine whether the assembled recombinant

plasmid carried the inactivation DNA construct of interest. Since the recombinant
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plasmid was designed to carry petJ2-1spS-1D1-SpR/Sm® inactivation construct for
targeting to Synechococcus PCC 7002, | expected that amplification of this DNA
fragment from the recombinant plasmid DNA template would generate a 5471 bp product.
As expected, the petJ2-al/petJ2-a4 primer pair produced a 5471 bp product (Figure 28)
which confirmed that the recombinant plasmid carried the petJ2-1spS-1DI-Sp~/Sm”®

inactivation DNA construct, and that the Gibson Assembly reaction was successful.

Figure 28. PCR analysis to characterize recombinant plasmid pUC57-petJ2-
ISpS-IDI-SpR/SmR. Lane 1: Wild type control, Synechococcus 7002 genomic DNA
amplified from petJ2-al/pet)2-a4 primers. Lane 2: Inactivation construct, petJ2-1spS-1DI-
SpR/Sm® amplified from petJ2-al/pet)2-a4 primers. Lane 3: petJ2 uptream DNA fragment
amplified from petJ2-al/petJ2-a2 primers. Lane 4: NEB 1kb ladder. Lane 5: petJ2
downstream DNA fragment amplified from petJ2-a3/petJ2-a4 primers. Lane 6: The PcpcB-
IspS-1DI-SpR/Sm® fragment carrying the codon-optimized isoprene synthase, IspS and IDI
isomerase transgenes for isoprene production amplified from 1108-IspS-IDI-F-PetJ2-
a2/1108-1spS-IDI-R-PetJ2-a3 primers. Lane 7: pUC57 fragment amplified from petJ2-al-
pUCS57-F/ petd2-a4-pUC57-R primers.
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Construction of a 4petJ2 Mutant.

Wild type Synechococcus cells grown to an OD7sgnm Of ~0.3 were transformed
with ~3 pg of the petJ2-PcpcB-IspS-1DI-SpT/Sm® inactivation fragment amplified from
the product of the Gibson assembly reaction described above. The transformation
suspension was spread onto A (D7) agar medium containing spectinomycin (50 pg/mL
final concentration) and streptomycin (50 pg/mL final concentration) followed by
incubation at 37°C under moderate illumination. After two weeks, transformant colonies
observed on the plates were transferred into 15 mL sterile snap cap tubes containing
liquid A (D7) medium with addition of spectinomycin and streptomycin, followed by
incubation with moderate shaking at 37°C under optimal light intensity. Genomic DNA
extracted from cells that showed growth was analyzed by PCR to determine whether the
isolated mutants carried inactivated copies of the petJ2 gene.

As expected, the petJ2-al/petJ2-a4 primers generated a 5471 bp fragment from
template DNA extracted from mutants while a 1490 bp fragment was amplified from
wild type genomic DNA (as control). The result of this PCR analysis as shown in Figure
29, indicate successful integration of the petJ2-1spS-1DI-Sp®/Sm® inactivation DNA
fragment and segregational loss of the wild type petJ2 allele. Thus, the PCR analysis
confirmed the replacement via homologous recombination of the wild.type petJ2 gene

copy with an interrupted petJ2 allele (petJ2-1spS-1D1-SpR/SmF).
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Figure 29. PCR analysis to characterize 7002 A petJ2 mutants. All samples
were amplified from petJ2-al/pet2-a4 primers. Lane 1: Wild type Synechococcus 7002
genomic DNA (as control). Lane 2: pUC57-petJ2-1spS-1DI-Sp~/Sm® Recombinant
plasmid DNA (as control). Lane 3: NEB 1kb ladder. Lanes 4 and 5: Genomic DNASs
from two putative Synechcococcus ApetJ2 mutant clones.

Chromosomal Integration of IspS-1DI Transgenes Increases Gene Stability.

The Synechococcus 7002-IspS-IDI strain with IspS-IDI transgenes targeted to the
high-copy pAQ1 plasmid (i.e. pAQL::IspS-1DI) consistently showed declining isoprene
production after continuous cultivation, usually within a week. The observed declining
yield may have resulted from loss of pAQ1 plasmids carrying the IspS-1DI transgenes. To
enhance the genetic stability of isoprene-producing strains and achieve stable, continuous
isoprene production, the optimized IspS and IDI genes were targeted to the petJ2

chromosomal site, as described above.
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Figure 30. Stable and continuous isoprene production in a 7002 ApetJ2 strain.
Isoprene concentration in the culture head space gas was measured in real-time with a Fast
Isoprene Sensor (FIS). The y-axes show cell density (OD 750,m) and isoprene production
expressed as g isoprene per gDW per hour.

Isoprene production remained stable for at least 4 weeks in such strains (Figure 30)
indicating that chromosomal integration of the IspS-IDI genes increased their stability
and prevented the declining yield associated with transgene targeting to the pAQl
plasmid. As in other experiments, Figure 30 shows that peak isoprene production
occurred under dilute culture condition indicating that light penetration remains an

important limiting factor for phototrophic isoprene production.
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Increased Copies of Optimized IspS and IDI for Improved Isoprene Yield
Construction of ‘Dual IspS-1DI”’ Strain.

This transformant strain was constructed using as host a Synecococcus 7002
APetJ2 mutant carrying the petJ2::PcpcB-IspS-1DI-Sp™/SmR inactivation cassette (Figure
11) as a replacement for its native petJ2 gene. A similar DNA construct (5244 bp in size)
flanked by upstream and downstream regions of plasmid pAQ1 and carrying a kanamycin
selective marker instead of a spectinomycin-streptomycin resistance gene cassette was
generated from plasmid pOSH1309 (Figure 31) using the pAQ1-F/pAQ1-R primer pair.

