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ABSTRACT

SYNTHETIC GENETIC CIRCUITS TO MONITOR NANOMATERIAL
TRIGGERED TOXICITY
Behide Saltepe
PhD in Materials Science and Nanotechnology
Advisor: Urartu Ozgiir Safak Seker

July, 2020

In the past decades, nanomaterial (NM) usage in various fields has been of great
interest because of their unique properties that show tuneable optical and physical
properties depending on their size. Yet, safety concerns of NMs on human or
environment arise with increased NM usage. Thanks to their small size, NMs can
easily penetrate through cellular barriers and their high surface-to-volume ratio
makes them catalytically active creating stress on cells such as protein unfolding,
DNA damage, ROS generation etc. Hence, biocompatibility assessment of NMs
has been analyzed before their field application such as drug delivery and imaging
which requiring human exposure. Yet, conventional biocompatibility tests fall
short of providing a fast toxicity report.

One aspect of the present thesis is to develop a living biosensor to report
biocompatibility of NMs with the aim of providing fast feedback to engineer them
with lower toxicity levels before applying on humans. For this purpose, heat
shock response (HSR), which is the general stress indicator, was engineered
utilizing synthetic biology approaches. Firstly, four highly expressed heat shock

protein (HSP) promoters were selected among HSPs. In each construct, a reporter



gene was placed under the control of these HSP promoters to track signal change
upon stress (i.e., heat or NMs) exposure. However, initial results indicated that
native HSPs are already active in cells to maintain cellular homeostasis.
Moreover, they need to be engineered to create a proper stress sensor. Thus, these
native HSP promoters were engineered with riboregulators and results indicated
that these new designs eliminated unwanted background signals almost entirely.
Yet, this approach also led to a decrease in expected sensor signal upon stress
treatment. To increase the sensor signal, a positive feedback loop using bacterial
communication, quorum sensing, method was constructed. HSR was integrated
with QS circuit showed that signal level increased drastically. Yet, background
signal also increased. Moreover, instead of using activation based HSR system as
in Escherichia coli, repression based system was hypothesized to solve the
problem. Thus, a repression based genetic circuit, inspired by the HSR mechanism
of Mycobacterium tuberculosis, was constructed. These circuits could report the
toxicity of quantum dots (QDs) in 1 hour. As a result, these NM toxicity sensors
can provide quick reports, which can lower the demand for additional experiments
with more complex organisms.

As part of this study, a source detection circuit coupling HSR mechanism with
metal induced transcription factors (TFs) has been constructed to report the source
of the toxic compound. For this purpose, gold and cadmium were selected as
model ions. In the engineered circuits, stress caused by metal ions activates
expression of regulatory elements such as TFs of specific ions (GolS for gold and
CadR and MerR(mut) for cadmium) and a site-specific recombinase. In the

system, the recombinase inverts the promoter induced by TF-metal ion complex,



and a reporter has been expressed based on the inducer showing the source of the
stress as either gold or cadmium.

Finally, a mammalian cellular toxicity sensor has been developed using similar
approaches used in bacterial sensors. To begin with, two HSP families have been
selected: HSP70 and a-Bcrystallin. Initial circuits were designed using promoter
regions of both protein families to control the expression of a reporter, gfp. Both
circuits were tested with heat and cadmium ions with varying concentrations and
results showed that HSP70-based sensor had high background signal because of
its active role in cellular homeostasis and protein folding in cells. Additionally, a
slight increase was observed after heat treatment. Similar results were observed
for a-Bcrystallin-based sensor; yet, these outcomes were not suitable for a
desirable sensor requiring tight control. Thus, we decided to transfer the bacterial
repression based toxicity sensor into mammalian cells. At the beginning,
expression of the repressor, HspR, from M. tuberculosis was checked in
HEK293T cell line and modified with nuclear localization signal (NLS) to
localize the repressor in the nucleus. Further, a minimal promoter (SV40)
controlling the expression of a reporter was engineered with single and double
inverted repeats (IRs) for HspR binding. Then, HspR and engineered reporter
circuits were co-trasfected to track signals at normal growth conditions and upon
stress. Each circuit was tested with heat and cadmium treatment and results were
showed repression of GFP expression by HspR at normal conditions, but no
significant signal increase was observed upon stress. Hence, constructed
mammalian circuits require more optimization to find optimum working

conditions of sensors.



To sum up, in this study, a powerful candidate to manufacture ordered gene
circuits to detect nanomaterial-triggered toxicity has been demonstrated. Unlike
previous studies utilizing HSR mechanism as stress biosensors, we re-purposed
the HSR mechanism of both bacteria and mammalian cells with different
engineering approaches (i.e., riboregulators, quorum sensing mechanism,
promoter engineering). As a result, an easy-to-use, cheap and fast acting
nanomaterial-triggered toxicity assessment tool has been developed. Also, initial
principles of mammalian whole cell biosensor design for the same purpose have
been indicated to expand the limited toxicity detection strategies utilizing
mammalian cells. This study contributed for the detection of toxic NMs providing
a feedback about the fate of these NMs so that one can engineer them to make

biocompatible before field application.
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Whole-cell Biosensors, Heat Shock Protein Response



OZET

NANOMALZEME KAYNAKLI TOKSISITENIN GOZLEMLENMESI ICIN

TASARLANAN SENTETIK GEN DEVRELERI

Behide Saltepe
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Damigmani: Urartu Ozgiir Safak Seker

Temmuz, 2020

Son bir ka¢ onyil igerisinde ¢esitli alanlarda nanomalzeme kullanimi artmistir.
Bunun temel sebeplerinden biri, nanomalzemelerin sahip oldugu essiz
ozelliklerdir. Bu o6zelliklerden baglicalari, boyuta baglh olarak degisen ve
ayarlanabilen optik ve fiziksel 6zelliklere sahip olmalaridir. Artan nanomalzeme
kullanimi ile bu malzemelerin insan ve ¢evre iizerindeki etkilerine dair endiseler
de artmaktadir. Kiigiik boyutlar1 sayesinde nanomalzemeler, hiicre duvarlarindan
kolayca gecebilmektedir. Ayni zamanda, yiiksek yilizey alani-hacim orani
sayesinde bu malzemeler katalitik olarak oldukg¢a aktif olabilmektedirler. Bunun
sonucunda da hiicre igerisinde stres yaratma potansiyeline sahiptirler. Bu stres
belirtilerinin baslicalar1 protein katlanmalarinda hatalar, reaktif oksijen tiirlerinin
(ROS) olusmasi ve DNA hasaridir. Bu yiizden, nanomalzemelerin insan {izerinde
kullanimindan 6nce (kontrollii ilag salinimi ya da manyetik goriintiileme gibi) bir
takim biyouyumluluk testinden ge¢mesi gerekmektedir. Yine de, giiniimiizde
kullanilan biyouyumluluk testleri olduk¢a komplike olmakla birlikte ge¢ sonug

vermektedir.



Bu tezin amaglarindan biri, hizli cevap verebilen yasayan bir biyouyumluluk testi
olusturmaktir. Bu sayede, toksik olan nanomalzemelerin modifikasyonlar1 daha
erken yapilabilecek, boylelikle toksik olmayan nanomalzemelerin kullanima
girmesi daha hizli olabilecektir. Bu dogrultuda genel bir stres gostergesi olan 1sil-
sok protein mekanizmasi (HSR) se¢ilmistir. Bu mekanizma, sentetik biyoloji
yaklagimlar1 kullanilarak yeniden diizenlenmis ve sentetik gen devreleri
olusturulmustur. Oncelikle, stres durumunda en ¢ok aktif rol alan dort farkl
proteinin promotor bolgeleri secilmistir. Bu promotdrlerin her biri ile ayr1 ayr1 gen
devresi olusturulmustur. Bu gen devrelerinde, her bir promoter, bir raportér gen
ifadesini kontrol etmektedir. Yapilan ilk denemeler sonucunda elde edilen
bulgulara gore, 1s1l-sok proteinleri hiicre savunma mekanizmast i¢in rol aldigindan
oldukca aktif olup, stres olmadig1 zamanlarda da yiiksek raportor sinyali verdigi
gozlemlenmistir. Bu ylizden, tek baslarina bu promotdrlerin kullanilamayacagina
karar verilmigtir. Stres kaynagi olmayan durumdaki giiriiltii sinyalini diistirmek
amaciyla, literatiirde daha Once gelistirilmis olan riboregiilatér sekanslarinin
kullanilmasia karar verilmistir. Boylece her bir promotor riboregiilatorler ile
yeniden diizenlenmis, yeni gen devreleri olusturulmustur. Elde edilen bulgular,
olusturulan bu yeni sensorlerin, giiriiltii sinyalini hemen hemen tamamen yok
ettigini gOstermistir. Ancak, stres uygulamasindan sonra beklendigi sekilde
yiiksek sinyal elde edilememis, riboregiilatorler toksisite sinyalini de diistirmiistiir.
Sensér sinyalini arttirmak amaciyla, sensor igerisinde bir pozitif geribesleme
dongiisii eklenmistir. Bunun i¢in bakteriyel iletisim (QS) mekanizmasi ile 1s1l-sok
mekanizmasi birlestirilmistir. Bu sayede ortamda var olan stres durumundan

biitiin bakterilerin haberdar olup birbirini uyarmasi1 amaclanmistir. Beklendigi
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lizere sensOriin sinyal seviyesi oldukca artmistir. Ancak bununla birlikte, giirtiltii
sinyalinde de aymi oranda artis gozlemlenmistir. Bu yilizden, Escherichia coli
igerisindeki gibi aktivasyona dayali ve yiiksek giiriiltii veren sistem kullanmak
yerine, baskilamaya dayali yeni bir sisteme gec¢ilmesi kararlastirilmistir. Bu
yiizden, Mycobacterium tuberculosis 1sil-sok mekanizmas1 6rnek olarak
alinmistir. Olusturulan gen devreleri, model nanomalzeme olarak kullanilan
kuantum noktaciklara (QD) 1 saat igerisinde oldukga yiiksek tepki vermistir.
Olusturulan bu sensorler ile de nanomalzeme toksisitesi oldukca hizli tespit
edilebilecek, karmasik deneylere (hayvan deneyleri gibi) gerek duyulmadan,
toksik olan nanomalzemelerin yeniden gbézden gecirilerek modifikasyonlar

yapilmasina olanak saglayacaktir.

Bu caligmasinin ikinci kismi da olusturulan toksisite sensorlerini kaynak
gosterecek sekilde tasarlamak, bu sayede ortamda toksisite yaratan malzemenin ne
olduguna dair rapor elde etmektir. Bunun icin de 1sil-sok yolag: ile agir metal
spesifik transkripsiyon faktorleri (altin igin GolS, kadmiyum i¢in ise MerR(mut)
ve CadR) birlestirilmistir. Bunun i¢in altin ve kadmiyum iyonlar1 model olarak
secilmigtir. Bu sistemler rekombinaz ile birlestirilerek yeni gen devreleri
tasarlanmistir. Bu gen devrelerinde, rekombinaz, stres ile aktive olarak ters halde
duran metal spesifik promotdrii diizlestirmekte, bu sayede de ilgili metal
varliginda raportdor gen ifadesi baslamaktadir. Bu sayede stres faktoriiniin

kaynaginin altin ya da kadmiyum olarak belirlenmesi miimkiindiir.

Son olarak, memeli hiicresi kullanilarak toksisite sensorii  yapilmasi

amaclanmistir. Oncelikle, bakteriler ile yapilan yaklasimlara benzer sekilde, stres
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durumunda aktif rol oynayan iki farkli 1si1l-sok protein ailesi secilmistir.
Bunlardan birincisi, hiicrelerin genel savunma mekanizmasi olan HSP70 ailesi
iken, digeri de kiiciik 1s1l-sok protein ailesine ait a-Bcrystallin proteinidir. Her iki
proteinin promotdr bdlgesi raportdr gen ifadesini kontrol edecek sekilde
tasarlanmistir. Olusturulan her iki devre de 1s1 ve kadmiyum iyonlar ile test
edilmistir. HSP70 ailesi hiicre icerisinde oldukca aktif oldugundan, stres
uygulanmayan durumlarda da yiiksek sinyale sebep olmustur. a-Bcrystallin ile
olusturulan sensorde ise, 1sil-sokun ardindan bir miktar artis gézlense de, sensor
calismalari icin yeterli degiltir. Bu sebeple, bakteriyel sensorlerde yapildigi gibi
baskilayict gen devresi tasarimma karar verilmistir. Oncelikle, 1sil-sok
promotorlerini baskilayict genin (HspR) memeli hiicrelerde de ifade edilebildigi
gosterilmigtir. Daha sonrasinda minimal promotoér bélgesine (SV40) HspR
baglanma dizileri tekli ve ciftli tekrarlar halinde eklenerek raportér gen
ifadesindeki azalis ve artiglar takip edilmistir. Olusturulan devreler 1sil-sok ve
kadmiyum iyonlari ile test edilmistir. Elde edilen sonuglara gore, HspR varliginda
raportdr gen ifadesinde azalis oldugu go6zlemlenmistir. Ancak, stres
uygulamasinin ardindan belirgin bir sinyal artis1 elde edilememistir. Bu ylizden,
olusturulan gen devrelerinin optimizasyonunun yapilmasi ve sensoriin optimum

calisma kosullariin tespit edilmesi gerektigi sonucuna varilmigtir.

Sonug olarak, bu caligma ile bakteriyel ve memeli biitiin hiicre sensorii tasarlanma
prensipleri ele alinmistir. Olusturulan bakteriyel sensorler, nanomalzemelerin
toksisite tayini igin gii¢lii bir adaydir. Simdiye kadar yapilan galismalarin aksine,
bu c¢aligmada, hiicreleri toksisite tayini i¢in programlarken ¢esitli miihendislik

yaklasimlart kullanilmistir (riboregiilatorler, bakteriyel iletisim mekanismasi,
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promotor iizerinde yapilan ¢esitli degisiklikler v.b.). Sonu¢ olarak, kullanimi
kolay, hizli cevap veren ve ucuz bir toksisite testi elde edilmistir. Ayrica, memeli
hiicresi kullanilarak yapilan biyosensor ¢aligmasinin optimizasyon gerektirmesine
ragmen, tim hiicre sensorii alani i¢in nitelikli bir tasarim 6rnegidir. Literatiirde
memeli  hiicrelerinin  toksisite tayini i¢in programlanmasma nadiren
rastlanmaktadir. Bu sebeple, buradaki c¢alisma da Alana O6nemli bir katki
saglayacak tiirden olmustur. Genel anlamda bu ¢alisma nanomalzeme toksisitesi
tayinini hizli bir sekilde saglayarak, toksik olan nanomalzemelerin yeniden

yapilandirilarak alana daha hizli sekilde uygulanabilmesini saglayacaktir.

Anahtar kelimeler: Nanomalzemeler, Nanomalzeme Kaynakli Toksisite,

Nanotoksisite, Tim Hiicre Biyosensdrleri, Isil Sok Protein Tepkisi
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CHAPTER 1

Introduction

1.1.  General Understanding of Cellular Stress

Deviations from the optimal growth conditions (i.e. temperature, pH and
osmolarity changes, increased reactive oxygen species (ROS), decrease in nutrient
availability, chemical exposure, mechanical forces etc.) might trigger stress on
cells. Exposure to exogenous toxicants causes cellular toxicity which can cause
cellular impairments such as DNA damage, protein unfolding, mitochondrial
dysfunction, oxidative stress and even cell death. In the presence of any stress
inducing stimuli, cells either re-establish homeostasis to the former state or they
adapt themselves to the new environment. In general, cells may follow four
different paths against stressors: (i) activation of repair mechanisms, (ii)

temporary adaptation to stressor, (iii) autophagy, and cell death (iv) [1].

1.1.1. Cell Repair Mechanisms upon Stress

Stressors may damage intracellular components of cells such as DNA, RNA,
proteins and lipids. Such kinds of effects trigger some gene expression alterations
in cells to activate chaperones [2] so that cells can clear damaged macromolecules
and set cellular homeostasis. Certain stress conditions such as heat shock, nutrient
stress, hypoxia, and DNA damage change gene expression patterns in cells via

recruitment of ribosomes on selected mRNAs [3]. Not only environmental factors



cause stress on cells. Also, incomplete protein translation, misfolded
intermediates, and unassembled protein subunits exposing hydrophobic regions
may trigger aggregation; hence, cellular stress. In any conditions, cells cope with
these stress mechanisms either by increasing chaperone expression to repair them
or degrading the unfolded proteins [2].

Chaperones are accessory proteins that facilitate folding or unfolding of proteins
to re-fold them in their correct structures. Although there are different classes of
chaperones serving variable functions (i.e. folding of newly synthesized proteins,
re-folding of misfolded proteins, assisting protein degradation, membrane
transport etc.), many of them identified after elevated heat exposure of cells. Thus,

a huge chaperone family has named as heat shock proteins (HSPs).

1.1.2. Temporary Adaptation to Stress

Organisms should adapt themselves to changes in environment to increase their
survival. It has been proved that cells can adapt themselves to mild stress
conditions and revert to their normal growth conditions in a few days after stress
exposure. This adaptation provides resilience to cells [4, 5]. In some cases,
adaptation to sublethal stress was also observed resulting in higher stress tolerance
[6-8]. For instance, hydrostatic pressure increased survival of mouse blastocysts
after freezing [7]. From very simple to more complex organisms, cells have to
adapt themselves to sublethal stressors and tolerate larger changes. As an
example, papillas of mammalian kidney need to adapt themselves with the
changing hyperosmolarity since the state of hyperostomic stress is dynamic and

changes based on the hydration status of the organism [1].



1.1.3. Autophagy

An intracellular lysosomal degradation action is called as autophagy. Autophagy
Is conducted by autophagosomes, double-membrane vesicles, sequestering the
cytoplasm. Various processes involve autophagy such as macroautophagy,
microautophagy, and chaperone-mediated autophagy [9]. In the first one, the
cytoplasmic target is engulfed by autophagosome and further fused with lysosome
directly to be degraded immediately. In the second one, only a portion of the
cytosol is engulfed by lysosome. In the last one, selected proteins (i.e. ubiquinated
proteins) are degraded. Autophagy is conserved among all domains of life aiming
to eliminate aggregation of proteins and to save resources in cells. For instance,
under starvation, autophagy recycles amino acids in cells for protein synthesis to
rescue the cell from stressed condition. Besides, autophagy is the last chance of

cell to survive at stress conditions before it dies [1].

1.1.4. Cell Death

Cells try to survive until stressor has gone. Yet, at very high ratio of stress factors
trigger apoptosis, the cell death. Apoptosis is the process that cells shrink, bleb,
and condensate [10]. It has been shown that different stress factors such as
irradiation, chemotherapeutic agents, endoplasmic reticulum (ER) stress, and
oxidative stress trigger apoptosis. A family of cysteine proteases, caspases, has a
critical role in apoptosis which is inactive at normal conditions while gets
activated upon stress cleaving various substrate in cells [11].

Cell death has been defined by various forms one of which is necrosis. Necrotic

cell death is characterized by swelling of cells and organelles, membrane rupture,
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and intracellular component loss because of the ruptured membrane. Various
studies showed that some stress conditions such as ischemia [12], glutamate
excitotoxicity [13], and alkylating DNA damaging agents [14] cause necrotic cell

death.

1.2.  Cellular Stress Responses

To maintain cellular homeostasis, cells have developed different mechanisms to
protect themselves under severe stress conditions. Based on the stress stimuli,
cells activate related mechanisms to recover themselves to the initial healthy
positions. However, in the case of very harsh conditions, stress overcomes the

protective responses and cells have to activate cell death mechanisms [1].

1.2.1. Oxidative Stress Response

Cells need an appropriate amount of molecular oxygen and antioxidants for
survival. Reactive oxygen species (ROS) such as singlet oxygen, superoxide anion
(O2*), hydrogen peroxide (H.0,), hydroxyl radical (OHe), peroxy radicals, and
nitric oxide (NOe¢) which forms peroxynitrite (ONOQ") via reacting with O,". At
normal growth conditions, pro-oxidant species and antioxidant mechanisms (i.e.
antioxidant proteins as glutathione (GSH) and ROS-metabolizing enzymes as
glutathione peroxidase, superoxidase dismutase (SOD) and catalase) are in
balance. Besides, ones this balance has been broken, oxidative stress arise in cells
[15]. ROS in cells damages macromolecules in cells such as DNA, RNA, proteins,
lipids, and carbohydrates. ROS level can increase in cells via various factors

including intracellular and extracellular stimuli. These species can be eliminated



through SOD enzymes at the first stage. Also, GSH plays role in neutralization of
auto-oxidized species in cells to prevent ROS formation [16]. When ROS
overwhelms the defense mechanism of cells, it triggers cell death mechanism

eventually [15, 17].

Oxidative stress not only stimulates its own machinery, it also activates other
stress pathways: heat shock response (HSR) and unfolded protein response
(UPR). The former one protects cells from various stress sources (radiation,
oxidants, chemicals, heavy metals etc.) besides heat [18-20], and the latter one

upregulates antioxidant genes [21].

1.2.2. DNA Damage Response

Chemotherapeutic agents, some therapeutics, irradiation, genotoxic agents and
ultra violet (UV) light create damages such as single or double strand breaks on
DNA. Under these circumstances, the repair mechanism ensures survival of cells
otherwise to trigger cell death at very severe damaged conditions [22]. DNA
repair is controlled with two main mechanisms; non-homologous end joining
(NHEJ) and homologous recombination (HR) [23]. In NHEJ, either DNA repair
proteins change the damaged base or incorrectly paired bases is excised [24]. The
whole process could be error-free in ideal case, or error-prone in some cases.
Several proteins play role in the machinery to make the process error-free,

because some of the mutations in DNA may trigger cell death pathways [25].



1.2.3. Unfolded Protein Response (UPR) Mechanism

In eukaryotes, proteins fold and undergo posttranslational modifications (i.e.
glycosylation and disulfide bond formation) in ER. Thus, ER environment plays
critical role in efficient folding and secretion of proteins. Stressful conditions such
as glucose starvation, oxygen deprivation, disturbance of Ca®* homeostasis, and
inhibition of protein glycosylation lead unfolded protein accumulation in ER;
hence, ER stress. Accumulation of unfolded proteins in ER triggers sets of
pathways known as unfolded protein response (UPR) targeting chaperones in ER,
subunits of translocation machinery, folding catalysts, degradation molecules, and
anti-oxidants [26]. Glucose-regulated proteins (GRPs) are one of the UPR targets
induced by ER stress, especially in glucose starvation. These proteins provide cell
survival upon ER stress caused by hypoxia-ischemia [27, 28], neurodegeneration

[29-31], and glutamate excitotoxicity [32].

The UPR ensures cell survival providing the balance between the protein load and
the folding and secretion capacity in ER. Nevertheless, if this balance is disturbed
in the favor of increased protein load, and UPR mechanism could not achieve

homeostasis back, cells tend to die [33].

1.2.4. Heat Shock Response (HSR) Mechanism

On the contrary to its name, heat shock response (HSR) is a universal and well-
conserved stress response mechanism to different stressors including elevated
heat, anticancer drugs, osmotic shock, toxic chemicals, and heavy metals. At

stress exposure, general gene expression of cells is halted, and a subset of



protective proteins; heat shock proteins (HSPs), is expressed. HSPs are a protein
family which is evolutionary conserved in all domains and named according to
their molecular weights generally (i.e. Hsp40, Hsp60, Hsp70, Hsp90, and small
Hsp (sHsp) etc.). Some of the HSPs are constitutively expressed in cells (i.e.
Hsp90) to prevent premature folding while the others are expressed in cells at
basal levels and increased upon stress exposure (i.e. Hsp70). All of these proteins
play role in maintaining cellular survival upon stress and prevention of cell death

caused by stressor [34].

1.2.4.1. Heat Shock Response in Bacteria

Although general HSR is conserved among domains, some certain differences are
still observed. The HSR mechanism of bacteria is well-characterized in
Escherichia coli. Expression of HSPs is controlled by a stress-specific subunit
(6% of RNA polymerase, encoded by rpoH gene. At normal conditions, ¢*2 is
kept at low levels because of its rapid turnover. Upon stress, 32 level increases
with increased stability as well as enhanced synthesis. As a result, o®*-dependent
transcription starts to express HSPs such as DnaK (Hsp70), DnaJ (Hsp40), GrpE,
GroEL (Hsp60), and GroES (Hspl0) [35]. A negative feedback mechanism
controls the c*-dependent transcription. DnaK-DnaJ-GrpE chaperones recognize

32

o°2 and block its activity. Further, inactivated o>

is degraded by a specific

protease, FtsH (Figure 1.1).
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Figure 1.1: Representative heat shock response mechanism in E. coli. Upon stress,
6°% level increases and o°2-dependent transcription starts to express HSPs. A
negative feedback mechanism controls the o°2-dependent transcription.
Chaperones recognize and block 6% activity and inactivated 6% is degraded by

FtsH protease. Reprinted with permission from ref [36]. Copyright 1999 Elsevier.

Although the o°2-dependent regulation is well-conserved among Gram negative
bacteria, some distinctive mechanisms also have been discovered. For instance,
Bacillus subtilis, Gram positive bacteria, regulates HSR mechanism with a
repressor, HrcA, which recognizes specific elements (CIRCE elements) on HSP

promoter (Figure 1.2) [36, 37].
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Figure 1.2: Representative heat shock response mechanism in B. subtilis. A. At
normal conditions HrcA blocks the HSP machinery. B. Upon stress, HrcA
dissociates from the promoter initiating HSP expression. Reprinted with

permission from ref [37]. Copyright 2017 Oxford University Press.

1.2.4.2. Heat Shock Response in Eukaryotes

Expression of HSPs is controlled by a set of heat shock transcription factors;

HSFs. Mammalian cells utilize four different HSFs (HSF1-4) while others such as



yeast, Caenorhabditis elegans, and Drosophila have only HSF1 [38]. Each HSF
has unique as well as common functions. HSFs might be tissue specific and
processed by various post-translational modifications. HSF1 is the master
regulator among the others. It is inactivated by HSP chaperones in cytoplasm as
its monomeric form. To be activated, HSF1 is released, trimerized, and
transported to nucleus. Afterwards, HSF1 trimer complex is hyperphosphorylated
by kinases. Following the sumoylation, HSF1 is activated via recognition of heat
shock elements (HSEs), and other components of transcription machinery are

recruited (Figure 1.3) [39].

No stress M Stress

Figure 1.3: Illustration of eukaryotic HSR mechanism. Monomeric HSF1 is
inactivated by HSPs in cytoplasm at normal growth conditions. Upon stress,
HSF1 is released, trimerized, and transported to nucleus where it is
hyperphosphorylated and sumoylatied. Following activation, HSF1 recognizes
heat shock elements (HSEs), and other components of transcription machinery are

recruited. HSPs expressed and transported through the cytoplasm to maintain
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cellular survival against misfolded and unfolded proteins. Reprinted with

permission from ref [39]. Copyright 2010 Elsevier.

1.3.  Nanotechnology and Nanomaterial Applications

Nanotechnology concept by miniaturizing materials was firstly introduced by
famous physicist Richard Feynman with a lecture entitled “There’s plenty of room
at the bottom” in 1959 [40]. Further developments in physics, biology and
chemistry have been established the roots of nanotechnology. Since then,
nanotechnology has been applied by many fields in numerous applications such as
electronics and communication, medical and environmental applications, or food
and cosmetics industry. In this manner, nanomaterials have played a crucial role
in these applications. Specifically, many nanoparticles have been developed in

cosmetics, food technology, paintings and coatings [41].

Nanotechnology, as a term, refers combinations of “nano” and “technology”
dealing with materials whose size ranges from 1-to-100 nm. One of the most
fundamental members of nanomaterials is called nanoparticles (NPs) [42]. Unlike
their bulk form, NPs exhibit a wide range of tunable properties based on their
sizes. NPs have considerably high surface-to-volume ratio due to their small size
making them different in terms of physical, chemical, optical, biological, and
electronic properties [41]. For instance, chemical reactivity of NPs increases with
decreasing size since there is an increase of the fraction of surface atoms. Based
on the application of interest, NPs can be synthesized in different sizes, shapes

(spherical, cubical, rode), and dimensions (one-dimensional, two-dimensional,
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and three-dimensional). Variable potentially applicable fields give raise NPs to be

synthesized and categorized in different ways.

Engineered nanomaterial usage in various fields such as electronics,
transportation, imaging, biomedicine, remediation, cosmetics, coatings, and textile
has been increased in the past decades. To begin with, in electronics, transistors
with very small sizes have been achieved thanks to developments in carbon nano
tube (CNT) technology [43]. In transportation, NPs of carbon black has been used
many years in car tires. In imaging technology, atomic force microscopy (AFM)
tips from SWCNTs have been used to image small molecules such as DNA or
antibodies providing high resolution [44]. NPs have various application areas in
biomedicine. Because of antimicrobial properties of silver and titanium dioxide
NPs, they are used as coatings for surgical masks [45]. Also, dextran coated
superparamagnetic magnetite particles have been used in medical imaging
application for long time [46]. In remediation, Paints with titanium dioxide NPs
have been developed to absorb noxious gases coming from exhausts [43]. Also,
iron NPs have been used in water remediation removing many carcinogens [47].
Many personal care and cosmetic products such as toothpaste, cream, shampoo,
lipstic, sunscreen, parfume, etc. contain nanomaterials such as fullerenes, lipid-
based NPs, titanium dioxide NPs, silicon, etc. Nanomaterials as coatings have
been used for decades in a range of areas. For instance, self-cleaning windows
coated with titanium dioxide NPs have been demonstrated that they can break the
dirt and contaminants in the presence of water and sunlight. Also, NPs in textile
for antimicrobial characteristics have been used for many years [43]. Besides their

current usage, nanomaterials are very promising for future applications. Still there
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are ongoing researches to develop nanoscaffolds for regenerative medicine
applications [48], nanospheres for targeted and controlled drug delivery [49],

nasal vaccines [50], and biosensing [51].
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Figure 1.4: Nanoparticle exposure related diseases of human body with exposure
pathways and affected organs. Reprinted with permission from ref [43]. Copyright

2007 American Vacuum Society.

1.3.1. Nanomaterial-triggered Toxicity

Human can contact with nanomaterials through skin contact, inhalation, or
ingestion. Because of their small size, nanomaterials can easily pass cellular
barriers. Further, nanomaterials can distribute and localize through the body by
using circulation or lymphatic system. Nanomaterials might show some
unexpected effects on living organisms. At cellular level, nanomaterials may
interact with macromolecules in cells (i.e. proteins, lipids, nucleic acids) causing

cellular dysfunction and stress [43]. On the other hand, based on the size, shape,
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charge, concentration, route of administration, surface coating and composition,

adverse effects of NPs might show variability [52].

Toxicity of nanomaterials depends on various factors such as size, shape,
aggregation, surface functionalization, chemical composition, etc. Thus, not all
nanomaterials illustrate the same adverse effects as others. Yet, in general,
nanomaterials (i.e., carbon nanotubes, fullerenes, quantum dots, etc.) cause certain
common toxicity features on cells such as ROS generation [53]. Because of ROS
in cells, proteins, lipids, and nucleic acids are damaged [54]. ROS generation can
be caused by several sources in cells such as from surface particles, transition
metals in NPs, damaged mitochondria, and activated inflammatory cells. Another
adverse effect of NPs is inflammation which is the normal response against any
injury. Oxidative stress caused by NPs triggers inflammation by triggering
proinflamatory mediators or cytokines [55, 56]. Also, oxidative stress triggers
production of antioxidant proteins to neutralize the oxidative stress in cells [57].
Yet, ROS may overwhelm the antioxidants and lead DNA damage and heritable
mutations in cells [57, 58]. Besides ROS-mediated toxicity, NPs may cause
toxicity via direct contant with cell surface. Especially positively charged NPs are
adsorbed easily by negatively charged cell membrane. This charge-charge
interaction is able to disturb the structure of lipid bilayer changing the membrane

permeability [59].

Similar to any stress conditions, cells try to adapt themselves to changes caused
by nanomaterial exposure. Several studies have reported that cells mainly activate
ROS scavenger genes to eliminate over produced ROS and their damages in cells.
Other than ROS scavengers, cells initiate expression of genes related with
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membrane structure, electron transfer machinery, DNA repair, cellular transport,

heat shock response, protein efflux machinery, etc [60].

