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ABSTRACT

METABOLIC ENGINEERING OF THE CYANOBACTERIUMSYNECHOCYSTIS SPCC

6803 FOR THE PRODUCTION OF ASTAXANTHIN

Synechocystis spCC 6803s a photosynthetic eubacterium capable of using light
energy to generate biomass from atmospherig@@is considered to be the model organism of
photosynthetic microbes. Much of the knowledge accumulatiated to this organistmas
centered on the cellular photosynthetic processabse this organism has many similarities to
the chloroplasts of higher order plan&ynechocystialso shows great promise as a microbial
cell factory, as scientific studies describing metabolite prastluétom this organism continue to
accumulate in the literatur&Vhile these studies highlight the considerable amount of gains
made in regards to production$ynechocystjghey also shed light on tltensiderable amount
of gaps in knowledge regarding many aspects of this organism. As the field of msetabol
engineering continues to grow withfdynechocystisesearchers must continue to develop
production pathways that leverage comprehensive engineering strateghredghatshedding
light oncritical engineering hurdles. This information is critical for the sudgkedsvelopment
of photosynthet microbesascellular production platforms capable of generating titers similar
to those seen in other cellular systems utilized to generate economicallywethl@lites for
humankind.

In this work, we utilized several metabolic engineering strategies to manithdate
carotenoid biosynthesis pathwaySgnechocystifr the production of the nomative

carotenoid, astaxanthiras well as canthaxanthiiA Synechocystisiutant was engineered with



an insertion of a 3-carotene dketolase genertW148from Nostoc punctiformensertion of an
additional copy of the endogenous -carotene hydroxylase gendR from Synechocystignd an
open reading frame guiption of the endogenous B-carotene mondetolase genertO. These
manipulations generated a mutant capable of an increase in the overatiadrotatent by 178

+ 10% % of that seen in wild type cells as well as astaxanthin titers sichece produen rates

of 1.11 £ 0.07 mg/l/day and canthaxanthin titers reaching 1.49 + 0.05 mg/l/day. To add upon
this work, we leveraged several promoters,Réens2 promoteras well as th®siga promoter to
control the expression tiie crtW148gene within several constructs. These promoters were
generated in a research study we performed that leveraged rational desginesttatdevelop a
suite of promoters capable of driving gene expression as various strertgthsSynechocystis
This study generatedldrary of 10 promoterconstructs capable afdynamic range of

expression strength, exhibiting a 78 fold change between the lowest expressiotepPscas2

and the highest expressing promoRkaz2 when tested withisynechocysti Use of thePscae2
promoter within the carotenoid pathway engineering experiment increaséehcad production

of target carotenoids by 150% to 197% over production seen from the same constructs run by the
promoterPsiga.

In addition to engineering of the carotenoid biosyntheastBway, we also tested the
impacts of diel cycle light conditions on carotenoid production and accumulation. Whendexpose
to 12 hour light/dark conditions, the mutantR: :cruB::AcrtO-Pscae2::CrtW generates
carotenoids at ratexd 43 + 14.8 % of that of the same culture grown in constant light conditions.
We hypothesized that this lag was caused by the endogenous cellular controbobtieoid

pathway initiated by the metabolic burd@aced on the cellWe also hypdtesize that this



metabolic burden was caused by the engineered constitutive expression texaethm
producing genes during dark conditions.

To address potential concerns of constitutive expression of pathway genes desisig st
conditionslike thedark conditions highlighted in the astaxanthin work, our lab constracted
chemically inducible construct for useSynechocystithat is based on ttiac repressor. Upon
chemical induction with IPTG, this same mutant strain was capable of exhibitingrage 24X
increase in GFP expression over that of the repressed Btaddition to this work, we studied
several light induced promoters to better understand their ability to control>geesson
during various light conditions in neutral locatiomishin the Synechocystigenome. We
identified that thé”pshan promoter functions very differently in light and dark conditions when it
is moved from its native location within the genome. As many researchers utilipeotimister
to control gene expre®n, this information may be critical to fully understanding gene
expression of pathways leveraging this promoter construct. Three additionalggromot
constructs, the ghan. PgroeL2, and Rigp promoters were also tested for differential expression in
light and dark conditions within the neutral regeir0168 Additionally, nucleotide mutations
were made to regions within tiRgspan promoter, to better understand this promoter’s sensitivity

to varying light intensities.



ACKNOWLEDGEMENTS

| want to thank my committee members, Kenneth Reardon, Ashok Prasad, and Graham
Peers for their guidance and support during my time here at CSU. Spegifiddike to extend
my warmest thanks to Christie A.M. Peebles for her unending support throughout arglrese
program. Christie was capable of seeing my nascent vision for work on cyanobacteigas
in regards to the production of value added products from these organisms and wallyespeci
helpful in helping me craft mgesearch projeand build outmy strategicvision throughout this
time. She was also very flexible in letting me forge the tools needed to develop myre&n ca
path, which was critical in allowing me to develop rggbartunity from my work. Thank you.

| also want to extend my thanks for all the support | received from Yi Ern Chaahasl
friends and colleagues know him, was my research confidant throughout this processs He
there for my highs and well as my lows and his support in the lab as well as in thewvafic
critical to my success. | also thank all the graduate and undergraduatesshatdmve passed
though the Peebles lab: Jiayi Sun, Victor Gallegos, Sunny Lunka, Maxwell &esdilison
Zimont, Jake Sebesta, as well as innumerable others that participated in reseanctn&vith
Peebles lab

A special thanks goes out to Kenneth Reardon and Barbara Gibson, thesadtonsifor
the NSF IGERT Bioenergy program at CSU. The IGERT program allowed opgen my eyes
the comprehensive and collaborative nature of cutohge science research and its overall
impact on society. It helped me further develop my ability to understand various cortispaine
complex and intertwined disciplines, as welhasv to work with a variety of individuals from a

diverse backgrounds. Thank you to Paul Tanger, John Field, Alex Stanton, Jenna Bloxom,



Torben Grumstrup and others that participated in the program with me and madegitaanpmot
to be forgotten. | also want to thank Dr. Greg Graff for his patience, mentorship and $oipport
understanding the basics of the economics of biofuel development.

A very special thanks goes to Scott Fulbright, my colleague and friend. DRhisng
journey, Scott was always there for a conversation about the highs and lows of tkse.proce
More importantly, he was a great sounding board regarding how to make the best out of the
experience here at CSU and has become-toliig friend and a critical partner in the
development of my career past CSU.

My thanks also goes out to the staff at CSU Ventures, especially Dian é§@mniodd
Headly, and Steve Foster. Your support for my dual life in graduate school as well as
technology transfer has been critical for my sanityfatare development.

Lastly and most importantly, | want to thank my family and especially ng, Wéssica.

She’s put up with me during the rollercoaster that was my journey through gradoate. She

has never wavered in her belief that | would make it out alive from this process aodrtinges

would be better, as a resulShe has put up with late nights and early mornings, busy weekends
and multiple distractions during the journey. | couldn’t have done this without her unending love
and support. A special thanks to my parents as they have never lost their belieddt

succeed in this endeavor, thank you. My last thank you goes to my daughter, Elise, who has
never stopped loving me, even through my mood swings and time away from her, thank you for

helping me see the larger picture and motivating me to no end.