Plasmid pOSH1309 was generously provided by Matthew Nelson, UW-Oshkosh.
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Figure 31. Plasmid pOSH1309 for targeting Isps-IDI-Km® genes to the plasmid
PAQL plasmid of Synechococcus. The green segments represent pAQ1 flanking DNA
regions. The black region represents the pUC57 plasmid backbone from the pOSH1108 plasmid
and carries an ampicillin resistance gene cassette, Ap~. The region between the EcoRI and Sall
restriction sites represents the DNA construct expressing the codon-optimized isoprene synthase,
IspS, and IDI-isomerase transgenes and a kanamycin resistance gene cassette. (Constructed by
Matthew Nelson, UW Oshkosh)
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The PcpeB-1spS-1DI-Km™ DNA construct generated by PCR was purified with
Wizard® Plus purification reagents (Promega) according to the manufacturer’s protocol.
Three (3.0) pg of the purified, linear DNA was used to transform the Synechococcus
7002 APetJ2 mutant host. The DNA constructs for targeting the IspS-1DI genes to both
the chromosomal petJ2 and plasmid pAQ1 sites were similar but carried different

antibiotic resistance gene markers as illustrated in Figure 32.

DNA construct targeted to pet/2 chromosomal site Flank
Flank
B Pepc Nl IspS Nol DI xpa  SM/SP gy A
. \
EcoRI BamHI
Flank Flank
B Popc  Ndel IspS Neoo DI xoa  Km saii
EcoRI B:mHl

DNA construct Targeted to high-copy plasmid pAQ1

Figure 32. Illustration of IspS-1DI gene constructs targeted to the chromosomal
petJ2 and plasmid pAQL1 sites. A. The DNA construct that carries linked spectinomycin
and streptomycin resistance marker genes for targeting to the petJ2 chromosomal site. B. The
DNA construct that carries a kanamycin resistance gene cassette and flanking regions for
targeting to plasmid pAQ1.
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The cyanobacterial transformation suspensions were spread onto A (D7) agar
containing spectinomycin, streptomycin and kanamycin (each at 50 pg/uL final
concentration). Colonies observed on plates were randomly selected and transferred into
15 mL sterile snap cap tubes containing liquid A (D7) medium with spectinomycin,
streptomycin and kanamycin as antibiotic additions. To characterize the transformants,
genomic DNA was extracted from cells that showed growth in liquid culture and used as

template for PCR analysis.

PCR products generated from Synechococcus transformants with the pAQ1-
F/pAQ1-R primer pair are shown in Figure 33. The gel image shows a faint, high
molecular weight band about the size expected for successful integration of the DNA
construct to the plasmid pAQ1 target site. The intense low molecular weight band
observed in addition to the expected band size in Figure 33 may suggest a partial
segregation of the targeted construct or the inability of the inactivation DNA constructs to

target all available copies of the plasmid pAQ1.
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Figure 33. PCR analysis of IspS-IDI genes targeted to plasmid pAQ1 in the
‘Dual IspS-IDI” strain. Lanes 1-6: Genomic DNAs from Synechococcus transformant
clones amplified from primers pAQ1-F/pAQ1-R. The higher molecular weight amplicons
(faint bands marked by the red box) are from the target regions of pAQ1 plasmids carrying
the IspS-1DI-KmR construct while the intense lower molecular weight bands represent the
target region on the native, high copy, pAQ1 plasmid. Lane 7: NEB 1 kb ladder.
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Impact of Increased Copies of Optimized IspS and IDI on Isoprene production.
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Figure 34. Real-time Fast Isoprene Sensor (FIS) measurements of isoprene
production in a ‘Dual-IspS-1DI” Synechococcus 7002 strain. Isoprene concentration in
the head-space (gas phase) of the culture was quantified as pug/L based on a calibration factor
calculated from isoprene standards at different flow rates. Culture conditions were 3% CO, and
39°C with alternating 16h/8h light-dark periods, and a sinusoidal illumination pattern with a
peak light intensity of ~ 2000 pmol photons m s ™. The red trace shows the isoprene
concentration in the culture head-space as measured by the FIS. The blue trace shows optical
density (OD7s0nm) measurements. (Data from Matthew Nelson and Toivo Kallas, UW-
Oshkosh)
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To determine the impact of the additional copies of the optimized IspS and IDI
transgenes in the ‘Dual-1spS-IDI” strain, isoprene production was measured in real time
using a Fast Isoprene Sensor (FIS, Hill Scientific). Figure 34, shows isoprene production
at a maximal concentration of ~1.5 ug/L in the ‘Dual-IspS-IDI’ strain at a cell density of
~1.0 OD750nm compared to ~1.0 pg/L in the 7002-1spS-1DI strain that carries optimized
IspS and IDI transgenes on plasmid pAQ1 only (data not shown). The results show that
the ‘Dual-IspS-IDI” strain produced ~ 1.5 times more isoprene than the 7002-IspS-IDI
strain. In addition, isoprene production measured in terms of cell dry weight was
estimated at 2.8 mg/g dry weight (gDW) per 12h day in ‘Dual-IspS-IDI’ strain compared
to 1.8 mg/gDW per 12h day in the 7002-IspS-IDI strain. These studies with the ‘Dual-
IspS-IDI” strain further confirmed that the petJ2 gene is a suitable chromosomal location
for targeting heterologous genes or synthetic operons.