NP uptake mechanism by cells is still unclear; yet, some proposed mechanisms
exist. One way of NP uptake is passive diffusion necessitating no accessory
mechanisms but only transfer of particles though forces (i.e. van der Waals,
electrostatic charges, etc.). Also, released ions from NPs may enter the cells by
using divalent metal transporters [61]. Finally, in some cases NPs can be
internalized with phagosytosis. After NPs are internalized, they can locate
anywhere in cells such as cytoplasm [62], outer-cell membrane [62], mitochondria
[63], nucleus [62, 63], nuclear membrane, or lipid vesicles [62, 64] interacting

macromolecules in cells.

1.4.  Principles of Whole-cell Biosensors

Whole-cell biosensors are a type of biosensors which utilize the whole organism,
generally microorganisms, as sensor. Similar to conventional sensing system,
whole-cell biosensors are composed of three major subunits: a receiver, a
transducer, and an actuator. The receiver element senses the analyte of interest.
Further, the transducer element processes the upcoming signal and converts it into
a measureable output [65]. Whole-cell biosensors have been used in biomedical as
well as environmental applications for many years to detect disease biomarkers,
chemicals, heavy metals antigens, amino acids, viruses, toxins, etc. Besides,
reporter choice in whole-cell biosensors is crucial since the output should be
distinguishable from any background signal [66]. Various output genes have been

utilized so far during whole-cell biosensor construction those are enzymes
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(luciferase, B-galactosidase, chloramphenicol acetyltransferase, etc.), fluorescent

proteins (green fluorescent protein and its analogous) or pigments [67].
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Figure 1.5: Working principle of a whole-cell biosensor. The sensor cell receives
environmental signals (i.e., small metabolites, chemicals, ions, temperature shift,
or light) activating processing units. Signal processing could be conducted via
different mechanisms (i.e., transcriptional regulation, or logic operation). After
processing the incoming signal, the sensor cell responds through reporter
expression, motility changes, or chemical secretion. Reprinted with permission

from ref [67]. Copyright 2018 American Chemical Society.

1.4.1. Whole-cell Biosensor Approach for Toxicity

Assessment

Current cytotoxicity and biocompatibility assessments of nanomaterials such as
analytical methods, in vitro and in vivo models are expensive, time consuming, or
expert-oriented [68]. Among those tests, a fast-acting whole-cell biosensor
designs have become more favorable. In the earliest toxicity determination
approaches, non-specific whole-cell sensors have been used. The most famous
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one is the luminescent bacterial toxicity assay (LBTA) which measures the
reduction of the signal caused by toxicants. Yet, this system is highly open to false
positive results [69]. Next, semi-specific whole-cell biosensors utilizing stress
regulators have been developed. Among them, HSP promoters controlling the
expression of a reporter have been utilized commonly. However, their native
forms show high leakage which makes the system inadequate [70-73]. The most
precise way to detect analyte of interest is to create specific whole-cell biosensors
utilizing certain promoter-transcription factor pairs. Many heavy metal detecting
regulatory proteins have been identified in various organisms so far. For instance,
CadC and its cognate promoter are used to detect cadmium or ZntR and its
cognate promoter are used for zinc detection. This mechanism is either activation
or repression-based which is activated or repressed only in the presence of analyte
of interest [67]. Thus, this system provides precision to the whole-cell biosensor
approach. Yet, making a general stress indicator to screen toxicity of

nanomaterials is limited to its source.
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Synthetic Genetic Circuit Design to

Monitor Nanomaterial-triggered Toxicity
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2.1. Objective of the Study

Biocompatibility assessment of nanomaterials has been of great interest due to
their potential toxicity. However, conventional biocompatibility tests fall short of
providing a fast toxicity report. We developed a whole cell based biosensor to
track biocompatibility of nanomaterials with the aim of providing fast feedback to
engineer them with lower toxicity levels. We engineered promoters of four heat
shock response (HSR) proteins utilizing synthetic biology approaches. As an
initial design, a reporter coding gene was cloned downstream of the selected
promoter regions. Initial results indicated that native heat shock protein (HSP)
promoter regions were not very promising to generate signals with low
background signals. Introducing riboregulators to native promoters eliminated
unwanted background signals almost entirely. Yet, this approach also led to a
decrease in expected sensor signal upon stress treatment. Further, coupling of
HSR mechanism with bacterial communication systems (namely quorum sensing
(QS) mechanism), increased the overall output causing high level of background
noise. Thus, it has been observed that activation based circuits are not suitable to
construct such tightly controlled sensors, since they indicate higher basal signal,

and require more engineering approaches to fine tune the system.

2.2. Introduction

Cytotoxicity and biocompatibility assessment are the crucial steps during the
development of new biomaterials. For any clinical use, such evaluation is required

in order to have a better understanding and prevention of possible complications
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may be caused by newly developed materials in patients. In order to perform such
assessments, many methods have been developed. There are mainly three
approaches to assess toxicity: (i) analytical methods, (ii) in vitro, and (iii) in vivo
models. Among them, analytical methods such as flow cytometry, mass
spectrometry, and other spectroscopic and microscopic techniques are efficient
and reliable. Yet, they are expensive and require high degree of expertise [68].
Thus, in vitro and in vivo models are mostly preferred. However, there is an
ongoing need for a cytotoxicity test with high degree of speed and reliability.
International Organization for Standardization (1SO) defines three types of in vitro
cytotoxicity test in ISO 10993-5 [75]. MTT assay is the most widely used and a
colorimetric assay based on reduction of yellow MTT to purple formazan by
mitochondrial dehydrogenase activity. Thus, the color change indicates cell’s
activity instead of cytotoxicity causing several false-positive results in many cases
[75-77]. Furthermore, it requires specific equipment and chemicals to test toxicity
making it relatively expensive and time consuming (3-5 days for cell culture
period and 4-6 hours for toxicity assessment) [78]. Agar overlay method can also
be used to evaluate toxicity to visualize the destruction of cells caused by toxicant
via electron microscopy. This method is easier to apply; however, requires
expensive tools (i.e. special facility equipped with a proper electron microscopy)
and considerably longer times [75]. Direct contact method is used to track
morphological changes of cells upon toxicant treatment which requires specific
equipment and higher expertise [75, 79]. However, toxicity testing of
nanoparticles (NPs) has specific challenges. Their small size results in greater

surface-to-volume ratio, therefore higher biological reactivity causing stress
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response [80-82], reactive oxygen species (ROS) generation [80, 81], and DNA
damage response [80]. Furthermore, other unique properties such as high
adsorption, hydrophobicity, surface charge and catalytic activities can interfere
with conventional methods. Guadagnini et al. used six NPs with different
properties and tested with conventional in vitro assessment methods,
inflammatory response and oxidative stress methods and showed that NPs
interfere with many of the tests used (WST-1, MTT, lactate dehydrogenase,
neutral red, propidium iodide, 3H-thymidine incorporation, ELISA for
inflammatory response, monobromobimane, dichlorofluorescein and NO assays
for oxidative stress) [83]. As an alternative, many model organisms including
daphnia [84], algae [85], zebrafish [86-88], mice [89, 90] and monkey [90] are
also employed to test NPs. To develop a fast-acting toxicity assessment method,
choice of appropriate model organism is vital and using microorganisms, either
prokaryote or eukaryote, has significant advantages over higher eukaryotes. Due
to their higher growth rate, microorganisms can ensure sufficient biomass which
will lead to considerable amount of reporter signal in shorter times. Moreover,
microorganisms are easier to handle and manipulate. Most importantly, the
motivation behind utilizing microorganisms is to assess possible toxicity prior to
more complex, expensive and time-consuming experiments and trials including
higher eukaryotes such as mice, monkey and humans [91]. On the other hand, in
general, in vivo studies require special model organisms (daphnia [84], algae [85],
zebrafish [86-88], mice [89, 90] or monkey [90]) and utilize indirect measure of
toxicity (i.e., mortality rate, swimming speed, and body length measurements are

examined in zebrafish.) [85-88]. In addition, they need longer periods of time to
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report toxicity.[84, 87] Development of biosensor-based assays became a
promising solution to overcome most of the above mentioned problems since they
are relatively fast, cheap, and easy-to-use. In early stages, Luminescent Bacterial
Toxicity Assays (LBTAs), such as Microtox®, have been utilized to assess mostly
environmental toxicity. Later, these systems were criticized due to hormesis
effect, stimulation of luminescence from tested chemicals and false positive
results. Therefore, these systems were lack in precision and specificity, and
problematic in application [69]. Later, semi-specific biosensors utilizing stress
regulators have been developed to detect toxicity; heat shock protein (HSP)
promoters were the most commonly used elements in these studies [70-73].
Although they brought a new perspective to the field, a gap remains to be fulfilled
by a quantitative assay with high degree of speed and low leakage. Thus, synthetic
biology approaches can compensate the need for more developed biosensors by

employing Heat Shock Response (HSR) elements to detect toxicity.

Heat shock mechanism is a universal process exhibited by cells to any kind of
stress such as heat, osmotic stress, chemicals, ions, or nanomaterials (NMs) [92].
Several transcriptomic analyses indicate that exposure to any stress agent,
especially to toxic compounds, prompts changes in gene expression profile,
specifically genes related to stress response [80-82], reactive oxygen species
(ROS) metabolic processes [80, 81], DNA damage response [80], and cell redox
homeostasis [80]. In order to maintain cellular integrity and survival, nanomaterial
exposure (i.e., silver nanoparticles (NPs) [93], silica NPs [94], quantum dots
(QDs) [95], or carbon nanotubes [96]) triggers the production of a set of HSPs

[97]. The HSPs are a sub-group of molecular chaperones; accessory proteins that
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manage mechanisms crucial for the cell survival and maintenance including
protein folding and assembly mechanisms [35]. Some chaperones such as Hsp60,
Hsp70 and Hsp90 cope with misfolded proteins to refold them properly [98],
while others, such as ClpB (or its eukaryotic homolog Hsp104), Lon and HtrA
degrade protein aggregates in cells [99, 100]. Although HSR is controlled
differently in many organisms, some of the chaperones play a common role in
different organisms like Hsp70 which is the major stress related chaperone protein

in bacteria as well as in eukaryotes.

In Escherichia coli, main HSR is conducted by DnaK (Hsp70)-DnaJ (Hsp40)-
GrpE machinery. Unlike many transcription mechanisms in E. coli, HSPs are not
regulated by o’° factor; a universal subunit of RNA polymerase. Instead, HSPs are
controlled by a special stress-inducible subunit, namely ¢ factor, encoded by
rpoH gene [35, 101]. Under normal growth conditions, 6** level is maintained at
constant levels due to its unstable nature; however, after exposure to any stress,
o°2 level is dramatically elevated via improved stability as well as increased
synthesis [35, 36, 102]. *? is regulated by a negative feedback loop controlled by
DnaK-DnaJ-GrpE mechanism [103]. Accumulation of chaperones in this
mechanism holds ¢°? and blocks its activity [104, 105], leading to degradation of
6°2 by FtsH; a special 6 degrading protease [106]. Therefore, monitoring of HSP
levels in cells can be used as a promising stress indicator of heavy metals and

newly developed nanomaterials.

Detection of heavy metal toxicity [107-109] and other toxic compounds [110]
through HSR mechanism is a quick and more straightforward way to evaluate
negative effects caused by different stress agents [70]. Many HSP promoters [71,
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82, 111] such as dnaK, grpE, clpB, or fxsA have been studied in the literature
with different reporter genes such as gfp [70, 72, 112, 113], lacZ, or lux [107, 110,
112, 114, 115] to detect the stress response caused by pollutants and many
chemicals. Cha et al. designed GFP-based biosensors by fusing promoter elements
of 6%, clpB and dnaK to the upstream of the reporter to detect cellular stress
caused by heat and ethanol. They observed the maximum response at 8" hour
after stress exposure [70]. Similarly, Seo et al. utilized two hours of heat shock
treatment for HSR induction with the same approach (¢, clpB and dnaK
promoters fused with reporter) and similar results were observed [71]. In another
study, grpE promoter was fused to fluorescence reporter and ethanol was used as
inducer. The study concluded that fluorescence signal was not significant in short
period of time (90" min), and 10™ hour of fluorescence signal was significant
enough due to reporter accumulation to make an assessment [112]. Martinez et al.
utilized four stress promoters (katG for oxidative stress, dnaK for protein damage,
fabA for membrane damage, and recA for DNA damage) and treated these sensors
with specific stressors (H0,, ethanol, SDS and mitomycin, respectively). Stress
sensor with dnaK showed less than 2-fold response in two hours [116]. Although
these biosensors eliminated high cost and provided easy usage, they were
inadequate in shortening the response time and preventing false positive signal.
After the development of advanced synthetic biology tools, many opportunities
arose to redesign and optimize existing mechanisms. Thus, applying synthetic
biology approaches allows construction of different biosensors with complex
genetic circuits [67] to detect analyte of interest [117, 118] (i.e., heavy metal

exposure). In this manner, a biosensor circuit coupled with HSP promoters and a
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reporter is one of our objectives to detect stress response of cells caused by NM-

triggered toxicity.

Nanomaterials and nanoparticles are of great interest for their wide range of
applicability across many areas from medicine to optoelectronics. They have size-
dependent tunable optical and physical properties; which are not usual for bulk
materials [119-121]. NMs are widely used in innovative applications such as in
medical diagnostics, drug delivery and targeted photo-thermal therapy which
necessitates patient interaction with NMs [122]. Also, utilization of NMs in
consumer goods may contaminate environment, food and textiles [123]. NMs
have high surface-to-volume ratio which makes them desirable elements for many
chemical reactions, or self-assembly applications. Despite their success in many
applications, small size of NMs makes them able to penetrate through cellular
barriers easily; besides, their high surface-to-volume ratio opens a room for
causing cellular stress. Furthermore, stress caused by NMs in cells might provoke
protein unfolding [124], DNA damage [125, 126], ROS generation [127-129], and
disruption of gene expression [125, 126, 130] leading potential health problems.
The relation between toxicity and surface-to-volume ratio has also a critical effect
on membrane passage. As size of the NMs decreases, the ratio of NMs passing the
membrane increases, eventually causing many stress related problems
summarized above. Additionally, defects on NMs increase surface area of NMs
which facilitates protein corona formation through adsorption of molecules in the
cellular environment (i.e., proteins like serum albumin, immunoglobulin,
fibrinogen etc.) on NMs via several forces such as hydrogen bonds or Van der

Waals interactions [124]. This process may cause blocking of membrane pores,
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leading starvation and cell death [131]. At the system level, NMs can trigger

inflammation and alter immune system response [132-134].

Recently, a few efforts have been made in order to assess toxicity of QDs by
employing different organisms such as daphnids [84], algae [85] and zebrafish,
which is the most common model organism in QD toxicity studies [86-88]. In
these experiments, indirect quantitative methods, such as mortality rate for
dapnids [84] and swimming speed, heartbeat, or body length for zebrafish [88]
have been used. Also, such methods require days to make a comment on toxicity
of particular QDs and the measurements may not reflect a dose-responsive
analysis. On the other hand, although QD toxicity has been analyzed with viability
assays, microscopy, microcalorimetry, growth inhibition, membrane damage
assessments and transcriptomic analysis in bacteria, there is no HSR sensor-based
toxicity evaluation of NM-triggered toxicity [61, 128, 135, 136]. Thus,
development of a quick, dose-responsive and cheap sensor system that reports
NM-triggered toxicity is very critical to monitor biocompatibility of NMs prior to

field application.

2.3. Materials and Methods

2.3.1. Media and Strains

E. coli DH5a (New England Biolabs, Inc.) was grown in LB medium (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) with proper antibiotics at
37°C and 180 rpm shake in Erlenmeyer flasks. Overnight cultures were prepared
from frozen glycerol stocks and incubated for 16 h with the same culturing

conditions mentioned previously. 1% of inoculums from overnight cultures were
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used to start experimental cultures and monitored via spectrophotometer
(GENESYS 10 Bio, Thermo Scientific) until ODgy reached 0.4-t0-0.6 before

induction steps were applied.

2.3.2.Plasmid Construction

E. coli heat shock promoters were amplified from E. coli DH5a genomic DNA by
primers shown in Table B.1. Engineered riboregulators with PclpB promoter part
and PibpA-taRNA part were synthesized by GENEWIZ Company. Q5 Hot Start
High-Fidelity DNA Polymerase (New England Biolabs, Inc.) was used for all
PCR reactions (Reaction conditions were described in Appendix E). To construct
the stress sensor plasmid backbone, pZa-tetO-eGFP vector was digested with
Xhol-Kpnl restriction enzymes (New England Biolabs, Inc.) (Reaction conditions
were described in Appendix E). NucleoSpin Gel and PCR Clean-up Kit
(Macherey-Nagel) was used according to the manufacturer’s instructors to purify
digested DNA samples or PCR products from 1 to 1.8% Agarose gels stained with
SYBR Safe DNA Gel Stain (Thermo Fisher Scientific). Plasmid construction was
made via ligation with DNA T4 ligase (New England Biolabs, Inc.) or via Gibson
Assembly method described by Gibson et al. [137], and for quorum sensing
plasmid cloning, Golden Gate Assembly, Gibson Assembly [138], and T4 ligation
methods were used. (All reaction conditions were described in Appendix E). After
all assembly methods, mixes were directly transformed into chemical competent
E. coli DH5a cells. Constructed genetic circuits were sequence verified by Sanger

Sequencing (GENEWIZ). All genetic part sequences used this chapter was
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introduced in Table Al, and all constructed vector maps were indicated in

Appendix C with their sequencing verification results in Appendix D.

2.3.3.Chemical Competent Cell Preparation and

Transformation of DNA in Cells

Overnight cultures of E. coli DHS5a were prepared from frozen glycerol stocks and
incubated for 16 h with the same culturing conditions mentioned previously. 1%
of inoculums from overnight cultures were used to start fresh culture for
competent cell preparation. Culture was incubated at 37°C and 180 rpm shake in
Erlenmeyer flasks until ODggo reached 0.2-t0-0.5. Following, culture was cooled
in ice for 10 min and cells were collected by centrifugation at 1000 xg for 10 min
at +4°C. After centrifugation, supernatant was discarded and cell pellet was
resuspended in 10% (v/v) of TSS Buffer (10% (w/v) PEG-8000, 5% (v/v) DMSO,
50 mM MgCl, pH 6.5 in LB). For each aliquot, 100 ul of cultures were placed in

each microcentrifuge tubes and stored at -80°C.

Chemical competent cells were thawed on ice for 30 min before transformation.
For transformation, whole ligation product, Gibson Assembly reaction product, or
100 ng of intact plasmid DNA was introduced to thawed cells and incubated on
ice for 20-30 min. Following, cells were shocked by heat treatment at 42°C for 30
sec. After the heat shock, cells were cold shocked for 2 min on ice. Then, 250-
1000 ul of LB was added onto the cells and incubated at 37°C and 180 rpm shake
for 45-60 min. At the end of the incubation, cells were collected at 1000 xg for 10
min and the supernatant was discarded. The collected cells were resuspended in

50 ul of LB and spread onto LB-agar supplemented with proper antibiotics.
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2.3.4.Sequencing Alignments with Geneious Software

All plasmid maps were constructed on an online vector tool; Benchling.
Following, all plasmid maps were exported as .gb files and imported in Geneious
software together with the sequencing results of plasmid maps as .abi files. In
order to align plasmid map and its sequencing data, both sequences were selected
and pairwise alignment performed. The sequencing results for all vectors were

indicated in Appendix D.

2.3.5.Heat Shock Experiments and Toxicity Assay

After ODgoo of experimental cultures reached 0.4-t0-0.6, Erlenmeyer flasks
corresponding to heat shock treatment were immersed in 55°C water bath for 30
min as describe by Rodrigues et al. [82], while Erlenmeyer flasks corresponding
to toxicity assay were treated with water-soluble thiol-capped CdTe QDs with
varying concentrations. QDs were prepared using the method as explained in a

previous work by Seker et al. [139].

2.3.6.Fluorescence Measurement and Data Analysis

All fluorescence measurement studies were conducted via microplate reader
(SpectraMax M5, Molecular Devices). Excitation and emission wavelengths for
eGFP were set as 485 and 538 nm, respectively. Each measurement was
conducted in Corning 96-well clear flat bottom polystyrene plates with 250 uLL of
culture sample resuspended in 1xPBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM

Na;HPO,, 1.47 mM KH,PQO,4, pH 7.4). For signal normalization, raw fluorescence
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intensity was divided by ODggo values of each sample. For each treatment
(corresponding temperature or concentration), its control group (cells with mock
vector) was subtracted from sensor data. The data for the initial expression level
was recorded as the 15™ min to eliminate errors caused by delays in early protein

expression.

2.3.7.RNA Purification and cDNA Synthesis

NucleoSpin RNA kit (New England Biolabs, Inc.) was used according to the
manufacturer’s instructors to isolate total RNA from each sample. Three
independent biological replicas were prepared for each group. RNA concentration
was quantified with NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). Samples were stored at —80°C until ¢cDNA synthesis. Reverse
transcribed RNA concentration were set to 500 ng in 20 pLof reaction volume for
each sample. iScript cDNA Synthesis Kits (Bio-Rad) were used to convert RNAs
into cDNAs according to the manufacturer’s instructions (Reaction conditions

were described in Appendix E).

2.3.8.dPCR and Data Analysis

After cDNA preparation, qPCR experiment was performed with 1 pL of cDNA
for each sample via SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
for egfp and a housekeeping gene (hcaT) according to the manufacturer’s
instructions. Primers were specified in Table B1. Three technical replicas were
prepared for each independent biological replica. PCR cycles were proceeded as

follows: initial denaturation for 3 min at 95°C, denaturation for 10 sec at 95°C,
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annealing for 15 sec at 60°C, extension for 10 sec at 72°C for 39 cycles, 10 sec at
95°C (Reaction conditions were described in Appendix E). Product specificity
was confirmed by a melting curve analysis (65—95 °C). Comparative Ct method

(AACt) was used to analyze the results.

2.3.9.Time Resolved Fluorescence Spectroscopy

Experiments were performed using a PicoQuant Fluo Time 200 timecorrelated
single photon counting system. A laser diode operating at 375 nm had a repetition
rate of 80 MHz with 200 ps width. 300 nM 500 pL of QDs were added to quartz
cuvette, and cell number was kept around 4x108. To prevent the aggregation of
the QDs upon addition of the cells, the mixture was mixed rigorously. The
measurements were taken by adjusting the emission maxima of the GFP. The

results were provided in Appendix F.

2.3.10.  Microscopy

Samples were prepared together with each fluorescence measurement assays with
specified time points in each figure. All imaging was conducted with LSM 510
Confocal Microscope (Zeiss). Samples were excited with Argon 488 nm for
reporter imaging and emission was collected with LP 505 filter for eGFP, while
QD samples were excited with HeNe 543 nm laser, and emission was collected
with LP 585 filter. For dose—response curve analysis, bright field imagings of
samples were also conducted, which were merged with corresponding
fluorescence images afterward. All microscopy images of the sensors were

provided in Appendix F.
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2.3.11.  Statistical Analysis

All data were expressed as mean + standard error mean. Depending on the groups
of interest, either one-way analysis of variance (ANOVA) or two-way ANOVA
with Dunnett’s/Tukey’s/Sidak’s multiple comparison tests (GraphPad Prism v6)

were used to compare groups.

2.4. Results

2.4.1.Cloning of Initial HSR Circuits
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Figure 2.1: Construction of PdnaK-GFP-pZa-tet vector. A. PdnaK were isolated
from E. coli genome and observed at 200 bp on the gel. B. eGFP (left) and PdnaK
(right) PCR products with Gibson Assembly primers. Bands were observed at 750
bp and 250 bp, respectively. C. Digested tet-GFP-R5-pZa vector with HindlI1-pnl
enzyme pairs. Linear vector and GFP-R5 piece were observed at 2100 bp and 800

bp, respectively. 1 kb+ DNA Ladder (NEB) was used as DNA marker.
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For cloning of PdnaK-GFP-pZa vector, DnaK promoter (PdnaK) was isolated
from E. coli genome via PCR using primers in Table B.1. PCR products were run
on 1% Agarose gel (Figure 2.1A) and isolated using MN-gel extraction kit
according to manufacturer’s instructions. Further, eGFP and isolated PdnaK
promoter were amplified with Gibson Assembly primers (Table B.1), and PCR
products were run on on 1% Agarose gel (Figure 2.1B left and Figure 2.1B right,
respectively) and isolated to be assembled with Gibson Assembly reaction. For
backbone, tet-GFP-R5-pZa vector, constructed by Dr. Tolga Tarkan Olmez in our
lab previously, were digested with Hindlll-Kpnl enzyme pairs and linearized.
Digested backbone products were run on 1% Agarose gel (Figure 2.1C) and
isolated. Obtained pieces were assembled with Gibson Assembly reaction. After
Gibson Assembly, selected colonies were verified with restriction digestion

(Figure 2.2A) and sequencing (Appendix D).
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Figure 2.2: Verification of PdnaK-GFP-pZa-tet vector with restriction digestion
(A), and backbone linearization for PdnaK-GFP-pZa (B). A. After restriction
digestion, expected bands (1200 bp for tet-PdnaK-GFP piece and 2200 bp for pZa

backbone) were observed only for colony 3 and 4. B. PCR product of linear
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PdnaK-GFP-pZa vector was observed at 2800 bp. 1 kb+ DNA Ladder (NEB) was

used as DNA marker.

To construct PdnaK-GFP-pZa, verified PdnaK-GFP-pZa-tet vector was linearized
with PCR to exclude tet operon from the vector utilizing primers in Table B1.
PCR products were run on 1% Agarose gel (Figure 2.2B) and isolated. Isolated
linear vector was assembled with Gibson Assembly reaction. After Gibson

Assembly, selected colonies were verified with sequencing (Appendix D).
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Figure 2.3: Construction of PclpB-GFP-pZa vector. A. PCR product of linear
PclpB-GFP-pZa-tet vector was observed at 3000 bp. B. PCR product of linear
PclpB-GFP-pZa vector was observed at 2600 bp. 1 kb+ DNA Ladder (NEB) was

used as DNA marker.

To construct PclpB-GFP-pZa vector, first PdnaK-GFP-pZa-tet vector was

amplified with PclpB overhang primers (Table B1.) to exclude PdnaK region. The
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PCR products were run on 1% Agarose gel (Figure 2.3A) and isolated. Isolated
linear vector was assembled with Gibson Assembly reaction. After Gibson
Assembly, selected colonies were verified with sequencing (Appendix D).
Further, to exclude tet operon from the vector, PclpB-GFP-pZa-tet vector was
linearized with PCR to exclude tet operon from the vector utilizing primers in
Table B1. PCR products were run on 1% Agarose gel (Figure 2.3B) and isolated.
Isolated linear vector was assembled with Gibson Assembly reaction. After

Gibson Assembly, selected colonies were verified with sequencing (Appendix D).
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Figure 2.4: Construction of PfxsA-GFP-pZa and PibpA-GFP-pZa vectors. A. PCR
product of PfxsA was observed at 190 bp. B. PCR product of linear PibpA was
observed at 180 bp. C. PCR product of linear backbone was observed at 2700 bp.
50 bp DNA Ladder (NEB) and 1 kb+ DNA Ladder (NEB) were used as DNA

markers for promoters and backbone, respectively.

For cloning of PfxsA-GFP-pZa and PibpA-GFP-pZa vectors, FxsA and IbpA
promoters (PfxsA and PibpA, respectively) were isolated from E. coli genome via
PCR using primers in Table B.1. Small PCR products were run on 1.8% Agarose
gel while large PCR products were run on 1% Agarose gel (Figure 2.4A for PfxsA

and Figure 2.4B for PibpA) and isolated using MN-gel extraction kit according to
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manufacturer’s instructions. Further PdnaK-GFP-pZa backbone was amplified to
exclude PdnaK with primers in Table B.1 and run on 1% Agarose gel (Figure
2.4C) and isolated. Obtained pieces were assembled with Gibson Assembly
reaction. After Gibson Assembly, selected colonies were verified with sequencing

(Appendix D).

2.4.2.Cloning of Circuits with Engineered Riboregulators

For cloning of PdnaK-riboswitch-GFP-pZa vector, four independent PCR
reactions for PdnaK-taRNA, taRNA-terminator, PdnaK-crRNA, and crRNA-GFP
DNA pieces were performed with primers in Table B.1 to be assembled via
Gibson Assembly method (Appendix E). All PCR products were run on 1%
Agarose gel (Figure 2.5) and isolated using MN-gel extraction kit according to
manufacturer’s instructions. For backbone, formerly constructed PdnaK-GFP-
pZa-tet vector were digested with HindllI-Aatll enzyme pairs and linearized. All
pieces were assembled with Gibson Assembly reaction. After Gibson Assembly,

selected colonies were verified with sequencing (Appendix D).
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Figure 2.5: Construction of PdnaK-riboswitch-GFP-pZa vector. A. PCR product
of PdnaK-taRNA was observed at 250 bp. B. PCR product of taRNA-terminator

was observed at 184 bp. C. PCR product of PdnaK-crRNA was observed at 247
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bp. D. PCR product of crRNA-GFP was observed at 787 bp. 1 kb+ DNA Ladder

(NEB) was used as DNA marker.

For cloning of PclpB-riboswitch-GFP-pZa vector, PclpB-taRNA-rrBT1-PclpB-
crRNA DNA piece including all riboregulator mechanism was synthesized from
GenScript and received in pUC57 vector. To obtain the whole piece, the pUC57
vector was digested with Kpnl-Aatll enzyme pairs. The digestion products were
run on 1% Agarose gel (Figure 2.6) and isolated using MN-gel extraction Kit
according to manufacturer’s instructions. For backbone, formerly constructed
PdnaK-GFP-pZa vector were digested with the same enzyme pairs and linearized.
All pieces were assembled with T4 ligation reaction (Appendix E). After ligation,

selected colonies were verified with sequencing (Appendix D).

10K —

3K —
— e —

1IK —

0.5K— [

Figure 2.6: Construction of PclpB-riboswitch-GFP-pZa vector. Digested
riboregulator region in pUC57 vector was observed at 500 bp. 1 kb+ DNA Ladder

(NEB) was used as DNA marker.
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For cloning of PfxsA-riboswitch-GFP-pZa vector, two independent PCR reactions
for PfxsA-taRNA and PfxsA-crRNA DNA pieces were performed with primers in
Table B.1 to be assembled via Gibson Assembly method (Figure 2.7C). Also, for
taRNA-terminator, formerly synthesized PclpB-riboregulator piece was digested
with Sall-Xhol enzyme pairs (Figure 2.7A), and for the linear backbone PdnaK-
riboswitch-GFP-pZa vector was digested with Pstl-BamHI enzyme pairs (Figure
2.7B). Both PCR and digestion products were run on Agarose gel (1.8% Agarose
gel for small fragments and 1% Agarose gel for large fragments were used.) and
isolated using MN-gel extraction kit according to manufacturer’s instructions
(Figure 2.7). All pieces were assembled with Gibson Assembly reaction. After

Gibson Assembly, selected colonies were verified with sequencing (Appendix D).
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Figure 2.7: Construction of PfxsA-riboswitch-GFP-pZa vector. A. Digestion
product of taRNA-terminator was observed at 180 bp. B. Digestion product of
linear backbone was observed at 2600 bp. C. PCR products of PfxsA-taRNA (left)
and PfxsA-crRNA (right) were observed at 230 bp. 50 bp DNA Ladder (NEB)
and 1 kb+ DNA Ladder (NEB) were used as DNA markers for small and large

DNA pieces, respectively.
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For cloning of PibpA-riboswitch-GFP-pZa vector, two independent PCR reactions
for PibpA-taRNA and PibpA-crRNA DNA pieces were performed with primers in
Table B.1 to be assembled via Gibson Assembly method (Figure 2.8). Also, for
taRNA-terminator, formerly synthesized PclpB-riboregulator piece was digested
with Sall-Xhol enzyme pairs (Figure 2.7A), and for the linear backbone PdnaK-
riboswitch-GFP-pZa vector was digested with Pstl-BamHI enzyme pairs (Figure
2.7B). All pieces were assembled with Gibson Assembly reaction. After Gibson

Assembly, selected colonies were verified with sequencing (Appendix D).
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Figure 2.8: Construction of PibpA-riboswitch-GFP-pZa vector. PCR products of
PibpA-taRNA (left) and PibpA-crRNA (right) were observed at 230 bp. 50 bp

DNA Ladder (NEB) was used as DNA marker.