Vi



TABLE OF CONTENTS

Y 011 7> Vo il

ACKNOWIBAGEIMENTS ...ttt e e e e e e e et e et e e e e e eaaenes v

Chapter 1. INtrOAUCHION ... e e e e e e e e e e e e et e aeaenas 1
The use of photoautotrophic microbes as cell factories..............ccoooiiiiiic i, 1
Carotenoid Production withiBYNechoCystS..........oiiiiiiii e, 5

Metabolic Engineering Strategies within Microbial Species..................................13
Metabolic Burderwithin Microbial Species.........c.oovi i 14
Understanding of Native Promoters found Within Microbial Species....................... 16
Genetic Engineering of Promoters wittf8gnechocystis....................................19
Scope Of the DISSErtatioN.........c.uiui i e e e e e e e e e e eaeans 23
Chapter 2. Engineering of Genetic Control ToolSymechocystis sP.CC 6803 using Rational
(DTS o o I = Ted o oo {8  PPPPC 724
Chapter 2 Brief INtrodUCHION.........c.ii i e e e e a0 20, 32
Chapter 3Evaluating lightinduced promoters for the control of heterologous gene expression in
SYNEChOCYSHS SPCCB8B03. ... ittt et e e e e e et e e e 30
Chapter 3 Brief INtrodUCHION ..o e e e e e e ieeaas 61
Chapter 4. Carotenoid Pathway Engineering and Diel Light Cycle izpadhe Production of
Astaxantlin within the Cyanobacteriutf@ynecbcystis SpPCC 6803............ccccevviiininenns 32
Chapter 4 Brief INtrodUCION..........iuiie i e e e a2, 32
(@4 g =T o] (=3 gt TR @0 T3 1113 [ o 34

Y (=] (=] (oS T

Vi



CHAPTER1

Introduction

The use of photoautotrophic microbes as cell factories

Microbial production of valuable byproducts has been a staple of nragésauity for
centuries. While fermenting grain with yeast torew beer has been traced back to the ancient
Egyptians, only in the last century has science been able to leverage this skilh¢o develop
the library of microbes capable of generating valuable products for mankingarticular, the
utilization of photoautotrophianicrobes, organisms capable of converting the electromagnetic
energy found irsunlightinto the chemical energyat is then used to fix GOnto biomass and
other byproducts, has only begun to be refined over the last 30+ years. Of padrtievdst are
photoautotrophic bacteria, or cyanobacteria. These single ealbedterial microbdsave many
attributes that make them valuable platforms for product production. bfamgse organisms
exhibit extremely rapid doubling timesstractable genetic structure, and are capable of generating
a wide array of products that include fatty acids, short and long chain alcoholssalkairegen,
lactic acid, sucrosegs well as gment molecules like carotenojdégure 1 (for a review, see
Gronenberget. Al. (2013) and Brla, et. Al.(2013)).

While many attributes of cyanobacteria mirror those found in heterotregsiems like
yeast andescherichiacoli (E. coli), photosynthetiamicrobesexhibit unique cellular conditions
and challenges that can substantially change the strategies pursuedamdioprdent of these
organisms into viable production platforms. As demonstrated in figusséntally two growth

conditions occur in photosynthetic cells exposed to natural circadian light conditions. Gene



expressn is drastically altered as a consequence of changing light conditidhsarwwhere
between 30%65% of the transcriptome changing expression profiles as a(i€epftet al., 2014;
Lenz and SogaarAndersen, 2011). During light conditions, autotrophic growth is driven by
oxygenic photosynthesis, while excess generated energy is stored adthgdate glycogen
(Ball and Morell, 2003). Also, light conditions generate more favorable redox @btemdi cyclic
electron flow conditions for heterologous product production.

During dark conditionsstoredglycogen is utilized as a carbohydrate souxcelrive
expression and function of essential oxygen sensitive, nitrogen utilization amdl gea@tenance
genegLenz and Sogaardndersen, 2011). When the ability of glycogtorage and/artilization
is removed from photosynthetic cells ypathwayknockout mutants;ell viability plummets after
prolonged dark periods compared to wild type cells in the same condiicaislan et al., 1995)
In addition, stress recovery is impacteden overall glycogen stores are decreased frbat v8
normally found incells (Grindelet al., 2012) Glycogen defectie mutanthallenged with salt
or oxidative stress during light conditions exhibitlecrease inverall growth rate, while wild
type cells ardargely unaffectedSuzuki et al., 2010) Salt and oxidative stresses activstiess
signal transduction pathways that-rggulatespecific stress genes which requires excess. ATP
This excess ATP is generated via glycogen catabalisith makeglycogen stores essential for
peak fitness of photosynthetic cell&/hile many research facilities provide-Bdur light exposure
to cyanobaterial cultures grown for experimental research, a detailed understanthegiairnal
nature of these microbes must be taken into account in order to detigmproduction systems
capable of harnessing sunlight as the main energy input, a criticgdonent involved in any

economical large scale production system.



The cyanobacteriurBynechocystisp.PCC 6803 (hereafter referred to&mechocystjs
has become model organism for many area$ cyanobacteriatesearch Synechocystis a
photosynthetic gramegative eubacterium that shows an extremely high homology to the
chloroplasts of higher order plantabdallah et al., 2000).Synechocystieas been extensively
studiedwithin the scientific communitgnd was the first photosynthetic microbe to have a fully
sequenced and annotated gendianeko et al., 1996A considerable amount of knowledge
began to accumulate around the study of this organism, which lead to the developmenabf criti
researcltools andiechniques The developmenDNA manipulation techniques based on single
stranded DNA uptake and homologous recombination allovesgarchersdo incorporate
exogenouddDNA into the genomend better understand gene regulation within this organism.
Optimal culturing techniques and bdgtstrategies for cellulagrowthand DNA transformation
have been streamlinadhich has been critical for the development of this organism as a “model
organism” within photosynthetic microb@arten and Lill, 1995; Williams, 1988a). The highly
annotated and sequenced genomeSghechocystislso allows for identification of target
sequencesincreasing the ability fogenetic engineering strategigs be incorporated into the
system(Kaneko et al., 1996)While the basic research tools relate&ymechocystisontinues to
accumulate in the scientific literature, new areasresfearch havealso demonstrated that
Synechocystisan beutilized asa “microbial cell factory” capable gdartitioning a significant
amount carbon flux towards the generation of products not associated with cell ywiatdit
maintenance. Theoretical studies have argued tl®techocystisnetabolism is capablef
directing over 50% of the carbon flux towards the synthesis of carbon containing products while
still maintaining cell viability(Angermayr et al., 2014). Additionally, simple manipulations

performed byZhou and colleague014b) were capable of driving the production of two



functional proteins withisynechocysti® concentrations that totaled over 15% of the total soluble
protein found in the cell.

While support for the potential &ynechocystias a production platform is accumulating,
a large majority of thetudies leveragin§ynechocystisave performed minimal manipulations to
the genomem questionOver the last several decades, resear8ynechocystisas accumulated
concerning metabolites that can lndized as fuel replacements, commonly known as biafuel
(Lindberg et al., 2010; Liu et al., 2012; Machado and Atsumi, 2012; Zhu et al., 2013). A
considerable amount oésearchnteresthasfocused on genetic manipulation for the production
of ethano| as researchegan as early as the late 1990’s on ethanol production in other species of
cyanobacteriaResearcher®exter and colleagug009) engineered a strain @&ynechocystis
capable of generating ethanol at 5.2 mmol/éiter/day. Theirwork was based on similar
research in whichwto heterologous genes from an ethanol produgZyrgomonasvere inserted
into aSynechococcuspecies. Dexter and colleagueserted these genes into the genomic region
of Synechocystisand controlledtheir expression witlthe Ppspan promoter.While several new
variables were introduced into the wdHat were not incorporated into the originabrk, this
Synechocystimutant generated ethanol at an order of magnitude lower th&@ytieehococcus
mutant, and was hypothesized to be caused by cellular redirection of carbon flux amathé&
inserted pathway and not by ethanol toxicity. While this work demonsttiaatsethanol
production from Synechocystiss attainable, it also highlights the considerable amount of
additional knowledge required for efficient engineering within this speSiace this work was
published, a considerable amount of rese&iat accumulated in the scientific literature that is
focused on understanding the impacts of ethanol exposure and productionSyrteshocystis

In aneffort to better understanithe cellular response to exposure to ethanol, multiple labs have



performed transcriptomic studies as well as metabolic modelgtudieson Synechocystis
reprogrammed to generagthanolDienst et al., 2014; Fu, 2009; Wang et al., 20TB)s work is
critical to building upon the currerknowledge set so that futurengineers have a better
understanding of the metabolic network at plagtnains capable of ethanaroduction.