As illustrated in Figure 34, the ‘Dual-IspS-IDI’ culture was exposed to an
alternating dark-light cycle with peak light intensity corresponding to full sunlight
intensity (~2000 pmol photons m™ sY). Isoprene production was detected primarily
during periods of illumination indicating that the production of isoprene is a highly light-
dependent process, limited by the amount of available light energy for optimal
photosynthesis and carbon fixation. The peak isoprene production observed was recorded
in dilute culture of optical densities (OD7sonm) less than 3. As shown in Figure 34,
isoprene production decreased as the cell density increased. This observation indicates
that culture density is an important factor in isoprene production under photoautotrophic

growth condition. Photosynthetic efficiency per cell is reduced in very dense cultures
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because there is self-shadowing among cells and light cannot penetrate deep into the
culture. This reduction in photosynthetic activity limits the amount of fixed photosynthate
available for isoprene biosynthesis. In conclusion, the FIS data showed that increased
copies of the IspS-IDI transgenes achieved by targeting to both chromosomal and plasmid

sites in the ‘Dual-IspS-IDI’ strain resulted in increased isoprene production.

RT-gPCR Gene Expression Analysis
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Figure 35. Reverse Transcriptase Quantitative PCR (RT-gPCR) amplification
plot of IspS transcript abundance in Synechococcus strains with chromosomal
and plasmid targeted IspS-1DI genes. RNAs were isolated from ‘Dual IspS-1DI°, 7002
Apet]2 and 7002-1spS-1DI strains with the genotype petJ2::1spS-IDI, pAQ1::IspS-1Dl;
petJ2::IspS-IDI; and pAQ1::1spS-IDI respectively. mMRNA transcript abundance was analyzed
by ‘TagMan’ RT-gPCR as described in Materials and Methods. The plot shows fluorescence
signal intensity as a function of PCR amplification cycle. Relative mRNA quantities are
determined by the number of cycles taken to reach a signal threshold set at 0.05.
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Figure 36. Relative IspS transcript abundance in Synechococcus strains with
chromosomal and plasmid targeted IspS-1DI genes. RNAs were harvested from cells at
both high- and low — optical densities and analyzed by ‘TagMan’ RT-gPCR from data such as
those shown in Figure 35. Error bars represent the standard errors from the mean cycle to
threshold (C+) values from three independent biological replicates. Cells were harvested at
OD75onm 0f 0.5 — 1.0 from low density cultures and OD75ony Of 4.0 - 8.0 from high density
cultures. The error bars show standard errors.



100

Reverse transcriptase quantitative PCR (RT-gPCR) experiments were conducted
to determine whether the increased isoprene production observed in the 7002 ‘Dual IspS-
IDI’ strain arose from increased copies of the isoprene synthase genes leading to
increased mRNA transcript levels. As shown in Figure 36, the results of the gPCR
analysis indicate that the ‘Dual-IspS-IDI’ strain maintained similar levels of 1spS
transcripts at both low and high culture densities. The ‘Dual-IspS-IDI’ carries IspS
transgenes targeted to both a petJ2 chromosomal location and the high-copy plasmid,
pAQL. The transcript level of IspS in the 7002 ApetJ2 strain grown at low density was ~
2 times higher than at high cell density, but still within standard deviations. However, the
IspS transcript in 7002-1spS-IDI (with I1spS-IDI genes in plasmid pAQ1 only) in low-
density cultures was ~ 16 fold higher than in this strain grown to a high density. The IspS
transcript levels in 7002-IspS-IDI cells harvested from week-old, dense cultures were
several hundred fold lower than in both the 7002 ApetJ2 and ‘Dual-IspS-IDI’ cells
harvested from similar conditions. This observed decline in IspS transcripts in 7002-IspS-
IDI1 under high density culture condition may be attributed to loss of the recombinant
plasmid pAQ1:: IspS-1DI carrying the IspS transgenes. Interestingly, strains carrying the
IspS genes targeted to the chromosomal petJ2 site and grown to high or low culture
densities showed similar IspS transcript levels. These data suggest that increased copies
of the IspS transgene led to increased IspS transcript levels, resulting in the ~1.5 fold
increase in isoprene production in the ‘Dual-ISpS-IDI” strain relative to 7002-1spS-1DlI,

which has a set of I1spS-IDI genes in plasmid pAQ1 only.
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DISCUSSION

In recent years, photosynthetic organisms such as cyanobacteria and algae have
been identified as potentially viable biofactories for biofuels production. The ability of
cyanobacteria to harness abundant solar energy and atmospheric carbon dioxide through
photosynthesis makes them particularly attractive as model organisms for generation of
‘green fuels’ (or environmentally-friendly fuels). Cyanobacteria have higher
photosynthetic efficiencies than terrestrial plants (62), are amenable to genetic
engineering, can grow to high densities in photobioreactors (culture chambers), and have
a much faster growth rate than plants. All of these features make them ideal as host
organisms for synthesis of terpenoids and industrially-relevant biochemicals. Despite
these advantages and recent developments in algal biofuels research, the challenge of
achieving significant biofuels production for commercial exploitation is still a major
concern for researchers and as such, different strategies for circumventing these

challenges have been proposed.

Towards improving terpenoid (or bioproduct) yields in cyanobacteria, a suite of
genetic engineering strategies will be required toward enhancing photosynthetic
efficiency, optimizing carbon utilization, and partitioning to increase carbon flow to
desired biosynthetic pathways. These strategies may include inactivating competing
carbon pathways to allow carbon to be redirected to a desired pathway, expressing
specific or complete suites of heterologous genes for alternative pathways, and targeting

of such heterologous genes to chromosomal sites for improved genetic stability. Isoprene
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is a volatile, hydrophobic compound with a global market demand of 770,000 metric tons
per year estimated at 3 billion dollars annually, and an important precursor for industrial
and biofuels applications. Matthew Nelson in our lab has successfully engineered
isoprene production in Synechococcus sp. PCC 7002 cyanobacteria, but isoprene yields

need to be significantly improved to realize the dream of commercial production.

