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Abstract

Development of a drug delivery agent that selectively targets and destroys tumor cells with
minimal toxicity tonormal tissues is a major challenge in cancer therapy. It has been known
for more than 60 years that anaerobic bacteria su€icssridium can selectively colonize
inside the necrotic core of solid tumors. Inoculation of a tumor by wild@ygs&ridiumresults

in colonization of the necrotic core and consequently significant tumor destruction. This
treatment strategy is hampered by the fact that the outer rim of the tumor is typically viable,
and so does not present an anaerobic environment. Adtaceknization byClostridiumis
unlikely to lead to complete tumor regression, since tumor regrowth occurs from the remaining
outer viable rim as evidenced by clinical trial¥his project aims to address the problem of
regrowth by developing a novel selectively aerotolerant strai@lo$tridium tha cannot
colonize insidéhealthy tissue, but that could grow in the viable rim of an infected tumor. We
haveengineeeda gene oding for an aerotolerance enzyme i@tostridium sporogenego

couple the selective expression of this gene to tumor colonizaticem lite placed under the
control of a promoter activated by a synthetic quorum sensing cifbistdocument describes

the foundational work that will allow this system to be implemented. A suitable str@in of
sporogeneswas selected, and a cloning technique (via conjugation twitkcol) was
implemented. Expression of therotolerance enzynand asynthetic quorum semg circuit

were verified in engineered colonies, and appropriate function was confirmed in both cases.
Additionally, a modebased design exercise was carried out in order to better undetstand
system behavior an identify key parameters for contiahg the bacteriapopulation.This
analysis was based onathematical modslof the quorumsensingcircuit and of bacterial
growthin thetumorenvironment Sensitivity analysis reveals the design parameters that have
the most significant impact on thetert and specificity of colonization of the viable rim, and

thus provides insights inefficientdesign of the synthetic mechanism
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Chapter 1

l ntroducti on

1.1 Motivation

Bacteriamediated cancer therapy has a long history. Almost two centuries ago it was observed that
bacteri al infections could cause tumor regressi
therapy and research on this area started inthen@l@ 6 s. Anaer obi ¢ bacteria
necrotic core of a solid tumor, which is oxygen free and rich in nutrition. Most of the research in this

area has been focused $almonellaandClostridium which have been identified as excellent choices

for cancer therapySalmonellabecause it allows easy genetic manipulation, @dtridiumbecause

it colonizes in large numbers in tumors [1,2,3].

Among the strains that have been investigaBdstridiumsporogeneseems to be one of the best in
tumortargeting and colonization. This strainnmtile, non-pathogenic, spororming, and colonizes
selectively in tumors in large numbers. Colonization of styjoke C. sporogenem the necrotic core of

the tumor leads to significant tumor oncolysis, but@egh occurs from the viable outer rim of the
tumor, which is oxygenatf2|. The use ofC. sporogenefor cancer therapy entered clinical trial in

1967 [2] but was discontinued because of the regrowth problem. Since then, a number of alternative
approachessuch as delivery of prodrugpnverting enzymes, combined bacteddio therapy, and
combined bacterighemo therapy have been explored in attempt to arrive at a suctessdply [].

In 2006, the first successful gene transformation protocdl f@amrogenesopened a new window in
bacteria mediated cancer therapy [4].

On the other hand, new techniques in synthetic biology help us to spatially and temporally control gene
expression inside specific environments. The tumor regrowth problem can beusdhgececombinant
C. sporogenesind new techniques in synthetic biology, which allow for specific functions (e.g.

aerotolerance, drug release) to be triggered selectively in the tumor environment.



1.2 Objective, Hypothesis and Methodology

This project aimsa address the problem of regrowth of tumor tissue after bacteriolytic treatment.
Our goal is to develop a novel selectively aerotolerant straostridiumthat cannot colonize inside
healthy tissue, but that could grow in the viable rim of an infetwear. We hypotheze that
aerotolerance is conferred by expression of an aerotolerance enzyme by an engineered strain of
Clostridium sporogened o couple the selective expression of this gene to tumor colonization, it will
be placed under the control of a promoter activated by a synthetic quorum sensing circuit.

A synthetic biology approach is used in this project. The quorum sensing meciragram positive
and gram negative bacteria are modeled in details to understand the system behavior. System analysis
on these models helps us understand the contribution of all components on system behavior.
Additionally, modeling of colony growth in tmorsand €nsitivity analysis of this model reveals the
design parameters that have the most significant impact on the extent and specificity of colonization

within the viable rim, and thus provides insights into the design of the synthetic mechanism.

We used conjugation to transfer genes i@tsporogenesThelux promoter fronVibrio fischeriand
the P2 and P3 promoters fronaphylococcusureuswere chosen as candidates to produce density
dependent gene expressiondnsporogenedn order to studyhte behavior of these promotersGn
sporogenesthey were cloned upstream of an anaerobic gene reporter with all associated quorum
sensing elements. As a positive control, we assayed expression from the thiolase pthbnériamn(
C. acetobutylicumThethree genetic circuits were transformed i@tosporogeneand their behavior
was compared with the positive control and the native bacteriduXipeomoter showed no activity
in C. sporogenesut theP2andP3promoters were active. However, #2promoter showed behavior
very similar to the constitutive expression. Expression fR@was low at low cell concentrations and
increased dramatically as the cell density crossed a threshold, demonstrating dik@nvitehavior.
Thus theP3 promoter seemotbe a good candidate for cell density expression of an aerotolerance

enzyme.

The potential for aerotolerance @. Sporogenesvas addressed by measuring the effect of
constitutive expression of th@oxA gene fromC. Aminovalericumwhich express a watéorming
NADPH oxidase. ThaoxAgene was cloned upstream of thepromoter, and the resulting plasmid

was transformed intcC. sporogenesThe behavior of the engineer&ll sporogenestrain was



compared with the native strain in the presence of oxyflka engineered strain retained its growth

while the native strain did not, suggesting that expressinox@can makeC. sporogeneaerotolerant.

The planned final construct, an enginee@dsporogengsexpressing aerotolerance enzyme under
the control of the quorursensing?3 promoter, may be capable of destroying the oxygenated part of a
tumour, and thus providing a successful therapy. Moreover, this strain can be used as a safe vehicle to
deliver theapeutic agents (gene, drugs, prodrugs) into the proliferating angralierating part of
the tumor. Because thexpression of a single aerotolerance enzyme is not enough to significantly
scavenge oxygen in fully oxygenated healthy tissue, there isaliobncern for the engineered colony
to grow beyond the rim of the tumor. Moreover, any bacterial cells that escape the tumor environment
will have to face the immune system (whicle@npromisedn the tumor itself).

To the best of our knowledge this tise first time that an attempt has been made to express
of noxAin C. sporogenesnd the first time that a synthetic quorum sensing has been engine€red in
sporogenes.



Chapter 2

Literature Revi ew

2.1 Introduction

Almost 150 years ago bacterial infectskamas used activelfor the first timeto cure cancer patients
[2,3. Since that timea range obacterial strainsincluding E.coli, Bifidobacterig Salmonelaand
Clostridia, have beernested fortumor therapy This chapter begins with description othe tumor
microenvironment in section 2.&hichwill be followed bya review ofresearch on clostridienediated

and salmonellanediated bacteridumortherapyin sections 2.

The therapeutic design proposed in this manuscript involves engineeriagnaos@lostridiumso
that it will gain aerotolance when germinating to high density in solid turAoliserature review 6
oxygen metabolisrim Clostridiumis reported in sectioB.4. Sectior.5 describes thguorum sensing
mechanism in gram positiand gram negative bactenghich provides a means to implement density
dependent behavidvlathematical modelling of quorum sensing mechanism is reviewed in Section 2.6.

Finally a briefoverview of synthetic biology is presentéd Section2.7.

2.2 Tumor Microenvironment

Every cell inthe humarbody follows a highly regulated cell cycle. If a single cell loses its control
over cell cycle, it could proliferate quickind produce a vast population of seliesulingin formation
of a tumor. As the tumor grauthesurroundingolood vessels become inadequate to supply nutrients
for the abnormal cells. This triggers the secretion of tumor angiogenic factors (TAFs). TAFs stimulate
differentiation, division and migration of endothelial cells of the blood vessdlettumor site. The
imbalance between different TAFs typically causes abnormality in the blood vessels of the tumor. As
the tumor grows the distance betweenrowessels and some tumor cells increa8ss consequence,
the oxygen level of the inner part of the tunwreducedThe low level of oxygen in the inner part of
the tumor makes this part highly hypox®ome parts of the inner tumoecome oxygeifree; cells in

these areas undergo necrdgls?]) .
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Figure 1: Structure of solid tumors

Figure 1 shows the structure of an idealized solid tumor. In the proliferative part, the abnormal cells
are close to blood vessels and recsiviicientnutrition and oxygen. In the quiescentgpoxic part,
the concentration of oxygen is less than 0.33% (2.5 mn{Bg)comparison, the oxygen concentration
in normal tissue ranges from 3817% (2466 mmHg) F,8].) The abnormal cells in this paot the
tumorstop proliferaing. The necrotic coref the tumor iscomposeaf dead cells. The oxygen level in

the necrotic core is almost zero.

The lymphatic vessels inoth thehypoxic and necrotic partsf the tumorare abnormal and cannot
discharge waste watom inside the tumor. Therefore the interstitial pressure increases in these parts.
The high interstitial pressure and low oxygen concentration make hypoxia a barrier agaiast

traditionalcancer therapy methods such as chemotherapy and radioth@rapy [



2.3 Bacteria Mediated Cancer Therapy

Even though hypoxia is a serious barrier against chemotherapy and radiotherapy, it can be used as a
marker to distinguish solid tumors from normal tissues. Since the necrotic part of a tumor is oxygen
free and rich in nutrients from dead cells, it is an ideal environment for anaerobic and facultative
anaerobic bacteria to germinat@naerobicbacteria species such &almonellaBifidobacteriaand

Clostridia have been used for tumor treatment. Moseagech on this area is focusedSaimonella
andClostridium as reviewed below.

2.3.1 Salmonella Mediated Cancer Therapy

Salmonellds a grammegative facultative anaerobic bacterium that causes intestine infection. The early
studies orBalmonellavere focusedn reducing its pathogenicity (septic shock).1952,Graham and
Colemanshowedthat Salmonellamontevide@olonizes inside carcinomamors[10]. In order to use
Salmonellaas an anttumor agent, imust be mad@on-pathogen qrat leastits potential for harm

must beattenuated.

Early works onSalmonellawere focused on making vaccines a side benefithese works were
also helpful for providing a bacterial strain that can be used as araantr agentn 1951,Bacon et
al. showedhat Salmonellacan be attenuated by auxotrophic mutaj@uch as those mutations that
affect the biosynthesis of purinedl]. In 1981, Hoiseth and Stocker attenuatsdimonella
typhlimuriumby mutations that affect the biosynthesis of aromatic amndias [L2]. They also showed

that the attenuateflalmonellacan be usedsa live vaccine.

In 1997 researchers reported that attenuation increases the colonizing capalSiimohella
typhlimuriumin tumoris and that these attenuated straicen be usea@s gene delivery vector$o
explain the improved colonizatipRawelek et al. hypothesized that the necrotic part of tumors provides
essential nutrients for auxotrophs3]1 They conducted their studies in animal modatglanoma
bearing miceand miceimplantedwith human tumors such as human lung carcinoma A549, human
colon carcinoma HCT 116, human breast carcinoma BT20, human renal carcinoma CRanti611,
human hepatoma HTB 52. They showed that atteni@dbdonellastrains germinate in tumors 250
to 9000fold higher than normal tisspyguch as liver. They also engineeBalmonellao express genes,
such as thymidine kinase from herpes simplex virus. Tumor growth regression was observed when the

engineeredalmonella typhlimuriunwas injected intohte tumor bearing mice.
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In 1999,Low et al. showe&almonellaetairs its tumorsuppression properties when two genes from
its chromosome are deleted. The deletion ofrtebBgene reduces induction®NF U ( Tumor necr
f a c t,which itUthirn reducethe risk of septic shock. The deletion of thel gene makes the bacteria

dependent on an external source of adenidk [1

In 2005,Ming Zhao et al. reported development of a genetically modified stré&ntgphimurium
This strain, which is also kmavn asS. typhimurium Al selectively grows in prostate tumors implanted
in mice and causes tumor regressids].[Normal tissue was cleared frdsn typhimurium Albacteria
even in immunedeficient mice. No side effexbf the treatmentvereobservedS.typHimurium Alis
auxotrophic leucineargininedependent) and apparently receives sufficient nutritional support only
from tumor tissue. When the bacteria were injected intravenously, they germinated inSiged2Gite

tumors and caused tumor regression.

In 2006, the same group reported on a furtmedification of S. typhimurium Al designedto
increase its tumor targeting abilityg]l The strain was resolatedafter infection of a human colon
tumor growing in mice. They injeetithe modified strain into the breast tumors in mice models. This
strain is known asS. typhimurium AZXR and increases tumor targetingvivo as well asin vitro

compared té. typhimurium Al

Current research ddalmonellehas focused on delivery and expression of therapeutic agents such as

cytokines, prodrugonvertng enzymes, and agents toxic to tumors.

Even though attenuat&hlmonellsshows good tumor colonization and regression in animal models,
the clinical results on humdrave beenlisappointingColonization ofSalmonellan humanpatients
is generallyinsuficient. Moreover the colonization of attenuat8dlmonellain normal tissue, even

transiently,causeside effects and reduces the specificity of treatment as gene transfer system

[17].

2.3.2 Clostridium Mediated Cancer Therapy

Clostridia are motile gram positive obligate anaerobic bacteAithough some strains o€lostridia,
such asC. botulinumor C. tetanj are well known as pathoggmost Clostridia strainsare non

pathogeit.



In 1935 Connell usedC. histolyticumto treat advanced cancer$8]. He concluded that the
production of proteolytic enzymes . histolyticumcauses tumor regressidn. 1947, Parker et al.
infected tumotbearing mice by. histolyticunto study tumoregression19]. (This was the first study
of tumorregression bydicterig. They observedonsiderable regression in a sarcoma tyindicating

thatClostridiumspores are good candidates to be used asuambr agents.

In 1955 ,Malmgren and Flanigan intravenously administeCetetanispores into tumebearing and
normal mice 20]. All tumor-bearing mice died within 48 hours because of the production of tetanus
toxin in the tumor, but the non tumbearing mice survived without any tetanus symgsorithe
microscopic examination of ttamor and normal tissue sections indicated that the spores germinated
exclusively within the tumor and released tetanus toxiasonstrating specificity of colonization.

In 1964,Mdse and Mdse intravenously inject&dbutyricumM55 (later named. oncolyicum, and
now classified a£C. sporogene®TCC 13732) into mice with solid Ehrlich carcinomdxl][ The
bacteria colonized the tumahe necrotic part of the tumor was discharged as brownish liquid. In the
few mice that survived this deadly stage, tumsgrowth was observed from the remaining outer rim.
These results were confirmed by other studies @tliernonpathogenic spores Gfostridiumandwith
different types of tumor model22, 23]. (In 1967 ,Mdse and Mdse also showed tRatsporogeneis

nonpathogenic by injecting this straimo themselve$

In 1967,Corey et al. reportedn the treatment dfve patients with neoplastic diseases by injection
of 10' spores ofC. sporogenesThe patients developed only a mild fever during treatmefjt [2
However to prevent patient mortalitgurgery was required before completion of oncolystgause
of tumor regrowth frontheviable outer rim, the clinical trial discontinued. These studies showChat

sporogenesan besafelyused as a tumeargetingagent.

