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Abstract

Les progres récents dans 1’ingénierie des protéines, accompagnés par des développements
rapides dans les domaines de la biologie synthétique et de la synthétisation de I’ADN, a
enclenché une génération de protéines sur mesure. A travers des analyses approfondies sur
ces protéines, des applications ont été faites dans les domaines de la médecine, la biotech-
nologie et la recherche fondamentale. Toutefois, malgré I’augmentation de la cadence de la
synthétisation de I’ADN, I’'implémentation des protéines synthétique n’est pas encore bien
établie. L’une des raisons principales est le manque de technologies a cout réduit et des
caractérisation évolutives. Les plateformes microfluidique a haut-débit ont le potentiel de
surmonter ces obstacles. Cette these décrit I’utilisation des méthodes de pointes dans les
domaines de la biologie synthétique acellulaire et de la microfluidique a haut-débit, perme-
ttant I’amélioration de la vitesse et des cofits pour analyser non seulement les interactions
protéines-protéines mais aussi celles a I'interface ADN-ARN-protéines. En implémentant ces
connaissances acquises ceci nous a permis de développer des bio-senseurs acellulaire a base
de billes (scFV) ainsi que 1I’amélioration des méthodes actuelles de détection sans-marqueurs
unimoléculaires.

Premierement, nous avons utilis€é une plateforme microfluidique intégrée couplée a
un systeme de transcription/traduction acellulaire in vitro (TXTL) pour caractériser une
librairie de petit fragment d’une chaine unique variable (scFv). La scFv construite retient
leur spécificité antigénique quand exprimée dans les TXTL disponibles commercialement.
La plateforme microfluidique a haut débit permet de simultanément dépister et sélectionner
les scFvs avec des spécificités et affinité définis, évitant des procédures de purifications de
protéines et des manipulations de cellules fastidieux et longs. Grace a leur versatilité, scFvs
ont des applications dans différents domaines biologiques tels que la biologie cellulaire
et structurale ainsi que dans des applications thérapeutiques et diagnostiques. Basé sur la
plateforme de dépistage scFV qui a été développée, nous avons équipé les scFV liants a haute
affinités avec des fonctionnalités additionnelles encodées génétiquement. Cette approche a
permis la fabrication de bio-senseur sur des billes acellulaire avec une construction de gene

rapporteur intégrée pour 1’amélioration du signal.
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La plateforme microfluidique a été utilisée non seulement pour analyser 1’interaction
protéine-protéine mais aussi pour étudier les machineries complexes protéiques. Nous
avons réussi a reconstruire un systeme CRISPR-Cas9 in vitro et avons déterminé les valeurs
d’affinités absolues a une librairie d’ADN cibles. Cette meilleure compréhension des dépen-
dances pour une fonctionnalité correcte du systeme synthétisé de novo a trouvé une applica-
tion dans une méthode de détection unimoléculaire sans-marqueur permettant I’estimation
de la charge effective des complexes protéiques testés.

En plus de I’approche in vitro utilisé pour la caractérisation des interactions biomolécu-
laires, nous avons développé un bio-écran microfluidique qui détecte des petites molécules.
Les biologistes synthétiques ont congu, synthétisé et enticrement caractérisé divers types de
parties codées par des genes et aussi des dispositifs qui peuvent étre utilisés pour améliorer
les fonctionnalités des cellules. Toutefois, leur caractérisation in vivo est souvent entravée
par le manque de technologies de biosécurité de bon marché. Le dispositif décrit ici permet
la détection de concentration faible d’arsénite dans 1’eau du robinet en utilisant des cellules
E. coli modifiées génétiquement. De plus, ceci permet une surveillance environnementale en
mesurant les dynamiques temporelles des expressions du bio-rapporteur.

En résumé, tous ces exemples soulignent comment la biologie synthétique acellulaire et la
technologie microfluidique a haut débit peuvent faciliter I’application de diverses approches
d’ingénierie des protéines.

Mots clés: scFv, CRISPR-Cas9, bio-rapporteur, bio-écran, microfluidiques a haut-débit,

expression acellulaire, ingénierie des protéines, biologie synthétique.



Abstract

Recent progress in protein engineering, empowered by the rapidly evolving fields of synthetic
biology and DNA synthesis, has enabled the generation of various custom-designed proteins.
Their thorough analysis has led to applications in areas including medicine, biotechnology and
basic research. However, despite increasing throughput in DNA synthesis, characterization
of engineered proteins remains difficult. One of the main reasons is the lack of cost effective
and scalable characterization technologies. High-throughput microfluidic platforms have
the potential to overcome such hurdles. This thesis describes the development of various
state-of-the-art methods in the fields of cell-free synthetic biology and high-throughput
microfluidics, vastly improving the speed and cost for probing not only protein-protein, but
also DNA-RNA- protein interactions. These methods and biochemical characterizations
in turn allowed us to develop a cell-free bead-based scFv biosensor and apply Cas9 in a
label-free single molecule detection method.

First, we used an integrated microfluidic platform coupled with an in vitro cell-free
transcription-translation (TXTL) system to characterize a small single chain variable fragment
(scFv) library. The constructed scFvs retained their antigen specificity when expressed in
commercially available TXTL. The high-throughput of the microfluidic platform allowed
simultaneous screening and selection of scFvs with defined specificity and affinity, obviating
tedious and time-consuming cell-handling and protein purification procedures. Owing to
their versatility, scFvs have found applications in different biological domains such as
structural and cell biology as well as diagnostic and therapeutic applications. Here, based
on the scFv screening platform that was developed, we combined high affinity scFv binders
with additional genetically-encoded functionalities. This approach allowed the construction
of a cell-free bead-based biosensor with an integrated reporter gene construct for signal
enhancement.

The microfluidic platform was used not only for protein-protein interaction profiling
but also for studying complex protein machineries. We were able to reconstruct an in vitro
CRISPR-Cas9 system and determine absolute affinity values to a library of DNA targets.
Better understanding of the dependencies for proper functionality of the de novo synthesized

system found application in a label-free single molecular detection method enabling effective
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charge estimation of the tested protein complexes. In addition to the in vitro approaches used
for biomolecular interaction characterization, we also developed a microfluidic biodisplay
which senses small molecules.

Synthetic biologists have designed, synthesized, and fully characterized various types
of gene encoded parts and devices that can be utilized to create new functions. However,
their in vivo characterization is often hampered by the lack of cheap biosafety technologies.
The device described here allowed detection of low arsenite concentration in tap water
using genetically modified E. coli cells. Moreover, it enables environmental monitoring.
To sum up, all these examples underscore how cell-free synthetic biology together with
high-throughput microfluidic technology can facilitate the application of various protein
engineering approaches.

Key words: scFv, CRISPR-Cas9, bioreporter, biodisplay, high-throughput microfluidics,

cell-free expression, protein engineering, synthetic biology.
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Chapter 1

Introduction

1.1 Protein engineering

Proteins are one of the major components of cells that allows them to sustain live. Their
highly coordinated actions and specificities enable countless elaborate tasks such as DNA
replication, RNA synthesis, transcription and translational regulation, immunogenicity, to
be performed with explicit accuracy and speed. Despite their complexity, today researchers
are capable of engineering their functionalities and utilizing them in various scientific and
biotechnology applications.

In the last few decades enormous increase in engineered proteins has been observed.
Antibodies with improved biophysical parameters have been constantly generated [88],
additional functionalities have been incorporated in their structure improving their stability
[112] and therapeutic properties [37]. Enzymes have been customized to retain functionality
in ambient conditions or to obtain altered substrate specificity [236—238]. Moreover, the
activities of entire protein complexes have been repurposed. DNA polymerases are now
capable of synthesizing artificial genetic polymers called XNAs [173]. Another prominent
example is CRISPR-Cas9. The system, which native role is to serve as an alternative immune
system in prokaryotes, has been adapted in different genome engineering and silencing
approaches [50].

While a large amount of native proteins are highly relevant, their application in basic
research and biotechnology is often restricted by the high structural complexity, low stability
and expression, high toxicity, undesirable biophysical properties such as low affinity and
specificity, etc. Adapting proteins for scientific and industrial use has imposed challenges
and opportunities for protein engineers.

Protein engineering is a complex process encompassing an iterative cycle of (1) protein

design and gene synthesis, (2) protein expression, and (3) protein characterization, which
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terminates when desirable functional properties are obtained. A large variety of techniques
have been employed over the years to accomplish this elaborate engineering feat. Back in
the mid-1980s the first successful attempts of protein engineering were reported. Advances
in oligonucleotide synthesis and recombinant DNA technology as well as the advent of PCR
enabled scientists to step from answering fundamental questions regarding the structural-
functional relationship in proteins [65, 240] toward application-driven approaches. Largely
guided by the available crystallographic information, several enzymes were adapted for use
in desirable environmental conditions [55, 171]. Next, directed evolution methods were de-
veloped in attempt to increase protein engineering efficiency. Here, the protein diversification
is introduce by random mutagenesis using either error-prone DNA polymerases working
in suboptimal conditions [22, 33, 79] or DNA shuffling based on genomic recombination
strategies [212].

However, despite the efficiency of the directed evolution methods [165] the large library
sizes that are generated are often exceeding the capacity of conventional selection and
screening procedures. In addition, since function is sparsely distributed within the sequence
space irrespective of their sizes the synthesized libraries are capable of covering just a small
portion of all possible function affiliated sequences. Confronted with all these challenges,
the establishment of high-throughput, time and cost effective protein engineering methods
has been and is still highly necessary. Today advances in gene synthesis, protein expression
and characterization coupled with improvements in computational algorithms, based on the
constantly expanding sequence and structure protein datasets, have the potential to greatly

enhance the process.

1.2 Protein design methods

Constantly improving next-generation sequencing technologies, bioinformatics and ’big
data’ computer-aided tools marked the beginning of the 'mega-genomic’ era. To date large
sequence datasets can be rapidly obtained and analyzed in high-throughput manner, with
high fidelity and relatively low cost from any organism under any environmental conditions
imaginable. In parallel to the sequence database expansion, the structural database is also
constantly growing. These advances are fueling the development of various computational
approaches for protein design. By introducing mutated residues onto a high resolution
protein structure, molecular modeling programs (Rosetta, YASARA and FoldX) are capable
of predicting the most energetically favorable protein variant(s) [117, 235]. Unfortunately the
in silico models are still lacking in high accuracy and experimental mutagenesis and protein

functional validation are still a necessity. As an alternative, a semi-rational design approach
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is largely utilized. These rely on integration of prior knowledge of protein sequence, structure

and functional data as well as on advanced bioinformatics and machine-learning algorithms.

1.3 DNA synthesis approaches

The expansion of DNA sequencing has been driving the progress in various biology dis-
ciplines and in particular gene synthesis. Although still lagging behind in terms of scale
and cost, gene synthesis- an indispensable tool in the protein engineering field- is highly
required for testing the numerous hypothesis raised by the large metagenomic information
available today. It allows researchers to obtain DNA constructs of interest when extraction
or modification of naturally occurring sequences is not feasible [15]. It has also accelerated
the design-build-test cycle by eliminating time-consuming and labor-intense steps such as
cloning and site-directed mutagenesis, especially in cases where large number of vastly
modified sequences are required, as for example structure-function relationship and codon
optimization studies [119, 180].

Over the last half century a number of in vitro gene synthesis strategies have been
developed. Their continuous improvement have allowed the generation of DNA construct
with varying length and complexity (high GC content, highly repetitive DNA sequences) [21].
The majority of these strategies rely on ligation-based approaches [2, 8, 11, 193] (pool of
complementary oligonucleotides spanning the entire sequence of interest are joined together),
polymerase cycling assembly (PCA) approaches [21, 213] (pool of oligonucleotides with
complementary spanning regions are joined together), or a combination of the two [247]. In
addition, recently developed methods such as Gibson assembly and Golden Gate assembly
have allowed one-step isothermal assembly of DNA fragments up to several hundred kbp
[72]. These approaches have found application not only in gene library construction but also
for building entire gene clusters [162].

Currently a large effort is put on the integration of the standard assembly approaches with
microarray based oligonucleotide synthesis. This is envisioned to increase the throughput,
speed, as well as decrease cost of the gene synthesis process. By using such approaches Quan
et al. were able to synthesize a library of a thousand codon-usage LacZ alpha variants using
a custom microarray oligo synthesizer [180]. More recently, by applying computational
guided design strategies researches were able to synthesize large protein library composed
of 6000 ubiquitin variants [217]. To date advances in the microarray synthesis have led to
production of longer oligonucleotides (about 200 nt) that have been directly used for small
protein or protein domain production and characterization [190]. The development of the

DropSynth platform relying on water-in-oil emulsion droplets and magnetic beads oligo



4 Introduction

extraction for high-throughput and cost effective gene synthesis has also relied on the use of
long, microarray generated DNA strands [176].

Even though DNA synthesis is extremely powerful several challenges still need to be
overcome. Although constantly dropping, the cost associated with the process remains high;
it was estimated to be about $ 0.07 per nucleotide in 2016 [24]. In addition, the process is also
highly error-prone. Upon DNA assembly a mixture of correct and incorrect sequences are
generated with mutations arising both from oligonucleotide synthesis and the gene assembly
procedures. An established error eradication technique such as site-directed mutagenesis is
often used, however, it adds additional cost and decreases the speed of the process. Careful
design of the starting building blocks and the use of high-fidelity enzymes, sometimes in
combination with mismatch binding and cleavage enzymes [36, 250], have significantly
reduced the errors in the range of 1-3 errors per kb.

1.4 In vitro protein expression

Conventional strategies for characterizing protein properties and functions rely on long and
tedious cell handling and protein purification procedures. Recently, cell-free transcription-
translation systems (TXTL) have become a beneficial alternative. Originally developed to
study fundamentals behind transcription and translation [156], to date optimized TXTLs
enable large-scale protein synthesis in time and cost efficient manner [109, 97]. In addition
they serve as a alternative ‘chassis’ for a variety of biotechnology, synthetic biology and
diagnostics applications such as: (1) protein synthesis including toxic and non-natural
proteins, (2) prototyping regulatory elements and circuits [137, 167], and even (3) the
generation of artificial cells [158, 94].
Among all the major benefits of TXTL are:

* decreased experimental timespan due to the elimination of constrains associated with

conventional gene-manipulation techniques and cell-handling procedures.

* amenability for miniaturization and high-throughput analysis especially when com-

bined with microfluidic platforms.

Despite all TXTL promising features, challenges still remain. The short TXTL lifetime,
due to substrate depletion (ATP, amino acids, etc.) and by-product build up (e.g. inorganic
phosphate), often result in low protein yields when compared to cell-based protein synthesis
approaches. They require the use of expensive reagents, in particular phosphate chemicals in
the form of nucleotides and secondary energy sources. In addition, the use of home-made

cell lysates often leads to high batch-to-batch variation. To overcome these limitations, their
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composition and techniques for preparation have been continuously refined. Currently a large
variety of standardized protocols for cell lysate preparation have been established increasing
the TXTL accessibility to larger community [47].

TXTL composition and types

The basic components of TXTL are: (1) a crude cell lysate derived from various types
of organisms such as E. coli, B. subtilis, insect cells (ICE), rabbit reticulocytes (RRL),
wheat germ cells (WGE), Chinese hamster ovary cells (CHO), and (2) a supplementary
solution composed of all essential amino acids as well as energy-regenerative compounds
(nucleotides, energy substrates, cofactors, and salts). Together these two solutions contain all
cellular machineries, energy and resources required for the transcription and translation of
exogenously added DNA templates. In addition to the conventional TXTLs a commercially
available PURExpress system has been developed [196]. It consists of almost one hundred

purified components necessary for DNA transcription and translation.

Template construction for TXTL systems

The design and the type of the DNA templates used for protein synthesis have a large impact
on protein expression levels. Given the vulnerability of linear templates in crude cell extracts
to exonucleases, plasmid DNA is often the preferable choice. However, supplementary
factors including gamS protein, DNA binding proteins, chi sequence [136] that inhibit the
exonuclease activity have allowed researches to successfully utilize them. An increasing
number of commercial and home-made TXTL systems have been developed based on linear
template protein expression bypassing tedious cloning procedures and enabling cell-free
high-throughput assays.

Proper transcription and translation regulatory elements need to be included into the DNA
constructs. In addition to promoter, RBS and terminator, non-obligatory ones such as internal
ribosome entry site (IRES), poly-A tail for RNA polymerase destabilization, degradation
tags, affinity tags, etc. can be introduced depending on the nature of TXTL systems and the
goals of the study.

TXTL systems for antibody production

A remarkable progress in the production of scFv, Fab and even IgG molecules in TXTL has
been achieved in the last two decades [5, 192, 248]. The structural stability and functionality
of the antibodies are highly dependent on intra- and inter-disulfide bond formation [74].
However, not all organism exploited for TXTL production are ‘fully equipped’ with factors
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promoting disulfide bond formation, thus a general strategy for adapting de novo antibody
synthesis is by supplementing the reaction with redox agents such as glutathione, agents
promoting disulfide isomerization and protein folding including protein disulfide isomerase
(PDI) and chaperones- DnaK, Dnal, GroEL and GroES- which increase the solubility of
the produced antibodies [110, 192, 249]. In addition, in a more complex approach endoplas-
mic reticulum (ER) structures can be added, separating the environment into two distinct
compartments for protein synthesis and protein folding, mimicking the cell-based protein
modification process occurring in periplasmic space in bacteria and ER in eukaryotes. In term
of lysate origin various cell types were utilized till now E. coli and wheat germ are preferable
source in cases when high protein yields are required [109, 110, 129]. Currently significant
improvements were made in lysates based on CHO cells to improve their protein production
capacity [27, 28, 206] since most successful approaches for production of functional protein

have been shown to utilized mammalian cells TXTL systems.

1.5 Protein characterization methods

High-throughput protein characterization has always been of great interest in the field of
protein engineering where large protein libraries need to be screened. Over the years a variety
of technologies have been developed. Prominent examples are in vitro display technologies,
protein microarrays as well as recently implemented microfluidic platforms.

In vitro display technologies are an indispensable tool for characterizing protein libraries
with diverse sizes and complexities. They enable selection of variants with unique binding
properties toward various types of targets including DNA, RNA, proteins and small molecules.
During the process the library members are genetically fused to a protein presented on a
phage or a cell surface [23, 61, 71, 195, 239]. While the expression of the library members
occurs in vivo, the iterative selection process is carried out in vitro. Depending on the display
technology the proteins are either retained by solid-phase phage immobilized or FACs [195].
The enriched population is further screened by methods such as surface plasmon resonance
(SPR) or antibody-binding assays, ranging from ELISAs to immunoprecipitation, in order
to recover proteins with enhanced binding properties. Despite their robustness, display
technologies are often restricted by cost and time concerns.

The first method for protein characterization dependent on cell-free protein synthesis -
by in vitro compartmentalization - was established by Griffiths and Tawfik [220] in 1998.
During the process water-in-oil emulsions were used to spatially constrain the cell-free
expression of a protein coding genes into single compartments. The preserved genotype-

phenotype linkage allowed precise evaluation of the protein sequence-functional relationship
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[144]. Since then various techniques coupling in vitro compartmentalization and microfluidic
platforms [100] have been developed making the process even more cost effective and less
time-consuming. In parallel, the display technologies have changed dramatically as well.
To date cell-free based ribosome display [78] and mRNA display [89] are capable to access
the highest potential diversity (10'2- 10!3) while abolishing labour intensive cloning and
transformation steps.

Protein microarrays are yet another alternative for high-throughput protein characteriza-
tion. The fundamental principle was established in 1989 by Ekins [52]. The first generation
protein microarrays in which purified proteins are printed on a solid-phase surface is still
used for antibody profiling [143], biomarker identification [211], and protein-protein interro-
gations [252]. However, the requirement for purified proteins immensely increased the cost
and labor, has limited its use. As an alternative, second generation protein microarrays have
been developed, referred to as self-assembled protein microarrays [183, 184]. Here, protein
synthesis is driven in cell-free expression systems flowed across printed protein coding DNA
templates, which are increasing the shelf-life of the array. In addition to protein microarrays,
DNA microarrays have also found application in rapid high-throughput transcription factor -
DNA interaction studies. In this scenario, DNA templates are immobilized on a solid-phase
support and afterwards probed with purified or in vitro synthesized protein samples.

Owing to miniaturization and parallelization, hybrid microrray and lab-on-chip (LoC)
technologies have high potential to enable improved protein profiling in terms of cost,
time, throughput, ease-of-operation and analysis.Among the plethora of existing devices,
MITOMI (mechanically induced trapping of molecular interactions) [132] and its derivatives
are of particular interest. . They are amenable to capture interactions over a large affinity
range, allowing the construction of detailed protein binding energy landscape. In general,
MITOMI is a two layer polydimethylsiloxane (PDMS) device. It is composed of hundreds
of individual unit cells containing a detection area and a back-chamber. Small amount of
molecules of interest can be deposited by microprinting onto a glass slide used to program
the MITOMI chip. The device operation is facilitated by micromechanical valves that control
the solution flow as well as chamber and unit cell segregation. The design also includes a
membrane valve, called ‘button’ valve, which enable surface derivatization and trapping of
molecular interaction complexes. The MITOMI ‘family’ of devices have been used in various
diagnostic applications [63] as well as for detailed biochemical screens of protein-DNA
[58, 132], protein-protein [70], and protein-RNA interactions [138]. The use of such devices
has enabled biochemical screening as well as regulatory networks analysis and modeling. In
addition, it aided the design of novel proteins [21].



