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Resumen

La biologia sintética busca el desarrollo de funciones programables y
predecibles en sistemas bioldgicos. Uno de los recientes avances en esta area
son los toehold swtiches: reguladores de la expresion genética disenados de-
novo y que permiten la traducciéon de un gen de forma gatillada por la

interaccion con un RNA  “trigger” de secuencia especifica.

Por otro lado, los sistemas de expresion genética libre de células (cell-free)
han sido utilizados durante décadas en el campo de la biologia molecular y
fueron claves en el descubrimiento del codigo genético. Sin embargo, sélo
muy recientemente han empezado a utilizarse como una herramienta para
la bioingenieria. La expresion de toehold swtiches en sistemas de libre de
células generd una plataforma de diagndstico muy promisoria ya que los
sensores de RNA tipo toehold pueden ser liofilizados para su transporte
a temperatura ambiente con el objetivo de ser utilizadas en terreno y en
zonas remotas. No obstante, a la fecha, estos sensores solamente han sido
implementados en sistemas de expresién genetica reconstituidos, del tipo
“PURE” (por sus siglas en inglés: Protein expression Using Reconstituted
Elements). Los sistemas PURE requieren transporte en frio (-80 °C) desde
los proveedores en el hemisferio norte, y son prohibitivamente caros para

los usuarios en América Latina.



En este trabajo, se describe la implementacion de sensores de RNA de tipo
toehold en sistemas libres de células utilizando extractos celulares de F.
coli que pueden ser producidos localmente y han reducido los costos en
dos ordenes de magnitud, manteniendo un desmpeno comparable al de los
sistemas PURE comerciales. Mediante el uso de CRISPRi para silenciar
nucleasas en las células antes de lisarlas se logré aumentar la estabilidad de
dsDNAs lineales, permitiendo el uso de productos de PCR como sustrato de
las reacciones de expression genética libre de células incluyendo la expresion

de sensores de RNA tipo toehold.

Como prueba de concepto, utilizamos las herramientas desarrolladas en esta
tesis para el prototipado de 8 nuevos sensores de tipo toehold para detectar
RNA del patégeno viral PVY (Potato Virus Y') que afecta dramatcamente

la productividad del cultivo de papas (Solanum tuberosum) en el mundo.

La implementacion local y de bajo costo de sensores de RNA de tipo toe-
hold en sistemas de expresiéon genética libres de células podria permitir
escalar la capacidad diagnéstica a nivel regional e impulsar nuevos modelos
mas descentralizados de monitoreo de acidos nucleicos y de enfermedades

infecciosas.



Abstract

Synthetic biology seeks the development of programmable and pre-
dictable functions in biological systems. One of the latest advances in the
field are the toehold switches: de-novo engineered regulators of gene ex-
pression that allow the translation of a gene only after the interaction with

a cognate “trigger” RNA of a specific sequence.

On the other hand, cell-free protein expression systems have been used
for decades facilitating discoveries in molecular biology, and have played a
critical role in the elucidation of the genetic code. More recently, cell free
systems have emerged as a tool for the engineering of genetic devices, bio-
products, and biosensors, among many other applications. The expression
of programmable toehold switch-based RNA sensors in cell-free systems has
generated as promising platform for diagnostics. Cell-free toehold sensors
can be freeze-dried for room temperature transport to the point-of-need.
These sensors, however, have been implemented using reconstituted PURE
(Protein expression Using Reconstituted Elements) cell-free protein expres-
sion systems that are difficult to source in Latin America, due to their pro-
hibitively expensive commercial cost, and cold-chain shipping requirements

(-80 °C) from suppliers in the northern hemisphere.

Here, we describe the implementation of RNA toehold sensors using F. coli



cell lysate-based cell-free protein expression systems, which can be pro-
duced locally and reduce the cost of sensors by two orders of magnitude,
while providing sensor performance comparable to commercial PURE cell-
free systems. Further optimization of the cell extracts with a CRISPRi
strategy enhanced the stability of linear dsDNAs, enabling the use of PCR
products as a substrate for cell-free gene expression reactions including
toehold sensors. As a proof-of-concept application, we used the tools de-
veloped in this thesis to prototype and screen 8 novel RNA toehold sensors
for the potato pathogen Potato Virus Y (PVY virus) that dramatically
reduces the yield of this important staple crop. The local implementation
of low-cost cell-free toehold sensors could enable biosensing capacity at the
regional level and lead to more decentralized models for global surveillance

of infectious diseases.
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1. Introduction

1.1 Toehold RNA sensors: De-novo designed reg-
ulators for Synthetic Biology

The aim of synthetic biology is to engineer programmable and predictable functions
in biological systems. This multidisciplinary field is enabling the engineering of artifi-
cial genetic systems of unprecedented scale and reliability (e.g. [1]). Synthetic Biology
applies classical engineering approaches to biology such as modular design, characteri-
zation of core components and mathematical modelling combined with large scale DNA
synthesis and assembly [2, [3]. A key aspect of this engineering process is the design of
elementary components that can be used to program higher level functions (e.g. artifi-
cial transcriptional control for the engineering of logic gates that can be used for higher
level circuitry [I]). Therefore, part of the synthetic biology community has focused on
identifying steps, processes and components that can be engineered or reprogrammed
to create controllable elementary functions, e.g. programmable repressor-promoter
pairs [4, 5, [1]) and recombinase-based switches [6].

In this context, the engineering of RNA components has emerged as a promising
tool for circuitry design [7, 8, [0, 10]. Green et al. have developed a novel type of

regulator of gene expression in bacteria called toehold switch [I1]. Toehold switches



Introduction

are de-novo designed RNA structures that can be programmed to detect RNAs of
arbitrary sequences. A toehold switch works by forming a hairpin at the 5-end of a
reporter gene that prevents RBS-ribosome interactions, thereby stopping translation.
This structure is released by toehold-mediated strand displacement by an unstructured
RNA ‘trigger’ with a sequence that is complementary to the switch (Figure .

Computational and experimental characterization of the first-generation library al-
lowed identifying specific parameters that correlate with the higher specificity and
broader dynamic range of the RNA toeholds sensors (optimal length of toehold region
and hairpin structures others). Using this information, Green et al. [I1] recently devel-
oped a library of 12 forward-engineered, orthogonal toeholds switches and triggers that
displayed dynamic ranges comparable to protein-based regulators of gene expression
in E. coli.

These forward-engineered designs have been applied to the development of sensors
for naturally occurring RNAs in E. coli [I1]. However, the fixed sequences of poten-
tial RNA triggers present significant challenges for effective system activation. For
example, unlike synthetic trigger RNAs (designed de-novo to be single-stranded), nat-
ural RNA targets (for instance, mRNAs, miRNA, or viral RNAs) may display strong
secondary structures [12], making the toehold binding capacity unfavourable and af-
fecting the thermodynamical properties that drive the strand displacement process.
Also, the toehold sequences defined by the natural trigger mRNA can exhibit base-
pairing both internally and with sequences downstream of the hairpin module [IT] 13].
Moreover, when used for sensing naturally occurring RNAs, toeholds sensors are prone
to off-target miss-activation.

To overcome the issues related to off-target activation, a detailed analysis of the
sequences and thermodynamic properties of the toehold sensor devices and trigger

RNAs has to be performed. This analysis, along with the genomic complexity of the

10



Introduction

Toehold RNA sensor mechanism
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Figure 1.1: Schematic model of the toehold sensor mechanism. Binding of the trigger RNA
to the toehold domain (sequences a and a*) facilitates the strand displacement reaction of
the rest of the trigger (sequence b*) into the hairpin domain (sequence b). This interaction
remodels the structure of the switch RNA, leaving RBS available for interaction with the
ribosome, opening the transcript for translation. Image reproduced from Green et al. [11]
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species of the target RNA, has to be taken into consideration for sensor design. To
tackle most of the issues related to secondary structures within the switch RNA and
complexity of the trigger RNA, toeholds engineered for detection of endogenous RNAs

contain some structural modifications including:

1. Increasing toechold domain length (from 12 nt to 24 or 30 nt) [11} 14} [I5]. This
modification increases the possibility that single-stranded regions from the trigger

mRNA seed the interaction with the toehold switch itself.

2. Decreased the size of the loop domain. This modification was shown to decrease

leakness (expression of the reporter in absence of the trigger RNA) [15].

Both modifications have improved the capacity of the toehold sensors towards de-
tecting mRNA from endogenous and exogenous genes in E. coli [I1] and for the recog-

nition of viral sequences from Ebola [I4], Zika virus [I5] and Norovirus [16].

1.2 Cell-free toehold sensors (CFTS) in PURE sys-
tems

A range of RNA toehold sensors [14] 15, 16] have been implemented successfully
in a reconstituted cell-free gene expression system, known commercially as PUREx-
press (NEB), which consists of a complex mixture of the components involved in gene
expression from F. coli. Although the exact composition of PURExpress has not
been made publically available, it is based on the publication from Shimizu et al.
[17], which developed the PURE system (Protein synthesis Using Recombinant Ele-
ments) that combines more than 36 individually purified reagents involved in tran-
scription (T7 RNA polymerase); translation (IF1, IF2, IF3, EF-G, EF-Tu, EF-Ts,
RF1, RF3, 20 aminoacyl-tRNA synthetases, methionyl-tRNA transformylase (MTF),

12
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and ribosomes); and energy-recycling (creatine phosphate, creatine kinase, myokinase,
nucleoside-diphosphate kinase, and pyrophosphatase). In addition, the system contains
46 tRNAs, NTPs, creatine phosphate, folinic acid, and amino acids.

Cell-free toehold sensors (CFTS) have been shown to work on different substrates
such as paper, where they are stable after lyophilization and transportation at room
temperature. This feature makes them ideal for in-field deployment where viral RNAs

can be detected upon rehydration of freeze-dried CFTS reactions [1§].

1.3 Crude extracts as alternatives for PURE sys-
tems

Although CFTS are ideal for point-of-care deployment, constraints in the acces-
sibility to PURE systems in South America and the global south impose significant
barriers to implementing, protyping and designing de novo CFTS locally. PURE sys-
tems are not only expensive and proprietary but also difficult to source since they need
to be imported from the Northern hemisphere under strict cold-chain shipping (Gene-
Frontier from Japan, or Creative Biolabs and New England Biolabs from the US) that
increases its costs and the risk of activity loss. Alternatively, crude extracts from F.
coli, which do not require purification of any particular component, could also be used
as an alternative substrate for CFTS [19)].

Cell-free gene expression systems based on crude extracts are created by mixing the
molecular machinery present in a cell lysate with energetic substrates and cofactors to
enable transcription-translation coupled reactions in witro. These systems have been
extensively used since the 1960s when they played a critical role in the elucidation of
the information flux from DNA to proteins [20, 21, 22]. Moreover, the Nobel prize-

winning experiments that led Marshall Nirenberg and his colleagues to deciphering

13
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the codons of the genetic code were performed mainly using E. coli crude extracts
[21], 23, 24].

In subsequent decades, cell-free systems continued to be essential for elucidating
molecular mechanisms. More recently, cell-free systems gained popularity as a sub-
strate for engineering biomolecular systems outside living cells |25, 26]. For instance,
progress in disulfide bond formation and membrane anchoring has made possible the
manufacturing of protein complexes such as monoclonal antibodies [27], ion channels
[28], functional the ATP synthase [29] and viable virus-like particles [30, B1]. More-
over, advances in the understanding of endogenous transcription in E. coli [32] and
the engineering of fluorescent RNA aptamers [33] [34] have facilitated the development
of transcriptional cascades [32], light-sensing circuits [35], transcriptional oscillators in
cell-free gene expression reactions [36, 37, 38].

The field of biosensing has also benefited recently from cell-free systems, with the
bioengineering of novel sensors for small molecules including endocrine disruptors [39],
fluoride [40)], atrazine [41], and heavy metals [42], allowing the detection of metallic
contaminants in water samples [43] or micronutrients in serum [44].

Various protocols have been crafted to simplify extract preparation and optimize
its performance, including diverse methods for cell disruptions such as homogenization
[45], 4], sonication [47, 48], bead-beating [49], enzymatic lysis [50], or flash freezing
[51]. Several protocols for producing cell-free crude extract reactions have shown com-
patibility with lyophilization and enhanced stability through improved preservation
techniques [52] 53], 54, [55]. However, most of the diversity across cell-free preparation
methods and the costs associated with reagents arise from the use of different energy

sources for ATP regeneration methods.

14
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1.4 Energy metabolism for cell-free crude extracts
and cost-effective alternatives

Transcription and translation of a gene involves many steps that consume ATP
or its equivalents. The incorporation of a single nucleotide in an mRNA uses the
energy equivalent of 2 ATP equivalents per phosphodiester bond formation, while 4
ATP equivalents are needed per new peptide bond formation in an aminoacidic chain
(one ATP is hydrolysed to AMP in the aminoacylation of the tRNA reaction; one
GTP is hydrolysed to GDP in the aatRNA binding reaction catalysed by EF-Tu; and
one GTP is hydrolysed to GDP in the translocation reaction catalysed by EF-G) [56].
Therefore, an adequate and steady supply of ATP is necessary for efficient cell-free
gene expression [17, 57, 58, [59].

The most straightforward ATP regeneration systems are achieved by incorporating
high-energy phosphate donor molecules to cell-free reactions, often supplemented with
purified enzymes and cofactors. Examples are acetyl phosphate plus acetate kinase
[60]; phosphoenolpyruvate (PEP) plus pyruvate kinase [61]; creatine phosphate plus
creatine kinase [62]; and 3-phosphoglycerate (3-PGA) [63]. However, these phosphate
donor molecules are expensive and cold chain dependent, limiting the potential of the
cell-free expression technology to the global south.

Another issue of energizing the cell-free reaction using substrate-level phosphoryla-
tion is the risk of increasing concentrations of inorganic phosphate (iP) to levels that
impair the reaction. This effect is likely due to iP chelating free magnesium ions, which
serve as an essential co-factor in many nucleotide-dependent reactions, and whose op-
timal concentration range in cell-free expression systems is very narrow [49].

Many efforts have been taken to activate the endogenous central metabolic path-

15
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ways present in the crude extracts towards the regeneration of chemical energy cost-
effectively and leaving fewer unwanted sub-products. For instance, Jewett et al.
showed that the oxidative phosphorylation pathway is functional in cell-free extracts,
and described an ATP regeneration mechanism that relies on ATP-synthases present
in inverted membrane vesicles produced during the cell lysis process [64]. Using these
findings, Jewett et al. developed an energy system based on glutamate, which achieved
a high protein synthesis yield (1.2 mg/ml). Glucose-6-phosphate has also been used as
an energy source for cell-free gene expression reactions [58], but initial attempts using
glucose were not successful. Calhoun and Swartz showed that glucose produced a rapid
decrease in pH (due to the accumulation of organic acids) that inhibits protein synthe-
sis [57]. This issue was partially solved by Kim et al., fortifying the buffering capacity
of the reaction mixture, reporting yields up to 0.9 mg/mL [65]. Moreover, Kim et al.
described the use of S12 extracts, which unlike the typically used S30 extracts, do not
require ultra-centrifugation or dialysis steps, leaving residual cofactors available in the
reaction media and making available the protocol to the use of conventional bench-top
instruments [65].

