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Abstract

Bottom-up synthetic biology aims at rationally engineering life-like behaviours, such as
gene expression, energy production and communication, in synthetic entities assembled from
bio-active components, termed artificial cells. The complex functions of biological cells
often emerge from their heterogeneous sub-compartmentalised architecture, from the outer
lipid membrane to inner organelles. Therefore, the capability to engineer programmable
micro-compartments is key to developing biomimetic artificial cells.

While lipid, polymer and protein-based approaches have been proposed to replicate the semi-
permeable cellular membrane, solutions relying on coacervates, hydrogels and biomolecular
condensates are gaining traction as versatile and tunable mimics of cellular membrane-less
organelles. Nucleic acid nanotechnology has emerged as a prime route to develop biomimetic
artificial cellular platforms thanks to the control it enables over structure and dynamics at the
nano- and microscale. In particular, branched nucleic acid nanostructures (‘“nanostars’) have
been extensively researched and exploited to build programmable nanomaterials, including
liquid-like condensates, hydrogels and crystals, with potential applications in bottom-up

synthetic biology.

In this thesis I investigate two approaches to engineer smart artificial cellular compartments
based on nucleic acid condensates. The first strategy modularly combines the self-assembly
robustness of amphiphilic DNA nanostars with the cation-responsiveness of non-canonical
DNA G-quadruplexes. The resulting nanostructures can isothermally self-assemble into
amphiphilic hydrogels upon addition of physiologically-relevant concentrations of potassium,
and disassemble upon its chelation. The second approach exploits biological machinery to
produce RNA nanostars from the transcription of DNA templates. The RNA nanostructures
fold co-transcriptionally and self-assemble into condensates, both in bulk and in simple
synthetic cells. The resulting RNA organelles can selectively recruit small molecules and
proteins, and boast programmable number, morphology and mixing/demixing behaviours.
Overall, my findings contribute to demonstrating the largely untapped potential that nucleic
acid-based synthetic condensates hold as a modular platform for artificial cell engineering,
potentially paving the way to advanced biomimetic functionalities.
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Chapter 1

Introduction

1.1 Bottom-Up Synthetic Biology: the quest towards build-
ing Artificial Cells

The last two decades have seen the progressive emergence and consolidation of the field of
synthetic biology [1]. On one hand, fop-down synthetic biology [2, 3] aims at artificially
enhancing biological organisms by granting them non-natural capabilities through genetic
engineering [4]. While such route has produced organisms with intriguing behaviours [5, 6],
it also proved challenging. For one, the starting organisms often experience excessive
burden [7, 8] due to having to carry out the externally-introduced functions while still
devoting resources and energy to staying alive. Moreover, the artificial behaviours can
result in toxic by-products which the organism is not fit to handle [9], or require further
modifications to achieve the desired goal, such as optimising conditions for recombinant
protein folding [10]. Understandably, the resulting process is expensive, highly regulated and
linked to a variety of biological risks, further slowing its progress and limiting its applicability.
On the other hand, the more recent approach of bottom-up synthetic biology [11, 12] strives
to engineer minimal model systems capable of replicating life-like behaviours by combining
together bio-active molecular building blocks and/or biologically-evolved machinery. As such,
these inanimate entities, termed artificial or synthetic cells and schematically represented in
Fig. 1.1, are intrinsically decoupled from the biological complexity of the top-down approach,
enabling us to gain a deeper understanding of biological phenomena by learning how to
construct them from scratch [13]. Inspired by cellular behaviours, researchers have developed
minimal synthetic platforms capable of replicating gene expression and protein synthesis [14],
energy production [15, 16], proto-cellular communication pathways [17], compartmentalised
and controlled reactions [18], vesicular transport [19] as well as triggered self-assembly of
actin [20] and actin-mimicking cytoskeleta [21]. While most artificial cell platforms to date
are only capable of simultaneously performing a few of these functions at most, they clearly
hold considerable potential in a variety of technological areas and industries, ranging from
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biosensing to biosynthesis, environmental bioremediation and, of course, biomedicine and

tissue engineering [22-25].

Molecular , .
Transport/ ° e O

Exchange

Sensing

Gene Synthetic-Living
Expression Cellular Communication

Cytoskeletal

Metabolism
Assembly (e A

Synthetic-Synthetic

Cellular Communi@v

Compartmentalised -
Reactions 7~ /

MLOs

Motility

Fig. 1.1 Synthetic cells are rationally engineered to replicate life-like behaviours. Synthetic/artificial cells
are minimal model systems built from the bottom-up from bio-active components and/or biological machinery,
capable of replicating life-like behaviours and functionalities. The range of achieved biomimetic properties and
mechanisms range from cytoskeletal self-assembly and inner sub-compartmentalisation to gene expression,
biosensing, molecular transport, metabolism, motility and inter-cellular communication, either with other
synthetic cells or living agents, such as bacteria.

1.1.1 The importance of compartmentalisation

The daunting and exquisitely regulated complexity of cellular phenomenology is made
possible by the isolation of biochemical processes and reaction pathways in hierarchically
compartmentalised environments [24, 26]. First, cells themselves are enclosed in a semi-
permeable lipid membrane which enables them to maintain a considerably different inner
biochemical milieu compared to the surrounding environment. Second, eukaryotic cells
contain a myriad of internal compartments, both membrane-bound, such as the nucleus, the
mitochondria and the endoplasmic reticulum [27, 28], and membrane-less, such as the nucle-
olus, Cajal bodies, processing (P) bodies, stress granules and nuclear speckles [29, 30, 28].
While the former are delimited by lipid membranes, the latter are assemblies of proteins
and nucleic acids, particularly RNA, which mostly emerge via liquid-liquid phase separa-
tion (LLPS). Such LLPS is usually driven by scaffold components, such as intrinsically
disordered proteins [29, 31, 32, 28] and architectural RNAs [33, 34], which can later re-
cruit other client macromolecules which grant functionality to the assembly and can even
produce subcompartmentalisation [34—-36]. MLOs have been observed to play crucial roles
ranging from responding to stress conditions, regulating RNA transport and protein sort-

ing, as well as contributing to the biogenesis of biological machinery, including ribosomes
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and the spliceosome [28]. Due to being membrane-less, they are highly dynamic and can
quickly exchange material with the surrounding environment, as they are mostly liquid or
hydrogel-like [29]. Interestingly, while prokaryotes lack membrane-bound organelles, they
have recently been found to feature MLOs [37, 38], contributing to the growing interest [39]
in these compartments, which have been termed the “organisers of cellular biochemistry” [30]
due to their functional variety [28] and pervasiveness. This universality further proves that
compartmentalisation is, in fact, key to ensuring cellular functionality, i.e. that biomolecular
reactions happen at the right time, in the right place, with the right rate and with minimal
cross-talk [29].

Considering that there is only so much that can be accomplished in a single biochemical
environment, it is not surprising that hierarchical compartmentalisation is so well conserved
in both eukaryotes and prokaryotes, enabling them to regulate molecular transport, main-
tain highly heterogeneous biomolecular distribution and simultaneously sustain otherwise
incompatible reactions. It thus follows that, in order to replicate such behaviours and func-
tionalities of living cells, artificial cells assembled from the bottom-up would benefit from a
similar subcompartmentalised internal structure [24, 40]. Taking inspiration directly from
nature, most synthetic cells are compartmentalised using a semi-permeable lipid [41, 42],
protein [17, 43] or polymer-based membrane [42, 44]. While each approach as advantages
and drawbacks, lipid-based Giant Unilamellar Vesicles (GUVs) boast the more veritable
biomimicry [11] but suffer in terms of longevity. Encapsulation is also challenging, particu-
larly for charged biomolecules, and often leads to poor yields [45, 46] without a microfluidic
platform. Therefore, other compartmentalisation approaches, particularly water-in-oil emul-
sion droplets, are often used for rapid prototyping [20, 21]. Membrane-less compartments
based on hydrogels [47—49] and coacervates [50, 51, 48] are also becoming increasingly
popular, especially as platforms to replicate the behaviour of biological MLOs. In order
to make such MLO mimics truly biomimetic, programmability and control over material
properties, macromolecular partitioning and transport are key [13, 24, 52, 32]. It is for this
reason that nucleic acids have been recognised as exceptonal candidates for the realisation of
artificial cell platforms [53-55].

1.2 Nucleic Acids and Nucleic Acids Nanotechnology

DNA and RNA nanotechnology exploit the programmable and specific interactions found
in DNA and RNA, and the versatility granted by the resulting structural, chemical and
mechanical properties, which I will briefly discuss below.
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1.2.1 Structure of nucleic acids

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are among the most well known
and extensively studied biomolecules, making up two of the three components of the “central
dogma” of molecular biology (see Section 1.2.3 below), and forming the basis for life
as we know it. As they are both nucleic acids, DNA and RNA display several structural
similarities, but at the same time possess distinctive features. As shown in Fig. 1.2A(i),
both DNA and RNA are biopolymers composed of monomers termed nucleotides. Each
nucleotide comprises a pentose sugar, either ribose for RNA or deoxyribose — that is lacking
a hydroxyl group — for DNA, bound to a hydrophobic nitrogen base also called a nucleobase
(“Base”) on the 1’ carbon, as well as a phosphate group (brown) on the 5’ one. Nucleotides
in nucleic acids are covalently linked via phosphodiester bonds between the hydroxyl group
on the 3’ carbon of the sugar in one monomer and the 5’-end phosphate group of the
following one. This creates an alternating sugar-phosphate backbone, where consecutive
monomers are held together by two (C-O) ester bonds through a phosphate group, hence the
name “phosphodiester” linkage. This specificity of binding locations establishes the 5°-3’
asymmetric directionality [56] of nucleic acids that is key to biological processes such as
replication, transcription and translation [57].

Both DNA and RNA feature a four letter nucleobase (and nucleotide) vocabulary, three of
which are shared, namely adenine (A), cytosine (C) and guanine (G), whereas thymine (T) in
DNA is replaced by uracil (U) in RNA, which simply lacks the methyl group on the number
5 carbon. Nucleobases are divided in pyrimidines (C, T/U) and purines (A, G), featuring one
and two aromatic rings, respectively. Due to their multiple hydrogen donors and acceptors,
pyrimidines and purines can interact via hydrogen bonds in specific arrangements, known
as Watson-Crick base pairing [62]. In particular, G pairs with C, forming three hydrogen
bonds, and A pairs with T/U in DNA/RNA, forming two hydrogen bonds, as depicted in
Fig. 1.2A(ii-1v), respectively. Differently from DNA, RNA also frequently features non-
canonical G-U wobble-pairs, which display similar stability to A-U base pairs and are
presented in Fig. 1.2A(v).

This base pairing mechanism serves as the foundation of nucleic acid hybridisation, which
results in their double helical structure, first discovered for duplex DNA by Watson, Crick,
Wilkins, Franklin and Gosling [62, 63]. Due to the directionality of nucleic acids, it follows
that two strands can hybridise only if they are reverse complementary, i.e. if their nucleobases
can hydrogen bond in anti-parallel orientation, one sequence read from 5’ to 3’ and the
other from 3’ to 5°. This produces a double-stranded structure, with the anionic phosphate
groups on the outer surface, and the base paired nitrogen bases on the inside channel [63].
On top of specific base pairing interactions, duplex DNA and RNA are further stabilised by
base stacking, that is & — 7 stacking of the hydrophobic aromatic rings within consecutive
nucleobases along the helical axis, i.e. orthogonally to the nucleobases themselves [64].

In order to maximise the = — 7 overlap and the Van der Waals interactions among them,



1.2 Nucleic Acids and Nucleic Acids Nanotechnology

31

A
@ 7 DNA/RNA DNA . RNA -._
o (B-form) = \1_34-3 (A-form) X
OZT*O 5 o B / i~ "angle TS
o 4 1 N o)
312 "'Wg«_
O H/OH ' .
OfF"*O ' Base hO"OW E
R . . cavity 119°
7 122 2 a0 | ».--1angle
O H/OH angle -k
N\W . on average P
minor 10.5 bp/turn  major groove & |on average
(i) . groove 3.4 nm ~—2 |11 bp/turn
N, omH—N ™D~ 4 3.2nm
)~ %\> minor iV
N “;N najor groove } groove 37"\
N——H-mmereeere 0/ }ﬁ -~
(iii) W —
N N 2.3 nm
2.0nm
7 a N\
A
. C -
(iv) ) H\NiH 77777777 @) (i)
= < Phosphate
AT TR AL

Fig. 1.2 Chemical structure of DNA and RNA. A: (i) Chemical structure of the alternating sugar-phosphate
backbone in nucleic acids. Phosphate groups are coloured in brown, and the difference in hydroxyl groups
between deoxyribose (DNA) and ribose (RNA) is highlighted in purple and magenta colours, respectively.
Wavy bonds on top/bottom connect to other nucleotides in the nucleic acid chain. Watson-Crick base pairing
interactions are depicted between (ii) G-C, (iii) A-T in DNA and (iv) A-U in RNA. (v) Non-canonical G-U
wobble-pair in RNA. Nucleobases are colour-coded as follows: A in dark blue, C in red, G in cyan, T/U in
yellow. Wavy bonds in (ii-v) indicate binding sites to sugar units. All structures were drawn in ChemDraw.
B: Structural differences between B-form DNA on the left and A-form RNA on the right. Reproduced from
ref. [58] in accordance to CC BY-NC-ND 3.0 license. C: 3D structure of (i) B-form DNA and (ii) A-form
RNA, rendered via RCSB PDB at rscb.org [59], using models 1BNA and 413D from refs. [60, 61], respectively.
Representative examples of nucleobases, phosphate groups and deoxyribose/ribose sugars are highlighted using
the colour-coding from A.

nucleobases adopt rotated and tilted arrangements which confer both duplex DNA and RNA
their helical structures.

Interestingly, despite the similarities between their building blocks, base pairing [65, 66] and
base-stacking [67] interactions are (slightly) stronger in RNA compared to DNA. This is
linked to marked structural differences between DNA, which adopts the well-known B-form
conformation, and RNA, which prefers the ribbon-like A-form. As shown in Fig. 1.2B-C, both
conformations are right-handed double-helices. However, there are two major geometrical
discrepancies. First, while the nucleobases are mostly centred around the helical axis in
the case of B-form DNA, they are considerably displaced towards the major groove of the
helix in A-form RNA, leaving a more open cylindrical core [58]. Second, the additional
hydroxyl group in the ribose sugar of RNA induces a change in its endoconformation, from
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C2 in B-form DNA to C3 in A-form RNA. Combined, these dissimilarities result in B-form
DNA being narrower and taller than A-form RNA, with a helix diameter of 2 nm compared
to 2.3nm, and an average distance between consecutive base pairs of 0.34 nm compared
to 0.28-0.29 nm. Consistently, the helical pitches resulting from rotation and tilting to
maximise base stacking are also different, equal to 10.5 and 11 base pairs (bp) for DNA and
RNA [64, 68, 58], respectively.

The mechanical properties of the resulting duplexes are also different. The bending stiffness
of polymers is often evaluated using the persistence length, lp, defined as the decorrelation
length of the direction of the polymer chain. While single-stranded DNA (ssDNA) and
RNA (ssRNA) both display low values of persistence length around 1-2 nm [69-72], double-
stranded DNA (dsDNA) and RNA (dsRNA) are considerably stronger, with persistence
lengths of about 50 nm [69] and 62-64 nm [73], respectively.

1.2.2 Thermodynamics of hybridisation

Not only have the structure and chemistry of DNA and RNA been extensively characterised,
but their physico-chemical properties have been proved to be robust and highly predictable.
Binding affinities between oligonucleotides are generally expressed in terms of free energy
of hybridisation. We shall consider the hybridisation of two short oligonucleotides, for
which the probability of partially paired intermediates is low. Under this assumption, we can
reasonably study their hybridisation using a simple two-state model, where single-stranded
A and B can reversibly hybridise/dissociate into/from the duplex AB through second-order

kinetics, as per the following reaction:

khyb
A+B—AB (1.1)

ks
where knyw/kqis are the hybridisation/dissociation rate constants, respectively. The equilib-
rium constant of this reaction, Keq, is simply given by:
kpyp [AB]
Keg= - = —— (1.2)
“ kdis [A] [B ]
where [AB], [A], [B] are the equilibrium concentrations of duplex AB and single-stranded
A and B oligonucleotides, respectively. The standard hybridisation free energy, indicated
as AGﬁyb, comprises both enthalpic, AHhoyb, and entropic, ASﬁyb, contributions as per the
following equation:

AGpy, = AHgy, — TASy, (1.3)

where T is the temperature in Kelvin. The enthalpic term stems from favourable base
pairing and stacking interactions, thus contributing with a term AHlfyb < 0. Conversely, the

entropic term takes into account the reduction in degrees of freedom of the two individual



1.2 Nucleic Acids and Nucleic Acids Nanotechnology 33

A and B oligonucleotides when constrained to being co-localised into the double-helical
conformation of AB [74, 75]. As such, ASﬁyb < 0Oand —TASﬁyb > (. Therefore, if we assume
AH}fyb and ASﬁyb to be temperature-invariant, AGﬁyb is an increasing function of temperature:
while duplex AB is more stable at lower temperatures, thermal energy and the related entropic
term prevail over base pairing and stacking at higher temperatures, favouring denaturation,
also termed melting, of AB into the single-stranded components A and B.

Such denaturation and the thermal stability of dSDNA and dsRNA are usually characterised
via the so-called melting temperature, Ty, defined as the temperature value at which half of
the oligonucleotides in solution are single-stranded and half are hybridised in duplexes. First
of all, we can express the free energy of denaturation, AGg,, in terms of the equilibrium

constant defined above using Eq. 1.4 below:

o Ao Ly _ [A][B]
AGge, = —AGiy, = —RTIn (Keqpo) — —RTIn ([AB]PO> (1.4)

where R is the molar gas constant and P° = 1 M is a reference concentration. When
T = T, it follows from the definition that [A] = [B] = [AB] = [ABin/2, where [AB];, is the
initial duplex concentration prior to denaturation. Substituting such values in Eq. 1.4, one

obtains the following:

AGgey(Tm) = —RTwviln % = —RTuln (F) : (1.5)

The melting temperature can thus be expressed in terms of the free energy as:

Ty = _M (1.6)
[AB}in ’
Rln (W)
or, using the definition in Eq. 1.3, in terms of enthalpic and entropic contributions as:
AH
Ty = den TR (1.7)
ASgen —Rin (Tom>

AGﬁyb Jden and Ty can either be obtained experimentally or computationally predicted using
the Nearest Neighbour (NN) model and empirical parameters such as those derived by San-
taLucia [76, 74] for DNA, and Serra and Turner for RNA [77] through differential scanning
calorimetry and melting curves. Such parameters were obtained by fitting hybridisation free
energy measurements for a wide range of DNA and RNA motifs to a model taking into
account base pairing, base stacking between adjacent base pairs — called nearest neighbours
(NNs) — as well as correction terms or penalties. In particular, the model computes the free
energy of hybridisation as:

init

AGhy, = Y miAGpyy i +AGh, +AGS (1.8)
i
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where n; and AGﬁyhi are the number of occurrences and free energy contribution (base
pairing and stacking) of the i/ among the 10 possible NNs, and AGy,;, and AGy,, are
initiation and symmetry penalties considering terminal base pairs (A-T or G-C) and C2
symmetry of self-complementary oligonucleotides, respectively. Importantly, such value
of AGﬁyb refers to standard monovalent salt concentration, that is 1 M NaCl. Empirical
salt correction factors [74, 78] have been introduced to compute AGﬁyb in different ionic
conditions. In the case of DNA [74], for instance, the salt correction term for monovalent
Na™ ions is proportional to —NIn([Na™]), where N is the number of base pairs and [Na™] the
concentration of sodium ions. It follows that 7\ depends on the oligonucleotide length and
sequence, as well as on salt concentration (both monovalent and divalent), and other buffer
parameters, such as pH.
Additional correction terms have been proposed to better model mismatches, bulges and
loops, particularly in RNA [77], as well as DNA/RNA hybrids [79, 80] and more complex
buffer conditions including cellular-like crowding [81]. Overall, the NN model enables
the sequence-dependent prediction of hybridisation free energy and melting temperature by

looking up the relevant parameters in precompiled tables.

Non-canonical nucleic acids motifs

While the B and A-form double-helices are the most common multi-stranded conformations
of DNA and RNA, respectively, other secondary structures have been discovered. As these
alternative secondary structures heavily rely on interactions other than Watson-Crick base
pairing, called non-canonical Hoogsteen interactions or base pairs [82, 83], they are broadly
called non-canonical nucleic acid motifs. The most studied non-canonical DNA motifs are
presented in Fig. 1.3, but the RNA counterparts exist as well. I will first focus in more detail
on the most well known motif, the G-quadruplex, as it will be central to part of this thesis,
and then briefly discuss i-Motifs and triple helical structures (triplexes).

Fig. 1.3A presents DNA G-quadruplexes (G4s), non-canonical secondary structures found
in guanine-rich sequences. Both DNA and RNA G4s are highly heterogeneous. Regarding
their stoichiometry, they can be tetramolecular, bimolecular or unimolecular, as depicted in
Fig. 1.3A(ii-vi), respectively. They can also differ in strand orientation, with strands being all
parallel, all antiparallel or mixed parallel/antiparallel (hybrid) with respect to the adjacent
ones, as presented in Fig. 1.3A(iv-vi) for unimolecular G4s, respectively. In particular,
unimolecular G4s have been found to follow the generalised sequence Gy X, G XoGnX,Gy
where n > 2 is the number of consecutive guanines in each stretch, X can be any nucleotide
within the loops, including guanines, and m, o, p are the loop lengths, usually in the range 1-7
nucleotides (nt), but they can be even longer [84].

Regardless of this diversity [85], the fundamental unit of all G4s is the G-quartet, also
called G-tetrad, a semi-planar arrangement of four guanines in Hoogsteen hydrogen-bonding

through interactions between the N7 of one guanine and the extracyclic amino group of the
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adjacent one, as depicted in Fig. 1.3A(i). The m© — 7 stacking of several quartets yields a G4.
As shown in Fig. 1.3A(1), G-quartets centrally coordinate a metal cation in the inner channel
of the G4. To better visualise the geometry of G4s, Fig. 1.3B presents the 3D rendered
structure of a tetramolecular parallel DNA G4, as this motif will be crucial to the work I will
present in Chapter 3.
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Fig. 1.3 Non-canonical nucleic acid motifs. A: Schematic diagrams of strand arrangements in guanine-rich
DNA G-quadruplexes (G4s). (i) Planar assembly of Hoogsteen base paired guanines termed G-tetrad or
G-quartet, coordinated with a central metal ion (M ™), accompanied with simplified sketch which is used in
the remaining sub-panels. Simplified schematics of (ii) tetramolecular, (iii) bimolecular, and (iv) parallel, (v)
anti- parallel and (vi) hybrid unimolecular DNA G4s, respectively. Adapted from ref. [86] with permission
from Springer Nature Switzerland. B: 3D structure of tetramolecular parallel DNA G4 formed by (T GGGG
TT)y, in (i) frontal and (ii) top views, as rendered via RCSB PDB at rscb.org [59], using model 139D from
ref. [87]. C: Chemical structure of hemi-protonated C-C™ Hoogsteen base pair, generated using ChemDraw. D:
Same as A for cytosine-rich DNA i-Motifs. (i) Sketch of hemi-protonated C-C* base pairs used to represent
(ii) tetramolecular, (iii) bimolecular, and (iv) unimolecular i-Motifs, respectively. Adapted from ref. [88] with
permission from the American Chemical Society. E: Same as A for DNA triplexes relying on either normal or
reverse Hoogsteen interactions. Notation for different base pairing interactions is included on the right-hand
side. Adapted from ref. [89] with permission from Springer Science Business Media. Sketches depict DNA
motifs, but RNA counterparts exist.
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Notably, cationic environment is paramount for the formation and the stability of G4s, with
alkali metal ions, particularly K™, and Na™ to a lesser extent, coordinating guanines, either in-
plane or sandwiched among pairs of G-quartets depending on the ionic radius, thus templating
and stabilising the formation of G-quartets and their stacking into G4s [85]. It has, in fact,
been computed with ab initio calculations that coordination with metal cations contributes to
G4 stabilisation more than hydrogen bonding and stacking interactions [90]. Interestingly,
different metal cations exhibit widely varying degrees of G4-templating and stabilisation.
While literature reports are not in perfect agreement with one another, the general consensus
is that K™ ions are the most effective, followed by Ca>*, Na™ — particularly for certain G4
conformations — and Mg?" — sometimes reported as destabilising and promoting canonical
dsDNA instead. Conversely, Li™ is neutral and does not participate in G4 stabilisation [91—
93]. Other less physiologically relevant cations have been investigated as well, with some
found to highly stabilise only specific G4 motifs, such as Pb>* for the thrombin aptamer [94].
While G4s emerge in guanine-rich nucleic acids in specific cationic environments, i-Motifs
are found in cytosine-rich sequence domains, usually at acidic pH [95-97]. This is due
to the specific Hoogsteen interactions they rely on, namely hemi-protonated C-C™" base
pairing, as reported in Fig. 1.3C. Despite most i-Motifs being stable at pH < 6 (most in the
range 4.2-5.2 [98]), some have been observed even at neutral pH [99]. Similarly to G4s,
1-Motifs can comprise four, two or a single nucleic acid molecule, as schematically depicted
in Fig. 1.3D(ii-1v), respectively.

Finally, triplexes are, as the name suggests, triple helical secondary structures in which a
third oligonucleotide, called Triplex Forming Oligonucleotide (TFO), binds a Watson-Crick
paired duplex, usually consisting of a homopurine (A, G) and a homopyridine (C, T/U)
strands [100-102]. In particular, the TFO binds the homopurine strand at the major groove,
at the so called triplex target site (TTS). Depending on its sequence, the TFO will bind either
parallel (T/U, C), antiparallel (G, A) or in either way (G, T/U) to the homopurine strand,
either through normal or reverse Hoogsteen interactions, as shown in Fig. 1.3E. Triplex
formation can be favoured/disfavoured by tuning the number and type of triplex binding
sites as well as buffer conditions, such as ionic environment and pH, as some Hoogsteen

interactions require protonation of nucleobases similarly to what observed in i-Motifs.

1.2.3 Biological role of DNA and RNA

As nucleic acids are central to life, it is important to discuss their biological role, particularly
as it pertains to the so called “central dogma” of molecular biology. The “central dogma”
was formulated by Francis Crick during a lecture held in 1957 and published in 1958 [103],
later denoted as a turning point for biology [104, 105]. Despite its name, the “central
dogma” is rather an assumption, according to which the information flow in biological
organisms proceeds from DNA, which acts as a genetic guidebook, to proteins, the functional

macromolecules which carry out all the functions necessary for life. The intermediate step of
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this information flow is RNA, which is synthesised from DNA through transcription, and
later acts as template for the synthesis of proteins through translation. Other information
flows are possible, namely DNA — DNA (replication), RNA — DNA (reverse transcription,
viruses) and RNA — RNA (RNA-dependent RNA polymerase synthesis, viruses) [106, 107].
However, the point of the “central dogma” is that once the information encoded in DNA has
reached the protein stage, it cannot back-propagate to modify the sequence of the starting
genetic material.

If we compare the genetic information of DNA to a guidebook as above, then the complete
guidebook is termed genome, and the specific sets of instructions, for instance those coding for
specific proteins, are called genes. In particular, DNA molecules encode genetic information
in the specific sequence of nucleobases attached to the directional sugar-phosphate backbone.
In eukaryotic cells, DNA is found in the cell nucleus, separated from the cytoplasm by the
nuclear envelope, while prokaryotes store their genetic material directly in the cytoplasm
in the form of a single coiled circular DNA molecule. Interestingly, the above mentioned
reverse complementarity of the two strands in duplex DNA provides an exquisitely simple
mechanism for biological inheritance through DNA replication via templated polymerisation
mediated by proteins called DNA polymerases. Through this process, cells pass the genetic
information stored in their genome to the daughter cells in which they divide.

Conversely, the “central dogma” depicts RNA as a simple intermediary. Despite this apparent
simplicity, though, it is now known that the vast majority of the eukaryotic transcriptome — the
collection of RNA transcripts — consists of non-coding RNAs (ncRNAs) [108], that is RNA
molecules that do not code for any functional proteins. Far from being unavailing, ncRNAs
are involved in a plethora of biological functions, ranging from assisting protein synthesis
(transfer RNA/tRNA [109, 110]), to ribosome biogenesis (ribosomal RNA/rRNA [111, 112]),
gene regulation (microRNA/miRNA [113], small interfering RNA/siRNA [114], long non-
coding RNAs/IncRNAs [115], riboswitches [116]) and catalysis (ribozymes) [117, 118]. Only
pre-messengerRNA transcripts mature into messenger RNAs (mRNAs) [119] via capping of
the 5’ end, polyadenylation (i.e. addition of a poly-A tail) of the 3’ end and splicing, that is
the removal of non-protein coding regions called introns, and are then translated to proteins.
Such functional diversity is also accompanied by a higher structural complexity compared
to DNA: RNA displays in fact a tertiary structure, which involves folding of the secondary
structure just like in proteins [120]. As a result, RNA combines both the programmability
and simplicity of DNA and the extraordinary versatility of proteins. Due to the additional
complexity, structural prediction is considerably more challenging for RNA, but recent
computational approaches [121, 122], including those based on deep learning [123], are
making substantial progress in both secondary and tertiary structures.

Finally, one might wonder why nucleic acids might adopt the non-canonical secondary
structures presented in Section 1.2.2. Despite their extensive characterisation, the biological
role of G4s has not been conclusively proved yet. Nonetheless, bioinformatic analysis
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have highlighted their enrichment in gene-promoters and telomeric [124] regions — such as
the highly studied (TTAGGGQG), telomeric repeat in mammals [125]. This strongly hints at
G4s exerting regulatory functions [126] and, as such, makes them promising therapeutic
targets [127]. Similarly, albeit even less well understood, i-Motifs have been propose to
to play a role in gene expression regulation [128] and in the formation of centromeres,
chromosomal regions crucial to cell division [97]. The same is true for triplexes [97], which
have been observed to inhibit particular DNA binding proteins [129], regulate gene expression

through non-coding RNA-genomic DNA triplexes [130] and affect chromatin structure [131].

Beyond the biological role of nucleic acids: Nucleic Acid Nanotechnology

As mentioned in Sections 1.2.1 and 1.2.2 above, the specific base pairing rules govern-
ing nucleic acid hybridisation makes them incredibly programmable materials. Thanks to
extensive characterisation studies, the behaviour of nucleic acids is well understood and
can be rationally programmed through sequence engineering, down to changes of a single
nucleotide, as well as trough external conditions such as temperature, salt concentration and
pH. Moreover, nucleic acids are intrinsically biocompatible [132, 27] and versatile materials
and, depending on the specific motif, display good thermal stability [133].

Nucleic acids nanotechnology thus exploits DNA and RNA as programmable building blocks
with highly specific and predictable interactions, outside of their original biological context.
In the following sections, I will first present the more mature field of DNA nanotechnology,
and later proceed to RNA nanotechnology.

1.3 DNA Nanotechnology

Despite the similarities between DNA and RNA, several factors resulted in DNA nanotech-
nology advancing much faster than RNA nanotechnology. On the one hand, DNA is more
resistant to degradation compared to RNA [134]. On the other hand, the decrease in DNA
synthesis cost [135-137] and the development of bioconjugation chemistry techniques en-
abling chemically modified and functionalised oligonucleotides [138] highly contributed to
the growth of the field.

While such distinction is often blurred rather than clear-cut, DNA nanotechnology is conven-
tionally divided in two sub-fields, namely structural and dynamic, which I will present below

in more detail.

1.3.1 Structural DNA Nanotechnology

In 1982, inspired by the work “Depth” by M.C. Escher, Nadrian Seeman envisioned that
DNA junctions could be used to build supramolecular scaffolds to spatially arrange proteins

and aid in their crystallisation [139]. In doing so, he laid the foundation of structural DNA
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nanotechnology, which, in fact, aims at constructing 2D and 3D supramolecular assemblies
with nanoscale precision.

While the four-way Holliday junction was already well known as a key intermediate in homol-
ogous recombination [140, 141], Seeman was the first to introduce its synthetic immobile —
i.e. stable, not prone to branch migration (see Section 1.3.2) — counterparts [139]. Such DNA
motifs became known as branched DNA or DNA nanostars, as they feature a central junction
with protruding arm-like helices. In particular, Seeman designed these arms to terminate
in unpaired, single-stranded overhangs, known as sticky ends, to enable programmable and
specific interactions with other DNA nanostars. However, simple DNA nanostars were
found to be too flexible to sustain the long range order required to assemble crystalline
lattices [142]. Therefore, more rigid motifs were developed, such as the naturally-inspired
double-crossover (DX) tiles [143] and the tensegrity triangle, depicted in Fig. 1.4A, which
allowed the assembly of 2D and 3D periodic arrays and lattices [144, 145].

Fig. 1.4 Structural DNA nanotechnology enables the construction of complex supramolecular assemblies
with nanoscale resolution. A: Optical micrograph depicting single DNA crystals self-assembled from tensegrity
triangle subunits. Insets depict a single subunit (left) and the arragement of several interacting subunits (right).
Scale bar is 200 um. Adapted from ref. [145] with permission from Macmillan Publishers Limited. B:
DNA origami enable the construction of near-arbitrarily shaped DNA nanostructures, as demonstrated by the
programmed topologies on top and the AFM micrographs at the bottom. Scale bars are 1 um (second column)
or 100 nm (third column onwards). Adapted from ref. [146] with permission from Springer Nature Limited.
C: Cryo-EM class averages (left, dark background) and reconstructions (right, light background) of (i) two
half octahedral and (ii) one half icosahedral DNA origami shells capable of trapping hepatitis B virus (HBV)
particles (spheres within the cages). Scale bars are 20 or 50 nm, as indicated. Adapted from ref. [147] with
permission from Springer Nature Limited.

In 2006, Paul Rothemund introduced DNA origami [146], leading to a major breakthrough
in the field of structural DNA nanotechnology. In DNA origami, a long phage-derived
ssDNA, termed scaffold, is folded through hybridisation with hundreds of much shorter,
ad hoc designed ssDNA strands, called staples, which effectively constrain the scaffold
in the desired topology, as shown in Fig. 1.4B. DNA origami rapidly gained traction, and
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researchers started designing increasingly complex 2D and 3D nanoarchitectures, achieving
and surpassing the original goal of DNA-based lattices [148], such as large multi-scaffold
designs [149] with sizes extending into the GigaDalton range [150] and cages that can trap
viruses [147], as depicted in Fig. 1.4. DNA origami have also enabled researchers to develop
a variety of functional nanomachines tackling nanomechanical actuation, from simple hinges
and slider joints [151] to working ratchet motors [152].

A different way to unlock novel and more complex functionality in DNA nanostructures is
exploiting chemical modifications enabled by bioconjugation chemistries [138]. Common
functionalisations include fluorophores [55, 153, 154], proteins/enzymes [17, 155, 156] and
hydrophobic moieties, ranging from lipids [157] to polymers [158, 159] and cholesterol
molecules [160]. The latter are particularly interesting as they make the resulting DNA
constructs amphiphilic.

On one hand, DNA amphiphiles are intriguing because they can be interfaced with synthetic
and biological membranes. For instance, they have successfully been used to produce various
biomimetic behaviours, from detecting lateral phase separation in membranes and mediating
cargo transport [55], to replicating the behaviour of membrane-sculpting proteins through
DNA origami line-actants [161]. On the other hand, amphiphilic DNA constructs combine
the programmability, specificity and versatility of nucleic acids with the self-assembly ro-
bustness of natural amphiphiles, which relies on non-specific hydrophobic interactions, thus
making it possible to produce a variety of interesting architectures [162]. These include
discrete particles [157, 153], supramolecular assemblies [158, 159] and crystalline frame-
works [160] (see Section 1.3.4 below), and exhibit a variety of functionalities, from controlled
disassembly [153], to molecular partitioning [163] and cargo uptake and delivery [157].

1.3.2 Dynamic DNA Nanotechnology

Dynamic DNA nanotechnology, instead, exploits the reversibility of DNA hybridisation, as
demonstrated by Eq. 1.1 in Section 1.2.2, to engineer out-of-equilibrium multi-state DNA
circuits and nanomachines [134]. Most dynamic DNA nanotechnology relies on the process
of strand displacement. As shown in Fig. 1.5A, one strand (domain a*) in a duplex D
could exchange binding partner with another complementary strand, either present unpaired
in solution, as §’ (domain a) in the diagram, or part of another duplex. This particular
strand displacement proceeds uncatalysed, i.e. without any thermodynamic driver: the
number of base pairs formed in both scenarios is identical. This is possible thanks to a)
the just mentioned reversibility of base pairing and b) a phenomenon called edge fraying
or breathing [164], whereby the terminal base pairs of a duplex are more prone to opening,
due to the lack of stabilising base stacking on the other side, and forming another base pair
with a different strand. If this opening and exchange repeats for all adjacent base pairs within
the original duplex, a process called branch migration, then the strand in consideration will

exchange binding partners from S to §’. However, branch migration is reversible as well, i.e.
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it can proceed in both directions, which makes such mechanism not particularly effective to

sustain directed cascade reactions through multiple states.
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Fig. 1.5 Toehold-mediated strand displacement and dynamic DNA nanotechnology. A: Non-catalysed
strand displacement via edge fraying/breathing of terminal base pairs. The number of base pairs formed is the
same in both scenarios. B: Toehold-mediated (catalysed) strand displacement. Substrate strand is in black,
with toehold in red (4*b*). Invader strand is in green, with toehold in purple (b4). Incumbent strand is in cyan
(b). In (i) substrate is bound to incumbent strand. After toehold binding in (ii), branch migration proceeds in
(iii-v). Finally, the incumbent strand is displaced in (vi). A, B were reproduced from ref. [165] with permission
from the American Chemical Society. C: Schematic drawing illustrating (i) DNA tweezers, the first dynamic
DNA nanomachine relying on toehold-mediated strand displacement, and (ii) their working principle. Addition
of fuel (F) closes the tweezers, while addition of antifuel (F) re-opens them and releases the FF duplex as
waste. Monitoring of actuation cycles is enabled by TET fluorescence, which is high when tweezers are open
and decreases upon closing due to quenching from TAMRA. Adapted from ref. [166] with permission from
Macmillan Magazines Ltd.. D: Control over enzymatic reactions using a reconfigurable DNA origami nanovault.
(i) Schematic representation of the working principle: an enzyme (magenta) is tethered to a cargo-anchoring
site (CAS, red). After the vault is closed using the closing key (brown), substrate molecules cannot interact
with the enzyme. When the opening key (orange) re-opens the nanovault, substrate molecules interact with
enzymes leading to product formation. (ii) 3D rendering of DNA nanovault (side locks - green, front lock -
cyan). Adapted from ref. [156] in accordance to CC BY 4.0 license.

Such obstacle was overcome by introducing a thermodynamic driver, namely the formation
of a larger number of base pairs, in a process called toehold-mediated strand displacement
(TMSD), depicted in Fig. 1.5B. The substrate strand (A*b*) now features an unpaired single-
stranded overhang (h*), known as a foehold, which is absent in the current binding partner,
termed the incumbent strand (b), but complementary to the toehold in the invader strand
(bh). The process starts upon toehold binding (Fig. 1.5B(ii)), driven by the possibility of
forming a larger number of base pairs, and proceeds through branch migration (Fig. 1.5B(iii-
v)) until the incumbent strand is fully displaced (Fig. 1.5B(vi)). In particular, the toehold
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overcomes the complete reversibility of branch migration, ensuring the invader strand stays
in close proximity to the substrate for longer than in the absence of such toehold. The
complementarity between substrate and invader does not need to be full, just more extended
than the one between substrate and incumbent, thus allowing for multi-step cascade reactions
through a series of discrete, progressively lower free-energy states [165]. Notably, the rate of
toehold-mediated strand displacement can be tuned via the length of the toehold: the longer
the toehold, at least until 6-7 nt [167], the faster the strand displacement reaction.

TMSD is a powerful tool, and it has enabled a wide range of complex logic circuits perform-
ing DNA-based computations [168—172], stimuli-responsive materials [173] and reconfig-
urable multi-state nano-devices. Some examples of the latter category are the well known
DNA tweezers [166], presented in Fig. 1.5C, DNA walkers [174—176] and cargo-sorting
robots [177], as well as a myriad of dynamic DNA origami [178, 179], such as the nanovault
enabling control over enzymatic reactions [156] in Fig. 1.5D.

1.3.3 Non-canonical DNA motifs in DNA Nanotechnology

Another strategy to achieve dynamic reversibility in DNA nanostructures is exploiting the
stimuli responsive non-canonical secondary structures introduced in Section 1.2.2 [180]. For
instance, due to the crucial importance of cationic environment on G4 formation and stability,
embedding DNA G4s in DNA nanostructures grants them cation-responsiveness [181-183],
as exemplified by the G4-enabled actuation of a DNA origami arm depicted in Fig. 1.6A.
Similarly, Fig. 1.6B proves that the inclusion of pH-sensitive i-Motifs as interaction do-
mains between Y (three-armed) DNA nanostars [184] allows for the pH-dependent self-
assembly/disassembly of DNA hydrogels. While triplexes relying on pH-dependent Hoog-
steen interactions have been used to develop analogous pH-triggered nanoswitches [185] and
hydrogels [186], they have also found application in synthetic gene circuits, consistently with
their proposed biological role [130]. Fig. 1.6C provides an example of how triplexes can be
exploited to achieve transcriptional control: the transcription of a DNA template coding for a
TFO results in transcriptional suppression of another DNA template, coding for a Broccoli

aptamer (see Section 1.4.2 below), which presents a TTS within the promoter region.

1.3.4 DNA nanotechnology for bottom-up synthetic biology

The described toolkit of DNA nanotechnology grants exquisite control over the designed
systems and enables a wide range of biomimetic capabilities, thus making it a prime route
for applications in bottom-up synthetic biology. Such applicability is further expanded by
peculiar classes of nucleic acid motifs, such as aptamers [188, 189] (see Section 1.4.2) and
catalytic DNAzymes [190], which enable a variety of biosensing and catalytic behaviours.

When it comes to structure-defining elements, considerable research effort has been devoted
to the realisation of synthetic analogues of the actin cytoskeleton [191] and the cellular
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Fig. 1.6 Non-canonical DNA motifs for stimuli-responsiveness and gene expression regulation. A: (i)
Diagram depicting the working principle for a G4-actuated DNA origami arm. Each module (left) comprises
a DNA G4 motif, which enables its reversible contraction/relaxation in response to KCl addition/removal
(middle). Serial concatenation of multiple modules (right) enables large deformation of the origami arm,
as shown in micrographs in (ii). Scale bars are 200 nm. Reproduced from ref. [187] with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. B: (i) Y DNA nanostars featuring (ii) i-Motif-forming
domains at the end of each arm can reversibly assemble/disassemble (iii) into a DNA hydrogel. Reproduced
from ref. [184] with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. C: (i) Design of a
DNA template for transcription in Escherichia coli coding for a Broccoli aptamer, which becomes flurogenic
upon binding DFHBI-1T (see Section 1.4.2). (ii) Mechanism behind triplex-enabled transcriptional suppression.
The template in (i) is modified with two triplex target sites (TTS) in non-conserved domains of the promoter
region. Transcription of a triplex forming oligonucleotide (TFO) leads to TFO binding to TTS, which competes
with the polymerase for binding to the promoter, thereby suppressing transcription of the Broccoli aptamer.
Reproduced from ref. [102] in accordance to CC BY 4.0 license.

inner compartments. A popular framework to mimic the former is based on fibre-like DNA
nanotubes, as shown in Fig. 1.7A, which can exhibit reversible growth/disassembly within
emulsion droplets [21], as well as bundling properties to enable active transport [192, 193].
Notably, one such implementation inactivated the tiles making up the DNA nanotubes
and triggered their growth by integrating the system with in vitro transcription to produce
the missing (RNA) sticky end interaction domains, which could later by degraded using
RNAse H [21] granting the system high degrees of programmability and biomimicry. Other
approaches rely instead on DNA-based or DNA-crosslinked hydrogels [194, 195, 49]. These
can exhibit a mixture of behaviours, from cytoskeleton-like scaffolding to hosting distinct
environments similarly to the cellular cytoplasm [49], as well as displaying features typical of
inner cellular compartments, such as controlled pore size [196], molecular partitioning [197]
and segregation of functionality in separate, addressable microenvironments [47]. Finally,
some simpler cytoskeletal mimics were realised using branched DNA nanostars [198].

Interestingly, while unsuited to the formation of ordered lattices, DNA nanostars are still
being extensively researched, particularly for the development of DNA-based condensates
resembling synthetic MLOs [200]. Fig. 1.7B(i) presents an example of pure DNA-based

condensates exhibiting programmed orthogonality thanks to orthogonal sticky end interaction
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Fig. 1.7 DNA-based cytoskeleta and condensates for artificial cells. A: DNA nanotubes dynamically
self-assemble into DNA-based cytoskeleta within emulsion droplet-based synthetic cells. (i) Annealing of DNA
strands yields double-crossover (DX) tiles, which self-assemble into DNA nanotubes through sticky ends. (ii)
Strands can be annealed even after encapsulation in emulsion droplets, producing a cytoskeleton comprising
either (iii) a single type (top) or two orthogonal types (bottom) of DNA nanotubes. Scale bars are 30 um.
Reproduced from ref. [21] in accordance to CC BY 4.0 license. B: Orthogonal three-armed nanostars, Y and
orthy self-assemble into orthogonal DNA-based condensates through sticky ends. Only same-type condensates
can fuse. (ii) Addition of a third, chimeric nanostar species, CS, leads to mixing of orthogonal condensates
in (i). However, CS includes RNA domains at the junction, which, when cleaved by RNAse A, separate the
chimeric CS into a Y-portion and a ®™"Y-portion, leading to demixing and division in orthogonal Y and ™Y
condensates as in (i). Reproduced from ref. [199] in accordance to CC BY-NC 4.0 license.

domains [199]. Addition of a chimeric construct enables programmed mixing, as well as
demixing upon its enzymatic degradation into two orthogonal hemi-nanostars, as depicted
in Fig. 1.7(i1). Sequence engineering of the sticky end domains has also been proved to
enable tuning of condensate fusion dynamics and their biophysical properties, such as surface
tension and viscosity [201].

Artificial cell frameworks have also been developed using cholesterol-tagged amphiphilic
DNA nanostars, termed C-Stars [160], as depicted in Fig. 1.8. Interestingly, the self-assembly
of C-Stars is driven by the non-specific hydrophobic interactions among the cholesterol
moieties, while the topology of the DNA nanostars simply dictates the spatial arrangement of
the cholesterol clusters. Depending on the annealing rate (Fig. 1.8B), C-Stars self-assemble
in either amorphous or crystalline frameworks, as depicted in Fig. 1.8C. The resulting
assemblies are incredibly versatile and tolerant to design modifications, such as varying the
number (3, 4 or 6 arms) or length of the nanostar arms. In particular, varying the nanostar arm
length enables tuning of the lattice parameter and molecular partitioning behaviour. Including
chemical modifications grants C-Star frameworks the capability to reversibly capture/release

target molecules, and the inclusion of a bridge strand with a toehold enables disassembly
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through TMSD [163].

C-Star condensates can also be patterned through reaction-diffusion mechanisms, as presented
in Fig. 1.8D. Moreover, they can develop spatial segregation of functionalities, whereby
a nucleus-like core hosts a DNA template with T7 promoter (see Section 1.4.4), which is
transcribed by T7 RNA polymerase in fluorogenic Broccoli aptamers (see Section 1.4.2)
which accumulate in the outer shell, as shown in Fig. 1.8E.

Beyond these mostly structural implementations, dynamic DNA circuits are increasingly
being applied to synthetic biology [203] as well. In two notable examples, TMSD was
exploited to implement enzyme-free proto-cellular communication strategies among pro-
teinosomes, from detection to cascading, amplification and negative feedback [17] as well as
controlled synthetic gene expression and CRISPR-Cas-based DNA processing [204]. The
latter example, combined with the DNA/RNA nanotubes mentioned above [21] and the
RNA-synthesising C-Stars condensates in Fig. 1.8E, hint at the considerable potential of
integrating DNA nanotechnology with RNA nanotechnology to exploit the intimate links of
RNA with biological machinery and naturally occuring MLOs.

1.4 RNA Nanotechnology

As previously discussed, RNA nanotechnology has historically trailed behind due to the
much higher synthesis cost and sensitivity to nuclease degradation of RNA [205, 206]. The
development of easy to use in vitro transcription systems enabling widespread enzymatic RNA
synthesis from designer DNA templates and the growing interest in RNA therapeutics [207,
208] have recently led to a renewed popularity of the field. Below, I will discuss some of
the advantages of RNA, as well as briefly mention both historical and state-of-the-art RNA

nanotechnology approaches.

1.4.1 Advantages and motivations to pursue RNA Nanotechnology

Despite the two disadvantages mentinoed above, RNA has several tricks up its sleeve. On
one hand, it benefits from higher stability at low pH, which should facilitate endosomal
escape after receptor-mediated endocytosis thus making it a promising material for nucleic
acids-based therapeutics [205]. Moreover, chemical modifications, such as replacement of
the 2’-OH with 2’-Fluorine, can dramatically improve its thermal stability and resistance to
nuclease degradation [205, 206] while preserving the A-form helical structure of dsRNA.

On the other hand, as mentioned in Section 1.2.1, RNA features a variety of non-canonical
interactions, which lead to an impressively rich and diverse gallery of structural RNA motifs,
some of which are presented in Fig. 1.9A. Frequent unpaired bulges and loops enable hairpins,
90°-kink (also called right-angle, RA) motifs and complex three-way loops. In particular, an

interesting type of loop-loop interactions can form between two hairpins displaying Watson-
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Fig. 1.8 Amphiphilic DNA frameworks for bottom-up synthetic biology. A: C-Stars comprise four “core”
strands (blue) and four identical cholesterol-functionalised “anchor” strands (orange), which self-assemble into
the programmed four-armed nanostar topology upon thermal annealing. B: Slow thermal annealing leads to the
formation of C-Star crystalline assemblies. C: (i) Unit cell of C-Star crystalline framework, where cholesterol
micelles occupy the vertices of a Body-Centred Cubic (BCC) lattice. (ii) Bright-field micrograph showing single
rombic dodecahedral C-Star crystals. Scale bar is 20 um. A-C were adapted from ref. [202] with permission
from IOP Publishing, Ltd. D: Reaction-diffusion patterning of C-Star condensates. (i) Mechanism and (ii)
representative confocal micrographs depicting the time-dependent patterning through fluorescently-tagged
short (p1) and longer (p8) single-stranded oligonucleotides. Shorter oligonucleotides diffuse faster, but are
later displaced by longer ones which can form more stable duplexes. E: RNA production in the nucleus of a
DNA-based artificial cell. (i) T7 RNA polymerase (see Section 1.4.4) can transcribe the single-stranded template
(double-stranded promoter) bound in the synthetic cell nucleus, thus producing fluorogenic Broccoli aptamers
(see Section 1.4.2) which later accumulate in the shell/cytoplasm through hybridisation to complementary
domains. This produces the spatial segregation of functionality depicted in (ii) and demonstrated by confocal
micrographs in (iii). Shell becomes fluorescent upon transcription and accumulation of Broccoli aptamers.
Nucleus visualisation is enabled, instead, by fluorophore conjugation to the strand complementary to the DNA
template. Scale bars in D, E are 15 um. D-E were adapted from ref. [154] in accordance to CC BY 4.0 license.