Combined treatments were explored iForexample,at t e mpt
Clostridium administration was accompanied by chemotherapeutic agents such-as 5
Fluorodeoxyuridine and cyclophosphami@8,[25]. Other combined treatmé&sysuch asClostridium
spores and local irradiation and high frequency hyperthermia showed significastinesite-bearing
melanomas [@]. In 1979, Mdse administratedClostridium sporesto tumorbearing rats while the
oxygen level irtherespiratory & of the animals was decreased te1PPb [27]. Theseattemptswere

unable to resolve the issue of growth from the viable outer rim.



All these studies show that wild tygdostridiumcould colonize well inside the netimcore of a
tumor and destroy a significant portion of the tumor, but regrowtriablyoccurs from the remaining

outer rim.

Over the last decade, a number of studies have addi@ksstddiumbased therapeutic approaches.
Dang et al. screened anaerolbacterié species such dsifidobacteria,lactobacilli and pathogenic
clostridia for their tumor targeting capabilityrhey reported thatC. novyihad the best colonizing
behaviourf28]. They removed a lethal toxin expressed by this strain and produsestoxic strain
namedC. novyiNT. Intravenous administration of these bacteria into mice bearing Ehrlich ascites
tumors resulted in tumor colonization and extensive oncolysis. They also show&dribayiNT can
efficiently infiltrate and extensivelgpread throughout the necrotic tumor regions. SimilaCto
butyricum M55 germination of the spores led to enlargement of the necrotic regiorssibseluent
delays intumor growth. The observations were tuAype dependensomecolonizationled to seere
toxicity as a consequenceof-sca | | ed o6t umor | ysisd syndr ome

Theauthors of [8] used aClostridiumhost as a tumespecific gene delivery systefBecauseahe
requiredgenedelivery systems were only applicable for saccharolytic strains, the initial experiments
were undertaken witle. acetobutylicunand C. beijerinckii Unfortunately, these strains have been
shown toexhibit suboptimal tumor colonization properties. Indeed, uporesyistadministration of
spores, colonization levels of the saccharol@icacetobutylicunand C. beijerinckiiare 1006efold
lower compared to proteolyti€. sporogenestrains B0]. Despite their weak tumor colonization
properties, the use of saccharolyticains(as opposed to proteolytic host may be beneficialvhen
the introduction of the desired therapewganeis required The use of groteolytic host maygause

increasedlegradatiorof extracellular therapeutic protei8]].

There have beeefforts on genetic manipulation of strains with good colonization propestieb
asC. sporogenedn 2002,Liu et al. descrited an electroporatiorprotocol for transformation of.
sporogene$32]. They injected engineered. sporogeneaccompanied bg-fluorocytosine (5FC)
prodrug administratiomto tumor bearing miceél'he C. sporogenestrainwas genetically engineered
to expresE. colicytosine deaminaswhich converts prodrug-BC to fluorouracil, an anticancer drug
(Figure 2). Unfortunately, #ir experiments were not repeatalife 2006, Theys et al. developed a
conjugationbasedgene transfer protocohat allows the construction of recombinadt sporogenes
strains fi]. They genetically engineeretl sporogeneto produce Nitrogen reductaddTR), which
converts prodrug CB1954 xiridinyl-2, 4-dinitrobenzamide) to its 1006@ld more toxic 4

9



hydroxylamine (4HX) derivative, which can act as an apoptosis agent (Fig#te 2)esult of these
efforts, it is now possible talesign gene theramesng the strain with the highest tumor colonization
(i.e. C. sporogends Not surprisingly, preclinical experiments with recombin@nsporogenefave

shown increased artiimor efficacy in comparison witi. acetobutylicunor C. beijerinckii[33].

N N
¥O, NO,
1000 fold
H,N NTR HN
0 NO- O NHOH
CB1954 5-(Azirdin-vl)-4-hydroxyl
5-(Azirdinyl)-2, 4-dinitrobenzemide -amino-2-nitrobenzemide
NH, 0
F F
N HN
D 10000 fold
0 N o N
H H
5 Flourocywsme 5 Flourouracil

Figure 2: CD and NTR convert prodrug to drugs which are highly to38} [

Besides Clostridium, other anaerobic bacteria species siifidabacteriuncan be used to deliver
genes to tumors 3. However, the rather low colonizan efficiency and the tendency to clumngather
than distribute within necrotic areappeared to makgifidobacteriainferior to the optimal strain of
Clostridia. However Bifidobacteriaexhibit inefficientcolonization of tumors, in comparison with
Clostidia Moreover Bifidobacteria coloniesforms clunps, preventingfast and eendistribution in

tumors.

2.4 The Effect of Oxygen on the Growth of Clostridium

This sectiondescribeghe reasons for growth inhibition @lostridiumin the oxygeated partsof a

tumor. The study of oxygen metabolismanaerobic bactaisuggestavaysin which these bacteria
10



may be made oxygetolerant, which could allow them to colonize to the outer rim of a tumor, leading

to complete oncolysis.

2.4.1 Facultative and obligate anaerobic Clostridia species

Clostridia, SporolactobacillusndAmphibacillusare all spore forming gram positive bacteria. They
all lack Krebs cycleenzymesandthe enzymecatalasewhich catalyzeghe degradation diiydrogen
peroxide Sporolactobacillus and Amphibacillus are facultatimaeorobes; thegan grow well in the
presence of oxygenn contrast,Clostridia are known obligate anaerobekey cannot grow in the
presence of oxyge® number ofreasons fothis growth inhibitionhave beemproposed. One of the
major hypotheses is th@lostridiumdoes not have a mechanisoreliminate oxygen derivativesuch
as hydrogen peroxide (B,), superoxide and hydroxyl radical89. Strong evidence for this
hypothesis is that almost dllostridium species lack catalasehich catalyzesthe degradation of
hydrogen peroxid€36]. An alternativehypothesigelates to the reduction in enernggsoduction when
anaerobic bacteria are exposed to oxygEf), as follows Normally, NAD(P)H oxidases are fully
engagedn theenergy production system of anaerobic bacteria. \whese cellareexposed to oxygen,
NAD(P)H oxidases are used to eliminate oxygen. Theretarergy production in the cell is reduced.
The reason thdhe growth rate oAmphibacilluss unaffected byresence of oxygen is related to their
ability to eliminate oxygen desatives by NADH oxidasedg], [39]. For example, imAmphibacillus
xylanus NADH oxydasecan act as a peroxidaseth thefinal product of oxidatiorbeingwater fR0-
42].

Research on the effect of oxygen Glostridium butyricumhasreveagéd that this stain is able to
consume oxygerC. butyricumstops growing in the presence of, ®ut whenthe oxygenhas been
consumed it grows normally8$]. This finding shows that oxygen does not damage the enzymes
involved in the bactancludedtlsat sospdansiob of lgrovehnis a nieéns af a n
survival forthis Clostridia species. Te conclusion is thathe production of wateforming NADH
oxidase can make an anaerobic bacteria aerotaleviinthedegreeof aerotolerancy depeadton the
abundnceof the NADH oxdase.

2.4.2 Oxygen Metabolism in Anaerobes

In 2005,Kawazaki et alhypothesized thatlostridia have a metabolic pathway to eliminate oxygen

radicals.In Clostridium aminovalericura NADH oxidase gene is characterized namadA The final
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product of this oxidase is. When the bacteria are exposed to oxygen, the expressionrafxhe

gene strongly increasdndicating that this gene is involved in oxygen metabolisgj. [4

Toidentify the genesesponsible foeliminating oxygen radicalis C. acetobutylicunKawazaki et
al. searched the genome ©f acetobutylicunfior geneshomologusto noxA The identified genes are
listed in Tablel.

Thenror gene expresses a protbiomologueo an NADPH oxdase [4]. NROR does not function
as arNADH oxidase. Western blot analysis showed thatror, fprA2 anddsrgenes were transcribed
by a single promoter and expressed a probeimologueto flavoproteins which are involved in
removal of oxygen radicals. These geweseupregulated after 1inutesof exposure to 5% ©OThe
genedsris also expressed layseparatpromoter which wasupregulated after 30 minute$ oxygen

e

1140bp  1203bp 378bp 1041bp 426bp

exposurg3].

Figure 3: Gene cluster downstreammfor gene [43]

Table 1. Genes involved in oxygen metabolism of C. acetobutylicungjt

Gene identification Gene name Pri mer seibegnce (56

CAC2448 nror F,AGATGATTTATATGAAAAGCAC
R,AATGTATTTATCTTCTTGTGCAC?2449

CAC2449 fprA2 F, AGTTCTAAATCCTAGTCTCC

R, CTCAGATGGAACAAATAAAC

CAC2450, dsr F, ATGAATAACGATTTATCAATTTAC
R, TTATATATCTGCTTTCCATAGG

CAC2451, orf2451 F, GAGCTTAATATAATAGTTCC
R, ACATTTATTTAATAGCAGCC
CAC2452, fldl F, GTCGAGGAGGAATTATTATG

R, TCTTCCTTACTAGGTGCCTC
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The gendprA2 expresses a protellomologueto an oxygerinduced flavoproteinhatwas already
identified byKawasakietal [B]. C. a c et o IDsr prgtdinifunation® assauperoxide reductase
(SOR) and produces;B as final productKawazaki et alconcluded that the proteins encoded by the
nror operon may form an enzyme complex (NEgrA2-Dsr) thatfunctions as a radical oxygepecies

(ROS)scavengein oxygen metabolism o€. acetobutylicum

Two other genes located downstreandsifare orf2451 anéld1 (Figure 3). The genid1 codes for
a flavodoxin homologuerf2451codes foia methyltransferasgimilar protein that is involved in stress
respmse to heavy meta, drugs and oxygen. The expression of these two genes is also highly
upregulated 10 minutedterexposireto 5% oxygen.

Kawazaki et al. also found genes transcribing rubrerytherins (ruby, wiigh are @ induced
proteins. These geaare upregulated when the bacteria are exposed tel@ls ofoxygen. These
proteins function as superoxide dismutas€he authorsidentified many genes i@. acetobutylicum
thatare upregulated after aeration dhdtencode peroxidase like proteinghey also showed that the
activity of NAD(P)H-dependen (hydrogen) peroxide reductase increases after expoSing
acetobutylicum to 5% oxygen[43].

These resultgerify the existence of oxygen metabolism and showrigoitance of active oxygen

and lipid peroxide scavenging enzymes for the growth. @fcetobutylicunm the presence of oxygen.

In 2006,Kawazaki et al. investigated the effects of oxygen kerlthe growth oBifidobacterium
which is a gram positive arrobic bacterium. Oxygen sensitBéidobacteriumaccumulates hydrogen
peroxide (HO,) in the presence of Qinhibiting growth.In the presence of oxygemaO; sensitive
Bifidobacteriumcells recovered their growth rate when the experimerdadokd catalase tahe
medium no accumulation of peroxide was observed in species that tolerate oxygen up tN@®0%.
significant changes in fermentation were obsen&tbwing that oxygen did notlamagethe
metabolism of the bacteript6].

The existence of gggen metabolism in anaerobes streng#uur hypothesis thatlostridiumcan
be made aerotolerant by the introduction of a synthetic oxygen metabolism pathway. This synthetic

metabolism should be able to scavenge radical oxygen species and producs thatéinal product.
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2.4.3 noxA Gene from C. aminovalericum is a Good Candidate to be Engineered in

Clostridium

In [47] a range ofoxidase andelatedenzymatic activitiesvere observedn Clostridium strains.
NADH/NADPH oxidase, NADH/NADPH peroxide and super oxide dismutase (SOD) activities were
observed in the cytoplasmic fraction of nine strainClufstridia (Table 2). No catalase, fatty acid
peroxidase, cytochrome peroxidase, idide peroxidasertsge peroxidase, glutathione peroxides or
chloroperoxidase activities were deteciadClostridium strains[42]. The production of NADH
oxidase inC. sporogeneswhich is the most anaerigbstrain is much lower than that of.
aminuvalericumwhich isthe most aerotolerant speciéSlostridium aminovalericurnan grow in low
levels of oxygen (3%&97%Ny).

Table 2: Oxidase and active oxygeiscavenging enzyme activities [4

Oxidase activities(O2 nmol/min/mg protein) Enzymeactivity mU/mg protein
NADH Oxidase
H,O H.0, NADPH | Pyrovate | Glucose | NADH NADPH | SOD
producer| Producer oxidase | Oxidase | Oxidase | Peroxidase| peoxidase| (U/mg)
C. butyricum 43.4 123 6.0 0 0 5.0 5.8 1.37
C. scatologenes 24.0 40.0 44.6 0 0 35.3 71.1 1.75
C. sporogenes 7.8 16.6 35 0 0 11.8 10.2 0.75
C. oceanicurn 40.0 61.4 10.9 0 0 10.0 4.3 0.61
C. bifermentans 7.8 28.0 1.1 5.1 0 6.1 25 1.26
C. mangenotii 15.0 106.6 2.7 15.3 0 12.0 8.6 2.60
C. barkeri 40.0 71.0 123.0 0 0 40.0 36.3 0.69
C. innocuum 17.1 252.7 1.1 0 0 27.7 7.8 1.05
C. 78.0 82.9 12.8 0 0 27.0 17.7 ND
aminovalericum

BecauseC. sporogenesloes not have a system to scavenge hydrogen peroxide, the engineered

NADH oxydase should be a water forming typ€he production of hydrogen peroxide as the final
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product may inhibit the bacteria growtheteforenoxAgene fromC. aminovalericunseems to be the

best candidate.

2.5 Quorum Sensing Mechanisms in Bacteria

Constitutive expression efoxAgenecould makeC. sporogenesufficiently aerotoérantthat it would

lose its tumottargeting property and colonirealthy oxygenated tissu€herefore the production of
noxAgenein a therapeutic straishould be tightly controlledWe propose contrdily a genetic circti

The genetic circuit should not expregsxAbefore the complete colonization Gf sporogenem the
necrotic core of the tumor. When the bacleciancentration in the tumor becomes large enough, the
genetic circuitwill trigger the expression ofhe noxA gene thus making the C. sporogenesells
aerotolerantThese aerotolerant cells can then invade the outer rim of the tumor. To ensure that the
aerotolerant phenotype is exhibited only in the tuti@r genetic circuit shoulgenerate strict switch-

like (on/off) behavior.Bacterialguorum sensing mechanisrare goodcandidats for this design
Quorum sensingnvolves control of gene expression Hdgcal cell population densityas we review

next.

Just as the cells of higher organism communicate witd another using hormones, bacteria
communicate using small hormalike moleculescalled autoinducers. This communication allows
bacteria to sense their local population density. Bacteria can respond to their population concentration

and synchronize thedctivities by controlling gene expresserth en a 6équor umd has be

Quorum sensing mechanisms play important roles iange obacterialfunctions. For example,
some bacteriasuch aPseudomonas aerugingasse this mechanism to produce Hiofi48], some
such asSerrati liquefaciend49] and Erwinia chrysanthem[50], use quorum sensing to regulate
virulence factors and somguch asvibrio harveyiandvibrio fischeri use it to control th@rodudion
of luminescencg51]. Almost all bacter use quorum sensing mechanisms to regulate gene expression
[52]. There are some similarities and differences between the quorum sensing mechanisms evolved in
different bacteria. All quorum sensing mechanismesbased oa positive feedback which resuiltsa
switchlike behavior. The cell density in all bacteria is measured by an autoinducer whose concentration

represents the cell population. The autoinducer fires a cascade of events that results in gene expression.
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This circuit switches on when the autdiucer concentration reaches a threshold. In gram negative
bacteriathe autoinducer freely diffuses through the cell membyargle in gram positive bacteria
receptor actively exports autoinducer to the extracellular space. In gram positive bacteria, the
autoinducer fires the genetic circuit by aptwosphorylation of a histidine kinase membrane binding
receptor. But in gram negative bacteria the complexuwbinducer with a cytoplasmic receptor
activates gene transcription.