Later studies showed extended protein production time using polymeric carbohy-
drates as an energy reservoir that released glucose at a steady rate, avoiding a rapid
decrease in pH [66]. Recently, Caschera et al. reported a cost-effective method that
couples a polyphosphate molecule (HMP) with maltodextrin (Figure [I.2). HMP, re-
leases inorganic phosphates slowly in aqueous solution; maltodextrin, a polysaccharide
consisting in D-glucose monomers, can be slowly catabolized for successive ATP gener-
ation. Initially, HMP is the molecule phosphate donor for Glucose-1-phosphate (G1P)
generation using maltodextrin as substrate in a reaction dependent on maltodextrin
phosphorylase, which is present in the crude extract. G1P is subsequently processed in

the glycolytic pathway to produce ATP, and reducing power, while lactate and acetate
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are wastes along with inorganic phosphate. The latter can now recycle to be used in
the generation of G1P. Caschera et al. showed that supplementation with NAD and
CoA cofactors improves ATP synthesis, iP recycling and lead to yields to yield up to
1.65 mg/mL. The cost-efficiency in Caschera et al. protocol [67], combined with the
simplicity of the S12 extract [65], makes a suitable alternative for low-cost and local

implementation of cell-free reactions in the global south.
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Figure 1.2: Simplified schematic model of metabolism based on maltodextrin and HMP
for ATP production and iP recycling. Chemicals shaded in gray are added to the cell-free
reaction. Image taken as published in Caschera et al. [67].
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1.5 Potato virus Y (PVY) as a target for designing
cell-free toehold sensors

Potato (Solanum tuberosum subsp. tuberosum) is one of the essential staple foods
for humanity, being the fourth most cultivated crop behind only rice, wheat, and corn.
Potato is propagated vegetatively through tubers, being prone to accumulating and
spreading viral diseases. To date, Potato virus Y (PVY) is considered the most dan-
gerous virus pathogen to this crop and is distributed worldwide [68]. Besides potato,
PVY virus has a wide range of hosts, including pepper, tomato, tobacco, eggplant,
and others. PVY can efficiently be transmitted from one plant to another via animal
vectors such as aphids [69] or transmitted mechanically through plant wounds [70].
One strategy to cope with the spread of this virus in the fields was implemented in the
US, and consisted on planting virus-free certificated seeds annually, while removing
plants originated by uncertificated sources [71].

One of the origins of the potato crop, the south of Chile, possesses ideal conditions
to produce virus-free potato seeds due to its land quality, weather conditions, and
phytosanitary isolation. However, to maintain this ideal scenario, the early detection
of emergent diseases is essential, and the installation of affordable molecular diagnostic
capacity directly in the field is an unmet need for potato farmers in Chile, and world-
wide. In this thesis, we focus on the PVY virus as a target for the design of cell-free
toehold sensors.

PVY virus belongs to the Potyviruses genus, and has a single-stranded, positive-
sense RNA genome of about 9.7 kb nucleotides in length which is covalently bound to
a VPg protein on the 5 end, and polyadenylated on the 3’ end. A single open reading

frame is present on the PVY genome, which encodes for a polyprotein (3063 aa) that is
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cleaved by three viral proteases (P1, HC-Pro and Nib) to produce ten functional pro-
teins (P1, HC-Pro, P3, 6k1, Cl, 6k2, VPg,NIa, NIb and CP)[68]. PVY is well-known
for its genetic diversity and propensity to evolve through two mechanisms: the accu-
mulation point of mutations; and recombination between PVY strains that exchange
large (several hundred nt-long) segments of their genome. Phylogenetic analysis sug-
gests that PVY-N and PVY-O are parental strains which genomes can recombine at at
recombination junctions (RJ, Figure generating novel strains such as PVY-N:O,
PVY-N-Wi, PVY-NTN (Figure [72, 68, 73], [74] [75].

The different PVY strains are associated with different symptomatic responses on
the host plants. For example, the PVY-N strain is described to cause leaf necrosis and
mild or even no damage to the tuber [68, [76]; while the other parental strain (PVY-0),
provokes mild tuber damage and do not cause leaf necrosis [68]. On the other hand, the
PVY-NTN recombinant strain has been strongly associated with the necrotic ringspot
disease (PTNRD) [77, [78,[79]. The necrotic disease on the tubers caused by PVY-NTN
strains is the main cause of economic loss associated with PVY infections since tubers
with PTNRD are discarded. The presence of PVY recombinant and necrotic strains
has been confirmed in Africa [80], Asia [78], Europe [81] and America [82, [79] and are
becoming the more prevalent strains in many potato production areas of the world

68].
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Figure 1.3: Schematic diagram of the main types of PVY recombinants :PVY-NTN, PVY-
N:O, and PVY-N-Wi. Different coloring of genomic fragments indicate the parental genome
of origin, either from PVY-N (black) or PVY-O (white). Positions of recombinant junctions,
RJ 1 to 4, are labeled below the diagram. The ten PVY genes are drawn above the diagram
approximately to scale. Image taken as published in Karasev et al. [83].
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Hypothesis and atms

Hypothesis

De novo designed cell-free toehold RNA sensors for the detection of PVY viral

sequence can be implemented in home-made, low-cost FE. coli cell extracts.

General Aims

To develop a platform for low-cost implementation of cell-free toehold sensors for

RNA targets of local interest.

Specific Aims
1. To implement and optimize low-cost cell-free gene expression methods.

2. To benchmark RNA toehold sensing capacity using low-cost cell-free preparation

methods.

3. To generate novel RNA toehold sensors for the PVY virus.

22



2. Materials and Methods

2.1 Rapid DNA preparation using Golden Gate and
Gibson assembly methods

In order to rapidly produce plasmid DNA with the desired combinations of reporter
genes and toehold sensors, two different techniques were used: Golden Gate [84 85]
and Gibson assembly [86]. Golden Gate level 0 parts were domesticated by Gibson
assembly into level 0 plasmids. Golden Gate relies upon Type IIS restriction enzymes
(such as Bsal) which each recognize a six base pair non-palindromic sequence and
cut at a specified distance from that recognition sequence, generating overhanging
fusion sites of 4 nt. The particular particular set of four nucleotide sequences on each
end of the genetic parts types is known as “grammar”, and act as sticky ends when
the level 0 plasmids are cut with Bsal, allowing for specific modular cloning [84], [85].
Several repositories of genetic parts (i.e BioBricks, https://biobricks.org/; MoClo
http://www.addgene.org/kits/marillonnet-moclo/)) use common grammar sites
for their genetic parts. For example, most DNA coding sequences (CDS) are flanked
with sites “C” on their 5° and “D” on the 3’ end making all CDS parts interchangeable;
promoter regions are between cites “A” and “B” normally, while ribosome binding sites

(RBS) are flanked with “C” and “D”.
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In order to generate toehold sensors in level 1 plasmids without changing the se-
quence from the original toehold designs from Green et al. [I1], a slight modification
on the B grammar was made, generating B’. This change was necessary in order for
the toehold sequence to start right after the +1 transcribed nucleotide of the promoter

T7. The final grammar used on this thesis is as follows:

o A: GGAG

B’ AGGG. Instead of TATC, which is B in Iverson et al. [84].

C: AATG.

D: AGGT

F: CGCT

Most of the level 0 parts used in this thesis are original (Table , with a few
exceptions that were either part of the CIDAR MOCLO collection purchased by our
lab through Addgene [84], or previous work from our research group [87].

The empty level 1 plasmids were also made by Gibson assembly and had two
features that are important for efficient cloning. First of all, they allow the constitutive
expression of the amilCP chromoprotein [93]. This transcriptional unit (TU) is replaced
with the TU of interest in the Golden Gate reaction, enabling visual discrimination of
colonies that retained amilCP (blue colonies) with the ones that replaced the amilCP
for the transcriptional unit being cloned (white colonies).

biologically inactive unique nucleotide sequences (UNSes) that facilitate accurate
ordered assembly.

Also the receiver plasmids have unique nucleotide sequences (UNSes) flanking the
TUs being cloned [94]. UNSes are a set of computational designed 40-bp mers of

biologically inactive sequences. For instance the 12X destination vector possesses UNS1
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Table 2.1: Level 0 genetic parts used in this thesis. Credits are given to whom
involved in domestication and references to original report of the sequences

ID Grammar 5° Grammar 3° Domesticated References
in
LO promoter T7 A B’ This work [111, 88, [89]
LO ZIKV Sensor 27 B’ C This work [15]
L0 ZIKV Sensor 8 B’ C This work [15]
L0 ZIKV Sensor 32 B’ C This work [15]
L0 ZIKV Trigger 8 A D This work [15]
L0 ZIKV Trigger 27 A D This work [15]
L0 Toehold Sensor 1 B’ C This work [11]
LO Trigger 1 A D This work [11]
L0 stGFP C D Previous work [87, 90]
from our group
[87]
LO deGFP C D This work [91]
LO YFP C D Obtained via [84]
Addgene
L0 YeNL C D Colaboration [92]
with Tamara
Matute
L0 LacZ C D This work [15]
L0 LacZa C D This work [16]
L0 Terminator T7 D F This work [11], 88, [R9]
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and UNS2 on each side of entry site of the TU being cloned, allowing for very efficient
and specific PCR reactions (for checking colonies, and amplification of TUs of interest)
using few conserved primers for different DNA constructions.

Level 1 plasmids were done using the Golden Gate protocol in which 15 fmol of
each plasmid containing the required level 0 parts and 7.5 fmol of the receiver level 1
plasmid are mixed in a final volume of 5 pL.. A mastermix of enzymes is prepared just
before use with the following volumes per reaction: 3 pl of dH20, 1 ul of T4-ligase
buffer 10X (NEB, B0202), 0.5 ul of BSA (at 1 mg/mL) 0.25 ul of T4 DNA ligase (at 400
U pL/1, NEB, M0202), and 0.25 ul of Bsal (NEB, R0535). 5 uL of the mastermix are
added to the mixture of plasmids, to a final volume of 10 yL. Temperature conditions
for Golden Gate consist of 30 cycles at 37 °C for 3 min, 16 °C for 4 min, followed by 5
min at 50 °C and 10 minutes at 80 °C. When the reaction is finished, 5 uL. are used to
transform chemically competent TOP10 cells. Next day, white colonies were screened
by colony PCR using UNS primers [94], colonies that displayed the expected size of
the transcriptional unit, were stored in glycerol and sequenced. A list of all the level 1
plasmids constructed and tested in this thesis is shown below in Table which also
includes one plasmid from Duo et al. which allows the expression of LacZ-{2 peptide

I16).
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Table 2.2: Level 1 Plasmids used in this thesis. Including references to original description
of sequences.

ID Cloned in Description References

L1-12x This work Empty level 1 plasmid used for [93, [94]
receiving the transcriptional units
generated by Golden Gate allowing
blue/white discrimination of
colonies. Incorporated TU is
flanked with UNS1 and
UNS2-UNSX respectively.

L1-23x This work Empty level 1 plasmid used for [93, ©4]
receiving the transcriptional units
generated by Golden Gate allowing
blue/white discrimination of
colonies. Incorporated TU is
flanked with UNS2 and
UNS3-UNSX.

12x-stGFP This work T7 transcriptional unit used for [90]

constitutively expression of sfGFP.

L1-12x-LacZ  This work T7 transcriptional unit used for [15]

constitutively expression of LacZ.

12x-LacZa This work T7 transcriptional unit used for [16]

constitutively expression of LacZa.
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Table [2.2[ (continued)

ID Cloned in Description References

12x-YeNL This work T7 transcriptional unit used for [92]
constitutively express nanolantern

YeNL.

12x-S1-YFP  This work ~ T7 transcriptional unit encoding [11]
forward engineered synthetic
toehold sensor 1 controlling the

translation of YFP.

12x-S1-sftGFP  This work T7 transcriptional unit encoding [11]
forward engineered synthetic
toehold sensor 1 controlling the

translation of sfGFP.

12x-S1-deGFP  This work  T7 transcriptional unit encoding [11]
forward engineered synthetic
toehold sensor 1 controlling the

translation of deGFP.

12x-S8-sfGFP  This work ~ T7 transcriptional unit encoding [15]
ZIKV toehold sensor 8 controlling

the translation of sfGFP.
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Table [2.2[ (continued)

ID Cloned in Description References

12x-S27-YeNL ~ This work ~ T7 transcriptional unit encoding [15] [92]
ZIKV toehold sensor 27 controlling

the translation of nanolantern

YeNL.

12x-S27-ZFL  This work  T7 transcriptional unit encoding [15]
ZIKV toehold sensor 27 controlling

the translation of LacZ.

12x-S27-Zav - This work T7 transcriptional unit encoding [15]
ZIKV toehold sensor 27 controlling

the translation of LacZa.

12x-S8-ZFL ~ This work  T7 transcriptional unit encoding [15]
ZIKV toehold sensor 8 controlling

the translation of LacZ.

12x-S8-Z«v This work ~ T7 transcriptional unit encoding [15]
ZIKV Toehold Sensor 8 controlling

the translation of LacZa.

12x-S32-ZFL.  This work T7 transcriptional unit encoding [15]
ZIKV toehold sensor 32 controlling

the translation of LacZ.

23x-T8 This work  T7 transcriptional unit of the ZIKV [15]

Trigger 8.
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Table [2.2[ (continued)

ID Cloned in Description References
23x-T27 This work  T7 transcriptional unit of the ZIKV [15]
Trigger 27.
pT7-LacZw Ma et al. T7 transcriptional unit encoding [16]

LacZw peptide used for the «

complementation experiments

30



Materials and Methods

2.2 Input DNA preparation for cell-free transcription-
translation reactions

Once the sequence of the plasmid was verified, DNA input for the cell-free gene ex-
pression reactions was produced by midi-prepping (Promega, A2492) an overnight cul-
ture of 200 mL LB following the provider’s instructions. After elution with ultra-pure
water on 800 uL, an equal volume of binding buffer was added and mixed well before
continuing the second DNA cleaning protocol using the Wizard-SV PCR cleanup sys-
tem (Promega, A6754) following the instructions provided by the supplier but adding
one extra centrifugation of 5 minutes to eliminate residual ethanol on the column before
final elution using ultra-pure water. Plasmid DNA input was used in a set of concentra-
tions ranging from 0.5 nM to 10 nM in cell-free reactions. Preparation of linear DNA
for expression in E. Coli, includes PCR amplification of desired transcriptional units
using UNS1F and UNSXR primers [04]. Amplicon was purified using PCR cleanup
system (Promega, A6754) with the incorporation of the extra 5 minutes centrifugation

after to eliminate ethanol before eluting with ultra-pure water.