Crick complementary loops, as depicted in Fig. 1.9B. Such hairpin dimer is known as a
Kissing Loop (KL) complex, and it was originally discovered in the Dimerisation Initiaton
Site (DIS) of the Human Immunodeficiency Virus-1 (HIV-1) genome [209-211], the sequence
variants of which are presented in Fig. 1.9C. In the original KL complex, also known as
180° KL, the helices of the hairpin stems are coaxially stacked around the Watson-Crick
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base paired loops [212, 213]. Conversely, a different, inverted loop-loop RNA motif, found
to arise during the replication of the ColE] plasmid in Escherichia coli (E. coli), leads to a
120°-bent KL complex. Finally, while immobile branched DNA junctions were purposefully
designed, a similar RNA three-way junction (3WJ), rendered in Fig. 1.9D, was found to
spontaneously form in the core of the packaging RNA (pRNA) which gears the bacteriophage
phi29 packaging motor [214].
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Fig. 1.9 Structural variety of conserved RNA motifs. A: Structural motifs found in biological RNAs
and commonly adopted in RNA nanostructures, represented as 3D structures (left) and schematic diagrams
(right). Solid thick coloured lines are sugar-phosphate backbones, while inner thinner grey ones are base pairs.
Reproduced from ref. [215] in accordance to CC BY 4.0 license. B: 3D structure of the Kissing Loop complex
in the Lai variant of the HIV-1 Dimerisation Initiation Site (DIS) rendered via RCSB PDB at rscb.org [59], using
model 2B8R from ref. [210]. C: Sequences of KL-forming DIS variants in HIV-1 genome (Mal: African/Asian;
Lai: European/American serotype). Adapted from ref. [216] with permission from Oxford University Press. D:
3D structure of the well known three-way junction (3WJ) formed by the core of the packaging RNA (pRNA)
ring gearing the bacteriophage phi29 DNA packaging motor, rendered via RCSB PDB at rscb.org [59], using
model 4KZ2 from ref. [214].

On top of such structural flexibility, RNA boasts an impressive functional versatility, almost
comparable to that of proteins, from the high-binding affinity of aptamers (see Section 1.4.2
below) to the catalytic activity of ribozymes [117, 118, 217] and gene regulation capabilities
of small interfering RNA (siRNA) [218] and riboswitches [116, 219, 220]. First, ribozymes
are conserved or de novo designed RNA molecules displaying catalytic activity, such as
the hammerhead ribozyme [221] depicted in Fig. 1.10A, which can cleave target RNA
molecules which display complementarity to its arms. Second, siRNA are short, 20-25 bp-
long dsRNA which emerge either from natural or synthetically programmed processing
of longer dsRNA by Dicer [222]. Upon binding to proteins forming the RNA-induced
silencing complex (RISC), the guide strand of the siRNA can bind to a complementary
target, which is then cleaved and degraded, thus providing a convenient method for gene
silencing [223], which is schematically presented in Fig. 1.10B. Finally, as illustrated in
Fig. 1.10C, riboswitches [224] are gene regulatory constructs which hinder protein translation
by sequestering the Ribosomal Binding Site (RBS). When specific conserved or designed
RNA strands bind to the riboregulator, it undergoes a conformational switch which releases
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the RBS and enables translation.

Given this incredible structural and functional versatility, it is not at all surprising that RNA
plays such a central role in modern bio-engineering, biomedicine and synthetic biology [225,
226], from synthetic RNA circuits [227-230], RNA therapeutics (including the mRNA
vaccines against COVID-19) [208] and biosensors based on RNA aptamers [226], which |

will discuss in more detail below due to their important role in parts of this thesis.
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Fig. 1.10 Functional variety of RNA motifs. A: Schematic diagram depicting the catalytic activity of the
hammerhead ribozyme. Reproduced from ref. [223] in accordance to CC BY license. B: Diagram illustrating
RNA interference (RNAi) through small interfering RNA (siRNA) and RNA-induced silencing complex (RISC).
Guide strand of siRNA binds RISC and cleaves the target mRNA. Reproduced from ref. [231] with permission
from Springer Nature America. C: (i) Conventional riboregulators trap the Ribosomal Binding Site (RBS)
and require binding to RNA with sequence constraints to open. Conversely, (ii) designer toehold riboswitches
simply constrain within duplexes the regions before and after the start codon (AUG, in purple), and allow
opening upon binding to RNA with no sequence constraints, just a complementary toehold. Reproduced from
ref. [224] with permission from Elsevier, Inc.

1.4.2 RNA Aptamers

Aptamers are short nucleic acid motifs (both DNA and RNA) capable of binding particular
targets, ranging from metal ions [232], to small molecules [233, 234], proteins [235, 236]
and even whole cells [237]. Aptamers are usually discovered via a combinatorial chem-
istry technique known as SELEX. SELEX stands for Systematic Evolution of Ligands by
EXponential enrichment [238], and selects high-affinity binders from a randomised pool of
oligonucleotides through multiple stages consisting of target binding, elution and (in the case

of RNA) reverse transcription. Candidate aptamers are then sequenced, and their binding
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affinity and kinetics characterised. RNA aptamers have been successfully used in a variety
of applications, from small molecule biosensing [239, 234, 240] via dual-aptamer FRET
sensors [240] or split aptamer configurations [241, 242], to transcription monitoring [243]
and even synthetic gene circuits inhibiting T7 RNA Polymerase (see Section 1.4.4) through
the corresponding aptamer [244].

Fluorogenic RNA aptamers, also known as Fluorescence Light-Up Aptamers (FLAPs), are a
particular class of RNA aptamers capable of binding dye molecules which, unbound, tend
to be non fluorescent, but undergo considerable fluorescence emission enhancement upon
binding to the cognate aptamers [245, 246]. They were originally developed as RNA mimics
of fluorescent proteins to tag cellular RNAs [247]. Several FLAPs have been discovered,
many of them binding to target ligands through non-canonical base triplets, quartets and
G4s [248, 245]. Interestingly, even simple modifications of the target ligands result in large
enough spectral emission shifts for multiplexed use [245].

In particular, two commonly used FLAPs, which will be used in Chapters 4-6 of this work,

are the Malachite Green aptamer and the Broccoli aptamer, which I will introduce below.

Malachite Green aptamer

The Malachite Green aptamer (MGA) was first evolved via SELEX to bind the triphenyl-
methane dye Malachite Green (MG) and implement gene inactivation at the RNA level
through RNA-CALI (Chromophore-Assisted Laser Inactivation) [249], as MG produces
reactive radical species upon laser irradiation. Therefore, exposing to strong laser irradiation
a mRNA molecule including a MG-binding RNA sequence in its 5’ or 3’ untraslated region
(UTR) would lead to cleavage of the MGA-mRNA transcript, either leaving the mRNA
without its 5° cap or its 3’ poly-A tail, thus preventing translation and predisposing it to
degradation pathways instead.

The minimal functional sequence of MGA is depicted in its secondary structure in Fig. 1.11A.
The asymmetrical internal loop in the otherwise mostly dsSRNA hairpin was identified as the
key binding domain. A 2.8 A-resolution crystal structure of MGA was obtained by using a
Malachite Green analog, tetramethylrosamine (TMR), which lacks rotational mobility due to
the oxygen bridging and locking in planar arrangement the two dimethlyamine-bearing phenyl
rings, ultimately resulting in higher affinity and improved structure resolution. Chemical
structures for both MG and TMR are presented in Fig. 1.11B. The crystal structure of MGA
binding TMR (red) is reported in Fig. 1.11C, with colour-coded canonical and non-canonical
base pairing and stacking interactions. Interestingly, there are no base-stacking interactions
between the aptamer and the ligand, only electrostatic and steric complementarity. It is also
intriguing how, despite not relying on a G4 as most fluorogenic RNA aptamers, MGA still
displays a non-canonical, mixed base (CGGA) quadruple (blue) located on top of the bound
ligand (red), confirming the almost ubiquitous presence of quadruplex structures in FLAPs.
Despite reports of non-optimal affinity for MG (K4 = 800 nM), others have reported better
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Fig. 1.11 Malachite Green aptamer. A: Secondary structure schematic of the minimal functional Malachite
Green aptamer (MGA) evolved via SELEX. Annotated bases match the canonical and non-canonical base
pairings coloured in C, while the red barred line is Malachite Green, the ligand. Adapted from ref. [250] with
permission from Academic Press. B: Chemical structures of Malachite Green (MG) and tetramethylrosamine
(TMR), produced using ChemDraw. MGA was evolved to bind MG, but its structure was resolved with TMR.
C: 3D-rendered crystal structure of Malachite Green aptamer (via RCSB PDB at rscb.org [59], using model
IF1T from ref. [250]). TMR, the ligand, is coloured in red and is located in the centre of the binding pocket. The
non-canonical quadruple defining the top of this binding domain is coloured in blue, while the two base-triples
at the bottom are coloured in cyan. A central G-C canonical base pair is in yellow/orange, while stacked A
bases are in magenta and the U base allowing for U-turn strand reversal is in light gray.

results in optimised buffer conditions (Kg = 117 nM) with up to ~ 2000-fold fluorescence
enhancement of MG bound to MGA compared to MG alone [251]. MGA and MG have been
successfully used for biosensing in a dimeric split aptamer configuration [241], as well as for
live cell and bacterial imaging in a multi-aptamer scaffold [252], since MG readily permeates
through cell membranes. Excitation/emission maxima are around 610-630 nm/650-660 nm,
respectively, making MGA suitable for multiplexing with other FLAPs in the green end of

the spectrum.

Broccoli aptamer

The Broccoli aptamer (BrA) is the shortest (49 nt long) among the many RNA mimics of the
Green Fluorescent Protein (GFP) that have been investigated over the years. Its secondary
structure is schematically depicted in Fig. 1.12A. Similarly to the other GFP RNA mimics,
BrA binds a synthetic mimic of the GFP chromophore called DFHBI [247], presented in
Fig. 1.12B, and highly enhances its fluorescence emission. DFHBI and its derivatives are
particularly promising due to their null to low cytotoxicity and their capability to permeate
the cell membrane, making them suitable for live cell imaging [247, 253, 254]. DFHBI also
displays slower photobleaching than both enhanced GFP (EGFP) and fluorescein, but it has
been reported to quickly photoisomerise from cis- (binding ligand) to trans- (non binding),

thus unbinding from the cognate aptamer [255, 256]. This issue can be overcome by working
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in dye excess conditions, as photoconverted molecules can simply unbind, exchange, and
convert back to cis- in the dark. Moreover, DFHBI derivatives with bulky substituents,
such as the better performing DFHBI-1T [257], have been developed to considerably lessen
photoconversion through steric hindrance, resulting in improved performance and higher
affinity (K4 ~ 300 — 360 nM [253, 258], no Ky reported for DFHBI).
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Fig. 1.12 Broccoli and Spinach aptamers. A: Secondary structure schematic of the minimal functional
Broccoli aptamer discovered via SELEX-FACS evolution, as reported in ref. [253]. Colour-coding reflects
base composition of the sequence. No crystal structure has been reported for Broccoli, but that of the parent
aptamer, Spinach, which binds the same dye, has been characterised. B: Chemical structure of DFHBI (4-
(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one), the synthetic mimic of the Green
Fluorescent Protein (GFP) chromophore (HBI, hydroxybenzylidene imidazolinone) bound by RNA aptamers
such as Broccoli and Spinach [259]. DFHBI binds in Z (cis, intact) configuration, but it has been reported
to photoisomerise into E (zrans, photoconverted) [255, 256], quickly leading to unbinding from the RNA
binding pocket. In dye-excess conditions, fluorescence is quickly recovered through dye exchange. Based
on ref. [255], with chemical structures produced in ChemDraw. C: Secondary structure representation of the
original DFHBI-binding RNA aptamer, Spinach, parent of Spinach2 and Broccoli [260]. Colour-coding is as
follows: bases involved in G-quartets are in yellow (upper quartet) and cyan (lower quartet), those in a different
non-canonical quartet in magenta, bases directly involved in interactions with DFHBI or in stabilising the
DFHBI-binding pocket in light purple, other non-canonical motifs in orange. Adapted from ref. [260] with
permission from Springer Nature America. D: 3D crystal structure of Spinach aptamer rendered via RCSB
PDB at rscb.org [59], using model 4TS2 from ref. [260]. DFHBI is represented in light green (surrounded by a
halo depicting the Gaussian volume) and annotated accordingly. Colour-coding matches the one in C. Small
purple/green spheres are potassium/magnesium ions, respectively.

The first aptamer evolved to bind DFHBI was Spinach (96 nt long) [247], the structure of
which is depicted in Fig. 1.12C-D due to the current lack of crystal structure reports for
BrA. Despite its successful use for live cell imaging of intracellular RNAs, proteins and
metabolites [261, 262], as well as in biosensors [263], Spinach suffers from poor folding
in cellular environments, related to its low thermal stability and high dependence on Mg?+

ion availability. For this reason, several improved [264] and miniaturised [256] variants
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have been proposed since. BrA was not explicitly derived from Spinach, rather it was
evolved through a novel combination of early-stopped SELEX, fluorescence-activated cell
sorting (FACS) and directed evolution in bacteria [253]. The result is a much shorter, high
affinity binder capable of enhancing the fluorescence emission of DFHBI even in cellular
environments thanks to improved folding, higher thermal stability and no dependence on
Mg”* jons.

The crystal structure for Spinach in Fig. 1.12D shows two A-form helices (light gray)
stacked around a highly non-canonical binding domain. This binding pocket consists of an
exquisitely intricate non-parallel three tetrad quadruplex, comprising two G-quartets (yellow,
cyan), and one mixed-sequence tetrad (magenta) such as the one found in MGA, with two
axially coordinated K™ ions in between. The upper G-quartet (yellow) is perfectly planar,
providing a flat hydrophobic surface for DFHBI (in light green) to & — & stack on. A UAU
base triple (light purple) interacts with DFHBI via w — & stacking from the top, while an
unpaired guanine residue co-planarly hydrogen bonds with the target ligand. This plethora of
interactions, all found to be necessary to avoid deterioration or loss of fluorescence emission,
effectively lock DFHBI in planar configuration and try to restrict its motion. Despite not being
a direct Spinach derivative, the presence of shared conserved sequence stretches, common
fluorescence excitation (447 nm peak)/emission (501 nm peak) signatures, and mutagenesis
assays [265], strongly suggest that the binding mechanism of BrA to DFHBI might be similar.
In that case, BrA might consist of an RNA G4 surrounded by flanking duplexes just like
Spinach derivatives [265].

1.4.3 Assembling RNA nanostructures from modularly combined con-

served motifs

Historically, RNA nanostructures have been designed according to one of three approaches [205].
The first is the direct analogue of DNA nanotechnology, and entails finding a minimal set
of strands that can self-assemble into the designed architecture. Following such strategy,
researchers were able to create RNA analogues of commonly used DNA nanostructures [58],
such as RNA tiles assembling into RNA lattices [266] and nanotubes [267] capable of tar-
geted delivery of siRNA [268]. The second approach is purely computational, using tools
such as Kinefold [269], and involves scouring through structural databases [270-272] to
optimise sequence requirements and resulting topologies [273, 271]. Finally, the third and
most peculiar method relies on the modular composition through RNA-specific loop-loop
interactions or similar of conserved, mostly biologically-derived domains, found in the same
structural databases as the previous approach. Some nanostructures designed using this
methodology are presented in Fig. 1.13.

The simplest example consists in the so called RNA LEGO, small nanostructures comprising

two hairpins connected by a short single-stranded stretch which interact with identical or
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different constructs through Kissing Loop interactions, as depicted in Fig. 1.13A. By varying
the number of interacting constructs and their loop complementarities, it is possible to obtain
linear and cyclic arrangements in the shape of simple polygons. Removal of KL-stabilising
Mg?* ions enables the programmed disruption of such assemblies.

A

+ Mg2+
"~ Mg2+ : : : :
Oﬂmﬂo linear arrangements

circular arrangements

n

Fig. 1.13 RNA nanostructures from the modular composition of conserved motifs. A: RNA building
blocks, termed RNA LEGO, self-assemble in linear or cyclic arrangements upon the addition of KL-stabilising
Mg?* ions. Different constructs and loops enable the formation of a range of simple polygonal motifs, such as
those depicted at the bottom. Adapted from ref. [274] with permission from Cell Press. B: (i) RNA triangle
nanostructures assembled from three phi29 pRNA 3WIJ motifs can form (ii) discrete hexagons and extended
2D lattices, as demonstrated by AFM micrographs. Insets (left) are fields-of-view with 40 nm side. Scale bars
are 100 nm (middle) and 35 nm (right). Adapted from ref. [275] (https://pubs.acs.org/doi/10.1021/nn5006254)
with permission from the American Chemical Society (ACS), to which any further requests shall be directed.
C: TectoRNAs: tectosquare structures derived by modularly composing (i) pPRNA 3W1J and (ii) tRNA motifs
(corners) through dsRNA (sides) and KL connectors, located in the middle of each side, accompanied by the
3D rendering of the corresponding conserved motif (bottom). D: Depending on the RNA subunit, tectosquares
can assemble forming horizontally or vertically-aligned lattices as well as discrete multimers, as depicted in
the AFM micrographs on the right-hand side. Scale bars are 50 nm. C, D were adapted from ref. [276] with
permission from the American Chemical Society.

Fig. 1.13B shows a more complex implementation of the same underlying concept: the
conserved domain is here the phi29 pRNA 3WJ motif, introduced in Fig. 1.9D, but the
helices at its vertices have been extended to enable the formation of a triangular nanostructure
out of three interacting 3WJ constructs. As demonstrated in Fig. 1.13B(ii), such triangles
can further interact forming discrete hexagons or extended 2D lattices that can be made
exceptionally thermally resistant through 2’-F chemical modification. This approach can
be scaled to different geometries in both 2D (squares, pentagons, hexagons) [277] — which
can be even interconverted [133] — and 3D (tetrahedra, prisms) [278, 279] to increase the
multivalency of the RNA nanostructures, thus allowing for different functional RNA domains
to be attached, such as FLAPs, siRNA or ribozymes [275, 279, 207].

Finally, Fig. 1.9C-D presents the simple, yet powerful approach of TectoRNAs (or RNA
tectonics), which simply connects RNA non-canonical motifs, such as the phi29 pRNA
3WIJ or the tRNA, with simple dsRNA struts connected through 180° KL domains, yielding
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different kinds of nanostructures, such as the squares in Fig. 1.9C. Depending on the geometry
of the specific interaction motif in their corners, the square subunits form horizontally or
vertically-aligned fibre-like assemblies or discrete multimers with tilted interacting monomers,
as shown in Fig. 1.9D. However, all the discussed RNA nanostructures still require thermal
annealing just like most DNA nanostructures [280], thus failing to fully exploit the capabilities
of RNA.

1.4.4 Transcription and co-transcriptional folding

In the quest to improve the biomimicry and utility of RNA nanostructures, researchers have
thus turned to exploiting the related, naturally evolved biomolecular machinery, namely RNA
polymerases, and processes, i.e. transcription and co-transcriptional folding of biological
RNAs. As both topics are central to work presented in Chapters 4-6, I will discuss them

below, starting from transcription using T7 RNA polymerase.

In vitro transcription and T7 RNA Polymerase

T7 RNA Polymerase (T7 RNAP) is one of the most extensively characterised DNA-dependent
RNA polymerases, together with those from bacteriophages T3 [281] and SP6 [282]. First
discovered in 1970 in Escherichia coli bacteria infected with the T7 bacteriophage [283],
it consists of a single 99kDa protein subunit [284]. T7 RNAP exhibits remarkably high
transcription efficiency, particularly in the optimal temperature range 37-42 °C, but also at
slightly lower temperatures [285]. Mutants have also been engineered [286] to operate at
higher temperatures (50-52 °C) [287].

Desirably, the transcription activity of T7 RNAP does not depend on other protein co-
factors [288], and it is highly specific towards the corresponding double-stranded T7 pro-
moter (consensus sequence of nontemplate strand: 5’-TAATACGACTCACTATA-3’), thus
minimising undesired transcription products and cross-talk. Thanks to its simple structure,
high activity and specificity, T7 RNAP is particularly amenable for minimal model systems,
and, as such, it has been extensively characterised and has found applications including

synthetic RNA circuits [289, 290] and metabolic pathway engineering [291].

Transcription Mechanism of T7 RNA Polymerase Differently from other viral poly-
merases such as SP6 [293], T7 RNAP can transcribe both single-stranded and double-stranded
DNA templates [294-297], provided the T7 promoter region is double-stranded, as shown in
Fig. 1.14A. The transcription process consists of three main stages: initiation, elongation and
termination [298]. During initiation, T7 RNAP recognises the double-stranded T7 promoter
region in the DNA template, binds to it, melts the DNA duplex at the start site, and begins
synthesising from 5’ to 3’ the RNA strand complementary to the DNA template strand,

traversing the latter in the 3’ to 5’ direction, as shown in Fig. 1.14B.
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Fig. 1.14 Mechanism and structure of T7 RNA Polymerase. A: Simplified schematic of T7 RNA
Polymerase (T7 RNAP) and the two possible DNA template architectures: partially and fully double-stranded,
both with double-stranded T7 promoter region. Nontemplate/template DNA strands are labelled as “NT”/“T”,
respectively. B: Sketch of the transcription mechanism: after binding to the T7 promoter region, T7 RNAP melts
the DNA template at the start site (here shown as a bubble in the double-stranded template), and synthesises the
RNA transcript (cyan) from 5’ to 3* while traversing the DNA template strand (yellow) in the opposite direction,
i.e. from 3’ to 5’. C: 3D structure of a transcribing T7 RNAP initiation complex rendered via RCSB PDB at
rscb.org [59], using model 1QLN from ref. [292]. T7 RNAP is often simplistically described as a U-shaped
hand grabbing the DNA template between its thumb (red) and remaining fingers (magenta), which, together
with the underlying palm (brown) connecting them, define a space where the nascent RNA (cyan) grows during
transcription.

In order to transition into elongation, T7 RNAP must undergo an initial synthesis phase called
abortive cycling, where many short transcripts (2-10 nucleotides (nt) in length) are synthe-
sised and released, while T7 RNAP unwinds and pulls on the downstream DNA template.
The unwound template undergoes “DNA scrunching” [299, 300] within the T7 RNAP-DNA
template complex. Scrunching stress accumulates progressively with the increase in length
of the nascent RNA transcript, up to a length of around 14 nt. At that point, the combination
of transcript length and accumulated scrunching stress highly facilitates the T7 RNAP in
escaping the promoter domain [301]. Importantly, the sequence of the RNA transcript should
start with a number of guanines (Gs) ranging from one to three for optimal transcription
efficiency and fidelity [302-304]. Conversely, the presence of adenine (A) or uracil (U) in
the first nucleotide (so called +1 position) usually results in either skipping of transcript
nucleotides until a G is reached [303], or premature transcript release [305].

A different undesired phenomenon can occur during transcription initiation, called slippage
or sliding [304], whereby, in the presence of at least three consecutive G-C base pairs among
the nascent RNA transcript and the DNA template strand, the RNA strand slips backwards



56 Introduction

relatively to the DNA template, triggering the addition of a further guanine residue [305].
Slippage can occur multiple times, resulting in a ladder of transcription products starting
with varying lengths of 5°-poly-G stretches. However, it was found that stretches of two G-C
base pairs (such as in transcripts starting with 5’-GGA) or less considerably reduce, if not
prevent, slippage, limiting spurious product elongation.

Once it has escaped the T7 promoter region, the T7 RNAP-DNA template complex transi-
tions to the elongation stage, which involves substantial conformational rearrangements of
the T7 RNAP [306, 307]. T7 RNAP then proceeds to elongate the nascent RNA into the
full-length product. The T7 RNAP-DNA template complex is extremely efficient (elongation
rate ~ 250 nt/s) and resilient, and it has been reported to transcribe past a variety of obstacles,
including noncovalently bound proteins [288], nicks and gaps [308, 309], as well as branched
junction motifs used in DNA nanostructures [310].

Finally, termination is reached when T7 RNAP reaches the end of the DNA template, or
recognises a transcription terminator, a hairpin-like domain necessary for transcription to
stop in circular plasmids. The RNA transcript can be released either due to co-transcriptional
folding, thanks to local interactions usually resulting in the formation of hairpins, or upon a
second passing of the T7 RNAP on the same DNA template, thus displacing the previous
RNA transcript. Notably, despite correct synthesis and termination, transcription often results
in aberrantly extended RNA transcripts. Under prolonged incubation conditions leading
to high yield RNA synthesis, in fact, T7 RNAP has been shown to re-bind run-off RNA
transcripts lacking a strong secondary structure at the 3’ end [311], and elongate them accord-
ing to self-templated additions. This usually results in spuriously longer transcripts, which
exhibit a wide size distribution due to the variety of involved mechanisms, but mostly present
the original 3> domains enclosed into hairpins resembling transcription terminators [284].
Finally, it is worth noting that, while T7 RNAP has been reported to transcribe correctly
from both kinds of templates [294] as mentioned above, the nontemplate strand has been
shown to play a role. This includes resuming elongation from a stalling state in the presence
of template gaps [308], as well as ensuring efficient RNA synthesis and transcript release
upon nontemplate and template strand re-annealing [312, 313]. This is particularly important
for RNA transcripts featuring a complex secondary structure, such as the four-armed nanos-
tars discussed in Chapters 4-6. The corresponding DNA template strands are the reverse
complements of the DNA equivalent sequences of the RNA transcripts. As such, they will
adopt a secondary structure similar to the one of the encoded RNA if left single-stranded (e.g.
four-way branched topologies in the aforementioned scenario), even if some transcript base
pairs are replaced with G-U wobble-pairs that do not correspond to valid DNA base pairs.
This could result in slower or stalled transcription, as well as less efficient termination and
transcript release as mentioned above. For these reasons, fully double-stranded templates
will be used in Chapters 4-6.
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Optimal transcription conditions Conditions for in vitro transcription can be optimised
either by engineering the T7 RNAP itself as already mentioned, or by optimising the re-
action buffer, mainly the concentration of ribonucleotides (fNTPs) and Mg?* ions. While
tNTPs are the building blocks for RNA synthesis, Mg”* ions act as co-factors for the T7
RNAP [314-316] catalytic activity, and are needed to form the MgNTP?~ substrate com-
plexes for nucleotide incorporation by T7 RNAP.

In particular, it was reported [317] that optimal transcription efficiency requires high rNTP
concentration (in the order of 12-40 mM), and subsaturating levels of Mg?* ions compared
to rNTPs. The latter condition avoids all INTPs being available in the MgNTP?~ substrate
complex form, and thus prevents them from acting as competitive inhibitors with respect
to the next INTP to incorporate in the nascent transcript, which would ultimately stall T7
RNAP activity.

Even with these two key parameters optimised, though, transcription yield would be low
without the addition of inorganic pyrophosphatase (iPPase, around 15 U/mL) to hydrolyse
magnesium pyrophosphate and prevent its precipitation. Each transcription step, in fact,
whereby a RNA strand of n nucleotides, (RNA)j, is elongated into a (n+ 1) nt-long con-
struct, (RNA), 1, releases a pyrophosphate ion (PPi), i.e. PZO‘;*, as per the following Eq.
1.9 [314]:

T7 RNAP, Mgt
- N

(RNA), + MgNTP>~ (RNA), 1 +MgP,03~ +HT. (1.9)

After reaching supersaturation [316], PPi can precipitate as Mg, PPi, i.e. Mg,P,07. As each
PPi sequesters two Mg ions, its precipitation considerably reduces the concentration of
free Mg?* ions in solution. This in turn leads to early stopping of transcription due to loss of
activity of T7 RNAP in absence of Mg?™, as well as lack of reaction substrates. Conversely,
inorganic pyrophosphatase (iPPase) catalyses the following hydrolysis reaction:
MgP,0% + Hy0 =% 2HPO2 ™ + Mg?* (1.10)
thus preventing precipitation and avoiding sequestering of magnesium ions, allowing
them to both maintain T7 RNAP catalytic activity, and replenish the pool of MgNTP?~
substrates for RNA synthesis to proceed.
Common additions to in vitro transcription buffers further include: a) Dithiothreitol (DTT),
which stabilises proteins with free sulthydryl groups such as T7 RNAP post promoter binding;
b) RNase inhibitors, which lessen RNA degradation; c¢) polycations such as spermine or

spermidine, which facilitate the elongation phase of transcription [318, 319].

Co-transcriptional folding of RNA nanostructures

While transcription has been instrumental to RNA nanotechnology right from the start, as

many RNA nanostructures were assembled from RNA strands obtained through in vitro
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transcription, its role has become increasingly important in recent years. Once again, the
inspiration came from biology. Biological RNAs, in fact, can adopt complex structures, and
yet many reach such conformations through co-transcriptional folding [320], i.e. folding
as transcription proceeds, thanks to local interactions, often resulting in hairpin formation,
between already synthesised RNA domains. This insight sparked an interest in developing
co-transcriptionally folding nanostructures: this in fact would have enabled their enzymatic
synthesis from biologically-relevant dsDNA, rather than assembly from single-stranded
components, and thus paved the way to synthesise the target nucleic acid nanostructures
within living agents through molecular cloning.
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Fig. 1.15 Co-transcriptional folding of complex RNA nanostructures. A: Schematic representation
illustrating the co-transcriptional folding of single-stranded RNA origami upon transcription of a DNA plasmid
from a T7 RNA Polymerase [321]. B: Individual RNA origami components can be designed to interact through
120° Kissing Loop connectors [322], thus assembling into larger supramolecular architectures, such as (left)
hexagonal, (middle) octagonal and (right) pentagonal rings. Curvature is tuned by changing the length of
so-called dove-tail junctions (DT), nearby crossovers between three RNA helices [321, 323] Schematics (top)
are accompanied by AFM micrographs (bottom) depicting 100 nm fields-of-view. A, B were adapted from
ref. [323] with permission from Springer Nature Limited. C: Co-transcriptionally folding RNA nanostructures
shaped as (i) 3D tetrahedra in the presence of all KL. domains or (ii) flat double-triangular dumbbells with
one KL domain scrambled, as demonstrated in AFM micrographs in (iii-iv), respectively. Scale bars are
50nm. D: (i) In vivo production of co-transcriptionally folding RNA double-squares through cloning of coding
sequence in a plasmid followed by transformation in E. coli. (ii) AFM micrographs proving the lack/formation
of the designed nanostructures in lysates from bacteria in the absence/presence of IPTG (isopropyl--D-1-
thiogalactopyranoside) trigger, respectively. Scale bars are 20nm. C, D were adapted from ref. [215] in
accordance with CC BY 4.0 license.

While researchers did try to co-transcriptionally assemble multi-stranded architectures, this
proved to be challenging [324] due to stoichiometry issues stemming from the different
transcription rates of the DNA templates coding for the multiple strand components [295, 215,
325]. The introduction of co-transcriptionally folding single-stranded RNA origami [321,
323] signed the true paradigm shift in this research area. As shown in Fig. 1.15A, the
individual origami subunits isothermally fold upon transcription, forming local interactions

and exploiting inner 180° (pink) KLs to maintain structural integrity. Composing multiple
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identical subunits, for instance through 120° (green) KL connectors, allows to construct
even larger and more complex self-assembled architectures, both lattice-like and discrete,
bypassing any stoichiometry issues, as demonstrated in Fig. 1.15B.

Such approach was soon extended to the design of simpler RNA nanostructures, such as
squares, double-squares, pentagons and tetrahedra, using once again RNA-specific interaction
domains such as KLs, as depicted in Fig. 1.15C. Most notably, cloning of the corresponding
DNA templates in plasmids enabled expression and co-transcriptional folding of the very
same synthetic RNA nanostructures in E. coli, as proved by micrographs in Fig. 1.15D.
These recent advances pave the way for future breakthroughs in RNA therapeutics [207, 132],
through in vivo production of the desired nucleic acids-based assemblies [326], and bottom-
up synthetic biology [215], particularly regarding the expression of rationally designed and
increasingly biomimetic artificial cell platforms within living agents.

1.5 Objectives and outline of this thesis

Advances in artificial cell engineering and bottom-up synthetic biology are bound to bring
about breakthroughs in several technological areas, from biomedicine and tissue engineer-
ing [48] to biosynthesis and bioremediation [24, 327]. Moreover, in replicating cellular
phenomenology from the bottom-up, such simplified minimal model systems will allow us to
gain a much deeper understanding of biological phenomena in isolation from the surround-
ing biomolecular complexity, thereby leading to even further scientific and technological
advancements.

Notably, since compartmentalisation is critical to maintaining distinct heterogeneous mi-
croenvironments exhibiting regulated transport and controlled macromolecular partitioning
properties, engineering biomimetic compartments is crucial to advance the capabilities of
artificial cells. As membrane-less approaches are rapidly gaining traction due to the renewed
interest in biologically occurring membrane-less organelles (MLOs) and biomolecular con-
densates, nucleic acids have been recognised as prime candidates for developing biomimetic
artificial cells thanks to their biocompatibility, programmability and ease of chemical modifi-
cation [162]. Among the myriad of researched architectures, branched nucleic acid nanostars
are simple, yet extremely versatile nanostructures which have been successfully used to build
both pure [199] and amphiphilic DNA condensates [160, 163, 202] with tunable biophysical
properties and macromolecular partitioning, making them promising building blocks to

develop novel synthetic biology platforms.

In this Ph.D. thesis, aided by the toolkits of DNA and RNA nanotechnology, I focused on
increasing the complexity and biomimicry of nucleic acids-based synthetic MLOs according
to two strategies. On one end, I modularly included non-canonical DNA motifs in am-

phiphilic nanostars, enabling them to isothermally and reversibly self-assemble/disassemble
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into hydrogel condensates in response to physiologically-relevant cations. On the other end,
inspired from biological RNA-rich MLOs, I developed programmable RNA condensates
with complex morphologies which self-assemble both in bulk and within synthetic cells
upon transcription from designer DNA templates, i.e. in the presence of specific encoded
information. Importantly, this thesis highlights the potential of modularity and integration of
DNA and RNA nanotechnology with biologically evolved machinery to dramatically advance

the biomimicry and versatility of next generation artificial cell platforms.

Chapter 2 summarises the experimental techniques and the data analysis pipelines I used
and/or developed throughout this thesis.

In Chapter 3 I investigate how the modular inclusion of non-canonical DNA G4s in am-
phiphilic DNA nanostars yields nanostructures responsive to physiologically-relevant cation
identity and concentration. I show that these non-canonical nanostars isothermally and
reversibly self-assemble/disassemble into physiologically-stable hydrogel aggregates upon
addition/chelation of K™ ions. These hydrogel particles can also uptake and release small
hydrophobic molecules thanks to their intrinsic amphiphilicity, thus behaving as simplified
synthetic counterparts of hydrogel-like biomolecular condensates.

Chapter 4 introduces a novel RNA-based platform. I prove how co-transcriptionally fold-
ing RNA nanostars can be transcribed from designer dsDNA templates and self-assemble
through programmable Kissing Loop interactions into RNA condensates with controlled
orthogonality, individual addressability and tunable morphology. This platform also benefits
from straightforward fluorescence monitoring thanks to embedded fluorogenic aptamers, and

direct integration with current DNA nanotechnology approaches.

In Chapter S5, I expand on this RNA framework by encapsulating it in emulsion droplets,
producing RNA organelles in simple synthetic cells that scale in volume with the surrounding
synthetic compartment similarly to cellular MLOs. I demonstrate that their relative size
and number can be tuned, and that more complex morphologies, closely resembling the
heterogeneity of biological MLOs, can be unlocked by controlled mixing/demixing through

chimeric linker nanostars bridging otherwise orthogonal constructs.

Chapter 6 shows how simple design modifications confer RNA organelles the capability to
capture target proteins. I prove that both homogeneous and non-homogeneous spatial protein
partitioning profiles can be achieved. I also present an attempt at simultaneously capturing
distinct proteins in orthogonal organelles, which, despite the need for future work, further

substantiates the potential of this approach.



1.5 Objectives and outline of this thesis 61

Finally, Chapter 7 summarises the key findings of this thesis, highlighting the largely
untapped potential of integrated DNA and RNA nanotechnology for bottom-up synthetic
biology, and discusses future research avenues directly building on the work presented in this

thesis.






Chapter 2

Materials and Methods

This Chapter summarises the materials, the experimental procedures and the data analysis
methods used and/or developed for this work. First, I will discuss the design of DNA and
RNA nanostructures, as well as material handling and sample preparation protocols. I will

then present the characterisation techniques, followed by the data analysis methods.

2.1 Design

DNA Quad-Star design

Quad-Stars were designed using NUPACK [328] starting from C-Stars [163] with the same
arm length (/ = 28 base pairs (bp)). G4-forming domains were taken from literature re-
ports [329]. The cholesterol-tagged strand was kept identical to the one used in C-Stars. All

relevant oligonucleotide sequences are presented in the Appendix (Table A.1).

RNA nanostar design

RNA nanostars were designed starting from: a) RNA four-way junction and b) Kissing Loop
sequences from literature [215]; ¢) Quad-Star arm sequences. Minimal functional sequences
for RNA aptamers were obtained from literature as well: Malachite Green aptamer [330, 241],
Broccoli aptamer [253], CFP/GFP/YFP (Cyan/Green/Yellow Fluorescent Protein) aptamer
(sequence AP3-1) [235] and Streptavidin (STV) aptamer [236].

In particular, the minimum free energy configuration of all designs was evaluated using
NUPACK (default “Serra and Turner, 1995 parameters and 1 M Na™ salt conditions) [328].
Additionally, co-transcriptional folding of the designed nanostars was tested via stochas-
tic folding simulations (Kinetic Monte Carlo [331]) performed using the Kinefold web
server [269]. Stochastic RNA folding simulations rely on the assumption that single-strand
diffusion and base-pair stacking/unstacking are much faster than helix folding/unfolding.

As such, RNA folding is treated as a discrete series of partially-folded structures in quasi-
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static equilibrium (with respect to the aforementioned faster phenomena), separated by rare
(i.e. slow) transition events corresponding to helix formation/dissociation. Each of these
transitions is associated with an Arrhenius-like rate depending on the free energy difference
between the corresponding topologies (computed using the parameters by Serra and Turner
mentioned above), according to which a certain event (helix addition/removal) is sampled.
Since helix formation/dissociation is faster than the time it takes for the RNA polymerase
to add a nucleotide to the growing RNA transcript [332], RNA can fold while transcription
proceeds, i.e. co-transcriptionally. (The default value for T7 RNAP in Kinefold is one
nucleotide added every 3 ms, corresponding to an elongation speed of ~333 nt/s, which is
higher than the consensus estimate reported in Section 1.4.4.) In co-transcriptional folding
simulations, the RNA molecule of interest is synthesised (i.e. grows in length) over time, thus
adopting different folding pathways compared to the renaturation fold of the entire molecule.
While such simulations are not guaranteed to reach the minimum free energy structure due to
their stochastic nature, they usually do so provided the RNA molecule is sufficiently short
(<300 nt, true for all the designs discussed in Chapters 4-6) and the simulated molecular time
is long enough, unless the folding trajectory gets stuck in a kinetically trapped state. Kinefold
was thus used to elucidate whether the designed RNA nanostructures fold into the desired
nanostar topologies or get trapped in misfolded secondary structures. This was evaluated
by checking the lowest free-energy structures, the co-transcriptional folding movie and the
“helix tracing graph”, all provided as part of the simulation results. In particular, the “helix
tracing graph” was used to check the stability of the helices within the nanostar arms (see
Section 4.2). Simulations were run in batch mode (maximum computer simulation time = 1
day), selecting “Co-transcriptional Fold” and default settings (one nucleotide added every
3ms by T7 RNAP, pseudoknots allowed, non crossing helix entanglements, automatically
estimated molecular time). Due to their stochastic nature, at least three independent folding
simulations (i.e. with different random seeds) were run per RNA design. Representative
examples of the “helix tracing graph” obtained from co-transcriptional folding simulations of
RNA nanostars A, B and C are provided in the Appendix (Fig. B.6).

Detailed explanations of the design procedure are provided in Section 4.2. RNA nanostar
sequences are provided in the Appendix (Table A.2 for nanostars used in Chapters 4-5, and
Table A.5 for protein-capturing nanostars used in Chapter 6).

DNA templates and primers for their PCR amplification were designed using NUPACK
and the online NEB “T}, calculator”, as discussed in Section 4.2.2. DNA template and
oligonucleotide sequences, including primers, are provided in the Appendix (Tables A.3
and A.4 for constructs used in Chapters 4-5, and Tables A.6 and A.7 for protein-capturing

constructs used in Chapter 6).
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Generation of palindromic KL candidates

Once selected KL A from ref. [215], KL B and KLL C were chosen among all possible
palindromic loop candidates with the same length as K. A (6 nucleotides (nt)) using a
Python3 script implementing the following steps. Given in input the palindromic loop length
(2N = 6 nt) and the overall number of Gs and Cs in KL A (2Ngc =4 bp), all possible N nt-long
RNA half-loops were generated as permutations of the 4-letter nucleotide vocabulary (A, C, G,
U) using itertools.product. Candidate half-loops were kept only if containing a total number
of Gs and Cs amounting to Ngc = 2 nt. For each of the resulting half-loop sequences, the
reverse complement was computed and appended to it, producing a 2N nt-long palindromic
KL domain. The resulting candidates were further filtered by imposing a maximum overlap
constraint (2-3 consecutive and/or identically spaced nucleotides) via simple string pattern

matching, as discussed in Section 4.2.1.

2.2 Material handling

Saline buffers

Tris-EDTA 100 x was purchased from Sigma-Aldrich and TE 1x buffer (10 mM Tris, 1| mM
EDTA, pH 8.0) was prepared by simple dilution. KCI, LiCl, NaCl and MgCl, anhydrous
were purchased from Sigma-Aldrich and dissolved in TE 1x buffer to produce saline buffers
at the desired concentrations. Tris-Borate-EDTA (TBE) 1%, used as gel loading and running
buffer, was prepared via dilution from TBE Buffer 10, purchased from Thermo Scientific.
All buffers were prepared fresh on a weekly basis to avoid degrading, and syringe-filtered
prior to usage (Fisherbrand sterile PES syringe filters, 0.2 um pore size, 33 mm diameter,
Fisher Scientific).

Oligonucleotides

DNA oligonucleotides (also referred to as oligos/strands from here onwards) were purchased
from Integrated DNA Technologies (IDT). Unless otherwise specified, all oligos were purified
with standard desalting by the supplier. Functionalised strands (cholesterol-tagged ‘““Ter-
minalStrand_Chol”, Alexa488-labelled “Arm_duplex_A_Alexa488” and biotin-conjugated
“Biotinpna” used in Chapters 3 and 6, respectively) were instead purified via HPLC by
the supplier. All double-stranded DNA templates were purchased as gBlocks, apart from
“STVapt — T, which was purchased as a double-stranded, annealed and standard desalted
Ultramer due to its sequence being shorter than the lower bound for gBlock synthesis.

All oligonucleotides were received lyophilised. All samples apart from PCR primers were
resuspended in syringe-filtered (see Section 2.2) TE buffer 1, usually at 100 uM concen-
tration, following manufacturer instructions. PCR primers were resuspended at 100 uM in
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nuclease-free water (UltraPure DNase/RNase-Free Distilled Water, Invitrogen) instead.
The concentration of reconstituted DNA oligos for Quad-Stars (Chapter 3), PCR primers
for DNA template amplification and agarose gel purified DNA templates for RNA nanostars
(Chapters 4-6) was determined by measuring A260, i.e. the absorbance at 260 nm, using a
Thermo Scientific Nanodrop One Microvolume UV-Vis spectrophotometer. Three (for gel
purified templates) or five (for all other samples) repeated measurements were performed
and averaged. Unless otherwise specified, concentration in molar units was computed using
the extinction coefficients provided as part of supplier specifications.

PCR primers (Chapters 4-6) were later diluted to 10 uM in nuclease-free water as per PCR

kit instructions (see Section 2.4).

Proteins

Recombinant Enhanced Yellow Fluorescent Protein (EYFP) was purchased from RayBiotech
(distributed by Cambridge Bioscience) at 10 ug scale, reconstituted at 0.67 mg/mL in
nuclease-free water according to manufacturer’s instructions and subsequently stored at
-80 °C. Unfortunately, this resuspension protocol resulted in protein aggregation over time,
leading to the emergence of bright fluorescent specks in all experiments apart from the first
(see Section 6.3.4 and Fig. 6.5). TexasRed Streptavidin conjugate was purchased from Sigma
Aldrich (CalBioChem), already resuspended at 1 mg/mL in 50 mM bicarbonate-borate buffer,
0.9% NaCl, 5mg/ml BSA, pH 8.1, and stored at 4 °C according to specifications. Alexa
Fluor 405 Streptavidin conjugate was purchased from Invitrogen at 1 mg scale, reconstituted
at 1 mg/mL in Phosphate Buffered Saline pH 7.2 (Gibco) with addition of 5 mM sodium
azide (using 0.1 M solution, Sigma Aldrich), as per supplier instructions, and stored at -20 °C.
Work involving EYFP, TexasRed or Alexa Fluor 405 Streptavidin conjugates is presented in
Chapter 6.

Dyes and other chemicals

N-methyl-mesoporphyrin IX (abbreviated as NMM), a (preferably parallel) G-quadruplex
ligand used in Chapter 3 for both fluorimetry assays and irreversible photo-induced disas-
sembly of Quad-Stars, was purchased from Cambridge Bioscience, Ltd. The as-received
powder was dissolved in DMSO to prepare a stock solution at 10 mM concentration, which
was stored at -25 °C. Solutions at lower concentrations were prepared via dilution in DMSO,
and temporarily stored at 4 °C for less than one week. The chelating agent [2.2.2] cryptand
(4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8] hexacosane), used in isothermal disas-
sembly of Quad-Stars in Chapter 3, was purchased from Sigma-Aldrich (98 % purity). The
as-received powder was dissolved in Milli-Q water, syringe-filtered (see Section 2.2) and
stored at 4 °C. Rhodamine B, used as small hydrophobic cargo in Chapter 3, was purchased
from Sigma Aldrich. A stock solution at 2.5 mM rhodamine B in TE 1 x buffer supplemented
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with 2 mM MgCl, was prepared and stored at 4 °C.

Malachite Green chloride (N,N,N’,N’-Tetramethyl-4,4’-diaminotriphenylcarbenium chloride)
and Malachite Green oxalate solution for microscopy (10 g/L in water), used as cognate dyes
of the Malachite Green aptamer in Chapters 4-6 and 7, respectively, were purchased from
Sigma-Aldrich. For the former, the as-received Malachite Green powder was dissolved in
nuclease-free water (UltraPure DNase/RNase-Free Distilled Water, Invitrogen) to produce a
1 mM stock solution, which was stored at 4 °C.

DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone) and DFHBI-1T ((Z)-4-(3,5-
difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)- 1 H-imidazol-5(4H)-one),
used as cognate dyes of the Broccoli aptamer in Chapters 4-6 and 7, respectively, were pur-
chased from Sigma-Aldrich. In both cases, the as-received powder was dissolved in DMSO
to produce a 10 mM stock solution, which was later entirely diluted to 1 mM in nuclease-free
water and stored at -25 °C.

Pico-Surf fluorinated surfactant, 5% weight/weight in Novec™ 7500, and Novec™ 7500
fluorinated oil, used to produce water-in-oil emulsion droplet-based synthetic cells in Chap-
ters 5-6, were purchased from Sphere Fluidics Ltd., and a 2% weight/weight Pico-Surf stock
solution was made by simple dilution.

Materials for agarose gels are summarised in Section 2.5.

2.3 DNA nanostructure preparation

Both soluble, i.e. non-cholesterolised, and cholesterolised Quad-Star samples were pre-
pared by stoichiometrically mixing the required oligonucleotides in Eppendorf tubes at
final [Oligo]o = 20 uM (with [Oligo], being the starting oligonucleotide concentration), or
equivalently [Quad-Star] = 5 uM. [Oligo]p was reduced to 5.6 uM for imaging purposes
only.

When preparing cholesterolised Quad-Star samples, the cholesterol-bearing “Terminal-
Strand_Chol” strand was heated at 90 °C for around 3-5 min prior to mixing with other strands
and buffer to break apart eventual aggregates. In order to make Quad-Stars soluble, the above
mentioned “TerminalStrand_Chol” strand was replaced with “TerminalStrand_NoChol”,
which features identical nucleotide sequence but lacks the cholesterol moiety, thus preventing
aggregation.

Resulting strand mixtures were annealed in a Bio-Rad C1000 Touch Thermal Cycler accord-
ing to the following protocol: incubation at 95 °C for 3 min, slow cooling from 90 °C to 4 °C
at —0.25°C min~!, and a final incubation at 4 °C for 8-10 hours prior to usage. Annealed

samples were stored at 4 °C and used within four days.
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2.4 RNA nanostructure preparation

PCR Amplification of DNA templates

All gBlock DNA templates were amplified via Polymerase Chain Reaction (PCR), using
the Q5 High-Fidelity DNA Polymerase from New England Biolabs. PCR mixtures were
prepared on ice following manufacturer instructions, using 10ng of DNA template per
mixture, and annealed in a Bio-Rad C1000 Touch Thermal Cycler according to the following
manufacturer protocol: pre-heating at 98 °C, initial denaturation at 98 °C for 30s, 30 cycles
amplification, final extension at 72 °C for 2 min, hold at 4 °C. Each cycle of amplification
comprised the following steps: 98 °C for 10's, 63-65 °C for 20 s (depending on primer melting
temperature calculated using the online NEB “Tj, calculator™), 72 °C for 7 s (stemming from
recommended 20-30 s per kilobase (kb)). After annealing, PCR mixtures were stored at 4 °C

and gel purified within one week.

Agarose gel purification of PCR products

See Section 2.5 for agarose gel electrophoresis settings. Gel bands corresponding to the
expected construct size were cut using a scalpel under the UV illumination of the Syngene
G:BOX Chemi XRQ gel documentation system using a UV-safe visor.

As multiple PCR mixtures were run for each DNA template to increase the final yield of
purified DNA templates for downstream experiments, multiple bands were cut per sample,
one per lane. The extracted gel bands were loaded in pairs in 2 mL Eppendorf tubes, treated
with Monarch Gel Dissolving Buffer (New England Biolabs) at 4 uL. per mg of gel band, and
incubated at 50 °C until complete dissolution. The resulting mixtures were purified using
the Monarch PCR & DNA Cleanup Kit (New England Biolabs), following manufacturer
instructions for double-stranded DNA shorter than 2 kb. Finally, elution was performed with
12-14 uL per mixture, i.e. gel band pair.

Quantification of purified PCR amplified DNA templates

The concentration of purified DNA templates was determined as described in Section 2.2.
Concentrations in ng/uL. were converted to M units using the Biomath Calculators by

Promega, which implements the following calculation:

106pg
[DNA]
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where Ny, is the number of base pairs in the double-stranded DNA template, and 660 p’;l 5; ]

is the average molecular weight of a nucleotide pair. The result is in 2 Z’I‘jl = “%Ol = uM.
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2.4.1 In Vitro Transcription: kit and protocol

In vitro transcription was carried out using the CellScript T7-FlashScribe™ Transcription
Kit, following manufacturer instructions and protocols. Each transcription mixture was
supplemented with final [DNA template] = 40 nM, unless otherwise specified. In experiments
involving binary and ternary systems, as well as linker-mixed systems, overall DNA template
concentration was kept to 40 nM, with each template added according to the prescribed
composition ratios.