2.5.1 Quorum Sensing Mechanism in Gram Negative Bacteria

Quorum sensing was first observeditrio fischeri whichis a gram negative reshape marine
bacterig53]. It can be found in se&ater at a concentration of 10 cells pdr Vibrio fischerican

alsogrow symbioticallyin specialized light organs tiie Hawaiian squi@Euprymna scolopest a
concentration around i%@ells peml. When the population of bacteria reaches this thrdshol

genetic circuit is fired inside the bacteria that results in the production of bioluminescence. The squid
uses this light to mask its shadow and hide from its predatorthehdcteria us¢hesquid as a

source of nutritiong1].
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Figure 4: Lux Quorum sensingnechanismn Vibrio fischeri

Figure 4 shows thkix quorum sensingircuit of Vibrio fischeri ProteinsLuxR and LuxI control

production of the luciferase gend®(CDABE) that produce light. LuxI ian autoinducer synthadeat
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catalyzes the production of adypmoseine lactone (AHL), 30@@moserine lactone, from-
adenosylmethionine (SAM) and aetyl carrier protein (acyCP) , which are generated vfatty
acid biosynthesis pathways4]. AHL converts SAM and AcyRCP into three components: 30C6
homoser i nemethdhioademosnand IPACP [55]. Figure 5 shows schematibalthe
synthesis of AHL by Luxl.

AM
SAM
< kb —p Luxl|
4 5 JNjethylthioadenosine
acyl-ACP \ Y 5 JNjethylthioadenosine
@

y/ AHL
v

ACP
acyl-ACP acyl-SAM

S

-G

SAM

Figure 5: synthesis of AcyHSL by LuxI|

AHL can diffuse freely across the cell membrane. Therefore the extracellular concentration of AHL
increases as tHecal population increases. When the AHL concentration reaches a threshold, LuxR
binds to AHL and the LuxfAHL dimer acts as a transcriptiaractivator for thdux promoter. Théux
promoter plux) expressetheluciferase genesuxICDABE) along withluxRandluxl. The expression

of theluxl gene by pluxesults ina positive feedback. This positive feedback is the cotieemfuorum
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sensiig mechanism. Since the AHL concentration is a representative of the cell population, the bacteria
can sense its population aadjust gene expression accordinghll gram negative bacteria have
similar quorum sensing mechanism elements analogous tq LuxR and AHL.The AHLs differ in

among thegram negative bacteriaith varying acyl chain length.

2.5.2 Quorum Sensing Mechanism in Gram Positive Bacteria

Gram positive bacteria use oligopeptides of 10 to 20 amino acadsasducesignals to communicate
with each other. Receptor proteins activate transcriptional acsat@hosphorylatioifand thus play

a role analogous tbuxl and LuxRin V. fischer). The transport of autoinducer across the cell
membrane is an active proces6][Bvhich is a key difference with the gramegative mechanism)

An example of quorum sensimggram positive bacteris provided byStaphylococcus aureus.
aureusinfections arebenign at lowcell density, but become a deadly at high density. At lewsity
the bacteria expregs proteirs that enhance its attachment to the human badilyhigh density it
represses this circuit and start expression of toxins and protease. G-ghwes the quorum sensing

mechanism oStaphylococcus aureus

Protein AgrD produces a peptide autoinducer (AIP). AgrB is a receptor that exports AIP to the
extracellular space and adds a thiolactone ring to it. The modified AIP binds to another receptor called
AgrC. AIP mediates the aufmhosphorylation of AgrC. Active AgrC medes the phosphorylation of
ArgA. PhospheArgA acts as a transcriptional activator for agrB, agrD, agrC, AgrA and RNAIIl genes
by activating expression from th2 andP3 promoters RNAIII represses the expression of adhesion
factors and induces the expsion of toxins and secreted factors. The activation aighpromoter by
phospheArgA results ina positive feedback which switches on the gene expression when the cell
population reaches a threshold@][SRecently the crystal structure of AgrA has beblown to have a

binding site for small molecules that inhibit AgrA from binding to DNA [58]

18



AIP

AgrB
v
AgrC i q m Outside
_%_b\‘ Inside
AgrA AgrA~P

AgrD
Secreted Facto

R

Cell adhesion proteir

Figure 6: Quorum sensing iBtaphylococcus aure(i53]

2.6 Mathematical Modeling of Quorum Sensing mechanisms in gram negative

and gram positive bacteria

Quorum sensing systems involve networks of components interacting through a range of feedback
connections. Consequently, mathematical monhelg becalled for to interpret their behaviou’
complete model analysis will be presented in chaptadere,we review the relevant system analysis

in the literature.

Goryachev and Lee % performeda computationalsystem analysis othe quorumsensing
mechanism oYibrio fischeri, based on a differential equations moditey consideredtee different
layouts for analysisa minimal QS network a basal QS networkand a basalQS network with
dimerization. Inthe minimal QS network they ignored the auto regulatiorthefLuxR protein by
assuming constitutive expressiontb& luxR gene. Inthe basal QSsystemthey considered bottihe
luxRandluxI positive feedback logbut ignored dimerization dheLuxR protein. In the thirdmodel

they considered the effect of dimerization on the system behavidbhe standard chemical kinetic
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approach was used to model tliechemical interactions'hdr analysisof these thresystenreveals
that dimerization is importanit improves the stability of the off state and reduces the ndibey
concluded thatththeluxR positive feedback Igpandthedimerization are important fahe switch-

like behaviour of the system.

Williams etal. [60] useda combination of experiments and modeling/étidate the existence of
LuxR autoregulation andighlight the effect ofhis positive feedback loopdheswitch-like behaviour
of the V. fischeriquorum sensing mechanisihey replacedhe lux genes downstream olfie lux
promoter {(.e. luxIABCD) with a green fluorescent gengfif) and construeid a circuit termedux01
This Lux01 circuit was clonedhto E. coli. They measured thgfp intensity in different autoinducer
concentratios anddrew null clines. Measurements of thgfp signal under iutions of autoinducer
revealedhat the system exhibits hysteresi$iey also measured the LuxR concentration whkying
the autoinduceconcentratiorandshowedthat at a threshold concentrationaaftoinducerthe LUuxR
abundancencreases rapidlyThis confirms theswitchlike responseof LuxR, due to the positive
feedbackin theautoregulatory loop. They developed a mathematical model to fimtrestigatethis
feedback loopTheir model shows bistability if and only if th@ycludeLuxR autoregulation.

Kutter and Henc¢61] considered a more comprehensiwedel of the V. fischeriquorum sensing
system which includeghe interplay ofthe lux andain systemsa second quorum sensing mechanism
involving in bioluminescent regulation W. fischeri Theain system is regulated by an autoinducer
known as C8HSL and aanscription activator called LitRThey assumed that LitRs the only
transcription activator ofhe luxR gene. They ignored the LuxR auto regulation. Thshowedthat
their modelalidatesthe experimental results of mutants of two diffedibrio fischeristrains (ES114
and MJ1). They also showed that their model exhiigiability.

Some gstem analysis of quonu sensing mechanisswf gram positivehas also been carried out.
Gustafsson et al[62] developed a mathematical model for the quorum sensing system in
Staphylococcos aureuasshawn in figure6 in Section 25.2. Mass action principals and fundamental
kinetic principals were used to model the interaction between AIP and AgrC, the phogjmnfla
AgrA, and expression othe agrA, agrC and RNAIII genesBy plotting the RNAIII concentration
against the AIP concentratiorhely showed that the systemxhikits switchlike behaviour and
hysteresisThe proteinSarA is known to increase the basapression of AgrA. Thexperimental
results show thaSarA mutantshave the same final level of RNAllIbut areinducedat a higher

concentration of AIP, meaning that decreasing the basal level of AgrA should increase the threshold
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concentration but hano effect on the final concentration of RNAISimulation of the mathematical
model validate tis experimental observatioustafsson et ahlso studied the effect of inhibitory AlIP
(from other straingwhich decreases the threshold concentrationy Thacluded that slight increas

in the affinity of AgrC for AIP will reduce considerably thresholdinhibitor concentration required

to turn the systeraoff [62].

Karlsson et al[63] studied theguorum sensing system that regulatesipetencén Stapghylococcos
pneumoniaExperimental results show that competeiscgownregulated a short time after induction.
They hypothesised that the dowggulation of competence tkie toexpression of minhibitor of the
qguorum sensing promotefo study theirhypothesis, Hey developed a mathematical model toe
competence quorum sensing systdimey plotted the steady state concentration of the transcriptional
activator as a function of extracellular concentration of competence sionutegptide. Tleir plot
shows hysteresis amérifiesthatthe system exhibits bistabilityl hey conducted a sensitivity analysis
to identify which parameters are significant in the competence dgwih responseThis analysis
showed that the synthesis of all genes productsiamgortant, confirming that a repressor is down

regulating all genes at the transcriptional level [63]

Jabbari et al[64] developed a more comprehensive modeltfierStaphylococcos aureugiorum
sensing mechanisrihey included the dynamsof AIP production and simulatethe whole quorum
sensing genetic circyiincludingthe intra and extracellular production of AIP and proteifitey
developed a dimensionless mathematical model using thal icathcentratiorof a range oproteirs
and mRNAs. Simulation of their model shows hysteresis and bistability. They usedirfensionless

model to explain how the switdtke responsén virulence productiommccurs

2.7 Synthetic Biology

In this project, a synthetic biology approach is proposed for engigesequorum sensing system into

Clostridia. Here, we briefly review some of the relevant literature on synthetic biology.

Thetermfi sy nt h et was uded by Basbgars iHobam1980 to explain recombinant DNA
for engineered bacteridt was used ajn in 2000 by Eric Kool to describe the synthesis of unnatural
molecules iniving systemg66]. During the last deede, researcherbaveu s ed t he ter m
b i o | todpscidbe thapplicationof anengineering approach into biolqgyith the goabf desigring

and construahg new or modified living system with new functions.
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ThroughSynthetic Biology engineers are treating biology #ee physics and chemistry @ new
century. They aredrawing analogies betweg@noteinsand geneandtransistos, diodes and res@s
These elements are assembled together to produce genetic or protein devices, similar to logic gates and
switches irdigital computersFurthermore these biological gates and switches are connected in such a
way to manipulate thegenetic and metabolic pathwayisat are the integrated circuits of biological
systems. Finally using these pathways, biological systems can be redesigned to produce new synthetic

organisms with novel functiorthatdo not exist in naturgs6.

In theengineering approachy &ngineefollows standardteps designing, modeling, implementing,
testing and validating to construct a novel systesing tools such asstandardized library, computer
aided design (CAD), computer aided engineering (CAE) amdpater aided manufacture (CAM)
softwae. The designer may dmack andorth between different steps to optimize the designapply
this approach to biologyesearcheris synthetic biologyaredevelopng standarizedlibrariessuch as
BioBrick and BglBick [67],[68], CAD and CAEsoftwaresuch as Clottho Framework and Eugene
language §9)[ 70 and ultimately DNA synthesis machines which plays the role of CAM software and
CNC in synthetic biology71][72]. Although following the route of mature enginegridisciplines
seems pmising the complexity of biological systems and the contiad@ behavior of biological

parts may makes the route longer tf@arother engineering fields.

2.7.1 Implications of Quorum sensing in synthetic biology

The elements dbacterid quorum sensing mechanistave been used widely in synthetic biology.
Weiss and night[73] usedheVibrio fischeriguorum sensinmechanisnto developontrolled sender
and receivepopulations irE. Coli. You et al [74] developed a progrardgpopulation control circuit
by putting a killer gene under the controltbé lux promoter.They developed a biological feedback
circuit to cortrol a cell population. Baset al. [75] produced a pulse generator using receiver and
sender deviceby puttirg theluxl gene under the control dietetracycline promotemptetR in their
sender device anth the receiver devic&FP and Cl repressor gene of lata phage under the control
of lux promoter They spatially contrédd the production of GFERthe receiver bacterinearand far
from thesender bacteria did not produce GRRilethe intermediateangecells did This was the first
step toward bacteria pattern formati®asu et al[76] reported programmed pattern formatiggng
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the same sendelevice and similar genetaircuit. They construetd a low-detect plasmid and three
high-detect plasmids harboring three differémtR genes with three different sensitivity to AHL
concentration. They developéaeir band detector device by combiningtlow detect plasmid with
each of the high detect plasmi@utting sender strains in different partsaqfetri dish they formed a
variety of patterasuch asinelipse,a heart andclover.

The elements of quorum sensing mechasisgre used to develop syntheticantand intraspecies
ecosysterm Ballagade et a[77] developed a synthetic predajmeyE.coli ecosystem using elements
of Vibrio fischeriandPseudomonas aeruginogaorum sensingnechanismsin their system, &ill er
gene is expressed by a constitutive promistéite predatorstrain, whilea densitydependent promoter
(plux) is incorporated into thprey. An antidote gene is expressed biua promoter inthe predatoy
which inhibits the expression of killer gena high density. The killer gene is expressed logasity
dependent promotepl{ux) in theprey, thuskilling prey athigh densityAt low prey density the predator
will be killed due to the constitutive expression of killer protein in Predator. Witkegrow until they
reacha thresholdlevel of AHL production, thusctivaing the lux promoter inthe predatorandthe
prey resulting in production of antidat protein in the predator and killing protein in prey. The
production of antidarescues therpdatorwhile the production of killing protein killsghe prey. This

will result a predateprey ecosystem.

2.7.2 Application of synthetic biology in bacteria mediated cancer therapy

A number of projects have addressed the engineeriSglofionellaandE. coli to be used as anti
tumor devices. Anderson et @ngineerecE. mli to expresghe invasin geneifv) from Yersinia
pseudotuburculosit invade cancer cells. They developed cell concentraiipendenthypoxic and
arabinose dependent strains by clortimginv gene downstream dfix promotershypoxiaresponsive

fdhF promoter and the arabineseluciblearaBAD promoter respectively.

Royo et al[79] engineered some elements tbe naphthalene degradative pathy, which is
regulated by acetyl salicylic acid (ASA), frorseudomonas putidato Salmonella entericaASA is
an anti n pa mma t dnrthis pdthwaythe NahR proteinis a transcription factor fothe Psal
promoter which in turn activaseexpression of XylS2Both NahR and XylS2 are activated by ASA
The activated XylS2 inutn activates thé®m promoter which expresses the target gergosine

deaminaseCytosine deaminse conveprodrug 5FC to fluorouracil, an anticancer drug
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Xiang etal. [80] engineeredE. coli to expresghe short hairpin RNA (shRNA)nvasin geneifv)
and two other gendbatare neessay for transforming shRNA into mammalian ceBBRNA cleaves
the mRNA of acancergenetermedCTNNB1 In maost colon cances; CTNNBL is overexpressed or
mutated.Oral or intravenous administration & coli into tumorbearing mice reswdtd in shRNA

production inthetumor, which silenced theCTNNB1gene aboth themRNA andtranslation level.

Prindle et al[81] translatel some synthetic genetic circuits alreadystructed and testadE. coli,
such adast, robust and tunable genedscillator, geneticclocks and toggle switghnto Salmonella
thyphimurium All of these devices can be useddgulate the dose and duration of drug production in

atumor.
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Chapter 3

Mat hemati calanMdMo daelailfygtih®e Quorum Sens

Mechani sm

3.1 Introduction

Mathematical modeling is a powerful tool fexploringthe dynamicbehaviour of a systenfrom an
engineering pepective, t can also be used tpuide themodification of a system to produce desired
behaviour. This modddased design approach is common in traditional engineering fields, and is also
applicable to engineering of biological systgBts]. The chapter cdains an analysis of mathematical
models of quorum sensing mechanisms in gnagativeand granpositivebacteria. Analysis of these
models demonstrates the effect of variation in network modules and parameters on the system
behaviour, and so highlightskeesign parameters for engineering of these systems.