2.4.3.Cloning of Engineered Quorum Sensing Circuit

Cloning of the engineered quorum sensing vector was designed based on Golden
Gate Assembly method. To add a Bsal restriction enzyme recognition site to all
parts, each DNA piece was amplified by PCR primers in Table B.1. All PCR

products were run on 1% or 1.8% Agarose gels (for large and small fragments,
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respectively) and isolated using MN-gel extraction kit according to
manufacturer’s instructions (Figure 2.9). All pieces were assembled with Golden
Gate Assembly reaction (Appendix E). After assembly, selected colonies were
sent for sequencing analysis. However, sequencing results showed that some
pieces (PdnaK, luxl, and a terminator) did not inserted in the backbone, and these
pieces were assembled with Gibson Assembly method. First, these pieces were
amplified by PCR primers (Table B.1) to add homology regions. All PCR
products were run on 1% Agarose gel and isolated using MN-gel extraction kit
according to manufacturer’s instructions (Figure 2.10). For backbone, product of
Golden Gate Assembly was used and digested with Sall enzyme to linearize the
vector. PCR products were assembled with linear backbone with Gibson
Assembly, and selected colonies were sent for sequencing. After verification,
colonies and the eGFP were digested with Kpnl-Mlul restriction enzyme pair.
Both products were ligated with T4 ligation method and selected colonies were

verified by sequencing (Appendix D).
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Figure 2.9: Construction of engineered quorum sensing vector with Golden Gate
Assembly. A. Plux-pZa vector was observed at 1900 bp. B. Plux-terminator was

observed at 130 bp. C. Bsal site added luxR was observed at 800 bp. D. Bsal site
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added luxI was observed at 650 bp. E. Bsal site added PdnaK was observed at 230
bp. F. Bsal site added terminator was observed at 130 bp. G. Bsal site added Plux-
terminator was observed at 160 bp. H. Bsal site added Plux-pZa vector was
observed at 2000 bp. 50 bp DNA Ladder (NEB) and 2-log DNA Ladder (NEB)

were used as DNA markers for small and large DNA pieces, respectively.

2-log DNA Ladder 50 bp DNA Ladder
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Figure 2.10: PCR products of engineered quorum sensing vector for Gibson
Assembly. PCR product of PdnaK (left), luxl (middle), and terminator (right)
were observed at 250 bp, 675 bp, and 150 bp, respectively. 50 bp DNA Ladder
(NEB) and 2-log DNA Ladder (NEB) were used as DNA markers for small and

large DNA pieces, respectively.

2.4.4.Characterization of Native HSR and Riboregulator-
mediated Stress Circuits with Heat
For heat shock experiments, each group was subjected to either 37°C or 55°C heat

treatment for 30 min. HSR circuits with native HSP promoters (PdnaK, PclpB,

PfxsA, and PibpA) showed no significant difference upon exposure to elevated
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heat (Figure 2.11). Additionally, their initial background signal was high. On the
other hand, riboregulator-mediated circuits decreased the background signal, but
signal coming from the stressor also decreased. Among the characterized circuits,
PibpA with riboregulators showed significant signal increase upon elevated heat

treatment (Figure 2.11D).
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Figure 2.11: Fluorescent signal results of heat treated toxicity sensors with native
HSP promoters and their riboregulator-mediated constructs for PdnaK (A.), PclpB
(B.), PfxsA (C.), and PibpA (D.) circuits. Experiments were performed as three
biological replicates in different days. Heat shock was applied at 55°C water bath
for 30 min, and control samples were kept at 37°C. Sensors with native HSP
promoters and sensors with riboregulators in each group were normalized between
each other based on formula stated in Materials and Methods section. p < 0.0001
was represented with four stars while statistically non-significant results had no

stars.

42



2.4.5.Sensing the Nanomaterial-triggered Toxicity Using

Riboregulator-mediated Stress Circuits

For toxic stressor, CdTe QD was selected as model nanomaterial. Each
riboregulator-mediated sensor group was either subjected to 300 nM of QD
treatment or kept as uninduced. Upon stress, circuits, except riboregulator-
mediated PibpA sensor, showed a significant response upon immediately after QD

exposure (Figure 2.12).
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Figure 2.12: Fluorescence signal results of CdTe QD treated riboregulator-
mediated stress sensors with PdnaK (A.), PclpB (B.), PfxsA (C.), and PibpA (D.).
Experiments were performed as three biological replicates in different days. 300
nM QD was applied as stress factor. All data were normalized according to

formula stated in Materials and Methods section. p < 0.05, p <0.01, and p <0.001
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were represented with one, two, and three stars, respectively. Statistically non-

significant results had no stars.

2.4.6.RT-gPCR of Riboregulator-mediated Stress Circuits

For expression analysis at mRNA level, riboregulator-mediated PibpA circuit was
selected as model sensor. Both heat at 55°C and 300 nM CdTe QD treatment were
performed on sensor. After 60 min of stress treatment, cells were collected and
RNAs were isolated. After RT-gPCR analysis, the riboregulator-mediated PibpA
sensor showed a significant response upon heat shock while there was no

significant response to QD treatment (Figure 2.13).
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Figure 2.13: RT-gPCR analysis of riboregulator-mediated PibpA sensor induced
with heat (A.) and CdTe QDs (B.). Experiments were performed as three
biological replicates in different days. Samples were collected for RNA isolation
at 60™ min after stress treatment. All data was normalized to un-treated control
sample. p < 0.0001 was represented with four stars. Statistically non-significant

results had no stars.
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2.4.7.Characterization of Engineered Quorum Sensing

Circuit with HSR

Similar to other stress sensors, engineered QS circuit was either subjected to 300
nM of QD treatment or kept as uninduced. Results showed a significant response
upon immediately after QD exposure and high background signal was observed
(Figure 2.14).
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Figure 2.14: Fluorescence signal results of CdTe QD treated engineered quorum
sensing stress sensors with PdnaK. Experiments were performed as three

biological replicates in different days. 300 nM QD was applied as stress factor.

2.5. Discussion

Selection of a proper promoter is crucial in whole cell biosensor studies since
reporter expression rate highly depends on promoter strength. HSR pathway

offers many promoter options with varying strengths from very low to high
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expression level. We chose HSP promoters which show moderate or high
expression levels in response to heat induction [82]. Among them, we considered
following HSP promoters which were characterized in previous studies namely:
dnaK [70, 71, 82, 111], clpB [70, 71, 111], fxsA [82] and ibpA [82]. Initial stress
sensor circuits were constructed with these highly stress-inducible HSP promoters
controlling the expression of a reporter (gfp). Before toxicity assessment, we
characterized all constructed circuits with elevated heat stress; main stressor of
HSR mechanism. Also, we aimed at finding the best performing promoter
between the selected ones so that we could fully characterize the most promising

stress sensor candidate afterwards.

Phsp Phsp
Pia res ore )
I Transcription I
AUG
I |
crRNA RBS taRNA
RBS AUG
LU
orRNA taRNA
Reprjy
9 RNA-duplex
was o formation
- trans-activation CRNA
e I AUG

crRNA RBS

Figure 2.15: Working mechanism of engineered riboregulators. In the absence of

taRNA, reporter expression is blocked by crRNA with a loop formation.
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However, taRNA favorably forms a complex with crRNA which makes RBS free
so that gene expression starts. Reprinted with permission from ref [140].

Copyright 2004 Springer Nature.

The native HSP promoters are active in cells while the cells are growing. To be
able to make a significant comparison, 15" min following heat induction was used
as the starting point. This allows us to eliminate any errors due to the delay in
sampling and measurements. In general, reporter expression reaches its maxima at
one hour after heat induction at 55°C for 30 min and the signal decreases
afterwards (Figure 2.11). Previous studies have reported that cells start adapting
themselves to the environment and decreasing c>-dependent gene expression.
Besides transcription, decrease in translation efficiency might cause a decline in
signal accumulation [82]. Thus, not only promoters but also RBS strength might

be engineered to overcome insufficient signal output.

Among the four initial circuits, the one harboring the clpB promoter region
(originally active in the synthesis of the CIpB heat shock protein) did not give a
useful signal. However, the rest of the initial circuits gave high signals both in the
presence and the absence of the stress condition, which was the elevated
temperature. Although ClpB shows similar function with DnaK machinery
(preventing aggregation of denatured proteins), its expression is lower at elevated
heat conditions [141-143]. Thus, clpB promoter might not be activated
significantly upon heat treatment. Therefore, the increase in the signal upon heat

treatment was not significant. Based on the high background signal, it was
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suspected that initial circuits with HSP promoters were leaky. By taking this point
into consideration, we engineered them with riboregulators adapted from Isaacs et
al. [140] to prevent any background signal in initial circuits. We modified our
initial toxicity sensor circuits with riboregulators to eliminate any leakage may be
caused by HSP promoters. Isaacs et al. characterized a library of artificial
riboregulators to tightly control the gene expression. Working principle of
riboregulators has been summarized in Figure 2.15: This system employs small
non-coding RNAs (sncRNAs) found in cells. At normal growth conditions, one of
the sncRNAs, namely cis-repressing RNA (crRNA), blocks the gene expression
with a loop formation on ribosome-binding site (RBS). Upon induction, trans-
activating RNA (taRNA) has been expressed to form a complex with crRNA. As a
result of crRNA-taRNA complex formation, RBS becomes accessible to ribosome
which initiates the gene expression. The riboregulators constructed by Isaacs et al.
were coupled with HSP promoters at transcription initiation sites of toxicity
sensors. The test results of the initial circuits with increased heat stress were
presented in Figure 2.11A, 2.11B, 2.11C, 2.11D, riboregulator-modified and non-
modified initial sensor circuits were compared and representative fluorescent
microscopy images were shown in Appendix F. Riboregulator-mediated toxicity
sensors showed a dramatic decrease in background signal, except for clpB
promoter as discussed above. Although riboregulators decreased the background
signal almost entirely, a significant fold-expression was not observed upon heat
treatment. Nevertheless, riboregulator-mediated ibpA promoter showed the best
performance compared to the dnaK promoter, clpB promoter, and fxsA promoter

upon heat treatment. IbpA protein, in cooperation with IbpB protein, is
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responsible for inclusion body prevention in cells. It has been shown that IbpA
expression increases with elevated heat and in some cases with chemical exposure
that causing inclusion body formation under stress [144]. Elevated heat treatment
(55°C, 30 min) might induce inclusion body formation in cells driving expression
from ibpA promoter. Yet, further engineering strategies to increase the sensor

signal was required.

QDs are used for many applications such as fluorescent labeling or drug delivery
since they exhibit high photostability, and are easy to functionalize [145]. Due to
the high demand for the utilization of QDs we aimed to use them as potential test
materials for their toxicity. Testing NMs for their cytotoxicity is a common
approach in every synthesis work for biomedicine related applications [146]. Yet,
there is no specific and rapid biosensor to assess toxicity of QDs. Here we are
proposing a fast feedback about the NM-triggered toxicity that can be obtained
from the whole cell sensor system. Such information can help one to engineer NPs
and save significant amount of time without carrying out complex tests at every
step. QDs show toxicity on bacteria through photogeneration and ROS formation.
Light induced release of heavy metals from QD surface might increase heavy
metal ion uptake by cells which cause DNA damage, loosen membrane integrity,
interrupted electron transfer chain or oxidation of proteins and lipids in cells [128,

145].

After characterization of constructed circuits with heat, riboregulator-mediated
stress sensors were screened by employing red emitting CdTe QDs to analyze
NM-triggered toxicity as the main motivation was to detect toxicity of NMs.
CdTe QDs were selected as representative NMs used for many applications (i.e.,
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fluorescent labeling or drug delivery) in medicine. The riboregulator-mediated
sensors were treated with CdTe QDs and showed a quick stress response right
after QD treatment, except for PibpA-mediated sensor (Figure 2.12). Stress could
activate different pathways such as SOS, ROS, and HSR. Yet, not all of the
elements in these pathways could be activated by each stress conditions. For
instance, elevated temperatures fully activate HSR, but not the oxyR dependent
ROS response, or vice versa for H,O, exposure [147]. IbpA, referring inclusion
body binding protein A, is one of the sHSPs playing roles in protein aggregate
prevention. It was shown that IbpA expression increases at elevated temperatures
which might lead to aggregation. However, although IbpA responds immediately
to heat treatment, it does not respond with the same fashion to all chemicals [148,
149]. Our result indicated that CdTe QD exposure did not initiate gene expression
from PibpA (Figure 2.12D), but from others (Figure 2.12A, 2.12B, 2.12C), and a
quick and high response was observed in each case independent from the
promoter type. The data was supported by representative fluorescent microscopy

images in Appendix F.

Moreover, to demonstrate QDs do not interfere with the GFP signal, we treated
and evaluated constitutively expressed GFP as positive control (Appendix F).
These results showed that GFP signal continued increasing even in the presence of
higher concentrations of QDs. Also, time resolved fluorescence spectroscopy
(TRF) measurement indicated that QDs had no effect on GFP quenching.
Additionally, reporter of the sensor (GFP) is interchangeable so that one can use
different reporter genes in the case of interference of GFP with NM of interest to

eliminate possible quenching of the signal.
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Following, we aimed at analyzing the IbpA-mediated sensor working principle at
transcription level so that we measured its response to heat as well as to QDs.
Using RT-qPCR, a representative set of experiment was carried out. Results
showed that gene expression was increased up to 90-fold upon heat treatment
(Figure 2.13A) while QD treatment had no dramatic effect compared with
untreated control group (Figure 2.13B). The data support that elevated heat

treatment has adverse effect on cells perhaps causing inclusion body formation.

A. A v

7 N\

‘ \ 4 A
‘ °

Pcons. PdnaK Plux

RNAP

a7l

a32

B A =
> aat v
\ 4 AllY A
A A
. ((‘ A A - \ ‘ - LuxR
A
A A
‘ m ‘A £ m = Luxl
v Pcons. PdnaK Plux .
oy G
& g &;jj ‘g:\;t\ = cFp
4 s
A A 4 v 4 v

Figure 2.16: Working mechanism of engineered QS mechanism with HSR. A. At
normal growth conditions, constitutively expressed LUxR is degraded in cells and
AHL level is kept at basal level. B. Upon stress, o°-dependent transcription is

activated in cells and LuxlI transcription through PdnaK promoter starts. The Luxl

o1



converts more AHL which are freely diffusible within cells to stimulate other cells
in the environment. Cells trigger reporter expression with LuxR-AHL complex

and increased signal is observed.

We also tested growth kinetics of cells upon both heat and QD treatment and
observed that both stressors slowed down cell growth compared with the
untreated control group (Appendix F). However, no detrimental cell death was
observed upon QD treatment at the applied concentration, 300 nM. The same

observation was also valid for heat treatment at 55°C.

Because of decreased stressor signal, quorum sensing (QS), bacterial
communication, mechanism was introduced to HSR as a feedback mechanism to
increase the signal upon stress exposure. QS is the mechanism of bacterial
communication through mediator signaling molecules, autoinducers (Als). As
bacteria population increases, Als in environment also increases to facilitate
altering the gene expression collectively. Such collective behavior includes
bioluminescence, biofilm formation, sporulation, antibiotic production, or
virulence factor production [150]. In a typical Gram negative bacterium, QS
mechanism is based on LuxI-LuxR system which discovered in a bioluminescent
bacterium, Vibrio fischeri [151]. In this system, the Luxl is the Al synthase which
synthesizes a freely diffusible acyl homoserine lactone (AHL); the Al molecule.
The LuxR is the transcription factor which is recognized by AHL and activates
QS operon forming a feed-forward loop by producing more Luxl in cells. The

LuxR is unstable in cells in the unbound form while AHL binding stabilizes it
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[150]. Here we engineered the LuxI-LuxR-based QS mechanism to make a
toxicity sensor. In the circuit, constitutively expressed LuxR is expected to be
degraded when it is not bound to AHL (Figure 2.16A). Upon stress, Luxl
production increases from PdnaK promoter which synthesizes AHL in cells.
Further, LuxR-AHL complex recognizes Plux promoter, controlling the reporter
expression (Figure 2.16B). The stress circuit with engineered QS mechanism was
tested with 300 nM of CdTe QDs as a model nanomaterial as used previously.
Similar results were observed (Figure 2.14): Cells responded the toxic compound
immediately in 15 min. However, QS mechanism increased the background signal
because of the leaky nature of activation based systems. Thus, this circuit was also
not suitable for a well-controlled toxicity sensor because of the high background
at its uninduced form. As a conclusion, it might be more suitable to integrate a
repressor in the circuits to provide tight control, to decrease the background, and

to increase stressor signal.

2.6. Conclusion

Recent developments in nanotechnology accelerated nanomaterial applications in
various fields. Their unique properties [119-121] such as small size, high surface-
to-volume ratio, and catalytic activity make them potentially dangerous to living
systems because they have ability to penetrate through tissues and cells easily
[124-130, 132-134]. Thus, an early diagnostic toxicity assessment procedure is a
necessity prior to NM application on living systems as well as on environment.
Here we propose synthetic genetic circuits which are capable of sensing early

stages of stress caused by NMs using an engineered HSR system [97]. In this
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study, all stress responsive circuits were characterized by exposing the circuit
harboring cells to elevated temperatures; later selected cells were used as the
candidate sensors for NM exposure. Stress responsive circuits with mostly
expressed native HSP promoters controlling a reporter output, GFP, were found to
have a looser control on the expression and as a result high background signals
were observed. Coupled with a set of synthetic riboregulators, engineered native
HSP promoters were found to be more functional as sensing elements. Among the
chosen native promoters, Pispa promoter also seemed to be the best performing
promoter under stress conditions when coupled with a riboregulator system. The
riboregulator we used prevented leaky protein expression as expected. Yet, they
caused decrease in stressor signal as well. To overcome this issue, bacterial
qguorum sensing (QS) was integrated in a selected HSR circuit. Although results
demonstrated an obvious increase in signal compared with any of other HSR
circuits, the background also increased in parallel. Thus, more controllable

mechanism is in demand to solve high background issue.

Whole cell sensors have a great potential for numerous future applications such as
monitoring NM-triggered toxicity. In general, NM-triggered toxicity is a complex
phenomenon. After the NPs enter to the blood stream or interact with the cells,
many molecular mechanisms are triggered. However, to track these changes at
genome and proteome level is labor intensive and costly process. Hence, we
believe that our quick reporter systems will provide crucial initial data to make
judgments about the level of toxicity. However, one should notice that our
proposed circuit design is not tissue or organism specific but gives a general idea

if the NM of interest triggers any toxicity. To be more specific about the reasons
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for the toxicity, specific biomarkers should be identified using genome,
transcriptome, or proteome level analysis for each type of NP available with
varying surface properties. Such an attempt may have a potential to develop

whole cell sensor with complex circuit designs including logic-based operations.
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CHAPTER 3

Repression-based Control of Toxicity

Sensing
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3.1. Objective of the Study

Biocompatibility assessment of nanomaterials has been of great interest due to
their potential toxicity. However, conventional biocompatibility tests fall short of
providing a fast toxicity report. We developed a whole cell based biosensor to
track biocompatibility of nanomaterials with the aim of providing fast feedback to
engineer them with lower toxicity levels. In previous chapter we showed that heat
shock response (HSR) protein promoters were not suitable to form such kind of
sensor because of they are already very active in cells at normal growth
conditions. On the other hand, althoug introducing riboregulators to native
promoters eliminated unwanted background signals almost entirely, they caused a
decrease in stressor signal. Besides, engineering of these circuits with quorum
sensing (QS) mechanism increased both bakcgound and stressor signal
dramatcially. Thus, instead of using an activator based genetic circuits which
caused high background, a repression based genetic circuit, inspired by the HSR
mechanism of Mycobacterium tuberculosis, was constructed. These genetic
circuits could report the toxicity of quantum dot nanoparticles immediately after
exposure. Our designed nanoparticle toxicity sensors can provide quick reports,
which can lower the demand for additional experiments with more complex

organisms.

3.2. Introduction

Although heat shock response (HSR) mechanism is highly conserved, it varies

among prokaryotes. Some bacteria utilize positive regulation which orchestrates
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sigma factors to selected promoters, while others use negative regulation with the
help of special transcriptional repressors. Even in some microorganisms, both
mechanisms co-exist [37]. As described previously (Chapter 1), HSR mechanism
in E. coli is based on positive regulation. At stress conditions, 6> factor interacts
with RNAP initiating HSP expression [35]. On the other hand, negative regulation
consists of two necessary components: a repressor and its recognition sequences
on promoters. The HSR repressor controls expression of its operon blocking the
promoter recognition at normal conditions while dissociating from the promoter
allowing RNAP to initiate gene expression. This mechanism is utilized by
Bacillus subtilis (has HrcA and CtsR repressors), Streptomyces genus (has HspR
repressor), Streptomyces albus (has HrcA, HspR, and RheA repressors),
Campylobacter jejuni (has HspR repressor), Mycobacterium tuberculosis (has
HspR repressor), and Deinococcus radiodurans (has HspR repressor). Although
discovered transcriptional repressors varies in species, they share a common base
since they recognize very specific DNA sequences reside on the HSP promoters

[37].

Unlike HSR mechanism in E. coli, M. tuberculosis regulates its HSR mechanism
with a special repressor, HspR, synthesized from dnaKJE-hspR operon via a self-
controlled feedback mechanism. HsSpR recognizes specific sequences found in
promoter region called HspR-associated inverted repeats (HAIR) with the
assistance of DnaK chaperone and blocks its own operon under normal growth
conditions. However, upon stress, HspR and DnaK dissociates from promoter
initiating the gene expression [152]. Additionally, it has been shown that HspR

does not require DnaK assistance during HAIR recognition; in particular, DnaK
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improves binding of HspR on promoter [153]. Native HSR system of E. coli has
transcription factor working as an activator in the pathway, which may cause high
background signal in circuits since these transcription factors are already active in
cells at basal level. We proposed that a repression-based sensor design might be a
solution to suppress high background signal. This hypothesis led us to design

circuits with HSR systems from M. tuberculosis.

3.3. Materials and Methods

3.3.1.Media and Strains

E. coli DH5a (New England Biolabs, Inc.) was grown in LB medium (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) with proper antibiotics at
37°C and 180 rpm shake in Erlenmeyer flasks. Overnight cultures were prepared
from frozen glycerol stocks and incubated for 16 h with the same culturing
conditions mentioned previously. 1% of inoculums from overnight cultures were
used to start experimental cultures and monitored via spectrophotometer
(GENESYS 10 Bio, Thermo Scientific) until ODgy reached 0.4-to-0.6 before

induction steps were applied.

3.3.2.Plasmid Construction

M. tuberculosis dnaK promoter was amplified from Mycobacterium bovis
genomic DNA, which has the same promoter sequence with M. tuberculosis, by
primers shown in Table B1. Codon optimized M. tuberculosis HSpR repressor was
synthesized by GENEWIZ Company. Q5 Hot Start High-Fidelity DNA
Polymerase (New England Biolabs, Inc.) was used for all PCR reactions
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(Reaction conditions were described in Appendix E). To construct the stress
sensor plasmid backbone, pZa-tetO-eGFP vector was digested with Xhol-Kpnl
restriction enzymes (New England Biolabs, Inc.) and pET-22b(+) was digested
with Sall-Spel restriction enzymes (New England Biolabs, Inc.) for repressor
plasmid backbone construction (pET22b-mProD-HspR) (Reaction conditions
were described in Appendix E). NucleoSpin Gel and PCR Clean-up Kit
(Macherey-Nagel) was used according to the manufacturer’s instructors to purify
digested DNA samples or PCR products from 1 to 1.8% Agarose gels stained with
SYBR Safe DNA Gel Stain (Thermo Fisher Scientific). Plasmid construction was
made via ligation with DNA T4 ligase (New England Biolabs, Inc.) or via Gibson
Assembly method described by Gibson et al. [137] (Both reaction conditions were
described in Appendix E). Expression vector for HspR (T7-HspR-pET22b) was
constructed via Gibson Assembly method. First, backbone was digested with
Xbal-Xhol enzymes, and HspR was amplified at two round PCR with specified
primers in Table B1. After all assembly methods, mixes were directly transformed
into chemical competent E. coli DHS5a cells. Colonies were screened by plasmid
digestion. Constructed genetic circuits were sequence verified by Sanger
Sequencing (GENEWIZ). All genetic part sequences used this chapter was
introduced in Table Al, and all constructed vector maps were indicated in

Appendix C with verified sequencing results in Appendix D.
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3.3.3.Chemical Competent Cell Preparation and

Transformation of DNA in Cells

Overnight cultures of E. coli DH5a were prepared from frozen glycerol stocks and
incubated for 16 h with the same culturing conditions mentioned previously. 1%
of inoculums from overnight cultures were used to start fresh culture for
competent cell preparation. Culture was incubated at 37°C and 180 rpm shake in
Erlenmeyer flasks until ODggy reached 0.2-t0-0.5. Following, culture was cooled
in ice for 10 min and cells were collected by centrifugation at 1000 xg for 10 min
at +4°C. After centrifugation, supernatant was discarded and cell pellet was
resuspended in 10% (v/v) of TSS Buffer (10% (w/v) PEG-8000, 5% (v/v) DMSO,
50 mM MgCl; pH 6.5 in LB). For each aliquot, 100 pl of cultures were placed in

each microcentrifuge tubes and stored at -80°C.

Chemical competent cells were thawed on ice for 30 min before transformation.
For transformation, whole ligation product, Gibson Assembly reaction product, or
100 ng of intact plasmid DNA was introduced to thawed cells and incubated on
ice for 20-30 min. Following, cells were shocked by heat treatment at 42°C for 30
sec. After the heat shock, cells were cold shocked for 2 min on ice. Then, 250-
1000 pl of LB was added onto the cells and incubated at 37°C and 180 rpm shake
for 45-60 min. At the end of the incubation, cells were collected at 1000 xg for 10
min and the supernatant was discarded. The collected cells were resuspended in

50 ul of LB and spread onto LB-agar supplemented with proper antibiotics.
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3.3.4.Sequencing Alignments with Geneious Software

All plasmid maps were constructed on an online vector tool; Benchling.
Following, all plasmid maps were exported as .gb files and imported in Geneious
software together with the sequencing results of plasmid maps as .abi files. In
order to align plasmid map and its sequencing data, both sequences were selected
and pairwise alignment performed. The sequencing results for all vectors were

indicated in Appendix D.

3.3.5.Heat Shock Experiments and Toxicity Assay

After ODgoo of experimental cultures reached 0.4-t0-0.6, Erlenmeyer flasks
corresponding to heat shock treatment were immersed in 55°C water bath for 30
min as describe by Rodrigues et al. [82], while Erlenmeyer flasks corresponding
to toxicity assay were treated with water-soluble thiol-capped CdTe QDs with
varying concentrations. QDs were prepared using the method as explained in a
previous work by Seker et al. [139]. For tert-Butyl hydroperoxide (TBHP)
induction, 200 uM of TBHP was applied on cells and incubated at 37°C for 30
min. Control flasks were kept as untreated at 37°C. Three independent biological

replicas were prepared for each group.

3.3.6.Fluorescence Measurement and Data Analysis

All fluorescence measurement studies were conducted via microplate reader
(SpectraMax M5, Molecular Devices). Excitation and emission wavelengths for

eGFP were set as 485 and 538 nm, respectively. Each measurement was
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conducted in Corning 96-well clear flat bottom polystyrene plates with 250 uL. of
culture sample resuspended in 1xPBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM
Na;HPQ4, 1.47 mM KH,PQO4, pH 7.4). For signal normalization, raw fluorescence
intensity was divided by ODggo values of each sample. For each treatment
(corresponding temperature or concentration), its control group (cells with mock
vector) was subtracted from sensor data. Only dose response curve (Figure 3.10)
was drawn with two sets of groups (control and sensor) without mock subtraction.
For 0-to-1 normalization, each value was subtracted from minimum value and
divided by difference between maximum and minimum values in related groups.
The data for the initial expression level was recorded as the 15™ min to eliminate

errors caused by delays in early protein expression.

3.3.7.HspR Expression and Western Blot Analysis

E. coli BL21 (DE3) cells (New England Biolabs, Inc.) carrying HSpR expression
vector (T7-HspR-pET22b) was grown in LB medium with proper antibiotics at 37
°C and 180 rpm in Erlenmeyer flasks. 1% of inoculums from overnight cultures
were used to start expression cultures and monitored until ODggo reaches 0.4-to-
0.6 before induction steps were applied. A control culture was kept as uninduced
and other culture was induced with 1 mM of isopropylthio-galactoside (IPTG) for
3 h. Afterward, cells were collected, resuspended in 10 mM of imidazole buffer
(pH 7.4) supplemented with 1 mM of phenyl methyl sulfonyl fluoride (PMSF)
(AMRESCO Inc.), and proteins were extracted via freeze—thaw method. Protein
concentrations were determined with BCA Assay (Thermo Fisher Scientific) and

diluted to final concentration of 740 pg/ml. Proteins were denatured and resolved
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on 15% SDS-PAGE gel prepared with BioRad SDS Gel casting system. 20 pL
from protein samples were run on gel by using 6xLoading Dye (375 mM Tris-
HCI (pH 6.8), 9% (w/v) SDS, 50% (v/v) Glycerol, 0.03% (v/v) Bromophenol
blue). All samples were boiled at 95°C for 5 min prior to run on gel. 1xSDS
Running Buffer (25 mM Tris-HCI, 200 mM Glycine, 0.1% (w/v) SDS) was used
during the run. Further, gel was transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific). Membrane was blocked with 5% freeze-
dried nonfat milk in TBS-T for 1 h at room temperature, and then incubated at
+4°C overnight with primary antibody (His-Tag mouse McAD) (Proteintech
Europe) diluted at 1:10000 in blocking solution. Afterward, membrane was
washed with TBS-T and incubated with HRP conjugated goat antimouse
secondary antibody (abcam) diluted at 1:10000 in blocking solution for 1 h and
visualized by enhanced chemiluminescence (Bio-Rad) according to the
manufacturer’s protocol on ChemiDoc Imaging System with Image Lab Software

— BioRad.

3.3.8.Electron Mobility Shift Assay (EMSA)

The following promoters used in electrophoretic mobility shift assay were
amplified by PCR with stated primers in Table B1: mtPdnaK, PdnaK, PdnaK-IR2,
PdnaK-IR2-IR2, PdnaK-IR3 and PdnaK-IR3-IR3 from plasmids mtPdnaK GFP
pZa, PdnaK GFP pZa, PdnaK-IR2 GFP pZa, PdnaK-IR2-IR2 GFP pZa,
PdnaK-IR3 GFP pZa, and PdnaK-IR3-IR3 GFP pZa, respectively. HspR protein
was produced as stated above and purified from total protein by using HisTrap HP

affinity columns (GE Healthcare Life Sciences) according to the manufacturer’s
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protocol. After purification, protein buffer was exchanged to HspR Buffer (20
mM Tris-HCI (pH 7.5), 10 mM NaCl, 1 mM DTT, 20% (v/v) glycerol, 1 mM
CaCly, 0.1 mM EDTA, and 1 mM PMSF) via protein concentrators (Thermo
Fisher Scientific). EMSA binding reactions were performed according to Bucca et
al. [154]. Briefly, 20 uL. of EMSA binding reaction (20 mM Tris-HCI (pH 7.5), 10
mM NaCl, 1 mM DTT, 5 mM MgCl,, 1 mM CaCl,, 30—40 ng DNA, and 40 pg
HspR) was prepared and incubated at 25°C for 30 min. Before loading the
samples on prerun 4% TBE-PAGE gel, Orange DNA Loading Dye (Thermo
Fisher Scientific) was added, and samples were run at 10 V/cm at +4°C. Finally,
the gel was stained with SYBR Safe (Thermo Fisher Scientific in 0.5xTBE buffer
for visualization. Gel was visualized by ChemiDoc Imaging System with Image

Lab Software — BioRad, according to the manufacturer’s protocol.