8 Introduction

The rapid in-depth quantitative binding data exploration enabled by MITOMI is often
not feasible when the previously described high-throughput methods are applied. Low
affinity and transient protein binders are typically lost when stringent washing conditions
are used, even though such binders are known to be highly relevant in biological systems
and pharmacology. Adam et. al have shown that in contrast to common beliefs high affinity
anti-HER2/neu scFvs possess less tumor targeting specificity and penetration compared to
their lower affinity counterparts [1]. Similar results were observed for anti-carcinoembryonic
antigen (CEA) [75].

Besides their use in high-throughput protein biochemical interactions mapping microar-
rays and coupled microfluidics/microarray platforms have been extensively used in diag-
nostics [82, 63]. In addition, a plethora of other detection tools have been introduced such
as bead-based AlphalLISA by Perkin Elmer [16] and SPR-based real-time and label-free
immunoassays using the Biacore system [221]. Both of the platforms have increased the
detection sensitivity compared to conventional ELISAs, a gold standard for immunodiagnos-
tics. Also they have enabled ease of automation, high throughput and continuous monitoring.
Similar to the MITOMI platforms, the multiplexed bead-based Luminex® assays by Life
Technologies Corporation immunoassays tremendous potential for immunodiagnostics. The
use of magnetic beads in immunoassays have led to truly remarkable applications that takes

into account the convenience of handling the magnetic beads/particles [73].

1.6 High-throughput cell profiling

The advent of cell-free synthetic biology as well as the growing plethora of repositories of
synthetic biological parts such as the IGEM Registry of Standard Biological Parts (partsreg-
istry.org) have facilitated the rapid design and synthesis of genetic components and networks
[53, 54] that can be utilized by living cells in order to explore, improve or repurpose their
functionalities [108, 113, 227]. Application-driven approaches have succeeded to implement
various types of synthetic parts or even whole devices enabling cells to act as biosensor for
toxic metal detection, for example [177].

In addition, plenty of synthetic parts fully characterized in vitro are constantly being
generated. However, whether their behavior can be recapitulated once placed in vivo is an
open ended question. Up to date few data is available [153]; one of the reasons behind is the
limited amount of tools for high-content cell screening.

Standard approaches for cell culturing and screening are often time-consuming and low-
throughput, hampering advances in the field. On the other hand, microtiter-based studies often

complemented with expensive robotic equipment have allowed large-scale cell screening but
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have also placed cost constrains on their wide-spread use. Microfluidic cell culturing and
screening devices provide an interesting alternative. In addition to the economic benefit due
to the low reagents consumption, they allow accurate control over the culturing conditions
increasing reproducibility. The device operation can be parallelized allowing complex assay
procedures to be streamlined and thus maximizing the information gain [134, 241]. The
automation by valves/actuators provide an easy way for temporal dynamic analysis which is
extremely hard to achieve by utilizing conventional screening methods. And lastly given the

closed environment there is reduced contamination risk.






Chapter 2

Coupled microfluidics for in vitro
synthesis and characterization of a scFv
library

2.1 Introduction

The ability to bind vastly diverse antigens with high affinity and specificity have made anti-
bodies an indispensable tool in basic research and in various biotechnology and biomedical
applications [104, 121]. As a result, the development of efficient methods for production
of antibodies with tailored properties such as increased binding specificity and affinity has
always been of great interest.

Hybridoma technology and surface display technologies are among the most widely used
approaches for monoclonal antibodies (mAbs) discovery [95, 114, 223, 239]. In general, the
processes consist of several distinct steps: (1) antibody repertoire generation, (2) iterative
antibody selection, (3) antibody screening, and (4) antibody recovery. However, although
robust these technologies are associate with high cost as well as slow and labor intensive
procedures.

More recently alternative approaches for antibody discovery have been developed in-
cluding B cell next-generation sequencing (Ig-seq). Even though bulk Ig-seq is extremely
advantageous, given the continuous drop in sequencing cost and broad accessibility, in-
formation about endogenous pairing of the variable heavy-chains (VH) and the variable
light-chains (VL) is lost. To retain the VH-VL pairing, a variety of strategies have been
developed. DeKosky et al. established a pipeline where single B cells deposited in microwells

are lysed in situ, their mRNA isolated and converted to cDNA that is later used for synthesis



12 Coupled microfluidics for in vitro synthesis and characterization of a scFv library

and subsequent sequencing of genetically fused VH-VL constructs [45]. In another study,
relative frequency analysis was applied to estimate the VH and VL pairing after performing
bulk next-generation antibody sequencing [186]. Although both of these antibody mining
strategies allow rapid antibody sequence information gain, functional validation of the in
silico recovered antibodies is required to determine the accuracy of the bioinformatic anti-
body identification approaches as well as to pinpoint the most important antibodies generated
during an immune response.

ELISA, SPR and ELISPOT are among the most commonly used methods for antibody
biochemical characterization. However, due to the often use of stringent washing steps
they typically obviate fine-mapping of the antibody binding landscape and as well they are
more biased towards recovering high-affinity binders, which may not exhibit the required
physiological function [1, 75].

To address these challenges, we developed a pipeline for construction and rapid microfluidics-
based synthesis and functional interrogation of recombinant antibodies. Access to antibody
sequencing information from B cell Ig-seq studies is valuable resource that can be used for
construction of antibody libraries which diversity and size are restricted only by the cost ofthe
V-region DNA oligonucletides. Upon library synthesis microfluidic platforms for coupled
in vitro protein expression and quantitative characterization such as MITOMI [21] can be
used for rapid and cost-effective construction of a detailed antibody binding landscape map
(Figure 2.1).

To validate our approach, we rapidly synthesized a small rationally designed scFv library
against human respiratory syncytial virus (RSV) by utilizing two different gene assembly
approaches. All of the variants were successfully in vitro expressed and screened on MITOMI.
We were able to recover two variants that possess binding affinity similar to motavizumab,
an extremely potent anti-RSV neutralizing antibody [140, 245].

2.2 Results

2.2.1 Rational design and gene synthesis of a combinatorial anti-RSV

scFv library

The design of our scFv library was aided by previously published data. Wu et. al used
an iterative mutagenesis and screening approach to identify affinity matured variants of
palivizumab, an FDA approved anti-RSV neutralizing antibody [245]. Sequence analysis of
the recovered recombinant antibodies showed that beneficial mutations are located primarily

in antibodies complementary determining regions (CDRs).



2.2 Results 13

|
O
1 week

Gene assembly @ VH library VL library
2-3h
?
‘ PURExpress

7
]

MITOMI in vitro
protein expression
& characterization

Fig. 2.1 Overview of microfluidics approach for identifying functionally relevant re-
combinant antibodies generated based on Ig-seq data. First, paired V-region sequences
identified using bioinformatic and Ig-seq methods can be synthesized and assembled into

scFvs. Next, all antibody fragments can be in vitro expressed and screened on-chip for
precise function.
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The DNA sequences of ten palivizumab variants were utilized for the design of a small
anti-RSV scFv library. A specialized analysis toolkit (http://www.abysis.org/) was used to
identify the VH and VL chains of all retrieved antibodies and to annotate (according to the
Kabat numbering scheme) their CDRs and framework regions (FRs). Interestingly, the FRs
showed high sequence similarity to VH DP47 and VL DP3 immunoglobulin genes, known
to support high scFv expression in bacteria [76]. Four different VH and four different VL
sequences were identified. Upon DNA synthesis, a PCR based approach was used to diversify
VH FR4 region. Thus, in total we used eight VH and four VL sequences (Figure 2.2a) for
the scFv library construction. The fragments were joined in combinatorial fashion resulting
in thirty two scFv variants.

The VH and VL sequences were tethered by a flexible peptide linker (Gly4Ser)s [229]. To
facilitate quantitative scFvs expression and binding measurements as well as to allow scFvs
pull-down on solid-phase surfaces a yeGFP tag was fused to the C-terminus of the variants
via a rigid Pro-Ala linker. To allow ease of transcription and translation three regulatory
elements were incorporated into the scFv design. At the 5’ end we placed a T7 promoter
followed by a Shine-Dalgarno RBS site and at the 3’ end we introduced a T7 terminator.
Polymerase cyclic assembly (PCA) and Gibson assembly strategies were utilized for the
scFv gene synthesis. For the PCA, DNA constructs with overlapping sequences coding
for the VH chain, the VL chain, and the yeGFP tag, were mixed together in a single PCR
reaction supplemented with primers amplifying the assembled scFvs. To reduce PCR-based
errors high-fidelity DNA polymerases were used: Phusion (4.4 e~ 7 error rates) and OneTaq
(2x improved fidelity compared to Taq). Even though successful, the PCA gave rise to an
unspecific product (Figure 2.2b).

In order to improve the quality of the scFv DNA constructs we adapted the Gibson
assembly approach. All building blocks together with a linearized pUC19 template were
added to a Gibson assembly reaction mix. Sixteen scFv variants were successfully clone
(87% efficiency). To take a glimpse at the fidelity of the process seven colonies were Sanger
sequenced. No mutations in the coding sequences or the transcription regulatory elements
were revealed. In almost all cases adenine deletion or insertion in the long polyA tail was
detected which might result from low DNA polymerase processivity or low quality sequence
reads. In general, in contrast to the PCA no unspecific product was observed for the Gibson

assembled scFvs (Figure 2.2¢).

2.2.2 Invitro scFv expression assessment

As a prelude to coupled scFv expression and functional characterization on MITOMI, we

compared the bench-top in vitro scFv expression using the commercial PURExpress and
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Fig. 2.3 In vitro scFv expression. Expression profiles of scFvs synthesized using (a) the
commercial PURExpress and a home-made TXTL system. (b) Temperature-dependent scFv
expression using the PURExpress.

a home-made TXTL [218]. Given the scFv stability is dependent on intra-chain disulfide
bonds we supplemented the reactions with disulfide bond enhancers. In addition, due to
DNA exonucleases in the home-made cell lysate, gamS protein was added to the TXTL.
Although both the use of both systems resulted in scFv synthesis, higher protein yields were
obtained when PURExpress was used and in addition when the reaction were incubated at
37°C (Figure 2.3).

2.2.3 scFv functional assessment on MITOMI

Based on a known motavizumab-RSV F crystal structure [140] and using a computation

algorithm called Fold from Loops, Correia et. al designed and synthesized peptide, called
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Fig. 2.4 FFL and anti-RSV IgGs interaction on MITOMI. (a) Schematic of the on-chip
immunoassay for FFL detection. FFL with concentration 2 uM was captured by a biotiny-
lated ani-His antibody. Three different anti-RSV IgGs were used as secondary antibodies.
Phycoerythrin labelled anti-human IgG was used as a detection probe. (b) Boxplot comparing
the relative binding affinities of all three anti-RSV IgGs to FFL.

FFL, that functionally mimics a specific RSV F epitope [43]. The FFL peptide was thoroughly
studied. SPR analysis revealed its very high binding affinity to motavizumab (Kd=29 pM),
similar to the values measured for RSV F and motavizumab (Kd=34.6 pM) [140]. To allow
ease of purification and detection a modified His-tagged FFL version was generated. In all
subsequent studies instead of relying on recombinant RSV F proteins we made use of the
FFL-His tag peptide.

To explore FFL functionality on MITOMI we measured the interaction between FFL and
three different anti-RSV IgGs: motavizumab (Mota), palivizumab (Pali) and D25 (Figure
2.4). The D25 antibody was used as a negative control since it binds a distinct RSV F epitope
[222]. Only negligible FFL binding was observed for D25. In addition, both Mota and Pali
were capable of FFL recognition. Measurements of relative binding affinities revealed that
Mota is stronger FFL binder, as shown before [245].

Next, we tested the scFvs functionality. Two different immunoassay design strategies were
explored. In the first approach, Mota and scFv-EGFR (recombinant anti-EGFR antibody)
were bench-top expressed and flowed onto a MITOMI functionalized with biotinylated anti-
GFP antibody. FFL and fluorescently labelled anti-His antibody were flowed sequentially.
As shown in Figure 2.5a FFL was successfully captured by Mota in contrast to scFv-EGFR,
confirming the anti-RSV scFv functionality. The second approach in which the scFvs
were used as a FFL detection probe consolidated the previous result (Figure 2.5b). For all
subsequent experiments we used the first design strategy given the higher signal-to-noise

ratio.
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Fig. 2.5 FFL and anti-RSV scFvs biochemical interrogation on MITOMI. (a,b) Outline
of the two immunoassay strategies for 2 uM FFL detection. Fluorescent images showing (a)
FFL (Cy5) detection when scFvs (GFP) are used as a capture probe and (b) FFL detection
when scFvs are used as a detection probe. Barplots showing either (a) the Cy5/GFP ratio or
(b) the GFP signal obtained from the scFvs bound to surface immobilized FFL.
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Fig. 2.6 Function mapping the fluorescent signal decrease over time due to Mota bleaching
or detachment from surface immobilized FFL.

Although the second approach did not gave rise to highly sensitive measurements, it
enabled us to retrieve information about Mota:FFL stability. Continuous washing of the
FFL bound scFvs allowed us to determine the Mota:FFL half-life. The calculated koff =
4.06e s~ ! only slightly deviated from the one reported from a previous SPR experiment-
koff = 3.1e s~ ! (Figure 2.6).

Next, we decided to explore if we can perform coupled on-chip scFv expression and
functional characterization. Dilution series of DNA templates encoding Mota and scFv-
EGFR were microarrayed on an epoxy glass slide used to program a MITOMI chip. Upon
surface derivatization and biotinylated anti-GFP antibody immobilization, PURExpress was

used for scFv DNA template resuspension and protein expression. After incubation of the
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Fig. 2.7 Integrated scFv synthesis and functional characterization on MITOMI. (a)
Representative fluorescent images showing surface immobilization scFvs (GFP) and bound
FFL (Cy5). (b) Quantification of the signal obtained from surface immobilized on-chip
expressed scFvs, detected FFL and ratio between the captured FFL and the expressed scFvs.
2x dilution series of the scFvs encoding DNA templates were spotted on an epoxy glass slide
used for MITOMI programming. The dotted line is showing the set threshold level.

device at 37°C for 2.5-3 h, the expressed scFvs were allowed to diffuse into the detection
chambers and bind to the anti-GFP antibody capture probe. Next, FFL was flowed across the
immobilized scFvs followed by Cy5-labeled anti-His antibody used as a detection probe. Up
to an 8-fold difference in the Cy5 signal was measured between the highly expressed Mota
and scFv-EGFR samples. On the other hand, low scFv expression (below 5000 RFU with the
preset microscopy setting) led to high Cy5/GFP signal ratio suggesting that fairly high scFv
surface passivation is required for proper estimation of the scFv-FFL binding. To obviate
such behavior for all proceeding experiments only scFv sample with expression level above
certain threshold (5500 RFU) were analyzed (Figure 2.7).

Having successfully expressed Mota and interrogate its interaction with FFL. on MITOMI,
we sought to conduct functional studies of our anti-RSV scFv library as well as three different

Mota scaffold variants.
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Fig. 2.8 Screening of scaffold modified anti-RSV scFvs. (a) Representative fluorescent
images showing the surface immobilization of the scFv variants (GFP) and FFL capturing
(Cy5) and (b) quantitative data. Mota CDRs according to Kabat and Clothria numbering
scheme were grafted in anti-EGFR scFv framework.

2.2.4 Screening of anti-RSYV variants grafted in anti-EGFR framework

In an attempt to increase the scFv expression we synthesis two additional Mota variants by
grafting their CDRs into a scFv-EGFR framework supporting high protein yields. Utilizing
the established experimental scheme we measured the binding between the Mota variants and
the FFL peptide. Although all constructs reached high expression levels, neither of them were
capable of FFL binding. We hypothesized that amino acid residues of Mota framework are
either interacting directly with the antigen and thus stabilizing its binding and/or are aiding to
specific Mota CDR conformation that is essential for proper scFv-antigen interaction (Figure
2.8).

2.2.5 Screening of anti-RSV affinity variants

Finally, we measured the relative FFL binding across our anti-RSV scFv library. High
correlation was observed between the binding affinity of the PCA and Gibson assemble scFv
variants. The mutants fell into two distinct regimes. Two of them bound FFL with affinities
similar to the one observed for Mota, while for the rest a 0.75 fold decrease was measured.
None of the tested scFvs showed improved FFL binding compared to Mota and in general

for most we were not able to obtain small affinity differences (Figure 2.9).
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Fig. 2.9 Coupled microfluidic based expression and screening of a small scFv library.
(a) Boxplot showing the anti-RSV scFv library binding affinity landscape. (b) Rank ordered
anti-RSV scFvs according to their relative affinity binding values.



2.3 Discussion 23

2.3 Discussion

In this study, we adapted two different strategies for scFv gene assembly. While the PCA
required less time (1/2 day) and led to cost reduction ($5.5/rxn), the quality of the scFv
constructs was significantly improved with the Gibson assembly. However, as shown the
formation of unspecific gene product did not affect the scFv expression and as a result FFL.
binding measurements. In addition, we also demonstrated that functional anti-RSV scFvs can
be synthesized in a simple cell-free reconstructed system such as PURExpress supplemented
only with disulfide bond enhancers. This approach differs from the common ones where
expensive and complex TXTL systems, often based on mammalian cell lysates, are used
[207].

Finally, we were able to streamline the antibody selection and screening process and
directly measure the binding properties of the on-chip in vitro synthesized scFv variants.
This approach eliminated the use of tedious, time-consuming and expensive cell culturing,
transformation and protein purification procedures. Overcoming the current technical lim-
itations, caused mainly by variable protein expression, can lead to the establishment of a
robust and rapid platform for scFv binding landscape mapping thus aiding to the discovery
of physiologically relevant scFvs [1] as well as to the high-throughput characterization of
various types of scFv libraries.

2.4 Methods

DNA manipulations

DNA templates encoding scFv assembly parts including VH, VL, Mota, Mota scaffold
variants and anti-EGFR were ordered as gBlocks from Integrated DNA technologies (IDT).
The sequence was E. coli codon optimized. The yeGFP construct was amplified from
pKT127-yeGFP plasmid.

Prior to the scFv gene assembly the DNA templates were amplified with primers intro-
ducing overlapping regions between the assembly components. The PCR reactions were
performed either by OneTaq Master Mix (NEB) or PCR mix containing Phusion High Fidelity
DNA polymerase (NEB). The amplicons were purified with PCR purification kit (Qiagen)
and their concentrations were determined spectrophotometrically.
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scFv gene synthesis

For the PCA assembly, all necessary assembly components were added in equimolar concen-
tration (0.1 uM) to a one-pot PCR reaction consisting of two distinct steps: (1) touch-down
PCR(89-72°C), (2) standard PCR. Primers amplifying the assembled scFv products were
spiked-in in the beginning of the reaction which was performed by Phusion High Fidelity
DNA polymerase.

For the Gibson assembly, pUC19 vector was PCR linearized with primers introducing
overlapping regions. Next, Dpnl enzyme was supplemented and the reaction was incubated
for 1h at 37°C to eliminate plasmid carry-over. Equimolar concentration (0.1 uM) of
assembly components together with 5x molar excess of the linearized pUC19 product were
mix together with a Gibson Assembly Master Mix (NEB). The reaction was incubated for
1 h at 50°C. The Gibson assembly products were transformed into chemically competent
DHS alpha E. coli cells. Next, the cells were plated on 100 pg/ml ampicillin plates and
incubated overnight at 37°C. 3-4 colonies of each scFv variant were used for colony PCR
performed by OneTaq Master Mix. Cells containing plasmid of interest were inoculated into
0.5 ml LB medium with 100 pg/ml ampicillin into a 96-deepwell plates that were sealed
with breath-through foil and incubated for 8h at 37°C. 50 ul of the inoculums were mixed
with 50ul 50% glycerol and pipet into a 96-well plate that was stored at -80°C. 0.5 ul of the
inoculums were used for a 10 ul colony PCR reaction performed by OneTaq Master Mix.
The 0.5 ul of the PCR was used as a starting material for a second PCR reaction that utilized
High-Fidelity Phusion DNA polymerase and detergent-free buffer required for formation of

uniform spots.

In vitro scFv expression

The bench-top scFv expression was performed in home-made TXTL system utilizing BL21 E.
coli cells or in PURExpress systems (NEB) according to the manufacture instructions. Both
reactions were supplemented with disulfide bond enhancers (NEB) and RNAse inhibitors
(Roche).

Microfluidic device and epoxy-coated glass slides preparation

MITOMI devices and epoxy-coated glass slides were performed as described before [21].
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DNA arraying and device alignment

The gene assembled scFvs were resuspended in 1% BSA in H20O for visualization during
the alignment procedure as well as to prevent covalent linkage between the DNA and the
glass substrate. The samples were plated in a 384-well plate (Arraylt) and spotted onto
epoxy-coated glass slides by a QArray2 microarrayer (Genetix) and MP2 split-pins (Arraylt).
Each spot on the array was generated by two consecutive printing programs. Immediately
after DNA spotting the arrays were manually aligned to a microfluidic PDMS device with
a Nikon SMZ1500 stereoscope and bonded for 4 h at 80°C. The assembled devices were

stored in dark at room temperature until used.