After mixing the required components at room temperature, transcription mixtures for gel
electrophoresis samples (see Section 2.5) were incubated in a Bio-Rad C1000 Touch Thermal
Cycler at 30 °C (heated lid at 35 °C) for 16-18 h prior to treatment with DNase I (CellScript
T7-FlashScribe™ Transcription Kit), as discussed in Section 2.5 below.

Similarly to most optimised in vitro transcription kits [317], the kit in use is likely to
include inorganic pyrophosphatase (iPPase). Nonetheless, confocal micrographs in Fig. 4.7B,
acquired after more than 48 h from the start of transcription, show some precipitate formation,
particularly visible in bright-field, possibly hinting at magnesium pyrophosphate precipitation
due to time-dependent loss of activity of the iPPase. This effect is much more pronounced in

bulk assays compared to those in emulsion droplets.

2.4.2 Sample preparation
Bulk sample preparation

In vitro transcription mixtures were prepared as described in Section 2.4.1. Each bulk sample
consisted of one 22 uL transcription mixture — 20 uL plus 1 uL. 1 mM Malachite Green and
1 uL 1 mM DFHBI, yielding a final concentration of 45.45 uM for each dye.

Encapsulation in water-in-oil droplets

In vitro transcription mixtures were prepared as described in Section 2.4.1. For protein-
capturing experiments presented in Chapter 6, transcription mixture volume was increased to
23 uL to accommodate Enhanced Yellow Fluorescent Protein (EYFP) and/or TexasRed or
Alexa405-conjugated Streptavidin, at a final concentration of 1.25 uM each. For TexasRed-
Streptavidin capture experiments via biotin-functionalised oligos, Biotinpya and Bog,-T
were added to final concentrations of 10 uM and 30 nM, respectively. The latter concen-
tration value was chosen to match the one used for other protein-capturing experiments
involving simultaneously transcribed protein-capturing RNA aptamers, where [nanostar DNA
template]/[aptamer DNA template] = 3 and [total DNA template] = 40 nM.

Encapsulation of in vitro transcription mixtures within water-in-oil emulsion droplets — also
referred to as synthetic/artificial cells/cell mimics throughout Chapters 5-7 — was achieved

via the “shaken” emulsion method, similarly to what described in ref. [21]. Briefly, 22-23 uLL
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of transcription mixture were added on top of 90 uLL of 2% (weight/weight) Pico-Surf in
Novec™ 7500 within an Eppendorf tube. The resulting mixtures were emulsified by vor-
texing at 2500 rpm (revolutions per minute) for 30 s and then left to equilibrate for 1-2 min
before extracting the top layer containing the droplet-based synthetic cells.

2.5 Agarose Gel Electrophoresis

Agarose gels were prepared at either 1.5 % (for Quad-Stars) or 2.0 % (for DNA templates
and RNA transcripts) weight/volume (w/v) agarose (for molecular biology, Sigma-Aldrich)
in TBE 1x buffer, with the addition of 1x GelRed nucleic acid gel stain (3x, Biotium)
apart from denaturing RNA gels. DNA reference ladders and loading dyes were purchased
from Thermo Scientific (molecular biology-grade GeneRuler Ultra Low Range DNA Ladder,
Trackit 6 x Loading Buffers or TriTrack DNA Loading Dye 6x). RNA Gel Loading Dye (2 %)
and RiboRuler High Range RNA Ladder were purchased from Thermo Scientific.

Gel running settings are specified below. Imaging was performed using either a Syngene
G:BOX Chemi XRQ gel documentation system or a Syngene Dyversity 4 imager equipped
with a BFS-U3-63S4M-C USB 3.1 Blackfly® S, Monochrome Camera with a 12 mm UC
Series fixed focal length lens (Edmund Optics) replacing the original camera and optics.

DNA nanostructures

Wells were loaded with ~ 750-800 ng DNA samples using loading tips and dye. Gels were

run at room temperature for 90 min at 70 V (7 Vem™1).

PCR amplified DNA templates for gel purification

Wells were loaded with either one entire PCR reaction (50 uL plus TriTrack DNA Loading
Dye 6x, for a total of 60 uL volume, requiring large gel combs) for amplified DNA templates
or 1.5 ug DNA for other samples (Biotinpna, STV api-T) and ULR reference ladder. Gels
were run at room temperature for 90 min at 120V (12V cm™ ).

RNA transcripts

DNA templates were in vitro transcribed for 16-18 h at 30 °C. The resulting RNA transcripts
were treated with 2 units (U) of DNase I (T7-FlashScribe™ Transcription Kit, CellScript,
1 U/uL) per 20 uL transcription mixture at 37 °C for 1 h in a Bio-Rad C1000 Touch Thermal
Cycler.

For native gels, samples were briefly placed on ice, mixed with loading dye (TriTrack DNA
Loading Dye 6x), and loaded into the wells (half a reaction, or 11 uL). As for DNA template
gels, 1.5 ug DNA was loaded for the ULR reference ladder.
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For denaturing gels, the formamide-containing RNA gel loading dye (2x) was added to the
remaining half of the DNase I-treated transcription mixtures. The resulting samples were
incubated at 70 °C for 30 min in a Bio-Rad C1000 Touch Thermal Cycler, then placed on
ice and loaded into the wells. 10 uL. of RiboRuler High Range RNA Ladder were loaded as
reference ladder.

Both native and denaturing gels were run at room temperature for 75 minat 120 V (12 Vem™1).

2.6 Dynamic Light Scattering (DLS)

Background

Dynamic Light Scattering (DLS) is a characterisation technique used to probe the size
distribution of sub-micron colloidal particles in suspension or polymers in solution. A
monochromatic light source, typically a laser, is passed through a polariser and shone on the
sample, and the scattered light is collected after a second polariser onto a photomultiplier,
producing a speckle pattern. Due to the Brownian motion of the particles in suspension, the
speckle pattern changes with time as the relative distances among particles vary. It follows
that DLS works best for dilute samples of small particles, where mostly single scattering
events can be measured in the Rayleigh regime, i.e. uniform scattering in all directions from
particles smaller than the wavelength of the light source in use, A. These conditions will be
thus taken as assumptions for the discussion below.

In particular, the time-dependent intensity trace of the speckle pattern, I(z), is recorded, and
its second-order autocorrelation function is computed, defined as:

¢(1) = <I(t>,l(it)2+ 0> 22)

where 7 is the time delay at which the autocorrelation is calculated, and < ... > indicates
the expected value. At short delays, particle motion is negligible and autocorrelation is
high, whereas at increasing delays the autocorrelation decays, faster for smaller particles and
slower for larger ones. Assuming spatially-coherent polarised chaotic light source (which is
the case for lasers), the Siegert relation holds as follows:

g (t)=1+[g" (7)) (2.3)

where |g! ()] is the first-order, field-based autocorrelation function. Under the assumptions
above and considering monodisperse samples, the first-order autocorrelation function can be

well modelled as a single exponential decay, leading to:

g (1) =a[l+Be ] (2.4)
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where « takes into account any experimental deviation from the ideal baseline of 1, 8 is
a scaling factor, and I" is the decay rate. For samples of non-interacting particles (neither
colliding nor electrostatically interacting) such as diluted samples of nucleic acids in saline
buffers, the decay rate can be expressed in terms of the translational diffusion coefficient
characterising the Brownian motion of the particles, Dy, as:

47mn [0
[ =D g=D ;Olvsm <§> (2.5)

where ¢ is the wave vector, nyy 1s the solvent refractive index and 0 is the scattering angle,
i.e. the angle at which the detector is mounted. For weakly scattering samples, such as
dilute samples of proteins or nucleic acids which are mostly transparent, side scattering — i.e.
0 =90° — is usually adopted.

Fitting the autocorrelation function, it is possible to determine the translational diffusion
coefficient. Assuming thermodynamic equilibrium, Dy is proportional to the ionic mobility,
Uion, and in turn inversely proportional to the frictional coefficient in the surrounding viscous
fluid, f, as in:

_ .uionkBT _ kBT
q f

where kg is the Boltzmann constant, 7" is temperature, and ¢ is the ionic charge. Combining

D, (2.6)

Stokes’ law for a perfect sphere travelling through a fluid with viscosity 7 with Equation 2.6,
the particle hydrodynamic/Stokes diameter, dy, can be determined using the Stokes-Einstein

equation:
kgT

- 3anD;

H 2.7)

Notably, the hydrodynamic diameter is the diameter of a hard sphere featuring the same Dy
as the investigated particles (including solvent effects), and is thus a good approximation
only for small optically and geometrically isotropic particles.

The model in Equation 2.4 can be extended to polydisperse samples by taking into account a

sum of multiple exponential decays, I'; for the i population, as in:
(1) =« [1 + Be 2Ll 2.8)

In this case, numerical fitting is usually performed using either the cumulant fit [333, 334],
an inverse Laplace transform-based method such as the CONTIN algorithm [335, 336] or a
non-negative least squares algorithm with regularisation [337].

It is worth noting that the assumptions above should hold for dilute (uM range) and filtered
(no large dust particles) samples of small DNA nanostructures (low refractive index contrast,
size << A) thermally annealed (hence in thermodynamic equilibrium) in 100-300 mM

monovalent salt, such as those investigated in Chapter 3.
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Experimental

DLS measurements were carried out on a Malvern Zetasizer Ultra equipped with a 633 nm
(red) light source, using the Malvern Low Volume Disposable Sizing Cell Kit (ZSU1002) and
the corresponding 1 mm? glass capillaries (ZSU0003). Samples of both non-cholesterolised
and cholesterolised Quad-Stars were syringe-filtered prior to annealing using 4 mm, 0.2 um
pore size, PES filters (Captiva Premium, Agilent Technologies). After annealing, each
capillary was filled with about 4 uL. of sample, and sealed at the bottom to prevent leakage
using the clay sealing provided by the supplier.

The Low Volume Disposable Sizing Cell Kit only allows size measurements from side-
scattering. Three to five measurements per sample were performed and averaged. Fitting
of the autocorrelation function was performed automatically by the Malvern ZS Explorer
software interface, with the solvent refractive index approximated with that of water, and the
differential refractive index increment with that of dilute protein solutions. The same software
interface was also employed to convert size distributions by intensity into size distribution by
volume — under small particle assumption, i.e. Rayleigh scattering, intensity is proportional

to dg, while volume is proportional to df{.

2.7 Circular Dichroism (CD)

Background

Circular Dichroism, often abbreviated as CD, is a spectroscopy technique which measures the
difference in absorption of left-hand (LHC) and right-hand (RHC) circularly polarised light.
A spectropolarimeter is used, which generates linearly polarised light and converts it into
circularly polarised one using a photoelastic modulator, namely a piezoelastic element fused
to a block of birefringent quartz. The spectropolarimeter shines LHC and RHC-polarised
light onto the sample, measures the transmitted intensities, and computes the corresponding
absorbances, Ay /R @S well as the differential absorbance, AA = A;, — Ar. Such difference
in absorbance stems from an asymmetry in molar extinction coefficients, namely & # &g
for LHC and RHC-polarised light, which produces a non-zero molar circular dichroism (or
differential molar absorptivity), defined as
AA

Ae=¢ — &= rall (2.9)

where C is the concentration of the investigated substance in molar units, and / is the cell
pathlength in cm.

It follows that CD is a characteristic feature of asymmetric, i.e. chiral, molecules. In
particular, ultraviolet (UV) CD has historically been used to probe the secondary structure

of macromolecules such as proteins and nucleic acids. In the latter case, the chirality stems
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mostly from the relative orientation among phosphodiester-bonded nucleobases stacked in
a helix, but also from asymmetric electronic transitions of individual nucleobases coupled
to chiral ribose/deoxyribose sugars in RNA/DNA, respectively [338]. The resulting molar
CD is positive for right-handed helices and negative for left-handed ones. Similarly, CD
measurements can distinguish between a-helix-rich, 3-sheet-rich or unfolded proteins.

On the molecular level, circular birefringence — or optical rotation —, whereby the velocity of
light passing through the sample depends on its polarisation, stems from the combination
of induced electrical and magnetic dipole moments in the measured macromolecules [339].
Such dipole moments are either in or out-of-phase depending on the light polarisation, and
this ultimately results in the non-zero differential molar absorptivity mentioned above.

In the case of non-optically active materials, where g = €gr, equal intensities of incident
LHC and RHC-polarised light result in equal transmitted intensities, which superimpose
into linearly polarised light. In materials exhibiting circular birefringence, instead, equal
intensities of incident LHC and RHC-polarised light are differentially absorbed and produce
unequal transmitted intensities, which superimpose into elliptically polarised light. The

ellipticity of polarisation, 0 (in radians), is thus defined as:

_ ErR—EL

tan(0) = Ex T Er

(2.10)

where Eg 1 is the amplitude of the electrical field vector in the RHC/LHC-polarised wave,
respectively. The wavelength-dependent variation of this ellipticity of polarisation, histori-
cally reported in units of degrees (deg) or millidegrees (mdeg), defines the CD spectrum of a
substance.

As the magnitude of CD is generally small, so is the resulting ellipticity, and it is possible to

approximate zan (6) = 6, thus leading to:
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where I 1 1s the intensity of the RHC/LHC-polarised wave. By using Beer-Lambert law,

namely I = Ipe ™ In(10) | where I and I, are the transmitted and incident light intensities and

A is the absorbance, one obtains the following:
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where AA is the experimentally measured differential absorbance defined above. Under the
small CD assumptions above, AA << 1, and first-order Taylor series expansion of Eq. 2.12
yields:

(2.13)
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which can be readily converted in degrees as:

In(10) 180

0(d ~ AA .
(deg) 1z

(2.14)

To remove the dependence from sample concentration and cell pathlength from Eq. 2.14, CD
can be reported as molar ellipticity, defined as [0] = %, where 100 compensates for / in
cm. [0] is usually expressed in units of deg-cm?/dmol, and can be related to molar circular
dichroism by taking into account Eq. 2.9 as per the Eq. 2.15 below:

0 AA1In(10) 180

0] ~ 100~ = 100 2% 3208.2A 2.15
(6] Ci cl 4 =z € (2.15)

which finally provides a clear link between the molecular-level descriptor, A€, the experimen-
tally measured quantity, AA, and the ellipticities commonly used to report CD, 6 and [6)].

As briefly mentioned above, the CD spectra of nucleic acids provide valuable information
on their conformation. For instance, B-form DNA, which is a right-handed double-helix,
displays a global minimum around 250 nm, and a broad positive peak at 260-280 nm. The
more compact right-handed A-form, commonly adopted by RNA, exhibits a positive peak
around 260-270 nm and a negative one around 210 nm. Conversely, the rarer left-handed
Z-form double-helix has a global minimum at 200 nm, a maximum around 260 nm and a
negative band around 290 nm [340]. Finally, non-canonical G-quadruplexes present varying
CD spectra depending on their strand orientation, with parallel quadruplexes exhibiting a
shift of the maximum/minimum towards 263 nm/240-245 nm, respectively, antiparallel ones
presenting a negative band around 260-270 nm and a positive peak at 290-300 nm, and hybrid

architectures a mix of the CD signatures above [341, 342].

Experimental

CD measurements were performed on a JASCO Corporation J-715 spectropolarimeter. For
each Quad-Star sample ([Oligo]y = 20 uM or, equivalently, [Quad-Star] = 5 uM), 200 uL
were loaded in a stoppered quartz cuvette featuring 1 mm pathlength.

Spectra were acquired with a 0.5 nm bandwidth and a 1 nm data pitch between 200 and
320 nm. For each sample, three to five spectra were accumulated and automatically averaged
by the spectropolarimeter software. The spectropolarimeter in use directly reported CD
spectra in the form of ellipticity of polarisation (mdeg). Data were then exported in TXT
format and processed in Python3 as follows. Sample spectra were background corrected
by subtracting the spectra of the corresponding saline buffers (TE 1x supplied with either
300mM KCl or LiCl). Spectra were also cut at 220 nm due to saturation of the applied voltage
leading to large introduced noise. Finally, spectra were filtered using a Savitzky-Golay filter
(scipy.signal.savgol_filter) with window length equal to 17 datapoints and using a 3™ order
polynomial prior to plotting.
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2.8 Fluorimetry

Fluorescence excitation/emission scans and kinetics assays were performed using a BMG
CLARIOstar Plus microplate reader equipped with dual injectors, using UV-Star 384 well-
plates purchased from Greiner Bio-One. The Extended Dynamic Range mode of the mi-

croplate reader was enabled in all kinetics assays in order to avoid signal saturation.

2.8.1 Excitation and emission scans
NMM fluorescence emission scans

NMM fluorescence emission spectra were measured in SG/6G samples (both with 9T spacer)
after a 22 h self-assembly transient (see Section 2.8.2) in the presence or absence of 300 mM
KCl injection. Concentration of NMM was adjusted to be stoichiometric with respect to
expected G4 concentration, namely [NMM] = [G4] = [Quad-Star] = [Oligo]o/4 =5 uM.
Excitation was set to 388 £ 15 nm and fluorescence emission was recorded from 550 to
750 nm with 1 nm step. Bottom optics readout was used due to the optical adhesive required by
long fluorimetry runs (see Section 2.8.2). The number of flashes per well was set to 20. Gain
was automatically adjusted based on the brightest well. Data are reported after background-
correction by subtracting the spectrum in plain TE 1x buffer (average of duplicates). Spectra
in samples with/without added KCI are averages of triplicates/duplicates, respectively.

Excitation/Emission scans on RNA nanostars with fluorogenic aptamers

Fluorescence excitation and emission scans of co-transcriptionally folded RNA nanostars
containing fluorescent light-up aptamers (FLAPs) were measured after 48 h of in vitro
transcription, i.e. at the end of the kinetics assays described below in Section 2.8.2. The
thermal stage was set to 30 °C. As described above, bottom optics readout was used due to the
optical adhesive required by long fluorimetry runs (see Section 2.8.2). Similarly, the number
of flashes per well was set to 20. Gain was automatically adjusted based on the brightest well
in each channel. When scanning either excitation or emission, the resolution/step was set to
I nm.

When collecting fluorescence excitation (Exc.) scans for DFHBI+BrA (Broccoli aptamer),
fluorescence emission was recorded in the band 507 + 8 nm while scanning excitation in
the range 400-486 nm. For the Exc. scans of Malachite Green (MG) + MGA (Malachite
Green aptamer), instead, emission was measured at 650 + 8 nm while varying excitation
in the range 520-630 nm. Exc. scans were collected for nanostars A, A, B and B, as well
as negative controls, namely dyes in nuclease-free water (‘“Water”) or in vitro transcription
mixtures (“IVTM”).

Conversely, when acquiring fluorescence emission (Em.) scans for DFHBI+BrA, excitation

was fixed to 447 + 8 nm, i.e. the peak value recorded in the corresponding excitation scan,
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and emission was recorded in the range 470-620 nm. For the Em. scans of MG+MGA,
excitation was similarly set to the peak value of 607 + 8 nm, and emission was measured in
the range 630-720 nm. Em. scans were collected for nanostars A, A, B, B and C, as well as
the negative controls mentioned above.

2.8.2 Fluorescence Intensity Kinetics
Self-assembly kinetics of Quad-Stars

For self-assembly and disassembly kinetics of Quad-Stars, NMM excitation was set to 388 +
15 nm as for emission spectra. Since the two emission peaks of NMM at 608 nm and 670 nm
were observed to provide comparable insights, NMM emission was only monitored in the
range 670 = 15 nm.

DNA samples were pre-annealed in TE 1x buffer supplied with either 300 mM LiCl (soluble
Quad-Stars) or 2mM MgCl; (cholesterolised Quad-Stars). Unless otherwise specified, all
wells were filled with 32 uLL mixtures, consisting of 30 1L of the described DNA samples and
2 uL NMM solution. NMM concentration was kept stoichiometric with respect to expected
G4 concentrationn as mentioned above for emission spectra. Plain TE 1x buffer mixtures
with the same [NMM] as samples were measured as blanks. Samples where KCl injection
was replaced with plain TE 1 x buffer, added prior to the start of run, were used as negative
controls to ensure no fluorescence increase or any unexpected trends in the absence of the K™
ion trigger.

Before starting any measurement run, the thermal stage of the microplate reader was set to
25 °C, the plate was inserted and allowed to equilibrate for 45 min. After thermalisation,
fluorescence intensity was recorded for 15 min (soluble Quad-Stars) or 30 s (cholesterolised
Quad-Stars) to obtain an initial baseline prior to injecting a 1.26 M KCl solution to induce
Quad-Star assembly. Unless otherwise specified, final concentrations were the following:
[Oligo]g = 20 uM, [KCI] = 300 mM. Such final [KCI] value required a 10 L injection of the
1.26 M stock solution in use. Accordingly, final volumes were kept constant across the entire
plate and equal to 42 uL.

Soluble Quad-Stars When investigating [KCI] dependency in soluble Quad-Stars, KCI
concentration was varied by adjusting the injected volume. To ensure constant final volume
in all wells, such injection reductions were replaced with an equivalent additional amount of
plain TE 1 x buffer, manually added prior to the start of the run.

Due to their slower assembly rates, kinetics for soluble Quad-Stars were measured in “plate
kinetics” mode, where the entire plate is sequentially scanned at every timepoint. Shaking
(600 rpm for 1-2 s) was enabled after every reading. Settling time post-shaking was set to 0.1 s.
Runs were briefly paused after the KCl injection to seal the plate with a transparent adhesive

film (MicroAmp optical adhesive films, Applied Biosystems, ThermoFisher Scientific), thus



78 Materials and Methods

reducing evaporation over the 22 h-long measurement runs. Due to this adhesive covering the
top of the plate, measurements were collected using bottom optics readout. To better sample
assembly kinetics, measurements were acquired as frequently as possible (30-40 s intervals)
at first and more sparsely later, for a total of 1000 measurement cycles over the course of
22h.

Data were acquired in triplicates for samples with varying [KCl], apart from 6GS5T and
6G7T at 30mM KCl, which were measured in duplicates only. Data for samples with
varying [Oligo]y were collected in triplicates/quintuplicates for 5G/6G, respectively. Negative
controls were measured in duplicates.

Cholesterolised Quad-Stars Owing to their much faster assembly, cholesterolised Quad-
Stars (9T spacer only) were tested in “well kinetics” mode instead, where each well is
injected and measured for the assigned number of cycles before proceeding to the next
one. For cholesterolised Quad-Stars, [Oligo]g = 20 uM and [KCIl] = 300 mM were used.
Shaking was only performed immediately after the injection, using the same settings and
settling time as above. Measurement interval was kept uniform and equal to 0.48 s for all
995 cycles. In order to prevent the cholesterol moieties in Quad-Stars from interacting with
the hydrophobic plastic of the well-plates, wells were passivated with Bovine Serum Albumin
(BSA, lyophylised powder, BioReagent, Sigma). Briefly, wells were filled with 70-100 uL of
1% w/v BSA solution in Milli-Q water. Coating was formed through overnight evaporation at
65 °C. Each well was thoroughly washed with Milli-Q water and nitrogen-dried prior to using
the plate. Given the much shorter duration of such measurement runs, no optical adhesive was
required. Therefore, given the bottom BSA coating, measurements were collected using top
optics readout. Data for 5G/6G Quad-Stars were collected in four/ten repeats, respectively.

Experiments of subsequent assembly/disassembly transients were carried out on 6G Quad-
Stars only. Experimental conditions were identical to folding experiments: “well kinetics”
measurement mode, time step = 0.48 s, duration = 995 cycles. Stability of fluorescence signal
prior to cryptand addition was ensured by delaying the injection of 2 M cryptand solution by
~ 45 s from the start of the disassembly run. Injection volume was chosen to reach a final
cryptand concentration equal to 320 mM, completely chelating the available 300 mM K™

ions. Four repeats were performed.

Co-transcriptional folding and self-assembly Kinetics of RNA nanostars

When monitoring co-transcriptional folding and self-assembly of RNA nanostars, both in
bulk and within synthetic cells, excitation was set to 447 £ 5nm/620 + 5 nm , and emission
was recorded at 501 + 5nm/655 + 5 nm for DFHBI+BrA/MG+MGA channels, respectively.
These values were chosen according to both literature values and peak excitation/emission
obtained from the spectra discussed above. Dichroic was automatically set to 474 nm for
DFHBI+BrA and 637.5 nm for MG+MGA. Well multichromatics were turned on, enabling
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simultaneous monitoring of both DFHBI+BrA and MG+MGA channels in each well at every
timepoint.

The thermal stage of the microplate reader was set to 30 °C at least 30 min prior to the start
of each assay. The “plate kinetics” measurement mode was selected, as discussed above
for soluble Quad-Stars. Since the long experimental time window (48 h) required use of the
optical adhesive film (MicroAmp optical adhesive films, Applied Biosystems, ThermoFisher
Scientific) to prevent evaporation, measurements were collected using bottom optics readout.
Shaking was disabled, and the number of flashes per well per cycle was set to 20.

In order to ensure good sampling, in particular of the initial transcription burst and resulting
assembly transient, measurement interval was adjusted to be denser at first (every 60 s for
500 cycles), and sparser later (every 180 s for 250 cycles, then every 400 s for the remaining
250 cycles). Measurement focal height was optimized for each assay (bulk/synthetic cells):
sacrificial samples, within the same microplate and with the same sample volume, were
prepared 48 h in advance, and an automatic focal height adjustment was performed to obtain
the optimal focal plane.

In all assays, final sample volume was kept constant and equal to 22 uL across the entire
microplate. Accordingly, negative controls, namely dyes in nuclease-free water (“Water”)
and dyes in in vitro transcription mixtures (“IVTM”), which lacked DNA template injection,
received a nuclease-free water injection of identical volume prior to the start of the measure-
ment run. Malachite Green and DFHBI dyes were added to a final concentration of 45.45 uM
each to enable fluorescence read-out.

For kinetics assays in bulk, the measurement runs were paused after 11 cycles (= 16 min)
to inject the DNA templates, thereby triggering transcription. Injection was performed by
manual pipetting due to the large number of distinct samples requiring a different DNA
template. Care was taken to ensure proper mixing of the well contents upon injection, thus
removing the need for shaking. As mentioned above, the microplate was covered with an
adhesive film immediately after the injection to reduce evaporation. For kinetics assays in
emulsion droplet-based synthetic cells, instead, due to the need to encapsulate the entire
transcription mixture, including the DNA templates, prior to emulsification, the microplate
was sealed before the start of the run, with no subsequent interruption. Unless otherwise
specified, final [total DNA template] = 40 nM in both types of assays. For instance, when
studying binary systems with stoichiometric composition in droplet-based synthetic cells,
[A-T] = [B-T] = 20nM. When investigating the influence of [DNA template] on initial
transcription rates, [DNA template] was varied between 10, 20 and 40 nM by reducing
the injected (bulk)/added (synthetic cells) DNA template volumes. In order to keep the
final well volumes constant across the microplate as discussed above, such reductions were

compensated by adding nuclease-free water instead.
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2.9 Bright-field and epifluorescence optical microscopy

Timelapse imaging was performed via a Nikon Eclipse Ti2-E inverted microscope with Perfect
Focus System (PFS), equipped with a Hamamatsu Orca-Flash 4.0 v3 camera, a Lumencor
SPECTRA X LED engine, and the following objective lenses: CFI Plan Apochromat A 10X
(NA 0.45, WD 4000 um), A 20x (NA 0.75, WD 1000 pm), A 40x (NA 0.95, WD 210 um)
and A 60x Oil (N.A. 1.40, W.D. 130 um) immersion lens, where NA is the numerical

aperture and WD is the working distance.

DNA Quad-Stars
Isothermal self-assembly/disassembly of Quad-Stars

Cholesterolised Quad-Star samples were annealed overnight in TE 1 x buffer supplemented
with 2mM MgCly,, at [Oligo]g = 5.6 uM. [Oligo]y was reduced compared to fluorimetry
assays to yield discrete aggregates and simplify downstream quantification via image segmen-
tation. To enable fluorescence imaging, 25% of “Arm_duplex” strands were replaced with
identical ones labelled with an Alexa488 fluorophore, namely “Arm_duplex_A_Alexa488”,
which was excited using a 510/25 nm (peak/bandwidth) SPECTRA X LED.

Unless otherwise specified, imaging was automated via the JOBS module in the Nikon
NIS Elements software interface. PFS was enabled to ensure constant z-height during the
timelapses. Samples were monitored for 2.5 h, with no delay between acquisitions. At each
timepoint, both bright-field and epifluorescence z-stacks (42 um height, 2 um step) were
captured. Three/four replicates were imaged for 5G/6G samples, with three non-overlapping
fields-of-view (FOVs) monitored per sample well.

Unless otherwise specified, samples were imaged in FlexWell incubation chambers purchased
from Grace Bio-Labs (6.5 mm x 6.5mm X 3.2mm, 8§ wells). The incubation chambers
were attached using the built-in adhesive strip on top of glass coverslips (24 mm x 60 mm,
Menzel-Gléser). Initial sample volume was 90 L. After 3 timepoints (= 15-20 min), the run
was briefly paused to trigger self-assembly by injecting 6.5 L of TE 1 x buffer supplemented
with 4.5M KCI and 2 mM MgCl,. Chambers were sealed immediately after the injection by
placing a second coverslip on top to limit sample evaporation.

Isothermal disassembly experiments were performed after the isothermal assembly described
above. A 2 M solution of [2.2.2] cryptand in TE 1x buffer supplemented with 2mM MgCl,
was injected in each well, while monitoring several FOVs in either bright-field or Alexa488
channels for ~1-2 min each at the highest possible framerate. In particular, the volume was
divided in multiple injections, namely 2x 5 uL + 1x 10 uL + 1x 20 uL, to better monitor
the disassembly.

For multiple cycles of reversible assembly-disassembly, the first round was performed as

just described. Before triggering a new assembly transient with a 10/15 uL. KCl injection
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(second/third round), some of the supernatant (volume equal to the sum of previous KCl and
cryptand injections, i.e. 46.5 uL/50 uL prior to second/third round) was carefully removed to
prevent chambers from overflowing. The injected volume of 2 M cryptand solution was kept
at 40 uL for each round. The multiple KCl/cryptand injections led to considerable sample
dilution, i.e. ~36.37%/38.78% for the second/third round with respect to the previous one,
likely causing the decrease in aggregate formation both size- and number-wise. For the
second/third cycle of reversible assembly/disassembly in 6G Quad-Stars, four/two repeats
were imaged, respectively, with three non-overlapping FOVs being monitored in each.
Isothermal self-assembly of control samples, namely 2 mM MgCl, (negative control), 2 mM
MgCl; + 300 mM LiCl, 300 mM LiCl + 300 mM LiCl, and 300 mM LiCl + 300 mM KClI,
was performed with the same protocol described above. Injection of saline buffers — 2 M
LiCl or 4.5M KCI, both in TE 1x supplemented with 2mM MgCl, — was administered after
2 cycles (= 10 min) from the start of the run. No buffer solution was injected in the 2 mM
MgCl, negative control. Samples were imaged in incubation chambers obtained by carving
circular holes (8 mm diameter) in a PDMS spacer and attached to a glass coverslip. Each
sample was imaged in a single well (replicate), with three non-overlapping FOV's monitored.
Only the 5G control in 300 mM LiCl + 300 mM KCI was monitored in two FOVs only. Each
sample was imaged separately for 2.5 h every 5 min, using Nikon ND Acquisition.

Rhodamine B uptake and release in Quad-Star aggregates

Samples were prepared as described in Section 2.9. Before initiating assembly, though,
rhodamine B was injected in the samples to a final concentration equal to ~ 28 uM. Sample
and KCl injection volumes, as well as incubation chambers were kept identical to those
used in Section 2.9. Samples were imaged 3.5 h after the KCl injection with the 60x oil
immersion lens. The fluorescence emission of rhodamine B was excited using a 550/15 nm
SPECTRA X LED.

Rhodamine B release was triggered via a 3 uL injection of 2 M cryptand in TE 1x supple-
mented with 2 mM MgCl,. The injection volume was reduced compared to Section 2.9 to
slow down and better monitor the release process, imaging for 1-2 min at 2 fps. To the same
aim, the cryptand injection was administered on the opposite side of the imaged FOV within

each well.

UV-induced photo-disassembly of Quad-Star aggregates

Samples were prepared as discussed in Section 2.9 above. After 3.5h from KClI injec-
tion, 6 uL of 105 uM NMM in DMSO were pipetted into the sample chambers, yielding
[NMM]/[G4] ~ 5. NMM fluorescence was excited via a 395/25 nm Spectra X LED. Time-
lapses were acquired in NMM epifluorescence and/or bright-field channels at 2 fps, for a total
of 2 min per FOV.
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Biostability of Quad-Star aggregates

Samples were prepared as described in Section 2.9, albeit reducing the amount of Alexa488
fluorophore-labelled “Arm_duplex_A_Alexa488” to only 10 % of the overall amount of
“Arm_duplex”. Asin Section 2.9, the fluorescence of Alexa488 was excited using s 510/25 nm
SPECTRA X LED. Samples were imaged after 3-4 h from KCl injection, and were either
left undisturbed in their assembly buffer (negative controls) or subjected to buffer exchange
through supernatant removal and replacement. The latter was performed by carefully remov-
ing with a micropipette the top 75 uL out of the overall 96.5 uL and replacing with an equal
amount of either Phosphate Buffered Saline (PBS) 1x (from PBS tablets, Sigma-Aldrich) or
Dulbecco’s Modified Eagle Medium (DMEM, high glucose, GlutaMAX, Gibco) 1 x supplied
with either 10 % or 30 % Fetal Bovine Serum (FBS, Gibco).

Samples were imaged every 20 min for 60 h, in both Alexa488 epifluorescence and bright-
field (z-stacks), using an automated JOBS script in Nikon NIS Elements. Due to the long
imaging duration, the PDMS incubation chambers were sealed with a transparent adhesive
strip (FlexWell Seal Strips, Grace Bio-Labs) to reduce evaporation. Samples were imaged in
triplicates, except for those in PBS 1, which were imaged in duplicates only. Three FOV's

were monitored for each sample well.

RNA nanostars

The following SPECTRA X LEDs were used to excite the corresponding fluorophores or
fluorophore/aptamer complexes: 395/25 nm for Alexa Fluor 405 Streptavidin conjugate
(Alexa405-STV), 470/24 nm for DFHBI+BrA, 550/15 nm for EYFP, 575/25 nm for TexasRed
Streptavidin conjugate (TexasRed-STV), and 640/30 nm for MG+MGA.

Unless otherwise specified, [MG] = [DFHBI] = 45.45 uM in every sample, and [total DNA
template] = 40 nM, as for fluorimetry experiments discussed in Section 2.8.2.

Samples were prepared as discussed in Sections 2.4.2 and 2.4.2, and imaged in hollow,
rectangular, flat glass capillaries (0.20/0.40 mm x 4.00 mm X 50 mm, both purchased from
VitroCom). Glass capillaries were chosen as they allow for a) substantially reduced evapora-
tion during prolonged timelapse imaging (better sealing compared to incubation chambers),
b) larger flat imaging area undisturbed by edge effects, and c) easier upside down imaging,
necessary for use on a heating stage (see below). Capillaries were sealed and glued on top of
glass coverslips (24 mm x 60 mm, Menzel Gléser) using a bi-component epoxy (Araldite
Rapid). In the case of bulk samples, the sides of each capillary were capped with mineral
oil to avoid the glue coming in contact with the water phase. This was not necessary for
samples in emulsion droplets thanks to the surrounding oil phase. Glue was allowed to set
for 30 min, during which samples were kept in a dark environment at room temperature. The
glass coverslips were then taped to a peltier-controlled copper temperature stage (Temikra
Ltd.). Temperature was controlled via custom XML scripts executed on a RaspberryPi 3
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running RaspbianOS, with feedback enabled via a thermocouple attached with copper tape
close to the samples. Due to the heatsink being positioned on top, the samples were imaged
upside down, allowing for fluorescence imaging only. A schematic diagram and a photograph
of the epifluorescence imaging setup are presented in Fig. 2.1.

(i)

Heatsink

Heatsink

Glass capillary

®
Peltier element |

A

Microscope Stage Mounts

Fig. 2.1 Epifluorescence imaging setup. A: Schematic diagram of the epifluorescence imaging setup, (i)
bottom and (ii) side views, respectively. B: Photograph of the epifluorescence imaging setup, depicting the
objective lens, the glass capillaries glued to the glass coverslip (horizontally aligned, in this case) and taped
(here with heat conductive tape) to the Peltier element of the heating stage. Photo credit: Diana Tanase (Di
Michele group).

Imaging was automated via ND Acquisition in Nikon NIS Elements. PFS was enabled to
ensure constant z-height during timelapse imaging. A single capillary was imaged per sample,
with three non-overlapping FOVs monitored per capillary. In order to ensure proper focusing
— given little to no signal at the start — z-stacks were captured at each timepoint, for a total
height of 120-160 um, ranging from -20/-60 to +100 um with respect to the the PFS plane,
with a 3.5-4 um step depending on the imaging run.
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Self-assembly of RNA condensates

Temperature was set to 30 °C. Samples were imaged first every 15 min for 10 h, then every
30 min for further 38 h. The only exceptions were binary and ternary nanostar systems in
bulk, where a software issue led to early termination of the run at 42 h, and data at 48 h were
collected manually.

As samples were sealed in capillaries, DNA templates had to be added prior to the start
of imaging, rather than injected during the run. This led to imaging runs starting ~1-1.5h
after adding the DNA templates to the corresponding transcription mixtures. Such delay
is due to the time required for sample preparation, i.e. loading and sealing capillaries as
well as waiting for the glue to set, and run setup, i.e. taping the capillaries, defining PFS
offset and FOVs in each sample. Micrographs have been labelled according to the start of
the imaging run, with r = 0 s being the start of the run rather than the start of transcription.
When presenting data for samples imaged during different assays, care was taken to align the

corresponding timepoints with respect to DNA template addition, i.e. start of transcription.

Melting of bulk RNA condensates

Samples were prepared as discussed in Section 2.9 above. Transcription was allowed to
proceed for 48 h at 30 °C within a Bio-Rad C1000 Touch Thermal Cycler (heated lid at
35°C). Samples were then kept in a dark environment at room temperature for less than 12 h.
Upon imaging, temperature was initially set to 25 °C, and increased by 1 °C every 15 min up

to 75 °C. Samples were imaged after 10 min of hold at each temperature.

2.10 Laser Confocal Scanning microscopy

Imaging was performed on a Leica Stellaris 8 (DMi8 CS Premium) inverted research micro-
scope in the Facility for Imaging by Light Microscopy (FILM) at Imperial College London
(Hammersmith). The microscope was equipped with a solid state 405 nm laser as well as a
white light laser (WLL, 440-790 nm). The microscope was also equipped with four internal
detectors (3 Power HyDS and 1 HyDX) plus a transmitted light detector (Trans PMT) for
bright-field imaging. The following lenses were used: HC PL. APO CS2 10x DRY (NA
0.40), HC PL APO CS2 20x DRY (NA 0.75) and HC PL APO CS2 63x OIL (NA 1.40,
only used for RNA MLOs in E. coli in Chapter 7), where NA is the numerical aperture.

The following excitation/emission settings were used. For Alexa Fluor 405 Streptavidin
conjugate (Alexa405-STV), the 405 nm solid state laser was used, and emission was recorded
around 421 nm. For DFHBI(-1T)+BrA, the WLL excitation was tuned to 447 nm (472 nm)
and emission was recorded around 501 nm (507 nm). For EYFP, the WLL excitation was
tuned to 514 nm, with emission recorded around 527 nm. For TexasRed Streptavidin conju-

gate (TexasRed-STV), the WLL excitation was tuned to 595 nm, and emission was recorded
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around 615 nm. For MG+MGA, the WLL excitation was tuned to 628 nm and emission was
recorded around 650-660 nm. MG was not added to samples with TexasRed-STV to avoid
spectral overlap. A line-sequential illumination mode was chosen, such as the following one:
Trans PMT (bright-field), 405 nm (Alexa405-STV) and 628 nm (MG+MGA) in sequence 1,
447 nm (DFHBI+BrA) in sequence 2, 514 nm (EYFP) in sequence 3.

The pinhole was set to 1 Airy Unit (AU, computed automatically), and line-averaging was
enabled and set to 2-3. Bi-directional scan mode along the x direction was enabled after
carrying out phase calibration. Stage speed was set to 400 Hz for high-resolution single
images (4096 x 4096 or 8192 x 8192 px” — px = pixel), and 1000 Hz for zoomed-in z-stacks
acquired with the 20 x lens (63 x lens only for MLOs in E. coli in Chapter 7). When capturing
z-stacks, the zoom factor and the top/bottom planes were manually adjusted. Z-step was set
to the automatically computed Nyquist-optimised value. Bit depth was set to the highest
value, 16 bit. 2D orthogonal cross-sections (XY, XZ, YZ) were generated from z-stacks using
the “Sections” plugin in the 3D module of the Leica Application Suite (LAS) X software
interface.

2.11 Numerical methods

2.11.1 Gel Image Analysis

Lane profiling was performed via a semi-automated Python3 script requiring users to spec-
ify cropping — in the form of (X, y) coordinates of the upper and lower corners — and
the number of lanes to profile. Lanes are identified by assuming constant lane-width
within the same gel, and profiles are computed as the average intensity across a given
lane-width along the (cropped) height of the gel. The script is publicly available on GitHub
(https://github.com/GiacomoFabrini/Gel_Image_Analysis_1.0).

Unless otherwise specified in the figure captions, agarose gel images are reported with no
contrast enhancement after tracing of the sample lanes found by lane profiling. Gels on DNA
templates and RNA transcripts in Chapters 4-6 are reported after additional look-up table

(greyscale) inversion for ease of visualisation.

2.11.2 Fitting DLS Size Distributions

Average hydrodynamic diameters, < dy >, were obtained by fit to either mono or bi-modal
log-normal distributions, performed in Python3 using scipy.optimize.curve_fit with 10000
maximum function evaluations. Reported standard deviations on the hydrodynamic diameters

were computed using the covariance matrix of the fit.
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2.11.3 Data analysis and fitting of Quad-Stars fluorescence kinetics

Data preprocessing and fitting were performed in Python3. The mathematical model is
discussed in detail in Section 3.3.1.

As for preprocessing, the recorded fluorescence intensity (F.I.) were background-corrected
by subtracting blank profiles, namely those of TE 1 x buffer supplied with the same [NMM]
and receiving the same KCl injection. This is necessary as fluorescence emission of NMM is
non-zero even in plain buffer. Time origin was also shifted so that fjpjection = 0's.

Fitting was performed via batch minimisation of the Mean Squared Error (MSE) loss us-
ing the Limited-memory Broyden—Fletcher—Goldfarb—Shanno (L-BFGS) algorithm in the
scipy.optimize.minimize implementation in Python3, with parameter bounds for the reaction
order n (min = 2, max = 5).

Batch fitting was chosen to improve fitting results by taking into account data for all examined
spacer lengths, as these have theoretically no impact on the reaction order n. In particular,
for the kinetics of soluble Quad-Stars with varying [KCI] injections at fixed 20 uM [Oligo]o,
batches comprised all curves for designs with all spacer lengths sharing the same G-run
length (5G separated by 6G) and the same [KCI] injection (e.g. 90 mM separated from
300mM). This means that each batch was constrained to have the same fitted value of n
regardless of spacer length, while all other parameters were allowed to vary. Conversely,
for the kinetics of soluble Quad-Stars with different [Oligo]y at fixed 300 mM KCl, batches
comprised all curves for designs with all spacer lengths sharing the same G-run length and
the same [Oligo]o. The resulting 7, values were log-transformed (In(#y /2) ) and linearly
fitted with respect to In([Oligo]p), with datapoints weighted according to the associated
standard deviations. The reaction order, n, was computed as 1 — m, with m being the slope of
such linear fit. Reported uncertainties were calculated from the covariance matrix of the fit.
Finally, for cholesterolised Quad-Stars, curves were fitted in batches simply corresponding to
G-run length (5G/6G).

2.11.4 Data analysis and fitting of RNA nanostar fluorescence Kkinetics

Fluorescence kinetics were acquired in triplicates for all samples, including negative controls.
Data preprocessing, analysis and visualisation were performed in Python3.

First of all, all profiles were min-max normalised, i.e. the raw minimum was subtracted and
then they were divided by the range between the raw minimum and the raw maximum. For
each sample, mean and standard deviation were computed from collected triplicates, both
normalised and raw. In particular, unless otherwise specified, given a batch of samples to
be visualised in the same panel or subplot (for instance B nanostars with varying [B-T]),
normalised profiles (mean, standard deviation) were rescaled by multiplying them by the
ratio between their raw average maximum and the highest one across the corresponding batch.
This way, despite normalisation, relative intensities were preserved. The only exceptions
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were binary nanostar systems within droplet-based synthetic cells: here the rescaling factor
was computed between the raw average maximum of each sample and the one for the stoi-
chiometric sticky nanostar system ([A-T] = [B-T]) to better showcase trends in fluorescence
intensity resulting from varying [A-T]/[B-T] composition ratios.

Fitting initial transcription rate with varying DNA template concentration

To evaluate the influence of [DNA template] on the initial transcription rate, investigated
through the proxy of initial increase in fluorescence intensity, 30 data points were extracted
from the linear-like transient of the mean normalised profiles following DNA template
addition. In the case of bulk in vitro transcription, such data points were taken from the
time window immediately following manual injection. Conversely, for in vitro transcription
within synthetic cell mimics, as DNA templates were added prior to emulsification and
start of the measurement, those data points were extracted from the first time window
exhibiting sufficiently linear-like behaviour, leading to possible artifacts. In both cases,
resulting data points were linearly fitted with respect to the injected [DNA template] using
scipy.optimize.curve_fit. Fitted slopes were plotted vs [DNA template] (markers), with

errorbars displaying the standard deviations computed from the covariance matrix of the fit.

2.11.5 General image processing for micrographs

Raw epifluorescence timelapses from Nikon ND?2 files were processed using Python3 scripts
relying on the ND2Reader library to extract the in focus z-planes and save them in TIFF
format for easier downstream usage. For experimental work on Quad-Stars described in
Chapter 3, in focus z-planes were manually indicated, i.e. provided in input to the script. For
work on RNA nanostars described in Chapters 4-6, instead, the optimal in focus planes were
determined using the Normalised Variance criterion described in refs. [343, 344]. Briefly,
the optimal in focus z-plane for each timepoint was identified by maximising the ratio
between the image pixel intensity variance and its mean across the scanned z-height (using
np.argmax). In the case of samples forming condensates in multiple fluorescence channels,
the mean normalised variance across the corresponding channels was maximised instead. On
some occurrences, normalised variance failed to detect the correct in focus planes at early
timepoints in favour of very high z-levels, but later stabilised on the correct planes, close to
the one locked by PFS. In that case, any plane exceeding 80% of the scanned height for the
first few timepoints only was discarded and replaced with the first occurring lower, more
stable z-height level. Finally, for samples failing to form any condensates, in focus planes
were manually indicated by specifying the desired z-height range.

Epifluorescence micrographs in Chapter 3 are reported pristine/unprocessed, or after either
background-subtraction via Rolling Ball (radius = 50-100 px, depending on aggregate size)

or contrast-enhancement using stacked (whole timelapse) histogram stretching with 0.30%
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of the pixels saturated, both carried out in FIJI (ImagelJ) [345]. Image processing is specified
in the corresponding figure captions.

Epifluorescence micrographs in Chapters 4-6 are reported after contrast-enhancement (0.25%
pixels saturated) with normalisation enabled, i.e. each frame is processed independently,
which allows to better resolve small fluorescent condensates at early timepoints where
signal is low. Only channels exhibiting fluorescence signal are included in the composite
micrographs in order to avoid excessive noise stemming from contrast-enhancement with

normalisation.

2.11.6 Segmentation of Quad-Star aggregates

Timelapses in TIFF format were analysed using a FIJI macro implementing the follow-
ing pipeline: background subtraction via Rolling Ball (radius = 50-100 px, depending on
aggregate size) to remediate uneven illumination; denoising through subsequent median
(radius = 5 px) and minimum (radius = 1 px) filters; segmentation by unsupervised threshold-
ing (Li algorithm [346]) and conversion to binary mask; watershed to separate clusters of
neighbouring aggregates; Particle Analysis with size (> 100 px?) and circularity (> 60 %)
thresholds.

2.11.7 Isothermal assembly/disassembly area fraction profiles

The last step of the segmentation pipeline above produced a set of measurements including
the area fraction (%) of microscopy FOV occupied by fluorescent Quad-Star aggregates,
which was used as a proxy to investigate the kinetics of aggregate assembly and disas-
sembly. Notably, all isothermal assembly timelapses were run with no acquisition delay,
thereby leading to uneven time resolution (interval) when comparing samples imaged on
different days, namely due to discrepancies in exposure time, z-stack height, and/or number
of simultaneously imaged wells. Cubic spline interpolation (overall length equal to 2.5h,
number of equally spaced points set to 30) was used to overcome such time resolution
unevenness. Profiles were aligned using the annotated injection timepoints, finally allowing
for mean and standard deviation calculation. No interpolation was needed for reversible as-
sembly/disassembly of 6G Quad-Stars nor for isothermal assembly of controls with different

saline buffer injections.

2.11.8 Rhodamine B cargo loading in Quad-Star aggregates

In order to evaluate rhodamine B uptake in Quad-Star hydrogel aggregates, epifluorescence
micrographs captured after 3.5 h from KCl-triggered assembly were processed using the seg-
mentation pipeline in Section 2.11.6. Uptake was evaluated by computing the ratio between

the average rhodamine B fluorescence intensity within Quad-Star aggregates and that in the
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background through simple intersection with the computed binary masks (aggregates) and
their reciprocal (background).

The same procedure was applied to epifluorescence timelapses of rhodamine B release upon
cryptand injection. First of all, Quad-Star aggregates were segmented in the timepoints pre-
ceding the injection, and background was identified as the inverted selection of the obtained
aggregate segmentation mask. Release profiles were then computed as the time-dependent
evolution of the integrated rhodamine B fluorescence intensity within that background area
(kept constant with progressing time). Area fraction profiles for the simultaneous disassembly
of Quad-Star hydrogel aggregates were obtained as discussed in Section 2.11.7, and overlaid
with release profiles with twin x axis (different y axis).

As the specific disassembly and cargo release timescales strongly depend on the proximity
between the imaged FOV and the cryptand injection location, data were reported for single
representative FOV's within independent 5G and 6G samples for both distant (main text)
and close-by (Appendix) injections: as expected, closer proximity leads to faster and less

temporally resolved profiles.

2.11.9 Photo-induced disassembly

Disassembly profiles were obtained using the segmentation pipeline in Section 2.11.6. The
“IC” engraving in the 6G Quad-Star well was obtained by programming exposure to near UV
LED (395/25 nm) at precise locations within the sample arranged along the desired engraving
path. This was accomplished using the JOBS module in the Nikon NIS Elements software
interface. After engraving, multiple wells were imaged using the CFI Planar APO 4 20x
mentioned above, and stitched into the reported entire-well image using the automated “Large
Image” stitching in NIS Elements.