In this research work, | hypothesized that the inactivation of a competing carbon
pathway for glycogen biosynthesis would significantly improve isoprene production in
Synechococcus 7002. This hypothesis was premised on the assumption that if
Synechococcus cannot store excess carbon as glycogen, then this carbon will be
channeled into other pathways including the MEP pathway for isoprene production.
Contrary to this expectation, as shown in Figure 24, isoprene production in the glycogen
synthase knockout strain, 7002 AGlgA1A2-IspS-IDI, was only ~ 20% greater than in the
7002-1spS-1DI strain, which retains glycogen synthesis, indicating that most of the carbon
pool was rather channeled into a pathway different than the MEP pathway. The glycogen
content in the 7002-IspS-1DI strain was already ~ 50% lower than in wild type
Synechococcus 7002. This suggests that a fraction of the carbon normally used for
glycogen synthesis is already partitioned into the MEP pathway for isoprene production
in strains that carry active IspS-IDI genes. In other words, isoprene biosynthesis via the
MEP pathway in the strains carrying the IspS and IDI genes may already provide an

efficient ‘carbon-sink’ for ameliorating excess carbon and reductant.
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A similar observation was reported by Bentley et al. (7), who found that rates of
isoprene production in the Synechocystis sp. PCC 6803 cyanobacteria that are defective
in glycogen biosynthesis but express a heterelogous isoprene synthase gene (IspS) are
comparable to those in strains with normal glycogen biosynthesis that express the same
heterelogous isoprene synthase gene (IspS). That result showed that inactivation of
glycogen biosynthesis in a cyanobacterial strain did not result in re-routing of carbon into
the MEP pathway and thus, may help explain why the inactivation of the glycogen
biosynthesis in Synechoccocus 7002 that express heterologous IspS-1DI genes did not

result in a significant increase in isoprene production in the current study.

Although it is not clear yet how carbon partitioning is regulated in cyanobacteria
and microalgae, Xu et al. (89) recently showed that inactivation of glycogen biosynthesis
in Synechococcus 7002 caused carbon previously used for glycogen synthesis to be re-
routed into production of soluble sugars. A plausible explanation for this observation may
be that since both the glycogen and soluble sugar biosynthetic pathways in cyanobacteria
share some of the same metabolic precursors, this may result in competition by enzymes
in these pathways for available precursor compounds (89). In addition, Xu et al. (89)
reported that Synechococcus sp. PCC 7002 mutants carrying inactivated copies of both
the glycogen synthase isogenes (i.e., glgAl and glgA2) showed accumulation of the
soluble sugars- glucosylglycerol and glucosylglycerate under hypersaline conditions.
These, and similar solutes in other species, play a physiological role in helping
cyanobacteria survive salt and low-water activity stress conditions (110, 111, 112). In

addition, the production of sugars in cyanobacteria allows for consumption of excess
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reducing equivalents and triose phosphate intermediates which alleviates the impacts of
photo-inhibition caused by energy imbalances between light absorption and metabolic
sink capacities (113). Studies like this show a link between soluble sugar production and
the ability of glycogen-defective cyanobacteria to survive salt stress. For this reason it
may be argued that an alternative sugar biosynthesis pathway is favored in glycogen
synthase null mutants to allow such strains to survive and grow in saline environments
such as in the marine medium A (114), that we use to grow Synechococcus 7002 in the

lab.

Therefore, it will be interesting to determine if the inactivation of the sucrose,
glucosylglycerol and glycerate biosynthesis pathways in genetically engineered strains
grown under hyposaline conditions can cause the excess carbon pool to be re-directed
into the MEP pathway for improved isoprene yield. In addition, understanding of the
carbon flux mechanisms and regulation in cyanobacteria will allow for effective
optimization of carbon flux to either inductively or constitutively redirect carbon into the

MEP pathway for enhanced isoprene yield.

In continuous isoprene production from genetically engineered cyanobacteria
strains, declining or total loss of production is a major concern. This may be due to
genetic instability arising from carbon partitioning strategies that involve inactivation of a
competing pathway thus creating a selective pressure favoring spontaneous mutants that
restore a functional pathway. Genetic instability may also be caused by the loss of

plasmids that carry transgenes for isoprene production leading to low productivity. The
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latter requires antibiotic selection to maintain such plasmids -- a strategy which is not
feasible for continuous isoprene production on a commercial scale. To improve genetic
stability, a chromosomal petJ2 location was targeted for integration of the exogenous
IspS-1DI transgenes by homologous recombination. The successful demonstration of
continuous stable isoprene production over an extended period of time in a
photobioreactor suggests that genes targeted to a chromosome are more likely to be stable
in such genetically engineered strains. The continuous stable isoprene production
achieved in this research is a significant improvement from the unstable and sometimes
declining isoprene production observed in strains that have the IspS and IDI transgenes
targeted to plasmid pAQ1 alone. The genetic stability of the ‘Dual-IspS-IDI’ strain

suggests that the petJ2 site is a suitable chromosomal site for transgene integration.

As stated, genetic instability may have been a factor in the declining isoprene
yield observed in genetically engineered strains expressing the optimized IspS and IDI
from plasmid pAQL. This instability could have resulted from mutations that
accumulated in the introduced transgene(s) over several generations. Alternatively, loss
of productivity could have arisen from the loss of plasmids carrying the targeted
exogenous transgenes. Metabolic burden arising from continuous unregulated metabolite
or biochemical production could also have caused selective pressure against the
genetically engineered cyanobacterial cells. Such selective pressure may also select for
mutations that lower productivity in any number or ways in the transgenic cyanobacteria.
For these reasons, the cyanobacterial isoprene-terpene project will benefit from

identification of native regulatable promoters that can help reduce the metabolic burden



106

on genetically engineered strains, allowing isoprene production only when desired. It is
important to identify regulatable promoters that will be useful in the regulation of
isoprene biosynthesis so as to reduce the metabolic burden on cells that have been
engineered to constitutively synthesize isoprene. Such regulatable promoters may be
identified in global gene expression studies via microarray or RNA sequencing (‘RNA-
Seq’) analyses (115) to identify genes and promoter regions that respond, for example, to

isoprene production or cell density under different environmental or stress conditions.