3.3.9.RNA Purification and cDNA Synthesis

NucleoSpin RNA kit (New England Biolabs, Inc.) was used according to the
manufacturer’s instructors to isolate total RNA from each sample. Three
independent biological replicas were prepared for each group. RNA concentration
was quantified with NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). Samples were stored at —80°C until ¢cDNA synthesis. Reverse
transcribed RNA concentration were set to 500 ng in 20 pL of reaction volume
for each sample. iScript cDNA Synthesis Kits (Bio-Rad) were used to convert
RNAs into ¢cDNAs according to the manufacturer’s instructions (Reaction

conditions were described in Appendix E).
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3.3.10. gPCR and Data Analysis

After cDNA preparation, qPCR experiment was performed with 1 pL of cDNA
for each sample via SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
for egfp, sodA, and a housekeeping gene (hcaT) according to the manufacturer’s
instructions. Primers were specified in Table B1. Three technical replicas were
prepared for each independent biological replica. PCR cycles were proceeded as
follows: initial denaturation for 3 min at 95°C, denaturation for 10 sec at 95°C,
annealing for 15 sec at 60°C, extension for 10 sec at 72°C for 39 cycles, 10 sec at
95°C (Reaction conditions were described in Appendix E). Product specificity
was confirmed by a melting curve analysis (65—95 °C). Comparative Ct method

(AACt) was used to analyze the results.

3.3.11.  Microscopy

Samples were prepared together with each fluorescence measurement assays with
specified time points in each figure. All imaging was conducted with LSM 510
Confocal Microscope (Zeiss). Samples were excited with Argon 488 nm for
reporter imaging and emission was collected with LP 505 filter for eGFP, while
QD samples were excited with HeNe 543 nm laser, and emission was collected
with LP 585 filter. For dose—response curve analysis, bright field imagings of
samples were also conducted, which were merged with corresponding
fluorescence images afterward. All microscopy images of the sensors were

provided in Appendix F.
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3.3.12.  Statistical Analysis

All data were expressed as mean =+ standard error mean. Depending on the groups
of interest, either one-way analysis of variance (ANOVA) or two-way ANOVA
with Dunnett’s/Tukey’s/Sidak’s multiple comparison tests (GraphPad Prism v6)

were used to compare groups.

3.4. Results

3.4.1.Cloning of Repression-based Circuits

For cloning of PdnaK-1R2-GFP-pZa, PdnaK-IR2-IR2-GFP-pZa, and PdnaK-IR3-
GFP-pZa vectors, PdnaK-GFP-pZa vector was used as template. All repeats were
added with PCR primers in Table B.1 and linear vectors with HAIR repeats were
obtained. All PCR products were run on 1% Agarose gel and isolated using MN-
gel extraction kit according to manufacturer’s instructions (Figure 3.1). Isolated
PCR fragments were assembled with Gibson Assembly reaction (Appendix E),

and selected colonies were verified by sequencing (Appendix D).

A. B
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Figure 3.1: Construction of PdnaK-IR2-GFP-pZa, PdnaK-IR2-1R2-GFP-pZa, and

PdnaK-IR3-GFP-pZa vectors. A. Single IR2 (left) and double IR2 (right) added
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linear PdnaK-GFP-pZa vector were observed at 2900 bp. B. Single IR3 added
linear PdnaK-GFP-pZa vector was observed at 2900 bp. 1 kb+ DNA Ladder

(NEB) was used as DNA marker.

For cloning of PdnaK-IR3-IR3-GFP-pZa vector, an IR3 repeat was added to the
downstream of PdnaK and an IR3 repeat was added to the upstream of eGFP via
PCR primers in Table B.1. For backbone, PdnaK-GFP-pZa vector was digested
with Aatll-HindlIl enzyme pairs. Both PCR and digestion products were run on
1% Agarose gel and isolated using MN-gel extraction kit according to
manufacturer’s instructions (Figure 3.2). Isolated fragments were assembled with
Gibson Assembly reaction (Appendix E), and selected colonies were verified by

sequencing (Appendix D).

10K —

3K —

1IK — I

0.5K—

Figure 3.2: Construction of PdnaK-IR3-IR3-GFP-pZa vector. IR3 added PdnaK
(left) and GFP (right) were observed at 270 bp and 800 bp, respectively. 1 kb+

DNA Ladder (NEB) was used as DNA marker.
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For cloning of mtPdnaK-GFP-pZa vector, DnaK promoter of M. tuberculosis
(mtPdnaK) was isolated from M. bovis genome (Figure 3.3A), sharing the same
sequence, utilizing Gibson Assembly primers in Table B.1. For backbone, PdnaK-
GFP-pZa vector was used and PCR was performed to exclude PdnaK promoter on
the vector (Figure 3.3B). All PCR products were run on 1% Agarose gel and
isolated using MN-gel extraction kit according to manufacturer’s instructions
(Figure 3.3). Isolated fragments were assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).
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Figure 3.3: Construction of mtPdnaK-GFP-pZa vector. A. PCR products of
mtPdnaK promoter were observed at 200 bp. B. PCR products of linear GFP-pZa
vector were observed at 2600 bp. 1 kb+ DNA Ladder (NEB) was used as DNA

marker.

For cloning of mProD-HspR-pET22b vector, formerly constructed PdnaK-HspR-
PET22b vector was amplified with Gibson Assembly PCR primers (Table B.1) to
exclude PdnaK promoter and to add mProD, instead. PCR products were run on
1% Agarose gel and isolated using MN-gel extraction kit according to

manufacturer’s instructions (Figure 3.4). Isolated fragments were assembled with
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Gibson Assembly reaction (Appendix E), and selected colonies were verified by

sequencing (Appendix D).

—10K

Figure 3.4: Construction of mProD-HspR-pET22b vector. PCR products of linear
vector were observed at 3000 bp. 1 kb+ DNA Ladder (NEB) was used as DNA

marker.

For cloning of T7-HspR-pET22b vector, pET22b-6H-ALP vector, constructed by
our lab member Recep Erdem Ahan, was digested with Sall-Spel restriction
enzyme pair and run on 1% Agarose gel and isolated using MN-gel extraction kit
according to manufacturer’s instructions (Figure 3.5A). For HspR, formerly
constructed mProD-HspR-pET22b vector was used template and HspR was
amplified with primers in Table B.1. PCR product was run on 1% Agarose gel and
isolated using MN-gel extraction kit according to manufacturer’s instructions
(Figure 3.5B). From the isolated HspR fragment, another PCR cycle was run to
add Gibson Assembly homolog regions using primers in Table B.1. PCR products

of HspR were run on 1% Agarose gel and isolated using MN-gel extraction kit
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according to manufacturer’s instructions (Figure 3.5C). Isolated backbone and
HspR from the second PCR cycle were assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).

A B. C
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Figure 3.5: Construction of T7-HspR-pET22b vector. A. Digested linear vector
was observed at 5500 bp. B. PCR product of HspR from the first cycle was
observed at 465 bp. C. PCR product of HspR from the second cycle was observed
at 480 bp. 1 kb+ DNA Ladder (NEB) and 50 bp DNA Ladder were used as DNA

markers for large and small fragments, respectively.

3.4.2.Expression of HspR in E. coli

HspR expression vector (T7-HspR-pET22b) was transformed in E. coli BL21
(DE3) cells (New England Biolabs, Inc.) and induced with 1 mM of IPTG for 3 h.
Expressed HspR was run on 15% SDS-PAGE and transferred to PVDF membrane
for Western Blotting. His-tagged HspR was observed at 14 kDa upon induction
(Figure 3.6, 2" well). Also slight HspR expression was observed in uninduced

cells (Figure 3.6, 1 well).
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15 kDa

Figure 3.6: Western Blot results for recombinant HspR expression in E. coli.
HspR expression from uninduced (1) and induced (2) E. coli BL21 (DE3) cells
carrying T7-HspR-pET22B expression vector were shown at ~14 kDa. PageRuler
Prestained Protein Ladder (3) (Thermo Fisher Scientific) was used as reference.

Image generated by Chemidoc (BioRad) Imaging System.

3.4.3.Binding of HspR to Engineered HSP Promoters

Wells 9;-._-}.\' » ."R“:"‘"' H hrete bt ook bt e | — ‘b—-k .H

L U e

Free DNA =>

DNA mtPdnakK PdnakK PdnaK-R2 PdnaK-IR2-IR2 PdnaK-R3 PdnaK-IR3-R3

Protein - | + + + + + +

Figure 3.7: Gel retardation assay of HspR binding on engineered HSP promoter
regions. PCR products of mtPdnaK, PdnaK, PdnaK-IR2, PdnaK-IR2-IR2, PdnaK-
IR3, and PdnaK-IR3-IR3 were incubated without and with HspR, respectively.
“R” represents retarded DNA fragment after HspR binding. The bottom fragment

in each well indicates unbound free DNA.
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To show DNA-protein iteraction between engineered HSP promoters and HspR
repressor, an electron mobility shift assay (EMSA) was performed (Figure 3.7).
Promoters incubated with HspR showed an extra band corresponding to
retardation of the DNA fragments (Indicated with “R” on the gel) because of

bound protein.

3.4.4.Characterization of Repression-based HSR Circuits

with Heat Shock

For heat shock experiments, each group was subjected to either 37°C or 55°C heat
treatment for 30 min. HSR circuits with engineered HSP promoters (mtPdnakK,
PdnaK, PdnaK-IR2, PdnaK-IR2-IR2, PdnaK-IR3, and PdnaK-IR3-IR3) co-
expressed with HspR repressor showed significant response upon exposure to
elevated heat in 60 min (Figure 3.8), except circuits with mtPdnaK and PdnaK-
IR3 (Figure 3.8A and Figure 3.8D, respectively). Among the characterized
circuits, HspR-mediated PdnaK-IR3-IR3 circuit showed the most significant
background reduction as well as stress signal increase in 60 min upon heat

treatment at 55°C for 30 min (Figure 3.8F).

3.4.5.Sensing the Nanomaterial-triggered  Toxicity

through Repression-based HSR Circuits

For QD experiments, each group was either subjected to 300 nM of QDs or kept
as untreated control (Figure 3.9). Results showed that, except mtPdnaK (Figure

3.9A), both PdnaK-IR2-IR2 (Figure 3.9B) and PdnaK-IR3-IR3 (Figure 3.9C)
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responded to QD treatment immediately. To relate QD mechanism with ROS

formation, selected PdnaK-IR3-IR3 sensor was treated with 200 uM of tert-Butyl

hydroperoxide (TBHP), a well-known ROS forming agent, for 30 min (Figure

3.9D). Result showed that sensor reacted to the stressor immediately.
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Figure 3.8: Fluorescent signal results of heat treated repressor-mediated toxicity

sensors with mtPdnaK (A.), PdnaK (B.), PdnaK-IR2 (C.), PdnaK-IR3 (D.),

PdnaK-IR2-IR2 (E.), and PdnaK-IR3-IR3 (F.). Experiments were performed as

three biological replicates in different days. Heat shock was applied at 55°C water



bath for 30 min, and control samples were kept at 37°C. Fluorescence intensity of
each group was compared with each other and normalized according to formula
stated in Materials and Methods section. p < 0.05, p < 0.01, p £ 0.001, and p <
0.0001 was represented with one, two, three, and four stars, respectively.

Statistically non-significant results had no stars.
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Figure 3.9: Fluorescent signal results of CdTe QD treated repressor-mediated
toxicity sensors with mtPdnaK (A.), PdnaK-IR2-IR2 (B.), and PdnaK-IR3-IR3
(C.). Experiments were performed in three biological replicates on different days.
300 nM of QD was applied as stress agent. All data were normalized according to
formula stated in Materials and Methods section. p < 0.05, p < 0.01, p < 0.001,
and p < 0.0001 were represented with one, two, three, and four stars, respectively.

Statistically non-significant results had no stars. D. Fluorescent signal of HspR-
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mediated PdnaK-IR3-IR3 sensor treated with 200 uM of TBHP. Experiments
were performed in three biological replicates on different days. All data were
normalized according to formula stated in Materials and Methods section. p <

0.0001 was represented with four stars.

To demonstrate response curve of selected PdnaK-IR3-IR3 circuit as model stress
sensing sensor, induction concentrations were selected from 0-to-250 nM of QDs.
Results indicated that toxicity sensor could detect the presence of QDs even at
lower concentrations (i.e. 2 nM) showing that detection limit of the sensor was

very low (Figure 3.10).

1.04

i i
Pl o
5
< -e— control
[a] ] - Sensor
Q 0.5
>
(T8
o
° § .
0.0 —e S ¢ S 9 o S —
0.001 0.01 0.1 1 10 100 1000

Concentration (nM)

Figure 3.10: Dynamic range analysis of selected HspR mediated PdnaK-IR3-IR3
sensor treated with CdTe QDs. Experiments were performed as three biological
replicates in different days. Measurements were taken at 60" min after QD
treatment. All data were normalized according to formula stated in Materials and

Methods section.
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3.4.6.RT-qPCR of Repression-based HSR Circuits

To analyze response of toxicity circuits at mRNA level, PdnaK-IR3-IR3 circuit
was chosen as model and treated with heat (55°C, 30 min), QD (300 nM), and
TBHP (200 uM) for RNA isolation. Isolated RNAs after 60" min of heat
treatment were run for gfp detection and results indicated that after heat treatment,
reporter expression increases up to ~20-fold (Figure 3.11A). For 60 min after QD
treatment, gfp expression was observed up to ~6-fold (Figure 3.11B), while sodA,
a ROS indicating gene, expression was up to 3-fold (Figure 3.11D). As positive

control, TBHP treatment showed up to12-fold of sodA expression (Figure 3.11C).
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Figure 3.11: RT-qPCR analysis of HspR mediated PdnaK-IR3-IR3 sensor induced
with heat, and CdTe QDs, and TBHP. A. gfp expression after 55°C, 30 min heat
treatment of the sensor. Experiments were performed as three biological replicates
in different days. Samples were collected for RNA isolation at 60™ min after stress

treatment. All data was normalized to un-treated control sample. p < 0.0001 was
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represented with four stars. B. gfp expression after 300 nM of CdTe QD treatment
of the sensor. Experiments were performed as three biological replicates in
different days. Samples were collected for RNA isolation at 60™ min after stress
treatment. All data was normalized to un-treated control sample. p < 0.01 was
represented with two stars. C. sodA expression after 200 uM of TBHP treatment
of the sensor. Experiments were performed as three biological replicates in
different days. Samples were collected for RNA isolation at 30™ min after stress
treatment. All data was normalized to un-treated control sample. p < 0.0001 was
represented with four stars. D. sodA expression after 300 nM of CdTe QD
treatment of the sensor. Experiments were performed as three biological replicates
in different days. Samples were collected for RNA isolation at 60™ min after stress
treatment. All data was normalized to un-treated control sample. p < 0.01 was

represented with two stars.

3.5. Discussion

In repression-based circuits, we employed a transcription repressor, HspR, found
in HSR pathway of M. tuberculosis [155] to build a hybrid sensor system. We
engineered natural E. coli dnaK promoter (PdnaK) with inverted repeat motifs
(IR2 and IR3 sequences) of HAIR sequences [156] from natural M. tuberculosis
dnaK promoter (mtPdnaK) to construct toxicity sensor circuits. Downstream of
PdnaK was engineered with single and double repeats of IR motifs in one plasmid
while HspR was cloned under a constitutive promoter, mProD, and cloned onto
another plasmid. Proposed mechanism is to block reporter expression via

constitutively expressed HspR under normal growth conditions (Figure 3.12A) as
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HspR dissociates from the promoter driving reporter expression upon stress
(Figure 3.12B). The recombinant HspR expression in E. coli was demonstrated in
Western Blot analysis (Figure 3.6). Western blotting showed that, even though
HspR was not a native protein to E. coli, it could be expressed successfully after

codon optimization.
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Figure 3.12 Working principle of HspR based stress circuits. A. At normal growth
conditions, constitutively expressed HspR recognizes specific sequences (HAIR;
IR2 or IR3) on promoter region blocking the gene expression. B. Upon stress,

HspR is released from the promoter initiating gene expression.

HspR association with promoter regions has been shown with a gel retardation

assay (Figure 3.7) to confirm that HspR could associate all engineered promoters.
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First, HspR binding on its native promoter (mtPdnaK) was characterized as Bucca
et al. described before [154]. Further, HspR binding on E. coli DnaK promoter
and its modifications with HAIR sequences was shown with native
polyacrylamide gel electrophoresis (PAGE). Each promoter regions were isolated
by PCR and incubated with and without HspR protein. Results indicated that
HspR addition caused retardation of PCR fragment showing an additional retarded
fragment (represented by “R” on the figure) on the gel. Thus, background signal
reduction due to HspR repression was verified by showing promoter-repressor

interaction with the conducted gel retardation assay.

A comparison on the repression strengths of HspR on native mtPdnaK circuits and
native PdnaK circuits have been shown in Figure 3.8A and Figure 3.8B,
respectively. Reporter expression results confirmed that HspR favorably bound to
mtPdnaK promoter region and repressed the gene expression. Yet, unlike our
expectation, heat treatment was not enough to turn on the gene expression
completely (Figure 3.8A). On the other hand, HspR repressed native E. coli Pgnax
less favorably compared to its native promoter, mtPdnak. It is proposed that HspR
dissociated from promoter upon heat treatment which led to a two-fold increase
after 60 min (Figure 3.8B). Comparing the engineered PdnaK sensors with HAIR
motifs, single IR motifs showed no or little significant difference in terms of gene
expression upon stress exposure (Figure 3.8C for IR2 and Figure 3.8D for IR3).
These results confirmed that HspR favorably repressed the gene expression in the
presence of IR2 and IR3 sequences in the circuits. Meantime, these sequences
might trigger a lower degree of dissociation of HspR from promoter so that gene

expression could not begin through stress promoters even though there was a
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stress as an input. Also, double IR2 repeat indicated the same gene expression
pattern with single IR repeats upon heat treatment (Figure 3.8E). On the other
hand, double IR3 repeat significantly enhanced HspR repression of PdnaK
blocking the gene expression under normal growth conditions. Data showed the
highest HspR repression with the lowest background signal between HspR-
mediated sensors (Figure 3.8F). Also, upon heat treatment, we observed a three-
fold increase in GFP expression which was the highest reporter expression-fold
compared with other modifications. The data was supported by representative

fluorescent microscopy images in Appendix F.

After characterization of constructed circuits with heat, selected HSR circuits with
engineered HSP promoters (mtPdnaK, PdnaK-IR2-IR2, and PdnaK-IR3-IR3) co-
expressed with HspR repressor were screened by employing red emitting CdTe
QDs to analyze NM-triggered toxicity as the main motivation was to detect
toxicity of NMs. CdTe QDs were selected as representative NMs used for many
applications (i.e., fluorescent labeling or drug delivery) in medicine. Selected
HspR-mediated stress sensors were treated with CdTe QDs, and they showed
quick response to QDs. On the other hand, sensor with mtPdnaK (Figure 3.9A)
showed no response, indicating strong repression by HspR that inhibited
transcription initiation of the reporter. On the other hand, sensor with PdnaK-IR2-
IR2 (Figure 3.9B) and sensor with PdnaK-IR3-IR3 (Figure 3.9C) showed
dramatic fluorescence increase upon QD treatment. Besides, overall signal upon
induction was higher than the riboregulator-mediated sensors making them good

candidates to determine nanotoxicity (See Chapter 2). Our observations from
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fluorescent measurement are supported by representative fluorescent microscopy

images in Appendix F.

Following QD characterization with selected sensors, we chose HspR-mediated
PdnaK-IR3-IR3 sensor as potentially to be the best nanomaterial-toxicity
determinant. Further, we analyzed dynamic range of this sensor via CdTe QD
treatment (Figure 3.10) to determine sensor characteristics of analyte detection
(i.e., detection limit). Induction concentrations were selected from 0-to-250 nM of
QDs. Results indicated that toxicity sensor could detect the presence of QDs even
at lower concentrations showing that detection limit of the sensor was very low.
Also, as shown by previous studies, QD toxicity is concentration dependent [136,
157]; thus, higher concentrations of QDs in the media can cause higher cellular
uptake or ROS generation. This can trigger higher and faster stress response

compared to lower concentrations.

Further, we selected a representative HspR-mediated sensor to analyze gene
expression at transcription level with heat and QD treatment. The sensor showed
the highest expression level after heat treatment (Figure 3.11A) while QD
treatment indicated lower expression (~6-fold) compared to heat treatment (~20-
fold) (Figure 3.11B). Yet, sensor response upon QD exposure was notable and
significant making it a good candidate to evaluate nanomaterial-triggered toxicity
in biocompatibility tests of nanomaterials. Next, we expanded the toxicity
evaluation of QDs through ROS mechanism since QD exposure activates not only
HSR but also other stress related mechanisms such as oxidative stress pathways.
E. coli has two oxidative-stress mechanisms: SoxR and OxyR. Former is related
with superoxide and nitric oxide sensing and regulation of the related genes
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(sodA, acnA, nfo etc.) while the latter is activated by hydrogen- and alkyl
hydroperoxide and regulates oxyS, katG, ahpCF, grxA, and gorA expression
[158]. Thus, HspR-mediated PdnaK-IR3-IR3 sensor, as the best nanotoxicity
sensor candidate, was selected to evaluate ROS formation upon QD treatment
(Figure 3.11D) and superoxide dismutase (sodA) gene expression was quantified
via RT-gPCR after one hour upon QD treatment. Results indicated that sodA
expression increased with QD treatment showing CdTe QDs caused ROS
formation in cells. Since SodA is responsible from superoxide deactivation,
results proposed that CdTe QDs led to superoxide radicals in cells which activated
sodA expression up to 3-fold. Furthermore, stress and ROS formation in cells was
verified by 200 uM of tert-Butyl hydroperoxide (TBHP), a well-known positive
control agent for ROS formation, treatment of cells for 30 min. Sensors with
PdnaK-IR3-IR3 showed both fluorescence increase indicating HSR activation
(Figure 3.9C), and 12-fold of sodA expression indicating ROS formation (Figure
3.11C) upon treatment. As a conclusion, HspR-mediated PdnaK-IR3-IR3 sensor
was characterized in terms of HSR and ROS pathway activation upon QD

treatment.

3.6. Conclusion

As a conclusion, HspR binding on all promoters has been shown blocking the
reporter expression at normal growth conditions, where as it has been turned on
upon heat treatment. However, all engineered promoters showed different
characteristics which might be caused by different interaction dynamics with the

repressor. Besides, not only they can be repressed equally by the HspR, but also
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their dissociation behavior differs. Among utilized promoters, it can be concluded
that double IR3 sequence plays a strong role in HspR recruitment and turning the
promoters ON/OFF. Data supports that the HAIR motifs are good candidates to be
used in design of genetic circuits to monitor stress level. HspR toxicity sensors
have a lower background signal under normal growth conditions while gene

expression might dramatically increase upon stress.

Toxicity response to NMs is highly depending on cell type and chemical
composition. Membrane structure and composition affects nanomaterial uptake
through cells. For instance, even Gram negative and Gram positive bacteria do not
respond similarly to the same NM since they have different membrane
composition. Besides, thinner peptidoglycan layer makes Gram negative cells
more vulnerable against nanotoxicity [145]. Here we demonstrate that our
engineered bacterial NM-triggered stress sensors are able to sense and respond
accordingly to the stress conditions. Considering that HSR mechanism is common
in each cell type, we expect to transfer and modify this bacterial system to other
cell types. Still, cell type response might require some further optimization to tune
gene expression based on NM concentration and type. However, in general, we
propose a whole cell sensor that can produce quick information about the toxicity
of the NMs of interest from a global perspective. On the other hand, the proposed
sensor does not provide detailed information about the NM-triggered toxicity

including its action mechanism at the downstream of pathways of interests.
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CHAPTER 4

A Living Sensor to Report the Source of

Toxicity

4.1. Objective of the Study

Biocompatibility assessment of nanomaterials before field application is crucial
becase they might be toxic to cells and may cause severe health conditions. In
previous chapter we characterized a bacterial whole cell biosensor utilizing
endineered heat shock response (HSR) mechanism to track biocompatibility of
nanomaterials in 1 hour. Yet, the sensor is classified as semi-specific biosensor
which indicates whether the compound cause stress on cells or not. Hence, our
aim is to make a complex circuit with specific regulatory elements that can sense
certain compounds such as heavy metals. We have begun with gold and cadmium
detecting circuits to make circuits reporting the source of stressor. We showed
that both gold and cadmium could be specifically detecting by engineered sensors
and introducing a recombinase to the circuits provided tight control decreasing
background signal. Additionally, this system can be expanded various analyte
detection at the same time utilizing different reporters. This opens a room for
researchers to identify which part of the engineered nanoparticle is toxic requiring
more engineering to decrease its toxicity. Yet, further optimization is required to

merge the system to make an all-in-one type of living sensor.
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4.2. Introduction

Bacterial whole-cell biosensors have been commonly utilized to monitor
microbial environment. These sensors provide bioavailability of various
compounds which they have been exposed [159]. Hence, bacterial whole-cell
biosensors have been useful tools to monitor toxicity of environmental samples
which are also commercialized [160, 161]. Whole-cell biosensors that are used for
toxicity monitoring are divided in three major gours: non-specific biosensors,
semi-specific biosensors, and specific biosensors. The non-specific biosensor
principle is based on the constitutive reporter expression in the sensor bacteria.
When this sensor encounters any toxic compound, the reporter expression
decreases indicating the decrease in metabolic activity (Figure 4.1A) [162]. On
the other hand, the semi-specific biosensor principle is based on a stress
responsive promoter encoding a reporter (Figure 4.1B). In this type of biosensor,
cells respond only a certain compounds causing certain types of stress (i.e., SOS
response controlled by DNA damage pathway, or protein damage response
controlled by heat shock response pathway) [73]. Lastly, the specific biosensor
principle is based on the interaction of a certain compound with a cognitive
regulatory element (i.e., transctiprion factor) which controls the expression of a

reporter through a specific promoter (Figure 4.1C) [73, 163, 164].

Specific bacterial sensors use cellular signaling and regulatory pathways by which
are controlled compounds of interest. Coupling the operator-promoter pairs of
DNA controls a measurable output such as luciferase, f-galactosidase, or reporter

proteins. After internalization of the compound by a cell, the compound interacts
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with its regulator which would be a transctiptional activator or repressor. This
interaction leads an increase in the reporter which is detected with certain
equipment easily. Most of the promoter-transctiption factor couples discovered so
far is natural which have been isolated from various organisms. For instance,
sensors constructed for organic compound detection is based on the relevant
promoters of microorganisms which play role in degradation of the target
compound, while heavy metal or antibiotic detecting sensors utilize resistance

operons of microorganisms against these targets [164].

A. Toxic compound

L Reporter = L Reporter —
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Toxic compound inducing stress response

> Stress-inducible activator
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Pstress Pstress

_>G Specific activatorirepressor
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B.
C. Specific compound

Figure 4.1: Working principles of bacterial biosensors developed for

environmental monitoring. A. Non-specific biosensors express a reporter
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constitutively (left). Exposing to a toxic compound decreases the reporter signal
(right). B. Semi-specific biosensors express a reporter under the control of a stress
promoter (left). Exposing to a toxic compound, which causes stress in cells,
activates the reporter expression through the stress promoter (right). C. Specific
biosensors express a reporter under the control of a specific promoter (left).
Exposing to a certain compound activates the reporter expression through its
cognitive promoter (right). Reprinted with permission from ref [73]. Copyright

2006 Elsevier.

Most of the transcription factors regonizing compounds are composed of a DNA-
binding domain (DBD) and an effector-binding domain (EBD). Former one is
responsible from the recognition and binding on the operator region of DNA
sequence while the letter one is responsible for the oligomerization of the
transcription factor and signal transmission through the DBD. Transctiprional
activators recognize the operator sequences on DNA in the presence of analyte of
interest and either recruit RNA polymerase to the promoter, or induce
transcriptionally active RNA polymerase-promoter open complex formation
(Figure 4.2A). Transctiprional repressors block recognition of the promoter by
RNA polymerase via binding on the operator sites when their target analyte is
absent; whereas, the binding of the analyte of interest to the repressors causes
dissociation of the repressor from the operator allowing recognition of the
promoter by RNA polymerase initiating the gene expression (Figure 4.2B).

Additionally, a variation of this system is based on the presence of the analyte and
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repression works only when both the analyte and the transcription factor

(aporepressor) are found in the cell at the same time (Figure 4.2C) [165].
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Figure 4.2: Working principles of activator and repressor based transcription
factors in whole cell biosensors. A. Transctiprional activators recognize the
operator sequences on DNA in the presence of analyte of interest and either
recruit RNA polymerase to the promoter, or induce transcriptionally active RNA
polymerase-promoter open complex formation. B. Transctiprional repressors
block recognition of the promoter by RNA polymerase via binding on the operator
sites when their target analyte is absent; whereas, the binding of the analyte of

interest to the repressors causes dissociation of the repressor from the operator
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allowing recognition of the promoter by RNA polymerase initiating the gene
expression. C. Aporepressors block the gene expression in the presence of the
analyte. Reprinted with permission from ref [165]. Copyright 2015 Frontiers

Research Foundation.

Table 4.1: Examples of metal ion dependent transcriptional regulators.

Regulator Inducer Regulated System References
MerR Family

MerR Hg (I1) Mercury resistance [166]
CueR Cu (1), Ag (), Au () Copper resistance [167]
ZntR Zn (1), Cd (1), Pb (I1)  Zinc resistance [167]
CadrR Cd (11 Cadmium resistance [168]
GolSs Au (1) Gold resistance [169]
ArsR Family

ArsR As (111 Arsenic resistance [170]
CadC Cd (11, Pb(I1), Zn(11) Cadmium resistance [171]
DtxR Family

DtxR Fe (11), Ni (I1) Diphteria toxin regulation  [172]
FurR Family

Fur Fe (1) Iron uptake [173]
Zur Zn (1) Zinc uptake [174]
NikR Family

NikR Ni (1) Nickel transporter [175]
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Some metals (i.e., Cu, Fe, K, Mg, or Mn) are essential nutrients for cells, while
others (i.e., Ag, Al, Cd, Au, Pb, or Hg) have no biological function. Yet, most of
the metals are toxic to cells at high concentrations [176]. Many bacterial whole-
cell biosensors have been constructed so far to detect toxicity of metal ions
especially to monitor environmental samples [177-180]. The most important
characteristics of these biosensors is their specificity; defined as the metals that
can be detected with the transciption factor, and their sensitivity; the detection
limit of the sensor. Five major metal binding transcription factor families have
been discovered so far which have been responsible for a certain metal detection
[165]. Nevertheless, it has been shown that most of these transcription factors
could interact with more than one metal ion (Table 4.1). One of the well-
characterized families is MerR family which is composed of mercury responsive
transcription factors. MerR protein is a transcription activator requiring mercury
ions to recruit RNA polymerase to the operator initiating the expression of
mercury resistance genes [166]. Although MerR is specific to mercury, not all
MerR family transcription factors share the same characteristics. For instance,
ZntR, a member of the MerR family, has been discovered as zinc responsive,
further studies showed that it also interacts with cadmium and lead [181].
Similarly, another MerR family member, CueR, mainly responds to copper
together with to silver and gold [166, 182]. Yet, sensitivity of transcription factors

varies among different metals [166].

91



4.3. Materials and Methods

4.3.1.Media and Strains

E. coli DH5a (New England Biolabs, Inc.) was grown in LB medium (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) with proper antibiotics at
37°C and 180 rpm shake in Erlenmeyer flasks. Overnight cultures were prepared
from frozen glycerol stocks and incubated for 16 h with the same culturing
conditions mentioned previously. 1% of inoculums from overnight cultures were
used to start experimental cultures and their growth was monitored via
spectrophotometer (GENESYS 10 Bio, Thermo Scientific). In metal induction
experiments, MOPS minimal media (0.1 M potassium morpholinopropane
sulfonate (MOPS), pH 7.4; 0.1 M Tricine, pH 7.4; 0.001 M FeSQO,4; 0.19 M
NH,CI; 0.0276 M Kj;SO4 0.002 CaCly; 0.25 M MgCly; 05 M NaCl,
micronutrients [3x10% M (NH4)sM07024; 4x10° M H3BO3; 3x10° M CoCl,; 10°°
M CuS0y4; 8x10° M MnCly; 10° M ZnS0O,]; 0.132 M K,HPO,; 1 mg/ml thiamine;
0.2% (v/v) glucose) defined by ref. [183] or heavy metal mops (HMM) media (40
mM MOPS, pH 7.2; 50 mM KCI; 10 mM NH4CI; 0.5 mM MgSO,4; 1 mM
glycerol-2-phosphate (BGP); 1 uM FeCls; 0.4% (v/v) glucose) defined by ref.