Surface chemistry and MITOMI operation

The device was set up for use by actuating the control lines and the flow lines with 15-20 psi
and 2.5-3.5 psi of pressure, respectively. Initially, the chamber valves remained closed to
prevent spotted DNA resuspension. After all samples were flowed we washed the surface of
the chip by PBS for 5 min. The accessible surface area was derivatized by flowing though
the chip: (1) 2 mg/ml biotin-BSA (Thermo Fisher Scientific) for 15 min and (2) 0.5 mg/mL
Neutravidin (Thermo Fisher Scientific) resuspended in PBS for 15 min. After these steps the
‘button’ membrane was activated and biotin-BSA solution was flowed for 15 min. Depending
on the assay 6.67 nM solution of PBS resuspended of either biotinylated anti-GFP antibody
(Abcam) or biotinylated anti-His antibody (Abcam) was flowed for 2 min thus preventing
gradient formation. Next, the ‘button’ was deactivated and the antibody flow was continued
for 15 min. In assays where biotinylated anti-His antibody was used 2 uM FFL was flowed
for 2 min in ‘button’ closed regime followed by 5 min in ‘button’ open regime. After this
step the ‘button’ was closed and PURExpress solution was flowed across the chip for 2
min. The exit valve was closed to build up pressure and the chamber valves were opened
allowing dead-end filling and DNA resuspension. Next, the exit valve was opened and the
chamber valves closed. PURExpress flow was continued for 5 min after which the sandwich
valves were closed allowing unit cell segregation and the chamber valves and ’button’ opened.
The device was place on a hot plate for 3-4 h at 37°C. During this incubation, transcription
and translation occurred and the synthesized scFvs diffused to the detection chamber. The
expressed scFv was allowed to bind to equilibrium either to the immobilized FFL or to the
anti-GFP capture probe. An image of the chip was obtained (GFP channel). The ‘button” was
closed and the PBS was flushed for Smin. In assays where biotinylated anti-GFP antibody
was used 2 uM FFL was flowed for 2min in ‘button’ closed regime followed by Smin in

‘button’ open regime. Next, Cy5 anti-His antibody was flowed for 10 min. At this point
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images of the chip were acquired (GFP channel and Cy5 channel). For Mota:FFL stability
test, upon antigen-antibody interaction, the chip was multiplexed into two and PBS was
flowed continuously in one of the two parts. Time-lapse imaging was performed (GFP

channel). The second half of the chip was used to acquire the fluorophore bleaching rates.

Image and data analysis

The microfluidic device was scanned using a fluorescent microscope (Nikon ECLIPSE Ti).
The images were obtained with a 40x objective lens and and the following exposure times:
GFP channel- 500 ms, Cy5 channel- 250 ms with illumination power set to 100%. All image

and data analysis were performed by custom Python scripts.



Chapter 3

Genetically encoded protein biosensor

3.1 Introduction

Various methods have been developed enabling antibody biophysical properties and ex-
pression to be improved in cost- and time-efficient manner. In addition, redesigned native
antibodies by rebuilding them in different formats as well as construction of antibody
chimeras have tremendously increased the scope of their applications. Currently, antibodies
and recombinant antibody fragments are widely used as delivery and therapeutic agents
[4, 169, 189] as well as high-affinity protein binding probes in various biosensors [35, 161].

Given the importance of antibody-based biosensors in a variety of analytic and diagnostic
applications, their development has received significant attention. In general, they are com-
posed of three units: (1) a biosensing/biorecognition element coupled to (2) a transducer and
(3) a signal processing unit. The biosensing component acts to recognize, bind and sequester
a target analyte from a solution to a solid-phase surface, while the transducer acts to produce
a chemical or physical signal. Even though, antibody-based biosensors have successfully
met the growing needs of specific molecule detection they possess several well recognized
shortcomings. One of the main concerns is the high cost. In addition, the construction of
highly sensitive immunosensors rely on the use of antibody chimeras possessing enzymatic
moieties often unavailable commercially, imposing the need for utilizing complex chemi-
cal procedures. However, even though effective such modifications are often altering the
antibody functionality or causing batch-to-batch variability.

Advances in synthetic biology have opened new avenues for in vitro biomolecular detec-
tion [200]. Over the years the use of cell components with tailored properties implemented
in synthetic gene networks have allowed the construction of complex whole-cell biosensors
[113, 116, 230]. Different logic functions have been implemented, often based on transcrip-

tion cascades and signal transduction pathways, allowing defined modulations of the signal
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output [34]. More recently, the adoption of freeze dried TXTL systems with embedded
synthetic networks have allowed the development of ease-to-use and relatively cheap in
vitro detection and point-of-care diagnostic tools capable of detection of RNA molecules in
picomolar range [167, 168].

Here, by utilizing the current advances in in vitro diagnostics and antibody engineering
we aimed to develop a scFv-based protein biosensor. As a design framework the conventional
ELISA scheme was utilized. However, instead of relying on the use of expensive antibody
molecules we substituted them with genetically encoded scFv conjugates possessing effector
functionalities such as solid-surface immobilization or binding signal transduction. To
convert the binding event into an optical signal a reporter DNA template encoding yeGFP
protein was used. scFv transducers possessing DNA binding domains or RNA polymerase
domain facilitated protein expression from the reporter DNA in the presence of home-made
TXTL system, thus enabling the gain of a fluorescent signal output. We began by establishing
a streamlined protocol for scFv modular assembly, in vitro protein expression and on-chip
functional assessment that gave rise to on-demand production of functional protein-reagents.
Next, we used the scFv conjugates for the construction of immunosensors capable of detection

of analyte concentration in the nanomolar range (Figure 3.1).

3.2 Results

3.2.1 Design and in vitro synthesis of scFv conjugates

To begin, we designed DNA templates encoding scFv chimeras capable of detecting FFL. For
antigen recognition we used the anti-FFL 12_17 scFv which was functionally characterized
on MITOMI (see Chapter 2). The sequence was appended with regulatory elements including
T7 promoter and Shine-Dalgarno RBS site enabling rapid in vitro protein expression as
well as a linker sequence allowing modular assembly to three different moieties conferring
solid-phase immobilization or signal transduction. For scFv conjugate synthesis the PCA
strategy was adapted given its simplicity and speed (see Chapter 2). Following the previously
established protocol VH, VL and yeGFP templates were premixed with DNA constructs
coding for the various functional moieties (Figure 3.2a,b). In our general design scheme
the functional domains were fused to the N-terminus of the scFvs via a (Gly4Ser)3 linker.
A yeGFP was fused in frame to the C-terminus of the scFV conjugates allowing protein
quantification (Figure 3.2c).

First, we constructed scFv fused to an enhanced monomeric avidin (eMa). eMa is an

monomeric engineered peptide version of Rhizavidin dimer with a rigid binding pocket stabi-
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lized by a disulfide bond [126]. The integration of immobilization functionality eliminated
the use of commercially available biotinylated antibodies often used for surface immobiliza-
tion. The resulting fusion molecule was used to immobilize the scFv to a biotin monolayer
(Figure 3.1a).

Next, we designed and constructed scFv chimeras with signal transduction properties by
joining together the scFv domain with a DNA binding domain (DBD). The DBDs, present
in many transcription factors, can fold correctly without the assistance of addition factors
into functional units that recognize and bind specific DNA sequence. Based on their tertiary
structure various DBD families have been identified, the most prominent being zinc-fingers
(ZFs), helix-loop-helix, leucine zipper [81, 216]. A plethora of protein-DBD conjugates are
widely applied in domains such as gene expression regulation and genome engineering. One
of the most widely used DBDs are the ZFs given their intrinsic programmability and free
online access to databases storing binding specificity information. Here, we made use of
zif BDB (ZF) [21], given its small size, high binding affinity and monomeric mode of DNA
recognition. Moreover, we also tested MarA and SoxS, a well-known AraC regulators [51].
To assess whether effector domain conjugation is altering scFv functionality in addition to
scFv-ZF construct we also synthesized ZF-scFv. Once bound to FFL the scFv-DBDs were
capable of pulling down reporter DNA templates possessing 9 bp long target binding sites
(Table 3.1). To obviate yeGFP expression interference the DBD binding site was positioned
at the 5’ untranslated region, 85 bp away from the T7 promoter. Upon scFv-DBD:DNA
binding extensive washing step was performed to remove the excess reporter DNA molecules
that was followed by in vitro yeGFP expression (Figure 3.1a,c).

The design approach was then extended to the construction of scFv chimeras with
genetically encoded enzymatic activity. As a functional moiety we used T3 RNA polymerase
(T3RNAP). Several design approaches were tested. Remarkably, protein fusion to the
T3RNAP C-terminus altered its enzymatic activity, as described previously. Thus, the
design was based on a strategy used for Gal4-T7RNAP construction [163]. In the case of
scFv-T3RNAP we omitted the yeGFP and fused (-2)T3RNAP construct to the C-terminus
of the scFv via a Pro-Ser-Thr-Ser-Arg-Gly-Gly-Pro-Val-Pro linker. Using reporter DNA
templates under T3 promoter, constitutive expression of yeGFP was directly induced in small,
solution-phase TXTL reactions (Figure 3.1a,b).

Upon assembly, the scFv conjugates were expressed using either the PURExpress or a
home-made TXTL, both supplemented with RNAse inhibitors and disulfide bond enhancers.
In the case of home-made TXTL, we also added gamS protein enabling protein expression

from linear templates (Figure 3.2c¢).
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Fig. 3.3 Reporter DNA titration study. Reporter DNA template with ZF binding site was
titrated in a home-made TXTL. The induced yeGFP expression was monitored for 4 h. The
annotated DNA concentrations are in nM. (N=2)

To access the lowest reported DNA concentration required for induction of observable
yeGFP expression, we performed a DNA titration study. Dilution series of reporter DNA
templates were mixed with TXTL. The reactions were incubated at 37°C and the expression
profile was monitored for up to 3h. Even 0.2 nM reporter DNA induced yeGFP expression
significantly higher compared to the negative control (Figure 3.3).

3.2.2 Assessment of scFv conjugate functionality

We initially examined DBD-scFv functionality. To test whether the scFv retained its antigen
binding properties after the conjugation, we flowed bench-top expressed proteins across a
MITOMI chip immobilized with 2 uM FFL. Even though all variants were successfully
synthesized, only the ZF-scFv was capable of FFL binding. The observed ZF-scFv and scFv-
ZF discrepancy suggested the importance of proper domain orientation for scFv functional
preservation (Figure 3.4). Next, we tested ZF domain activity. The same experimental
procedure was performed, however, in addition fluorescently labelled reporter templates with

cognate ZF binding site were flowed. Binding was observed only in the presence of FFL and



3.2 Results 33

Legend
@® His tagged FFL antigen

/\ ™89 Anti-RSV scFv yeGFP
‘”  Biotinylated anti-His Ab

7
N

°
ped  Neutravidin
© Biotin-BSA
¥ Cy5rDNA
e
B 2 yM FFL 0 uM FFL [
‘
> . = O pM
[T
& = 2 pM

D 2 uM FFL

. . - :
<
[6)]
. . . . scFv-DBD DBD-scFv scFv

Fig. 3.4 On-chip interrogation of the DBD-scFv functionality. (a) General scheme of the
assay. scFv variants conjugated to ZF domain are used as detection probes for on-chip surface
immobilized FFL. Upon scFv binsing a fluorescent DNA template with ZF binding site is
used to access the functionality of the ZF domain. Fluorescent images and quantitative plots
showing the interaction (b) between FFL:scFv constructs (GFP) and the reporter DNA: scFv
construct (Cy5).

. . 3

8

T
. . 3

scFv-DBD DBD-scFv scFv

0 uM FFL E

DBD-scFv
log10(GFP) [RFU]

I

scFv-DBD

+

== 0 M
; Y

scFv

DBD-scFv
log10(Cy5) [RFU]

scFv-DBD




34 Genetically encoded protein biosensor

functionally active ZF-scFv. Subsequently, we studied the temporal dynamics of cell-free
yeGFP expression using pulled-down reporter DNA templates on MITOMI. PURExpress
was flowed and incubated at room temperature. Protein expression was induced as quickly as
30 min. A significant difference in the expression levels were observed only in the presence
of ZF-scFv and FFL. The maximum fold change occurred around 5-6 h, afterwards the signal
reached a plateau (Figure 3.5).

Next, we examined scFv-T3RNAP. When premixed in PURExpress with a DNA template
coding for yeGFP under the control of a T3 promoter the conjugate was able to induce yeGFP
expression. To test orthogonality to T7 polymerase, which is present in PURExpress, the
reporter DNA template was placed in a reaction without scFv-T3RNAP conjugate (Figure
3.6). Only negligible expression was detected. Validation of the scFv domain was performed
by a bead-based assay which will be described in the next section.

eMa-scFv was also assayed on-chip. After bench-top expression the protein was flowed
across the chip and successfully immobilized via biotin and eMa interrogation. Upon
continuous PBS washing only negligible amount of protein was detached from the surface.
In addition, we also observed the preserved functionality of the scFv unit which was capable
of capturing 2 uM FFL (Figure 3.7).

3.2.3 Development of a complete protein biosensor

Next, we sought to use as a solid-phase support streptavidin coated magnetic beads instead
of MITOMI devices. Such an approach has the potential to be broadly accessible without
requiring specialized equipment. In addition, readout measurements using a plate reader can
be used instead of complex fluorescent microscope setups.

The general experimental scheme was preserved. First, biotinylated anti-His antibodies
bound to the surface of neutravidin coated Dynabeads were used as FFL capturing probes.
Next, scFv transducer elements were added to the beads allowing the detection of the
exposed FFL peptides. In the case of scFv-T3RNAP the beads were resuspended in a TXTL
containing reporter DNA templates. The sample was directly placed on a plate reader and the
expression of yeGFP measured (Figure 3.8a). In the second scenario in which ZF-scFv was
used, reporter DNA templates were added to the beads and incubated for 15 min allowing
the DNA molecules to be pull-down by the scFv conjugates. Next, after extensive washing
step the beads were placed in TXTL reaction mix inducing yeGFP expression (Figure 3.9a).

Finally, ZF-scFv based biosensor was employed to detect three different concentrations of
FFL: 10 uM, 5 uM and 0.5 uM (Figure 3.8b). yeGFP expression which plateau after 3 h of
incubation was observed in all tested samples. As expected, the FFL concentration strongly

affected the protein synthesis levels. Negligible expression was observed in the absence of
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FFL. In addition, we titrated FFL and we were able to detect concentrations down to 67.5
nM (Figure 3.8c). Finally, we assayed the scFv-T3RNAP biosensor when sampled with 0.5
uM (Figure 3.9b,c). Almost four fold difference in the detection signal was observed after
four hours of incubation. A significant difference was observed between the positive and

negative control.

3.3 Discussion

Here, we established a pipeline for construction, in vitro synthesis and functional validation
of scFv chimeras that can be used as on-demand low-cost alternative to the expensive
conventional ELISA reagents. To obviate the need of complex chemical procedures for
scFv labeling a modular assembly approach was utilized to genetically fuse an anti-FFL
scFv domain to three different u nctional moieties: T3RNAP, ZF and eMa. While T3RNAP
and ZF domains allowed signal detection enhancement, eMa enabled solid-phase surface
immobilization via biotin interrogation. In addition, we developed biosensor containing scFv
transducer elements for the quantitative detection of FFL. Construction and validation of
scFv conjugates toward distinct protein epitopes will be a step toward the development of
entirely genetically encoded biosensor which has the potential to significantly reduce the
cost of the conventional ELISA assays.

3.4 Methods

DNA template synthesis

DNA templates encoding DBDs, eMa and the anti-FFL scFv VH and VL chains were codon
optimized for E.coli and synthesized as gBlocks by Integrated DNA technologies (IDT).
The T3RNAP and yeGFP constructs were amplified from BBa_K346000 part (Registry of
Standard Biological Parts) and pKT127-yeGFP plasmid, respectively. Prior to the PCA
assembly, all sequences coding for scFv conjugate modules were amplified via PCR with
primers containing 25-30 bp flanking overlap regions. Transcription and translation regulatory
elements were included in the primers amplifying the sequences encoding the C- and N-
termini. To yield linear ready-to-expresss scFv conjugate templates 0.1 uM of each assembly
module was added to a PCR reaction that consist of touch-down PCR step (98-72°C, 1 min
extension) and standard PCR step. Primers amplifying the final product were supplemented
in the beginning of the reaction.
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Fig. 3.9 Detection of FFL in nanomolar range with DBD-scFv bead-based biosensor.]
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To generate reporter DNA templates yeGFP gene was amplified with primers containing
regulatory elements including DBD binding site, promoters, RBS site, and terminators. To
quantify the amount of pull-down reporter DNA template by the scFv conjugates during the
microfluidics assay a Cy5-labeled 3’ primer was used.

All PCR reactions were performed by Phusion polymerase (NEB). All sequence are
shown in Table X.

In vitro scFv conjugates expression

scFv conjugates were expressed in vitro using commercial PURExpress (NEB) according
to the manufacturer instructions or home-made TXTL system [218]. The reactions were
prepared on ice and supplemented with Protector RNase Inhibitor (Roche) and disulfide
bond enhancers (NEB). 5 uM gamS or 2.5 uM chi DNA were added to the TXTL system
to support protein expression from linear DNA construct. Template DNA was added to the
reaction mix without purification. Depending on the application the reaction volume varied
between 5-40 ul and thus the DNA volume varied between 0.2-1.6 ul. The reactions were
centrifuged to the bottom of wells in optical 384-well polystyrene plates (Nunc). While
PUREXxpress reactions were incubated at 37 °C for up to 4 h, the TXTL reactions were
performed at 29 °C.

To study reporter DNA concentration-dependent yeGFP expression a dilution series
of DNA template in 5 pul home-made TXTL reactions. Prior to use the reporter DNA
template was purified by PCR purification kit (Qiagen) and the concentration was determined
spectrophotometrically.

The fluorescence of scFv conjugates or reporter DNA template was measured by Biotek
SynergyMx microplate reader (excitation 485 + 9 nm, emission 515 + 9 nm at a sensitivity of
70) Fluorescence intensity was transformed into concentration unit using a GFP calibration
curve acquired by plate reader measurement of 5 ul dilution series of recombinant GFP

protein (Biovision) resuspended in PBS.

Microfluidic device fabrication and epoxy glass slide preparation

All procedures for microfluidic device fabrication and epoxy coating of the glass slides were

performed as described before [21].
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MITOMI setup and operation

The MITOMI devices were operated by actuating the control lines and the flow line pressure
at 15-20 psi and 2.5-3.5 psi, respectively. The chamber valves remained closed during the
experiments. After each solution flow PBS was flushed for 5 min. The accessible surface area
was derivatized by flowing: 1) 2 mg/ml biotin-BSA (Thermo Fisher Scientific) for 15 min
and 2) 0.5 mg/mL Neutravidin (Pierce) resuspended in PBS for 15 min. After these steps the
‘button’ membrane is activated and biotin-BSA solution was flowed again for 15 min. Then a
6.67 nM anti-His antibody solution (Abcam) was flowed across the chip for 2 min, preventing
gradient formation. Next the ‘button’ membrane was opened and the antibody flow was
continued for 15 min. 2 uM FFL resuspended in PBS was flowed for 2 min in ‘button’ closed
regime followed by 5 min flow in ‘button’ open regime. After this steps bench-top expressed
scFv transducer elements were flowed across the chip for 5 min. The device was placed on a
fluorescent microscope setup and an image is taken (GFP channel, 40x, 250 ms, 100% laser
power) to determine relative scFv conjugates amounts when in solution phase. The chip was
washed in a ‘button’ closed regime and an additional image was obtained to determine the
relative amount of bound scFv conjugates. Next, reporter DNA template with cognate ZF
binding site was flowed for 5 min. Additional images (Cy5 channel, 40x, 250 ms, 100%
laser power) were obtained before and after wash with activated ‘button’ membrane. Finally,
PUREXxpress was flowed for 5 min with a pressurized ‘button’ membrane. The exit valve
was activated for 1 min while the solution is being continuously flowed on-chip in a ’button’
open regime to build-up pressure. Finally, the exit valve was opened and the sandwich valves
were closed allowing segregation between individual chambers. Images (GFP channel, 40x,
250 ms, 100% laser power) were taken every 5 min during the first two hours and every 30

min during the next 6-12 h to monitor the yeGFP expression profile.

Bead-based assay

MyOne™ Streptavidin T1 beads (Life Technologies) were used for all bead-based assays.
Each reaction was set to 10 ul for which 2 ul of beads were resuspended in 1x PBS.
Afterwards, the beads were pelleted using a magnetic stand (Invitrogen DynaMag™-Spin)
for 30—60 s until the solution is clear. The supernatant was carefully aspirated. The beads
were washed three times with 20 utl of 1x PBS. Each washing step involves adding the wash
solution, mixing the solution by aspiration until the beads are resuspended, then pelleting the
beads and removing the supernatant. The beads were pelleted again and resuspended in a
10 pl mixture of pre-incubated for 15 min FFL and 200 nM biotinylated anti-His antibody

(Abcam). Next, the bead reaction was incubated at room temperature for at 15 min with
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Table 3.1 DBDs characteristics

size [bp] DNA target sequence binding mode
Zif BDB 264 tGAG GTA GTGt monomer
MarA 381 ATGGGAGGTTTTGCTAAAT monomer
SoxS 321 ATGGGAGGTTTTGCTAAAT monomer

gentle agitation. Following the incubation, the beads were pelleted against the magnetic stand,
washed three times with 20 ul of 1x PBS, and resuspended in 10 ul pre-incubated solution
of bench-top expressed 250 nM scFv transducers and 100 nM reporter DNA template, in
the case of ZF-scFv. The mixture was again incubated for 15 min at room temperature
with gentle agitation. Next addition washing procedure was performed and the beads were
finally resuspended in 10 ul TXTL solution containing reporter DNA template, in the case
of scFv-T3RNAP. Finally, the bead solutions were pipetted in optical 384-well polystyrene
plates (Nunc). The plate was spin down quickly in order the solutions to be placed at the
bottom of the wells, later the used wells were covered with 35 ul of Chill-Out Liquid wax
(Biorad) to avoid evaporation. Reactions were performed in a Biotek SynergyMx plate reader
at 37°C with constant shaking. Every 2 min for 4 h EGFP fluorescence (excitation 485 + 9

nm, emission 515 + 9 nm at a sensitivity of 70) were measured.