2.3 Crude extract preparation

Where appropriate BL21 DE3 Star cells (Invitrogen, C601003), BL21dLacGold
cells (Aligent, 230132) [50], or the CRISPR+, CRISPR- derivatives from this work
were grown overnight at 37 °C on 2xY'T agar plates with the appropriate antibiotics.
A single colony was grown in a 5 mL 2XYT culture overnight at 37 °C. The next
day, a 50 mL culture was started with a 1:1.000 dilution overnight at 37 °C. On the
fourth day, a total of 2 liters of culture was started and split in 5 2-liter Erlenmeyer, at

an initial OD600 0.05 in 2XYT supplemented with 40 mM phosphate dibasic (Sigma,
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94046), 22 mM phosphate monobasic (Sigma, 74092) solutions. This culture was grown
at 37 °C with vigorous agitation (230 rpm) until OD600 reached 1.5 (approximately
2.5 hours). Cells were then induced for 3 hours at 37°C with 100 mM IPTG be-
fore harvesting by centrifugation at 5000 g and 4°C. Pellets were washed twice with
cold the S30 buffer (5 mM tris acetate pH 8.2, 14 mM magnesium acetate, 60 mM
potassium glutamate, 2 mM dithiothreitol). Pellet was then weighted, and a relation-
ship of 0.9 mL of S30B and 5 g of 0.1 mm diameter silica beads (Biospec, 11079101)
were added respectively per gram of pellet obtained. 2.5 mL bead-beading tubes and
cups were filled with the viscous solution formed with cells and glass beads, with-
out generating bubbles, then sealed and beaten for 30 s using a homogenizer (MP
Biomedicals, FastPrep-24 5G). To remove the beads from extracts, processed samples
were placed on the top of a micro-chromatography column (Biorad, 7326204) elution
end down, into an empty bead-beading tube placed into a 15 mL Falcon tube. This
complex was centrifuged at 6000 g for 5 minutes at 4 °C. Properly beat extracts were
clear, and two distinct layers were observed. Supernatant for all tubes was pooled and
let it at 37 °C with agitation inside a 5 mL unsealed tube for one hour for runoff.
After the runoff reactions were completed, the tubes were placed on ice and re cen-
trifuged at 6000g for 10 minutes to poll down the debris generated during the run-off
reaction. The supernatant from this centrifugation, the crude extract, was aliquoted,
frozen, and stored at -80 °C until use. A link to the full protocol of crude extract and
cell-free reaction preparation can be found here: https://www.protocols.io/view/

preparation-of-cell-free-rnapt7/-reactions-kz2cx8e|

32


https://www.protocols.io/view/preparation-of-cell-free-rnapt7-reactions-kz2cx8e
https://www.protocols.io/view/preparation-of-cell-free-rnapt7-reactions-kz2cx8e

Materials and Methods

2.4 Stability of PCR-derived linear DNA in cell-
free reactions

Linear DNA fragments of 1.5 kb and 500 bp were prepared via PCR, for its use as
linear DNA input and standards, respectively. Those were purified by wizard gel and
PCR clean-up kit (Promega), so that a final concentration of 200 ng/ul. was achieved.
600 ng of the 1.5 kb linear DNA were added to 20 uL cell-free reactions and incubated
at 29 °C for 0, 30, 60 or 120 minutes and quickly submerged in liquid nitrogen to stop
the reaction. Frozen samples were put on ice and immediately, a volume of binding
buffer from PCR clean-up kit (Promega, A9282) was added followed with 2 I (300
ng) of the 500 bp linear DNA that serves as an internal standard for the purification.
The samples were then purified following standard supplier’s protocol and eluted with
30 pL of ultra-pure water. Then 0.3 volumes of loading buffer was added to the
purified samples and 10 uL. were run on a 1 % agarose gel electrophoresis containing
1X SYBR-Safe for DNA visualization. 1.5 kb and 500 bp DNA fragments were placed
as well in two independent lines along with another line for 1 kb Ladder (NEB, N232).
Once bands were clearly identifiable, the gel was photographed on a blue LED light
transilluminator with a blue-light filter. The intensity of the 1.5 kb bands in each
sample was integrated using ImageJ and normalized with the intensity of the 500 bp

band of the same lane.
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2.5 Cell-free transcription-translation reaction us-
ing home-made cell extracts

In-house cell-free reactions’ volume was composed with 45% crude lysate and 40%
reaction buffer. The remaining 15% included DNA input solution, and in the case of
the RNA sensing reactions, trigger RNA from in vitro transcription and chlorophenol
red-$beta-D-galactopyranoside (CRPG, purchased from Sigma 59767 at final concen-
tration of 0.6 mg/ml). A typical reaction is composed of 50 mM HEPES pH 8, 1.5 mM
ATP and GTP, 1.4 mM CTP and UTP as triphosphate ribonucleotides, 0.2 mg/ml
tRNA (Roche, 01109541001), 0.26 mM Coenzyme A, 0.33 mM NAD, 0.756 mM cAMP,
0.0068 mM folinic acid, 0.112 mg/mL spermidine, 2% PEG-8000, 3.4 mM of each of
the 20 amino acids (glutamate is also added in excess in potassium and magnesium
salts), as energy source it was used 12 mg/ml maltodextrin and 0.6 mg/ml sodium hex-
ametaphosphate (Sigma, 305553) or 30 mM 3-PGA. Cell-free reactions were mounted
on ice in a final volume of 10 uL in 1.5 ml Eppendorf tubes and vortexed for 30 sec-
onds before sampling 5 pL. per reaction that was loaded in V-bottom 96 well plates
(Corning, CLS3957) or rounded 384 well-plates (Corning, CLS3540) for experiments
of GFP and LacZ outputs respectively. All the reactions were incubated at 29 °C in
the Synergy HTX plate reader (BioTek).

When LacZ-a was used as reporter, a previous expression of LacZ-{) was taken
place 2 hours before, and diluted 1:10 in S30 buffer, from which 1 ul. was used to

supplement 20 plL cell-free reactions.
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2.6 Cost breakdown analysis

A comprehensive list of all the reagents needed for the preparation of crude extracts
and energy buffers in Chile and in the UK can be found in sections respectively.
These list also indicate the individual cost of reagents and quantities purchased.

The following assumptions have been made in order to compute the cost per reac-

tion:

1 liter of cell culture in the experimental conditions described yields 6g of biomass.

8 micro-chromatography columns are needed to process 6 grams of biomass.

6 grams of processed biomass yield 3.75 mL of crude extract.

e 3.75 mL of crude extract is sufficient to prepare 1667 cell-free reactions (5 plL).

No loses in reagents during manipulation, or buffer preparation.

The purchased quantity of each reagent is used to compute the maximum reactions
that could be performed with that particular reagent according with our assumptions.
The limiting reagent was then identified for each method and geographic place ( 3-PGA
energy performed in Chile, 3-PGA energy performed in the UK, maltodextrin energy
source performed in Chile, maltodextrin energy source performed in the UK ). The
number of reactions of the limiting reagent was used to compute the cost per reaction
and the contribution of each reagent to this cost. Exchange rates as per in the 8th of

June 2020 were used to convert local currency to USD.
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2.7 Cell-free transcription-translation reaction us-
ing NEB Purexpress

The cell-free reactions that used PURExpress consisted of: NEB Solution A (40%)
and B (30%), chlorophenol red-3-D-galactopyranoside (0.6 mg/ml), and DNA con-
structs encoding the toehold sensors. When LacZ-a was used as reporter, a previous
expression of LacZ-) was taken place 2 hours before, and diluted 1:10 in ultra-pure
water, from which 1 ul was used to supplement 20 pL cell-free reactions. Paper-based

NEB reactions were done adding 5 pL reactions on paper discs (2 mm) ( Whatman,

1442-042) that were blocked in 5% BSA overnight prior to use.

2.8 Trigger RNA preparation

PCR products of Trigger 8 and Trigger 27 were made by amplifying the respectives
plasmids using primers UNS2F and UNSX. Amplificons containing the T7 transcrip-
tional units were then cleaned by PCR cleanup kit (Promega, A6754) and 250 ng
of DNA were used for the in wvitro transcription reaction using the Hi scribe T7 kit
(Promega, E2040S) in 40 uL final volume and incubated at 37 °C overnight. 1 uL of
DNAse I (NEB M0303S) is added to each tube and incubated one hour at 37 °C. After
that, standard RNA clean up was performed according to the RNeasy MinElute kit
(Qiagen, 74204) before quantification.

2.9 Lyophilization and storage of cell-free reactions

Lyophilization was performed by assembling 9 uL. cell-extract and 8 ul. of reaction

buffer in a PCR tube. In a different tube, 3 ul of the corresponding plasmid was
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transferred, when LacZ reporter was used, 1 pl. of substrate CPRG (9 mg/ml) was
added too. Assembled reaction tubes were closed with adhesive aluminum film and
punctured with a 16-gauge needle to create a hole. The tubes were placed in FreeZone
2.5 L Triad Benchtop Freeze Dryer (Labconco), which was previously pre-chilled at -75
°C (shelf temperature) for overnight freeze-drying of two segments. The first segment
was at -75 °C (shelf temperature) with a temperature collector of -80 °C for 12 hours
and 0.04 mbar of pressure. The second segment was performed at -20 °C for 4 h
with the same pressure. Samples were stored at room temperature in open plastic
bags over 30 g of silica inside a closed Tupperware. Plasmid samples were rehydrated
with 20 puL of water, then total volume was used to rehydrate the reaction buffer and
then the crude extract. pT7:sfGFP was used at 6 nM final concentration while ZIKV
Toehold 27 was used in 10 nM final concentration. Trigger 27 RNA was added at a

final concentration of 300 nM.

2.10 Isothermal NASBA amplification

NASBA lyophilized kit was purchased from Life Sciences and was used following
the provider’s instructions. Briefly, negative controls and RNA dilution in the range
27 mM to 0.2 fM were prepared just before use in ultra-pure water.

Lyophilized reaction buffer containing nucleotide mix (Life Sciences, LRB-10) was
reconstituted with DRB-10 diluent (Life Sciences, DRB-10) and heated at 41 °C for 5
minutes then kept at room temperature. The initial mixture consisted of 10 pl of the
reconstituted reaction buffer, 1 ul. RNasin (Promega, N2111), 380 mM of each DNA
primer, 2 pl ultra-pure water and 1 pul. RNA dilution were assembled at 4 °C and
incubated at 65 °C for 2 min, followed by a 10 min annealing at 41 °C. During the
annealing, the lyophilized enzyme mix, consistent of AMV RT, RNaseH, T7 RNAP, and
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High molecular weight sugar mix (Life Sciences, LEM-10), was reconstituted with cold
D-PDG (Life Sciences, D-PDG-10) and placed on ice. Immediately after the annealing,
tubes were spin down and 5 uL of the dissolved enzyme mix was added to the reaction.
The final reaction (20 pL) was incubated at 41 °C for 2 h with thermocycler with
the lead at 98 °C, followed by a 10 minute inactivation of enzymes at 70 °C before

opening and processing the samples. The amplified product was then cleaned up with

the RNeasy Mini elute kit (Qiagen, 74204).

2.11 Selection of conserved sequences across PVY
genomes

Table shows the list of GenBank entries that were included in a multiple se-
quence alignment (MSA) to identify common regions across different PVY strains.
MSA was performed using MUSCLE algorithm (https://www.ebi.ac.uk/Tools/msa/
muscle/) and lead the identification of a region of interest (Figure . From this re-
gion, two sequences of different lengths called “PVY long” (Table and “PVY
short” (Table were used for screening PVY toehold sensors.
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Table 2.3: GenBank accessions of PVY complete genomes used to identify conserved se-
quences across different PVY strains.

GenBank ID Strain  Length (pb) Country of origin
AY166866 PVY-NTN 9700 Canada
MT264736 PVY-NTN 9701 Ireland
MT264732 PVY-NTN 9694 Ireland
EF026075 PVY-N 9694 USA
MK572827 PVY-N:O 9618 Colombia
JQ924285 PVY-O 9649 Brazil
EF026074 PVY-O 9666 USA
MT264738 PVY-O 9687 Ireland
AJ890349 PVY-O 9699 Poland
MT264737 PVY-Nwi 9697 Ireland

Table 2.4: “PVY long” DNA and RNA sequences of the used for the screening PVY sensors
1 to 4. Promoter T7 sequence is underlined.

Description Sequence

DNA encoding
the PVY long
Direct RNA

GATCGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAGTT
TGGGTTATGATGGATGGAGATGAACAAGTCGAATACCCACTGAAACCA
ATCGTTGAGAATGCAAAACCAACACTTAGGCAAATCATGGCACATTTC
TCAGATGTTGCAGAAGCGTATATAGAAATGCGCAACAAAAAGGAACCA
TATATGCCACGATATGGTTTAGTTCGTAATCTGCGCGATGGAAGTTTG
GCTCGCTATGCTTTTGACTTTTATGAAGTT

PVY long Direct GAGUUUGGGUUAUGAUGGAUGGAGAUGAACAAGUCGAAUACCCACUGA
RNA AACCAAUCGUUGAGAAUGCAAAACCAACACUUAGGCAAAUCAUGGCAC
AUUUCUCAGAUGUUGCAGAAGCGUAUAUAGAAAUGCGCAACAAAAAGG
AACCAUAUAUGCCACGAUAUGGUUUAGUUCGUAAUCUGCGCGAUGGAA
GUUUGGCUCGCUAUGCUUUUGACUUUUAUGAAGUU
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Table 2.5: “PVY short” DNA and RNA sequences of the used for the screening PVY sensors
5 to 8. Promoter T7 sequence is underlined.

Description

Sequence

DNA encoding
the PVY short

GATCGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGCTTAG
GCAAATCATGGCACATTTCTCAGATGTTGCAGAAGCGTATATAGAAAT

Direct RNA GCGCAACAAAAAGGAACCATATATGCCACGATATGGTTTA
PVY short CUUAGGCAAAUCAUGGCACAUUUCUCAGAUGUUGCAGAAGCGUAUAUA
Direct RNA GAAAUGCGCAACAAAAAGGAACCAUAUAUGCCACGAUAUGGUUUA
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2.12 In-silico toehold design

With the aim of designing novel toehold sensors, we have implemented a jupyter
notebook pipeline called NupackSensors, which is based on an algorithm described by
Green et al. [16] (http://www.github.com/elanibal/NupackSensors). To identify
possible triggers from a target sequence, the algorithm first determines all contiguous
36 nucleotide sub-sequences. Each possible trigger defines one specific toehold sensor.
After filtering out the sensors that contained stop codons, potential structural defects
of each design were calculated, along with a set of thermodynamic parameters (Table
. The following score function was implemented, so one score value was assigned

to each of the possible designs [16]:

SCOTG = _7165677,807’ - 49-15Active,5'ensor - 22-65BindingSite + 54.3 (21>

Here, dgensor represents the average number of incorrectly paired nucleotides re-
specting the ideal toehold sensor structure (see Figure for schematics of the ideal
design structures and Table for their dot-bracket notation) ; similarly, the pa-
rameter 0acivesensor represents the average number of incorrectly paired nucleotides
respecting the ideal activated sensor structure (Table , and dpindingsite Tepresents
the deviations from the perfect single-stranded binding site in the toehold domain,
which is essential for the initial trigger binding and subsequent strand-displacement
reaction. After assigning one score to each toehold sensor design, they are ranked. Ac-

cording to this ranking, sixteen sensors were selected for experimental screening (Table

23).
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Materials and Methods

Table 2.7: Definition of the specified secondary structures designs for toehold sensors.
Secondary structures is shown in dot-bracket notation

Structure Specified secondary structure for design
ID
Toehold ... CCCCCCCCCCC e 1)) e
Active sensor (. ))))) et
Active  (CCCCOCCCOCCOLCACCLLCLLLKXCCCACA D))
complex ... EDININNINNININININININ)
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(a) Toehold Sensor

AG

Switch
RB
’”} S (b)Trigger RNA
Ry Start codon Slngle—strandedmgger
AG_,
rigger
LacZ gene | |
—

dBinding Site w

(c) Toehold-trigger complex

AG

Complex

AG

RBS-Linker

Active Sensor

Single-stranded

Active Sensor

Figure 2.1: Ideal structures of (a) toehold sensor RNA, (b) trigger RNA, and the (c)
toehold-trigger complex. Trigger RNA (b) is complementary to the binding site of the toehold
sensor (a) and its first 10 nucleotides of the hairpin structure. Strand-displacement reactions
between trigger RNA and toehold sensor causes the formation of the toehold-trigger complex
(c). Each circle represents one ribonucleotide. Complementary sequences are shown in the
same color but different intensities. The sequence used to define each parameter is also
shown.
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Table 2.8: Toehold and trigger sequences for PVY toehold sensors