While ethanol is an enticing biofuel target because of its use as an oxygegaseline
fuel, biofuels that mimic the long chain carbons found in diesel fuels is difficult. Proadwdt
fatty acids, carboxylic acids with long chain hydrocarbon tails, is a natural target becatse of
universal presence across all domains of life. Liu and colleafdsl) were capable of
generating a strain @ynechocystithat produced high levels of fatty acids via manipulation of
multiple genes run by a nickel induced promoRarss as well as th@psoanpromoer. Cheah and
colleagueg2015)build upon the work performed by Liu and placed a heterologous thioesterase
gene under the transcriptional control of several engineered promoters, inodntaefrive
expression and therefore, fatty acid accumulation to higher levels. Whileripéins rates of the
thioesterase gene were increased considerably, enzyme accumulationclvasged from wt
levels

While these discussed research projects are only several examples of ergineeri
Synechocystifor metabolite production, they highlight the potential of metabolite production
within Synechocystiwhile also highlighting the neddr comprehensivengineeing strategies to

fully realize the potential of utilizing these microbes as metabmigduction platforms.

Carotenoid Production within Synechocystis
While pathway engineering for the goal of producing metabolites likeegtbylsoprene,

acetonelactic acid, alcohols, sugars, fatty acids, biofuels, and other valuable nesléasdl



occurred inSynechocystjdew studies have looked to increase the production of carotenoids
within this organism. The family of carotenoid molecules comprises a digeysp of over 600
structurally different 40 carbon chain length molecules that contain multiple ctedutdaulie
bonds. The pathway originates from the terpenoid biosynthesis pathway, a pathway tha
ubiqutous amongst all life on earti.he conversion of geranyl di-phosphate to phytoene via
phytoene synthase is considered to be the first committed stepdevtlepment of downstream
carotenoids (Dibari et al., 2012). The carotenoids play diverse roles in protectingy/ptictts
organsms from deleterious effects caused by cellular metabol@anotenoids act in quenching
reactive photeoxidative elements that include triplet chlorophyll reactive species, reactive
singlet oxygen species (ROS) and lipid peroxides, all of which are generategl steess
conditions and all are capable of reducing the overall fitness of the organisinigaudt al.,
2006; Lu and Li, 2008).Carotenoids also are active as photosynthetic antennae molecules
capable of harvessig light photons and transferring this energy to chlorophyll molecules as well
as quenching excess excitation energy during high light conditions. This group dfile®lec
also plays an integral role in the structural rigidity of cyanobactetiadagr membranes,
impacting adhesion properties, protection against pathogens and high light conditiorls, overa
membrane rigidity, and aiding in the control of intracellular [@ynechocystisarbors a
functioning carotenoid biosynthesis pathway and geesaadmall suite of carotenoids
(myxoxanthophyll, B-carotene, zeaxanthin, and echinenone) in observable amounts, figure 3.
One specific carotenoid of ndteat is not generated naturally$ynechocystis the
diketolated and dihydroxylatettrivative of B-carotene, astaxanthin. Over the last several
decades, astaxanthin has increased in commercial value, with considerable afrtbents o

molecule being utilized as a colorant in the nutraceuticals, cosmetics, andlagaandustries.



In addition to these benefits, the molecule has also been investigated for potential anti-
inflammatory, anticancer, as well as agitabetic effects within humans because of the
molecules ability to act as one of the most capfibkeradical quenchefound within cellular
systemqHigueraCiapara et al., 2006; Huang et al., 2002; Palozza and Krinsky, 188&ket
values of the molecule fluctuate anywhere from $2000 to $7000 peiitkgan overall market
size of $250M per year and growing to an estimated $1.5B by, #02€h has generale
considerable interest in production of this molecule from natural as well &esyrsources
(Lorenz and Cysewski, 2000; Nguyen, 2013) Synthetic production of the molecule dominates the
market currently with the most common mechanism for production being the modifications of
naturally derived precursor molecules, canthaxanthin, zeaxanthin, andHuemg et al.,

2002). While synthetic production strategies are well developedhaiomal stereocisomers of

the molecule are generated and therefore considered to be less pure than natesabsthe
molecule(HigueraCiapara et al., 2006).

Natural production of astaxanthin mainly occurs from two distinct organisms, the
eukaryotic algaHaematococcus pluvialand the eukaryotic funguganthophyllomyes
dendrorhousTheheterotrophiaged yeastXanthophyllomyces dendrorhoissfungal species that
has gained considerable interest in astaxanthin production over the last several. d€bede
organism naturally generates low rates of astaxafitielow 0.1%) and as of late, has been the
focus of a considerable amount of research (Johnson and Schroeder,3198@)gies like
chemical mutagenesis and pathway engineering have genleyatdoroducingtrainscapable
of substantial increases in production of astaxanthin. Gassel and colleaguesvgt@lal)le to
leverage strains identified vénemical mutagenesis to further engineer these strains with genes

that increased the expression of four identified enzymes considered to be Ist@psgvithin



the pathway. Three endogenous genes from the committed carotenoid biosynthegig, pathw
geranylgeranyl diphosphate synthase, phytoene synthase, as well as an hstayathase,

were upregulated along with a coenzyAeeductase gene, also frodanthophyllomyces.
Combinations of these manipulations were capable of increasing overalhéisitayaoduction

by close to an order of magnitude within the mutants (Gassel et al., 2014). WaxbEndsn
increases within this organism have shed light on effectiragegies to increase overall
production, heterotrophic organisms IiKanthophyllomycestilize external energy sources
generated from other organisms, which adds additional itpatg€an impadthe overall
economics of large scale production.

Another microbe which exhibits endogenous production of astaxanthia is
photosynthetic algflaematococcus pluvialisCurrent commercial production systelegerage
Haematococcu<tellular response to stress conditions like high salt exposure, high light
exposure, increased growth temperatures as well as natejenvation to induce cells produce
anywhere between3% astaxanthifGuedes et al., 2011; Olaizola, 2000). Production employs
a batch growth system, which allows the freshwater cells to reach higleesitiesn natural
light conditions prior to introduction of stress conditions, which causes them to encyst and
generate higher cmentrations of astaxanthin. Once cells encyst, cells must beyatggteria
centrifugation, dried, and cracked to gaotess to the astaxanthihile Haematococcus
pluvialisemploys energy derived from the capture of light to drive reactionsehatae
astaxanthin within the cells, intrinsicabjow growth rates as well as low cell yield have been a
major barrier to efficient production within this cell systeRroductivities in industrial systems
typically reach 2.2 mg/l, while production in bench scale research has beendépdsteas high

as 11 mg/l/dayAflalo et al., 2007; Olaizola, 2000)he presented gains were made by



modulating the amount of astaxanthin generated by cells via exposueevirithus stress
conditions known to impact astaxanthin production as well as changes to the ovenadl cult
densities found in the various types of growth systems used to grow the cells. Wetydies
have leveraged genetic engineering techniquesatopulate astaxwhin titers in
Haematococcyanostly because of the lack of genetic tools capable of delivering deliberate
manipuldions to the genome of the cell as well as a lack of genetic stability found in fang te
studies of transgentidaematococcsicells. In 2015, Kathiresan ammlleagueg2015)were
capable of increasing native production of astaxanthin by 2-3 fold via agrobacteediated
insertion of a second copy of the $-carotene ketolase gene, BKT. While this research
demonstrates the nascent capability of genetic manipulatidag@matococcus;onsiderably
more information is needed to fully understand the reasons behind the recalcitrg&cetic
engineering within this organism.

While no previously identified research has investigated astaxanthin production in
Synechocystjselatively few research investigations have stu@gaechocysti® better
understand this organism’s ability toopuce economically viable titers of carotenoids. Specific
changes in the environmental conditions like changes in nutrient composition of the snedia a
well as varying the exposure to various light conditions have been able to modulate the
production of @ative carotenoids irsynechocystisSteiger and colleagué999)observed an
increase in the deovo synthesis of carotenoids when cells were shifted from low light
conditions to high intensity illumination conditions. While the carotenoid biosynthehisaa
was upregulated, an overall decrease in the carotenoid titer was observed, widoke teathe
rapid breakdown of existing carotenoid concentrations at high light intengtadisval and

colleagueg2015)were able to increase -carotene concentrations by simply exposing cells to



BG-11 media containing a 1M concentration of sodium chloride. Additionally, this same
research highlighted how overall carotenoid concentrations changed dependent ufiocn speci
media type.

