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Abstract

To date little effort has been expended on the construction of cellular mimics from a
minimum number of component parts. Such systems are desirable, because the cellular
mimics could serve as useful tools to more deeply delve into the systems level reactions
that sustain life and as a platform from which new types of technologies could be
generated. Herein the building of cellular mimics that can sense and respond to external
stimuli is presented. The majority of our efforts in building cellular mimics are directed
towards the sensory element. Initially, previously characterized natural and artificial RNA
sensors, i.e. a riboswitches, are exploited. Subsequently, the cellular mimics are

implemented as chemical translators for natural bacterial cells.

To expand the capabilities of the engineered cellular mimics, we sought to develop
a methodology for the selection of new RNA-based sensors capable of detecting new
analytes. The tested methodologies were based on mRNA display and strand displacement
reactions. The mRNA display selection did not lead to the identification of a sensor
responsive to malachite green after eight cycles of selection. Conversely, via ligand induced
triggering of a strand displacement reaction, new RNA sensors for thiamine pyrophosphate
were selected from a small library. The sensors displayed translational control ability as is
typical of certain classes of riboswitches. The strand displacement-based selection method
represents a first step towards the in vitro evolution of sensing elements than can be

exploited for new cellular mimics with programmable sensing capability.
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Chapter 1.

Introducing cell-free synthetic biology

This work has been adapted and improved from:
Piecing Together Cell-like Systems
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17, 1751-1757.
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Synthetic biology is the application of engineering studies to biological entities. In
other words, the practical aspects of engineering disciplines are involved in understanding
and unraveling biological complexity.* The gain in knowledge can also lead to a productive
commercial output, e.g. engineered organisms for biofuel? or drug® production, even if this

is not the only focus. Artificial cell constructions are also investigated.*

Synthetic biology can be divided into two major subgroups of analysis and application: in
vivo and in vitro (Fig.1.1). The former exploits the genetic engineering of bacteria,
mammalian cells and yeast. The aim is to reprogram cellular behaviour. This can be
achieved by the assembly of devices with standard and modular biological parts, e.g.
transcriptional promoters and ribosome binding sites (RBS), to control a specific bacterial
function or output. In vitro synthetic biologists still use and engineer biological devices, but
these are employed to mimic cellular function, such as protein expression or sensing.’ In
other words, in vitro synthetic biology focuses on the reconstitution of biological functions in
a cell-free environment. The building blocks are the components a cell offers, biological

macromolecules as lipids, nucleic acids, proteins, either natural or artificial.®

Mimicking cellular function means to reconstruct those properties that define matter
as alive. A possible drawback in this definition is that life by itself has still to be defined. We
know some of the properties that describe life, but we do not know the threshold for general
identification. A so called top-down approach can be followed to determine a minimal set of
functions a living system displays.” In this method, depletion of unwanted functionalities and
genes down to a minimal system starts from a natural cell. In other words, the complexity of
a living system is step-by-step reduced, even if uncertainty is never removed completely.
Conversely, a bottom-up approach tries to remove the mysteries behind life by
reconstituting their properties from scratch.® The assembly parts are defined, known, non-
living components. The final result is a laboratory-made cell-like system. Although these
cellular mimics are a simpler form of a cell, from their reconstitution we may gain insight into

cellular function and evolution.
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Fig.1.1 Different approaches to building new, artificial cells. Typically, laboratories
begin with chemicals (left) or an existing cell (right). Presumably an approximation of
the last universal common ancestor (LUCA) exists in between these two extremes. A
third approach is to piece together cellular mimics from existing biological components
(bottom). Reprinted with the copyright holder permission, © 2013 Bentham Science
Publishers.

This thesis work exploits a bottom-up approach for the building, characterization and
evolution of new cellular mimics with sensing ability. In this chapter all the necessary
components that we can combine for building a system with life-like properties are
considered. Generally, in order to build a cellular mimic, the necessary components are a
compartment able to grow and divide, a genetic information polymer that can self-replicate,
a system for protein synthesis and a capability to respond and adapt to the environment

(Fig.1.2).
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Fig.1.2. Life-like properties a cellular mimic can be implemented with.

1.1 Compartment formation, growth and division

The compartment function is to define an internal space from an outside
environment, i.e. a barrier. In the inside, molecules can group, interact with each other and
evolve.? Energy can be stored and thus used to promote biological reactions.®
Compartments can be composed of lipids or proteins. Lipids have been widely used in
laboratory constructions of cell-like systems. The ease of forming bilayer structures in water
is the primary cause for their employment. Vesicles can be formed simply by vortexing a
lipid film in an aqueous buffer. The lipid component can consist of fatty acids, mono- and
diacylphospholipids, or other amphiphiles. The lipid composition affects the stability of the

vesicles to solution conditions. While fatty acids demonstrate low stability and robustness,



phospholipids can stand wider ranges of conditions. However, fatty acid vesicles can grow,
divide and uptake nutrients.®***? On the contrary, phospholipid compartments are semi-
permeable and nutrient uptake by simple diffusion is partially inhibited. Thus, phospholipid
vesicles require an engineering approach to exchange small molecules with the external
solution. Pore forming proteins, e.g. alpha-hemolysin,™ or physical mechanisms that induce
packaging defects, such as those that arise at the phase transition temperature,** can be
used. Moreover, changes in the lipid composition can modulate vesicle permeability. For
example, cholesterol concentration above 20 mol% can reduce the permeability of solutes

across phospholipid vesicle membranes™.

Vesicles are not the only system exploited for building cellular mimic compartments.
Water-in-oil emulsion droplets are easily formed by mechanical stirring a mineral oil lipid
phase with an aqueous solution.*® The result is a dispersion of internally hydrophilic
compartments in an oil interface. Such systems allow high encapsulation efficiency of water
soluble molecules, but lack the possibility to exchange directly hydrophilic components with
the external phase.!” Water-in-oil emulsions are better suited for protein and nucleic acid in

vitro evolution, rather than for constructing cellular mimics.*®*®

Systems that mimic the cellular cytoplasm and micro-compartments have also been
exploited, i.e. two (ATPS) and three (A3PS) phase systems. Their composition is based on
the combination of a polyethylene glycol (PEG)-rich solution and a dextran aqueous phase
within giant vesicles.'® Recently, an ATPS has also been engineered to act as a microscale
bioreactor.”® The PEG/dextran solution is mixed with PEGylated lyposomes. The resulting
bioreactor consists of an aqueous two-phase system with an interface of liposomes. This
interesting system where aggregates of liposomes en masse provide barriers that define a
larger aqueous droplet display increased permeability thereby facilitating the uptake of
nutrients and larger macromolecules in comparison to traditional liposomes.*® Moreover, the
compartments are typically of similar sizes and are better suited for the study of cellular

division (see below).
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In the prospective of building a cellular mimic, the compartment should not be
considered just as a physical static element. In fact, cell membranes are dynamic entities,
able to grow and divide. Division has been investigated in cellular mimic constructions
starting from different points of view using protein and non-protein based approaches.
Protein-based efforts arise from studies on the divisome of E. coli.?! FtsZ is a monomeric
protein that polymerizes to form a division ring that allows cell separation. The
polymerization occurs in the middle of the dividing cell. Correct localization of this
constriction Z-ring is due to a set of accessory proteins, belonging to the Min family.
Although the expression of Fts and Min proteins together in vitro into a functioning divisome
has still not been fully achieved, some attempts have demonstrated their feasibility in
reconstructing division processes in vesicles. For example, FtsZ has been engineered to
attach directly to tubular vesicles membrane and, upon GTP dependent polymerization,
causes indentation to the membrane surface.?? Recently, the interaction of FtsZ polymers
and the membrane anchor protein ZipA have been studied in vitro in giant unilamellar
vesicles (GUV).?® At a high density of ZipA molecules, shrinkage of the vesicles is

observable. This effect resembles the division constriction forces obtained in living cells.

Non-protein based division processes are based on chemical-physical forces, such
as osmotic pressures. For example, these forces cause budding and division in
phospholipid vesicles composed of multiple types of lipids that can separate into different
phase domains (ordered and unordered) resembling natural membrane rafts.?* The limit of
this approach is that only one single division is possible, since the daughter vesicles do not
retain the same lipid composition as the mother vesicles. Conversely, vesicles containing
an ATPS in a hypertonic solution are able to overcome the one-cycle division limitation and
to proceed to a second generation of vesicles.?® Notably, this system demonstrated how it is
possible to reconstruct a simple form of division in vitro, even if it is not fully comparable to
an extant living cell. In fact, a vesicle growth phase would be required for a complete

reconstitution of an ongoing replication cycle of the compartment.
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Growth of lipid compartments has been achieved through the simple addition of
micelles to fatty acid vesicles.'* Upon the addition of external forces, e.g. agitation or
through a radical mediated oxidation of thiol group containing compounds that interacts with
the membrane,? division cycles are also possible. Thus vesicle growth and division
coupling is feasible. However, the system is based only on fatty acid vesicle, while
phospholipids do not retain the same dynamics. Nevertheless, Luisi and coworkers
reconstituted one step of the diacyl glycerophospholipid synthesis pathway within a vesicle
via enzymatic synthesis.?” The internal supply system allows the phospholipid vesicle to

grow, since the newly formed lipids naturally insert into the bilayer.

1.2 Genome replication

One property of living systems is reproduction. In this process, the division to
daughter cells is usually coupled to and preceded by replication of the genetic information.
The genome can be either DNA or RNA. In the laboratory, DNA amplification reactions are
routinely exploited. However, reconstruction of PCR reactions in vesicles, although
possible,28 is not feasible for the construction of a cellular mimic due to the need of
temperature steps for thermocycling that the cellular mimic cannot regulate. Moreover, the
reaction to proceed requires oligonucleotides to act as primers. Thus, different methods
have to be explored. In vitro reconstruction of complete genome replication is achieved via
the viral phi29 system. This bacteriophage in fact possess the ability to self-replicate a
linear DNA genome using only four proteins, including a DNA polymerase, a single strand
binding protein, a double strand binding protein and a terminal protein. The process is
isothermal and is demonstrated to work in vitro.?’ Since the priming is protein based, there
is no need to add oligonucleotide primers to initiate replication. Further, since replication in
the phi29 system is end-to-end, the telomere problem is avoided. Non-phi29-based

isothermal DNA replication systems require a DNA polymerase, a single strand binding
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protein, and a helicase. To overcome external oligonucleotide addition, a primase can also
be included.** However, the later removal of the RNA primers synthesized by the primase
would cause a telomere problem in that the ends of the DNA would not be replicated.

Therefore, the DNA would be shortened after each round of replication.

In the aim of overcoming DNA complexity of replication and of reducing the system
to minimal terms, RNA has been considered by some to be an alternative genetic polymer
to DNA. The usage of RNA genomes would notably minimize the complexity of information
processing from genes to protein, as RNA would act both as information storage and
translator. RNA polymerases also do not require primers thus the telomere problem would
not exist. However, the coupling of transcription and translation opens the possibility of
competition between replication and protein synthesis processes. The folding of the RNA
may also influence the RNA polymerase or ribosome binding.** The RNA genome would
require more than 100 genes to sustain protein synthesis. Nevertheless, the information
storage ability and catalytic activity of the RNA could potentially remove the need of protein

synthesis.*

In a recent publication,*® Yomo and coworkers build an artificial system able to
replicate and evolve an RNA genome. The mechanism involves the translation of a genome
encoded RNA-dependent RNA polymerase, i.e. the QB replicase, in a cell-free system.
Through cycles of fusion and division of the compartment, manually performed, the RNA
genome evolves towards a reinforcement of the interaction with the replicase. Even if the
protein expression factors are externally supplied, this experiment shows how it is possible
to build cellular mimics, able to self-replicate and evolve in a Darwinian manner.
Nevertheless, the division and fusion cycles are still decoupled to the replication process. In
this direction, a study from Sugarawa et al.>** demonstrates how DNA replication can guide
a vesicle to divide. However, the composition of the bilayer membrane is not retained after

one division cycle.
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1.3 Protein Synthesis

Naturally reduced genome studies show the evolutionary preservation of genes that
are involved in protein synthesis.*® A core set of almost 100 genes that encodes the protein
expression factors has been established.®* Thus, achieving protein synthesis in cell-like
systems is evolutionary relevant. Moreover, translation processes sustain many of the
described features presented above. For these reasons, accomplishing protein synthesis in
vitro in a cellular mimic is important. Transcription is usually carried out by bacteriophage
DNA-dependent RNA polymerases, e.g. from T7 or Sp6. The translation machinery used is
mostly based on living cells. Bacterial and eukaryotic components are exploited in cell
extracts, i.e. S30 lysates and rabbit reticulocyte lysates, respectively. The undefined
mixtures of lysates retain the complexity of cellular systems, hiding components and
cofactors concentrations. Otherwise, defined, purified components that allow protein
expression can be used. This system (PURE system), based on the technology developed
by Ueda and colleagues,* is composed of singularly purified elements necessary for
protein production. Thus all the components of the in vitro reaction are known. Moreover,

the PURE system lacks protease and RNase activity.

The encapsulation of the PURE system has been exploited for protein synthesis in
vesicles and in water-in-oil emulsions®” and recently in ATPS water-in oil droplets.®®
However, the full reconstitution of the transcription and translation machinery in cell-like
systems has still to be performed. In other words, it is possible to encapsulate by external
addition the components, but the elements cannot be regenerated in the compartment. The
unfeasibility of component regeneration is a main limitation to the use of cellular mimics. In
fact the system is not able to sustain long-term activity. From another point of view, the lack
of internal regeneration is also an advantage, since there is no fear of losing control of the

artificial cell.
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1.4 Interaction with the environment: sensing and responding

The features of life described until now characterize a cellular mimic as a system
able to replicate, grow and divide. However, the system would just be a closed
compartment, excluding uptaking of nutrients, performing functions in a repetitive way.
Nevertheless, living organisms interact and adapt to the environment, mostly regulating
internal processes depending on external factors. The information flow is not only one-way
directed to the cells. Living organism shape and modify their surroundings, establishing a
communication with the environmental solution. Absence of the reciprocal communication
leads to cell death. In order to survive, a cell needs to adapt to the external changes. To
mimic this adaptation process, an artificial system should be able to sense and respond to
stimuli. A sensor is an intracellular converter which allows for the decoding of a chemical
message and to actuate a response reaction with an effector domain. The output is the
result of signaling cascade that leads to gene expression control. The sensing mechanism

is exploited via protein or other molecule-based approaches.

Prokaryotic two component signaling belongs to protein-based regulation class.
These systems are generally composed of a membrane receptor molecule that self-
activates upon ligand binding, starting a cascade response pathway. For example a ligand-
bound receptor phosphorylates a transcription factor, which in turn regulates gene
expression. Two component systems are an excellent toolbox for synthetic rewiring of
natural circuits.® In fact, through rational design it is possible to alter the regulation
specificity towards new substrates.*® Moreover, chimeric proteins can be designed to act as

molecular switches in response to multiple or excluding signals.*°

Protein-based regulation also includes transcription factors responsive to small
molecule ligands. Negative feedback loops have been characterized in vitro and in
liposomes, e.g. an arabinose responsive circuit.** Notably, the seven sigma factors of E.

coli polymerase are exploited, adding control layers in the reaction.
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However protein-based sensing relies mostly on already characterized and
preexisting repressors and transcription factors. In other words, new combinations of
behaviours are achieved, but the players are the same. Attempts to evolve new protein
sensors include the selection of orthogonal systems, which increase the layers of specific
control in reactions. For example, recently, the evolution of orthogonal T7 RNA
polymerases-promoters pairs have been shown in vitro and in vivo, and up to six
combinations have been used simultaneously without cross interference.*? Nevertheless,

other approaches for adaptation mechanisms should be considered.

RNA offers many advantages in the construction of a sense-response mechanism.*®
RNA is a versatile tool from designing and engineering viewpoints. RNA sequences are
easily manipulated since the building components and the interactions are known.
Moreover, most of the properties of the system relies on RNA secondary structure, which
can be readily modeled with computational software, based on the thermodynamics of
structure prediction, e.g. Vienna RNA fold package, or on kinetic parameters for folding
investigation.*® These RNA-based devices should be preferred to protein regulatory
systems since the actuation of the information processing is faster (not involving the protein
synthesis apparatus) and less energy consuming for the system. In other words, synthetic

circuits that rely only on RNA function can be built in vitro and compartmentalized.3%

The assembly of RNA-based sensor devices can be dependent on already existing
natural RNA controllers or newly engineered regulators. Selections, both in vivo and in vitro,
are also a possible way to build new RNA tools, expanding the possibility of the system
towards sensing new ligands (see Chapter 3). The final results are molecules able to sense
a specific molecule and cause a direct or non-direct effect. Direct control involves a
conformational change caused by ligand binding correlated with an activation of the
response actuator domain. For example, riboregulators called antiswitches** have been
engineered in yeast. Antiswitches directly respond to small molecule binding to the

aptameric regions through the exposure or sequestration of a mRNA antisense domain (ON

16



and OFF antiswitches, respectively). Conversely, the non-direct effect is related to a distinct
transmitter domain, e.g. a bridge helix, which coordinates the ligand binding event to
functional regulation.* Many systems are engineered by joining an aptamer domain with a
ribozyme domain. The Hammerhead ribozyme has been coupled and engineered as
transmitter of two functionalities: ligand binding and cleavage activity. These aptazymes
(the name derives from the sum of the two single components) are both rationally
designed*® and selected.*” The actuator domain, upon activation, regulates gene
expression by several mechanisms, different for bacteria, yeast and mammalian
applications. For example, translation can be modulated via RBS sequestration in E. coli,*®

or via alternative splicing in eukaryotes.*®

The majority of artificial devices are applied to in vivo studies for cellular behaviour
reprogramming. However, the next chapter presents a mechanism of in vitro application

and characterization of a synthetic RNA regulator, i.e. an engineered riboswitch.*
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Abstract: Several laboratories are pursuing the synthesis of cellular systems from different directions, including those that begin with
simple chemicals to those that exploit existing cells. The methods that begin with nonliving components tend to focus on mimicking spe-
cific features of life, such as genomic replication, protein synthesis, sensory systems, and compartment formation, growth, and division.
Conversely, the more prevalent synthetic biology approaches begin with something that is already alive and seek to impart new behavior
on existing cells. Here we discuss advances in building cell-like systems that mimic key features of life with defined components.

Keywords: Cell-like, minimal cell, origin of life, protocell, riboswitch, synthetic biology.

BUILDING CELLULAR SYSTEMS FROM THEIR PARTS

Building life from scratch in the laboratory is an old dream with
new tools at its disposal. We can now rapidly and affordably syn-
thesize genes [1], assemble genomes [2], evolve new function [3]
and make precise changes throughout an existing genome [4]. Most
of these technological advances are applied to the modification of
existing cells (Fig. 1), and so the resulting data do not directly ad-
dress life's beginnings or clearly delineate the required components
of cellular function. Any work that either exploits existing cells or
cell lysates makes use of a complex, undefined mixture of reaction
components that we do not have the tools to fully understand. Here
we try to highlight steps forward in building fully defined life-like
systems from a minimum number of components.

It is hoped that the process of building cell-like systems in the
laboratory will give us insight into what is required to endow a
system with the properties of life. There is no currently agreed upon
threshold that must be crossed in order to label a chemical system
living. However, as progress is made in recreating the functions of
life in the laboratory, we may reach a point in which a threshold is
crossed, even if it is not recognized until afterwards. Further, since
the system would have been built with fully defined components,
this systematic approach should give us a much better understand-
ing of the necessary components of life. It is worth noting that this
approach does not probe how the molecules of life were built, nor
does it directly address the historical path taken between the prebi-
otic chemistry of Earth [5-11] and the emergence of protocellular
structures [12-14].

The central dogma [15] of molecular biology offers one per-
spective on what is needed to build a cell. Typically, information
stored in a replicating DNA genome flows through RNA and then
finally to proteins. However, this simple description of cellular life
is in fact not very simple, which is born out by analyses of microor-
ganisms. E. coli, for example, has well over 4000 genes, and pur-
poseful genetic reductions only reduces the genetic content by 15%
[16]. On the smaller end of the spectrum, Mycoplasma genitalium
has 482 genes, and genetic knockouts have shown that approxi-
mately 100 of these genes are not required under laboratory condi

*Address correspondence to this author at the CIBIO, University of Trento, via delle
Regole 101, 38123 Mattarello (TN), Italy; Tel: +39 0461-883438; Fax: +39 0461-
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tions [17]. But even with this small genome, which is small enough
to be synthesized [2] approximately one third of the genes provide
unknown function to the cell. We have reached a point where our
technological ability to synthesize genomes has outpaced our un-
derstanding of what we are synthesizing.

By comparing sequences of disparate microorganisms, Moya
and others suggest that a minimal cell would contain on the order of
200 genes, of which more than half would be necessary for protein
synthesis [18]. Interestingly, a natural symbiotic microorganism,
Carsonella ruddii, has only 182 genes, a value similar to theoretical
predictions of a minimum gene set [19]. Further, over half of the C.
ruddii genome is dedicated to protein synthesis. In some ways, the
impression is given that living systems are nothing more than just a
bag of protein synthesizing machinery. Clearly life is more than just
protein synthesis, but at least as far back as the last universal com-
mon ancestor, protein synthesis has been a crucial aspect of cellular
function [20].

One conception of a simplified, laboratory-made cell consists of
a vesicle compartment that contains a replicating DNA genome and
transcription-translation machinery that responds to changing envi-
ronmental conditions (Fig. 2). Much of the needed functions for
such a cell-like system appears to depend on protein function. Nev-
ertheless, origins of life research has shown that under specific
chemical conditions, several features of life emerge without the
participation of proteins. Perhaps future approaches that combine
the lessons learned from origins research with those gained from
attempts to exploit biological machinery will allow for the synthesis
of a simplified cell.

COMPARTMENT TYPES

Compartmentalization is considered to be one of the key steps
along the transition from simple chemistry to cellular life [21]. The
enclosure of a chemical system within a semipermeable membrane
causes several useful features to emerge. For example, encapsula-
tion facilitates evolutionary processes [22, 23, 24], provides for an
energy storage mechanism [21-25] and likely influenced accessible
chemistry. Although it is possible that prebiotic boundary struc-
tures were defined by substances other than lipids, no living sys-
tems to date have been identified that are capable of surviving
without lipid membranes. Further, several lines of evidence argue
for the presence of lipids on prebiotic Earth, including simulated
prebiotic syntheses of lipids [5-11] and the identification of lipid

© 2013 Bentham Science Publishers



1752 Current Organic Chemistry, 2013, Vol. 17, No. 16 Torino et al.

NH
N~
L O
NN (gN
0-P-0q o [

[e] NAO

o
H M 08020 LUCA minimal cell

o o chemical cell ’
N—“NH OH OH
¢ N
o} NT>N"SNH o o — :
0-p-0 Dol Atk § ~
o o

o
OH OH CH 4
iz,. o » ‘4

HO 0o NH

OH 0 o

0-P-0 o
o
OH OH

Fig. (1). Different approaches to building new, artificial cells. Typically, laboratories either begin with chemicals (left) or an existing cell (right). Presumably
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Fig. (2). Features of cellular life that are mimicked by cell-like systems.
molecules within carbonaceous meteorites [8]. Finally, vesicles some to suggest that there once existed a lipid world in which he-
form easily in aqueous solution, thus suggesting that there were reditary was mediated by lipid composition rather than by specific
vesicles on Earth even before there was life. The latter point has led nucleic acid sequences [26].
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Prebiotically plausible lipids are generally thought to be satu-
rated, single-chained amphiphiles. In the laboratory, fatty acids and
fatty acid derivatives are often used as an approximation of what
could have been present. Not only do such lipids form vesicles, they
also exhibit many useful features not dependent upon protein func-
tion, including the ability to grow and divide, uptake nutrients, and
retain macromolecules [23,25,27-34]. The main disadvantages of
fatty acid based vesicles is the encountered difficulty in recovering
encapsulated enzymatic activity from some enzymes and the vesi-
cle's decreased stability in comparison with phospholipid vesicles.
For example, fatty acid vesicles are stable over a narrow pH and
salinity range [30,35,36] and difficulty has been encountered in
reconstituting DNA polymerase activity within fatty acid vesicles
[32-37]. Therefore, fatty acid vesicles are typically used for proto-
cellular research rather than for attempts to build cell-like systems
similar to life as we know it.

Contemporary cells exploit membranes of complex composition
including monoacyl and diacyl lipids and proteins. Laboratory con-
structions tend to ignore this complexity and instead rely on the
ease in which many lipids alone form vesicles. Of the commonly
used vesicle systems, those built with diacylphospholipids are the
most robust. However, this robustness comes at a cost. Diacylphos-
pholipids are generally impermeable, thereby posing a difficulty in
their use for building cell-like structures. One approach to over-
come this limitation is to exploit membrane proteins, such as the
bacterial toxin o-hemolysin. This protein expresses as a soluble
monomer that then spontaneously oligomerizes into a pore in the
presence of a membrane [38]. An alternative approach is to utilize
the phase transition temperature of lipid membranes to create pack-
ing defects that can be exploited for permeation [39]. Both the o-
hemolysin and packing defect mechanisms have been used to feed
in substrates for encapsulated RNA [40] and protein synthesis reac-
tions [38]. Interestingly, symbiotic organisms with small genomes,
such as C. ruddii and Buchner aphidicola, are thought to be heavily
dependent on passive diffusion mechanisms for nutrient uptake
[41]. In short, phospholipid membranes need not be viewed as an
impenetrable barrier. Simple passive diffusion based mechanisms
exist for nutrient uptake and waste release that may not be much
different than what is used by some microorganisms with small
genomes.

There is another approach to building compartments with di-
mensions similar to extant cells. Water-in-oil (w/0) emulsions are
easy to make and are extremely efficient in encapsulating hydro-
philic molecules. They have been used extensively for molecular
evolution experiments [42, 43] and further developments in the
technology allow for the delivery of reactants directly to the water
droplets without breaking the emulsion [44]. However, w/o emul-
sions have not proved useful for constructing cell-like systems due
the lack of solute exchange across the water-oil interface.

COMPARTMENT GROWTH & DIVISION

A compartment must grow and divide to allow for the cell-like
system to replicate. For fatty acid vesicle systems, growth and divi-
sion can be accomplished simply by adding lipids to preexisting
vesicles [27-29,33,34]. Similar mechanisms for phospholipids are
not available because of the decreased dynamics of diacyl phos-
pholipids [45]. However, if phospholipid synthesis reactions were
reconstituted within vesicles, then once the lipids were produced
they would naturally partition into the membrane resulting in vesi-
cle growth. The difficulty with reconstituting such enzymatic activi-
ties is that many of the lipid synthesis enzymes are membrane pro-
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teins. Nevertheless, Luisi and colleagues have built an encapsulated
enzyme system that can produce diacyl glycerophospholipids when
provided with fatty acids and glycerol [46]. Although this is an
important development, more work is needed to move beyond the
use of simple lipids (fatty acids) to build more complex lipids
(phospholipids). Also, additional enzymes may be required to flip a
fraction of the newly synthesized lipids from the inner- to the outer-
leaflet.

Phospholipid vesicles can be coerced into dividing through
simple chemical-physical forces. For example, Baumgart et al.
found that phospholipid vesicles containing liquid ordered (L,) and
liquid disordered (L4) domains can bud and divide when placed
under osmotic stress [47]. However, since the daughter vesicles do
not retain the same membrane lipid composition as the parental
vesicle, further rounds of division are not possible. Presumably if
an additional mechanism were incorporated to restore the original
membrane composition then further rounds of division could occur.
More recently, Andes-Koback and Keating revealed that osmotic
gradients can induce budding and division of phospholipid vesicles
that contain an aqueous two-phase system, one enriched in dextran
and the other aqueous phase enriched in polyethyleneglycol [11].
Since the resulting daughter vesicles retain the composition of the
parental vesicle, they are also capable of dividing. If the Andes-
Koback and Keating mechanism were combined with a vesicle
growth system, then a growth — division cycle could be built. The
system in its current state, however, does require external interven-
tion to adjust the osmolality of the extravesicular space. It is inter-
esting to note that some biological evidence exists suggesting that
life can persist in the absence of protein mediated division [48, 49].

Protein based systems have also shown promise in dividing
vesicles. Although in vivo cell division mechanisms are complex
[50], recent studies have shown that parts of the system can be re-
constituted in vitro [51, 52]. For example, FtsZ is a highly con-
served division protein that polymerizes into a ring that interacts
with other members of the divisome to split the cell into two. Even
if FtsZ is not thought to directly interact with the inner membrane
in natural systems, FtsZ constructs can be engineered to anchor into
the membrane of synthetic vesicles by the addition of a small helix
to the C-terminus of FtsZ [52]. Further, in the presence of GTP this
engineered version of FtsZ forms constricting rings that cause visi-
ble indentations within the membranes of tubular vesicles [52].
While these vesicles do not divide, the data suggest that a proper
mix of Fts proteins could be sufficient to reconstitute functional cell
division machinery within vesicles.

REPLICATING GENOMES

There are many ways to copy nucleic acids in vitro, but none
are currently amenable to the construction of cell-like systems. The
use of an RNA genome is attractive for at least two reasons. First,
RNA genomes appear to simplify the system by removing the need
of a class of molecules, i.e. DNA. Second, RNA polymerases do
not require a primer. Although there are no known cells that use an
RNA genome, there are viral systems that could be exploited. For
example, the bacteriophage phi6 uses a double stranded RNA ge-
nome that is fully replicated by a single RNA polymerase [53]. This
may seem like a simple system to reconstitute in the laboratory for
building cell-like systems, but significant complications may arise
when protein synthesis machinery is incorporated. Ribosomes re-
quire single stranded RNA as a template. This means that in addi-
tion to the double stranded RN A genome, single stranded RNA also
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must be present for protein synthesis. In other words, transcription
of the genome, even an RNA genome, is always required. Although
there are several classes of RNA viral systems with different ge-
nome organizations, e.g. viruses that use a circular RNA genome,
they all share these same difficulties. An exciting alternative RNA
system would exploit an RNA replicase, i.e. an RNA enzyme that
copies an RNA genome. Despite the impressive advancements
made in building better RNA replicases [54] much more progress is
needed before they serve as a practical alternative.

The use of a DNA genome has the advantage of better separat-
ing replication and transcription, thus avoiding competition be-
tween the two processes [55]. Additionally, methods to replicate
DNA in vitro have existed for several decades. Some attempts have
been made to exploit these technologies for building cell-like sys-
tems. PCR based mechanisms for DNA copying inside of phosphol-
ipid vesicles have been demonstrated [56]. While useful as a first
step, this approach is not practical, because it requires manipulation
that is not regulated by the cell-like system (i.e. thermocycling), and
it requires the addition of oligonucleotide primers. Another ap-
proach uses a more complex mixture of proteins, including a heli-
case and single strand binding proteins, in addition to a DNA po-
lymerase to replicate DNA inside of vesicles. This system over-
comes the thermocycling limitation of PCR, but still requires the
addition of oligonucleotides, and it is only capable of replicating
short (<100 bp) strands of DNA [37]. An extension of this tech-
nique would exploit a primase [57] to remove the need of adding
oligonucleotide primers, but this would also add a significant prob-
lem. Genomic replication must be complete, which means that there
must be a mechanism to ensure that there is no loss of the genomic
termini, i.e. telomeres. Since primases add RNA primers that must
later be removed, the simplified systems described so far are inca-
pable of fully replicating a genome end-to-end.

The telomere problem is perhaps the biggest challenge to con-
structing a simple genomic replication mechanism. Viral DNA
replication systems could potentially give a simpler solution to this
problem than the isothermal bacterial systems described above. For
example, the Bacillus subtilis bacteriophage phi29 uses only four
proteins to replicate its entire genome, including a highly proces-
sive DNA polymerase that possesses strong strand displacement
activity, a single strand DNA binding protein, a double strand DNA
binding protein, and an additional protein that is required to initiate
replication (terminal protein) [58]. The natural phi29 genome is
linear, contains covalently attached terminal protein at the 5'-
termini, and is replicated fully via a protein priming mechanism.
Despite the peculiarities of the phi29 system, Salas and colleagues
recently demonstrated that DNA can be fully replicated in vitro
with this four protein component system if the template DNA con-
tains appropriate nucleotide sequences at both termini to define the
origins of replication [59]. Thus far the phi29 genomic replication
system is the simplest and best characterized isothermal system
available.

PROTEIN SYNTHESIS

Much of what has been described is dependent upon the activity
of proteins. Cell-like systems that require protein function, there-
fore, require transcription and translation machinery. Transcription
is a very straightforward process to reconstitute in vitro, particularly
if the commonly used bacteriophage RNA polymerases are ex-
ploited. T7 and SP6 RNA polymerases consist of a single protein
domain, do not require accessory factors for function, and provide
robust activity. Conversely, the synthesis of proteins is a highly
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complex process requiring over 100 genome encoded components
[60]. Nevertheless, this complicated process is understood well
enough to be reconstituted in vitro from purified, defined compo-
nents [61]. Moreover, several laboratories have shown that this
minimal transcription-translation system functions in water-in-oil
emulsion droplets [62] and in vesicles [63, 64] despite the statistical
difficulty associated with encapsulating multiple components
within a single compartment [65, 66].

ADAPTING TO CHANGING ENVIRONMENTAL CONDI-
TIONS

Not every process within a cell needs to be monitored and co-
ordinated with other cellular functions. For example, mitochondrial
genome replication is not thought to be coordinated with division.
Nevertheless, no living system simply repeats the same functions
over and over again without regard to its surroundings. Cells must
constantly adapt to changing intracellular and extracellular condi-
tions. This is largely due to the fact that life and the environment
are intimately linked. Life both feeds off of and shapes the envi-
ronment. Conversely, the environment dictates which living things
can and cannot survive. Therefore, if a cell is to survive for an ap-
preciable length of time, the cell must be able to continually adapt
to changing environmental conditions, some of which are induced
by the cell's own existence.

To adapt to changing environmental conditions, a cell needs to
be capable of sensing and responding to stimuli. A straightforward
solution to the problem would be to encode a sense-response sys-
tem that exploits environmentally responsive transcription factors.
For example, proteins such as FNR, IscR, and CooA control gene
expression in response to oxygen, iron, and carbon monoxide lev-
els, respectively [67,68]. Alternatively, bacterial two component
systems [69] could be similarly used to alter gene expression pro-
files in response to environmental changes. Here a sensor-kinase
would control the phosphorylation state and thus the activity of a
response-regulator protein, which would then result in changes in
gene expression (Fig. 3). Further layers of control could be built
into sensory pathways by exploiting the sigma factors of bacterial
polymerases. While bacterial RNA polymerases are more compli-
cated than T7 or SP6 bacteriophage RNA polymerases, their use
of initiation factors to guide promoter recognition provide for an
opportunity to build in additional control elements. Although
thoroughly studied in vivo, few attempts have been made to re-
constitute any of these protein sensory systems in vitro [70].

A disadvantage of relying on existing proteins for sensing ca-
pabilities is that the use of existing proteins severely limits the types
of cell-like systems achievable. In other words, we are forced to
build cell-like systems that sense what natural cells are already
capable of sensing if we use existing proteins. Although some ex-
amples of building new proteins with desired activities have been
reported [71, 72], the present methods are not yet sufficiently de-
veloped to be widely applicable. Therefore, other sensing mecha-
nisms that are easier to engineer are desirable.

Natural and synthetic RNA sensors that control protein produc-
tion exist and are an attractive alternative to protein based sensing
mechanisms. One class of RNA sensors is known as riboswitches
and exist in the 5'-untranslated regions of bacterial genes. Ri-
boswitches either turn on or off transcription or translation in re-
sponse to ligand binding directly to the mRNA [73] (Fig. 3). The
distinct advantage of RNA sensors over protein sensors is that we
have years of RNA selection and engineering technologies [74] to
build on, and so it is possible to build synthetic riboswitches capa-
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b)

protein synthesis

Fig. (3). Simple biological sensors could be built from protein or RNA components. (a) A two component protein system consisting of a sensor-kinase and a
response regulator. In this example, a membrane bound sensor-kinase phosphorylates the response regulator only in the presence of ligand. The phosphory-
lated response regulator then activates gene expression. (b) An example of one type of riboswitch system that directly controls protein production in response
to the presence or absence of ligand. Upon the binding of ligand, the ribosome binding site (RBS) is unmasked, thereby allowing for ribosome binding and
thus protein synthesis. Both systems shown here illustrate an “on" switch; however, analogous "off" switches also exist.

ble of sensing and responding to molecules beyond those currently
sensed by natural cells [75].

The majority of the riboswitch research has focused on measur-
ing sensing activity inside of existing cells, as is the case for the
protein based systems described above. However, recent work has
shown that a previously selected theophylline riboswitch [76, 77]
was capable of turning on gene expression in vitro, in water-in-oil
emulsions, and in vesicles [78]. Further, this cell-like system could
be built to sense molecules outside of the vesicle compartment,
thereby demonstrating that artificial RNA sensors could serve as a
foundation for the construction of cellular mimics that go beyond
what natural biology gives us.