Toehold Toehold sequence Trigger sequence
sensor 1D
Sensor 1 CGCAGAUUACGAACUAAACCAUAUCGUGGCA  AUAUAUGCCACGAUA
UAUAUGGACUUUAGAACAGAGGAGAUAAAGA  UGGUUUAGUUCGUAA
UGAUAUAUGCCACACCUGGCGGCAGCGCAAG UCUGCG
AAG
Sensor 2 UCAUAAAAGUCAAAAGCAUAGCGAGCCAAAC UGGAAGUUUGGCUCG
UUCCAGGACUUUAGAACAGAGGAGAUAAAGA  CUAUGCUUUUGACUU
UGUGGAAGUUUGGACCUGGCGGCAGCGCAAG UUAUGA
AAG
Sensor 3 CGCGCAGAUUACGAACUAAACCAUAUCGUGG AUAUGCCACGAUAUG
CAUAUGGACUUUAGAACAGAGGAGAUAAAGA  GUUUAGUUCGUAAUC
UGAUAUGCCACGAACCUGGCGGCAGCGCAAG UGCGCG
AAG
Sensor 4 UCCAUCGCGCAGAUUACGAACUAAACCAUAU CCACGAUAUGGUUU
CGUGGGGACUUUAGAACAGAGGAGAUAAAGA AGUUCGUAAUCUGCG
UGCCACGAUAUGGACCUGGCGGCAGCGCAAG CGAUGGA
AAG
Sensor 5 AUACGCUUCUGCAACAUCUGAGAAAUGUGCC  AUCAUGGCACAUUUC
AUGAUGGACUUUAGAACAGAGGAGAUAAAGA  UCAGAUGUUGCAGAA
UGAUCAUGGCACAACCUGGCGGCAGCGCAAG GCGUAU

AAG
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Table 2.8 (continued)

Toehold Toehold sequence Trigger sequence
sensor ID
Sensor 6 UCGUGGCAUAUAUGGUUCCUUUUUGUUGCGC  GAAAUGCGCAACAAA
AUUUCGGACUUUAGAACAGAGGAGAUAAAGA  AAGGAACCAUAUAUG
UGGAAAUGCGCAAACCUGGCGGCAGCGCAAG CCACGA
AAG
Sensor 7 UGGCAUAUAUGGUUCCUUUUUGUUGCGCAUU  AUAGAAAUGCGCAAC
UCUAUGGACUUUAGAACAGAGGAGAUAAAGA AAAAAGGAACCAUAU
UGAUAGAAAUGCGACCUGGCGGCAGCGCAAG AUGCCA
AAG
Sensor 8 UAAACCAUAUCGUGGCAUAUAUGGUUCCUUU AACAAAAAGGAACCA
UUGUUGGACUUUAGAACAGAGGAGAUAAAGA  UAUAUGCCACGAUAU
UGAACAAAAAGGAACCUGGCGGCAGCGCAAG GGUUUA

AAG
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2.13 PCR amplification of PVY toehold sensors for
rapid screening

Linear DNA encoding the PVY toehold sensors was produced by PCR amplification
using Phusion high fidelity DNA polymerase (ThermoFisher, F530L). 50 ul. PCR
reactions were prepared according provider‘s instructions, using LacZ as template.

In order to produce the LacZ-a toehold sensors the corresponding forward primer
containing the promoter T7 and the toehold was used in combination with the primer
”Sensor-a-Rv. The generation of PVY toehold sensors controlling LacZ the UNSXR
primer was used (Table 2.9). Amplicon was purified using the Wizard gel and PCR

clean-up kit (Promega) and used to perform cell-free RNA sensing reactions.
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Table 2.9: List of primers used to generate linear dsDNA used in cell-free gene
expression reactions. T7 promoter is underlined

Primer Name

Sequence

References and notes

PVY-1-Fw

PVY-2-Fw

PVY-3-Fw

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGCGCAGAT

TACGAACTAAACCATATCGTGGCATATA

TGGACTTTAGAACAGAGGAGATAAAGAT

GATATATGCCACACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGTCATAAA

AGTCAAAAGCATAGCGAGCCAAACTICC

AGGACTTTAGAACAGAGGAGATAAAGAT

GTGGAAGTTTGGACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGCGCGCAG

ATTACGAACTAAACCATATCGTGGCATA

TGGACTTTAGAACAGAGGAGATAAAGAT

GATATGCCACGAACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

This work. Used for the
generation of the linear PVY

toehold sensor 1.

This work. Used for the
amplification of linear PVY

toehold sensor 2.

This work. Used for the
amplification of linear PVY

toehold sensor 3.
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Table (continued)

Primer Name

Sequence

References and notes

PVY-4-Fw

PVY-5-Fw

PVY-6-Fw

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGTCCATCG

CGCAGATTACGAACTAAACCATATCGTG

GGGACTTTAGAACAGAGGAGATAAAGAT

GCCACGATATGGACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGTGGCATA

TATGGTTCCTTTTTIGTTGCGCATTTCTA

TGGACTTTAGAACAGAGGAGATAAAGAT

GATAGAAATGCGACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGTCGTGGC

ATATATGGTTCCTTTTTGTTGCGCATTT

CGGACTTTAGAACAGAGGAGATAAAGAT

GGAAATGCGCAAACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

This work. Used for the
generation of the linear PVY

toehold sensor 4.

This work. Used for the
generation of the linear PVY

toehold sensor 5.

This work. Used for the
generation of the linear PVY

toehold sensor 6.
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Table (continued)

Primer Name

Sequence

References and notes

PVY-7-Fw

PVY-8-Fw

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGCAACAAA

AAGGAACCATATATGCCACGATATGGTT

TGGACTTTAGAACAGAGGAGATAAAGAT

GAAACCATATCGACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

CGTTTCTACGGTAGCCGGGCG

CTAATACGACTCACTATAGGGTAAACCA

TATCGTGGCATATATGGTTCCTTTTTGT

TGGACTTTAGAACAGAGGAGATAAAGAT

GAACAAAAAGGAACCTGGCGGCAGCGCA

AGAAGAATGACCATGATTACGGATTCAC

TGGCC

This work. Used for the
generation of the linear PVY

toehold sensor 7.

This work. Used for the
generation of the linear PVY

toehold sensor 8.
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3. Results from aim 1: To Implement and
optimize an in-house low-cost cell-free

gene erpression system

In this aim, we addressed the local production of cell-free gene expression systems
that were simple to implement in Chile at a low cost. To pursue this goal we have
combined advances from different published methods: the use of S12 crude extracts,
which does not require ultra-centrifugation nor dialysis [65]; a highly concentrated and
stable amino acid mixture [95]; and cost-effective energy source based on maltodex-
trin and polyphosphates that do not require cold-chain transportation as other energy
sources (e.g. 3-PGA) [96]. In order to produce the cell extract, the BL21 DE3 STAR
E. coli strain was chosen because it allows the expression of the T7 RNA polymerase
upon induction with IPTG, and harbours a mutation in the RNAseE gene that en-
hances shelf-stability of RNAs up to two folds in-vivo [97]. Using this method we have
generated 4 crude extracts (named Batch A, B, C and D), that were further used for

characterization and optimization.
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Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

3.1 Optimization of magnesium concentration

Several authors have indicated that Mgt concentration is a key factor for the
performance of cell-free gene expression reactions [32, 49, 98]. Mg?" is an essential
cofactor for transcription [99], and also important for maintaining the structure of
ribosomes [53], 100, 101].

In cell free, Mg?* availability could be modified by precipitation with pyrophos-
phates (derived from transcription), and inorganic phosphates (derived from the metabolism
of maltodextrin and HMP). Early in vitro studies of ribosomes have shown that 10
mM Mg?" is an optimal concentration for the poly(U)-dependent poly(Phe) synthesis
reaction [102]. While Sun et al. showed an increase of two folds on GFP endpoint
yields when optimizing Mg?* concentrations in cell-free reactions, which optimal levels
were found at about 8.6 nM [49].

The four extracts prepared in this work (Batches A-D) contained 7 mM Mg*" de-
rived only from the cell lysis buffer. We studied the effects of supplementing them with
different concentrations of Mg?*™ on the endpoint sfGFP expression. 15 nM of plas-
midic DNA that allows constitutive T7 polymerase-dependant transcription of sfGFP
was mixed with crude extracts (Batches A-D) supplemented with maltodextrin and
different concentrations of magnesium glutamate. Poor sfGFP signal was detected at
7 nM and above 11.5 nM Mg?*, while an optimal range between 8.5 nM and 10 nM
was found for all the extracts (Figure , which is consistent with previous reports
[49].
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Figure 3.1: Effect of magnesium concentration on sfGFP expression. Endpoint sfGFP
fluorescence measurements in cell-free reactions performed in four different crude extracts
(Batch A, B, C, D) supplemented with maltodextrin energy buffers containing a range of
magnesium concentrations. Optimal levels for magnesium were found between 8.5-10 mM
for all extracts. Data points are shown in light grey circles. Error bars represent standard
deviations of three independent trials.
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Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

3.2 Comparison of low and high-cost energy sources
for cell free stGFP expression

We prepared the 3-phosphoglyceric acid (3-PGA) energy supply according to [49]
and compared the performance of sfGFP expression on Batches A-D using 3-PGA
or low-cost maltodextrin energy solutions at the optimal magnesium concentration
found previously. The endpoint measurements were significantly higher for the cost-
effective maltodextrin-based energy source in the four batches tested (Figure and
. Therefore, cell-free preparations based on maltodextrin were used for subsequent

tests and comparisons.
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Figure 3.2: Constitutive sfGFP production on batches A-D supplemented with maltodex-
trin (light blue) or 3-PGA (green) energy buffers. Left: Dynamic of the fluorescence intensity
on the constitutive sfGFP expression reactions. Right: initial increment on sfGFP fluores-
cence intensity during the first hour.
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Figure 3.3: Endpoint sfGFP fluorescence measured in four different cell extracts (Batch
A, B, C, D) fuelled with either maltodextrin plus polyphosphates (light blue) or 3-PGA
(green) as the energy source. Data points are shown in light grey circles; error bars represent
standard deviations of three independent trials. Independent sample t-test with Bonferroni
correction for multiple comparisons was done to compare sfGFP outputs between the two
energy sources within the same batch, p-values shown above each comparison.
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Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

3.3 Comparison of in-house prepared methods with
commercial cell free systems for sftGFP expres-
sion

In order to assess the performance of in-house prepared cell free reactions, we
compared the expression of sfGFP in our system to that of commercial alternatives
(PURExpress, from New England Biolabs; S30 T7 High-Yield Protein Expression Sys-
tem, from Promega). We measured sfGFP constitutive expression in a plate reader to
visualize the temporal dynamics. Despite the variability observed in the rates and end-
point measurements of the in-house cell-free reactions, all the batches reached higher
endpoint fluorescent values than the commercial alternatives (Figure [3.4).

Although absolute concentrations of sftGFP production were not available, the re-
sults from fluorescent measurements are consistent with the yields reported in the
litarature. For example PURExpress’s manual claims a range of yields of 10-200
pg/ml; while S30 T7 High-Yield Protein Expression System claims yields up to 500
pg/ml of protein. On the other hand, Caschera et al. reported yields up to 1.65 mg/ml
using the maltodextrin energy system [96] while Shin et al. reported 0.65 mg/ml using
3-PGA as energy source [32].

These results demonstrated that our low-cost and in-house prepared system for cell
free reactions is comparable in performance to the commercial kits, being an appropri-

ate system for the study of CFTS in low-cost reactions in the next chapters.
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Figure 3.4: Comparison of in-house prepared cell free reactions to NEB PURExpress and
Promega S30 T7 High Yield commercial kits. We tested the four optimized batches (Batch
A, B, C, D) using maltodextrin plus polyphosphates as the energy source. Dots are centered
at the arithmetic mean at each time point. Error bars represent the standard deviations in
three independent trials
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Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

3.4 Stability of lyophilized constitutive gene expres-
sion reactions

Next, we assessed the performance of the in-house prepared cell free system upon
lyophilization. Lyophilization permits the preservation and transport of cell-free gene
expression reactions at room temperature, which is critical for field deployment outside
laboratory conditions where CFTS can be used upon rehydration. In this work, we
have measured the stability of the freeze-dried cell-free reactions based on maltodextrin
energy solution for up to 90 days. We observed more than 60% recovery of the endpoint
sfGFP expression 7 days after lyophilization, which decreased to 17% after 90 days at
room temperature (Figure . These results demonstrated that, although there is
room for optimization, the low-cost system is able to withstand preservation at room

temperature upon lyophilization.

61



Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

[ |
100 -
o
3L
o O 80
> %
=
9-6 60_
5%
cC -
Xg
20 -
| | | | |
0 20 40 60 80 100

Days

Figure 3.5: Shelf stability of the lyophilized cell-free reactions over three months. Reac-
tions were lyophilized and stored in a pot containing desiccants for up to 90 days at room
temperature. Endpoint sftGFP production was compared to a fresh sample at 7 and 90 days
after lyophilization, which recovered 60% and 17% of the sfGFP production on average.
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3.5 CRISPRI optimization of linear dsDNA stabil-
ity

Next, we sought to explore the optimization of extracts for their use with linear
DNA as input for the cell free reactions. The use of linear DNA for cell-free gene ex-
pression offers several advantages compared to plasmid DNA that has to be extracted
and concentrated from bacterial cultures [103] [47, [104], 105] 106, 107]. Linear DNA
can be produced by PCR amplification, enabling the rapid production of DNA designs
with different primers and templates. The use of linear dsDNA in cell-free extracts,
however, is affected by DNA degradation primarily due to the action of the Exonu-
clease V, which is encoded in the RecBCD operon and participates in DNA repair
[103, 106, [10§]; and Endonuclease I (encoded by endA), which is the dominant source
of endonuclease activity in E.coli [I09]. Previous studies have increased the efficiency
of cell-free protein synthesis from PCR products by several methods including the
supplementation with Gam$, a viral protein that inhibits Exonuclease V [104] [1T0];
the incorporation of protective modified nucleotides downstream of PCR amplification
[T11]; the incorporation of competitive DNA strands containing y-sites [112]; supple-
mentation of dsDNA binding proteins [35]; depletion of Exonuclease V in the crude
extracts [105]; genetic replacement of RecBCD with the lambda phage red recombinase
[107]; and generation of strains lacking endA [107, 113].

Here, we explored a different approach, based on CRISPR interference (CRISPRA).
CRISPRI is a genetic technique that allows for sequence-specific and reversible re-
pression of gene expression in bacteria at the transcription level by blocking either
transcriptional initiation or elongation [114] 115]. In order to increase the stability of

PCR-derived linear DNA in our extracts, a CRISPRi-based strategy was implemented
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Figure 3.6: Schematic representation of CRISPRi genetic circuits used for nuclease silenc-
ing. a: In the CRISPRi+ strain, IPTG induces the expression of RNAPT7 and dCas9, and
a complementary plasmid enables the constitutive expression of three sgRNAs that target
recB, recC, recD, and endA genes. b: In the control CRISPRi- strain, IPTG induces the
expression of dCas9 in addition to the RNAPT7, a complementary plasmid supports the
expression of the “non-targeting” sgRNA that does not have any target in the genome. c¢: In
the basal genotype strain, IPTG only induces the production of RNAPTT7 before harvesting
the cells.
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to control (before harvesting) the genes that encode for Exonuclease I and V. This
work was part of the undergraduate thesis dissertation of Juan Manuel Puig, under
my supervision (Biochemistry thesis 2020).