While research has demonstrated that overall carotenoids titers can be modalated vi
environmental changes, manipulation of native pathways via metabolic engjsteabegies
has also shownrpmise. In the hopes of driving carbon flux towards zeaxanthin and -carotene,
several research studies have knocked out genes that drive flux towards compdtictsprith
varying levels ouccess. As a strategy to assess impacts to myxoxanthophyll production,
Abdelwahab (2015) was able to knockout a probable glucosyl transferaseSyitigichocystjs
which severely impacting the fitness of thdture, but also increased myxoxanthophyll
precursor concentrations as well as myxoxanthophyll itself. Lagarde beabces (2000)vere
capable of knocking out the endogenous B-carotene ketolase gendO, thus knocking out the
production of echinenone. While this knockout mutant did increase the overall titer of the
carotenoid myxoxanthophyll, the mutant also accumulated less overall carotenands whe
compared to thevt culture. In addition to this mutation, this same research group duplicated
several additional endogenous genes within the carotenoid pathway, phytoene ggriBase
phytoene desaturaseriP), andp-carotene hydroxylasertR). WhilecrtP has been considered
to be the rate limiting step in the downstream pathway leading to carotenoid pogdheti
researchersaw no increase in myxoxanthophyll and zeaxanthin production when over-
expressing this enzyme, but were able to increase myxoxanthophyll and heagesduction
by 50% when over-expressing @B gene This same group was able to increase zeaxanthin
from a wild-type content of 25% of overall carotenoid fraction to over 50% of overall carotenoid

content by overexpressimgtR. While this research demonstrates changes are capable of being

10



made to overall carotenoid titers wittfynechocystjst also provides clues to understanding
how metabolic engineemystrategies can be leveraged to further impact carotenoid production
within Synechocystis

While targeted manipulation of specific genes within the carotenoid biosisgatkway
have begun to show increases in the overall titers capable of being genefteednocystjs
endogenous regulation tife carotenoid pathway is critical to understand if further engineering
approaches are to build upon recent succeEsemgenous regulation of the carotenoid pathway
allows organisms to manage the productibthese multifunctional metabolites for when
conditions are essential for their production. Alternatively, when stressioosdike nutrient
starvation, low C@concentrations, extreme light conditions, high salt media concentrations are
absent from culture conditions, carotenoid metabolites aressetial anthus, down-
regulated within the ce({lCazzonelli and Pogson, 2010; Demmig-Adams and Adams, 1996).

Identifying, understanding, and modulating dnitical ratelimiting enzymes within the
methylerythritol 4phosphate (MB) pathwaythat generate the criticatecursomolecules
isopentyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP)shaven to have
substantial imacts on the overall production of carotenoi8&veral enzymes have been
identified as being rate limiting within this pathw@ordoba et al., 2009)The first committed
enzyme within this pathway, 1-deoxy-D-xylulose-5-phosphate synthase (DXS), hashbaa
to play a major role in regulation of the MEP pathwalile the last committed step in this
pathway,|PP:DMAPP isomerase (IDI), has also beeovai to have substantial pathway
regulatory control within eukaryotic systenf€hang et al., 2013; Harker and Bramley, 1999;
Kuzuyama et al., 2000)Ajikumar and colleague@010)were capable of balancing the

expression of the enzymdsgs, and idthat alleviated pincipoints within the pathway and thus

11



increased the overall titers of IPP and DMARRIch increasedlownstream terpenoid
production by over 5 folavithin the study

Further downstream regulation of the carotenoid biosynthesis pathway haseis
identified ascontrol points for production of the colored carotenoifpecifically, the engme
phytoene synthase (PY8)atgenerates phytoene, the colorless precursor to the carotenoids, and
acts as the first committed step in the carotenoid biosynthesis patawéeen identified as
controlling carotenoid production within multiple species(Bramley, 2002; FradeBramley,
2004). Additional, the enzyme that converts phytoene into lycopene, phytoene desaturase
(PDS) hasbeen separately identified as critical ramaiting steps within this pathway.
Chamovitz and colleagues (1938 well as Misawaral colleagues (1993)ere able to generate
PDS mutants in the cyanobacteri@ynechococcuss well as in tobacdbat identified phytoene
desaturase as a clear rate limiting step in theyatazh of xanthopylls. These studies
demonstrate that endogenous regulation of upstream pathways which contributemécune
carotenoid biosynthesis pathwane critically important to understand when targeting increases
in overall carotenoid production.h&y alsabring to light the need for comprehensive strategies
to realize thdull capabilityof utilizing these microbes as production platforriss critical to
understand the endogenous cellular control that occurs in these organisms as walludtgptbe
strategies that can be utilized to manipulate pathways as well as geessexprUnderstanding
the impacts of these strategies ondkierall cellular fitness is also a critical component in the

design of further iterations on this pathway.
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Metabolic Engineering Strategies within Microbial Species

Generating multiplgpathway manipulationsapable of producing valuable molecules in
microbial platforms is a complex undertaking. Multiple strategies must be pursaehidve
titers of commercial significancaVhile genome scale modeling of metabolic networks in
Synechogstisand other cyanobacteria has helped genetic engineers better understand the
complexities and impacts of multiple gene manipulationgjvomanagement of entire
pathwaygo push product titers towardlseoreticalevels have only recently begun tafsge in
the research literatuf&u, 2009; Pei et al., 2014; Wang et al., 2013). The development of carbon
sinks that act to pull carbon through specific pathways has succeeded in various Wéebnee
cyanobacterial species. The development of a carbon sinkneraase overall productivity by
starving essential pathways of carbon, thus stimulating cells to incré@aseypmetabolism in
order to manage the carbon shortfall via metabolic feedback regulation. Olivesll@adues
(2013)were capable ahcreasing overall carbon yield withBynechococcusy inserting genes
capable of generating 2[fitanediol. This sink pathway partitioned pyruvate away from
participating in cellular growth and in doing so, increased carbon yield by 1.8Khe cell.
While carbon sinks may have a beneficial impactwerall production, studies that focus
directly on understanding how to manage and mitigate bottlenecks upstream of tteedital
molecule has shown promiseit@rease overall titers withiynechocystias well ather
speciegAngermayr et al., 2015; Atsumi et al., 2009®).an effort to increase the overtatersof
the terpenoid precursor molecules, dimethyalyl diphosdBPAPP) to isopentyl diphosphate
(IPP), Gao and colleagues (2016) introduced heterologous genes to specific steps of the
methylerythritol phospha pathway within Synechococcus, which substantially increased the

ovemll IPP and DMAPP, which translated into higher titers oftéinget metabolite, isoprene.
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The management of pathways generating the main precursors of secoptayglism
products like pyruvate and acetic acid have been instrumental in furthesingre@etabolite
titers. Angermeyr andolleagueg2014)were able to demonstrate higher lactic acid titers within
SynechocystiBy inserting a second copy of a pyruvate kinase gene capable of increasing the
pools of pyruvate. The management of carbon flux through branch points mvéhabolic
networks has also been a useful tool to increase overall pritdusin Synechocystis
Specifically, utilizing rational design engineering to push carbon flux downndiieiete netwrk
paths via enzyme knockouts has proven to be a valuable tool. Zhou and colleagues€912)
capable of synthesizing appreciabters of acetone iSynechocystiBy inserting a synthetic
acetone synthesis pathway well as knocking out tredogenous acetasgnthesis pathway.
Titers were only observed when both modifications occurred, simple insertion of theisynthe
pathway itself was incapable of generating titers of acet@igen redirecting flux towards a
specific metabolite, full gene knockouts are viable strategy for deagdasindown non-
essential pathways. This strategy is not functional when enzymes and metavelgesential
for cellular viability. Flux can be driven away frairese pathways hyanipulating the
expression strength of spic genes within the essential pathway via the use of specialized
promoters.While a multitude of engineering strategies can be leveraged within cellstans,
understanding the impacts these strategies have on cellular fitness arity @bds critical as

understanding how they impact metabolite production.