Data analysis

All images and acquired data were analyzed by custom Python scripts.



Chapter 4

In vitro biophysical characterization of
CRISPR-Cas9

4.1 Introduction

CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats—Cas9-associated)
system provides a RNA-mediated adaptive immune response against invading plasmids
and bacteriophages in prokaryotes and algae organisms [39, 197, 243]. Its original role
has been repurposed and today it is widely used as an RNA-guided DNA targeting tool
[12, 197]. The system is composed of a Streptococcus pyogenes Cas9 endonuclease which
when programmed with a dual-guided RNA or a chimeric single-guided RNA (sgRNA)
is capable of binding and cleaving 17-20 bp target DNA site flanked at the 3° end with
short nucleotide sequence called protospacer adjacent motif (PAM) [6, 215]. The ease
of use and programmability has driven CRISPR-Cas9 widespread adoption in different
genome-editing applications [25, 50, 130]. It rapidly became the preferable tool compared to
Zinc Finger Nucleases (ZFNs) [226] and Transcription Activator Like Effector Nucleases
(TALENSs) [149], both of which require cumbersome assembly and characterization. In
addition, disruption of the Cas9 endonuclease activity allows the use of the system in various
gene activating (CRISPRa) [49, 91, 115] and gene repression (CRISPRi) [49, 91, 179] studies
as well as real-time imaging [40, 91, 151].

The specificity of the CRISPR-Cas9 system is of utmost importance for its safe translation
in genome modification and gene therapy applications [214]. However, a number of in vitro
[170] and in vivo [44, 92, 120, 133] studies have posed concerns about its off-target binding

and cleavage activity that can cause unwanted mutations and chromosomal rearrangements.
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Currently, the design of the sgRNA relies on the use of predictive algorithms [9, 145, 146,
253]. However, such computational models are typically based on parameters obtained from
biochemical experiments and genome-wide studies. In addition, molecular features playing
arole in CRISPR-Cas9 specificity such as guide RNA stability, conformation and binding
strength are usually completely neglected given that they still remain largely unexplored.
Thus, the development of tools allowing rapid high-throughput CRISPR-Cas9 biochemical
characterization was needed. In-depth exploration of the factors determining CRISPR-Cas9
binding specificity in reproducible and cost-effective manner can aid to the optimization of
the current in silico predictive models and as well as the scope of CRISPR-Cas9 applications.

In this work we developed a high-throughput microfluidic platform for rapid interrogation
of the binding and cleavage activity of an in vitro reconstructed CRISPR-Cas9 system. Our
approach enabled precise control over the concentration of all essential system components-
Cas9, sgRNA and DNA targets,- which is a prerequisite for reproducible quantitative mea-
surements. Furthermore, it bypassed expensive, time-consuming and tedious cell-handling
and protein purification procedures increasing its scalability and feasibility. We were able to
rapidly, within a day, screen two small mutant DNA libraries and infer information about
the mutation tolerance levels of the in vitro Cas9/sgRNA system and the impact of sgRNA
sequence on the Cas9 DNA interaction. Finally, we also obtained insight into the correlation
between CRISPR-Cas9 binding and cleavage activity.

4.2 Results

4.2.1 Design and synthesis of cell-free reconstructed CRISPR-Cas9 sys-

tem

We first established a pipeline for the in vitro synthesis of all essential CRISPR-Cas9
components including Cas9 protein, sgRNA, and DNA targets. This approach obviated
long and labor-intensive cell-handling and protein purification procedures. In addition, it
also took advantage of the MITOMI microfluidic platform for coupled expression and rapid
CRISPR-Cas9 biochemical characterization.

To test both binding specificity and cleavage activity we used two types of Streptococcus
pyogenes Cas9 proteins- a catalytically-active Cas9 and catalytically-dead Cas9 (dCas9) that
contains point mutations at the RuvC and HNH cleavage domains [68, 98]. Cas9 genes were
cloned under the control of a T7 promoter that facilitated Cas9 in vitro synthesis. In addition,
a yeGFP-tag was fused to the C-terminus of dCas9 allowing ease of protein concentration

quantification as well as pull-down via anti-GFP antibody. The protein yields after 2 h of
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incubation with commercial cell-free PURExpress system at 37°C were typically in the range
of 0.6-1.4 uM.

To simplify the assay a chimeric sgRNA instead of a dual-guided RNA was used. Evalu-
ation of their activity revealed similar functionality. For the sgRNA synthesis we used an
in vitro transcription system. To drive the expression of double stranded DNA bearing T7
promoter at the 5° end followed by 20 bp DNA, homologous to the protospacer region, and a
long sgRNA DNA scaffold located at the 3’ terminus, was used. We designed two sgRNA
possessing different secondary structures in order to explore the effect of sgRNA sequence
and conformation on the CRISPR-Cas9 binding specificity.

For profiling the binding and cleavage activity of the in vitro reconstructed Cas9/sgRNA
complex two different mutant libraries, which we refer to as CC and L DNA library, were
used. Both of them were comprised of short double stranded DNA templates labelled with
biotin and/or fluorophores allowing pull-down, when necessary, and DNA quantification.
The designed templates were composed of 20 bp protospacer region followed by a 5°-NGG-3’
PAM sequence and two flanking regions of random sequences. In addition, all of them
possessed a mutation window with different length (from 4 bp to 16 bp) and position at the
DNA protospacer region (Figure 4.1).

4.2.2 Initial validation of the cell-free reconstructed CRISPR-Cas9 sys-

tem

Next, we developed a general strategy for evaluation of the binding specificity of the in vitro
reconstructed CRISPR-Cas9 system on MITOMI. An overview of the procedure is shown in
Figure 4.2a,b. Upon synthesis the DNA library was spotted on a glass slide used to program
the microfluidic device; every single spot was compartmentalized within an individual unit
cell. A dilution series of each DNA sample was used enabling quantitative measurements of
the Cas9/sgRNA DNA interrogation to be obtained. After performing standard surface chem-
istry, a dCas9/sgRNA complex was flowed across the chip and pulled-down by immobilized
anti-GFP antibody. The complex was assembled bench-top by premixing 250 nM dCas9 and
4x excess of sgRNA in a binding buffer. Next, the spotted DNA templates were rehydrated
and allowed to interrogate with dCas9/sgRNA exposed on the surface. Finally, after reaching
equilibrium the signal from the free DNA molecules in solution was measured, the chip was
washed and rescanned to quantify the signal from the on-chip immobilized dCas9 and the
capture DNA targets.

Initially, dilution series of two 60 bp Cy5-labeled DNA templates were used for spotting:

(1) a consensus DNA target and (2) a random DNA sequence that was used as a negative
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flanking region protospacer PAM flanking region
L ATCTTAAGGCTAGAGTAC GACGCATAAAGATGAGACGC CTGATCCGGCGGTATGAC
L1 ATCTTAAGGCTAGAGTAC CTGCETATITCTACTCACGC CTGATCCGGCGGTATGAC
L2 ATCTTAAGGCTAGAGTAC CTGCETATITCTTGAGACGC CTGATCCGGCGGTATGAC
L3 ATCTTAAGGCTAGAGTAC CTGCETATAAGATGAGACGC CTGATCCGGCGGTATGAC
L4 ATCTTAAGGCTAGAGTAC CTGCCATAAAGATGAGACGC CTGATCCGGCGGTATGAC
L5 ATCTTAAGGCTAGAGTAC GACGETATAAGATGAGACGC CTGATCCGGCGGTATGAC
L6 ATCTTAAGGCTAGAGTAC GACGCATATTCTTGAGACGC CTGATCCGGCGGETATGAC
L7 ATCTTAAGGCTAGAGTAC GACGCATAARGAACTCACGC CTGATCCGGCGGTATGAC
cc+ ATCTTAAGGCTAGAGTAC gggaattaaccctcactaaa CTGATCCGGCGGTATGAC
cc- ATCTTAAGGCTAGAGTAC gggaattaaccctocactaaa CTGATCCGGCGETATGAC
cc1 ATCTTAAGGCTAGAGTAC titcattaaccoctocactaas CTGATCCOGCOGTATGAC
cc2 ATCTTAAGGCTAGAGTAC gggacogcaccctocactaaa CTGATCCGGCGETATGAC
ccs3 ATCTTAAGGCTAGAGTAC gggaattacsasatcactaaa CTGATCCGGCGETATGAC
cc4 ATCTTAAGGCTAGAGTAC gggacggcacccdacataaa CTGATCCGGECGEETATGAC
ccs ATCTTAAGGCTAGAGTAC gggacggcaccctoacyoo CTGATCCGGECGEETATGAC

N
T

protospacer
PAM
3!
h 5’

Fig. 4.1 Sequences of CRISPR-Cas9 DNA libraries Sequence alignment and annotations

of the L and the CC DNA library. The mutation windows are shown in red.
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control. The chip was multiplexed and dCas9 alone or in preformed complex with sgRNA
were flowed. Addition of sgRNA sufficiently enhanced the dCas9 binding to the consensus
DNA sequence, proving the role of the sgRNA as an allosteric activator of Cas9 DNA binding
(Figure 4.2¢,d). On the other hand, only negligible Cas9/sgRNA binding was observed when

the random DNA sequence was assayed.

4.2.3 High-throughput analysis of CRISPR-Cas9 biochemical proper-
ties
Evaluation of the binding specificity and affinity of CRISPR-Cas9

Next, we measured the Cas9/gRNA CC library interrogation (Figure 4.3a) We observed that
four adjacent nucleotide substitutions located at the protospacer ‘seed’ region (the sequence
situated next to the PAM site) as well as complete elimination of the PAM site strongly
affected Cas9 binding. Sliding the mutation window away from the ’seed’ reconstituted the
binding and there was negligible position-dependent difference. To investigate whether this
observation holds true for another sgRNA-DNA pair, we tested the L library (Figure 4.3b).
Interestingly, the binding affinity toward the consensus DNA target was lower compare to one
measured for the CC library. In addition, the binding trends differ from the ones observed
before. Preservation of the four base pair adjacent to the PAM was not sufficient to support
stable dCas9/sgRNA binding as shown for the CC library. Up to twelve bases from the PAM
site were required to be error-free in order the mutations to be tolerated. Mutation windows
composed of 8 or 12 base were shown to almost completely eliminating the dCas9/sgRNA
binding. The results suggest the importance of sgRNA sequence and for well-controlled
CRISPR/Cas9 interrogation.

Evaluation of the cleavage activity of CRISPR-Cas9

Upon binding to the DNA substrate the wild-type Cas9 is undergoing large conformational
rearrangements causing DNA hydrolysis. Data from genome-wide sequencing studies have
suggested that ‘off-target” DNA binding is not always supporting DNA cleavage [225, 246].
To study Cas9/sgRNA DNA binding and cleavage correlation we monitored the enzymatic
activity of the CRISPR-Cas9 system on MITOMI. For this, dCas9 variant was exchanged
with enzymatically active wild-type Cas9. In addition, the surface functionalization was
reverted. Instead of Cas9/gRNA complex immobilized on the surface, a biotinylated dual
fluorescently labelled DNA targets were bound. An overview of the experiment procedure
is shown in Figure 4.4a. Upon flowing and 2 h incubation of the preformed Cas9/gRNA
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complex, signal drop in the fluophore intensity of the free (non-biotinylated) DNA strand, an
indicator for CRISPR/Cas9 system cleavage activity, was observed. Negligible enzymatic
activity was detected when sequences without PAM site or possessing mutation in the region
adjacent to the PAM site were used (Figure 4.4b,c). This suggests that stable pairing between
the Cas9/sgRNA and the DNA template is required for DNA cleavage. In addition, for those
experiments we also made use of guide RNA composed of crRNA and tracrRNA. The results

showed similar trends.

4.3 Discussion

Here, we successfully the in vitro reconstructed CRISPR-Cas9 system and validated its
functionality. By utilizing the MITOMI microfluidic platform we rapidly and in a high-
throughput manner probed the binding affinity of two Cas9/sgRNA complexes toward two
mutant DNA libraries. The obtained absolute quantitative data allowed us to take a glimpse
of their binding profiles. In general, the in vitro Cas9/sgRNA system showed high mutation
tolerance. The results suggest that the sgRNA sequence and thus conformation structure is
strongly affecting the affinity between CRISPR-Cas9 and the DNA targets. In addition, we
were also able to study Cas9 cleavage and binding activity toward identical DNA targets for
which a high correlation was observed.

Overall, we have shown the promise of MITOMI to be used as a tool for rapid high-
throughput biochemical characterization of CRISPR-Cas9 activity, for both binding and
cleavage activity. Given the high-content quantitative binding information that can be
acquired, the platform can serve as a source for parameters used to model complex genetic
regulatory networks improving the CRISPR-Cas9 performance in various synthetic biology
applications. In addition, it can aid to the widely used prediction algorithms which mainly
rely on qualitative data from poorly controlled in vivo studies.Other avenues that can be
opened are comparison and characterization of the growing plethora of CRISPR associated
proteins, currently 33 different subtypes have been identified. All of them are showing
distinct DNA interrogation mechanisms, control of nuclease activity and binding properties,
however their integration is slowed down due to the current lack of efficient platform for
characterization. The in vitro reconstruction allow ease of component recharging of the
dCas9/sgRNA system while the MITOMI system flexibility allows multiplex approach for

protein variants characterization.
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4.4 Methods

DNA manipulations

Plasmids pMJ824(pET-T7p_Cas9) and pMJ841(pET-dCas9) were ordered form Addgene.
pMJ841 was used as a template for the amplification of the dCas9 gene. The product was
subsequently cloned into a previously generated pUC19-T7p_yeGFP plasmid using the
Gibson Assembly Master Mix (NEB) according to the manufacturer’s instructions. Prior
to the Gibson assembly the pUC19-T7p_yeGFP plasmid was linealized, 1 ul Dpnl (NEB)
was directly added to the PCR reaction which was subsequently incubated for 1 h at 37° to
eliminate plasmid carry over. The gibson product was transformed in chemically competent
E.coli cells (NEB). Upon transformation the 100 ul of the cell inoculums were plated
overnight at 37° on 100 pug amplicillin agar plates. Next, 10 ul cloning PCR reactions
were performed by using 5 of the grown clones on the agar plates. Taq polymerase was
used for the amplification. The clones with proper length was inoculate in LB medium
supplemented with 100 pg amplicillin and incubated for 8 h at 37°C. Plasmids were isolated
from each inoculated clone and their concentrations were determined with a Nanodrop
spectrophotometer. Sanger DNA sequencing revealed that no sequence alterations were
introduced during the cloning process.

Double stranded DNA templates coding for the sgRNA molecules were generated via
PCR. Equimolar concentrations of a 127 nt long single stranded sgRNNA DNA template and
sgRNA universal primer 5’AAAAAAAGCACCGACTCG3’ were added to a 50 ul PCR
reaction, the final concentration of the DNA oligonucleotides was 500 nM. The reaction
was carried out at 60°C for 5 cycles to ensure complete primer extension. Subsequently, the
product was purified by PCR purification kit (Qiagen) according to manufacturer instructions
and stored at -20°C for later use.

The CC and L DNA libraries were prepared either by isothermal Klenow extension by
using the Comp Cy5 primer as previously described [21] or by a two-step PCR reaction. The
two-step PCR reaction consists of: 1) a PCR reaction in which equimolar concentrations of
oligonucleotides encoding the DNA target and universal Comp Cy5 primer were premixed
together in a 50 ul reaction to a final concentration of 5 M, 2) an amplification of the double
stranded DNA template, generated during the previous step, by using a 5’-biotinylated primer
and the Comp Cy5 primer.

All oligonucleotides used in the study were ordered for IDT. All PCR reactions were
performed by Phusion polymerase (NEB) if not otherwise stated.
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In vitro synthesis of Cas9 and sgRNA

Both Cas9 and dCas9 were synthesized using the commercial PURExpress kit (NEB) ac-
cording to manufacturer instructions. The reaction volume was 5 ul, each reaction was
supplemented with 0.2 ul RNase inhibitors (Roche) and DNA protein encoding template
with 50 ng/ul final concentration. For the Cas9 the in vitro transcription and translation
was performed on a PCR machine at 37°C for 3 h. In the case of dCas9 the reactions were
centrifuged to the bottom of 384-well polystyrene plates (Nunc) and EGFP fluorescence
(excitation 485 = 9 nm, emission 515 + 9 nm at a sensitivity of 70) was measured every
two minutes for 3h by a Biotek SynergyMx plate reader. The quantification of the dCas9
concentration was based on a previously generated GFP calibration curve [154].

sgRNAs were synthesized under sterile conditions by using the MEGAscript T7 kit (Am-
bion) following the manufacturer instructions. After the RNA expression 1ul Turbo DNAse
(Life Technologies) was added directly to the 25 .1 reactions and incubated for 15 min at
37°C. After the digestion the RNAs were purified by lithium chloride precipitation method.
The RNA molecules was resuspended in H20. The quality of the RNAs was checked by
agarose gel electrophoresis and their concentrations were determined spectrophotometrically.

Upon this step the samples were store at -20°C for up to two weeks.

In vitro reconstruction of Cas9/sgRNA complex

Bench-top expressed dCas9 and sgRNA were resuspended in binding buffer containing
20 mM Tris pH=7.5, 100 mM KCI, 1 mM DTT, 50 pug/ml heparin, 0.01% Tween, 100
ug/ml BSA, 5% glycerol. The final concentration of the samples was 250 nM and 1000 nM,
respectively. The reaction was incubated for 15min at 37C.

For the cleavage assay the binding buffer for Cas9 and sgRNA assembly was modified
and contained 20 mM HEPES pH=7.5, 100 mM KCl, 5 mM MgCl12, 1 mM DTT, 5% glycerol.
The final components concentration as well as incubation conditions were kept the same. In
case of tracrRNA and crRNA, the concentrations of the two molecules were 1000 nM each.

Microfluidics device fabrication and epoxy glass slides preparation
MITOMI 768 device fabrication and epoxy glass slides preparation were performed as
previously described [21].

DNA arraying

Upon synthesis each DNA target was diluted in 2% BSA in water, allowing visualization

during alignment and preventing covalent linkage between the glass slide and the DNA.
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Afterwards 2x dilution series was prepared and plated in a 384-well plate (ArrayIT) used for
DNA spotting on the glass slides with by MP2 pin. The samples were delivered two times to
each spot. Upon DNA arraying the microfluidic device was aligned manually with SMZ1500
(Nikon) stereoscope and bonded overnight at 80°C.

Surface chemistry and MITOMI operation

The device was operated by setting the control lines and the flow line pressure to 15-20
psi and 2.5-3.5 psi, respectively. Initially, the chamber valves remained closed to prevent
any liquid from resuspending the spotted DNA samples. The accessible surface area was
derivatized by flowing 1) 2 mg/ml biotin-BSA for 20 min followed by PBS washing for 5
min; 2) 0.5 mg/mL Neutravidin (Pierce) resuspended in PSA for 15 min followed by PBS
washing for 5 min. Afterwards the ‘button’ membrane was closed and biotin-BSA solution
was flowed for 20 min followed by PBS washing for 5 min. For the binding assays, 6.67
nM solution of biotinylated anti-GFP antibody was flowed for 2 min to prevent gradient
formation, the ‘button’ was opened and the antibody flow was continued for 15 min. After
this step the ‘button’ was closed and the pre-assemble dCas9/sgRNA complex was flowed
for 2 min, the ‘button’” membrane was reopened and the flow was continued for Smin. The
device was flushed with PBS for Smin, while the ‘button’ were closed. Subsequently the
chamber valves were opened and the exit valve closed allowing dead volume filling and
DNA spot resuspension. Next, the chamber valves were closed and exit valve open and
PBS washing was done for Smin. Finally, the sandwich valves were closed, the chamber
valves as well as the ‘button’ was opened allowing DNA diffusion to the detection chamber
and DNA Cas9/sgRNA interrogation. The device was place on a hot plate for 3 h at 37°C.
After the incubation the chip was scanned by fluorescent microscope (Nikon) to detect the
DNA templates in solution. The button and chamber valves were closed and the sandwich
valves opened. The chip was washed with PBS for 5 min and imaged again to detect the
trapped DNA templates as well the dCas9 signal. For the cleavage assay, instead of anti-GFP
antibody flow the PBS was used to resuspended the DNA spots in a way similar to described
above. Closing the sandwich valves and opening the ‘button’ and chamber valves allowed
DNA target immobilization via the exposed Neutravidin molecules. After reaching binding
equilibrium the ‘buttons’ were closed and PBS washing was performed for 5 min. An image
of the chip was acquired. Afterwards, preassemble Cas9/sgRNA complex was flowed for
Smin. The sandwich valves were closed and the button valves open. The chip was incubated
for 3 h at 37°C on a hot plate. Finally, the chip was washed with PBS for 5Smin and addition
image was obtained.
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Image and data analysis

The microfluidic device was scanned using a fluorescent microarray scanner (Array Worx
Biochip Reader, Applied Precision, USA). The images were analyzed using microarray image
analysis software (GenePix Pro v6.0, Molecular device). Non-linear regression analysis of
the data was performed using Prism 5.0 (GraphPad).