The identification of regulatable promoters will allow for controlled isoprene
production in Synechococcus 7002 cultures and thus, relieve cells of the extra metabolic
burden of continuous isoprene production. More so, such regulatable promoters may have
potential uses for production of other high-impact biochemical products in the future and
provide a means of control for isoprene production over a broad range of environmental
conditions. To further improve isoprene yield, it is important to also consider strategies
involving either rational or directed evolutionary approaches for protein engineering (15,
116) that will help in identification of isoprene synthase and isomerase IDI proteins with
significantly improved enzyme activities. Likewise, the search for even stronger native
promoters must be given impetus as evidenced in the study by Zhou et al. (117). The
novel Pcpcsgo promoter (that controls expression of the cpcB gene), native to
Synechocystis sp. PCC 6803, carries 2 predicted promoter regions and 14 predicted
transcriptor factor binding sites (TFBS). The chromosomal integration of heterologous
genes controlled by the Pcpcsgo promoter resulted in significantly higher levels of the

encoded heterologous proteins (up to ~ 15% of total soluble proteins) in cyanobacteria.
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Therefore, it will be important to consider such factor as the TFBS in the choice and

design of native cyanobacterial promoters for efficient and improved gene expression.

To increase isoprene yield, the IspS and IDI gene copy number was increased by
targeting the optimized transgenes to both a petJ2 chromosomal site as well as a neutral
site on the high copy pAQL1 plasmid in the 7002 ‘Dual-1spS-IDI’ strain. Isoprene
production in the ‘Dual-IspS-IDI” strain was compared to that in the 7002-1spS-IDI strain
(carrying IspS and IDI transgenes targeted to plasmid pAQ1 only). The ‘Dual-IspS-1DI’
strain produced ~ 1.5 times more isoprene than the 7002-IspS-1D1 strain. Interestingly,
isoprene production peaked at a cell density of ~3.0 OD7sonm and declined with increasing
culture density, indicating that photosynthetic carbon fixation may have been limited by
light penetration into the cyanobacterial culture as it increased in density. This decline in
isoprene production in dense cultures may be due to the effect of self-shading by cells
preventing the penetration of light into the culture. To ameliorate this, two strategies have
been identified: 1) to genetically engineer Synechococcus 7002 strains with reduced
amounts of light harvesting proteins, and 2) to design photobioreactors or culture vessels
that have narrow diameters to enhance light availability to cells over a larger cross-

sectional area.

Experiments were conducted to determine whether the difference observed in
isoprene yield between the ‘Dual-IspS-1DI’ strain and 7002-1spS-IDI resulted from
differences in the abundance of their isoprene synthase, IspS, transcripts. As anticipated,

gene expression data (Figure 36) showed that IspS mMRNA levels were higher in the



108

‘Dual-IspS-1DI’ strain relative to a 7002 ApetJ2 strain (ApetJ2::I1spS-IDI) carrying IspS-
IDI targeted only to this chromosomal site for cells grown to both low and high optical
densities (OD7sonm). More significantly, IspS transcript levels in both the ‘Dual-IspS-IDI’
strain and the ApetJ2::1spS-1DI strain were higher than in the 7002-IspS-1DI strain that
carries IspS-1DI genes targeted to plasmid pAQ1 only. IspS gene expression was ~200-
fold higher in the Dual-1spS-IDI strain compared to 7002-IspS-1DI cells harvested from
dense, week-old cultures. This variability in IspS transcript levels may be explained in
part by the partial segregation or incomplete replacement of the native pAQ1 plasmid

with the pAQ1 construct carrying the IspS and IDI transgenes.

The inability to achieve full segregation (replacement) of endogenous pAQ1
plasmids with the transgenic pAQ1L::1spS-IDI plasmids means that the remaining pool of
native pAQ1 plasmids may facilitate the replacement of the introduced IspS-1DI genes
with the native pAQL1 target sequence via homologous recombination. It is not clear yet if
the variability in IspS transcript levels earlier described is a product of a yet unknown
transcriptional, post-transcriptional, translational, post-translational or protein-protein
regulation of the IspS protein or a decline in IspS gene copy numbers from plasmid loss
after periods of continuous cultivation. To help explain this observation, further
experiments will be required that involve determining IspS gene copy numbers and
relative transcript levels of IspS genes in the ‘Dual- IspS-IDI’, APetJj2::1spS-IDI, and
7002-1spS-1DI (pAQ1L::1spS-1DI) strains used in this research. Such experiments will
provide insight into reasons for the declining isoprene yield observed in strains with IspS

and IDI transgenes targeted only to plasmid pAQ1 under continuous culture conditions.
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Our lab-scale photobioreactor studies showed that incident light (even at ~ 2000
to 4000 pmol photons m? s, equivalent to intensities up to twice full sunlight) is not
evenly distributed throughout these cultures. Cells at the surface of bioreactors absorb
essential all of the light and prevent light penetration deep into these cultures. Since
optimal light penetration is necessary for maximum photosynthetic efficiency and
bioproduct production, there has been much interest in engineering algae that carry
attenuated light-harvesting antenna proteins (25, 31). Such antenna-depleted mutants
should prevent shading of cells in dense cultures and improve photosynthetic efficiency
resulting in improved synthesis of bioproducts including isoprene. Indeed, several studies
have shown that antenna-depleted mutant of both green algae and cyanobacteria can be
grown to higher cell densities than the wild type strains (31, 118, 119). Thus, | expect that
inactivation of cpcB, the first gene of the c-phycocyanin operon, encoding proteins of the
phycobilisome light-harvesting complex of Synechococcus 7002 will limit the amount of
the light-harvesting proteins and thus help alleviate the problem of self-shading under
dense culture condition. This proposal, if successful, is expected to boost isoprene
production per liter culture by allowing each cell to receive more light for optimal

photosynthetic efficiency.