Metabolic Burden within Microbial Species
While advances in understanding the manipulation of multiple pathways components

within Synechocystis continuing to accumulate in the literature, critical importance must be
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taken in understanding how these complex manipuiatimpact overall cellulditness. Over

the last several decades, advances have been made in understanding the metabat@usaedien
by pathwayengineeringo produce high titers of valuable products in heterotrophetabolic
burden is most often described as the amount of additetialar resourcewithdrawn from
central metabolisrthat is requiredo manaye and maintain exogenous DNRAeterologous gene
expression can cause physiological changes within cells that often miminsespbat oao
duringextreme temperatures, amino ad&pletion, andesourcestarvation While identified as
occurringin cyanobacterial speciésrboring engineered pathways, few studies have looked to
lessen metabolic burden via furtlganeticengineering Akiyama et al., 2011; Fu, 2009;

Wijffels et al., 2013). In contrast, metabolic burden has been intensively stadiddnitigated

in heterotrophic production systems (Mattanovich et al., 2004; Rozkov et al., 2004). Tools
capable of controllingiene expression via promoter engineering, codon optimization, and
heterologous gene insertion have shown to be vital components to managing the adverse
conditions generated during heterologous gene expre@giknmar et al.,2008; Santos and
Stephanopoulos, 2008&pecifically,understanding how gene expression can be modulated via
promoter control tools is critical in managing carbon flow through pathwaysafRRbesa
heterotrophic microbes has shothat mutagenesis of strong constitutive promoter constructs to
produce a wide range of varying strength promoters has proven to be a useigy straéduce
overall cellular stress which increases population growth and product prodddéittanovich et
al., 2004). Additionally, the developmentgybmoters capable of chemicabuctionat specific
cell densities has been used successfully to activate gene expression awvthgegnditions

best suited for decreased burden and increased overall titers in heterotropnns@yesss et al.,

1991). Delayed induction of targeted gene expression allows cells to produce and accumulate
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cell products essential to the fitness of the cell pridhéaredirection of carbon flux towards the

production of target molecules (Ramirez and Bentley, 1995).

Under standing of Native Promotersfound Within Microbial Species

While ongoing research continues to increase the body of knowledge concerning
metabolic burden in heterotrophs, only recently have research labs begun to bettesnohtiest
toolkits capable of controlling gene expression withymechocystid he cyanobacteria
promoter is composed afcisacting element made up of nucleotides capable of recruiting RNA
polymerase and other traasting elements that play a role in initiating gene transcription.
Cyanobacterial promoter elements have evolved over billionsao$ ye exhibit a wide range of
transcription initiation rates as well bsing controlled by wide range oéctivationconditions.
Understanding how specific promoter elements function and the conditions at whichitiagy i
transcriptionarecritical to efficientpathwayengineering of increased titer mfoducts. Various
native promoters withidynechocystisave been utilized to drive gene expression within
experimatal studies. While use of native promoters has met some success in corgesikng
expression, clear elucidation of the full functionality of the native promotersuelly outside
the scope of researchWhile many of the native promoters leveraged in pathway engineering
studies withinSynechocystiare assumetb be driving expression in a constitutive manfe,
promoters are scrutinized for full functionality across a multitude of celtoladitions. This
strategy camrove to be problematic, especially within a cyanobacterial system eagfalaried
gene expression during various growatid stressonditions. Studies hawsedpromoters that
drive native production of the large subunit of the carbon concentrating enzyme Rutg@sco, t

ribonuclease p subunit B gene, the plastocyanin gene, the ATP synthase sgangt A
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phycocyanin B-subunit gene, amongst others to control gene expression within manipulated
systems.One native promoter in particular, tRgs,an promoter, has been utilized iruitiple
research studids drive gene expression withBynechocysti@Bentley et al., 2014; Englund et
al., 2015; Formighieri and Melis, 2014; Lagarde et al., 2000) Pp&gipromoter region
responsible for generating the D1 protein in the photosystem Il complex (Mulp1&98;
Sicora et al., 2006). This promoter region is highly active during high-light conditiwites w
being down regulated during low light condition$iefeforet exhibits quite a dynamic range of
expression during various light conditions (El Bissati and Kirilovsky, 2001; Erikssain et
2000). While 24 hour light growtlvas utilized in a vast majority studes few if any studies
take note of the dynamic tracription activity observed withiRyspai platform This dynamic
may impact the overall productivity of constructs leveraging this promoter.

Inducible promoters are another type of native promoter leveraged in metabolic
engineering studies withiBynechocystisinducible promoters remain inactive until specific
chemical or environmental conditiomstiate transcription.A majority of the inducibleystems
identified inSynechocystinction to regulate transition metal abundance within the cell.
Promoters that respond to changethametalscadmium, cobalt, copper, ironickel, and zinc
have all been identified and utilized within engineered expression syst@wysdnhocystigor a
full review, see Berla et. a2013)). Regulation of these systems is critical for cell viability
and therefor@xpression is tightly regulated by the céllhese types gfromoterscan be quite
beneficial to the metabolic engineer, but only when a comprehensive understanding of the
promoter activity is understood across a wide range of cellular and environnuerditilons. It
is critical to understand that addition to transcriptional initiation, gene expression and product

production can be impacted by post-transcriptional control as well as post-toaaséledntrol,
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which adds multiple layers of control to a gene system. These systems of bamrelvolved
alongside the evolution of the species themselves, and thus the multiple laysre obgtrol

can be difficult to understand and conceptualize, when designing a promoter systele apa
predictable control. In an effort to focus on promoter systems thttesmeeticallydecoupled
from the endogenous control mechanisms wigynechocystjisome metabolic engineers have
begun to look to heterologous promasgstemdrom heterotrophianicrobes likeE. coli. The
scientific community has studied, annotated, and leveraged prasystems withirkE. colifor
decades, which provides engineers witheahh of understanding of these systems. Whge
use of heterologous promotean alleviate the potential endogea@ontrol systems found
within Synechocystiafurther structural understanding of the componentsitietactwith
promoter regions igist as critical to the functionality of promoters systems moved between the
cell types. WhildothE. coliandSynechocystiare eubacterial in nature, several key structural
differences in the eubacterial RNA polymerase are importanghdight. Whie E. coliRNA
polymerase contafithe a2, 3, and B’ core enzymes, the B’ core enzyme in Synechocystis split
into two parts, B’ and v, making the RNA polymerase structurally distibetween the two cell
types(Bergsland and Haselkorn, 1991; Imamuralgt2003b; Schneider and Hasekorn, 1988).
This additional enzyme subunit physically elongates the holoenanddherefore changes the
binding affinity dynamics within the organism relative to the spacing of thegiens found on
the DNA that recruit components of RNA polymerase (Imamura et al., 2003b; Yoshahaira
2002) Changes in the spacing of these elements also may play a role in the staiiétied
DNA and therefore the retention of sigma factors within these regions, wimdiava a
significant impact on promoter drivagene expression control (Koo et al., 200Bgcently,

engineers have begun to utilize several heterologous promoter eleméamsSyiechocystis
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with varying degrees of success. While the promoters for bacteriophage |ssnoelbas thes.
coli tetracycline operon have been teste8ynechocystigromoter strength was considerably
lower when compared to expression control withinrthatveE. colisystem ThePiac suite of
promoters, originally designed and utilizeddncoli, is the most commonly utilized
heterologous promoter suite 3ynechocystiAlthough the suite does show functionality in
Synechocystjexpressionrends within the suite isonsiderably different from what is seerkn
coli cell lines This only further highlights the neéal metabolic engineers to gain a better
understanding of theromoterelements to be utilized in specific systems as welloasthose

elements interact with the native mechanisms driving gene expression within cells

Genetic Engineering of Promoterswithin Synechocystis

As metabolic engineers begin to develop the foundation of promoter enginedhimg wi
Synechocystjst is critical to understand the two major approaches used to develop engineered
promoter constructs within microbial cell lindsvo of the major approaches that have been
leveraged to design promoter elements are random mutagenesis and rational desigm R
mutagensis of promoter elements exposes promotetsettmentsapable okdding, deleting,
or substituting nucleotides within the promateguencén a random manner and thus impacting
recruitment of transcting elements or modulating transcriptiottiation rates. While in both
Synechocystias wdl as in other organisms, random mutagenesis has been leveraged to further
understand the specific control elements present within promoters of inExtestsive vork
within heterotrophic systems has taken this technique one step further and has levadmyed ra
mutagenesis to develop kbtary” of promoters that show a range of transcriptional initiation

strengthwhich canbe utilized to fine tune gene expression withiargét pathway.Alper and

19



colleagueg2005) were one of the first groups to use random mutagenesis to develop, test and
demonstrate the applicability of a suite of promoteas were capable of driving metabolite
production.This initial work was performed i8accharomyceand leveraged error proRECRto
generate a suite of promoters that drove GFP expres$iomvarious strength promoters were
selected by the amount fidlorescence generated by the mutated construcésnpdes of
promoter library development via random mutagenesis in cyanobacteria can aniytbe f
within closely relategpecies. Markley antblleagueg2014)generatec suite ofpromotersvia
error prone PCR techniqutsat were capable @xhibitinga 48fold dynamic range of
transcriptionstrengthwithin SynechococcusWhile the researchers were able to demonstrate
functionalityusinga modified GFP reporter construct, the generated promoter suite was not
leveraged to run pathways capable of targeted metabolite production.