2.11.10 Growth of RNA condensates in bulk/synthetic cells
Maximum Intensity Z-projection

Micrographs for growth kinetics analysis of RNA condensates in bulk and within synthetic
cells were extracted similarly to what was reported in Section 2.11.5 for (semi-)automatic
extraction of in focus planes from raw ND?2 files using the Normalised Variance criterion, with
two differences. First, the exported timelapses comprised maximum intensity z-projections
as timepoints rather than single optimal focus planes. In particular, the projected z-volume
consisted of 5 z-planes, spanning 2 planes on either side of the optimal focus plane, for
a total projected volume of 7-8 um around the mid plane. Second, the optimal in focus
planes of each channel featuring condensate formation were determined independently,
as the equatorial planes of differently sized condensates such as those in binary systems

with extreme DNA template concentration ratios might differ considerably in z-height. For
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condensates of RNA nanostar C, which appear fluorescent in both MG and DFHBI channels,
this approach yields the same result as the fluorescent signals stem from the same objects

occupying the same z-volumes.

Segmentation and Particle Analysis

Maximum intensity z-projected timelapses (see Section 2.11.10) investigating the self-
assembly of RNA condensates were processed using a FIJI macro implementing the following
pipeline: contrast-enhancement (0.25% pixels saturated, normalisation enabled — see Sec-
tion 2.11.5); pixel (px) calibration using the px/um scaling factor reported in the metadata
of raw ND?2 files; denoising via Gaussian Blur (sigma = 1); background-correction through
two steps of Rolling Ball (sliding paraboloid enabled, smoothing disabled, radius = 1 px);
automatic thresholding (see below); Particle Analysis with size thresholding (> 10 px? in
area). Segmentation masks and Particle Analysis results were saved in TIFF and CSV formats,
respectively. In case of samples forming condensates in more than one fluorescence channel,
each was analysed independently, resulting in one binary mask and Particle Analysis result
file per channel.

As for thresholding, different unsupervised algorithms were used for assays in bulk — Li [346],
which relies on minimum cross-entropy — and those within synthetic cells — Otsu [347], which
minimises intra-class variance (i.e. maximises inter-class variance in the case of two classes
only). This was done due to the tendency of Li’s algorithm to incorrectly threshold signal
from largely out-of-focus emulsion droplets, as well as over-segment neighbouring objects
within them.

Particle Analysis results were processed in Python3 using pandas. The time-evolution of
the number of A/B condensates in each FOV was obtained through a group-by statement
counting the number of occurrences at each timepoint. Data are thus reported as mean
number of objects per microscopy FOV, N, + corresponding standard deviation from the
FOV triplicates. Such analysis was carried out only for RNA nanostars A, B and their binary
combinations, due to nanostar C forming mesh-like assemblies where Particle Analysis is

not applicable.

Calculation of Chord Length Distribution (CLD)

Single channel segmentation masks obtained using the pipeline described in Section 2.11.10
were processed using a Python3 script relying on PoreSpy to compute the corresponding
Chord Length Distributions (CLDs). In particular, the porespy.filters.apply_chords function,
which relies on scipy and skimage, was used to return raw chords along both x and y directions,
with spacing = 1 px, i.e. allowing for adjacent chords. Chords spanning objects touching the
edges of the FOV's were kept setting the option trim_edges = False. Only channels showing

the formation of condensates were analysed. For each sample, three independent FOV's within
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the same capillary were imaged. For each channel of each FOV, chords along x and y were
pooled together at each timepoint, converted from px to ym using the px/um scaling factor
reported in ND2 metadata, resulting in one time-dependent CLD per channel per FOV. From
each of these replicates, the mean of the CLD — used as proxy for typical condensate size —
was computed, resulting in a time-dependent sampling distribution of the mean comprising at
each timepoint as many replicates as the number of FOVs, i.e. three. Data are reported as the
time-dependent evolution of the mean of such mean replicates, icLp, + the standard error
of the mean, estimated as the standard deviation of the sampling distribution given by the
mean replicates. Full CLDs are displayed using ridge plots obtained by vertically stacking
kernel density estimation (KDE) plots from representative timepoints, each produced with

seaborn.kdeplot.

2.11.11 Calculation of Kissing Loop Melting Temperature

Timelapses were segmented according to the procedure in Section 2.11.10. Timepoints were
converted to temperature steps by simply considering the starting condition (25 °C) and the
temperature increment between consecutive frames (+1 °C). CLDs were extracted from the
resulting binary masks as described in Section 2.11.10. As three non-overlapping FOV's
per capillary and one capillary per sample were imaged, this resulted in three CLDs and
corresponding mean replicates for each sample, from which picpp and related standard error
of the mean were computed. The melting temperature, Ty, of KL interactions was computed

as the value at which icr p dropped to 50% of its initial value at 25 °C.

2.11.12 Circle Hough Transform for radial distribution of orthogonal
RNA condensates in bulk

Input data comprised maximum intensity z-projected epifluorescence micrographs, as dis-
cussed in Section 2.11.10, acquired with the CFI Plan Apochromat A 20x objective lens
after 48.5 h from the start of transcription. As mentioned above, three FOVs were imaged per
sample. Micrographs were processed using a semi-automated Python3 script heavily relying
on OpenCV (cv2) performing the following pipeline on one fluorescence channel at a time:
conversion to 8 bit (skimage.util.img_as_ubyte); denoising by Median Blur (cv2.medianblur,
radius = 3 px); greyscale to colour conversion (required for the following step); Circle Hough
Transform (CHT, cv2.HoughCircles). In particular, the following parameters were used
for CHT: image to accumulator resolution = 5, minDistance = 20 px, minRadius = 20 px,
maxRadius = 500 px, method = HOUGH_GRADIENT_ALT. The script is semi-automated in
that the two available threshold parameters (low and high passed to the Canny edge detector)
were manually adjusted on a case by case basis. The script resulted in a list of circular objects
found in the corresponding channel. Radii of the found circles were converted from px to

um using the px/um scaling factor reported in the ND2 metadata.
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Resulting circles were filtered to remove overlapping objects, leaving only the largest one.
After filtering, the following numbers of condensates were kept, reported as A/B ([A-T]/[B-T]
DNA template concentration ratio): 155/56 (0.25), 78/60 (0.50), 53/66 (1), 56/99 (2), 50/131
(4). Data were arranged in two pandas dataframe objects, one per channel, with X reporting
the DNA template concentration ratio and Y the condensate radii. Data are reported in
violin plots displayed using seaborn, with A/B condensates in red/cyan, respectively. Kernel
width (along x) for violin plots was chosen to be proportional to the number of observations
(scale = “count”) and the bandwidth was set to 0.45.

2.11.13 Scaling of RNA organelle volume with synthetic cell volume

Input data comprised confocal micrographs acquired with the HC PL. APO CS2 20x objective
lens, depicting samples of pure A/B RNA organelles self-assembled within synthetic cells
after > 48 h from the start of transcription. Emulsion droplets and the corresponding RNA
organelles were manually annotated in FIJI using the circular selection tool, for a total of
66/70 datapoints for A/B organelles, respectively. The area of the annotated regions in m?
was computed in F1JI, saved in CSV format and processed in Python3 as described below.
The radii of annotated emulsion droplets and RNA organelles were computed by assuming
their shape to be perfectly spherical. This enabled the calculation of the corresponding
volumes. Therefore, the scaling of RNA organelle volume with respect to emulsion droplet
volume was simply evaluated by linear regression using scipy.stats.lingregress, which relies
on ordinary least squares, and plotted using seaborn.regplot. The parameters of the optimal
linear regression model, reported as mean =+ standard error, as well as the R? and p-value
with respect to the null hypothesis HO of null slope are the following: A - slope =0.182 +
0.005, intercept: -974.321 + 861.614, R? = 0.98, p-value = 2.20 10~%; B - slope = 0.153 +
0.003, intercept: -1462.931 + 993.888, R? = 0.99, p-value = 2.72 10~%°.

2.11.14 Distribution of radial ratio of orthogonal RNA organelles in

emulsion droplets

Input data were pixel to um calibrated confocal micrographs comprising single equatorial
planes, one FOV per sample, acquired with the HC PL APO CS2 20x objective lens after
> 48 h from the start of transcription.

ROI selection

In order to compute the radial ratio for orthogonal organelles within the same emulsion
droplet, an ROI (region of interest) selection step was added to the pipeline presented in
Section 2.11.12. Briefly, the bright-field channel was contrast-enhanced as mentioned above

(contrast-stretching with 0.20% pixels saturated, using skimage.exposure.rescale_intensity),
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and used to produce a composite with MG and DFHBI channels (cv2.merge). Such composite
was displayed to the user for ROI selection using cv2.selectROIs. Upon selection of a
bounding box on the screen, the corresponding ROI was saved, cropped from both MG and
DFHBI channels and passed to the rest of the pipeline as discussed below.

Circle Hough Transform (CHT)

ROI patches were processed using the pipeline in Section 2.11.12 with CHT parameters
modified as follows: image to accumulator resolution = 1, minDistance = 20 px, minRa-
dius = 10 px, maxRadius = 150 px, method = HOUGH_GRADIENT_ALT (kept unchanged).
The two threshold parameters were kept constant and equal to: parameterl = 150, parame-
ter2 = 0.6.

As mentioned in Section 2.11.12, overlapping circles were removed and only the largest was
kept. ROIs were only considered if an object, i.e. RNA organelle, was found in both MG and
DFHBI channels. All detected objects were visually inspected to remove false positives, such
as cases when an entire synthetic cell was detected rather than the enclosed RNA organelle.
The resulting dataset was arranged in a pandas dataframe and saved in CSV format for later
use.

Finally, only synthetic cells containing exactly one A and one B-type organelle were con-
sidered to compute the organelle radial ratio vs [A-T]/[B-T]. When multiple organelles of
a given type are simultaneously present inside an emulsion droplet, in fact, they tend to
be considerably smaller, thus inevitably skewing the resulting size ratio distribution. This
resulted in the following numbers of synthetic cells being kept at each [A-T]/[B-T]: 33 (0.25),
41 (0.50), 40 (1), 31 (2), 28 (4). As reported in Section 2.11.12, data were arranged in a
pandas dataframe, with X being the DNA template concentration ratio and Y the radial ratios
of the corresponding organelles. Data were presented as violin plots in seaborn using similar

kernel width parameters as above (scale = “count”, bw = 0.70).

2.11.15 Number of orthogonal RNA organelles within synthetic cells

The number of A/B organelles per synthetic cell with varying [A-T]/[B-T] was extracted
from the dataset discussed in Section 2.11.14. In this case, the constraint of each synthetic
cell containing exactly one A-type and one B-type organelle was lifted. This resulted in the
following numbers of examined synthetic cells for each [A-T]/[B-T]: 42 (0.25), 42 (0.50), 46
(1), 40 (2), 32 (4). Data are reported as the fraction of synthetic cells presenting a certain
number (1, 2 or 3) of A/B-type organelles, normalised with respect to the overall number of
examined droplets for the same [A-T]/[B-T], and displayed in stacked (top: A, bottom: B)

grouped bar charts.
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2.11.16 Evaluating linker-induced mixing

Input data comprised confocal micrographs (single equatorial planes, pixel to ttm calibrated),
acquired with the HC PL APO CS2 10x objective lens after >48 h from the start of tran-
scription. Each sample corresponded to a different Linker Fraction, defined as the DNA
template concentration ratio [L-T]/([A-T]+[L-T]+[B-T]). Most samples were imaged in a
single FOV, apart from Linker Fractions = 1/11 (or [A-T]:[L-T]:[B-T] = 5:1:5) and 1/5 (or
[A-T]:[L-T]:[B-T] = 2:1:2), which were imaged in duplicate non-overlapping FOVs instead.

Segmentation of confocal micrographs

Both MG and DFHBI fluorescence channels of each micrograph were segmented using a
FIJI macro implementing the following pipeline: denoising via Gaussian Blur (sigma = 3);
background-subtraction via Rolling Ball (sliding paraboloid enabled, smoothing disabled,
radius = 10 px); unsupervised thresholding via both Otsu and Li algorithms (separately, see
below). This resulted in four segmentation masks per micrograph, two per channel, one

processed via Otsu and the other using Li thresholding. All masks were saved in TIFF format.

ROI selection

Raw micrographs and masks from Section 2.11.16 above were passed to an ROI selection
pipeline similar to the one described in Section 2.11.14. However, the images showed to the
user for ROI selection were composites of MG and DFHBI fluorescent channels only (no
bright-field). After ROI selection from the user in the form of a bounding box identifying an
emulsion droplet, the corresponding ROI patches were extracted from the raw micrograph
channels as well as the corresponding segmentation masks. All resulting patches were

converted to 8 bit (skimage.util.img_as_ubyte) for the steps below.

Mixing evaluation

For each Linker Fraction value, the following quantities were computed: 1%, IE, IQ, I]g’,
where I;({ is the average intensity of fluorescent channel X within the binary mask obtained
from channel Y. Such quantities were computed by averaging (np.mean) the result of the
intersection of channel X and binary mask Y via bitwise AND (cv2.bitwise_and). The
normalised mixed-term ratios, namely Jy = IE /1 i‘ and Jp = IQ / 11133, termed mixing indices,
were then used as proxies to evaluate the mixing between the otherwise orthogonal fluorescent
channels and RNA nanostars bearing the corresponding aptamers.

In particular, when calculating the same-phase terms, i.e. Iﬁ and I]BB’, the bitwise AND was

computed directly between micrograph patches and mask patches, as in:

/B

A/p = Mean (bitwiseAND(patchy /g, masky /p))- (2.16)
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When computing the mixed-phase terms, i.e. IE and IQ, instead, the mask patches were
adjusted depending on the Linker Fraction value. For partially mixed systems, namely those
with Linker Fraction < 1/3, non-overlapping mask patches were used, i.e. the mask patch
minus its intersection with the opposite-type mask patch, as in:

IE = mean(bitwiseAND (patcha , maskg — mask ﬂ maskg)). 2.17)

The opposite term was calculated analogously. This was done to prevent signal leakage from
either phase. For fully-mixed systems, namely Linker Fraction > 1/3, instead, the union of

opposite-type masks was used, as in:
I8 = mean(bitwise AND (patch , mask o U maskg)) (2.18)

and analogously for the opposite term. This was done to ensure consistent results regardless
of discrepancies in segmentation masks stemming from differences in signal intensity across
channels.

All ROIs and corresponding computations were visually inspected to discard any synthetic
cell patches displaying either incorrect or extremely small segmentation binary masks in
either fluorescent channel. To ensure independent datapoints, ROIs were also checked against
overlap of the respective bounding boxes.

The mixing indices J5 and Jg were computed using binary masks obtained via both Li and
Otsu thresholding by simply saving and reusing the ROIs. The resulting indices were then
averaged to compensate the opposite tendencies of the two algorithms to under- (Otsu) and
over-segment (Li). Data were arranged in a pandas dataframe, with Linker Fraction on one
column and J or Jg on the other. Data were filtered as follows: NaN (not a number) values
were dropped; datapoints either below Q; — 1.5 IQR or above Q3 + 1.5 IQR were discarded
as outliers, where Q /3 is the first/third quartile and IQR = Q3 — Q is the interquartile range.
This resulted in the following number of kept datapoints (synthetic cells) per Linker Fraction:
28 (1/21), 31 (1/15), 30 (1/11), 24 (1/7), 32 (1/5), 38 (1/3) and 32 (1/2). Data are presented in
violin plots created using seaborn, with similar parameters for the kernel width as those in
Section 2.11.14 (scale = “count”, bw = 0.70).

2.11.17 Evaluation of protein partitioning with protein-binding con-

structs

Confocal micrographs acquired with the HC PL APO CS2 20 objective lens (single equato-
rial planes, pixel to um calibrated) were exported in TIFF format. In focus emulsion droplets
were manually annotated in FIJI using the circular selection tool. Binary masks were created
from the annotated ROIs using the “Masks from ROIs” FIJI plugin [348] and saved in TIFF

format. Micrographs and emulsion droplet masks were analysed through a Python3 script
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performing the following pipeline: the channel corresponding to the nanostar-binding dye
(MG/DFHBI) was denoised via Gaussian Blur (cv2.GaussianBlur, sigma = (3, 3)), intersected
with the droplet annotation mask, and the RNA organelles were segmented using unsuper-
vised Li algorithm (skimage.filters.threshold_li). This resulted in an inner mask comprising
the RNA organelles (above threshold). The outer mask was obtained by inverting the inner
mask (i.e. selecting below threshold), intersecting the result with the emulsion droplet anno-
tation mask, and applying morphological opening (skimage.morphology.opening) to remove
thin bright lines/halos around the previously segmented organelles.

The channel corresponding to the protein of interest (EYFP/Alexa405-STV/TexasRed-STV)
was then intersected with, i.e. multiplied by, both inner and outer masks in the previous step,
and the mean was computed in each case. This produced the average protein fluorescence
intensity within the RNA organelles and outside them, i.e. in the droplet lumen. The ratios
between inner and outer mean protein fluorescence intensity in the absence (-) and presence

(+) of the protein-binding construct are presented in the form of three horizontal bar plots.



Chapter 3

Cation-responsive amphiphilic DNA
nanostructures with non-canonical DNA
G-Quadruplexes

3.1 Introduction

Biological cells display various degrees and hierarchies of compartmentalisation, through
both membrane-bound [27] and membrane-less organelles [29, 349, 28]. These compart-
ments enable cells to perform a variety of complex tasks, including, but not limited to,
spatially organising macromolecules and metabolites [30, 350], handling processes and path-
ways [30, 351], as well as spatio-temporally controlling the rate of reactions by colocalising
enzymes and substrates [30, 352, 351]. Differently from membrane-bound compartments,
membrane-less organelles (MLOs) are very dynamic, both in their capability to quickly
assemble and disassemble depending on external triggers (e.g. cellular stress for stress gran-
ules [350, 351]), and in the continuous exchange of their components with the surrounding en-
vironment [353, 354, 29]. Most MLOs, indeed, display a liquid-like behaviour, but some, both
disease-related and physiological, are stiffer and hydrogel-like [355, 29, 356, 357, 349, 36].
It clearly follows that bottom-up assembled artificial cells require similar compartmentalisa-
tion capabilities [52]. As mentioned in Chapter 1, while membrane-bound compartments have
been realised using lipid [41, 42], polymer [42, 44] or protein-based [17] membranes, MLOs
often rely on coacervates [50, 51, 358, 359, 48] or hydrogels [359, 48, 199, 47, 49]. In this
regard, DNA-based implementations have gained traction due to the superior biocompatibility,
programmability and decreasing synthesis cost of DNA [136, 137]. Most DNA assemblies
rely on canonical base pairing for structural programming, and on toehold-mediated strand
displacement for actuation [166, 134, 360]. These materials can thus be easily made struc-
turally responsive to the presence and concentration of nucleic acid molecules of specific

sequences. However, for veritable biomimicry, it would be desirable for DNA-based synthetic
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MLOs to reversibly assemble and disassemble in response to a broader range of biologically
relevant, possibly physiological, stimuli. Such features would make the resulting DNA phases
applicable beyond bottom-up synthetic biology, with avenues ranging from tissue engineering
and cell scaffolding [361, 362] to small molecule biosensing [363, 364] and drug delivery
and release [365, 366, 362].

In this Chapter, I combine the versatility, robustness and programmability of interactions of
amphiphilic DNA nanostars [160, 163, 202, 154, 153, 367] with the cation-responsiveness
of non-canonical DNA G-Quadruplex (G4) motifs to construct responsive hydrogel-like
compartments capable of acting as synthetic organelles in nucleic acids-based artificial cells.
I show that these hydrogel aggregates reversibly assemble and disassemble upon addition
and chelation of G4-templating potassium (K1) ions, and that their rate of formation can be
tuned by varying the concentration of oligonucleotide components and/or available cations.
Moreover, I demonstrate how the amphiphilicity of the building blocks allows for cargo
uptake and triggered release of hydrophobic small molecules, producing a simplified mimic
of dynamic target analyte enrichment upon a triggering stimulus often found in biological
MLOs. Finally, I showcase how Quad-Stars hydrogels can undergo irreversible and highly
localised photo-induced disassembly through the orthogonal mechanism of guanine photo-
oxidation and cleavage upon near-UV irradiation in the presence of a G4-binding porphyrin
photosensitiser [368-372].

The results and material presented in this chapter are based on the following Publication [373]:

G. Fabrini, A. Minard, R. A. Brady, M. Di Antonio and L. Di Michele, Cation-Responsive
and Photocleavable Hydrogels from Noncanonical Amphiphilic DNA Nanostructures, Nano
Letters, 22, 2, 602-611 (2022)

All the work presented in this Chapter was done by me, apart from measurements in Fig. 3.4
which were jointly performed with Dr. Aisling Minard (Di Antonio group). Moreover,
DMEM + FBS buffers used in Fig. 3.13 were kindly prepared by Sabrina Pia Nuccio (Di
Antonio group).

Sequences for DNA oligonucleotides used in this Chapter can be found in Table A.1 in the
Appendix.

3.2 Quad-Star Design

The amphiphilic DNA nanostars, termed C-Stars, presented in Section 1.3.4 and developed
by Brady et al. [160, 163, 202], are the basis for the cation-responsive DNA nanostructures
presented in this Chapter. C-Stars, depicted in Fig. 3.1C, comprise four double-stranded DNA
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(dsDNA) arms with tunable length around a central four-way junction. Each arm includes
a strand with a covalently attached cholesterol moiety, enabling these nanostars to robustly
self-assemble via non-specific hydrophobic interactions. Thanks to these interactions, C-Stars
can form either crystalline frameworks or amorphous condensates depending on thermal
annealing protocol, buffer conditions and design details [160, 163, 202].

Starting from the architecture of C-Stars, I developed modified amphiphilic DNA nanostruc-
tures comprising four, identical 28 base pairs (bp)-long dsDNA arms, each still terminating
in a cholesterol moiety. I designed the arms to self-assemble into topologically analogous
nanostars by means of a DNA G4, which replaces the original, canonical four-way junction.
As such, I termed these nanostructures Quad-Stars.

As discussed in Section 1.2.2, DNA and RNA G-quadruplexes (G4s) can adopt a variety of
topologies (parallel, anti-parallel, hybrid) and stoichiometries (unimolecular, bimolecular,
tetramolecular). Despite this heterogeneity, they all consist of a varying number (n > 2)
of stacked semi-planar tetrads of Hoogsteen hydrogen-bonded guanine residues, called G-
quartets (or tetrads), arranged around an axially coordinated metal cation, as represented in
Fig. 3.1A (top). Due to their tetravalent stoichiometry, Quad-Stars assemble via a tetramolec-
ular parallel DNA G4, schematically depicted in Fig. 3.1A (bottom).
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Fig. 3.1 Design of cation-responsive amphiphilic DNA Quad-Stars. A: Chemical structure of a G-quartet
with a central coordinated K™ ion (top) and simplified sketch of a parallel tetramolecular G-Quadruplex (G4)
(bottom). B: Quad-Stars assemble from four identical 28 bp-long duplex arms, each comprising three strands: a
cholesterol-bearing strand, a linker strand and a guanine-rich, G4-forming strand. During the annealing process,
single-stranded DNA oligonucleotides hybridise into the double-stranded arms, but G4 formation and assembly
of the designed Quad-Stars only occurs in K™ -rich environments. Three design variations are investigated,
labelled as 4G (brown), SG (green) and 6G (blue) displaying 4, 5 or 6 guanines in the G4-forming sequence,
respectively. Moreover, several flexible oligo-thymine (oligo-T) spacers, separating the G4-forming region from
the rest of the duplex arm, are tested, namely 3, 5, 7 and 9T, the latter (and longer) of which is schematically
represented in this panel. Negative controls with ‘no Gs’, where guanines are replaced with thymines, are not
represented. C: Schematic representation of C-Stars [160] with arm length / = 28 bp, identical to the one used
in Quad-Stars. C-Stars and Quad-Stars share the same cholesterol-functionalised strands.

Fig. 3.1B includes a schematic representation of the DNA strands which make up Quad-Stars
and the mechanism behind their self-assembly. Each of the four identical Quad-Star arms
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self-assembles from three distinct DNA strands. The "Cholesterol Strand" bears a cholesterol
moiety, attached via a triethylene glycol (TEG) spacer and is exactly identical to the one in
C-Stars. The "Linker Strand" acts as a linker between the first and third strands. Finally, the
"G4-forming Strand" terminates with a stretch of n =4 (T GGGG T, "Arm_4G", brown), 5
(T GGGGGT, , "Arm_5G", green), or 6 (T GGGGGG T, , "Arm_6G", blue) consecutive
guanines flanked by thymines, all sequences reported to self-assemble into tetramolecular
parallel G4s under physiological conditions [329]. Since tetramolecular DNA G4s are bulkier
and stiffer than canonical dsDNA, a flexible oligo-thymine (oligo-T) spacer was included
between the duplex portion of the arm - formed by the cholesterol-bearing and the linker
strands - and the G4-forming guanine stretch. In particular, oligo-T spacers with lengths of 3,
5,7 and 9 nucleotides (nt) were tested. Accordingly, a generic construct with n consecutive
guanines and a m nt-long oligo-T spacer will be referred to as nGmT, e.g. a construct with 6
guanines and a 9 thymine-long spacer is referred to as 6G9T.

As discussed in Section 1.2.2, metal cations are critical to the formation of G4s [91-93], with
K+ ions exerting the strongest stabilisation effect, followed by Na™ and Mg?™, while Li+
ions do not contribute at all. Therefore, the sensitivity to cationic environment of DNA G4s
should grant Quad-Stars a degree of cation-responsiveness. Similarly to C-Stars, Quad-Stars
are expected to form nanoporous networks owing to the clustering of cholesterol moieties
into micelle-like assemblies, coordinated and linked by the tetravalent DNA nanostar motifs.
Unlike C-Stars, though, the replacement of the irreversible, canonical four-way junction with
a tetramolecular DNA G4 should enable Quad-Stars and Quad-Star networks to respond
to changes in ionic environment. In particular, Quad-Stars are designed to self-assemble
at sufficiently high concentration of G4-promoting K™ ions — as well as Na* and Mg?* to
a lower extent —, while failing to do so in the presence of other metal cations displaying
lower to null affinity for the G4 microenvironment, typically exemplified by Li™. As the
folding and stability of G4s also depend on the number of stacked G-quartets — the more, the
better [329] —, Quad-Star variants with longer guanine-stretches, i.e. 5G and 6G compared to

4G, are expected to self-assemble more promptly and with higher efficiency.

3.3 Characterisation

In this section, I will first go over the characterisation of non-cholesterolised nanostructures,
where the cholesterol-tagged strands are replaced with non-functionalised ones of identical
sequence but lacking the cholesterol moiety. This effectively prevents the nanostars from
interacting with one another, thus making them soluble and enabling their characterisation
with a variety of conventional molecular biology techniques. After that, I will move onto the

characterisation of full cholesterolised Quad-Stars.
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3.3.1 Characterisation of non-cholesterolised Quad-Stars

I first set out to probe the self-assembly of non-cholesterolised Quad-Stars into the desired
branched architectures, i.e. four-way nanostars, at thermodynamic equilibrium. To this aim,
samples of 4G, 5G and 6G designs with all possible oligo-T spacer lengths were slowly
annealed in TE buffer containing 300 mM LiCl (non G4-promoting) or 300 mM KCl1 (G4-
promoting) and characterised through a combination of agarose gel electrophoresis, Dynamic
Light Scattering (DLS) and Circular Dichroism (CD). The results are presented in Fig. 3.2,
3.3 and 3.4.
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Fig. 3.2 Self-assembly of non-cholesterolised Quad-Star variants via agarose gel electrophoresis. A, B:
Agarose gels of all investigated Quad-Star motifs annealed in either 300 mM KCI (A) or LiCl (B). Ultra-Low-
Range (ULR) DNA reference ladder is used as electrophoresis control (red). Four-way nanostars (NS) with
28 bp arm length annealed in 300 mM NaCl are used as mobility reference for correctly self-assembled nanostars,
i.e. positive control (light gray). Spacer lengths (“#Ts”) increase from left (3T) to right (9T) within each sample
group (4G, 5G, 6G and no Gs), as schematically depicted. C, D: Intensity profiles extracted from A and B,
respectively. Pixels are numbered from top to bottom, along the height of the gel images. Visual inspection of
the gels and the extracted lane intensity profiles reveals no nanostar motif self-assembles in 300 mM LiCl (B),
while only 5G and 6G samples, at all oligo-T spacer lengths, correctly self-assemble in K -rich environments,
indicated by slower migrating bands, completely absent in gel B, with mobility comparable to that of the NS
control. Negative control samples with no Gs (7-13T) are incapable of forming G4s, and thus assembling
into nanostars. Despite the potential for G4 formation, 4G samples fail to self-assemble at any spacer length.
Samples for all illustrated measurements were prepared at 20 uM oligonucleotide concentration.

Influence of guanine stretch length

Agarose gels in Fig. 3.2A-B and related line profiles in Fig. 3.2C-D demonstrate that longer
guanine stretches, capable of forming G4s with a higher number of stacked tetrads, grant
Quad-Stars a higher self-assembly efficiency. In G4-promoting conditions, namely 300 mM
KClI (Fig. 3.2A and C), both 5G (green lanes) and 6G (blue lanes) samples correctly self-

assemble at all oligo-T spacer lengths, as evidenced by the occurrence of slower migrating



102 Cation-responsive amphiphilic non-canonical DNA nanostructures

bands which are absent in Li*-rich environments (Fig. 3.2B and D). Such slower bands, in
fact, exhibit mobilities in excellent agreement with that of positive controls (between 150
and 200 bp markings of the reference ladder), namely regular four-way nanostars with the
same arm length (/ = 28 bp, light gray lane), thus indicating correct self-assembly into the
designed topology. Conversely, all 4G samples (orange/brown lanes) fail to self-assemble in
both cationic environments, rather they remain as disjoined duplex arms (between 50 and
75 bp markings of the reference ladder), as demonstrated by the corresponding bands, which
display the same mobility as those of negative controls incapable of forming G4s (no Gs,
purple lanes).

The volume-based size distributions obtained via DLS for all investigated motifs annealed in
300 mM KCl in Fig. 3.3A-B support the agarose gels in Fig. 3.2A, displaying a marked shift
(from ~4-5nm to ~6-8 nm) in mean hydrodynamic diameter (< dg >) between correctly
self-assembled 5G and 6G samples, and disjoined duplex arms in 4G constructs and no Gs
negative controls (as in Fig. 3.2). Results in Fig. 3.3C further confirm the K™ -dependent self-
assembly of SGIT and 6GIT samples into the designed nanostars. When annealed in 300 mM
KCl, in fact, they display < dy > values comparable to that of correctly assembled canonical
four-way DNA nanostars with the same arm length (light gray), used as positive control
similarly to Fig. 3.2. However, they fail to self-assemble in K™ -poor cationic conditions
(300 mM LiCl), and rather exhibit < dy > values comparable to those of 4G designs and no
Gs negative controls in Fig. 3.3A-B.

It should be noted that the G4-forming domains in 4G designs have previously been reported
to form tetramolecular parallel G4s under physiological conditions [329], that is with lower
K™ ion availability compared to the conditions here investigated (300 mM KCI). However,
such reports only examine the G4-forming domains themselves, which terminate on both
sides in single flanking thymines, i.e. T GGGG T. In Quad-Stars, instead, each of those
G4-forming domains is flanked on one side by a much bulkier 28 bp-long dsDNA arm, thus
considerably increasing the steric and Coulomb repulsion experienced upon G4 formation.
Such increase in repulsion is thus most likely enough to destabilise 4G designs, but not 5G or

6G ones, as G4 stability increases with higher numbers of stacked G-quartets.

Influence of oligo-T spacer length

Flexible oligo-T spacers with variable length were tested to see whether allowing for more
flexibility between the stiffer tetramolecular G4 motif and the duplex arms would afford a
higher self-assembly efficiency. Results in Fig. 3.2 and 3.3, combined, show that the influence
of such flexible spacers is negligible, as confirmed by the summarised mean hydrodynamic
diameters (< dyg >) for all sample variants vs the length of the oligo-T spacer in Fig. 3.3B.
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Fig. 3.3 Self-assembly of non-cholesterolised Quad-Star variants via Dynamic Light Scattering (DLS). A:
Volume-based size distributions obtained via DLS for all Quad-Star variants annealed in 300 mM KClI support
results from Fig. 3.2. Faint pink shaded regions span the range of the means of “No Gs” negative controls.
B: Summary of < dy > computed from A for all variants annealed in 300 mM KCI against length of oligo-T
spacers confirms a negligible influence of the spacer length on the self-assembly of Quad-Stars, as anticipated
by Fig. 3.2. Data are presented as < dy > (bars and markers) + standard deviation from covariance matrix of
the fit (error bars). C: Volume-based size distributions obtained via DLS for 5G9T and 6G9T Quad-Star variants
annealed in 300 mM LiCl or 300 mM KCl compared to correctly self-assembled four-way DNA nanostars with
arm length / = 28 bp annealed in 300 mM NaCl (positive control). Combined, these data confirm that only
5G and 6G Quad-Stars (at all oligo-T spacer lengths) self-assemble in K*-rich buffers, displaying average
hydrodynamic diameters (< dy >) close to that of canonical four-way nanostars (< dy >= 8.44 nm, light gray
in C). Even in K™ -rich buffers, in fact, samples with no Gs or 4G display consistently smaller < dy > values,
close to those of 5G and 6G motifs in absence of K™ ions (300 mM LiCl buffer, fainter profiles in C), as expected
from disjoined dsDNA arms. Both in A and C, vertical dashed lines represent mean hydrodynamic diameters
(< dyu >, also reported in the legends on top) obtained by fitting average profiles with lognormal distributions
(fits not shown). Profiles in A, C (solid lines) are averages of at least three independent measurements. Samples
for all illustrated measurements were prepared at 20 UM oligonucleotide concentration.

Circular Dichroism confirms G4-mediated self-assembly

Electrophoretic mobilities (Fig. 3.2) and average hydrodynamic diameters (Fig. 3.3) show a
clear influence of the cationic environment on the self-assembly, or lack thereof, of Quad-
Stars. Yet, they do not prove that self-assembled Quad-Stars comprise tetramolecular parallel

G4 motifs. Circular Dichroism (CD) measurements in Fig. 3.4 unambiguously support the
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self-assembly results in Fig. 3.2 and 3.3 and prove that the self-assembly of Quad-Stars is
K*-dependent due to being mediated by the formation of a parallel G4.
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Fig. 3.4 Circular Dichroism (CD) spectra confirm G4-mediated self-assembly. Negative controls with
guanines replaced by thymines (no Gs, first row) and 4G samples (second row) present the same signature in
both 300 mM LiCl (blue) and KCI (red), with only a slight hint of shift in maximum and minimum appearing
for 4G9T, thus confirming no G4 formation and no self-assembly as per results in Fig. 3.2 and 3.3. Only 5G
(third row) and 6G (fourth row) samples display the clear, parallel G4 signature in KCl, with characteristic shift
in maximum and minimum towards = 263 and 240-245 nm, respectively, proving K*-dependent assembly of
Quad-Stars via tetramolecular parallel G4 formation, as per design. Quantity reported on the y axis and labelled
“CD” is absolute (i.e. non molar-corrected) ellipticity of polarisation. All samples were prepared at 20 uM
oligonucleotide concentration.

Negative controls (no Gs, first row) and 4G samples (second row) display the same CD
signature in both 300 mM LiCl (blue) and KCl (red), with the exception of 4G9T, which starts
displaying a slight shift in its maximum and minimum. All 5G (third row) and 6G (fourth
row) designs, instead, regardless of oligo-T spacer length, display the clear, parallel G4 CD
signature, with a characteristic shift in maxima and minima towards ~ 263 and 240-245 nm,
respectively, also accompanied by signal enhancement [374, 342, 341, 375]. Due to the
conclusive evidence of no Gs and 4G samples failing to self-assemble upon annealing in

K" -rich buffers, only 5G and 6G motifs will be considered in the following sections.

G4 assembly kinetics via NMM fluorimetry

All measurements presented so far demonstrate that Quad-Stars self-assemble in a G4-

mediated fashion when annealed in K™ -rich buffers, but do not provide any evidence regard-
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Fig. 3.5 Kinetics of G4-dependent self-assembly of non-cholesterolised Quad-Stars via NMM fluo-
rimetry. A: Kinetic profiles for 5G and 6G samples, for all oligo-T spacer lengths, at target conditions, i.e.
[Oligo]o = 20 uM, [KCI] = 300 mM, where [Oligo]y = [oligonucleotide] at t = 0's. Disjoined duplex arms
(start, annealed in LiT-rich buffers) assemble into the sought nanostar topology (as schematised in the top right
panel) upon KCl injection via tetramolecular G4 motifs, the formation of which enables NMM binding and
fluorescence emission enhancement. B: Profiles for Quad-Stars with 9T spacers for all examined [Oligo]o.
C: Half-life of formation extracted from profiles in B (and analogous for shorter oligo-T spacer lengths, see
Fig. B.2A) vs [Oligo]y at fixed [KCI] = 300 mM. Data have been linearly fitted (solid lines) in log-log scale, and
the reaction order n extracted from the fitted slope, resulting in the following values: 4.005 £ 0.747 for SG3T,
4.613 £ 0.667 for 5G5T, 4.501 £ 0.787 for 5G7T, 3.605 £ 0.740 for SGIT, 3.823 + 0.086 for 6G3T, 3.467 +
0.039 for 6GST, 3.590 £ 0.030 for 6G7T, 3.711 £ 0.127 for 6GIT. Reported uncertainties represent standard
deviations from the covariance matrix of the fit. D: Profiles for Quad-Stars with 9T spacers for all examined
[KCI]. E: Half-life of formation from profiles in D (and analogous for shorter oligo-T spacer lengths, see
Fig. B.2B) vs [KCI] at fixed [Oligo]p = 20 uM. In A, B and D, curves with saturated colours (top) correspond
to samples triggered with KCl injection, whereas fainter curves (bottom) are negative controls (no KCl). For
samples, data are reported as mean (dots, one every 3 datapoints shown) £ standard deviation (shaded regions)
and fits to theoretical tetramolecular kinetics (solid lines) [329]. For negative controls, only average, normalised
datapoints are shown (see Section 2.8.2). Vertical lines are mean half-life values, #; ,, with the surrounding
shaded regions depicting the standard deviations. Data in C and E are reported as mean (markers) 4 standard
deviation (error bars). Data for negative controls, as well as 6G5T and 6G7T at 30 mM KCI1 have been averaged
across independent duplicates. Remaining data have been averaged across at least three independent repeats
(see Section 2.8.2).
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ing their capability to do so isothermally in response to changes in the ionic environment,
namely to the addition of G4-promoting K™ ions. In order to assess this, non-cholesterolised
Quad-Stars were first annealed in 300 mM LiCl, resulting in disjoined duplex arms, and
then their assembly was triggered via rapid injection of KCI. The self-assembly transient
was monitored by time-resolved fluorescence using N-methyl Mesoporphyrin IX (NMM), a
porphyrin ligand whose quantum yield is dramatically enhanced upon preferential binding
through 7-7 stacking to parallel G4s [376-378]. The molecular structure of NMM and its
emission spectra are provided in the Appendix (Fig. B.1). It is worth noting that, since NMM
is a G4 ligand, the resulting stacking interactions are expected to stabilise G4s within Quad-
Stars. However, this would be true for any other G4-binding ligand enabling fluorescence
monitoring of G4 formation. Moreover, this still enables relative comparisons of assembly
kinetics, rather than absolute evaluations, as all samples are measured in the presence of
NMM.

As presented in Fig. 3.5A, the resulting fluorescence intensity kinetic profiles monotonically
increase after KCl injection, demonstrating NMM binding to formed G4s, thus reflecting the
isothermal assembly of Quad-Stars in response to the desired change in cationic environment.
Previous reports on the kinetics of tetramolecular G4 formation have proved that their assem-
bly can be modelled as an irreversible reaction due to their considerable stability, i.e. long
lifetimes [379, 329, 380], post formation, as in

40ligo X 0 3.1)

with Oligo being the monomer oligonucleotide strand, Q the assembled tetramolecular G4,
and kop, the folding/association rate constant. The concentration of monomer strand, [Oligo],

thus obeys the following ordinary differential equation:

d[Oligo]
dt
where ¢ indicates time, and 7 is the reaction order. While Equation 3.1 would suggest an

= —kon|Oligo]" (3.2)

instantaneous tetramolecular reaction (n = 4), a four-body collision is highly unlikely. The
aforementioned studies [379, 329, 380] have, indeed, reported n values ranging between 3
and 4 depending on the stability of (much shorter-lived) reaction intermediates with varying
environmental conditions, particularly cation identity [379, 380]. For this reason, the reaction
order is treated as a variable in Equation 3.2, rather than a known constant. The solution
of Equation 3.2 provides a simple kinetic model to which the fluorescence intensity kinetic
profiles in Fig. 3.5A can be fitted [329], namely

op=1—oy=1- % =1—{1+[0ligo)" " (n— 1) kont} 77 (3.3)
where oy is the fraction of folded strands, i.e. participating in G4s, o, is the fraction of

unfolded (monomeric) strands, and [Oligo] is the starting monomer concentration. Due
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to fluorescence being proportional to the amount of formed G4s NMM can bind to, the
recorded fluorescence intensity (F.I.) can be fitted, after the necessary pre-processing (see
Section 2.11.3), as F.1.= a - a5, where a is a scaling parameter optimised through fitting that
accounts for kinetic profiles potentially not reaching completion within the experimental time
window. Precisely for this reason, assembly half-times, #; /,, cannot be computed directly
from the data, rather they must be extracted from the fitted ko, and n by computing the time

needed to reach o = %, leading to

1 1—-n
~ —1
) =i (3.4)
(n - 1) kon [OIigO]O
The half-life values obtained at the target conditions of [OZ igo]o =20 uM and [KCI] =300 mM

clearly demonstrate that longer G-runs not only enhance G4 stability and promote higher

lyyo=

folding efficiency (see Fig. 3.2), they also translate into faster assembly, as depicted in
Fig. 3.5A. For instance, #/, ~ 5min for 6G9T and 7y, ~ 15h for 5GIT, with similar
discrepancies at all oligo-T spacer lengths. Such trend is in agreement with several literature
reports [329, 380, 381], and it can be promptly rationalised in light of a nucleation-zipping
assembly pathway [379]. The nucleation-zipping model [382] was originally proposed to
explain experimental observations of negative apparent activation energies in the formation
of N bp-long An-Tn dsDNA constructs, i.e. higher hybridisation rates at lower temperature.
The model considers a rapid pre-equilibrium between the single-stranded oligonucleotides
and an unstable dsDNA intermediate with (N — 1) bp, followed by the limiting step of
nucleating the N’ base pair [383-385]. While later studies have highlighted that dsSDNA
hybridisation is a non-Arrhenius process and that the apparent activation energy is positive,
albeit small, below the melting temperature [386, 387], variations of this model have been
proposed to explain the apparent negative activation energy of association of tetramolecular
quadruplexes. These either rely on a pre-equilibrium between monomers and dimers followed
by a dimer/quadruplex limiting step [379, 388], or on a multitude of intermediates comprising
dimers, trimers and tetramers with slipped strands [389], which ultimately serve to avoid the
“all or nothing model” requiring the aforementioned unlikely four-body collision. Importantly,
it follows from such models that longer stretches of consecutive guanines bestow increased
stability upon transient dimers [388] and/or trimers [389] intermediates for G4 assembly,
thus boosting the overall folding kinetics.

While n values are obtained as fitting parameters from Equation 3.3, these estimates are not
guaranteed to hold throughout the whole range of starting monomer concentrations, [Oligo]o,
as it is instead expected of the reaction order. However, it follows from Equation 3.4 that
assembly half-life values should follow a power-law behaviour such as

t1/2=A-[0Oligo]y™" (3.5)
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from which the reaction order, n, (as well as the constant A) can be more reliably estimated
through fitting.

Figure 3.5B-C showcase the dependency of the kinetic profiles and the extracted 71/, values
on [Oligo]o. Expectedly, NMM fluorescence increases faster and plateaus earlier at higher
[Oligo]p in both SGIT and 6GIT samples, and 7, /, values follow a decreasing power-law
with increasing [Oligo]y. Notably, fitting yields the following values for the reaction order:
n = 3.605 £ 0.740 for 5GI9T and n = 3.711 £0.127 for 6GIT, both closely matching the
theoretical stoichiometry of 4. Similar trends can be observed at all oligo-T spacer lengths
in Figure 3.5C. Notably, tetramolecular processes are rare in nucleic acids nanotechnol-
ogy, where most reactions are bimolecular in nature. In particular, the higher reaction order
bestows upon Quad-Star formation a much more dramatic dependence on the starting oligonu-
cleotide concentration. In a bimolecular process, varying the starting monomer concentration
by a factor of 4 (10 — 40 uM) would simply reduce the half-life of formation by the same
factor (71 o< [Oligo], 1), whereas in the case of Quad-Stars the half-life of formation drops
by a factor of ~ 64 (11 5 =< [Oligo]; ).

G4 association rates have also been reported to highly depend on the identity and concentra-
tion of cations, increasing with increasing ion concentration with a rate that depends on the
extent of stabilisation afforded by the specific ions, e.g. higher for K™ than for Na*t [379]).
Therefore, I proceeded to investigate whether the self-assembly rate of Quad-Stars could be
tuned by varying the concentration of injected K ions. Figure 3.5D-E prove that, indeed, 5G
and 6G Quad-Stars fold significantly faster in the presence of higher K™ ion concentrations
([KCl]), with #; /, values dropping from ~ 10h to ~ 5 min when [K™] is increased from
30 to 300 mM for 6GIT. A similarly strong dependence was found for SG9T. Comparable
trends are found to hold at all other oligo-T spacer lengths (see Fig. B.2 in the Appendix for
corresponding profiles). It is worth mentioning that, due to the much slower formation rates,
assembly kinetics of 5G designs at all oligo-T spacer lengths could not be characterised at
the lowest oligonucleotide (4 uM) and KCI (30 mM) concentrations used for 6G constructs,
as it can be noted in Fig. 3.5E.

Overall, the combined behaviours displayed in Figure 3.5B-E demonstrate the capability
of Quad-Stars to isothermally assemble in a cation- and oligonucleotide concentration-
dependent fashion, meaning the assembly rates can be widely tuned by varying potassium
and/or oligonucleotide concentrations.

Due to the negligible impact of the length of the flexible oligo-T spacer, as substantiated by
results in Figs. 3.2, 3.3, 3.4 and 3.5, only 5G and 6G samples with the longest 9T spacer, i.e.
5GIT and 6GIT, will be examined from here onwards, and, for brevity, they shall simply be
referred to as 5G and 6G.
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Influence of monovalent cations: Li™ vs Na® vs KT

To assess the sensitivity and specificity of the self-assembly of Quad-Stars with respect to the
cationic environment, two concentrations, namely 300 mM (as in previous measurements)
and 100 mM, of monovalent cations Li*, Na™ and K+ were tested, as showed in Fig. 3.6. The
lower 100 mM concentration was chosen to more closely resemble physiologically-relevant
ionic compositions, with intracellular K™ and extracellular Na™ ion concentrations both
amounting to ~ 100-150 mM. As agarose gel electrophoresis (Fig. 3.2), DLS (Fig. 3.3),
CD (Fig. 3.4) and fluorimetry (Fig. 3.5) measurements have all demonstrated the lack of
Quad-Star formation in both 5G and 6G non-cholesterolised samples annealed in 300 mM
LiCl buffers, this condition will be used as negative control.

Agarose gel electrophoresis (Fig. 3.6A-B) and DLS measurements (Fig. 3.6C) reveal that
samples annealed for 6 h (see Methods) in 300 mM NaCl exhibit a lower degree of self-
assembly compared to KCI at the same concentration. Only 6G samples, in fact, exhibit
the delayed, larger-sized band and hydrodynamic diameter shift corresponding to correctly
assembled nanostars. When reducing the concentration to 100 mM, self-assembly is only
observed for 6G motifs in 100 mM KCI. The apparent inconsistency with fluorimetry results
for 5G samples in 100 mM KCI — with visible fluorescence signal in Fig. 3.5D, hinting at
G4 formation and Quad-Star assembly — is likely due to the difference among annealing
duration (6 h) and the time window monitored during fluorescence kinetics (tens of hours). It
is also worth noting that the efficiency of Quad-Star formation, both 5G and 6G, in 300 mM
KCl observed in Fig. 3.6A-B is considerably lower than the one displayed in Fig. 3.2 (as
well as Fig. 3.7A-B below), i.e. the slower migrating band indicative of correctly assembled
Quad-Stars is much fainter than the faster one corresponding to disjoined duplex arms. This
might be due to issues with sample preparation, such as aggregation of G4-forming strands
during storage prior to mixing and annealing.

These results point to the degree of quadruplex stabilisation afforded by Na™ ions being
intermediate between Li* and K, in agreement with literature [91], where Na™ ions are often
reported as being more effective in the stabilisation of anti-parallel or hybrid topologies [390]

rather than the parallel one under investigation in this Chapter.

Influence of divalent cations: Li* vs Mgt vs KT

Similar results were obtained when annealing non-cholesterolised Quad-Stars in 2 mM
MgCl,, tested due to the physiological relevance of Mg?* ions, as well as their frequent use
in DNA nanotechnology. Fig. 3.7 shows that 2 mM Mg?* ions stabilise the G4 motifs in
Quad-Stars to an extent comparable to 300 mM Na™ and substantially lower than 300 mM
KT, with 5G designs failing to self-assemble and 6G ones displaying a fainter delayed band
compared to 300 mM K™ (easily observed in Fig. 3.7B). This points to a lower self-assembly

efficiency in Mg?*, i.e. lower fraction of correctly self-assembled Quad-Stars, compared to
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Fig. 3.6 Influence of monovalent cations on the self-assembly of non-cholesterolised Quad-Stars. A:
Agarose gel comparing electrophoretic mobilities of 5G (green) and 6G (blue) Quad-Stars (both with 9T spacer)
annealed in either 100 (right half) or 300 mM (left half) LiCl, NaCl or KCl, respectively. Ultra-Low-Range
(ULR) DNA reference ladder is used as electrophoresis control (red). B: Intensity profiles extracted from
agarose gel in A. Pixels are numbered from top to bottom, along the height of the gel images. Visual inspection
of the gel shows that Na™ ions support the self-assembly of Quad-Stars to a lesser extent than K™ ones, with 6G
Quad-Stars self-assembling only at the highest concentration (300 mM), and 5G constructs failing to do so at
both examined concentrations. C: Volume-based size distributions obtained via DLS for samples in A. Average
hydrodynamic diameters (< dy >), obtained via fitting to lognormal distributions (fits not shown) are indicated
by vertical lines. Reported < dy > values lie within one standard deviation from the ones presented in Fig. 3.3.
Profiles (solid lines) are averages of at least four independent measurements. Mean hydrodynamic diameters
and corresponding standard deviations (from covariance matrix of the fit) are hereby reported: 5G —5.17 +
1.30nm in 100 mM LiCl, 5.73 £+ 1.24 nm in 100 mM NacCl, 5.17 &+ 1.30nm in 100 mM KCl, 5.02 + 1.31 nm
in 300 mM LiCl, 5.33 & 1.30 nm in 300 mM NaCl, 6.97 & 1.37 nm in 300 mM KCI; 6G —5.16 + 1.35nm in
100mM LiCl, 5.72 + 1.32 nm in 100 mM NaCl, 7.48 &+ 1.36 nm in 100 mM KCl, 5.55 4+ 1.30 nm in 300 mM
LiCl, 7.16 + 1.36 nm in 300 mM NaCl, 9.20 £ 1.38 nm in 300 mM KCI. All samples were prepared at 20 uM
oligonucleotide concentration.