As discussed in chapters 5 and 6, we explored the possibility of using eitherggative or a gram
positive quorum sensing mechanism for controlling gene expressionSporogene®lthough the
implementation of a gram negative system iGtoSporogenesvas not successful (Chapter 6), the
analysis of this system may still prove useful in alternative implementations, or in improving our

understanding of quorum sensing mechanisms in general.

This project investigates theseof quorum sensing to control the aerotolerance of bacteria that have
been targeted to solid tumors. Two key performance measfisesh a systerare (i) the threshold
bacterial concentration at which expression of thetalrance enzyme is triggered afij the
resulting steadgtate enzyme concentratiolo achieve optimum regression, these values will need to
be adjusted epending on tumor size. Analysis of a mathematical model can reveal which design
parameterfiavethemost significantmpact on these performance measuaesl how these parameters

shouldbechosen to arrive at optimum performance.

From a control engineering perspeciwe are developing a feedback control system to regulate the
production of aerolerance enzyma response to the local density of thecterid population. In the
guorum sensing system, the autoinducer acts as a sensor (sensing the cell population) and sends a signal
to the controller, which is the transcription and translation ax@esim of the bacteria. Although we are

unable to separate this control system into a #fp
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design), we can nevertheless aim to tune the gains of the controller to atdseeel behaviour. The
sensitvity analysis presented in this chapter indicates how, in both gram positive and gram negative
guorum sensing systems, the behaviour of the controlled system can be tuned by changing the gains of

the controller.

3.2.1 Modelling a Gram Negative Quorum Sensing Mechanism

As discussed in Section321, the quorum sensing mechanisnVdirio fischeriis a prototype of gram
negative quorum sensing systems. As shown in the network in Bigumgpagel6, in this system, the
production of bioluminescence results from the quorum sensing loopsautitmducer3-oxo-C6.
Engineered instances of this system confirm that the Lux loop is sufficig@ntrateswitchlike
guorumsensing behaviour in nemativebacteria[59].

As reviewed in Section @. a humber of kinetic models of quorum sensing mechanisms have
appeared in the literature. We focus on the model of Goryachev and9leetifeh describes the lux

guorumsensing loogpn Vibrio species

Be | B Je—

'/(
j

g lelile U —» 4—-!-3-'17.5;.

Figure 7: The quorum sensing layout of V. Fischeri used by Goryachev and Le&§59]
extracellularAHL, Ae: intercellularAHL, I:Lux|, R:Luxl, P= LuxRAHL, D:LuxRAHL dimer,

S S-adenosylmethionine (SAM)m: Luxl mMRNA, Rn: LUXR mRNA

26



As shown inFigure 7, the authorocused on théwo positive feedback loopavolving luxl and
luxR, while neglecing the effecs of the ain and the LuxQ/P loopss well asthe effect of C8
competition with AHL on binding with LuxR protein. Their ana$yseveals that the LUxR positive

feedback loop and LuxR dimerization are significant contributors to the bistability of the system.

We next review thé&inetic formulationof the Goryachev and Lemodel[59]. The formation othe

LuxR-AHL complexis described byhefollowing reaction

’?'Q )
6 'Yz O (1)
0

where A,Rand P are AHL, LuxR and LuxRAHL respectively and™Q andQ are the rates of

as®ciation and dissociation.
Dimerization of thdLuxR-AHL complex P) is described as:
ko)

0z O (2

z
o)

whereQ is the association rate aif@ is the dissociation rate, and D is the dimer.

These reactions occur quickly on the tis@le ofgene expression process sove can consider a
rapid equilibrium assumptiofor P andD. Defining0 as the ratio ofhe association rat& to the

dissociatiorrate™Q , the concentration d? is given by
0 —OY VoY v

A rapid equilibrium assumption fahe formationof D, and substituting foP from Equation (5)

yields:
O —0 O0YY 0L 0YY (0}
whereU is the rdio of association to the rate of dissociatiorthefdimer.

The mRNA dynamic$or LUuxR (Rn) and Luxl () can be described by:
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w
— 0 — Q0 pm

where'Q andQ are basal transcription rates fér andO, respectivelyp) and) are the maximal
rates for activated transcriptiod, and0 aredissociation constants for-fromoter bindingandQ
and’Q are the corresponding mMRNA dagation rates. Considering that mMRNA dynamics are much
faster tharprotein dynamicsa quasisteadystateassumption for the mRNA concentration gives the
following equations foRy anlm

PP
Ic}o o pC
The concentrations of proteins LUxR)@nd Luxl () are described by
— QY QY 0o
_ 00 00 pT

where Q and "Q are the corresponding degradation ratesl Q@ and 'Q are pefmRNA

translation rates.

Substituthg equations (11) and (12) into equations (13) and (14) yields:

— — — v (19
— — O — 1Mo (16)

To address the dynamics of AHL (concentrati®)n, the following assumptions are madg:the
production rate of AHL depends only on the abundance of Luxl (i.e. the substrate concentration is
steady), andii( the rate offiffusion of AHL into the cell is proportional to the difference between the

extracellular and intracellular concentrations of AHhus
— Q0T o6 o (17)

whereQ is the petLuxl production ratep is the extracellular AHL concentration, aifdl is the

diffusion rate.
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We could now apply equation (6) to writein terms ofA andR to arrive at a model consisting of
three differential equations. However, the authors further reduce the description of the dynamics by
applying a quassteadystate assumption lauxl ,which is translated from shortmRNAcompared to

LuxR Substitutingthe quasi steady state foffrom Equation (9)into equation(17) yields:
- — Q — QO 0 0o (18

Finally, substituting foD from Equation (6) into equations (15) and (18) githestwastate model

v %Y Tt
_ — Q — QY 19
— 19
050
. B . .

_ —  Q — Q o o] 20
— (20)

Up Uc

The parameter values fromJare reported in Table 3.

Table 3: Parameters value in the model [9]

Parameters Value Parameters Value
10*nM*st 1.5x10* nMs™
3x10%s?t 6x10°% st
10°nMs? 1.28<102st
102st 2x10%s*

L 4.8x10° nMs™* 1.6x10%s*

LL 1nM 5x105 s*
3x10* nMs? 0.45s*
6x10°% st 0.4s*

LL 2x10° nMs?

Lk 30 nM
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The authors of [59] explored the behaviour of a range of model variants, with a focus on the switch
like behaviour of the system. Here, we takelternative approach to model analysis; our focus is on
the sensitivity of the systemds perf oWhilawece measu
do not expect the results of this analysis to be quantitatively accurate, the results will ileriiy
parameters to be considered in designing our syStersimplify our parametric sensitivity analysis,

we lump the model parameters as follqwalues in Table 4, below)

0 —_— (21)
0 — 0 —, (22)
Up UC
0 ——"0h (23)
0 —— and U _ (24)
Up UC

This givesa simpified model formulation, from Equations (19) and (20):

ove
8ve
— U T Q o (0] (26)

These lumped parametecan be interpreted as follows: expression of LUXR (and consequently,
production of AHL) are deterimed by Hill functions, with Hill coefficient of 2 and Hill constants equal
to Krs andKas, respectively. Parametars and0 are the basal rates of constitutive expression from

the two genes, while and0 are the maximal rates of activated expression.

In comparing the behaviour of the model to experimental observation, we will most likely be
observing the system vatarget gene (e.gfp) that is controlled by the quorum sensing systéhe

concentratia (G) of such a proteisan be modeled as:
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— 0 —— QY 27)

for appropriate parametebs ,0 and0 . Because this equation has the same form as Equation
(25), we will simplify the analysis by assuming that the dynamics of such a target protein praaldct

beidentical to the LuxR dynamics.

Table 4: Values of lumpedparameters

Parameters Value Parameters Value

Kr1 6.4x10* nMs™ Kaz 24nMs?

Kr2 0.0102nMs* Kas 519.615nM?
Krs 948.683M? K12 2x10*s?

Ka1 3.6nMs™ Kie 0.4s*

3.2.2 Analysis of the Goryachev and Lee model of gram negative quorum

sensing system

The analysis described in this section is noVhe mathematical model in Equations (25) and (26),
with parameter values in Table 4, was implemented in Ma82p [ MATLABGs wesled5 fu
used tosnulatet he system of ODE 0 ®ntrationTohAL @)wesrtaen aslah ul ar
external input, and/as considered as representative of the local bacteria population density.

Beforef or mi ng a sensitivity anal ysi s, Figwe8acdonf i r m
9 show phase portraits tife model at two different extracellular concentrations of AHL. As Figure 8
shows, wherAc is equal to 5hM. all trajectories converge to a unique stable state; the system is
monostableln contrast, Figure 9 illustrates thhesystem exhibits bistdlty at the lower extracellular
AHL concentrationof 25 nM. These two cases indicate the syst

switch at lover AHL (lowerdensity)and a monostable system (&ith t he
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AHL (higherdensity). The system al so exhibits monostabl

level, as shown below.

LuxR Concentration ( nM)
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=] (=] (=] (=] Q (=] (=]

(=]

—— _

Y
A

| |
0 20 40 60 80 100 120 140 160

AHL Concentration (nM)

Figure 8: Phase portrait dboryachev and Lee modat

extracellular concentration of AHL equal to BBI. The system isnonostable.
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Figure 9: Phase portraibf Goryachev and Lee modat
extracellular concentration equal to 25 niMhe system is bistable.

To further explore the change in system behaviour as we ran simulations over a range(8§)AHL

values To test for bistability, atachAHL concentration, the model was run to equilibrium from two
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initial conditions: one in which intracellular LuxR and AHL levels are low, both equalnid 1(an

6off 6 state), and ohiglke both equakto LA N atnh edsoen 61 esvtealtse )ar e
state results of these simulations are shown in Figure 10, which is a bifurcation diagram for the model.
Similar to Figure 8 aboveh¢ system exhibits monostability at low bacteria concentratiben there

is insufficient activity to generate a response. As the AHL concentration is increased, the system enters

a range obistablty (for 19<A.<29 nM).

In summary: tlow bacteria concentration (18 t he genet i ¢ ci rbacteiiat i s 0
concentration (294) system becomes 0§ ,Antreases and whHerethetbactertae r i a
concentration reaches a threshddd=29nM) the system jumps to the high equilibrium point and the

genetic circuit becomes 6éonb.

60

a4

a0 .

—— Low Initial Value
——High Initial Value

30 .

20 .

Concentration of LuxR (nM)
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| | | | |
0 5 10 15 20 25 30 35 40
Extracellular Concentration of AHL (nM)

Figure 10: Bifurcation diagram oV. fischeriquorum sensingnodel.
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As the figure shows, the system exhibits hysteiiesi® duci ng t he AHL | evel
will not return the cell to the Luxibw AHL-low state at the samthreshold at which theystem

A

jumpedtothe6on 6 st at e.

The bifurcation structure in &ure 10 isfurther exploredn Figure 11, whichis a phase portrait
showng nullclinesof R andA for various values ofe. For external AHL concentratianin the range
from 19 nM <A<29 nM, the nuliclires intersect three times, indtthg the existence dthree
equilibrium pointstwo stable and one unstabRarameters that alter the shape of these nulliclines can

have significant impact on the bifurcation values.

160
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100+~

—Anullcline A_=0n
——Anullcline A =19 nM
——Anullcling A_=25nM| -
——Anulicline A_=29 n

(=2
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AHL Concentration (nM)
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.
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20 Anulicline A =50 nM| -
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Figure 11: Nullclinesof model (2526) at five differentexternal AHL concentration$\§). The R
nulicline is shown in cyan and A nullclines in blue, red, black, magenta and green. Filled and empty
circles indicate stable and ngtable equilibrium points, respectively. Fayrbetween 19 \M and 29
nM, the systenis bistable. Above this interval, only the active (highhigh-A) state is present and
below this interval only the off state is present.
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As mentioned abovén planning to us@ quorum sensing system to trigger aerotolerance at the site
of solid tumors, we focus on two key performance measures: (i) the threshold concentration of external
AHL at which the system swit c hstag concentrdtidbetheé ond s
aerotolerance enzyme. We next explore the role of the model parameters, i.e. the design parameters, in

tuning system performance.

From a design perspective, natutalingparameters are the promoter strength and ribosome binding
site (RBS) of LuR and Luxl. These should have a significant impact on system belawican take
a range of values corresponding to choitpromoter and RBIndeedas discussed if83] and [84],
changes in the strengtti a promoter may alter protein productiotery 1006fold, while changing
the RBS site (and corresponding intergenic region) can have a 100 fold effect.

A preliminary analysis of the role of promoter strength is shown in Figure 12, in which system
bifurcation curves are shown for three differealues of Luxl and LuxR promoter strengffio aid in
comparing the curves, only the 6turning ond brar

equilibria are all/l reached from the 6o0ffd initieze

120 T T T

100~ -
—— Strong luxR Promoter, Medium luxl Promoter
——Medium luxR Promoter, Medium luxl Promoter
Weak luxR Promoter, Medium luxl Promoter ||
——Medium luxR Promoter, Strong luxl Promoter
——Medium luxR Promoter, Weak luxl Promoter

[o=]
[=]
T

I
o

LuxR Concentration (nM)
[=)]
(=]
T
|

20

1 | | ! I ! ! ! I I
00 10 20 30 40 50 60 70 80 90 100

External AHL Concentration (ni\)

Figure 12: Bifurcation diagrams showing the effects of changes ipthmoter strength of the luxR
andlux! genes. Strong, medium and wehkR promoters correspond § values of 9.6x18,
4.8x10° 2.4x10°nMs* , respectivelyStrong, medium and wedilkx| promoters correspond §
values of 9.6x18, 4.8x10° 2.4x10° nMs?, respectively. The threshold concentration can be tuned
by both promoter strengths. The final concentration of LUuxR can be only tuned by strelngtR of
promoter
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The figure sbws thathe threshold concentration can be tunedhmnging the strength efther
promoter.n contrastthe final concentration of LuxR can be tuned by the choitex®&promoter,
butit is insensitive to the strength of thexl promoter. This insensitivity can be of value in a design
strategy, since it allows tl@ncentratiorthreshold to be tuned (via thax| promoter) separately
from tuning of the threshold AHL concentration. An analysis of the RBS strémgjtshown) revals
asimilar effect. This is not surprisingince these parameters play similar roles in describing protein
production in the model.

3.2.3 Parametric Sensitivity Analysis

The above analysis shesbme light on the behavior of the system, but addresses the effects of only a
few design parameters, and, significantly, may be dependent dmasemominal values of the model
parameters. Though these nominal values were justifie®jrafel [60], heycannot be trusted to be
more thanestimates of the true representation of the systéfn. provide more robustlesign
recommendations, a glolzgd sensitivity analysis was carried out on the system. For each parameter

Pi , two local sensitivity coeffients are defined
Y ——— and Y _ (28)

whereY and Y represent the sensitivity of the steadsite concentration of LUxR and the
AHL threshold concentratiofoff-to-on), respectively. These derivatives are approximaedinite

differencespy simulating the effect of a 10 percent change in parametersvaduellows:

. 82 . 81
Y = and Y "

(29)

In order to carry out globalized analysis, for each parameter presented in Table 3, the bistability range
was determined. These ranges are reported in Table 3. Because samplinfinevareah in the 8
dimensional parameter spaces would be prohibititelg-consuming, two values were chosen for each
parameter: at the ends of the bistability regioocal sensitivity coefficients were calculated at the
corresponding 256 (ZRpoints in parameter space. For each parameter, these were then averaged to

give a single globalized sensitivity coefficient. These are reported in Table 5.
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Table 5: Globalized sensitivity analysis on Gram negative QS mechanism

Parameters | Bistability Range Y Y

L nMs® | 0.0147 | -0.7387
L nMs® | 0.9877 | -0.5675
L nM? | -0.0025 | 1.2096
L_ 0.01-4 nMs? 0.00001 | -0.1749
L_ 10-90 nMs! 0.0005 | -0.1343

L_ 100-900nM? 0 0
8 st | -0.9028 | 1.3529
st -0.0006 | 0.2061

This globalized sensitivity analysisdicates that (i) the steadyate LUuxR concentration is most

sensitive to thenaximal induced expression rate of Lu(<R| and the degradation rate of LuxR (

_ ) while (ii) the threshold AHL concentration is most sensitiviheodissociation constant for LUXR
activation H and degradation rate of Luxi ( , and is moderately sensitive to the basal LuxR
expression rate H 8 Importantly consistehwith the observation ithe preliminary analysis, the
analysis reveals that the dissociation constant for LuxR activaﬂiqm could be used to tune the
activation threshold without affecting the steatgte AHL level. While tuning of this parametalue
introduces its own design challenges (e.g. by introducing point mutations to the Luxl gene), the

independent effect revealed by this analysis could be exploitéeé design phase.