While random mutations to the promoter region have generated suites of promoters
capable of “tuning” gene expression in various species, thgéngticengineers to understand
the value of engineeringromoters utilized a basic understanding of the functionality of various
parts of a promoter regio They then used this information to manipulate or combine various
regions to build promoters capable of modulatiege expression a deliberate manneihe
use of rational design strategies that leverage science knowledge to makatgeatibeleotide
manipulations that have a high probability of delivering predictive expressiatsreave been
used successfully for decades within the scientific community. EarlgrobsmE. coli
performed by Deboer and colleag#983) initiated the concepts of rational promoter design
when they leveraged knowledge of guvs and thePyp promoter construct3.heyused that
knowledge to develop theybrid Piac promoter a promoter capable of seveséhtes of activity,

which is dependent on the presence or absence of smmhdcal indicers in the cell system.
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These researchers were able to buitglarid promoter that contained the consensus -10
nucleotide regionthe pribnow box regionfrom thePyp promoter as well as a consensss
nucleotide region from thacuvs promoter,. This hybrid promotercreased overall
transcription rates by 3x over thadtthe nativePyp promoter and 11x over that of tRacuvs
promoter. Brosius ancblleagueg1985b) built upon this research to better understand the
impacts of changing nucleotide spacing within the -10 and -3&ctisg regions within thBac
promoter construct. Thayerecapable of generating a small library of promqgtetsich was
subsequently named tRe suite of promoters. This suite exhibited various transcriptional
initiation strengths withire. coli. The Piac suite of proroters have beeutilized to drive
engineered gene expression within multiple species for over 30 years.

Understanding rationalesign strategies for promoter library development within
SynechocystiBas begun in earnest within the lastesal’yearsSeveral research groups have
focused on how changes in nucleotides within the core components of specific progioter re
impact transcription initiation and overall product production. Huang and Lindblad (2013)
focused on how nucleotide substitutions within the region that separates toatims
initiation site and thel0 pribnow box region of thereirrepressiblgoromoter frome. coli
would impact fluorescence of a GFP reporter syst@rhile initial substitutions of nucleotides
within this region increased overall fluorescence, additional changes to the ssquedceed
very similar expression to the initial substitution. In addition, no clear correlatiateddb the
type of nucleotides present and the corresponding amount of fluorescence werdabteatle.
Similar to this work Qi andcolleagueg2013) were able to insert additional single nucleotides
into the spacer region the¢paratethe-10 and -35 region of thgromoters that run the

SynechocystigenegsbAll, petE andpsbD While successful at nucleotide insertion within
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these regions, little to no change in promoter strength was observed from Heahafive
promoters generated. Zhou asalleagueg2014b)leveraged rational design stratediest
leveragedmultiple transcription factor binding sites (TFBS) to develop a promoter system
capable of high rates of transcriptional initiation witBynechocystisWhile this group was
able to develop a promoter that drove production of a targeted functional protein tof thees
15% of total protein found in theell, the group did not pursue the development a suite of
promoters based upon the newly constructed promoter.

While research has been slow to demonstrate fiadianal design changesn positively
impactoverall constitutivepromoter control irBynechocystjgational design hdseen
successfully leveraged to manipulptemoters utilized in chemical induction systems, like the
Pwc promoter systemPromoter esearch from Uppsala Umrsity has focused on understanding
the variations of promoter and their ability to impact gene expressiByniechocystisThe
Lindblad group(2010b)hasfocusedon understanding hothe Py promoter system can control
gene expression system while utilizing thd l@pression system. Their first area of research
focused on understanding how the introduction of operator regions irffacthpeomoter
impacted rpression and induction. The operator regiamscisactingnucleotide sequences
found within thePy. promoter that are capable of bindingnsacting repressor proteins, which
has the effect of decreasing the binding efficiency of the RNA polymerase andettreasing
transcription rates. Efficient repression within the Lacl repressor modependent on the
formation of a Lacprotein tetramebinding onto the operator regions within the promoter
(Kramer et al. 1987). This efficiency is also considered to be dependent on pericaig spa
distances between the two operator regions, while Matidrcolleague€l996) demonstrated

that periodic spacing of 11.5 nucleotides starting with a 70.5 base pair separadiocedexhibit
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the highest levels of repressioHuangand colleague@010b)introduced successive operator
regions into théy system withinSynechocystisinitial work spaced the centers of the two
operator regions 88 base pairs from one another, and ndalecomplete repression resulted
from theirconstruct, very little induction, 7.5% of the promoter’s activity without the repressor
was obtained. The group continued their research and focused on thelkddegate changes in
the nucleotide spacing betwees-eicting operator regions, in an efftotfurther “fine tune”
inducibility. While their work was able to demonstrate that deliberate changes in the spacer
length between operator regions led to a predictable trend in repression andmskuetigth
within the constructed promoter suitiedid not lead to the developmaesfta promoter construct

capable of efficient repression as well as clear and strong induction.

Scope of the Dissertation

While the production of commercially valuable molecules within heterotrophic cell
systems is well éablished, the use of cyanobacteria and more specifi&ihechocystisp.
PCC 6803 presents unique benefits as well as unique challd@ihggesrganism exhibits a
considerable amount of benefits over its heterotrophic relatives. It'bleagfautilizing sunlight
as an energy driver, utilizing carbon dioxide as a carbon source, and also exhibits rajngd) doubl
times. Research into the utilization of this organism to generate commerciaipiea
metabolites like carotenoids is still in its infancyar@tenoid molecules have many benefits to
mankind; they are capable of replacing petrochemical pigments and dyes with nat
alternaives, they play vital structural roles within cells of many aquatic organiand have
been shown to have considerable protective properties in regards to human Wéalthtools

capable of driving heterologous and endogenous gene expressionimesdikeE. coliand
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Saccharomyceare well established and understood, this is not the c&athocystis
Microbes leveraging photosynthesis as a main energy source exhibit uriglae cenditions
and cell control mechanisms that have evolved to tightly control gene expression during
appropriate stimuli, which can be problematic to the metabolic engineer.

This work highlights development of a suite of constitutively expressed promoter
constructs based on tRe. suite of promoters that show adsirange ofraried gene expression
control withinSynechocystiOur work leveraged rational design strategies to modulate the
nucleotide gap between thE) and -35 binding regions within this promoter suite. In addition,
changes were made ttoe Pscas2 promoter thaincludedcis-acting control elements that
generated ahemically inducible promoter construct. This construct demonstrates tight
repressiorcapabilities as well as inducibility when the chemical inducer IPTG is introduced

This work also discusses tRgsban promoter and the insights obtained when utilizing this
promoter withintwo locations in the genome 8lynechocystig he Ppshan promoter is a widely
utilized promoter within genetic engineeringSgnechocystiand is considered to be a promoter
that is regulated by the absence or presence as well as by the intensityretkglead by the
cell. While many other researchers utilize the promoter in its native locatioasaarch
highlights that when the core promoter is moved to a neutral location &yrleehocystis
genomelight inducibility is lost. Additionally, this research highlights critical changesso
acting regions on thyspai core promotethat changes the overall initiation strength of the
promoger itself.