Chapter 5

Single Molecule Localisation and
Discrimination of DNA-Protein
Complexes by Controlled Translocation
Through Nanocapillaries

Reprinted with permission from: Roman D. Bulushev*, Sanjin Marion*, Ekaterina Petrova*,
Sebastian J. Davis*, Sebastian J. Maerkl, and Aleksandra Radenovic (2016) Nano Lett., 2016,
16 (12), pp 7882-7890 *Equally contributing authors

Using optical tweezers we performed controlled translocation of DNA-protein complexes
through nanocapillaries. We used RNA polymerase (RNAP) with two binding sites on a short
(7.2 kbp) DNA fragment and a dCas9 protein tailored to have five binding sites on A-DNA
(48.5 kbp). Measured localisation of binding sites showed a shift from the expected positions
on the DNA which we explained using both analytical fitting and a stochastic model. From
the measured force versus stage curves we extracted the non-equilibrium work done during
the translocation of a DNA-protein complex and used it to obtain an estimate of the effective
charge of the complex. In combination with conductivity measurements we provided a proof
of concept for discrimination between different DNA-protein complexes simultaneous to the
localisation of their binding sites.
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5.1 Introduction

DNA-protein interactions ubiquitously regulate almost all aspects of cellular function, such
as DNA chromosome maintenance, replication, transcriptional regulation, and DNA repair
[139]. Most of these interactions occur after complex protein search and binding to a
sequence specific DNA target. Because of the broad spectrum of possible interactions it is
crucial to gain a better understanding of DNA-protein association, specifically the intricacies
of binding.

Over the years, numerous methods have been developed to elucidate the role of DNA-
protein interactions in cellular processes and to facilitate the translation of research into
biotechnological applications [69]. Eletrophoretic mobility shift assay (EMSA) [67], nuclease
footprinting [62], Selex-based approaches [191], protein-binding microarray approaches
[32, 132], chromatin immunoprecipitation-based microarray (ChlIP), ChiP-seq [13, 101,
159] inhibition of enzymatic degradation are among the most frequent ensemble methods
used to reveal sequence-specific protein binding to DNA. While quantitative analysis of
thermodynamic and kinetic parameters can be assessed by surface plasmon resonance (SPR)
[56], by EMSA, or, more recently, by mechanically induced trapping of molecular interactions
(k-MITOMI) [70]. These methods, even though they are successful in probing average
interaction characteristics, disregard fine details of DNA-protein complex formation. In
addition, most of them employ the use of chemical crosslinking agents, labelling tags and/or
complex amplification protocols that can interfere with the proper protein conformation and
as a result the proper DNA-protein interaction.

Single-molecule (SM) techniques have emerged to complement these methods and
are suitable to characterize rare DNA-protein interactions with high sensitivity and reveal
interesting phenomena deriving from the complex mechanisms and inhomogeneous dynamics
of DNA-protein interactions.

For example, atomic force microscopy (AFM) [102] and fluorescence resonance energy
transfer (FRET) [86] have been used to describe the global structure of DNA-protein com-
plexes and to probe assembly dynamics. Besides localisation, SM techniques such as optical
[242] or magnetic [57] tweezers can reveal binding dynamics, elongation rates, and pausing
of DNA-protein complexes.

Nanopore-based sensing and force spectroscopy are the latest, label-free, additions to the
growing plethora of SM methods used to detect and characterize DNA-protein interactions
[30, 90, 175, 181, 199, 204, 203, 215]. In free translocation experiments local analyte
characteristics can be directly related to the time-dependent ion conductance. Due to their
tunable size, solid-state nanopores are well-suited to detect proteins attached on a long double
strand of DNA [17, 205]. Although free translocation experiments allow high throughput
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detection, the high speed of translocations and the large distribution of translocation times
complicate localisation of protein sites [175, 251]. In addition, nanopore-based sensing
is performed in non physiological conditions in a buffer with high salt content (> 0.4 M)
allowing for detection only of certain DNA-protein complexes that are capable of sustaining
such conditions.

To overcome these hurdles we have recently used a combination of glass nanocapillaries
and optical tweezers to detect and characterize different proteins bound to DNA [30]. We were
able to elucidate their effective charge and role of the drag force, present due to electroosmotic
flow in glass nanocapillaries [122—125]. Compared to free translocations our system allows
to isolate and trap single DNA/DNA-protein complexes inside a nanocapillary and translocate
them back and forth with a controlled speed in order to obtain biophysical information from
force and current data. In addition, experiments in this system are performed in physiological
conditions imitating the natural environment for DNA-protein complexes.

This study extends and complements our previous work by focusing on precise protein
localisation, charge and size discrimination based on force and current traces, aided by robust
analytical and numerical modelling. In this work we made use of two well characterised
DNA binding proteins E.coli RNA polymerase (RNAP) and dCas9. RNAP-DNA complex
formation is critical for the initiation of gene transcription. On the other hand, dCas9, as a
part of the CRISPR-Cas9 complex, has been utilised in various genome engineering studies
alongside transcription activator-like effector nucleases (TALENS), zinc finger nucleases
(ZFNs) [21], etc. One of the biggest advantages of dCas9 is its ease of programmability,
dCas9-DNA complexes can be formed at different sites by means of different guide RNA
molecules thus allowing us to investigate in details the fine resolution of our method.

Our method recognizes specific or high affinity sites whilst characterising their size and
charge and, as any SM force spectroscopy-based technique, could be adapted to monitor

DNA -protein interaction dynamics.

5.2 Results

5.2.1 Controlled traslocation of DNA-protein complexes trough nanocap-

illaries

The set-up used in this work is the same as in our previous study on controlled translocations
of DNA-protein complexes [30, 31] and is similar to what has been used with solid state
nanopores [106, 107, 204, 224] and nanocapilleries [164, 209]. A simple PDMS fluidic
cell allows the separation of two chambers by a glass nanocapillary (schematic in Figure
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5.1a). A polystyrene bead, previously coated in DNA-protein complexes, and trapped with
optical tweezers, is brought to a distance y from the opening of the nanocapillary. By
applying a voltage bias the DNA is driven inside the nanocapillary which is confirmed by a
corresponding drop in current and force (Figure 5.1b). Once the DNA is inside the capillary
a nanopositioning stage moves the capillary in the opposite direction until the DNA exits.
The conversion between stage position z and bead to capillary opening distance y is linear in
all our data so we use relative distances in z and y interchangeably.

The controlled translocation of DNA continues smoothly with a change of the stage
position z, marked by a flat force profile (Position 1 on Figure 5.1b), until a DNA-protein
complex approaches the opening of the capillary (Position 2). Near the opening there is the
largest gradient of the electrostatic potential and the largest electroosmotic flow, and thus the
largest force on the complex. In thin nanopores, for example solid state nanopores that are
close to two dimensional, the potential gradient is well localised. For capillaries it depends on
the manufacturing process [123, 30], and causes an electrostatic potential more extended in
space of the form ~ 1/(1+x/&) with £ the electrostatic decay length [30, 31] and x growing
inside the capillary with the origin at the opening. In our experiments we found & ~ 75 nm
by fitting to the tails of the force profiles for bare DNA [31]. When the force exerted by the
external potential on the DNA strand is comparable to the force exerted on the DNA-protein
complex the protein "jumps" to the other side of the capillary opening (change from position
2 to 3 on Figure 5.1b) [30]. This is identified by a characteristic peak at y, in both force
and current (Position 3 on Figure 5.1b). A nett positively charged complex, as in out case,
will jump outside the nanocapillary (positive work) followed by an increase in the length
s (coiling) of DNA between the capillary opening and the bead. As the stage position z is
increased, the complex stays at the same position until the extension of the DNA returns to
the pre-jump level (Position 4 on Figure 5.1b). After the contour length s has become tense
again, a change in the stage z also moves the DNA-protein complex. A negatively charged
complex first causes a coiling, before jumping when the DNA has accumulated sufficiently
resulting in a mirrored jump shape (negative work) [204]. The jump profile in current and
force can be used to discriminate bound proteins as is shown later but both can also be used

as a tool to localise the binding site.

5.2.2 Localising protein binding sites on DNA

To study localisation of proteins we used dCas9 and RNAP which are known to bind to
specific sites along DNA. [41, 148] In contrast to free translocation experiments [181, 203],
we carried out our experiments in physiological ionic and pH conditions. All DNA-protein
complexes were probed in the same buffer (100 mM KCl, 10 mM HEPES, 5% glycerol, pH
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Fig. 5.1 Set-up and detected signals during controlled translocations of DNA-protein
complexes through nanocapillaries (a) Schematic of the experimental set-up. The distance
between the optical trap equilibrium position and the capillary opening (stage distance) is
marked as z, the distance between the capillary opening and the surface of the bead is marked
as y. The total length of the DNA is L, while s is the length of the DNA contour between
the bead and the capillary opening. The bead to protein distance, as measured along the
contour, is marked s,. (b) Typical force and current curves are shown as a function of the
stage z with the jump location marked as y, and the DNA exit out of the capillary marked as
vx. The protocol used to move the stage and thus pull out the DNA was a linear increase of z
with a speed v ~ 500 nm/s. We measured the relative distance Ay, between two points y,
and y,, and the protein jump width is marked as Az. The force curve is marked at locations
corresponding to the individual schematics placed above: 1- before the protein approaches
the area of the jump, when the force on the protein becomes comparable to the force on the
DNA, 2- location at the moment of the jump when the force on the protein is larger than
the force exerted by the DNA on the protein, 3— the moment the protein has finished the
jump, and the DNA has coiled, 4— after the jump when the DNA coiling has reduced and the
protein is moving with the stage.
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7.5) barring the addition of 0.01% TWEEN to RNAP to prevent sticking of the protein to
the capillary. Applied voltage bias varied between 150-200 mV to optimize the capture rate
during bead approach and signal to noise ratio of the current measurement. In the case of
dCas9 we took advantage of the single guide RNA technique to engineer five distinct sites
along the 16500 nm (48.5 kbp) A-DNA, whereas for RNAP we probed two distinct sites
along a shorter, 2450 nm (7.2 kbp) DNA (see Methods). In the case of dCas9 we performed
experiments both with a single RNA guide present in the mixture as well as with several (two
and three). The presence of multiple binding site possibilities did not affect the localisation
of each individual site and shows the potential of using our method to perform multiplexed
localisation. Indeed in some cases we were able to observe multiple binding events on the
same DNA. Measured protein binding locations for all sites are shown in Figure 5.2a and
5.2b as histograms. The binding site position Ay, = y, —y, was determined as the distance
between the DNA exit out of the capillary (y,) and the position of the protein jump inside
the capillary (y,) (Figure 5.1b). For each binding site studied we obtained a histogram
which included both specific and unspecific events with clustering seen at positions close
to the theoretically predicted ones. We eliminated all events which deviated strongly from
these clusters as non-specific binding. With larger statistics this method may be able to
better assess non specific binding of proteins and determine if any differences are present
in size or charge which would hint at variation in binding interactions between specific
and non specific binding. Non-specific binding has been seen both in vivo and in vitro
[246, 120, 38, 160] and results, for example in the case of dCas9, from mismatching between
the RNA guide sequence and the DNA, bulge formations, or transient binding [215]. The
obtained localisation has an average standard deviation of 97 nm and 49 nm respectively for
dCas9 and RNAP, with a smaller error near the free end of DNA and thus a smaller error for
shorter DNAs, as seen with RNAP. We assume the error comes from a wide distribution of
drag forces on the DNA strand, the stochastic nature of the process, unspecific interactions
not taken into account by our statistics, friction between the DNA and the capillary (if the
pulling occurs off axis), and a minor contribution also comes from the different voltages
used. To verify that there is no dependence on the translocation protocol we performed a
reverse protocol (threading the complex into the capillary) but found no difference in the

localisation value which we attribute to a small or negligible hysteresis [204, 30].

Localisation shift and analytical modelling

Although we localised protein binding sites, both thanks to force and current traces (Fig.
5.3a), the positions were shifted in comparison to the expected locations (Fig. 5.2a,b). For

positions close to the free end of the DNA strand, the shift is small, or even negligible
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Fig. 5.2 Localisation of protein binding sites on DNA in physiological conditions (a)
Localisation histograms obtained from force curves for five dCas9 sites along A-DNA done
in 100 mM KCl, 10 mM HEPES, 5% glycerol, pH 7.5. Black, vertical, dashed lines represent
expected (theoretical) binding sites at 1100, 3567, 5315, 7118, and 10557 nm from the free
end. Different coloured histograms represent different binding sites with only specific events
shown. In total 17 different capillaries were used across the five sites and the number of
single complexes used is 20, 42, 24, 31, and 54 for each site respectively. (b) Localisation of
two RNAP binding sites along a 2448 nm long DNA in 100 mM KCl, 10 mM HEPES, 5%
glycerol, 0.01% TWEEN, pH 7.5. Black, vertical, dashed lines are theoretical binding sites
at 395, and 753 nm from the free end. In total 4 different capillaries were used across the
two sites and the number of events is 49 and 43 for each site respectively. Insets in panel a
(b) represent the density plot of 60 (122) averaged force curves for dCas9 at site 1100 nm
(RNAP at site 800 nm) which were shifted to the same DNA force level and normalized to
a probability of 1 for each z. Force curves also include events without an equal DNA base
level before and after the jump that were not used for later non-equilibrium work analysis.
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in the case of one RNAP binding site, and it grows as the expected position is closer to
the tethered end of DNA. Fig. 5.3a shows how the difference between the measured and
expected positions for dCas9 and RNAP (inset) Agpir; = (L —s,) — Ay, depends on the
theoretical location of the complex. This shift can be explained by taking into account that
the experimentally measured distance Ay, is not the same as its position s, along the DNA
contour. At any distance y between the capillary opening and the bead, the DNA is extended
to a contour length s such that the extension (s) = y/s < 1. The shift Ay, is due to an
early exit of the DNA strand out of the capillary (the DNA strand’s exit length s, is shorter
than the full length L of the DNA strand), caused by fluctuations, as well as the DNA being

extended by the pulling force. For each contour length s there is a corresponding y such that

Ayp :Sx,u(sx)_sp.u(sp)a (5.1

with s the contour length corresponding to the DNA exit location y,. The effect on the
localisation shift is that it makes the apparent protein position smaller than expected.

The extension of the DNA molecule, u(s) = y/s, which is required to explain the shift,
can be obtained analytically in the strong stretching regime [135] which corresponds to the
range of forces on DNA measured in typical experiments [31, 232]. It is useful to compare
how the results change between nanopores and nanocapillaries, as both can be used for
localisation. The force on the DNA can be written as Fpya = ApyaAV f(s) where f(s) is a
general functional dependence of the potential on the length of DNA inside the capillary, such
that f(s) = 1 for nanopores and f(s) =1 — # for nanocapilleries [31, 30]. Apya is the

effective linear charge density of DNA reduced by screening and drag. We assume that the
extending force comes from both the force on the DNA and the force exerted by the complex,
where, if it is small, we can continue in the strong stretching regime. Approximating that the
protein jump is located at the point where the force is largest we can write for the extending
force Foxy = Fpna — Fp(s = sp) = Fpna — ¢V /&. The extension in the high stretching regime

18 then

1

y
s)===1- ,
H(s) s /4Ly Fex [kpT

with L, = 50 nm the persistence length of DNA. Fig. 5.3a shows the analytically obtained

(5.2)

fit (from (5.1) and (5.2)) to the shift for dCas9 assuming a nanocapillary geometry with
E=75nmand V = 175 mV. The fit results in Apys = —0.06 ¢/bp, L — s, = 200nm and
the effective DNA-protein complex charge of ¢* = 5e. The obtained Apy4 is larger than the
experimental mean of —0.04 ¢/bp (Fig. 5.3d) which we attribute to the strong stretching

regime approximations used. Our analytical formulas can predict the shift in the range of
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Fig. 5.3 Protein binding site localisation shift (a) Difference between measured and ex-
pected location A, = (L —s,) — Ay, for dCas9 binding sites on A-DNA. Red triangles
correspond to localisation shift obtained from force curves, and blue circles from current
curves, all for 5 tailored binding sites on A-DNA. Green dashed line represents the best fit
obtained with the analytically derived nanocapillary shift formula. Full black line represents
the numerically obtained fit with & = 75 nm, while shaded area shows the variation of the
numerical fit curve if Apy4 varied from —0.02 e¢/bp (upper border) to —0.08 e/bp (lower
border) as in panel d. Inset shows the same for two RNAP binding sites on a short 2448
nm DNA with an analytical fit with the same parameters as in the full panel except & = 10
nm (most likely due to boundary effects). (b) Comparison of 47 and 110 force versus stage
position curves plotted as density plots for dCas9 and RNAP respectively (left column) with
numerically obtained plots (right column). The sites shown correspond to the same as in
the insets of Fig. 5.2 (i.e 1100 nm and 800 nm for dCas9 and RNAP respectively). Before
averaging, all curves where shifted so that the jump position is at z = 0 and all noisy curves,
without a well defined DNA force level before and after the jump, were rejected. (c¢) Plot
of localisation shift obtained from the numerical stochastic model using different values of
the effective charge of the complex for the same parameters as the numerical fit in panel a.
Charge g = 0 corresponds to no protein, i.e. bare DNA localisation shift. (d) Histograms
of measured DNA linear charge density Apya for dCas9 and RNAP attributed to changes in
the electroosmotic flow induced drag force. The histograms correspond to a total of 10 (2)
nanocapillaries used for dCas9 (RNAP) localisation.
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small charges, but in order to better fit the shift, and thus accurately predict the localisation, a

more precise modelling of how the complex charge affects translocation is necessary.

Numerical modelling scheme

To better explain the influence of the DNA-protein complex charge on the shift, we used a
stochastic modelling scheme [93] previously implemented to explain controled translocation
events in both nanopores [204] and nanocapillaries [30]. The model is based on two coupled
Langevin equations for two state variables of the system, the bead position away from
equilibrium at the stage position z, denoted r, and the length of the contour between the
bead and the capillary opening s. We solve two Langevin equations with an external force
determined by the total free energy of the system G(r,s) which has contributions from the
charged DNA worm like chain, optical trap, and a point protein with an effective charge
q* (coming from both electrostatics and electroosmotic flow induced Stokes drag [30]).
Using our stochastic model we can obtain numerical fits to the experimentally determined
shift. Fig. 5.3a shows the fit obtained with parameters Apys = —0.04 ¢/bp, V = 200 mV,
& =75 nm and an effective charge of the complex ¢* = 10e for dCas9 and the same except
Apna = —0.02 ¢/bp and g* = 12e for RNAP. Apy4 values in the fit were taken as the means
of the experimentally measured ones. We can also predict the general shape of the force
curves using our simplified cone geometry (Fig. 5.3b).

Figure 5.3c shows that complex protein charge influences the shift for both positively
and negatively charged bound proteins. The shaded area in Figure 5.3a shows the numerical
fit variation if the linear charge density of DNA changes from its smallest to its largest
experimentally measured value. This can easily account for the large standard deviations
seen on the localisation shift as explained by the wide distribution of effective linear charge
densities of DNA Apys = /IBNA — Apracg seen in the DNA force levels (see Fig. 5.3d).
This is caused by a variability of electroosmotic flow induced drag on the DNA (Aprag)
in nanocapillaries [123, 122, 125, 124, 30]. In spite of the drag force variability we can
account for the experimentally determined localisation shift and thus localise proteins in
a comparable/better range as other SM methods, while being conducted in physiological
conditions. In practice the electroosmotic flow can be controled by coating capillaries with

lipids [85] or polymers [84, 202] thus reducing the experimental error.
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5.2.3 Discrimination of DNA-bound proteins using non-equilibrium
work and conductivity

In order to simultaneously discriminate DNA-protein complexes whilst localising, two
methods, able to detect differences in charge or size, were used. The first is based on non-
equilibrium work analysis of the force curves during the jump [30, 204], the second uses
the characteristic of nanocapillaries to obtain current versus stage curves and uses them to
differentiate proteins using conductivity drops [208].