LIMITATIONS

Many challenges still remain. The progress made in mimicking
some of the features of life is tempered by the fact that the majority
of the experiments have been performed under different conditions.
Therefore, it is unclear whether the integration of different cell-like
functions in their present form into a single system is possible.
There are also fundamental problems associated with the use of
purified translation machinery. Although reconstituted transcrip-
tion-translation systems are able to drive cascading, genetically
encoded networks [61,79], none of the described systems are capa-
ble of supporting long-term activity. We are currently able to engi-
neer in vitro systems that turn gene expression on and then off
[38,80,81]. However, we are not able to begin another cycle, be-
cause we are not able to regenerate the translation machinery in
vitro. Currently, the minimal translation system is composed of
proteins and RNAs that are isolated from E. coli. Until we are able
to produce functioning ribosomes from in vitro transcription-

22

translation reactions, there will be severe limits on what types of
cell-like systems can be manufactured in the laboratory.
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Chapter 2.

Cellular mimics sense and respond

to external stimuli via riboswitches
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In this chapter the engineering of cellular mimics to sense and respond to an
external stimuli is presented. The need for sense-response activity has already been
introduced. A riboswitch responsive to the small molecule theophylline is exploited as
sensing element. The riboswitch controls translation of a reporter gene. In the presence of
theophylline, gene expression is permitted and using a cell-free transcription and translation

machinery a fluorescent protein is produced.

Initially, in vitro characterization of the riboswitch behaviour is performed monitoring
in real-time the fluorescent protein production activated by the presence of theophylline.
Next, the riboswitch system is encapsulated in water-in-oil emulsions and vesicles. When
the ligand is present in the environment, the information is internally processed through the
RNA sensor device. The fluorescent response demonstrates that the cell mimics are able to
react to the signal arising from outside of the compartment. The last part of the chapter
presents a recent work in which the riboswitch response is translated into a chemical

message for E. coli.

2.1 Riboswitches as small ligand sensor devices

Riboswitches are genetically encoded riboregulators dependent on the direct
binding of small molecules.***° Riboswitches are encoded naturally in the 5 UTR of mRNA
of metabolite genes, thus controlling gene expression upon metabolite binding. Riboswitch
regulation occurs at the transcriptional or translational level via different mechanisms. For
example, riboswitches can modulate the activity of a transcription termination site by
disrupting interactions between a terminator and an anti-terminator stem loop.>* As a result,
a truncated transcript is produced that is incapable of supporting protein expression.
Alternatively, riboswitches can regulate directly protein production by modulating the

accessibility of the ribosome binding site via sequence sequestration or steric hindrance.*
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A third mechanistic variation is the modulation of RNA splicing.>® Many natural riboswitches

control transcription, while synthetic riboswitches generally control translation.

Riboswitch activity is due to the conformation that the RNA acquires after the
binding of a specific ligand to the aptamer domain. Thus, every riboswitch is structurally
predisposed to sense a specific molecule. This makes riboswitches very powerful and
selective sensors, detecting the presence of target molecules with high affinities.*® From
their discovery in 2002,>* many naturally occurring riboswitches have been identified and
characterized.>® However, even synthetic riboswitches have been developed.* Rational
design and in vivo selections have expanded the possibility of sensing different ligands. The

engineering and evolution of synthetic riboswitches will be investigated in the next chapter.

The theophylline riboswitch is a synthetic regulator developed via in vivo selection

starting from the theophylline aptamer TCT8-4*%%

(Fig. 2.1). The dissociation constant (Kq)
is 400 nM,>® and the riboswitch demonstrates a very high ability to distinguish an analog of
theophylline (caffeine). The proposed mechanism of action is based on RBS helix
disruption. Conversely than before, a cotranscriptional kinetic trap mechanism has been
recently proposed to mediate the switching.*® In other words, the equilibrium between the
bound and unbound states of the riboswitch is not thermodynamically regulated, but
depends on the kinetics of folding while the RNA is transcribed. Nevertheless, due to the
high specificity for the ligand and in vivo reported activity, the theophylline riboswitch is

57,58 and

extensively used. The theophylline aptamer is exploited for aptazymes
antiswitches,** resulting in many literature reports. For this reason the theophylline

responsive riboswitch is initially investigated and the activity in vitro is characterized
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Fig. 2.1. Theophylline-responsive riboswitch (a) and adenine-responsive riboswitch
(b) structures in the OFF state. Regions of the riboswitch thought to be functionally
important are highlighted. The theophylline riboswitch regulates translation via
modulation of accessibility of the RBS (yellow). The adenine riboswitch presents a
terminator stem loop that regulates transcription (cyan). Structures are based on
Vienna RNA fold webserver calculations.

For comparison with the synthetic riboswitch behaviour, the in vitro activity of a
natural transcriptional control regulator is also assayed. The transcriptional control
riboswitch is responsive to adenine and was identified in the 5° UTR of the ydhL mRNA
coding for a purine efflux pump in B. subtilis® (Fig. 2.1). The adenine-riboswitch is one of
the few examples of a natural ON regulator. In other words, when the ligand is present in
solution, the conformational change induced in the RNA structure causes activation of gene
expression. Conversely, in absence of the molecule, the riboswitch remains in an OFF
state, inhibiting protein production. Considering the adenine riboswitch, the modulation is
mediated trough disruption of a terminator stem. Thus, the ydhL riboswitch is a
transcriptional regulator. Nevertheless, ydhL (also called pbuE) adenine-responsive
riboswitch is not the only RNA controller identified. The adenine sensor from the add gene

of V. vulnificus is a translational control riboswitch.>* However, the investigation is focused
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on the transcriptional control riboswitch in order to also explore natural riboswitches in a

cell-free environment.

Riboswitch characterization is usually done in vivo by monitoring the expression of a
reporter gene. B-galactosidase, fluorescent proteins®® or cell motility®* genes have been
exploited in bacteria. Another characterization approach is based on the detection of
structure modifications induced by the ligand binding. The conformational shift is analyzed
by investigation of altered RNA patterns after alkaline digestion.*® However, these
characterizations are all indirect means of monitoring riboswitch control. In other words, the

ligand induced conformation change is not monitored in real time.

In the first two publications is presented an in vitro assay for riboswitch activity in a
cell-free environment. Using the PURE system, theophylline and adenine-responsive
riboswitches are directly monitored assessing protein production in the presence and
absence of the ligand. The use of a yellow fluorescent protein (A206K YPet) as an in vitro
reporter allows for real time detection. In the presence of the cognate ligand the riboswitch
configuration is in an active state, allowing protein production, thus the fluorescence
increases. Conversely in absence of the ligand, little or no protein is synthesized. As
expected, the theophylline riboswitch is able to control YPet production in a PURE system
reaction. On the other end, the activity of the adenine-responsive riboswitch reveals a
dependence on the RNA polymerase (Fig.2, Martini L., Mansy S. S, Chem. Comm., 2011,
47, 10734-10733). Moreover, additional protein factors are likely required for transcriptional
riboswitch regulation.®® Thus, in order to build a minimal, defined system, the focus is set

only on the theophylline-responsive riboswitch.

The previously characterized design is exploited for the construction of cellular
mimics responsive to theophylline. The PURE system reaction and the DNA encoding the
theophylline riboswitch are encapsulated in water-in-oil emulsions and in vesicles.

Fluorescence is achieved in the presence of the small molecule ligand in both the
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compartments. Moreover, when the ligand is added to the external solution, the cellular
mimic is able to sense from the environment the ligand, and through activation of the
riboswitch, the fluorescent output is produced (Fig.3, Martini L., Mansy S. S, Chem. Comm.,
2011, 47, 10734-10733). Results obtained can facilitate the characterization of riboswitch
behaviour in real time. Also, the study can be a model for the engineering of new cell-like

systems able to sense and respond to different small ligands present in the environment.

My contribution to these works concerns the design of the genetic construct, the
setting and collecting of all the experimental measurements, manuscript writing and editing.
The materials and methods, the full results and a detailed discussion are described in the
published method chapter Measuring Riboswitch Activity In vitro and in Artificial Cells with
Purified Transcription—Translation Machinery (Martini L., Mansy S. S, Methods Mol. Biol.,
2014, 1111, 153) and the paper Cell-like system with riboswitch controlled gene expression

(Martini L., Mansy S. S, Chem. Comm., 2011, 47, 10734-10733).
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Synthetic riboswitches can be used to control protein expression
under fully defined conditions in vitro, in water-in-oil emulsions,
and in vesicles. The developed system could serve as a foundation
for the construction of cellular mimics that respond to molecules
of our choosing.

There are many possible approaches towards synthesizing
cells, including the modification of existing microorganisms’
and the bottom-up assembly of cell-like systems from minimal
components.” Engineering within existing organisms has the
benefit of providing all of the needed ingredients of life
without requiring extensive knowledge of the component
parts. However, this approach thus far has failed to yield a
fully describable biological system. Further, the use of the
existing cell architecture may severely limit the types of life-like
systems achievable. Although building a cell from component
parts is challenging, success would give a much simplified,
potentially fully understood life-like system that is easier to
model and to engineer. The resulting system would not need to
mimic every aspect of contemporary cells.’ Bottom-up
constructions that have identity and sense and respond to
their environment would possess several features of life
without having the ability to reproduce (Fig. 1). Such a system
would be attractive for basic research and technological
applications, since the constructed system would not be
capable of evolving, i.e. the fear of losing control over the
system would be removed.

The biological parts needed to assemble a cell-like system that
responds to external stimuli include a genome, transcription—
translation machinery, a sensor, and a compartment. The use of
DNA and lipids to direct transcription—translation and to
define the compartments, respectively, is well established.
Similarly, there are several simple options for transcription,
including phage, such as T7, and bacterial, such as E. coli,
RNA polymerases. Of these two, T7 RNA polymerase is
simpler since it consists of a single protein domain and does
not necessitate a sigma factor. Despite the complexity of
translation, 31 E. coli proteins can be individually purified
and assembled with RNA to provide an active, minimal

CIBIO, University of Trento, via delle Regole 101, 38100 Mattarello
(TN), Italy. E-mail: mansy@science.unitn.it;

Fax: +39 0461-883091; Tel: +39 0461-883438

1 Electronic supplementary information (ESI) available: Control
reactions of theophylline riboswitch activity in w/o emulsions and
vesicles, a control reaction showing YPet w/o emulsion expression,
and experimental details. See DOI: 10.1039/clcc13930d

protein synthesis system (PURE system) that functions
in vitro,* in water-in-oil (w/o) emulsions,® and in vesicles.®

The challenging component of the described bottom-up
cell-like system is the sensor. Gene expression can be controlled
by naturally occurring proteins that directly or indirectly
influence the activity of transcription factors and translational
attenuators. However, the use of such protein-based mechanisms
generally requires the exploitation of natural proteins, thus
limiting the types of molecules that can be sensed. Since
protein engineering and design remains a difficult task, other
methods are desirable.

RNA molecules provide an attractive alternative, since
RNAs can be evolved and engineered in the laboratory to
perform a range of functions, including ligand binding,
catalysis, and the control of gene expression.” One class of
regulatory RNAs, known as riboswitches, is located within the
untranslated regions of mRNA. In bacteria riboswitches can
up or down regulate gene expression in response to ligand
binding directly to the mRNA.® Control can either be at the
transcriptional or translational level, either switching between
truncated and full-length transcripts (transcriptional control)
or between different mRNA conformations that control the
accessibility of a ribosome binding site (translational control).

To establish if riboswitches can function as robust on—off
switches in vitro, in w/o emulsions, and in vesicles with fully
defined components, we tested two different previously
characterized riboswitches that up-regulate gene expression
in response to ligand binding. The two riboswitches were a
synthetic theophylline responsive riboswitch selected by Lynch
and Gallivan® that functions through a translational control

A B) ’

+ ligand

- ligand

Fig. 1 Compartmentalized, cell-like systems that sense and respond
to their environments through riboswitch activity. (A) The presence of
an extravesicular ligand converts the cell-like system from the OFF-state
to the ON-state. (B) RNA (squiggly line) is transcribed from DNA
(double line). RNA is only translated into protein (star) in the presence
of the activator ligand, which in this case is theophylline.
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Fig. 2 In vitro riboswitch activity. Reactions were either carried out
at 37 °C with the PURE system (A, B) or with an E. coli S30 system (C, D).
(A, C) Theophylline riboswitch activity in the presence (+ theo) and
absence (— theo) of theophylline. (B, D) Adenine riboswitch activity in
the presence (+ ad) and absence (— ad) of adenine. The production of
protein was monitored by fluorescence spectroscopy.

mechanism and a natural B. subtilis adenine-sensing
riboswitch'® that functions through a transcriptional control
mechanism.

Both riboswitches were inserted into the 5'-untranslated
region of sequences encoding the yellow fluorescent protein
YPet.!! The genetic constructs also included a T7 transcriptional
promoter and an E. coli ribosome binding site (see ESIT for
more details). Riboswitch activity with minimal transcription
and translation components was monitored in real time by
fluorescence spectroscopy. As shown in Fig. 2A, little protein
expression occurred in the absence of theophylline for the
synthetic riboswitch system, whereas protein levels were 6-fold
higher after 6 h in the presence of theophylline. Conversely,
the adenine-sensing riboswitch did not adequately control
gene expression. Significant expression occurred in the absence
of adenine, and the system failed to show induction upon
adenine addition (Fig. 2B). Since the ribosome binding site
within the theophylline riboswitch was weaker than the
ribosome binding site used with the adenine riboswitch, the
overall YPet yield was significantly lower for the theophylline
riboswitch system.

To determine if the adenine-sensing riboswitch failed to
show switching activity due to features of the T7 RNA
polymerase, we repeated the in vitro assay using an E. coli
tac promoter and an E. coli cell lysate that contained E. coli
RNA polymerase. Under these conditions, both the theophylline
and the adenine riboswitches showed activity, exhibiting 8-fold
and 1.7-fold increases in YPet protein levels, respectively
(Fig. 2C and D). However, the adenine riboswitch continued
to show significant gene expression in the absence of a ligand.
For riboswitches that exploit terminator—antiterminator RNA
structures to modulate transcription elongation, some
specificity for the structural features and the catalytic rate of
the RNA polymerase is expected.'? For example, transcription
of the adenine riboswitch sequence gives different mRNA
product ratios depending on whether transcription is mediated
by B. subtilis, E. coli, or T7T RNA polymerase, with the use of
T7 RNA polymerase resulting in no detectable riboswitch

activity.'* Conversely, riboswitches that control gene expression
at the translational level produce full-length transcripts
regardless of the presence or absence of ligands and thus
would not be expected to show a dependence on the RNA
polymerase. Further, transcriptional control riboswitches
often require additional accessory protein factors for efficient
signalling.'”*"* Since we endeavoured to build the simplest
system possible, we focused our remaining efforts on the
theophylline riboswitch.

Having established that the theophylline riboswitch displays
robust activity in a fully defined, minimal in vitro system, we
next sought to test its activity within w/o emulsion compart-
ments. The water droplets of a w/o emulsion mimic several
features of cellular compartments, providing a space similar to
the dimensions of bacterial cells that is capable of coupling
genotype with phenotype.'* We encapsulated the minimal
theophylline riboswitch system within w/o emulsion droplets
stabilized with a mixture of non-ionic surfactants (span-80,
Tween-80, and triton X-100). The average water droplet
diameter was 10 pum. Robust theophylline riboswitch activity
was observed within the confines of the w/o emulsion droplets.
No fluorescence was detected by microscopy in the absence of
theophylline (Fig. S1, ESIt), while fluorescence was detected
in the presence of theophylline (Fig. 3A and B). However,
fluorescence in the presence of theophylline was generally low
due to the weak ribosome binding site within the theophylline
riboswitch. Since larger droplets can hold greater quantities of
reactants, large water droplets showed detectable fluorescence.
Conversely, reactions using a strong ribosome binding site

Fig. 3 Compartmentalized theophylline riboswitch activity after 6 hours
at 37 °C. Reactions were carried out in w/o emulsions (A, B) or vesicles
(C-F). Compartments shown in panels (A-D) contained theophylline
from the beginning of the reaction. In panels E, F theophylline was
added to the exterior of the vesicles. Panels A, C, E are bright field and
panels B, D, F are epifluorescence images. The black bar in the lower
left corner of panels A, C, E represents 10 pm.

This journal is © The Royal Society of Chemistry 2011
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showed a less pronounced dependence on the compartment
size (Fig. S2, ESI¥).

Next, we reconstituted the minimal theophylline riboswitch
system inside of phospholipid vesicles. Vesicles are better able
to mimic cellular conditions by allowing for the selective
exchange of chemicals between the intra- and extra-vesicular
environments.'”> To ensure that the vesicle encapsulation
process did not degrade riboswitch activity, we tested the
activity of the theophylline riboswitch within vesicles composed
of a mixture of diacyl phospholipids and cholesterol.
Encapsulation was achieved by hydrating lyophilized vesicles®
with the minimal theophylline riboswitch system in the presence
and absence of theophylline. The encapsulation procedure was
conducted on ice in order to inhibit premature protein synthesis.
Extravesicular reactions were suppressed by proteolytic digestion.
After incubation at 37 °C to allow for transcription and
translation, YPet production was observed by fluorescence
microscopy in vesicles containing theophylline (Fig. 3C and D)
but not in vesicles lacking theophylline (Fig. S3, ESI?).
Therefore, the minimal transcription—translation system was
capable of supporting riboswitch activity within phospholipid
vesicles.

Living cells must be capable of responding to their
surroundings in order to adapt to changing environmental
conditions. To test whether a riboswitch could impart
environmental response activity on a vesicle that contained
minimal transcription-translation machinery, we assembled
vesicles with the minimal riboswitch system as described
above. However, theophylline was not included. Subsequently,
theophylline was added extravesicularly, and the response of
the system was monitored by fluorescence microscopy. As
shown in Fig. 3E and F, fluorescence was only observed within
the vesicles after the addition of theophylline. Since theophylline
is membrane permeable, the generation of fluorescence was
consistent with theophylline permeating across the membrane
into the internal space of the vesicle and activating gene
expression by directly binding to the theophylline riboswitch.
In other words, this fully defined system was capable of
sensing and responding to its surroundings.

Here we described a cell-like system built from known parts
and with minimal components. The incorporation of a genetic
construct that encoded a synthetic riboswitch was capable of
converting an encapsulated protein synthesis system into a
cellular mimic capable of sensing and responding to its
environment. Considering the ability of RNA selection
technologies to generate aptamers capable of sensing molecules
of our choosing, we feel that cell-like systems similar to what
was described herein could be built to sense and respond to a
wide variety of biological and abiological molecules.

In addition to bottom-up synthetic biology applications, we
believe that our in vitroe fluorescence assay will facilitate
riboswitch research. Most riboswitch studies exploit in vivo
activity assays or use in vitro assays to probe RNA conforma-
tional changes or riboswitch activity at the RNA transcript
level. While in vive experiments are important, it can be
difficult to decipher which cellular factors are required for

riboswitch activity from in vivo data alone. The in vitro mRNA
transcript level assays do not share this complication; however,
since the ultimate function of a riboswitch is to control protein
levels, it is important to have an assay that measures protein
production. A few laboratories have monitored riboswitch
activity through in vitro translation assays. A limitation of
these current approaches is the use of ill-defined cell extracts to
mediate translation, thus introducing some of the same
problems associated with in vive assays, i.e. the use of
ill-defined mixtures does not allow for the identification of
the required components for activity. Further, protein level
riboswitch activity assays to date exploit radioactive
labelling'z" thereby making the collection of high resolution
kinetic data difficult.

The use of fully defined transcription—translation machinery
allows for the systematic investigation of the required cellular
factors for riboswitch function. Additionally, the exploitation
of YPet, one of the brightest fluorescent proteins,'' as a signal
output allows for facile, direct, real-time measurements that
should permit deeper kinetic and mechanistic investigation.
Qur data from this assay show that a synthetic theophylline
riboswitch requires no additional components for activity
beyond a T7 RNA polymerase and the minimal E. coli
translation machinery.

This work was supported by the Armenise-Harvard foundation
and CIBIO.
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Figure S1. Control emulsion reaction. The theophylline riboswitch was encapsulated in w/o
emulsion droplets with transcription-translation machinery provided by the PURE system.
No theophylline was present. Bright field (left) and epifluorescence (right) images are shown.
The black bar in the lower left corner of the bright field image (left) represents 10 pm.
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Figure S2. YPet emulsion expression. Robust expression of YPet with the PURE system
inside of w/o emulsion droplets was achieved with a strong ribosome binding site. Here the
strong ribosome binding site was provided by the adenine riboswitch construct. Bright field
(left) and epifluorescence (right) images are shown. The black bar in the lower left corner of
the bright field image (left) represents 10 pm.
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Figure S3. Control vesicle reaction. The theophylline riboswitch was encapsulated within
phospholipid vesicles with transcription-translation machinery provided by the PURE
system. No theophylline was present. Bright field (left) and epifluorescence (right) images
are shown.
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Methods

Materials. All genetic constructs were synthesized by Genscript. Unless otherwise indicated,
all chemicals and plasmid purification kits were from Sigma-Aldrich. The E. coli cell lysate
transcription-translation system (S30 T7 High Yield Protein Expression System) was from
Promega, and the PURE system (PURExpress in vitro protein synthesis kit) was purchased
from New England BioLabs. Lipids were either from Genzyme (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)), Sigma-Aldrich (cholesterol), or NOF-Europe (N-
(carbonyl-methoxypolyethyleneglycol 5000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG 5000)).

In vitro transcription-translation with the PURE system. The reactions were assembled on
ice. All DNA templates were phenol-chloroform extracted and ethanol precipitated prior to
use. 17.5 pL of the kit components were mixed with 250 ng DNA, 20 units RiboLock RNase
Inhibitor (Fermentas), and RNase free Milli-Q water in a final volume of 25.5 pL. If adenine
or theophylline was included, they were added to 1 uM and 500 pM, respectively. The entire
reaction volume was then placed in a quartz micro cell cuvette (Hellma). Fluorescence
measurements were with a PTI QuantaMaster 40 UV Vis Spectrofluorometer and the
temperature was held at 37 °C with a Peltier temperature controlled single sample holder.
Excitation and emission were at 517 nm and 530 nm, respectively. Emission was recorded
every minute for 6 hours. Data were subsequently normalized by setting the initial emission
to one. At least three sets of data were acquired for each riboswitch construct and averaged.
The standard deviation for each data point was less than 40%.

In vitro transcription-translation with an E. coli S30 lysate. The reactions were assembled
directly in Nunc 96 well plates on ice. All DNA templates were phenol-chloroform extracted
and ethanol precipitated prior to use. 38 pL of Promega S30 kit components (20 pL of
premix factors plus 18 pL of E. coli S30 lysate), 40 units RiboLock RNase Inhibitor
(Fermentas), 10 nM plasmid DNA, 8 mM magnesium acetate were mixed together, and
RNase free Milli-Q water was added to bring to a final volume of 50 pL. If adenine or
theophylline was included, they were added to 1 pM and 500 uM, respectively. Fluorescence
emission was collected with a Tecan infinite 200 multiplate reader at 37 °C. The excitation
wavelength was 510 nm, and the emission wavelength was 540 nm. Data were acquired
every minute for 6 hours. The data were normalized as described above for "In vitro
transcription-translation with the PURE system."

Water-in-oil emulsion reactions. Water-in-oil emulsions were prepared essentially as
described by Davidson et al.' Briefly, 475 uL mineral oil, 22.5 pL Span-80, 2.5 uL Tween-
80, and 0.25 pL Triton X-100 were stirred with a 9 mm Teflon stir bar in a 50 mL Falcon
conical tube. 500 pL of this oil solution was then cooled on ice. Subsequently, 25.5 pL of
chilled, aqueous solution containing all of the needed components for transcription-
translation was added to 500 pL of the chilled oil phase and stirred for 3 min in an ice water
bath. The aqueous phase contained all of the PURE system components plus 500 ng DNA
template. If adenine or theophylline was included, the ligand was present at 1 pM and 5 mM,
respectively. This concentration of theophylline was necessary due to the partitioning of
theophylline to the oil phase. Reactions were initiated by incubating aliquots in
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microcentrifuge tubes at 37 °C. Aliquots were visualized either with a Nikon Eclipse 90i or a
Zeiss Observer Z1 microscope with FITC filters.

Vesicle Reactions. Vesicles were prepared essentially as described by Yomo and colleagues’
with a few modifications. Briefly, 12 pmol of lipids consisting of 58:39:3
POPC:cholesterol: DSPE-PEG 5000 in chloroform were subjected to rotary evaporation in a
pear-shaped flask with a Buchi Rotavapor R-210 and a Buchi Vacuum Pump V-700. The
resulting thin lipid film was hydrated with 1 mL of deionized water, vortexed for 20 seconds,
and then transferred to a 2 mL microcentrifuge tube. This lipid dispersion was homogenized
for one minute with an IKA T 10 basic ULTRA-TURRAX disperser equipped with a 5 mm
diameter dispersing tool and subsequently extruded through polycarbonate filters with 0.4
um diameter pores (Whatman) using an Avanti Mini-Extruder (Avanti Polar Lipids, Inc.). 40
pL aliquots were frozen with liquid nitrogen and lyophilized overnight with a CentriVap
Centrifugal Vacuum Concentrator (Labconco). Lyophilized liposomes were stored at -20 °C.

The following components were mixed on ice: 17.5 uL of PURE system kit components, 20
units RiboLock RNase Inhibitor (Fermentas), and 500 ng of DNA that was previously
chloroform extracted and ethanol precipitated. If theophylline was included, it was added to 5
mM. The final volume of this reaction mix was 22.1 pL. 10 pL of this reaction mix was then
used to hydrate an aliquot of lyophilized liposomes. The hydrated liposomes were incubated
on ice for 2.5 h. Finally, the vesicle solution was diluted 20-fold with 50 mM Tris-HCl, 50
mM NaCl, pH 7.4 containing 10 mg/mL Proteinase K. For samples that were used to test the
ability of the encapsulated riboswitch to sense extravesicular molecules, the samples were
prepared without theophylline and then theophylline was added to 5 mM during the 20-fold
dilution step. Samples were incubated at 37 °C in 0.2 mL microcentrifuge tubes. Aliquots
were visualized with a Nikon Eclipse 90i microscope or a Zeiss Observer Z1 microscope
with FITC filters.

Constructs used in this study. In the constructs shown below the underlined sequences
represent transcriptional promoters, blue sequences represent riboswitches, normal black text
indicates a sequence that encodes A206K YPet, bold type indicates an additional translational
stop sequence (Registry of Standard Biological Parts code: BBa B0042), red text represents
the transcriptional terminator (BBa_B0011), and the ribosome binding site is shown in larger
font. Finally, sequences with no intended function other than as a spacer are shown in italics.
The theophylline riboswitch was deposited into the Registry of Standard Biological Parts
(BBa_J89000).

Theophylline riboswitch 12.1° with a T7 promoter and A206K YPet
ATTTAATACGACTCACTATAGGGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGC TAAGGTARCAACA
AGATGGTGTCCARAGGCGAAGAACTGTTTACCGGTGTGGTTCCGATTCTGGTGGAACTGGATGGCGACGTTAACGG
TCATARATTTAGTGTGTCCGGCGAAGGTGAAGGCGATGCGACCTATGGCARACTGACGCTGARACTGCTGTGCACC
ACCGGTARACTGCCGGTCCCGTGGCCGACCCTGGTGACCACGCTGGGTTATGGCGTGCAGTGTTTCGCGCGCTACC
GGACCACATGAAACAACACGATTTCTTTAAAAGTGCCATGCCGGAAGGCTATGTTCAGGAACGTACCATCTTTTTC
AAAGATGACGGTAACTACAAAACCCGCGCGGAAGTTAAATTTGAAGGCGATACGCTGGTCAACCGTATTGAACTGA
AAGGTATCGACTTCAAAGAAGATGGCAATATTCTGGGTCATARACTGGAATATAACTACAATAGCCACAACGTGTA
TATTACCGCGGATAAACAGAARAAACGGCATCAAAGCCAACTTCARAATCCGCCATAACATCGAAGACGGCGGTGTT
CAACTGGCCGATCACTACCAGCARAACACCCCGATTGGTGATGGTCCGGTCCTGCTGCCGGATAATCATTATCTGT
CATACCAGTCGAARACTGTTTAAAGACCCGAATGAAARACGTGATCACATGGTGCTGCTGGAATTTCTGACCGCGGC
CGGCATTACGGAGGGTATGAACGAACTGTATARATGATAATTAGTTAGTTAGCAGATCCGGCTGCTAACAAAGCCC
GAAAGGAAGCTGAGTTGGCTGCTGCCACCGTAGCAATAAAGAGAATATAAAAAGCCAGATTATTAATCCGGCTTTT
TTGTTATTT
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Theophylline riboswitch 12.1° with a fac promoter and A206K YPet
GTTGACAATTAATCATCGGCTCGTATAATGTGTGGCCGGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCC
TGCTAAGGTAACAACAAGATGGTGTCCAAAGGCGAAGAACTGTTTACCGGTGTGGTTCCGATTCTGGTGGAACTGG
ATGGCGACGTTAACGGTCATAAATTTAGTGTGTCCGGCGAAGGTGAAGGCGATGCGACCTATGGCAAACTGACGCT
GAAACTGCTGTGCACCACCGGTAAACTGCCGGTCCCGTGGCCGACCCTGGTGACCACGCTGGGTTATGGCGTGCAG
TGTTTCGCGCGCTACCCGGACCACATGAAACAACACGATTTCTTTAAAAGTGCCATGCCGGAAGGCTATGTTCAGG
AACGTACCATCTTTTTCAAAGATGACGGTAACTACAAAACCCGCGCGGAAGTTAAATTTGAAGGCGATACGCTGGT
CAACCGTATTGAACTGAAAGGTATCGACTTCAAAGAAGATGGCAATATTCTGGGTCATAAACTGGAATATAACTAC
AATAGCCACAACGTGTATATTACCGCGGATAAACAGAAAAACGGCATCAAAGCCAACTTCAAAATCCGCCATAACA
TCGAAGACGGCGGTGTTCAACTGGCCGATCACTACCAGCAAAACACCCCGATTGGTGATGGTCCGGTCCTGCTGCC
GGATAATCATTATCTGTCATACCAGTCGAAACTGTTTAAAGACCCGAATGAAAAACGTGATCACATGGTGCTGCTG
GAATTTCTGACCGCGGCCGGCATTACGGAGGGTATGAACGAACTGTATAAATGATAATTAGTTAGTTAGCAGATCC
GGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGTAGCAATAAAGAGAATATAAAAAGCCAGA
TTATTAATCCGGCTTTTTTGTTATTT

B. subtilis adenine riboswitch with a T7 promoter and A206K YPet
ATTTAATACGACTCACTATAGATTATCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGT
AAAATCCTGATTACAAAATTTTGTTTATGACATTTTTTGTAATCAGGATTTTTTTTATTTATCAAAACATTTAAGT
AAAGGAGT CTCGAGATGGTGTCCAAAGGCGAAGAACTGTTTACCGGTGTGGTTCCGATTCTGGTGGAACTGGATGG
CGACGTTAACGGTCATAAATTTAGTGTGTCCGGCGAAGGTGAAGGCGATGCGACCTATGGCAAACTGACGCTGAAA
CTGCTGTGCACCACCGGTAAACTGCCGGTCCCGTGGCCGACCCTGGTGACCACGCTGGGTTATGGCGTGCAGTGTT
TCGCGCGCTACCCGGACCACATGAAACAACACGATTTCTTTAAAAGTGCCATGCCGGAAGGCTATGTTCAGGAACG
TACCATCTTTTTCAAAGATGACGGTAACTACAAAACCCGCGCGGAAGTTAAATTTGAAGGCGATACGCTGGTCAAC
CGTATTGAACTGAAAGGTATCGACTTCAAAGAAGATGGCAATATTCTGGGTCATAAACTGGAATATAACTACAATA
GCCACAACGTGTATATTACCGCGGATAAACAGAAAAACGGCATCAAAGCCAACTTCAAAATCCGCCATAACATCGA
AGACGGCGGTGTTCAACTGGCCGATCACTACCAGCAAAACACCCCGATTGGTGATGGTCCGGTCCTGCTGCCGGAT
AATCATTATCTGTCATACCAGTCGAAACTGTTTAAAGACCCGAATGAAAAACGTGATCACATGGTGCTGCTGGAAT
TTCTGACCGCGGCCGGCATTACGGAGGGTATGAACGAACTGTATAAATGATAAGCGGCCGCTTAGTTAGTTAGCAG
ATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGTAGCAATAAAGAGAATATAAARAAGC
CAGATTATTAATCCGGCTTTTTTGTTATTT

B. subtilis adenine riboswitch* with a fac promoter and A206K YPet
GCTAGCGTTGACAATTAATCATCGGCTCGTATAATGTGTGGCCATTATCACTTGTATAACCTCAATAATATGGTTT
GAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAAATTTTGTTTATGACATTTTTTGTAATCAGGATTTTTT
TTATTTATCAAAACATTTAAGTAAAGGAGTCTCGAGATGGTGTCCAAAGGCGAAGAACTGTTTACCGGTGTGGTTC
CGATTCTGGTGGAACTGGATGGCGACGTTAACGGTCATAAATTTAGTGTGTCCGGCGAAGGTGAAGGCGATGCGAC
CTATGGCAAACTGACGCTGAAACTGCTGTGCACCACCGGTAAACTGCCGGTCCCGTGGCCGACCCTGGTGACCACG
CTGGGTTATGGCGTGCAGTGTTTCGCGCGCTACCCGGACCACATGAAACAACACGATTTCTTTAAAAGTGCCATGC
CGGAAGGCTATGTTCAGGAACGTACCATCTTTTTCAAAGATGACGGTAACTACAAAACCCGCGCGGAAGTTAAATT
TGAAGGCGATACGCTGGTCAACCGTATTGAACTGAAAGGTATCGACTTCAAAGAAGATGGCAATATTCTGGGTCAT
AAACTGGAATATAACTACAATAGCCACAACGTGTATATTACCGCGGATAAACAGAAAAACGGCATCAAAGCCAACT
TCAAAATCCGCCATAACATCGAAGACGGCGGTGTTCAACTGGCCGATCACTACCAGCAAAACACCCCGATTGGTGA
TGGTCCGGTCCTGCTGCCGGATAATCATTATCTGTCATACCAGTCGAAACTGTTTAAAGACCCGAATGAAAAACGT
GATCACATGGTGCTGCTGGAATTTCTGACCGCGGCCGGCATTACGGAGGGTATGAACGAACTGTATAAATGATAAG
CGGCCGCTTAGTTAGTTAGCAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGTAG
CAATAAAGAGAATATAAAAAGCCAGATTATTAATCCGGCTTTTTTGTTATTT
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Chapter 11

Measuring Riboswitch Activity In Vitro and in Artificial
Cells with Purified Transcription-Translation Machinery

Laura Martini and Sheref S. Mansy

Abstract

We present a simple method to measure the real-time activity of riboswitches with purified components in
vitro and inside of artificial cells. Typically, riboswitch activity is measured in vivo by exploiting p-galactosidase
encoding constructs with a putative riboswitch sequence in the untranslated region. Additional in vitro char-
acterization often makes use of in-line probing to explore conformational changes induced by ligand binding
to the mRNA or analyses of transcript lengths in the presence and absence of ligand. However, riboswitches
ultimately control protein levels and often times require accessory factors. Therefore, an in vitro system
capable of monitoring protein production with fully defined components that can be supplemented with
accessory factors would greatly aid riboswitch studies. Herein we present a system that is amenable to such
analyses. Further, since the described system can be easily reconstituted within compartments to build artifi-
cial, cellular mimics with sensing capability, protocols are provided for building sense-response systems within
water-in-oil emulsion compartments and lipid vesicles. Only standard laboratory equipment and commer-
cially available material are exploited for the described assays, including DNA, purified transcription—transla-
tion machinery, i.c., the PURE system, and a spectrofluorometer.

Key words Riboswitch, Transcription—translation, In vitro compartmentalization, Liposome,
Emulsion, Cell-free synthetic biology

1 Introduction

Riboswitches are genetically encoded control elements that
respond to small molecules through direct binding. Sensing is
mediated by an aptamer [1-4] sequence within the mRNA that
controls the conformation of the expression platform. Usually
ligand binding turns off gene expression; however, natural on-
riboswitches exist [5]. The induced conformational changes either
regulate transcription through terminator—anti-terminator activity,
translation by modulating the accessibility of the ribosome binding

Atsushi Ogawa (ed.), Artificial Riboswitches: Methods and Protocols, Methods in Molecular Biology, vol. 1111,
DOI 10.1007/978-1-62703-755-6_11, © Springer Science+Business Media New York 2014
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site, mRNA processing, or splicing [6]. In addition to natural ribo-
switches, many riboswitches have been engineered by modifying
previously selected aptamer sequences [7] or by mutating natural
riboswitches to display new functionality [8]. Most of the charac-
terized natural riboswitches control transcription, whereas syn-
thetic riboswitches typically control translation.