Lastly, this dissertation describes the genetic engineering that was perfarpreditice
the non-native carotenoid astaxanthin wit8ynechocystisThis work describes the

manipulation of several endogenous genes as well as the insertion of two hetergéogsus
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within the carotenoid biosynthesis pathway and how combinations of these manipulations
impacted native and namative carotenoid metabt#iproduction. Promoters from the

previously described research were leveraged to further increase prodéicanthaxanthin as

well as astaxanthin within various mutants.addition to the manipulations described here, the
wt and an astaxanthin producing mutant were exposed to diel light cycle confdititmes

duration of the experiment. Impacts of overall carotenoid production, rates of productieth as w
as cellular biomass accumulation were measured and analyzrdtfwes exposed to 24 hour

light conditions as well as cultures exposed to periodic 12 hour light/12 hour dark conditions.
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Product Organism Overall Production Authors
Fatty Acids Synechocystis 197 mg/I Liu, Curiss
Manoyl Oxide Synechocystis 0.45 mg/gDCW Englund, Lindberg
Isobutyraldehyde Synechcococcus 450 mg/| Atsumi, Liao
Isoprene Synechocystis 50 ug/gbCw Lindberg, Melis
Zeaxanthin Synechocystis 2.49 pug/ml Lagarde, Vermass
Ethanol Synechococcus 1710 uM Deng, Coleman
Acetone Synechocystis 36 mg/I Zyou, Ma
Fatty Alcohols Synechocystis 120 pg/l Tan, Lu
Squalene Synechocystis 0.67 mg/OD-5,/! Englund, Lindberg
B-phellandrene Synechocystis 3.2 mg/gDCW Formighieri, Melis

Figure 1. Selected examples of metabolite engineering in photosyntheticasicrob
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Light Conditions- Autotrophic Growth

.*.

Figure 2. The diurnal nature of photosynthetiggle celled microbial cells.
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Figure 3. A simplified representation of the carotenoid biosynthesis pathwag wi
Synechocystis spCC 6803. Boxed metabolites represent carotenoids that accumulate in
measurable amounts with8ynechocystis
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CHAPTER 2

Engineering of Genetic Control Tools®ynechocystis spCC 6803 using Rational Design

Technique$

Chapter 2 Brief Introduction:

Cyanobacteria show promise as photosynthetic microbial factories capabtaeasfdiag
sunlight andCO2to produce valuable end products, but few genetic control tools have been
characterized and utilized in these organisms. To develop a suite of control sleapaitle of
gene control at a variety ekpression strengths, a library of 10 promotersticts were
developed and built via rational design techniques by adding individual nucleotides in a step-
wise manner within the —10 and —35 cis-actingregions of the tac promoter. This suite produced a
dynamic range of expression strength, exhibiting a78 fold change betweendkedapressing
promoter, Psca8-and the highest expressing proniates; when tested withisynechocystis
sp.PCC 6803. Additionally, this study details the constructioa ciiemically inducible
construct for use iynechocystithat is based on the tac repressor system caosimonly used
in Escherichia coli. This research demonstrates the construction of a highdgsed inducible
promoter that is also capable of high levels of gene repression. Upon chemictbmditt
IPTG, this same mutant strain was capable of exhibiting an average 24X enor&tsP

expression ovdhat of the repressed state.

1 Albers, S. C., Gallegos, V. A., Peebles, C. A., 2015. Engineering of genetic control tools

in Synechocystis spP.CC 6803 using rational design techniques. J Biotechnol. 216, 36-46.
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CHAPTER 3

Evaluating light-induced promoters for the control of heterologous gene arpress

Synechocystisp.PCC 6803

Chapter 3 Brief Introduction:

Cyanobacteria are enticing microbial factories, but little is understoodrHemgene
control elements respond to the periodic availability to light. This reseatell tthe capability
of thePpsbai promoterto control gene expression during light/dark conditions when moved to a
neutral location within th&ynechocystis sp. PCC 68§&rome. When theYFPreporter gene
was run by th&pspanpromoter in the promoter’s native genomic location, mutants exposed to 12
hour light conditions experienced a 15.8X increase in transcript abundance over thatlobserve
from the same construct exposed to 12 hour dark conditions. When this same construct was
moved to the hypothetical coding regsin0168in thegerome transcripts generated during 12
hour light conditions accumulated to 1.67X of the levels of transcripts generated by ¢he sam
construct during 12 hour dark conditions. Three additional promoter constructsspthe P
PgroeL2, and Rigp promoters were also tested for differential expression in light and dark
conditions within the neutral regiar0168 While little activity was observed froRyeL2 and
Psigp, thePpsban promoter construct accumulated 5.79X more transcripts when compared to
transcript abundance during dark conditions, which highlights the potential of this promoter to

control gene expression during diel-cycle light conditions. Additionally, nucleotidations

2 Submitted to the academic journal: Biotechnology Progress
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were made to regions within tiRgspan promoter. Mutations to thas-acting hexenucleotide
region increased expression 3.71 X over that of the native promoter, while the addiien of t
“HLR’ nucleotide region to thB,s41:.4ex promoter construct increased expression 2.76 X over

that of the native promoter.
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CHAPTER4

Carotenoid Pathway Engineering and Diel Light Cycle Impacts on the Riadot Astaxanthin

within the CyanobacteriurBynechocystis sp.CC 68083

Chapter 4 Brief Introduction:

The cyanobacteriur8ynechocystis, spCC 6803 is considered to be a model organism
for the production of many value added molecules in photosynthetic microbes. While many
studies have leverag&ynechocysti® produce a multitude of valuable metabolites, little
combinatorial engineering wio has been performed on the endogenous carotenoid biosynthesis
pathway. We leveraged metabolic engineering techniques to develop sti@ymeohocystisp.
PCC 6803 capable of the production of two valuable carotenoids not naturally found in
Synechocy#, astaxanthin and canthaxanthin.Sgnechocystisiutant was engineered with an
insertion of g-carotene dketolase genertW148from Nostocpunctiforme insertion of an
additional copy of the endogenous -carotene hydroxylase gendR from Synechocys, and an
open reading frame disruption of the endogenous B-carotene mondetolase genertO. These
manipulations generated a mutant capable of an increase in the overatiaidrotatent by 178
+ 10% % of that seen in wild type cells as well as asttin titers that reached production rates
of 1.11 + 0.07 mg/l/day and canthaxanthin titers reaching 1.49 + 0.05 mg/l/day. Additionally,
this work also highlights the ability to increase production of target carotelmpnisying

promoter strength driving the expressiorcdiV148 Use of théPscas2 promoter increased

3To be submitted to: Journal of Metabolic Engineering
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carotenoid production of target carotenoids by 150% to 197% over production seen from the
same constructs run by tRega promoter. In addition to engineering of the pathways, we also
tested the impacts of diel cycle light conditions on carotenoid production and accomulati
When exposed to 12 hour light/dark conditions, the mwidRt:cruB::AcrtO-Pscae2::crtW
generatesarotenoids at rates of 43 +14.8 % of that of $hene culture grown in constant light

conditions.
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CONCLUSION

The utilization ofSynechocystisp.PCC 6803 as a metabolite production platform is
continuing to progressSynechocystis an enticing microbial cell factory because the
organism’s is capability to: 1) utilize light as an energy source, 2) captuwad@®dthe
atmosphere to use as the building blocks for growth and metabolite production, and 3) grow a
some of the highest rates found within photosynthetic organisms, amongst oiiatesttr
While many researchers have develoBgdechocystistrainscapable of generating valuable
metabolites, this dissertation describes the first instan8gradchocystiproducing the
commercially valuable carotenoid metabolite, astaxanthin. One aspect thatHemsuccess of
metabolic engineering is the need for well characterized control elementsecafpdbVing gene
expression within target cell lines. This dissertation describes the devekopingenstitutive,
chemically inducible, as well as environmental inducible promoters and lesexaybset of
these tools to make a number of manipulations in the carotenoid biosynthesis pathway in

Synechocystifor the production of astaxanthin.