The genetic devices utilized to pursue this goal were the following:

e A single plasmid allowing the in-vivo transcription of three sgRNAs targeting
the 5" ends of recB, recC:recD, and end A (recC and recD are transcribed from

the same promoter at the 5’ end of recC [116]).
e A plasmid for IPTG-inducible dCas9 expression in-vivo.

e A control plasmid harbouring an sgRNA that does not have a known target in

the E.coli genome (Nontargeting sgRNA) previously used by Nunez et al. [117].

Accordingly, four strains were prepared: CRISPRi+ (BL21 DE3 STAR), CRISPRIi-
(BL21 DE3 STAR) and BL21 DE3 STAR (Figure [3.6)), and the stability of DNA was
quantified on a lapse of 2 hours (Figure and Figure .

The following exponential degradation model was fitted to the data:
D(t) = Dy.e Haeat (3.1)

where Dy is the initial concentration of DNA, D(t) is the remaining concentration of
DNA (|[DNA]) at a given time ¢, and Ky, is the degradation rate of the DNA. The
exponential degradation model assumes that the loss of DNA is simply proportional
to its current concentration and that the lower plateau if [DNA] is equal to zero:

d[DNA]

= Kuey[DNA] (3.2)

The ordinary least squares approach was used for parameter estimation. Model

screening indicated no statistical evidence of the parameters Dy being different across
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the data sets evaluated (F-test for extra sum of squares, p = 0.9285), finding the best
fit value at Dy = 0.989. Statistical analysis of the K., parameters showed significant
differences between cell extract genotypes (F-test for extra sum of squares, p < 0.001).
Therefore, the CRISPRI strategy had a positive effect on DNA stability, due to a
significant decrease in the degradation rates of the CRISPRi-optimized extracts (K je,=
0.008/min), with respect to the two controls (Kz,= 0.022/min for the CRISPRI-
negative control, and Kge,= 0.040/min for the BL21-derived crude extract).

Protein production from PCR-derived linear dsDNA was also measured. The
CRISPRI optimized extracts significantly increased protein production capacity from
PCR products, leading to a two-fold increase in the sfGFP endpoint signal (Figure
respcting the BL21 control. These results demonstrated that our system is suitable for
linear, PCR-amplified DNAs, which is required for rapid prototyping of novel toehold

sensors in following chapters.
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Figure 3.7: Increased stability of PCR-~derived linear DNA in CRISPRi optimized cell-free
extracts. Three independent experiments measuring the stability of a linear product of 1.5
kb that was incubated in cell-free reactions during a range of 120 minutes. Agarose gels were
used for resolving the linear DNA product of interest and integration of its signal, 500pb was

used as a loading control for quantification. Experiments were performed in three different
genotypes: CRISPR+, CRISPR- and BL21 DE3 STAR.
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Figure 3.8: Increased stability of PCR-derived linear DNA in CRISPRi optimized cell-free
extracts. Exponential DNA degradation models for each genotype evaluated. The colored
areas indicate 95% confidence intervals for the model, which was approximated by sampling
values of Dy and K¢, from a multivariate Gaussian distribution with mean and covariance
identified from inferences performed per genotype. Degradation rate Kg.4, decreased sig-
nificantly in the CRISPRi-optimized extracts (K4, = 0.010/min; R?=0.73) with respect
to the controls (Kgeg= 0.021/min; R?=0.70 for the CRISPRi-negative control, and Kjeg=
0.031/min; R?>=0.90 for the BL21-derived crude extract). F-test for extra sum of squares,
p <0.001.
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Figure 3.9: Increased endpoint sfGFP production from constitutive expression of linear
DNA in CRISPRI optimized cell-free extracts. End-point sfGFP expression from PCR prod-
ucts in crude extracts derived from CRISPRi-optimized (CRISPR+), negative control for
CRISPRi (CRISPR-), and the starting genotype (BL21 DE3 STAR) as control. Kruskal-
Wallis test was performed followed by Dunn’s multiple comparisons obtaining significant
differences in all groups.
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3.6 Cost breakdown analysis

A cost-breakdown analysis was performed (see section [2.6) comparing reagent prices
available to the collaborating institutions in Chile and the UK (Sections and
respectively).

We estimated the cost per reaction being 0.069 USD for the maltodextrin-based
preparation produced in Chile, versus 7.76 USD of the commercial alternative PUR-
Express bought in Chile, representing a reduction of two orders of magnitude in costs.
Producing reactions based on maltodextrin was also more than 20% cheaper than for
the 3-PGA alternative. Notably, the home-made preparations were about two times
more costly to produce in Chile than in the UK (Table , highlighting the barriers
for developing low-cost alternatives in the global south.

Regarding the composition of the costs in individual reactions, the most notable dif-
ference appears in the energy source employed. 3-PGA energy solution contributes 23%
of the cost per reaction, regardless of the geographic location. The use of maltodextrin
decreases the contribution of the energy source to the total cost of the reaction to
bellow 1% (Figure [3.10)).

Regarding the costs of the crude extract preparation, two factors represent the
major contribution: IPTG and the micro-chromatography columns. IPTG is used for
induction of the cell culture in order to produce RNA polymerase T7 (and trigger
the CRISPRI system in the case of the linear dsDNA enhanced stability extracts)
before harvesting the cells; while the micro-chromatography columns are used after
the bead-beating lysis step in order to separate the beads from the crude extract.The
most expensive item per reaction are the ribo-NTPs used for providing substrate for

efficient transcription, and the Coenzyme A (Figure |3.10]).

70



Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene
expression system

Table 3.1: Cost breakdown analysis of cell-free reactions performed in Chile and UK
(Cambridge University). All the reagents needed for the production of maltodextrin
(MDX) or 3-PGA methods, along with the reagents needed for extract production were
used to calculate a cost per reaction (considering 5 ul reaction volume). Exchange rates
as the 8th of June 2020 were used to convert local currency to USD. This value was used
to compare cost reductions with respect to the commercial alternative PURExpress
(also considering 5 ul reaction volume) as well as for cost differences between places
and methods.

Place Method Cost in % cost Times Times
US reduction the costs the costs
dollars from the in UK in Chile

value above

Chile, PUC  PURExpress 7.76 1.2 NA
3-PGA 0.091 98.8 2.03 NA
MDX 0.069 24.2 2 NA
UK, UniCam PURExpress 6.5 NA 0.83
3-PGA 0.045 99 NA 0.49
MDX 0.036 23 NA 0.5

71



Results from aim 1: To Implement and optimize an in-house low-cost cell-free gene

expression system
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Figure 3.10: Composition of the costs of cell-free reactions prepared in Chile and in the
UK using 3-PGA or Maltodextrin (MDX) preparation protocols. Fraction of the costs rep-
resenting energy source are shown in yellow, crude extract preparation reagents in green and
reaction buffer in blue. We assumed 1 liter of culture yields 6 g of biomass, needing 8 micro-
chromatography columns to be processed, representing 3.75 ml of crude extract per liter of
culture.
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toehold sensing capacity using low-cost

cell-free preparation methods

Commercial cell-free gene expression reactions have been used for the implemen-
tation of RNA sensors with the possibility of developing point-of-care diagnostics
[14, 18, [16]. However, PURExpress -the commercial cell-free gene expression system
used for the implementation of the CF'TS- is prohibitively expensive and have cold
chain shipping constrains.

In Chaptelf3), we have shown the establishment and validation of an in-house and
low-cost cell-free preparation method that produced similar yields of stGFP expression
(Figure by a fraction of the cost of the commercial alternatives. In particular we
show a decrease of two orders of magnitude in costs respecting PURExpress (Figure
Table . In this chapter, we sought to test CF'TS in the low-cost cell extracts

to replace the expensive PURE systems.
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4.1 Selecting reporter genes for cell-free toehold
sensors

We tested the performance of fluorescent and enzymatic reporters in the low cost
cell free system introduced in Chapter [3] In order to aid the testing of different
combinations of toehold sensors and reporters, a Golden Gate strategy for modular
molecular cloning was implemented (see Section . We generated level 0 parts
(promoter T7, toehold sensors, ribosome binding sites, reporter genes, and terminator
T7) as well as level 1 transcriptional units (Figure [f.1p). First, we used constitutively-
expressed super folder GFP (sfGFP) to test how fluorescent output signal changed
in response to plasmid concentration ranging from 7 nM to 7 pM. The fluorescence
intensity of sftGFP was found to display a strong signal at 7 nM of input plasmid
concentration. The signal decreased significantly at lower concentrations than 700
pM, being indistinguishable from the background fluorescence at concentrations below
7 pM of DNA input (Figure [£.1p).

Next, we tested constitutively-expressed enzymatic reporters, since they can am-
plify the signal produced per unit of functionally expressed protein. Luciferases [42]
118, [119] are among the most widely used in cell-free systems. Luciferases are enzymes
that produce light when they oxidize their substrate. The latest advances in engi-
neering luciferase reporters reduced the protein size while increasing the luminescence
intensity to more than 150 times than the original firefly and renilla luciferases [120].
In this work, we cloned one of the latest versions of nano-lantern (YeNL), a small
luciferase that used fumazine as the substrate for the ATP-independent light emission
reaction (Figure ), and prepared a constitutive expression plasmid to test its sig-

nal in response to DNA input concentration in cell-free reactions (Figure [4.2p). The
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luminescent signal was distinguishable from the background in the first 20 minutes of
reaction and achieved a quick peak during the first 40-60 minutes. Unlike the sfGFP
reporter, whose signal was only different from the background in concentrations above
7 pM, a luminescent signal was observed for the complete range of input DNA tested
(7 nM to 0.7 pM) (Figure [4.2k).

Next, we tested enzymatic reporters based on the (-galactosidase enzyme, which
are widely used for cell-free sensors, including CFTS [16, [I8, 44, [15]. LacZ encodes
for a [-galactosidase enzyme that can cleave the yellow substrate chlorophenol red-
p-D-galactopyranoside generating chlorophenol red as a product (Figure ) This
property has been used for the development of colorimetric tests used in CFTS [15] [16].
LacZ enzyme can be split into two peptides named alpha («, Figure ) and omega
(w, Figure ) The lacZ a-peptide consists of the first 59 amino acids from the N
terminus of lacZ full-length, while the w-peptide (lacZw) comprises the remaining 970
lacZ residues. The complete lacZ must form a tetramer before it becomes catalytically
active (Figure ,c). In this thesis, LacZ full-length and LacZa genes were cloned into
plasmids for constitutive expression. lacZ a-reactions were supplemented with the w-
peptide previously expressed in a cell-free reaction. Similar results were obtained using
LacZ full-length (Figure[f.4h) or lacZ o (Figure[d.4p) as reporters, observing enzymatic
activity using concentrations as low as 0.7 pM of input plasmid concentration (Figure
i3,

Once the concentration and signal of each reporter was characterized from consti-
tutive expression in cell-free reactions, we tested them as reporters for toehold sensors.
To this end, we first used toechold sensor designs from the literature [111, [I5]. The ratio-
nale behind this approach was to use pairs of toehold trigger-switches already shown
to work (in commercial cell-free systems). The first experiments included Sensor 1, a

forward engineered toehold sensor developed previously [I1]. We have domesticated

5



Results from aim 2: Benchmarking RNA toehold sensing capacity using low-cost cell-free
preparation methods

(@)

A
T7 Promoter - T7 Terminator
(b)
800000 -
S_ — 7nM
< 600000 = [O0pN
3 | — 70 pM
[
Q
9 400000-
g
(o]
=2
iC 200000-
- - e e s |
0" T T
0 500 1000

Time (Min)

Figure 4.1: Effect of different input DNA concentration to the fluorescence intensity re-
sponse. a: Scheme of the plasmid input DNA that allows constitutive sfGFP expression in
cell-free reactions. b: Fluorescence intensity response to different input DNA concentrations
in the range 7 nM to 7 pM.
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Figure 4.2: Effect of different input DNA concentration on the luminescence response. a:
Scheme of the chemical reaction catalyzed by the nano-lantern luciferase to produce light and
furimamide using furimazine as substrate. b: Scheme of the plasmid input DNA that allows
constitutive nano-lantern expression in cell-free reactions. This plasmid was used to test input
vs. signal relationship. c: luminescence response to different input DNA concentrations in
the range 7 nM to 0.7 pM.
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Figure 4.3: Enzymatic reaction catalyzed by LacZ (-galactosidase and plasmids used for
constitutive expression of LacZ reporters. a: Scheme of the chemical reaction catalyzed
by [-galactosidase that claves the yellow substrate Chlorophenol red-3-D-galactopyranoside
generating chlorophenol red as a product. b: Schematic representation of the plasmid allow-
ing the expression of LacZ full-length that forms the active LacZ tetramer and c: Schematic
representation of the plasmid allowing the expression of lacZ « that in combination with the
w-peptide can forms the active LacZ tetramer.
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Figure 4.4: Effect of different input DNA concentration to the colorimetric change from
yellow to red, measured as Absorbance at 575 nm. Constitutive expression plasmids of LacZ
a (a) or LacZ full-length (b) reporters were used. Input DNA concentrations were in the
range 7 nM to 0.7 pM.
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the sequence of Sensor 1 in a level 0 plasmid, from which the development of several
level 1 constructions was possible using Golden Gate (see section . In particular we
have made different plasmids in which this toehold sensor controlled the translation of
different fluorescent reporters (deGFP, YFP, and sfGFP). The plasmids encoding for
each transcriptional unit were incubated along with an appropriate trigger molecule
(Trigger 1), as RNA or ssDNA at different concentrations. In this setting, our initial
attempts to activate the expression of fluorescent reporters using Trigger 1 RNA from
in vitro transcription or co-incubation with a plasmid encoding for Trigger 1 were not
successful. However, we observed the system’s activation using ssDNA as a trigger at
2.5 uM and higher concentrations (Figure . The highest performance was achieved
with the sfGFP reporter, followed by YFP, with a poorer response from deGFP. Besides
the observed activation, a highly concentrated trigger ssDNA was needed to activate
the fluorescent reporters. The highest fluorescent signals observed were at least one
order of magnitude lower than what we found for constitutively expressed fluorescent
reporters.

Next, we tested a toehold sensor for ZIKV (Sensor 8; Pardee et al. [15]). A level 1
plasmid was constructed to enable ZIKV Sensor 8 controlling the expression of sfGFP,
and this was incubated with Trigger 8 (T8) from in vitro transcribed RNA or ssDNA
in cell-free gene expression reactions. In the first case, a slight but low activation
was observed using concentrated RNA (500 nM) (Figure [4.6h). Two ssDNA triggers
were generated considering different lengths: a minimal T8 trigger, which is 36 nt long
(T8 short, 36 nt); and a more extended version consistent with the minimal trigger but
extended by fifty nucleotides on each side with the corresponding ZIKV genomic region,
to achieve a 136 nt long trigger (T8 long, 136 nt; Table). At the same concentration
(10 pM), endpoint expression (18 h post-induction) of sStGFP was almost twice as high
for T8 long ssDNA as it was for T8 short ssDNA, possibly due to enhanced half-life
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Figure 4.5: Effect of different trigger concentration (ssDNA) over the Toehold Sensor 1
activation using different fluorescent reporters as outputs. Endpoint fluorescence intensity
was measured after 18 hours incubation in home-made cell-free gene expression system. Error
bars represent standard deviation from three independent experiments
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of the ssDNA (Figure [4.6b). Although fluorescent reporter activation was achieved
upon toehold trigger incubation, it demanded high ssDNA concentrations as a trigger.
Furthermore, the signal outputs obtained were low in comparison to constitutively
expressed reporters. These results indicated that although fluorescent proteins work
well for constitutive expression, their output signal are not optimum for CFTS in low
cost extracts.