In typical cyanobacteria ~ 50 - 80% of fixed CO; is directed to synthesis of
protein, cell wall, storage polysaccharides, and soluble sugars with ~10% for lipids and
the remaining ~5% for terpenoids (6). The challenge for metabolic engineering is to
redirect carbon flow to desired bioproducts. Nutrient limitation (e.g. nitrogen depletion)

and high light stress conditions have been widely used in microalgae to channel carbon
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away from protein synthesis or direct it to secondary metabolites that are induced in
response to such stresses (120). This strategy has successfully resulted in the increased
accumulation of terpenoids such as B-carotene (121, 122) and astaxanthin (123, 124) in
Dunaliella bardawil and Haematococcus pluvialis, respectively. Such strategies are
attractive because they do not require genetic engineering. Their success, however,
depends on whether carbon can be successfully re-routed into desired pathways such as
the MEP pathway rather than to increased production of soluble sugars (89) or other
metabolites (125). Such nutrient deprivation or stress strategies have not been fully tested
on photosynthetic efficiency and bioproduct production in Synechococcus sp. PCC 7002.
Because the Synechococcus 7002 strains developed in our lab and in this study carry
optimized IspS-IDI genes and produce isoprene at rates 40 to 80 times those reported
previously for cyanobacteria (6, 7), nitrogen-deprivation together with an active MEP

pathway for funneling carbon to isoprene may lead to further improved isoprene yields.
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CONCLUSION

This research has successfully demonstrated several important proofs-of-concept
toward the development of isoprene-producing Synechococcus 7002 cyanobacteria for
commercial applications. First, targeting optimized IspS and IDI transgenes to a neutral,
petJ2 chromosomal site, rather than to the high-copy pAQ1 plasmid, significantly
enhanced the stability of IspS mRNA transcripts as shown by reverse transcriptase
quantitative PCR (RT-qPCR) experiments. This further demonstrated that the petJ2 locus
can serve as a target site for chromosomal integration of synthetic operons or gene
constructs in future experiments. Second, increasing the copy number of the IspS-IDI
transgenes increased isoprene production. This was shown in the ‘Dual IspS-IDI” strain
that carries one set of IspS-1DI genes in plasmid pAQ1 and another set in the petJ2
chromosomal site. Finally, as further evidence of IspS-IDI transgene stability when
targeted to the chromosome, the ‘Dual IspS-IDI” strain produced isoprene continuously
for a month in a photobioreactor culture. Overall this research has further demonstrated
the amenability of Synechoccocus sp. PCC 7002 as a model organism for genetic
engineering and an excellent platform for algal bioproducts and biofuels development.
This work has contributed toward improved photosynthetic isoprene production in
Synechococcus cyanobacteria but further genetic engineering approaches will be needed
to create a ‘super-strain’ strain for an economically sustainable algal biotechnology

industry.
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APPENDIX A

Microbial media



Liquid A (D7) Medium

113

Add appropriate quantities (in grams) of the salts shown below to 900 mL of MilliQ-H,0O

in a 2000 mL conical flask.

Salts Powder (g/L) | Final concentration (1x)
NaCl |18 0.3M

KCI 0.6 0.008 M

NaNO; | 1.0 0.012 M

MgSO, | 2.41 0.02M

CaCl, |0.2775 0.0025 M

To the 1x A Base from above, add the Fe-EDTA and D7 micronutrients solutions.

1x A base from above

Volume (mL) added
per liter A Base

Final concentration 1x

15mM Fe-EDTA

1.0

15 uM

1000x D7 micronutrients (Tbl. C)

1.0

1x

After autoclaving the above AFM Base, allow to cool to about 50°C before adding the

sterile ingredients shown below.

Ingredients

Volume (mL) added
per liter AFM Base

Final concentration (1x)

0.83M Tris-HCI pH=8.2 10.0 mL 8.3 mM
1.0M KH,PO, 0.37 mL 0.37 mM
6 uM (= 8 mg/L) Vitamin By, | 1.0 Ml 6 nM
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Solid A (D7) Medium

In order to prepare solid A media for agar plates, AFM Base and agar must be
prepared and autoclaved separately to avoid formation of toxic or inhibitory
productsupon autoclaving. The protocol involves autoclaving separately, 500 mL of 2x
AFM base (with addition of 2g Na,S,03; sodium thiosulfate) and 500 mL of 2x 1.2%
agar. After autoclaving, allow solutions to cool to about 50°C, and then add the 2x AFM
Base to the agar and then mix by stirring on a magnetic stir plate. Then, add sterile
solutions of Tris-HCI pH=8.2, KH,PO, and vitamin B, as described above. If necessary,
add appropriate concentrations of sterile antibiotic solutions as desired. Mix agar solution

by stirring before pouring plates. Store the plates at 4°C.

D7 Micronutrients

This original Arnon D7 formulation (126) shown below may be slightly different

from the D7 micronutrients formulation referenced in Buzby et al. (127).

Salts g/L (final concentration 1000x)

H3BO; 2.86

MnC|2.4Hzo 1.81

ZnS0,4.7H,0 0.222

Na,Mo00,.2H,0 | 1.26

CuS04.5H,0 0.079

NaVOs; 0.239

CoCl,.6H,0 0.0403
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S.0.C Medium

For a 100 mL , add 2g tryptone, 0.55g yeast extract, 1 mL of 1.0 M NaCl, 1 mL
1.0 M Kcl and Milli-Q H,0 to a final 100 mL volume. Autoclave and allow to cool to
room temperature, then add 1 mL of sterile 1.0 M MgCl, (20.3g MgCl,.6H,0 to 70 mL
Milli-Q H,0), 1 mL of sterile 1.0M MgSO, (12g MgSO, to 70 mL Milli-Q H,0)

followed by 1 mL filter sterile 2.0 M glucose (3.6g glucose in 7 mL Milli-Q H,0).