The stochastic protein jumps being non-equilibrium events, work analysis can be utilized
in order to extract equilibrium quantities used for protein discrimination. Our experiment
starts in an equilibrium state at time 74 and at stage position z4 and ends in an equilibrium
state at time 75 and stage position zg. The work done by a variation of the control parameter
z is then

- B

OH ZB
Wi [ v i = / Fo(2)dz, (5.3)
tA < 74

with v = dz/dt ~ 500 nm/s the speed with which the stage is moving the capillary, and
H the hamiltonian of the system. This is connected to an integral of the measured optical
tweezers force over the stage from the state at z4 to the state at zp, where the protein event
is wholly located in between these two stage positions. The work W; done in an individual
protein jump curve is computed as the area under the peak of the force-distance curve, from
the point it starts to change from the base DNA level until the point it returns to this level.
This work is corrected by subtracting the average force on the DNA W; = W; — FpyaAz. The
measured works W; obtained from force curves can be inserted into the non-equilibrium work

equation first shown by Jarzysnki [96],

W; AG
<exp <_kB_T) > = exp (— kB?"B) , 54

and connected to the free energy difference between the state before and after the jump

AGp. With knowledge of our set-up geometry and parameters, we can connect free energy
differences to physical properties of the DNA-protein complexes. Assuming that the change
of the worm like chain free energy before and after the jump is negligible, that the force
profile returns to the same value after the jump, and that changes in stage and contour length
are approximately equal yp — y4 = sp — 54, the difference in free energies before and after

the jump can be simplified to

Az
E+AZ

AGap=q" V- (5.5)



68

Single Molecule CRISPR-Cas9 Localisation

a b
250 T T
dCas9 RNAP
.
200} + .
[ ]
® o0
| o L ]
o150t . ° . 7
= 8
X~ & ° o o © Qe
— -] o
2 100} ¢ o ¢ .
A B “ AR
EER K -
50F () ) ° E
° 8 ° ‘ e © o
O L 1 L 1 1 1
0 3000 6000 9000 12000 0 300 600 900
Measured Position Ay, [nm] Measured Position Ay, [nm]
c d
T T 12 T
15} [ IRNAP|1 [CIRNAP
/N [1dCas9 1.0} [1dCas9| -
= \ = sl
5 10} Il \ T 5 oe // \\
: | 2o\
B Tillk %
/ / liy 0.2 \
// T “r = Tl -
o JITAREAESE : . ol i &N NNRNI k- Ls
0 50 100 150 200 0 100 200 300 400
Work [k, T] Conductance Drop [pS]

Fig. 5.4 Analysis of works invested into protein jumps and conductance drops (a) Scatter
plots of measured works W; for five different dCas9 binding sites (as in Figure 5.2a). (b)
Scatter plots of measured works W; for two different RNAP binding sites (as in Figure 5.2b).
Here the scale of the x-axis is ten times larger than in panel (a). (¢) Comparison of jump
event works obtained for dCas9 and RNAP. All binding site locations have been put together
for all measurements done at V = 200 mV. Buffer conditions (100 mM KCI, 10 mM HEPES,
5% glycerol, pH 7.5) were the same for all dCas9 sites and with added 0.01% TWEEN for
RNAP. From these distributions AG4p values were computed using the Jarzysnki equality
to be 31.7 and 37.9 kgT for dCas9 and RNAP respectively. (d) Comparison of conductance
changes for dCas9 and RNAP obtained from the maximal change of the conductance during
a protein translocation relative to the DNA level.
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where g* is the effective charge of the complex, V the voltage at which the experiment
was carried out, and Az the width of the jump event.

Using the Jarzynski equality we can determine the effective charges from our non-
equilibrium measurements for discrimination. Work analysis for both dCas9 and RNAP
results in a wide clustering (Figure 5.4a and b) due to the non-equilibrium and stochastic
nature of the translocation events as well as a wide distribution of electroosmotic flow induced
drag. Assuming that there is no difference between binding sites, we can group all the work
values obtained at the same voltage for both dCas9 and RNAP (Figure 5.4c). Although
similar, it is possible to discern two different DNA-protein complex distributions. In order to
quantify the difference, we can apply the Jarzynski equality (5.4) to the obtained distributions.
Using the free energy relation (5.5) with a determined event width Az = 220 and 170 nm, for
dCas9 and RNAP respectively, and an electrostatic decay length & = 75 nm it is possible to
obtain a value for the effective charge of the complex. For dCas9 we obtain g, = 3.1e
and for RNAP gy, p = 3.4e. First we must note the difference between these charge values
(~ 3e) and the charge values obtained in the stochastic fit to the localization shift (~ 10e).
As we have a wide distribution of drag forces, most likely due to different capillaries used,
and thus different flow velocity distributions, we will have a distribution of effective charges
q* due to drag going into the work analysis. Because the Jarzynski equality is biased towards

small works due to the factor e Wi/ksT

, we will preferentially obtain contributions from
smaller charge values, i.e. works, and the distribution will be skewed to show the lower
bound for the complex effective charge. Both RNAP and dCas9 (with GFP attached, see
Methods) having similar hydrodynamic radii (~ 5 nm [99, 188]) we expect them to feel a
similar drag force which would explain the similarity of the determined effective charge. The
determined effective charges will also have a contribution from the bare electrostatic charge,
but we expect a minor contribution as drag overcomes electrostatic charge [30]. In spite of
the similarities of dCas9 and RNAP, the distributions of work values and effective charge
from the Jarzynski equality support discrimination.

To complement the small difference in effective charges of RNAP and dCas9, we can
additionally discriminate them by comparing the current drops obtained simultaneously with
force peaks for both proteins (Figure 5.4d). In a buffer of same ionic strength, RNAP exibits
a larger current drop than dCas9 and enables a clearer discrimination between the proteins
than the non-equilibrium work analysis. The origin of the conductance drop is known to
depend strongly on salt conditions [201] and can be attributed to several different scenarios
(current blockage [111], molecular friction [105], or a change in the advective current from
current polarization [30]). A combination of conductance changes and non-equilibrium

work analysis thus enables us to discriminate two proteins even if they have a similar charge
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or shape. In practice one could use either one, the other, or both methods to discriminate

proteins while tailoring the sensitivity to either charge or size.

5.3 Discussion

We have demonstrated the viability of single molecule force spectroscopy using optical
tweezers and glass nanocapillaries as a sensing tool for discrimination and localisation of
DNA-protein complexes on two proteins: RNAP and dCas9. We detected the proteins
shifted from their expected positions but were able to explain and correct for it by using both
analytical and numerical modelling and localize them to within an accuracy of 50 nm.

In the context of the applicability of this technique, we note the nanopore limit of (5.5).
For thin nanopores (< 5Snm), like graphene [3, 48, 228, 233] and MoS, [127], the free
energy difference for a jump simplifies, under the same assumptions, to AF = g V, with ¢
as the bare electrostatic charge, making the analysis of experiments much simpler as the
dependence on geometry is negligible. However this comes at the cost of a worse signal
to noise ratio for current measurements and harder experiments since combining optical
tweezers with nanopores is significantly more complex than with nanocapillaries. In addition
nanocapillaries are more sensitive to the size of the proteins due to the electroosmotic flow
induced drag that can be reduced and controlled with lipid or polymer surface coating
[84, 85, 202], thus allowing this technique to be tailored to be either sensitive to charge or
size of the proteins, enabling discrimination whilst simultaneously localising them.

We believe that further implementation of optical tweezers combined with nanocapillaries
is robust enough to precisely measure binding sites of previously uncharacterised proteins,
which make up a large part of proteins known to bind to DNA, whilst simultaneously inferring
their apparent hydrodynamic radius and charge. It could also study differences between
different binding conformations, for example, binding of RNAP in the initiation stage versus
the elongation stage, or Cas9 versus dCas9. Not only does our method recognize specific or
high affinity sites whilst characterising their size and charge, but, with enough statistics, could
be used to infer about low affinity or non-specific binding sites. The use of the technique to
detect multiple proteins bound to a single DNA (multiplexed detection) could also be put
to use in detecting the presence of tandem repeats, such as the expansion of a CGG repeat

occuring in Fragile X syndrome [60].
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5.4 Methods

Combination of nanocapillaries and optical tweezers

Quartz capillaries with a 0.4 mm outer diameter and 0.3 mm inner diameter (Hilgenberg)
were pulled using a P-2000 laser-assisted puller (Sutter Instrument) with a program containing
2 lines (Table 5.1). The pulled capillaries had a diameter of 200-300 nm. They were shrunk
to diameters of 43-58 nm under SEM accordingly to [210] using a 500 pA beam current and
3 kV accelerating voltage. Only nanocapillaries with a circular, symmetric opening were
used in this work. The shrunken nanocapillaries were embedded in a PDMS fluidic cell
consisting of two chambers as in [30, 31] and treated by oxygen plasma at ~ 50 W for 2
minutes. Afterwards they were filled with a buffer, containing 100 mM KCl, 10 mM HEPES,
pH 7.5, 5 % glycerol filtered through an Anotop 25 filter (Watman) beforehand. The buffer
used for experiments with RNAP also contained 0.01 % TWEEN to reduce proteins sticking
to the glass walls. The capillaries were used in the setup combining optical tweezers and
nanocapillaries described in [30, 31]. The stiffness of the optical trap estimated using the

power spectrum density method was in the range of 60 -120 pN/um [Neuman and Block].

Line | Heat | Filament | Velocity | Delay | Pull
1 600 4 10 145 0
2 600 4 10 145 | 140
Table 5.1 Laser puller program. A program used to pull capillaries to diameters of 200-300
nm.

Formation of bead-DNA -protein complexes

In order to obtain bead-DNA-protein complexes first DNA-protein complexes were formed
and then they were incubated for 15 min at 37°C, 250 rpm with 10 uL (6.7-10%) 3 um
streptavidin-coated polystyrene beads (Bangs Laboratories) suspended in the experimental
buffer. Afterwards the beads were centrifuged for 5 min, 4°C, 1000 g and the solution was
exchanged to the experimental buffer. The formed complexes were stored on ice during
experiments. For dCas9, fresh complexes were prepared every day, whereas for RNAP the
same complexes could be used for up to two days due to their stability. The experiments
were performed at room temperature. After 45-60 min the buffer in the cis chamber was

exchanged to a new one and new beads-DNA-protein complexes were introduced.
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In the case of dCas9, first, 140 nM of guide RNA was mixed with ~ 7 nM of dCas9 in
the buffer containing 20mM HEPES, 100mM KCI, 5mM MgCl,, ImM DTT, 5% glycerol
and in the presence of 0.5 Units of RNase inhibitors (Roche) for 15 min at 37°C, 250 rpm.

To form a complex of RNAP on DNA a T7A1 promoter was used. On this promoter,
in the absence of UTP in the solution, RNAP stalls in solution after 20 bp [118]. A 7.3 kb
ds DNA fragment containing a biotin tag on one end was obtained by PCR of the plasmid
pRL574 kindly provided by Landick’s lab. 50 nM RNAP (NEB) was mixed with ~ 500
pM of DNA with a single T7A1 promoter, 500 uM ApU (TriLink), 100 uM of ATP, CTP
and GTP (Invitrogen) in a buffer, containing 25 mM Tris/HCI, pH 8.0, 100 mM KCI, 4 mM
MgCl2, 1 mM DTT, 3 % glycerol, 0.15 mg/ml BSA for 30 min at 37°, 250 rpm.

Preparation of dCas9

A DNA encoding the catalytically inactive dCas9 (Cas9(D10A/H840A)) version from S.
pyogenes was PCR amplified from the pMJ841 plasmid (Addgene). The resulting PCR
product was fused at the 3’ end with yeGFP construct and cloned by Gibson assembly into
a custom T7 RNAP expression vector whose sequence was verified by DNA sequencing
(Microsynth). The generated vector was used for the in vitro synthesis of dCas9 yeGFP
tagged protein by PURExpress In Vitro Protein Synthesis Kit (NEB) according to the
manufacturer’s conditions. The protein expression levels were monitored over time using
a spectrophotometer (SynergyMx, Biotek) and the final dCas9 yeGFP concentration was
quantified based on the GFP calibration curve.

Design and preparation of single guide RNAs(sgRNAs)

A-DNA was screened for the presence of PAM motifs (5°X20NGG3’) separated by more
than 5000 bp. Six sgRNAs (single guide RNAs) were designed bearing complementarity
to the 20 bp 5’ adjacent PAM motif sites. sgRNAs secondary structure predictions were
performed by Mfold online software. sgRNAs were prepared by in vitro transcription of
dsDNA templates carrying a T7 promoter sequence. Transcription templates were generated
by PCR amplification of ssDNA templates (IDT)containing the T7 binding site, 20 bp
sequence complementary to the DNA target site and sgRNA scaffold sequence. The sgRNAs
were synthetized by in vitro transcription using the MEGAshortscript T7 Transcription kit
(Ambion) according to the manufacturer’s conditions. The sgRNAs were treated with Turbo
DNAse (Ambion), purified by lithium chloride precipitation method and resuspended in
nuclease-free water supplemented with RNAse inhibitors (Promega). The quality of the

sgRNA was assessed prior to use by agarose gel electrophoresis.
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Stochastic model

We used a stochastic modelling scheme [93] previously implemented to explain controled
translocation events in both nanopores [204] and nanocapillaries [30]. The model is based
on two coupled Langevin equations for two state variables in the system, the bead position
r =y+ p away from equilibrium at the stage position z with p = 1.5 um the bead radius,
and the length of the contour located between the bead and the capillary opening s. We solve
two Langevin equations with an external force determined by the total free energy of the
system G(r,s). The free energy contains contributions from the optical trap , the free energy
of a charged DNA molecule in the nanocapillary Gpya (s), the free energy contribution from
a protein bound to the DNA at position s, G,(s), and the worm like chain (WLC) free energy
of DNA G,,(r,s) which couples the equations. We numerically solve the two coupled
equations, while slowly varying the stage position z with a speed v &~ 500 nm/s from the
DNA being almost completely inside the capillary until it exits. In order to determine any
numerical parameter, we make ~ 100 averages of pulling protocols with random starting

conditions.






Chapter 6
A Microfluidic Biodisplay

Reprinted with permission from: Francesca Volpetti*, Ekaterina Petrova* and Sebastian J.
Maerkl (2017) ACS Synth. Biol., 2017, 6 (11), pp 1979-1987 *Equally contributing authors

Synthetically engineered cells are powerful and potentially useful biosensors, but it remains
difficult to deploy such systems due to practical difficulties and biosafety concerns. To
overcome these hurdles, we developed a microfluidic device that serves as an interface
between an engineered cellular system, environment, and user. We created a biodisplay
consisting of 768 individually programmable biopixels and demonstrated that it can perform
multiplexed, continuous environmental monitoring. The biodisplay detected 10 pg/l sodium
arsenite in tap water using a research grade fluorescent microscope, and reported arsenic
contamination down to 20 pg/l with an easy to interpret “skull and crossbones” symbol
detectable with a low-cost USB microscope or by eye. The biodisplay was designed to
prevent release of chemical or biological material to avoid environmental contamination. The
microfluidic biodisplay thus provides a practical solution for the deployment and application

of engineered cellular systems.

6.1 Introduction

With the advent of synthetic biology, a number of biological sensors have been engineered
capable of monitoring the environment [20, 227]. Although such synthetic biological systems
are in principle powerful sensors and information processing units, they often lack direct

applicability because suitable interfaces between the environment, the user and the engineered
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biological system do not exist [77, 219]. The lack of such interfaces results in problems
related to safely deploying genetically modified organisms (GMOs), while making it possible
for them to interact with the environment and user [244]. Aside from safety concerns,
interfaces can solve practical problems such as keeping the engineered biological system
alive for extended periods of time, automatic and frequent sampling of the environment, and
facilitating readout.

Microfluidics originated as a tool to enable analytical measurements in chemistry and
biology [234]. In the last decades, microfluidic devices have found a plethora of applications
in biology [234] spanning high-throughput screening [131], cell-based assays [18, 157], and
molecular diagnostics [63]. The use of microfluidic devices increases throughput, reduces
cost, and can enable novel measurements [64]. In most instances the purpose of microfluidics
is to enable or conduct analytical measurements of molecules or cells. Few examples depart
from this dogmatic application of microfluidics and instead employ microfluidic devices as
soft robots capable of movement and camouflage [147], or as microfluidic games [187]. One
recent example demonstrated how engineered biological systems can be deployed by com-
bining bacterial sensors with passive microfluidic channels in a wearable hydrogel-elastomer
hybrid device capable of sensing and reporting the presence of diacetylphlorogluicinol
(DAPQ), isopropyl beta-D-thiogalactopyranoside (IPTG), acyl homoserine lactones (AHL)
and rhamnose [127].

We previously developed a method to culture and interrogate 1152 S. cerevisiae strains
on a microfluidic device. Each strain was cultured in a dedicated microchemostat and was
interrogated optically to provide single-cell, phenotypic information on each strain. We
applied this platform to the comprehensive, single-cell analysis of yeast proteome dynamics
[46] and a detailed characterization and modeling of transcriptional regulation in yeast [182].
Here we show that this approach can be used to generate a bacterial biodisplay. Unlike
previous bacterial biodisplays [177], each of the 768 pixels can be independently programmed
with a specific bacterial strain or clone. We used the biodisplay to characterize the response
of several engineered bacterial strains to small molecule analytes for extended periods of time.
To demonstrate environmental monitoring, we programmed the biodisplay with a “skull and
crossbones” symbol using a bacterial arsenic sensor strain. The symbol is displayed when
arsenic contaminated water is sensed by the biodisplay. We also demonstrated a multiplexed
biodisplay that reports on the presence or absence of two small molecules: arabinose and
arsenic. The use of an easy-to interpret symbolic display drastically simplifies analysis, and
is readily understood by a layman without any special hardware or analysis requirements. To
enable field-deployment of our biodisplay we showed that readout can be conducted using

an off-the-shelf low-cost USB microscope, a cellphone, or direct visual inspection. Finally,
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to increase shelf life and facilitate shipping/deployment of the biodisplay we programmed
the device with B. subtilis spores, which allowed storage of the display at 80°C for 1 month
without any detectable decrease in viability or sensing functionality.

6.2 Results

6.2.1 Biodisplay Programming, Culturing, Sampling and Readout

The biodisplay has a resolution of 48 x 16 for a total of 768 programmable pixels with a
density of 64 pixels per inch (Figure 6.1a). Each pixel consists of a 250 um square cell
chamber, two side channels for medium and sample introduction, sandwich valves to isolate
adjacent pixels and a neck valve to isolate the pixel from the side channels. Each pixel of
the biodisplay can be programmed with a different bacterial strain. Standard microarray
spotting was used to array bacterial cells or spores on an epoxy-coated glass slide. E. coli
was spotted in medium containing 10% glycerol to preserve cell viability, as we observed
that dried E. coli spots failed to regrow after spotting. B. subtilis spores could be spotted in
water without addition of glycerol. The bacterial array was then aligned to the microfluidic
chip and bonded at 37°C for 1 h.

After assembling and bonding the biodisplay, cells were allowed to recover overnight
using an automated culturing routine (Figure 6.1b). A medium reservoir was attached to
the device and the waste outlet was connected to a receptacle containing 70% aq. EtOH to
immediately sterilize and contain the device outflow. First, the entire device was loaded with
medium by out gas priming [80]. Once the device was fully primed with medium, cells were
cultured with the following three-step culturing routine: (i) flowing medium through the
side channels (10 min), (i1) allowing medium to diffuse into the biopixels (45 min) and (iii)
flowing lysis buffer through the side channels (10 min). Whenever fluid was flowed through
the side channels, the biopixel chambers were sealed off from the side channels using a set
of valves. In step (ii) the biopixel valves were opened to allow diffusion of molecules in
and out of the biopixel chamber. During this step, individual pixels were isolated from one
another by closed sandwich valves. The lysis segment of the culturing routine prevented
biofilm and microcolony formation outside of the biopixels [10]. By actively preventing
accumulation and growth of cells in areas other than the biopixels we avoided device clogging
and allowed experiments to proceed for several days; the longest experiment conducted here
lasted 1 week. Culturing was performed at 37 °C using a thermo glass plate (Okolab).
Culturing at 37 °C increased growth rate, leading to faster accumulation of biomass, but was

otherwise not required and incubation at room temperature was also possible. After overnight
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Fig. 6.1 Biodisplay schematic and use. (a) Design of the two-layer microfluidic device
(control channels in blue and flow channels in green). The device is composed of 16 rows
and 48 columns for a total of 768 biopixels. Each pixel consists of a chamber (1), chamber
valve (2), sandwich valves (3) and side channels (4). The side channels in turn can be
specifically addressed using the side channel valves (5). A bacterial cell array is spotted
on a glass slide and aligned with the PDMS chip. (b) The culturing sequence consists of
3 steps: (1) flowing medium with the chambers closed (10 min), (i1) incubation with the
sandwich valves closed and chamber valves open (45 min), and (iii) flowing lysis buffer with
the chamber closed (10 min). (¢) The sampling sequence consists of 4 steps: (i) flowing the
medium in both side channels (10 min), (ii) flowing the sample in one side channel (10 min),
(iii) incubation with both medium and sample (45 min), and (iv) flowing lysis buffer (10
min). The sequence is than repeated continuously for the extent of the experiment. (d) The
biodisplay can be imaged using a standard research grade epi-fluorescent microscope, a USB
fluorescent microscope, a cellphone camera, or by eye.
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culturing, each bacterial spot had outgrown, and populated its dedicated biopixel. We did
not observe any contamination resulting from microarraying. Cells occasionally populated
empty biopixels during culturing, which was avoided by spotting a non fluorescent E. coli
strain in otherwise empty biopixels.

Once the biodisplay was online, we switched from the culturing routine to a sampling
routine that enabled frequent testing of a liquid sample (Figure 6.1c). The sampling routine
was identical to the culturing routine, with an additional step added prior to diffusive mixing
of the pixel and side channels. After flowing medium through both side channels, the sample
was flowed through one of the side channels. During the diffusion step, both medium and
sample were allowed to diffuse into the biopixel chambers. This process allowed us to
aspirate a water sample directly, rather than having to premix it manually with the medium
solution. By using a dedicated sampling port, it was possible to automatically sample a
source for extended periods of time in 75 min intervals without user interference.

We employed a standard research grade epi-fluorescent microscope (Nikon) and a hand-
held, low-cost USB fluorescent microscope (Dino-Lite) for device readout and quantitation
(Figure 6.1d). The standard epi-fluorescent microscope equipped with a motorized stage was
programmed to image each biopixel individually whereas the hand-held USB microscope
could image either the entire display at once or acquire several subsections. Both approaches
were used to acquire time-course and end point measurements. We also demonstrated that
the biodisplay could be observed directly by eye using a LED flashlight and an emission

filter, and images could be acquired using a standard cellphone camera.

6.2.2 Multiplexed characterization of bacterial strains

We tested the biodisplay device by culturing and characterizing nine E. coli strains engineered
to induce GFP or RFP expression in response to arabinose (Table S 6.1). These strains were
obtained from the iGEM registry of standard biological parts and were generated by various
student teams. The fluorescent protein genes were under the regulation of a pBAD promoter
or derivatives thereof. We programmed the biodisplay with the nine strains, each strain filling
2 columns of the device for a total of 32 pixels per strain. Strains were induced with arabinose
after overnight culturing at 37°C. Consequent culturing and induction were performed at room
temperature (23-24°C) (Figure 6.2a) or 37°C (Figure S6.5). Room temperature induction was
used in order to assess the performance of the biodisplay and cell-based sensors at ambient
temperature in order to reduce platform complexity by eliminating the need for a temperature
control element.