Monitoring transcription in vitro is straight forward [9, 10]
thereby allowing for the characterization of riboswitches that alter
transcript length in a manner dependent upon the presence or
absence of ligand. However, riboswitches that control ribosome
binding site accessibility produce transcripts of the same length
regardless of the presence or absence of ligand, making methods
that quantify differences at the RNA level less insightful. Moreover,
riboswitches ultimately control protein synthesis, regardless of the
specific mechanism exploited. Therefore, more direct methods
that probe the influence of riboswitch activity on protein synthesis
are desirable. This is most often achieved by placing the riboswitch
in question within a genetic construct that encodes f-galactosidase,
a fluorescent protein [7, 11] or more recently, a protein involved
in motility [ 12 ] and monitoring the activity of the reporter protein
in Escherichin coli. In other words, the assay is carried out within
the cell and absorbance or fluorescence are quantified.

The advantage of such methods is that the activity of the ribo-
switch within a living cell is monitored, meaning that the measured
activity is not a result of imperfect in vitro approximations of in
vivo conditions. However, there are several limitations of such in-
cell assays. First, the influence of accessory proteins could easily be
missed, since their participation in sensing or transducing chemical
messages is largely uncontrolled in such experiments. Second, the
putative ligand either must be capable of crossing the membrane
(to allow for exogenous delivery) or easy to manipulate in terms of
concentration. For example, the activity of the flavin mononucleo-
tide (FMN) riboswitch was characterized at the transcriptional
level in vitro [13, 14], but the influence of FMN on protein syn-
thesis was not investigated, presumably due to the difficulty in
quantifying and modulating intracellular FMN concentrations.

Herein we present a simple method to characterize the influ-
ence of riboswitch activity on protein synthesis in vitro. Guidelines
for the design and assembly of the genetic construct, and the eval-
uation of in vitro riboswitch activity by monitoring the synthesis of
fluorescent protein with fully defined components are described
(Fig. 1). Importantly, this real-time fluorescence assay is amenable
to the screening of protein accessory factors and ligands, including
ligands that are metabolites, impermeable, or toxic. It should be
noted that the described protein synthesis assay does not replace
current methods that characterize transcriptional activity. The
investigation of both transcription and translation is needed in
order to fully define the mechanistic details of riboswitch activity.
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Fig. 1 Cell-free systems for in vitro riboswitch characterization and the construction of artificial, cellular mim-
ics. The PURE system is used to characterize in real-time riboswitch activity through the expression of a
reporter protein either in vitro or inside of a compartment with dimensions similar to living cells

We additionally describe how this riboswitch controlled in
vitro transcription—translation system can be encapsulated within
compartments to build cellular mimics (Fig. 1). As opposed to the
majority of artificial cell studies that focus on self-replication, ribo-
switch sensing-based cellular mimics integrate more fully with the
environment and thus could potentially serve as a platform for
future technologies. The example described here uses water-in-oil
(w/0) emulsion droplets [15], vesicles [16], and a previously
reported theophylline riboswitch [7, 17, 18].

2 Materials

2.1 Template
Preparation

2.2 InlVitro
Transcription
and Translation

All solutions should be prepared using diethyl pyrocarbonate (DEPC)
treated water. All reagents are nuclease-free, molecular biology grade.
The theophylline riboswitch sequence used here is available from the
Registry of Standard Biological Parts (BBa_J89000).

1. E. cols DH5a or similar laboratory, cloning strain.
2. Commercial plasmid miniprep kit.

3. 25:24:1 Phenol—chloroform—isoamyl alcohol mixture (see
Note 1).

1. PURExpress in vitro protein synthesis kit (New England
Biolabs).

2. Riboswitch ligand molecule (e.g., theophylline).
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3. RNAse Inhibitor (RiboLock RNase Inhibitor, Fermentas).
4. Quartz ultra-micro cell cuvette (105.252-QS, Hellma).

5. QuantaMaster 40 UV-Vis Spectrofluorometer with a Peltier
temperature controlled single sample holder (Photon
Technology International) or a similar spectrofluorometer.

2.3 Emulsion 1. Mineral Oil.
Preparation 2. Span 80.
3. Tween 80.
4. Triton X-100.
5. 9 mm Teflon stir bar.
6. Magnetic stir plate.
7. Gilson Microman Positive displacement pipettes.
2.4 Liposome 1. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).
Preparation 2. Cholesterol.
3. N-(carbonyl-methoxypolyethyleneglycol5000)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine  (DSPE-PEG 5000,
NOFEF-Europe).
4. Rotary evaporator, ¢.g., Rotavapor R-210 with Vacuum Pump
V-700 (Buchi).
5. IKA T 10 basic ULTRA-TURRAX disperser with a 5 mm
diameter dispersing tool.
6. Mini-Extruder (Avanti Polar Lipids, Inc.).
7. Nucleopore Track-Etch Membrane 0.4 pm (Whatman).
8. Centrifugal evaporator, e¢.g., CentriVap Centrifugal Vacuum
Concentrator (Labconco).
9. Tris saline buffer; 50 mM Tris—-HCI, 50 mM NaCl, pH 7.4
supplemented with 10 mg/mL Proteinase K (Fermentas).
2.5 Imaging 1. Zeiss Observer Z1 microscope (Carl Zeiss S.p.A.) or similar
fluorescence microscope.
3 Methods

3.1 DNA Template
Preparation

The DNA template can be either a circular plasmid or a linear PCR
product that contains a series of modular elements to allow for ribo-
switch controlled protein synthesis (Fig. 2). The sequence should
contain a transcriptional promoter, a sequence encoding the ribo-
switch that contains a ribosome binding site (preferably the natural
ribosome binding site sequence, if possible), a gene coding for a fluo-
rescent protein to act as a reporter, and a transcriptional terminator.
The transcriptional promoters for T7 and E. co/s RNA polymerases are
typically used. However, since the activity of a riboswitch can depend
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Promoter Riboswitch Reporter protein ~ Terminator

5' TAATACGACTCACTATAG GGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGG
TAACAACAAG ATGMYPetTAA AGAGAATATAAAAAGCCAGATTATTAATCCGGCTTTTTTGTTATTT 3'

Fig. 2 The composition of a theophylline riboswitch for the real-time observation of riboswitch activity. The
construct shown here contains a standard T7 transcriptional promoter, a theophylline riboswitch that contains
a ribosome binding site, a gene that codes for A206K YPet (mYPet), and a T7 transcriptional terminator. Only
the start and stop codons of mYPet are shown. The riboswitch sequence is shown in bold

on the RNA polymerase [19], particularly for riboswitches that use a
terminator—anti-terminator mechanism, the choice of which promoter
to use can significantly impact in vitro riboswitch activity. Similarly, it
is advisable that the sequence chosen for the riboswitch portion of the
construct contains the ribosome binding site. Riboswitches are often
associated with inefficient ribosome binding sites, either due to a lack
of potential base-pairing interactions with the ribosome or because of
structural features of the riboswitch that obstruct ribosome binding
site—ribosome interaction. Further, since riboswitches typically do
not fully block protein synthesis in the oft-state nor mediate robust
expression in the on-state, i.e., riboswitch control is leaky and gener-
ally mediates more subtle changes in expression [7], a ribosome bind-
ing site not tuned to the activity of the riboswitch could complicate
analyses. The reporter should be a protein that expresses well in vitro
and is easily detectable. We find the green fluorescent proteins super
folder GFP (stGFP) and GFPmut3b and the yellow fluorescent pro-
teins YPet and Venus to be particularly good choices [20]. Finally,
incorporating a hairpin transcriptional terminator is advisable, even if
not absolutely required when using a linear PCR product as a tem-
plate, because structured RNA termini increase RNA stability and
thus protein yield [21].

1. The DNA template should contain from 5’ to 3’ a T7 pro-
moter followed by two GG nucleotides to enhance transcrip-
tion, a sequence encoding the riboswitch [17] and the RBS,
and the gene coding for the reporter protein followed by a
transcriptional terminator (Fig. 2).

2. The template should be amplified either by PCR or by
transforming a typical laboratory cloning strain of E. coli, such
as DH5a, and purified with a commercially available kit accord-
ing to the manufacturer’s instructions.

3. Subsequently, the DNA is phenol—chloroform extracted [22]
with an equal volume of Tris-buffered Phenol-Chloroform
(see Note 1).

4. The DNA is ethanol precipitated [23], resuspended in sterile
water, and stored at =20 °C.
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3.2 InVitro
Transcription and
Translation Reaction

3.3 InVitro
Gompartmentalization

The major advantage of working in vitro, compared with in vivo, is
that the system operates only with what is provided. In other
words, in vitro activity cannot depend on unidentified cellular
components, because they are not present. To date, only E. coli
[24] and Thermus thermophilus [25] translation machinery have
been reconstituted in vitro from purified components. Of these
two, only the E. coli system, i.c., the PURE system, is commercially
available. It should be noted that in contrast to in vivo or cell-
extract conditions, reactions with purified transcription—translation
machinery do not contain nucleases. The lack of nucleases decreases
the amount of DNA template needed. Whether protein produc-
tion is more or less efficient with the PURE system in comparison
with cell-extract based systems depends on the specific folding
properties of the expressed protein.

1. The PURE system components should be aliquoted on ice and
stored in 0.2 mL microcentrifuge tubes. Convenient volumes
are 10 nL aliquots of solution A and 7.5 pL aliquots of solu-
tion B. Aliquots are stored at -80 °C.

2. Assemble the reaction components, except for the DNA tem-
plate, on ice following the manufacturer’s instructions.
Supplementary reagents can also be added, such as RNase
inhibitor (e.g., 20 U RiboLock RNase Inhibitor) or the ribo-
switch ligand (e.g., 0.5 mM theophylline).

3. The assembled reaction is transferred to a quartz cuvette and
incubated at 37 °C.

4. The reaction is initiated by the addition of the DNA template
and monitored by fluorescence spectroscopy for 6 h (Fig. 3)
(see Note 2). The DNA template concentration should be
screened. We used 250 ng of plasmid template in 25.5 nL
total reaction volume. If YPet is used as the reporter protein,
the excitation and emission wavelengths are 517 nm and
530 nm, respectively.

Since cellular life is chemically distinct from the environment,
ctforts to mimic cells in the laboratory often times exploit w/o
emulsion droplets or vesicles to approximate the compartment of
the living, chemical system [26, 27]. However, even if cellular life
is distinct from the environment, life cannot exist in isolation and
must in some manner interface with the environment to survive
[28]. Since lipid vesicles are semipermeable and more similar to the
types of barriers found in biology, vesicles are better suited than
w/o0 emulsion droplets for the construction of cellular mimics.
Nevertheless, the encapsulation efficiency of w/o0 emulsions is
nearly 100 %, whereas encapsulation efficiency in vesicles is at best
30 % [29]. It is for this reason that the screening of compartmen-
talized reactions is carried out with w/o0 emulsions. Once optimal
conditions are identified, similar vesicle systems are setup.
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Fig. 3 In vitro theophylline riboswitch activity observed by measuring the expression of the reporter protein
mYPet. The presence of the ligand activates protein expression. A schematic representation of the mRNA in the
ligand-bound ON state and the uncomplexed OFF state are shown. Protein production is inhibited in this case
in the OFF state because the RBS is not available for base-pairing with the ribosome. The data were taken from
a previous in vitro theophylline riboswitch study [18]

3.3.1 Cell-Free
Expression in w/o
Emulsion

The method described here is based on that of Davidson et al. [30]
but has been scaled down to be compatible with small volume
PURE system reactions. Positive displacement pipettes are used to
handle oil samples.

1. The oil phase that will be used for the w/0 emulsion is assem-

bled in a 15 mL Falcon tube (see Note 3), in the following
order: 474.75 pL of mineral oil, 22.5 puL of span 80, 2.5 pL of
tween 80, and 0.25 pL of triton X-100.

. The aqueous phase is first assembled in a microcentrifuge tube

by mixing the PURE system components on ice as described
above for the in vitro reactions. Note that the optimal DNA
template concentration may be different when transcription—
translation is performed in a compartment versus in vitro. We
used 500 ng of plasmid DNA in 25.5 pL of total aqueous vol-
ume (see Note 4) for expression in w/o emulsion droplets.
The theophylline concentration was also increased to 5 mM to
compensate for partitioning into the oil phase (see Note 5).

. The 15 mL tube containing the oil phase is placed in a 250 mL

beaker filled with ice water on a magnetic stir plate. A teflon
stir bar is inserted in the oil phase and the oil is mixed by stir-
ring at maximum speed for 1 min.

. The emulsion is formed by the drop-wise addition of the aque-

ous phase containing the PURE system reaction to the oil
phase over 1 min with continuous stirring. The emulsion is
then stirred for an additional 3 min (se¢ Note 6).

. Finally, the emulsion is transferred to a 2 mL microcentrifuge

tube and incubated at 37 °C for 6 h. 5 pL aliquots are removed
every hour for observation by fluorescence microscopy.
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3.3.2 Cell-Free
Expression in Vesicles

The freeze-dried empty liposome (FDEL) method, as described by
Yomo and colleagues [ 16], is used with slight modification to build
the wvesicles that house the transcription—translation reaction.
FDEL vesicles encapsulate macromolecular, hydrophilic compo-
nents relatively efficiently. A variety of lipid compositions can be
exploited. Here 12 pmol of 58:39:3 POPC-cholesterol-DSPE-
PEG 5000 is used.

1.

Each lipid is dissolved in chloroform and mixed in a 5 mL
round-bottom flask.

. The solution is subjected to rotary evaporation for 1 h. The

resulting thin lipid film is then hydrated with 1 mL of DEPC-
treated water and vortexed for 20 s or until a homogeneous
opaque solution is formed.

. The vesicle solution is then transferred to a 2 mL microcentri-

fuge tube and disrupted with an IKA T 10 basic homogenizer
at high speed (level 4 setting) for 1 min (see Note 7).

. Samples are extruded through 400 nm polycarbonate filters 11

times with an Avanti mini-extruder. 40 uL aliquots of the vesi-
cles are placed in 1.5 mL microcentrifuge tubes, frozen in liq-
uid nitrogen (se¢ Note 8), and lyophilized with a centrifugal
evaporator overnight at 30 °C. A thin opaque lipid layer can be
observed at the bottom of the microcentrifuge tube after lyoph-
ilization. At this stage the samples can be stored at -20 °C.

. APURE system reaction is assembled on ice in a total volume of

22.1 pL, including 500 ng of the template plasmid (see Note 4).
20 U of RiboLock RNase inhibitor is added to the solution.

. 10 pL of the assembled PURE system reaction is added to an

aliquot of FDEL vesicles on ice and incubated without agita-
tion for 2.5 h (see Note 9). The unused portion of the PURE
system reaction can be stored at -80 °C.

. The hydrated liposomes are then diluted 20-fold in Tris saline

buffer supplemented with proteinase K in a 0.2 mL
microcentrifuge tube and incubated at 37 °C. The inclusion of
proteinase K is to degrade extravesicular proteins.

. At this point the ligand to be sensed, e.g., 5 mM theophylline

(see Note 5) is added. Theophylline is capable of diffusing
across the membrane, binding directly to the mRNA, and acti-
vating translation thereby resulting in fluorescence. Control
reactions in the absence of ligand should result in no or signifi-
cantly reduced fluorescence.

. The reactions are incubated at 37 °C for 6 h. 5 pL aliquots are

removed from the reaction every 1.5 h and visualized by fluo-
rescence microscopy.
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Sample Preparation
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Detecting activity inside of vesicles by fluorescence microscopy is
more difficult than in vitro measurements with a spectrofluorome-
ter. First, encapsulation efficiency is low, particularly when over 80
different components need to be encapsulated within one vesicle in
order for protein synthesis to proceed [31] (see Notes 4 and 9).
Second, riboswitches typically have weak ribosome binding sites
and thus produce less protein than constructs typically exploited for
recombinant expression. Finally, fluorescent proteins photobleach
and require time to mature. We use a monomeric version of the yel-
low fluorescent protein YPet as a reporter because the characteris-
tics of YPet are more amenable to investigation by microscopy. YPet
is one of the brightest fluorescent proteins and is more photostable
than the majority of available fluorescent proteins [32]. The expres-
sion of monomeric YPet with the PURE system requires approxi-
mately 2 h to reach half maximal fluorescence [20].

1. 5 pL aliquots are removed from the reaction and spotted on a
clean glass slide. A cover slip is added.

2. The slide is then left for 2 min to rest on the bench. This step
helps decrease the number of rapidly moving vesicles.

3. The sample is then observed by bright field and epifluores-
cence with 100x magnification (Fig. 4). Care should be taken
to decrease photobleaching by decreasing exposure time.

4 Notes

1. It is preferable to avoid Phenol-Chloroform solutions that con-
tain ethylenediaminetetraacetic acid (EDTA), since the chela-
tion of metals by EDTA can interfere with enzyme activity.

2. A plate reader or a real-time PCR machine can be used in place
of a spectrofluorometer.

3. We also made w/o0 emulsions in 13 mL Sarstedt tubes with
stirring with x-shaped spinplus stir bars, as described by
Davison et al. [30]. The resulting emulsions were more homo-
geneous and more stable than the emulsions we obtained with
Falcon tubes and linear stir bars. However, we found the
Davidson et al. emulsion droplets to be smaller and thus more
difficult to observe by microscopy.

4. The PURE system instruction manual suggests screening
between 25 to 250 ng of template DNA for 25 pL reactions.
For the in vitro characterization of the theophylline riboswitch,
250 ng of plasmid template was found to be optimal. However,
better results were obtained with 500 ng DNA template for
compartmentalized reactions.
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Fig. 4 Fluorescence microscopy images of riboswitch activity in compartments. Upper panels (a—c): activity
recorded in emulsion compartments. Middle panels (d—f): activity recorded in liposomes. Lower panels (g, h):
activity due to riboswitch sensing of the environment. Images are all epifluorescence, except for panels a, d, g,
which are bright-field. Panel b, e show the fluorescence resulting in compartments when the ligand is present.
The corresponding controls (i.e., in the absence of ligand) are also shown (¢, f). In panel h, the activity of a ribo-
switch as a sensor element is shown. The data are from the characterization of a cell-free theophylline riboswitch
system and panels g and h are reproduced with permission from the Royal Society of Chemistry [18]

5. Since the oil-water partition coefficient of theophylline is low
[33], much more theophylline is required to activate the ribo-
switch in the presence of oil than in aqueous solution.

6. Stirring is an important parameter to consider when generat-
ing an emulsion. A constant stir force should be used and the
stir bar must be compatible with the tube holding the aqueous-oil
mixture. For example, the conical shape of'a Falcon tube is not
compatible with x-shaped stir bars. The efficiency of mixing
can be qualitatively assed by eye by including in the aqueous
phase 1 mM HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid)
and observing the distribution of green color throughout the
tube during stirring.

7. We also tested sonication as a possible disruption method.
Sonication at 70 A of amplitude for 5 min resulted in higher
dispersion. However, the number of liposomes observed by
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microscopy was lower than that observed with the IKA T

homogenizer.

. Freezing can also be performed with dry ice without any

appreciable difference in liposomes formation.

. The slow vesicle formation process mediated by the natural

swelling method described herein results in fewer, but larger
vesicles that are easier to observe by microscopy than by other
methods that exploit vortexing. Additionally, compartment
size impacts protein synthesis efficiency with larger vesicles
being more compatible with protein synthesis [34].
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2.2. Artificial cells as chemical translators

Cellular mimics have been engineered to sense and respond to theophylline from
the environment with a small molecule-dependent RNA regulator. However, this system
gives a response in the internal compartment, displaying a fluorescent output. It is possible
to further engineer the cell mimic in order to achieve a response activity which is not limited
to the compartment. Thus, the information sent by the artificial cell can be processed by
another receiving system. In other words, the sensing and responding functions can be
mediated by the cell mimic, causing a behavioural effect as final response on living cells,

e.g. bacteria.

In contrast to the typical synthetic biology approach of controlling biological functions
via engineering of living systems, the described artificial cell does not require direct genetic
modification of the receiving bacteria. Moreover, cellular mimics can potentially be exploited
for therapeutic function, e.g. mediating the disruption of Pseudomonas aeruginosa biofilms
in cystic fibrosis patients. As another advantage, artificial cells degrade rapidly thereby

avoiding the fear of losing control of the system over time.

In this context, the publication Integrating artificial with natural cells to translate
chemical messages that direct E. coli behaviour (Lentini et al., Nat. Commun., 2014, 5,
4012) presents an artificial cell that operates as a chemical translator, converting an input
signal, to which the bacteria is naturally unable to respond, into a chemical message that
the cell can sense and respond to (Fig. 1, Lentini et al., Nat. Commun., 2014, 5, 4012). A
cellular mimic responsive to theophylline is engineered that allows for the release of
isopropyl B-D-1-thiogalactopyranoside (IPTG). The DNA of the artificial cell codes for the
theophylline riboswitch, which controls the translation of the pore-forming protein, i.e. a-
hemolysin (aHL). IPTG is entrapped in the cellular mimic and the phospholipid bilayer is
impermeable to the small molecule. Thus, only in presence of theophylline, the cell mimic

activates and allows the expression of aHL, releasing IPTG. The detection by the bacteria
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of the IPTG chemical signal is assessed firstly by transforming E. coli with a plasmid
carrying a fluorescent protein under the control of an IPTG responsive lac operon.
Fluorescence is directly monitored by flow cytometry. Secondly, the variation of gene
expression of untransformed E. coli is measured by reverse transcription quantitative PCR

(RT-gPCR).

Initial optimization of the system is performed through the testing of the components
of the system in vitro. The riboswitch activity is assessed through the investigation by
fluorescence kinetic measurements of the theophylline dependent expression of a fusion
construct consisting of aHL and super folder GFP. However, the lack of difference in protein
expression in presence and absence of theophylline suggests the existence of internal RBS
sequences that interfere with the determination of riboswitch activity by monitoring
fluorescence. In fact, a variant with a mutated version of aHL allows for the reduction of the
background fluorescent signal, thereby revealing riboswitch activity (Fig. 2, Lentini et al.,
Nat. Commun., 2014, 5, 4012). Moreover, hemolysis tests on red blood cells show that the

aHL produced in vitro is functional, and pores can be effectively formed.

In order to demonstrate that E. coli can sense and respond to IPTG released from
the cellular mimic, bacteria are transformed with a plasmid encoding the fluorescent protein
GFPmut3b under the control of an IPTG-inducible operon. After incubation of the cellular
mimics and bacteria, in the presence and absence of theophylline, flow cytometry results
clearly demonstrate fluorescence of the E. coli cells (Fig. 3, Lentini et al., Nat. Commun.,
2014, 5, 4012). Thus, the artificial cells are able to communicate with E. coli, translating an
unrecognized chemical signal (theophylline) into a signal (IPTG) that bacteria can respond

to.

The expression of a fluorescent reporter may be considered as an engineered
response in bacteria since the cells were transformed with an exogenous plasmid coding

for the fluorescent protein. For this reason, investigation by RT-gPCR of the variation of
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expression of lac operon genes LacZ, LacY and LacA is carried out for untransformed
bacteria in presence and absence of theophylline. The results confirm the ability of the
artificial cell to translate the theophylline message into information contained within IPTG,
processed by the natural cells. These results highlight the possibility to interface cellular
mimics with living system, leading to regulation and reprogramming. Moreover, the sensing

abilities of bacteria can further be expanded by the use of a chemical translator.

Detailed designs, materials and methods and discussion are attached in the paper.
My involvement in this publication relates to the setting up of the theophylline riboswitch
experiments. Concerning the construction of the aHL-super folder GFP reporter template, |
analyzed the RNA folding with the secondary structure prediction software mfold, leading to
the identification of internal RBS sequences. These RBSs were then successfully mutated
to optimize the characterization of the in vitro activity of the riboswitch. Finally, | was

involved in editing the manuscript before publication.
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new cellular function through the insertion and deletion of

genetic information in living cells. This genetic engineering
based approach has progressed rapidly. There is now available a
set of well-characterized biological parts'™ that can be used to
build complex genetic circuitry within and between the livin
cells*~®. Further, entire genomes can be edited” and synthesized®,
suggesting that fully designed organisms with heretofore unseen
capabilities are likely in the future.

Despite the wide range of technologies and target pathways
exploited, the desire to control microorganisms to date has always
employed direct genetic intervention. The limitations of these
prevalent methods are due to the difficulties of engineering living
systems, including evolutionary pressures that may alter engi-
neered pathways over time and the potential long-term
consequences of altering ecosystems with engineered organisms.
However, it may not be necessary to genetically modify living
cells. Extant life is already extremely complex, endowed with
numerous sensory and metabolic pathways tuned by billions of
years of evolution to be efficiently responsive to changing
intracellular and extracellular conditions. A simple change in
pH, for example, results in the up and downregulation of nearly
1,000 genes in Escherichia coli®. In other words, cells are already
capable of sensing many different stimuli and capable of
performing many tasks. Therefore, it should be possible to
exploit these existing cellular pathways to control cellular
behaviour without changing the genetic makeup of the cells.

Here we explore this idea of engineering E. coli through
alternative means by targeting the sensory pathways of E. coli. To
do so without altering the genetic content of the bacterium, we
instead construct artificial cells that could interact with natural
cells in order to evoke a behavioural response. The artificial cells
in this system function as chemical translators that sense
molecules that E. coli alone cannot sense. In response, the
artificial cells release a molecule that E. coli can naturally respond
to, thereby translating an unrecognized chemical message into a
recognized chemical message. In this way, the sensory capabilities
of E. coli are expanded without altering the genetic content of the
bacterium. The artificial cell is built with a phospholipid vesicle
containing isopropyl B-p-1-thiogalactopyranoside (IPTG), DNA,
and transcription-translation machinery. The DNA template
codes for a previously selected riboswitch that activates transla-
tion in response to the presence of theophylline!®. The
theophylline riboswitch controls the synthesis of the pore
forming protein a-hemolysin («HL). Therefore, in the presence,
but not the absence, of theophylline a pore forms that releases
entrapped IPTG. E. coli alone does not respond to theophylline,

S ynthetic biology thus far has relied upon the engineering of

and IPTG does not cross the vesicle membrane of the artificial cell
in the absence of the pore. The ability of E. coli to receive the
chemical message sent by the artificial cells is assessed in two
ways. First, the fluorescence of E. coli carrying a plasmid encoding
a fluorescent protein behind an IPTG-responsive, lac operator
sequence is evaluated. Second, the gene expression of
untransformed E. coli is monitored by reverse transcription
quantitative PCR (RT-qPCR). To our knowledge, this is the first
artificial, cell-like system capable of translating unrecognized
signals into a chemical language that natural cells can recognize.
The integration of artificial translator cells with natural cells
represents a new strategy to introduce synthetic features to a
biological system while circumventing the need for direct genetic
manipulation.

Results

The theophylline-sensing device is functional in vitro. To build
artificial cells that sense theophylline and in response release
IPTG (Fig. 1), a theophylline-sensing genetic device was built
with a T7 transcriptional promoter, a theophylline riboswitch and
a gene encoding a fusion between oHL and super folder GFP at
the carboxy terminus. If functioning properly, this arrangement
should result in the expression of protein and thus green fluor-
escence only in the presence of theophylline. However, cell-free
expression in the presence and absence of theophylline showed
similar levels of fluorescence (Fig. 2a). Since this same riboswitch
was previously shown to function in vitro'l, the sequence of the
oHL-GFP gene was more closely examined. Multiple pairs of
potential ribosome binding sites (RBS) and start codons were
identified within the oHL portion of the gene that were in-frame
with the GFP-encoding region. The theophylline riboswitch
controls translation, meaning that sequences behind the
theophylline riboswitch are always transcribed. Translation
from the RBS within the riboswitch is activated by direct
binding of theophylline to the messenger RNA. Therefore, if
additional sequences outside of the riboswitch but within the «HL
portion of the gene were recognized by the ribosome, then
regardless of the theophylline concentration, the expression of
truncated peptide products with fluorescently active GFP would
have been possible. To test if such internal RBSs were present, the
theophylline riboswitch and thus the RBS preceding the oHL-
GFP sequence was deleted. In vitro transcription-translation of
this construct showed the accumulation of fluorescence over time
similar to the riboswitch containing construct (Fig. 2b). Sequence
analysis revealed three potential RBS-start codon pairs within the
oHL coding portion of the gene. Of these, a putative RBS of
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Figure 1| Artificial cells tr te chemical signals for E. coli. (a) In the absence of artificial cells (circles), E. coli (oblong) cannot sense theophylline.

(b) Artificial cells can be engineered to detect theophylline and in response release IPTG, a chemical signal that induces a response in E. coli.
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Figure 2 | In vitro characterization of the theophylline-sensing device and oHL. (a) The cell-free expression of aHL-GFP behind a theophylline riboswitch
gives rise to similar levels of fluorescence both in the presence (4 theo) and absence ( — theo) of theophylline at 37 °C. (b) The removal of the theophylline
riboswitch and thus, the RBS preceding the start codon of aHL-GFP shows production of a fluorescent protein product when incubated with transcription-
translation machinery ( — RBS). The removal of a putative internal RBS within the aHL coding portion of the fusion construct significantly decreases the
production of the fluorescent protein product ( — RBS mutant). (¢) The activity of the theophylline-sensing device is observable by fluorescence when an
internal RBS is removed. The top and middle curves are the in vitro expression of aHL-GFP behind the theophylline riboswitch in the presence ( + theo) and
absence of theophylline ( — theo), respectively. Background fluorescent protein production is shown with the same construct lacking the theophylline

riboswitch ( —RBS mutant) used in b. (d) The cell-free expression of theophylline riboswitch-controlled aHL-degraded red blood cells (RBCs) in the

presence (+theo) but not the absence of theophylline ( — theo). Control reactions include the expression of an aHL construct lacking the theophylline
riboswitch (zHL) and RBCs alone (negative control). RBC degradation was monitored by attenuance at 22 °C. The exploited constructs were SPO11A for
panel A, SPO02A and ASO14A for panel B, RLO69A and ASO14A for ¢, and RLO67A and JFOO1A for d (Supplementary Table 1). Data are averages of three

independent reactions.

AAAGAA was selected as the most likely candidate for giving
fluorescent protein expression based on sequence composition
and spacing'?. The putative internal RBS was removed by
mutation to TCTACC, resulting in a carboxy-terminal GFP
tagged K30S E31T oHL construct. Fluorescence from this
mutated construct was reduced threefold, consistent with the
removal of an internal RBS (Fig. 2b). Finally, K30S E31T oHL-
GFP was placed behind the theophylline riboswitch to test the
activity of the cell-free sensing device. A clear difference was
observed between protein expression in the presence and absence
of theophylline (Fig. 2c), and the fluorescence arising in the
absence of theophylline was within 20% of the construct lacking
an RBS upstream of the full gene. The data were consistent with a
functioning riboswitch sensor with background fluorescent
protein expression arising from internal RBS within oHL.
Therefore, the final artificial cellular mimic described below was
built with oHL lacking a GFP-tag to avoid complications arising
from the expression of truncated fluorescent protein product.

Active oHL is produced in response to theophylline in vitro. To
ensure that the cell-free expressed oHL was active as a pore, the
ability of oHL to degrade rabbit red blood cells was assessed
through a standard haemolysis assay'>. Each construct was
expressed in vitro at 37°C for 6h after which, an aliquot was
removed and added to red blood cells. Haemolysis was quantified
by measuring attenuance at 650nm. In the presence of
theophylline, 90% haemolysis was observed when the genetic
construct containing a riboswitch-controlled o HL was expressed.
The cell-free expression of the same construct in the absence of

theophylline gave haemolysis levels similar to the negative control
reactions (Fig. 2d), as was expected for a functioning theophylline
riboswitch that controls the production of aHL. Control reactions
with commercial oHL-purified protein and in vitro-expressed
oHL and oHL-GFP all were fully active (Fig. 2d, Supplementary
Table 2), whereas aliquots from in vitro-expressed GFP alone
and oHL with a carboxy-terminal His-tag were inactive
(Supplementary Table 2). oHL with a carboxy-terminal His-tag
was previously shown to have reduced activity!%. Also,
comparison of the riboswitch activity fluorescence data with the
haemolysis assay data was consistent with the production of GFP
containing protein fragments from an internal RBS without an
active oHL domain. For example, the «HL-GFP construct lacking
one of the putative internal RBSs failed to produce protein with
haemolysis activity (Supplementary Table 2), despite giving rise
to fluorescence during in vitro transcription-translation (Fig. 2b).

Artificial cells can translate chemical messages for E. coli. After
demonstrating that the riboswitch was able to control the in vitro
expression of oHL in response to theophylline and that the
expressed oHL molecules formed functional pores, the compo-
nent parts were next assembled inside of phospholipid vesicles to
build artificial cells. Theophylline is capable of passing through
the membrane of vesicles'!. Phospholipid vesicles were generated
in the presence of IPTG, transcription-translation machinery and
DNA encoding oHL under the control of the theophylline
riboswitch. The vesicles were then purified by dialysis at 4 °C to
remove unencapsulated molecules. The receiver bacterial cells
were mid-exponential phase E. coli BL21(DE3) pLysS carrying a
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plasmid encoding GFP behind a T7 promoter and a lac operator
sequence. In this commonly exploited system, IPTG induces the
expression of a chromosomal copy of T7 RNA polymerase in
E. coli BL21(DE3) and derepresses the expression of GFP from
the plasmid. Background expression is typically low with such an
arrangement because of the presence of constitutively expressed
lysozyme from pLysS, a natural inhibitor of T7 RNA polymerase.

To test if the artificial cells could function as chemical
translators for E. coli, the artificial cells were incubated with
E. coli BL21(DE3) pLysS carrying the GFP-encoding plasmid at
37°C, and the fluorescence of E. coli was evaluated by flow
cytometry. A control reaction in which theophylline was directly
added to E. coli in the absence of artificial cells failed to show
green fluorescence after 3h (Fig. 3a). Similarly, IPTG loaded
vesicles that did not contain the machinery necessary to form
pores did not induce fluorescence in E. coli. Therefore, theophyl-
line was not able to induce a detectable response in E. coli, and
IPTG could not cross the vesicle membrane in the absence of
oHL, which was consistent with permeability measurements
(Supplementary Fig. 1). However, when E. coli was incubated
with artificial cells and theophylline, 17 + 10% and 69 + 3% of the
bacteria fluoresced green after 0.5 and 3 h, respectively. When the
same experiment was repeated in the absence of theophylline,
3+ 1% and 24 £ 5% of the bacteria were fluorescent after 0.5 and
3h, respectively (Fig. 3a,b). Longer incubations resulted in
diminishing differences between the two samples suggesting the
presence of low levels of oHL expression in the absence of
theophylline. Also, the GFP response was encoded within a
medium copy number plasmid. Therefore, higher background
levels of GFP were to be expected in comparison with gene
expression from the chromosome. The flow cytometry experi-
ments were consistent with the ability of artificial cells to translate
an unrecognized chemical signal (theophylline) into a signal
(IPTG) that E. coli could respond to.

Although the artificial cells were capable of communicating
with E. coli, the induction of GFP synthesis, as observed above,
exploited an engineered response. To assess whether artificial
cells could elicit a natural, chromosomally encoded response,

RT-qPCR was used to measure gene expression from the lac
operon of E. coli. The lac operon is one of the most thoroughly
characterized sensory pathways'>. The presence of allolactose (or
the non-hydrolyzable analogue IPTG) induces the expression of
lacZ, lacY and lacA. To facilitate detection of E. coli responding to
the chemical message sent from the artificial cells, E. coli BL21
(DE3) pLysS were grown in LB supplemented with glucose to
decrease the background expression of the lac operon and then
transferred to M9 minimal media prior to incubation with
artificial cells. The artificial cells were prepared as described for
the GFP induction experiments above. After incubating together
artificial cells with E. coli in the presence and absence of
theophylline for 4h, aliquots were collected for RNA isolation.
The RNA was then reverse transcribed and lacZ, lacY, and lacA
expression quantified by qPCR. The RNA isolated from bacteria
incubated with artificial cells plus theophylline showed on average
over 20-fold higher lacZYA expression than samples incubated
with artificial cells alone (calculated from AC/(AC + theo) as
shown in Fig. 3c). Taken together, the data are consistent with the
ability of artificial cells to translate chemical messages and induce
both engineered and natural pathways in E. coli.