Luria-Bertani (LB) Broth [pH=7.0]

Add 15.5 g of LB homogenous powder (US Biological, Massachusetts) to 1 liter
of Milli-Q H,0. Each gram of powder contains 10 g tryptone, 5 g yeast extract and 0.5 g
sodium chloride. Ensure powder is completely dissolved in Milli-Q H,O before
autoclaving for 15 minutes at 121°C. Transfer 200 ml into sterile bottles for use as culture

broth for growing E. coli. Store at room temperature or at 4°C for longer shelf-life.

LB Agar

For LB Agar, Add 15.5 g of LB homogenous powder (US Biological,
Massachusetts) to 1 liter of Milli-Q H,O. Then add 12 g of agar powder to the suspension
and ensure powder mixture is completely in suspension before autoclaving. Allow to cool
to 50°C before adding appropriate concentrations of antibiotics solutions. Pour plates and

store at 4°C.
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APPENDIX B

Buffers and Reagents
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TBE Buffer (5x)

Add 54g Tris Base (Tris hydroxymethyl aminomethane) and 27.5g boric acid to
300 mL Milli-Q H,0. Then, add 20 mL of 0.5 M EDTA (pH=8.0) [93.05g Na,EDTA in

500 mL Milli-Q H,0] and bring to a final volume of 1 liter.

Diethylpyrocarbonate (DEPC) Treated Sterile Milli-Q H,O

First, oven bake glass wares and magnetic stir bars for ~12 hours. Then, to 1.0 L
MilliQ-H,0, add DEPC to 0.1% final concentration and stir overnight. Autoclave
solution and preferably transfer solutions into oven-baked 1.0 L Wheaton capped bottles

for storage.

DEPC Treated 10T/0.1E (pH=8.0)

Ensure Stock solutions are DEPC treated. Add 500 pL of 1.0 M Tris-HCI
(pH=8.2), 10 puL of 0.5 M sodium EDTA (pH=8.0) and DEPC treated Milli-Q H,O to a
final volume of 50 mL. Transfer buffer solution into 1.5 mL sterile screw cap tubes.

Aliquots can be stored at 4°Cwhile stock solution can be kept at room temperature.

600 mM Sucrose

Add 20.54 grams of sucrose to an oven baked 250 mL with a stir bar. Add sterile
Milli-Q H,O water to a final volume of 100 mL. Add DEPC to a final concentration of
0.1% and then stir overnight in the laminar flow hood. Following overnight incubation,

autoclave the sucrose solution and transfer into sterile 50 mL screw cap tubes.
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Sodium Acetate (pH=4.5)

Add 8.2 gram of sodium acetate to 50 mL of sterile Milli-Q H,O in an oven baked
beaker with a magnetic stir bar. Stir to dissolve and then adjust the pH to 4.5 using
Glacial acetic acid. Add DEPC to 0.1% final concentration and adjust the final volume to
100 mL. Transfer solution to a 250 mL oven baked flask and stir vigorously overnight.
After overnight stirring, autoclave and store in sterile screw cap tubes at room

temperature.

0.5 M Sodium EDTA (Disodium Ethylenediaminetetraacetate) [pH=8.0]

Add 148.9 grams of sodium EDTA salt to 600 mL sterile Milli-Q H,O in an oven
baked Wheaton bottle with a magnetic stir bar. Adjust pH and final volume to 8.0 and
800 mL respectively. Add DEPC to 0.1% final concentration and stir overnight with cap

loosely fit. After overnight stirring, autoclave and store at room temperature.

0.5 M Tris (Tris Hydroxymethylaminomethane)

Add 15.15 grams Tris Base to an oven-baked flask containing 250 mL sterile

Milli-Q H,O. Autoclave and store at room temperature.

100 mM Tris-HCI (pH=8.2)

Add 1.21 grams of Tris to 100 mL sterile MilliQ-H,O in an oven baked flask.
Autoclave and allow to cool at room temperature. Bubble the flask with argon gas for ~ 3

minutes, and then seal flask before storing at room temperature. To prepare DEPC-treated
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Tris-HCI, add DEPC to 0.1% final concentration and stir overnight in the laminar flow

hood.

Equilibrated Phenol

Before preparation, autoclave a 500 gram brown bottle, with a magnetic stir bar in
the oven at 180°C for ~12 hours. Weight 200 grams of phenol crystals and transfer into
the bottle. Add 200 mg of 8-hydroxyquinoline and stir to dissolve. Then, add 250 mL of
0.5M Tris solution with vigorous stirring for 30 minutes. Then, incubate overnight at 4°C
to allow the aqueous and organic phases to separate. After separation of phases, aspirate
as much of the aqueous phase as possible and then test the pH of the phenol-containing
organic phase. With these starting volumes of phenol and Tris solution, the pH should be
around 8.0. Add 100 mL of 100 mM Tris-HCI solution and stir mixture vigorously for 30
minutes to allow phase separation before storage at 4°C. The organic phase contains the

equilibrated phenol.