We designed the biodisplay device so that it was possible to specifically address four

sets of four rows with a different solution. We used this modality to characterize each strain
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Fig. 6.2 Using the biodisplay for strain characterization. (a) Fluorescence kymograms of
nine arabinose-sensing E. coli strains. Shown is a representative biopixel for each strain
and condition tested. The strains were induced twice for 24 h with 0.006 mM, 0.066 mM,
0.666 mM and 6.66 mM arabinose. (b) Quantitative analysis of fluorescence pixel intensities
for each strain under four arabinose concentrations. The yellow background denotes the
two induction periods. Each data point represents the average of eight pixels with error bars
representing to the std. deviation of the means.
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against four arabinose concentrations: 0.006 mM, 0.066 mM, 0.666 mM, 6.66 mM (0.0001%,
0.001%, 0.01% and 0.1% w/v) arabinose in lysogeny broth (LB) medium. Altogether,
we tested 36 strain — inducer combinations by measuring nine strains in response to four
arabinose concentrations with eight technical repeats for each combination. The biodisplay
was placed on an automated research-grade fluorescent microscope and imaged over time.

We performed two consecutive 24 hour inductions, with the second induction starting
51 hours after the end of the first (Figure 6.2). Upon induction we observed a measurable
signal in all strains. All three of the GFP strains showed a strong response to 6.66 mM
arabinose while only strain #3 induced highly in response to 0.666 mM. Strains #1 and #2
induced to low levels in response to 0.666 mM and failed to induce to appreciable levels
at lower arabinose concentrations, whereas strain #3 also induced in the presence of 0.066
mM arabinose. These results indicate that strains #2 and #3 could be used in combination to
distinguish three different inducer concentrations ranging over 3 orders of magnitude. All
RFP strains induced expression to differing degrees in response to 6.66 mM arabinose and in
the cases of RFP strains #2-6 also to 0.666 mM arabinose. All strains, with the exception of
strain GFP_1 slowly decreased in intensity during the 51 hour de-induction period. Strain
GFP_1 exhibited a transient expression profile with signal beginning to decrease during
the induction phase. GFP_1 is also the only strain that failed to induce during the second
induction when cultured at room temperature but induced well in the second induction when
cultured at 37°C (Figure S6.5). The transient expression profile can be attributed to the
DHS5-alpha background used and the presence of a LVA protease tag which is not present in
any of the other strains tested.

Using the same approach we tested nine engineered arsenic responsive bacterial strains
[142, 231]. We chose arsenic responsive strains for use in a biodisplay for low-cost, con-
tinuous environmental arsenic monitoring. After overnight growth, we flowed LB medium
supplemented with 0 pg/1, 10 pg/l, 100 pg/l and 500 pg/l sodium-arsenite for 24 hours and
quantitated GFP expression over time. The experiment was performed at room temperature.
Strain EDI_as_4 in particular showed high expression of GFP and detected sodium-arsenite
down to 10 ug/l (Figure S6.6). We thus chose this strain for all further arsenic sensing
applications.

This series of experiments demonstrated that our biodisplay is a viable high-throughput
platform for long-term culturing and characterization of bacterial strains. Theoretically, up to
768 strains can be characterized in parallel on this platform under dynamically changing me-
dia conditions [46], which is otherwise difficult to achieve using existing standard microplate

batch cultures or low-throughput microfluidic devices.
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6.2.3 Biodisplay

High levels of arsenic in groundwater are common in a number of countries including China,
India, and the USA. Not only is arsenic a concern in water supplies, high arsenic levels have
also been found in a number of food sources [128], particularly rice [87, 141]. In Bangladesh,
an estimated 20—45 million people are affected by arsenic levels that exceed the national
standard of 50 pg/L. and the WHO/EPA standard of 10 pg/L. Worldwide it is estimated that
over 200 million people are exposed to unsafe arsenic levels of 10 pug/L or above [150].
Arsenic also tops the ATSDR substance priority list, which lists those substances “determined
to pose the most significant and potential threat to human health”. Our biodisplay could serve
as a continuous environmental water monitor that is low-cost, deployable in resource limited
settings, and easy to interpret.

We programmed our biodisplay with an arsenic sensing E. coli strain (EDI_as_4) spelling
“As”, the elemental symbol for arsenic, and a ““skull and crossbones” symbol commonly
used to warn of toxic substances (Figure 6.3a). All pixels not programmed with the arsenic
sensing strain were programmed with a nonfluorescent strain to prevent invasion and cross-
contamination by the arsenic sensing strain. After overnight growth, sodium-arsenite in tap
water was sampled every 75 min by the device using the sampling routine described above.
The biodisplay was kept at room temperature for the entire duration of the sampling routine.
Using the research grade fluorescent microscope for readout, the biodisplay detected as little
as 10 pg/L sodium-arsenite, and 20 pg/L sodium-arsenite was detected with the hand-held
low-cost fluorescent USB microscope (Figure S6.7). Fluorescent signal and the appearance
of the “As” and ““skull and crossbones” symbols was detected after 10 h by the research grade
microscope (Figure S6.8). After 24 h a strong fluorescent signal had developed that could be
easily imaged with a low-cost hand-held USB microscope. A negative control biodisplay,
which was run under identical conditions but exposed to tap water without added arsenic
showed no detectable fluorescent signal. We also performed an experiment demonstrating that
the biodisplay is able to sense arsenic containing water after 1 day of continuous operation.
After overnight growth, arsenic-free tap water was sensed by the biodisplay for 24 h. After
the 24 h period, the arsenic-free water source was replaced with water containing 50 ug/L
sodium-arsenite and an increase in fluorescent signal was observed over time (Figure S6.9).

Given the large number of programmable pixels and high pixel density on our biodisplay
we explored the possibility of generating a biodisplay that could sense and report the presence
or absence of multiple substances in a sample. We selected the same arsenic sensing strain
as above and the iGEM GFP_3 strain for arabinose sensing. The arsenic sensing strain
was spotted in the form of a “skull and crossbones” pattern whereas the arabinose sensing

strain was spotted in a “smiley” pattern. We performed four separate experiments exposing
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Fig. 6.3 Biodisplay. (a) Arsenic-responsive E. coli was spotted according to the indicated
pattern, spelling “As” and forming a “skull and crossbones” symbol. Twenty ug/L of sodium-
arsenite in tap water was sampled and images were acquired using an epifluorescent and
USB microscope after 24 h. (b) Multiplexed detection of arabinose (blue) and arsenic (red)
by two E. coli strains that were spotted to display a “smiley” and a ”skull and crossbones”
symbol, respectively. Epifluorescent and USB microscope images of the chip were acquired
after flowing all combinations of 6.66 mM arabinose and 100 pg/L sodium-arsenite in tap
water in four independent experiments. Scale bars: 750 um (¢) Quantitation of GFP intensity
after 24 h of induction, measured using the USB microscope. (d) The device exposed to both
arsenic and arabinose, was imaged using a mobile phone. The image was obtained using the
illumination with blue LEDs and a band-pass filter, placed in front of the cellphone camera.
Scale bar: 3.5 mm.
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a new biodisplay to one of the four possible combinations of arsenic and arabinose. After
sampling for 24 h, the biodisplay accurately reported the presence/absence of these two
small molecules (Figure 6.3b). We note that the arsenic-sensing strain used (EDI_as_4)
was engineered to be tunable by arabinose, explaining the difference in intensity of the
“skull and crossbones” symbol between experiments sampling arsenic and arabinose versus
arsenic alone. [231] The patterns could be readily imaged using a research grade and USB
fluorescent microscope. Because of the ease with which the symbols could be visualized we
also tested whether the device could be imaged directly with a cellphone using a blue LED
flashlight for illumination and a fluorescence emission filter held in front of the cellphone
camera. Both symbols could readily be imaged with this simple setup (Figure 6.3d). The
symbols could also be seen by eye using the LED flashlight and emission filter. Imaging was
performed in an illuminated laboratory during daylight hours, with a small curtain shielding
the device from direct sunlight (Figure 6.3d, Figure S6.10).

6.2.4 Spores Enable Long-Term Storage

In order to develop a biodisplay that can withstand long-term storage and shipping without
requiring a cold chain or special conditions, we explored the use of bacterial spores. Bacterial
spores are well-known for their incredible robustness to adverse environments [194, 7] and
thus would be ideal for programming a long-term storage biodisplay.

We generated spores from two B. subtilis strains, each containing a genomically integrated
Phy-spank promoter driving the expression of either mCherry or GFP. The spores were spotted
onto glass slides together with B. subtilis and E. coli cells. The slides were aligned and
bonded to a microfluidic device. These biodisplays were then stored for 1 day or one month
at 40 and 80°C. After the storage period we introduced LB medium (Figure 6.4a,b). Neither
E. coli nor B. subtilis cells could be grown after any of the storage condition tested. Only
when spotted in the presence of glycerol and without an extended storage period could E. coli
and B. subtilis cells be grown on-chip. B. subtilis spores, on the other hand, germinated after
all storage conditions, notably even after incubation at 80 °C for one month. Germination
was observed as early as 1.5 h after the start of the culturing routine. To test whether a
spore-based biodisplay retains sensing capability after storage at 80 °C for one month, we
induced reporter expression with 1 uM IPTG and observed a rapid increase of fluorescence
within 90 min. B. subtilis biopixels not exposed to IPTG remained nonfluorescent (Figure
6.4c). To decrease the risk of environmental biological and chemical release, the entire spore
biodisplay with attached tygon tubing was embedded in PDMS (Figure S6.11a). No adverse
effects on spore germination and induction were observed (Figure S6.11b,c). Increasing the

flow pressure from 20 to 140 kPa as well as the actuation pressure of the control valves from
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Fig. 6.4 Spore biodisplay. (a) Each table entry represents the number of chambers with
observed growth divided by the total number of spotted chambers for a specific temperature
and time condition. (b) Bright-field images of a magnified view of the central part of
representative pixels after storage at 80°C for 1 month. Images were acquired immediately
after spots were resuspended in medium and after a 5 h incubation at 37°C. (c¢) Time-lapse
images of germinated Phy-spank-mCherry B. subtilis spores after storage at 80°C for one
month. Cells were induced with 1 uM IPTG.
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70 to 172 kPa did not lead to device failure, demonstrating its improved tolerance to higher

pressures.

6.3 Discussion

We developed a biohardware device by combining engineered bacterial strains with a mi-
crofluidic chip operated under the control of an automated system. The resulting biodisplay
consists of 768 independently programmable biopixels and we showed that it could culture
bacterial strains for extended periods of time. Continuous culturing with the capability of
dynamically changing media makes the biodisplay a useful platform for high-throughput bac-
teria cell analysis and may find application in high-throughput screening and characterization
of synthetically engineered bacterial strains.

Biological systems are powerful sensors, but challenging to deploy for several reasons.
First, engineered biological systems generally need to be cultivated under fairly well con-
trolled conditions, and often require the presence of antibiotics in order to maintain the
synthetic network. Second, a major concern limiting the applicability of synthetic systems
is the possible escape of genetically modified cells into the environment. Not only is the
escape of GMOs a concern, but also the release of genetic material, which could be taken
up by environmental bacteria through horizontal gene transfer. Our biodisplay solves both
issues by providing a platform that enables long-term culturing, while decreasing the risk of
release of genetic and chemical material into the environment. The small scale of the device
requires low quantities of medium and antibiotics: 2 mL for a 6 day experiment. The device
outflow is sterilized and collected to prevent environmental contamination with biological
and chemical components.

The ability to culture bacterial sensors on the biodisplay for extended periods of time with
frequent readout makes the biodisplay a potentially useful environmental monitoring tool.
We showed that our biodisplay can detect arabinose and sodium-arsenite in tap water using
bacterial strains previously engineered by other research groups [231, 142] and student teams.
Several heavy metal sensors have already been engineered, including arsenic [103, 243],
mercury [243] and lead sensors [19]. Information processing systems also exist, including
genetic toggle switches [66], logic functions [155], band-pass filters [14], and event counters
[59]. By combining event counters or toggle switches with sensors it is possible to implement
memory, which could be useful in instances when the biodisplay can be monitored only
intermittently, but a transient contamination should be logged and reported. The use of
band-pass filters would enable the development of a biodisplay that reports the concentration

of an analyte without requiring quantitative analysis of the reported signal. The biodisplay
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can also reduce the complexity of engineered strains, since functions can potentially be
distributed among several strains [198]. For example, to generate a sensor that senses and
reports the presence/absence of three different substances would not require incorporation of
all three functions into a single strain but could instead be implemented in three individual
strains. It may also be possible to develop chemiluminescent biodisplays or color biodisplays
using chromogenic proteins. Communication between pixels as previously demonstrated
using hydrogen peroxide [177] could be used to couple sensing biopixels, logic biopixels,
and reporter biopixels.

Unlike previous biopixel arrays [177] where each pixel contained the same bacterial
strain, each pixel on our display can be specifically programmed with a different strain,
drastically increasing the multiplexing capacity and information content of our biodisplay
with a maximum of 768 unique strains, each of which could contain multiple, genetically
encoded functions. A previous demonstration of integrating an E. coli arsenic biosensor
in a microfluidic device was limited to a single culture, employed a complex scheme that
decoupled culturing from measurement, and used a research-grade fluorescent microscope
for readout [29]. A scheme called InfoBiology was used for the transmission of information
using arrays of bacterial cells spotted on microtiter sized agar plates [166]. 144 colonies of
a handful of strains were spotted in this scheme, but lacked integration with a microfluidic
device for cell culturing and environmental sampling.

We previously developed a low-cost, portable hardware system that contains all necessary
components for microfluidic device operation, making the biodisplay readily deployable in
resource limited settings [174]. By using bacterial spores the biodisplay can be stored and
shipped under ambient conditions and is viable for extended periods of time. The material
cost of the biodisplay itself is negligible at less than 1 USD per device. In this particular
example a biohardware platform applied to continuous environmental monitoring of arsenic
levels in water could replace a USD 26000 instrument with an annual running cost of over
USD 3000 (Ova 7000, Modern Water Monitoring Limited). The relatively slow response
time of our biodisplay is acceptable in this and other applications, where continued chronic
exposure of a substance is to be avoided. For time critical applications the response time of
the biosensors would need to be improved, for example by developing phosphorylation based
sensors and reporters rather than transcriptional based genetic networks [178].

Programmable biopixel displays drastically simplify device readout and interpretation.
Instead of reporting the presence of arsenic using a display-wide pattern of signal oscillations
[177], our biodisplay generates an easy to interpret “skull and crossbones” symbol. We
showed that this concept can be easily multiplexed using different symbols to report the

presence of multiple small molecules. The number of biopixels is scalable with previous
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work on two layer polydimethylsiloxane (PDMS) chips having demonstrated up to 4160 unit
cells per device [64, 58]. Immediate optical readout without specialized equipment combined
with the fact that computing and decision-making steps are conducted by the biodisplay itself
make it low-cost, easy to deploy, and easy to interpret. Biohardware hybrid devices therefore
combine the advantages of biological systems with the advantages of mechanical, electrical
and optical systems. The ability to engineer biological systems on the molecular level and
combine them with novel hardware opens new opportunities for how biological, mechanical,

electrical and optical systems are integrated and the types of functions they can perform.

6.4 Methods

Materials

All bacterial strains and plasmids used in the study are listed in Table S1. Cells for ar-
senic detection were a gift from Baojun Wang (University of Edinburgh): pBW 103 ParsR-
Amp30C (Addgene plasmid #78638), pPBW300 ParsR-Amp32T (Addgene plasmid #78652),
pBW102 ParsR-Amp32C (Addgene plasmid #78637) and pPBW101 ParsR-gfp (Addgene
plasmid #78636). LB medium was purchased from Applichem Panreac (A0954). 1-(+)-
Arabinose (A3256-100G), 0.05 M (35000-1L-R) and chloramphenicol (23275) were pur-
chase from Sigma. Kanamycin sulfate (T832.1) was bought from Carl Roth. Isopropyl-beta-
d-thiogalactoside for spore induction was purchased from Roche. Schaeffer and Fulton Spore
Stain Kit was bought from Sigma-Aldrich.

Device Fabrication

Device molds were made using standard photolithography techniques. The mold for the
control layer was made using GM 1070 SU-8 photoresist (Gersteltec Sarl, Switzerland) with
a height of 30 um. The flow layer was made with AZ9260 photoresist (Gersteltec Sarl,
Switzerland) with a thickness of 14 um. A Suss MJB4 single side mask aligner was used to
expose the wafers. The flow mold was baked for 2 h at 135°C to anneal the flow channels.
The molds were then treated with chlorodimethylsilane (DMCS) prior to being exposed to
PDMS (Sylgard 184). The double layer microfluidic device were made by using multilayer
soft lithography.(46) For the flow layer, PDMS was prepared with a ratio of 20:1 (part A:B)
and spin coated with a speed of 3000 rpm for 1 min, in order to get a thickness in the range
of 2040 um. The control mold was placed in a Petri dish and coated with a 5:1 ratio of
PDMS, in order to get a 0.5 cm thick device. Both layers were baked for 30 min at 80°C.

Then the control layer was cut and peeled from the control layer mold and placed on top of
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the flow layer. Alignment of the two layers was performed by eye using a stereomicroscope;
markers, placed around the main structure of the device aided the alignment process. After
alignment the two PDMS layers were baked for an additional 1.5 h at 80°C. The chip was
then aligned to a spotted glass slide.

Cell Culture, Transformation and Spore Formation

E. coli and B. subtilis cells were cultured in LB medium at 37°C and 200 rpm with appropriate
antibiotics, when required. All plasmid transformations and E. coli studies were performed
in DHS5-alpha cells. B. subtilis sporulation was performed as described previously [83]. For
spore enrichment, a three day old B. subtilis cell suspension was centrifuge for 1 min at
15000 rpm, the pellet was washed three times with water. Schaeffer and Fulton spore staining

was performed to verify the presence of spores.

Cell Arraying

Overnight cultures of E. coli and B. subtilis were centrifuged for 5 min at 3000 rpm. For
the E. coli display the cell pellet was resuspended in 100 pL LB with 10% glycerol and
appropriate antibiotics. For the spore biodisplay spores were resuspended in water. Cell
suspensions and B. subtilis spore solutions were plated in conical, polypropylene 96-well
plates. The samples were spotted with a 0.7 nL delivery volume pin (946MP2B Arrayit)
on a glass slide by using a microarray robot (QArray2, Genetix). Glass slides were coated
with epoxysilane (3-Glycidoxypropyl-dimethoxymethylsilane 97% AC216545000 Acros
organic). The spotting parameters were as follows: 100 ms inking time, 10 ms stamping
time, max number of stamps per ink 30. A wash procedure was included that consisted of
washing the spotting pin with 70% ethanol for 2 s, washing with water for 2 s followed by
pin drying. Depending on the spotting pattern and number of samples used the spotting time

varied between 10 to 20 min.

Cell-Display Culturing

The E. coli array was aligned to a PDMS chip and incubated for 1 h at 37°C. The spore-array
was aligned to a MITOMI PDMS chip [132] and incubated depending on the experimental
procedure as follows: 40 °C for 1 day, 40 °C for 1 month, 80°C for 1 day, or 80°C for 1
month. After the incubation step the devices were placed on a temperature-controlled glass
plate (H401-NIKON-TI_SR_GLASS/H401_T_CONTROLLER; Okolab) at 37°C. Tygon

tubes were filled with deionized water and connected to the inlets of the control lines,
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pressure was applied in order to actuate the valves. For the E. coli display 68.9 and 13.8
kPa were used, for the control and flow lines, respectively. For the spore-display 103.4
kPa and 24.1-27.5 kPa were used instead. For the spore display we used a 768 unit cell

MITOMI chip [132], but performed the same culturing routine as on the biodisplay device.

For the cell-culturing and sampling routines a custom-written LabVIEW program was used.

During the culturing, LB medium with appropriate antibiotics and lysis buffer containing
30 mM of NaOH (06203-1KG Sigma-Aldrich) and 12% SDS (LL3771-100G Sigma) was
used. Depending on the experimental procedure LB medium or tap water was supplemented
with arabinose, sodium-arsenite, or IPTG. The level of arsenic in the tap water was measured
by a colorimetric arsenic test kit (MQuant Arsenic Test, Sigma-Aldrich) with a LOD of 5
pg/L. Arsenic levels in our tap water were below the detection limit, and based on publically
available data are likely below 2 pg/L [172].

Imaging

Image acquisition was performed on a Nikon ECLIPSE Ti automated microscope equipped
with a LED Fluorescence Excitation System and a Hamamatsu ORCA-Flash 4.0 camera
controlled by NIS Elements. Images were taken at 40x magnification (SPlan Fluor, ELWD
40x/0.60, WD 3.6-2.8, Nikon) in fluorescent and bright field mode. Images of all biopixel
units were stitched together using either the Grid/Collection Stitching plugin in Fiji or a
custom-written Python script. Fluorescent measurements were performed using Genepix
software. A FITC USB fluorescent microscope (AM4113T-GFBW, Dino-Lite) was used to
acquire fluorescent images. Images of 9 subsections of the device were taken, using lower
magnification (10x), and stitched. Pictures were also taken using a cellphone camera. A
band-pass filter, centered at 530 nm with a 40 nm bandwidth, was placed in front of the
camera of the mobile phone, and the LEDs of the FITC USB microscope were used for
illumination of the biodisplay.