The analysis in Table 5 addresses the lumped parameters froimgiiéiesi model (2526). To
identify how these effects are related to the kinetic parameters in the original model, we carried out a

secondary analysigio identify the contributions to the sensitivity of RBS strength and promoter

strength, another sensitly analysis was carried out on paramef|
characterize the RBS and promoter strength dittieandluxl genes. For each parameter, three values

were chosen: the two endpoints and the midpoint of the bistability region. Local sensitivities were
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calculated for each parameter at the corresponding 81 points of parameter space, and again the overall

sensitivity d each parameter was calculated by averaging. The results are shown in. Table 6

Table 6: Sensitivity analysis on RBS and promoter strength parameter

Parameters Range Y Y
Pluxr st 1.1627 -0.4935
Pluxi 8 8 st [0.1590 -0.0494
RBSuxr st 2.3556 -0.7935
RBSuxi 8 8 st 10.2168 -0.0672

This analysis confirms the resultléfure 12. Thesteadystate concentration of LuxiR not sensitive
to luxl promoter or RBS strength. Moreover, the most significant parameter fastdhdystate
concentration of LuxR and AHL threshold concentratisrthe RBS strength diixR The AHL
threshold concentration is sensitive to the RBS and promoter strengiikFofNeither threshold
concentration nor final value concentration are sensitive to the parameters of luxl prodiliogs
in theluxRRBS and promoter strength will have opposite effamt the AHL threshold concentration
and steady state concentrationwfR Therefore, if we want to increase the threshold concentration,
decreasing thdéuxR promoter or RBSstrengthmay increase the threskotoncentration but will
decrease the final concentration of aerotoleganzyme.Haseltine and Arnold studied analytically
and experimentally the effect of changlngRRBS on the threshold concentration and obtained similar
results[85]. These resultanply that in the plasmid construction that we have selected, in order to tune
the threshold concentration wkould carefully consider the choicd@RRBS and promoter strength

which will result in arade-off effect on thdinal concentratiorof the aerotolerance enzyme

Having discussed quorum sensing in gna@gative organisms, we next turn to a complementary

modelbased analysis of a gram positive quorum sensing system.

3.3.1 Mathematical Model of Quorum Sensing in Gram Positive Bacteria

As reviewed in Section 8.2the quorum sensingnechanisnof S. aureuss a canonical example of

the gram positive quorum sensing systé@imere are foudifferent strain®f S. aureuseach ofwhich
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producs a strainspecificautoinducer peptidesA(P). EachAIP activates its own §rC receptoiand

inhibitsthe activity of the receptors in the other strains

Herewe investigate mathematical model of the quorum sensing mechaof$S$naureusntroduced
in [62].

The model formulation is as followBinding ofthe native P) andanynon-native (X) autoinducer
peptidesto the sensor receptor AgrC)(can bedescribedy the following reactios:

ko)

6 0z 6 (30)
Q
ko)

6 ®£ 0 (31)
Q

whered andd are active and inactive AgrC receptoispectively Q andQ are assaciation

rates,Q and Q are dissociation rates ald andQ are degradation rates.

The ODEbs governing these reactions are as

— o660 Q6 Q6 (32)
— Qe Q6 Qb (33)

Considering quasi steady state assumptiolCfandC,we have

6 —— U 00 (34)
.« Qb & .
. 35
0 o U 0w (35)
here 0  — d L
where 0 an 0 2
The phosphorylation o&grA (A) by AgrC (C) can bedescribed byhe following reactions:
0
8
Q (36)
0 Z o
Q
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whered is the phosphorylateform of AgrA, Q andQ are phosphorylation and
dephosphorylatin rates of AgrA,Q andQ are degadation of AgrA and phosphorylated AgrA,

respectively
Reaction(36) provide the following description of the phosphoryldtd AgrA (0 ):
— Q66 Qo Q6 (37)
Assuming quasi steady state &or gives:

8

00t O OUOULO (38)
where 0 _—

Since the transcription factor of agr operoa monomer, we can model tgnamics of AgrA as
[62]:

— 00— 71 V66 VO Qb (39)

whereQ is basal transcription ratef expressionQ is themaximal rateof activated
expression U is theMichaelis constarif activator bindingand ‘Q is the degradation rate for
AgrA.

Substitutingd andd from Equation (38) and (34) inemuation (39)ields

— Q— 70 Q0 60 QU0od Q0 (40)

BecauseAgrC and AgrA areshare a commopromoter, the transcription of AgrC follows the same

kinetic as AgrA. Thelynamicsof AgrC (0) can be similarly modeled as follows:

— 90— 71 M60 Q6 Qod Qb Q6 (41)

whereQ is basal transcription rate for Agr8)( Q is themaximal rateof activatedexpression
and Q is the degradation rate for AgrC.
Substitutingd andd from equations (34) and (35) inéguation(41) yields:

— 00— 70 MO0 QUL O Q& QU O Q6 (42)

The concentration ohgrD (O) can be described as:
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— 00— 0 Q0 (43)

whereQ is basal transcription rate fégrD (0), Q is the maximal ratef activatedexpression

and Q is the degradation rate for Agr
Assuming a linear kinetic for the production of AP from ArgD we have
— Q0 Qb (44)
hereQ is the production rate arfd the degradation rate 8fiP (0). Ignoring the dynamisof AHL

exportby AgrB, we assume that all AlR rapidlyexported to the extracellular space.
Parameter values for the model are givemable 7.

Table 7: Parameters value in the model §2]

Parameters Value Parameter Value
10s? C 5x10°s?
Q 0.1s? L. 0.45s?
10s* . 2st
0.1s? - 2st
10s? . _ 2 st
0.1s? .- 2 st
1nM1ts?t -F . 2 st
0.1s? L_y 1nM
1 nMs? LI 0.48s*
0.1s? L. 0.48 st
10 (M st Ly 1.59s?
1s?

3.3.2 Analysis of Quorum Sensing in Gram Positive Bacteria

The analysis described in this section is noVeé mathematical model in Equations (40), (42), (43)

and (44), with parameter values in Tabledérived from 62], was implemented in Matlat8%].
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MATLABGs odewhbused tmimulatétchre system of ODEG®s P).
was taken as an external input, and is considered as representative of the local lpagtgiation

density.

The model behaviour is similar to the bistable w&ha exhibited by the model of gram negative
guorum sensing #t was presented in section 3.1. Although this model is rditm2nsional, phase
portraits can still bgenerated by projecting the trajectories ontedinZensional plane showing the
AgrA-AgrC dynamics.Figure B and ¥ showrepresentativgphase portraits fathe monostable and
bistable regions, respectively. In figur8 the AIP concentration is taken equal to 1.5,niich is
located in monostable 6 oregidr). As the figure showall trajectoriesconvergegoward a single stable
point.
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Figure 13: Phase portrait of the system at monostable region,
AIP concentration equal to 1rv
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In Figure X4 the AIP concentration is taken equal to 0.5 nM which is locatetharbistable
(switching) region. The figure illustrates th#tte system exhibits bistabilitythe trajectories of the

systemconverge toward two different stable poidepending on the initial condition

45 T T T T T T T
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AgrC Concentration (nM)
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o
[4)]
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]

o

Figure 14: Phase portraof the system at bistable region
AIP concentration equal @5 nM

The bifurcatiorbehaviour of the model is illustrated in Figure 15. To generate this figure, simulations
were run for aange ofAlP values In each casdhe model was run to equilibrium from two initial
conditions: one in which AgrC and AgMAaniee® el s ar

in which these |l evels areM)high (an 6oné state, I

As shown in the figurehesystem exhibits monostability at low bactédancentration<0.2 nM)
andat high bacteribconcentration®>1 nM). It exhibitsbistable behavoubor the intermediate range
0.2nM < P <1 nM. At low bacterid concentration the genetic circuitabvaysé o ffdr liigh bacteria
concentratioa it is alway o n 6a.cultéesgrowsheAlP concentratioincreaseswhen the bacteria
concentration reaches a threshdted Q.2 nM), the system jumps to the high equilibrium point and the
geneti c cir c Asthefidue showsgethe sydtermefihibits hysterésiwes not return to

6off 6 state at the same point as it jumps to Oo0r

Figure 16 shows the nuliclines of thedel in the absence of AIP. This is representative of the

behaviour at low AIP concentratioR€0.2) : one equil i brium point at th
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The system nullclines at AlBoncentratiorequal to 1.51M (representing high AIP concentration)
are shown in lgurel7. Again, he systenmis monostable it has one stable equilib

State.

4

3.5

——High Initial Value
—— Low Initial Value

Fhosphorylated AgrA (Ap) Concentration ( nM)
(o]
tn N
I T

1 1
0 0.5 1 1.5 2 25 3 35 4
AlIP Concentration ( ni)

Figure 15: Bifurcation diagram of th&. aureu$QS mechanism
the initial values of phosphorylated AgrA)(and AgrC(C)
areequal to 0.1nM for low initial value and 5 nM for high initial value
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\ |
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AgrA Concentration (nM)

Figure 16. Nullclines of model (40) and (42) in the absence of AIP concentrat®)ns (
Filled circle indicate the stable equilibrium point.
For P less thaf.2nM the system is monostable at off state.
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—AgrC Nullcline ||
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AgrC Concentration (nM)

t |
0 0.5 1 1.5 2 25 3 35 4
AgrA Concentration (nhf)

Figure 17: Nullclines of model (40) and (42) at AIP concentratidPsdqual to 1.51M. Filled circle
indicate the stable equilibrium point. F®higher than 1M the system is monostable at on state.
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Figure 18 Nullclines of model (40) and (42X AIP concentrationd? equal ta0.5 nM.
Filled and empty circles indicate the stable and-siable equilibrium points, respectively.
The gstemis bistable at the intermediate concentration of ®IR<P<1 nM).

At AIP concentration equal to OrBM, the system has two stable and one unstable equilibrium
points, as illustrated irFigure 18 The nuliclines of the model have similar shapentermediate
concentration of AIP (0.2R<1 nM).

We next consider the effect of variation in parameter values on the system behaviour. As in section
3.1, our focus is on two key performance measures: the threshold value of AIP (at which the switch to
thebond state occurs), and the steady state acti vi
Figure19 shows a preliminary analysis of the role of ribosome binding site (RBS) stré&fagtation
in the RBS strength of AgrA and Agri€ characterized bghange parameter&a andkc respectively.

System bifurcation curves are shown over three different values of AgrC and AgrA RBS strengths.
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Figure 19 The effecs of changsin theribosome binding strengtsf AgrA andAgrC.
Strong, medium and weak aqual toFgL0and5R B S 6 s
nMs?, respectivelyThe threshold concentration can be tuned by both RBS strength while the final
concentration of the transcription factor can be more effectively tuned by strength of AgrC RBS

The figureillustrates that as the strengths of AgrA and AgrC ribosome binding sites increase (increasing
ka, andkc respectively), the threshold concentration decreases and the final value of transcription factor
(Ap ) increases But the effect of RBS strength @&fgrC (Kc) on the final concentration is more

significant than the effect of RBS strength of Agkg)(

Figure 20 shows the effect of inhibitor autoinducer on the system dyna®iiee our ultimate goal is
to engineer quorum sensing mechanisi8.afueusinto C. sporogenedt is of value to know the effect
that inhibitoryAIP mayhave ornthe engineeredystem As shown in the figurehe inhibitor moves
the bifurcation points and hysteresis loop to the right increases the threshalohcentrationbut

has a minor effect on the final concentration.
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Figure 20: System behavior for different narative AIP concentration

3.3.3 Parametric Sensitivity Analysis

As in section 3.1, we aim to identify parametere at have significant influe
performance. @ obtain robust conclusiona globalized analysis was carried out over the parameters
presented in Table 7. Because sampling over a mesh in-fimg@sional parameter spaces would be
prohiltively expensive, two values were chosen for 7 parameters that we can tune using molecular
biology techniquesEach parameter was sampled at émglpoints of the correspondifmstability
region asdetermined using MATLAH82]. The other parameters weaissigned their nominal valsie
(Table §. As in Section 3.2.3Equation 28) wasused to define local sensitivity coefficients for each
parameter P, where™Y and °Y represent the sensitivity of the steaglgte concentration of

phosphorylated AgrA{ ) and the AIP(D) threshold concentration, respectiveiquation (29was

used to estimate the derivatives based on 10 percent change in parameter values.

Consequetly, the local sensitivity coefficients were calculated 28 (=27) points in the parameter
space. For each parameter, these were then averaged to give a single globalized sensitivity coefficient.

These are reported in Table 8.
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Table 8: Globalized sensitivity analysis of gram negative quorum sensing mechanism

Parameters | Bistability Range Y Y

L_ LU puU -0.0749 -1.1763
5-15 1.5685 -1.2223
5-15 - 0.3368 - 0.2313
.05-0.15 0.2726 - 0.2352
.05-0.15 0.2073 -0.9171
1.5-3 0.0902 1.0988
p® o -0.7420 1.3924
- 0.7969 1.8490
1 - 0.0186 - 0.8906
0.1 - 0.0159 0.0208

1 0 0

0.1 0 0
1 0.0158 0.4809
2 0.0724 1.3771
2 - 0.8389 1.2981

The threshold value of AIP is most sensitivelto } the Micha&lis constant for activator binding,
and is also highly sensitive to the degradation rates for AgrA and AgrC (in both unphosphorylated and
phosphorylated formd_ ®_ W, B ) This threshold is also sensitive to paraméterwhich
characterizes the maximal activated expression rate of AgrC. The steady state activity level (i.e. steady
statephosphorylated\grA concentration), is sensitive to the same parametétl the noteworthy
exception of the rate of degradation of Ag®. and®™_ ),

Thisanalysis presents sordesignstrategies for manipulation of the steedgte activity (e.g. tuning
of the degradation rate of AgrA or expression rate of AgrC)aanalvenue for separate adjustment of

the threshold AIP level (via tuning of the rate of degradation of AgrC).

These resultare complementary to our findingsSection 3.3.2Together, they provide a useful set

of strategies for the design of quorum segsystems as functional switches to trigger desired activity.
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Chapter 4
Mat hemati cal Model and Sensitivity An

Bacteria Growth in Solid Tumor ¢

4.1 Introduction

The results in this chapter were published86].[ In Section 2 the structure of solid tumor was
explained.In solid tumors, the proliferation of abnormal cells is much faster than development of
vasculature; therefore, the inner part of the tumor becomes avascular. This phenomenon together with
the abnormality in lymphatic and blood vessels makes the inner part of the tumor hy[8#ic
Hypoxia imposes a barrier for conventional cancer therapies such as chemotherapy and radiotherapy.
Conversely, it is the mechanism for specificity in a bactergiated therapy, since the hypoxic part

of a tumor provides an attractive site of colonizatior anaerobic bacteria such as C. sporogenes.
Intravenous injection of C. sporogenes into twearing mice shows that the bacteria can germinate

in a tumor up ta demity of 2x1C C.F.U./g, with resulting oncolys{88]. Bacterial expression of a
therapeutic agent such as nitrogen reductase (NTR) or cytosine deaminase (CD) can further enhance
oncolysis.