Discussion

Direct genetic engineering of living cells is not needed to control
cellular behaviour. It is possible, instead, to coerce desired activity
through communication with artificial cells. The foundation for
such technologies has already been laid by both cell-free and
in vivo studies. Engineered communication paths between living
cells have been constructed to coordinate cellular activities in
response to external stimuli®!® and are being developed for
therapeutic purposes!”. In these systems, sender cells often can
process information and in response release molecules that affect
other cells. What has been shown herein builds on these past
efforts but does so by integrating reconstituted, non-living
systems with living cells. This allows for the genetic engineering
component of the system to be moved from the living, evolving,
replicating cells to the more controllable, ephemeral artificial

a b
100 B Theo 100 M Theo
o 80 mAC 80 HAC
= . B AC + theo
z 60 M AC + theo ? 60
3 m Encapsulated = IPTG
G 40 IPTG g a0
R IPTG
° 20 20
0 0
-10° 0 102 10* 10°
c 400 FITC-A
W Theo
]
° AC
g 200 B AC +theo
s m Encapsulated
% IPTG
2 100

lacA

lacZ lacY

Figure 3 | The artificial translator cells are functional. (a) Artificial cells can induce the expression of a plasmid encoded gene within E. coli in response to
a molecule that E. coli cannot naturally sense. BL21(DE3) pLysS carrying a plasmid encoding GFP behind a lac operator sequence was incubated with the
following components at 37 °C for 3 h: theophylline (theo), artificial cells (AC), artificial cells plus theophylline (AC + theo), IPTG encapsulated inside of
vesicles (encapsulated IPTG), and unencapsulated IPTG (IPTG). E. coli fluorescence was quantified by flow cytometry. The reported averages and s.e.m.
were calculated from three separate reactions run on three different days from independently assembled artificial cells. (b) A histogram of a subset of the
FACS data used in panel a shows a clear shift in the E. coli population in the presence of artificial cells plus theophylline. (¢) Artificial cells can induce the
expression of chromosomally encoded genes of E. coli. After 4 h of incubation of artificial cells with E. coli at 37 °C, the messenger RNA encoding lacZ, lacY

and lacA was quantified by RT-gPCR. Data are reported as averages of three

measurements and error bars represent s.e.m.
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cells. When the artificial cells degrade, the natural cells go back
to their original state, thereby diminishing the possibility
of unintended long-term consequences. For example, rather
than engineering bacteria to search for and clean up
environmental contaminants, artificial cells could be built to
sense the contaminant molecules and in response release
chemoattractants that bring natural bacteria capable of feeding
on the contaminants'® to the affected site.

Several recent reports have described the engineering of seek-
and-destroy bacteria for the eradication of tumours or bacterial
infections'®~22. However, these methods ultimately rely on
administering living bacteria to the patient. Artificial cells could
be built to carry out similar tasks if the sensor module of the
artificial cell was designed to detect the chemical conditions
associated with the ailment. For instance, rather than spraying
engineered bacteria into the lungs of cystic fibrosis patients,
artificial cells could be built to detect the presence of
Pseudomonas  aeruginosa biofilms through the quorum
signalling molecules that are naturally secreted by the organism,
such as N-(3-oxododecanoyl)-L-homoserine lactone, a molecule
capable of crossing membranes without the aid of transporters.
Subsequently, the artificial cells could release small molecules, for
example, D-amino acids??, to disperse the biofilm and thus clear
the infection. Moreover, the use of dispersion rather than killing
would decrease the probability of the bacteria developing
resistance. Similar strategies with artificial cells could be
developed to substitute for engineered probiotics that integrate
with gut microbiota?* and prevent disease?>%6.

There are several limitations to these first generation artificial
cells. First, heterogeneity in membrane lamellarity and in
encapsulation efficiency?” results in a mixture of artificial cells
with varying degrees of activity. Microfluidic-based methods for
compartment formation and solute encapsulation would likely
alleviate many of the complications associated with vesicle-to-
vesicle and batch-to-batch variability. Also, a system fully
dependent upon the permeability properties of the membrane
limits the types of molecules that can be sensed and released.
The development of specific membrane-associated sensors and
transporters will likely be necessary as the complexity of artificial
cells increase. Finally, the simple release of encapsulated
molecules means that release could result from compartment
degradation as opposed to an engineered response to the
detection of a specific molecule. It is, therefore, important to
develop an output that is mediated by synthesis so that
compartment degradation would only result in the release of
inactive starting molecules. An example of such a system is the
biological nanofactory described by Fernandes et al?® that
synthesizes a signalling molecule from S-(5'-deoxyadenosin-5')-
L-homocysteine via two enzymatic steps.

The absence of a living chassis opens up greater opportunities
to assemble or biofabricate various mechanisms or functions that
would be difficult to implement with living cells. For example,
chemical systems housed within inorganic and peptide-based
compartments are capable of sensing the environment throu%h,
in part, the gating behaviour of the non-lipid compartment?*-°,
Further, artificial cells can synthesize and release signalling
molecules sensed by living cells without exploiting genetically
encoded parts®1>32, The possibility of merging advances with non-
genetically encoded and genetically encoded parts may lead to the
construction of artificial cells that are better able to imitate
natural cellular life3>34,

Methods

Genetic constructs. The gene encoding Staphylococcus aureus oHL was synthe-
sized by Genscript. Super folder GFP (BBa_I746916) was from the registry of
standard biological parts (http://parts.igem.org). The theophylline riboswitch

NATURE C

sequence was from Lynch and Gallivan'® and was amplified from a previously
described construct!!. All genes were subcloned into pET21b (Novagen) with Ndel
and Xhol restriction sites. Mutagenesis was performed by Phusion site-directed
mutagenesis (Thermo Scientific). All constructs were confirmed by sequencing at
Genechron or Eurofins MWG Operon. Sequences of all the exploited constructs are
listed in Supplementary Table 1. All experiments were repeated at least three times.
Data are reported as averages with standard error, or representative runs are
shown.

In vitro characterization of the riboswitch. Plasmids were amplified in E. coli
Novablue (Novagen) and purified with Wizard Plus SV Minipreps DNA Pur-
ification System (Promega). Plasmid DNA was phenol-chloroform extracted,
ethanol precipitated and resuspended in deionized and diethyl pyrocarbonate-
treated water. PCR products were purified with Wizard Plus SV Gel and PCR
Clean-Up Systems (Promega). Transcription-translation reactions used the
PURExpress In Vitro Protein Synthesis Kit (New England Biolabs) supplemented
with 20 units of Human Placenta RNase Inhibitor (New England Biolabs). Reac-
tions were monitored by fluorescence with a CFX96 Touch real-time PCR (Bio-
Rad) using the SYBR green filter set.

a-hemolysin activity. Each construct was expressed with the PURExpress In Vitro
Protein Synthesis Kit at 37 °C in a final volume of 25 pl either in the presence or
absence of 1.5mM theophylline for 6 h. Rabbit red blood cell (RBC) suspensions
(adjusted to D=0.1 at 650 nm) were added to a microplate where the reaction
mixtures were serially diluted. Changes in attenuance of the RBC suspension were
measured at 650 nm with a microplate reader (UVmax, Molecular Devices) for
30 min at 22 °C as reported in Laventie et al.>> The results are reported as
percentage of haemolysis or as the time necessary to reach 50% of haemolysis.

Preparation of E. coli receiver cells. Mid-exponential E. coli BL21(DE3) pLysS
transformed with a plasmid encoding super folder GFP behind a T7 promoter and
a lac operator sequence (CD101A'2) were grown in LB supplemented with

100 pgml ~ ! ampicillin and 34 pgml ~ ! chloramphenicol to an optical density of
0.5 at 600 nm. A quantity of 200 pl aliquots in 10% (vol/vol) glycerol were flash
frozen with liquid nitrogen and stored at — 80 °C for later use. Aliquots were
rapidly thawed and mixed with 2 ml LB supplemented with 100 ug ml ~ ! ampicillin
and 34 pgml ~! chloramphenicol and incubated for 2 h at 37 °C with 220 r.p.m.
shaking. Finally, the cells were gently pelleted and resuspended in 1 ml M9 minimal
media.

Preparation of artificial cells. Vesicles were prepared as previously described®*%”.
Briefly, 12.5 mg 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
12.5mg cholesterol (Avanti Polar Lipids) in chloroform were mixed in a round
bottom flask. A thin lipid film was made through rotary evaporation with a Buchi
Rotovapor R-210 equipped with a Buchi Vacuum Pump V-700 for 5h. A quantity
of 2ml DEPC-treated deionized water was then added to the thin lipid film and
vigorously vortexed. The resulting liposome dispersion was homogenized with an
IKA T10 basic homogenizer at a power setting of 4 for 1 min. A quantity of 100 pl
aliquots were frozen in liquid nitrogen or dry ice and lyophilized overnight in a
vacuum concentrator (Centritrap DNA concentrator, Labconco) at 40 °C. The
lyophilized empty liposomes were stored at — 20 °C. A quantity of 100 pl aliquots
of freeze-dried liposomes were hydrated with 25 pl of 100 mM IPTG (Sigma)
dissolved in 50 mM HEPES pH?7.6, 25 ul of the PURE system, 500 ng DNA and 20
units of human placenta RNase inhibitor (final volume of 50 pl), unless otherwise
noted. Solutions were gently mixed for 30s.

To remove extravesicular material, the vesicles were dialyzed following a
method previously described by Zhu and Szostak’®. The original membranes of
500 pl Slide-a-Lyzer dialysis cassettes (Pierce) were exchanged with 25 mm
diameter polycarbonate track-etched membranes with a 1 pm pore size
(Whatman). A quantity of 50 ul of unpurified vesicles were loaded onto the center
of the dialysis system with a 100 ul Hamilton syringe and dialyzed against 250 ml of
buffer A (50 mM HEPES, 10 mM MgCl,, 100 mM KCl, pH 7.6) with stirring. The
first four rounds of dialysis were for 10 min each. Two more rounds of dialysis in
which the buffer was changed after 30 min incubations were further performed. All
dialysis steps were carried out at 4 °C.

Artificial-natural cell communication. Purified vesicles containing DNA, the
PURE system, and IPTG were incubated with E. coli BL21(DE3) pLysS trans-
formed with CD101A in M9 minimal media supplemented with 1 mgml~! of
Proteinase K and 5mM theophylline at 37 °C in a final volume of 40 ul. Control
reactions did not contain theophylline. At different time points, 1 ul was removed
and diluted 1:100 in PBS. The sample was then analysed by flow cytometry with a
FACSCanto A (BD Biosciences). The FITC filter was used for the detection of
positive cells. The incident light was at 488 nm for forward scatter (FSC), side
scatter (SSC) and fluorescence. Detection for SSC and fluorescence was at

488 £ 10 nm and 530 * 30 nm, respectively. The threshold parameters were 200 for
both FSC and SSC. The PMT voltage settings were 525 (FSC), 403 (SSC) and 600
(FITC). The flow rate was set to ‘low’. For each sample 30,000 events were
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collected. Reactions were repeated three times on three separate days. Data were
analysed using FlowJo software (TreeStar, USA).

Samples were also evaluated by RT-qPCR. Here, the dialyzed vesicles and E. coli
were incubated as described above for 4 h at 37 °C. Subsequently, the total RNA
was extracted with the RNeasy Mini kit (Qiagen). A quantity of 10 ul of 500 ng of
RNA was reverse transcribed using RevertAid Reverse Transcriptase (Thermo
Scientific). cDNA was quantified with a CEFX96 Touch real-time PCR (Bio-Rad)
with SYBR green detection. Each sample was diluted to 5ng and measured in
triplicate in a 96 wells plate (Bio-Rad) in a reaction mixture containing
SsoAdvanced SYBR green supermix (Bio-Rad) and 180 nM of each primer in a
10 pl finale volume. The primers used to quantify lacZ, lacY and lacA expression
were lacZ FW: 5'-TACGATGCGCCCATCTACAC-3/, lacZ REV: 5'-AACAACCC
GTCGGATTCTCC-3/, lacY FW: 5-GGTTTCCAGGGCGCTTATCT-3, lacY
REV: 5-TTCATTCACCTGACGACGCA-3/, lacA FW: 5'-GCGTCACCATC

25.

26.

27.

28.

29.

Duan, F. & March, J. C. Engineered bacterial communication prevents Vibrio
cholerae virulence in an infant mouse model. Proc. Natl Acad. Sci. USA 107,
11260-11264 (2010).

Goh, Y. L., He, H. & March, J. C. Engineering commensal bacteria for
prophylaxis against infection. Curr. Opin. Biotechnol. 23, 924-930 (2012).
Weitz, M. et al. Diversity in the dynamical behaviour of a compartmentalized
programmable biochemical oscillator. Nat. Chem. 6, 295-302 (2014).
Fernandes, R., Roy, V., Wu, H. C. & Bentley, W. E. Engineered biological
nanofactories trigger quorum sensing response in targeted bacteria. Nat.
Nanotechnol. 5, 213-217 (2010).
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GGGGATAAT-3/, lacA REV: 5'-CCACGACGTTTGGTGGAATG-3'. Gene
expression was normalized to the expression of idnT?® with the following primers:
5'-CTGCCGTTGCGCTGTTTATT-3' and 5'-GATTTGCTCGATGGTGCGTC-3'.
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Supplementary Figure 1. Vesicle permeability to IPTG. (A) A shrink-swell** assay was used to assess

whether IPTG was capable of crossing vesicle membranes. POPC:cholesterol vesicles with entrapped
calcein were prepared in 10 mM MgCl,, 100 mM KCI, 50 mM HEPES, pH 7.6 as described in the methods
and subsequently purified by gel filtration chromatography with sepharose-4b. An aliquot of the vesicle
sample was diluted two-fold with 1.0 M IPTG (final concentration = 0.5 M) at 37 °C. The reaction was
monitored by fluorescence with excitation and emission wavelengths of 495 nm and 515 nm, respectively.
The rapid decrease in fluorescence was due to both dilution with the solute solution and calcein self-
quenching. If IPTG were capable of crossing the membrane, a recovery of fluorescence would have been
observed. (B) The permeability of POPC vesicles to ribose was observable with the shrink-swell assay. The
recovery in fluorescence after two-fold dilution with 1.0 M ribose (final concentration = 0.5 M) was due to
equilibration of ribose and water across the membrane.
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Supplementary Table 1. DNA sequences used in this study

NAME

NOTE

SEQUENCE

AS014A

T7 promoter, K30S
E31T aHL-sfGFP

ATTTAATACGACTCACTATAGATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTC
CAATACCACCGTTAAAACCGGTGATCTGGTGACCTATGATTCTACCAACGGTATGCATAAAAAAGTGT
TTTACTCGTTTATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTG
CGGGTCAATACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTT
TAAAGTGCAGCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCA
TCGATACCAAAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACG
GGTAAAATTGGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGG
ATTTCAAAACCATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATG
GTGAATCAGAACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTAT
GAAAACCCGCAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTG
CTGTCCAGCGGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCA
GACCAACATTGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATT
GGAAAGGCACCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGA
AAAAGAAGAAATGACCAACGGATCCGGCAGCGGTTCTATGCGTAAAGGCGAAGAGCTGTTCACTGG
TGTCGTCCCTATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGG
GTGAAGGTGACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGGTA
CCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATG
AAGCAGCATGACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAA
GGATGACGGCACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATACCCTGGTAAACCGCATT
GAGCTGAAAGGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTTA
ACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGC
CACAACGTGGAGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAACACTCCAATCGGTGATG
GTCCTGTTCTGCTGCCAGACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAG
AAACGCGATCATATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAAC
TGTACAAATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGA
AGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCT
TGAGGGGTTTTTTG

DT101A

T7 promoter, aHL-
His tag

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACT
TTAAGAAGGAGATATACATATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCC
AATACCACCGTTAAAACCGGTGATCTGGTGACCTATGATAAAGAAAACGGTATGCATAAAAAAGTGTT
TTACTCGTTTATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTGC
GGGTCAATACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTTT
AAAGTGCAGCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCAT
CGATACCAAAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACGG
GTAAAATTGGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGGAT
TTCAAAACCATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATGGT
GAATCAGAACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTATGA
AAACCCGCAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTGCT
GTCCAGCGGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCAGA
CCAACATTGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATTGG
AAAGGCACCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGAAA
AAGAAGAAATGACCAACCTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCG
AAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAAC
GGGTCTTGAGGGGTTTTTTG

JFOO1A

T7 promoter,
theophylline
riboswitch
aHL

AATTAATACGACTCACTATAGGGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGG
TAACAACAAGATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCCAATACCACCG
TTAAAACCGGTGATCTGGTGACCTATGATAAAGAAAACGGTATGCATAAA AAAGTGTTTTACTCGTTT
ATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTGCGGGTCAATA
CCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTTTAAAGTGCAG
CTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCATCGATACCAA
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AGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACGGGTAAAATTG
GCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGGATTTCAAAACC
ATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATGGTGAATCAGA
ACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTATGAAAACCCGC
AACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTGCTGTCCAGCG
GTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCAGACCAACATT
GATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATTGGAAAGGCAC
CAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGAAAAAGAAGAA
ATGACCAACTAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGG
AAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTC
TTGAGGGGTTTTTTG

RLO67A

T7 promoter, aHL

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACT
TTAAGAAGGAGATATACATATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCC
AATACCACCGTTAAAACCGGTGATCTGGTGACCTATGATAAAGAAAACGGTATGCATAAAAAAGTGTT
TTACTCGTTTATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTGC
GGGTCAATACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTTT
AAAGTGCAGCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCAT
CGATACCAAAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACGG
GTAAAATTGGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGGAT
TTCAAAACCATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATGGT
GAATCAGAACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTATGA
AAACCCGCAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTGCT
GTCCAGCGGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCAGA
CCAACATTGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATTGG
AAAGGCACCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGAAA
AAGAAGAAATGACCAACTAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGC
CCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCT
AAACGGGTCTTGAGGGGTTTTTTG

RLO69SA

T7 promoter,
theophylline
riboswitch,
K30S E31T aHL

AATTAATACGACTCACTATAGGGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGG
TAACAACAAGATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCCAATACCACC
GTTAAAACCGGTGATCTGGTGACCTATGATTCTACCAACGGTATGCATAAAAAAGTGTTTTACTCGTTT
ATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTGCGGGTCAATA
CCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTTTAAAGTGCAG
CTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCATCGATACCAA
AGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACGGGTAAAATTG
GCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGGATTTCAAAACC
ATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATGGTGAATCAGA
ACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTATGAAAACCCGC
AACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTGCTGTCCAGCG
GTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCAGACCAACATT
GATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATTGGAAAGGCAC
CAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGAAAAAGAAGAA
ATGACCAACGGATCCGGCAGCGGTTCTATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCGTCCCTA
TTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGAAGGTGA
CGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGGTACCTTGGCCGA
CTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATGAAGCAGCAT
GACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAGGATGACGG
CACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAA
GGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAA
TGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGCCACAACGTGG
AGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAACACTCCAATCGGTGATGGTCCTGTTCTG
CTGCCAGACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCA
TATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAACTGTACAAATAA
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CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGG
CTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGG
TTG

SPO02A

T7 promoter,
aHL-sfGFP

ATTTAATACGACTCACTATAGATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTC
CAATACCACCGTTAAAACCGGTGATCTGGTGACCTATGATAAAGAAAACGGTATGCATAAAAAAGTGT
TTTACTCGTTTATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTG
CGGGTCAATACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTT
TAAAGTGCAGCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCA
TCGATACCAAAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACG
GGTAAAATTGGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGG
ATTTCAAAACCATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATG
GTGAATCAGAACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTAT
GAAAACCCGCAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTG
CTGTCCAGCGGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCA
GACCAACATTGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATT
GGAAAGGCACCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGA
AAAAGAAGAAATGACCAACGGATCCGGCAGCGGTTCTATGCGTAAAGGCGAAGAGCTGTTCACTGG
TGTCGTCCCTATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGG
GTGAAGGTGACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGGTA
CCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATG
AAGCAGCATGACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAA
GGATGACGGCACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATACCCTGGTAAACCGCATT
GAGCTGAAAGGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTTA
ACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGC
CACAACGTGGAGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAACACTCCAATCGGTGATG
GTCCTGTTCTGCTGCCAGACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAG
AAACGCGATCATATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAAC
TGTACAAATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGA
AGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCT
TGAGGGGTTTTTTG

SPO11A

T7 promoter,
theophylline
riboswitch,
aHL-sfGFP

AATTAATACGACTCACTATAGGGTGATACCAGCATCGTCTTGATGCCCTTGGCAGCACCCTGCTAAGG
TAACAACAAGATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCCAATACCACC
GTTAAAACCGGTGATCTGGTGACCTATGATAAAGAAAACGGTATGCATAAAAAAGTGTTTTACTCGTT
TATTGACGATAAAAACCATAACAAAAAACTGCTGGTCATCCGCACCAAAGGCACCATTGCGGGTCAAT
ACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGCGGTCTGGCTTGGCCGTCTGCCTTTAAAGTGCA
GCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCAGATTATTATCCGCGTAATAGCATCGATACCA
AAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAATGTTACCGGTGATGATACGGGTAAAATT
GGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTGAAATACGTGCAACCGGATTTCAAAAC
CATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTATCTTCAACAACATGGTGAATCAG
AACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAATCAGCTGTTTATGAAAACCCG
CAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCCTCAAGCCTGCTGTCCAGC
GGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCAAACAGCAGACCAACAT
TGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAACCAATTGGAAAGGCA
CCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGGGAAAAAGAAGA
AATGACCAACGGATCCGGCAGCGGTTCTATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCGTCCCT
ATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGAAGGTG
ACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGGTACCTTGGCCG
ACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCATATGAAGCAGCAT
GACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAGGATGACGG
CACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAA
GGCATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAA
TGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGCCACAACGTGG
AGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAACACTCCAATCGGTGATGGTCCTGTTCTG
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CTGCCAGACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCA
TATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAACTGTACAAATAA
CTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGG
CTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTT
TTG

Start and stop codons are in bold and the theophylline riboswitch is underlined. The T7 promoter and T7
terminator sequences are TAATACGACTCACTATA and
CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG, respectively.
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Supplementary Table 2. The activity of cell-free expressed aHL

construct name t12 (min) Comments

JFOO1A >30 aHL behind theophylline riboswitch in the absence of theophylline
JFOO1A 16.5 aHL behind theophylline riboswitch in the presence of theophylline
DT101A > 30 aHL-His tagged

SP002A 4.5 oHL-GFP

RLO67A 10.0 oHL

Sigma-Aldrich aHL 9.5 commercial oHL

CD101A >30 GFP

AS014A > 30 K30S E31T aHL-GFP lacking an internal RBS

Each construct was expressed in vitro with the PURE system and subsequently added to rabbit red blood
cells. Hemolysis was measured by attenuance as described in the methods. When indicated, the
theophylline concentration was 1.5 mM. Sigma-Aldrich aHL indicates purchased purified protein and was
not in vitro expressed.
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Chapter 3.

In vitro selection of new RNA- based sensors by mRNA
display
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In this chapter expanding the sensing ability of riboswitches towards new ligand-
responsive devices is presented. Initially the main methodologies that are used to develop
and engineer riboregulators are introduced. Both in vivo and in vitro selection approaches
have been carried out in the last twenty years, for functional nucleic acids and novel protein
evolution. In particular, in the chapter the focus is set on a protein selection technique, i.e.
MRNA display. The efforts for the in vitro selection via mRNA display of a translational
control riboswitch responsive to the small molecule malachite green are presented.
Preliminary experiments, technique development for RNA application and the in vitro
selection performed are described and discussed in detail. At the end of the selection, next
generation sequencing (NGS) data do not converge on a specific sequence. Thus a
different approach can be considered to achieve the in vitro selection of new riboswitches

(see Chapter 4).

3.1 In vitro and in vivo selection of functional nucleic acids

The developing of functional nucleic acids, as aptamers and riboregulators, has
been well established by twenty years of studies.®*®* The polymerase chain reaction and
discovery of reverse transcriptase made possible the first aptamer selection in the 1990s.%
From that time on, RNA and DNA aptamers, ribozymes, and riboswitches have been
selected by in vivo or in vitro methods, allowing the emergence of new functionalities as
specific ligand binding or catalysis. Generally, a selection scheme is based on linking
genotypic information with a desired phenotype. In other words, in a selection process,
starting from large libraries of sequences, only those molecules that encode a specific
function are enriched though the cycles. For example, a RNA able to bind ATP can be
selected from a pool of sequences upon iterative cycles of incubation with the ligand.®

Separation of functional molecules from un-functional molecules allows the enrichment.
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In vivo selection methods rely on cell population transformation. Clones are tested
for a specific phenotype. For example, cell motility and fluorescence-activated cell sorting
(FACS)® can be used to distinguish functional sequences. This approach was mainly
involved in riboswitch and aptazymes selections.*®® The theophylline riboswitch was in vivo
selected assessing B-galactosidase production in E. coli.°® Moreover, a natural riboswitch
repressing translation in presence of thiamine pyrophosphate (TPP) was reengineered to
activate protein expression when binding the ligand.®” The conversion was achieved by a

dual selection based on the tetA gene.

If the construction of functional devices are to be exploited for the modification of cell
behavior, then RNA sequences derived from in vivo selections are preferred, since in vitro
selected RNA sequences may not be functional under in vivo conditions.®® However, the
maximum complexity of the pool capable of being screened in vivo, i.e. the available
sequence space, is limited by transformation efficiency. Only 10%-10° sequences can be
screened by in vivo selection methods. To overcome this limitation, in vitro selections are

applied for new aptamers and synthetic riboregulators.

In vitro selections, also known by the acronym SELEX (Systematic Evolution of
Ligands by Exponential Enrichment) allows to assess in theory 4" variants. N is the number
of randomized nucleotides in the initial starting pool. However, due to technical limitations of
the procedure, the sequence space is reduced to 10* - 10™. In an in vitro selection
procedure, the starting DNA library can be commercially synthesized or generated by error
prone PCR. A randomized region is flanked by two constant parts that allow transcription
and amplification at the end of the cycle. The length of the randomized region ranges from
30 to 70 nucleotides.”® The isolation of functional sequences is generally done by affinity
chromatography. The ligand is bound to a support phase and the RNA pool is initially
passed through the column. After several washings, only molecules with binding properties
are retained on the resin and finally eluted. Reverse transcription PCR (RT-PCR) is then

performed to obtain the new DNA pool. This procedure is for aptamer selections, where
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RNAs are isolated for binding to a specific ligand. However, the general scheme described
can be adapted to better suit the sought after RNA activity. Multiple cycles, between 10-20,

are repeated in order to achieve enrichment.

Common parameters that influence the selection, for both in vivo and in vitro
methods, are stringency and counter-selection. Increasing the stringency of a procedure
allows for the isolation of molecules with high affinity for the recognized ligand. For
example, decreasing the available concentration of the ligand during the selection favors
those sequences that bind with higher affinity. Counter-selection permits to increase the
selectivity of the process. Counter-selection is performed by incubating the library with an
analog of the ligand used for the selection. Molecules that possess activity are discarded, in

order to enhance substrate specificity.

3.2 Anin vitro riboswitch selection

In the previous chapter the in vitro characterization of a riboswitch and how the
riboregulator is exploited for the construction of cellular mimics able to communicate
through sensing and responding with the environment are presented. The theophylline
responsive riboswitch is assessed. The cellular mimic relies on the specific recognition of
theophylline for starting the communication process. The dependence towards this
molecule severely limits the possible applications the system presents. It would be
advisable to engineer cellular mimics able to respond to different molecules than
theophylline. Advantages for example would be 1. to gain the ability to seek and destroy a
soil contaminant or 2. to target specific cells, e.g. tumor cells. The cellular mimic can be
engineered to sense different molecules through the identification of new riboswitches. Until
now, the potential of riboswitches as sensor tools has been little explored. It is possible to
expand the capabilities of riboswitches as tools in synthetic biology by selecting new

riboswitches that sense new target molecules in a custom-made, specific fashion.
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As previously described, few attempts were made in converting existing natural
riboswitches by in vivo selection, e.g. the TPP riboswitch,®” or in designing new aptazymes
based sensors.*” However, to date, a full in vitro selection for new riboswitches has not
been achieved. The development of an in vitro selection technique are presented in this
chapter. Again, the RNA regulators taken into account are those switches able to control
protein expression at the translational level. Thus, the relevant element to consider during
the selection design is the modulation of the RBS upon ligand binding. The RNA is in an
“‘OFF” conformation when the ligand is not bound and the RBS is sequestered. Vice versa,

the “ON” conformation is structured with a freely accessible RBS.

Since a translational control riboswitch is sought, a protein-based selection strategy
is initially considered. Many in vitro techniques for the evolution of new enzymes have been
set in the previous years, e.g. in vitro compartmentalization (IVC)***® and mRNA
display.®®"® These selections share the same aim, i.e. to evolve proteins with new
functionality from a random pool of sequences. Similarly to functional nucleic acid
selections, a linkage between the phenotype (protein in this case) and RNA (or DNA) is
necessary. However, the methods differ by how the linkage is achieved and where the
selection is carried out. For example, the selection step takes place inside designed
compartments for IVC or in solution for mRNA display. IVC exploits the compartment
encapsulation of components not only for isolation from the external environment, but also
for direct coupling of the nucleic acid with the encoded protein variant. Thus the linkage is
obtained inside an emulsion droplet. In principle, only one genotype information molecule is
encapsulated inside the compartment and protein production is performed via cell-free
transcription and translation. For this reason, the number of possible variants is reduced to
the available emulsion droplets. 1 mL of emulsion solution can generally provide 10°
compartments, thus libraries with higher complexity cannot be screened. The binding
between the nucleic acid and the encoded protein is accomplished through coupling with

tags, e.g. a streptavidin tag fused to the protein binds the biotinylated corresponding DNA
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molecule.™® Upon breaking the emulsion after each selection round, functional proteins are
isolated and the linked genetic information is processed through RT- PCR for amplification
before entering the following cycle.

Conversely, mRNA display does not exploit compartmentalization and tags for
coupling genotype and phenotype. This selection methodology is designed starting from
ribosome display,”* where a nascent peptide is displayed on the ribosome at the end of its
translation. In this case, the interaction between the mRNA, the encoded protein and the
ribosome is stabilized by non-covalent bonds, which should be preserved during the
selection process.” Instead, mRNA display is based on a direct covalent link between the
MRNA and the protein that each RNA encodes. The formation of a stable bond is due to the
coupling of a linker containing a puromycin molecule at the 3'-end of the RNA. Puromycin is
an antibiotic able to enter the A site of the ribosome while translation is occurring,
mimicking a tyrosyl-tRNA. Once in the ribosome site, the puromycin promotes the formation
of an amide bond with the C-terminal of the nascent protein. The fusion molecule that is
produced is then isolated via a separation method, e.g. a binding column, and finally the
genetic information is reverse transcribed and amplified.

MRNA display is a protein selection technique. In order to select for a riboswitch, the
MRNA display method is adapted. In fact, if RNA sequences are in an ON conformation,
they would expose the RBS, thus allowing for protein production, and the RNA-protein
fusions form. Conversely, RNA sequences in an OFF conformation do not allow for protein
production and thus no RNA-protein fusions are formed. Via protein-affinity
chromatography, only those RNA molecules showing switching activity in the presence of

the ligand are isolated (Fig. 3.1).
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Fig 3.1 mRNA display cartoon showing a selection round. A double strand DNA
library (top left) is initially transcribed. The RNA is coupled with a linker containing a
molecule of puromycin (star). Upon translation, functional RNAs are fused with the
peptide encoded via a covalent bond mediated by puromycin. Next the fusion
complexes are isolated by FLAG affinity resin and sequences are reverse transcribed
(RT) and amplified by PCR.

In the general selection scheme for mRNA display, the DNA library is initially
transcribed into RNA via a T7 RNA promoter presented in the 5’-end constant region. The
pool is then coupled to a DNA linker containing a deoxy-adenosine (dA) stretch and a
puromycin molecule. The coupling is achieved through two different methods: via splint
mediated ligation’? or a photo-crosslinking reaction.” The former exploits a DNA splint to
anchor by base pair complementarity the 3’-end of the mRNA with the 5’-end of the linker
and to allow enzymatic ligation. The latter involves functionalization of the 5’-end of the
linker with a psoralen molecule, which by UV irradiation forms a stable covalent bond
between the RNA and the puromycin-containing linker. After the crosslinking, the RNA pool
is translated with cell-free transcription and translation machinery. Only functional
molecules form the RNA-protein fusions. Isolation via a protein moiety, e.g. a FLAG

peptide, allows recovery of functional sequences. Through RT-PCR the resulting
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sequences are amplified. Together these steps represent one round of selection. Generally,
between 8 and 15 cycles are carried out. Moreover, additional purification steps are
introduced. For example, the (dA);s stretch in the linker allows for the purification of fusions
from the translation reaction components. The order of the selection steps can also be
modified according to the selection strategy, e.g. reverse transcription is performed before
the affinity-column isolation of functional molecules in order to limit interactions between
RNA and the resin. For riboswitch selections, the ligand is added to the translation reaction,
inducing a switch in the RNA conformation that allows for translation. The library design and

the selection steps performed are described and discussed in the following section.

3.3. Material and method

3.3.1 Library design

The library was rationally designed by inserting a randomized nucleotide stretch
between an already characterized aptamer and a coding sequence (Fig. 3.2). This choice
was based on previous aptazymes selections and on in vivo riboswitch examples.®®*°® In
riboswitches selections, the randomization did not involve the full sequence of the
riboregulator. Only a specific linker or communication module was selected. Since the key
element for the translational control riboswitch selection was the RBS, selection via mRNA
display for an RBS modulated by ligand binding was initially planned. The library was built
introducing a known aptamer region followed by eighteen random nucleotides. The RNA
aptamer changed conformation upon ligand binding. The aim of the selection was to
translate the conformational shift in the RNA structure induced by the aptamer-ligand
binding to the following random stretch, specifically to a RBS sequence that would possibly
arise during the selection RBS accessibility would then be regulated by the ligand binding in
the aptamer region. The number of eighteen random residues inserted before the start

codon of a reporter gene was determined mainly for two reasons. First, an optimal RBS
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sequence, e.g. AGGAG, was generally composed of five base pairs.” Optimal spacing
between the ATG of the protein and the +1 position after the RBS could affect translation,

and 6 base pairs were found to be optimal.”

Moreover, starting from the example of the
theophylline riboswitch,*® a region of eighteen nucleotides between the aptamer and the
start codon, including the RBS, was suggested for synthetic riboswitch screening and
discovery.”® These considerations did not take into account the position where a putative
RBS could develop in the randomized part. Nevertheless, having eighteen random base
pairs the library complexity was 10'° (4'® sequences). This value was higher than the

number of possible sequences screened by in vivo selections and lower than the technical

limit of MRNA display selections (10?).
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Malachite green Met-FLAG His tag  Hybridization
Aptamer peptide site
5'—- GC GGATCGCGACTGGCGAGAGCCAGGTAACGAATCGATCC —18 N —

— ATGGACTACAAGGACGACGACGACAAGGGCAGCCATCATCACCATCACCATATGGGCCACCGGCTATTAA — 3!

Fig. 3.2 Overview of the library exploited for in vitro selection of a malachite green
responsive riboswitch. The sequence included a T7 promoter (yellow) and the
malachite green aptamer (red) at the 5’-end. Eighteen randomized nucleotides were
inserted downstream of the aptamer in order to select for a RBS element modulated
by the ligand-induced conformational change. The coding sequence contained a
Methionine-FLAG peptide (green), a His- tag (grey) and an hybridization site for
crosslinking (purple). The DNA sequence is reported (148 bp). In the sequence, the
start codon (ATG) is highlighted in bold. The nucleotides color follows the figure
code.

The malachite green (MG) aptamer was used as the sensor for the riboswitch

selection.”” Malachite green binds with high affinity to the RNA aptamer (the dissociation
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constant is 117 nM) and upon binding the complex becomes fluorescent.” The transfer of
this property to a riboswitch represented an additional value to the selection, opening

possible applications and characterization methods of the resulting sequences.

The library presented at the 5’-end a T7 RNA promoter for efficient transcription.
Downstream of the randomized nucleotides, a start codon was inserted. The RNA
sequence coded for the FLAG peptide. This small peptide was exploited in order to avoid
possible truncation of a longer protein and to maximize the fusion production. Moreover, a
FLAG tag also allowed easy separation of functional sequences via column purification on
anti-FLAG resin beads. Nevertheless another tag was also added, i.e. six Histidine tag (His-
tag), to increase the length of the coded region and to avoid interference of the fusion
complex in bead-FLAG peptide binding. Later it was discovered that the His-tag caused
unwanted secondary structure formation in the mRNA, according to thermodynamic

prediction.