Next, we tested enzymatic reporters as outputs of toehold RNA sensing reactions.
First, ZIKV toehold Sensor 8 was built to control the translation of the nano-lantern
reporter, and incubated either with its cognate Trigger 8 RNA or with RNA Trigger
27 (negative control) in cell-free gene expression reactions. The rapid decrease in the
luminescence signal observed using the constitutive nano-lantern reporters could be
attributed to substrate depletion [£.2 Therefore, in one set of RNA sensing reactions,
the substrate furimazine was added 10 hours after the reaction began (Figure [4.7h)
to ensure sufficient expression of the reporter before interaction with the substrate;
in the other set, the substrate was added in the initial mix when the reaction started
similarly to previous settings (Figure ) In both cases, a clear activation signal was
observed. When furimazine was added in the initial reaction (Figure 4.7p), the signal
was observable from 20 minutes of reaction and lasted for more than 200 minutes.
During the first 200 minutes of the reaction, the negative control (Trigger 27) showed
a low but constant background, while the positive reaction (Trigger 8) achieved max-
imum luminescence signal around 150 minutes. On the other hand, a much brighter
signal was observed when the substrate furimazine was added once the reaction had
ended (after 10 hours of reaction). However, this rapid increase in signal came along
with a fast decay, that after 15 minutes became indistinguishable from the negative

control (Figure [4.7h).

Finally, LacZ was tested as an output for CFTS reactions. ZIKV Sensor 27 was
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Figure 4.6: Activation of ZIKV Sensor 8 controlling the expression of sftGFP a: Effect of
different RNA Trigger 8 concentrations over ZIKV Sensor 8 activating sftGFP traduction. b:
Effect of different lengths of ssDNA trigger 8 over ZIKV Sensor 8 activating sfGFP traduction.
Endpoint fluorescence intensity was measured after 18 hours incubation in home-made cell-
free gene expression system. Error bars represent standard deviation from three independent
experiments.
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Figure 4.7: Activation of ZIKV Sensor 27 controlling the expression of nano-lantern. a:
Reactions were prepared incubating Sensor 8 plasmid DNA along with RNA Trigger 8 or
RNA Trigger 27. Substrate furimazine was added after 10 hours of reaction and recorded
immediately. b: Substrate furimazine was added in the initial reaction.
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cloned to control the translation of full-length LacZ in cell-free gene expression reac-
tions (Figure 4.8)). This plasmid was incubated with either its cognate RNA Trigger
27, or RNA Trigger 8 as a negative control. The change in absorbance was observed
during the first 90 minutes and its dynamics were clearly different from the negative
control (Figure [1.8h). After 200 minutes, the color of reactions containing Sensor 27
with the Trigger 27 changed completely from yellow to red (Figure ) Although
some background was observed in the untriggered reactions (where Sensor 27 was in-
cubated with RNA trigger 8 or without trigger), the color change resulting from the
cognate trigger reaction was clearly different to the controls (Figure )

To summarize these results, both enzymatic reporters tested, nano-lantern and
LacZ, are suitable outputs for toehold RNA sensing reactions in a sequence-specific
manner. We decided to continue with LacZ reporters for further experiments as they
produced a more stable signal and they were previously used for cell-free toehold

SEensors.
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Figure 4.8: Activation of ZIKV Sensor 27 in cell-free reactions. a: Dynamics of the RNA
sensing reactions performed with ZIKV toehold Sensor 27 incubated with RNA Trigger 8 or
RNA Trigger 27. b: Colorimetric change after 200 minutes of incubation at 29 °C.
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4.2 Performance of RN A sensing capacity vs com-
mercial PURExpress

In order to compare the performance of CFTS in in-house produced extracts vs.
commercial systems, we established a collaboration with the Pardee laboratory (Uni-
versity of Toronto). Crude extracts were prepared in Chile and delivered to the Pardee
laboratory, where comparisons were performed with the PURExpress commerical sys-
tem. We selected ZIKV toehold sensors 8 and 27 and their respective triggers due to
their high dynamic range, orthogonality, and previous successful demonstration with
PURExpress [18]. These toehold sensors, controlling LacZ expression, were incubated
with each RNA trigger independently (Figure[d.9p). Sensor 8 behaved similarly in both
reaction conditions, while sensor 27 exhibited a higher ON state in PURExpress while
maintaining very low-background in both (Figure [4.9p,c). Besides these differences,
both systems succeeded in sensing target RNAs in a sequence-specific manner.

Equivalent experiments were performed using LacZ-« as the reporter (Figure .
Toehold sensors employing full-length LacZ reporter exhibited equal or higher ON/OFF
endpoint absorbance values compared to LacZ-a in both systems tested. This can be
explained by the higher OFF state observed on both toehold sensors when using LacZ-
alpha as a reporter (Figure . These results demonstrated that low-cost in-house

prepared CFTS are comparable in performance to PURE-based CFTS reactions.
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Figure 4.9: Performance of low-cost ZIKV toehold sensors. a: Schematic representation
of toehold-mediated RNA sensing. b: Dynamics of the RNA sensing reactions performed
with ZIKV toehold sensor 8 and 27, regulating the expression of the full-length LacZ in
home-made cell extracts and PURExpress cell-free reactions. c¢: End-point visualization of
the experiments after 200 minutes of incubation at 29°C.
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Figure 4.10: Comparison of RNA sensing reactions performed on in-house cell-free prepa-
rations and commercial PURExpress using LacZ-alpha as a reporter. Dynamics of RNA
sensing reactions performed with the ZIKV toehold sensor 8 and 27, regulating the expres-
sion of the LacZ-alpha. These reactions were performed in home-made cell-free preparations
(left) or commercial PURExpress (right). These reactions were supplemented with the pre-
synthesized LacZ-omega peptide.
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Figure 4.11: Performance comparison of the ZIKV toehold sensor 8 and 27 using LacZ-
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4.3 Cell-free toehold sensors can be lyophilized

Deployment of RNA sensors in point-of-care settings is facilitated by the lyophiliza-
tion of reactions, enabling room temperature transportation and usage upon rehydra-
tion. It was already shown in Chapter [3| that cell-free reactions support the expres-
sion of sfGFP for a period of 90 days after lyophilization, with a considerable time-
dependent loss in activity. In order to test whether home-made CFTS can also be
freeze-dried and stored at room-temperature, the ZIKV Sensor 27 was lyophilized in
home-made cell extracts and challenged with trigger RNA after one and seven days
after lyophilization (Figure. Besides the evident decrease in dynamic range, espe-
cially after seven days, these reactions retained the ability to detect its target trigger,
while maintaining target specificity. These results showed that, although there is room

for improvement, low-cost CFTS can be lyophilized and stored for several days.
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4.4 Effect of DNA input concentration on the sens-
ing capacity of CFTS

We studied the effect of DNA input concentration on the leaky expression and
saturation of CF'TS reporter signals. We tested three ZIKV toehold sensors controlling
LacZ expression (Sensor 8, 27, and 32) in concentrations ranging from 0.5 nM to 10
nM (Figure 4.13). Every sensor tested increased its OFF state signal as a function of
the input DNA concentration. Sensor 27 exhibited the highest dynamic range due to
a low OFF state, followed by Sensor 32. For Sensor 27, the highest dynamic range
was observed when input DNA ranged between 1.5 nM and 4 nM. Sensor 8, on the
other hand, showed a higher OFF state and a lower dynamic range as expected since
it belongs to a less optimized series of toehold sensors (Figure [15]. These results
demonstrated that although an effective range is found between 0.5 and 4 nM, the

optimal DNA input concentration should be individually evaluated for each sensor.
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Figure 4.13: Plasmid concentration effect on the response dynamic range of ZIKV toehold
sensors 8, 27, and 32. Endpoint absorbance of RNA sensing reactions were performed with
the ZIKV toehold Sensor 8 (a), Sensor 27 (b), and Sensor 32 (c) at different concentrations
of starting plasmid DNA, ranging from 0.5 nM to 10 nM. Reactions in the presence of the
corresponding trigger are shown in red (ON), while reactions without a trigger are shown in
yellow (OFF). Independent sample t-test with Bonferroni correction for multiple comparisons
was performed to compare ON vs. OFF states within the same concentration for each sensor.
Significant p-values are shown above each comparison or “ns”, where no significant difference
was observed.
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4.5 NASBA amplification increased sensibility of
Cell-free toehold sensors

To increase the sensitivity of CFTS in home-made cell-free preparations, we per-
formed NASBA amplification of the target RNA before adding it to the reactions
containing the sensors. We chose ZIKV toehold sensor 27, due to the high dynamic
range found previously and performed NASBA reactions of the Trigger 27 using the
primers described on the literature [I5]. While unamplified RNA was detected in the
range 274 nM to 2.7 nM, NASBA-amplified RNAs were detected at concentrations as
low as 2.7 fM, representing a sensitivity increment of six orders of magnitude (Figure

4.14
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Figure 4.14: NASBA enhances the sensitivity of home-made CFTS. End-point measure-
ment of RNA sensing reactions performed with ZIKV sensor 27 with Trigger 27 in a range
of concentrations with and without NASBA isothermal amplification

95



Results from aim 2: Benchmarking RNA toehold sensing capacity using low-cost cell-free
preparation methods

4.6 The use of linear DNA for CFTS in the CRISPRIi
strains

Following the promising results of increased stability of constitutive gene expression
from linear DNA in a CRISPRi strain (Chapter[3), we tested linear CFTS in CRISPRi-
optimized extracts. We prepared CRISPRi-optimized extracts from the BL21dLacGold
strain, due to its compatibility to LacZ reporters, and tested the RNA sensing capabil-
ity of ZIKV toehold sensors expressed from PCR linear products. Using a concentration
of linear DNA of approximately 17 nM, were able to detect RNA with both sensors
8 and 27 in a sequence-specific manner (Figure [£.15). The temporal dynamics were
similar to those of plasmid derived sensors (shown in Figures and [£.10]). These re-
sults demonstrated that linear DNA can be used for prototyping CFTS in home-made

extracts.
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preparation methods
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Figure 4.15: Performance of RNA sensing reactions using PCR-derived linear DNA encod-
ing for ZIKV toehold sensors.a: Scheme of the experiment performed.b: Dynamical profile
of RNA sensing reactions using ZIKV toehold Sensor 8 and Sensor 27(c).
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5. Results from aim 3: To generate novel

RNA toehold sensors for the PV'Y virus.

In previous chapters, we have established and validated a method for cell-free gene
expression reactions (Chapter that is suitable for cell-free toehold RNA sensing
reactions (Chapter [)).

In this chapter, we sought the development of novel cell-free toehold sensors specific
for the potyvirus potato Y (PVY) that affect potato farmers and seed makers around
the globe. The challenges faced on this objective include for the identification of specific
genetic regions that are conserved across PVY strains, and the computer-aided design,

and experimental validation of the toehold sensors for this sequences.

5.1 Search of conserved sequences in PVY genomes
corresponding from different strains

In order to design a cell-free toehold sensor that is useful for detecting PVY viruses,
a multiple sequence alignment was performed, considering a diversity of PVY strains.
Ten PVY complete genome annotations were included in this analysis that correspond

to different PVY strains (Table [2.3).

Few regions showed high degree of conservation across the full alignment, for in-
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stance the longest string of 100% conservation found was only 87 nucleotides long and
correspond to a section that encodes the capsid protein (Cp). A longer sequence of
227 nucleotides, that flanked this section of 100% conservation, displayed high degree
of conservation across the full alignment, however some punctual nucleotide changes
in the necrotic (PVY-NTN) strains were observed (Figure [5.1). Both consensus se-
quences ( named “PVY short” and “PVY long” respectively ) were chosen for analysis

for designing cell-free toehold sensors.
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Figure 5.1: Conserved region across several sequences of the PVY genotypes. The consensus
contained between blue triangles marks was named “Long” and was used for screening PVY
toehold sensors 1 to 4; while the consensus region highlighted in red line was named “Short”
and was used in the screening the toehold 5 to 8 , it contains the longest string of 100%
conservation across all the genomes analyzed.
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5.2 Development of software for designing PVY toe-
hold sensors

The majority of published toehold sensors have been designed with NUPACK, a
software tool for modeling the thermodynamics properties of DNA and RNA molecules
[T, 15 16]. In the first publication where toehold switches were shown, Green et al.
[T1] described explicitly the algorithm used for designing novel toehold sensors. How-
ever, a software implementation of this algorithm was not published alongside the
research findings, making it difficult for readers to reproduce their results. This was
addressed by a team of researchers participating in the international genetically engi-
neered machines (iIGEM) 2017 competition, based at EPFL. The team developed an
on-line software tool that implements the algorithm described in [11] and published
as a GitHub repository (https://github.com/EPFL1iGem/Toehold-Designer). Al-
though the application is useful, it has not been updated to include the published
scoring functions from more recent works [16]. Therefore, in this thesis, we developed
a new implementation of the toehold design algorithm and shared in a new GitHub
repository named NupackSensors (https://github.com/elanibal/NupackSensors).
Included is an easy-to-use Jupyter notebook that steps through the algorithm with a

running example. The algorithm works as follows:
1. Division of the target sequence in windows of the trigger size (36 nt).

2. For each possible trigger, define a toehold sensor sequence according to the ideal

designs (Figure [2.1)).
3. Filter out sequences that contain stop codons.

4. For each design, evaluate a set of thermodynamic parameters, and sequence
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properties using NUPACK.
5. Rank the possible toehold designs according to a scoring function.

After filtering out sequences that contained stop codons, the two selected sequences
PVY Long, and PVY Short, delivered two hundred eighty eight (288) and ninety
five (95) possible toeholds sensors respectively. For each target sequence, the toehold
sensors were ranked according to Maet al. scoring function [16], and finally 8 sensors
were selected for experimental screening. From them, four were designed to be triggered
by the short sequence (sensor 1 to 4), although the trigger sequence is also present in
the “PVY long””. On the other hand, sensor 5 to 8 were able to be triggered by the

long sequence.