As was explained in section 28ecauseanaerobic bacteria germinate only in the necrotic part of
the tumor, tumor regrowth can occur from the owfable rim. This problem can be addressed by
allowing the bacteria to migrate to less hypoxic parts of the tulisadiscussed in Chapter 2search
on the oxygen metabolism of anaerobic bacteria (suthostridiumandBifidobacterium) has shown
that hey can germinate in low oxygen environments if they are producing an NADPH oxigels@s
NoxA ([43],[44],[45]). The strainC. Aminovalericumwhich is able to grow in low oxygen levels,
expresses theoxAgene at elevated levels under exposure todrygen conditions, indicating a role
for NoxA in Clostridium oxygen metabolisni43]. Other candidate aerotolerance enzymes include

nox1 andnox2 gene from lactic acid bacterf@9], and thenoxgene fromL. mesendteroidg®0Q].

The genome of wildype C. sporogenesioes not include aox gene. An engineered strain
expressingnox constittively would show little specificity in targeting tumors. In order to target
colonization, we will place the gene under the control of an inducible promoter thiéaittive only

in the presence of the higfensity colony in the necrotic core. Bacterial quorum sensing mechanisms
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provide this actiontriggeringthe production of a gene only when the bacterial density surpasses a
threshold.

Bacterid quorum sensing &as explained in Section2.The two welcharacterizé quorum sensing
mechanism are that &f. fischeriandS. aurous While the former is known as the typical quorum
sensing mechanism for gram negative bacteria, the latter is used as a typical oaenfpogjtive
bacteria.The Vibrio fischeri quorum sensing mechanism engineeref.i€oli has already been used
to increase cell density in selective invasion of mammalian §é8s This mechanism can be
introduced intoC. Sporogenedy cloning theluxl and luxR genes under the control of tipdux
promoter[5]]. Figure 21 shows the proposed genetic circuit usiregV. fischerigourum sensing

mechanism.

“Figure 21: Prgposed aerotolerant genetis
circuit usingV. Fischeriquorum sensing

The S.aurousquorum sensing mechanism can be introduced@ntsporogeneby cloningagrA,
agrB, agrC, agrD genes dowstream otheP2 promoter Theaerotolerance enzyngenecan be cloned
eitherdownstream oP2 or P3 promoter Figure 22 shows the two propaSayout of the genetic circuit

usingS. aureugjuorum sensing
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Figure 22: The proposed aerotolerant genetic circuit uSngureus
qguorum sensing mechanism

The engineered bacteria are expected to germinate in the necrotic part of a solid tumor at a specific
concentration (about $€.F.U./g)[87]. The modelbased aalysisin Chapter 3uggests strategies for
tuning aquorum sensing mechanism to a threshold by careful design of the synthetic genetic circuit by,
for example, modifying the ribosome binding site of pinemoteror by the choice of a specifitxR
gene[76]. As a result, the aerotolerance enzyme will not be expressed in healthy (oxygenated) tissue,
but will be produced at the site of a tumor, allowing the local bacteria to migrate to less hypoxic parts

of the tumor and hence enhance tumor regression.

To comgdement our modebased design of the circuit, wext present a mathematical model of
tumor colonization by the engineered straimich will provide insight into design choices that will

influence populatiofevel behavior.

4.2 Oxygen profile and tumor structure

Tumor structure was explained in sectioh. 2n this sectionto simplify the geomeic complexity of

a tumor, weconsider a ideal tumor as eadially symmetrisphere.

Figure23 shows theoxygen profile and structure of such a turasipresented in [4T he radii of the
necrotic and hypoxic cores are denotedRhyandR4. Oxygen does not diffuse mottgan70 pm into
the tumor[5]. Considering a tumor witR = 90 um, we expect to hav& = 20 um. The hypoxic
radius of such a tumor is arouRd = 36 um. The oxygen profilsshown in Figure 2is based on the

data in[4] and isusedto describe the environment in which a colony forms insihmulationin the
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next sectionThe oxygen level in the neatic core is almost zero. In the quiescent or hypoxig paat

oxygen concentration is less than 0.33% (@raHg. Table 9 shows the data points extracted from
information in [@].

Hypoxic
Core

Necrotic
Core

Oxygen
Profile

Figure 23: Tumor structure, and oxygen proftblased on the data in [4]

Table 9: Data point for fitting Oxygen profile in Tumor based on data in [4]

R(pm) 0% PG (mmHQ
0<R<20 0 0
R=20 0 0
R=36 0.33 2.5
R=90 5.9 45
R>90 5.9 45

A cubic curve was fit tohe data inTable 9 using theMATLAB curve fitting toolbox[82]. This
curve is used in the next sectiorrépresent the oxygen profiées a function of radial distance r:
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0 ot TpT i LV PP T i ™ QUi p8 wX (45)
wherei isin umand oxygen in percent

4.3 Mathematical Model of Bacterial Growth in Solid Tumors

We consider the tim&arying growth of theengineeredacterialcolony in a radially symmetric

spherical tumor.

The degradation, production and diffusion of aerotolerance enggnend autoinducerA) are
modeled byreactiondiffusion equations (convective transport is negligible in tumors due to the high
intestinal pressure, and so diffusion plays the main rdi@insport of molecules):

. E _Dg i o E A
r +KeC —dE
"’l.lt I’ ur( ) EB E

(Y

P’y D
U”HIA rAu(rZIJA)+KACB d,A T X

The first terng on the right hand side tie equations describe diffusidd, andDe are the diffusion
coefficient ofautoinducerand aerotolerance enzymespectively Degradation ofautoinducerand
aerotolerance enzyme follow a first order kinetic with rate constargaddg, respectively. The rate
of production ofautoinduceiis proportional to the bacterial concentratiog with a rate constant of
Ka. The production of the aerotoleranceymne depends linearly on the bacterial concentration, with
rate constaritg, and hyperbolically on thebundance of autoindugevith a halfsaturation value df.

The core of the quorum sensing mechaniamich is the positive feedback loois retainedn this
simplified model.(The model represents the quorum sensing mechamisboth gram positive and
gram negative bacteri&ou et al.[74] used a similar simplified description of the quorum sensing
mechanism, which lumps production of Lux& AgrA), production of LuxRAHL (or AgrC-AlP)

complex, activation of the promoter and expression of target)gene.
The bacterial population dynamics are modeled
&:&ﬁ(rZ&)+KBCB@_- Ce,. LCB (48)

Hoor2w o Cv o . O
max k,E+1
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Again, the first termdescribediffusion, with Dg the diffusion coefficient othe bacteria.In the
absence of oxygen and aerotolerance enzyme, the bacteria follow density dependent growth with a
maximal rate equal tkg and a maximal concentration Gf;. A death term, which modelseteffect
of oxygen (), increases with the oxygen concentration. The aerotolerance enzyme counteracts this
effect. The strength of the aerotolerance enzyme is characterized by the pakaniBiece kE+1) is
always larger than one, tdenominatoof the third term (death term) will never become negative.

To minimize the model parameter set, we4danensionalized the mathematical modnsidering
Av and Em as the maximal concentratiasf autoinducerand aerotolerance enzyme produdsd
constituive promotersandTem andTawm, their maximal life time, rgpectively, we scaled each variable
in Equation (46), (47) and (48) by its maximal value to arrive at

— = —h- T — —
—  — 4 _
— = —5-F — — =
- — A .
:ju- ;ju- ﬂl_
1 B q: 2l ¢”4 Ao 1"e Fu
1 B > p Il =1l .
alll IT[=,_I= ;|_ ;I- ;I- Te F F Te MO+ ﬁ.
(52)

whereR is the tumor radius.

We then wrote equatior{49), (50) and 61) in nondimensional form as follows:
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The resulting dimensionleparameters are bactégaowth rate g), bacteriddeath rat¢Ng), AHL
production rate Nla), AHL degradationrate (Na), aerotoleranceenzyme production rate Nlg),
aerotoleranceenzymedegradation rateNg), halfsaturation constanKj, strength ofaerotolerance
enzyme Ky), di ffusion coefficient aofotAdlLancle ,e ndzyfneu s(i o
diffusion coefficientofbact eri a ( 2) .

The mathematical model in Equatio®)- (57) and Equation (45)with parameter values in Table
10, was implemented in Matlal82] . MATLABG6s PDEPE function was us:«
P D E (Appendix C).We simulate the situation in which a small numberspbres diffuse intdhe
necrotic part of the tumor arggrminate therefoe we assume the initial bactdrizoncentration to be
small and the initiahutoinducelnd aerotolerance enzyrabundancéo be zero. Since the boundary
of the tumor is well oxygenated, no anaerobic bacteria can grow at the edge ohdhéand so no
autoinducer omerotolerance enzyn@an be producedjherefore the concentration of all species are
considered to be zero at the edge of the tumor (r=R). The gradient of all species are assumed to be zero

at the center of the tumor; theoe$,for each species in the model a symmetric boundary condition is
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applied at the center of the tumar=(0) while a zero boundary condition is applied at the edge of the
tumor ¢ = R). In Equation 54), maximum production ratévg) and maximum deathate (\g) are
specified by the choice of hdsacteria and cannot be altered by genetic cirgvg.chose values for
those parameterso that for the wildype (that is, in the absence of the aerotolerance enzyme)
colonization is supported only inside thecrotic and hypoxic part of the tumoFhe other parameters

were estimating from parameters introduced in [74] and [59], using Equation&{)5)

Table 10: parameters value in the model

Parameters Value Parameters Value
4 20000 4 0.1

[ F
4 - 50 4_ 0.1

-
_ 50 2 0.01
L, 23 7 0.0001
L 0.01 ) 0.1

J” 18500

Figure 2 compares the model predictions of steathte bacterial populations for witgpe and

engineered strains. The engineered circaitfersa markedenhancement of bacterial growth due to

the expression of the aerotolerance enzyme.
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Figure 24: Comparison of steady state bacterial colonization profiles
for wild-type and engineered strains.

4.4 Sensitivity Analysis of Aerotolerant Bacterial Growth in Solid Tumors

As in Chapter 3, we carried ouparametric sensitivity analysis of the motieldentify which aspects

of the mechanism are most significant in determining the targeted growth of the bacteria inside the
tumor. While certain aspects of the process, such as diffusion and bacterial growth rate, are likely out
of our control, other features pegg themselves as design parameters. These include the strength of
the aerotolerance enzyme, which can be altered by the choice of the specific oxidase, and the production
and degradation rates of the aerotolerance enzyme and autoinducer, which caadbyatte choice

of promoters, ribosome binding sites, spediikR genes, and degradation tags.

As performancemeasures of the engineered strain, we considered the overall coloiny sieady
state represented by the area under the curve (AUC) inr€Ryl, and the degree of specificityg of
the colony, represented by the width between the points at which the bacteria achieve 10% and 90% of
their maximal concentration alternative performance measure, not considered here, would be the

rate at with the bacteria disperse through the tissue.

Local sensitivity coefficients and their derivatives are defined as Section 3.2.3 using equations (28)
and (29). The range of each parameter in which the system performance is semasittl®sen by

first exploring the range over which each individual parameter (with the others fixed at the nominal
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values of TablelQ, has an impact on system behavior. This procedure leaghger and lower

boundaries for each parameteince the paramee r

v al

ues

t hemsel ves

ar

analysis was carried out in which the local sensitivity was calculated at243 different points in

parameter space, chosen by setting each paraatdter two ends of the identified range, and at the

midpointon the logscale. Thesensitivity coefficient§or each parametavere then averaged.

Table 11: Globalized parametric sensitivities

Parameter{ Range | Sawuc Sp

Ma 70-130 0.1939 0.0428

Me 70-130 0.5270 0.0404

K 0.01-1 5.6677 0.1977

Na 0.01-:10 |-0.0381 |-0.0072
Ne 0.01-:10 | -0.0920 | 0.0523

The results, shown in Tablgl, indicate that for both performance measures the production

parametersMa, Me andK, play a more significant role than the degradation réteandNe. (From

the model structure, the sensitivityKois the same as that k). The behavior is most sensitive to

the halfsaturation constatd. Consequently, in the design of the synthetic circuit, attention should be

directed primarily at the choice akrotolerance enzyme and at the production of that enzyme and of

the autoinducer. These production processes can be controlled through, for instance, selection of

promoters and ribosome binding sites, ahdiceof a form of theluxRgene which has a particular

affinity for AHL [60].

To conclude, te analysis ofthe mathematical model of this process indicates that the size and

e

specificity of the destructive colony can be manipulated by careful design of the processes leading to

production of quorurssensing autoinducer and aerotolerance enzyme.

The modelling results in this and the previous chapter will be useful tools to guide design once the

synthetic

Ci

important first steps in that direction.

rcuit
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Chapter 5
Materi al and Met hod

5.1 Bacteria Strains and Plasmids

Table 12 includes a complete list of palsmids and strains used in thisGloslyidium sporogenes
ATCC 3584wasboughtfrom American Type Culture CollectiofManassas, VAUSA). Clostridium
sporogenedlCIMB 10696 E. coli S.17 andE. coli CA434weregifts from Dr. Minton (University of
Nottingham), Dr. Charles (University of Waterlooand Dr. Young (Aberystwyth University)

respectively

Two shuttle vectors, pJIR1457 and pMTI53@vere used for conjugation. pJIR14&@s a giftfrom
Dr. Rood (Monash University ) and pMTL&X from Dr. Minton (University of Nottingham).
Standard parts frothebiobricks registryvere used t@onstructjuorum sensing plasmi@BA-F161Q
11305and BBA F2621iweregifts from iGEM groupof the University of Waterloa PlasmidpGlow-
Xn-Pp1-Cl was bought fronBioCatGmbH (HeidelbergGermany.