An additional feature was necessary in the library design for performing an mRNA
display based in vitro selection. In order to crosslink the puromycin-containing linker with
the mRNAs, an hybridization site should be present at the 3’-end of the sequence. This site
was designed complementary to the linker strand. The overall design followed the assembly

presented by Lohse and coworkers.”™

3.3.2 Reagents

All the reagents were purchased from Sigma Aldrich unless specifically indicated.
Oligonucleotides were bought from Eurofins Genomics (Gmbh), with some exceptions. The
puromycin-containing linker was ordered from the W.M. Keck facility at Yale University. The
sequence specifications have already been reported.’”® The oligonucleotides for the library

assembly were from Tema Ricerca (Integrated DNA Technologies, IDT). DreamTaq DNA
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polymerase, RNase A, Proteinase K, RiboRuler Low Range RNA Ladder were bought from
Carlo Erba Reagents (Fermentas). Reverse transcriptase Superscript || was purchased
from Life Technologies. Oligo (dT) Cellulose Type 7 and Ultrafree-MC centrifugal filter
devices were purchased from Millipore Italia (GE-Healthcare and Millipore respectively).
Oligo (dT) magnetic beads, T7 RNA polymerase, RNase inhibitor from human placenta,
Yeast Inorganic Pyrophosphatase, the PURE system (PUREXpress), DeepVent-R
polymerase, Theromopol buffer, Phusion polymerase, DNAse |, dNTPs and NTPs were
purchased from New England Biolabs (NEB, Gmbh). Low melting Nusieve GTG agarose
was purchased from Lonza Italia. L-**S Methionine (**S-Met), **P- alpha adenosine
triphosphate and scintillation liquid were obtained from Perkin Elmer. RTS 100 E.coli HY Kit
for cell-free translation was from Roche Italia (5 Prime). DNA Gel extraction and PCR
purification kit was purchased from Promega Italia. qPCR SYBR® Green Supermix was
from Bio-Rad. All the solutions were prepared with DEPC-treated water and filtered through

0.22 um filters in order to be RNase free.

3.3.3 mRNA display for riboswitch selection

The mRNA display protocol was extensively described by B. Seelig.”® However, few
changes were made to adapt the procedure to the selection of RNA rather than protein. An

overview of the developed selection protocol is highlighted in Fig.3.3.

Briefly, the MG library DNA pool was assembled and amplified. Next, transcription
and RNA purification via PAGE were performed. Recovered RNA was photo-crosslinked to
a puromycin-containing linker. After ethanol precipitation, the RNA was added to an in vitro
transcription and translation system for translation reaction. Translation was performed in
the presence or absence of MG depending on the cycle. The sample was then purified by
oligo (dT) affinity chromatography. The resin efficiently bound the crosslinked RNA via

recognition of a (dA);s stretch of the linker. MRNA-FLAG peptide fusions and unreacted

82



crosslinked RNAs were isolated. Next, reverse transcription was carried out. Ethanol
precipitated samples were then subjected to the FLAG-binding selection column. This
selection allowed for the retrieving of only the fusion complexes, i.e. the functional
riboswitch sequences. Finally, the selected sequences were amplified and another round of

selection could start.

The selection steps were specifically designed and tested with different approaches.

The setting up of the selection is described and discussed in the next section.
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Fig. 3.3 mRNA display scheme of the steps necessary for one round of selection.
Eight principal steps were performed during each cycle of the selection. Purification
steps are not included in the cartoon. RNA is represented as a wavy line, DNA
strands are linear. In the crosslinking step, not all the RNA was crosslinked to the
puromycin-containing linker. In the translation reaction, only those RNAs that were
functional produced the fusions. Step 5 allowed for the removal of uncrosslinked
RNAs. Reverse transcription was performed on the crosslinked RNAs, obtaining a
RNS-DNA duplex. The FLAG column permitted to separate the fusion complexes
from non-functional RNAs. The cDNAs of the eluted sequences were finally
amplified.
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3.4. Preliminary results for method development

The optimal conditions for the selection were tested with control constructs, which
were designed according to the riboswitch library. The constructs were named “Fake” and
“Fake-minus-His” (Table 3.1). The name was related to the construct function of mimicking
the library behaviour. In fact, the constructs would be used as test sequences for assessing
the cycle steps. Thus the sequence composition was similar to the library sequence,
excluding the randomized part. The Fake-minus-His construct differs from the Fake only by
the removal of the His- tag in the coding region. The developing of the Fake-minus-His
construct was due to a thermodynamic analysis via the mfold web prediction tool. In fact,
the Fake sequence was initially designed to have an open RBS in order to act as a positive
control. However, analysis of the RNA secondary structure demonstrated how the RBS was
blocked by base pair annealing at 37 °C. Thus, the Fake-minus-His sequence was
designed. The removal of the His- tag before the hybridization site allowed to free the RBS
according to structure prediction. For this reason both constructs were exploited in the

setting up of the technique.

84



Table 3.1 DNA sequences of construct used for mRNA display optimization.

Constructs

Lenght (bp)

Library (18N)

148

5/
GCTAATACGACTCACTATAGGATCGCGACTGGCGAGAGCCAGGTAAC
GAATCGATCCNNNNNNNNNNNNNNNNNNATGGACTACAAGGACG
ACGACGACAAGGGCAGCCATCATCACCATCACCATATGGGCCACCGG
CTATTAA-3’

Fake

120

5-
GCGCGCGCGATTTAATACGACTCACTATAGGTTAAGAAGGAGATATA
CATATGGACTACAAGGACGACGACGACAAGGGCAGCCATCATCACCA
TCACCATATGGGCCACCGGCTATTAA-3’

Fake-minus-His

104

5'-
GCGCGCGCGATTTAATACGACTCACTATAGGTTAAGAAGGAGATATA
CATATGGACTACAAGGACGACGACGACAAGGGCAGCATGGGCCACC
GGCTATTAA-3

The Fake and Fake-minus-His constructs were used for mRNA display technique
setting up. Both the constructs presented a RBS (cyan). The start codon is

highlighted in bold. Fake and Fake-minus His differed for a His- tag in the coding
sequence (orange).

3.4.1 Library assembly optimization

The library assembly was performed by overlapping extension of oligonucleotides.

The forward oligonucleotide contained the randomized part followed by 20 bp, which

constituted the overlapping region. The reaction (50 yL) was carried out with different Taq

polymerases. DreamTagq, Truestart Taq, One Taq Hot start, Tag DNA pol (standard) and

Homemade Tag were compared (Fig. 3.4). 2.5 pmol of each oligonucleotide were used.

The buffers used for DreamTag, Truestart, Taq standard were specifically supplied by the

manufacturer, the One Taqg Hot start and Homemade Taq polymerases exploited the

Thermopol buffer. The protocol was constituted by just one cycle of 10 min at 94 °C, 15 min

at 55 °C, 45 min at 72 °C. Addition of the polymerase followed the initial denaturation step.
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Clearly the Homemade Taq polymerase did not work (sample 4, Fig. 3.4).
Conversely, a band was observable for the DreamTaq product (samples 1, 2). Increase in
the overall volume of the reaction, and consequent dilution of the oligonucleotides
concentration did not improve the result (sample 3). DreamTaq polymerase result was

reproducible and final product evaluation on agarose gel (2%) showed that DeamTaq

processivity was higher than all the other polymerase tested.

Fig 3.4. Assembly of the double strand DNA library by overlapping oligonucleotide
extension. The products were analyzed by 2% agarose gels. Panel a) DreamTaq and
Homemade Taq polymerases were exploited in a 50 pL reaction. Homemade Taq
failed to show activity (sample 4). Conversely, DreamTaq result was reproducible
(samples 1 and 2). Increasing the reaction volume to 200 pL did not improve the
result (sample 3). Panel b) DreamTagq, Truestart, One Taq Hot start and Taq
standard were assessed (samples A, B, C, D respectively) in a 50 pL assembly
reaction. Marker (M) is a 50 bp ladder (NEB), Marker N is a 100 bp ladder
(Fermentas). Note that the agarose gel in panel a) was exposed to the UV light with
the gel support.

For the production of the Fake and Fake-minus-His construct, the agarose gel
extracted double strand product (10 ng) was amplified by PCR with Homemade Taq
polymerase. Next, PCR purification was performed with the column-based clean up
commercial kit before transcription, since the Fake construct agarose gel run showed the
absence of additional unspecific bands in the PCR product. Library and test constructs

were stored at -20°C.
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3.4.2 Transcription and RNA purification

Transcription reactions were performed as previously described’ in a 50 pL
reaction. Conditions were screened by radioactively labeling with **P-alpha-ATP the RNA of
the Fake construct. The radioactive nucleotide was added in the transcription mixture (20
MCi). Incubation time at 37 °C and starting DNA template amount were assessed (Fig. 3.5).
10 pL aliquots were collected at specific time points of 2 h, 4 h, and 6 h. The evaluation was
done by 8 M Urea- 4% PAGE. Samples were denaturated by addition of 2X loading dye (8
M urea, 20% wt/vol sucrose, 0.1% SDS, 0.05% xylene cyanol, 0.09 M Tris, 0.09 M borate,
10 mM EDTA) and incubated at 94 °C for 5 min. The gel was run in TBE buffer for 5 h at
140 V. Phosphorimaging was performed with the Typhoon Trio Variable Mode Imager
(Perkin Elmer) after exposure of the radioactive gel in a screen cassette (GE Healthcare)

for 40 min.

The best condition seemed to incubate the reaction for 4 h at 37 °C. However,
longer incubation did not improve the overall result. As template, 1 pmol and 10 pmol of
double strand linear DNA were tested. Resulting RNA was correlated with the template

amount.

Time and DNA template setting were not the only tests performed. Other small
improvements in RNA purification and isolation were achieved. In the selection protocol,
after the transcription reaction, the RNA was processed with the addition of 37 mM EDTA,
0.5 mM CacCl, and DNase | and incubated at 37 °C for 1 h. Next, ethanol precipitation was
performed prior to loading on a 8M Urea- 4% PAGE denaturing gel. While setting up the
technique, before loading on the gel, the RNA pellet, even if transcribed by 1 pmol of DNA
as starting material, was difficult to resuspend in 20 uL of DEPC-water. Elimination of the
salt addition in the ethanol precipitation protocol helped solve the problem. 8 M Urea- 4%

PAGE was used in the selection process for RNA purification. Recovery was done by UV
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shadowing after the gel run. An important step in the optimization of the UV shadowing was

removal of bromophenol blue from the sample loading dye.

6A

6B

4A

4B 2A 2B

RNA samples

Migration front
Free ¥P-ATP

Fig. 3.5 *P radioactive RNA production evaluation on a 8M Urea- 4% PAGE.
Transcription was performed from 10 pmol and 1 pmol of starting double strand DNA
template (samples A and B, respectively). The reactions were incubated at 37 °C,
aliquots were taken after 2 h, 4 h, 6 h (samples 2, 4, 6) and run on the gel. The image
was generated by 40 min exposure on a phosphoimaging screen and analyzed by

phosphoimager.

3.4.3 Crosslinking reaction monitoring

Crosslinking reaction was performed according to the Seelig B. protocol.”® The

volume of the reaction was scaled down to 50 pL. The concentration of puromycin-

containing linker was 7.5 uM. Initially the reaction was tested using radioactively labeled

RNA. 1 and 10 pmol of Fake construct PCR product were transcribed in the presence of 20
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UCi *?P-alpha-ATP. Then, the obtained radioactive RNAs were Urea-PAGE purified as
previously described (see page 87).Recovery from the gel was performed by UV shadowing
and crush and soak method.” The resulting samples were dissolved in 20 pL DEPC-water.
Crosslinking reactions were set up using the whole amount of obtained RNA in XL buffer
(100 mM KCI, 1 mM spermidine, 1 mM EDTA, 20 mM HEPES-KOH, pH 7.5) in the
presence of the puromycin containing-linker. Reactions were initially incubated at 70 °C for
10 min, cooled to 25 °C in 5 min and finally transferred to a transparent 96-well plate. Next,
samples were irradiated on ice for 20 min at 365 nm with a handheld UV lamp (UVP).
Resulting RNAs were ethanol precipitated prior to being load on a 8 M Urea- 4% PAGE gel.
Control samples, i.e. uncrosslinked RNAs produced respectively from 1 pmol or 10 pmol
DNA, were included in the analysis. Finally, exposure of the acrylamide gel was carried out
for 45 min. Results showed how the crosslinking process worked, even if the gel was
exposed too much (Fig. 3.6). However, it was possible to see a higher band in all the

crosslinked samples.
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Fig. 3.6 Crosslinking on **P radioactive RNA. Labeled RNAs were photo-crosslinked
with the puromycin-containing linker. Results were evaluated with 8 M Urea-4%
PAGE. Samples A and B were uncrosslinked control RNAs, respectively transcribed
from 10 pmol and 1 pmol DNA. Samples C and E were obtained from 10 pmol DNA
as transcription template, samples D and F from 1 pmol DNA. All the RNA was
crosslinked in samples E and F, while half of the obtained RNA was exploited for
crosslinking reaction of samples C and D. Crosslinked samples presented an higher
band compared to the single control RNAs.

This experiment confirmed that the crosslinking reaction was working. During the
selection procedure, crosslinking would be a good reference point for monitoring the RNA
status in each cycle. However, performing the control PAGE gel after each round would
have been difficult and time consuming. For this reason, an agarose gel was developed as
checkpoint for the selection round before entering the translation step. This gel allowed for
the verification of RNA integrity and crosslinking efficiency. An aliquot of the RNA (1 pL of
10 pL resulting after the ethanol precipitation) was checked with a native 2% agarose gel in

TAE buffer. The RNA was denatured by the formaldehyde-containing loading dye and an
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incubation step at 70 °C for 10 min. The RNA ladder (commercial) was prepared
accordingly. Clearly, the crosslinked band was visible (Fig. 3.7). This experiment was
repeated with the Fake-minus-His construct. The result was the same. Comparison
between crosslinked and uncrosslinked bands of the same RNA confirmed the expected

efficiency of the reaction, i.e. almost 50%."°

a) b)

Crosslinked RNA
RNA

Fig. 3.7 Agarose gel evaluation of crosslinking reaction. An aliquot of crosslinked
RNA was run after the reaction on a 2% agarose gel to verify the coupling with the
puromycin-containing linker. Samples were denaturated prior to loading. Samples 1
and 3 are uncrosslinked and included as reference control. The efficiency of the
process is ~50% as demonstrated by the two bands presence in crosslinked
samples. R is the 100 bp RNA ladder (Fermentas). Panel a) Fake construct samples;
panel b) Fake-minus-His samples.

3.4.4 Translation, fusion formation and isolation

In this section the development of the main part of the selection technique is
presented. Many experiments were carried out with different approaches. Initially mRNA-
peptide fusion formation was monitored by PAGE. Next, Real time PCR (qPCR) was
exploited, and finally **S-Methionine scintillation counting was performed. Exploiting
different techniques was possible since the fusion complex consisted of both an RNA and a

peptide species.
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Initially, the translation reaction was performed with an E. coli cell lysate (RTS 100
E. coli HY Kit). Many of the mRNA display protocols were based on rabbit reticulocyte
lysate as in vitro transcription and translation system.’® However, the aim of the project was
to select for a riboswitch that is functional in prokaryotic cells. Thus, the bacterial extract
seemed like the optimal system. The reaction (50 uL) included the lysate, a reaction mix
solution, amino acids, reconstitution buffer, 10 U RNase inhibitor and the crosslinked RNA.
Methionine was provided separately from the cell lysate components, allowing for the
possible addition of the radioactive labelled amino acid. Translation was generally
performed at 30 °C, as suggested by the kit manufacturer, for 4 h. Moreover, the lysate
solution was supplemented with 200 mM KCl and 0.9 mM Magnesium acetate.”
Immediately after translation, for optimal fusion production, additional KCI and MgCl, were
added to the reaction to achieve a final concentration of 531 mM and 50 mM, respectively.

The solution was then incubated at room temperature for 5 min.

1. PAGE gel analysis of translation products

The preliminary results of transcription and crosslinking reactions were obtained by
PAGE gel visualization as described above. Thus, analysis of the migration on a
polyacrylamide gel was exploited to check also translation and fusion formation for Fake
construct samples. Initially, a 8 M Urea-4% PAGE gel was run on the translation product
from radioactive labelled RNA. In this experiment, the Fake construct crosslinked RNA was
subjected to translation (10 pL). The reaction was performed as described above and the

products were ethanol precipitated. However, the gel failed to show bands.

A different approach was to radioactive label the peptide of the fusion via *S-
Methionine inclusion in the translation reaction. In this experiment, the RNA was not
labelled with *?P. In the translation reactions the amount of un-labelled Methionine was

reduced according to the manufacturer protocol of the cell lysate kit and 20.4 pCi of L-**S
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Methionine was supplemented. The amount of the initial RNA was not measured, but the
same aliquot of the crosslinked Fake RNA was added for each of the samples. Translation
and salt addition was performed as stated above, even if the reaction volume was scaled
down to 26.3 uL. Two of the samples were treated with RNase A and Proteinase K,
respectively, for 30 min at 37 °C. These samples were controls for comparison with the
RNA-peptide fusions. Again, the translation products were run on a 8 M Urea-4% PAGE
gel. Purification before loading on the gel was done by ethanol precipitation (without salt
addition). Visualization of the gel was performed by overnight gel exposure to the
phosphorimager screen, since the *S signal is less intense than **P signal and requires
more time for visualization. Unfortunately, changing the labelling method gave negative
results (Fig. 3.8). Spots were visible for all the samples, including the reactions that were
degraded by the protease and RNase. The gel was exposed too much and did not provide
useful information. However, it seemed clear that RNA denaturing gels were not the optimal

method to assess fusion formation.
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Migration front

Fig. 3.8 %3 radioactive samples run after translation on a 8 M Urea- 4% PAGE. 10 pL
of sample A were loaded on the gel, while A1 and A2 aliquots were treated with
RNase A and Proteinase K, respectively, for 30 min at 37 °C prior to loading.
Conversely, the whole translation product was loaded for sample B. Signals were
visible for all the samples; however, no useful information about fusion formation was
obtained.

From the gel result it was not possible to determine if the translation reaction and
fusion formation were accomplished. Generally, cell-free transcription and translation
systems have been optimized for protein production and the buffer composition heavily
influences the performance. For example, the PURE system cannot withstand high
concentrations of NaCl without affecting protein yields. For this reason, a control
experiment was performed in order to assess if the addition of salt to the translation
reaction could possibly cause inhibition. The RTS 100 HY E. coli kit includes also a GFP
encoding control plasmid for testing reaction functionality. Two separate reactions were

monitored over time at a QuantaMaster 40 UV VIS spectrofluorometer (PTI) with excitation
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and emission wavelengths of 395 and 504 nm, respectively. The first reaction was carried
out exactly as specified in the manufacturer protocol. Briefly, 0.5 pg of control GFP vector
were exploited in a 25 pl reaction and incubated for 6 h at 30 °C. To the second reaction
100 mM KCI and 0.9 mM Magnesium acetate were added, as previously done. The kinetics
clearly demonstrated that the presence of additional salt could inhibit the translation

reaction (Fig.3.9).
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Fig. 3.9 Fluorescence kinetics for testing salt effects on an in vitro and transcription
cell lysate. The production of GFP was assessed with the RTS 100 HY E. coli kit at
30 °C for 6 h. KCI and Magnesium acetate addition in the mixture affected the
reaction causing efficiency decrease.

Considering salt inhibition in the translation reaction, a different method for
incubation with salt after the translation was tested. In particular, an mRNA display
selection that exploited a S30 E. coli cell lysate® was taken into account. Sisido and
coworkers® at the end of translation added only KCI (500 mM) to the reaction, excluding
MgCl,, and incubated the solution for 1 h at 10 °C. Comparison between this procedure and
the previous incubation method was carried out with *?P labelled RNA. Again, radioactive
crosslinked RNA was obtained. Conversely than before, translations reactions were not
supplemented with salt in the solution. The crosslinked RNA was aliquoted in three samples

for translation, thus each reaction contained the same amount of starting material (sample
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A, B, C). Moreover, a control translation reaction with uncrosslinked RNA was prepared
(sample D). After 4 h at 30 °C, sample B was incubated after addition of 531 mM KCI and
50 mM MgCl, for 5 min at 25 °C as before (thereafter called Seelig procedure). Sample C
was processed following the Sisido procedure. On the other hand, any salt was
supplemented to sample A, which was immediately stored at 4 °C. Results were evaluated
with a 4% PAGE gel, containing not only urea for RNA denaturation, but also 0.1% of
sodium dodecyl sulfate (SDS) for protein denaturation. Prior to loading, a 5 pL aliquot of the
samples was acetone precipitated as suggested by the kit manufacturer. This purification
step was performed adding initially 50 yL of -20 °C cold acetone. Samples were then
incubated on ice for 5 min and centrifuged at 10,000 rpm for 5 min. The pellet was
evaporated for 10 min at 70 °C after removal of the supernatant. Finally, samples were
resuspended in the loading dye (10 pL of 8 M urea, 20% wt/vol sucrose, 0.1% SDS, 0.05%
xylene cyanol, 0.09 M Tris, 0.09 M borate, 10 mM EDTA). Moreover, to evaluate the run, a
prestained PAGE protein ladder was added in a well of the gel. Before exposure to the
screen, some of the ladder bands were labelled by hand by painting a small amount of ¥P-
ATP. The Urea-SDS PAGE result was again a failure (Fig. 3.10). In fact, none of the treated
sample bands was visible on the gel. Nevertheless, P-32- labelled crosslinked and

uncrosslinked Fake RNAs were clearly visible on the gels.
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Fig. 3.10 8 M Urea-0.1% SDS- 4% PAGE of translation products. The RNA was **P
labelled prior to crosslinking. After translation, sample A was not treated, while
sample B was supplemented with 531 mM KCI and 50 mM MgCl, and incubated at
25 °C for 5 min. To sample C, 500 mM KCI was added after translation and the fusion
formation was performed at 10 °C for 1 h. Uncrosslinked RNA was used as template
for translation in sample D (control sample). A, B, C, D were acetone purified prior to
gel loading. Sample E and F were controls and contained 1 pg uncrosslinked RNA
and 1ug crosslinked RNA. Acetone treated samples were not visible on the gel. L is a
prestained protein ladder where specific bands were **P-ATP signed in order to serve
as a reference in the final image. Bands highlighted were 10 kDa, 25 kDa, 70 kDa,
170 kDa (from bottom to top). However, since the gel composition was not
specifically indicated for the ladder run, results were only qualitative considered.

From this result, repeating the experiments avoiding the acetone precipitation prior

to loading were considered. Six reactions were planned, all derived from just a unique **P

crosslinked RNA, preventing even small variations in the starting translation material to

affect the reaction. Translations were performed in 50 pL of volume. Again, the different

protocols at the end of the translation for fusion formation were assessed. Samples C and F

were not treated after translation; samples B and E were supplemented with KCI and MgCl,

at the end of the reaction and incubated 5 min at 25 °C, while samples D and A were
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processed according to Sisido’s procedure (Fig. 3.11). Of these samples, three were simply
purified by ethanol precipitation and loaded on a 15% Urea- SDS PAGE (sample D, E, F).
Conversely, the other samples were subjected to an anti-FLAG M2-agarose affinity column.
This resin binds and allows the recovery of FLAG peptide-tagged species. 50 L of the
resin were washed and resuspended.” 5 pL of 10x FLAG-binding buffer (1.5 M KCI, 0.1%
(wt/vol) Triton X-100, 50 mM B-mercaptoethanol, 500 mM HEPES-KOH, pH 7.4) were
supplemented to each sample. These were then added to the resin and incubated for 4 h at
4 °C. A small empty column was used as chromatography support (Bio-Rad). Elution was
performed twice with 100 yL of 1x FLAG-binding buffer and two equivalents of FLAG
peptide (the powder was solubilized in FLAG-binding buffer and stored at -20 °C). On the
purified samples an ethanol precipitation was performed and finally products were loaded
on the PAGE gel. A labelled crosslinked RNA was also included in a gel well as control
(sample R). Since the concentration of acrylamide was higher than usual, the run was
performed for 10 h at 140 V. Again, hand labelling with a small amount of **P was done on
some bands of a prestained protein ladder (M). Exposure to the screen was carried out for
40 min. The resultant gel did not show any band for FLAG resin purified samples (Fig.
3.11). Conversely, un-purified translation reaction products were visible. Unfortunately, the
bands seemed stuck in the wells. Comparison with the crosslinked RNA did not provide

enough information to determine if the fusions were formed.
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Fig. 3.11 8 M Urea- 0.1% SDS- 15% PAGE for fusion formation assessment. The
RNA was radioactively transcribed and crosslinked. After translation, sample B and E
were processed by addition of 531 mM KCI and 50 mM MgCl, and incubated 5 min at
25 °C. Sample A and D were supplemented with 500 mM KCI and incubated at 10 °C
for 1 h. Sample C and F were not treated. Next, FLAG column purification was done
on samples A, B, C. Results were compared with unpurified reactions (D, E, F
respectively). Sample R was a crosslinked RNA control. M ladder was ¥p hand
signed as qualitative reference. A weak signal, maybe corresponding to the fusions,
is present for samples unpurified, even if stuck in the well of the gel.

2. gPCR analysis for fusion formation assessing

The second approach for evaluation of fusion production was based on real time
PCR measurements. This method did not directly probe fusion formation after translation,
like a PAGE gel, but considered the product after the FLAG selection column. In fact g°PCR
assessed the number of molecules present in the elution of the FLAG affinity column in
order to know exactly how many sequences were retrieved at the end of the selection.
Intermediate steps such as oligo (dT) column purification, reverse transcription, ethanol

precipitations were not directly monitored. The fraction of retrieved molecules in the FLAG
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column elution was compared to the number of molecules that entered into the column, i.e.
the reverse transcription output. Or the ratio could also be evaluated towards the number of
molecules in the first FLAG column wash, which contains unbound sequences. If a Fake
construct was used, the expected result was to have a higher number of molecules in the

elution than in the wash, since the RNA-FLAG fusion bound to the resin.

The number of molecules could be calculated by comparing the results to a
standard curve of dilutions of Fake construct DNA in the gPCR reaction. Each standard
curve was freshly prepared and run in the same experiment of the considered samples.
Standard curve samples range covered from 10°to 10 molecules, with an order of
magnitude as dilution scale (10°, 108, 10" and so on). Each value was assessed in
triplicates. Generally, gPCR reactions were performed in 10 uL in 96-well back plates (Bio-
Rad) and monitored with a CFX96 Real time PCR Detection System (Bio-Rad). Reaction
components included a commercial master mix (Bio-Rad), containing dNTPs, optimized
buffer with syber green, and DNA polymerase, the primer couple specific for the analyzed
construct and an aliquot of the investigated sample. 10* and 10? molecule standard dilutions
were also exploited for a gradient run in order to establish the optimal annealing
temperature. For Fake and Fake-minus-His constructs specific primers were designed and

the gradient temperatures were 62.5 °C and 52.6 °C, respectively.

Initially this technique was exploited for the evaluation of the Seelig and Sisido
procedures after the translation reaction. Un-labelled samples were tested. Translation
reactions were carried out with the RTS 100 E. coli HY kit (50 pL volume). The RNA
concentration was measured before crosslinking. Thus, 1.5 pg of crosslinked RNA was
estimated to be present in each sample. Next, salt incubation after translation followed the
Sisido and Seelig procedures described above. Successive steps were firstly an oligo (dT)
column purification, reverse transcription, and finally the FLAG column. The oligo (dT)
purification allowed for the isolation of the crosslinked RNA from the translation reaction. In
fact, a (dA) stretch was included in the puromycin-containing linker. 6 mg of resin was
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exploited for each translated sample.’” The cellulose was dissolved in 540 pL of oligo (dT)
cellulose-binding buffer (10 mM EDTA, 1 M NaCl, 0.2% wt/vol Triton X-100, 10 mM -
mercaptoethanol, 20 mM Tris-HCI pH 8.0) and incubated with tumbling at 4 °C for 15 min.
The resin was washed three times with 1 mL binding buffer and six times with 1 mL oligo
(dT) cellulose wash buffer (300 mM KCI, 5 mM B-mercaptoethanol, 20 mM Tris-HCI pH
8.0). Elution was performed three times with 400 uL of oligo (dT) elution buffer (5 mM (-
mercaptoethanol, 2 mM Tris-HCI pH 8.0). To reduce the volume, ethanol precipitation was
performed and the pellet resuspended in 20 uL DEPC-water. Next, reverse transcription (40
pL) was set up in 50 mM Tris pH 8.3, 3 mM MgCl,, 0.5 mM dNTPs, 0.1 U/uL RNase
inhibitor, 10 mM B-mercaptoethanol and 4 U of Superscript Il reverse transcriptase.”® The
reaction included a specific reverse primer and all the oligo (dT) purified RNA-protein
fusions. Incubation was at 42 °C for 30 min. An aliquot of 6 UL of reactions was then
exploited for gPCR determination of number of molecules that were entering in the FLAG
affinity column. The remaining reverse transcribed product (34 pL) was processed by Anti-
Flag M2-agarose chromatography as described above. The final elution volume was 200
pL, while the first column wash was 1 mL. Both were ethanol precipitated and resuspended
in 20 uL DEPC-water. 1.25 pL of retrieved DNA was used for gPCR. Triplicates were run for
reverse transcription samples, first wash and elution products, each for both Sisido and
Seelig treated reactions. The results demonstrated that a very low amount of the Fake
molecules were producing fusions. Both the Sisido and Seelig procedure gave as final
output 10° molecules (Table 3.2). 10* molecules entering into the FLAG selection column
were few if considered that the estimated amount of RNA added in translation reaction was
about 10'® sequences. Moreover, all these sequences should produce the RNA-FLAG

peptide fusion, since the Fake construct was designed to be a positive control.
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Table 3.2 Number of molecules determined by qPCR

o . n. molecules
Fusion incubation procedure :
Rev. Trascr. Elution
Seelig 2.1x10* 1.2 x10°
Sisido 2.7x10* 2x10°

The number of molecules reported is the average of triplicates. Experiments were
performed on aliquots of reverse transcribed samples and on aliquots of elution sample.
Two samples were analyzed: the first one was processed after translation according to
the procedure indicated by Seelig,” i.e. addition of 531 mM KCI and of 50 mM MgCl,
then incubation for 5 min at 25 °C. The second sample was supplemented with 500 mM
KCl and incubated at 10 °C for 1 h, according to what exploited by Sisido and
coworkers.® Data were corrected for the original sample volume. The retrieved number
of molecules is low if considered that 10" molecules were added into the translation
step.

After these results, some improvements to the procedure for fusion production were
considered. The first element to be addressed was the translation step. Until now a cell
lysate had been exploited. However, the PURE system could be used for efficient protein
production, since no nucleases are present. In a preliminary test, an estimated amount of 3
Hg total RNA, i.e. uncrosslinked and crosslinked RNA, was translated for 4 h at 37 °C in a
PURE system reaction (25.5 pL). The solution included also 20 U of RNase inhibitor. Then,
salt addition (531 mM KCI and 50 mM MgCl,) as Seelig protocol’® was performed. After
incubation at 25 °C for 5 min, the sample was oligo (dT) purified. An improvement was
introduced at the end of the purification step. The eluted samples were filter-centrifuged for
3 min at 12,000 g in order to completely remove the oligo (dT) resin particles. The
successive ethanol precipitation, reverse transcription and FLAG column were performed
exactly as described above. Only the FLAG column buffers were slightly modified, since no
B-mercaptoethanol was added. gPCR analysis gave as result 10° molecules in the eluted
samples, considering 10* sequences introduced in the translation. This result was next
confirmed by analysis with the Fake and Fake-minus-His constructs. Translation was
carried out with the cell lysate and PURE system and the number of retrieved molecules

compared. In this experiment, conversely than before, new magnetic FLAG beads were
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exploited. The main difference was due to the easier separation via the magnetic support.
50 pL of beads were used and were washed for three times with 1 mL of FLAG clean buffer
(100 mM glycine pH 3.5 and 0.25% wt/vol Triton X-100) and with 3 x 1 mL FLAG binding
buffer (50 mM HEPES-KOH pH 7.4, 150 mM KCI, 0.01% wt/vol Triton X-100, and 5 mM f3-
mercaptoethanol). Next, the beads were resuspended with 500 L of FLAG binding buffer
and with the translation reaction. After incubation of 1 h at 4 °C (tumbling), the supernatant
was removed. Beads were washed six times with 1 mL FLAG binding buffer and finally, two
elutions of 100 uL were performed accordingly to the FLAG purification protocol.”® After the
FLAG column step, ethanol precipitation and gPCR were done. Comparison between the
retrieved molecules clearly indicated how the PURE system was a better system for

translation in the mRNA display selection protocol (Fig.3.12).
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Fig. 3.12 gPCR analysis on retrieved number of molecules at the end of FLAG
purification after exploiting different translation systems. Fake and Fake-minus-His
(abbrev. Fake — His in the figure) constructs were translated exploiting a cell lysate
for 4 h at 30 °C or the PURE system, for 4 h at 37 °C. The gPCR measurements
were done at the end of the FLAG column purification on eluted fractions. Samples
were analyzed in triplicates. The PURE system showed an improvement in the
retrieved molecules. Unexpectedly, Fake-His elution was lower than the Fake one.

103



Noticeably, these results also suggested a small difference between the Fake and
Fake-minus-His construct. Introduction of the Fake-minus-His construct had been done for
optimization of expression, since thermodynamic structure prediction showed how the RBS
in the Fake construct RNA was closed by base pair annealing. Elution recovery after the
MRNA display selection steps demonstrated that the possible RBS annealing did not affect
translation for the Fake construct. Nevertheless, the high number of steps present between

translation and qPCR analysis could also cause variations in the elution results.

3. 3°S- Methionine scintillation counting for fusion assessment

gPCR measurements gave insight into which in vitro transcription and translation
system was better performing. However, the technique presented the limitation of
monitoring only the final output of MRNA display, while intermediate steps were not
considered. For this reason, a method that allowed assessment in every phase from
translation to final amplification was preferred. Scintillation counting of labelled species
permitted to directly visualize the fusion formation immediately after the translation. **S-
Methionine was added to the PURE system reaction with Fake-minus-His RNA. Again,
almost 3 pg of total RNA and 20.4 uCi of **S-Met were used. Incubation with salt was
performed at the end of a 4 h translation reaction as Seelig procedure. New magnetic oligo
(dT) beads were exploited for the purification of the RNA. Buffers were the same as the
cellulose resin ones, without the addition of B-mercaptoethanol. 100 pL of beads were
washed with oligo (dT) binding buffer for three times (1 mL each) and resuspended in 540
pL. After incubating 10 min in rotation at 4 °C, the translation reaction was added. Again,
the mixture was incubated at 4 °C (20 min, still rotating). Finally, the supernatant was
removed and the beads were washed initially with 6 x 1 mL oligo (dT) binding and then 6 x
1 mL oligo (dT) washing buffer. Fractions were collected. Next, four elutions of 400 uL each

were carried out. Each of the fractions collected was then assessed by **S scintillation
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counting. 1 pL sample aliquots were directly inserted in 1 mL of scintillation liquid. The oligo
(dT) matrix specifically binds a linker region, allowing isolation of crosslinked RNA. Since
%3-Methionine labels the Met-FLAG peptide, molecules that are visualized via scintillation
counting in the oligo (dT) column elution are the RNA-peptide fusion. Results clearly
demonstrated for the first time that fusion molecules were produced via translation and KCI

and MgCl, salt incubation (Fig. 3.13).
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Fig. 3.13 *S scintillation counting analysis of fractions collected in the oligo (dT) column
purification. The Fake-minus-His construct was translated in presence of **S-Met for 4 h
at 37 °C. Fusion formation was done by incubation with KCI and MgCl, as previously
described. Thereafter the reaction was oligo (dT) column purified. Aliquots were
assessed for each fraction. Samples were read twice at the scintillator counter. In the
flowthrough un-incorporated methionine was discarded. Fusion formation was visualized

in the first column elution.

Next, the oligo (dT) elution was ethanol precipitated, thereafter reverse transcribed
and finally purified by FLAG magnetic beads. Procedures were performed as described
before (see page 101 for reverse transcription; see page 103 for magnetic beads FLAG

purification). Fraction of the FLAG column were collected and analyzed by scintillation
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counting. Here, 10 uL were exploited for the readings. Results showed that initially some of
the fusions were lost since not binding to the resin. Nevertheless, signal was weakly

detected, thus only one reading was done for each sample (Fig 3.14).
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Fig. 3.14 *S scintillation counting data on FLAG column fractions. The experiment was
performed with FLAG magnetic beads. At the end of the affinity column, 10 pL aliquots

were measured. The obtained cpm values were low, thus samples were not read again.
However, the signal recorded showed how molecules were retrieved in elution fractions
from the column.

Direct monitoring of RNA-peptide fusion formation in the oligo (dT) purification
allowed to optimize also the time required for translation. Until now, 4 h of PURE system
reaction at 37 °C were generally performed. A **S-Met labelling experiment as just
described was set up. Aliquots of translation reaction (6 uL) were taken at specific time
points of 10 min, 30 min, 2 h and 4 h. Incubation with salt was done as previously indicated.
In the oligo (dT) purification only 25 pL of magnetic beads were used for each sample,
binding and washing steps were done with 500 uL of specific buffer, final elution volume
was reduced to 100 pL. 10 pL were exploited for scintillation counting. Analysis of the first

eluted fractions suggested that 30 min were optimal for translation to occur (Fig. 3.15).
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Fig. 3.15 **S scintillation counting for evaluation of optimal translation time with
PURE system. 10 pL aliquots of translation reaction were taken at time points of 10
min, 30 min, 4 h and 6 h. Samples were oligo (dT) purified and fractions were
analyzed by scintillation counting. Here is presented the recorded radioactivity for the
first oligo (dT) column elution of each time point. Incubation of 30 min at 37 °C was
the optimal condition.