[184] were used, unless otherwise stated.

4.3.2.Plasmid Construction

To construct mProD HspR PgolB (inverted) GFP pET22b vector, Bxbl
recognition sites were amplified using “pET22b sfGFP logic” and GFP-rrnBT1

part using “PdnaK GFP pZa” templates constructed before with the primers in
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Table B.1 For backbone, formerly constructed mProD HspR pET22b vector was
linearized with Spel (New England Biolabs, Inc.) restriction enzyme digestion. To
construct PdnaK-IR3-IR3 Bxbl GolS pZa vector, Bxbl integrase part was
amplified using “pZa-native TetO bxbl pBad tp901” and GolS part using “YFP-
Gold sensor” templates constructed before with the primers in Table B.1. For
backbone, formerly constructed “PdnaK-IR3-IR3 GFP pZa” vector was digested
with Mlul (New England Biolabs, Inc.) restriction enzyme digestion to exclude
GFP part. To construct mProD HspR PcadA (inverted) GFP pET22b vector,
formerly constructed “mProD HspR PgolB (inverted) GFP pET22b” vector was
used as template and amplified to exclude PgolB while adding PcadA regions via
Gibson Assembly primers in Table B.1. To construct PdnaK-IR3-IR3 Bxb1 CadR
pZa vector, Bxbl integrase part was amplified using “pZa-native TetO bxbl pBad
tp901” and CadR part using “YFP-Cadmium sensor” templates constructed before
with the primers in Table B.1. For backbone, formerly constructed “PdnaK-IR3-
IR3 GFP pZa” vector was digested with Mlul (New England Biolabs, Inc.)
restriction enzyme digestion to exclude GFP part. To construct PcadA GFP
pET22b vector, formerly constructed “PdnaK GFP pET22b” vector was used as
template and amplified to exclude PdnaK while adding PcadA region with RBS
via Gibson Assembly primers in Table B.1. To construct mProD MerR(mutated)
pZs vector, first, MerR(mutated) was synthesized as gene fragments from
GENEWIZ Company and Gibson Assembly homology regions were added with
primers in Table B.1. For backbone, formerly constructed “mProD te-F-HSpR-His
pZs” vector was digested with Kpnl-Hindlll (New England Biolabs, Inc.) enzyme

pair to exclude HspR part. Q5 Hot Start High-Fidelity DNA Polymerase (New
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England Biolabs, Inc.) was used for all PCR reactions (Reaction conditions were
described in Appendix E). NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel) was used according to the manufacturer’s instructors to purify digested
DNA samples or PCR products from 1 or 1.8% Agarose gels stained with SYBR
Safe DNA Gel Stain (Thermo Fisher Scientific). Plasmid construction was made
via Gibson Assembly method described by Gibson et al. [137] (Reaction
conditions were described in Appendix E). After assembly, mixes were directly
transformed into chemical competent E. coli DH5a cells. Constructed genetic
circuits were sequence verified by Sanger Sequencing (GENEWIZ). All genetic
part sequences used this chapter was introduced in Table A.1, and all constructed
vector maps were indicated in Appendix C with their sequencing verification

results in Appendix D.

4.3.3.Chemical Competent Cell Preparation and

Transformation of DNA in Cells

Overnight cultures of E. coli DHS5a were prepared from frozen glycerol stocks and
incubated for 16 h with the same culturing conditions mentioned previously. 1%
of inoculums from overnight cultures were used to start fresh culture for
competent cell preparation. Culture was incubated at 37°C and 180 rpm shake in
Erlenmeyer flasks until ODggo reached 0.2-to-0.5. Following, culture was cooled
in ice for 10 min and cells were collected by centrifugation at 1000 xg for 10 min

at +4°C. After centrifugation, supernatant was discarded and cell pellet was

resuspended in 10% (v/v) of TSS Buffer (10% (w/v) PEG-8000, 5% (v/v) DMSO,
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50 mM MgCl; pH 6.5 in LB). For each aliquot, 100 ul of cultures were placed in

each microcentrifuge tubes and stored at -80°C.

Chemical competent cells were thawed on ice for 30 min before transformation.
For transformation, whole ligation product, Gibson Assembly reaction product, or
100 ng of intact plasmid DNA was introduced to thawed cells and incubated on
ice for 20-30 min. Following, cells were shocked by heat treatment at 42°C for 30
sec. After the heat shock, cells were cold shocked for 2 min on ice. Then, 250-
1000 pl of LB was added onto the cells and incubated at 37°C and 180 rpm shake
for 45-60 min. At the end of the incubation, cells were collected at 1000 xg for 10
min and the supernatant was discarded. The collected cells were resuspended in

50 ul of LB and spread onto LB-agar supplemented with proper antibiotics.

4.3.4.Sequencing Alignments with Geneious Software

All plasmid maps were constructed on an online vector tool; Benchling.
Following, all plasmid maps were exported as .gb files and imported in Geneious
software together with the sequencing results of plasmid maps as .abi files. In
order to align plasmid map and its sequencing data, both sequences were selected
and pairwise alignment performed. The sequencing results for all vectors were

indicated in Appendix D.

4.3.5.Source Detection Assays

For all experiments, overnight cultures were prepared in LB media and incubated
for 16 h at 37°C, 180 rpm. For recombinase-based gold and cadmium detection

circuits, 0.4% of inoculums from overnight cultures were used to start
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experimental cultures in fresh LB or MOPS media, and induced directly with ions
indicated in related figures in varying concentrations. Cultures were incubated at
30°C, for 18 h before measurements, unless otherwise stated. At least three

independent biological replicas were prepared for each group in each experiment.

For MerR-based cadmium circuit, 1% of inoculums from overnight cultures were
used to start experimental cultures in fresh LB media, and grown at 37°C, 180
rpm until ODgg Of cultures reached to 1.0-1.2. Following, cultures were collected
at 3000 xg for 10 min, supernatants were discarded, and cell pellets were re-
suspended in fresh MOPS or HMM media. Cultures were induced with ions
indicated in related figures in varying concentrations, and incubated at 37°C for
22 h before measurements, unless otherwise stated. At least three independent

biological replicas were prepared for each group in each experiment.

4.3.6.Fluorescence Measurement and Data Analysis

All fluorescence measurement studies were conducted via microplate reader
(SpectraMax M5, Molecular Devices). Excitation and emission wavelengths for
eGFP were set as 485 and 538 nm, respectively. Each measurement was
conducted in Corning 96-well clear flat bottom polystyrene plates with 250 uL of
samples from each culture. For signal normalization, raw fluorescence intensity
was divided by ODggo values of each sample and the control group (empty cells)
was subtracted from sensor data. For 0-to-1 normalization, each value was
subtracted from minimum value and divided by difference between maximum and

minimum values in related groups.
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4.3.7.Statistical Analysis

All data were expressed as mean + standard error mean. Depending on the groups
of interest, either one-way analysis of variance (ANOVA) or two-way ANOVA
with Dunnett’s/Tukey’s/Sidak’s multiple comparison tests (GraphPad Prism vo6)

were used to compare groups.

4.4. Results

4.4.1.Cloning of Source Detection Circuits

A. B
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Figure 4.3: Construction of mProD HspR PgolB (inverted) GFP pET22b vector.
A. Linearized backbone was observed at 3000 bp. B. PCR products of Bxb1-attP
(left), Bxbl-attB (middle), and GFP-rrnBT1 (right) were observed at 168 bp, 141
bp, and 915 bp, respectively. 1 kb+ DNA Ladder (NEB) was used as DNA

marker.

For cloning of mProD HspR PgolB (inverted) GFP pET22b vector, “mProD HspR
pET22b” vector was linearized with Spel restriction enzyme digestion. The

digested product was run on 1% Agarose gel and isolated using MN-gel extraction
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kit according to manufacturer’s instructions (Figure 4.3A). To obtain other DNA
pieces of the vector, Bxbl recognition sites were amplified via PCR primers
stated in Table B.1 using “pET22b sfGFP logic” vector as template, and GFP-
rrnBT1 part was amplified via PCR primers stated in Table B.1 using “PdnaK
GFP pZa” vector as template. Both PCR products were run on 1% Agarose gel
and isolated using MN-gel extraction kit according to manufacturer’s instructions
(Figure 4.3B). Isolated fragments were assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).
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Figure 4.4: Construction of PdnaK-IR3-IR3 Bxb1 GolS pZa vector. A. Linearized
backbone and extracted GFP were observed at 2100 bp and 700 bp, respectively.
B. PCR products of Bxb1 recombinase (left), and GolS (right) were observed at
1199 bp, and 537 bp, respectively. 1 kb+ DNA Ladder (NEB) was used as DNA

marker.

For cloning of PdnaK-IR3-IR3 Bxbl GolS pZa vector, “PdnaK-IR3-IR3 GFP
pZa” vector was digested with Mlul enzyme to exclude GFP part. The digested

product was run on 1% Agarose gel and isolated using MN-gel extraction Kit
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according to manufacturer’s instructions (Figure 4.4A). To obtain other DNA
pieces of the vector, Bxbl recombinase was amplified via PCR primers stated in
Table B.1 using “pZa-native TetO bxb1 pBad tp901” vector as template, and GolS
was amplified via PCR primers stated in Table B.1 using “YFP-Gold sensor”
vector as template. Both PCR products were run on 1% Agarose gel and isolated
using MN-gel extraction kit according to manufacturer’s instructions (Figure

4.4B). lIsolated fragments were assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).

Figure 4.5: Construction of mProD HspR PcadA (inverted) GFP pET22b vector.
Linearized backbone was observed at 4000 bp. 1 kb+ DNA Ladder (NEB) was

used as DNA marker.

For cloning of mProD HspR PcadA (inverted) GFP pET22b vector, “mProD
HspR PgolB (inverted) GFP pET22b” was amplified via PCR primers stated in
Table B.1 to exclude PgolB while adding PcadA regions to be assembled in

Gibson Assembly reaction. PCR products were run on 1% Agarose gel and
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isolated using MN-gel extraction kit according to manufacturer’s instructions
(Figure 4.5). Isolated fragment was assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).

A. B.
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Figure 4.6: Construction of PdnaK-IR3-IR3 Bxbl CadR pZa vector. A. PCR
products of CadR were observed at 500 bp. B. PCR product of Bxb1 recombinase

was observed at 1199 bp. 50 bp DNA Ladder (NEB) was used as DNA marker.

For cloning of PdnaK-IR3-IR3 Bxbl CadR pZa vector, “PdnaK-IR3-IR3 GFP
pZa” vector was digested with Mlul enzyme to exclude GFP part. The digested
product was run on 1% Agarose gel and isolated using MN-gel extraction kit
according to manufacturer’s instructions (Figure 4.4A). To obtain other DNA
pieces of the vector, Bxbl recombinase was amplified via PCR primers stated in
Table B.1 using “pZa-native TetO bxbl pBad tp901” vector as template, and
CadR was amplified via PCR primers stated in Table B.1 using “YFP-Cadmium
sensor” vector as template. Both PCR products were run on 1% Agarose gel and

isolated using MN-gel extraction kit according to manufacturer’s instructions
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(Figure 4.6). Isolated fragments were assembled with Gibson Assembly reaction

(Appendix E), and selected colonies were verified by sequencing (Appendix D).

For cloning of PcadA GFP pET22b vector, “PdnaK GFP pET22b” vector was
amplified via PCR primers stated in Table B.1 to exclude PdnaK while adding
PcadA region with RBS to be assembled in Gibson Assembly reaction. PCR
products were run on 1% Agarose gel and isolated using MN-gel extraction kit
according to manufacturer’s instructions (Figure 4.7). Isolated fragment was
assembled with Gibson Assembly reaction (Appendix E), and selected colonies

were verified by sequencing (Appendix D).

—10K

—1K
—0.5K

Figure 4.7: Construction of PcadA GFP pET22b vector. Linearized backbone was

observed at 3350 bp. 1 kb+ DNA Ladder (NEB) was used as DNA marker.

For cloning of mProD MerR (mutated) pZs, “mProD te-F-HspR-His pZs” vector
was digested with Kpnl-Hindlll enzyme pair. The digested product was run on
1% Agarose gel and isolated using MN-gel extraction kit according to
manufacturer’s instructions (Figure 4.8A). MerR (mutated) part was synthesized

as gene fragments from GENEWIZ Company. To add homology regions of the
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backbone for Gibson Assembly reaction, the synthesized MerR (mutated) was
amplified via PCR primers stated in Table B.1. PCR products were run on 1%
Agarose gel and isolated using MN-gel extraction kit according to manufacturer’s
instructions (Figure 4.8B). Isolated fragments were assembled with Gibson
Assembly reaction (Appendix E), and selected colonies were verified by

sequencing (Appendix D).
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Figure 4.8: Construction of mProD MerR (mutated) pZs vector. A. Linearized
backbone and HspR were observed at 3500 bp and 460 bp, respectively. B. PCR
products of MerR (mutated) were observed at 490 bp. 1 kb+ DNA Ladder (NEB)

was used as DNA marker.

4.4.2.Characterization of Gold Detecting Circuit

To determine optimum concentration to work with, recombinase-based gold
sensor induced with 0-to-250 uM of gold ions for 18 h. Results showed that

sensor response increased with increasing ion concentration (Figure 4.9).
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Figure 4.9: Dynamic range analysis of recombinase-based gold sensor in LB

media. Cells were induced with varying gold concentrations for 18 h at 30°C

before measurement. Experiments were performed as three biological replicates.

All data were normalized according to formula stated in Materials and Methods

section.

To show specificity of the recombinase-based gold sensor, cells were induced

with 50 uM of metal ions for 18 h, and it has been shown that the sensor was

responsive only to gold (Figure 4.10).
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Figure 4.10: Cross-reactivity analysis of recombinase-based gold sensor in LB

media. Cells were induced with 50 uM of metal ions for 18 h at 30°C before
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measurement. Experiments were performed as three biological replicates. All data

were normalized according to formula stated in Materials and Methods section.

To show robustness of the recombinase-based gold sensor, cells were incubated in
MOPS minimal media, and induced with gold ions. Results showed that sensor

also worked in minial media (Figure 4.11).
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Figure 4.11: Response-time analysis of recombinase-based gold sensor in MOPS
minimal media. Cells were induced with 0, 10, and 50 uM of gold concentrations
at 30°C. Experiments were performed as three biological replicates. All data were

normalized according to formula stated in Materials and Methods section.

4.4.3.Characterization of Cadmium Detecting Circuit

To determine optimum concentration to work with, recombinase-based cadmium
sensor induced with 0-t0-300 uM of cadmium ions for 18 h. Results showed
maximum response (~3-fold signal increase) at 50 uM and decreasing afterward

because of cadmium toxicity to cells (Figure 4.12).
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Figure 4.12: Dynamic range analysis of recombinase-based cadmium sensor in
LB media. Cells were induced with varying cadmium concentrations for 18 h at
30°C before measurement. Experiments were performed as three biological
replicates. All data were normalized according to formula stated in Materials and

Methods section.
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Figure 4.13: Characterization of MerR-based cadmium sensor in diffirent media.
A. Response-time analysis of MerR-based cadmium detection sensor in MOPS
minimal media. Cells were induced with 0, 10, 50, and 100 uM of cadmium at
37°C. Experiments were performed as three biological replicates. All data were
normalized according to formula stated in Materials and Methods section. B.
Induction of MerR-based cadmium detection sensor with 0, 25, and 50 uM of

cadmium in HMM minimal media for 14 h at 37°C. Experiments were performed
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as three biological replicates. All data were normalized according to formula

stated in Materials and Methods section.

To determine optimum concentration and measurement time of MerR-based
cadmium sensor, cells were induced with 0-to-100 uM of cadmium ions. Results
showed increased response in time with increasing cadmium concentration
(Figure 4.13A). Next, to show robustness of the MerR-based cadmium sensor,
cells were induced in HMM minimal media for 14 h, and similar results were

observed (Figure 4.13B).

4.5. Discussion

Bacterial whole-cell biosensors are useful tools to detect various compounds (i.e.,
toxic compounds or disease biomarkers) in environmental as well as biomedical
samples [165]. Especially for environmental monitoring studies, several types of
biosensor strategies have been developed. These biosensors are mainly
categorized as non-specific [162], semi-specific [73], and specific biosensors [73,
163, 164]. In this study, we have made further engineering on our previously
constructed semi-specific biosensor based on heat shock response (HSR) which is
able to detect toxicity of nanomaterials in a very short time (see Chapter 3 for
details), and have combined gold and cadmium specific transcription factors to
investigate the source of the reported toxicity. Both gold and cadmium are
investigated to be used in biomedical applications such as drug delivery or

molecular imaging using nanoparticles. Hence, any release from surface of
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nanoparticles may cause toxicity to cells which should be detecting and reported

accordingly [59].

Microorganisms have developed well-controlled machinery against non-specific
heavy metal intake so that they can pump out the toxic levels of ions [165]. Gold
resistance in Salmonella is controlled by gol locus and it is very specific to gold.
A functional GolS transcription factor is required for gold resistance which
activates the gene expression in gol locus; a transporter (GolT), a metal-binding
polypeptide (GolB), and GolS itself [169]. Because of its specificity to gold, we
have chosen GolS and its cognitive promoter PgolB to construct a gold detecting
circuit. Additionally, to make the circuit well-controlled, we integrated a DNA-
arraging serine recombinase, Bxb1, to the sensor. Serine recombinases are utilized
by bacteriophages to incorporate their genomic DNA into the host genome using
specific attachment sites on bacteria (attB) and phage (attP) [185]. Mimicking this
natural event, several studies have demonstrated that recombinases are useful
tools in synthetic biology to make complex computation on DNA such as memory

circuits or state machines [186, 187].

The working principle of recombinase-based gold detection circuit has been
summarized in Figure 4.14: In the absence of gold, HspR constantly represses the
stress promoter, PdnaK-IR3-IR3 so that neither Bxbl nor GolS are expressed
which control reporter expression (Figure 4.14A). However, presence of gold
creates stress activating HSR, and HspR releases from the promoter so that Bxbl
and GolS expression are initiated. At first step, Bxb1 recombines the inverted gold
sensitive promoter, PgolB. Secondly, GolS-gold complex comes in play to initiate
the reporter expression (Figure 4.14B).
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Figure 4.14: Working principle of recombinase-based gold detection circuit. A. At
normal growth conditions, constitutively expressed HspR recognizes IR3-1R3
sequences on promoter blocking the gene expression. B. Upon gold treatment,
HspR is released from the stress promoter initiating Bxb1l and GolS expression.
First, Bxbl converts gold-specific promoter; then, GolS-gold complex activates

reporter expression.

To test the recombinase-based gold detection circuit, we diluted overnight cell
cultures in fresh LB media supplemented with proper antibiotics and gold ions at
varying concentrations. After 18 hours of incubation at 30°C, we measured the
GFP response (Figure 4.9). Results showed that limit of detection (LOD) of the
sensor was quite low (5 uM) and the reponse increased gradually with the
increased gold concentration. We decided to use 50 uM of gold, which gave high
signal (~6-fold) and was not detrimental to cells, for further assays. Next, we

tested the specificity of the sensor with 50 uM of different heavy metals (Figure
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4.10). Similarly, we diluted overnight cell cultures in fresh LB media
supplemented with proper antibiotics and 50 uM of heavy metal ions. After 18
hours of incubation at 30°C, we measured the GFP response of each metal. As we
expected, sensor showed response only to gold but not to others. Although GolS
belongs to MerR family, group of heavy metal transcription factors, and shows
similarity to copper responsive transcription factor of E. coli (CueR) which
responses other metals such as silver and gold besides copper, GolS is very
specific to gold [169, 188, 189]. Finally, we have characterized the sensor in
different media to show the robustness of the sensor and utilized MOPS minimal
media used in bacterial whole cell biosensor studies. We both controlled the
expression time and responsive gold concentration, and induced the sensor with
lower and higher concentrations of gold ions (10 and 50 uM, respectively).
Results showed the same characteristics with studies in LB and could detect gold
at lower concentrations and indicated higher response to high concentrations of
gold (Figure 4.11). This result promises that we would be able to detect the

presence of gold ions in various samples from rich to low medium composition.

Next step was to expand heavy metal sensors to detect other ions. Hence, we have
chosen cadmium as the second heavy metal. Cadmium is one of the most toxic
compounds to microorganisms; thereby, they have developed resistance to
cadmium in order to pump out ions in cells. Among various microorganisms,
Pseudomonas putida resists to cadmium with an efflux pump and a transcription
factor; CadA and CadR, respectively [190]. Several biosensors have been
developed wusing cadmium specific transcription factors from various

microorganisms and adaped to E. coli [191, 192]. In our recombinase-based
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cadmium detection circuit, we followed the same approach that we developed for
gold detection; instead, we used CadR as transcription factor and its cognitive
promoter, PcadA. Similar to the recombinase-based gold detecting circuit, HspR
constantly represses the stress promoter, PdnaK-IR3-IR3, in the absence of
cadmium, so that neither Bxbl nor CadR are expressed which control reporter
expression (Figure 4.15A). However, presence of cadmium creates stress
activating HSR, and HspR releases from the promoter so that Bxbl and CadR
expression are initiated. At first step, Bxbl recombines the inverted cadmium
sensitive promoter, PcadA. Secondly, CadR-cadmium complex comes in play to

initiate the reporter expression (Figure 4.15B).
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Figure 4.15: Working principle of recombinase-based cadmium detection circuit.
A. At normal growth conditions, constitutively expressed HspR recognizes IR3-
IR3 sequences on promoter blocking the gene expression. B. Upon cadmium
treatment, HspR is released from the stress promoter initiating Bxb1l and CadR
expression. First, Bxbl converts cadmium-specific promoter; then, CadR-
cadmium complex activates reporter expression.
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To test the recombinase-based cadmium detection circuit, we diluted overnight
cell cultures in fresh MOPS minimal media supplemented with proper antibiotics
and cadmium ions at varying concentrations. After 18 hours of incubation at
30°C, we measured the GFP response (Figure 4.12). Results showed that although
limit of detection (LOD) of the sensor was quite low (~10 uM) and the highest
reponse to elevated cadmium concentration was lower compared to gold detection
circuit (~6-fold for 50 uM of gold while ~3-fold for 50 uM of cadmium).
Additionally, a decrease after 50 uM of cadmium was observed indicating toxic
levels on cells. It could be concluded that cadmium is very toxic [193] cells
causing cell death or growth inhibition at higher concentrations. When we
consider all of these circumstances, another cadmium specific transcription factor
would be useful to increase the dynamic range as well as specificity to gene
circuit. Thus, we decided to use MerR-mutated transcription factor [168] and
characterized its dynamics before integrating it to the HSR and recombinase-

based circuits.

MerR is one of the first discovered metal-binding protein shows mercury
resistance in Pseudomonas aeruginosa [194]. In the absence of mercury, MerR
inactivates RNA polymerase while transcription is initiated in the presence of
mercury. Although it is very specific to mercury, it shows low affinity to
cadmium. Hakkila et al. applied a series of mutations on MerR and formed a
library until they obtained a cadmium specific MerR mutant [168]. We utilized
MerR (mutated) to check its activity first reproducing the same results that
Hakkila et al. showed (Figure 4.16). In the constructed sensor, MerR (mutated)

was constitutively expressed blocking the reporter expression from PcadA
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promoter (Figure 4.16A). Upon cadmium treatment, MerR (mutated) released the
promoter so that reporter expression started (Figure 4.16B). We first tested the
sensor with varying concentrations of cadmium ions in MOPS minimal media
(Figure 4.13A). Results indicated that sensor showed higher response to increased
concentrations of cadmium (~4-fold). Finally, we have characterized the sensor in
different minimal media (HMM media) defined for heavy metal detection studies
to show the robustness of the sensor. We selected medium and high
concentrations of cadmium (25 and 50 uM, respectively) to induce the sensor

(Figure 4.13B). Similar results were observed.
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Figure 4.16: Working principle of MerR-based cadmium detection circuit. A. At
normal growth conditions, constitutively expressed MerR blocks reporter
expression. B. Upon cadmium treatment, MerR is released from the cadmium-

specific promoter initiating reporter expression.
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When we compared CadR and MerR (mutated) based sensing system, although
they showed similar fold-induction with each other, MerR-based system is more
promising because of its proposed specificity [168]. Thus, further optimizations
and complex circuit designs will be constructed with MerR-based cadmium

regulation.

4.6. Conclusion

As a concusion, previously characterized semi-specific [73] toxicity biosensor
(Chapter 3) has been engineered with specific biosensor properties [73] to detect
the source or stressor. To begin with, a well-characterized gold specific
transcription factor, GolS [169], and two different cadmium specific transcription
factors, CadR [190] and MerR (mutated) [168], have chosen since both gold NPs
and cadmium-based QDs are very promising in nanotechnological applications in
biomedicine [122]. Hence, early detection of the toxic part, especially for complex
NPs such as QDs, is very critical to minimize the damage which might be caused

after human exposure to NPs.

Here we demonstrate that our engineered stress sensors are able to sense the
stressor together with its source. Although circuits require some more
characterization and only have been developed for gold and cadmium, a multiplex
cellular consortium is possible which responds multiple heavy metal transcription

factors, and each heavy metal could be reported with a certain reporter.
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CHAPTER 5

A Eukaryotic Cell-Based Biosensor to

Monitor Nanomaterial-triggered Toxicity

5.1. Objective of the Study

In the last decades, nanomaterials have been used in a wide range of consumer
and medical products increasing the safety concerns on environment and human
health. Although some whole-cell biosensors have been developed using
microorganisms to evaluate toxicity of nanomaterials and heavy metals, still a
very limited number of mammalian cells have been engineered as living sensors
for nanomaterial toxicity detection. Here we followed three approaches to
construct a living sensor based on HSR in cells: usage of (i) HSP70 promoter and
(it) small HSP (sHSP) promoter, and (iii) engineering of eukaryotic HSR with
bacterial repression-based mechanism. In all cases, expression of a reporter gene
(egfp) was controlled with the HSP promoters and response was monitored upon

stress exposure.

5.2. Introduction

Nanomaterial exposure may cause multiple changes in cells (For details see
Chapter 1). To investigate effects of nanomaterials, various in vivo and in vitro

tests have been developed to understand cell faith. Developed assays seek changes
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in cells over nanomaterial exposure and assess reactive oxygen species (ROS)
generation, viability, stress level, morphological changes, and cellular uptake
mechanisms. Besides, cell culture assays with nanomaterials mainly depend on
cultured cells (commercially available genetically altered or tissue-harvested
primary cells) incubated with different types at different concentrations of
nanomaterials with varying exposing time. However, response of different cell
lines to different nanomaterials also varies which make difficult to reach a general
conclusion. Additionally, these tests are expensive, time-consuming, and require
an expert to conduct the tests [146]. Hence, live cell-based biosensors are
promising tools to report toxicity with sensitive and fast response at lower costs
[195]. Similar to conventional sensor principles, whole cell biosensors are
composed of three modules: an input module which could be a receptor in cell
membrane or cytoplasm, a processing unit which is a genetically engineered
circuit responding the incoming signal, and an output module which transfers the
incoming signal to a measurable output [196]. To date, multiple prokaryotic and
eukaryotic cells have been utilized to evaluate environmental hazard such as
bacteria [197], yeast [198], or algae [199-201]. Additionally, mammalian cell-
based sensors have been introduced to evaluate safety of chemicals [202-206].
Yet, only a few studies have included mammalian whole-cell based approaches to
monitor toxicity of nanomaterials [195, 207, 208]. It has been shown that
nanomaterials cause protein denaturation or aggregation in mammalian cells
activating heat shock proteins (HSPs) [195], inflammation activating NF-xB
pathway [208], activation of DNA damage response [195], or increase in reactive

oxygen species (ROS) [202]. Cytotoxicity of stressors on mammalian cells can be
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detected with increased HSP expression. Especially, multiple studies showed that
HSP70 expression increases upon many cytotoxic stimuli [195] which may also
cause oxidative stress in cells further activating HSR [202]. Also, utilizing
promoters of HSP70 allow reporting the cytotoxicity with a suitable reporter [202,

209-211].

5.3. Materials and Methods

5.3.1.Media and Strains

E. coli DH5a (New England Biolabs, Inc.) was used for all cloning steps and
grown in LB medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
NaCl) with proper antibiotics at 37°C and 180 rpm shake in Erlenmeyer flasks.
Human embryonic kidney cell line (HEK293T, ATCC®) was used as a model
living sensor and grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Lonza) supplemented with heat inactivated 10% fetal bovine serum (FBS,
Gibco), 1 g/L glucose, 2mM L-glutamine, and antibiotics (5000 U/ml penicillin
and 100 mg/ml streptomycin) in humidified incubator at 37°C with 5% CO;

(Binder).

5.3.2.Plasmid Construction

To construct Phsp70-pcDNA3-GFP and ABC-pcDNA3-GFP vectors, HSP70
promoter (Phsp70) was isolated from the genomic DNA of HEK293T cell line
using primers shown in Table B1 while aB-crystallin (ABC) promoter was
synthesized by Twist Bioscience Company. For plasmid backbone, pcDNA3-GFP
vector (Addgene #13031) was digested with BamHI-Mlul restriction enzymes
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(New England Biolabs, Inc.). Reaction conditions were described in Appendix E.
Both parts were assembled with Gibson Assembly reaction described by Gibson
et al. [137]. To construct CMV HspR-His pcDNA3 and CMV His-HspR-NLS
pcDNA3 vectors, HspR was amplified by primers stated in Table B.1 and
pcDNA3-GFP vector (Addgene #13031) was digested with BamHI-Xbal
restriction enzymes (New England Biolabs, Inc.) for plasmid backbone. Parts of
CMV HspR-His pcDNA3 vector were assembled with Gibson Assembly while
CMV His-HspR-NLS pcDNAS3 vector was constructed with T4 ligation after PCR
product of HspR was digested with the same enzyme pair used for backbone
digestion. To construct SV40 GFP MeCP2 vector, SV40-GFP-polyA part was
amplified from formerly constructed SV40 GFP pGL3 vector by primers stated in
Table B.1, and PCR product was digested with EcoRI-Mlul enzyme pair for
ligation. For backbone, dCas9-KRAB-MeCP2 (Addgene #110821) vector was
digested with the same enzyme pair. Both parts were assembled with T4 ligation.
To construct SV40-IR3 GFP MeCP2 vector, IR3 repeat was added to SV40
promoter with the primers stated in Table B.1 and GFP-polyA part was also
amplified by PCR. For backbone, dCas9-KRAB-MeCP2 (Addgene #110821)
vector was digested with EcoRI-Sall enzyme pair. All parts were assembled with
Gibson Assembly reaction. To construct SV40-IR3-IR3 GFP MeCP2 vector,
SV40-IR3 GFP MeCP2 vector was digested with EcoRI-Sall and EcoRI-Xhol
enzyme pairs. From the digested parts, longer part from EcoRI-Sall digestion and
shorter part from EcoRI-Xhol digestion was assembled with T4 ligation. Q5 Hot
Start High-Fidelity DNA Polymerase (New England Biolabs, Inc.) was used for

all PCR reactions (Reaction conditions were described in Appendix E).
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NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) was used according to
the manufacturer’s instructors to purify digested DNA samples or PCR products
from 1 to 1.8% Agarose gels stained with SYBR Safe DNA Gel Stain (Thermo
Fisher Scientific). Plasmid construction was made via ligation with DNA T4
ligase (New England Biolabs, Inc.) or via Gibson Assembly method (Both
reaction conditions were described in Appendix E). Constructed genetic circuits
were sequence verified by Sanger Sequencing (GENEWIZ). All genetic part
sequences used this chapter was introduced in Table Al, and all constructed
vector maps were indicated in Appendix C with verified sequencing results in

Appendix D.