Tablel2: List of the plasmidsind the method of construction

Strain or Plasmid o Reference or
Relevant Characteristics
Vector source

BacteriaStrairs

fhuA2 -pdaZpbB169 phoA gl nV.NewEngland

E.coliDH5 U _
gyrA96 recAl relAl endAl i hsdR17 Biolab (NEB)
dami/deni ara-14 leuB6 fhuA31 lacY1 tsx78 ginV44 galK2 galT22
. mcrA dcmb6 hisG4 rfbD1 R(zgb210::Tn10etendAl New England
Competenk. coli _ _
rspL136(StR) dam13::TnyCanf) xylA-5 mth1 thi-1 Biolab (NEB)

mcrB1 hsdR2
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One Shot® TOP10
Chemically
Competent. coli

E.coliCA434

E coliS.171

C. sporogenes

C. sporogenes

BBa_F2621

BBa_C0261

BBa 113504

pMTL8225x

pJIR1475

F- mcrA (mrrhsdRMSmcrBC) 80lacZ M15 lacX74 recAl

Invitrogen
ara 139 (araleu)7697 galU galK rpsL (StrR) endAl nupG
F- hsdS2Qre, me)recAl3 aral4 lacyl proA2 galK2 rpsL2C
(Snf) xyl-5 mtt1 supE44 (A (HB101 carrying RO702 [01]
plasmid)
R702 (Trd Mob* IncP KnR TcR Sni SR HgR)
TpR Snf recA, thi, pro, hsdRV+RP4: 2Tc:Mu: Km Tn7 02]
oapir
ATCC, Manassas,
ATCC 3584

VA, USA

Craibstone Estate,
NCIMB 10696 Bucksburn,
Aberdeen. UK

Plasmids

BioBrick part,designed by: Barry CantorGroup: (03]
Antiquity (2004-08-09)

BioBrick part,RBSHuxI gene [94]
BioBrick part including E0034, E0040, BO015 [95]
Shuttle vector for conjugation transform frdgooli into [96]
ClostridiumDeveloped by Dr. N. Minton

Shuttle vector for conjugation transform frdfaoli into [97]

Clostridium developed by Dr. J. Roodi
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pGlow-XN-pp1-Cl

pGEM®-T Easy

CG

FCG

FG

TG

PTG

PAgr

PAG2

PAG3

Clonejet_NoxA

PTN

PAGN2

PAGN3

PFCI

Contairing anaerobigfp (evoglow gene downstream dil

promoter

Cloning vector for PCRyenerated DNA fragments, Afip

C0261harboringevoglowfrom pGlowXN-pp1-Cl

F2621harboringluxl andevolglowgenes from C021 and
pGlowXN-ppl-Cl

F2621 harboringvoglowgene from pGlowXN-ppl-Cl

pGEM®-T Easy harboringvoglowandthl promoter from
pGlowXN-pp1-Cl plasmid

pMTL8225x harboringthl andevoglowfrom pGlowXN-
ppl-Cl

pMTL8225x harboringagr operon

pMTL8225x harboringagr operon andvoglowgene

downstream of p2 promoter

pMTL8225x harboringagr operon andvoglowgene

downstream of p2 promoter
Clonejet vector harboringoxAgene

pMTL8225x harboringthl promoter anchoxAgene
downstream othl promoter

pMTL8225x harboringagr operon, anegvoglowandnoxA
genes downstream of p2 promoter

pMTL8225x harboringagr operon, aneévoglowandnoxA
genes downstream of p2 promoter

pMTL8225x harboringluxl, luxR, lux pR and lux pftom
lux operon, andfp gene downstream difix pRpromoter
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pMTL8225x harboringluxl, luxR, lux pR and lux pftom

PFCG lux operon, an@&voglowgene downstream d&iix pR This study
promoter
pMTL8225x harboringluxl, luxR, lux pR and lux pftom

PFCGN lux operon, aneévoglowandnoxAgenes downstream bfx = This study

pRpromoter

5.2 Bacterial growth and storage condition

Clostridium were grown anaerobically in aB08naerobic chamber (PLAS Lab3he atmosphere
of nitrogen (N2), carbodioxide (C02), and hydrogen (H2) was maintained at a ratio of 80%, (v/v)
10%(v/v), and10% (v/v) respectively and at a temperature of 3TlI@stridium were grown iTPYG
medium (3% trypticase, 0.5% peptone, 0.1% glucose, 0.5 % yeast extract and 0.1%-E\3itgiae
in TYG medium 8% trypticase, 2% yeast extraand0.1% sodiunthioglycollatd. Wherea<. coli
strains were grown in-broth (1% trypticase, 0.5 % yeast extract and 1 % Ne&ldon L-agar(1.5%
agar)at 37°C. FoE. coli strains,growthculture was supplemented with 590y . erithromycin 50
e g . rrarhpicillin and100e gnlt ampicillin to counter select d&ed plasmid bearing bacteridor
Clostridium sporogenesntibiotics concentrationger e 5 * @mgthramlyci) and500¢ g .1 (D-

cyclocering.

E. coliandC. sporogenewere stored at30°C in glasscryovials containing 15% v/and 1846 v/v

glycerol, respectively.

5.3 Molecular Biology Techniques

5.3.1 Plasmid Isolation and Manipulation

Plasmid isolation fronk. coliand gel extractiomwere done with miniprep kits and gel extraction kits
from QIAGEN (Toronto, ON) or Invitrogen (Burlington, ON by f ol |l owi ng t he
instruction. Plasmid isolation fro@. sporogenewas done with the standard miniprep with an added
lysozyme step. fing.mi! lysozymewas added to the rsuspended cell pellethich waghenincubated

at 37C for 10 minutes before performing cell lysis and the rest of the procedure.
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All restriction enzymes were purchased from New England Bidéiitpy, ON). For ligation either
Quick ligation kit(NEB, Whitby, ON) or T4 DNA ligas€Invitrogenor NEB) were used. Calf intestine

alkaline phosphates were purchased from Invitrdgemlington, ON.

5.3.2PCR

A GS4822 muti block thermo cycler {&TORM, Somerton. Somerset, UK) was used for PCR. PCR
reaction was prepared using Taq DNA polymeraseRPL reagents from New England Biolabs Ltd,
(NEB, Whitbyy, ON) f ol | owi ng the manufacturerds protocol f
Taq Buffer.

The PCR product was run on a 0.8% agarose gel and the band corresponding to the size of the product
were cutand purified usingagelextramnk i t fr om QI AGEN (Toronto, ON) fo

instruction.

Whenthe PCR product includes the restriction enzites the purified PCR product was digested
with appropriateestrictionenzymesand was clonedrao the target vector using T4 DNA ligation kit
form NEB (Whitby, ON) . Theblunt endedPCR producivere cloned intovectorpCRII-TOPO TA
(Invitrogen,Burlington, ON usingtheTOPO TA cloning kit from Invitrogewor intoa jet vector using
thecloneJET PCR cloning k{fThermo Scientifi. The QuickChange Lightening Multi Sifgirected

Mutagenesis Kit from Stratageflea Jolla, CA)was used for changing the ribosome binding sites.

The primers used in this studiagre purchasedrom SigmaAldrich (Oakville, ON andare listed in
Table13
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5.3.3 DNA Sequencing

All sequencing wsdone using Applied Biosystems 3130 Genetic AnalyAeplied Biosystems,
Foster City, CA, USA)either at the University of Waterloo sequencing facitityat Ottawa Hospital

Research Institute

5.4 Gene Transformation Protocols

5.4.1 Conjugation
Theprotocol used for conjugation is as follows:

The plasmid was transformed into competeéntoli CA434 cells by electroporation using a Gene
Pulser Xcell Electrooration System (BRad Laboratories (Canada) Ltd, Mississauga, Ontario). The
pre-set bacteriaprotocol for E.coli was used for a 2mm cuvette.

The procedure for Conjugation was as follows:
Day One:

1. A5 ml LB broth (with appropriate selection) with the transformed donor E. coli was inoculated .

The culture was incubated at 37°C and 225 rprkisgavernight.

2. 1 ml of an appropriate anaerobic liquid growth medium (e.g. TYG) with the @argpbrogenes

strain was inoculated and incubated at 37°C under anaerobic conditions overnight.
Day Two:

1. 1 ml of the overnight CA434 donor culture wabigied by centrifugation at 8000 rpm for 1 minute.
The supernatant was discarded and cells were washedsbgpending in 0.5 ml sterile PBS buffer.

The centrifugation step was repeated as before and the supernatant was discarded.

2. The donor E. coliglletwasres uspended i n 20 QOC. spdrogendsultirenite o v er n

produce a conjugation mixture.

3. The entire conjugation mixture was pipetted onto a singlesal@ttive plate containing an

appropriate anaerobic growth medium in discrete syiltuatrated in Figure 25.
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Agar Plate ] ) )
Conjugation Mixture

Figure 25: Discrete spots of conjugation mixture on Agar plate

4. The plate was not inverted. The plate was incubated at 37°G8&dnofirs under anaerobic
conditions to allow conjugal transfer of the plasmid from the E. coli donor t&th&porogenes

recipient.

5. 1ml of anaerobic sterile PBS was pipetted onto timpugation plate. Using a sterile spreader,

The layer of cells was scraped off the plate and wasispended in the PBS.

6. Using a pipette, the cdlBS slurry was transfered into a fresh microtube as much as possible.
100 ul of the neat and f@ld diluted slurry were spread onto fresh plates containing an appropriate
anaerobic solid growth medium, supplemented with 250 pug/ml cycloserine to select against the E. coli

conjugal donor and any other antibiotic to select for the plasmid.

7. After incubatiorat 37°C for 2472 hours colonies were large enough to pick.

5.5 GFP Assay

GFP intensity was measured by plate reader or spectrophotometer and spectroflurometer.
Whenusinga spectroflurometer and spectrophotometer, first the bacteria were grokeirto

maximum concentration and then the dilution ratio was determined to avoid saturattien of
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spectroflurometer. The bacteria was cultured in anlLBube containing 1@l of media and
with an initial OD around 0.JAt each sampling timel, ml of bacteria was sted in a 1.5nl

tube The OD was read by spectrophotometer. The bacteiawashed twice by PBS and
were therdiluted in a Iml cuvette by the obtained dilution factor. The fluorescent intensity

was measured by spectroflurometer.

When the plate reader was used, a f0®acterid culture was centrifuged, and after
discarding the supernatatte pellet waswashed with 50Qul PBS twice and wasuspended
in 500l of BPS. Threesamples of 15@1 wereplaced in a black 96 Well plat& Synergy 2
micro-mode multiplate reader was used to measure OD600 and the fluorescent intensity of
the samplesln order to measure the fluorescent intensity of the bacteria harkevaggow
gene, he excitation and emission wavelength were set topdd&nd 496um, respectively
For bacteria harboringfp gene from 11305the excitation and emission wavelength W98
pm and509um. The OD was read with absorbtion wavelength of |G®0
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Chapter 6:

Experi ment al Results and Discus

6.1 Introduction

Targeting cancer cells witlhe minimalside effect orhealthy cells and tissue is a major challenge in
cancer therapyBy using spore forming strictly anaerobbacteria such as Clostridium as a drug
delivery system, anticancer daigan be delivered to the necrotic partadtimor but the abnormal
cells in more oxygenated parts remain unaffected and the tumor will regrovhigowable outer rim

To address this problem, we designed a genetic cthatitontrok the production ban aerotolerance
enzymevia a quorum sensingromoter.The behavior of the engineered bactésiathe same as the
nativestrainuntil the populatiordensity reachea threshold. At the threshold density the genetic circuit
is activated and the bactebacomeaerotoleran

In order to develop a density dependent aerotolerance str&n sgorogeneswe followed two
routesin the experimental side of this project. First amgineered three different quorum sensing
promoters into C. sporogenes and sebone expressed an aerotolerance gene in C. sporogenes and
studied the growth of the bacteria in the presenkggen.The candidatpromoters for quorum sensing
are thelux promoter fromV. fischerj and theP2 andP3 promoters frons. aureugATCC 700829).

The behavior of these promotersdhzot previouslybeen characterized i@. sporogenedn order to
guantify the behavior of each promoter, tliAgene in genetic circuits proposed in Figure 21 and 22
(section 4.1) was replaced by the green fluorescent protein (GPF)Agenas explained in Section

5.4, tiree different plasmids were constructed which contain the proposed genetic circuits. The three
genetic circuits were cloned on th#TL822x shuttle vector and were transformed into Ehecoli

donor strainf. coliCA434 from the Younge lab) by electroporation. In order to transform the plasmids
into C. sporogenesthe CA434 strains harboring therée different shuttle vectors were conjugated
with C. sporogenesConjugated colonies were screened by GFP assagscribeth Section 5.5As

the data in the following sections showse GFP assaeveakd that theV. fischeripromoterwasnot

activae in C. sporogess, the P2 promoter exhibiteadtonstitutive activity and he P3 promoter was

observed to be activate at high concentration of the bacteria and exhibited alikwitesponse to
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concentration. Therefore tiRS8 promoter fromagr operon ofS. aureusappears to be the best candidate

for implementing synthetic quorum sensingdnsporogenes

In order to demonstrate the effect to which MaxA protein fromC. aminuvalericumis able to
confer aerotolerance @i sporogensthenoxAgene fronC. aminuvalericungenome (ATCC 13725)
was cloned in front athl promoter and the result was cloned into the shuttle vector. The shuttle vector
was then transform intG. spoogenedy conjugation. The growth of the engineered C. sporoganes
the presenof oxygenwas compared with native straids the data in the following sections shows,
the engineere@. sporogenewas able to grow in the pressof oxygen while the native strain could

not.

6.2 Construction of devices and plasmids

Four different seriesf plasmids were constructed in this project, a gram negative quorum sensing
construct, a gram positive quorum sensing construct, a constitutive construct and an aerotolerance
construct. The gram negative quorum sensing construct induxegperon elemats of V. fischeri
such as théux promoter and théuxR andluxl gene. The gram positive quorum sensing construct
includes theagr operon and other elements®faureussuch as thagrA, agrB, agrC, agrD genes and
the p2 andp3 promoters. The constiiMe construct includes thimiolasepromoter thl) which is a
strong promoter fronC. acetobotericumThe aerotolerance construct includesrbrAgene fromC.
aminovalericum Table 13 summarizes the list of the plasmids and the method used to cdrmttruct

the subcloning and final plasmids.

In order to demonstrate the behaviour of¥héischeriquorum sensing mechanismincoliandC.
sporogenesa sender device that produces AHL and a receiver device that expresses a GFP protein in
response to AHlwere constructed. The two devices were then combined into a single genetic circuit
to construct the final pl asmid called AE. coli
of theV. fischeriquorum sensingxR luxl, lux pRandlux pL). Thebehaviour othe combinationof
sender and receiver devices was E.caiangshowesohilawi t h
behaviourE. coliQS GFP plasmid was chosen to be transformeddngporogenet investigate the
behaviour ofV. fischei quorum sensing ilC. sporogenesin order to arrive at a construct that can
express the reporter gene in an anaerobic systemfgbenes from 11305 in the constructed plasmids

were substituted with thevoglowgene fronpGlowXN-pp1-Cl to construcpMTL-QS-evoglow
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Two different plasmids were constructed to investigate the behaviour B2thrd P3 promoters
(from theagr operon ofS. aureuyin E. coliandC. sporogenesThese plasmids were called PAG2 and
PAG3. ThenoxAgene was cloned downstrearfithethl promoter to construct plasmid PTN. In order
to quantify the production of the aerotolerance prateixd thegfp gene was fused into tmexAgene
in plasmid PTGN.

6.2.1 Sender and Receiver plasmids, and QS plasmid with reporter gene for E. coli

Bactria carrying the sender plasmid produce AHL; those that carry the receiver plasmid express a
reporter gene when exposed to AHL. In order to construct receiver and sender plasmids, two Biobrick
standard parts were chosen: BBa_F1610 and BBa_F2621. Figsine\®§6 the schematic plot of these

two plasmids.

BBa_F1610 contains thexl gene and BBa_F2621 contains tbgR gene and the left and right
promoters of the lux operofuk pRandlux pL). Since we wanted to use these devices in gram positive
bacteria, the first step was to change the sequence of the ribosome binding sitiendR dred lux|
genes (AGGAGA) to those of gram positive bacteria
and QuikChange 1ISite-Directed Mutagenesis KifThe primers used for PCRere Mut F2621f,
Mut_F2621 rMut F1610 f and Mut_F1610 r. The result was validated by sequencing.

Xbal (3982) Xbal (3232) lux pL

, ,]\l . EcoRI(3217) *ﬂg\é \

EcoRI (3967)

¢\Spel (801)
Pstl (819 .
plasmid BBa 1610 stl (819) BBa 2621 plasmid
87 bp 3237 bp
'
QT\ lux pR
Spel (1161)
Pstl (1179)

Figure 26. Biobrick parts a) BBa_F1610 and b) BBa_F26=

In order to construct the sender device,ltix¢ gene with gram positive RBS was digested from

mutated BBa_F1610 using Xbal and Pstl restriction enzymes and was cloned into mutated
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BBa F2621 at the Spel and Pstl site (Xbal and Spel have compatible ends). Figure 27 shows the
schematic map of the sendavite

Xbal (4038) lux pL

EcoRI (4023) ’””***ﬂr/ __ Hindlll (228)

QS Ecoli
4043 bp

4 luxl
f\ ~ Stop
Spel (1967)
Pstl (1985)

Figure 27: Serder plasmid containintuxl andluxl genes with gram positive RBS

To construct the receiver plasmid, a reporter gene was cloned downstreartugfitsenoter. The
ofp gene from Biobrick part 113504 was digested by Xbal and Pstl and the resulting insert was cloned
at the SpePstl site of BBa 2621 plasmid. Figur8 &hows the schematic map of 113504 and the
receiver plasmid.