Considering the positive **S data obtained, a last experiment was set up to evaluate
if Fake and Fake-minus-His constructs were retrieved from the mRNA display tested steps.
Both samples were carried out as previously indicated. Translation reactions were
performed incubating 30 min at 37 °C. Processing of the samples followed the usual flow,
i.e. oligo (dT) purification, reverse transcription and finally FLAG selection column. For
scintillation counting analysis, 1 pL aliquots were taken for oligo (dT) purification monitoring,
10 pL out of the reverse transcription reaction, 10 pL of FLAG column fractions. Fake and

Fake-minus-His sequences were successfully retrieved from the column (Fig. 3.16).

The results are reported as number of molecules. These values were calculated
starting from 3*S-Methionine standard curve. In fact, scintillation counting was performed on
dilutions of the free labelled amino acid. The total radioactivity and the methionine pmol
used in a PURE system reaction were calculated according to the supplier protocol. Briefly,
the total methionine pmol used were the sum of labelled (20.4 pmol) and un-labelled

methionine (7500 pmol). The total counts in the reaction were calculated from the equation:

107



total counts per minute (cpm) registered for 5 pyL control dye multiplied for the reaction
volume and divided by 5. For each elution fraction in the oligo (dT) column the
correspondent pmol of incorporated methionine were calculated and the value divided for
the number of methionine present in the constructs. Finally, the sum of eluted pmol was
converted in the number of molecules. For reverse transcription samples and FLAG column
fractions, a proportion with the oligo (dT) values of cpm and the corresponding number of

molecules was calculated.
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Fig. 3.16 Comparison of the number of molecules calculated for elution fractions of
Fake and Fake-minus-His constructs. **S scintillation measurements were carried out
on aliquots for each step of mMRNA display, i.e. oligo (dT) column, reverse
transcription (RT) and FLAG purification. From elution cpm values, the number of
molecules was calculated. Average of two reading of each sample was considered.
Final result after FLAG column purification demonstrated how the selection was
working for both constructs.

From the results both constructs seemed to work. These data were similar to the
gPCR results from a qualitative point of view. In fact, Fake and Fake-minus-His were both
allowing for protein expression, and the thermodynamic prediction about Fake RNA
structure to present the RBS annealed was discarded (for gPCR data, see page 103).

Conversely, from a quantitative point of view, the number of molecules obtained at the end
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of the cycle were different from the qPCR values. However, gPCR results were obtained
without exploiting magnetic beads for both the purifications steps, therefore it was less easy
to carry on. Moreover, by scintillation counting a direct monitoring of the intermediate

passages was possible.

3.4.5 Amplification testing at the selection cycle end

At the end of the FLAG column, the product in the eluted fraction was a duplex
constituted of a cODNA and RNA strand. The duplex was generated by reverse transcription
before entering the FLAG purification. Thus, it did not present a T7 RNA promoter
necessary for the new selection cycle. This addition and amplification of resulting
sequences was performed via PCR on eluted sequences. An ethanol precipitation was

required for reducing the sample volume before amplification.

cDNA formation by reverse transcription was initially evaluated, thus excluding
amplification failure due to the template. Reverse transcription was carried out on total RNA
(crosslinked and uncrosslinked) of a MG library. Three samples were prepared (A, B, C) in
40 uL reverse transcription reactions. After the incubation for 30 min at 42 °C, sample were
evaporated with a speedvac. Resuspension was in 10 uL DEPC-water. Sample B was
treated with RNase A for 30 min at 37 °C. Since in this experiment, total RNA, i.e.
crosslinked and uncrosslinked, was used, RNase treatment of sample B removed all the
RNA from the reaction. Thus, only the cDNA would be present. Sample C was a negative
control, since no reverse transcriptase enzyme was present. Products were loaded on a 2%
agarose gel and results evaluation confirmed the presence of the cDNA band in sample B
(Fig. 3.17). Double bands were observed for sample A and C, indicating the presence of the
RNA in the crosslinked and uncrosslinked forms. The experiment demonstrated that the

reverse transcription reaction was functional and cDNA was produced.
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Fig. 3.17 Reverse transcription assessment. A MG DNA library was transcribed and
the RNA crosslinked. From this template three reverse transcription reactions were
performed. Results were run on a 2% agarose gel. Sample B was treated for 20 min
at 37 °C with RNase A. The resulting band confirmed cDNA production. Sample C
was a negative control since no reverse transcriptase was added. The displayed
bands correspond to the total RNA template, i.e. crosslinked and uncrosslinked RNA.
The enzyme catalyzed the cDNA production (sample B). Moreover, sample A was
not treated for RNA digestion, production of cDNA is indicated by the higher intensity
of the lower band, compared to sample C. Marker (M) is a 50 bp ladder (NEB),
Marker N is a 100 bp ladder (Fermentas).

For amplification at the end of the cycle were exploited two different DNA
polymerases, i.e. DeepVent-R and Phusion. Taq polymerase was not considered for the
high rate of mutation insertion presented. The forward primer contained an overlapping
region on the 5’-end of the duplex and a T7 promoter for allowing transcription of the
amplified molecules. The PCR test was directly carried out at the end of the first cycle with
the MG library. Roughly 10 ng of the elution product was amplified in 50 L reactions,
exploiting 0.2 mM dNTPs, 0.5 puM primer couple. 0.5 U of DeepVent-R and 1 U Phusion
DNA polymerase were added to the reactions. Buffer Thermopol and High Fidelity were
used for DeepVent-R and Phusion reactions respectively. 20 cycles were carried out. For
DeepVent-R polymerase, the annealing temperature exploited was 54 °C, for Phusion
reaction a 3 step protocol was followed, with an annealing temperature of 71 °C. The
difference in temperature between the two PCRs was mainly due to previous experiments

performed on the initial library amplification. At the end all the reactions were run on a 2%
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agarose gel. DeepVent-R sample did not present any amplification product (Fig. 3.18).
Conversely, the Phusion sample showed two similar bands close one to the other. The
lower band was at the right hight of the full initial library. From a preliminary amplification
test carried out on a double strand assembled MG library, the amount of template was
correlated with the increase in the second band production (Fig. 3.18, panel b). Possibly, the
higher band could be constituted by two DNA strands forming an hetero-duplex. Since the
starting material for the PCR was a mix of sequences that could base pair at the similar
termini, although the sequences were different in the middle region, the hetero-duplex could
form when the PCR reaction would not perform efficiently. For these reasons, after gel
extraction the selection proceeded only with the lower specie. Moreover, the amount of

template was reduced for the amplification in the selection.

a)

200 bp
150 bp

Fig. 3.18 Amplification reaction optimization. Panel a) PCR was performed with
Deepvent R and Phusion polymerase (samples D and P, respectively) on the duplex,
after the first selection cycle with MG library. All the amplification reaction was loaded
on the gel for gel extraction. Deepvent-R polymerase did not work, while Phusion
gave two close band as result. The upper band is probably caused by the template
amount. Panel b) PCR amplification with Phusion polymerase on the assembled
library. Samples contained decreasing amount of double strand template. From
sample 1 to 6, 50 ng, 10 ng, 1 ng, 10 pg, 1 pg, 10 fg respectively were used. Marker
(M) is a 50 bp ladder (NEB), Marker N is a 100 bp ladder (Fermentas).
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3.4.6 Control experiments concerning the MG ligand

The preliminary experiments for the technique setting have been mostly performed
with the Fake and the Fake-minus-His constructs. However, investigation if MG could
interfere in the riboswitch selection was carried out. MG was tested for possible inhibition
effect on the transcription and translation system. Exploiting the PURE system, production
of a cyan fluorescent protein (mCerulean) in the presence of increasing concentrations of
MG was assessed. The experiment was performed via the gPCR instrument (CFX96 Real
time PCR Detection System, Bio-Rad), monitoring in FAM channel for 6 h at 37 °C. 10 pL
reactions were prepared and 10 ng of plasmid template were exploited. MG concentrations
were 0.1 uM, 0.32 uM, 1 pM, 10 pM, respectively. Controls reactions with MG and water
were also measured for comparison. The fluorescence signal of mCerulean was only
slightly affected by MG concentration (Fig. 3.19). However, the final concentration exploited
in the selection was 100 pM. This higher concentration was not considered when
performing in vitro transcription and translation mostly because the color of the solution was
green. This could affect the fluorescence measurement, thus it was not tested directly.
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Fig. 3.19 Fluorescence measurements in time of mCerulean production in PURE
system in presence of MG. Several concentrations of MG were tested. Data were
collected in a gPCR instrument, recording with the FAM filter. MG alone was not
fluorescent. Samples MG 0.1 uM, MG 0.32 uM, MG 1 uM fluorescence
measurements are not visible in the graph since the emission was low. PURE system
protein expression was little affected by MG addition.
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3.5 mMRNA display selection of a malachite green responsive riboswitch

The selection for a MG responsive riboswitch was performed considering the
experiment tests previously shown. In order to select for a riboregulator presenting a
modulated RBS depending upon the presence or absence of the ligand, cycles were carried
out with and without MG in the translation reaction. In particular, the selection strategy was
designed considering initial presence of the ligand (ON cycles). However, conditions were
modified through the selection according to the number of molecules that were retrieved
after each cycle (see Fig. 3.20). OFF cycles were also performed, i.e. cycles 3 and 4. In an
OFF cycle, MG was not added to the translation reaction. This strategy was defined in order
to decrease the number of possible molecules that presented a conformation with an open
RBS, which would allow the expression of the FLAG peptide and fusion formation without
being regulated by the ligand presence. The OFF cycles acted as counter selection on the
molecules pool. In absence of MG, the RNAs to be retrieved in the (counter) selection were
those molecules that did not produce fusions. Thus the flowthrough of the FLAG column,
containing the unbound sequences, was collected. Nevertheless, a drawback of performing
OFF cycles was that RNAs with open RBS that were not able to form fusion efficiently were
also collected. In fact, only a small percentage of fusions is produced at the end of the
translation reaction. After two OFF cycles, an ON cycle was performed (cycle 5). From
cycle 6 on the strategy of the selection was modified, although all the following cycles were
performed including MG in the translation reaction. In particular, the reaction conditions
became more stringent, in order to enrich for functional riboregulators. For example in cycle
6 the number of DNA molecules added in the transcription reaction was reduced. From
cycle 7, the translation reaction was incubated for only 5 min instead than 30 min as

previously done.

Details on conditions applied and the selection methods are reported in the following

sub-sections.
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1. Library assembly

At the beginning of the selection, the DNA pool was assembled by overlapping
extension of oligonucleotides. The reaction (50 pL) was performed with 2.5 pmol of each
oligonucleotide. DreamTaq buffer, 0.2 mM dNTPs and 2.5 unit of DreamTaq polymerase
were used. Initial denaturation was carried out for 10 min at 94 °C without the polymerase.
Then, after polymerase addition, the reaction was incubated at 55 °C for 15 min and at 72
°C for 45 min. Just one cycle was performed, in order to avoid over-amplification of the
pool. Next, the overlapped double strand product was extracted from a 2% Nusieve GTG
agarose gel in TAE buffer, and column purified. The final volume of column elution was 50
UL in sterile water. The obtained double strand product was then amplified by PCR with
DeepVent polymerase (3 U) in Thermopol buffer in a 300 yL reaction. The sample was
aliquoted in six sample prior thermocycling. Primers bound specifically the 5’ and the 3’ of
the construct. 20 cycles of amplification were carried out. Bands were gel extracted on 2%

low melting agarose and finally combined.

2. Transcription and DNase treatment

10 pmol of DNA library was transcribed with 150 U of T7 RNA polymerase in T7
buffer (35 mM MgCl,, 2 mM spermidine, 200 mM Hepes-KOH, pH 7.5). The reaction (50
pL) included also 40 mM freshly prepared DTT, 5 ug BSA, 5 mM each NTP, 0.05 U
Inorganic Pyrophosphatase, 20U RNase inhibitor. The reaction was incubated at 37 °C for
4 h. From the second cycle till the fifth included all the PCR product obtained from the
previous round was transcribed. For rounds six, seven and eight only 1.5 ng of the obtained
PCR product (corresponding to 10710 molecules) were transcribed in a 50 pL reaction.

How this could affect the selection progress in discussed in the Result section.

At the end of transcription, 37 mM EDTA and 0.5 mM CacCl, were added to the
reaction and the sample was processed with a RNase-free DNase | treatment to remove

template DNA. The degradation was performed at 37 °C for at least one hour.
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3. PAGE gel for RNA purification

Thereafter, the RNA samples were first subjected to ethanol precipitation. This step
allowed the removal of residual components of the transcription reaction and permitted to
reduce the solution volume. The ethanol precipitation was performed without the addition of
salt. A wash with 100% ethanol was done and 20 min centrifugation at 4 °C allowed the
formation of the RNA pellet. Residual ethanol was eliminated by incubation for 5 min at 70
°C of the RNA. Finally, the RNA was resuspended in 25 uL DEPC-water. 8 M Urea, 4%
PAGE was exploited for RNA purification. The 2X loading dye contained 8 M urea, 20%
wt/vol sucrose, 0.1% SDS, 0.05% xylene cyanol, 0.09 M Tris, 0.09 M borate, 10 mM EDTA.
Samples were denatured for 5 min at 94 °C before loading on the gel. The gel was
prepared and run in TBE buffer for 5 h at 150 V. Next, the bands were visualized by UV
shadowing of the gel. RNA was then extracted from the polyacrylamide matrix by crush and
soak. Briefly, the gel slices were crushed with a filter tip in a microcentrifuge tube. Then,
500 pL of TE buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA) and 120 U of RNase Inhibitor

were added. The reactions were left tumbling at 37 °C overnight.

The following day the crush and soak procedure was continued. Initially the sample
was centrifuged for 5 min at maximum speed and the supernatant collected. Next, 250 uL
of TE buffer were added again to the solution. After 2 h at 37 °C, centrifugation allowed to
isolate the new supernatant, which was combined with the first one obtained. Finally, the
solution was ethanol precipitated (with addition of sodium acetate) and resuspended in 20

pL DEPC-water.

4. Crosslinking reaction

Photo-crosslinking was performed with 7.5 pM puromycin-contained linker on the
purified RNA in buffer XL (100 mM KCI, 1 mM spermidine, 1 mM EDTA pH 8.0, 20 mM
HEPES-KOH pH 7.5). The volume of the reaction was 50 pL. The linker was annealed to

the mRNA for 3 min at 70 °C in the thermocycler, and the reaction was cooled to 25 °C in 5
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min. Then, the sample was transferred into a 96 well transparent plate kept on ice and
irradiated with a UV lamp at 365 nm for 20 min. Finally, the RNA was ethanol precipitated
with addition of 3 M Sodium acetate, pH 5.5 and 2.5 V of ethanol 100%. After
centrifugation, the pellet was washed with 70% ethanol and centrifuged again. Final
resuspension was in 10 uL of DEPC- treated water. In every selection cycle, crosslinking
efficiency was tested by native 2% agarose gel on denaturated samples. A 1 yL aliquot was
tested before proceeding with the following steps of selection. Denaturation was due to the
formaldehyde-containing loading dye. The sample was incubated at 70 °C for 10 min prior
loading. Gel was run in 1% TAE buffer at 120 V for 30 min. An RNA ladder (low range, i.e.

100-1000 bp) was also included.
5. Translation and fusion formation

During the selection, the PURE system was exploited as in vitro transcription and
translation system. Reactions (25.5 pL) were carried out with the total RNA (crosslinked
and uncrosslinked. A direct quantification of the RNA amount was not performed. However,
estimations were done according agarose gel analysis on the crosslinked sample. To the
PURE system reaction, 20 U RNase inhibitor and 20.4 uCi **S-Met were supplemented. In
rounds 1, 2, 5, 6, 7 and 8 100 uM MG was included. Thus in these cycles fusion formation
was expected. Conversely rounds 3 and 4 were performed in absence of MG. Incubation
time of the translation sample at 37 °C was 30 min, as previously established. However, to
increase the stringency of the selection, rounds 7 and 8 were performed incubating just 5
min at 37 °C. Thereafter mRNA-peptide fusions were produced by addition of 531 mM KCI
and 50 mM MgCl, and incubating for 5 min at room temperature. The fusion complexes

were stored at -20 °C unless immediately processed.
6. RNA isolation via oligo (dT) column

After fusion formation, the crosslinked RNA-peptide complexes were purified from

translation components via an Oligo (dT) affinity column. 100 pL oligo (dT) magnetic beads
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were exploited. Beads were washed three times with 1 mL with oligo (dT) binding buffer (1
M NacCl, 10 mM EDTA, 0.2% wt/vol Triton X-100, 20 mM Tris-HCI pH 8, without 8-
mercaptoethanol). Finally the resin was resuspended in 540 pL binding buffer. After
incubating 10 min in rotation at 4 °C, the translation reaction was added. The mixture was
tumbled for 1 h at 4 °C. Thereafter, upon magnetic separation, the supernatant was
removed and beads were washed six times with 1 mL oligo (dT) binding buffer each, and
then six times with 1 mL oligo (dT) washing buffer. Fractions were collected. Next, four
elution of 400 pL each were carried out. Oligo (dT) purification was assessed by **S
scintillation counting of fraction aliquot (1 uL sample in 1 mL scintillation liquid). Next,
elution fractions were combined and ethanol precipitated by addition of 3 M Sodium
acetate, pH 5.5 and 2.5 V of ethanol 100%. Sample was centrifuged for 30 min, the pellet
then was washed with 70% ethanol and centrifuged again. Finally the sample was

resuspended in 20 uL of DEPC- treated water.
7. Reverse transcription and selection column

Samples were reverse transcribed for 30 min at 42 °C. The reaction (40 pL)
exploited 4 U of Superscript Il reverse transcriptase, 0.5 mM dNTPs, 0.1 U/uL RNase
inhibitor,50 mM Tris-HCI pH 8.3, 3 mM MgCl,, 500 nM specific reverse primer. An aliquot
was measured by scintillation counting. The reverse transcribed sample was transferred to
an anti-FLAG peptide resin. 50 pL of magnetic beads were initially prepared by washing for
three times with 1 mL of FLAG clean buffer (100 mM glycine pH 3.5 and 0.25% wt/vol Triton
X-100) and with 3 x 1 mL FLAG binding buffer (150 mM KCl, 0.01% wt/vol Triton X-100, 5
mM B-mercaptoethanol, 50 mM HEPES-KOH pH 7.4). Separation was done by magnetic
support. Finally, beads were resuspended with 500 pL of FLAG binding buffer. Reverse
transcribed sample was added and left for 1 h at 4 °C while tumbling. Next, beads were
washed six times with 1 mL FLAG binding buffer. Elution was performed with 2 x 100 pL of
FLAG binding buffer containing 2 equivalents of FLAG peptide. The mixture was left
tumbling for 20 min 4 °C each time prior to separation. Fractions were collected and
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analyzed by scintillation counting. For rounds in which MG was present in the translation
reaction, both the elutions were combined and then processed. For cycles 3 and 4, where
MG was not added in translation, the first two washes of the FLAG binding beads were
collected, since the functional sequence were not retained on the column. However,
molecules that would not form fusions efficiently would also be present in the washes.
Thereafter, the sample was ethanol precipitated by addition of sodium acetate and ethanol
(see above). Final resuspension was done in 10 pL sterile water (not DEPC-treated for

avoiding interference in the amplification reaction).

8. PCR Amplification reaction

In the first cycle 10 ng of the elution product were amplified in a 50 pL reaction. 0.2
mM dNTPs, 0.5 uM each primer, 1 U Phusion DNA polymerase in buffer High Fidelity were
exploited. The amplification was carried out for 20 cycles, with an annealing temperature of
71 °C. The PCR was performed according to a the three step protocol of the Phusion
polymerase manufacturer (Finzymes). The amount of starting material was changed during
the selection rounds. From second to fifth cycle included, the duplex template was reduced
to 100 pg. Thereafter only 0.15 pg were used. The amount variation of starting material in
amplification is discussed in the next section. Finally, the amplification product was gel
extracted on a 2% low melting Nusieve GTG gel. The gel was run in TBE buffer for 30 min.

Bands were then column purified.
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3.6 Selection results and discussion

Eight rounds of selection were performed in order to develop a MG responsive
riboswitch. The progresses in the selection cycles were followed by *S-Methionine
scintillation counting. From the cpm values obtained by scintillation, the number of
molecules was calculated. The calculation was done via a standard curve with free %S
amino acid for every experiment. Moreover, the decay factor was considered. The total
counts were obtained dividing the counts in a PURE system reaction by the decay factor of
%3-Met. Through Specific Activity estimation, the pmol of incorporated methionine was
determined. The final number of molecules was obtained as the sum of the elution fractions
considered in the experiment. While oligo (dT) column fractions were assessed by standard
curve calculation, FLAG purified samples were determined by proportion with the molecules
resulting after oligo (dT) column and cpm. Cpm recorded by the scintillator counter were

corrected for the sample volume prior to analysis.

In order to evaluate the selection progress, the total number of molecules retrieved
in every round at the end of the FLAG binding column was estimated. Initially, an increase
in the molecules obtained round after round was expected. However, results were not
showing any pattern through the selection (Fig. 3.20). The number of molecules was almost
constant around the value 10° for first cycles, then a drop was observed in the last cycles.
This decrease was possibly due to the reduced time allowed for translation to occur in

rounds 7 and 8.
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Fig 3.20. Number of molecules retrieved for each selection cycle at the end of the
FLAG affinity column. Data were calculated from *S scintillation counting. OFF
cycles (white) were performed without MG in the translation reaction, thus washing
fractions were collected and analyzed. Black color indicates rounds were stringent
conditions were applied in the selection.

Considering the selection results, the number of molecules was not taken into
account as parameter for evaluation of the progression. Generally, in functional nucleic
acids selection, a comparison between the fraction of the pool entering the selection step
and the eluted sample is evaluated. In other words, what enters into the affinity column is
related to the output of the column in terms of binding ratio. Calculations of the ratio
between the radioactivity recorded on an aliquot of reversed transcribed sample, i.e. what
enters into the FLAG affinity column, and the sum of elutions cpm were performed only for
rounds where MG was added in the translation reactions (Fig. 3.21). These positive cycles
were only considered since in the third and fourth rounds, i.e. where no ligand was present,
The fractions not bound to the FLAG column were retrieved. Thus, a binding ratio could not
be calculated. Again, no significance in the ratio was achieved. Some values obtained were

high, indicating a ratio of 100% molecules retrieved. Moreover, the cpm radioactivity in the
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reverse transcription sample was not the same as the sum of the cpm obtained reading the

FLAG column fractions. Thus a different way to measure directly each step was needed.
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Fig. 3.21 Ratio of recorded radioactivity in the FLAG column elution over the reverse
transcribed sample signal. Only positive selection cycles were evaluated. Ratio equal
to 1 meant that cpm counts in the reversed transcribed sample were the same as
those cpm measured on the elution sample. This result was not possible considering
the radioactivity present in other fractions in FLAG column.

Since the comparison between radioactivity in the reverse transcribed and eluted
samples was obtained by independent measurements and done on samples with different
volumes, thus the error due to volume correction of the cpm could affect the ratio, the
estimation was not taken into account. Next, the total radioactivity recorded in the FLAG
column was considered as reference parameter and a new ratio was calculated. The
meaning of this estimation was to consider just the FLAG column results as possible
indicator of enrichment of sequences in the pool. This parameter was also free from
calculation upon the number of molecules, which could have introduced bias in the
estimations. Again, only the ON cycles were included in the analysis (Fig. 3.22), since
crosslinked RNA that did not produce a fusion complex would be collected in the first two
washing fractions of the FLAG peptide binding purification. The result of this analysis were
finally consistent with stringent conditions applied during the selection progress. For

example, the second cycle decrease in radioactivity recorded could be caused by the lower
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number of eluted molecule that were amplified at the end of the first selection cycle.

However, the percentages of binding in the FLAG column were low and an exponential

increase was not achieved.
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Fig. 3.22 Binding ratio in the FLAG affinity column. The ratio was calculated as the
fraction of **S radioactivity measured in the elution samples over the total
radioactivity recorded per cycle, i.e. the sum of cpm in FLAG column. Only ON cycles

were considered. Unfortunately, the binding percentage was low and no enrichment
was shown.

Together the results substantially highlighted a failure of the mRNA display selection
for a new MG responsive riboswitch. Confirmation was obtained by next generation
sequencing (NGS) data. NGS was carried out on the amplified product after cycle 8 with an
ION Torrent Personal Genome Machine sequencer (CIBIO Core Facility, Trento). The data
set consisted of 5740 sequences, which were initially aligned and evaluated by a quality
score. Unfortunately, sequencing results showed that the frequencies of the nucleotides in
the randomized positions were almost equivalent and close to a random distribution (Fig.
3.23). Thus the analysis did not indicate the presence of specific repeated domain that

could highlight a selection convergence on a candidate, or a cluster of sequences.
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Fig. 3.23 NGS sequencing results. Nucleotide frequencies confirmed the absence of
a common sequence or subsequence. For each of the 18 randomized position in the
library, the frequency of a specific nucleotide was close to uniform distribution. Data
analysis was performed by Dr. Michele Forlin.

At the end of the selection and considering that the selection for a new riboswitch
had not been successful, some improvements could be taken into account for mRNA
display evolution of riboregulators. Probably, the most important point to evaluate was that
the amount of crosslinked RNA varied before entering the translation. In other words, a
guantitative step was necessary before the translation reaction. The agarose gel was used
as reference for assessing crosslinked RNA presence and for quantification via band
intensity analysis (via ImageJ software). However, despite gel bands quantification, all the
RNA was added in the translation step. Translation and consequent fusion formation were
the most important steps in the mRNA display technique when selecting for a riboswitch.
Functionality of the RNA sequence was determined at this point. The following steps were
purifications for isolation of the RNA-peptide complex. A variation in the number of
molecules entering the translation could affect the final output. The same conclusion was
suggested also for other two steps: the amplification reaction and transcription. Even if the
concentrations of templates exploited for each reaction were known, parameters were
modified through the selection rounds. Again, variations influenced the following steps,

affecting the number of molecules in each cycle.
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Considering the amplification reaction, some improvements should be pursued. At
the end of every round, 20 cycles of PCR on a very small part of the elution product were
performed. Thus only some sequences were exponentially amplified, influencing the pool
behaviour in the selection. In order to avoid the over-amplification of a limited number of
sequences, all the sample resulting from the previous step should be used and the
amplification should be performed for a lower number of cycles. This condition need to be
screened in order to avoid also possible unspecific bands. In the selection, a low intensity
band, higher molecular weight specie was always visualized on the agarose gel at the end
of the amplification reaction (Fig. 3.18, panel a). To prevent possible carry-on of unwanted

molecules and DNA hetero-duplex formation the amplification had to be optimized.

A limitation that the mRNA display technique presented was the high number of
steps and intermediate purifications. Excluding the issue about time required for one cycle,
complete recovery of the sample in these phases was not always successful, thus causing
loss of potentially functional sequences. For example, PAGE purification of the transcribed
RNA could in principle be substituted by a column purification. Commercial kits were
available, even if a possible limitation is the length of the RNA. When designing the library
sequence, a shorter length construct was preferred (145 bp), in order to avoid secondary
structures. Nevertheless, a 200 bp RNA sequence could be efficiently purified via columns.
Moreover, reorganization of the cycle steps would also improve the final output, e.g.
reverse transcription and amplification could be performed together at the end. The choice
of reverse transcribe all the molecules before entering the FLAG affinity column was done
to reduce possible interaction between the RNA and the resin. However, performing
reverse transcription and amplification together would avoid another ethanol precipitation
purification after the oligo (dT) column. Furthermore, quality control of the mRNA-displayed

peptide would need to be carried out, optimizing SDS PAGE analysis.

In conclusion, mMRNA display could not be used to select successfully for
riboswitches. Taking into account the improvements just described, the result could have
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been different. Nevertheless, the method presented many steps that made the mRNA
display procedure costly and time consuming. For these reasons, a new approach for in

vitro riboswitch selection was exploited (see Chapter 4).
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Chapter 4.

In vitro selection of RNA-based sensors via ligand
triggered strand displacement

This chapter presents an original manuscript that is in preparation for submission (sections
4.1- 4.2).

Title of the manuscript: An in vitro selection for RNA sensors based on small molecule
triggered strand displacement

Laura Martini, Adam J. Meyer, Jared W. Ellefson, John N. Milligan, Michele Forlin, Andrew
D. Ellington & Sheref S. Mansy
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This chapter describes an approach for in vitro selection of riboswitches different
from the mRNA display method presented in Chapter 3. mRNA display is a protein-based
method. Here is introduced a novel procedure for the in vitro selection of RNA sequences
that exploits directly the conformational shift induced by a ligand binding in the structure of

the RNA sensor. The technique is based on strand displacement reaction.

Initially the chapter presents the strand displacement reaction, and how the ligand
induced conformation shift in a RNA sensor, e.g. thiamine pyrophosphate (TPP) responsive
riboswitch, is able to trigger strand displacement. Then, an in vitro selection to identify a
TPP dependent RNA sensor is described. The results establish that it is possible to in vitro
select new RNA sensors by conformational change (induced by the ligand binding)
triggering of strand displacement. Thereafter, this technique for the selection of novel

sensors is applied to select RNA sequences responsive to three TPP analogues.

4.1 A ligand induced conformational shift triggers strand displacement for RNA
sensor selections

Functional nucleic acid sequences often transition between different conformational
states that correlate with different levels of activity. For example, naturally occurring
attenuator sequences and riboswitches exploit conformational changes in response to
metabolite availability to control gene expression. The construction of analogous, artificial
systems in vitro has been difficult in part because typical nucleic acid selections are

designed to either enrich sequences that bind specific molecules®*%?

or display specific
catalytic activity®! without constraint on conformation. However, by combining ligand-binding
aptamer and catalytic ribozyme domains, non-natural nucleic acids that display
conformationally dependent activity can be designed®”® and selected.*>*"838

Rather than having ligand binding to an aptamer domain control the activity of a

conjugated ribozyme, the conformational change induced by ligand binding could be used
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to drive coupled strand displacement reactions® (Fig. 4.1). Strand displacement simply
exploits the ability of single-strand DNA or RNA to displace one strand of a preexisting
duplex nucleic acid.?® Often the initial duplex nucleic acid is modified with a fluorophore -
quencher pair and thus functions as a reporter of the reaction.®”®® Displacement is
kinetically driven by complementarity between sequences of the reporter and the displacing
nucleic acid. The reporter typically contains a small, single-strand region (toehold) that
largely mediates the initiation of strand displacement. The rate of the reaction depends
upon the length and sequence composition of the toehold,® which is usually between 4 and
8 nucleotides long with an optimum centered around 6 nucleotides.®” Strand displacement
is widely used in DNA nanotechnology,® including structural DNA assemblies,®* dynamic

9293 and isothermal nucleic acid amplification methods.***®* However,

autonomous devices,
nearly all reactions based on strand displacement are driven by the initial binding of an
oligonucleotide to a toehold sequence. In other words, it is simply the presence or absence
of the oligonucleotide that dictates whether the strand displacement reaction proceeds or
not. Nevertheless, the binding of an oligonucleotide sequence does induce a

conformational change that modulates the activity of a target nucleic acid.**®°
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Fig. 4.1 Ligand binding to the RNA triggers a strand displacement reaction. When
domain a of the RNA becomes accessible due to the binding of TPP (circle), the
strand displacement reaction can proceed. The interaction between the RNA and the
DNA reporter is based on sequence complementarity. The reporter is partly double
stranded with a single strand toehold region (a*) that interacts with the
complementary sequence of domain a of the RNA. Upon toehold hybridization, RNA
domain b binds to the complementary domain b* of the reporter, displacing the
shorter strand.

An in vitro selection strategy was developed to identify RNAs that mediate strand
displacement in response to the binding of a small molecule. The RNA library was based on
the thiamine pyrophosphate (TPP) riboswitch.®” Ligand binding to the riboswitch liberated a
single strand region capable of hybridizing to and displacing a duplex reporter coupled to
magnetic beads. Iterative rounds of selection showed improved strand displacement
activity. This fully in vitro methodology allowed for the selection of RNA molecules based on

ligand induced conformational changes.
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4.1.1 Methods

1. Chemicals, Oligonucleotides, DNA and RNA production

All chemicals were purchased from Sigma-Aldrich, unless otherwise indicated.
Oligonucleotides were from Integrated DNA technology. DNA templates for transcription
were prepared by PCR of overlapping oligonucleotides with AccuPrime Pfx DNA
polymerase (Life Technologies). PCR products were purified by extraction from an agarose
gel consisting of 1:1 SeaKem GTG and NuSieve GTG agaroses (Lonza) with Wizard SV
Gel and PCR Clean-Up System (Promega). A list of all the constructs is included in Table
4.1.

Transcription buffers were prepared with diethyl pyrocarbonate (DEPC)-treated
water. Transcription reactions were in a final volume of 50 pL and contained 10 pmol DNA,
T7 RNA polymerase buffer (35 mM MgCl,, 2 mM spermidine, 200 mM HEPES, pH 7.5), 40
mM DTT, 5 ug BSA (New England BioLabs), 5 mM each ribonucleotide (NEB), 20 U
Human placenta RNase inhibitor (NEB), 50 U yeast inorganic pyrophosphatase (NEB), 150
U T7 RNA polymerase (NEB). Reactions were incubated at 37 °C for at least 4 h. Samples
were then treated with RNase-free DNase | (NEB) for 1 h at 37 °C. Next, RNA was purified
from a 6% denaturing (7 M Urea) PAGE. The acrylamide-bis acrylamide solution (19:1) was
from Bio-Rad. The RNA was visualized by UV shadowing and isolated by crush-soak.
Briefly, the excised RNA band was crushed and left overnight at 37 °C with tumbling in 500
puL TE buffer (1 mM EDTA, 10 mM Tris- HCI, pH 7.5). The samples were centrifuged and
the supernatants filtered through 0.45 um Ultrafree-MC centrifugal filters (Millipore). Finally,
the samples were ethanol precipitated and resuspended in 30 pL DEPC-treated water.
Concentrations were determined by UV absorbance with a NanoDrop 1000

Spectrophotometer (Thermo Scientific). RNA molecules were stored at -20 °C.
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Table

4.1 DNA sequences used.

Fluorophore- quencher reporter*

Rep F

5'-/5FluorT/ GTGATGGTGCGATCCCATAGTTAATTTCTCCT-3'

Rep Q

5'-AATTAACTATGGGATCGCACCATCAC/31ABkFQ/-3'

Selection rep

orter

Rep Biot

5'-/52-Bio/ GTGATGGTGCGATCCCATAGTTAATTTCTCCT-3'

Rep Displ

5'-AATTAACTATGGGATCGCACCATCAC-3'

oligo (dT),;

S5-TTTTTTTTTTTTTITTITITIT-3'

DNA Constructs

sequence
ON

5'-
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGCTGACTTACATTATGACATCGAAAAT
AGTACTGGAACCAACACTGCAGTACAGGAGAAATTAACTATGGGATCGCACCATCAC-3'

sequence
OFF

5'-
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGCTGACTTACATTATGACATCGTCTCC
TGTACTCAAACCATCACTAAAGTACAGGAGAAATTAACTATGGGATCGCACCATCAC-3'

+ThiM#2

5
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TCTGGATAATGCCAGCGTAGGGAAGCTATTACAAGAAGATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

+ThiM#2
mutl

5
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TCTGGATAATGCCAGCGTAGGGAAGCTATTACAAGATCATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

+ThiM#2
mut?2

5.
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TGAGGATAATGCCAGCGTAGGGAAGCTATTACAAGATCATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

Library 4N

5
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TNNGGATAATGCCAGCGTAGGGAAGCTATTACAAGANNATCAGGAGAAATTAACTATGG
GATCGCACCATCAC-3'

Seq8

5.
ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TCTGGATAATGCCAGCGTAGGGAAGCTATTACAAGACCATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

*RBS
are in

sequences are underlined. Nucleotides corresponding to randomized positions
blue. Maodifications of the DNA sequence are indicated with IDT (Integrated

DNA Technology) nomenclature, where 5FluorT indicates the addition of a
fluorescein molecule to the 5'-end, and 3IABKFQ represents the introduction of an
lowa black quencher molecule to the 3’-end of the oligonucleotide.
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2. Strand displacement real-time detection

Strand displacement reactions were assembled as previously reported.®® Briefly, a
dsDNA reporter consisting of two unequal length oligonucleotides was designed to allow for
real-time fluorescence measurements. The smaller oligonucleotide (Rep Q) was tagged
with an lowa black quencher molecule, whereas the longer oligonucleotide (Rep F)
contained a 5’-fluorescein molecule (Table 4.1). Rep Q was hybridized to Rep F by an
annealing step before final reaction assembly. Initially, a 10 uM stock containing 2:1 Rep
Q:Rep F was prepared. The reporter stock was diluted 10-fold into the annealing reaction (1
UM reporter final concentration). The annealing was performed in TNaK buffer (140 mM
NaCl, 5 mM KCI, 20 mM Tris HCI, pH 7.5) containing 1 uM oligo (dT),;. The solution was
subjected to 5 min at 90 °C and slowly cooled to 25 °C at a rate of 0.1 °C/s. The annealed
reporter was then ready for the strand displacement reaction assembly.