Chapter 2 demonstrates the use of rational design techniques to engineer a suite of
promoters based on tle coliderived Piac promoter capable of an 87X dynamic range of
transcription initiation withirSynechocystisThe promoter suite was developed by modulating
of the number of nucleotides present in between the cis a86ngnd-10 binding regions within
the targepromoter. Additionally, this work demonstrates the refinement of the La@sgon
system for théscas2 promoter and validates the ability of Lacl to repress expression within the
cell line while also allowing for promoter induction with the chernicducer, IPTG. The

development of these promoters substantially increases the number of clzadpi®moters
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for Synechocystignd adds a functional inducible system able to manage the impacts of
metabolic burden through the modulation of gene expression and timing. While many promoter
constructs engineered for use in heterotrophic microbes exhibit poor functiomality i
Synechocystjghe development of the presented promoter suite further validates the use and
functionality of rational design techniques when engineering control elsrog®ynechocystis
Further validation of the full capability of the promoter suite within a wide rahge
environmental conditions will only add to the functionality of this promoter suite. Céhange
light concefrations, nutrient availability, etactor availability, as well as conditions that
increase cellular stress may impact how these promoters function within theadt. tfis, a
more dynamic and reéiime reporter system must be utilized in conjunction with this promoter
suite. While the currently utilized fluorescent reporter molecule eYFP is agtigned within

the suite of fluorescent molecules witl8gnechocystis terms of excitation and emission
spectra, subtle changes in expression stremgtditiicult to identify. Thus, other reporter
systems like the luciferase system may be more appropriate for this orgamiswillldeliver
critical information to metabolic engineers looking to fully leverage promoterikisrgo drive

distinct and controllable metabolite production witBynechocystis

While the inducible promoter construct is capable of controlling gene exqragsin
the addition of the molecule IPTG, addition of chemical inducers can complarataercial
production. Efficiehaccess to the inducer molecule within large systems and the additional cost
of the molecule itself can be problematic in industrial scale systems. therfunderstand the
functionality of an often used putative environmentally induced promoter cohstnapter 3
investigated the functionality of the endogenBpsaipromoter driving expression of the

modified green fluorescent protein reporter genék; P, in two distinct locations with the
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Synechocystigenome. While this promoter is often useemgineered systems in
Synechocystjdittle work has been performed to understand the full functionality of this
promoter within a wide range of cellular conditions and genomic locations. This work
highlights changes in the overall activity of the cBgenan promoter during diel light cycle
conditions when moved from its native location within the genomic DN3yokchocystis
WheneYFPgene replaces thesbAllgene and is run by th&spban promoter, transcription
initiation is severely repressed whexposed to dark conditions and shows a ~15X increase in
overall eYFP transcript abundance when cultures were returned to light aosdititerestingly,
when thePpspair:e YFP construct is moved from the native location to a hypothetical coding
region within the genome, only a 1.5X changeYfFPtranscript abundance is seen when
shifting from dark to light conditions. These results clearly highlight that liggivased
induction and dark induced repression of Bggai promoter is controlled by motban just the
core cisacting elements on the promoter itself and that the location of the pregeoter

construct impacts transcription.

Chapter 3 also highlights the effect of several mutations to putative cig-aetjions
within thePpspanpromote that are demonstrated to increase overall promoter strength, while also
decreasing the light induced sensitivity of Bpenan promoter. In addition to the work performed
on thePpspai promoter region, thBpshan promoter was tested for diel cycle sensitive
transcription initiation when utilized in a neutral location on the genome. This promote
demonstrated functionality in generating mature eYFP proteins and albatexklai 6X increase
in the transcript abundance when mutants were moved from dark to light conditions. Future
work could utilize the data presented in chapter 3 to generate a suite of promoadie of

light inducibility for the control of gene expressionSgnechocystisin addition, this pnmoter
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suite is well positioned to further add understanding to the management of modiabadn
caused when expressing genes and pathways during diel cycle light conditiorise. m@rki
work needs to be performed to fully understandRfiean promoterand its light inducibility in a
multitude of genomic and plasmid based locations wilyinechocystjshis work demonstrates
the potential pitfalls of utilizing poorly understood control elements for targettabwlic

engineering.

Chapter 4 highlightthe use of several metabolic engineering strategies to manipulate the
endogenous carotenoid biosynthesis pathway for the production of astaxanthin, a valuable
commercial metabolite not naturally produced witBymechocystis Insertions otrtWw148 a
hetrologous gene from the organism Nostoc, generated a fully ketolated derivative of 3-
carotene, canthaxanthin, but was unable to utilize the endogenous pool of zeaxanthirate gener
astaxanthin. Only when the cellular pool of zeaxanthin was increased vieomeérdi second
copy of the endogenous getrdR did astaxanthin production occur witHgynechocystidn an
attempt to further increase the pool of f-carotene, a vital precursor molecule of the carotenoid
pathway, the endogenouschrotene ketolasatO was knocked out. This theoretically decreases
carbon flux used to generate echinenone, a carotenoid in direct competition withtlzieabos
-carotene pools. An additional strategy was pursued to increase f3-carotene titer that included
the introduction of a second heterologous gan®, a y-carotene cyclase from the green sulfur
bacteriaChlorobium phaeobacteroidedVhile both thertO knockout mutant as well as the
cruB insertion mutant did statistically increase the overall available pools of B-carotene,
increases in titers of canthaxanthin and astaxanthin were not observed. This data suggests that 3-
carotene pools are tightly regulated by the cell and thus direct manipulatl@sefpools has

little overall impact. In addition to the discudseanipulations, two promoters developed in the
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research from chapter twBsiga andPscas2, Were used to drive the expressiortid?V148within
multiple constructs. Use of the more actRgzas> promoter increased carotenoid production of
target caroteoids by 150% to 197% over production seen in from constructs harboriRggthe
promoter construct. This clearly correlated to the differences seen betweesaimestwo
promoters from the work performed in chapter two, in whicHPgae> promoter ircreased

eYFP production by 180% over that seen by the same construct under the contrétigk the
promoter. While the research presented here demonstrates the capability t@ gest@xanthin
within Synechocystjgxpanded use of thi&caes2 promoter to drivertR expression as well as
other pathway genes would be warrantédiditionally, further understanding and utilization of
the various B-carotene hydroxylases as well as other f-carotene diketolases present in the
scientific literature may be caple of further driving carbon flux towards astaxanthin to reach

commercially viable titers withi®ynechocystis

In summarySynechocystis sSPCC 6803 is a theoretically viable cellular platform for
the production of metabolites valuable to mankind. While considered a “model organism” of the
photosynthetic microbe research world, very little work has been performed tozeptai
cellular machinery capable of deliberate control within the organism. Thepresented here
highlights potential pitfal of the endogenoWspai promoter, a well utilized promoter in which
expression characteristics have only been evaluated within strict labdvasag conditions
within the research community. In an effort to build out the promoter library awati@bl
metabolic engineers working Bynechocystjsve built a library of promoters capable of varied
expression strength and also optimized an inducible construct system capableotifrapnt
expression via chemical cues. This work culminated in demonstrating the funttiohal

Synechocystias a production platform by leveraging several metabolic engineeriteg&sato
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generate astaxanthin with8ynechocystidVe used endogenous gene duplication, pathway gene
knockouts, heterologous gene insertionyall as varying transcription initiation strength via
modulation of two constructed promoters to develop a highly engineered carotenoid lesisynth

pathway inSynechocystis

While the insights revealed and tools generating during this research will helgheush t
field of metabolic engineering iBynechocystifurther, additional work must be performed to
fully developSynechocystimto a capable industrial microbial production platform.
Considerable amounts of work must be performed to better understand the dynaraiofnatur
gene expression within this organism during a wide range of environmentai@mosdiAt the
genome level, circadian rhythms oscillations continue to occur, regardliegist @xposure, and
thus have considerable impacts on gene expression. Understanding these oscifatitswii
be critical if metabolic engineers hope to design rational and predictatdensysithin single
celled photosynthetic itrobes. While the simplicity of cyanobacteria lIlRgnechocystis of
benefit to the metabolic engineer in a multitude of ways, it can also hinder. Genargh titers
of specific metabolites that naturally play a structural role within the commoagtite organism
will be increasingly difficult unless mechanisms that allow for metabolite delogrpf the cell
are identified and included into any strategy moving forward. While eukarystenss contain
storage organelles capable of sequesiaamoverabundance of naturally derived metabolites,
prokaryotic cells run the risk of damaging critical cell systems as excessments of products

are added and disrupt the natural composition of these systems.
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