6.5 Supplementary information

Identifier Name Host Resistance Inducer Reporter
strain

BBa_I13517 iIGEM RFP_1 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha
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BBa_K1333301 IGEM RFP_2 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha

BBa_K1333300 iGEM RFP_3 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha

BBa_K577004 iGEM RFP_4 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha

BBa_K577882 iIGEM RFP_5 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha

BBa_I13516 iGEM RFP_6 | E. coli | Chloramphenicol | Arabinose RFP
DH5
alpha

BBa_K750000 iGEM GFP_1 | E. coli | Chloramphenicol | Arabinose GFP
DH5
alpha

BBa_K584000 iIGEM GFP_2 | E. coli | Chloramphenicol | Arabinose GFP
DH5
alpha

BBa_K577881 iGEM GFP_3 | E. coli | Chloramphenicol | Arabinose GFP
DH5
alpha

pBW103ParsR_Amp | EDI_as_1 E. coli | Kanamycin Arsenic GFP
30C (78638) DH5
alpha

pBW102ParsR- EDI _as_2 E. coli | Kanamycin Arsenic GFP
Amp32C (78637) DH5
alpha

pBW103ParsR- EDI as_3 E. coli | Kanamycin Arsenic GFP
Amp30C (78638) DHS5
alpha

pBW300ParsR- EDI as_4 E. coli | Kanamycin Arsenic GFP
DH5

Amp32T (78652)

alpha
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plIUN gfp UNIL_1 E. coli | Kanamycin Arsenic GFP
DH5
alpha
pAAUN gfp UNIL_2 E. coli | Kanamycin Arsenic GFP
DHS5
alpha
pVUN gfp UNIL_3 E. coli | Kanamycin Arsenic GFP
DH5
alpha
10pLtetOUN gfp UNIL_4 E. coli | Kanamycin Arsenic GFP
DH5
alpha
pPR arsR abs gfp UNIL_5 E. coli | Kanamycin Arsenic GFP
DHS
alpha
BGSC 3A40 B. sub- | B. sub- IPTG mCherry
tilis  subsp. | tilis
subtilis subsp.
amyE::Physpanksubtilis
mCherry
BGSC 3A39 B. sub- | B. sub- IPTG GFP
tilis  subsp. | tilis
subtilis subsp.
amyE::Physpanksubtilis
GFP

Table 6.1 List of plasmids and strains used in this work
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Fig. 6.5 Biodisplay for strain characterization at 37°C. Fluorescent intensity of GFP or
RFP expression of nine different arabinose sensitive E. coli strains. The cells were induced
twice with 4 different concentrations of arabinose (0.006 mM, 0.066 mM, 0.666 mM and
6.66 mM). The yellow background indicates the induction intervals. The microfluidic chip

was heated to 37°C during the experiment.
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Fig. 6.6 Arsenic-responsive E. coli. EDI_as_4 was spotted on the chip and 4 different con-
centrations of sodium-arsenite in LB were sampled for 24h. GFP expression was monitored
over time using an epifluorescent microscope.
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Fig. 6.7 Arsenic biodisplay (a) Fluorescent images taken using an epifluorescent and USB
microscope after 24 hours of induction with different concentrations of sodium-arsenite (100
pg/L, 50 ug/L, 20 pg/L,10 pg/Land 0 pg/L). Each concentration was sampled in different
devices. (b) Quantitation of the fluorescent signal, after 24 h of induction and measured with
the epifluorescent microscope.
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Fig. 6.8 Arsenic biodisplay over time. Arsenic-responsive E. coli was spotted in a “As” and
a “skull and crossbones” pattern. 20 pg/L of sodium-arsenite in tap water was sampled and
GFP expression monitored over time using an epifluorescent microscope.
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Fig. 6.9 Delayed arsenite sensing. (a) Arsenic-responsive E. coli was spotted in a “As” and
a “skull and crossbones” pattern. After sampling water for 24 h, water containing 50 ug/L
of sodium-arsenite was sampled. The GFP signal was monitored using an epifluorescent
microscope. (b) Fluorescent images of the device after 24 h of water sampling (top) and
others 24 h of water containing sodium-arsenite.
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blue light illumination

aWwhite light illumination

Fig. 6.10 Cellphone image acquisition. (a) The microfluidic chip was illuminated using the
LEDs of a USB microscope (excitation at 480 nm), a band-pass filter centered at 530 nm
with a 40 nm bandwidth was placed in front of the camera of the cellphone. (b) The same
device was illuminated by white light and imaged using the cellphone and emission filter as
in (a). Scale bar 1cm.
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Fig. 6.11 Embedded spore biodisplay. (a) Photo comparing the spore biodisplay and the
embedded PDMS spore biodisplay. (b) Bright-field images of magnified center part of
spotted chambers showing spore germination. Images are acquired immediately after spot
resuspension with medium and 3 h incubation at 37°C. (¢) Time-lapse images of germinated
Phy-spank-mCherry B. subtilis spores after induction with 1 uM IPTG.



Chapter 7
Conclusions and Outlook

Conventional methods for protein characterization are often limited in terms of throughput
and cost. In the thesis we utilized several state-of-art technologies in the field of cell-free
synthetic biology and microfluidics allowing parallel and relatively cheap profiling of custom
proteins and protein complexes.

First, we developed methods for combinatorial assembly of anti-RSV scFv variants
and their rapid characterization by coupled synthesis and biophysical characterization on a
high-throughput microfluidic platform (see Chapter 2). The synthesized proteins retained
their functional properties when expressed in PURExpress. We were able to identify two
scFv variants possessing higher binding affinity compared to the rest of the library members.
However, we did not succeed in measuring small differences between the variants which
may be due to small library size. Another major obstacle was the observed variability in the
protein expression levels. Optimization of the spotting procedure as well as the expression
system composition may help to resolve the problem. Despite all, the developed platform has
the potential to outperform current high-throughput display methods for scFvs screening and
selection by enabling direct mapping of their binding landscape in cost- and time-effective
manner.

Characterizing the binding properties of the scFv library aided to the design of genetically-
encoded scFv-conjugates possessing additional functionalities. The synthesized scFv chimeras
were used for the development of a genetically encoded protein biosensor (see Chapter 3).
The proposed method has the potential to eliminate the used of expensive reagents used in
conventional ELISA assays.

In addition to the synthesis of individual biological molecules we were able to develop
a method for in vitro reconstruction of the CRISPR-Cas9 system. Our cell-free assembly
approach together with high-throughput microfluidic platform allowed rapid screening of the
Cas9/sgRNA binding and cleavage properties. The fast identification of Cas9 orthologous
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as well as structural-guided engineering of the current widely utilized CRISPR-associated
proteins have expanded greatly the CRISPR-Cas9 toolbox [26, 42, 185]. However, the
molecular mechanism behind all these new systems are largely unexplored. The developed
platform can be used for in-depth protein characterization, aid to the functional improvement
of the novel candidates and thus can enable their faster implementation into genome and
epigenome applications.

Finally, we developed a high-throughput microfluidic platform supplemented with auto-
mated valve actuators allowing continuous bacteria cell culturing (see Chapter 5). In contrast
to conventional high-throughput cell culturing methods relying on microtiter plate experi-
ments and expensive robotic equipment, the microfluidic biodisplay has made the process
relatively cheap and amenable to track temporal expression dynamics. For the study we used
cell bioreporters capable of sensing small molecules such as arabinose, arsenite and IPTG.
The platform was programmed with microarray of printed E. coli cells or B. subtilis spores.
This increased sufficiently its scalability and also allowed us to generate custom-defined
patterns simplifying the interpretation of the readout generated by the bacteria response. To
prove the feasibility of engineering in-field biodisplay we employed B. subtilis allowing long
storage at ambient temperatures as well as transportation. Unfortunately, compared to E.
coli currently there are limited number of genetically engineered B. subtilis bioreporter stain.
Furthermore, the platform can be easily implemented with low-cost, portable hardware sys-
tem for microfluidics device operaton, previously developed in the lab [174]. The scalability
and the architecture of the device promise its further use in various studies including cell
response to molecular cues that vary in space and time as well as cell-extracellular matrix

interactions in terms of mechanical force and biochemical signaling.
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Appendix A

Oligonucleotide and gBlocks used in the

studies

VHI1

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAATGCAGGTGACCCTGAGGGAGAGCGGC
CCCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGC
ACCTTCAGCGGCTTCAGCCTGAGCACCGCCGGCATGAGCGTG
GGCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTG
GCCGACATCTGGTGGGACGACAAGAAGGACTACAACCCCAG
CCTGAAGAGCAGGCTGACCATCAGCAAGGACACCAGCAAGA
ACCAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACA
CCGCCACCTACTACTGCGCCAGGAGCATGATCACCAACTGGT
ACTTCGACGTGTGGGGCCA

VHI12

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAatgCAGGTGACCCTGAGGGAGAGCGGCC
CCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGCA
CCTTCAGCGGCTTCAGCCTGAGCACCAGCGGCATGAGCGTGG
GCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTGG
CCGACATCTGGTGGGACGACAAGAAGGACTACAACCCCAGCC
TGAAGAGCAGGCTGACCATCAGCAAGGACACCAGCAAGAAC
CAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACACC
GCCACCTACTACTGCGCCAGGAGCATGATCACCAACTTCTACT
TCGACGTGTGGGGCCA
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Oligonucleotide and gBlocks used in the studies

VHI18

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAatgCAGGTGACCCTGAGGGAGAGCGGCC
CCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGCA
CCTTCAGCGGCTTCAGCCTGAGCACCAGCGGCATGAGCGTGG
GCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTGG
CCGACATCTGGTGGGACGACAAGAAGGACTACAACCCCAGCC
TGAAGAGCAGGCTGACCATCAGCAAGGACACCAGCAAGAAC
CAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACACC
GCCACCTACTACTGCGCCAGGAGCATGATCACCAACTGGTAC
TTCGACGTGTGGGGCCA

VHI3

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAatgCAGGTGACCCTGAGGGAGAGCGGCC
CCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGCA
CCTTCAGCGGCTTCAGCCTGAGCACCGCCGGCATGAGCGTGG
GCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTGG
CCGACATCTGGTGGGACGACAAGAAGGACTACAACCCCAGCC
TGAAGAGCAGGCTGACCATCAGCAAGGACACCAGCAAGAAC
CAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACACC
GCCACCTACTACTGCGCCAGGAGCATGATCACCAACTTCTACT
TCGACGTGTGGGGCCA

VL14

GGGCACCACCGTGACCGTGAGCAGCGGTGGCGGAGGCTCCG
GCGGTGGTGGATCTGGAGGTGGTGGTAGCGACATCCAGATGA
CCCAGAGCCCCAGCACATTGTCTGCTAGTGTCGGCGACCGGG
TGACGATAACGTGTTCCGCGTCAAGCTCAGTGGGATACATGC
ACTGGTACCAGCAGAAGCCCGGCAAGGCCCCCAAGCTGCTGA
TCTACGACACCTTCAAGCTGGCCAGCGGCGTGCCCAGCAGGT
TCAGCGGCAGCGGCAGCGGCACCGAGTTCACCCTGACCATCA
GCAGCCTGCAGCCCGACGACTTCGCCACCTACTACTGCTTCCA
GGGCAGCTTCTACCCCTTCACCTTCGGCGGCGGCACCAAGGT
GGAGATCAAGCCAGCACCTGCTCCA
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VLI15

GGGCACCACCGTGACCGTGAGCAGCGGTGGCGGAGGCTCCG
GCGGTGGTGGATCTGGAGGTGGTGGTAGCGACATCCAGATGA
CCCAGAGCCCCAGCACCCTGAGCGCCAGCGTGGGCGACAGG
GTGACCATCACCTGCAGCGCCAGCAGCAGCGTGGGCTACATG
CACTGGTACCAGCAGAAGCCCGGCAAGGCCCCCAAGCTGCTG
ATCTACGACACCAGCAAGCTGGCCAGCGGCGTGCCCAGCAGG
TTCAGCGGCAGCGGCAGCGGCACCGAGTTCACCCTGACCATC
AGCAGCCTGCAGCCCGACGACTTCGCCACCTACTACTGCTTCC
AGGGCAGCGGCTACCCCTTCACCTTCGGCGGCGGCACCAAGG
TGGAGATCAAGCCAGCACCTGCTCCA

VL16

GGGCACCACCGTGACCGTGAGCAGCGGTGGCGGAGGCTCCG
GCGGTGGTGGATCTGGAGGTGGTGGTAGCGACATCCAGATGA
CCCAGAGCCCCAGCACCCTGAGCGCCAGCGTGGGCGACAGG
GTGACCATCACCTGCAAGTGCCAGCTGAGCGTGGGCTACATG
CACTGGTACCAGCAGAAGCCCGGCAAGGCCCCCAAGCTGCTG
ATCTACGACACCAGCAAGCTGGCCAGCGGCGTGCCCAGCAGG
TTCAGCGGCAGCGGCAGCGGCACCGAGTTCACCCTGACCATC
AGCAGCCTGCAGCCCGACGACTTCGCCACCTACTACTGCTTCC
AGGGCAGCGGCTACCCCTTCACCTTCGGCGGCGGCACCAAGC
TGGAGATCAAGCCAGCACCTGCTCCA

VL17

GGGCACCACCGTGACCGTGAGCAGCGGTGGCGGAGGCTCCG
GCGGTGGTGGATCTGGAGGTGGTGGTAGCGACATCCAGATGA
CCCAGAGCCCCAGCACACTCTCTGCCTCTGTAGGGGACCGCG
TGACCATCACCTGCTCAGCAAGCTCCAGTGTGGGCTACATGC
ACTGGTACCAGCAGAAGCCCGGCAAGGCCCCCAAGCTGCTGA
TCTACGACACCAGCAAGCTGGCCAGCGGCGTGCCCAGCAGGT
TCAGCGGCAGCGGCAGCGGCACCGAGTTCACCCTGACCATCA
GCAGCCTGCAGCCCGACGACTTCGCCACCTACTACTGCTTCCA
GGGCAGCTTCTACCCCTTCACCTTCGGCGGCGGCACCAAGGT
GGAGATCAAGCCAGCACCTGCTCCA

Table A.1 VH and VL DNA templates used for scFv gene assembly
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Oligonucleotide and gBlocks used in the studies

Mota CDRs
according to
Clothria num-

bering  scheme
grafted in scFv-
EGFR scaffold

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAATGGAGGTGCAGCTGGTGGAGAGCGGC
GGCGGCCTGGTGAGGCCCGGCGGCAGCCTGAAGCTGAGCTGC
GCCGCCAGCGGCTTCGCCTTCAGCACCTTCAGCGGCTTCAGCC
TGAGCACCGCCGGCATGAGCGTGGGCTGGGTGAGGCAGACCC
CCGAGAAGAGGCTGGAGTGGGTGGCCGACATCTGGTGGGAC
GACAAGAAGCACAGGTTCACCATCAGCAGGGACAACGCCGA
GAACACCCTGTACCTGCAGATGAGCAGCCTGAAGAGCGAGGA
CACCGCCATCTACTACTGCGCTTCTGCCAGGGACATGATCTTC
AACTTCTACTTCGACGTGTGGGGCCAGGGCACCCTGGTGACC
GTGAGCGCCGGTGGCGGAGGCTCCGGCGGTGGTGGATCTGGA
GGTGGTGGTAGCGACGTGGTGATGACCCAGTCTCCCCTCAGT
CTTCCAGTGAGCCTTGGGGATCAGGCGACCATATCATGTTCA
GCAAGTAGCCGCGTGGGCTACATGCACTGGTACCTGCAGAAG
GCCGGCCAGAGCCCCAAGCTGCTGATCTACTACGACACCAGC
AAGCTGGCCAGCGGCGTGCCCGACAGGTTCAGCGGCAGCGGC
AGCGGCACCGACTTCACCCTGAAGATCAGCAGGGTGGAGGCC
GAGGACCTGGGCGTGTACTTCTGCTTCCAGGGCAGCGGCTAC
CCCTTCACCTTCGGCGGCGGCACCAACCTGGAGATCAAGAGG
GCCGACGCCGCCCCAGCGCCAGCGCCA
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Mota CDRs
according to
Kabat numbering
scheme  grafted
in  scFv-EGFR
scaffold

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAATGGAGGTGCAGCTGGTGGAGAGCGGC
GGCGGCCTGGTGAGGCCCGGCGGCAGCCTGAAGCTGAGCTGC
GCCGCCAGCGGCTTCGCCTTCAGCACCGCCGGCATGAGCGTG
GGCTGGGTGAGGCAGACCCCCGAGAAGAGGCTGGAGTGGGT
GGCCGACATCTGGTGGGACGACAAGAAGCACTACAACCCCA
GCCTGAAGGACAGGTTCACCATCAGCAGGGACAACGCCGAG
AACACCCTGTACCTGCAGATGAGCAGCCTGAAGAGCGAGGAC
ACCGCCATCTACTACTGCGCCAGCGACATGATCTTCAACTTCT
ACTTCGACGTGTGGGGCCAGGGCACCCTGGTGACCGTGAGCG
CCGGTGGCGGAGGCTCCGGCGGTGGTGGATCTGGAGGTGGTG
GTAGCGACGTGGTGATGACCCAGTCACCCCTCAGTCTTCCGGT
CAGCCTTGGTGACCAGGCAACCATTAGCTGCTCTGCATCATCT
CGGGTGGGCTACATGCACTGGTACCTGCAGAAGGCCGGCCAG
AGCCCCAAGCTGCTGATCTACGACACCAGCAAGCTGGCCAGC
GGCGTGCCCGACAGGTTCAGCGGCAGCGGCAGCGGCACCGA
CTTCACCCTGAAGATCAGCAGGGTGGAGGCCGAGGACCTGGG
CGTGTACTTCTGCTTCCAGGGCAGCGGCTACCCCTTCACCTTC
GGCGGCGGCACCAACCTGGAGATCAAGAGGGCCGACGCCGC
CCCAGCGCCAGCGCCA
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Oligonucleotide and gBlocks used in the studies

scFv-EGFR

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAatgCAGGTGACCCTGAGGGAGAGCGGCC
CCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGCA
CCTTCAGCGGCTTCAGCCTGAGCACCAGCGGCATGAGCGTGG
GCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTGG
CCGACATCTGGTGGGACGACAAGAAGGACTACAACCCCAGCC
TGAAGAGCAGGCTGACCATCAGCAAGGACACCAGCAAGAAC
CAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACACC
GCCACCTACTACTGCGCCAGGAGCATGATCACCAACTGGTAC
TTCGACGTGTGGGGCGCCGGCACCACCGTGACCGTGAGCAGC
GGTGGCGGAGGCTCCGGCGGTGGTGGATCTGGAGGTGGTGGT
AGCGACATCCAGATGACCCAGAGCCCCAGCACCCTGAGCGCC
AGCGTGGGCGACAGGGTGACCATCACCTGCAAGTGCCAGCTG
AGCGTGGGCTACATGCACTGGTACCAGCAGAAGCCCGGCAAG
GCCCCCAAGCTGCTGATCTACGACACCAGCAAGCTGGCCAGC
GGCGTGCCCAGCAGGTTCAGCGGCAGCGGCAGCGGCACCGA
GTTCACCCTGACCATCAGCAGCCTGCAGCCCGACGACTTCGC
CACCTACTACTGCTTCCAGGGCAGCGGCTACCCCTTCACCTTC
GGCGGCGGCACCAAGCTGGAGATCAAGccagcacctgetcca
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Mota

GATCTTAAGGCTAGAGTACTAATACGACTCACTATAGGGAGA
CCACAACGGTTTCCCTCTAGAGATAATTTTGTTTAACTTAAGA
AGGAGGAAAAAAAAATGCAGGTGACCCTGAGGGAGAGCGGC
CCCGCCCTGGTGAAGCCCACCCAGACCCTGACCCTGACCTGC
ACCTTCAGCGGCTTCAGCCTGAGCACCGCCGGCATGAGCGTG
GGCTGGATCAGGCAGCCCCCCGGCAAGGCCCTGGAGTGGCTG
GCCGACATCTGGTGGGACGACAAGAAGCACTACAACCCCAGC
CTGAAGGACAGGCTGACCATCAGCAAGGACACCAGCAAGAA
CCAGGTGGTGCTGAAGGTGACCAACATGGACCCCGCCGACAC
CGCCACCTACTACTGCGCCAGGGACATGATCTTCAACTTCTAC
TTCGACGTGTGGGGCCAGGGCACCACCGTGACCGTGAGCAGC
GGTGGCGGAGGCTCCGGCGGTGGTGGATCTGGAGGTGGTGGT
AGCGACATCCAGATGACCCAGAGCCCCAGCACCCTGAGCGCC
AGCGTGGGCGACAGGGTGACCATCACCTGCAGCGCCAGCAGC
AGGGTGGGCTACATGCACTGGTACCAGCAGAAGCCCGGCAAG
GCCCCCAAGCTGCTGATCTACGACACCAGCAAGCTGGCCAGC
GGCGTGCCCAGCAGGTTCAGCGGCAGCGGCAGCGGCACCGA
GTTCACCCTGACCATCAGCAGCCTGCAGCCCGACGACTTCGC
CACCTACTACTGCTTCCAGGGCAGCGGCTACCCCTTCACCTTC
GGCGGCGGCACCAAGGTGGAGATCAAGCCAGCACCTGCTCCA

Table A.2 Sequence of Mota scaffold variants
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