The strand displacement reaction was initiated by the addition of 100 nM RNA in a
total volume of 20 pL. Strand displacement was performed in TNaK buffer, 1 uM oligo
(dT)21, 5 mM MgCl,, 50 nM annealed reporter. TPP, when present, was added to the
reaction mixture at 100 uM, unless otherwise indicated. Reactions were performed in a 384-
well black plate (NUNC) and fluorescence was recorded with a TECAN Safire plate reader
at 37 °C for at least 2 h. Plates were covered with a thin sealing foil (Lightcycler, Roche).

Excitation and emission wavelengths were 485 and 520 nm, respectively.

3. Selection by strand displacement

The DNA library was assembled by PCR of overlapping oligonucleotides. The
sequence of the library was of the +ThiM#2 TPP responsive riboswitch®’ with four
randomized positions (Table 4.1) and was purified as described above for template DNA
constructs. Transcription reactions used 2 pmol of DNA template and were run and purified
as described in Chemicals, Oligonucleotides, DNA and RNA production. 20 pmol of library

RNA was used for each round of selection. Each round consisted of four steps, including
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three negative selections in the absence of TPP and a final positive selection in the
presence of TPP (Fig. 4.2). The reporter used for the selection was the same as described
above for the real time fluorescence measurements except that the reporter did not contain
a fluorophore-quencher pair and that the longer oligonucleotide contained a biotin molecule
to allow separation via streptavidin magnetic beads (Life Technologies). For each round,
the first negative step was performed by incubating the strand displacement reaction at 37
°C for 2 h. The reaction volume was 100 pL in TNaK buffer, 1 pM oligo (dT),1, 5 mM MgCly,
50 nM reporter. 20 pL streptavidin magnetic beads were washed three times with 150 pL
BWBT buffer (0.2 M NaCl, 1 mM EDTA, 0.1% (vol/vol) Tween 20, 10 mM Tris-HCI, pH 7.4)
and once with the selection buffer (TNaK buffer supplemented with 5 mM MgCl.). Finally,
the beads were resuspended in the strand displacement reaction and incubated at room
temperature for 20 min. After magnetic separation, the supernatant was retained and the
magnetic beads discarded. 20 pL fresh reporter solution (1 uM) and 5 mM MgCl, were then
added to the retained supernatant and the negative selection was repeated in the same
way except that the incubation of the strand displacement reaction was carried out at 37 °C
for 1 h. Isolation of the supernatant from the beads was performed as indicated above. The
third negative selection followed the same procedure as the second. Next, 100 uM TPP and
10 pL of the reporter solution were added to the supernatant and incubated for 2 h at 37 °C.
10 yL washed streptavidin magnetic beads were added and incubated at room temperature
for 20 min. To enrich for sequences that bound the reporter, the supernatant was discarded
after magnetic separation. The beads were washed four times with 150 pL of selection
buffer. The beads were then resuspended directly in the reverse transcription PCR reaction
(Life Technology) that additionally contained the primers necessary for amplification. 10
cycles of PCR were performed with a Bio-Rad thermocycler. 2 pmol of the resulting DNA

were then transcribed, and 20 pmol of this RNA was used for the next round of selection.
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Fig. 4.2 The strand displacement based selection procedure. A DNA library was
initially assembled. After transcription, the RNA pool was subjected to consecutive
strand displacement reactions in the presence (+) and absence (-) of TPP with
incubation times as indicated. After each incubation, the isolation of desired
sequences was done via streptavidin bead separation. Finally, reverse transcription
and amplification of the selected sequences were carried out. This procedure was
repeated for every round of selection. An aliquot of the DNA amplification reaction
was then subjected to TA cloning and sequenced.

4. Evaluation of selection cycles

Aliquots from each round of selection were assessed for strand displacement
activity by real time fluorescence following the same procedure as described above.
Additionally, the DNA pool after each round was cloned and sequenced. 10 ng DNA was
amplified with Tag DNA polymerase (NEB) to add a deoxyadenosine to the 3’-end of the
fragments. The products were gel extracted and column purified with the Wizard SV Gel
and PCR Clean-Up System (Promega). Next, the DNA was ligated into pCR 2.1 according
to the TA cloning kit protocol (Life Technologies). Colonies were chosen by blue-white
screening with LB supplemented with 156 uM X-gal and sent for sequencing at University of

Texas ICMB Core Facilities- DNA Sequencing. Enriched sequences after three rounds of
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selection were further evaluated by their ability to control protein expression. Selected
sequences were inserted into the 5’-untranslated region of a gene coding for the yellow
fluorescent protein mYPet. Each construct was assembled by overlapping PCR, gel
extracted, and purified with the Wizard SV Gel and PCR Clean-Up kit. In vitro transcription-
translation was performed using the PURE system (NEB). The reactions (20 pL) contained
250 ng of double strand linear template, 16 U human placenta RNase inhibitor (NEB) and,
when present, 1 mM TPP. Fluorescence was recorded over time with a TECAN Infinite 200
plate reader with excitation and emission wavelengths of 510 nm and 540 nm, respectively.
Reactions were monitored for 3 h at 37 °C in a 384-well black plate (NUNC) covered by a

thin adhesive foil.

4.2 Results and Discussion

4.2.1 Small molecule binding to RNA can induce strand displacement

To construct a ligand responsive strand displacement reaction, a class of RNA
molecules that couples ligand binding with conformational changes that effect a biological
response was used. Translational control riboswitches modulate the accessibility of a
ribosome binding site (RBS) in a manner dependent on ligand binding.*® Although the
natural E. coli ThiM thiamine pyrophosphate (TPP) riboswitch conceals the RBS upon
ligand binding, Nomura and Yokobayashi selected for a variant (+ThiM#2) in which the RBS
is liberated to activate translation when bound to TPP.?” To test whether the changes in
accessibility of the RBS induced by TPP binding to the TPP riboswitch could be exploited in
order to regulate strand displacement, a reporter with a toehold sequence complementary
to the RBS was designed. The reporter additionally contained a 5'-fluorophore (fluorescein)
on the longer strand and a 3'-quencher (lowa black) on the shorter strand so that strand
displacement would result in an increase of fluorescence. First, two test constructs with the

same RBS sequence as the +ThiM#2 TPP riboswitch were prepared that display accessible
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(ON) and inaccessible (OFF) RBS sites. Then the performance of the reporter was
assessed with each of these sequences individually. The two constructs reacted differently
with the reporter, with the ON construct resulting in 4.20 +0.03-fold greater fluorescence

than the OFF-construct (Figure 4.3).
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Fig. 4.3 A FRET modified reporter can distinguish between RNA sequences with an
accessible (ON) and an inaccessible (OFF) RBS. 100 nM RNA ON or OFF was
incubated with 50 nM of a FRET modified reporter (Rep Q:Rep F, Table 4.1) in TNaK
buffer. Strand displacement occurred when the RBS sequence of either ON or OFF
constructs hybridized with the complementary sequence of the toehold (yellow
rectangle) reporter. The control reaction did not include ON or OFF RNA. The
sequences of all the nucleic acids can be found in Table 4.1.

Since the reporter was capable of distinguishing between two RNA constructs
engineered to fold differently, the following step was to determine if strand displacement
could discriminate between the same construct that adopted different conformational states
in response to ligand binding. The +ThiM#2 riboswitch selected by Nomura and
Yokobayashi®’ was incubated with the same reporter tested above and increasing
concentrations of TPP and monitored by fluorescence over time (Fig. 4.4, panel b).
Fluorescence increased with increasing TPP concentration, with 100 uM TPP resulting in
4.6 +0.2-fold greater fluorescence than in the absence of TPP after 4 h. To confirm that the
differences in strand displacement activity were due to TPP induced conformational

changes of the riboswitch, two mutant sequences of +ThiM#2 were evaluated. The helix of
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the riboswitch that blocks the RBS in the absence of TPP was destabilized in +ThiM#2
mutl, and the residues required for TPP binding were removed in +ThiM#2 mut2 (Table
4.1).%” Both mutant constructs were previously characterized in vivo through assays that
monitored the control of gene expression in response to TPP.®” Consistent with these
earlier in vivo results, in vitro strand-displacement activity increased in the presence and
absence of TPP for +ThiM#2 mutl, and strand displacement activity was no longer
distinguishable between the presence or absence of TPP for +ThiM#2 mut2 (Fig. 4.4, panel

d).
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Fig. 4.4 TPP binding to the riboswitch triggers a strand displacement reaction. (a)
Schematic view of the +ThiM#2 riboswitch highlighting positions involved in
mediating strand displacement. The RBS (yellow) is complementary to the toehold
sequence of the reporter. +ThiM#2 mutl and +ThiM#2 mut2 mutation positions are
shown in blue. The sequence that hybridizes with the reporter is shown in red. (b)
The +ThiM#2 riboswitch was characterized by strand displacement with the FRET
based DNA reporter. 100 nM +ThiM#2 RNA was incubated with 50 nM FRET
reporter, 1 uM oligo (dT),;, 5 mM MgCI, in TNaK buffer. Reactions were carried out in
the presence of increasing concentration of TPP for 4 h at 37 °C. In the control
reaction RNA and TPP were not included. (c) Nucleotides that were mutated in the
+ThiM#2, +ThiM#2 mutl, and +ThiM#2 mut2 constructs are shown. (d) +ThiM#2
mutant activity in performing strand displacement was compared to the +ThiM#2
riboswitch. The reaction conditions were 100 nM RNA, 50 nM FRET reporter, 1 uM
oligo (dT),1, 5 mM MgCl, in TNaK buffer either in the presence or absence of 100 uM
TPP for 4 h at 37 °C. Fluorescence was recorded with a TECAN Safire plate reader.
All the reported results were the average of triplicates.

Most strand displacement reactions reported thus far are solely built with DNA and
are not responsive to small molecules. Exceptions include the incorporation of DNA

aptamers to control strand displacement in response to ATP and arginine amide ligands.®
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More recently, several RNA-based strand displacement systems were developed that are
triggered by hybridization of specific oligonucleotide sequences.’®*® The data obtained
show that both are possible together, that is, small molecules can trigger strand
displacement by binding directly to RNA. There are several potential uses of strand
displacement reactions. For example, the coupling of small molecule triggered strand-
displacement with catalytic hairpin assembly (CHA)® could potentially serve as a sensitive
platform for analyte detection. An alternative use of strand displacement would be to use

the reporter as bait to pull out ligand responsive sequences from a complex pool of RNA.

4.2.2 Strand displacement is an effective method of selecting for RNA-based

Sensors

To determine whether strand displacement could be used to identify sequences
from a pool of RNA molecules that change conformation in response to ligand binding, a
library was constructed based on the +ThiM#2 riboswitch. The library contained four
randomized positions chosen to disrupt riboswitch activity. The randomized positions were
the same as the mutant positions found in +ThiM#2 mutl and mut2 constructs.®” Active
sequences were enriched through binding to the same reporter described above except
that the reporter was tagged with a biotin molecule and did not contain a FRET pair. In this
arrangement, active sequences bound the reporter in the presence of TPP and were
isolated with streptavidin magnetic beads. Conversely, in the absence of TPP, active
sequences did not hybridize with the reporter. Iterative selection cycles designed to deplete
sequences that bound the reporter in the absence of TPP and enriched sequences that
bound in the presence of TPP were used to isolate sequences with TPP responsive strand

displacement activity (Fig. 4.2).
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Three rounds of selection were performed and the overall activity of the pool was
monitored by strand displacement. An aliquot of the RNA output from each round of
selection was incubated with the FRET maodified reporter and TPP and measured by
fluorescence spectroscopy. After 4 h at 37 °C the fluorescence changed by -5.4%, +64%,
and +120% for rounds one, two, and three, respectively, with respect to the starting pool
(Figure 4.5 and Fig. 4.6). The initial library fluorescence was similar in the presence and
absence of TPP, consistent with the starting pool not containing detectable levels of ligand
responsive activity. Further, fluorescence in the absence of TPP was lower after each round

of selection than the starting RNA pool (Figure 4.5, Fig. 4.6).
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Fig. 4.5 Successive rounds of selection improved TPP responsive strand
displacement activity. (a) During the selection, the reporter contained a biotin
molecule so that active sequence could be isolated from the pool with streptavidin
beads. (b) After each cycle of selection, the activity of the RNA pool was assessed by
incubating an aliquot with the reporter modified with a FRET pair. Reactions were run
either in the presence or absence of 100 uM TPP for 4 h at 37 °C. RNA and TPP
were not added to the control reaction. The average of three measurements is
shown.
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Fig. 4.6 The RNA pool after each round of selection was tested for strand
displacement activity with the FRET reporter. Reactions (20 pL) were performed with
100 nM RNA, 50 nM FRET reporter, 1 uM oligo (dT),;, 5 mM MgClI, in TNaK buffer.
+TPP measurements included 100 uM TPP in the reactions. Fluorescence was
monitored for 4 h at 37 °C with a TECAN Safire plate reader. Round 0 was the initial

RNA pool.

To gain more insight into the progression of the selection, aliquots after each round

of selection were sequenced. The starting pool had the highest diversity of sequences (all

10 sequences were different). Conversely, after three rounds of selection, one sequence

(Seg8) represented 40% of 20 sequences (Fig. 4.7, Table 4.2). Seg8 contained the same

sequence as the +ThiM#2 riboswitch at the first two randomized positions (CU), but a CC in

place of the AG found in the +ThiM#2 riboswitch for the last two randomized positions. The

full +ThiM#2 sequence did not appear in any of the sequenced samples. Similarly, the non-

functional +ThiM#2 mut2 sequence was not observed, consistent with a selection that

enriched for TPP binding RNA sequences. However, the +ThiM#2 mutl sequence (Seq6)

was identified in samples taken after each round of selection with a frequency of 0.1 (Table

4.2). In addition to Seq6 and Seq8, Seql and Seq7 were enriched with a frequency of 0.15

after three rounds of selection.
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Figure 4.7. Three rounds of selection resulted in an enrichment of sequences

different from the +ThiM#2 riboswitch. Twenty clones were sequenced to determine
the enrichment at the four randomized positions of the library after the third round of

selection. Seg8 was the most highly represented sequence. The +ThiM#2 riboswitch
sequence is shown for comparison. Additional sequence information for the other

rounds of selection is provided in Fig. 4.8 and Table 4.2.

Table 4.2. Frequencies of DNA molecules after each round of selection.

Frequency
round | round | round | round

0 1 2 3
Seql ...ACCTGATCTGGATAA....GAACATCAGGAG... 0 0.1 0 0.15
Seq2 ..ACCTGATCTGGATAA...GAGAATCAGGAG... 0 0.1 0.2 0.05
Seq3 ..ACCTGATCTGGATAA....GATGATCAGGAG... 0 0 0.1 0.05
Seq6 ...ACCTGATCTGGATAA....GATCATCAGGAG... 0 0.1 0.1 0.1
Seq7 ...ACCTGATCTGGATAA...GAGTATCAGGAG... 0 0 0 0.15
Seq8 ..ACCTGATCTGGATAA....GACCATCAGGAG... 0 0.1 0 0.4
Seql4d ...ACCTGATCCGGATAA....GACCATCAGGAG... 0 0 0 0.05
Seql5 ...ACCTGATCTGGATAA....GAGCATCAGGAG... 0 0 0 0.05
+ThiM#2 ..ACCTGATCTGGATAA....GAAGATCAGGAG... 0 0 0 0
+ThiM#2 mut2 |...ACCTGATGAGGATAA....GATCATCAGGAG... 0 0 0 0

Frequencies of DNA molecules after each round of selection. At the end of each
round of selection, 10 clones were sequenced. After round three an additional 10

clones were sequenced for a total of 20. Nucleotides corresponding to the

randomized positions in the pool are in blue. Round 0 indicates the sequencing

results from an aliquot of the initial DNA library. Seq6 is identical to +ThiM#2 mut 1

sequence. +ThiM#2 and +ThiM#2 mut2 frequencies are included for comparison.
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Fig. 4.8 Calculated nucleotide frequencies for every randomized position in the pool
after each round of selection. The position number indicates each randomized
nucleotide ordered from 5’- to 3’-ends of the library. Round O represents the
sequencing results obtained from the initial library. A clear evolution towards a
specific nucleotide was observed for positions 1 and 2, whereas positions 3 and 4
show less convergence.

The most abundant sequence, Seq8, showed the strongest strand displacement
activity of all the sequences tested. The addition of 100 uM TPP to a solution containing
Seg8 and the FRET modified reporter resulted in a 7.0 £0.3-fold increase of fluorescence
over the same reaction in the absence of TPP (Fig. 4.9). Seg8 was more active in strand
displacement than the original +ThiM#2 riboswitch from which the library was based, which
showed a 4.6 +0.2-fold increase in fluorescence upon the addition of 100 uM TPP. The
strand displacement activity of Seql, Seq6 (+ThiM#2 mutl), and Seq7 were similar with
changes in fluorescence of 2.5 +0.1-fold, 2.4 £0.2-fold, and 1.8 £0.1-fold, respectively, upon
the addition of TPP (Fig. 4.10). The fact that the selection gave rise to a sequence with
better strand displacement activity than +ThiM#2 was consonant with the applied selective
pressures. Seq8 was enriched with an in vitro method based on strand displacement
activity. Conversely, the +ThiM#2 riboswitch was identified through an in vivo selection

based on the control of gene expression and not strand displacement.
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Fig. 4.9. Seq8 is optimized for strand displacement. (a) Seq8 showed TPP dependent
strand displacement activity. The reactions contained 100 nM RNA Seq8, 50 nM
FRET reporter, 1 pM oligo (dT),;, 5 mM MgCl,, TNaK buffer, and varying
concentrations of TPP (0, 10 uM and 100 pM). In the control reaction the RNA was
omitted. Fluorescence was recorded with TECAN Safire plate reader for 4 h at 37 °C.
(b) Seq8 is more effective at strand displacement than +ThiM#2. 100 nM Seq 8 RNA
and +ThiM#2 RNA were added respectively to reactions (20 uL) containing 50 nM
FRET reporter, 1 uM oligo (dT)2;, 5 mM MgCl; in TNaK buffer. Data were collected in
the presence and absence of 100 uM TPP for 4 h at 37 °C with a TECAN Safire plate
reader. Control reactions lacked RNA. The average of three measurements is
displayed.
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Fig. 4.10 Strand displacement activity of sequences after three round of selections.
20 pL reactions containing 100 nM RNA with 50 nM DNA FRET reporter, 1 uM oligo
(dT)21, 5 mM MgCl,, in TNaK buffer. Fluorescence was recorded with a TECAN
Safire plate reader for 4 h at 37 °C. 100 uM TPP, when present, was added to the
reaction. Seq6 was the same sequence as +ThiM#2 mutl. +ThiM#2 and +ThiM#2
mut2 sequences were also tested for comparison.
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Since +ThiM#2 has both strand displacement and riboswitch activity, the sequences
identified through a selection based on strand displacement were probed whether they
could also function as riboswitches. The same sequences tested for strand displacement
activity were placed in the 5’-untranslated region of a gene encoding yellow fluorescent
protein (YFP) and gene expression was evaluated. All of the sequences enriched after
three rounds of selection showed between 2- and 3-fold increased YFP synthesis in the
presence of TPP (Fig. 4.11). For comparison, YFP synthesis increased 7.3 £0.3-fold in the
presence of TPP when under the control of the +ThiM#2 riboswitch. Conversely, the
previously characterized inactive riboswitch +ThiM#2 mut2 showed no difference in protein
expression in the presence or absence of TPP. Therefore, the strand displacement based
selection strategy did give rise to riboswitch activity, albeit greatly diminished in comparison
to previously selected, artificial riboswitches.*>***%° However, naturally occurring
riboswitches do not typically regulate large differences in protein synthesis and instead
mediate more subtle effects in response to ligand availability. In fact, of the few natural

riboswitches tested in vitro for their ability to control protein output,®"**

the effect of ligand
binding was similar to that observed for the sequences isolated from the selection based on

strand displacement.
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Fig. 4.11Sequences identified after the third round of selection are assessed for in
vitro translation control activity. Each sequence was inserted into the 5’ untranslated
region of a gene coding for yellow fluorescent protein (YPet). In vitro transcription-
translation exploited the PURE system (NEB). The total reaction volume was 20 uL
and included 250 ng of double strand linear DNA template, 16 U human placenta
RNase inhibitor and, when present, 1 mM TPP. Fluorescence was recorded over
time at 37 °C in a TECAN Infinite 200 plate reader for 3 h with a 384-well plate
covered by a thin adhesive foil. Seq6 is identical to +ThiM#2 mutl sequence.

These results show that it is possible to use a strand displacement-based selection
strategy to enrich sequences that undergo specific conformational changes in response to
ligand binding. Based on the described methodology, it should be possible to select for
strand displacement reactions controlled by small molecules other than TPP. Ligand
responsive strand displacement opens new opportunities for the implementation of RNA
circuits and nucleic acid-based nanotechnology, broadening the field beyond nucleic acid
triggered systems. Further, since sequences that are active in mediating strand
displacement are also capable of controlling gene expression, this methodology or a
derivative may be useful in identifying artificial riboswitches. More examples are needed to
determine if strand displacement-based selections can reliably function as a fully in vitro

riboswitch selection strategy. If so, a wider variety of synthetic riboswitches would become

49,61 33,100

available to construct engineered living and artificial cellular systems.
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4.3 In vitro selection of TPP analogs- responsive RNA sensors

The in vitro selection technique based on strand displacement was successfully
applied to functional sequence discovery in a small pool of 256 variants. However, the
selection was carried out for a thiamine responsive RNA sensor, and the initial library
sequence was based on the TPP +ThiM#2 responsive riboswitch. Although the initial pool
diversity in functionality was assessed via the FRET coupled reporter, selection for a TPP

analogue would be the first real application of the proposed method.

For this reason, a new library was designed starting from the TPP riboswitch
previously exploited. Since new binding properties were sought, a rational design approach
was applied for the identification of randomized nucleotide positions. The TPP riboswitch
structure was considered in detail.’? Initially, the structure of the natural thiM box of E. coli
was considered. This natural riboswitch differed from the +ThiM#2 TPP riboswitch
previously exploited for strand displacement characterization®” for the actuator part, i.e. the
RBS and proximal elements. However, the binding pocket of the TPP riboswitch presented
the same sequence. The TPP molecule inserts in the RNA structure by formation of non-
covalent bonds and hydrogen interactions with its 4-amino-5-hydroxymethyl-2-
methylpyrimidine (HMP) moiety, which intercalates with pocket residues. On the contrary,
the central thiazol is not recognized by the RNA. The pyrophosphate molecule is stabilized
by interactions with a second RNA pocket via two Mg?* ions. Thus, the interaction is not
direct on the nucleic acids sequence. The overall TPP orientation is perpendicular to the
RNA helices of the binding pocket. Starting from these crystallography investigations,'® the
bases that were mostly involved in the binding of TPP were identified. A library containing
14 randomized nucleotides was then designed. Both the HMP and magnesium ions binding

pockets were included in the randomized part.

The first ligand exploited was the TPP analog oxythiamine. This choice was due to

the high similarity of oxythiamine presented towards the HMP moiety and thiazol group of
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TPP (Fig. 4.12). Then, due to the negative results obtained in the oxythiamine selection and
to a new structure analysis, another two ligands were tested, including an ATP analog and
an ADP analog. The property that characterized these two molecules, rather than
oxythiamine, was the presence of phosphate groups, which made the analogs more similar
to the TPP molecule in spatial length. The structure investigation is presented in detail in

the results section.
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Fig. 4.12 Chemical structures of the ligands exploited for selections. TPP, oxythiamine, the
ADP analog Adenosine 5'-(a,p-methylene)diphosphate (MetAde) and the ATP analog
Adenosine 5'-(B,y-imido)triphosphate (AMP- PNP) are presented.

4.3.1 Material and method

The selection was carried out accordingly to the proposed method for in vitro
selection of RNA sensors based on strand displacement triggering. Materials and methods
were described previously (see section 4.1.1). Oxythiamine, Adenosine 5'-(a,[3-
methylene)diphosphate (ADP analog, MetAde thereafter) and Adenosine 5'-(B,y-
imido)triphosphate lithium salt hydrate (ATP analog, AMP- PNP thereafter) were purchased
from Sigma Aldrich.
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Each TPP analog was exploited as ligand in positive selection steps. The library
complexity was 102 different molecules, considering the fourteen nucleotides that were
randomized (4*). The library design was based on the +ThiM#2 TPP riboswitch sequence
(Table 4.3). Again, amplification reaction of overlapping oligonucleotides was performed for
library assembly. Transcription of the pool was carried out in 100 pL of T7 transcription
buffer with 10 pmol of PCR product for 1 h at 37 °C. RNA was PAGE purified and 20 pmol
were exploited for the strand displacement selection. The selection procedure was repeated

as previously reported.

Table 4.3 14 N library DNA sequence for evolution of new RNA sensors

Constructs*

5.

+ThiM#2 ATAAATTAATACGACTCACTATAGGGAGAGGAGGGAATTGTGAGCGGATAACAATTGAAT
TCAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCTGAGAAATACCCGTATCACCTGA
TCTGGATAATGCCAGCGTAGGGAAGCTATTACAAGAAGATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

riboswitch

5
ATAAATTAATACGACTCACTATAGGGAGAAGAGGGAATTGTGAGCGGATAACAATTGAATT
Library 14 N | CAACCAAACGACTCGGGGTGCCCTTCTGCGTGAAGGCNNNNNNATACCCGTATCACNNNA
TCTGGATAATNCCAGNNTNNGGAAGCTATTACAAGAAGATCAGGAGAAATTAACTATGGG
ATCGCACCATCAC-3'

*RBS sequence is underlined.

1. Oxythiamine selection

Eleven cycles of selection were carried out. For rounds | and I, three negative
selection of 2 h, 1 h and 1 h, respectively, were performed. Then a positive selection cycle,
i.e. in presence of 100 uM oxythiamine, was carried out for 2 h. From rounds Il to round VI,
the incubation time of the strand displacement reaction in the presence of oxythiamine was
reduced to only 1 h. This change increased the stringency of selection conditions. In round
VII, the strand displacement in presence of the ligand was carried out for 30 min. However,
since very small recovery was obtained, round VIII was again incubated for 1 h during the
positive selection step. Finally, from round IX to XI, only the positive selection was
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performed with a 1 h incubation, since molecules showing high activity in presence of the
ligand were sought. At the end of each round, 10 amplification cycles were performed,
excluding round VII where 15 cycles of PCR were exploited. From the second round on, the
transcription reaction was scaled down to 40 yL and almost 3.3 pmol of amplified DNA were

added in the reaction.

2. MetAde and AMP- PNP selection

These selections were performed starting from the 14N library as described for the
oxythiamine selection. The concentrations exploited were 10 uM and 100 uM for MetAde
and AMP- PNP respectively. Six rounds of selection were carried out for the MetAde
selection, while three rounds were performed with AMP- PNP ligand. 20 pmol of RNA were
maintained fixed for addition in the strand displacement reaction. The selection steps
included three negative and a positive one. Incubation times were different between each
cycle (Table 4.4) and was modulated according to the result of strand displacement activity

assessed in the previous round.

Table 4.4 Incubation times in presence and absence of ligand during selection procedures

Selection MetAde selection rounds AMP- PNP selection rounds
incubation | I i IV v VI | I I
no ligand 1h 30 min | 30 min 1h 1h 1h 1h 1h 1h
no ligand 30 min | 15min | 15min | 30 min | 30 min | 30 min | 30 min | 30 min | 30 min
no ligand 30 min | 15 min | 15min | 30 min | 30 min | 30 min | 30 min | 30 min | 30 min
plus ligand 30min | 15min | 7.5 min | 7.5 min | 7.5 min | 7.5 min | 30 min | 15 min | 15 min

Selection steps were performed in presence and absence of the ligand for each
round of selection. Incubation of the strand displacement reaction at 37 °C was
carried out for the indicated time. Time modulation reflected in variation in stringency
conditions of the selection.
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3. Evaluation of the rounds of selection

In the three selections, all the cycles were monitored with a FRET reporter for strand
displacement activity in the presence and absence of the ligand. Measurements were
performed with a TECAN plate reader and with a gPCR machine (Rotor Gene, Quiagen).
Differences between the readings of the two instruments were due firstly to the filter-based
detection of the gPCR machine, while the plate reader was based on a monochromator
module, secondly to the spinning of the samples while the measurement was taken at the
Rotor Gene. However, data were comparable because the values were a ratio of activity in

the presence and absence of the specific ligand.

Moreover, aliquots of samples obtained at the end of each round were sent for
sequencing. Generally, not all the cycles performed were sequenced. Identification of
sequencing samples was carried out by preliminary evaluation of strand displacement

activity on the FRET reporter.

4.3.2 Results and discussion

1. In vitro selection of an oxythiamine responsive RNA sensor

The in vitro selection for developing an oxythiamine responsive RNA sensor was the
first selection carried out. Aliquots of the pool were measured with a FRET reporter while
the selection was ongoing. These measurements allowed to change conditions, e.g.
stringency, dependent upon the observed results. In particular, since strand displacement
was triggered by the conformational shift induced by the ligand binding, the FRET reporter-
based experiments were exploited to verify if the binding of oxythiamine to RNA sequences
had occurred. After the first three cycles, the sequences were still not able to switch in the
presence and absence of the ligand (Fig. 4.13). However, the fluorescence signal after the

third cycle was similar to the original library fluorescence, indicating that no progression in
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the selection was achieved. Cycle 1V displayed initially a moderate difference between
activity in the presence and absence of oxythiamine. Surprisingly, the switching was not
maintained also after round V. This result was opposite to what observed with the first 4 N
selection for the TPP responsive RNA sensor development. In that selection, the activity
increased proportionally upon rounds iteration in presence of the ligand. Here, the
fluorescence signal was lost in cycle V. Nevertheless, considering that the complexity of the
pool exploited was higher the selection was continued. Fortunately, round VI presented

again a small amount of switching activity.
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Fig.4.13 Oxythiamine selection progression was assessed with the FRET
pair reporter for strand displacement activity. The RNA pool behaviour in presence
and absence of the ligand after six rounds of selection is shown. Data are averages
of duplicates, measurements were performed at TECAN plate reader. Results
evidenced that no different activity was recorded in presence or absence of 100 uM
oxythiamine after 4 h reaction at 37 °C. Small switching activity was observed after
cycle IV. However, the signal was almost lost at the end of the fifth cycle.

Both rounds IV and VI were sent for sequencing. 40 clones were sequenced after
round 1V, while only 10 clones after the sixth round. Results demonstrated that any identical
sequence was obtained after the fourth cycle. Conversely, after the fourth round, two similar
sequences (Seg4 and Seq7) were identified. The similarity was due to 9 nucleotides out of

14 randomized positions in the original pool. Considering that the number of sequencing
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samples was low, further investigation and activity assessment in strand displacement of
these sequences was carried out. FRET based strand displacement reactions was
performed with sequences 4 and 7 in the presence and absence of 100 uM oxythiamine
(Fig. 4.14). The results showed a difference in the behavior of the two sequences. In
particular, Seg4 fluorescent signal was comparable with the initial library activity.
Conversely, Seq7 had a very low activity. This distinction was due only to five base pair
diversity in the two sequences. However, both did not demonstrate to be able to modulate

strand displacement upon ligand presence.
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Fig.4.14 Strand displacement characterization of sequences 4 and 7. These
clones were identified by sequencing for similarity in the sequence. Strand
displacement was performed with the FRET reporter monitoring for 3 h at 37°C in
presence or absence of 100 uM oxythiamine. Data were collected with the Rotor
gene instrument. Seq4 and Seq7 presented a different behaviour, due to only 5
nucleotides variation between the two sequences.

Since any of the tested sequences emerged to be active from strand displacement
analysis and sequencing results showed how the pool was not converging towards a
specific sequence pattern, further cycles of selection were carried out. Initially, more
stringent conditions were applied in round VII. The incubation time in the positive step,
where molecules were selected for strand displacement activity in presence of oxythiamine,
was decreased to 30 min. However, the amplification step at the end of the cycle failed to

show DNA bands. Thus, the cycle was repeated with 1 h incubation instead than 30 min.
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After cycle VI, the overall behaviour was again tested via strand displacement. Still,
the activity of the pool was almost absent and strand displacement was not occurring in
presence of oxythiamine (Fig. 4.15). On the other hand, the signal in absence of the ligand
was an optimal result for the development of an RNA sensor with low background. In order
to drive the RNA pool towards enrichment of molecules with low background but which
activates in presence of oxythiamine, the strand displacement selections in absence of
ligand were removed. The last three cycles (IX, X, XI) were carried out with a single
selection reaction in which oxythiamine was added. Incubation was performed for 1 h at 37
°C. While in cycle IX the aliquot of RNA pool was unvaried in ability of performing strand
displacement, in rounds X and Xl enrichment was observed for molecules with improved
activity in strand displacement (Fig. 4.15, panel b). However, the increase was shown for
both presence and absence of oxythiamine. Thus a pool response for selection of more
accessible sequences, i.e. with RBS in open configuration, was achieved, but no switching

in conformation due to ligand binding occurred.
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Fig. 4.15 Strand displacement evaluation of oxythiamine selection cycles in presence
and absence of ligand. Strand displacement was performed with a FRET reporter,
monitoring at Rotor Gene for 3 h at 37 °C. When present, 100 uM oxythiamine was
exploited. Data are average of measurements. Panel a) Aliquots of the RNA pool
were tested after cycles VII and VIII. Activity was compared to the library (L14N), i.e.
cycle 0 of the selection. Panel b) Cycles IX, X, XI are shown. These rounds were
performed without negative selection steps. The activity increased, although no
difference between presence and absence of the ligand was observed.
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At the end of the last round, 30 samples were sent for sequencing. Data were
analyzed by clustering based on the similarity of the fourteen residues randomized. The
similarity parameter was considered instead of the identity of sequences in order to relate
clones which presented small variations in nucleotides in each position. For this reason, a
higher score was assigned for identical nucleotides (score of 1), while for changes of, for
example, a pyrimidine base with another pyrimidine a lower score (0.5) was set. The
resulting dendrogram indicated the height of difference between the sequences (Fig. 4.16).
The more two sequences were similar, the lower would be in the graph. Moreover, high
similarity would also be indicated by how close the sequences would be compared to other
ones. In other words, this algorithm allowed to cluster the sequences in families and to
evaluate simultaneously the proximity of each sequence towards another belonging to the
same family. The identification of families depends on the height grade that is permitted, i.e.

how much two sequences are considered to be related.
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Fig. 4.16 Dendrogram of similarity of sequences resulting from sequencing analysis
after the Xl cycle of the oxythiamine selection. The height indicated how different two
sequences were in the 14 nucleotide positions initially randomized. At lower height,
the similarity increased. For example, sequences 28 and 29 were identical. A score
of 1 was set for identical nucleotides, purine or pyrimidine substitution was assigned
of a score value of 0.5. Proximity of sample indicated that the sequences were similar
one to the other. The analysis on sequencing results was done by Dr. Michele Forlin.
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Out of 30 sequences sent for sequencing, two were identical (Seq28 and 29). Then,
other seven clones were tested for strand displacement capability. Sequences were chosen
in order to cover many of the families identified by setting the height around 0.5. However,
the strand displacement reactions with the FRET reporter showed different signals for
activity, but none of the analyzed sequence was able to modulate strand displacement
accordingly to presence and absence of the ligand. Neither Seqg28 displayed activity (Fig.

4.17).
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Fig. 4.17 Strand displacement activity of some sequences identified in after round
XI. The FRET reporter was exploited, reactions were incubated at 37 °C for 3 h in
presence and absence of 100 pM oxythiamine. Data (duplicates) were recorded at
the Rotor Gene. Results were compared to the initial library activity (L14N). No
difference in presence and absence of the ligand was observable.

From the characterization of sequences obtained after round XI and from the results
of the RNA pool in strand displacement reaction, the selection for oxythiamine was
suspended. A possible reason for its failure was given by a second analysis of the TPP
riboswitch structure. From crystallography studies of the TPP RNA sensor with TPP
analogs,'® it was possible to infer that the oxythiamine structure was too small for

effectively bind in the riboswitch pocket. Although the riboswitch structure was patrtially
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randomized, probably the TPP binding structure was not enough disrupted. Thus,
oxythiamine would enter into the first pocket for the HMP moiety, but the molecule would be
too short for binding on the other side of the RNA pocket. This hypothesis had been
demonstrated by electron density calculation of the TPP riboswitch with analogs as
thiamine monophosphate and pyrithiamine, which present a single or no phosphate group
respectively.'®® When pyrithiamine was exploited as ligand in solving the crystallography
complex of the E. coli thiM box, the lack of phosphate group determined a large instability

on the second binding pocket of the TPP sensor.

These structural considerations gave a possible explanation for why oxythiamine
selection did not produce a positive sequence. Based on these hypotheses, new selections
were planned exploiting molecules which were longer than oxythiamine and which

presented phosphate groups, in order to be more suitable for the binding to the RNA.