300mM K™, as confirmed by the bimodal size distribution obtained via DLS exhibited by 6G
in 2mM MgCl, depicted in Fig 3.7C. The downward shift in the larger sized peak can likely
be ascribed to a higher degree of compactness, as often observed with DNA nanostructures
in the presence of divalent Mg>* ions. Analogously to Fig. 3.6 above, samples annealed in
300 mM LiCl are here used as negative controls.

Overall, the self-assembly, or lack thereof, of non-cholesterolised Quad-Stars in different
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Fig. 3.7 Influence of Mg>" ions on the self-assembly of non-cholesterolised Quad-Stars. A: Agarose gel
comparing electrophoretic mobilities of reference four-arm nanostars with arm length / = 28 bp in 300 mM
NaCl (light gray), 5G (green) and 6G (blue) Quad-Stars (both with 9T spacer) in 2 mM MgCl,, 300 mM LiCl or
300 mM KCl, respectively. Ultra-Low-Range (ULR) DNA reference ladder is used as electrophoresis control
(red). B: Intensity profiles extracted from agarose gel in A. Pixels are numbered from top to bottom, along the
height of the gel images. Visual inspection of the gel demonstrates that 2 mM Mg>* ions exhibit a degree of
G4 stabilisation intermediate between Lit and K ones, similarly to Na™ ions, with 5G designs completely
failing to self-assemble, and 6G designs showing a fainter slower migrating band, signalling a lower fraction of
correctly assembled 6G Quad-Stars in MgCl, compared to KC1. C: Volume-based size distributions obtained
via DLS for samples in A. Vertical lines show average hydrodynamic diameters (< dp >), obtained via fitting to
mono- or bi-modal lognormal distributions — fits not shown. As observed in A, 5G motifs fail to self-assemble
in 2mM Mg?* ions, exhibiting < dy > similar to that in Li* buffers (disjoined duplex arms). Conversely, 6G
in Mg?* presents a bimodal distribution, with the larger-sized peak shifted towards the size of fully assembled
Quad-Stars, albeit slightly smaller, possibly due to Mg?*-induced compaction. While the smaller-sized peak
for 6G is slightly shifted to lower size values compared to free dsDNA arms in Li* buffers, the two < dy >
estimates lie within one standard deviation. Profiles (solid lines) are averages of at least five independent
measurements. Mean hydrodynamic diameters and corresponding standard deviations (from covariance matrix
of the fit) are hereby reported: 5G — 4.84 £ 1.33 nm in 300 mM LiCl, 5.31 £ 1.30nm in 2 mM MgCl,, 7.92 +
1.49 nm in 300 mM KCI; 6G — 4.87 + 1.36 nm in 300 mM LiCl, 2.64 + 1.11 nm and 6.01 =+ 1.40 nm in 2 mM
MgCl,, 8.51 + 1.38 nm in 300 mM KCI. All samples were prepared at 20 uM oligonucleotide concentration.

cationic environments reflects literature trends, with K* ions being the most effective at
promoting G4 formation and nanostar self-assembly, followed by Na* and Mg?*, and finally
by Li™, which does not show any degree of G4 stabilisation.

3.3.2 Characterisation of cholesterolised Quad-Stars

After proving that individual non-cholesterolised Quad-Stars can isothermally self-assemble

in response to G4-promoting K™ ions, I proceeded to probe the self-assembly of choles-
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terolised Quad-Stars into 3D percolating networks leading to macroscopic aggregate forma-

tion.

Influence of cationic environment on micelle formation

As observed for the cholesterol-tagged strands in C-Stars, Quad-Star duplex arms are expected
to form cholesterol-induced micelles even when annealed in K™ -poor buffers, that is prior to
G4-mediated Quad-Star assembly. Such micelle clusters would lead to strong colocalisation
of the G4-forming domains/strands, ultimately influencing the formation rate of Quad-
Stars and their assemblies. Therefore, I investigated the influence of the annealing cationic

environment on the formation of such micelle clusters.
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Fig. 3.8 Influence of annealing cationic conditions on cholesterol micelle formation. A: Volume-based
size distributions obtained via DLS for cholesterolised 5G and 6G Quad-Stars (both with 9T spacer) annealed
in either 2 mM MgCl, or 300 mM LiCl buffers, as well as negative controls (no Gs 14T and 15T, see Table A.1)
annealed in either the same conditions or in 300 mM KCI buffer. Vertical lines are average hydrodynamic
diameters (< dy >), extracted via fit to mono- or bi-modal lognormal distributions (fits not shown). Quad-
Star duplex arms fail to form micelle-like assemblies in lower ionic strength 2 mM MgCl, buffer, exhibiting
< dy > values close to those of non-cholesterolised arms in Fig. 3.3A-B, much smaller than single assembled
soluble Quad-Stars. Higher ionic strength buffers, such as 300 mM LiCl or KClI, allow for the formation of
micelle-like clusters, as indicated by the larger-sized peaks at ~ 10-15 nm, in equilibrium with some amount
of free dsDNA arms (smaller-sized peaks closely matching the ones displayed by samples in 2 mM MgCly).
Mean hydrodynamic diameters and standard deviations from covariance matrix of fit are hereby reported:
5G -5.51 £ 1.29nm in 2mM MgCl,, 5.96 + 1.23 nm and 16.16 + 1.36 nm in 300 mM LiCl; 6G - 5.78 £+
1.29 nm in 2 mM MgCl,, 4.92 + 1.29 nm and 9.56 + 1.64 nm in 300 mM LiCl; 5G - no G - 5.34 &+ 1.32nm
in 2mM MgCly, 4.29 + 1.20nm and 14.68 &+ 1.40 nm in 300 mM LiCl, 3.99 + 1.24 nm and 9.96 £+ 1.56 nm
in 300 mM KCI; 6G -no G — 5.20 + 1.34nm in 2mM MgCl,, 13.24 £ 1.44nm in 300 mM LiCl, 4.70 £+
1.21 nm and 12.54 4+ 1.51 nm in 300 mM KCI. Profiles (solid lines) are averages of at least five independent
measurements. B: Alexa488 epifluorescence micrographs depicting the formation, or lack thereof, of aggregates
in 5G (left) and 6G (right) Quad-Star samples after annealing in (i) 300 mM LiCl or (ii) 2 mM MgCl, buffers,
accompanied by sketches depicting formation and absence of micelles in such buffers, respectively, as evinced
from DLS measurements in A. Micrographs are unprocessed and have been cropped for ease of visualisation.
Scale bars = 50 um. Samples for A and B were prepared at 20 uM and 5.6 uM oligonucleotide concentration,
respectively.
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DLS measurements in Fig. 3.8A confirm, indeed, the formation of micelle-like assemblies
when cholesterolised Quad-Star components (5G - right, 6G - left) are annealed in 300 mM
LiCl and 300 mM KCl - the latter condition only for negative controls with no Gs to avoid
network formation, presented in the bottom row. However, no assemblies of similar size are
observed in samples annealed in 2 mM MgCl,, most likely due to the lower ionic strength
not compensating the electrostatic repulsion among closely packed oligonucleotides.

As shown in the micrographs in Fig. 3.8(i), both 5G and 6G Quad-Stars annealed in Li*-rich
environments (300 mM LiCl) exhibit some small aggregates, made fluorescent thanks to an
Alexa488-fluorophore conjugated to the linker strand, despite the lack of K™ ions in solution.
No such aggregates are observed, instead, in samples annealed in 2 mM MgCl,, as demon-
strated in micrographs depicted in Fig. 3.8(i1). Together with measurements in Figs. 3.3A
and 3.7, these data hint at an aggregation mechanism where G4-forming oligonucleotides
colocalise thanks to micelle formation, resulting in considerably enhanced local concentration
of G4-forming strands. This, in turn, massively accelerates G4 formation kinetics due to the
high dependency of tetramolecular G4 association rates on oligonucleotide concentration,
as observed in Fig. 3.5B-C. While 300 mM LiCl is not enough to induce G4 formation
in non-cholesterolised samples, it is capable of driving micelle formation. This leads to
colocalisation of the component strands, which induces a certain degree of G4 formation and
consequent low to moderate aggregation, despite the lack of G4-stabilising cations. Con-
versely, 2mM MgCl, affords some degree of G4 stabilisation in non-cholesterolised designs,
but fails to promote micelle formation, thus impeding strands from coming together into the
designed nanostars and ultimately preventing aggregation. For this reason, samples annealed
in 2mM MgCl, were chosen as the starting condition for K™ ion-triggered experiments,

providing a blank slate to investigate the kinetics of G4 formation and Quad-Star aggregation.

NMM Fluorimetry

Similarly to non-cholesterolised samples, I annealed cholesterolised Quad-Stars in K*-poor
saline buffers, namely 2 mM MgCl,, and monitored G4 formation and network assembly
using time-resolved NMM fluorimetry upon injection of KCI1 ([KCl1] = 300 mM). The resulting
NMM fluorescence kinetics in Fig. 3.9A confirm that K™ ion addition rapidly triggers G4
formation, with both 5G and 6G designs displaying substantially faster assembly compared
to the non-cholesterolised counterparts in Fig. 3.5. Half-life values are dramatically reduced,
as summarised in Fig. 3.9B, with 5G samples experiencing a 100-fold boost in assembly
rate, i.e. decrease in half-life values. As expected, samples lacking KCl injection do not
experience any fluorescence increase or aggregation, as depicted in Fig. 3.9C. These results
are in agreement with the proposed assembly mechanism, whereby the colocalisation of
G4-forming strands mediated by cholesterol micelles causes a dramatic boost in G4 formation
rates. At first, in fact, the 2 mM MgCl, buffer used for annealing does not possess high

enough ionic strength to promote micelle formation, as demonstrated by DLS measurements
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in Fig. 3.8A. However, the addition of 300 mM KCl increases the ionic strength, thus inducing
the formation of micelle-like assemblies, and also provides G4-promoting and stabilising

cations, ultimately resulting in this considerable speed-up.
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Fig. 3.9 Kinetics of G4-dependent self-assembly of cholesterolised Quad-Stars via NMM fluorimetry.
A: Normalised fluorescence intensity kinetic profiles of G4-folding in cholesterolised 5G and 6G Quad-Stars
(both with 9T spacer). Half-life values are depicted as mean (vertical dashed lines) &+ standard deviation
(shaded intervals). B: Half-life values, 7, 5, are dramatically reduced for cholesterolised Quad-Stars compared
to soluble, non-cholesterolised ones (Fig. 3.5A.) Since tetramolecular G4 association rates highly depend on
oligonucleotide concentration (Fig. 3.5B-C), such reduction in half-life values can most likely be ascribed to
increased local concentration of G4-forming oligonucleotides caused by the formation of cholesterol-mediated
micelles upon the ionic strength increase brought about by the KCl injection (see Fig. 3.8A). Data are reported
as mean (filled bars) + standard deviation (error bars). C: Comparison between normalised kinetic profiles
for cholesterolised 6G Quad-Stars receiving KCl injection (bright curve, same as in A), negative controls (6G
NC) lacking the KCl injection and blanks (plain TE buffer + NMM). Data for negative controls and blanks
are averages of duplicates, normalised by mean subtraction and division (see Sections 2.8.2 and 2.11.3), and
have been trimmed (time-wise) to match the time duration of the profile for 6G. Raw data for negative controls
and blanks are provided in Fig. B.3. Data in A and C are presented as mean (datapoints, one marker every 3
points shown) £ standard deviation (shaded regions) from 4/10 (5G/6G, respectively) replicates. Solid lines
in A are fits to theoretical tetramolecular kinetics as in Fig. 3.5 [329]. All samples were prepared at 20 uM
oligonucleotide concentration.

3.4 Reversible isothermal self-assembly and disassembly

NMM fluorimetry assays in Fig. 3.9 monitor the isothermal folding of tetramolecular DNA
G4 motifs within cholesterolised Quad-Stars, but they do not provide insights into their
assembly into extended 3D networks and aggregate formation. In this section, I will demon-
strate that it is possible to monitor such isothermal assembly and study its kinetics through
epifluorescence microscopy timelapses. I will show that Quad-Stars form hydrogel aggre-
gates, which can be disassembled upon chelation of G4-promoting K™ ions through chelating
agent [2.2.2]cryptand. Finally, I will prove that such hydrogel aggregates can be reversibly
assembled and disassembled for up to three cycles via repeated K ion addition and removal,
i.e. cryptand addition. For these experiments, fluorescence imaging was enabled by the use
of an Alexa488 fluorophore conjugated to the linker strand in the duplex Quad-Star arms, as
previously seen in Fig. 3.8B. Such covalently-linked fluorophore was preferred to NMM to
avoid NMM-mediated photo-induced oxidation and cleavage of G4-forming guanine residues

upon strong illumination (see Section 3.5.3 below).
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Fig. 3.10 Isothermal assembly and hydrogel aggregate formation. A: Schematic representation of K*-
induced Quad-Star assembly, from disjoined duplex arms, observed after annealing in 2mM MgCl, (see
Fig. 3.8), to a 3D percolating network leading to formation of hydrogel aggregates. B: Self-assembly kinetics of
Quad-Star hydrogel aggregates (5G in green, 6G in blue, both with 9T spacer) represented by time-dependent
area fraction profiles computed from epifluorescence microscopy timelapses (see Section 2.11.7). Data are
presented as mean (solid lines) + standard deviation (shaded regions) from 3/4 repeats for 5G/6G, respectively.
C: Representative epifluorescence micrographs of 5G and 6G Quad-Star aggregates, formed after 2.5 h from
300 mM KCl injection. Samples were originally annealed in 2 mM MgCl,-containing buffer. D: Area fraction
profiles corresponding to control samples for 5G (top) and 6G (bottom) (both with 9T spacer) cholesterolised
Quad-Stars: samples annealed in 2 mM MgCl, (blue); samples annealed in 2 mM MgCl, and supplemented
with 300 mM LiCl (blue); samples annealed in 300 mM LiCl and supplemented with 300 mM LiCl (green);
samples annealed in 300 mM LiCl and supplemented with 300 mM KCI (red). Data are presented as mean
(solid lines) £ standard deviation (shaded regions) of three FOVs within single representative samples, apart
from 5G - Lit + K™ (red, left panel), reported instead as mean of two FOVs (solid line) + interval among them
(shaded region). E: Representative epifluorescence micrographs of 5SG (top) and 6G (bottom) Quad-Star control
samples from D after 2.5 h from the corresponding saline buffer injection (or lack thereof in (i)). Imaging is
enabled by an Alexa488 fluorophore conjugated to the linker strand in the Quad-Star arms. Micrographs in C,
E have been background-subtracted (see Section 2.11.5) and cropped for ease of visualisation. Scale bars are
50 um. All samples were prepared at 5.6 uM oligonucleotide concentration.
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3.4.1 Aggregate formation kinetics

The kinetics of Quad-Star assembly and aggregate formation, schematically depicted in
Fig. 3.10A, can be investigated through time-dependent area fraction profiles, i.e. the fraction
of a microscopy field of view (FOV) occupied by fluorescent Quad-Star aggregates vs time,
as computed by image analysis (see Section 2.11.7). Such results are presented in Fig. 3.10B,
which demonstrates, as expected from NMM fluorimetry measurements (Figs 3.5A and 3.9A),
a much faster assembly rate for 6G designs compared to 5G ones. This is also confirmed by
micrographs in Fig. 3.10C, which showcase round, fluorescent hydrogel-like aggregates after
2.5h from 300 mM K™ injection for both 5G and 6G constructs, with the latter exhibiting
larger and more closely packed aggregates.

Influence of different annealing conditions and other cation injections

As it can be deduced from Fig. 3.8 and 3.9, KCl injection promotes Quad-Star aggregation
by both increasing the ionic strength, thus facilitating micelle assembly and G4-forming
strand colocalisation, and providing G4-promoting K* ions. To disentangle these two effects,
5G and 6G Quad-Stars were annealed in either 2mM MgCl,, as in Figs. 3.9 and 3.10A, or
300 mM LiCl, and then supplemented with either nothing, 300 mM LiClI or 300 mM KClI.
The resulting time-dependent area fraction profiles are presented in Fig. 3.10D. Samples
annealed in 2 mM MgCl, do not display any aggregation without further cation addition,
as exemplified by the blue profile (Mg>* Neg. Ctrl. = Negative Control) in Fig. 3.10D
and accompanying micrographs after 2.5 h in Fig. 3.10E (i). Note that any patterns in the
illumination of these micrographs are artifacts due to background subtraction in the absence
of any fluorescent aggregates. When provided with a further 300 mM LiCl trigger injection
(Fig. 3.10D, orange; Fig. 3.10E (i1)), some degree of aggregation is observed, particularly in
6G designs. However, this response is considerably less pronounced than the one depicted in
Fig. 3.10B when samples are supplemented with the same concentration of G4-promoting K™
ions, which still causes the same increase in ionic strength. This confirms the hypothesised
interplay of ionic strength increase and degree of metal cation afforded G4-stabilisation in
Quad-Star aggregate formation, and decouples the two effects: while 300 mM LiCl and KCl
lead to the same increase in ionic strength, and equally facilitate micelle formation and boost
in G4 assembly rates, G4-promoting K™ ions result in much stronger and more effective
aggregation.

Consistent results are obtained for samples annealed in 300 mM LiCl. While they present few
small aggregates right after annealing as reported in Fig. 3.8B(i), they undergo further aggre-
gate formation when supplemented with either 300 mM LiCl (Fig. 3.10D, green; Fig. 3.10E
(iii)) or 300 mM KCl (Fig. 3.10D, red; Fig. 3.10E (iv)): the final ionic strength is the same,
but the degree of aggregation is considerably larger in samples receiving a trigger injection

of G4-promoting K™ ions.
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3.4.2 Disassembly by potassium ion chelation through cryptand

Potassium ions template the formation of G-quartets and stabilise the resulting G4 mo-
tifs by sitting in the central channel, sandwiched among pairs of adjacent G-quartets, thus
axially coordinating with eight O6 atoms. Due to the crucial contribution of such coordina-
tion, potassium-stabilised G4s tend to structurally weaken [391] and rapidly unfold [392—-
395, 182, 187] when K™ ions are removed. This can be achieved via chelation through
[2.2.2]cryptand [393, 394, 182], a bicylic chelating agent with high affinity for alkali metal
cations whose structure is reported in Fig. 3.11A. It should therefore be possibile to reverse
the aggregation of Quad-Stars by chelating the G4-stabilising K™ ions, thereby isothermally
disassembling the hydrogel aggregates. This reversibility route was investigated through
a combination of NMM fluorimetry and epifluorescence microscopy on 6G Quad-Stars,
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Fig. 3.11 Quad-Stars and their hydrogel aggregates can reversibly assemble and disassemble upon
addition or chelation of K ions. A: Chemical structure of [2.2.2]cryptand (or 4,7,13,16,21,24-Hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane), represented in coordination with a K ion. B: Reversibility of cholesterolised
6G (9T spacer) Quad-Star assembly assessed via NMM time-dependent fluorescence intensity kinetics. Addition
of K™ ions (black vertical line) triggers G4 folding, as presented in Fig. 3.9A, while their removal via addition of
chelating agent [2.2.2]cryptand (red vertical line) induces fast disassembly. C: Reversibility of 6G (9T spacer)
Quad-Stars hydrogel aggregate formation, monitored via time-dependent area fraction profiles as showed in
Fig. 3.10B, is demonstrated by three consecutive assembly/disassembly rounds. Insets (I-VI) depict cropped,
background-subtracted epifluorescence micrographs (see Section 2.11.5) at representative assembly/disassembly
timepoints indicated by the corresponding arrows. All insets show the same FOV area, thus sharing scale bar,
which is 50 um. D: Zoomed-in time-dependent area fraction profiles from disassembly rounds in C. Time
on the x-axis is zero-ed with respect to the corresponding cryptand injection (fnjection = 0'8). The reduction
in starting area fraction with progressive assembly/disassembly round matches with the progressively slower
assembly rates and lower end values of hydrogel aggregate area fraction displayed in C. Both are most likely
caused by considerable sample dilution upon subsequent KCl/cryptand injections. Data in B, C, D are presented
as mean (solid lines) & standard deviation (shaded regions) from at least three repeats. Samples in B and C-D
were prepared at 20 uM and 5.6 uM oligonucleotide concentration, respectively.
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as presented in Fig. 3.11B-C. NMM fluorescence was monitored during the potassium-
induced assembly transient, as presented in Fig. 3.9B, as well as immediately before and
after [2.2.2]cryptand injection (see Section 2.9), resulting in almost instantaneous drop
of fluorescence, as demonstrated by Fig. 3.11B, indicative of G4 and hydrogel aggregate
disassembly.

3.4.3 Assembly reversibility

Such reversibility can be promptly extended to multiple subsequent rounds of assem-
bly/disassembly by alternating KCl/cryptand addition in the same 6G Quad-Stars sample,
respectively. Fig. 3.11C presents the resulting time-dependent area fraction profiles with
Alexa488 epifluorescence micrographs from representative timepoints as insets. Visible
hydrogel-like aggregates form upon each round of KCl injection, while they abruptly dis-
assemble upon addition of K*-chelating cryptand, as clearly exemplified by the zoomed-in
profiles in Fig. 3.11D. Notably, the assembly rates and the end area fraction after each
assembly transient both considerably decrease with increasing round number. This can be
rationalised considering the high reaction order (tetramolecular) of Quad-Star formation and
the progressive sample dilution upon multiple subsequent injections. Assuming perfect mix-
ing at each KCl/cryptand injection, the 6G Quad-Star sample is diluted by ~36.37%/38.78%
upon the second/third assembly round with respect to the previous one, which, using the
reaction order computed for non-cholesterolised 6G Quad-Stars (see Fig. 3.5), would slow
down the assembly by ~3.41/3.78-fold at each step. Conversely, the assembly kinetics
observed through area fraction profiles point toward a slow down of ~2.5-fold at each step,
hinting at a dilution of /~25-30% per assembly/disassembly round. This discrepancy is most
likely related to the assumption of complete mixing in the calculation above, since cryptand
was simply injected, rather than mixed by pipetting up and down, to better monitor the

disassembly of the hydrogel aggregates at the bottom of the imaging chamber.

3.5 Cargo-loading capabilities and photo-induced irreversible

disassembly

3.5.1 Rhodamine B uptake and triggered release

Quad-Star hydrogels can reversibly assemble and disassemble in response to changes in iden-
tity and concentration of physiologically-relevant cations, making them promising candidates
for dynamic synthetic MLOs. However, membrane-less compartments in biological cells are
also capable of capturing target analytes upon assembly in response to a specific stimulus,
and later releasing them when such stimulus passes. Stress granules provide a prime example

for this behaviour, in that, during celluar stress, they sequester mRNAs stalled in translation
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initiation to prevent their aggregation, and then release them for translation to proceed when
stress subsedes [351].
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Fig. 3.12 Amphiphilic Quad-Star hydrogel aggregates can uptake and release model hydrophobic
small molecule cargo, rhodamine B. A, B: Unprocessed epifluorescence micrographs of 5G (A) and 6G
5G (B) Quad-Star aggregates, formed after 3.5 h of K™ -triggered assembly in the presence of thodamine B.
In both cases, the hydrogel aggregates appear brighter than the background (27.2 4 4.7 % brighter for 5G
and 34.7 + 3.4 % brighter for 6G), confirming the expected preferential segregation of rhodamine B within
the cholesterol-rich hydrophobic pockets. Scale bars are 50 um. B: Representative time-dependent profiles
illustrating the disassembly of Quad-Star aggregates (A.F. = Area Fraction) upon cryptand injection (red vertical
line), leading in turn to the release of the rhodamine B cargo (N.B.I. = Normalised Background Intensity).
Profiles have been extracted from single FOV's of representative samples, where the distance between injection
site and FOV allowed for sensible time resolution. All samples were prepared at 5.6 UM oligonucleotide
concentration.

To mimic such behaviour in a simplified fashion, I exploited the amphiphilic nature of Quad-
Stars, which, similarly to C-Stars [160, 163], allows them to uptake and become preferentially
enriched in hydrophobic small molecules. This also grants Quad-Star hydrogels considerable
potential as vectors for drug delivery and release, since many promising drug molecules
are hydrophobic and challenging to deliver due to poor water solubility and bioavailabil-
ity [396-399]. Thanks to the reversibility of Quad-Star aggregates, such cargo molecules
can be released upon disassembly by chelation of G4-stabilising K™ ions, or potentially
through enzymes, such as biologically relevant helicases capable of selectively unfolding
DNA G4s [400-403].

This cargo uptake and release mechanism is demonstrated in Fig. 3.12 using model hy-
drophobic small molecule rhodamine B, which can be easily visualised using fluorescence
microscopy. Quad-Star arms were pre-annealed in 2mM MgCl, and their isothermal as-
sembly was triggered by KCl injection in the presence of rhodamine B. Micrographs in
Fig. 3.12A-B demonstrate preferential segregation of hydrophobic rhodamine B within both
5G and 6G Quad-Star hydrogel aggregates, as proved by the higher inner fluorescence inten-
sity compared to the background.

The rhodamine B cargo can be released into the surrounding solution by disassembling the
host Quad-Star aggregates through K™ ion chelation via [2.2.2]cryptand addition, as showed
in Fig. 3.12C. The kinetics of such process are studied by simultaneously following Quad-
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Star aggregate disassembly and cargo release through area fraction profiles and background
fluorescence intensity, respectively. Upon cryptand injection, Quad-Star aggregates quickly
disassemble as captured by the drop in the corresponding area fraction profiles, accompanied
in turn by a sharp increase in background fluorescence, as rhodamine B is progressively
released from the aggregates into the surrounding solution. Background fluorescence then
slowly decreases due to diffusion of the excess dye out of the imaged FOV. Here, cryptand
was injected far away from the examined FOV, allowing for sensible time-resolution and
slower disassembly compared to what observed in Fig. 3.11 and analogous profiles in the
Appendix (Fig. B.4).

3.5.2 Biostability of Quad-Star aggregates

To further substantiate the applicability of Quad-Stars as synthetic MLOs in artificial cells as
well as drug delivery carriers, I tested their stability under model physiological conditions.
In particular, Phosphate Buffered Saline (PBS) 1x was chosen to better mimic extracellular
ionic environments [404], as it includes ~140-150 mM Na™ ions and ~3-5mM K™ ions.
While intracellular concentrations are approximately reversed, with ~140 mM K™ ions and
~12mM Na™ ions, PBS 1x allows to investigate the capability of Quad-Star hydrogels to
survive in the considerably less G4-stabilising extracellular ionic conditions. On the other
hand, Dulbecco’s Modified Eagle Medium (DMEM) supplied with either 10% or 30% Fetal
Bovine Serum (FBS) was selected to reproduce conditions previously used in literature to as-
sess the biostability of DNA nanostructures in tissue culture models [405-407]. DMEM is, in
fact, a standard tissue culture medium containing similar cationic species and concentrations
to PBS 1x (~150mM Na*, 5mM K7) with additional divalent cations (~0.8 mM Mg”*,
1.8 mM Ca®*), as well as 25 mM D-Glucose (high glucose DMEM) and a variety of vitamins
and amino acids. Importantly, FBS introduces a plethora of additional macromolecules,
from fatty acids and lipids, to proteins and enzymes, including proteases and nucleases (both
DNAses and RNAses) capable of degrading nucleic acids, thus providing a challenging
environment for the stability of Quad-Star hydrogel aggregates.

The isothermal assembly of 5G and 6G Quad-Star aggregates was triggered via K -ion
injection as described above, and allowed to proceed for 3-4 h. Buffer exchange was then per-
formed by supernatant removal and replacement with either of the buffers mentioned above.
Samples were monitored via epifluorescence microscopy (through the Alexa488 fluorophore-
conjugated strand used previously) for 60 h at room temperature, as summarised in Fig. 3.13.
Quad-Star aggregates kept in their isothermal assembly, K -rich buffer continued growing
and coarsening into a hydrogel layer nearly covering the entire bottom of the well (Fig. 3.13A
and C for 5G and 6G, respectively). The clear reduction in fluorescence intensity can most
likely be ascribed to photobleaching due to prolonged imaging. Conversely, buffer exchange
with PBS 1x induced different responses in 5G and 6G samples. 5G hydrogel aggregates

(Fig. 3.13B) partially disappeared, and the remaining ones underwent some degree of coars-
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Fig. 3.13 Stability of Quad-Star hydrogel aggregates under model physiological conditions. A, C: Alexa-
488 epifluorescence micrographs monitoring the stability of 5G (A) and 6G (C) Quad-Star hydrogel aggregates
formed after 4 h of K™-induced assembly, imaged at room temperature over the course of 60 h in their native
assembly buffer (TE 1x supplied with 2 mM MgCl, and 300 mM KCI). B, D: Same as A for 5G (B) and 6G
(D) Quad-Star hydrogel aggregates formed after 3 h of K*-induced assembly, monitored at room temperature
over the course of 60 h after buffer exchange with Phosphate Buffered Saline (PBS) 1x at time ¢t = 0h (i). E,
G: Same as A for 5G (E) and 6G (G) Quad-Star hydrogel aggregates formed after 3 h of K*-induced assembly,
monitored at room temperature over the course of 60 h after buffer exchange with Dulbecco’s Modified Eagle
Medium (DMEM) 1x supplied with 10% Fetal Bovine Serum (FBS) at time r = Oh (i). F, H: Same as A
for 5G (F) and 6G (H) Quad-Star hydrogel aggregates formed after 4 h of K*-induced assembly, monitored
at room temperature over the course of 60 h after buffer exchange with Dulbecco’s Modified Eagle Medium
(DMEM) 1x supplied with 30% Fetal Bovine Serum (FBS) at time r = O h (i). Buffer exchange was carried
out via supernatant removal and replacement (see Section 2.9). Micrographs have been contrast-enhanced (see
Section 2.11.5) and cropped for ease of visualisation. Scale bars are 50 um. All samples were prepared at
5.6 uM oligonucleotide concentration.

ening. On the other hand, 6G Quad-Stars (Fig. 3.13D) did not experience visible growth
or disassembly, and rater coarsened and coalesced — to a much fuller extent compared to

5G - into larger, discrete microgel particles. These behaviours both hint at enhanced fluidity
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in buffers richer in Na™ and poorer in K™, with the reduction in G4-promoting K™ ions
impacting 5G samples more significantly most likely due to their reduced stability compared
to 6G (see Figs. 3.5D and 3.6). Finally, complete retention of the initial morphology was
observed in hydrogel particles transferred to DMEM + 10% (Fig. 3.13E and G for 5G and
6G, respectively) or 30% FBS (Fig. 3.13F and H for 5G and 6G, respectively). It is worth
noting that the difference in area fraction occupied by hydrogel aggregates among Fig. 3.13A,
C,F Hand B, D, E, G is due to the difference in assembly transient length prior to buffer
exchange (4 vs 3 h, respectively).

Together, these result demonstrate the biostability of Quad-Star hydrogel aggregates, confirm-
ing their potential as reversible, responsive compartments in synthetic cells or drug delivery

and release carriers.

3.5.3 NMM-enabled photodisassembly

So far, I have illustrated a single mechanism, namely K™ ion chelation, to reversibly dis-
assemble Quad-Star aggregates in a location-agnostic fashion, that is homogeneously in
the entire sample. However, the non-canonical tetramolecular G4 that bridges Quad-Star
arms also enables an orthogonal, irreversible and highly localised disassembly mechanism
requiring near-UV exposure in the presence of the porphyrin photosensitiser NMM. Despite
being typically used as a fluorescent probe for parallel G4s, as in Figs. 3.5 and 3.9, recent
literature reports [368] have demonstrated that NMM can induce guanine photo-oxidation and
cleavage upon strong longwave UV exposure capable of exciting its fluorescence emission
(395-400 nm). To test whether such response could be elicited in Quad-Stars, I exposed 6G
hydrogel aggregates to a near-UV 395 nm LED in the presence of NMM and monitored
their integrity over time in both fluorescence (NMM emission, 670 nm) and bright-field,
as depicted in Fig. 3.5.3A. After NMM injection (dashed vertical black line), Quad-Star
aggregates quickly disassemble upon UV exposure, completely disappearing within 90 s
from both fluorescence and bright-field channels of the reported composite micrographs.
Notably, I found such disassembly to be irreversible, in agreement with literature reports of
NMM-mediated, UV-induced selective photo-oxidation and cleavage of guanine residues at
G4 sites [369-372, 368]. While the precise mechanism is still to be unveiled, it is clear that
only G4s in proximity of UV-exposed NMM moieties will undergo damage and cleavage,
making this orthogonal, photo-induced disassembly mechanism highly location-specific and
thus allowing to trigger a spatially localised response. To demonstrate this, I engraved a
pattern of interest (“IC” for Imperial College in Fig. 3.14B) in a large 6G Quad-Star sample
by selectively disassembling aggregates within several FOVs along the corresponding path
using the motorised stage of the microscope.
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Fig. 3.14 NMM-mediated, irreversible and highly localised photo-induced disassembly of Quad-Star
hydrogel aggregates. A: Near-UV (395 nm) exposure excites NMM fluorescence and leads to photo-induced
guanine damage via oxidation and cleavage [368], ultimately causing irreversible and localised disassembly
of Quad-Star aggregates. Depicted sample is 6G9T. Micrographs on top are composite images (unprocessed
for epifluorescence, contrast-enhanced for ease of visualisation for bright-field) corresponding to timesteps
(I - IIT) indicated by arrows on the Area Fraction profile at the bottom. Area Fraction data are reported as
mean (circles) + standard deviation (shaded interval) of three FOVs within the same sample. All insets depict
the same FOV area, thus sharing the scale bar, which is 50 um. Uncropped, unprocessed micrographs for
timesteps I - II1, as well as Alexa488 epifluorescence micrographs excluding NMM photobleaching as the
cause of aggregates vanishing are provided in the Appendix (Fig. B.5). B: Photo-induced engraving in a 6G9T
Quad-Star sample well, reading “IC” (abbreviation for Imperial College), proves highly localised nature of
NMM-mediated photo-induced disassembly. The engraving was obtained via automatic exposure of several
FOVs along the desired path with a 395 nm LED, thereby triggering location-selective photodisassembly. The
visible underlying square-lattice pattern is an artifact resulting from slightly uneven illumination and automatic
FOV stitching, and as such it does not represent a physical feature of the sample. Scale bar is 1000 um. All
samples were prepared at 5.6 UM oligonucleotide concentration.

3.6 Chapter summary and outlook

In this Chapter, I have introduced Quad-Stars, which combine the robustness and versatility
of previously introduced amphiphilic DNA C-Stars [160] with the stimuli-responsiveness
of non-canonical DNA G-quadruplexes. I have demonstrated that individual Quad-Stars
self-assemble through tetramolecular parallel G4s in a K -dependent fashion thanks to the
intrinsic cation-responsiveness of G4 motifs. I have also showed that Quad-Stars form
discrete hydrogel aggregates, with sizes ranging from a few to a few tens of microns, through
an amenable one-pot, enzyme-free and isothermal reaction.

The rates of individual motif self-assembly and overall hydrogel particle formation can be
widely tuned via multiple parameters, namely K ion and oligonucleotide concentrations, as
well as the number of consecutive guanines in the G4-forming sequences, which dictate the
maximum number of stacked G-quartets in the linking DNA G4 motifs.

Thanks to the cation-responsive DNA G4s, Quad-Star hydrogel aggregates can undergo
controlled and reversible assembly and disassembly in response to addition and chelation
via [2.2.2]cryptand of biologically relevant K™ cations, here demonstrated for up to three
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subsequent rounds. To further prove their potential for applications in synthetic biology
and drug delivery and release, I demonstrated that Quad-Star hydrogel particles are stable
under model physiological conditions. Moreover, they can readily uptake small hydropho-
bic molecules, here exemplified by rhodamine B, and later release them upon controlled
disassembly through the chelation of G4-stabilising K™ ions. An orthogonal stimulus for
irreversible, highly localised near UV-induced disassembly mechanism in the presence of
the G4 ligand and porphyrin photosensitiser NMM was demonstrated, further expanding the
repertoire of control mechanisms for disassembly and cargo release.

Notably, the development of Quad-Stars was made possible by the tolerance to design changes
exhibited by C-Stars. This characteristic made it possible to simply substitute a topological
component — the four-way junction — with an analogous stimuli-responsive DNA motif — the
tetramolecular parallel G4 — while retaining similar self-assembly behaviour. This modular
design strategy could be further applied to expand the range of stimuli our nucleic acid
constructs can respond to. To substantiate this claim, Walczak et al. recently made C-Stars
responsive to another biologically-relevant stimulus, namely pH, by embedding cytosine-rich
non-canonical i-Motifs [408].

While I have only investigated the bulk formation of Quad-Star hydrogel aggregates, it is
evident that these could be either used as reversible scaffolds for hybrid synthetic cell-like
agents [409, 410, 198, 52] or, even more straightforward, readily integrated in DNA-based
artificial cells to yield cation-responsive compartments acting as synthetic MLOs. For in-
stance, they could form a cation-responsive core in the multi-phasic C-Stars-based artificial
cells recently demonstrated by Malouf et al. [411], where the difference in arm length among
the C-Star constructs in use drives the formation of multiple compartments with varying
responsiveness and functionality. The Quad-Star smart compartments could enable the
creation of micro-environments capable of hosting active components whose action could
in turn couple with the responsiveness of the host networks, implementing an intrinsically
biomimetic synergy among structure and functionality [24, 412, 36].

To this aim, it should be possible to further expand the range of available stimuli for the
assembly and disassembly of Quad-Star based MLOs. One promising route is resorting to
naturally occurring enzymes, in particular biologically relevant helicases which are capable
of selectively unfolding G4s [400—403]. These could be either added externally or produced
via cell-free protein expression systems. Alternatively, one could leverage the wide array of
chemical moieties that have recently been developed to tag, stabilise or de-stabilise G4s for
applications in molecular biology and therapeutics [413].

Finally, while I focused on the characterisation of the thermodynamics and kinetics of assem-
bly and disassembly of Quad-Stars, the nano- and micro-structural properties of Quad-Star
aggregates are still to be elucidated. In particular, C-Stars, which constitute the found-
ing architecture for Quad-Stars, can form, depending on their flexibility and size, discrete
crystalline aggregates with Body Centred Cubic (BCC) symmetry and tunable lattice param-
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eter [163, 202]. It remains to be discovered whether Quad-Stars are capable of doing the
same, possibly affording novel crystal geometries due to the further geometrical and steric

constraints dictated by the linking tetramolecular parallel DNA G4 motifs.






Chapter 4

Orthogonal RNA condensates from
co-transcriptionally folding RNA

nanostars

4.1 Introduction

Biological cells have evolved to operate far from equilibrium [414], while handling a vari-
ety of highly complex processes at constant temperature [415]. In our quest towards ever
more advanced biomimicry, artificial cells would thus greatly benefit from the ability to
perform functions and assemble components isothermally. Conversely, most synthetic DNA
platforms, including the one discussed in Chapter 3, still rely on non biologically-relevant
single-stranded DNA components, which further require some degree of thermal annealing
to yield the desired architectures.

Beyond being the biological intermediate between DNA and proteins, RNA has showed sig-
nificant potential for engineering biomimetic synthetic systems. On one hand, RNA displays
similar programmability and versatility compared to DNA [206, 279, 54]. This should make
it possible to systematically tune the behaviour and properties of the resulting architectures, as
demonstrated by the wide variety of DNA nanotechnology-enabled approaches, from de novo
designed DNA-based droplets [199, 201] to DNA-scaffolded protein lattices [416], as well
as nanoparticle [417, 418], colloidal [419, 420] and liposome [421, 162] assemblies. On the
other hand, RNA can be enzymatically synthesised from more biologically-relevant double-
stranded DNA. Thanks to this naturally evolved mechanism, designer RNA constructs can be
engineered to fold co-transcriptionally [320], i.e. fold while being transcribed from DNA tem-
plates. This removes stoichiometry-related issues stemming from differential transcription of
different components, and thus considerably improves formation efficiency [295, 215, 325].
Co-transcriptional folding has successfully been applied to isothermally produce complex
RNA origami [321, 323, 422] as well as smaller RNA nanostructures synthesised within
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Escherichia coli (E. coli) [215].

The potential of RNA-based synthetic systems is clearly demonstrated by the role of RNA in
naturally occurring biomolecular condensates [30, 423, 351] and membrane-less organelles
(MLOs) [30, 28]. Despite the general view of protein-induced liquid-liquid phase-separation
(LLPS) of MLOs [350, 424, 30, 38, 425-427, 28], it is becoming increasingly clearar that
RNAs are not just passively recruited client molecules, rather they play an important role in
MLO formation and maintenance. RNA-RNA and RNA-protein interactions have in fact been
found to dictate the identity of protein condensates [428], prescribing the co-recruitment or
partitioning of mRNAs encoding for functionally related or unrelated proteins in the same or
demixed condensates, respectively. Moreover, a particular class of RNAs, called architectural
RNAs (arcRNAs) [429, 33, 430—433], has been found to play a key structural role in MLOs:
a prime example is the long non-coding RNA NEAT1_2 which templates the formation of
paraspeckles, dictates their core-shell internal architecture, and precisely localises different
proteins within such hierarchical assemblies [34].

To further substantiate the importance of RNA-RNA interactions in biomolecular condensate
formation, biological RNAs containing tandem short nucleotide repeats have been found
to undergo LLPS through pure RNA-RNA interactions, forming either liquid or gel-like
assemblies both in vitro and in vivo [356]. Moreover, synthetic RNA motifs containing
similar tandem repeats fused to a variety of protein-binding domains were engineered to
produce spatially organised liquid-like synthetic MLOs within E. coli [39]. Despite such
clear and promising results, control over LLPS via sequence engineering of the RNA building
blocks is yet to be extensively researched.

In this Chapter, I introduce a novel, modular and programmable RNA nanostar-based plat-
form capable of yielding RNA condensates from de novo designed DNA templates. I show
that Kissing Loops, originally discovered in the Human Immunodeficiency Virus-1 (HIV-1)
genome, can be used as interaction domains among the single-stranded RNA nanostructures,
and engineered to produce multiple orthogonal nanostar motifs which can be simultane-
ously transcribed and co-assembled into distinct condensates with tunable size and growth
rate. I also demonstrate that, despite the lack of precise design guidelines for Kissing
Loop interactions, engineering of loop sequences and loop-loop interaction strength can
profoundly influence the morphology of the RNA assemblies, producing both discrete liquid-
like droplets and percolating network assemblies. The resulting RNA phases are enriched
in target molecules via the modular embedding of fluorogenic aptamers within the RNA
nanostar arms, which also enables fluorescence monitoring and imaging without the need
for staining. Rather than only using input-limited biologically unavailable single-stranded
DNA to produce nanostructures, this approach exploits naturally evolved transcriptional
machinery, namely T7 RNA Polymerase, and biologically relevant double-stranded DNA
to synthesise much larger amounts of RNA nanostructures compared to the DNA in input.
Besides facilitating the design of sustained out-of-equilibrium behaviour in synthetic cells,
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these results could unlock new strategies for introducing tailor-made, non-natural structures
and organelles in living cells, modified to host the relevant template DNA within plasmids.

Non-natural organelles could in turn be exploited for biochemical and metabolic engineering.

The results and material presented in this chapter are included in the following Publica-
tion [434]:

G. Fabrini, S.P. Nuccio, J.M. Stewart, S. Li, A. Tang, PW.K.R. Rothemund, E.Franco,
M. Di Antonio and L. Di Michele, Co-transcriptional production of programmable RNA
condensates and synthetic organelles, preprint on bioRxiv and soon to be submitted for peer

review.

All the work presented in this Chapter has been carried out by me, apart from DNA template

purification steps, which were performed by Sabrina Pia Nuccio (Di Antonio group).

Sequences for oligonucleotides used in this Chapter can be found in Tables A.2 (RNA motifs),
A.3 (DNA templates), A.4 (DNA PCR primers) in the Appendix.

4.2 RNA nanostar Design

Building on previous experience with designing four-armed DNA nanostars such as Quad-
Stars, and considering the propensity of nanostars with such valency to easily undergo
LLPS [435], the four-armed nanostar topology was adopted for co-transcriptionally folding
RNA nanostructures as well. The designs are schematically presented in Fig. 4.1.

Due to the single-stranded nature of the co-transcriptionally folding RNA nanostars, a nick
— that is, an interruption in the phosphate backbone — is present in each design. In order to
improve the symmetry of the junction, the nick was placed along one of the arms, a feature
that also results in strong secondary structure on the 3’ end of the transcribed constructs, thus
limiting aberrant transcript extension (see Section 1.4.4) and potentially facilitating correct
transcription termination [311, 284].

All RNA nanostars were designed starting from the four-way junction found in the RNA
tetra-square reported in ref. [215]. Arm length was chosen to be 25 base pairs (bp), similar
to the one used in Quad-Stars (28 bp). Such arm length was preferred to shorter ones for
the following reasons: a) longer arms and larger subunits lead to faster growth and larger
final size of phase-separated condensates [436]; b) longer arms can directly accommodate
fluorogenic aptamers for fluorescence monitoring and imaging, eliminating the need for
staining; c¢) larger subunits imply higher porosity and potentially improved permeability and
capability to host guest molecules.

Sequences for the nanostar arms were iteratively adjusted starting from those found in the
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Fig. 4.1 Topology and design of co-transcriptionally folding RNA nanostars. Co-transcriptionally folding
RNA nanostars are transcribed from fully double-stranded DNA templates indicated with the name of the
nanostar followed by ‘-T’. (A): RNA nanostar A hosts a Malachite Green aptamer (MGA, see Section 1.4.2),
binding Malachite Green, and can interact with other A nanostars via Kissing Loop A (KL A) domains to
form condensate/membrane-less organelle (MLO) A. (B): RNA nanostar B hosts a Broccoli aptamer (BrA, see
Section 1.4.2), binding DFHBI, and can interact with other B nanostars via KL B domains to form MLO B. (C):
RNA nanostar C hosts both BrA and MGA on opposite arms, and can interact with other C nanostars via KL C
domains to form MLO C. (D, E): RNA nanostars A and B are identical to nanostars A and B, respectively, but
present scrambled, non-palindromic loop sequences, preventing condensate formation. Such lack of interactions
is represented with a gray cross. (F): RNA nanostar C is identical to nanostar C (including KL C loops),
but lacks any fluorogenic aptamers. (G): RNA nanostar L lacks fluorogenic aptamers and presents pairs of
adjacent KL A and KL B domains, enabling it to bridge the orthogonal A and B nanostar populations and
the corresponding MLOs. Sequences for palindromic KLs are reported in zoomed insets. RNA aptamers are
deliberately represented via simplified schematics, i.e. bubbles binding the corresponding ligands, due to their
complex three-dimensional structure.

arms of Quad-Stars as well as sequences generated via the NUPACK Design module [328].
First of all, sequences were modified to follow the design rule outlined in ref. [215], which
recommends replacing approximately 1 every 10 base pairs of double-stranded RNA (dsRNA)
with a G-U wobble-pair to prevent too strong a secondary structure in the DNA template,
which could hinder transcription. As a result, between 2 and 3 G-U wobble-pairs were
inserted in each 25 bp-long dsRNA arm. Second, following the guidelines in Section 1.4.4,

all transcripts were modified to start with either a GG or GC duplet, followed in most cases
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by A or U residues.

The iterative adjustment proceeded until a) the minimum free energy structures predicted
by NUPACK and Kinefold matched the designed topology, and b) the co-transcriptional
folding trajectory in Kinefold showed stable formation of the helices within nanostar arms
lacking aptamers, i.e. no major fluctuations indicative of helix dissociation, especially at long
timescales (see Fig. B.6A). It is worth noting, in fact, that helices containing (or adjacent to)
fluorogenic aptamer domains often display considerable fluctuations due to their partially
single-stranded nature and complex structure, which is not well modelled by either NUPACK
or Kinefold (see Fig. B.6B-C). On some occasions, the arm sequences were further refined to
remove repeated nucleotide stretches that impeded their automated synthesis by the supplier
(see Section 2.2).

Finally, while I did not perform experiments to prove co-transcriptional folding of the RNA
nanostars, it is safe to assume that the designed nanostructures do, indeed, fold during
transcription. As mentioned in Section 1.4.4, the elongation rate of T7 RNAP is ~250 nt/s (al-
though lower estimates have been proposed over the years), which amounts to one nucleotide
being added to the nascent RNA transcript every 4 ms. This time scale is considerably larger
than that of hairpin formation/folding (order of 10-100 us) [384, 383,437,331, 269, 332, 438-
440], and comparable with that of branch migration (order of ms) [167]. Taking into account
that co-transcriptional folding of the designed nanostructures occurs through highly local in-
teractions resulting in hairpin formation, it is reasonable to expect the nascent RNA transcripts

to fold into the designed secondary structures while being synthesised.

4.2.1 Kissing Loops

In order for such single-stranded RNA nanostructures to interact with one another, it is not
possible to resort to sticky ends as it is common in DNA nanotechnology, as there could only
be two, at the 5’ and 3’ ends of each nanostructure, resulting in too low a valency for phase
separation.

As mentioned in Section 1.4.1, Kissing Loops (KLs), originally found in the HIV-1 Dimeri-
sation Initiation Site (DIS), can be used instead. KLs consist of two hairpins interacting via
Watson-Crick complementary domains in their loops, resulting in an almost coaxial stacking
of the two stem helices [212, 213] (in this work I have only investigated 180° KLs, not 120°
KLs — see Section 1.4.1).

While KLs have been used in RNA nanostructures and found to be Mg?t-dependent [274],
precise design guidelines are yet to be formulated. Interaction strength is also not easily
computed, due to the large stacking contribution from bases flanking the binding domain in
the loops. However, it is clear that KLs can consist of both biologically derived and designer
sequences, as long as Watson-Crick complementarity is maintained. It is also expected that

a difference in KL interaction strength might result in different biophysical properties and
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morphology of the resulting biomolecular condensates, similarly to what observed for DNA

condensates held together by sticky ends [201].

Orthogonal palindromic Kissing Loops

Three orthogonal RNA nanostars were designed to investigate the programmability and
specificity of KL interactions between RNA nanostructures, with the goal of nanostars
interacting with constructs from the same population, while being orthogonal to different
ones, thus resulting in multiple non-interacting assemblies. To guarantee interactions within
the same population, KLs were made palindromic, taking inspiration from palindromic
sticky-ends used in DNA nanotechnology [441, 442]. In this context, a nucleic acid sequence
is defined palindromic if self-complementary, i.e. it reads the same as its own reverse
complement. Three orthogonal palindromic KL domains were designed, namely KL A, KL
B and KL C. Nanostar constructs will be referred to with the same name as the corresponding
KL domain (e.g. nanostar A displays KL A) (Fig. 4.1A-C), unless otherwise specified.

KL A (5’-AUCGCGAAA-3’) was adapted from the non-palindromic KLL domain found
in the bottom right arm of the T4 tetrahedron in ref. [215] by making it palindromic. The
asymmetrical flanking bases (5’-A. .. AA-3’) were kept due to their presence, albeit in reverse
order, in the original KL found in the HIV-1 DIS (Lai variant [210, 211]), hinting at a possible
role in supporting loop-loop interactions via base stacking.