5.3 Prototyping PVY toehold sensors using PCR-
derived linear DNA in CRISPRIi optimized cell-

free reactions

A rapid screening strategy was implemented in order to test whether the in-silico
designed PVY toehold sensors were functional using in-house prepared cell-free reac-
tions. The CRISPRi-optimized strain was used with the aim of testing PVY toehold
sensor directly from PCR amplification. Individual ultramer-primers containing the
T7 promoter and sequence corresponding to each toehold sensor were designed (Table
. Each sensor was then prepared by PCR amplification, purified, and incubated
with the corresponding synthetic trigger RNA, or its reverse complement sequence as
a control (Figure ) An untriggered control without RNA addition was prepared

too; this control was used as a baseline in the ON/OFF endpoint calculations (at 200
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minutes). All of the sensors tested displayed no interaction with the reverse com-
plementary trigger RNA respecting the untriggered reaction. Among the 8 sensors
tested, two of them achieved ON/OFF endpoint measurements greater than 2.3 (Fig-
ure ,C). Individual performance on this screening of each PVY sensor is shown in
Figure (for sensors 1 to 4) and Figure (for sensors 5 to 8).
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Figure 5.2: (a) Scheme of the global strategy for fast prototyping de-novo designed RNA
toeholds sensors against synthetic fragments of PVY virus. PCR products encoding for each
of the 8 PVY toehold sensors tested were incubated in a cell-free reaction and supplemented
with the corresponding RNA trigger or its reverse complementary sequence (negative con-
trol) (b) PCR-purified transcriptional units (at 10 nM final concentration) encoding for PVY
RNA toehold sensors were incubated with synthetic trigger RNA or its reverse complemen-
tary as a control. RNA was included at 300 nM final concentration. ON/OFF absorbance
was measured after 200 minutes with respect to the untriggered control (the toehold sen-
sor incubated in cell-free reaction without any trigger, at the same concentration than the
triggered reactions). (c) Dynamics of the PVY toehold sensor 1, that achieved the highest
endpoint ON/OFF absorbance in this fast screening.
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Figure 5.3: Dynamics of the fast prototyping reactions of PVY toehold sensors 1 to 4 in
CRISPIRI optimized cell extracts. Linear dsDNA of each of the PVY cell-free sensors 1 to 4
was prepared individually by PCR and incubated with the corresponding RNA trigger (red)
or its reverse complementary sequence (yellow) in cell-free gene expression reactions using
the CRISPIRI optimized cell lysates. Absorbance at was measured in a plate reader at 29

°C.
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Figure 5.4: Dynamics of the fast prototyping reactions of PVY toehold sensors 5 to 8 in
CRISPIRI optimized cell extracts. Linear dsDNA of each of the PVY cell-free sensors 1 to 4
was prepared individually by PCR and incubated with the corresponding RNA trigger (red)
or its reverse complementary sequence (yellow) in cell-free gene expression reactions using

the CRISPIRI optimized cell lysates. Absorbance at was measured in a plate reader at 29
°C.
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5.4 Validation of good performance of the PVY
toehold sensor 1 and sensor 7 stored in plas-
mids

In order to validate the fast characterization of PVY toehold sensors using linear
DNA, two of the good performing designs (sensor 1 and sensor 7) and two of the
poorer designs (sensor 4 and sensor 5) were chosen to be cloned into plasmid for
further assays. After sequence verification, 1 nM of plasmid DNA was incubated with
the corresponding trigger RNA or a control corresponding to the ZIKV trigger 27 in
order to test the sequence-specificity of the activation, also one control without the
addition of RNA was placed (Figure [5.5).

Consistently with the linear DNA screening, sensor 4 and sensor 5 displayed poor
sensing quality using plasmidic DNA. Sensor 5 showed high background in the un-
specific and untriggered reactions. Similarly, sensor 4 showed unspecific activation in
the negative controls to a lesser endpoint absorbance value than sensor 5, but without
displaying any sequence-specific activation (Figure .

On the other hand, the sensors that achieved good results using linear DNA | be-
haved consistently when cloned as pladmids. For instance sensor 1 and sensor 7 showed
specific activation when the corresponding trigger RNA was used. At 1 nM sensor 7
showed high specific activation (ON/OFF ~3.5) while sensor 1 displayed a slightly
poorer activation (ON/OFF ~ 2) (Figure [5.5).

Because the PVY toehold sensor 1 exhibited low specific activation along with
little background, it was assumed that was being used at sub-optimal concentration.
Therefore, sensor 1 was also tested at higher DNA input concentrations (4 nM, Figure

; and 2 nM Figure ) In this sets of experiments, the PVY sensor 1 was
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compared side by side with ZIKV Sensor 27 that achieved higher dynamic ranges
at higher input DNA concentrations than the other sets of ZIKV sensors tested in
this thesis (Figure [£.13). At 4 nM, both PVY and ZIKV sensors achieved activation
near saturation values with their respective triggers (Figure ), however a higher
background was observed in the PVY sensor 1, compared with the background on the
ZIKV sensor 27. The background observed in sensor 1 was lower at 2 nM input DNA
(Figure ) This result indicates that PVY sensor 1 has a lower optimal input DNA
concentration than ZIKV sensor 27.

Summarizing, in this chapter the use of PCR-derived linear DNAs in the CRISPRi-
engineered lysates was validated for rapid screening and characterization of toehold
sensors. Moreover, it was shown that PVY sensor 1 and sensor 7 display sequence-

specific activation triggered with a conserved sequence of the PVY viruses.
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Figure 5.5: Validation of the screening process testing two good performing PVY toehold
sensors (sensor 1 and sensor 7) and two poor performing toehold designs (sensor 4 and
sensor 5) using plasmidic DNA. 1 nM input plasmidic DNA encoding each toehold sensor
was incubated with its corresponding trigger RNA (at 300 nM) or with the unrelated ZIKV
sensor 27, in order to test the sequence-specificity on their activation. Sensors that were
identified as good performing in the linear DNA screening show sequence-specific activation
using plasmidic DNA, while the sensor 4 and sensor 5 exhibit non specific activation similarly
to what was observed in the linear screening.

109



Results from aim 3: To generate novel RNA toehold sensors for the PVY virus.

PVY Sensor D1

ZIKV Sensor S27

ZIKV Trigger
—&—PVY Trigger

Absorbance 550 nm (A.U) £

—§— ZIKV Trigger
PVY Trigger

0 25 50 75 100 125 150 175 200 0 25 80 75 100 125 150 175 200
Time (Min) Time (Min)
(b) PVY Sensor D1 ZIKV Sensor S27
=) 3.04 ZIKV Trigger 1.75 1 —4— ZIKV Trigger
s‘ 25l —&§— PVY Trigger 150 4 PVY Trigger
g 2.0 1.25
§ 1.04 0751
% 051 0'50_,, o
2 : . . . . . . 0.25 . . . . . . .
< 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time (Min) Time (Min)

Figure 5.6: Validation of PVY sensor 1 as a functional, and sequence specific RNA toehold
sensor. PVY toehold sensor 1 was cloned and sequence verified. Plasmids encoding PVY
toehold 1 and ZIKV Sensor 27 were incubated with either RNA PVY trigger (“PVY Short”)
or ZIKV RNA (Trigger 27). Reactions were performed using 4 nM input DNA (a) or 2 nM

input DNA (b)
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6. Discussion

6.1 Decentralizing cell-free RN A sensing with the
use of low-cost cell extracts

Cell-free gene expression reactions have played a significant role in biological re-
search. They were crucial for understanding the genetic code and the elucidation of the
molecular mechanisms that govern transcription and translation. The use of cell-free
in-vitro biology to facilitate the application of engineering principles to genetic circuit
design through more open and controllable experimental setups has recently gained
global momentum [30], B2, 121), 122]. Cell-free systems have also gained popularity
in the emerging area of field-deployable in-vitro biosensors [16, 18, 25, 26] 123]. One
of the most prominent applications is the use of cell free for toehold gene expression
regulators, which activate the expression of reporter genes when a trigger RNA with
a cognate sequence (defined by the user) is present in the reaction. To date, several
toehold RNA sensors have been designed and implemented with the aim of detect-
ing infectious agents such as Zika virus and Norovirus. Coupled with preparatory
steps, these RNA sensors can detect clinically relevant concentrations of these viruses
[16], [18]. Cell-free toehold sensors are GMO-free, which eases biocontainment restric-

tions, and can be lyophilized on paper or plastic for room temperature storage and
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field-deployment upon rehydration. These features make CFTS a promising tool for
decentralized strategies of nucleic acids monitoring.

In Latin America, however, the high cost and shipping constraints of the commercial
in-vitro transcription and translation systems (e.g. PURExpress, and myTXTL) have
limited the use and development of toehold RNA sensors. These current constraints
are leading to fragile structures that rely on global supply chains and technological
dependencies prone to failure upon the stress faced in pandemic scenarios, as evidenced
by the recently disrupted supply chain of diagnostic reagents for SARS-CoV-2 testing.
Moreover, the increasing risk of novel infectious outbreaks highlights the need for
more decentralized and distributed strategies that critically rely on building up local
manufacturing and surveillance capabilities.

The work presented in this thesis seeks to contribute to this goal by implementing a
low-cost cell-free RNA sensing capacity in locally produced extracts. We have applied
this platform to the development of novel CF'TS for PVY virus as a proof-of-concept.
Despite the immediate contribution to fighting PVY agricultural threat, we expect
these resources to be used as a platform for prototyping and engineering novel RNA

toehold sensors for other genetic targets of local interest.

6.2 Further optimizations of low-cost cell-free RN A
sensing reactions

Future and ongoing research are focused on two fronts. Firstly, increasing cost-
efficiency of cell-free reactions. The cost-breakdown analysis performed in this thesis
has identified clear targets for future improvements (Section . For instance, the
use of cheaper alternative methods for induction such as auto-induced media or opto-

genetic regulation; and the use of different lysis methods that do not require micro-
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chromatography columns such as autolysis, sonication, and cell pressing are possible
targets. One of the most important features of cell-free RNA sensors is the possi-
bility of lyophilization for storage, transportation and use upon rehydration on the
field. Our findings revealed a fast decrease in gene expression efficiency and in RNA
sensing capacity after lyophilization, probably due to insufficient stabilization of the
cell-free reactions in the storage conditions. Ongoing research projects established
from our group with collaborators at Cambridge university include improving the at-
mospheric conditions by the addition of desiccants,oxygen absorbers and argon gas on
the lyophilized cell-free reactions.

Another point of improvement is evaluating whether alternative energy sources
are less prone to activity-loss than maltodextrin after lyophilization, the underlying
hypothesis being that maltodextrin requires a rather complex set of enzymatic reactions
and inverted vesicles to achieve energy recycling as compared to a less complex energy
source such as phosphoenolpyruvate.

A second target for further optimization is related to the pre-amplification step.
For cell-free toehold sensors to reach detection limits of clinically or agronomically
relevant RNA concentrations, it is necessary to perform a prior RNA amplification
step. Isothermal nucleic acid amplification techniques such as NASBA (Nucleic Acid
Sequence-based Amplification) [124] or RPA (Recombinant polymerase amplification)
that do not require sophisticated equipment have been used for this purpose.

NASBA reaction is based on three enzymes: RNA polymerase T7, RNAseH, and
Reverse transcriptase; it exponentially amplifies RNA using a dsDNA intermediate
step. Pardee and colleagues have successfully used NASBA, to amplify the trigger
RNAs from plasma samples derived from macaque infected with Zika virus. Then,
the output of this amplification was detected in a sequence-specific manner using the

cell-free RNA sensing reaction. NASBA is commercially available by various sup-
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pliers including a lyophilized version that was used in this thesis (purchased from
Life Sciences, USA). Individual enzymes are also available by commercial suppliers
from the northern hemisphere, such as New England Biolabs (USA), Takara (Japan),
and others. On the other hand, RPA employs three core enzymes; a recombinase
(e.g. uvsX and uvsY), a single-stranded binding protein (SSB; e.g. gp32), and a
strand displacement polymerase (e.g. Bsu). SSB stabilizes single-stranded DNA gen-
erated by the strand exchange reaction catalyzed by the recombinase and specific
primers that invade the dsDNA. The strand-displacement polymerase uses the seed-
ing primers for generating dsDNA that is subject to further invasions in the follow-
ing rounds of amplification. Adding RNA polymerase T7 and reverse transcriptase
to the RPA mix can be used to generate RNA amplification from a DNA or RNA
sample which can be used on the cell-free toehold sensing reaction [16]. RPA has
gained global attention since it has been used as an amplification step for CRISPR-
based diagnostics and implemented for Sars-CoV-2 [125] 126]. RPA reactions have
been recently patented (https://patentimages.storage.googleapis.com/16/bc/
ad/8f7e43a556aeb4/US10329603.pdf) and currently there is only one supplier on the
market, Twist Dx (based in Cambridge, UK), which is experiencing significant delays
in delivery (i.e. up to 6 months).

One solution for lowering the costs of RNA sensing and alleviate supply chain stress
is the preparation of home-made NASBA or RPA kits from off-patent enzymes. The
Open Bioeconomy lab has curated a repository of DNA sequences that encode for Open
Enzyme encoding collection, a variety of more than 42 different enzymes widely used in
molecular biology and diagnostics, that are IP-free and have been recently made avail-
able at zero cost for the end-user, as a diagnostics tool. Moreover, the Reclone com-
munity, a collaboration of the Open Bioeconomy lab, FreeGenes, Ginkgo Bioworks and

our group, has created a Golden Gate-compatible toolkit for these enzymes (https:
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//openbioeconomy.org/projects/open-enzyme-collections/), along with affinity
tags, vectors, and promoters. The toolkit is boosting collaboration in diagnostics
worldwide via resource and protocols sharing. One promising task would be the de-
velopment of the locally made NASBA and RPA reactions as a previous step of the

cell-free RNA sensing reactions, using purified open enzymes.

6.3 Improvements in computational design of novel
toehold sensors

The first library of toehold switches consisted of 168 first-generation devices de-
signed de novo by Green et al. [IT]. These designs were characterized in vivo, in E.coli
using GFP as reporter. Only a small fraction displayed high ON/OFF values from all
those designs (i.e. only 20 toehold switches showed 100 < ON/OFF). Heuristic design
principles allowed the authors to generate a forward-engineered library of 12 switches
that exhibit average ON/OFF ratios exceeding 400 (a dynamic range typically reserved
for protein regulators). The cell-free toehold sensors were made in even further design-
test-evaluate cycles [14]. For instance, during the development of the ZIKV toehold
sensors two types of designs were tested (Series A and B). Both designs differ from the
original toehold sensor design presented in [I1]: Series A sensors reduced the size of the
loop domain from 18 nts to 11 nts to prevent untriggered-ribosome interaction with the
loop domain and included a refolding domain that stabilized the active sensor; Series
B designs, also reduced the loop domain (to 12-nt in this case), and incorporated a
more thermodynamically stable stem, stabilizing the OFF state of the sensor. The ex-
perimental evaluation concluded that series B achieved overall lower OFF states than
series A, which is a desired attribution. After each round of toehold sensor design, the

scoring function could be reevaluated and improved considering the novel data [16]. In
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Discussion

this thesis, a library of 8 toehold sensors was screened using the CRISPRi optimized
lyzates in in-house prepared cell-free reactions . From them, sensor 1 and sensor
7 were cloned into plasmid, and their functionality were confirmed ( Figure and
Figure and other promising PVY toehold sensors are in process of being cloned.
The overall process of designing, screening, and selecting a suitable performance
toehold switch is considered by many a bottleneck in the usability of toehold switches
for their many possible applications (including cell-free toehold sensors [14} [18], in-vivo
gene regulation in bacteria [I1], biocomputation [74], detection of mutations [127], etc.).
Predictability of the performance of the toehold switches is limited by the small data
sets available and lack of understanding of optimal design rules. To address this, two
papers have recently shown the development of machine learning models for sequence-
to-function prediction of the behavior of toehold switches using large experimental
data sets consisting of more than 91,000 novel toehold switches [128] [129]. Although
the deep neural networks (DNNs) trained on nucleotide sequences outperform previous
state-of-the-art thermodynamic and kinetic models, there are limitations on using these
models for general design or evaluation of cell-free toehold sensors. The data set in
which the models were trained only spanned first-generation designs. When challenged
to a different set of toehold designs, such as ZIKV series B, the machine learning models

2 around

could not accurately predict the ranking according to sensor performance (R
0.2 for the best model)[128] 129], making them of poor practical utility for designing
cell-free toehold sensors. Transfer learning techniques and layer re-training using data
from forward engineered designs could improve the predictability for these designs.
Another important consideration for in-silico design of functional RNA sensors is
the pre-isothermal amplification step which is needed to increase sensitivity in cell-free

RNA sensing reactions. Possible constrains in RNA structure of the NASBA or RPA

amplicons along with optimal primer designs should be considered in the screening
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Discussion

process of cell-free toehold sensors, as the output of these isothermal amplifications is
the actual input of the sensing reaction.