10x Metabolic Stop Solution

Add 25 mL equilibrated phenol solution, 24 mL sodium EDTA (0.5 M), and 1 mL
[-mecarptoethanol to a clean 50 mL screw cap tube. Ensure the metabolic stop solution is
prepared fresh and stored at 4°C or on ice before use. The final volume can be scaled up

accordingly depending on harvested culture volume.
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Equilibrated phenol/Chloroform/Isoamylalchohol (25:24:1)

Add 25.0 mL equilibrated phenol, 24.0 mL chloroform and 1.0 mL
isoamylalchohol to a clean 50 mL screw cap tube. Protect from light (by covering tube
with aluminium foil) and store at -20°C for up to 6 months. During use, store at 4°C or on

ice.
Chloroform/lsoamylalchohol (24:1)

Add 48 mL chloroform to 2 mL isoamylalchohol in a clean 50 mL screw cap tube.
Protect from light (by covering with aluminium foil) and store at -20°C for up to 6

months. During use, store at 4°C or on ice.
Vitamin B;, (Cobalamin)

Stock solution was prepared as 800 mg/mL in sterile Milli-Q H,O, while working
stocks were stored as 80 mg/mL aliquots, filter sterilized and transferred into screw cap

microcentrifuge tubes. Store aliquots at -20°C protected from light.
Antibiotics

Stock solutions of different antibiotics were prepared as 1000x (w/v) of desired
working concentrations. Preparation of Kanamycin (50 mg/mL), Ampicillin (150 mg/ml),
Streptomycin (50 mg/mL), and Spectinomycin (50 mg/mL) is by determining the
equivalent salt weight and dissolving in 10 mL sterile Milli-Q H,O. The antibiotic

suspensions are sterilized using a clean syringe plugged to a 0.2 micron pore size filter.
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However, Erythromycin (20 mg/ml) is prepared by dissolving erythromycin salt in

ethanol (95% v/v) and need no filter sterilization.
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APPENDIX C

Protocols
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DNA Extraction Protocol

This ‘quick extraction’ protocol was modified from personal communication with
Matthew Nelson, UW-Oshkosh. Add a loopful of cyanobacterial cells to 100 pL of 35%
ethanol in a screw cap tube. Alternatively, centrifuge 1 mL of a dense liquid culture at
14,000 x g for 6 minutes at room temperature. Discard supernatant and resuspend pellet
in 100 pL of 35% ethanol. Ensure complete resuspension of cyanobacterial cells in
ethanol, for both methods of cell preparation. Heat cell suspension in boiling water for 5
minutes and immediately cool at -20°C for 5 minutes. Then, vortex and centrifuge at
14,000 x g for 5 minutes at 4°C. Then, carefully transfer supernatant to a sterile

microcentrifuge tube and store at -20°C.
Transformation of Synechococcus sp. PCC 7002

Synechococcus sp. PCC 7002 strains are grown exponentially in liquid AD7
medium containing appropriate antibiotic concentration at 37°C supplied with ambient
CO,. Cells are harvested at OD750nm 0f ~ 0.5 and resuspended in fresh A (D7) to OD750nm
of ~ 3.0. Then, 2-3 pg of linear DNA construct is added to about 0.8 mL of resuspended
cells in 15 mL clean snap cap tubes with overnight incubation at 37°C, 200 pmol photons
ms™ with ambient CO,. The transformation mixture is spread on A (D7) agar plate
containing appropriate antibiotic concentration and incubated in the Percival incubator
(Perry, lowa, USA) for 3 days at 37°C with moderate illumination (< 150 umol photons

m2s™). After third day, the plates are exposed to ~ 200 pmol photons m™?s™ illumination
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until colonies appear. Colonies are randomly selected and then transferred into a fresh A

(D7) medium containing desired antibiotics in a clean 15 mL snap cap tube.

Alternatively, 50mL fresh sterile A (D7) medium containing appropriate
antibiotic concentration is inoculated with Synechococcus cells to about OD7sgnm of ~ 0.2.
Incubate cells overnight in a 37°C water bath at 200 umol photons m2s?, and 3% (v/v)
CO; in air. Following day, harvest 7.0 mL of the overnight culture and centrifuge using
the table-top Bechkamp centrifuge at 3750 rpm for 3 minutes. Discard 95% of
supernatant and resuspend cell pellets in remaining supernatant. The cell suspension is
further diluted to a final volume of 1.0 mL at ODsonm Of ~ 3.0 in a clean sterile screw cap
tube using fresh A (D7) medium. Add 3- 5 pg of inactivation linear DNA construct to the
cell suspension and mix well. Transfer cell suspension to a clean 15 mL snap cap tube
and then add 500 pL of A (D7) medium for a final volume of 1.5 mL. This compensates
for possible evaporation of water from medium during overnight incubation. Incubate
transformation mixture at 37°C with 200 umol photons m™s™light intensity and, 3% (v/v)
COzin air bubbled into transformation mixture. After overnight incubation, 500 puL of
transformation is spread on A (D7) agar plate containing appropriate antibiotics for
positive selection. Incubate A (D7) plates for 3 days at moderate light intensity (< 150
umol photons m™?s™), e.g., by covering with black wire mesh in a Percival incubator

before exposure to optimal light intensity of 200 pmol photons m™s™.
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Preparation of DH5a Electrocompetent E. coli cells

Inoculate 4 mL of LB/Nalidixic acid (final concentration = 30ug/mL) with a
loopful of DH5a cells and incubate overnight at 37°C with moderate shaking. Following
overnight incubation, inoculate 400 mL of LB with 4 mL of overnight culture. Then,
incubate at 37°C, with shaking at 100 rpm for ~ 4 hours to early mid-log phase.
Centrifuge in sterile cold Oakridge tubes at 5000 x g for 10 minutes at 4°C. Discard
supernatant carefully not to displace pellets and gently resuspend pellet in 200 mL ice-
cold 10% sterile glycerol. During washing and resuspension, ensure that the pellet is kept
on ice. Repeat this process two more times, each time resuspending pellet in 200 mL ice-
cold 10% sterile glycerol. Then, centrifuge and resuspend pellets in 100 mL of cold 10%
glycerol. Discard supernatant and resuspend in a final volume of 1.2 mL cold 10%
glycerol. Transfer 40 pL aliquots to pre-labeled sterile microcentrifuge tubes and freeze

immediately in liquid nitrogen and store tubes at -80°C.
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