KL B and KL C were designed to match the interaction strength of KL A while maximizing
orthogonality towards it and among each other. In order to obtain domains with comparable
interaction strength, only identical length (6 nt-long) palindromic sequences were considered,
in the same 9 nt loop configuration with asymmetric flanking A bases, with the same base
content as KL A (one A-U, two G-C base pairs). Candidate sequences were generated using
a Python3 script (see Section 2.1) and accepted only if displaying an overlap with KL A of
less than 2 consecutive and 2 identically spaced nucleotides. One of the resulting candidates
(5’-A AA-3’) was adopted as KL C. The remaining candidates were discarded
as they all followed the same pattern as KL C - two G/Cs at the start/end and one U-A
pair in the middle - thus not guaranteeing enough orthogonality towards it. Therefore, the
overlap constraints were relaxed to a maximum of 3 consecutive and 3 identically spaced
nucleotides and candidate sequence generation was repeated. One of the resulting sequences
(5’-AGUCGACAA-3’) was selected as KL B due to its high similarity to the HIV-1 DIS KL
(Mal variant [210], 5’-GUGCAC-3), despite featuring inverted flanking bases (5’-A... AA-3’
as opposed to 5’-AA. .. A-3" in HIV-1 DIS Lai variant [210, 211]).

Negative Controls with non-interacting loops

In order to further evaluate the programmability of KL interactions and their role in the

formation of RNA-based condensates, negative control nanostar variants were designed to
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be incapable of interacting, both within the same population and among orthogonal ones.
In particular, the palindromic loops in nanostars A and B were scrambled and mutated to
obtain, in each case, four non-palindromic and non-interacting loop domains. Arm and
junction sequences were left untouched. The resulting non-interacting RNA nanostars will
be indicated with an added overline, namely A (Fig. 4.1D) and B (Fig. 4.1E), respectively.
Due to the non-interacting nature of such constructs, they will be referred to as non sticky,

compared to designs with palindromic KLs (sticky).

Further RNA nanostar designs

A control modification of nanostar C, referred to as C, maintains the same KL C domain but
lacks any fluorogenic aptamers (Fig. 4.1F), with the aim of probing whether results observed
for C are to be ascribed to KL C interaction strength or to the higher complexity of the host
nanostar, containing not one but two fluorogenic aptamers.

A linker nanostar construct, referred to as L (Fig. 4.1G), was designed to bridge otherwise
orthogonal RNA nanostars A and B. This construct is a simple four-armed RNA nanostar,
with no fluorogenic aptamers, comprising two adjacent KL A and two adjacent KL. B domains
in its loops. This chimeric structure will be used to control mixing between the two nanostar
populations. Both C and L will be used in the following Chapter.

Including minimal fluorogenic aptamer sequences in the nanostar arms

In the context of this Chapter and the following ones, Fluorescence Light-Up Aptamers
(FLAPs), introduced in Section 1.4.2 play a crucial role, as they can be used to monitor the
transcription of RNA constructs comprising them in their sequence [443, 243, 444]. In order
to monitor multiple orthogonal RNA nanostar populations as discussed above, I chose the
fluorescently orthogonal FLAPs Malachite Green aptamer (MGA) and Broccoli aptamer
(BrA), introduced in Sections 1.4.2 and 1.4.2, respectively.

The minimal functional sequence for MGA was taken from refs. [330] and [241], which
further report the final hairpin loop is inessential. This made it possible to easily embed
MGA within the second transcribed arm of A nanostars, with the original loop replaced by
KL A for nanostar-nanostar interactions, as depicted in Fig. 4.1A.

Similarly, the minimal sequence for BrA, taken from ref. [253], was included in the second
transcribed arm of nanostar B, with the terminating loop replaced by KL B (Fig. 4.1B).
Many RNA aptamers are known to suffer from misfolding [445, 264], which can impair
their functionality. Fortunately, the folding of BrA has been reported to improve in branched
scaffolds [446, 254], such as the phi29 pRNA 3WIJ motif [446]. This is highly promising in
view of embedding BrA within four-way nanostars, with the higher valency of such tetravalent
branched junctions, compared to trivalent phi29 pRNA 3WJ motifs, allowing for more robust

self-assembly through LLPS as mentioned above [435], as well as increased nanostructure
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modularity, e.g. each nanostar could host multiple aptamers and other functional motifs
such as siRNA. The formation of condensates by the nanostar scaffolds might also result in
lower degradation from Dicer [222] or other cellular pathways, similarly to reports of lower
degradation of RNA aptamers sequestered in RNA granules [254]. It is also worth noting
that the crystal structure reported for the related Spinach aptamer in Fig. 1.12D reveals two
helices in coaxial stacking around the non-canonical binding pocket, a geometrical feature
which would have been very difficult to predict looking at its secondary structure. Therefore,
embedding BrA in one of the RNA nanostar arms might very well lead to a coaxial arm
structure, thus conserving symmetry around the junction despite the secondary structure
schematic in Fig. 1.12A.

Finally, the same modified sequences were embedded in the second (BrA) and fourth (MGA)
arms of nanostar C. As shown in Fig. 4.1C, the two aptamers were deliberately hosted in
opposing arms to try and ensure the stability of the core nanostar motif upon co-transcriptional
folding, given the intrinsically complex structure of the RNA aptamers. For the same reason,
the included aptamer sequences were surrounded, where possible (i.e. not necessarily on both
ends), by dsRNA flanking regions long enough to ensure the overall stability of the host arm
helices and their quick folding upon transcription, as evaluated using Kinefold. Such dsRNA
addition was limited in length with the aim of maintaining the highest possible symmetry
across the four arms: the length of aptamer-hosting arms was adjusted to include 25 bp, i.e.

not counting unpaired nucleotides, according to the minimum free energy secondary structure
predicted by NUPACK.

4.2.2 DNA Template and PCR Primer Design

As mentioned in Section 1.4.4, single-stranded templates can hinder transcription and result
in lower efficiency and yield, particularly in the case of transcripts with complex secondary
structures such as the introduced RNA nanostars. Moreover, double-stranded DNA templates
are more readily extendable to fragments cloned within a plasmid for bacterial transformation.
Accordingly, I opted for a fully double-stranded, blunt-end DNA template architecture for
Chapters 4-6 of this work.

For each of the designed RNA nanostructures, the nontemplate DNA strand was obtained by
converting the RNA sequence to DNA (U — T) and adding a prefix comprising the consensus
T7 promoter sequence (5’ -TTCTAATACGACTCACTATA-3’, with consensus T7 promoter
highlighted in blue). This ‘extended’ promoter was taken from ref. [215]. The template DNA
strand was obtained by simply computing the reverse complement of the nontemplate DNA
strand. DNA templates will be referred to using the name of construct they code for followed
by *-T’. For instance A-T is the DNA template coding for RNA nanostar A.

DNA primers for PCR amplification of the DNA templates were designed from the nontem-
plate and template strands, aiming for 40-60% GC content and primer length between 18
and 26 nt. DNA primer binding was verified using NUPACK, and the appropriate melting
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temperature (7y;) for use with Q5 High-Fidelity DNA Polymerase was computed using the
online NEB “T;, calculator”, using the default 500 nM primer concentration and ensuring a

difference in Ty for the two primers lower than the recommended limit (5 °C).

4.3 Characterisation

In this section, I will go over the characterisation of the presented RNA nanostars, first
ensuring the correct PCR amplification of the corresponding DNA templates, and then
verifying co-transcriptional folding and correct transcript size of the designed RNA constructs,
all by means of agarose gel electrophoresis. The correct folding of the FLAPs within the
RNA nanostars will also be assessed by fluorimetry. In vitro transcription in this Chapter and

the following ones will be carried out at 30 °C.

4.3.1 Characterisation of PCR amplified DNA templates

DNA templates coding for RNA nanostars A, A, B, B, C, C and L were PCR amplified and
characterised via agarose gel electrophoresis to inspect their size via their electrophoretic
mobility. As Fig. 4.2A shows, all amplification products display an electrophoretic mobility
comparable to the one of double-stranded DNA fragments with the expected size (reported
on top of each lane), as highlighted by the closest reference marking from the Ultra Low
Range (ULR) DNA ladder in the left-most lane. This confirms the correct amplification of
the starting DNA templates.

While all lanes display a single main band (or peak in the lane profiles in Fig. 4.2B), multiple
spurious shorter bands can be spotted (most easily seen in the right-most lane for template
L-T). Therefore, to avoid transcribing non-specific amplicons or truncated templates, the gel
bands corresponding to the expected sizes were cut out, dissolved and eluted to obtain the

purified DNA templates for in vitro transcription (see Section 2.4).

4.3.2 Characterisation of RNA transcripts and aptamer folding
Gel electrophoresis on RNA transcripts

PCR amplified and gel purified DNA templates were in vitro transcribed for 18 h at 30 °C
using 40 nM of corresponding DNA template. The resulting transcripts were characterised in
size via both native and denaturing agarose gel electrophoresis.

In denaturing gels, samples migrate according to their charge and primary structure: in
the case of nucleic acids, denatured samples migrate according to their overall length in
nucleotides (i.e. no base pairing). Denaturing gels can therefore confirm whether the obtained
transcripts have the expected size or not. On the other hand, in native gels, samples migrate

according to their charge and secondary structure: if a specific transcript folds into a nanostar
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Fig. 4.2 Agarose gel electrophoresis confirms PCR amplified DNA templates display the expected sizes.
A: Agarose gel representing the electrophoretic mobilities of PCR amplified DNA templates A-T, A-T, B-T,
B-T, C-T, C-T and L-T. Ultra-Low-Range (ULR) DNA ladder is used as reference in the first lane, colour-coded
in green. All templates follow the same colour-coding of the corresponding RNA constructs used in Fig. 4.1.
Length in base pairs for ladder markings is reported to the side of the corresponding bands. Conversely, expected
length in base pairs of amplified DNA templates is reported on top of the corresponding lane. B: Lane intensity
profiles computed from gel in A. Visual inspection of the gel in A and the lane profiling in B confirms all PCR
amplified templates display mobility comparable to the expected size.

topology, it will migrate as such, thus displaying an electrophoretic mobility different from
single-stranded RNA with the same length.

Fig. 4.3A shows that RNA transcripts in native conditions display electrophoretic mobilities
comparable to those of four-armed DNA nanostars and Quad-Stars (see Section 3.2), thus
matching the size of the designed nanostar motifs, at least when examining the main band
(apart from sample C in the penultimate lane from the left, see below). Each lane, in fact,
displays several shorter and sometimes longer bands and smears, but this is known to occur
in gels run on crude RNA transcription mixtures, making the interpretation of both gels in
Fig. 4.3A-B challenging and somewhat uncertain. It is worth noting that sample C, albeit
displaying a faint band in alignment with the main one of all other transcripts, exhibits a
different, faster moving main band, possibly hinting at a different folded secondary structure.
Conversely, Fig. 4.3B investigates the electrophoretic mobility of the same samples in
denaturing conditions, and confirms they all have consistent sizes with one another, as
expected from the designed sizes: the maximum length deviation is 17 nt (transcripts B,
B and C) and is matched by slighlty slower and consistently positioned main bands in the
corresponding lanes. As expected, all samples migrate much faster than the fastest observable
ladder marking (1000 nt single-stranded RNA, due to the particular RNA reference ladder
in use, see Section 2.5). Interestingly, sample C migrates similarly to comparably sized
transcripts (A, A, L) under denaturing conditions, in deviation from the behaviour in the native
gel in Fig. 4.3A(1). While further experiments are needed to elucidate this inconsistency,
it might be explained by a correctly sized transcript, hence exhibiting a migration pattern

consistent with other samples when denatured, featuring bistable secondary structures in
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Fig. 4.3 Agarose gel electrophoresis elucidates folding and size of RNA transcripts. A: (i) Native agarose
gel representing the electrophoretic mobilities of co-transcriptionally folded RNA nanostars A, A, B, B, C,
Cand L. Ultra-Low-Range (ULR) DNA Ladder is used as reference in the first lane, colour-coded in green.
(ii) Lane intensity profiles computed from gel in A (i). Visual inspection of (i) and (ii) reveals a clear main
band in (almost) all transcripts between 100 and 150 bp markings of ULR, comparable to the one observed
in four-armed DNA nanostars and Quad-Stars in Fig. 3.2A. B: (i) Denaturing agarose gel representing the
electrophoretic mobilities of the same RNA transcripts in A. RiboRuler High-Range (HR) RNA Ladder is used
as reference in the first lane, colour-coded in lime green. Due to extremely low contrast, a contrast-enhanced
reference lane is reported on the left-hand side. (ii) Lane intensity profiles computed from gel in B (i). Visual
inspection of (i) and (ii) confirms the presence of a main band at almost uniform length for all denatured
transcripts, as expected from the designed motifs. Length in base pairs for ladder markings is reported to the
side of the corresponding bands. Conversely, expected length in base pairs of RNA transcripts is reported on
top of the corresponding lane. All samples apart from reference ladders follow the same colour-coding as in
Fig. 4.1.

native conditions, namely the designed nanostar (expected slower, fainter band), and a more
compact topology (faster, main band).

Fluorimetry confirms folding of fluorogenic aptamers in the arms of RNA nanostars

Fluorogenic RNA aptamers must properly fold to reach the conformation required for binding
the target dyes and enhance their fluorescence emission [447]. In order to confirm proper
folding and functionality of the aptamers embedded in the arms of the designed RNA
nanostars, the DNA templates coding for nanostars A, B and C, as well as the controls

with scrambled KL domains A and B, were in vitro transcribed at 30 °C, and fluorescence
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excitation and emission scans were performed after 48 h using a microplate reader.

Fig. 4.4A confirms the functionality of the aptamers within co-transcriptionally folding RNA
nanostars, which all exhibit the excitation (dashed lines) and emission (solid lines) signatures
expected from the corresponding aptamers. In particular, the top row shows the excitation
and emission of nanostars A and A, which host the MGA and clearly exhibit its characteristic
excitation (peak at 616-630 nm) and emission (peak at 650-660 nm) spectra when bound to
Malachite Green (MG) [241, 252], with no significant signal in the BrA+DFHBI band. The
middle row presents the same information for nanostars B and B, which contain the BrA
and display its characteristic excitation (peak at 447 nm) and emission (peak at 500-510 nm)
spectra when bound to DFHBI [253], with no significant signal in the MG+MGA band.
Finally, the bottom row of Fig. 4.4A demonstrates that nanostar C presents, as expected, both
the emission peaks of MGA bound to MG and BrA bound to DFHBI.
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Fig. 4.4 Fluorogenic aptamers enable monitoring of the co-transcriptional folding of RNA nanostars. A:
Fluorescence excitation (dashed lines) and emission (solid lines) scans for co-transcriptionally folded RNA
nanostars in bulk: A and A (top row), B and B (middle row), C (bottom row, emission scans only). Negative
controls, i.e. dyes in water (Water) and dyes in In Vitro Transcription Mixture (IVTM), are displayed in all rows.
Excitation/emission scans in the DFHBI + Broccoli aptamer (BrA) band are outlined in cyan, while those in
the Malachite Green (MG) + MG aptamer (MGA) band are outlined in red as per the labels on top. Data are
shown as normalised mean (solid or dashed lines) + standard deviation (shaded regions) from triplicates. B:
Fluorescence intensity (F.I.) kinetics monitoring the co-transcriptional folding and self-assembly of samples
in A (same row-wise arrangement), resulting from in vitro transcription carried out in bulk at 30 °C with
[DNA template] = 40 nM. C: The initial transcription rate, examined through the proxy of initial fluorescence
intensity increase rate, is proportional to the DNA template concentration (here [B-T] for RNA nanostar B).
The characteristic peak-decrease feature indicative of condensate formation is more prominent at higher [B-T].
The zoomed inset shows the DNA template injection window (no injection in negative controls) shaded in light
lime green, as well as the 30 timepoints used for linear fitting highlighted by surrounding boxes. In B and C,
the left/right y-axis depicts fluorescence intensity in DFHBI + BrA (Br F.I.)/ MG + MGA (MG EI.) channels
in solid/dashed lines, respectively. D: Initial fluorescence intensity increase rate computed via linear fitting
of the 30 timepoints highlighted in C (inset). Data are presented as fitted slopes (circular markers) + standard
deviation from covariance matrix of the linear fit (error bars). Data in B, C are presented as normalised (see
Section 2.11.4) mean (solid/dashed lines) + standard deviation (shaded regions) from triplicates.



4.4 Co-transcriptionally folding RNA nanostars form liquid condensates 139

Fluorogenic aptamers enable fluorescence monitoring of co-transcriptional folding and
self-assembly of RNA nanostars

The embedded FLAPs also enable fluorescence monitoring of the co-transcriptional folding
and self-assembly of the RNA nanostars, as showed in Fig. 4.4B. Upon injection of the
corresponding DNA templates, all samples, apart from negative controls (Water: dyes in
water; IVTM: dyes in In Vitro Transcription Mixture), display an increase in fluorescence
intensity due to aptamers being transcribed as part of the nanostars, folding, binding the
cognate dyes and enhancing their fluorescence emission. After an initial phase of rapid RNA
synthesis, transcription significantly slows down or plateaus depending on the specific RNA
nanostar variant, due to loss of T7 RNAP activity and/or nucleotide depletion [448, 315, 316].
In particular, signal from the Broccoli aptamer reaches a plateau before 12h, whereas
the signal from the Malachite Green aptamer keeps increasing for the entire measurement
timeframe. This difference in long-term behaviour can be observed in both single-aptamer
(A, B) and double-aptamer (C) constructs, and as such it is likely related to the difference in
binding affinity and/or photophysics of the two fluorogenic dyes-aptamer complexes [255,
252, 258], rather than to the host RNA nanostars.

Finally, samples with palindromic KL domains (A, B) display a characteristic peak followed
by a decrease which is absent in corresponding samples with scrambled KL domains (A,
B). This phenomenon is most likely due to fluorescent material being formed in the bulk
(increase), forming discrete condensates and sinking to the bottom of the wells, below
the plane of focus (decrease). This mechanism also explains why this phenomenon is not
observed in construct C, which instead forms mesh-like assemblies extending in the three
dimensional space of the microplate well (see Fig. 4.5A-B below).

The initial rate of transcription has been observed to be proportional to the concentration of
DNA template. Figs. 4.4C, D and E confirm this observation holds for the RNA nanostar
B system, with the initial fluorescence intensity increase rate (ty slope), which acts as a
proxy for the initial transcription rate, increasing almost linearly with increasing DNA
template concentration ([B-T] from 10 to 40 nM). It can also be observed in Fig. 4.4C that
the characteristic peak-decrease feature observed in nanostar systems with palindromic KL
domains becomes less and less evident with lower DNA template concentration, due to slower
transcription and less sudden sinking of discrete condensates, hinting at the possibility of
tuning the rate of condensate formation by varying the DNA template concentration in input.

4.4 Co-transcriptionally folding RNA nanostars form liquid

condensates

The FLAPs hosted within the RNA nanostar arms also make it possible to image their self-

assembly using fluorescence microscopy, thus observing whether the interactions among the
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designed palindromic KL domains can indeed drive the formation of RNA-based condensates.
Fig. 4.5A-B confirms that nanostars A, B and C all form RNA-based assemblies, which
emerge from nucleation and growth processes before undergoing coalescence events. [449—
451, 436, 452]. In particular, constructs A and B form discrete spherical liquid-like con-
densates, while nanostar C forms an extended percolating network. As expected from the
aptamers in use within each nanostar, A condensates are enriched in Malachite Green (thus
appearing red), B condensates in DFHBI (thus appearing cyan) and the C mesh-like assembly
is enriched in both Malachite Green and DFHBI (thus appearing both red and cyan, which
yields white in composite micrographs).

Notably, on long timescales (tens of hours), A condensates exhibit the formation of inner
bubbles or vacuoles, i.e. dilute liquid phases which diffuse and undergo fusion with one
another. The larger the A-type condensate, the larger and more numerous the vacuoles.
Similar phenomena have been observed in both naturally occurring and synthetic biomolecu-
lar condensates, and they have been linked to compositional changes which happen much
faster than the (comparatively slower) dynamics within the condensates. Such changes have
been found to be driven by temperature [453], RNA synthesis [454, 455] or degradation
processes [442, 456]. Given the constant experimental temperature and the limited temporal
catalytic activity of the T7 RNAP, the latter option seems the most likely: on long timescales,
possibly due to loss of activity of the RNase inhibitor, some RNA nanostars are degraded,
and start accumulating within the condensates, inducing the formation of vacuoles due to the
related osmotic pressure build-up [442, 456].

It is also worth noting that nanostars A, B and C share consistent portions of their sequences,
apart from the aptamer and KL domains, and they all readily form condensates. In particular,
C is identical to B apart from the fourth transcribed arm, which shares the same sequence as
the second transcribed arm of nanostar A (MGA domain), while B (and C as just mentioned)
shares the entire first arm and most of the third one (apart from two swapped bases) with
nanostar A. This proves that the core RNA nanostar architecture is robust and highly tolerant
to sequence modifications, making it modular and allowing for aptamer insertions and KL

domain edits.

4.4.1 Growth Kkinetics

The growth kinetics of the RNA condensates can be investigated by image analysis and
segmentation of the assembly timelapses, followed by Chord Length Distribution (CLD)
calculation. Here, the mean of the CLD, Uc1p, is used as a proxy for the typical object
size [457-459, 420]. As showed in Fig. 4.5B(1), tcrLp quickly increases at first for all
constructs, then plateaus around 12 h for condensates A and B, while it keeps growing for
the entire experimental timeframe (48.5 h) in the case of the percolating network formed
by nanostar C. The correspondence of these plateau timescales with the ones observed via

fluorimetry in Fig. 4.4B hints at a scenario where the condensate growth either slows down
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Fig. 4.5 Programmable Kissing Loop interactions drive the self-assembly of RNA condensates. A:
Epifluorescence micrographs of representative timepoints (3, 12, 48 h, along vertical axis) depicting the bulk
self-assembly at 30 °C of condensates from three nanostar variants A, B and C, respectively, accompanied
by simplified schematics on top. B: Confocal micrographs depicting samples in A after more than 48 h from
start of transcription. Scale bar for nanostar C assemblies is reported in yellow for ease of visualisation. C: (i)
Evolution of condensate mean size vs time examined via the mean of the Chord Length Distribution (UcLp)-
UcLp increases with time, plateauing for species forming spherical condensates (A, B), but not for more rigid,
mesh-like assemblies (C). (ii) Time dependence of the average number (N) of condensates (semi-log y scale)
observed in a microscopy field-of-view (FOV), used to track growth kinetics. As condensates coalesce, their
number progressively decreases. Due to nanostar C forming interconnected mesh-like assemblies spanning
the whole sample, these data are only presented for A and B nanostars. Data are presented as mean (solid
lines) + standard deviation among replicates (shaded regions) from three non-overlapping FOV's within the
same sample. D: Chord Length Distribution (CLD) ridge-plots at timepoints matching the ones in A for
constructs A (i), B (ii) and C (iii), respectively. E: Epifluorescence micrographs of representative timepoints
(3, 12, 48 h, along vertical axis) depicting the lack of condensate formation in the case of control nanostars
A and B, respectively, accompanied by simplified schematics on top. Lack of complementarity among loop
domains leads to nanostars remaining disperse in solution and (almost) uniform fluorescence distribution. F:
Confocal micrographs depicting samples in E after more than 48 h from start of transcription. Epifluorescence
micrographs in A, E are contrast-enhanced (see Section 2.11.5). Scale bars are 50 um. Confocal micrographs
in B, F are pristine. Scale bars are 100 um. All samples were obtained by in vitro transcription with [DNA
template] = 40 nM.

or completely stops when monomer transcription ceases due to either loss of T7 RNAP
activity or depletion of available rNTPs, and coalescence events among large droplets become
increasingly rarer due to lack of substantial Brownian motion. Particle analysis and object
counting for the discrete condensates formed by A and B reveals that, as expected, the
increase in average size is accompanied by a corresponding sharp decrease in object number
due to coalescence events, as depicted in Fig. 4.5.

Fig. 4.5C presents the entire CLDs for constructs A (i), B (ii) and C (iii) at the same
representative timepoints depicted in Fig. 4.5A. Notably, the CLD for construct C is much
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broader (with some chords exceeding 400 wm) and positively skewed compared to the ones
for A and B due to the intrinsically asymmetrical and non convex shape of its percolating
mesh-like assemblies, compared to the discrete spherical condensates observed in orthogonal
A and B samples.

4.4.2 Kissing Loop interactions are programmable

While Fig. 4.5A-B show that sticky nanostars, i.e. with palindromic loops, form condensates,
this alone does not prove that condensation occurs through the designed KL interactions.
However, non sticky control nanostar variants A and B, featuring scrambled non-interacting
loops, fail to yield condensates, and rather remain dispersed in the bulk, as depicted in
Fig. 4.5E-F. This unequivocally proves that RNA condensates formed by sticky nanostar
designs A, B and C indeed rely on the designed loop-loop interactions, making KLs pro-
grammable binding domains in the presented RNA platform, just like regular sticky ends in
multi-stranded designs.

25°C 30°C 35°C 40°C 45°C 50 °C 55°C 60 °C

(")H H m n

(III) “ - ‘ L - 150;‘ ‘ o C‘
Py .F(, “wB *r-l: waE

l._ % . e 50 50 °C

bl @ :'1'..4 N e i oL ‘

- 25 50 75
Temperature [°C]

=
o
o

[S
o o
=

Heip [Hm]

Fig. 4.6 Thermal ramps reveal different Kissing Loop interaction strengths. A: Contrast-enhanced
epifluorescence micrographs of representative temperatures depicting melting of condensates from RNA
nanostars A (i), B (ii) and C (iii) in bulk. All micrographs in each series (i, ii, iii) show the same FOV area
and, as such, share the same scale bar as the first micrograph in the series. Scale bars are 50 um. B: Change in
condensate size with increasing temperature is examined via ticrp. Vertical dotted lines indicate the temperature
values (reported in text) at which condensates reach 50% of their original pcrp at 25 °C, indicated by the
horizontal dotted line. Data are presented as mean (solid lines) + standard deviation among mean replicates
(shaded regions) from three non-overlapping fields-of-view within the same sample.

4.4.3 Melting of bulk condensates sheds light on KL interaction strength

The observed difference in morphology between the discrete liquid-like spherical condensates
formed by nanostar variants A and B and the hydrogel-like percolating network assembly of
nanostar C can be attributed to differences in the interaction strength across the orthogonal
KL A, KL B and KLL C domains. In order to test this, samples were allowed to self-assemble
in bulk at 30 °C for 48 h, kept in a dark environment at room temperature for approximately
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12 h, and finally subjected to thermal ramps from 25 °C to 75°C at 1°C increase every
15 min. Fig. 4.6A shows condensates first swelling, with bubbles forming on the inside,
and then completely disassembling, revealing a clear trend in melting temperature of the
Kissing Loop interactions, with KL. A being the weakest, followed by KL B and KL C,
respectively. Fig. 4.6B quantifies such melting temperature as the temperature at which the
condensates reach half of their initial tcpp (i.e. at 25 °C). This observation matches with
the different morphologies observed in Fig. 4.5A. Type A condensates are the most fluid,
due to the transcription temperature (7 = 30°C) being close to the melting temperature
of KL A interactions (Ty; = 43°C), a factor which might contribute to the emergence
of the bubbles/vacuoles discussed above. Type B condensates display slightly improved
thermal stability of interactions (T = 45°C), still allowing them to relax into discrete liquid
assemblies. Finally, KL C interactions are much stronger () = 50°C), explaining the
mesh-like morphology observed in Fig. 4.5A: assemblies start nucleating, and soon reach
and bind to the surrounding neighbours prior to fully relaxing and coarsening, thus remaining

stuck in a percolating network.

4.5 Programmable Kissing Loop interactions enable or-

thogonal condensate formation

The designed orthogonality among KL A and KLL B domains enables the simultaneous
transcription of RNA variants A and B, which readily form distinct, co-existing condensates,
as presented in Fig. 4.7A-B. Consistently with previous results on nanostar control variants,
micrographs in Fig. 4.7C-D show that if one of the simultaneously transcribed RNA motifs is
made non sticky, condensates of the sticky species co-exist with dispersed RNA nanostars of
the non sticky one (left: A &B, middle: A &B). If both variants are made non sticky, then no
condensates are formed at all (right: A &B).

4.5.1 Tuning the relative size of orthogonal condensates via DNA tem-

plate ratio in binary systems

Notably, micrographs in Fig. 4.7A-B make it evident that varying the DNA template concen-
tration ratio, [A-T]/[B-T], provides a simple strategy to tune the relative sizes of orthogonal
condensates, as DNA template concentration influences transcription rate, as seen in Fig. 4.4C,
and overall yield of the encoded RNA nanostars. Higher (relative) amounts of one DNA
template, in fact, produce larger and faster coarsening condensates of the corresponding type,
as depicted in Fig. 4.7E(i)-(ii), respectively. To further support this result, violin plots in
Fig. 4.7F present the radial size distributions (after more than 48 h) of A (red) and B (blue)
condensates with varying DNA template ratios, as determined by image segmentation and
Circle Hough Transform (see Section 2.11.12). When the DNA template ratio [A-T]/[B-T]
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Fig. 4.7 Simultaneous transcription and condensate co-assembly in bulk binary RNA nanostar systems.
A: Epifluorescence micrographs of representative timepoints (3, 12, 48 h, along vertical axis) depicting the bulk
self-assembly of binary systems with different [A-T]/[B-T] ratios (horizontal axis). B: Confocal micrographs
depicting samples in A after more than 48 h from start of transcription. Small spherical aggregates visible in
bright-field are most likely magnesium pyrophosphate precipitates, as discussed in Section 1.4.4. C: Same as A
for control stoichiometric mixtures of A-T and B-T where either or both code for non sticky nanostar variants
(indicated with an overline: A, B). D: Confocal micrographs depicting samples in C after more than 48 h from
start of transcription. E: Time-dependent evolution of (i) size and (ii) number (semi-log y scale) of A and B
condensates in binary systems with varying [A-T]/[B-T] template ratio, as examined via Ucrp. Stoichiometric
binary mixtures where one nanostar species is made non sticky are included in the middle panel (dotted lines).
Full CLDs at representative timepoints are provided in the Appendix (see Fig. B.7). F: Violin plots displaying
the radial size distributions of condensates A (reds) and B (blues) vs [A-T]/[B-T] DNA template ratio after
more than 48 h from start of transcription. Colour-coded text on top/bottom reports the number of examined
condensates of each type. G: Comparison of the time dependence (in semi-log y scale) of the total number of
condensates N, (sum of A and B condensate numbers) in single and binary systems. Data for single species
systems is the same as reported in Fig. 4.5C(ii). Data in E, G are presented as mean (solid/dotted lines) +
standard deviation among replicates (shaded regions) from three non-overlapping fields-of-view within the
same sample. Epifluorescence micrographs in A, C are contrast-enhanced (see Section 2.11.5), and represent
the same field-of-view area, thus sharing the scale bar with the corresponding top left micrograph. Scale bars
are 50 um. Confocal micrographs in B, D are pristine. Scale bars are 100 um.

increases, the radial size distribution for B condensates shifts to progressively smaller values,
while the one for A condensates shifts in an opposite, increasing direction, displaying a

characteristic scissor-like trend.
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4.5.2 Growth Kinetics in binary systems

As for systems with a single RNA species, the growth kinetics of binary nanostar systems
were investigated by considering the time evolution of ucrp and the average number of
condensates per field-of-view, N, as depicted in Fig. 4.7E(i)-(ii), respectively. Fig. 4.7E(i)
demonstrates that in binary systems of sticky nanostars, at all [A-T]/[B-T] DNA template
ratios, condensates grow in two-stages: an initial sharp growth terminated by a short-lived,
intermediate plateau, followed by a second, slower growth phase ultimately resulting in
saturation. This additional growth phase is not observed in systems with a single RNA
species (Fig. 4.5C(1)), nor in stoichiometric binary systems where one RNA species is non
sticky (Fig. 4.7E(i), middle panel, dotted profiles).

Micrograph sequences from the timelapses of such binary sticky systems (see Figs. B.8,
B.9, B.10, B.11, and B.12 in Appendix) reveal that the intermediate plateau is reached
when condensates of each type become transiently hindered in their ability to reach and
fuse with same-type neighbours due to caging among nearest-neighbour condensates of the
opposite type. However, a few coalescence events still happen, thus markedly reducing
lateral crowding, as the larger droplets resulting from coalescence occupy less space in
the horizontal space provided the overall volume is conserved. This increase in motion
freedom triggers a positive-feedback process that rapidly releases the system and drives
further coalescence. When considering stoichiometric mixtures of sticky nanostars, indeed,
both A and B condensates reach larger final sizes than the respective counterparts in systems
where the other-type RNA species is non sticky, proving that such spatial crowdedness and the
resulting steric hindrance from opposite-type non-binding condensates ultimately promotes
a higher degree of coalescence. Consistently with these observations, Fig. 4.7E(ii) shows
that two-stage growth in binary sticky mixtures is accompanied by a two-stage decreasing
trend in the average number of condensates per field-of-view (N). It can also be observed
by comparing Figs. 4.7E(i) and (ii) that condensates corresponding to the most abundant
DNA template not only grow larger, as discussed in the previous section, but coarsen faster
and to a fuller extent, reaching lower final numbers. Finally, Fig. 4.7G confirms the above-
mentioned fuller degree of coalescence in binary sticky mixtures (solid grey line) compared
to binary systems with one non sticky species (dotted lines), as evidenced by the lower
overall condensate number, Ny, i.e. the sum of average A and B condensate numbers per
microscopy field-of-view. Despite the intermediate hindrance to coalescence due to multiple
orthogonal species, in fact, Nty for binary sticky mixtures still reaches values comparable to

those of single sticky nanostar systems (solid red/cyan lines).

4.5.3 Ternary systems

Simultaneous transcription and condensate co-assembly can be extended to all three orthogo-
nal RNA nanostar variants (A, B, C) as shown in Fig. 4.8A.
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Fig. 4.8 Simultaneous transcription and condensate co-assembly in bulk ternary systems of RNA
nanostars. A: Epifluorescence micrographs of representative timepoints (horizontal axis) depicting the bulk
self-assembly of ternary stoichiometric mixtures of A-T, B-T and C-T (all coding for sticky nanostars). B:
Confocal micrographs depicting samples in A after more than 96 h from start of transcription. C: Fluorescence
intensity (F.I.) kinetics of co-transcriptional folding and self-assembly of ternary system in bulk at 30°C
with [A-T] = [B-T] = [C-T] =~ 13.33nM. The left/right y-axis depicts fluorescence intensity in DFHBI +
BrA (Br F1.)/MG + MGA (MG F.I.) channels in solid/dashed lines, respectively. Data in C are presented
as normalised (see Section 2.11.4) mean (solid/dashed lines) + standard deviation (shaded regions) from
triplicates. Epifluorescence micrographs in A are contrast-enhanced (see Section 2.11.5), and represent the
same field-of-view area, thus sharing the scale bar with the first micrograph. Scale bars are 50 um. Confocal
micrograph in B is pristine. Scale bar is 100 um.

One notable difference is the much slower growth dynamics of condensates, with all species
displaying very small spherical droplets at the 48 h mark. However, Fig. 4.8B confirms
that, after allowing sufficient time for relaxation, i.e. approximately 96 h from the start of
transcription, all three species form distinct spherical condensates, including nanostar C,
which instead formed mesh-like assemblies in Fig. 4.5A-B. This difference in morphology
is likely driven by A and B hindering the formation of the percolating C network in favor
of smaller and more readily relaxing aggregates: when C condensates start nucleating, they
cannot easily coalesce with same-type neighbours, and thus manage to relax to more regular
and compact morphologies on the shorter length scales. As for single constructs, the self-
assembly of stochiometric mixtures of A, B and C nanostars can be monitored via fluorimetry
as well, as shown in Fig. 4.8C, which once again showcases the difference in long-term
behaviour between the BrA+DFHBI and MGA+MG aptamer-dye complexes discussed in
Fig 4.4B.
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4.6 Chapter summary and outlook

In this chapter, I have presented a platform yielding programmable and orthogonal RNA
condensates from co-transcriptionally folding RNA nanostar building blocks. These RNA
nanostars fold upon transcription by T7 RNA Polymerase from designer double-stranded
DNA templates using commercially available in vitro transcription kits. The single-stranded
architecture dictated by co-transcriptional folding removes stoichiometry issues which often
lower the assembly efficiency of multi-stranded nanostructures. Thanks to the variety of
known RNA aptamers and the proved robustness of the RNA nanostars against design
variations, fluorogenic aptamers can be easily embedded in a modular fashion within the
arms of the nanostructures, making fluorescence monitoring and imaging straightforward,
with no need for staining.

The introduced RNA nanostars form condensates thanks to Kissing Loop interactions among
palindromic loop domains. By engineering the sequences of such KL domains, it is possible
to obtain assemblies with varying relaxation timescales, morphologies and viscosities, from
discrete liquid-like spherical condensates to more hydrogel-like percolating networks. It
is also possible to programmatically prevent RNA nanostars from interacting altogether by
scrambling the loop sequences and making them non-palindromic and non-interacting, thus
leading to RNA nanostars remaining disperse in the bulk with no condensate formation.
Previous reports of RNA phase-separated assemblies focused on condensates either not
entirely consisting of RNA (RNA and RNA-binding proteins [350, 428]) or formed by
biologically occurring, tandem repeat-rich sequences [356, 460, 39] which leave no control
on the condensate formation process apart from a posteriori disruption strategies. The
introduced platform enables an unprecedented degree of control over the formation of
RNA condensates, almost on par with the one the DNA nanotechnology community has
developed for DNA-based condensates relying on nanostructures interacting through sticky
ends. Similarly, KLs can be made orthogonal, yielding multiple RNA nanostar populations
capable of simultaneous transcription and orthogonal condensate co-assembly. The relative
size of co-assembled condensates can be tuned by simply varying the concentration ratio
among the corresponding DNA templates. Combined with the proved influence of DNA
template concentration on transcription rate, this result should also enable control over the
condensate formation rate and the resulting size distribution in single nanostar systems by
simply varying the corresponding DNA template concentration.

Most notably, these RNA nanostars are transcribed from designer DNA templates, thus
allowing for direct integration with DNA-based synthetic cell frameworks and cytoskeleta,
similarly to what recently showed in hybrid DNA-RNA approaches by Leathers ef al. [154]
and Malouf et al. [411]. This platform could also be used to produce synthetic MLOs in
bacteria by integrating the DNA templates coding for the RNA building blocks in plasmids via
molecular cloning, thus paving the way for hybrid synergistic approaches combining living

and synthetic cell agents. In Chapter 5, I demonstrate how this platform can be encapsulated



148 RNA condensates from co-transcriptionally folding RNA nanostars

in the simplest artificial cells, namely water-in-oil droplets obtained via emulsion methods,

leading to the formation of RNA-based MLO mimics within primitive synthetic cells.



Chapter 5

RNA condensates as programmable and
orthogonal organelles in droplet-based
artificial cells

5.1 Introduction

Biologically occurring membraneless organelles (MLOs) are subcompartments within the
cytoplasm or nucleus of cells. As they are not membrane-bound, they are incapable of
separating cytotoxic reactions from the rest of the cell, carrying out homeostatic reactions or
maintaining a pH gradient [30]. Nonetheless, they are involved in a multitude of regulatory
processes [28], from facilitating enzymatic reactions to suppressing client molecule activity
in the bulk cytoplasm, as well as promoting one biomolecular pathway over another, thus
shifting metabolic flux. They have also been shown to suppress cellular noise [461, 39],
for instance variations in transcriptional or translational levels, and increase overall cellular
fitness [462], which explains why they are so widespread in eukaryotes.

Interestingly, such functional variety is directly matched by their structural complexity and
hetereogeneity in a fascinating shape-function synergy: MLOs are rarely homogeneous,
single-phase liquid droplets, rather they exhibit multiple liquid or hydrogel-like subcompart-
ments arranged in a hierarchical architecture. This morphological complexity arises from
differences in the material properties encoded in the sequence of their biopolymer subunits,
hinting at a strategy for further tuning via sequence engineering.

The ubiquitous presence and functional variety of MLOs in eukaryotic cells clearly suggest
that organelle-mimicking structures would greatly enhance the biomimicry of synthetic
cell systems. However, a high degree of control and programmability is required for such
organelle mimics to match the versatility, functionality and structural heterogeneity of their
biological counterparts. Since fine-tuning the properties of naturally occurring MLOs via

sequence engineering is challenging due to the sheer number of components involved [463],
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de novo designed synthetic organelles relying on programmable nucleic acids are a highly
promising approach, especially considering nucleic acids already play a role in biomolecular
condensates.

The RNA nanostar platform introduced in Chapter 4 could, indeed, be ideal to build MLO-
mimicking condensates in minimal artificial cell systems. However, in the previous Chapter,
condensation was only achieved in bulk solution, differently from biologically occurring
MLOs that emerge in confinement. Moreover, RNA condensates constructed in Chapter 4
are homogeneous and comprise a single phase, and thus fail to match the heterogeneity of
biological MLOs.

In this Chapter, I expand on the RNA platform introduced in the previous Chapter to tackle
these issues. On the one hand, I encapsulate the in vitro transcription mixtures producing the
RNA nanostar building blocks within the simplest artificial cell mimics — water-in-oil droplets
—resulting in the formation of synthetic RNA organelles. Simultaneous transcription of RNA
nanostars with programmably orthogonal interaction domains leads to distinct, addressable
and orthogonal organelles with tunable relative size and controllable number, paving the
way for engineering even more veritably biomimetic compartments in artificial cell systems.
On the other hand, I demonstrate how the simple introduction of a chimeric linker nanostar
affords control over mixing/demixing behaviours of otherwise orthogonal condensates, and
unlocks a whole spectrum of morphological architectures, capable of closely mimicking the
complexity of biological MLOs.

The results and material presented in this chapter are included in the following Publica-
tion [434]:

G. Fabrini, S.P. Nuccio, J.M. Stewart, S. Li, A. Tang, PW.K.R. Rothemund, E.Franco,
M. Di Antonio and L. Di Michele, Co-transcriptional production of programmable RNA
condensates and synthetic organelles, preprint on bioRxiv and soon to be submitted for peer

review.

All the work presented in this Chapter has been carried out by me, apart from DNA template
purification steps, which, as in Chapter 4, were performed by Sabrina Pia Nuccio (Di Antonio

group).

Sequences for oligonucleotides used in this Chapter can be found in Tables A.2 (RNA motifs),
A.3 (DNA templates), A.4 (DNA PCR primers) in the Appendix.

5.2 Synthetic RNA organelles in water-in-oil droplets

In this section, I will demonstrate that it is possible to yield single RNA condensates resem-

bling primitive synthetic organelles within confined cell-like agents. In particular, this will
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be achieved by encapsulating in vitro transcription reactions in the simplest artificial cell
mimics, i.e. water-in-oil emulsion droplets. I will characterise the self-assembly and growth

kinetics of such condensates by means of fluorescence microscopy and fluorimetry.

5.2.1 Emulsion droplets

Two of the most commonly used artificial cell mimics are water-in-oil emulsion droplets and
Giant Unilamellar Vesicles (GUVs) [45, 11, 464-466, 40, 467, 468]. GUVs are clearly more
“biomimetic” than emulsion droplets, thanks to their similarity to the cellular lipid membrane,
but encapsulating biomolecules within them is considerably more challenging [469, 470].
Conversely, emulsion droplets provide a straightforward platform to encapsulate both charged
and uncharged biomolecules in confined environments [21], provided biomolecule exchange
among compartments is not required. Therefore, for the work described in this Chapter
and the following one, I opted for water-in-oil emulsion droplets, stabilised by a fluorinated
surfactant amidst a fluorinated oil phase, similarly to previous literature examples [21] (see
Section 2.4.2). As exemplified in Fig. 5.1A, the in vitro transcription mixtures, comprising
transcription buffer, T7 RNAP, ribonucleotides, and DNA template, are encapsulated by
emulsification, resulting in transcription being carried out within confined water droplets,
where RNA nanostars fold co-transcriptionally and self-assemble into organelle-mimicking
condensates.

5.2.2 RNA nanostars form synthetic MLO-like condensates in emulsion
droplets

Fig. 5.1B demonstrates, indeed, that the concept in Fig. 5.1A works: encapsulation of the in
vitro transcription mixtures used in Chapter 4, supplied with a single DNA template coding
for either RNA nanostar variant A (i), B (ii) or C (iii), yields single RNA condensates within
the emulsion droplets.

Differently from bulk systems (Fig. 4.5), though, all RNA designs form spherical assemblies
within the droplet-based synthetic cells, as depicted in confocal micrographs in Fig. 5.1C.
This stems from the fact that the reduced size of emulsion droplets limits the length scales over
which condensates have to relax. This effect is most noticeable for design C, which displays
considerably different condensate morphologies, namely spherical-like in emulsion droplets
vs percolating network-like in bulk. While its coarsening is still slower compared to A and B
variants owing to the stronger KL C interactions (Fig. 4.6), the confined droplet environment
dramatically reduces the length scale over which C phases have to relax (compared to entire
bulk samples, i.e. capillary chambers). This in turn enables the emergence of the observed
much more compact spherical-like condensates. These observations are supported by the
time-evolution of Ucyp, used again as proxy for condensate size, presented in Fig. 5.1D:

UcLp first increases with time, and then plateaus for all RNA variants. It can be noticed that
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Fig. 5.1 Self-assembly of RNA condensates within water-in-oil droplets. A: Schematic of RNA condensate
formation in water-in-oil droplets through encapsulation via emulsion method. B: Contrast-enhanced (see
Section 2.11.5) epifluorescence micrographs of representative timepoints (15 min, 1 h or 4 h, 48 h, along the
vertical axis) during the self-assembly of RNA condensates within water-in-oil droplets, from nanostars A
(i), B (ii) and C (iii), respectively, accompanied by simplified schematics (top). C: (Top) zoomed-in and
(bottom) larger field-of-view (FOV) confocal micrographs depicting samples in B after more than 48 h from
start of transcription. D: Evolution of condensate mean size vs time examined via the mean of the chord length
distribution, Ucpp. Data are reported as mean (solid lines) + standard deviation among mean replicates (shaded
regions) from three non-overlapping FOVs within one sample. E: Scaling of condensate volume (V) with
droplet-based synthetic cell volume (Vsyncen), as evaluated via linear regression (see Section 2.11.13). Number
of examined condensate-droplet pairs are reported and colour-coded. Dashed lines are the lines of best fit,
while shaded regions are 95% confidence intervals computed using 1000 bootstrap samples. F: Chord Length
Distribution (CLD) ridge plots (see Section 2.11.10) at timepoints matching the ones in A for constructs A (i),
B (ii) and C (iii), respectively. Confocal micrographs in C are pristine. Scale bars in B and C(top) are 50 um.
Scale bars in C(bottom) are 100 um. All samples were obtained by in vitro transcription at 30 °C with [DNA
template] = 40 nM.

size for A and B condensates plateaus much earlier than in bulk (= 4 h vs 12 h), again due
to the confined droplet environment, and earlier than C condensates. However, tcrp for C
assemblies did not plateau at all in bulk, but does so in emulsion droplets for the discussed
mechanism.

Fig. 5.1D also shows much larger variation in condensate size across all designs, as indicated
by the larger standard deviation among Ucyp replicates (shaded regions). This can be
ascribed to the considerable variability in the size of droplets obtained via the emulsion
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method, which in turn drives the scaling of condensate size with droplet size, as demonstrated
for A and B condensates in Fig. 5.1E. Condensate volumes, in fact, scale linearly with
droplet volumes, as indicated by the excellent agreement with the linear regression model
(A: R? =0.98, p-value = 2.2-107%; B: R? = 0.99, p-value = 2.7-107°?; both p-values with
respect to zero gradient null-hypothesis). In particular, A (red) and B (cyan) condensates
reach a volume which is about 15-18% of the volume of the corresponding emulsion droplets
(A: slope = 0.182 £ 0.005; B: slope = 0.153 + 0.003; data are reported as mean * standard
error on the mean). We can try to rationalise such particular growth limit as follows. We can
simplistically model each nanostar as a sphere with radius equal to the nanostar arm length
Ins = npp dyp, Where npy, 18 the number of base pairs in each arm, and dp, = 0.28 nm [471] is
the average distance among consecutive RNA base pairs. The number of base pairs in each
arm, npp, was set to 28 bp to take into account the 25 bp-long double-stranded arm and half
of the 6 bp-long coaxially stacked KLs upon interaction with neighbouring nanostars. In this
simple model, each condensate of volume V¢ will contain a number of nanostars, N, equal

to:
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We can then evaluate the moles of ribonucleotide (rNTP) building blocks used up to build
such condensate, 7 ;NTP, conds aS:

Nns Nintp /ns

Na (5.2)

N NTP, cond =
where Nintp /s 18 the length in nucleotides of the nanostar construct (A - 240 nt; B - 257 nt),
and N, is the Avogadro constant. This quantity can be compared with the initial INTP
reservoir in the corresponding droplet of volume Vyrqp, namely 7 NTp, drop- Given the injected
volume of each rNTP, VinTp = 1.8 L, its stock concentration, Cyytp = 100 mM, and the
transcription reaction volume, Vieax = 22 UL, this is simply equal to

Vintp CinTP

Vi 5.3
Veeax drop ( )

N ¢NTP, drop = 4

where the factor of 4 takes into account that ATP, CTP, GTP and UTP are all added stoi-
chiometrically. When computing the ratio n .NTPp, cond /n INTP, drop fOr all investigated A-type
and B-type condensates in Fig. 5.1E, the results are as follow: A - 0.97 +0.20, B-1.03 £
0.21. While it is not possible to conclude that the organelle-mimicking RNA condensates
stop growing because of rNTP depletion due to the intrinsic simplicity of the model, it is
clear that both A-type and B-type condensates have incorporated a substantial fraction of the
available rNTP building blocks.

The above-mentioned increase in condensate size variability can also be observed in the full
CLDs presented in Fig. 5.1F, which confirm faster coarsening and overall broader distribu-

tions in all designs: looking at A and B, for instance, CLDs are steady from 4 h onwards and
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much broader compared to the ones in Fig. 4.5D.

Consistently with bulk experiments in Fig. 4.5E, the programmability of Kissing Loop in-
teractions holds in confined water-in-oil droplets as well, as demonstrated by Fig. 5.2A.
Non sticky nanostar variants A and B fail to yield condensates, and rather remain dispersed
within the emulsion droplets, creating a uniformly fluorescent RNA-rich lumen resembling a
primitive cytoplasm.
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Fig. 5.2 RNA-enriched cytoplasm from non sticky nanostars and fluorimetry characterisation of
transcription in emulsion droplets. A: Schematics (top) and confocal micrographs (middle: zoomed-in,
bottom: larger FOV) depicting lack of condensate formation from non sticky design variants (i) A and (ii)
B, after more than 48 h from start of transcription. B: Fluorescence intensity (F.I.) kinetics monitoring the
co-transcriptional folding and self-assembly of samples in A and Fig. 5.1B, namely A, A (left), B, B (middle),
and C (right). Negative controls, i.e. dyes in water (Water) and dyes in In Vitro Transcription mixture (IVTM)
with no added DNA template, are displayed in all panels. C: The initial transcription rate, examined through
the proxy of initial F.I. increase rate, is proportional to the DNA template concentration (here [B-T] for RNA
nanostar B). The zoomed inset depicts the 30 timepoints used for linear fitting highlighted by surrounding
boxes. In B and C, the left/right y-axis depicts F.I. in DFHBI + BrA (Br F.1.)/MG + MGA (MG FE.L) channels
in solid/dashed lines, respectively. Data in B, C are presented as normalised (see Section 2.11.4) mean
(solid/dashed lines) + standard deviation (shaded regions) from triplicates. D: Initial F.I. increase rate computed
by linear fitting of the 30 timepoints boxed in C (inset). Data are presented as fitted slopes (circular markers) +
standard deviation from covariance matrix of the linear fit (error bars). Confocal micrographs in A are pristine.
Scale bars in A(top) are 50 um. Scale bars in A(bottom) are 100 um. All samples were obtained by in vitro
transcription at 30 °C with [DNA template] = 40 nM.