The evaluation of the PVY sensors with NASBA amplifications is part of my on-
going research in collaboration with Professor Marlene Rosales from the Agronomy
Faculty and the use of Open Enzymes to develop a local version of NASBA using
purified enzymes. The incorporation of a pipeline for NASBA optimal primer identifi-
cation is part of a collaboration with Ignacio Ibarra (Helmholtz Zentrum, Miinchen),
which seeks to screen primers for COVID-19 with stable single-stranded RNA structure

(https://github.com/ilibarra/primer_design_covidl9).

6.4 Understanding batch-to-batch variability in cell-
free gene expression reactions and increasing

robustness in CFTS

Batch-to-batch variability is an ongoing problem in cell-free gene expression reac-
tions [49, 130} 131], 132]. This issue has also been evidenced in the work presented in
this thesis. For example, Figure [3.4] shows the diversity in dynamics of sfGFP expres-
sion in 4 different cell extract. Understanding the sources of variability will help to
focus efforts towards optimizing particular processes of the overall reaction (i.e tran-
scription, translation, energy regeneration, etc). In order to understand better this
issue, we have constructed and tested several ratiometric reporters in cell-free batches.
In those DNA constructions, the expression of two fluorescent proteins is controlled
differently, allowing us to observe competition per resources effects and variability on
their gene expression dynamics across batches. Using Bayesian modelling techniques,

several hypothesis have been tested so far. However, our first attempts have not been
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able to discriminate between transcription and translation processes, as both hypothe-
ses achieved similar performance when comparing their models with the experimental
data. This led us to consider further DNA constructions that may help to discrimi-
nate between these processes. We have built genetic constructs that allow constitutive
expression of the fluorescent RNA aptamers called spinach RNA [133]. This is al-
lowing us to identify transcription rates and RNA degradation rates across batches,
and therefore help to distinguish whether transcriptional or translational resource is a

dominating source of variability.
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7. Conclusions

e The development of low-cost in-house cell-free preparations that are suitable for

the implementation toehold RNA sensing reactions was achieved.

e Although fluorescent proteins work well for constitutive expression, they are not

optimal for low-cost CFTS reactions.

e Enzymatic reporters such as LacZ derivatives or Nanolantern are suitable for

low-cost CF'T'S reactions.
e Toehold sensor performance is affected by input DNA concentration.

e In-house CFTS can be combined with preparatory isothermal amplification re-

actions to increase sensitivity.

e In-house CFTS can be lyophilized. However a rapid decay on activity was ob-

served.

e CRISPRI optimized cell lysates enhance linear dsDNA stability and protein syn-

thesis from linear templates than controls.

e CRISPRI optimized cell lysates allow the use of PCR-derived products for char-

acterization of cell-free toehold sensors.
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Conclusions

e The rapid prototyping strategy allowed the development of two novel PVY toe-

hold sensors.
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8. Appendix

8.1 Breakdown costs of cell-free reactions produced

in the UK

Table 8.1: Cost breakdown analysis of cell extract preparation including culture, induction,
and lysis as costs listing in U. of Cambridge (UK).

Item and category Supplier Cat Q.ty cost (£) % cost
number per rxn
2xYTG medium (YT MP 11357669 454g 50.16 14.57
powder) Biomedicals
2xYTG medium (Potassium Sigma P8584 1L 34.8 5.92

Phosphate Dibasic 1M -
K,HPO,)

2xYTG medium (Potassium Sigma P8709 1L 33.92 3.17
Phosphate Monobasic 1M -

KH,PO,)
2xYTG medium (D-glucose) Sigma G8270 1000g 27.14 2.08
Induction (IPTG) Thermo 15763552 1g 34.22 34.69

Scientific
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Appendix

Table ’8_1‘ (continued)
Item and category Supplier Catalog Quantity Individual % cost
ID cost rxn
(GBP)
Cell extract separation BioRad 15763552 100 97.11 30.25
(Micro Bio-Spin

Chromatography Columns)

S30B Buffer (Dithiothreitol) Sigma D9779 5g 90.96 5.37
S30B Buffer (L-Glutamic Sigma,/Merck 49605 250g 32.81 0.1
acid hemimagnesium salt)

S30B Buffer (L-Glutamic Sigma,/Merck G1149 100g 33.15 3.81
acid potassium salt)
S30B Buffer (TRIS) Fisher BP1521 1000g 31.83 0.04
Scientific
TOTAL 466.1 100
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Table 8.2: Cost breakdown analysis of cell-free reactions produced in UK using 3-PGA as
energy source. 3-PGA reagent is shown highlighted in yellow.

Item Supplier Catalog Quantity Individual % cost Category
1D (g) cost per rxn
(GBP)
3-PGA Sigma/Merck  P8877 1 205.33 23.16 Energy source
CTP Sigma/Merck  C1506 0.1 84.15 10.15 Rxn buffer,
NTPs
Coenzyme A Sigma/Merck  (C4282 0.1 220.8 7.20 Rxn buffer,
Coenzyme
A
GTP Roche 10106399001 0.25 102.85 5.28 Rxn buffer,
NTPs
UTP Sigma/Merck  94370- 0.25 43.43 2.33 Rxn buffer,
250MG NTPs
L-Amino acids kit  Sigma/Merck LAA21 20 300 2.30 Rxn buffer,
Aminoacids
ATP Sigma/Merck  A8937 1 42.3 0.61 Rxn buffer,
NTPs
AMPc Sigma/Merck  A9501 1 146.2 0.59 Rxn
buffer,others
Spermidine Sigma/Merck 85558 5 126 0.49 Rxn
buffer,others
NAD Sigma/Merck  N6522 0.25 33.2 0.49 Rxn
buffer,others
HEPES Sigma/Merck — H6147 25 53.47 0.42 Rxn

buffer,others
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Table ’;‘ (continued)
Item Supplier Catalog Quantity Individual % cost Category
1D (2) cost per rxn
(GBP)
tRNAs from Roche 10109541001 0.1 119.85 0.39 Rxn
E.Coli buffer,others
Folinic Acid Sigma/Merck  F7878 0.1 63.75 0.36 Rxn
buffer,others
L-Glutamic acid ~ Sigma/Merck  G1149 100 33.15 0.06 Rxn
potassium salt buffer,others
L-Histidine Sigma/Merck 53319 25 39.69 0.01 Rxn buffer,
Aminoacids
L-Cysteine Sigma/Merck 30089 25 43.02 0.01 Rxn buffer,
Aminoacids
L-Arginine Sigma/Merck 11009 25 25.82 0.01 Rxn buffer,
Aminoacids
L-Glutamic acid ~ Sigma/Merck 49605 250 32.8 0.002 Rxn
hemimagnesium buffer,others
salt
PEG 8000 Promega V3011 500 53.25 0 Rxn
buffer,others
Crude extract In house. 466 46.11 Crude
preparation See Table extract,
|Ef| total
TOTAL 2235.06 100
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Table 8.3: Cost breakdown analysis of cell-free reactions produced in UK using maltodextrin
and polyphosphates as energy source. Reagents specific to the maltodextrin energy solution
are highlighted in yellow.

Item Supplier Catalog Quantity Individual % cost Category
1D (2) cost per rxn
(GBP)
Coenzyme A Sigma/Merck  C4282 0.1 220.8 9.367 Rxn buffer,
Coenzyme
A
NAD Sigma/Merck  N6522 0.25 33.2 0.637 Rxn buffer,
others
L-amino acid kit ~ Sigma/Merck LAA21 20 300 2.992 Rxn buffer,
Aminoacids
L-Arginine Sigma/Merck 11009 25 25.82 0.013 Rxn buffer,
Aminoacids
L-Cysteine Sigma/Merck 30089 25 43.02 0.015 Rxn buffer,
Aminoacids
L-Histidine Sigma/Merck 53319 25 39.69 0.018 Rxn buffer,
Aminoacids
L-Glutamic acid ~ Sigma/Merck 49605 250 32.81 0.003 Rxn buffer,
hemimagnesium others
salt
L-Glutamic acid  Sigma/Merck  G1149 100 33.15 0.08 Rxn buffer,
potassium salt others
Folinic Acid Sigma/Merck  F7878 0.1 63.75 0.471 Rxn buffer,
others
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Table ’;‘ (continued)
Item Supplier Catalog Quantity Individual % cost Category
1D (2) cost per rxn
(GBP)

GTP Roche 10106399001 0.25 102.85 6.863 Rxn buffer,
NTPs

ATP Sigma/Merck  A8937 1 42.3 0.787 Rxn buffer,
NTPs

CTP Sigma/Merck  C1506 0.1 84.15 13.202 Rxn buffer,
NTPs

AMPc Sigma/Merck  A9501 1 146.2 0.774 Rxn buffer,
others

tRNAs from Roche 10109541001 0.1 119.85 0.51 Rxn buffer,
E.Coli others

Sodium HMP Sigma/Merck 305553 25 29.33 0.015 Energy source
Maltodextrin Sigma/Merck 419672 100 30.24 0.078 Energy source

UTP Sigma/Merck 94370 0.25 43.43 3.03 Rxn buffer,
NTPs

Spermidine Sigma/Merck 85558 5 126 0.643 Rxn buffer,
others

HEPES Sigma/Merck  H6147 25 53.47 0.542 Rxn buffer,
others

PEG 8000 Promega V3011 500 53.25 0 Rxn buffer,
others
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Table ’;‘ (continued)
Item Supplier Catalog Quantity Individual % cost Category
1D (2) cost per rxn
(GBP)
Crude Extract In house. NA NA 466 59.961 Crude
See Table extract,
E total
TOTAL 2089.31 100
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8.2 Breakdown costs of cell-free reactions produced

in Chile

Table 8.4: Cost breakdown analysis of cell extract preparation including culture, induction,

and lysis as costs listing in Chile

Item and category Supplier Cat Q.ty (g) initial % cost
number cost per rxn
(CLP)
2xYTG medium (YT MP 113012022 454g 56,000 11.22
powder) Miomedicals
2xYTG medium (Potassium Sigma P8584-1L 1L 36,700 4.31
Phosphate Dibasic 1M -
K,HPO,)
2xYTG medium (Potassium Sigma P8709-1L 1L 42,400 2.74
Phosphate Monobasic 1M -
KH,PO, )
2xYTG medium (D-glucose) Sigma G5767 500g 50,900 5.38
Induction (IPTG) Promega V3951 5g 199,500 27.89
Cell extract separation Bio Rad 7326204 100 198,000 42.54
(Micro Bio-Spin
Chromatography Columns)
S30B Buffer (Dithiothreitol) Promega V3155 25¢g 310,000 2.53
S30B Buffer (L-Glutamicacid Santa Cruz SC228394 150g 47,500 0.16
hemimagnesium salt)
S30B Buffer (L-Glutamicacid Santa Cruz SC250217 100g 39,500 3.13

potassium salt)
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Table ’;‘ (continued)
Item and category Supplier Catalog  Quantity initial % cost
ID cost per crude
(CLP) extract
S30B Buffer (TRIS) Bio Rad BP 1521 500g 67,000 0.11
TOTAL 1,047,500 100
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Table 8.5: Cost breakdown analysis of cell-free reactions produced in Chile using 3-PGA
as energy source. 3-PGA is highlighted in yellow.

Item and category Supplier Cat Q.ty cost (£) % cost
number per rxn
Coenzyme A Sigma/Merck C4282 0.035 194,000 9.396
NAD Sigma/Merck N6522 1 27,904 0.053
L-Amino acid kit Sigma,/Merck LAA21- 20 491,000 1.957
1KT
L-Cysteine Sigma/Merck 1028380100 100 57,206 0.002
L-Histidine Sigma,/Merck 1043510100 100 103,447 0.005
L-glutamic acid Santa Cruz SC228394 150 47,500 0.003
hemimagnesium salt
L-glutamic acid potassium Santa Cruz SC250217 100 39,500 0.072
salt
Folinic Acid Sigma,/Merck F7878 0.1 71,000 0.21
GTP Sigma,/Merck A2383 0.25 136,000 3.626
ATP Sigma/Merck A8937 1 80,000 5.946
CTP Affymetrix/USB 14121 0.1 195,468 12.253
AMPc Sigma,/Merck A9501 0.1 108,000 2.283
tRNAs from E.Coli Roche MREG00 0.1 143,000 0.243
3-PGA Sigma,/Merck P8877 1 394,000 23.095
UuTPpP Affymetrix/USB 23160 0.1 75,000 5.228
Spermidine Sigma,/Merck 85558 1 81,000 0.826
HEPES Sigma,/Merck H6147 100 61,250 0.062
PEG 8000 Promega V30111 500 59,000 0

130



Appendix

Table ’;‘ (continued)
Item and category Supplier Catalog Quantity Individual % cost
ID cost rxn
(GBP)
Crude extract In-house (see NA NA 1,047,500 34.74
Table
TOTAL 3,411,775 100
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Table 8.6: Cost breakdown analysis of cell-free reactions produced in Chile using mal-
todextrin and polyphosphates as energy source.Reagents specific to the maltodextrin energy
solution are highlighted in yellow.

Item Supplier Cat Q.ty (g) initial % cost
number cost per rxn
(CLP)
Coenzyme A Sigma/Merck (4282 0.035 194,000 12.396
NAD Sigma/Merck N6522 1 27,904 0.071
L-Amino acid kit Sigma,/Merck LAA21- 20 491,000 2.582
1KT
L-Cysteine Sigma/Merck 1028380100 100 57,206 0.003
L-Histidine Sigma,/Merck 1043510100 100 103,447 0.006
L-glutamic acid Santa Cruz SC228394 150 47,500 0.002

hemimagnesium salt

L-glutamic acid potassium Santa Cruz SC250217 100 39,500 0.05
salt

Folinic Acid Sigma,/Merck F7878 0.1 71,000 0.277
GTP Sigma,/Merck A2383 0.25 136,000 4.784

ATP Sigma/Merck A8937 1 80,000 7.845

CTP Affymetrix/USB 14121 0.1 195,468 16.165

AMPc Sigma,/Merck A9501 0.1 108,000 3.012
tRNAs from E.Coli Roche MREG600 0.1 143,000 0.321
Sodium HMP Sigma,/Merck 305553 25 30,553 0.008
Maltodextrin Sigma,/Merck 419672 100 55,000 0.075
UTP Affymetrix/USB 23160 0.1 58,733 5.401
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Table ’;‘ (continued)
Item Supplier Catalog Quantity initial % cost
ID cost per rxn
(CLP)
Spermidine Sigma,/Merck 85558 1 81,000 1.089
HEPES Sigma/Merck H6147 100 61,250 0.082
PEG 8000 Promega V30111 500 59,000 0
Crude extract In-house (see NA NA 1,047,500 45.83
Table
TOTAL 3,087,061 100
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