5.3.3.Chemical Competent Cell Preparation and

Transformation of DNA in Cells

Overnight cultures of E. coli DH5a were prepared from frozen glycerol stocks and
incubated for 16 h with the same culturing conditions mentioned previously. 1%
of inoculums from overnight cultures were used to start fresh culture for
competent cell preparation. Culture was incubated at 37°C and 180 rpm shake in
Erlenmeyer flasks until ODggo reached 0.2-to-0.5. Following, culture was cooled
in ice for 10 min and cells were collected by centrifugation at 1000 xg for 10 min
at +4°C. After centrifugation, supernatant was discarded and cell pellet was
resuspended in 10% (v/v) of TSS Buffer (10% (w/v) PEG-8000, 5% (v/v) DMSO,
50 mM MgCl; pH 6.5 in LB). For each aliquot, 100 pl of cultures were placed in

each microcentrifuge tubes and stored at -80°C.
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Chemical competent cells were thawed on ice for 30 min before transformation.
For transformation, whole ligation product, Gibson Assembly reaction product, or
100 ng of intact plasmid DNA was introduced to thawed cells and incubated on
ice for 20-30 min. Following, cells were shocked by heat treatment at 42°C for 30
sec. After the heat shock, cells were cold shocked for 2 min on ice. Then, 250-
1000 pl of LB was added onto the cells and incubated at 37°C and 180 rpm shake
for 45-60 min. At the end of the incubation, cells were collected at 1000 xg for 10
min and the supernatant was discarded. The collected cells were resuspended in

50 ul of LB and spread onto LB-agar supplemented with proper antibiotics.

5.3.4.Sequencing Alignments with Geneious Software

All plasmid maps were constructed on an online vector tool; Benchling.
Following, all plasmid maps were exported as .gb files and imported in Geneious
software together with the sequencing results of plasmid maps as .abi files. In
order to align plasmid map and its sequencing data, both sequences were selected
and pairwise alignment performed. The sequencing results for all vectors were

indicated in Appendix D.

5.3.5. Transfection

24 h prior to transfection, HEK293T cells were seeded in 96-well or 24-well
plates at concentrations of 2x10* cells/well and 5x10* cells/well, respectively.
After 60-70% of confluency, cells were transfected with either polyetylenimine
(PEI) (Polysciences) or lipofectamine 3000 (invitrogen). For PEI transfection

protocol, 500 ng of plasmid DNA and 1500 ng PEI were mixed in 100 pl of
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serum-free DMEM and mixed gently. After incubation at RT for 20 min, the
mixture was applied on cells. For lipofectamine 3000 transfection, 100-500 ng of
plasmid DNA and supplied lipofectamine reagents was incubated in serum-free
DMEM media at RT for 10-15 min according to manufacturer’s instruction. After
incubation, the mixture was applied on cells. After transfection, cells were

transferred in humidified incubator (37°C, 5% CO2) for 24 hours.

5.3.6.Heat Shock Experiments and Toxicity Assay

After 24 hours of transfection, cells were transferred in humidified incubator at
42°C, 5% COz2 for 1 or 2 h for heat shock experiments. At the end of the heat
shock, cells were returned back to the initial incubator (37°C, 5% COz2) for 6
hours of recovery. For toxicity experiments, after 24 hours of transfection,
cadmium acetate solution (Concentrations were indicated in figures.) were added
on cells and incubated for 6 hours in humidified incubator (37°C, 5% CO2). For
all cases, untreated control samples were used. At the end of the induction period,

cells were analyzed with microplate reader (SpectraMax M5, Molecular Devices).

5.3.7.Fluorescence Measurement and Data Analysis

All fluorescence measurement studies were conducted via microplate reader
(SpectraMax M5, Molecular Devices). Excitation and emission wavelengths for
eGFP were set as 485 and 538 nm, respectively. Each measurement was
conducted in Corning 24-well clear flat bottom polystyrene plates. Before
measurement, cell culture media was discarded carefully and cells were washed

with 1xPBS (137 mM NaCl, 2.7 mM KCI, 4.3 mM NayHPOy4, 1.47 mM KH2POy,
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pH 7.4). After washing, 1 mL of 1xPBS was added on each well. For 0-to-1 signal
normalization, each value was subtracted from minimum value and divided by

difference between maximum and minimum values in related groups.

5.3.8.HspR Expression and Western Blot Analysis

After 24 h of transfection of CMV HspR-His pcDNA3 vector in HEK293T cell
line, cells were washed, resuspenden in 1xPBS (137 mM NaCl, 2.7 mM KCI, 4.3
mM NayHPO,, 1.47 mM KH,PO,, pH 7.4), and collected (500xg, 5 min). Cells
were lysed with 100 uL of Mammalian Protein Extraction Reagent (M-PER™,
Thermo Fisher Scientific). After lysis, 20 uL from protein fraction was load on
15% SDS-PAGE gel prepared with BioRad SDS Gel casting system. 20 pL from
protein samples were run on gel by using 6xLoading Dye (375 mM Tris-HCI (pH
6.8), 9% (w/v) SDS, 50% (v/v) Glycerol, 0.03% (v/v) Bromophenol blue). All
samples were boiled at 95°C for 5 min prior to run on gel. 1XSDS Running Buffer
(25 mM Tris-HCI, 200 mM Glycine, 0.1% (w/v) SDS) was used during the run.
Further, gel was transferred to polyvinylidene difluoride (PVDF) membranes
(Thermo Fisher Scientific). Membrane was blocked with 5% freeze-dried nonfat
milk in TBS-T for 1 h at room temperature, and then incubated at +4°C overnight
with primary antibody (His-Tag mouse McADb) (Proteintech Europe) diluted at
1:10000 in blocking solution. Afterward, membrane was washed with TBS-T and
incubated with HRP conjugated goat antimouse secondary antibody (abcam)
diluted at 1:10000 in blocking solution for 1 h and visualized by enhanced
chemiluminescence (Bio-Rad) according to the manufacturer’s protocol on

ChemiDoc Imaging System with Image Lab Software — BioRad.
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5.3.9.Microscopy

All imaging was conducted with Inverted Fluorescence Microscope (Zeiss) and

representative images were provided in Appendix F.

5.3.10.  Statistical Analysis

All data were expressed as mean + standard error mean. Depending on the groups
of interest, either one-way analysis of variance (ANOVA) or two-way ANOVA
with Dunnett’s/Tukey’s/Sidak’s multiple comparison tests (GraphPad Prism v6)

were used to compare groups.

5.4. Results

5.4.1.Cloning of Eukaryotic Toxicity Sensors
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Figure 5.1: Construction of Phsp70-GFP-pcDNAS vector. A. Phsp70 was isolated
from HEK293T genome and observed at 430 bp on the gel. B. Homology
sequences added on Phsp70 with Gibson Assembly primers and PCR products
were observed at 492 bp on the gel. C. Digested pcDNA3-GFP vector with
BamHI-Mlul enzyme pairs. Linear vector and CMV promoter piece were

observed at 5400 bp and 680 bp, respectively. 50 bp DNA Ladder (NEB) and 1
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kb+ DNA Ladder (NEB) were used as DNA markers for small and large

fragments, respectively.

For cloning of Phsp70-pcDNA3-GFP vector, HSP70 promoter (Phsp70) was
isolated from the genomic DNA of HEK293T cell line using primers shown in
Table B.1 PCR products were run on 1.8% Agarose gel (Figure 5.1A) and isolated
using MN-gel extraction kit according to manufacturer’s instructions. The isolated
PCR product was amplified with Gibson Assembly primers (Table B.1) to add
homology regions of backbone (Figure 5.1B). For backbone, pcDNA3-GFP
vector was digested with BamHI-Mlul restriction enzymes and run on 1%
Agarose gel (Figure 5.1C). Obtained pieces were assembled with Gibson
Assembly reaction. After Gibson Assembly, selected colonies were sent for

sequencing (Appendix D).
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Figure 5.2: Construction of CMV HspR-His pcDNA3 vector. A. HspR was
amplified with Gibson Assembly primers to add homology regions of backbone

and observed at 468 bp on the gel. B. Digested pcDNA3-GFP vector with BamHI-
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Xbal enzyme pairs. Linear vector and GFP were observed at 5370 bp and 730 bp,

respectively. 1 kb+ DNA Ladder (NEB) was used as DNA marker.

For cloning of ABC-pcDNA3-GFP vector, synthesized fragment of aB-crystallin
(ABC) promoter was assembled with BamHI-MIlul digested pcDNA3-GFP
backbone (Figure 5.1C). After Gibson Assembly, selected colonies were sent for

sequencing (Appendix D).

10K —

3K —

Figure 5.3: Construction of CMV His-HspR-NLS pcDNAS3 vector. HspR was
amplified with primers and observed at 484 bp on the gel. 1 kb+ DNA Ladder

(NEB) was used as DNA marker.

For cloning of CMV HspR-His pcDNA3 vector, HspR was amplified by primers
stated in Table B.1, run on 1% Agarose gel (Figure 5.2A), and isolated using MN-
gel extraction kit according to manufacturer’s instructions. For backbone,

pcDNA3-GFP vector was digested with BamHI-Xbal restriction enzymes and run
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on 1% Agarose gel (Figure 5.2B). Obtained pieces were assembled with Gibson
Assembly reaction. After Gibson Assembly, selected colonies were sent for

sequencing (Appendix D).

For cloning of CMV His-HspR-NLS pcDNAS3 vector, HspR was amplified by
primers stated in Table B.1, run on 1% Agarose gel (Figure 5.3), and isolated
using MN-gel extraction kit according to manufacturer’s instructions. After gel
extraction, PCR product was digested with BamHI-Xbal enzyme pair similar to
backbone (Figure 5.2B). Digested DNA fragments were assembled with T4
ligation reaction. After assembly, selected colonies were sent for sequencing

(Appendix D).
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Figure 5.4: Construction of SV40 GFP MeCP2 vector. A. SV40-GFP-polyA
fragment was amplified and observed at 1410 bp on the gel. B. Digested dCas9
KRAB MeCP2 vector with EcoRI-Mlul enzyme pairs. Linear vector was
observed at 1496 bp, and other DNA pieces were at 4527 bp and 2438 bp,

respectively. 1 kb+ DNA Ladder (NEB) was used as DNA marker.
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For cloning of SV40 GFP MeCP2 vector, SV40-GFP-polyA part was amplified
from formerly constructed SV40 GFP pGL3 vector by primers stated in Table
B.1, run on 1% Agarose gel (Figure 5.4A), and isolated using MN-gel extraction
kit according to manufacturer’s instructions. After gel extraction, PCR product
was digested with EcoRI-Mlul enzyme pair similar to backbone (Figure 5.4B).
Digested DNA fragments were assembled with T4 ligation reaction. After

assembly, selected colonies were sent for sequencing (Appendix D).
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Figure 5.5: Construction of SV40-IR3 GFP MeCP2 vector. A. SV40-IR3 (left)
and GFP-polyA (right) fragments were amplified and observed on the gel at 392
bp and 1089 bp, respectively. B. Digested dCas9 KRAB MeCP2 vector with
EcoRI-Sall enzyme pairs. Linear vector was observed at 2200 bp, and other DNA
pieces were at 3300 bp and 1500 bp, respectively. 1 kb+ DNA Ladder (NEB) was

used as DNA marker.

For cloning of SV40-IR3 GFP MeCP2 vector, SV40-IR3 and GFP-polyA parts

were amplified by primers stated in Table B.1, run on 1% Agarose gel (Figure
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5.5A-left for SV40-IR3 fragment and Figure 5.5A-right for GFP-polyA fragment),
and isolated using MN-gel extraction kit according to manufacturer’s instructions.
For backbone, dCas9-KRAB-MeCP2 vector was digested with EcoRI-Sall
restriction enzymes and run on 1% Agarose gel (Figure 5.5B). Obtained pieces
were assembled with Gibson Assembly reaction. After Gibson Assembly, selected

colonies were sent for sequencing (Appendix D).
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Figure 5.6: Construction of SV40-IR3-IR3 GFP MeCP2 vector. EcoRI-Sall
digested SV40-IR3 GFP MeCP2 vector fragments were observed on the gel at
1019 bp and 2578 bp (2" well), and EcoRI-Xhol digested S\V40-IR3 GFP MeCP2
vector fragments were observed on the gel at 1052 bp and 2545 bp (3" well). 1

kb+ DNA Ladder (NEB) was used as DNA marker.

For cloning of SV40-IR3-IR3 GFP MeCP2 vector, SV40-IR3 GFP MeCP2 vector
was digested with EcoRI-Sall and EcoRI-Xhol enzyme pairs, run on 1% Agarose
gel (Figure 5.6), and isolated using MN-gel extraction kit according to

manufacturer’s instructions. From the digested parts, longer part from EcoRI-Sall
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digestion (2" well of Figure 5.6), and shorter part from EcoRI-Xhol digestion (3"
well of Figure 5.6) was assembled with T4 ligation. After assembly, selected

colonies were sent for sequencing (Appendix D).

5.4.2.Characterization of Eukaryotic Toxicity Sensors

Constructed with Native HSP Promoters
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Figure 5.7: Fluorescent signal results of cadmium and heat treated eukaryotic
Phsp70 pcDNA3-GFP sensor. A. The sensor was induced with varying
concentrations of cadmium ions for 6 hours. B. The sensor was induced at 42°C
for 1 hour following 6 hours of recovery at 37°C. C. The sensor was induced at
42°C for 2 hours following 6 hours of recovery at 37°C. Experiments were
performed as three biological replicates. Fluorescence intensity of each group was
compared with each other and normalized according to formula stated in Materials
and Methods section. p < 0.05 was represented with one star. Statistically non-

significant results had no stars.

First constructed eukaryotic HSR circuit, Phsp70 pcDNA3-GFP, was tested with

cadmium ions and heat treatment. For cadmium ion induction, cells (transfected
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and untransfected groups) were subjected to varying concentrations of cadmium
ions for 6 hours. After induction, cell media was replaced with 1xPBS and
measured with microplate reader. No significant signal was observed upon
cadmium treatment (Figure 5.7A). For heat induction, cells were incubated at
42°C, 5% CO2 for 1 and 2 h. At the end of the heat shock, cells were returned
back to the initial incubator (37°C, 5% CO2) for 6 hours of recovery. For 1 hours
of induction did not show any significant signal increase (Figure 5.7B), while 2

hours of heat treatment showed a slight signal increase at the sensor (Figure

5.7C).
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Figure 5.8: Fluorescent signal results of cadmium and heat treated eukaryotic
Pasc PCDNAS3-GFP sensor. A. The sensor was induced with 100 uM of cadmium
ions for 6 hours. B. The sensor was induced at 42°C for 1 hour following 6 hours
of recovery at 37°C. Experiments were performed as three biological replicates.
Fluorescence intensity of each group was compared with each other and
normalized according to formula stated in Materials and Methods section. p <
0.05 was represented with one star. Statistically non-significant results had no

stars.
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Eukaryotic HSR circuit with SHSP promoter, Pagc pPcDNA3-GFP, was tested with
cadmium ions and heat treatment. For cadmium ion induction, cells (transfected
and untransfected groups) were subjected to 100 uM of cadmium ions for 6 hours.
After induction, cell media was replaced with 1xPBS and measured with
microplate reader. No significant signal was observed upon cadmium treatment
(Figure 5.8A). For heat induction, cells were incubated at 42°C, 5% COz2 for 1 h.
At the end of the heat shock, cells were returned back to the initial incubator
(37°C, 5% CO2) for 6 hours of recovery. After heat treatment, the sensor cells

showed increase in signal (Figure 5.8B).

5.4.3.Expression of HspR in Eukaryotes
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Figure 5.9: Western Blot results for recombinant HspR expression in HEK293T
cell line. Untransfected cells (annotated as “(-)” on the gel), GFP expressing
positive control vector (annotated as “(G)” on the gel), and HspR expressing
vector (annotated as “(H)” on the gel) were run on the gel. HspR expression was

observed at ~14 kDa. Spectra™ Multicolor Low Range Protein Ladder (Thermo
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Fisher Scientific) was used as reference. Image generated by Chemidoc (BioRad)

Imaging System.

Eukaryotic HspR expression vector (CMV HspR-His pcDNA3) was transfected in
HEK293T cell line. After 24 hours of transfection, samples were collected and run
on 15% SDS-PAGE and transferred to PVDF membrane for Western Blotting.
His-tagged HspR was observed at 14 kDa in transfected cells while negative

controls were clear on gel (Figure 5.9).

5.4.4.Characterization of Engineered Eukaryotic Toxicity

Sensors with IR3 Motif

A. B
1.0 1.0
0.8 0.8
3 0.6 5 0.6
LS s
=] o
0.4 0.4
& 2
0.2- 0.2
0.0- 0.0
0 100 37°C 42°C-2h
Concentration (uM) Heat Treatment
@ untransfected @ 5V40-IR3 GFP B SV40-IR3 GFP w/HspR

Figure 5.10: Fluorescent signal results of cadmium and heat treated eukaryotic
SV40-IR3 GFP sensor co-transfected with HspR. A. The sensor was induced with
100 uM of cadmium ions for 6 hours. B. The sensor was induced at 42°C for 2
hour following 6 hours of recovery at 37°C. Experiments were performed as three

biological replicates. Fluorescence intensity of each group was compared with
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each other and normalized according to formula stated in Materials and Methods

section. Statistically non-significant results had no stars.

After HspR expression was shown in eukaryotic cells, it co-transfected with IR3
motifs in cells. First, GFP expressing vector with single IR3 repeat was
characterized with cadmium ion (100 uM, 6 h) and heat treatment (42°C, 2 h). At
the end of the induction periods, cell media was replaced with 1xPBS and
measured with microplate reader. Significant HSpR repression was observed in
co-transfected cells while no significant signal increase was noted upon stress

exposure (Figure 5.10).
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Figure 5.11: Fluorescent signal results of cadmium and heat treated eukaryotic
SV40-IR3-IR3 GFP sensor co-transfected with HspR. A. The sensor was induced
with 100 uM of cadmium ions for 6 hours. B. The sensor was induced at 42°C for
2 hour following 6 hours of recovery at 37°C. Experiments were performed as

three biological replicates. Fluorescence intensity of each group was compared
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with each other and normalized according to formula stated in Materials and

Methods section. Statistically non-significant results had no stars.

Next, GFP expressing vector with double IR3 repeat was characterized with
cadmium ion (100 uM, 6 h) and heat treatment (42°C, 2 h). At the end of the
induction periods, cell media was replaced with 1xPBS and measured with
microplate reader. Significant HspR repression was observed in co-transfected
cells while no significant signal increase was noted upon stress exposure (Figure

5.11).

5.5. Discussion

Nanomaterials activate sets of genes and pathways in eukaryotic cells. Changes in
HSP family are one of the pathways to monitor toxicity of nanomaterials. Living
cells are efficient tools used as biosensors and nanomaterial-triggered toxicity
detection is possible with a suitable engineered circuit integrated in cells [212].
Although several bacterial toxicity biosensors have been characterized so far, only
a few studies have developed mammalian whole-cell biosensors for nanomaterial
evaluation [195, 207, 208]. Among induced pathways upon nanomaterial
exposure, we chose HSR response because of its universal characteristics
compared to others. First, we built a circuit with a native Hsp70 promoter
(Phsp70) controlling the expression of a reporter gene, gfp. Expression profile of
Phsp70 has been characterized with multiple studies, previously [202, 209-211].
Thus, we tested the Phsp70-based stress sensor with cadmium ions as well as with

elevated heat treatment (internal positive control of HSR). 24 h after HEK293T
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cells were seeded on multi-well plates, cells were transfected either with the stress
circuit or a constitutively active GFP vector, positive control for transfection. 24 h
of post-transfection, cells were treated with various concentrations of cadmium
ions and incubated for 6 h (Figure 5.7A). Results showed that Phsp70 promoter
was already very active in cells and no significant signal increase was observed
upon cadmium exposure. To check the mechanism with an internal control, sensor
was treated with heat at 42°C for 1 h (Figure 5.7B) and for 2 h (Figure 5.7C).
Results indicated that 1 h of induction did not trigger any reporter expression

while 2 h of heat shock showed a slight increase upon induction.

To evaluate different types of promoters in HSP family, a SHSP protein promoter,
aB-crystallin promoter (annotated as Pagc), was chosen. Besides main chaperons
in HSP family, sHSPs such as aB-crystallin also play role in stress conditions
causing protein aggregation [213]. Multiple studies showed that aB-crystallin
expression increases especially in certain cell types such as astrocytes upon heat
shock as well as heavy metal exposure [214-216]. Hence, we constructed a stress
circuit with Pagc, and tested the circuit with cadmium ions and heat. Similar to the
previous circuit, GFP expressing Pagc circuit was transfected in HEK293T cells.
24 h of post-transfection, cells were treated with 100 uM of cadmium ions for 6 h
(Figure 5.8A). However, although signal increase was observed upon induction,
the increase was not as high as expected. Further, the circuit was subjected to heat
shock as internal control and induced with 42°C, 1 h heat treatment following 6 h
of recovery (Figure 5.8B). Results indicated that 1 h of heat treatment caused a

slight increase in reporter expression.
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Results showed that sensors with native HSP promoters were not enough for
toxicity evaluation and further engineering was required to achieve more
controllable circuit system in cells. Thus, we aimed to transfer previously
engineered bacterial repression-based HSR mechanism (see Chapter 3 for details)
into eukaryotes. To begin with, a recombinant HspR expression vector for
eukaryotes was cloned that HspR was expressed through a strong constitutive
promoter, CMV promoter. The eukaryotic HspR expression vector was
transfected in HEK293T cell line and cells were collected after 24 h of
transfection. The recombinant HspR expression in HEK293T cells was observed

at 14 kDa in transfected cells (Figure 5.9).

Although several strategies have been developed to engineer eukaryotic promoters
via synthetic biology approaches, one way is to select a minimal promoter and
decorate up- and downstream of the selected promoter with series of operator
sequences which express a reporter gene [212, 217]. Thus, we chose SV40
promoter to engineer with IR3 motifs controlling the GFP expression at the
downstream. We integrated the first IR3 motif with PCR to the downstream of the
SV40 promoter and co-transfected it with HspR expression vector. 24 h after
transfection, cells were treated with cadmium ions (100 uM, 6 h) and heat (42°C,
2 h following 6 hours of recovery at 37°C). Results showed that HspR recognized
IR3 motif showing a significant decline in GFP signal (Figure 5.10). Yet, no
significant increase in signal was observed upon stress which may be a
dissociation problem caused by HspR recognition. Further, SV40 promoter was
engineered with double repeats of IR3 motif controlling the GFP expression. The

engineered vector was co-transfected with HspR, and tested with cadmium ions
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(100 uM, 6 h) and heat (42°C, 2 h following 6 hours of recovery at 37°C). Similar
to single IR3 motif engineered circuit, a significant HspR repression was observed
in co-transfected cells while no significant signal increase was noted upon stress

exposure (Figure 5.11).

5.6. Conclusion

As a conclusion, as in the case of bacterial sensors with native HSP promoters,
eukaryotic HSP promoters are not good candidates for sensors requiring tight
control mechanism to tune the signal between OFF/ON states. On the other hand,
it has been demonstrated that HspR-based system is a promising candidate for
nanomaterial-triggered toxicity monitoring studies. Yet, further extensive studies
should be required to optimize dissociation and association kinetics of HspR on
IR3 motifs. It also should be noted that not every promoters respond the same way
to every compounds. Thus, searching for the right response elements (promoters)

is very crucial in biosensor design.

Although plenty of bacterial biosensors are developed for toxicity assessment of
various compounds, only a few studies have been characterized using HSP70
promoters to track the cytotoxicity [202, 209-211]. Here we proposed a eukaryotic
whole-cell biosensor for nanomaterial-triggered toxicity detection to expand the
limited pool of mammalian cytotoxicity biosensors. Also, HSR mechanism is a
common and conserved phenomenon between all domains of life which allow us
to transfer one mechanism from one species to another. Hence, we were able to
transfer bacterial HspR-based mechanism into eukaryotes. Still, the response

might require some further optimization to tune the reporter expression based on
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nanomaterial concentration and type. However, in general, here we propose a
general toxicity indicator providing quick information about the fate of the

nanomaterials before they applied to the field and on humans.
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CHAPTER 6

Conclusion and Future Perspectives

In the past couple of decades, nanotechnology has dominated various fields such
as food industry, cosmetics, electronics, and medicine. Thanks to their tunable
unique properties (i.e., high surface-to-volume ratio, surface functionalization,
small size), nanomaterials promise advantages in different application. Yet, same
properties of nanomaterials have drived safety concerns [119-121]. Nanomaterials
can penetrate easily through tissues and cell membranes because of their small
sizes causing cellular dysfunction and stress [124-130, 132-134]. Although
multiple methods for toxicity assessment have been developed, each method has
its own drawbacks. In general, many of them require high expertise [68],
expensive tools or consumables [68], longer times to report the toxicity [78, 84,
87], special model organisms [84-90]. Additionally, some of them use indirect
measure of toxicity [85-88], or give false positive results [69]. Thus, an early
detection of nanomaterial triggered toxicity is in demand so that toxic
nanomaterials might be engineered with further modifications (i.e., surface

functionalization with non-toxic compounds) to become less toxic.

Whole-cell biosensors have a great potential to detect any analyte of interest. To
date, many types of whole-cell biosensors have been developed to monitore
various types of stressors [70, 72, 107, 110, 112-115]. In this thesis, we proposed

whole-cell biosensors to provide early detection of nanomaterial-triggered toxicity
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using engineered genetic circuits constructed with synthetic biology tools. In our
proposed toxicity circuits, we utilized heat shock response (HSR) which is the
general stress indicatior of cells. Besides elevated temperature exposure, HSR
mechanism is activated with various stressors such as osmotic shock, starvation,
heavy metal exposure [97]. Using this information, we constructed circuits with a
reporter, GFP, which is controlled by different heat shock protein (HSP)
promoters. At the beginning, native HSP promoters controlling the reporter
expression were tested with elevated temperature treatment. However, initial
results showed that HSP promoters are already active in cells. Since HSR is
cellular defence mechanism, cells need to be prepared in any drastic changes in
their environment so that they can fight against stess and set back to their initial
un-stressed state [97]. Next, we engineered circuits with native HSP promoters
using riboregulator mechanism. As expected, riboregulators help eliminating any
unwanted leakage signal [140]. However, we observed obvious lost in sensor
signal upon stress treatment. Yet, sensors responded to QD treatment
immediately. To gain the lost sensor signal back, a bacterial quorum sensing (QS)
mechanism was introduced in the selected sensor. Moreover, an overall increase
in signal was observed. Thus, a more tightly-controlled system is required to tune

the sensor response.

Native HSR mechanism of E. coli is based on special sigma factor; 6>, and it is
assumed as activation based transcription control. Since the level of 6 and HSPs
are kept at a basal level in cells [35, 36, 101-106], high background signal of cells
at normal growth conditions have been observed. To eliminate such scenario, a

repression based transcription control mechanism is ideal. Contrary to E. coli, M.
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tuberculosis controls its HSR machinery with a repressor; HspR [155]. HspR
blocks its own operon at normal conditions by recognition inverted repeats (IR2
and IR3) called HAIR sequences [156]. We used single and double repeats of IR2
and IR3 sequences to decorate dnaK promoter of E. coli (PdnaK) to control
reporter expression. At the same time, we constitutively expressed the repressor,
HspR. All modifications showed decreased signal by repression at normal growth
conditions, whereas signal increased upon heat treatment. However, results
showed that not all modifications had the same repression characteristics. Besides,
both the repression capability of each repeats and its dissociation behavior from
sequences might be different. Nevertheless, IR3 sequence has a strong role in
HspR recruitment and turning the promoters OFF/ON. Finally, PdnaK-IR3-IR3
sensor has the ability to report toxicity of nanomaterials with a tightly controlled

mechanism eliminating false positive results.

To sum up, we demonstrated that HSR mechanism is a powerful candidate to
manufacture ordered gene circuits to detect nanomaterial-triggered toxicity.
Unlike recent reports utilizing HSR mechanism as stress indicating biosensors, we
integrated promoter engineering strategies (i.e., modifications of HSP promoters
with riboregulators, quorum sensing mechanism, and repressor binding sequences
from HSR of M. tuberculosis) to obtain optimum signal upon stress. Hence, a fast-
acting, easy-to-use, and cheap toxicity assessment test based on whole-cell
biosensing has been developed. The initial toxicity detection response can be used
as a feedback about nanomaterials of interest so that one can engineer them to

make biocompatible before field application such as imaging on human.
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After detecting the toxicity of nanomaterials, next step is to identify what is the
toxic compound to cells. Especially for composite nanomaterials such as QDs
which are composed of combinations of heavy metals, it is crucial to know which

part of the composite needs modifications.

In nature, microorganisms have developed machinery to resist metal exposure
[165]. Among them, we have chosen gold and cadmium based transcription
factors from related species, and engineered our previously characterized HspR-
based PdnaK-IR3-IR3 toxicity sensor for source detection purposes. For gold
detection, we used GolS transcription factor from Salmonella [169], and CadR
from P. putida for cadmium detection [190]. We integrated another circuit in
sensor to make it tightly controlled using a serin recombinase; Bxb1 [185-187].
For both recombinase-based gold and cadmium sensors, expression of both Bxb1
and the metal specific transcription factor (either GolS or CadR) was controlled
with PdnaK-IR3-IR3 promoter which is repressed by constitutively active HspR
in normal conditions. Upon metal exposure, both Bxbl and metal specific
transcription factor expression start. Bxbl converts cornitive promoter of gold
(PgolB) or cadmium (PcadA), and transcription factors interact with metals
initiating the reporter expression. Each source detection circuit showed that both
ions created stress on cells removing HspR from the stress promoter PdnaK-IR3-
IR3 and initiated actuating pieces of the living sensor. Especially gold detection
sensor showed very delightful results showing the system is very specific to gold
and not responded any other metals. Additionally, the sensor was very sensitive
detecting gold ions at low concentrations. On the other hand, CadR did not

respond to cadmium as high as recombinase-based gold detection circuit. Thus, an
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additional cadmium specific transcription factor, MerR (mutated) has been
utilized. MerR is one of the first discovered metal-binding protein shows mercury
resistance in P. aeruginosa [194]. However, by introducing a series of mutations
on MerR, a cadmium specific MerR transcription factor, named as MerR
(mutated) in the thesis, has been obtained [168]. Before adapting the MerR
(mutated) to the HSR-based sensor, we characterized its activity with its native
form: a constitutively expressed MerR (mutated) blocks the PcadA promoter
which controls the reporter expression. As expected, GFP signal increased upon
cadmium treatment. Yet, the circuit requires further optimization such as

specificity analysis using different metals.

In general perspective, here we demonstrate combination of a semi-specific [73]
HSR-based whole cell biosensor and a specific [73, 163, 164] whole cell
biosensor. These sensors report both the presence and its source when they used
together. Although the constructed circuits report only gold and cadmium now, it
is highly promising to form a multiplex cellular consortium to make large screens
for multiple heavy metals creating stress and toxicity, and report them with

different reporters so that they can be easily distinguished.

Plenty of bacterial biosensors have been developed for toxicity assessment of
various compounds so far. However, still there is no such extended biosensors
have been constructed using HSP70 promoters to track the cytotoxicity of
nanomaterials [202, 209-211]. Thus, our aim was to extend whole-cell biosensor
for nanotoxicity assessment to other cell types such as higher eukaryotes, and to

expand the limited pool of mammalian cytotoxicity biosensors.
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HSR mechanism is well-conserved phenomenon among all domains of life that
aims prevention of possible damages caused by stress, and maintains cell survival.
At first step, we began with the very basics of HSR mechanism as we did in
bacterial sensors and chosen model HSP promoters. Similar to results obtained
from bacterial toxicity sensors with native HSP promoters, eukaryotic HSPs
indicated continuious activity causing background signal. Thus, we decided to
integrate bacterial repression-based transcription control machinery to eukaryotes.
We showed HspR expression in HEK293T cells, and signal decline indicating
repression by HspR via interacting IR3 sequences at the downstream of minimal
constitutive promoter. However, the sensor requires further modifications and
optimizations to tune its repression/activation mechanism at normal conditions
and upon stress. In general, here we proposed a cytotoxicity evaluation method
using eukaryotic cells and HSR mechanism providing information about the fate

of the nanomaterials before field application.