5.2.3 Comparison with fluorimetry measurements

Thanks to the use of fluorogenic aptamers, fluorimetry can once again be used to monitor the
co-transcriptional folding of RNA nanostars, this time within droplet-based synthetic cell
mimics, as showed in Fig. 5.2B. Similarly to bulk experiments, the fluorescence intensity
of the corresponding FLAPs (MGA in A and A, BrA in B and B, both MGA and BrA in C)
increases with time. Differently from bulk measurements, though, there is no evidence of the

characteristic peak-decrease feature of sticky nanostar variants in bulk (see Fig. 4.4). This
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agrees well with the previously introduced hypothesis of such feature reflecting fluorescent
condensates forming and then sinking below the measurement plane, which indeed cannot
happen in the case of condensates enclosed in confined water-in-oil droplets.

A second clear difference lies in the delayed double-stage growth exhibited by all MGA-
containing nanostar designs (A, A and C, dashed profiles). This does not result from an actual
delay in condensate growth, as Figs. 5.1C, D and F all prove growth kinetics are faster within
emulsion droplets, and is rather due to initial preferential accumulation of MG in the oil
outside of the droplets [472, 473]. The observed delay in fluorescence intensity increase in
MG+MGA channel is thus due to the time needed for MG to diffuse from the oil phase into
the water phase, where it can bind to the cognate aptamer contained in the transcribed RNA
nanostars. This leads to a switch in the preferential enrichment of MG, from the naturally
higher affinity oil phase to the otherwise disfavoured water phase, effectively demonstrating
cargo uptake against phase affinity gradients thanks to the strong interactions among the dye
and the cognate aptamer.

Similarly to bulk measurements, the initial rate of transcription, indirectly observed through
the initial fluorescence intensity increase rate, strongly depends on DNA template concen-
tration. This is demonstrated for RNA nanostar B in Fig. 5.2C-D: higher DNA template
concentration promotes faster transcription, with initial transcription rates monotonically
increasing with DNA template concentration (here [B-T]). It can be noted that the fitted
initial transcription rates are approximately twice those measured in bulk (see Fig. 4.4C-D).
However, as DNA templates are added prior to emulsification, i.e. not injected during the
measurement run as in bulk, it is possible that the time window chosen for fitting is not equiv-
alent to the one used for bulk measurements, despite showing a linear behaviour. Therefore,
the observed increase in initial transcription rates is likely not indicative of a faster RNA
synthesis.

Higher DNA template concentrations not only promote earlier plateauing, but also higher
plateau levels. This is consistent with a scenario where RNA synthesis ceases when either the
T7 RNAP loses catalytic activity or the rNTP building blocks are depleted. If INTP depletion
were to be the limiting factor, all curves would reach the same plateau, albeit at different
times. As this is not the case, this points to a loss of T7 RNAP catalytic activity around
15h and 17 h for 20nM and 10 nM DNA template concentration, respectively. It is indeed
plausible that lower DNA template concentration, resulting in lower RNA synthesis, grant a
more prolonged enzymatic activity. At the highest examined DNA template concentration
(40nM), fluorescence intensity plateaus around 12 h. However, I previously noted that con-
densates seem to have incorporated approximately the same order of magnitude of rNTPs as
the available reservoir. Therefore, it is possible that at higher DNA template concentration
RNA synthesis approaches the limit of tNTP building block depletion, rather than being
limited by loss of T7 RNAP activity. Due to not having measured even higher DNA template
concentrations, though, this cannot be definitively proved and remains only an educated
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guess.
These results, combined, hint at the possibility of controlling the overall RNA yield and
the resulting condensate formation rate by simply tuning the corresponding DNA template

concentration.

5.3 Multiple tunable RNA-based compartments in synthetic

cell mimics

In this section, I will demonstrate the possibility of producing not just one, but multiple
distinct self-assembled RNA condensates, interchangeably termed organelles from here
onwards, within emulsion droplets. First, I will describe binary A/B systems with tunable
relative size and robustly controlled organelle number in each droplet. I will then briefly
discuss systems with three distinct types of orthogonal compartments produced by ternary

mixtures of A, B and C nanostar motifs.

5.3.1 Binary RNA nanostar systems form two orthogonal phases (or-

ganelles / cytoplasm)
Binary sticky nanostar systems yield orthogonal RNA organelles with tunable size

Similarly to co-assembled orthogonal condensates in bulk (Fig. 4.7), simultaneous trancrip-
tion of A-T and B-T DNA templates within emulsion droplets yields two orthogonal synthetic
organelles thanks to the programmability of KL interactions, as demonstrated in Fig. 5.3A-B.
As previously showed in bulk, the relative size of orthogonal A and B organelles within
emulsion droplets can be tuned by simply varying the concentration ratio among the corre-
sponding DNA templates, namely [A-T]/[B-T], as depicted in Fig. 5.3A-B and quantified in
Fig. 5.3C. In particular, the confined environment of emulsion droplets allows to evaluate the
ratio between the radii of A and B condensates (ra /rg) within the same droplet, which was
previously not possible in bulk. When looking at droplet-based synthetic cells containing
exactly one A and one B organelles, Fig. 5.3C shows that, as the [A-T]/[B-T] ratio increases,
the ra/rg distribution shifts from low (large B organelles, small A ones) to progressively
higher values (small B organelles, large A ones) following an almost linear trend. Varying the
DNA template concentration ratio by a factor of 16 (from 0.25 to 4), the relative condensate
size can be tuned by about 3-fold (27-fold volume-wise, looking at the mode of the size
distributions).

Controlling the number of organelles in binary sticky nanostar systems

While most droplet-based synthetic cells contain exactly one organelle of each type in the

long time limit, as showed in Fig. 5.3B(i), micrographs in Fig. 5.3B(ii) reveal that some
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Fig. 5.3 Co-assembly of orthogonal binary RNA organelles with controlled size and number in droplet-
based synthetic cells. A: Epifluorescence micrographs of representative timepoints (15 min, 1h, 4h and
48 h, along the vertical axis) during the self-assembly of binary (A, B) systems with varying [A-T]/[B-T]
DNA template concentration ratios (from 0.25 to 4), as highlighted by schematic diagrams and colour-coding
(top), which also applies to C and D. B: Zoomed-in (i) and larger FOV (ii) confocal micrographs depicting
samples in A after more than 48 h. C: Distribution of A/B condensate size ratio (ra /rg) after 48 h with varying
[A-T]/[B-T] for droplets containing exactly one A and one B condensates. D: Percentage of synthetic cells
containing a certain number of A (top) and B (bottom) condensates after more than 48 h, regardless of the
number of opposite-type condensates. Number of examined droplets per template ratio are reported on top in
C and D. Further text on top of D reports the percentages of examined synthetic cells displaying exactly one
organelle of each type (A/B) with varying [A-T]/[B-T] in the long time limit (>48 h). Micrographs in A are
contrast-enhanced (see Section 2.11.5), and they all depict the same FOV area, thus sharing scale bars. Scale
bars are 50 um. Micrographs in B are pristine. Scale bars are 50 um (i) and 150 um (ii). All samples were
obtained by in vitro transcription at 30 °C with [total DNA template] = 40 nM.

emulsion droplets contain, indeed, different numbers of condensates, particularly in a 2:1
proportion or viceversa. Fig. 5.3D shows the percentage of emulsion droplets containing
one, two or three condensate of each kind (A: top, B: bottom), respectively. Clearly, most
droplets contain either a single A or a single B condensate, with higher number of either
phases leading to lower fractions of observations. Merging the information about the number
of A and B condensates, it is possible to determine the percentages of droplet-based synthetic
cells comprising exactly one A and one B organelles after more than 48 h, namely 78.57%
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([A-T)/[B-T] = 0.25), 97.62% ([A-T]/[B-T] = 0.50), 86.96% ([A-T]/[B-T] = 1), 77.50%
([A-TYV/[B-T] = 2) and 87.50% ([A-T]/[B-T] = 4), respectively. This finding proves that we
can not only tune the relative size of the orthogonal synthetic organelles within a single
emulsion droplet, but also exert a high degree of control over their number, with more than
77% of droplet-based synthetic cells exhibiting exactly two RNA condensates (one of each

kind) at all DNA template concentration ratios.

Binary systems with non sticky nanostars

Consistently with bulk observations, Fig. 5.4A-B (top: A &B, middle: A&B) prove that,
if one of the DNA templates encodes for a non sticky nanostar variant, the droplet-based
cell mimics will comprise a single RNA organelle, formed by the sticky nanostar species,
surrounded by a dispersed phase of the non sticky one, similarly to a primitive nucleus in
cytoplasm arrangement. If both templates produce non sticky nanostars upon transcription,
then no synthetic organelles are formed altogether, as demonstrated by Fig. 5.4A-B (bottom:
A &B).

Fluorescence Kinetics in binary systems

As with single components, fluorimetry measurements in Fig. 5.4C support what already
observed in Figs. 5.3A-C and 5.4A-B. When normalising all profiles with respect to the
stoichiometric system with both sticky nanostars ([A-T]/[B-T] = 1), it is evident that lower
[A-T]/[B-T] ratios (left) lead to faster and stronger fluorescence intensity increase from
DFHBI bound to BrA within B nanostars, whereas the same holds for MG bound to MGA
within A nanostars at higher [A-T]/[B-T] ratios (right). Control stoichiometric mixtures
where either or both nanostar species are made non sticky (middle panel) exhibit the same
behaviour as mixtures of sticky nanostars with no clear trends in increase rate or endpoint

intensity.

5.3.2 Increasing the number of compartments: ternary systems

Similarly to ternary systems in bulk, Fig. 5.5A shows that three orthogonal RNA nanostars
can be simultaneously transcribed and co-assembled in spherical condensates of three distinct
types within emulsion droplets. However, the stiffness of construct C (Fig. 5.5A (left)),
combined with the increase in the number of non interacting RNA species, leads to much
longer relaxation times, producing more numerous and smaller condensates within each
droplet at the 48 h timepoint compared to Figs. 5.1B and 5.3A. Conversely, stoichiometric
ternary mixtures where design C is replaced by C, identical to C but lacking fluorogenic
aptamers, exhibit a higher degree of relaxation at the same 48 h timepoint, with fewer and
larger A and B condensates, as C (Fig. 5.5A (right)) cannot be detected in fluorescence

channels. This observation suggests that the slower relaxation of construct C compared to
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Fig. 5.4 Co-assembly with non sticky RNA nanostar variants and fluorimetry characterisation of binary
systems in emulsion droplets. A: Epifluorescence micrographs of representative timepoints (15 min, 1h, 4h
and 48 h, along the horizontal axis) during the self-assembly of stoichiometric binary systems where either
or both A/B RNA designs are non sticky, as highlighted by the schematic diagrams on the left-hand side. B:
Zoomed-in (i) and larger FOV (ii) confocal micrographs depicting samples in A after more than 48h. C:
Fluorescence intensity (F.I.) kinetics monitoring the co-transcriptional folding and self-assembly of binary
systems in A and Fig. 5.3A. Left and right y-axes depict F.I. in DFHBI + BrA (Br EI.) and MG + MGA (MG
F.I.) channels in solid/dotted and dashed/dashed-dotted lines, respectively (the latter options referring to non
sticky control mixtures, middle panel). Data in G are presented as mean (solid/dotted and dashed/dashed-dotted
lines) + standard deviation (shaded regions) from triplicates, normalised with respect to [A-T]/[B-T] = 1 curve
(see Section 2.11.4). Micrographs in A are contrast-enhanced (see Section 2.11.5), and they all depict the
same FOV area, thus sharing scale bars. Scale bars are 50 um. Micrographs in B are pristine. Scale bars
are 50 um (i) and 150 um (ii). All samples were obtained by in vitro transcription at 30 °C with [total DNA
template] = 40 nM.

A and B, already observed both in bulk and in emulsion droplets, is not only related to the
stronger, more thermally stable KL C interactions (Fig. 4.6). Other contributing factors are
likely the added co-transcriptional folding complexity brought about by hosting two RNA
aptamers compared to one, as well as the resulting structure of the nanostar arms, which
likely influences the viscosity of the resulting C-type assemblies. Fluorimetry measurements
in Fig. 5.5B support the formation of nanostars containing MGA and/or BrA, similarly to
what observed in bulk (Fig. 4.8C).

In both described ternary systems, Fig. 5.5A shows that 48 h is not enough to observe
even a single occurrence of the ideal scenario presented in Fig. 5.5C, i.e. exactly three
RNA organelles (one of each type) within an emulsion droplet. Nonetheless, Fig. 5.5D-E
demonstrate that, given enough time (2 weeks), the orthogonal RNA organelles relax more
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and more, with some emulsion droplets displaying, as desired, exactly three RNA-based
compartments, one of each kind, as highlighted in Fig. 5.5D-E (iii). Despite the very low
fraction of emulsion droplets matching the target scenario presented in Fig. 5.5C, all the
examined droplets present three distinct types of individually addressable compartments:
A enriched in MG - red; B in DFHBI - cyan; C in both dyes - gray / C not enriched -
non fluorescent. This demonstrates the promising capabilities of this platform to produce
multiple addressable RNA-based synthetic organelles within artificial cells, each representing
a distinct microenvironment with the potential of promoting different biomolecular reactions

or pathways.
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Fig. 5.5 Co-assembly of three orthogonal RNA condensates in droplet-based synthetic cells. A: Contrast-
enhanced (see Section 2.11.5) epifluorescence micrographs of representative timepoints (15 min, 1h, 48 h,
along the vertical axis) depicting the simultaneous transcription and condensate co-assembly from ternary
stoichiometric mixtures of A-T, B-T and C-T (left) or C-T (right). C-T codes for construct C, identical to C
(including KL C domains) but lacking fluorogenic aptamers. Micrographs represent the same FOV area, thus
sharing the scale bar with the first micrograph in each column. Scale bars are 50 um. B: Fluorescence intensity
(F.I) kinetics monitoring co-transcriptional folding and self-assembly of ternary system with all fluorogenic
constructs. Left/right y-axis depicts fluorescence intensity in DFHBI + BrA (Br F.1.)/MG + MGA (MG E.IL.)
channels in solid/dashed lines, respectively. Negative controls include dyes in water (Water) and dyes in In
Vitro Transcription mixture (IVTM) with no added DNA template. Data are presented as normalised (see
Section 2.11.4) mean (solid/dashed lines) + standard deviation (shaded regions) from triplicates. C: Schematic
representation of the two ternary systems, with C (right) forming a non fluorescent phase indistinguishable from
background (but visible in bright-field), in the ideal case of full relaxation of all three components into single
organelles. D: Pristine confocal micrographs of ternary system with all fluorogenic constructs (i) after more
than 48 h and after 2 weeks (“2 wk”), both (ii) large FOV and (iii) zoomed-in on an individual droplet. E: Same
as D for mixture with non fluorogenic third component C, and additional contrast-enhanced (bright-field only,
highlighted by semi-shaded circle) micrographs on the right-hand side for ease of visualisation of the third non
fluorescent assembly. Scale bars in D (i-ii), E (i-ii) are 100 um. Scale bars in D (iii), E (iii) are 50 um. All
samples were obtained by in vitro transcription at 30 °C, with [A-T] = [B-T] = [C-T or C-T] = 13.33 nM.
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Fig. 5.6 Control over mixing/demixing behaviours via linker nanostars unlocks complex organelle
morphologies. A: Diagram illustrating control over composition and mixing in A/B systems via chimeric RNA
linker nanostars (L). Linker Fraction (L.F.) is defined as [L-T]/([A-T]+[L-T]+[B-T]). For all results in this
Figure, [A-T] = [B-T]. B: Contrast-enhanced (see Section 2.11.5) epifluorescence micrographs of representative
timepoints (30 min, 4 h, 12 h and 48 h, as reported in right-most column along the vertical axis) depicting the
self-assembly within emulsion droplets of binary A/B systems with varying [A-T]:[L-T]:[B-T] DNA template
proportions (horizontal axis, reported on top, with L.F. values in parentheses). All micrographs depict the same
FOV area, thus sharing scale bars. C: (i) Zoomed-in and (ii) larger FOV confocal micrographs of samples in
B after more than 48 h. D: XY (top left), XZ (top right), YZ (bottom left) 2D cross-sections from confocal
z-stacks outlining the internal microstructure of synthetic organelles assembled within emulsion droplets with
[A-T]:[L-T]:[B-T] = (i) 5:1:5 (L.F. = 1/11), (i) 3:1:3 (L.E. = 1/7), and (iii) 2:1:2 (L.F. = 1/5), respectively.
E: Distribution of mixing indices Jo and Jg vs Linker Fraction for samples in B-C. Numbers on top indicate
examined synthetic cells per Linker Fraction. Data points exceeding the first and third quartiles by more than
1.5 times the interquartile range have been discarded as outliers (see Section 2.11.16). Scale bars in B, C (i), D
are 50 um. Scale bars in C (ii) are 150 um. All confocal micrographs in C, D are pristine. All samples were
obtained by in vitro transcription at 30 °C, with [total DNA template] = 40 nM.
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5.4 Controlling mixing/demixing to unlock complex organelle

morphologies

As mentioned above, most naturally occurring biomolecular condensates and MLOs are not
homogeneous, rather they display complex hierarchical morphologies, from the segregated
core-shell architecture of paraspeckles and PML bodies, to the asymmetrical ball-socket ar-
rangement of Cajal bodies and the multi-layered Russian doll [474] structure of nucleoli [28].
The platform presented so far only produces simple RNA condensates, each comprising a
single, homogeneous phase. In this section, I expand the range of achievable architectures
and morphologies, thus more closely mimicking the complexity of biological MLOs, by
means of a linker (L) nanostar, briefly introduced in Section 4.2.1 and presented again in
Fig. 5.6A for ease of access. This RNA nanostar exhibits a chimeric design, in that it features
two KL A and two KL B domains, which enable it to act as a bridge or linker, hence the

name, among a priori orthogonal A and B nanostars and their condensate assemblies.

5.4.1 Tuning RNA organelle morphology via linker template fraction

In view of the design of L, simultaneous transcription of the DNA templates coding for
nanostars A, B and L should yield assemblies of A and B condensates with increasing
degrees of adhesion and mixing, as the Linker Fraction (L.F.), defined as [L-T]/([A-T] +
[B-T] + [L-T]), increases. Fig. 5.6B-C demonstrates that this is, indeed, the case. At low
fractions of linker template ([A-T]:[L-T]:[B-T]=10:1:10, or equivalently L.F. = 1/21), A and
B phases adhere to one another forming grape-like clusters. The inter-phase adhesion, in
fact, likely limits sliding among the two phases, therefore preventing further coalescence
and relaxation into two large opposite-type condensates adhering in the middle. Slightly
higher linker fractions promote even more pronounced and extended inter-phase adhesion
([A-T]:[L-T]:[B-T]=7:1:7, L.F. = 1/15), ultimately leading to Janus-like — or Squirtle-like,
for Pokémon fans — structures ([A-T]:[L-T]:[B-T]=5:1:5, L.F. = 1/11) with fuller relaxation
and bigger orthogonal domains, as showed by the cross-sections in Fig. 5.6D(i).

Further increasing the linker template fraction leads to the emergence of multi-phase
morphologies, such as hollow microcapsules ([A-T]:[L-T]:[B-T]=3:1:3, L.F. = 1/7) and
core-shell/Russian-doll structures ([A-T]:[L-T]:[B-T]=2:1:2, L.F. = 1/5), as depicted in
Fig. 5.6D(ii) and (iii), respectively. Notably, both conditions exhibit preferential segregation
of the A-rich phase on the outside and the B-rich phase on the inside. This can be easily
rationalised by taking into account that A nanostars exhibit a lower melting temperature
of KL interactions compared to B nanostars, namely Ty o < Ty . It follows that KL A
interactions are weaker than KL B ones, i.e. A is more fluid. As the strength of interactions
underlying LLPS influences the biophysical properties of the resulting phases [201], A will
likely display a lower interfacial tension with respect to the bulk solution compared to B.
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Such a scenario is in excellent agreement with previous studies on nucleoli, which have found
that their hierarchical structure emerges due to the presence of two immiscible components,
the more fluid of which encapsulates the stiffer second phase due to differences in surface
tension [463]. The same has been found to hold in other biomolecular condensates [36] and
multi-phase coacervate droplets [475].

For such morphologies to occur in our particular case, separate A and B condensates must
exhibit a higher overall surface tension compared to B encapsulated in a larger A-rich phase

surrounded by bulk solution, as described in Equation 5.4 below, derived from ref. [475]:

3 342 2 2 2
4m(RA +Rp)3 YA +4nR5 VAR < 4TRLYA +47RE 3 (5.4)

where Ra, Rp, YA and 7y are the radii and surface tensions of A and B phases, and Y53 is
the A-B interfacial tension, respectively. Equation 5.4 produces the following condition:

YaB < ¥B — QYA (5.5)

where o = (1 + (2—’;)3 )% — (Ilg_g)z is a geometrical factor taking into account the increase
in surface area of the A-rich phase upon encapsulating the B-rich one. Looking at the
morphologies in Fig. 5.6C, it is clear that Equation 5.5 only holds when linker fractions
are high enough to sufficiently lower the AB interfacial tension yag, which would be very
high in the absence of linker nanostars due to the orthogonality between KL. A and KL
B. Finally, raising the linker fraction to stoichiometric template concentration conditions
([A-T]:[L-T]:[B-T]=1:1:1, L.E. = 1/3) or even beyond ([A-T]:[L-T]:[B-T]=1:2:1, L.F. = 1/2)
lowers the interfacial tension so much that it produces fully mixed single-phase spherical
condensates.

5.4.2 Quantitatively evaluating mixing with varying Linker Fraction

The degree of mixing between A and B phases with varying Linker Fraction can be quantita-
tively evaluated by image analysis, as showed in Fig. 5.6E. The two depicted indices, Jo and
JB, one for each phase, measure the overlap between the fluorescent channels corresponding
to phases A (MG+MGA) and B (DFHBI+BrA). In particular, they are computed as the ratios
between the average intensity of the minority RNA component and the average intensity of
the majority phase, exploiting binary segmentation masks (see Section 2.11.16). For instance,
JA = IE /Iﬁ where IE and Iﬁ‘ are the mean intensity of A in B-rich phase and A in A-rich
phase, respectively. As expected from micrographs in Fig. 5.6B-C, both mixing indices
exhibit a sharp sigmoidal behaviour, with very low mixing (mostly adhesion) at low linker
fractions, moderately increasing at progressively higher relative amounts of linker template,
before abruptly jumping to full mixing at stoichiometric template conditions and beyond. It
would be interesting to investigate whether such behaviour can be reproduced using classical
mean-field models for mixing/demixing derived from polymer physics [476, 477], such as
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the Flory-Huggins regular solution theory. For instance, one could model this system either
as a quaternary mixture (A, B, L, solvent), or as a simpler ternary one (A, B, solvent) where
the interaction parameter between the A and B phases, x4p, becomes more energetically
favourable with increasing Linker Fraction.

Combined with the morphological observations above, these results effectively demonstrate
the possibility of programming mixing/demixing behaviours and thus accessing a wide
morphological spectrum in our model system. Not only does this dramatically increase the
biomimicry of the produced condensate architectures, but it does so in a starkingly simple way,
by introducing varying amounts of a chimeric linker capable of bridging otherwise orthogonal
nanostars, taking inspiration from previous DNA nanotechnology approaches [199, 478].
Conversely, to achieve a similar result in biological MLOs, one would have to painstakingly
vary the sequences of all involved biopolymer subunits one by one to try and alter the ma-
terial properties they encode for. Once again, such simplicity and programmability further

substantiate the potential of the discussed RNA platform for minimal synthetic cell systems.

5.5 Chapter summary and outlook

In this chapter, I have demonstrated how the RNA nanostar platform introduced in Chap-
ter 4 can be encapsulated in water-in-oil emulsion droplets to yield addressable synthetic
organelles capable of programmable mixing and demixing. Such an extension is incredibly
straightforward and does not require any modification of the platform or protocols used in
bulk, simply an additional encapsulation step via vortexing.

As observed in the previous chapter, nanostars can be designed to interact via palindromic
KLs, thus forming organelle-like condensates through LLPS, or programmatically prevented
from doing so by making their loops non-complementary, yielding a dispersed RNA-rich
lumen mimicking a cytoplasm within the artificial cell mimics. Compared to bulk results,
though, the confined environment of emulsion droplets accelerates coarsening by reducing
relaxation length scales, thus leading to more compact and spherical-like assemblies across
all tested nanostar motifs. Interestingly, the volumes of these synthetic organelles scale with
those of the emulsion droplets containing them, similarly to how biomolecular condensates
and MLOs scale in biological cells [354, 479].

Thanks to the programmability of KL interactions, multiple RNA nanostar populations can
be simultaneously transcribed in each emulsion droplet, leading to the co-assembly of or-
thogonal, individually addressable organelles. The relative size of opposite-type organelles
in binary systems can be easily tuned by varying the concentration ratio among the corre-
sponding DNA templates. Despite such composition variations, this platform affords robust
control over the number of synthetic organelles in each droplet-based synthetic cell. The
number of distinct compartments can be further increased to three, despite the considerable

loss in precise number control capabilities due to the much longer relaxation timescales.
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Finally, the introduction of a chimeric linker nanostar capable of bridging orthogonal RNA
motifs enables control over mixing/demixing behaviours of the resulting condensates by
simply varying the fraction of the corresponding DNA template. In particular, varying the
relative amounts of transcribed linkers tunes the interfacial tension between otherwise im-
miscible phases, and unlocks a wide range of morphologies, far more complex than simple
homogeneous droplets, tremendously boosting the biomimicry of this approach.

In Chapter 6, I demonstrate how these synthetic RNA organelles can be made functional,
enabling them to capture target proteins and thus act as crucibles/sponges, further bridging
the gap towards the properties and functionality of MLOs in biological cells.






Chapter 6

Towards functional RNA-based organelles
in artificial cells

6.1 Introduction

Biomolecular condensates and membrane-less organelles (MLOs) have been defined as the
organisers of cellular biochemistry [30] due to their fundamental ability to concentrate a vari-
ety of macromolecules, including proteins and nucleic acids. MLOs can act as hubs, bringing
together a variety of biomolecules to direct metabolic flux, or genomic loci and transcription
factors to coordinately regulate the expression of several genes. Similarly, they can also
function as crucibles, concentrating enzymes and substrates to boost the rate of biochemical
reactions. Finally, they can behave as sponges, suppressing the activity of the sequestered
biomolecules or slowing down related pathways in the surrounding solution [351, 28].

The synthetic cells we strive to develop would clearly benefit from a similar level of internal
organisation of their biochemical milieu, which would make them more biomimetic and more
functionally versatile. Specifically, it would be beneficial to drive accumulation of proteins,
which often carry biological functionality.

In this Chapter, I demonstrate how simple design modifications of the RNA nanostars can
grant the resulting RNA organelles explored in Chapter 5 the capability of capturing target
proteins. In particular, I investigate two capture mechanisms, one based on simultaneously
transcribed RNA nanostars and protein-binding RNA aptamers, and another relying on high
affinity receptor-ligand-like interactions, where the protein (receptor) is bound via short
ligand-conjugated oligonucleotides. Interestingly, it is possible to obtain both homogeneous
and inhomogeneous protein enrichment profiles within the RNA organelles depending on
the chosen capture mechanism. Both strategies rely on RNA nanostars and protein-binding
constructs interacting through sticky ends, as often done in nucleic acid nanotechnology,
further highlighting the ease of integration of this RNA platform with current methods.
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Part of the results and material presented in this chapter are included in the following Publi-
cation [434]:

G. Fabrini, S.P. Nuccio, J.M. Stewart, S. Li, A. Tang, PW.K.R. Rothemund, E.Franco,
M. Di Antonio and L. Di Michele, Co-transcriptional production of programmable RNA
condensates and synthetic organelles, preprint on bioRxiv and soon to be submitted for peer

review.

All the work presented in this Chapter has been carried out by me, apart from DNA tem-

plate purification steps, which, as in Chapters 4 and 5, were performed by Sabrina Pia Nuccio.

Sequences for oligonucleotides used in this Chapter can be found in Tables A.5 (RNA motifs),
A.6 (DNA templates), A.7 (DNA PCR primers) in the Appendix.

6.2 Design and characterisation of protein-capturing RNA

constructs

In this Section, I will first discuss the design of RNA nanostars and aptamers used to
obtain protein-capturing RNA organelles. I will then proceed to characterise both the DNA
templates encoding for such RNA motifs, and the RNA products obtained from their in vitro

transcription.

6.2.1 Nanostructure design: adding sticky ends

In order to sequester target proteins within the RNA organelles discussed in Chapter 5, a
protein-binding construct is needed. The simplest approach is to exploit protein-binding
RNA aptamers. These could be either hosted within the (single) RNA strand forming the
nanostar, as previously done for MGA and BrA, or transcribed separately and then connected
to the nanostars through base-pairing. As for the first option, most protein-binding RNA
aptamers are considerably larger —i.e. longer in sequence — and more complex than MGA and
BrA, thus making it challenging to simply integrate them in nanostars without considerably
altering their topology and size. Therefore, I opted to add sticky ends to both RNA nanostar
designs A and B introduced in Chapter 4.

As mentioned in Section 1.4.4, T7 RNA polymerase tends to spuriously extend transcripts
lacking a strong secondary structure on the 3’ end. I thus positioned the single-stranded
overhangs at the 5’ end of the transcripts instead, right after the T7 promoter region of the
corresponding DNA template. Each overhang comprises a 12 nucleotide (nt)-long binding
domain as well as a three adenine-long spacer separating the sticky end from the start of
the RNA nanostar sequence, granting flexibility. The resulting modified RNA nanostars
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Fig. 6.1 Design of co-transcriptionally folding RNA nanostars for target protein capture. All RNA
constructs are transcribed from fully double-stranded DNA templates, indicated with the construct name
followed by ‘-T’, following the notation introduced in Chapter 4. A: RNA nanostar Aoy is identical to A with
the addition of a 5 15 nt-long sticky end (12 nt capture overhang OH1 and three adenine-long spacer). YFP
is a CFP/GFP/YFP aptamer [235] extended at the 5° via a 16 nt-long sticky end comprising the complementary
domain OH1*, preceded by an additional guanine for efficient transcription initiation, and followed by a three
adenine-long spacer. Nanostar Aoy is designed to bind YFPap through the OH1-OH1* complementary
overhang domains upon simultaneous co-transcriptional folding, thus enabling preferential enrichment of EYFP
within the Aoy;-type RNA organelles. B: RNA nanostar Boyp is identical to B with the addition of a 5° 15 nt-
long sticky end (12 nt capture overhang OH2 and three adenine-long spacer). STV pp is a STV aptamer [236]
extended at the 5° via a 15 nt-long sticky end comprising the complementary domain OH2* followed by a three
uracil-long spacer. Nanostar Bop is designed to bind STV s through the OH2-OH2* complementary overhang
domains upon simultaneous co-transcriptional folding, thus enabling preferential enrichment of (Alexa405-
tagged) STV within the Bopa-type RNA organelles. C: STV can also be sequestered by exploiting high-affinity
STV-biotin interactions through a biotin-conjugated single-stranded DNA oligonucleotide, Biotinpna, whose
sequence is the DNA equivalent of the 15 nt overhang used in STV 5 followed by a 3’ biotin modification.
Addition of Biotinpna and (TexasRed-conjugated) STV moieties before co-transcriptional folding of Boma
nanostars, while working at low protein concentration, is expected to produce B-type organelles with an enriched
core/depleted shell architecture. Drawings in A-C are not to scale. EYFP graphical element in A was created
with BioRender.com.

Aomni (yellow sticky end, OH1 binding domain) and Bop, (magenta sticky end, OH2 binding
domain) are presented in Fig. 6.1A-B, respectively.

I chose to design two orthogonal binding domains (OH1, OH2) rather than one to grant Aom
and Bop organelles the ability to sequester distinct target proteins, possibly at the same

time within the same droplet-based synthetic cell. To simplify the detection of the protein
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cargoes, both individually and simultaneously, I opted for Enhanced Yellow Fluorescent
Protein (EYFP) and fluorophore-conjugated (either TexasRed or Alexa405) Streptavidin
(STV) as targets. Not only are both proteins well-suited for imaging, but they have minimal
fluorescence emission overlap, and cognate RNA aptamers have already been described in the
literature (CFP/GFP/YFP aptamer [235], STV aptamer [236]). I thus modified the minimal
aptamer sequences by prepending sticky ends complementary to those in Agg; (OH1*) and
Bonz (OH2%), followed again by short 3 nt-long spacers, resulting in EYFP-binding YFP 4y
and STV-binding STV ap¢ constructs, respectively.

In the proposed mechanism, simultaneous transcription of Aoy -YFPap and Bopz-STV apt
pairs in the presence of target proteins EYFP and STV results in both protein-aptamer and
aptamer-nanostar binding, which yield EYFP-rich Apn;-type and STV-rich Bomp-type or-
ganelles, as schematically depicted in Fig. 6.1A-B, respectively.

Exploiting the sticky ends attached to Boy» nanostars, I decided to investigate a second
STV capture mechanism based on the high affinity interactions among biotin and strep-
tavidin, as presented in Fig. 6.1C. In particular, I designed a short single-stranded DNA
oligonucleotide featuring the same sequence as the overhang in STV 5y and terminating
in a 3’ biotin-modification, termed Biotinpna. Notably, the same would hold for a biotin-
conjugated RNA oligonucleotide of equivalent sequence — DNA was chosen simply due to
its cost-effectiveness. In this second capture strategy, Biotinpna 1s added to the transcription
mixture prior to encapsulation in emulsion droplets, at the same time as STV. This effectively
results in Biotinpna-STV complexes being formed prior to any significant synthesis of RNA
nanostars. Due to the tetrameric nature of STV and the biotin excess conditions used in
this work (= 8-fold Biotinpna excess), such complexes will likely be (Biotinpna ),-STV.
Consequently, the first transcribed Bop, nanostars will each bind % of a STV moiety, i.e.
each STV will link four RNA nanostars hybridised to the four biotinylated oligonucleotides
it is complexed with. Such STV-mediated cross-linking will most likely lead to an increase
in affinity between the nanostars, beyond what regularly afforded by KLs. Conversely, Bomn
nanostars transcribed at later times will lack cargo due to the low STV concentration in use,
adopted to limit the steric hindrance stemming from the bulky protein cargo. Therefore, this
alternative mechanism is expected to produce RNA organelles exhibiting inhomogeneous
distribution of the target protein, with a STV-enriched core and a depleted shell, as schemati-
cally depicted in Fig. 6.1C.

To better distinguish the two approaches involving Boyy nanostars in Fig. 6.1B-C, STV
molecules with different conjugated fluorophores were used, namely Alexa405-tagged STV
for the former (aptamer-based, Fig. 6.1B) and TexasRed-conjugated STV (TxRed-STV) for
the latter (biotin-streptavidin interactions, Fig. 6.1C).

DNA templates and primers for PCR amplification of constructs Aoy, Bonz and YFPpp
(Aon1-T, Bonz-T and YFPap-T, respectively), were designed as discussed in Section 4.2.2.
Due to the short sequence of STV sy, the corresponding template (STV op-T) was pur-
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chased as a different product, namely annealed duplex Ultramers, that did not require PCR

amplification (see Section 2.2).

6.2.2 Characterisation
Characterisation of DNA templates

DNA templates Aoni-T, Bonz2-T and YFPAp-T were PCR amplified, and their electrophoretic
mobilities were characterised via agarose gel electrophoresis, together with those of the
single-stranded biotin-conjugated oligonucleotide, Biotinpya and the template for STV pp
(STV ape-T). The gel in Fig. 6.2A (i-i1) shows that all DNA constructs display mobilities in
excellent agreement with the expected sizes (reported on top of each lane) after 45 min of
electrophoresis, as highlighted by the closest reference markings from the Ultra Low Range
(ULR) DNA ladder in the left-most lane. The difference in band intensity between the first
three and the last two lanes is simply due to the former samples having undergone PCR
amplification, and thus presenting much higher concentrations than the latter ones.

In order to confirm the size of the templates for the two modified RNA nanostars and inspect
the potential presence of spurious amplicons, electrophoresis was allowed to proceed for
additional 45 min. The resulting gel in Fig. 6.2B (i-ii) shows that, as expected, the size of the
modified nanostar templates is slightly below (Aog;-T, 275 bp) or around (Bomz-T, 292 bp)
300 bp, respectively. Notably, due to its high mobility, the short single-stranded Biotinpna
construct is not detectable in the gel in Fig. 6.2B (i) due to having overrun the available gel
length.

Consistently with the procedure adopted in Chapters 4 and 5, all PCR amplified templates
(Aon1-T, Bonz-T, YFPa,-T) were agarose gel purified, i.e. the main bands were cut, dis-
solved and eluted, as described in Section 2.4.

Gel electrophoresis on RNA transcripts

As for designs presented in Chapter 4, DNA templates for protein-capturing motifs were in
vitro transcribed for 18 h at 30 °C ([DNA template] = 40 nM), and the resulting transcription
products were characterised via native and denaturing agarose gel electrophoresis, as reported
in Fig. 6.3A (i-i1) and B (i-11), respectively.

Fig. 6.3A (i-ii) show that, in native conditions, both modified RNA nanostars Agy; and
Bon display several bands. These include the expected band corresponding to monomeric
RNA nanostars located between 100 and 150 bp of the ULR reference ladder. This migration
distance is consistent with the one noted in Chapter 4 (Fig. 4.3A (i)) for A and B nanostars,
as single-stranded overhangs are not expected to considerably alter the mobility of the much
larger nanostars. However, the monomeric band is not the dominant one this time. This likely
reflects some misfolding events of transcribed nanostars induced by the addition of the 5’

single-stranded overhangs: as these sticky ends are the first sequence stretch to be transcribed,
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Fig. 6.2 Agarose gel electrophoresis confirms DNA templates encoding for protein-capturing constructs
display the expected sizes. A: (i) Agarose gel representing the electrophoretic mobilities of PCR amplified
DNA templates Aoni-T, YFPAp-T, and Bonp-T, as well as non amplified single-stranded oligonucleotide
Biotinpna and double-stranded template STV ap-T after a 45 min run at 120V (see Section 2.5). Ultra-Low-
Range (ULR) DNA ladder is used as reference in the first lane, coloured in green. (ii) Lane intensity profiles
computed from gel in A (i). Visual inspection of the gel in A (i) and the lane profiling in A (ii) confirms all
DNA constructs display mobilities comparable to the expected sizes. B: (i) Same gel in A (i) after additional
45 min of electrophoresis. (ii) Lane intensity profiles computed from gel in B (i). In both A (i) and B (i), the
length in base pairs for ladder markings is reported to the side of the corresponding bands, while the expected
length of DNA templates and constructs is reported on top of the corresponding lane.

they have the potential to interact with downstream sequence domains, kinetically trapping
them and ultimately preventing the designed topologies to be reached.

When examining the protein-binding RNA aptamers, YFP Ay, exhibits a single, faster mi-
grating band, in accordance to its more compact geometry and overall shorter sequence.
Conversely, STV ap displays two bands, with the expected one (slightly below YFPp) not
being, once again, the dominant band. This might be due to lower than expected DNA
template purity, which was not PCR amplified nor gel purified due to the different production
method (see Section 2.2). Nonetheless, as expected from the much shorter sequences and
smaller construct sizes, both RNA aptamers migrate significantly faster than the correspond-
ing RNA nanostars.

When comparing individual nanostars with those simultaneously transcribed with the ap-
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Fig. 6.3 Agarose gel electrophoresis elucidates folding and size of protein-capturing RNA transcripts. A:
(i) Native agarose gel investigating the electrophoretic mobilities of co-transcriptionally folded RNA constructs
Aoni1, YFPap, Bon2, STV ap, as well as the corresponding pairs (Aoni + YFPap, Bon2 +STVap) upon
simultaneous transcription in stoichiometric DNA template conditions. Ultra-Low-Range (ULR) DNA Ladder
is used as reference in the first lane, coloured in green. (ii) Lane intensity profiles computed from gel in A (i).
B: (i) Denaturing agarose gel representing the electrophoretic mobilities of the same RNA transcripts in A (i).
RiboRuler High-Range (HR) single-stranded RNA Ladder is used as reference in the first lane, coloured in lime
green. A contrast-enhanced reference lane is reported on the left-hand side for ease of visualisation given the
extremely low contrast. (ii) Lane intensity profiles computed from gel in B (i). In both A (i) and B (i), the length
in base pairs for ladder markings is reported to the side of the corresponding bands, while the expected length
of RNA transcripts is reported on top of the corresponding lane. All samples apart from those simultaneously
transcribed follow the colour-coding in Fig. 6.2.

tamer constructs featuring complementary sticky ends, we observe the emergence of bands
corresponding to RNA aptamers alone, as well as, in the case of Agni + YFPap, a slower
migrating band, indicative of the formation of a larger complex. Such behaviour is not
observed in Bonz + STV apt, but this might be due to the resulting complex being close in
mobility to the Boyy nanostar alone, considering its large size and the relative compactness
of STV apt.

Under denaturing conditions, instead, samples display fewer bands, as observed in Fig. 6.3B (i-

i1). In particular, the protein-binding RNA aptamers display a single main band each. Nanos-
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tars, on the other hand, still present either two bands (Apg;) or a main band within a smear
of products (Bomz), likely due to the misfolding events hypothesised above. Finally, sam-
ples with simultaneously transcribed nanostars and corresponding protein-binding aptamers
should exhibit lane intensity profiles roughly corresponding to the one of the nanostar and
that of the aptamer superimposed, due to the sticky end interactions being denatured. While
the bands of the RNA nanostars can be clearly identified in both such lanes, those of the
protein-binding aptamers are less clearly visible. This is possibly due to a combination of
lower aptamer transcription yield due to lower DNA template concentration compared to indi-
vidually synthesised aptamers ([nanostar DNA template] = [aptamer DNA template] = 20 nM
vs 40nM), and different transcription efficiencies of the nanostar and aptamer constructs,
which could result in more RNA nanostars being synthesised compared to protein-binding
aptamers.

As expected, all samples migrate considerably faster than the smallest-sized ladder marking
(1000 nt single-stranded RNA), which only provides a vastly overestimated upper bound
for the nanostar size estimate. However, the main bands exhibited by STV sy (75 nt) and
YFPap (105 nt) can be used as supplementary reference markings, providing a useful lower
bound for the size estimate of the RNA nanostars, both considerably slower than YFP o in
accordance with their larger sizes (= by a factor of two).

6.3 RNA organelles can capture target proteins via simple

design modifications

In this Section, I will demonstrate through confocal microscopy that the modified RNA
nanostars described in Fig. 6.1 self-assemble into RNA organelles capable of sequestering
EYFP and STV proteins as per the designed capture mechanisms. I will first discuss the
systems involving protein-capturing RNA aptamers, and then the one relying on biotin-
streptavidin interactions. The work presented in this Chapter directly builds on Chapter 5, in
that transcription in carried out within emulsion droplet-based synthetic cells.

6.3.1 Homogeneous protein enrichment via protein-binding RNA ap-

tamers

As outlined in Fig. 6.1A-B, nanostars Aoy and Bop are designed to sequester EYFP and
STV by hybridising to protein-binding constructs YFP A, and STV oy, respectively, via
complementary stick ends. Since nanostars themselves lack any protein-binding domains,
protein-capturing is only possible upon transcription of the aptamers. As such, omitting
the corresponding DNA templates should impede preferential protein partitioning in the
RNA organelles. Confocal micrographs in Fig. 6.4A and B prove, indeed, that the designed
mechanism works for both Agn1-YFPap and Bopz-STV ape systems, respectively.
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Considering the Agn1-YFPap system first (Fig. 6.4A), RNA nanostars transcribed in the
absence of the DNA template coding for YFPp; (-YFPap-T) do form bright red organelles,
as demonstrated for pristine A nanostars in Fig. 5.1B (i), but fail to sequester EYFP proteins,
which rather remain dispersed in the droplet lumen, as observed in Fig. 6.1A (i-ii) (left).
When simultaneously transcribed with YFPape (+YFPap-T), though, the assembled RNA
organelles appear highly enriched in EYFP, as demonstrated by their orange (overlap of red
and yellow)/yellow colour in the presence/absence (middle/right) of MG dye, respectively.
Similarly, Fig. 6.4B shows that RNA nanostars Bog, synthesised in the absence of the DNA
template coding for STV sy (-STV ap-T) form the expected cyan organelles, as observed for
pristine B nanostars in Fig. 5.1B (ii). However, these RNA assemblies fail to preferentially
partition the bulky Alexa405-STV proteins, the majority of which remains dispersed in the
droplet lumen, as observed in confocal micrographs in Fig. 6.1B (i-ii) (left). Simultaneous
transcription of nanostars and STV ppe (+STV zp-T), instead, enables the self-assembled
Bomnz organelles to uptake considerably more Alexa405-STV, as evidenced by their indigo
colour (overlap of cyan and magenta, right).

Notably, these systems produce RNA organelles that appear homogeneously enriched in the
target proteins. Such protein partitioning profiles are a direct consequence of 1) the liquid-
like behaviour of organelles and ii) the capture mechanism, which relies on simultaneous
transcription of nanostars and protein-binding aptamers. At first, RNA nanostars and protein-
binding aptamers are synthesised as time goes by — albeit the latter at a slower pace due
to template concentration imbalance, namely [Aon1-T1/[YFPap] = [Bon2-T1/[STV ap] = 3.
As a result, target EYFP and Alexa405-STV proteins are progressively sequestered into
the Aoy and Bog» RNA organelles, respectively. Due to the low concentration of protein
moieties in use, at some point most (if not all) proteins will have been captured, but synthesis
of RNA nanostars and protein-binding constructs will proceed as long as T7 RNAP is active
and ribonucleotides are not depleted, leading to further RNA organelle growth. Thanks to
the liquid-like behaviour of the organelles, though, the sequestered protein moieties can
redistribute within them via diffusion of the nanostars. Alternatively, redistribution could also
occur due to reversibility of protein-aptamer binding. Both these mechanisms ultimately lead
to uniform enrichment profiles, as proved by the 2D cross-sections from confocal z-stacks in
Fig. 6.5A-B (iii), respectively.

6.3.2 Inhomogeneous STV capture via receptor-ligand interactions

Biologically occurring MLOs often exhibit an asymmetrical distribution (sometimes RNA-
induced [34]) of their protein components. Fig. 6.4C proves that it is possible to engineer
capture mechanisms resulting in such inhomogeneous distribution of target proteins within
the discussed synthetic RNA organelles, as demonstrated through the biotin-mediated capture
of STV (here TexasRed-STV) inside Boys assemblies.

As per the design in Fig. 6.1C, in the absence of the biotinylated oligonucleotide (-Biotinpna ),
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Fig. 6.4 RNA organelles can capture target proteins through protein-binding constructs. A: RNA
nanostars Aoy (red) fail to capture EYFP (yellow) in the absence of YFPap (-YFPap-T, left), while they
succeed in doing so when simultaneously transcribed with it (+YFPape-T, right), as demonstrated by (i) zoomed-
in and (ii) large FOV confocal micrographs (left/middle and right, respectively). (iii) XY (top left), XZ
(top right), YZ (bottom left) 2D cross-sections from confocal z-stacks outlining the internal microstructure
and protein distribution within Apy; organelles in the presence of YFPap and MG ((i-ii), middle). B: RNA
nanostars Bony (cyan) fail to capture Alexa405-STV (magenta) in the absence of STV pp-T (-STV ape-T, left),
while they succeed in doing so when simultaneously transcribed with it (+STV ape-T, right), as demonstrated
by (i) zoomed-in and (ii) large FOV confocal micrographs (left/right, respectively). (iii) Same as A (iii) for
Bomny organelles in the presence of STV zp and DFHBI ((i-ii), right). C: RNA nanostars Bopz (cyan) fail to
capture TexasRed-STV (TxRed-STV) in the absence of Biotinpna (-Biotinpna, left), while they succeed in
doing so in its presence (+Biotinpna, right), as demonstrated by (i) zoomed-in and (ii) large FOV confocal
micrographs (left/right, respectively). Due to the limiting concentration of STV, the resulting organelles display
a protein-enriched core/protein-depleted shell structure ((i-ii), right). (iii) Same as A (iii) for Boy, organelles
in the presence of Biotinpya and DFHBI ((i-ii), right). D: Partitioning coefficient &, computed as the ratio
between mean protein fluorescence intensity inside the RNA organelles and in the surrounding synthetic cell
lumen (see Section 2.11.17), for the different investigated systems, as measured from the single confocal
micrographs in A-C (ii). For each system, the bar plot compares & in the absence (-) and presence (+) of the
protein-binding construct, namely (i) YFPap for A, (ii) STV A for B, and (iii) Biotinpna for C, respectively.
Confocal micrographs in A, C are pristine, while those in B have been contrast-enhanced (bright-field only) to
aid visualisation. Scale bars in A-C (i) and (iii) are 50 um. Scale bars in A-C (ii) are 100 um. Epifluorescence
micrographs depicting the self-assembly of samples in A-C are provided in the Appendix (Fig. B.13). EYFP
graphical element in A was created with BioRender.com.
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the RNA nanostars fail to capture TexasRed-STV, resulting in bright cyan condensates
surrounded by a uniformly red droplet lumen, as observed in confocal micrographs in
Fig. 6.1C (i-ii) (left). Conversely, in the presence of Biotinpna (+Biotinpny), the RNA
nanostars bind the short biotin-functionalised oligonucleotides through complementary OH2
and OH2* sticky end domains, and Biotinpna constructs capture TexasRed-STV via high-
affinity biotin-streptavidin interactions. Interestingly, the resulting organelles exhibit a
more complex architecture than the one observed in Fig. 6.4B, comprising two distinct
microenvironments with different TexasRed-STV enrichment levels. In particular, confocal
micrographs in Fig. 6.1C (i-ii) (right) and 2D cross-sections from confocal z-stacks in
Fig. 6.1C (iii) reveal a STV-enriched core and a STV-depleted shell. Notably, the TexasRed-
STV-rich core seems to be shifted to the lower portion of the Bon, organelle, most likely
due to density-induced sedimentation. Such inhomogeneity in the target protein distribution
directly contrasts with the homogeneous partitioning observed in organelles relying on
STV ap in Fig. 6.4B (iii), and is in excellent agreement with the hypothesised working
principle of this alternative capture strategy, as presented in Fig. 6.1C. This inhomogenoeus
protein partitioning profile stems, in fact, from 1) the limiting concentration of target proteins,
most of which get sequestered in the early stages of transcription as described above, and ii)
the lack of structural rearrangement of the STV-rich core formed by the first RNA nanostars
cross-linked by STV. The lack of geometrical symmetry of the STV-rich core observed
in Fig. 6.1C (ii1) hints, in fact, at this being a hydrogel-like kinetically arrested phase
emerging from each STV moiety irreversibly coordinating four RNA nanostars. While further
experiments, particularly Fluorescence Recovery After Photobleaching (FRAP), would be
required to confirm this is the case, such a hydrogel-core/liquid-like-shell morphology is
compelling, as multi-layered biological MLOs often feature a comparable architecture [34,
36].