Xbal (4126) lux pL
Xbal (2949) RBS EcoRl (4111) 7*1\|E</\RBS
e
EcoRI (2934) ****i]r ~ Ncol (185) Xmnl(3682) _ Q
ApalLl (2573) Y GFP
N
\ AHL Receiver
| 41311p ‘
113504 2 i/lux oR
wee / RBS
-7
= e @7
Pstl (896)
GFP
I @
\ VRN
Pstl (2073) ind
“Apall (1327) Spel (2055)

Figure 28: Schematic map of 113504 biobrick part and AHL receplasmid
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The reporter geneayfp) from 113504 was cloned downstream of ttel gene in the sender plasmid
to construct an integrated plasmid. This plasmid includes all the required lux quorum skamsergse
and could be used to characterize the behavithedfibrio fischeri quorum sensing mechanismEkn
coli. Figure29 shows the schematic image of QS plasmid with the reporter gene.

Xba|(4795)\

EcoRlI (4780) \ lux pL
Xmn1 (4351)

Ecoli QS GFP 2
4800 bp I

Luxl

Py Sy
Spel (2724) 7// <

7 GFP

Figure 29: The schematic image of QS plasmids with reporter gene

6.2.2 Sender and receiver plasmids, and QS plasmid with reporter gene for C.

sporogenes

As a preliminary confirmation, the constructed plasmids were used to demonstrate the behavior of the

V. fischeri quorum sensing mechanism i coli (results shown in chapter 6)o demonstrate the
behavior of thé&/. fischeriquorumsensing irC. sporogeneshe genes and promoters from the plasmids
described in Section 6.3.2 were cloned into the PmtI82R&ils vector. Both receiver and sender
plasmids were digested was digestedElbpR1andXbal , and the 2005 bp and 2700 bp inserts were
subcloned intd&ecoREXbal site of Pmtl8225x. Figur80 shows the plasmid Qmtl and QSpmitl,

with the GFP plasmid, #t were used to implement the gram negative bacteria quorum sensing in

Clostridium sporogenes
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The QS_Ecoliplamid was digested bgcoR1and Xbal and the 2000 bp insert was subcloned into
EcoR1Spel site of Pmtl8225x. FiguBH shows the plasmid QEmtl.

Pstl (1)

M13R
traJ ECORI (107)
>/\ | IFT** ~ BamHI (128)
o= T Xbal (134)
“ \ ~~lux pL
ColEl RNA |% o~ JuxR
[ / lux pR
,, Y ux
QS pMTL \‘
7348 bp v
$\Stop
Xbal (2115)
Pstl (2158)
N
pBP1 ori
orf2
Spel (4276) repA

Figure 30: QS-pmtl plasmid for transforming quorum sensing mechar
of gram negative bacteria into gram positive bacteria

In order to construct a receiverapmidthat can bdunctional inClostridium the receiver
plasmid was digested b¥coR1and Spel and the insert was cloned iEmRtXbal of
Pmtl8225x

Pst(1)

M13R
trad EcoRI (107)
o [[fg—tux pL
& T \RBS
“‘ v luxR
ColEIRNA Il /£ _~lux pR
4 =
Spel (1301)
MTLFI RBS
P GFP
7427 bp
T7
Pst(2237)
™~ M13F
’ \\ Cpa fdx terminator
p pBP1 ori
orf2
Spel (4355) repA

Figure 31: PmtlFlI, the sender plasmid for Clostridium
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Figure31 shows the schematic image of plRit which acts as a receiver plasmiddlostridium

sporogenes.

In order to implement the quorum sensing mechanism mechanigibrid fischeriinto Clostridium
sporogenesising a single plasmid, the E. coli_QS_GFP midswvas digested bycoR1and Xbal and
the 2700 bp insert was subcloned BRI Xbal site of Pmtl8225x. Figurgd2 shows the schematic
image of pMTL_QS_GFP plasmid.
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luxR / orf2
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trad &\ - I  ermB
e
N\
ColEI RNA I

Figure 32. Schematic image of PmtL_QS_GFP

6.2.3 Anaerobic GFP (Flavin Mononucleaotide (FMN)- based fluorescent)

Most of the commercially availabigp genes cannot function as reporters in anaerobic systems because
oxygen is needed for the synthesis faforophores The flavin mononucleotide (FMN)ased
fluorescent proteins (FbFPs) wedleveloped to overcome this problem. Ténoglowseries from
BioCat GmbH is a FMPNbasedluorescent proteithat is functional under both aerobic and anaerobic
conditions [8]. Figure33 shows the map of the pGle¥N-pp1-Cl (pGlow) plasmid, which contains
theevoglowppl-Cl (evoglow gene which is expressed by thepromoter. Thehl promoter is a strong

constitutive promoter fo€. acetobutericurf98]. Theevoglowgene originated from th@rampositive
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bacteriumBacillus subtilis It was modified using codon usage optimization techniques to be expressed

effectively in Clostridium [8].
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\ 457 M13Rev
replL 7> Plac

- )
Hindlll 3709) Apall (1742)

Apall (3485) s ColE1 ori

Apall (2988) AmpR
Figure 33: Schematic map of pGlow [98]

The evoglow gene was amplified fronpGlow plasmid by PCR using pglow_f Xbal and
pglow_r_pstl_speprimers. The result was inserted intbeasyplasmid usinggGEM®-T EasyVector
Systemdrom Promega to constructl@asyevoglowplasmid.

6.2.4 QS plasmid with anaerobic reporter gene

Teasyevoglow was digested by Xbal and Pstl and the resulting insert was cloned into t#istSpel
site of F1610to construct thd=1610_evoglowplasmid. ThisF1610_evoglowplasmid was similarly
digested byXbal and Psthnd was cloned intthe SpelPstl ste of F2620plasmid to construct the
Ecoli_QS_pglow plasmid. Finally the Ecoli_QS_pglow was digeste@EdnR1and Xbal and the
resulting insert was cloned into the XHatoR1site of the pMTL8225x plasmid to construct the
pmt_QSpglow plasmid. Figure4 shows the schematic image of Ecoli_ QS pglow and pmti_QS

pglow plasmids .
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Figure 34: Schematic image of Ecoli_QS_evoglow and pMTL_QS_evoglow

The existence of the insert was verified by sequencing the plasmids

6.2.5 Constitutive GFP Plasmid

To construct a positive control f@ostridium, the evoglow gene was cloned downstream oftthe
promoter on the pMTL8225x shuttle vector. Tthepromoter anctvoglowgene were amplified from
the pGlow plasmid using PCR withl_fandpGlow_Spel_Pstprimers. The PCR product was cloned
into the Teasy plasmid. The Teasy plasmid was digestdéttbRR1and Spel and the resulting insert
was cloned into thEcoRXXbal site of the shuttle vector to construct the Pmtl_Thl_glow plasmid.
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Figure 35: The schematic image of the pMTL_thl_evoglow plasmid
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Figure 35 show the schematic image of the Pmtl_Thl_glow pla3m@&existence of the insert was

confirmed by sequencing

6.2.6 Gram Negative quorum sensing mechanism with Anaerobic GFP

To construct the receiver plasmid, theoglowgene was amplified by PCR from the pGloin-Ppl-

Cl plasmid. Two primers, pglow_r and pglow_r, were used for PCR. The PCR product was inserted on
PGEM®-T Easy Vector(Promega) to construct the p@Eevoglow plasmid. The pGEM_evoglow
plasmid was digested by Xbal and pstl and the resulting insert was cloned into tHrstbpaé of the
113504 plasmid to construct the 113504_evoglow plasmid. The 113504 _evoglow plasmid was digested
by Xbal and Pstl ahthe resulting insert was cloned into the Spsll site of the F2621 plasmid to
construct the FI_evoglow plasmid. FiguB® shows schematic images of the FI_evoglow and
113504 _evoglow plasmids.
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Figure 36: Schematic image d¥C_evoglow and pMTL_FC_evoglow

6.2.7 Gram Positive Quorum Sensing Mechanism with Anaerobic GFP using P2

promoter

To construct a plasmid with gram positive quorum sensing elementagtiaperon(~3 kbp)was
amplified from theS. aureus(ATCC 700699 rhromosomeising GenBank sequenB&A000017.4by

PCRwith agr_randagr_fprimers which hadecoR1and Xbal site on them respectively.
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Figure 37: the schematic map of agr operon on the C. acetobutericum

As Figure37 shows, theagr operon consists of three genegr@, agrB, agrC andagrD) and two
promoters P2andP3). The PCR product was digestedigoR1and Xbal and the resulting segment
was cloned into thEcoR1Xbal site of PmtI8225x.
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Figure 38: Schematic map of pmtl_Agr plasmid

Figure38 shows the pmtl_agr plasmid, which has &lge operon on the shuttle vector.
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In order to quantify the activity of the agr quorum sensing mechanism, the evoglow gene was fused
downstream of the agr operon. The evoglow gene was amplified fropGlbe~Xn-Pp1-Cl plasmid
using the glow_f and glow_r primers (glow_f includes the kpaetrigtion site; glow_r contains the
Xbal site). The PCR product was digested by Kpnl and Xbal and was inserted into thé€bigpsite
of Pmtl_agr plasmid. Figurg shows the schematic map of the resulting plasmid.
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Figure 39: Schematic map of Pmtl_agr_glow plasmid

The existence adigr operon anavoglowgene was validateoly gel electrophoresis anéguencing

6.2.8 Gram Positive QS Mechanism with Anaerobic GFP using P3 Promoter

The P2 and P3 promoters of thegr operon of Staphylococcus aureusgulate RNAIl and RNAIII
transcripts, respectively. The expression of evoglow can be controlled eitR&rdsgmoter or P2
promoter. To quantitatively measure the activity of the p3 promot@iastridium sporogenesthe
evoglowgene was amplified from the pGlen-PplCl plasmid, using the pglow_f Xbal and
pglow_r_pstl_spei primers. The resulting PCR product was cloned into PGEM_T_Easy plasmid to
construct the PGEM _evoglow plasmid. Figuré0 shows the schematic image of PGHMevoglow

plasmid.
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Figure 40: Schematic image of PGEW_evoglow

The PGEMT_evoglow plasmid was digested BgoR1and the resulting fragment was cloned in

the EcoR1 site of pMTL_agr plasmid to construct pMTL_agr_evoglow @BagrG_p3) Gel
electrophoresis image was used to pick up the right colonies.
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Figure 41: Schematic image of PGEM_T_evoglow and pagrG_p3

Figure41shows the schematic image of PagrG_p3. Sequenaitgel electrophoresrgas usedo
pick up the colony with the proper insertion.
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6.2.9 Constitutive, gram negative and gram positive aerotolerant plasmid

In order to put the aerotolerance enzymexA) production under the control il promoters and
guorum sensing promoters of gram negatwnd gram positive bacteria, thexAgene was amplified
from the C. aminovalericum{ATCC 13725)chromosomaising GenBank sequenéd3219226.1by
PCRwith primersnoxA_Xhol andnoxA Nhel

xhol (5) NoxA Nhel (1358)

-E-/

Figure 42. noxAgene on the chromosome©f aminovalericum

Figure42 shows the $eematic map of the PCR produdthe PCR product was cloned into a clonejet
vector as shown in figur3.

T7 promoter
Xhol(353)

Xbal(372)

Xbal(oo8)

clonejet2.1 NoxA NoxA

4334 bp

Nhel

Figure 43 Schematic image of clonejet2.1_noxA plasmid

Thecloneget_noxAvas digested bilhelandXholand the resulting insert was cloned into Xl

Nhelsites of thepMTL_thl_evoglowpMTL_FC_evoglowandpMTL_agr_evoglow_pplasmids.

Figure44shows the schematic image of gMTL_thl_evoglow_noxApMTL_FC_evoglow_noxA

and pMTL_agr_evoglow_noxAP2 plasmids pMTL_thl_evoglow_noxA provides constitutive
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expression of the aerotolerance enzyme NoxA. @laglowreporter gene was used to quantify the
level of the aerotolerance enzyme productigdTL_FC_evodow_ noxA can control the expression
of aerotolerance enzyme by quorum sensing mechanism of gram negative b&Cctéigahér).

pMTL_agr_evoglow_noxA22 can control the expression of aerotolerance enzyme by quorum sensing
mechanism of gram positive bacter@&adureus.
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Figure 44: Schematic image of pMTL_thl_evoglow_noxA, pMTL_FC_evoglow_noxA, and
pMTL_agr_evoglow_noxA P2

6.3 Plasmid transformation into C. sporogenes

Both electroporation and conjugation were investigated as technigues to transfer geris into
sporogenesThe electroporation attempts were unsuccessful. Aopobtwas provided by.iu et al

which made use of ai.cdi Pulser with a capacitance of 25H29]. This device was not available,
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and so electroporation attempts were made with a Micropulser, which has a capacitared-giht0
reduced capacitance meant that the time constant (product of the resistance and the capacitance) of the
original protocol could not be replicated. Initially, the time constant was abonts{rGuch lower than

the constant 08 msin the protocol). Atempts were made to increase the time constant by increasing
the resistance, by using an electroporation buffer with lower concentration of salts, and by using a
smaller volume of electroporation buffer. A range of concentrations of Mg@dINa phosphatnda

rangeof sample volume were tested, but none could significantly increase the time constant. The
highest time constant attained in theseestigationswas about 2ns which is much lower than
prescribed in the protocol. In the last attempt, a h£lectroporation cuvette was used which brought

the time constant to abouin®s Ultimately, the electroporation attempts were discontinued because it
was determined that conjugation could be used to successfully transform plasmitissppdoogenes

Initial attempts at conjugation were focused@rsporogenestrain ATCC 3584E.colistrains S.17
and CA434 were used as the donor strains to transfer pladiid457and pMTL8225x into ATCC
3584 (using the protocol outlined in Chapter 5), but the cotiugransfers were not successful. A
subsequent round of conjugation attempts were performed with an alternative €traiporogenes
strain NCIMB 10696 The to shuttle vecta (pMTL8225x and pJIR1457) were successfully
transferred intcClostridium spoogenesNCIMB 10696 usinge .coli CA434 as the donor straifihe
conjugative transfer of the plasmid was confirmed by plasmid isolation @osporogenesThe
transferred strain was also inoculated aerobically and no bacteria growth was observed, indicating that

there was né&. colicontamination in transferred culture©f sporogenes

National Collection of Industrial and Marine BactelidCIMB) claimsthat C. sporogene&TCC
3584 is the same strain as NCIMB 10696. But these results show that ATCC 3584 is different from

NCIMB at least in gene transformation.

6.4 The Behaviour of a Gram Negative Quorum Sensing Mechanism in E.coli

In order to validate thphenotype of the designed genetic circuit, we first transformed iEirdoli

and studied the reporter gene expresamthe cell density varied.

The receiver and sender plasm{@MTL_FI and pMTL_QS)were transformedeparatelyinto E.

coli CA434 Thereceiver and senddt. coli were cultured together in a tubgernight. Figure 45
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compares the fluorescent image of the tube containing mixed receiver and&aradiewith the tube

containingonly the receivel. coli. TheisolatedreceiverE. coli did not produce GFP but the mixed

culture shows GFP production at high bacteria concentrg@iB600=1).

Figure 45: a) ReceiveE. colib) ReceivelE. colimixed with sendeE. coli

The quorursensing device plasmiBmtl QS GFP was transformed info coli CA434. The
resulting colony showed minim@&FPexpression (not visiblender microscopeat lowconcentration,
but whenOD600reaché 1, the GFP become visible. Figu#é shows flusescent production of the
lux promoter inE. coliCA434 harboring Pmtl_QS_GFP plasmid

Figure 46 The fluorescent image of the
coli, which harbors

To further validate the switelike behavior othe quorursendingmechanism it. coli, fluorescent

intensity and cell density were measured in three different straisisdayroflorometey.
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