Toxicity of nanomaterials is very cell type and chemical composition dependent.
Even cells with different types of membranes follow different uptake mechanism
for nanomaterials. A well-known example of such case is the difference between
Gram negative and Gram positive bacteria. Thinner peptidoglycan layer makes
Gram negative cells more vulnerable than Gram positive cells against
nanomaterials [145]. Additionally, nanomaterial-triggered toxicity is a complex
phenomenon. After exposure to nanomaterials, they can be internalized by body
through different routes such as inhalation or skin contact, and internalized
nanomaterials can accumulate in organs and internalized by cells causing certain

dysfunctioning. After exposure, many molecular mechanisms have been triggered.
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Yet, tracking changes at genome and proteome level are cost expensive and labor
intensive. At least, a quick test gives an idea about the level of toxicity, and helps
narrowing down the targeted nanomaterials that should be criticized after
exposing cells to check changes at omics level. In general, we proposed a test
using a general stress indicator that can produce quick information about the
toxicity of tested nanomaterials from a global perspective. Besides, this sensor
principle does not provide any detailed information about the action mechanism
of exposed nanomaterials at the downstream pathways. Since the proposed
toxicity biosensor is not cell, tissue, or organism specific but gives a general idea
about toxicity, specific biomarkers indicating the reason of toxicity may be useful.
To make such living biosensors, genome, transcriptome, or proteome level of
analysis is required after exposing certain types of cells to certain types of
nanomaterials. Such studies have a great potential to engineer living biosensors

with genetic circuits with complex logic operations.
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APPENDIX A

DNA sequences of constructs used in this

study

Table A.1: Promoter and coding sequences used in this study

Name Type Sequence 5°-10-3’

PdnaK Promoter AAAAGCACAAAAAATTTTTGCATCTCCCCCT
TGATGACGTGGTTTACGACCCCATTTAGTAG
TCAACCGCAGTGAGTGAGTCTGCAAAAAAAT
GAAATTGGGCAGTTGAAACCAGACGTTTCGC
CCCTATTACAGACTCACAACCACATGATGAC
CGAATATATAGTGGAGACGTTTAGATG

PdnaK-IR2 Promoter AAAAGCACAAAAAATTTTTGCATCTCCCCCT
TGATGACGTGGTTTACGACCCCATTTAGTAG
TCAACCGCAGTGAGTGAGTCTGCAAAAAAAT
GAAATTGGGCAGTTGAAACCAGACGTTTCGC
CCCTATTACAGACTCACAACCACATGATGAC
CGAATATATAGTGGAGACGTTTAGATGAGTA
AGTTGAGTGCATCAGGCTCAG

PdnaK-IR2-IR2 | Promoter AAAAGCACAAAAAATTTTTGCATCTCCCCCT
TGATGACGTGGTTTACGACCCCATTTAGTAG
TCAACCGCAGTGAGTGAGTCTGCAAAAAAAT
GAAATTGGGCAGTTGAAACCAGACGTTTCGC
CCCTATTACAGACTCACAACCACATGATGAC
CGAATATATAGTGGAGACGTTTAGATGAGTA
AGTTGAGTGCATCAGGCTCAGAGTAAGTTGA
GTGCATCAGGCTCAG

PdnaK-IR3 Promoter AAAAGCACAAAAAATTTTTGCATCTCCCCCT
TGATGACGTGGTTTACGACCCCATTTAGTAG
TCAACCGCAGTGAGTGAGTCTGCAAAAAAAT
GAAATTGGGCAGTTGAAACCAGACGTTTCGC
CCCTATTACAGACTCACAACCACATGATGAC
CGAATATATAGTGGAGACGTTTAGATGGCAA
GCTTGAGCGGGGTGCACTCATCA

PdnaK-IR3-IR3 | Promoter AAAAGCACAAAAAATTTTTGCATCTCCCCCT
TGATGACGTGGTTTACGACCCCATTTAGTAG
TCAACCGCAGTGAGTGAGTCTGCAAAAAAAT
GAAATTGGGCAGTTGAAACCAGACGTTTCGC
CCCTATTACAGACTCACAACCACATGATGAC
CGAATATATAGTGGAGACGTTTAGATGGCAA
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GCTTGAGCGGGGTGCACTCATCAGCAAGCTT
GAGCGGGGTGCACTCATCA

PclpB

Promoter

CTTGAATAATTGAGGGATGACCTCATTTAAT
CTCC

PibpA

Promoter

GAGCTCAAAATAACATCATCATTACGTCGCA
CTGTGGCGGCTATCGCACTTTAACGTTTCGTG
CTGCCCCCTCAGTCTATGCAATAGACCATAA

ACTGCAAAAAAAAGTCCGCTGATAAGGCTTG
AAAAGTTCATTTCCAGACCCATTTTTACATCG

PibpA*

Engineered
Promoter
with RBS
sequence

GAGCTCAAAATAACATCATCATTACGTCGCA
CTGTGGCGGCTATCGCACTTTAACGTTTCGTG
CTGCCCCCTCAGTCTATGCAATAGACCATAA
ACTGCAAAAAAAAGTCCGCTGATAAGGCTTG
AAAAGTTCATTTCCAGACCCATTTTTACATCG
GTCCATAAACGGAATTAGGG

PfxsA

Promoter

GAGCTCGAGGATTTCTACCGTAATCTGGATC
ACTTTAAGTGTCGGTTTTTACCCCTTAATTAT
TAATTTGTGAAATAGATCACCGCTTTGGGAT
TACTACCAAAAATAGTTGCGCAAACATCTTG
AAATTTTGCTAATGACCACAATATAAGCTAA
A

PfxsA*

Engineered
Promoter
with  RBS
sequence

GAGCTCGAGGATTTCTACCGTAATCTGGATC
ACTTTAAGTGTCGGTTTTTACCCCTTAATTAT
TAATTTGTGAAATAGATCACCGCTTTGGGAT
TACTACCAAAAATAGTTGCGCAAACATCTTG
AAATTTTGCTAATGACCACAATATAAGCTAA
AGAAAGCACGACGGATCGGGA

mProD

Promoter

TCTAGATTTACAGCTAGCTCAGTCCTAGGTA
TAATGCTAGCTACTAGAG

ProD

Promoter

CACAGCTAACACCACGTCGTCCCTATCTGCT
GCCCTAGGTCTATGAGTGGTTGCTGGATAAC
TTTACGGGCATGCATAAGGCTCGTATAATAT
ATTCAGGGAGACCAAATAATTTTGTTTAACT
TT

T7

Promoter

TAATACGACTCACTATAGGG

J23119

Promoter

TTGACAGCTAGCTCAGTCCTAGGTATAATGC
TAGC

Plux

Promoter

ACCTGTAGGATCGTACAGGTTTACGCAAGAA
AATGGTTTGTTATAGTCGAATAAA

PcadA

Promoter

TTGACTCTGTAGTTGCTACAGGGTGTGCAAT

PgolB

Promoter

CTTGACCTTCCAACACTGGCAAGGTCCAGAC
TGGCAACA

mtPdnakK

Promoter

GAATTCCGACCCGCACGACCAGCGTTAGCAT

GCTCAGTAAGTTGAGTGCATCAGGCTCAGCT

CTGAATTGACAGCACACCGCCGTCGAGGCAA
GCTTGAGCGGGGTGCACTCATCATAGTGCAG

GAAAGAAGCTCTACATATTCAGGAGGATTCA
CC

PaBc
(from
+21)

-537 to

Promoter

TGCTGACATGTTGACCATCACTGCTCTCTTCC
AAGGACTCACAAAGAGTTAATGTCCCTGGGG
CTCAGCCTAGGAAGATTCCAGTCCCTGCCCA
GGCCCAAGATAGTTGCTGGCCTGATTCCCCT
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GGCATTCAGGACTGGAAAGGAGGAGGAGGG
GCACACTACGCCGGCTCCCATCCCTCCCCCC
ACCCCGCGTGCCTGCTTGGGATTCCTGACTCT
GTACCAGCTTCAGAGAACAGGGGTGGGGGT
GGGTGCCATTGGGTGTGGACAGAAAGCTAGT
GAAACAAGACCATGACAAGTCACTGGCCGG
CTCAGACGTGTTTGTGTCTCTCTTTTCTTAGC
TCAGTGAGTACTGGGTATGTGTCACATTGCC
AAATCCCGGATCACAAGTCTCCATGAACTGC
TGGTGAGCTAGGATAATAAAACCCCTGACAT
CACCATTCCAGAAGCTTCACAAGACTGCATA
TATAAGGGGCTGGCTGTAGCTGCAGCTGAAG
GAGCTGACCAGCCAGCTGACCCCTCACACTC
ACCTAGCCACCATGGACATCGCCATCCACCA
C

Promoter

ATGGAGACCAACACCCTTCCCACCGCCACTC
CCCCTTCCTCTCAGGGTCCCTGTCCCCTCCAG
TGAATCCCAGAAGACTCTGGAGAGTTCTGAG
CAGGGGGCGGCACTCTGGCCTCTGATTGGTC
CAAGGAAGGCTGGGGGGCAGGACGGGAGGC
GAAACCCCTGGAATATTCCCGACCTGGCAGC
CTCATCGAGCTCGGTGATTGGCTCAGAAGGG
AAAAGGCGGGTCTCCGTGACGACTTATAAAA
GCCCAGGGGCAAGCGGTCCGGATAACGGCT
AGCCTGAGGAGCTGCTGCGACAGTCCACTAC
CTTTTTCGAGAGTGACTCCCGTTGTCCCAAG
GCTTCCCAGAGCGAACCTGTGCGGCTGCAGG
CACCGGCGCGTCGAGTTTCCGGCGTCCGGAA
GGACCGAGCTCTTCTCGCGGATCC

Promoter

GTGTGTCAGTTAGGGTGTGGAAAGTCCCCAG
GCTCCCCAGGCAGGCAGAAGTATGCAAAGC
ATGCATCTCAATTAGTCAGCAACCAGGTGTG
GAAAGTCCCCAGGCTCCCCAGCAGGCAGAA
GTATGCAAAGCATGCATCTCAATTAGTCAGC
AACCATAGTCCCGCCCCTAACTCCGCCCATC
CCGCCCCTAACTCCGCCCAGTTCCGCCCATTC
TCCGCCCCATGGCTGACTAATTTTTTTTATTT
ATGCAGAGGCCGAGGCCGCCTCTGCCTCTGA
GCTATTCCAGAAGTAGTGAGGAGGCTTTTTT
GGAGGCCTAGGCTTTTGCAAA

Phsp70

(from -270 to
+156)

SV40 with
Enhancer

CmMV with
Enhancer

Promoter

GACATTGATTATTGACTAGTTATTAATAGTA
ATCAATTACGGGGTCATTAGTTCATAGCCCA
TATATGGAGTTCCGCGTTACATAACTTACGG
TAAATGGCCCGCCTGGCTGACCGCCCAACGA
CCCCCGCCCATTGACGTCAATAATGACGTAT
GTTCCCATAGTAACGCCAATAGGGACTTTCC
ATTGACGTCAATGGGTGGACTATTTACGGTA
AACTGCCCACTTGGCAGTACATCAAGTGTAT
CATATGCCAAGTACGCCCCCTATTGACGTCA
ATGACGGTAAATGGCCCGCCTGGCATTATGC
CCAGTACATGACCTTATGGGACTTTCCTACTT
GGCAGTACATCTACGTATTAGTCATCGCTAT
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TACCATGGTGATGCGGTTTTGGCAGTACATC
AATGGGCGTGGATAGCGGTTTGACTCACGGG
GATTTCCAAGTCTCCACCCCATTGACGTCAA
TGGGAGTTTGTTTTGGCACCAAAATCAACGG
GACTTTCCAAAATGTCGTAACAACTCCGCCC
CATTGACGCAAATGGGCGGTAGGCGTGTACG
GTGGGAGGTCTATATAAGCAGAGCT

taRNA

Regulatory
RNA

ACCCAAATCCAGGAGGTGATTGGTAGTGGTG
GTTAATGAAAATTAACTTACTACTACCATAT
ATC

crRNA-RBS

Regulatory
RNA

TACCATTCACCTCTTGGATTTGGGTATTAAAG
AGGAGAAA

Nuclear
Localization
Signal

Regulatory

CCAAAGAAGAAACGGAAGGTG

Kozak

Regulatory

GCCGCCATG

eGFP

CDS

ATGCGTAAAGGAGAAGAACTTTTCACTGGAG
TTGTCCCAATTCTTGTTGAATTAGATGGTGAT
GTTAATGGGCACAAATTTTCTGTCAGTGGAG
AGGGTGAAGGTGATGCAACATACGGAAAAC
TTACCCTTAAATTTATTTGCACTACTGGAAAA
CTACCTGTTCCATGGCCAACACTTGTCACTAC
TTTCGGTTATGGTGTTCAATGCTTTGCGAGAT
ACCCAGATCATATGAAACAGCATGACTTTTT
CAAGAGTGCCATGCCCGAAGGTTATGTACAG
GAAAGAACTATATTTTTCAAAGATGACGGGA
ACTACAAGACACGTGCTGAAGTCAAGTTTGA
AGGTGATACCCTTGTTAATAGAATCGAGTTA
AAAGGTATTGATTTTAAAGAAGATGGAAACA
TTCTTGGACACAAATTGGAATACAACTATAA
CTCACACAATGTATACATCATGGCAGACAAA
CAAAAGAATGGAATCAAAGTTAACTTCAAA
ATTAGACACAACATTGAAGATGGAAGCGTTC
AACTAGCAGACCATTATCAACAAAATACTCC
AATTGGCGATGGCCCTGTCCTTTTACCAGAC
AACCATTACCTGTCCACACAATCTGCCCTTTC
GAAAGATCCCAACGAAAAGAGAGACCACAT
GGTCCTTCTTGAGTTTGTAACAGCTGCTGGG
ATTACACATGGCATGGATGAACTATACAAAT
AA

mMEGFP

CDS

GTGAGCAAGGGCGAGGAGCTGTTCACCGGG
GTGGTGCCCATCCTGGTCGAGCTGGACGGCG
ACGTAAACGGCCACAAGTTCAGCGTGCGCGG
CGAGGGCGAGGGCGATGCCACCAACGGCAA
GCTGACCCTGAAGTTCATCTGCACCACCGGC
AAGCTGCCCGTGCCCTGGCCCACCCTCGTGA
CCACCCTGACCTACGGCGTGCAGTGCTTCAG
CCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGCCATGCCCGAAGGCTACG
TCCAGGAGCGCACCATCTCCTTCAAGGACGA
CGGCACCTACAAGACCCGCGCCGAGGTGAA
GTTCGAGGGCGACACCCTGGTGAACCGCATC
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GAGCTGAAGGGCATCGACTTCAAGGAGGAC
GGCAACATCCTGGGGCACAAGCTGGAGTAC
AACTTCAACAGCCACAACGTCTATATCACGG
CCGACAAGCAGAAGAACGGCATCAAGGCGA
ACTTCAAGATCCGCCACAACGTCGAGGACGG
CAGCGTGCAGCTCGCCGACCACTACCAGCAG
AACACCCCCATCGGCGACGGCCCCGTGCTGC
TGCCCGACAACCACTACCTGAGCACCCAGTC
CAAGCTGAGCAAAGACCCCAACGAGAAGCG
CGATCACATGGTCCTGCTGGAGTTCGTGACC
GCCGCCGGGATCACTCTCGGCATGGACGAGC
TGTACAAGTAG

HspR

CDS

ATGGCCAAAAATCCGAAAGATGGCGAAAGC
CGCACCTTCCTGATTAGCGTGGCCGCCGAAC
TGGCCGGTATGCATGCCCAGACCCTGCGCAC
CTATGATCGTCTGGGTCTGGTGAGCCCGCGT
CGTACCAGTGGTGGTGGTCGTCGTTATAGCC
TGCATGATGTGGAGCTGCTGCGCCAGGTTCA
GCATCTGAGCCAGGATGAAGGCGTGAATCTG
GCCGGCATCAAACGCATCATTGAACTGACCA
GCCAGGTGGAAGCACTGCAGAGCCGCCTGC
AGGAAATGGCCGAAGAACTGGCCGTGCTGC
GCGCCAATCAGCGTCGTGAAGTGGCCGTGGT
GCCGAAAAGCACCGCCCTGGTGGTGTGGAA
ACCGCGTCGTTAA

LuxR

CDS

ATGAAAAACATAAATGCCGACGACACATAC
AGAATAATTAATAAAATTAAAGCTTGTAGAA
GCAATAATGATATTAATCAATGCTTATCTGA
TATGACTAAAATGGTACATTGTGAATATTAT
TTACTCGCGATCATTTATCCTCATTCTATGGT
TAAATCTGATATTTCAATCCTAGATAATTACC
CTAAAAAATGGAGGCAATATTATGATGACGC
TAATTTAATAAAATATGATCCTATAGTAGAT
TATTCTAACTCCAATCATTCACCAATTAATTG
GAATATATTTGAAAACAATGCTGTAAATAAA
AAATCTCCAAATGTAATTAAAGAAGCGAAA
ACATCAGGTCTTATCACTGGGTTTAGTTTCCC
TATTCATACGGCTAACAATGGCTTCGGAATG
CTTAGTTTTGCACATTCAGAAAAAGACAACT
ATATAGATAGTTTATTTTTACATGCGTGTATG
AACATACCATTAATTGTTCCTTCTCTAGTTGA
TAATTATCGAAAAATAAATATAGCAAATAAT
AAATCAAACAACGATTTAACCAAAAGAGAA
AAAGAATGTTTAGCGTGGGCATGCGAAGGA
AAAAGCTCTTGGGATATTTCAAAAATATTAG
GTTGCAGTGAGCGTACTGTCACTTTCCATTTA
ACCAATGCGCAAATGAAACTCAATACAACA
AACCGCTGCCAAAGTATTTCTAAAGCAATTT
TAACAGGAGCAATTGATTGCCCATACTTTAA
AAATTAA

LuxI

CDS

ATGACTATAATGATAAAAAAATCGGATTTTT
TGGCAATTCCATCGGAGGAGTATAAAGGTAT
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TCTAAGTCTTCGTTATCAAGTGTTTAAGCAA
AGACTTGAGTGGGACTTAGTTGTAGAAAATA
ACCTTGAATCAGATGAGTATGATAACTCAAA
TGCAGAATATATTTATGCTTGTGATGATACT
GAAAATGTAAGTGGATGCTGGCGTTTATTAC
CTACAACAGGTGATTATATGCTGAAAAGTGT
TTTTCCTGAATTGCTTGGTCAACAGAGTGCTC
CCAAAGATCCTAATATAGTCGAATTAAGTCG
TTTTGCTGTAGGTAAAAATAGCTCAAAGATA
AATAACTCTGCTAGTGAAATTACAATGAAAC
TATTTGAAGCTATATATAAACACGCTGTTAG
TCAAGGTATTACAGAATATGTAACAGTAACA
TCAACAGCAATAGAGCGATTTTTAAAGCGTA
TTAAAGTTCCTTGTCATCGTATTGGAGACAA
AGAAATTCATGTATTAGGTGATACTAAATCG
GTTGTATTGTCTATGCCTATTAATGAACAGTT
TAAAAAAGCAGTCTTAAATGCTGCAAACGAC
GAAAACTACGCTTTAGTAGCTTAA

CadR

CDS

ATGAAGATCGGAGAACTGGCCAAAGCCACC
GACTGCGCCGTGGAAACCATCCGCTACTACG
AGCGTGAACAGCTGCTGCCGGAGCCGGCAC
GCAGCGACGGCAACTACCGGCTGTACACCCA
GGCCCACGTCGAGCGGCTTACCTTCATCCGC
AACTGCCGCACCCTGGACATGACCCTGGATG
AAATCCGCAGCCTGCTACGCCTGCGCGACAG
CCCCGATGATTCGTGCGGCAGCGTCAATGCG
CTGATCGACGAGCATATCGAGCATGTGCAGG
CACGGATCGATGGTCTGGTGGCGTTGCAGGA
ACAGCTGGTGGAGCTGCGGCGGCGCTGCAAT
GCACAAGGGGCGGAGTGTGCGATCTTGCAGC
AACTGGAGACGAACGGGGCGGTATCGGTGC
CGGAAACCGAGCATTCGCATGTAGGGCGAA
GCCACGGGCATTAA

MerR(mut)

CDS

ATGGAGAACAATCTGGAGAACCTGACCATTG
GCGTGTTTGCCAAAGCCGCCGGTGTGAACGT
GGAAACCATCCGCTTCTATCAGCGCAAAGGT
CTGCTGCGCGAACCGGATAAACCGTATGGCA
GCATTCGCCGCTATGGTGAAGCCGATGTGGT
GCGCGTGAAATTCGTGAAAAGCGCCCAGCGT
CTGGGCTTTAGCCTGGACGAGATTGCCGACT
TTCTGCGCATTGACGAAGGCACCGGTTGTGT
GGGTCATGACGCCCTGGCCGAACATAAACTG
AAGGATGTGCGCGAGAAAATGGCCGACCTG
GCCCGCATGGAAACCGTGCTGAGCGAGCTGA
CCGGTATGTGTAATCTGCCGCCGGGCAATGT
GAGCTGTCCGCTGATTGAAAGCTTACAAGGT
GAAGCAGGTCTGGCCCGTAGCGCAATGCCGT
AA

GolS

CDS

ATGAACATCGGTAAAGCAGCTAAAGCATCG

AAAGTCTCGGCCAAAATGATTCGCTACTATG
AACAGATTGGTCTGATTCCCGCGGCAAGTCG
GACGGATTCCGGCTATCGGGCCTATACCCAG
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GCTGATGTTAATCAATTGCATTTTATACGCCG
CGCGCGCGACCTCGGTTTTTCAGTTGCTGAA
ATCAGCGACTTACTGAATCTTTGGAATAACC
AGTCGCGGCAAAGCGCTGACGTCAAACGCCT
GGCGCAGACGCACATTGATGAACTGGACAG
ACGTATCCAGAACATGCAGCACATGGCGCAA
ACCCTCAAAGCGCTGATTCACTGCTGCGCCG
GCGACGCGCTGCCAGATTGCCCCATTCTGCA
TACGCTTGGACAACCTGACGATAGCGAGCCG
GAGGCGCGTACCGGAGCGGTATTGCGACGTC
CTCGTCGCCACGGACTGGCAAAGCGTCTGTA
A

Bxbl

CDS

ATGGGAACGGTGGCGCAGATGGAATTAGAA
GCGATCAAAGAGCGGAACCGTTCGGCTGCGC
ATTTCAATATCCGCGCCGGGAAATACCGAGG
ATCCCTGCCGCCGTGGGGATACCTGCCTACG
CGCGTGGACGGGGAGTGGCGGCTGGTGCCG
GACCCTGTGCAGCGAGAGCGCATCCTCGAGG
TGTATCACCGCGTCGTCGACAACCACGAGCC
GCTGCATCTGGTGGCCCACGACCTGAACCGG
CGTGGTGTCCTGTCGCCGAAGGACTACTTCG
CGCAGCTGCAAGGCCGCGAGCCGCAGGGCC
GGGAGTGGTCGGCTACCGCGCTGAAGCGATC
GATGATCTCCGAGGCGATGCTCGGGTACGCG
ACTCTGAACGGTAAGACCGTCCGAGACGACG
ACGGAGCCCCGCTGGTGCGGGCTGAGCCGAT
CCTGACCCGTGAGCAGCTGGAGGCGCTGCGC
GCCGAGCTCGTGAAGACCTCCCGGGCGAAGC
CCGCGGTGTCTACCCCGTCGCTGCTGCTGCG
GGTGTTGTTCTGCGCGGTGTGCGGGGAGCCC
GCGTACAAGTTCGCCGGGGGAGGACGTAAG
CACCCGCGCTACCGCTGCCGCTCGATGGGGT
TCCCGAAGCACTGCGGGAACGGCACGGTGG
CGATGGCCGAGTGGGACGCGTTCTGCGAGGA
GCAGGTACTGGATCTGCTCGGGGACGCGGAG
CGTCTGGAGAAAGTCTGGGTAGCGGGCTCGG
ACTCCGCGGTCGAACTCGCGGAGGTGAACGC
GGAGCTGGTGGACCTGACGTCGCTGATCGGC
TCCCCGGCCTACCGGGCGGGCTCTCCGCAGC
GAGAAGCACTGGATGCCCGTATTGCGGCGCT
GGCCGCGCGGCAAGAGGAGCTGGAGGGCCT
GGAGGCTCGCCCGTCTGGCTGGGAGTGGCGC
GAGACCGGGCAGCGGTTCGGGGACTGGTGG
CGGGAGCAGGACACCGCGGCAAAGAACACC
TGGCTTCGGTCGATGAACGTTCGGCTGACGT
TCGACGTCCGCGGCGGGCTGACTCGCACGAT
CGACTTCGGGGATCTTCAGGAGTACGAGCAG
CATCTCAGGCTCGGCAGCGTGGTCGAACGGC
TACACACCGGGATGTCGTAA

* Engineered PibpA and PfxsA sequences were obtained from [82].
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APPENDIX B

List of primers used in this study

Table B.1: Primer list used in this study

Primer | Sequence 5’-t0-3’ Purpose
pBS1 CTCGAGAAAAGCACAAAAAATTTTTGCATCTCC | PdnaK  GFP
CC pZa
pBS2 ACGCGTTTTCTCCTCTTTCATCTAAACGTCTCCA | construction

CTATATATTCG
pBS3 GGGATGACCTCATTTAATCTCCAAAGAGGAGAA | PclpB GFP
AGGTACCATGCGTAAAGGAGAAGAACT pZa
pBS4 CTCCTCTTTGGAGATTAAATGAGGTCATCCCTCA | construction
ATTATTCAAGCTCGAGGACGTCGATATCTGG
pBS5 GACGTCCTCGAGGAGCTCGAGGATTTCTACCGT | PfxsA GFP
pBS6 GGTACCTCCCGATCCGTCGTGCTTTCTTTAGCTT | pZa
ATATTGTGGTCATTAGCAA construction
pBS7 CTCGAGGAGCTCAAAATAACATCATCATT PibpA GFP
pBS8 GGTACCCCCTAATTCCGTTTATGGACCGATGTAA | pZa
AAATGGGTCTGGA construction
pBS9 ACGTCTCATTTTCGCCACTGCAGAAAAGCACAA | Primers for
AAAATTTTTGCA PdnaK-taRNA
pBS10 TCATTAACCACCACTACCAATCACCTCCTGGATT | extension to
TGGGTGTCGACCATCTAAACGTCTCCACTATATA | construct
PdnaK
riboswitch
sensor plasmid
pBS11 TGGTAGTGGTGGTTAATGAAAATTAACTTACTAC | Primers for
TACCATATATCAAGCTTGGCATCAAATAAAACG | taRNA-
AAAGGCTCAGTCG terminator
pBS12 TGCAAAAATTTTTTGTGCTTTTCTCGAGTCTAGG | extension  to
GCGGCGGATTTGTCCT construct
PdnakK
riboswitch
sensor plasmid
pBS13 GTAGGACAAATCCGCCGCCCTAGACTCGAGAAA | Primers for
AGCACAAAAAATTTTTGCATCTCC PdnaK-crRNA
pBS14 TAATACCCAAATCCAAGAGGTGAATGGTAGGAT | extension  to
CCCATCTAAACGTCTCCACTATATATTCGGTC construct
PdnaK
riboswitch
sensor plasmid
pBS15 TTCACCTCTTGGATTTGGGTATTAAAGAGGAGA | Primers for
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AAGGTACCATGCGTAAAGGAGA crRNA-GFP
pBS16 AGCCTTTCGTTTTATTTGATGCCCTTAAGTTATTT | extension  to
GTATAGTTCATCCATGCCAT construct
PdnaK
riboswitch
sensor plasmid
pBS17 TGCCGATCAACGTCTCATTTTCGCCACTGCAGGA | Primers for
GCTCGAGGATTTCTACC PfxsA-taRNA
pBS18 CCACTACCAATCACCTCCTGGATTTGGGTGTCGA | extension  to
CTTTAGCTTATATTGTGGTCATTAGCA construct
PfxsA
riboswitch
sensor plasmid
pBS19 GTAGGACAAATCCGCCGCCCTAGACTCGAGGAG | Primers for
CTCGAGGATTTCTACC PfxsA-crRNA
pBS20 TAATACCCAAATCCAAGAGGTGAATGGTAGGAT | extension  to
CCTTTAGCTTATATTGTGGTCATTAGCA construct
PfxsA
riboswitch
sensor plasmid
pBS21 CTGCAGTGGCGAAAATGAGACGTTGAT REV  primer
for  backbone
extension  to
construct
PibpA
riboswitch
sensor plasmid
(coupled with
pBS7)
pBS22 ACGTGCCGATCAACGTCTCATTTTCGCCACTGCA | Primers for
GGAGCTCAAAATAACATCATCATTAC PibpA-taRNA
pBS23 GCGACGTAATGATGATGTTATTTTGAGCTCCTCG | fragment gene
AGTCTAGGGCGGCG extension  to
construct
PibpA
riboswitch
sensor plasmid
pBS24 TCATTTTCGCCAGATATCGACGTCCTCGAGGAAT | Primers for
TCCGACCCGCACGA mtPdnakK
pBS25 ACGCATGGTACCACGCGTTTTCTCCTCTTTGGTG | extension from
AATCCTCCTGAATATGTAGAG gDNA
pBS26 AGATGAGTAAGTTGAGTGCATCAGGCTCAGAAA | Primers for to
GAGGAGAAAACGCGT add IR2 to
pBS27 TCTTTCTGAGCCTGATGCACTCAACTTACTCATC | PdnaK-GFP-
TAAACGTCTCCACTATA pZa
pBS28 CTCAGAGTAAGTTGAGTGCATCAGGCTCAGAAA | Primers for to
GAGGAGAAAACGCGT add IR2-1R2 to
pBS29 CCTGATGCACTCAACTTACTCTGAGCCTGATGCA | PdnaK-GFP-
CTCAACTTACTCATCTAAACGTCTCCACTATA pZa
pBS30 ATGGCAAGCTTGAGCGGGGTGCACTCATCAAAA | Primers for to
GAGGAGAAAACGCGT add IR3 to
pBS31 TTTTGATGAGTGCACCCCGCTCAAGCTTGCCATC | PdnaK-GFP-
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TAAACGTCTCCACTATA pZa
pBS32 ACTCATCAGCAAGCTTGAGCGGGGTGCACTCAT | Primers for to
CAAAAGAGGAGAAAACGCGT add IR3-IR3 to
pBS33 CACCCCGCTCAAGCTTGCTGATGAGTGCACCCC | PdnaK-GFP-
GCTCAAGCTTGCCATCTAAACGTCTCCACTATA | pZa
pBS34 GTTTAACTTTTACTAGAGAAAGAGGAGAAAGGT | Primers for
ACCATGGCCAAAAATCCG HspR
pBS35 CTCGAGTTAGTGGTGGTGGTGGTGGTGGCTACC | expression
GCCACGACGCGGTTTCCACA vector cloning
pBS36 TAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGT | Gibson
GCTCGAGACCGCTACCGCCACGA Assembly
pBS37 CTATAGGGGAATTGTGAGCGGATAACAATTCCC | primers for
CTCTAGAAAAGAGGAGAAAGGTACCATGGC HspR
expression
vector cloning
pBS38 CCATGGCCAACACTTGTCAC gPCR primers
pBS39 GGGCATGGCACTCTTGAAAA for egfp
pBS40 GCTGCTCGGCTTTCTCATCC gPCR primers
pBS41 CCAACCACGCTGACCAACC for hcaT **
pBS42 AGCTGATCACCAAACTGGACC gPCR primers
pBS43 CGCTTTTTCAAATTCTGC for sodA* **
pBS44 GCCGATCAACGTCTCATTTTC Promoter
pBS45 GGTACCACGCGTTTTCTCCT extension
primers for
EMSA
pBS46 AAAATGGTTTGTTATAGTCGAATAAAAAAGAGG | Primers for
AGAAAGGTACCACGCGTGGCATCAAATAAAAC | pZa linear
pBS47 TTTCTCCTCTTTGCTAGCATTATACCTAGGACTG | vector
AGCTAGCTGTCAAGACGTCGATATCTGGCGAAA | extension  to
A construct
quorum
sensing
plasmid
pBS48 CTGCAGCAAATAAAACGAAAGGCTCAGT Primers for
pBS49 CTTGCGTAAACCTGTACGATCCTACAGGTGTCGA | rrmBT1-Plux
CATTTGTCCTACTCAGGAGAGC extension  to
construct
quorum
sensing
plasmid
pBS50 ACCCATCGGTCTCGAAGGATCCATGAAAAACAT | Primers for
AAAT luxR-Bsal
pBS51 ACCCATCGGTCTCGGCTCGAGTTAATTTTTAAAG | extension  to
TATGG construct
quorum
sensing
plasmid
pBS52 ACCCATCGGTCTCGGCATGACTATAATGATAAA | Primers for
AAAATCGG luxI-Bsal
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pBS53