2. In vitro selections of a MetAde- and a AMP- PNP- responsive RNA sensors

MetAde and AMP-PNP selections were performed on the 14 N library previously
exploited. Six rounds of selection were carried out for MetAde RNA sensor selection and
three rounds for the AMP-PNP sensor development. For the MetAde selection, stringent
conditions in the strand displacement reaction in presence of the ligand were applied from
the second round on. Incubation time was reduced to 7.5 min, in order to increase chances
of evolution of fast switching RNA sensor. Based on the oxythiamine results of evolution of
molecules with very low activity in the absence of the ligand, the increased stringency
would allow to enrich from the beginning of the selection only for sequences with high
binding properties. This strategy would avoid carry-over of molecules that interacts in strand

displacement independently of the conformational switch.

After six cycles, MetAde selection results did not show any conformational change
triggered strand displacement activity in presence of the ligand (Fig. 4.18). Sequencing of
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16 clones after round VI showed two identical sequences; however, again no difference in

the presence and absence of MetAde was observed while performing strand displacement.
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Fig. 4.18 MetAde selection progression was monitored by strand displacement
reaction with a FRET reporter. Average of two measurement is displayed. The data
were collected with a TECAN plate reader, incubating the reaction at 37 °C for 3 h.
No switching ratio in presence and absence of 10 uM MetAde was observed. All the
cycles presented less activity than the staring pool at cycle 0 (L14N).

The AMP-PNP selection gave the same result of MetAde selection. Cycles were
performed almost simultaneously with the last cycles of MetAde selection, thus after 3
rounds the selection for the ATP analog-responsive RNA sensor was interrupted. The
overall pool behaviour, characterized by strand displacement activity, showed a signal
lower than the library fluorescence and almost no difference in the presence and absence
of AMP-PNP (Fig. 4.19). Sequencing of 16 samples at the end of the third round did not

show any identical sequence, thus no clones were further evaluated in strand displacement.
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Fig. 4.19 Strand displacement characterization of AMP- PNP selection. Data
(duplicates) were recorded at TECAN plate reader incubating 3 h at 37 °C. The
selection was interrupted after three cycles since no switching activity in presence
and absence of 100 uM AMP- PNP was shown.

These results showed how both the selections for long molecules carrying
phosphate groups failed to develop a specific RNA sensor. In the oxythiamine selection, a
possible cause for not achieving ligand induced triggering of the strand displacement
reaction was the length of the molecule. However, for MetAde and AMP-PNP the same
hypothesis could not be considered. Both molecules were long, with moiety similar to the
HMP ring that TPP presented and the phosphate groups could interact with the other helix
of the RNA binding pocket. Nevertheless, the three selections were performed starting from
the same 14N library. Thus another possible reason for no observable ligand induced
strand displacement was the initial pool lacking of activity. 10 clones of the library were sent
sequencing and results confirmed that the pool was constituted by random sequences.
However, no binding activity was achieved for any molecule selection. In the TPP 4N
selection after three rounds the binding activity, measured as a strand displacement
fluorescence output, was increased by +125%. Sequencing at the end of the selection
showed how the nucleotides involved in TPP binding were almost 100% present in the

clones analyzed. Exploiting a 14 N library, these results were never achieved. For this
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reason, it would be possible to start again the selection from different libraries. In particular,
the design could reduce the number of randomized position in order to focus on the
evolution of just part of the binding pockets. Considering the ligand structure, only a small
portion of the RNA sequence would then be randomized. This approach would still be
based on an in vitro selection for development of the RNA sensor, but a rational method

would be exploited first in order to increase molecule binding.
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Chapter 5.

Conclusions
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This dissertation presented the building of cellular mimics that sense and respond to
external stimuli, focusing on the application and the in vitro selection of the sensor element.
The theophylline and the adenine- responsive riboswitches were initially exploited for the
assembly. The synthetic riboswitch responsive to the small molecule theophylline was
demonstrated to function as a translation controller in a cell-free environment. Transcription
and translation machinery made of purified components was employed, i.e. PURE system.
Encapsulation in emulsion and vesicle compartments of the genetic DNA element encoding
the riboswitch and the PURE system for protein production allowed to build a cellular mimic
that was able to sense theophylline from the external environment. Through riboswitch
processing, theophylline presence in the environment activated the production of a yellow

fluorescence protein in the compartment.

Furthermore, a cellular mimic able to translate a chemical message for bacteria was
built. Again, the sensor element exploited was the theophylline responsive riboswitch,
whose activation controlled the expression of a pore forming protein. In the presence of
theophylline, the cellular mimic was able to release IPTG, which was initially included in the
compartment. The release causes activation in bacteria, and a response could be detected.
Thus a cellular mimic acted as translator of a signal (theophylline), that bacteria could not

directly recognize, into a chemical message (IPTG) that E. coli could sense.

Although the riboswitch was the mediator of efficacy of the cellular mimic, the
riboregulator represented also the limiting feature for possible applications. In other words,
the exploited riboswitch was able only to respond to theophylline. In order to expand the
system sensing possibility and to engineer cellular mimics able to sense and respond to
any molecule of choosing, selection of new RNA sensors was considered. mRNA display in
vitro selection method was initially tested for development of a riboswitch responsive to
malachite green. Unfortunately, after eight cycles of selection the results did not show that
the initial library converged to any sequence (or family). Thus a new approach was

developed. The selection strategy was defined as a small ligand induced conformational
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change in the RNA structure of the sensor to trigger a toehold mediated strand
displacement on a specifically engineered reporter. Through the screening of a small library
of sequences, the strand displacement selection allowed to identify new RNA sensor
variants responsive to TPP. These sequences could perform strand displacement when
TPP was present in the solution, consistent with thehe selection pressures applied.
Moreover, frequent sequences identified by sequencing analysis at the end of the selection
also demonstrated that the original TPP riboswitch was able to control translation. Although
protein expression modulation was lower compared to artificial riboswitches, the activity
was comparable to the regulation typically observed with naturally occurring riboregulators.
Thus the strand displacement-based in vitro selection method allowed to identify sequences
with strand displacement ability and riboswitch activity. These RNA molecules could be

applied to protein expression regulation as well as to nucleic acid in vitro circuit design.

However, investigation of in vitro selections described in this dissertation highlighted
how the development of new riboswitches was a difficult task. Library design was crucial for
the final output. For example, strand displacement selections for TPP analogs failed
probably for the lack of functionality in the initial library pool. For this reason a combination
of computational approaches and successive in vitro screenings would increase the
chances of a successful selection. Nevertheless, the application of newly selected sensors,
as the riboswitches originated from strand displacement selection, would greatly expand the

cellular mimic spectra of sensing and responding towards different targets.

5.1 Future perspective

The future step in this work would be the engineering of already selected RNA
sensors to detect analog molecules via strand displacement in vitro selection. Up to now,
many RNA sensors have been well established and characterized in the aptamer region.

Structural calculations and data are available to elucidate the ligand induced conformational
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change of the aptamer. Thus, specific sequence elements and nucleotides involved in
ligand binding can be targeted for in vitro strand displacement-based selections.
Furthermore, strand displacement-based selection can be applied not only to RNA sensor,
but also to the high number of already selected DNA aptamers, for converting these

aptamer to be responsive to different targets.

Finally, the development of new RNA sensors that possess strand displacement
capability would allow for the construction of regulatory circuits dependent on the presence
of a small molecule. Cascade events in a cellular mimic could simply be controlled by the
addition in the external environment of the ligand and thus activate regulatory circuits in the
compartment. Controllers subjected to strand displacement could be engineered for any

sensor developed in a high, sequence-specific way.
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ABSTRACT: To facilitate the construction of cell-free genetic
devices, we evaluated the ability of 17 different fluorescent proteins

to give easily detectable fluorescence signals in real-time from in

vitro transcription-translation reactions with a minimal system consisting of T7 RNA polymerase and E. coli translation
machinery, i.e.,, the PUREsystem. The data were used to construct a ratiometric fluorescence assay to quantify the effect of
genetic organization on in vitro expression levels. Synthetic operons with varied spacing and sequence composition between two
genes that coded for fluorescent proteins were then assembled. The resulting data indicated which restriction sites and where the
restriction sites should be placed in order to build genetic devices in a manner that does not interfere with protein expression.
Other simple design rules were identified, such as the spacing and sequence composition influences of regions upstream and
downstream of ribosome binding sites and the ability of non-AUG start codons to function in vitro.

KEYWORDS: cell-free, fluorescent protein, transcription-translation, ribosome binding site, synthetic biology

he majority of synthetic biology research makes use of a

living chassis that provides for the necessary but poorly
characterized biological components required for life. Con-
versely, a smaller community of synthetic biologists has begun
to build cell-like systems with a nonliving, cell-free chassis.'””
Although the cell-free branch of synthetic biology has
progressed more slowly, success could provide for new
technologies with several beneficial features. For example, the
resulting cellular mimics would consist of fully defined
components. Therefore, it should be possible to build a
complete mathematical model describing the cellular mimic
that could aid in designing new features. Additionally,
potentially technologically problematic features of life, such as
evolution, could be intentionally removed by building systems
that do not replicate.

A significant step forward in allowing for the construction of
such well-defined, bottom-up systems came from Ueda and
colleagues, who showed that coupled transcription and
translation reactions can be mediated by fully defined
components in vitro.® Their system, hereafter referred to as
the PUREsystem, consisted of T7 RNA polymerase and
Escherichia coli translation machinery. Subsequent work
demonstrated the compatibility of the PUREsystem with
liposomes”'® and with the expression of gene networks.'
Nevertheless, there has been little attempt to better define the
influences of genetic organization on protein output with
purified transcription-translation machinery. Recently, a S30 E.
coli cell extract translation system and the PUREsystem were
used to determine the influences of different ribosome binding
sites and transcriptional repressors on the synthesis of
eGFP.'>"?

Although much is known about natural, in vivo genetics,
much still remains unresolved. For example, the refactoring of
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the T7 genome was successful in the sense that viable
bacteriophage were produced; however, the refactored
bacteriophage was significantly less infective.'* Similar
challenges are routinely encountered when genetic elements
are inserted into organisms to engineer new circuitry. Typically,
many permutations are required before desired function is
achieved."® The situation is perhaps even more challenging for
systems that exploit a cell-free chassis since biological parts are
evolved to function optimally under the chemical conditions
found in vivo. In vitro conditions are undoubtedly different.
Further, unidentified molecular components necessary for
activity in vivo may be missing from in vitro constructions.
The design and implementation of predictable, genetically
encoded cell-free systems is difficult because of the lack of cell-
free chassis data coupled with an incomplete understanding of
natural, in vivo genetics.

Here we sought to identify some practical rules for the
construction of genetically encoded, cell-free systems. First, 17
different fluorescent proteins were screened for their ability to
generate easily detectable fluorescence signals after in vitro
transcription and translation with the PUREsystem. Fluores-
cent proteins then were expressed from a bicistronic construct
to identify fluorescent protein pairs that could be used to
quantify the influences of genetic organization on protein
production. A series of synthetic operons that differed in the
spacing and sequence between the two encoded genes, the
spacing and sequence between the ribosome binding site and
the start codon, and the influence of the first nucleotide
position of the start codon on in vitro expression levels was
assessed with the developed ratiometric fluorescence assay. We
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Figure 1. Fluorescence profiles of in vitro expressed genetic constructs at 37 °C with the PUREsystem. (a) Fluorescence intensities after 6 h of in
vitro expression for 17 different fluorescent proteins. (b) The t;, of each fluorescent protein was calculated by fitting the kinetic data to a logistic
model as described in the Methods section. The t;, represents the time at maximum growth. (c) The fitting of mCerulean kinetic data is shown as a
representative example. The logistic model estimation is shown in red, while the black points represent measured values. A control reaction without
plasmid showed no fluorescence. (d) The ratiometric response of bicistronic constructs after 6 h of in vitro expression. The ratiometric response was
calculated by dividing the fluorescence arising from the protein encoded by gene 1 by the fluorescence resulting from the gene product of gene 2.
Here gene 2 always encoded mCherry. A cartoon above each panel gives a schematic representation of the used constructs. The data shown in panels
a and b are from constructs RLOO1A-RLO13A and CD100A-CD103A. Panel ¢ used RLO0SA, and panel d used RLO15A-RL021A. More information

on each construct is provided in Supplementary Table SI.

found that a high guanosine content inhibited translation, that
sequences 5’ to the ribosome binding site were more amenable
to the incorporation of restriction sites for cloning, and that
ribosome binding sites were most efficient when separated from
the start codon by 4—9 nucleotide positions. GUG, UUG, and
CUG were functional as start codons in minimal, reconstituted
translation systems, although their associated expression levels
were significantly reduced.

B RESULTS AND DISCUSSION

In Vitro Expression of Fluorescent Proteins. A total of
17 different fluorescent proteins were tested individually for
their ability to give easily detectable fluorescence signals from in
vitro transcription-translation reactions with the PUREsystem at
37 °C. Of these 17 proteins, four (mCerulean, mCyPet,
mVenus, and mYPet) contained a A206K substitution to inhibit
dimerization. As seen in Figure 1a, all of the tested constructs
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produced easily detectable signals above background arising
from the fluorescent protein except for CyPet and mCyPet.
These two cyan fluorescent proteins gave slightly increased
fluorescence when expressed at 30 °C (Supplementary Figure
S1). Consistent with the reported brightness of each
fluorescent protein,'® the yellow fluorescent proteins were
associated with the most intense fluorescence, followed by the
green, cyan, and red fluorescent proteins (Figure la).
Monomeric versions of Cerulean and YPet gave fluorescence
intensities within 5% of their dimeric parent construct. In vitro
transcribed and translated Venus was 40% more intense than
mVenus; however, the error associated with the single
fluorescent protein measurements was too large to make
meaningful conclusions. This issue was resolved by using a
ratiometric method described below. After 6 h of in wvitro
transcription-translation, the mVenus concentration reached 8
UM.

dx.doi.org/10.1021/sb400003y | ACS Synth. Biol. 2013, 2, 482—489
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Most of the constructs gave sigmoidal shaped kinetic profiles
and were complete within 6 h. The exceptions were T-Sapphire
and TagRFP-T (Supplementary Figure S2), both of which did
not reach their maximal fluorescence within 6 h. The fitting of
the kinetic data to a logistic model was used to determine the
time point at which the rate of fluorescence increase was
maximal, which corresponded to the time required to reach half
maximal fluorescence (f;,) (Figure 1b,c). Note that the t;,
includes all of the steps involved in converting the information
encoded in DNA to a fluorescence signal and does not solelZ
describe the last oxidation step of chromophore formation.'
The shortest t;, value was 79 min for GFPmut3b, and the
longest t;, was over 300 min for TagRFP-T (Supplementary
Table S4). The average t;, values for the expression of cyan,
green, yellow, and red fluorescent proteins were 105, 122, 122,
and 245 min, respectively. The t;, was 40% larger for
mCerulean than Cerulean, whereas mVenus and mYPet had
ty, values 12% and 26% smaller than Venus and YPet,
respectively. On the basis of fluorescence intensity and kinetic
data, Cerulean, mCerulean, super folder GFP (sfGFP), Venus,
mVenus, YPet, mYPet, mRFP1, and mCherry were selected for
further analysis.

To reduce experimental error, we pursued the construction
of a ratiometric fluorescence system based on synthetic operons
that encoded two fluorescent proteins. In this way the
influences of pipetting, lamp performance, and DNA template
quality and concentration, among other difficult to control
variables, would be removed. To build such a ratiometric
system, a red fluorescent protein was desirable because the
excitation and emission spectra of red fluorescent proteins are
better separated from the fluorescence spectra of other
fluorescent proteins. mRFP1 and mCherry were, therefore,
tested in bicistronic constructs that additionally encoded stGFP
to evaluate their utility in characterizing expression levels. More
specifically, small synthetic operons containing a standard T7
transcriptional promoter, a ribosome binding site (RBS), a gene
encoding sfGFP followed by a sequence that encoded the red
fluorescent protein and a T7 transcriptional terminator were
assembled. All of the fluorescent proteins in these constructs
gave reproducible and easily detectable fluorescence signals.
After 6 h of expression with purified transcription-translation
machinery, the ratio of sfGFP fluorescence to mRFP1 and to
mCherry fluorescence was 1151 + 69 and 499 + 24,
respectively (Supplementary Figure S3). We chose to use
mCherry for the remaining experiments, because mCherry
showed more intense fluorescence from the bicistronic
construct and because mCherry was shown to be more
photostable than mRFP1.'¢

We next assembled six additional synthetic operons that
encoded different fluorescent proteins followed by a sequence
coding for mCherry. After in vitro transcription and translation,
the fluorescence profiles were similar to those obtained with the
single fluorescent protein constructs in that the yellow
fluorescent proteins were the most intense, followed by
green, and cyan fluorescent proteins (Figure 1d). However,
the error of each ratiometric measurement was significantly
reduced (relative standard error <8%) in comparison to the
data obtained from the monocistronic, single fluorescent
protein constructs (relative standard error <60%, excluding
TagRFP-T). The A206K substitution that inhibits protein
dimerization had a small effect on fluorescence intensity. More
specifically, the ratiometric response, ie., the fluorescence
intensity of the fluorescent protein tested divided by the
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fluorescence intensity of mCherry, for mVenus, mYPet, and
mCerulean were within 10% of the values measured for Venus,
YPet, and Cerulean, respectively. The ratiometric response over
time showed that stable readings could be taken after 3 h for all
constructs tested (Supplementary Figure S4).

It was not clear from the outset which fluorescent proteins
would perform well in vitro with minimal transcription-
translation machinery. Although the physical characteristics of
individually purified proteins, such as brightness and photo-
stability, are useful in deciding if a protein could be suitable for
a specific application, these parameters are not enough to
understand if in vitro expression will give a robust, reproducible
signal. For example, if in vitro produced protein is insoluble,
folds slowly, or requires a long period of time for chromophore
formation, then that protein would be less useful as an in vitro
genetic reporter. Even within cells, differences in fluorescent
protein behavior have been noted, particularly for multidomain
proteins.'® Despite these difficulties, we found that most of the
fluorescent proteins tested function satisfactorily in in vitro
transcription-translation reactions with the PUREsystem at 37
°C. One exception is CyPet, which fails to give a significant
fluorescent output. The fact that CyPet expression at 30 °C
gives a better fluorescence signal is consistent with previous
reports on the poor folding properties of CyPet.'® If a
fluorescent protein with cyan spectral properties were desired,
cerulean would be a better choice. The green fluorescent
proteins are generally bright and rapidly give rise to
fluorescence signals, e.g, the t;/, of SfGFP is 92 min. sfGFP is
particularly amenable to in vitro transcription-translation;
however, GFPmut3b performs similarly well. GFPmut3b is
one of the more common fluorescent proteins used in synthetic
biology. Two of the tested green fluorescent proteins fluoresce
upon excitation with near-UV light. Of these two, T-Sapphire
has a t;, approximately 100 min longer than that of GFPuv.
Therefore, GFPuv would be better for real-time detection
assays than T-Sapphire. The yellow fluorescent proteins Venus
and YPet are the brightest fluorescent proteins that we tested
and have f;, values below 150 min. Venus and YPet are
excellent choices to monitor in vitro reactions particularly when
low protein output is expected, e.g., when expressing inside of
vesicles.'” YPet is more photostable,'® which could be
important depending upon the nature of the planned
experiments. The red fluorescent proteins mCherry and
mRFP1 perform similarly well in in vitro transcription-
translation reactions, but mCherry is more photostable.
Although TagRFP-T is a highly photostable red fluorescent
protein alternative, the long f#;, of TagRFP-T limits its
usefulness.

All of the seven tested double fluorescent protein constructs
performed well, and so the choice of fluorescent protein pairs
depends on the specifics of the experimental setup. We found
that the mVenus-mCherry pair gives easy to detect fluorescence
signals and reproducible data without interference between the
emission of mVenus and the emission of mCherry. Therefore,
the subsequent experiments that probed the effects of genetic
organization on protein production were performed with
synthetic operons encoding mVenus and mCherry. However,
for the remaining experiments the order of the genes was
reversed so that mCherry was encoded first followed by
mVenus in the bicistronic message. In this way, the lower
intensity fluorescent protein, i.e.,, mCherry, could be used to
provide the reference fluorescence signal and the influences of
the region between the two genes on the expression of the

dx.doi.org/10.1021/sb400003y | ACS Synth. Biol. 2013, 2, 482—489
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brighter fluorescent protein, i.e., mVenus, could be more easily
assessed. Nevertheless, care should be taken in interpreting the
resulting data. The assay can be used to characterize how
changes in DNA sequence influence the ratio of the two
encoded proteins. However, the assay does not differentiate
between the decrease of expression of gene 1 or the increase of
expression of gene 2. In other words, multiple mechanisms can
give indistinguishable results.

Influence of Sequences Upstream of the Ribosome
Binding Site. The first question we sought to answer was
whether the number of nucleotides separating the stop codon
of gene 1 from the ribosome biding site of gene 2 influenced
gene expression. Therefore, constructs containing 0, S, 20, 31,
and 50 bp spacer sequences between the UAA stop codon of
gene 1 and the AAGGAG RBS of gene 2 were tested (Figure
2). Although differences in expression levels were observed, the
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Spacer Length (nt)
feature name RNA sequence
0 RLO25A
5 RLO26A GCGGA
20 RLO24A GCGGAUCCGAAUUCAAUUAG
31 RLO27A GCGGAUCCGAAUUCAAUUAGUUUGARCUUAU
50 RLO30A GCGGAUCCGAAUUCAAUUAGUUUGAACUUAUCAUAGUCAUAUCUUUCAAU

Figure 2. Influence of spacer length between an upstream gene and a
downstream ribosome binding site on expression levels. The
ratiometric response represents the fluorescence arising from mVenus
(encoded by gene 2) divided by the fluorescence of mCherry
(encoded by gene 1). Spacer lengths of 0, S, 20, 31, and SO nucleotides
were tested. The corresponding RNA sequence for the region of
interest of each construct is shown below the graph. Each bicistrionic
construct was expressed in vitro with the PUREsystem at 37 °C for 6 h.

differences did not correlate with the length of the spacer. For
example, the 5 bp and the 31 bp spacer containing constructs
both resulted in higher relative expression of gene 2 when
compared with the 20 bp spacer. This suggested that the
variance in fluorescence ratios resulted from something other
than spacer length, such as sequence composition. For the
remainder of the experiments, the 31 bp spacer construct
(RL027A) was used as the reference.

Since the length of the spacer between gene 1 and RBS 2 did
not appear to be correlated with the expression of gene 2, we
wondered if the sequence composition rather than the length
was responsible for the observed differences in expression. We
decided to investigate the influences of sequence composition
by incorporating different restriction sites immediately up-
stream to RBS 2. In this way we hoped to additionally identify
restriction sites useful for the assembly of genetically encoded
devices. Therefore, in each of the tested constructs, the 31 bp
spacer length was maintained, and sequences containing a
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Ndel, BamHI, Nhel, EcoRI, Notl, or a scar site were
incorporated. The scar site represented the sequence that
results from standard BioBrick assembly in which comple-
mentary Xbal and Spel digested products are ligated.>
Additionally, the U before the AAGGAG RBS was mutated
to a G, since a U residue is capable of base-pairing with 16S
rRNA. A significant effect of sequence composition on the
amount of protein produced was observed (Figure 3). The

—.—| gene 1 ”—{l @ gene 2 l—

Ref | +
NdeI | i
EcoRI | ——
Scar 1 | >—|—<
Nhel | +

0.0 0.2 0.4 0.6 0.8 1.0

Relative Intensity

feature name RNA sequence
Ref RLO27A GCGGAUCCGAAUUCAAUUAGUUUGAACUUAU
NdeI RLO36A GCGEAUCCGAAUUCAAUUAGUUUGACAUAUG
EcoRI RLO39A GCGGAUCCGAAUUCAAUUAGUUUGAGAAUUC
Scar 1 RL041A GCGGAUCCGAAUUCAAUUAGUUUUACUAGAG
Nhel RLO38A GCGGAUCCGAAUUCAAUUAGUUUGAGCUAGC
- 1G LM021A GCGGAUCCGAAUUCAAUUAGUUUGAACUUAG
BamHI  RLO37A GCGGAUCCGAAUUCAAUUAGUUUGAGGAUCC
NotI RLO40A GCGGAUCCGAAUUCAAUUAGUUUGCGGCCGC

Figure 3. Influence of sequence composition upstream of the
ribosome binding site on in vitro expression levels. The corresponding
RNA sequence for the region of interest of each construct is shown
below the graph. Underlined positions refer to the introduced feature.
Ref refers to the reference construct RLO27A, Scar 1 indicates the
standard BioBrick scar sequence, and —1 G refers to the introduction
of a G immediately prior to RBS 2. Each bicistrionic construct was
expressed in vitro with the PUREsystem at 37 °C for 6 h. Gene 1
encoded mCherry, and gene 2 encoded mVenus. Data are plotted
relative to RLO27A.

introduction of a Notl site was the most inhibitory, bringing
relative expression down by 70% in comparison to the
reference RLO27A construct. Of the restriction sites tested,
Ndel and EcoRI restriction site sequences were the most
conducive to high expression (84% and 77% relative expression,
respectively). Removing the additional base-pair of the RBS,
i.e, the U to G mutation, decreased protein production by 44%,
consistent with the observed decrease in expression from the 20
bp spacer construct described above that contained the same
nucleotide at this position.

Influence of Sequences Downstream of the Ribosome
Binding Site. Having probed the influences of the region 5’ to
RBS 2, we next investigated the impact of the region 3’ to RBS
2. First, we altered the spacing between RBS 2 and the start
codon of gene 2 one nucleotide at a time from —2 to 15 bp.
Here the spacing nomenclature followed the aligned spacing
described by Chen et al.”' in which the RBS was aligned with
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7 RLO33A AAUAAUCUA

8 LMOO3A AAUAAUCUAC

9 RLO34A AAUAAUCUACU

10 AS007A AAUAAUCUACUU

11 LM022A AAUAAUCUACUUC
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Figure 4. Ribosome binding site spacing. The influence of the aligned spacing between the ribosome binding site and the start codon is shown. The
corresponding RNA sequence for the region of interest of each construct is reported below the graph. Each bicistrionic construct was expressed in
vitro with the PUREsystem at 37 °C for 6 h. Gene 1 encoded mCherry, and gene 2 encoded mVenus. Data are plotted in reference to RLO27A.

the anti-RBS sequence of the 16S rRNA and the position across
from the last position of the anti-RBS was taken as 0
(Supplementary Figure SS). The results were consistent with
previous in vivo studies,”” which showed a Gaussian distribution
of activity with optimal aligned spacing between 4 and 9 bp
(Figure 4). Spacer lengths shorter or longer than this range
generally resulted in dramatically decreased protein production.
For example, the 3 bp spacer produced 72% less protein than
the 4 bp spacer. Similarly, the 10 bp spacer reduced protein
synthesis by 60% when compared to the 9 bp spacer construct.
For the specific constructs tested in this study, the 6 bp spacer
produced the most protein. Since protein expression was
detected with the shortest spacer tested on both sides of RBS 2,
we also made a minimal construct with a 0 bp spacer between
the UAA stop codon of gene 1 and RBS 2 and —2 aligned
spacing between RBS 2 and the start codon of gene 2. The
synthesis of mVenus from this minimally spaced construct was
low but still detectable (3% relative to RL027A).

Next, we evaluated the effect of sequence composition of the
region between RBS 2 and the AUG start codon of gene 2 on
expression levels. This region of the reference sequence
RL027A was designed to be high in A-U content and low in
G content because a sequence that is known to facilitate gene
expression, ie., the T7 phage gene 10 leader sequence,” has
similar characteristics. Sequences that contained the same

1
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restriction sites tested above for the region upstream of RBS 2
were placed immediately upstream of the start codon of gene 2.
An additional BioBrick scar site also was screened that was
shorter and thus thought to interfere less with translation. The
presence of an A three nucleotides upstream of the start codon
was evaluated since an A at this position is frequently found in
prokaryotic and eukaryotic sequences.”*** A C-rich sequence
was evaluated since a previous in vitro study®® found increased
expression associated with high C-content. Finally, mutations
that introduced additional base-pairing with the 16S rRNA
were added. The data showed a strong influence of sequence
composition on protein yields with the Notl restriction site
being the most inhibitory, decreasing expression by 87%
(Figure S). The Ndel restriction site was the most conducive to
protein synthesis (76% relative expression). Both scar
sequences resulting from BioBrick assembly performed
similarly, decreasing translation by over 50%. The C-rich
sequence greatly decreased protein expression by 98% relative
to RLO27A. Neither an A residue three nucleotides preceding
the start codon nor the expansion of the RBS-anti-RBS base-
pairing region increased protein production in the tested
constructs.

Finally, we investigated whether other codons could
substitute for the AUG start codon. In E. colii GUG and
UUG function as start codons at a frequency of 14% and 3%,

dx.doi.org/10.1021/sb400003y | ACS Synth. Biol. 2013, 2, 482—489
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Figure S. Influence of sequence composition between the ribosome
binding site and the start codon on expression levels. The
corresponding RNA sequence for the region of interest of each
construct is shown below the bar graph. Ref indicates the reference
construct RLO27A. Scar 1 is the standard BioBrick scar sequence. Scar
2 is the shorter, alternate scar sequence. —3 A indicates the
introduction of an A three positions upstream of the start codon.
pET21b is the same spacer sequence found in the expression vector
pET21b (Novagen). RBS +1, RBS +2, and RBS +1+2 indicate RBS
expansions. Each introduced feature is underlined in the correspond-
ing sequence. Note that only half of the NdeI restriction site is shown
since the remaining half overlaps with the start codon. Each
bicistrionic construct was expressed in vitro with the PUREsystem at
37 °C for 6 h. Gene 1 encoded mCherry, and gene 2 encoded
mVenus. Data are plotted in reference to RLO27A.

respectively.” If non-AUG codons can function as start codons
in minimally reconstituted systems, then these alternate start
codons could be used to control protein levels. Also, knowledge
regarding the functionality of non-AUG start codons could help
to identify internal RBS-start codon pairs that could potentially
interfere with the intended activity of genetic devices. We
therefore substituted a GUG, UUG, and CUG in place of the
AUG start codon and measured the production of mVenus. All
of the alternate start codons produced protein, albeit at a
significantly reduced level between 12% and 27% relative to the
AUG start codon containing reference construct (Figure 6).
Considerations for the Assembly of in Vitro Genetic
Systems. To determine if simple rules could be formulated
that would facilitate the construction of genetically encoded,
cell-free devices, the collected data were statistically analyzed.
First, we sought to determine which regions were more
amenable to the incorporation of restriction sites. A paired ¢
test showed that sequences upstream of RBS 2 had less
influence on the protein fluorescence ratios than the sequence
between RBS 2 and the start codon (p-value = 0.0145). Next,
sequences immediately S’ and 3’ to RBS 2 (8 bp each) were
considered. The resulting data from 22 synthetic operons were
fit to multiple regression models that searched for first and
second order interactions between base composition that
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Figure 6. Alternate start codons. The ability of UUG, GUG, and CUG
to function as start codons in vitro was evaluated. Relative intensities
are averages of three replicates and plotted in reference to the AUG
start codon containing construct. Each bicistrionic construct was
expressed in vitro with the PUREsystem at 37 °C for 6 h. Gene 1
encoded mCherry, and gene 2 encoded mVenus. The AUG, UUG,
GUG, and CUG start codon constructs were RL0O27A, LMO19A,
LMO018A, and LMO020A, respectively.

correlated with the measured fluorescence intensity ratios. The
resulting model was statistically significant (F-test p-value =
8.79 X 1077) and described almost 75% of the data variability
(adjusted * = 0.7453). The estimated parameters (Supple-
mentary Table S1) revealed a strong effect of the G content in
sequence composition of the region S’ to RBS 2 (p-value
<0.001). More specifically, a high G content negatively
correlated with the fluorescence ratio, whereas combined A-
U-rich sequences in the region 3’ to RBS 2 positively correlated
with the fluorescence intensity ratio (p-value <0.001).

Taken together, the data indicate that the nucleotide
sequence between genes 1 and 2 influence protein production,
but not uniformly. The spacing upstream of the RBS is not as
strong of a determinant of expression levels as the spacing
downstream of the RBS. The one construct that deviates from
this trend (RLO24A) contains a mutation that decreases the
number of potential base-pairs between the mRNA and the 16S
rRNA. Most of the constructs tested here contain six to seven
potential base-pairing interactions between the Shine-Dalgarno
(RBS) and the anti-Shine-Dalgarno site of the ribosome. The
introduction of additional base-pairing does not facilitate
expression, consistent with previous studies that show that on
average E. coli mRNA RBS sequences interact with the
ribosome via six base-pairs and that the strengthening of the
interaction often decreases rather than increases protein
synthesis.”” The optimal aligned spacing between the RBS
and the start codon and the functionality of alternate start
codons is the same for in vitro protein production with the
PUREsystem and for natural E. coli expression.

Taken together, a few simple rules for the construction of in
vitro genetic systems can be formulated from the acquired data.
Restriction sites should either be placed before the RBS, since
this region is more amenable to sequence modification, or a
Ndel site that overlaps with the start codon should be
exploited. If high protein levels are desired, then the aligned
RBS spacing should be between four and nine nucleotides and
the spacer sequence should be high in A and T content and low
in G content. The use of alternate start codons can be used to
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significantly reduce protein synthesis, when needed, and the
spacing between the end of one gene and the RBS of the next
gene is not crucial. Nevertheless, the complexity of tran-
scription and translation ensures that there are many more
factors that influence gene expression than was probed here.
mRNA can interact with regions of the ribosome other than the
3/-terminus of the 16S rRNA*">’ and the folding of mRNA
significantly affects protein synthesis.'”*°">> Further studies
with purified, in vitro systems likely will aid in better
understanding these processes and in facilitating the synthesis
of more complex cellular mimics.

B METHODS

Genetic Constructs. Genes encoding the fluorescent
proteins were synthesized by Genscript or Mr. Gene, except
for super folder GFP (BBa_I746916), GFPmut3b
(BBa_E0040), and mRFP1 (BBa_E1010), which were from
the registry of standard biological parts (http://partsregistry.
org), and eGFP, which was from Roche. Mutagenesis was either
performed by Genscript or through the use of phusion site-
directed mutagenesis (Finnzymes). All genes were subcloned
into pET21b by restriction digestion and ligation with Ndel
and BamHI, except for super folder GFP and GFPmut3b,
which used Nhel and BamHI sites. All constructs were
confirmed by sequencing at Genechron or Eurofins MWG
Operon. The DNA sequences of all the constructs used are
provided in the Supporting Information (Table S2).

Transcription-Translation Reactions. Plasmids were
amplified in E. coli DHSa or NovaBlue and purified with
Wizard Plus SV Minipreps DNA Purification System
(Promega) or QIAprep Spin Miniprep Kit (Qiagen).
Subsequently, the DNA was phenol-chloroform extracted,
ethanol precipitated, and resuspended in deionized and
diethylpyrocarbonate (DEPC) treated water. A 250 ng portion
(2 nM final concentration) of DNA was used for each
transcription-translation reaction with the PURExpress in vitro
protein synthesis kit (New England BioLabs) supplemented
with 20 units of human placenta RNase inhibitor (New
England BioLabs). The final volume of each reaction was 25.5
uL. Reactions were monitored by fluorescence spectroscopy
with a Photon Technology International (PTI) QuantaMaster
40 UV—vis spectrofluorometer equipped with two detectors
(T-format). Excitation and emission wavelengths were specific
for each fluorescent protein (Supplementary Table S3). The
reaction components, except for the DNA template, were
assembled on ice and then incubated at 37 °C in the
spectrofluorometer. Subsequently, the reaction was initiated
by the addition of DNA template. Mineral oil was layered on
top of each sample to inhibit evaporation during the course of
the experiment. Control experiments with GFPmut3b showed
that mineral oil did not influence the appearance of
fluorescence. Each reaction was repeated at least three times.
An Agilent 8453 UV—vis spectrophotometer was used to
quantify mVenus protein concentration by using an extinction
coefficient at S15 nm of 92,200 M~! s™'.'¢

Data analysis. All statistical analyses used R statistical
computing software.>* The single protein construct fluorescent
data were fit to

K
I(t) = ——
2 1+ e B4

(1)
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where K, B, and t;/, were the upper asymptote, growth rate, and
time of maximum growth, respectively (Supplementary Table
S4). The parameters were estimated by using a nonlinear least-
squares analysis with the Gauss—Newton algorithm. The mean
values and standard errors were then calculated from data from
three replications. The influence of spacer nucleotide
composition on the fluorescence intensity was determined
with multiple regression models. The models were estimated
and reduced by using stepwise regression with a penalty term
that was selected by minimum predictive mean squared error
based on repeated cross-validation (10% leave-out). The best
predictive models were obtained by using a stringent criterion
(twice the Bayesian Information Criterion, BIC). We then
estimated the model with such a penalty term on the whole set
of operon spacer data. Paired t tests were used to test whether
the restriction sites 5’ or 3’ to RBS 2 affected differently
fluorescence intensity ratios.
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