ACCCATCGGTCTCGAGTTAAGCTACTAAAGCGT
AGT

extension to
construct

quorum
sensing
plasmid
pBS54 ACCCATCGGTCTCCCTAAAAGCACAAAAAATTT | Primers for
TTGCATCTCCCC PdnaK-Bsal
pBS55 ACCCATCGGTCTCCATGCGGCCGCTTTCTCCTCT | extension  to
construct
quorum
sensing
plasmid
pBS56 ACCCATCGGTCTCGGAGCAAATAAAACGAAAGG | Primers for
CTC rrBT1-Bsal
pBS57 ACCCATCGGTCTCGTTAGATCTATTTGTCCTACT | extension  to
CAG construct
quorum
sensing
plasmid
pBS58 ACCCATCGGTCTCGAACTGCAGCAAATAAAACG | Primers for
A rrnBT1-Plux-
pBS59 ACCCATCGGTCTCGTTCTTGCGTAAACCTGTACG | Bsal extension
to  construct
quorum
sensing
plasmid
pBS60 ACCCATCGGTCTCCAGAAAATGGTTTGTTATAGT | Primers for
CGA pZa-Bsal linear
pBS61 ACCCATCGGTCTCCCCTTTCTCCTCTTTGCTAGC | vector
extension  to
construct
quorum
sensing
plasmid
pBS62 AACGCTCTCCTGAGTAGGACAAATGTCGACAAA | Primers for
AGCACAAAAAATTTTTGC PdnaK
pBS63 ATTTTTTTATCATTATAGTCATGCGGCCGCTTTCT | extension  to
CCTCTTTCATCTAAAC construct
quorum
sensing
plasmid
pBS64 CGTTTAGATGAAAGAGGAGAAAGCGGCCGCATG | Primers for
ACTATAATGATAAAAAAATCGG luxl extension
pBS65 CGACTGAGCCTTTCGTTTTATTTGCTGCAGTTAA | to construct
GCTACTAAAGCGTAGTT quorum
sensing
plasmid
pBS66 GAAAACTACGCTTTAGTAGCTTAACTGCAGCAA | Primers for
ATAAAACGAAAGGCTCAGTC rrmBT1
pBS67 GTAAACCTGTACGATCCTACAGGTAGATCTATTT | extension  to
GTCCTACTCAGGAGAGC construct

quorum
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sensing

plasmid
pBS68 ACGCGTATGGAGACCAACACCCTTCC Primers for
pBS69 GGATCCGCGAGAAGAGCT Phsp70 to
isolate  from
the HEK293T
genome
pBS70 GCGCTGCTTCGCGATGTACGGGCCAGATATACG | Primers for
CGTATGGAGACCAACA Phsp70 to
pBS71 CCCGGTGAACAGCTCCTCGCCCTTGCTCACGGAT | construct
CCGCGAGAAGAGCT eukaryotic
Phsp70  GFP
pcDNA3
vector
pBS72 AGACCCAAGCTTGGTACCGAGCTCGGATCCATG | Primers for
GCCAAAAATCCGAAAGAT HspR to
pBS73 AGGTGACACTATAGAATAGGGCCCTCTAGATTA | construct
GTGGTGGTGGTGGT eukaryotic
CMV  HspR-
His pcDNA3
vector
pBS74 CCAAGCTTGGTACCGAGCTCGGATCCATGCATC | Primers for
ATCATCATCATCATGGCGGTAGCGGTGCCAAAA | HspR to
ATCCGAAAGATGGC construct
pBS75 GACACTATAGAATAGGGCCCTCTAGATTACACC | eukaryotic
TTCCGTTTCTTCTTTGGACGACGCGGTTTCCACA | CMV His-
C HspR-NLS
pcDNA3
vector
pBS76 TACTGCCATTTGTCTCGAGGTCGAGAATTCCCAT | Primers for
AGAGCCCACCGCAT SV40-GFP-
pBS77 ATTAAGGTACGGGAGGTACTTGGAACGCGTGTG | polyA to
TGTCAGTTAGGGTGT construct
eukaryotic
SV40 GFP
MeCP2 vector
pBS78 ATTTCCCCGAAAAGTGCCACCTGACACGCGTGT | Primers for
GTGTCAGTT SV40-IR3  to
pBS79 TGAGTGCACCCCGCTCAAGCTTGCCTCGAGTTTG | construct
CAAAAGCCTAGGCC eukaryotic
SV40-IR3 GFP
MeCP2 vector
pBS80 AGCTTGAGCGGGGTGCACTCATCAGTCGACGCC | Primers for
GCCATGGTGAGCAA GFP-polyA to
pBS81 AGCCTCCCCCGTTTAAACTCATTACTAACCGGTA | construct
GGGATCGAATTCCCATAGAGCCCACCG eukaryotic
SV40-1R3 GFP
MeCP2 vector
pBS82 CGCTCTCCTGAGTAGGACAAATCCACTAGTACT | Primers for
GGATTGCCATTCTCTC Bxbl-attP to
pBS83 CCAACACTGGCAAGGTCCAGACTGGCAACAGTC | construct

GGGGTTTGTACCGT

mProD HspR
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PgolB GFP
pET22b vector

pBS84 TGCCAGTCTGGACCTTGCCAGTGTTGGAAGGTC | Primers for
AAGGCCCGGATGATCCTGA Bxbl-attB to
pBS85 CCTTTACGCATGGTACCACGCGTTTTCTCCTCTTT | construct
CGGCCTCTAAAGTAGAGC mProD HspR
PgolB GFP
pET22b vector
pBS86 CGACAAGCCGGCCGACAGCTCTACTTTAGAGGC | Primers for
CGAAAGAGGAGAAAACGCG GFP-rrnBT1 to
pBS87 TTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGG | construct
TGATTTGTCCTACTCAGGAGA mProD HspR
PgolB GFP
pET22b vector
pBS88 AGCGGGGTGCACTCATCAAAAGAGGAGAAAGG | Primers for
TACCATGGGAACGGTG Bxbl to
pBS89 GCTTTACCGATGTTCATTTTCTCCTCTTTACGCGT | construct
TTACGACATCCCGGTGTG PdnaK-IR3-
IR3 Bxbl GolS
pZa
pBS90 CGGCTACACACCGGGATGTCGTAAACGCGTAAA | Primers for
GAGGAGAAAATGAACATCGG GolS to
pBS91 GAGCCTTTCGTTTTATTTGATGCCCTGCAGTTAC | construct
AGACGCTTTGCCAGT PdnaK-IR3-
IR3 Bxbl GolS
pZa
pBS92 GAACGGCTACACACCGGGATGTCGTAAACGCGT | Primers for
ATTAAAGAGGAGAAAGGTACCA CadR to
pBS93 GAGCCTTTCGTTTTATTTGATGCCCTGCAGTTAA | construct
TGCCCGTGGCTTC PdnaK-IR3-
IR3 Bxbl
CadR pZa
pBS94 AGCGGGGTGCACTCATCAAAAGAGGAGAAAGG | Primers for
TACCATGGGAACGGTG Bxbl to
pBS95 TCTTCATGGTACCTTTCTCCTCTTTAATACGCGTT | construct
TACGACATCCCGGTGTG PdnaK-IR3-
IR3 Bxbl
CadR pZa
pBS96 TGCCAAGTGAACACCCTGTAGCCACTATAGGGT | Primers for
CAAGCCGCCCGGATGATCCTGAC backbone  to
pBS97 CTATAGTGGCTACAGGGTGTTCACTTGGCAACA | construct
GGCGTCGGGGTTTGTACCGT mProD  HspR
PcadA  GFP
pET22b vector
pBS98 CTGAGGCCTGCAGGGATCCAAGCTTTTACGGCA | Primers for
TTGCGCTACG MerR(mutated)
pBS99 TAGCTACTAGAGAAAGAGGAGAAAGGTACCATG | to  construct
GAGAACAATCTGGAGAACC mProD MerR
(mutated) pZs
vector
pBS100 | GTTGCTACAGGGTGTGCAATGAAAGAGGGGACA | Primers for

AACTAGAGGTACCATGCGTAAAGGAGAA

backbone to
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pBS101

CCCTCTTTCATTGCACACCCTGTAGCAACTACAG
AGTCAAGTCGACTGAGCAAAAGGC

construct
PcadA

GFP

pET22b vector

** gPCR primers of hcaT were obtained from [218].

*** gPCR primers of soda were obtained from [219].
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APPENDIX C

Plasmid maps used in this study

Plasmid maps used in Chapter 2:

Figure C.1: Schematic representation of PdnaK GFP pZa-tet vector.
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Figure C.2: Schematic representation of PdnaK GFP pZa vector.
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Figure C.4: Schematic representation of PclpB GFP pZa vector.
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Figure C.5: Schematic representation of PfxsA GFP pZa vector.
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Figure C.6: Schematic representation of PibpA GFP pZa vector.
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Figure C.8: Schematic representation of PclpB riboswitch GFP pZa vector.
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Figure C.9: Schematic representation of PfxsA riboswitch GFP pZa vector.
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Figure C.10: Schematic representation of PibpA riboswitch GFP pZa vector.
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Figure C.11: Schematic representation of engineered quorum sensing vector.

Plasmid maps used in Chapter 3:

=
P:InaFl\
Cat Promaoter

s

120

=— chloramphenicol resistance

2600

lambda t0 terminator

ot

p15A ori

400

Figure C.12: Schematic representation of PdnaK-1R2 GFP pZa vector.

178



Pdnak
1300 [

&
= By
Cat Promarer
IR
RBS

1.200

—— chloramphenicol resistance

2600

larnbda tl terminaror

o

Figure C.13: Schematic representation of PdnaK-1R2-IR2 GFP pZa vector.
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Figure C.14: Schematic representation of PdnaK-IR3 GFP pZa vector.
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Figure C.15: Schematic representation of PdnaK-IR3-IR3 GFP pZa vector.
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Figure C.16: Schematic representation of mtPdnaK GFP pZa vector.

180



mprol
o / RB

HspR codon optimized

ColE1 origin~._§

2200 2500

Figure C.17: Schematic representation of mProD HspR pET22b vector.
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Figure C.18: Schematic representation of T7 HspR pET22b expression vector.
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Plasmid maps used in Chapter 4:
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Figure C.19: Schematic representation of PdnaK-IR3-IR3 Bxb1 GolS pZa vector
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Figure C.20: Schematic representation of mProD HspR PgolB

(inverted) GFP
pET22b vector.
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Figure C.21: Schematic representation of PdnaK-IR3-IR3 Bxb1 CadR pZa vector.
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Figure C.22: Schematic representation of mProD HspR PcadA (inverted) GFP
pET22b vector.
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Figure C.23: Schematic representation of mProD MerR(mutated) pZs vector.
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Figure C.24: Schematic representation of PcadA GFP pET22b vector.
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Plasmid maps used in Chapter 5:
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Figure C.25: Schematic representation of Phsp70 GFP pcDNA3 vector.

L=
M13rer 7 3409 bt \
=1l Les 3,

30 Kan/neoR

Figure C.26: Schematic representation of aB-crystallin (ABC) GFP pcDNA3

vector.
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Figure C.27: Schematic representation of CMV HspR-6xHis pcDNA3 vector.
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Figure C.28: Schematic representation of CMV 6xHis-HspR-NLS

vector.
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vertebrate consensus sequence for’E(sEtrong initiation of translation (Kozak, 1987)
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Figure C.29: Schematic representation of SV40 GFP MeCP2 vector.
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Figure C.30: Schematic representation of SV40-IR3 GFP MeCP2 vector.
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Figure C.31: Schematic representation of SV40-1R3-IR3 GFP MeCP2 vector.
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APPENDIX D

Sanger sequencing results of the plasmids

In this thesis

Sanger sequencing results of vectors used in Chapter 2:

1 100 200 400 500 &0 800 831
Consensus
identiy T ]
FUL 1, Pdnak_GFP_pZa_tet
REY 2, Pdnak GFP pZa-tet

4 Pdnak t

Figure D.1: Sanger sequencing results of PdnaK GFP pZa-tet vector.

I1 1 ;3 l-:l-:- !-;-C- :1-:|-:- E-:I-C- Ev;-i- TCI-:- E.I'I: :—:I-C- E:IIE
Consensus |
identicy -

1. PdnaK_GFP_no-tet. b 1 E—S

2, Pdnak_GFP_no-tet
Pdnak b e

Figure D.2: Sanger sequencing results of PdnaK GFP pZa vector.

Consensus

Identity

1. C01_707627-3_BS03_BStetPr.,, I TW 0 W 1T 1T T TR 17 | Wi} W1 1
2, PclpB GFP pZa-tet BT NN 1T T T T TN U 111 T S Sl M TR RO o T

Consensus
Identity

1. C01_707627-3_BS03_BStetPr... [ TT T 1 TT TT T T W T 017 BT T ST STy T T ST AT TR 1T BN W T e B
2, PclpB GFP pZa-tet BTN T Y U SRR P i 1

Figure D.3: Sanger sequencing results of PclpB GFP pZa-tet vector.
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Consensus [ T T S T T B T T S TN N W [ T 1T TN T S B

identity - |
N Tl

1. PclpB_GFP_pZa_no-tet NI ST I R | 1o T T T S ¥ O S I S I T e WY 11 T T i SR T S
clp pZa_no-te | I | ||I ’

2. PCIpBGFPpZa.abl Ll MUULL I il I Al P (AL TN Tl LA (UL O VAT A R A AR OV R A MM, | AR

Figure D.4: Sanger sequencing results of PclpB GFP pZa vector.

! 1% 20 20 0 =20 0 70 o0 8
Consensus |
identity - ]
1. PfxsAGFPpZa.ab1 |

2. PfxsA_GFP_pZa_no-tet

PixsAwith RES - (I GR
Figure D.5: Sanger sequencing results of PfxsA GFP pZa vector.
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Identity

1. ibpAGFPpZa.abl
2. PibpA_GFP_pZa_no-tet [T TN NN N 1 1 S 0 11 W Wd Bl 1 S N iy NNl W 0 O T IRy IR W W
PibpA with RES

Figure D.6: Sanger sequencing results of PibpA GFP pZa vector.
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REV 2, PdnaKriboswitch_pa... || i 1N | TT 1 T T T ]

FUlb 3, Pdnak ribo GFP pZa

————————— — w——{yw ——— —— W T 1
Pdnak Pdnak [ 23

Figure D.7: Sanger sequencing results of PdnaK riboswitch GFP pZa vector.
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Identity

1. PclpB ribo GFP pZa

2. PclpB ribo GFP pZa.abl BT TI0 T 1T 1] IT T1 11 I ]
500 550 600 650 700 750 200 850 00 97

Consensus
Identity

1. PclpB ribo GFP pZa

2. PclpB ribo GFP pZa.ab1 [ | I ] W W T T W WIiT 7 RTTW T ST WUWWOee TR SRTN 7T T WO I WTTHT o ]

Figure D.8: Sanger sequencing results of PclpB riboswitch GFP pZa vector.
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1. PfxsAriboswitch.abl CHET_T | ] ]
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Consensus

Identity

1. PfxsAriboswitch.ab1 [ T T L] T T 1T U7 T TTWRUTUNN W TR T TTTT S V00 O D o Sy o Sl gl
2. PfxsA_ribo_GFP_pZa [ [N T D111 10 T ]
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Figure D.10: Sanger sequencing results of PibpA riboswitch GFP pZa vector.
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luxR (BBa_C0062) @ Pdnak | luxl (BBa_CO061) [ J] GFP

Figure D.11: Sanger sequencing results of engineered quorum sensing vector.
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Sanger sequencing results of vectors used in Chapter 3:

1 100 200 300 400 500 600 637
Consensus
identity L
1. PdnaKIR2GFPpZa.ab1
2. Pdnak_HAIR_IRZ_GFP_p...
Pdnak ) | GFP 4

Figure D.12: Sanger sequencing results of PdnaK-IR2 GFP pZa vector.

1 100 200 300 400 500 £00 700 W0 %62
Consensus o ————————————————————————————————— —————————————————————
Identity L O O

1. PdnaKIR2IR2GFPpZa.a kb1 |

2. Pdnak_HAIR_IR2-IR2_GF...
Pdnak 2P) | GFP 4

Figure D.13: Sanger sequencing results of PdnaK-1R2-IR2 GFP pZa vector.

Consensus .|
identity -’

1. PdnaKIR3GFPpZa.ak1
2. Pdnak_HAIR_IR3_GFP_p... |
Pdnak 1 33 GFP 4

Figure D.14: Sanger sequencing results of PdnaK-IR3 GFP pZa vector.

1 100 200 300 400 500 600 700 00 959
Consensus 1
identity - T 7]

1. PdnaKIR3IR3GFPpZa.a kb1 |

2. Pdnak_HAIR_IR3-IR3_GF...
Pdnak D) | GFP 4

Figure D.15: Sanger sequencing results of PdnaK-IR3-IR3 GFP pZa vector.
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Consensus ]
identity —

1. micP din 2K G PP pZ. 1 |
2. mePdnaK-GFP_pZ |
[ mrPdnak - o

®» ©
Py

Figure D.16: Sanger sequencing results of mtPdnaK GFP pZa vector.
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Identity

1. mProD_HspR_pET22b
2. mProD_HspR_rrnBT1_p...

Consensus
Identity

1. mProD_HspR_pET22b
2. mProD_HspR_rrnBT1_p...
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Figure D.17: Sanger sequencing results of mProD HspR pET22b vector.

Consensus
Identity

FUL 1, T7_HspR_pET22b EHITHI T 1T T H 1
FEV 2, pET22b_6h_HspR_A...

Figure D.18: Sanger sequencing results of T7 HspR pET22b expression vector.

Sanger sequencing results of vectors used in Chapter 4:

1 200 400 600 200 1000 1200 1400 1.600 1300 1540

Consensus
pradee I s 111 . L A

FUD 1. PdnaKIR3IR3Bxb1G... EIT T mm

N R e e e e e 1 Y
O [ pdnak ) T B imtegrase T T gl

FEV 3, PdnaKIR3IR3Bxb1G.. [ — I

Figure D.19: Sanger sequencing results of PdnaK-IR3-IR3 Bxb1 GolS pZa vector.

193
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FIID 1, HspR-Gold_Sensor-... [ 18 ]

FIID 2, HspR-Gold_Sensor-... [ 1 K I

REY 3, HspR-Gold Sensor-., — — —————— O oy ——— 0 0 1
4GS T | P. M.

Figure D.20: Sanger sequencing results of mProD HspR PgolB GFP pET22b

! 00 0 i 0 1% 1200 140 1600 a0 sy
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deniy S SO 1. ol o
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REV 2, PdnaKIR3IR3Bxb1Ca.. IR T T 1T T T 1
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Pdnak o} T Eb integrase L T e T B

Figure D.21: Sanger sequencing results of PdnaK-IR3-IR3 Bxbl CadR pZa

vector.
! 1% 20 20 0 =20 20 70 30 20
Consensus ]
identiy [ |

FUD 1, HispR-Cad_Sensor_p... I S
FEY 2, HspR-Cad_Sensor_p... |
e 4 P... <« HspR codon optimized 0 4 m.

Figure D.22: Sanger sequencing results of mProD HspR PcadA GFP pET22b

vector.
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Identity

FUC 1, mProD_MerR_pZs
REV 2, mProD_MerR{mut)_...

Figure D.23: Sanger sequencing results of mProD MerR(mutated) pZs vector.
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1. PcadA_GFP_pET22b.ab1
2. PcadA_GFP_pET22b_am...

P O D

Figure D.24: Sanger sequencing results of PcadA GFP pET22b vector.

Sanger sequencing results of vectors used in Chapter 5:

Consensus
Identity

FUE 1, Alpha_B-crystallin_GFP

FEY 2, Alpha_B-crystallin_GFP.ab1
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Identity

Fe 1, Alpha_B-crystallin_GFP
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Identity

FUD 1, Alpha_B-crystallin_GFP

REV 2, Alpha_B-crystallin_GFP.ab1
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Figure D.25: Sanger sequencing results of ABC GFP pcDNA3 vector.
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Identity
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Identity
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i\ .
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Figure D.26: Sanger sequencing results of CMV HspR-His pcDNA3 vector.
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Figure D.27: Sanger sequencing results of Phsp70 GFP pcDNA3 vector.
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Figure D.28: Sanger sequencing results of SV40-IR3-IR3 GFP MeCP2 vector.
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Figure D.29: Sanger sequencing results of SV40 GFP MeCP2 vector.
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Figure D.30: Sanger sequencing results of SV40-IR3 GFP MeCP2 vector.
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Figure D.31: Sanger sequencing results of CMV His-HspR-NLS pcDNA3 vector.
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APPENDIX E

Detailed reaction recipes and methods

Table E.1: DNA digestion reaction recipe with restriction enzymes

Component 20 pl Reaction
10X Buffer 2 ul

DNA 1000 ng
Restriction Enzyme 1 0.4 pl
Restriction Enzyme 2 0.4 pl
Nuclease-free water to 20 pl
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Table E.2: T4 ligation reaction recipe

Component 20 nl Reaction

10X T4 DNA Ligase Buffer 2 ul

Vector DNA 50 ng

Insert DNA 3X molar to vector DNA
Nuclease-free water to 20 pl

T4 DNA Ligase 1wl

199




Table E.3: PCR reaction setup of Q5 DNA Polymerase

Component 25 nl Reaction Final
Concentration

5X Q5 Reaction Buffer 5 pl 1X

10 mM dNTPs 0.5 pl 200 uM

10 uM 5’ Primer 1.25 pl 0.5 uM

10 uM 3’ Primer 1.25ul 0.5 uM

Template DNA variable <1000 ng

Q5 High-Fidelity DNA 0.5 ul 0.02 U/ul

Polymerase

5X Q5 High GC S5l 1X

Enhancer (optional)

Nuclease-Free Water ~ to 25 pl
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Table E.4: PCR conditions with Q5 DNA Polymerase

Step Temperature Time

Initial 98°C 30 seconds

Denaturation

Extension 98°C 5-10 seconds
50-72°C 10-30 seconds

25-35 Cycles 72°C 20-30 seconds/kb

Final Extension  72°C 2 minutes

Hold 4-10°C
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Table E.5: Reaction setup for Golden Gate Assembly

Component

20 pl Reaction

10X Golden Gate Reaction Buffer 2 ul

Golden Gate Assembly Mix 1 ul

Linear DNA vector 75 ng
Insert DNA PCR products 2X molar to vecto
Nuclease-Free Water to 20 pl

r DNA from each

Table E.6: Thermocycler conditions for Golden Gate Assembly

Step Time Cycles
37°C 5 minutes 30
16°C 10 minutes

55°C 5 minutes

Hold 12°C
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Table E.7: Gibson Assembly mix recipe (1.33x)

Substance Amount
Taqg DNA Ligase (40 U/ ul) 50 ul

5X Isothermal Reaction Buffer 100 pl
T5 Exonuclease (1 U/ul) 2pl
Phusion DNA Polymerase (2 U/ul) 6.25 ul
Nuclease-Free Water 216.75 pl
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Table E.8: 5x isothermal buffer recipe

Substance Amount
PEG-8000 25%

Tris-HCI 500 mM, pH 7.5
MgClZ 50 mM

DTT 50 mM

NAD 5mM

dNTPs 1 mM each
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Table E.9: cDNA synthesis reaction

Component 20 pl Reaction
5X 1Script Reaction Mix 4l

iScript Reverse Transcriptase 1l

Template RNA 500 ng
Nuclease-free water to 20 pl

Table E.10: Thermocycler conditions for cDNA synthesis

Step Time
25°C 5 minutes
42°C 30 minutes
85°C 5 minutes
Hold 4°C
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Table E.11: RT-gPCR reaction setup

Component 20 nl Reaction Final
Concentration

2X Enzyme/SYBR Mix 10 ul 1X

10 uM 5’ Primer 0.6 pl 0.3 uM

10 uM 3’ Primer 0.6 pl 0.3 uM

cDNA 2 ul 50 ng

Nuclease-Free Water 6.8 ul
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Table E.12: RT-gPCR conditions

Step Temperature Time
Initial 95°C 3 minutes
Denaturation
Extension 95°C 10 seconds
55-72°C 15 seconds
39 Cycles 72°C 10 seconds
Final Extension  72°C 2 minutes
Melting Curve 65-95°C
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APPENDIX F

Additional Results

Time-resolved fluorescence spectroscopy analysis for

GFP-QD interaction

&
o

R 0nM Decay-GFP wiQD

. 300nM -

Decay-GFP

3000+

u.)

RFU/OD (a
2
5

-
o
=1
<

o
=]
g

15 60 120 180

Time (min) 0 1 2 3 H 5
Time (ns)

Figure F.1: Fluorescent signal effect analysis of QDs over GFP signal. A. Time
dependent fluorescence signal results of constitutively expressed GFP plasmid
carrying cells (positive control) treated with 300 nM CdTe QDs. B. Time resolved
fluorescence spectroscopy analysis of positive control cells treated with CdTe

QDs.
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Growth curves (ODggy) of sensors treated with stressors
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Figure F.2: Growth curves of nanotoxicity sensors at ODggo. A. Native PdnaK
sensor treated with heat (37°C and 55°C). B. Riboregulator mediated PdnaK
sensor treated with heat (37°C and 55°C) and CdTe QDs (300 nM). C. Native

PclpB sensor treated with heat (37°C and 55°C). D. Riboregulator mediated PclpB
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sensor treated with heat (37°C and 55°C) and CdTe QDs (300 nM). E. Native
PfxsA sensor treated with heat (37°C and 55°C). F. Riboregulator mediated PfxsA
sensor treated with heat (37°C and 55°C) and CdTe QDs (300 nM). G. Native

PibpA sensor treated with heat (37°C and 55°C). H. Riboregulator mediated

PibpA sensor treated with heat (37°C and 55°C) and CdTe QDs (300 nM).

A, B.
1.54 1.5
- 55°C - 300 nM
- 37°C = 55°C
~ 1.0 — 1.0
S S
8 S - 37°C
[=] [=]
O o5 0 o5
0.0 T T T T 0.0 T T T T
& & & & & & © &
& & & & & <
E & o> & & Ks &
Time (min) Time (min)
C. D.
1.5 1.5+
-- 55°C -+ 300 nM
- 37°C = 55°C
5 1:04 5 101
K 2 - 37°C
2 a
Z 05 CRY
0.0 v - - * 0.0 T T T T
& & & & & & & &
& & & &
R A o8 0 e
Time (min) Time (min)
E. F.
1.5+ 1.5
- 55°C - 300 nM
& 37°C = 55C
§ 1.0 = 1.04 .
e 2 - 37°C
[=] [a]
O s O o5
0.0 T T T T 0.0 T T T
& & & & & & & &
& & & & &
R o o7 ¢
Time (min) Time (min)

Figure F.3: Growth curves of HspR mediated nanotoxicity sensors at ODggo. A.

HspR mediated PdnaK sensor treated with heat (37°C and 55°C). B. HspR
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mediated mtPdnaK sensor treated with heat (37°C and 55°C) and CdTe QDs (300
nM). C. HspR mediated PdnaK-IR2 sensor treated with heat (37°C and 55°C). D.
HspR mediated PdnaK-IR2-IR2 sensor treated with heat (37°C and 55°C) and
CdTe QDs (300 nM). E. HspR-mediated PdnaK-IR3 sensor treated with heat
(37°C and 55°C). F. HspR mediated PdnaK-IR3-IR3 sensor treated with heat

(37°C and 55°C) and CdTe QDs (300 nM).
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Figure F.4: Growth curve of negative control plasmid carrying cells treated with

heat (37°C and 55°C) and CdTe QDs (300 nM) at ODggo.

Representative fluorescent microscopy images of sensors

15 min 60 min

180 min

Figure F.5: Time dependent fluorescence microscopy images of control samples

under heat shock treatment. The first row indicates samples treated with 37°C
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while second row indicates heat shock treated samples (55°C). Heat shock was

applied for 30 min. Scale bar indicates 20 pm.

15 min 60 min 120 min 180 min

BF Red Green

Merged

Figure F.6: Time dependent fluorescence microscopy images of control samples
under QD treatment (300 nM). The first row was excited with Argon 488 nm laser
and emission was collected with LP 505 filter while second row was excited with
HeNe 543 nm laser and emission was collected with LP 585 filter. Fluorescence
of QDs is shown on bright-field mode at third row. All three pictures were merged

at fourth row. Scale bar indicates 20 um.

212



Phsp GFP pZa Phsp riboswitch GFP pZa

15 min . 60 min

PdnaK

PclpB

PfxsA

PibpA

Figure F.7: Time dependent fluorescence microscopy images of heat shock treated
initial toxicity sensors. Each row represents stress sensors with HSP promoter
(left) and its riboregulator mediated sensors (right) (PdnaK, PclpB, PfxsA and
PibpA, respectively). Each column indicates fluorescence of stress sensors upon
heat treatment at 37°C and 55°C at 15™ min and 60" min which are the first-time
point and the highest signal point of stress sensors, respectively. Scale bar

indicates 20 pm.

15 min N 60 min . 120 min N 180 min

S s s - _ ____ -

r_

PibpA

213



Figure F.8: Time dependent fluorescence microscopy images of QD treated
riboregulator mediated sensors. Each row represents different promoters (PdnaK,
PclpB, PfxsA and PibpA, respectively) and each column indicates time dependent

fluorescent response caused by CdTe QDs (300 nM). Scale bar indicates 20 pm.
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Figure F.9: Time dependent fluorescence microscopy images of HspR mediated

—— e = = = = = ————

sensors. Each column represents different modifications of promoters (PdnaK,
PdnaK-IR2, PdnaK-IR2-IR2, PdnaK-IR3, PdnaK-IR3-IR3, and mtPdnaK,
respectively.). Each row indicates fluorescence of stress sensors upon heat
treatment either at 37°C (upper) or 55°C (lower) at 15" min and 60™ min which
are the first time point and the highest signal point of stress sensors, respectively.

Scale bar indicates 20 um.
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Figure F.10: Time dependent fluorescence microscopy images of QD treated
HspR mediated sensors. Each row represents different promoters (mtPdnakK,
PdnaK-IR2-IR2, and PdnaK-IR3-IR3, respectively.). Each column indicates time
dependent fluorescent response caused by CdTe QDs (300 nM). Scale bar

indicates 20 pm.

Figure F.11: Fluorescence microscopy images of QD treated engineered quorum
sensing sensor with HSR. A. 0 nM CdTe QDs treatment. B. 300 nM CdTe QDs

treatment.
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Figure F.12: Fluorescence microscopy images of eukaryotic Phsp70 pcDNA3-
GFP sensor treated with cadmium ions for 6 h. A. 0 uM, B. 50 uM, C. 100 uM,

and D. 200 uM. Scale bar indicates 100 um.

37°C-1h 42°C-1h 37°C-2h 42°C-2h

Figure F.13: Fluorescence microscopy images of eukaryotic Phsp70 pcDNA3-
GFP sensor treated with heat. A. at 37°C for 1 h, B. at 42°C for 1 h, C. at 37°C for

2 h, and D. at 42°C for 2 h. Scale bar indicates 100 um.

37°C-1h 42°C-1h 100 nM

Figure F.14: Fluorescence microscopy images of eukaryotic Pagc pPcCONA3-GFP
sensor treated with cadmium and heat. A. at 37°C for 1 h, B. at 42°C for 1 h, C.

100 uM cadmium for 6 h. Scale bar indicates 100 pm.
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Figure F.15: Fluorescence microscopy images of eukaryotic SV40-IR3 GFP
sensor treated with cadmium (100 pM cadmium for 6 h) and heat (37°C and 42°C
for 2 h). Upper row indicates GFP sensor only and lower row indicates GFP

vector co-expression with HspR. Scale bar indicates 100 um.

37°C-2h

Figure F.16: Fluorescence microscopy images of eukaryotic SV40-IR3-IR3 GFP

100 M

w/o HspR

w/ HspR

sensor treated with cadmium (100 uM cadmium for 6 h) and heat (37°C and 42°C
for 2 h). Upper row indicates GFP sensor only and lower row indicates GFP

vector co-expression with HspR. Scale bar indicates 100 um.
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