6.3.3 Quantification of protein uptake

Segregation of the protein cargo within the designed RNA organelles can be evaluated by
computing the partitioning coefficient, &. This is defined as the ratio between the mean pro-
tein fluorescence intensity inside the RNA organelles and the one in the surrounding synthetic
cell lumen, i.e. within/outside the binary mask of the condensates as obtained through image
segmentation (see Section 2.11.17). Fig. 6.4D compares such partitioning coefficients for all
discussed systems in the presence or absence of the corresponding protein-binding constructs,
namely YFPap for EYFP in Fig. 6.4D (i), STV 5p for Alexa405-STV in Fig. 6.4D (ii), and
Biotinpna for TexasRed-STV in Fig. 6.4D (iii).

As expected, in the absence of protein-binding constructs the RNA organelles are generally
depleted in proteins compared to the surrounding solution, simply because of the large protein
size, as demonstrated by the low corresponding & values for both EYFP and STV variants.

In all systems, though, protein enrichment within RNA organelles is considerably enhanced
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when the protein-binding constructs are present, as demonstrated by the dramatic increase in
the partitioning coefficients: all values are around or above two, indicating that organelles are,
on average, around twice as bright as the droplet lumen, as clearly visible in the microgaphs
in Fig. 6.4A-C (i-ii).

Notably, systems designed to capture STV, regardless of the approach, display lower par-
titioning coefficients, i.e. protein-capturing efficiencies, compared to the EYFP one. This
can be easily rationalised considering the larger size of STV compared to EYFP (~ 60 kDa
vs ~ 27 kDa), which clearly leads to lower incorporation of the bulky STV proteins within
the RNA condensate porous microstructure due to the higher steric encumbrance. Finally,
the slightly lower partitioning coefficient for biotin-mediated STV capture (Fig. 6.4D(iii))
compared to the STV 5 mechanism (Fig. 6.4D(ii)) is likely linked to the the inhomogeneous
protein distribution of the former. This inhomogeneity, in fact, skews the mean fluorescence
signal inside the RNA organelles towards lower values, especially when performing the
analysis on single confocal planes where various organelles are imaged at different focal
heights. This can, in fact, fail to capture the hydrogel-like STV-rich cores which, as shown in
Fig. 6.4C(iii), tend to sediment to the bottom of the RNA organelles.

6.3.4 Simultaneous capture of distinct target proteins via binary RNA

nanostar systems

Thanks to the orthogonality among pristine A and B nanostars and the (intended) non
complementarity of the 5’ sticky ends, simultaneous transcription is expected to produce
two orthogonal phases capable of capturing distinct target proteins. Therefore, I tested the
possibility of selectively capturing both EYFP and STV in simultaneously transcribed and
co-assembled Aoy and Bopp organelles.

Contrary to expectations, though, Fig. 6.5 reveals that all strategies yield emulsion droplets
containing single multi-phase RNA organelles rather than two single-phase ones. Nonetheless,
these multi-phase RNA assemblies all feature very distinct protein enrichment domains
that still follow the design guidelines in Fig. 6.1. For example, Fig. 6.5A shows that
simultaneous transcription of Aoy and Bop nanostars, as well as YFPppe and STV pp
constructs, produces organelles where A-rich/B-rich domains are preferentially enriched in
EYFP/Alexa405-STV, respectively.

The resulting organelle morphologies closely resemble those of linker-mixed A/B systems
with intermediate linker fractions (Fig. 5.6), thus clearly hinting at some degree of interaction
among the participating constructs (nanostars, aptamers and proteins). Despite the expected
construct orthogonality, in fact, control experiments presented in Fig. 6.6A-C reveal that
some interactions are already observed in systems comprising nanostars only, which mostly
display single large Bop-rich phases sandwiched between or enveloped within Agg;-rich
ones (Fig. 6.6C). As demonstrated by micrographs in Fig. 6.6D-F, though, systems presenting
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Fig. 6.5 Simultaneous capture of distinct proteins in addressable domains of multi-phase RNA organelles.
A: Simultaneous transcription of nanostars Aox; and Bony and aptamers YFPp and STV o yields multi-phase
RNA organelles exhibiting distinct Aoy (MG) and EYFP-rich and Bop, (DFHBI) and Alexa405-STV-rich
domains, as demonstrated by (i) zoomed-in and (ii) large FOV confocal micrographs. (iii) XY (top left), XZ
(top right), YZ (bottom left) 2D cross-sections from confocal z-stacks (composite of all available channels)
outlining the internal microstructure and protein distribution of samples in (i-ii), accompanied by schematic
representation in (iv). B: Same as A for binary systems sequestering TexasRed-STV (TxRed-STV) through
Biotinpna. MG and DFHBI dyes were here omitted. The different STV capture strategy leads to further
coalescence of TexasRed-STV domains into a larger central core, as demonstrated by (i) zoomed-in and (ii)
large FOV confocal micrographs. (iii-iv). Same as A (iii) for samples in B (i-ii) and B (iv). Samples in A,
B were imaged after a week from start of transcription. C: Same as B but replacing TexasRed-STV with
Alexad405-STV to confirm protein localisation in the distinct Agg/Bonz domains. (i) Zoomed-in and (ii) large
FOV confocal micrographs confirm co-localisation of MG (Aoy;) and EYFP, as well as DFHBI (Boyz) and
Alexa4-STV. (iii-iv) Same as A (iii) for samples in C (i-ii) and C (iv). Samples in C were imaged after three
weeks from start of transcription. Confocal micrographs in A, B are pristine, while those in C have been
contrast-enhanced. Scale bars in A-C (i) and (iii) are 50 um. Scale bars in A-C (ii) are 100 um. Epifluorescence
micrographs depicting the self-assembly of samples in A-C are provided in the Appendix (Fig. B.14). EYFP
graphical element in A-C was created with BioRender.com.

both nanostars and protein-binding aptamers exhibit different morphologies, with more
numerous and smaller Bog,-rich domains dispersed into or adhering to a Agg;-rich phase
(Fig. 6.6F), identical to what observed for multi-phase organelles in Fig. 6.5A. Analysis of
systems comprising both nanostars and/or both aptamers in NUPACK reveals, indeed, low



180 Towards functional RNA-based organelles in artificial cells

levels of undesired interactions leading to mixed Aop1-Bon2 complexes (<3 % of overall
concentration), mediated in all cases by the single-stranded overhangs introduced in this
Chapter. While NUPACK computations cannot realistically model complex RNA-RNA
interactions, this spurious mixing is likely caused by either a) partial complementarity
between the two 5° overhangs, or b) interactions between core nanostar sequence domains
due to overhang-induced misfolding.

Mechanism a) is simpler, as it involves multiple direct, albeit weak, overhang (OHI) -
overhang (OH2) interactions which lead to partial mixing of the two phases. Mechanism
b), despite being more complex, is consistent with the aforementioned observation that
individual RNA nanostars featuring such sticky ends (Fig. 6.3A (i)) exhibit lower folding
efficiency compared to pristine ones (Fig. 4.3A (1)), and this can potentially be ascribed
to misfolding. During RNA synthesis, the 5’ overhangs are the first sequence stretches to
be transcribed, and they lack any strong secondary structure, as they are single-stranded.
As such, after being synthesised, they can bind to newly transcribed downstream sequence
domains within the core of the same RNA nanostars, especially within the first nanostar arm,
which remains single-stranded almost until the end of the synthesis of the entire nanostructure
and could thus be prone to establishing spurious local interactions. These could lead to the
corresponding nanostars being kinetically trapped in misfolded configurations, where some
core sequence domains are exposed. Because Apoy; and Bopp nanostars feature almost
identical core sequences (apart from the fluorogenic aptamers, like A and B nanostars), these
misfolded configurations may enable them to interact through their exposed cores, leading to
unwanted binding.

Regardless of the specific mechanism, the analysis performed in NUPACK seems to point to
Aon1-Bom? nanostar-nanostar interactions as the main contributor to this undesired mixing.
However, Fig. 6.6D and Fig. 6.6F show that the presence of protein-binding aptamers does
influence the final morphology, thus hinting at a role of aptamer-nanostar and/or aptamer-
aptamer interactions, even though this could simply be due to increased steric and Coulomb
repulsion among nanostars with attached aptamers.

Similarly to what observed in Fig. 6.5A, Fig. 6.5B demonstrates that capturing TexasRed-STV
via biotin-conjugated oligonucleotides (Biotinpna ) instead of STV apy still yields multi-phase
organelles. However, the resulting RNA assemblies exhibit a different morphology, more
closely resembling a core-shell or fried-egg-like architecture. This result is supported by
Fig. 6.5C, where TexasRed-STV is replaced with Alexa405-STV in order to investigate
colocalisation of proteins with nanostar phases through MG and DFHBI dyes, which is not
easily achievable with TexasRed due to its considerable fluorescence overlap with MG+MGA.
Such morphological difference can be explained by taking into account the one observed
between Bop, organelles capturing STV through STV, and Biotinpna. In the former
approach, Bopp nanostars sequester STV progressively with time, as do Aoy nanostars
with EYFP. Domains start forming and, despite designed not to do so, interact/adhere to
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Fig. 6.6 Protein-capturing RNA nanostars form multi-phase organelles despite KL orthogonality.
Uncropped, pristine confocal micrographs depicting RNA organelles formed by protein-capturing systems
comprising one/two nanostar species (left and middle/right) in the absence/presence (top/bottom) of the
corresponding protein-binding aptamers, respectively. A: Aoy forms single MG-rich (red) organelles within
emulsion droplets, as demonstrated by (i) zoomed-in and (ii) large field-of-view (FOV) confocal micrographs,
and previously observed for unmodified A nanostars (Fig. 5.1B(i)). B: Bopy forms single DFHBI-rich (cyan)
organelles within emulsion droplets, as demonstrated by (i) zoomed-in and (ii) FOV confocal micrographs,
and previously observed for unmodified B nanostars (Fig. 5.1B(ii)). C: Simultaneous transcription of Aoy
and Bomp (with [Aoni-T] = [Bomuz-T] = 20 nM) produces multi-phase RNA organelles, as demonstrated by (i)
zoomed-in and (ii) FOV confocal micrographs. The internal microstructure of sample in (i) is illustrated in
(iii) via XY (top left), XZ (top right), YZ (bottom left) 2D cross-sections from confocal z-stacks. D: Same as
A with Aoy co-transcribed with YFP A (no EYFP protein added). E: Same as B with Bony co-transcribed
with STV ap (no STV protein added). F: Same as C with co-transcribed YFPape and STV 5 (no proteins
added). All samples were imaged after 48 h from the start of transcription. Scale bars in A-F (i) and (iii) are
50 um. Scale bars in A-F (ii) are 100 um. All constructs are simultaneously transcribed, with [nanostar DNA
template]/[aptamer DNA template] = 3 for each pair in D-F, and [total DNA template] = 40 nM.

one another as discussed above. While Agy; nanostars have weaker and more fluid KLL A
interactions and bind smaller EYFP proteins, Boyy nanostars have stronger KL B interactions
and sequester much bulkier STV proteins. Moreover, the accumulation of STV moieties
induces a high steric hindrance to the coalescence of By, domains, which remain scattered
within a bulk App; phase. Conversely, in the latter approach, most STV moieties are captured
by the first transcribed Boyy nanostars, when Aopy; still cannot fully bind all available EYFP
due to the lack of sufficient YFPp. As discussed above, the biotin excess leads to each STV

moiety crosslinking four nanostars in a denser ST V-rich hydrogel-like Boy, organelle core
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around which the more fluid Apgy; phase, hosting smaller EYFP proteins, can accumulate
and assemble.

Comparing micrographs in Fig. 6.5B (samples imaged after one week) and Fig. 6.5C (samples
imaged after three weeks) reveals the emergence of cavities/vacuoles in the Aoy phase of
the latter, as previously observed in A condensates in bulk (Fig. 4.5A) and emulsion droplets
(Fig. 5.1C). This is likely due to either structural re-arrangement within the more fluid A
phase, or degradation processes, both occurring on longer timescales. Fig. 6.5A-C also show
bright yellow fluorescent specks, most likely due to EYFP aggregation. Despite following
manufacturer instructions (see Section 2.2) to resuspend in plain nuclease-free water, this
method clearly proved inadequate. Resuspending in Phosphate Buffered Saline (PBS) with
5 mM sodium azide as for fluorophore-conjugated STV will likely yield better results.
While the binary Aop1/Bom? system failed to form two large orthogonal organelles capturing
distinct proteins in well separated phases, it still demonstrates the possibility of engineering
distinct microscale domains selectively enriched in multiple proteins within a synthetic RNA
MLO. Moreover, it is most likely still possible to achieve the original goal via one of the
following routes. First, the single-stranded overhang sequences can be re-engineered to avoid
a) overhang-overhang interactions between A/B nanostar populations, and b) complementarity
to downstream core sequence domains within the same nanostar, particularly within the
exposed portion of the first arm. Second, core sequences of either or both A and B nanostars
could be modified to make Aoy and Bopy fully orthogonal upon co-transcriptional folding,
for instance using the Design module in NUPACK with one of the two designs fixed. Third,
the sticky ends could be re-designed to fold into hairpins hiding the capture domains. Such
hairpins could end in a toehold, enabling overhangs displaying complementary capture
domains to open in the presence of one another, e.g. hairpin with OH1 in Agy; and hairpin
with OH1" in YFPap. This would dramatically reduce the risk of undesired interactions

between the overhang domains and downstream nanostar sequence elements.

6.4 Chapter summary and outlook

In this Chapter, I have modified the RNA nanostar platform discussed in Chapters 4 and
5 to yield RNA organelles capable of selectively sequestering target proteins. This design
modification is straightforward, and simply involves the addition of 5’ sticky ends which
enable hybridisation to complementary ones within protein-binding constructs. Moreover,
this approach can be directly integrated with most state-of-the-art DNA and RNA nanotech-
nology approaches due to the ubiquitous use of sticky end interactions.

Importantly, I have demonstrated that it is possible to engineer both homogeneous and
inhomogeneous protein distribution profiles within RNA organelles depending on the pro-
tein capture strategy. On the one hand, simultaneous co-transcriptional folding of RNA

nanostars and protein-binding aptamers yields homogeneously protein-enriched synthetic
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RNA organelles in droplet-based artificial cells. While this approach was only demonstrated
for EYFP and STV, a wide range of RNA aptamers have already been engineered to bind
biologically relevant proteins including, but not limited to, cytokines, proteases, kinases, cell-
surface receptors and cell-adhesion molecules [480—482]. Novel RNA aptamers can further
be discovered via SELEX, for instance directing the evolution towards constructs capable
of binding the enzymes necessary to sustain a particular reaction cascade or pathway [483].
Moreover, while astoundingly simple, the ability to sequester biomolecules such as proteins
in designer condensates is essential for their viability as a means to influence the behaviour
of living agents such as bacteria in which such organelles could be expressed [484, 39, 31].
On the other hand, replacing a transcribed STV-binding aptamer with a short biotin-conjugated
DNA construct added before the start of transcription produces RNA organelles with a
protein-rich core/protein-depleted shell. Such inhomogeneous protein enrichment profile
more closely resembles those observed in biologically occurring MLOs, where different
protein components preferentially partition in distinct domains [34, 31, 32]. As layered
architectures have been hypothesised to contribute to enzymatic reaction directionality [32],
similar inhomogeneously enriched organelles could prove useful in metabolic engineering of
the sought after artificial cell mimics.

However, the external addition of a biotin-conjugated DNA construct is less biologically
relevant compared to the transcription of an encoded protein-binding RNA aptamer. This
downside could be mitigated by replacing the DNA oligonucleotide with a biotin-tagged RNA
transcript with identical sequence, which can be obtained through modified in vitro transcrip-
tion [485]. In order to prescribe the spatial distribution of such protein-binding constructs, one
could exploit a combination of switchable transcription systems [486] and reaction-diffusion
patterning, as recently demonstrated for DNA-based condensates by Leathers et al. [154].
Such an approach could also be extended to protein-binding RNA aptamers, widening the
range of compatible target proteins.

Finally, I have proved that binary RNA nanostar systems allow to simultaneously capture
two target proteins. While the demonstrated system failed to yield two fully orthogonal
phases enriched in distinct proteins, the obtained multi-phase RNA organelles exhibit distinct
Aon1/Bomnz phase domains programmably enriched in EYFP/STYV, respectively. Further se-
quence engineering of the 5’ overhangs and/or the core nanostar motifs directed to minimise
undesired interactions upon co-transcriptional folding will likely yield completely orthogonal
Aoni1-Bom organelles with markedly different protein partitioning. It is also easy to envision
how this platform could be scaled up to capture multiple target biomolecules, for instance
by simultaneous transcription of multiple protein-binding aptamers. This, in turn, would
pave the way for more complex and programmable engineering of the inner workings of
artificial cells, with some organelles sustaining enzymatic cascades through enzyme-substrate

colocalisation, and others suppressing particular metabolic pathways by sequestering the
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necessary biomolecules upon specified stimuli, bringing us closer to the ultimate goal of

replicating life-like behaviours.



Chapter 7
Conclusions & future research directions

The quest to construct ever more biomimetic synthetic cell systems has attracted considerable
interest in recent years, due to their potential in a range of scientific and technological
areas. Artificial cell platforms have, in fact, been employed as minimal model systems
to study cellular processes and mechanisms in a simplified setting, where they can be
disentangled from the surrounding, often overwhelming, biological complexity [9]. They
have also showed great promise for application in a wide variety of biomedical applications,
from biosensing, theranostics and controlled drug delivery and release, to biosynthesis,
bioremediation and tissue engineering [13]. Similarly to how biological cells comprise a
range of membrane-bound and membrane-less organelles (MLOs), these artificial cell systems
require varying degrees of compartmentalisation to organise their molecular components,
catalyse biomolecular reactions and direct metabolic flux. While synthetic mimics of cellular
membranes and membrane-bound organelles mostly rely on lipid [41, 42], polymer [42, 44]
or protein [ 17] membranes, nucleic acids have been identified as a prime candidate to engineer
synthetic MLOs from the bottom up. In particular, the programmability and versatility of
nucleic acids are key to replicate the complex behaviour and internal architecture of biological
MLOs.

In this thesis, I investigated two approaches to engineer membrane-less compartments in
artificial cell systems in the form of synthetic DNA and RNA-based condensates designed
from the bottom up. Thanks to the versatile toolkit of nucleic acids nanotechnology, I was
able to design both hydrogel- and liquid-like nucleic acids condensates, both in bulk and
within minimal model systems, capable of responding to stimuli such as changes in cationic
environment or the presence of a specific promoter-bearing DNA template encoding for
RNA building blocks. I also succeeded in engineering organelles exhibiting highly complex
morphologies, and, despite the need for future work, capable of capturing target proteins
according to distinct partitioning profiles, pushing the boundaries of nucleic acids-sustained

biomimicry.
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7.1 Summary & discussion

In Chapter 3 I demonstrated that combining non-canonical DNA G4s and amphiphilic DNA
nanostars produces cation-responsive nanostructures, termed Quad-Stars, which isothermally
self-assemble into hydrogel aggregates/disassemble in response to the addition/removal of
physiologically relevant K™ ions, respectively. The hydrogel aggregates are stable under
model physiological conditions, can uptake small hydrophobic molecules, and release them
upon disassembly, thus simplistically mimicking the behaviour of hydrogel-like MLOs in

biological cells.

In Chapter 4 I have introduced a novel platform based on co-transcriptionally folding RNA
nanostars capable of self-assembling into RNA condensates. Simultaneous transcription of
RNA nanostars featuring non-interacting KLs yields orthogonal, individually addressable
RNA condensates. Interactions are highly programmable, allowing to prescribe which de-
signs form condensates and which fail to do so, and sequence engineering leads to different
biophysical properties and morphologies of the RNA assemblies. Notably, all nanostars are
transcribed from dsDNA templates, enabling direct integration with state-of-the-art DNA

nanotechnology approaches.

In Chapter 5 I proved that the RNA framework introduced in Chapter 4 can be encapsulated
in simple emulsion droplet-based synthetic cells to produce RNA organelles resembling
biologically occurring MLOs. These organelles scale in volume with the surrounding com-
partments and retain the programmability and addressability demonstrated in Chapter 4.
Simultaneous transcription of non-interacting RNA nanostars produces orthogonal organelles
— up to three distinct compartments per synthetic cell — with tunable relative size. Addition
of a simple chimeric linker nanostar to otherwise orthogonal RNA nanostructures enables
control over mixing/demixing behaviours and unlocks a whole new range of condensate mor-

phologies, from Janus-like structures to hollow microcapsules and core-shell architectures.

Finally, in Chapter 6 I modified the RNA organelles discussed in Chapter 5 to make them
capable of capturing target proteins. I showed that it is possible to engineer the spatial protein
enrichment profile within the RNA organelles through the choice of the specific capture
mechanism, producing both homogeneous and inhomogeneous — enriched core-depleted shell
— protein partitioning. While further work is required to ensure full orthogonality, I also proved
that simultaneous transcription of binary RNA nanostar systems capable of sequestering two
different proteins results in multi-phase organelles with distinct, programmably enriched

microdomains.

Both platforms presented in this thesis provide strategies to design and produce nucleic

acids-based condensates displaying biomimetic behaviours. Depending on the approach and
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the tuning of material properties through sequence design and experimental conditions, it is
possible to produce smart condensates exhibiting either hydrogel- or liquid-like behaviour.
These platforms can respond to stimuli or information, be it physiologically relevant cation
identity and concentration, or the presence of T7 promoter-bearing DNA templates encoding
for RNA building blocks.

On one hand, Quad-Stars demonstrate that modularity can really be feature-enabling in
DNA nanotechnology: simply replacing the canonical four-way Holliday junction with a
DNA G4 grants Quad-Stars and the resulting hydrogel assemblies the ability to reversibly
assemble/disassemble at constant temperature in response to K™ ion addition/chelation. The
modularity of Quad-Stars has already inspired a similar approach, recently presented in the
literature, this time exploiting i-Motifs to achieve pH-responsiveness [408], and the same
principles could be applied to the broader spectrum of DNA nanotechnology.

On the other hand, I believe that the novelty and biomimicry of the introduced RNA nanos-
tar platform truly make it a game-changer in the bottom-up synthetic biology landscape.
Compared to previous approaches, in fact, it works at constant temperature, removing any
need for annealing, and it exploits biologically evolved machinery and mechanisms, namely
the T7 RNAP enzyme and transcription, as well as co-transcriptional folding, as observed
in biological RNAs. Most notably, this platform produces synthetic organelles within ar-
tificial cell mimics that are based on RNA, not a foreign material, rather a highly relevant
one, already involved in the formation of the biological features, namely MLOs, that our
synthetic constructs aim at mimicking. Finally, the RNA nanostars are transcribed from
fully double-stranded DNA templates, enabling direct integration with other nucleic acids
nanotechnology-based synthetic biology frameworks. For these reasons, I am confident this
work will pave the way for much more complex, versatile and biomimetic minimal cell
systems relying on profoundly interconnected synthetic designer constructs and biologically

derived machinery and mechanisms.

7.2 QOutlook and directions for future research

As mentioned throughout this thesis, the capability to rationally engineer synthetic MLO-
mimicking condensates from first principles would be very valuable in the quest to produce
ever more biomimetic artificial cells. The RNA nanostar-based platform discussed in Chapters
4-6 is particularly promising to these aims, as it yields de novo designed, addressable and
orthogonal condensates with tunable size and controllable mixing/demixing. In this Section,
I briefly highlight some directions for future work that directly build on Chapters 4-6, some

supported by preliminary results and some still at the conceptual stage.
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7.2.1 Encapsulation of RNA MLOs in more realistic artificial cells

First of all, it should be possible to synthesise and assemble the RNA organelles discussed in
Chapter 5 in more biomimetic artificial cell mimics, particularly Giant Unilamellar Vesicles
(GUVs). The most common approach to encapsulate charged biomolecules, such as those
within in vitro transcription mixtures, within GUVs is phase transfer via the inverted emulsion
method, schematically depicted in Fig. 7.1A. In this case, the aqueous phase comprises the
transcription mixture with added T7 RNAP and DNA template, as well as a suitable amount
of sucrose ensuring the density gradient necessary for sedimentation. As phase transfer is
known to lead to poor yield [45] and suboptimal encapsulation efficiency [46], a microfluidic
setup could be used instead, which would also improve the size control and monodispersity
of the resulting artificial cell mimics [487].
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Fig. 7.1 Forming RNA MLOs in more realistic and biomimetic artificial cells with temporal transcrip-
tional control. A: Schematic representation of RNA organelle formation in GUVs through inverted emulsion
method. Sketch is largely based on the one in ref. [488]. B: Photo-switchable transcription system exploiting T7
promoters featuring modified thymine residues conjugated to photo-cleavable (PC) linkers terminating in biotin
moieties. In the presence of streptavidin, the T7 promoter results inaccessible for the T7 RNAP. Upon UV
exposure, the PC linkers are cleaved and transcription can proceed. Reproduced from ref. [486] in accordance
with CC BY-NC 4.0 license. C: Photo-switchable transcription system relying on T7 promoters containing
azobenzene moieties. Upon UV exposure, the azobenzene moieties undergo trans—cis photoisomerisation,
turning the T7 promoter single-stranded and impeding transcription. Exposure to visible light induces the oppo-
site isomerisation, and restores the double-stranded conformation of the T7 promoter, allowing transcription to
start. Reproduced from ref. [489] with permission from Springer Nature Limited.
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7.2.2 Photo-activated transcription in synthetic cells

Phase transfer in GUVs takes considerably more time compared to encapsulation in emulsion
droplets. Adding DNA templates prior to phase transfer would therefore lead to a substantial
delay in imaging and characterisation compared to the start of transcription, which, albeit
slower, still takes place at room temperature. This issue directly links with the overarching
goal of explicitly controlling, both spatially and temporally, the formation of such synthetic
RNA organelles, which is not possible in the implementation discussed in Chapter 5. While
it is possible to slow down the transcription and self-assembly rate of the RNA organelles by
reducing the corresponding DNA template concentration, this cannot be precisely switched
on or off.

However, it is relatively easy to envision at least one solution to both mentioned challenges,
namely switchable transcription. For instance, one could resort to a light-activated strategy
similar to the one reported in ref. [486] and sketched in Fig. 7.1B, where some thymine
residues in the T7 promoter of the DNA templates are functionalised with biotin moieties
through photo-cleavable linkers (PC in Fig. 7.1B). In the presence of streptavidin, the
T7 promoter is thus blocked and transcription is dramatically hindered, if not completely
repressed. This should allow for encapsulation in GUVs through phase transfer with no
significant RNA synthesis. Upon UV exposure, though, such linkers are cleaved and the
blockade is lifted, exposing the T7 promoter region and enabling transcription, thus leading
to the formation of the desired RNA organelles with precise temporal control. This approach
is particularly promising, as a slight variant relying on photocleavable 2-nitrobenzyl groups
has recently been used to successfully implement light-controlled synthetic cell-living cell
communication exploiting quorum-sensing in bacteria [490].

Similar end results could also be obtained through different strategies, for instance by
including light-dependent azobenzene moieties within the T7 promoter region, thus allowing
to switch the T7 promoter conformation between single- (cis, off) and double-stranded (trans,
on), as demonstrated in ref. [489] and schematised in Fig. 7.1C, thus impeding or permitting
RNA synthesis, respectively.

7.2.3 Multiple protein/enzyme colocalisation for enzymatic cascades

Building on the results from Chapter 6, one can easily envision extending the platform to
capture multiple proteins, particularly enzymes participating in the same enzymatic cas-
cade [52], within the same RNA organelle. This could be achieved, for example, through
simultaneous transcription of multiple protein-binding RNA aptamers, either already re-
ported in the literature or discovered via SELEX, sharing the same capture domain which
enables hybridisation to the complementary one in the RNA nanostars forming the organelles.
This should lead to the partitioning of multiple proteins/enzymes within the same RNA
organelles, provided the molecular weights are comparable. On one hand, this would be
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amenable because enzyme colocalisation has been showed to greatly enhance the rate and
overall yield of cascade reactions [351]. On the other hand, the three-dimensional nature
of the (programmably) liquid- or hydrogel-like matrix of the RNA organelles would also
enable regulated transport of substrate and product species, improving the overall substrate to
product conversion efficiency as compared to surface-immobilised enzymatic cascades [491].
This in turn would make the designed synthetic cells promising candidates for applications in
biosynthesis and biocatalysis [492].

Moreover, programmed colocalisation of specific enzyme-substrate pairs within hierarchi-
cally structured compartments would be highly desirable for metabolic engineering of the
synthetic cell mimics, for instance to produce energy (in the form of ATP) via anaerobic gly-
colysis [493], or to shift the metabolic flux from one pathway to another [30]. To these aims,
one could also exploit reaction-diffusion patterning, similar to that recently demonstrated by
Leathers et al. in DNA-based condensates [154], combined with switchable transcription
systems, as discussed above, to prescribe the spatial arrangement of enzymes and substrates,
for instance through RNA aptamers differing in size and transcribed at different times. This
would produce synthetic compartments capable of mimicking the enzymatic reaction direc-
tionality of naturally occurring biomolecular condensates [32], such as that observed in the
ensemble of reactions leading to ribosome biogenesis in nucleoli [494, 28].

7.2.4 Synthetic MLOs to influence the behaviour of living agents

Finally, while this thesis has focused on bottom-up approaches, the historical goal of synthetic
biology — also called top-down synthetic biology [495] — has been to reprogram living
systems to enable behaviours and functionalities beyond their natural potential. To these
aims, one could envision integrating the double-stranded DNA template fragments encoding
for RNA nanostars discussed in Chapters 4-6 within circular plasmids for expression in
bacteria, enabling the formation of synthetic, bottom-up self-assembled organelles with
programmable shape and functionality within living agents, including bacteria themselves.
This is particularly interesting for at least three reasons: i) organisation via MLOs emerging
through LLPS has recently been recognised to play a major role in bacteria [37, 496, 497];
i) MLOs have been found to increase bacterial fitness [497, 498] and modulate cellular
noise [461, 39] depending on the phase of the cell cycle; and iii) the idea of integrating
bottom-up self-assembled synthetic constructs with living cells to influence the behaviour of
the latter is becoming increasingly popular [48, 499, 359].

While some examples of synthetic organelles in bacteria have already been reported in the
literature [39, 500], these rely on biologically derived tandem repeat RNAs, such as 47 x
rCAG, known to undergo LLPS. This in turn removes the possibility of programmably tuning
the biophysical properties of the resulting assemblies. The discussed RNA nanostar platform,
instead, could enable precise control not only over orthogonality and addressability, but

also hydrogel- or liquid-like behaviour, mixing/demixing and morphology of the resulting
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organelles. For this reason, I set out to try a proof of concept implementation of this idea.
The work presented below has been carried out entirely by Sabrina Pia Nuccio (Di Antonio

group), while I performed the imaging.
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Fig. 7.2 Synthetic RNA MLOs in bacteria. A: Confocal micrographs representing BL21 (DE3) competent
cells transformed with a plasmid including the DNA fragment coding for RNA nanostar A, indicated by the
schematic above, after 2 h incubation with (i) 1 uM and (ii) 5 uM Malachite Green oxalate, respectively. B:
Same as A for BL21 (DE3) competent cells transformed with a plasmid including the DNA fragment coding
for RNA nanostar B, indicated by the schematic above, after 2 h incubation with (i) 10 uM and (ii) 50 uM
DFHBI-1T, respectively. C: Same as A in the presence of both 1 uM Malachite Green oxalate and 10 uM
DFHBI-1T. D: Same as B in the presence of (i) 1 M Malachite Green oxalate and 10 uM DFHBI-1T, or (ii)
5 uM Malachite Green oxalate and 50 uM DFHBI-1T. Samples were imaged by sandwiching liquid droplets
between two glass coverslips. Micrographs in A-C are pristine, while those in D have been contrast-enhanced
for ease of visualisation. All scale bars are 10 um.

The double-stranded template fragments A-T and B-T introduced in Chapter 4, coding for
nanostars A and B, respectively, were modified by adding a transcription terminator, and
cloned into an in-house plasmid already containing the T7 promoter. The two resulting
plasmids (one for A-T, one for B-T) were transformed in E. coli (DH5¢). Sanger sequencing
of the plasmids obtained from bacterial lysis confirmed the correct integration of the desired
fragments. Plasmids were then transformed via heat shock in BL21 (DE3) competent E. coli,
which were then incubated overnight. The next day, one colony per construct was picked
and further incubated overnight. After reaching ODggo = 0.6, bacteria were incubated with
Malachite Green oxalate and DFHBI-1T for 2h prior to imaging. Here, DFHBI-1T was
chosen over regular DFHBI for its stronger fluorescence emission properties [257]. Some
preliminary results are presented in Fig. 7.2. Bacteria transformed with plasmids coding
for RNA nanostars A and B clearly exhibit bright fluorescent spots in Malachite Green and
DFHBI channels, which resemble polar condensates, as showed in Fig. 7.2A-B, respectively.
Incubation with both Malachite Green oxalate and DFHBI-1T of bacteria transformed with
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plasmid coding for nanostar A still produces the expected behaviour in Fig. 7.2C. However,
this is not the case for those transformed with plasmid coding for RNA nanostar B, which, as
depicted in micrographs in Fig. 7.2D, clearly feature alternating red and cyan bright spots,
despite the plasmid only coding for nanostar B (cyan) and not for nanostar A (red). While
further experiments, including controls with non sticky nanostars, are needed to elucidate this
phenomenon, this might be due to Malachite Green staining something we have not accounted
for — it is commonly used, for instance, for bacterial endospore staining [S01]. It is also worth
noting that, in micrographs in Fig. 7.2D, bacteria seem unusually elongated, possibly hinting
at slower or arrested division. This could in turn be related to the RNA transcripts themselves,
due to bacterial burden induced by transcription of the related exogenous genes [502, 7],
or to cytotoxic effects of the Malachite Green dye, a known antimicrobial [503] — despite
working at concentrations below the cytotoxicity limit [252]. Finally, the presence of bright
fluorescence spots within the bacteria is not informative of the nature of such assemblies nor
does it prove the correct transcription and folding of the modified nanostars with attached
transcription terminator domains. Nonetheless, the results in Fig. 7.2 serve as a stepping

stone, clearly pointing at the feasibility and potential of this approach.
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Appendix A

Nanostructure and oligonucleotide

sequences

A.1 Chapter 3

Table A.1 All DNA strands used in Chapter 3 and their sequences according to 5’-3” conven-
tion. Abbreviations: 5Alex488N — 5’ Alexa488 fluorophore modification; 3CholTEG — 3’
Cholesterol TEG modification, TEG — triethyleneglycol.

Strand

Sequence

Arm_duplex
Arm_duplex_A_Alexa488

CGACGCCGTGACGCGTTGGACGCACTCG
/5A1ex488N/ACGACGCCGTGACGCGTTGGACGCACTCG

TerminalStrand_NoChol
TerminalStrand_Chol

GCGTCACGGCGTCGAA
GCGTCACGGCGTCGAA/3CholTEG/

Arm_NoGs_7T
Arm_NoGs_9T
Arm_NoGs_11T
Arm_NoGs_13T
Arm_NoGs_14T (5G-noG)
Arm_NoGs_16T (6G-noG)

TTTTTTTTTCGAGTGCGTCCAAC
TTTTTTTTTTTCGAGTGCGTCCAAC
TTTTTTTTTTTTTCGAGTGCGTCCAAC
TTTTTTTTTTTTTTTCGAGTGCGTCCAAC
ITTTTTTTTTTTTTTTCGAGTGCGTCCAAC
TTTTTTTTTTTTTTTTTCGAGTGCGTCCAAC

Continues on next page
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Table A.1 — continued from previous page.

Strand Sequence

Arm_4G3T TGGGGTTTCGAGTGCGTCCAAC
Arm_4GS5T TGGGGTTTTTCGAGTGCGTCCAAC
Arm_4G7T TGGGGTTTTTTTCGAGTGCGTCCAAC
Arm_4GI9T TGGGGTTTTTTTTTCGAGTGCGTCCAAC
Arm_5G3T TGGGGGTTTCGAGTGCGTCCAAC
Arm_5G5T TGGGGGTTTTTCGAGTGCGTCCAAC
Arm_5G7T TGGGGGTTTTTTTCGAGTGCGTCCAAC
Arm_5GI9T TGGGGGTTTTTTTTTCGAGTGCGTCCAAC
Arm_6G3T TGGGGGGTTTCGAGTGCGTCCAAC
Arm_6GS5T TGGGGGGTTTTTCGAGTGCGTCCAAC
Arm_6G7T TGGGGGGTTTTTTTCGAGTGCGTCCAAC

Arm_6G9T

TGGGGGGTTTTTTTTTCGAGTGCGTCCAAC
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A.2 Chapters 4 and 5

Table A.2 Sequences of all RNA nanostars used in Chapters 4 and 5, reported according to
5’-3’ convention.

Strand Sequence

A GCA CAG UGC UAU GAG UGU GCA CGG GAU CCC GAC UGG CGC CAA
CGA ACA AGG UGC CAG GUA ACG AAU GGA UCC UGU GCU GCA CAU
UAG AGU CGC UGU AUG ACC CAU AGC ACA AGG GUC GUA CAG CGG
CUC UAG UGU GCU CGC GUG CCU CAG AGG ACC UGU CAC CAU GGC
GAA AGG UGA UAG GUC CUU UGA GGU ACG CGU CAC UCG UAG CAU
UGU GCC UGU CUC CAA CGG CAA AGG AGA UAG

A GCA CAG UGC UAU GAG UGU GCA CGG GAU CCC GAC UGG CCG CAU

CGC GAA AGU GGC CAG GUA ACG AAU GGA UCC UGU GCU GCA CAU

UAG AGU CGC UGU AUG ACC CAU CGC GAA AGG GUC GUA CAG CGG

CUC UAG UGU GCU CGC GUG CCU CAG AGG ACC UGU CAC CAU CGC

GAA AGG UGA UAG GUC CUU UGA GGU ACG CGU CAC UCG UAG CAU

UGU GCC UGU CUC CAU CGC GAA AGG AGA UAG

GCA CAG UGC UAU GAG UGU CGC GAC GGA GAC GGU CGG GUC CAG

AUA GGC CAU GGC GAA AGG UCU AUC UGU CGA GUA GAG UGU GGG

CUC CGU CGC GUG CAC AUU AGA GUC GCU GUA UGA CCC AUA GCA

CAA GGG UCG UAC AGC GGC UCU AGU GUG CUG CAC AGU GUC UGU

GCG ACU GCA CCC AAC GAA CAA GGG UGU AGU CGC AUA GAC AUU

GUG CUC ACU CGU AGC AUU GUG CCU GUC UCC AAC GGC AAA GGA

GAU AG

B GCA CAG UGC UAU GAG UGU CGC GAC GGA GAC GGU CGG GUC CAG
AUA GGC CAG UCG ACA AGG UCU AUC UGU CGA GUA GAG UGU GGG
CUC CGU CGC GUG CAC AUU AGA GUC GCU GUA UGC CAC AGU CGA
CAA GUG GCG UAC AGC GGC UCU AGU GUG CUG CAC AGU GUC UGU
GCG ACU GCA CCC AGU CGA CAA GGG UGU AGU CGC AUA GAC AUU
GUG CUC ACU CGU AGC AUU GUG CCU GUC UCC AGU CGA CAA GGA
GAU AG

C GCA CAG UGC UAU GAG UGU CGC GAC GGA GAC GGU CGG GUC CAG
AUA GGC CAG GUA CCA AGG UCU AUC UGU CGA GUA GAG UGU GGG
CUC CGU CGC GUG CAC AUU AGA GUC GCU GUA UGC CAC AGG UAC
CAA GUG GCG UAC AGC GGC UCU AGU GUG CUG CAC GGG AUC CCG
ACU GGC CGC AGG UAC CAA GUG GCC AGG UAA CGA AUG GAU CCU
GUG CUC ACU CGU AGC AUU GUG CCU GUC UCC AGG UAC CAA GGA
GAU AG

|

Continues on next page
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Table A.2 — continued from previous page.

Strand

Sequence

C

GCA CAG UGC UAU GAG UGU GCA CAG UGU CUG UGC GAC UGC ACG
CAG GUA CCA AGC GUG UAG UCG CAU AGA CAU UGU GCU GCA CAU
UAG AGU CGC UGU AUG ACC CAG GUA CCA AGG GUC GUA CAG CGG
CUC UAG UGU GCU CGC GUG CCU CAG AGG ACC UGU CAG CAG GUA
CCA AGC UGA UAG GUC CUU UGA GGU ACG CGU CAC UCG UAG CAU
UGU GCC UGU CUC CAG GUA CCA AGG AGA UAG

GCA CAG UGC UAU GAG UGU GCA CAG UGU CUG UGC GAC UGC ACC
CAU CGC GAA AGG GUG UAG UCG CAU AGA CAU UGU GCU GCA CAU
UAG AGU CGC UGU AUG AGG GAU CGC GAA ACC CUC GUA CAG CGG
CUC UAG UGU GCU CGC GUG CCU CAG AGG ACC UGU CAC CAG UCG
ACA AGG UGA UAG GUC CUU UGA GGU ACG CGU CAC UCG UAG CAU
UGU GCC UGU CUC CAG UCG ACA AGG AGA UAG
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Table A.3 Sequences of all nontemplate strands of dSDNA templates coding for RNA nanos-
tars used in Chapters 4 and 5, reported according to 5’-3’ convention.

Strand Sequence

A-T TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTG CAC GGG
ATC CCG ACT GGC GCC AAC GAA CAA GGT GCC AGG TAA CGA ATG GAT
CCT GTG CTG CAC ATT AGA GTC GCT GTA TGA CCC ATA GCA CAA GGG
TCG TAC AGC GGC TCT AGT GTG CTC GCG TGC CTC AGA GGA CCT GTC
ACC ATG GCG AAA GGT GAT AGG TCC TTT GAG GTA CGC GTC ACT CGT
AGC ATT GTG CCT GTC TCC AAC GGC AAA GGA GAT AG

A-T TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTG CAC GGG
ATC CCG ACT GGC CGC ATC GCG AAA GTG GCC AGG TAA CGA ATG GAT
CCT GTG CTG CAC ATT AGA GTC GCT GTA TGA CCC ATC GCG AAA GGG
TCG TAC AGC GGC TCT AGT GTG CTC GCG TGC CTC AGA GGA CCT GTC
ACC ATC GCG AAA GGT GAT AGG TCC TTT GAG GTA CGC GTC ACT CGT
AGC ATT GTG CCT GTC TCC ATC GCG AAA GGA GAT AG

B-T TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTC GCG ACG
GAG ACG GTC GGG TCC AGA TAG GCC ATG GCG AAA GGT CTA TCT GTC
GAG TAG AGT GTG GGC TCC GTC GCG TGC ACA TTA GAG TCG CTG TAT
GAC CCA TAG CAC AAG GGT CGT ACA GCG GCT CTA GTG TGC TGC ACA
GTG TCT GTG CGA CTG CAC CCA ACG AAC AAG GGT GTA GTC GCA TAG
ACA TTG TGC TCA CTC GTA GCA TTG TGC CTG TCT CCA ACG GCA AAG
GAG ATA G

B-T TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTC GCG ACG
GAG ACG GTC GGG TCC AGA TAG GCC AGT CGA CAA GGT CTA TCT GTC
GAG TAG AGT GTG GGC TCC GTC GCG TGC ACA TTA GAG TCG CTG TAT
GCC ACA GTC GAC AAG TGG CGT ACA GCG GCT CTA GTG TGC TGC ACA
GTG TCT GTG CGA CTG CAC CCA GTC GAC AAG GGT GTA GTC GCA TAG
ACA TTG TGC TCA CTC GTA GCA TTG TGC CTG TCT CCA GTC GAC AAG
GAG ATA G

C-T TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTC GCG ACG
GAG ACG GTC GGG TCC AGA TAG GCC AGG TAC CAA GGT CTA TCT GTC
GAG TAG AGT GTG GGC TCC GTC GCG TGC ACA TTA GAG TCG CTG TAT
GCC ACA GGT ACC AAG TGG CGT ACA GCG GCT CTA GTG TGC TGC ACG
GGA TCC CGA CTG GCC GCA GGT ACC AAG TGG CCA GGT AAC GAA TGG
ATC CTG TGC TCA CTC GTA GCA TTG TGC CTG TCT CCA GGT ACC AAG
GAG ATA G

Continues on next page
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Table A.3 — continued from previous page.

Strand

Sequence

C-T

TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTG CAC AGT
GTC TGT GCG ACT GCA CGC AGG TAC CAA GCG TGT AGT CGC ATA GAC
ATT GTG CTG CAC ATT AGA GTC GCT GTA TGA CCC AGG TAC CAA GGG
TCG TAC AGC GGC TCT AGT GTG CTC GCG TGC CTC AGA GGA CCT GTC
AGC AGG TAC CAA GCT GAT AGG TCC TTT GAG GTA CGC GTC ACT CGT
AGC ATT GTG CCT GTC TCC AGG TAC CAA GGA GAT AG

TTC TAA TAC GAC TCA CTA TAG CAC AGT GCT ATG AGT GTG CAC AGT
GTC TGT GCG ACT GCA CCC ATC GCG AAA GGG TGT AGT CGC ATA GAC
ATT GTG CTG CAC ATT AGA GTC GCT GTA TGA GGG ATC GCG AAA CCC
TCG TAC AGC GGC TCT AGT GTG CTC GCG TGC CTC AGA GGA CCT GTC
ACC AGT CGA CAA GGT GAT AGG TCC TTT GAG GTA CGC GTC ACT CGT
AGC ATT GTG CCT GTC TCC AGT CGA CAA GGA GAT AG

Table A.4 PCR primers used in Chapters 4 and 5, their sequences reported according to 5°-3’
convention, as well as the DNA templates they amplify. The sequences of the corresponding
DNA templates can be found in Table A.3.

Strand Templates Sequence

Primer f (forward) A-T, A-T, B-T, B-T, C-T, TTCTAATACGACTCACTATAGCACAG
C-T,L-T

Primer rox (reverse) A-T, B-T CTATCTCCTTTGCCGTTGGA

Primer rf3 (reverse) A-T CTATCTCCTTTCGCGATGGA

Primer ry (reverse) B-T, L-T CTATCTCCTTGTCGACTGGAG

Primer ré (reverse) C-T,C-T CTATCTCCTTGGTACCTGGAG
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Table A.5 Sequences of all RNA nanostars used in Chapter 6, reported according to 5°-3’
convention.

Strand Sequence

AoHi GGA UCC GGU UGC AAA GCA CAG UGC UAU GAG UGU GCA CGG
GAU CCC GAC UGG CCG CAU CGC GAA AGU GGC CAG GUA ACG
AAU GGA UCC UGU GCU GCA CAU UAG AGU CGC UGU AUG ACC
CAU CGC GAA AGG GUC GUA CAG CGG CUC UAG UGU GCU cGC
GUG CCU CAG AGG ACC UGU CAC CAU CGC GAA AGG UGA UAG
GUC CUU UGA GGU ACG CGU CAC UCG UAG CAU UGU GCC UGU
CUC CAU CGC GAA AGG AGA UAG

YFPap GGC AAC CGG AUC CAA AGC AGC UUC UGG ACU GCG AUG GGA
GCA CGA AAC GUC GUG GCG CAA UUG GGU GGG GAA AGU CCU
UAA AAG AGG GCC ACC ACA GAA GCU GCA

Bomz GCA CUA GAC CAC AAA GCA CAG UGC UAU GAG UGU CGC GAC
GGA GAC GGU CGG GUC CAG AUA GGC CAG UCG ACA AGG UCU
AUC UGU CGA GUA GAG UGU GGG CUC CGU CGC GUG CAC AUU
AGA GUC GCU GUA UGC CAC AGU CGA CAA GUG GCG UAC AGC
GGC UCU AGU GUG CUG CAC AGU GUC UGU GCG ACU GCA ccC
AGU CGA CAA GGG UGU AGU CGC AUA GAC AUU GUG CuC ACU
CGU AGC AUU GUG CCU GUC UCC AGU CGA CAA GGA GAU AG

STV apt GUG GUC UAG UGC UUU AUG CGG CCG CCG ACC AGA AUC AUG
CAA GUG CGU AAG AUA GUC GCG GGU CGG CGG CCG CAU
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Table A.6 Sequences of all nontemplate strands of dSDNA templates coding for RNA nanos-
tars used in Chapter 6, reported according to 5°-3° convention.

Strand Sequence

Aon1-T TTC TAA TAC GAC TCA CTA TAG GAT CCG GTT GCA AAG CAC AGT
GCT ATG AGT GTG CAC GGG ATC CCG ACT GGC CGC ATC GCG AAA
GTG GCC AGG TAA CGA ATG GAT CCT GTG CTG CAC ATT AGA GTC
GCT GTA TGA CCC ATC GCG AAA GGG TCG TAC AGC GGC TCT AGT
GTG CTC GCG TGC CTC AGA GGA CCT GTC ACC ATC GCG AAA GGT
GAT AGG TCC TTT GAG GTA CGC GTC ACT CGT AGC ATT GTG CCT
GTC TCC ATC GCG AAA GGA GAT AG

YFPAp-T TTC TAA TAC GAC TCA CTA TAG GCA ACC GGA TCC AAA GCA GCT
TCT GGA CTG CGA TGG GAG CAC GAA ACG TCG TGG CGC AAT TGG
GTG GGG AAA GTC CTT AAA AGA GGG CCA CCA CAG AAG CTG CA

Bom-T TTC TAA TAC GAC TCA CTA TAG CAC TAG ACC ACA AAG CAC AGT
GCT ATG AGT GTC GCG ACG GAG ACG GTC GGG TCC AGA TAG GCC
AGT CGA CAA GGT CTA TCT GTC GAG TAG AGT GTG GGC TCC GTC
GCG TGC ACA TTA GAG TCG CTG TAT GCC ACA GTC GAC AAG TGG
CGT ACA GCG GCT CTA GTG TGC TGC ACA GTG TCT GTG CGA CTG
CAC CCA GTC GAC AAG GGT GTA GTC GCA TAG ACA TTG TGC TCA
CTC GTA GCA TTG TGC CTG TCT CCA GTC GAC AAG GAG ATA G

STV ap-T TTC TAA TAC GAC TCA CTA TAG TGG TCT AGT GCT TTA TGC GGC
CGC CGA CCA GAA TCA TGC AAG TGC GTA AGA TAG TCG CGG GTC
GGC GGC CGC AT

Table A.7 PCR primers (and the DNA templates they amplify) and other DNA oligonu-
cleotides used in Chapter 6, with sequences reported according to 5°-3” convention. Se-
quences of DNA templates corresponding to primers below can be found in Table A.6.
Abbreviations: 3Bio — 3’ biotin modification.

Strand Templates Sequence

Primer {2 (forward) Aoui-T TTCTAATACGACTCACTATAGGATCCG
Primer r2 (reverse) Aoni-T CTATCTCCTTTCGCGATGGA

Primer {3 (forward) Bom-T TTCTAATACGACTCACTATAGCACTAGA
Primer 13 (reverse) Bow-T CTATCTCCTTGTCGACTGGAGA

Primer f4 (forward) YFPpp-T TTCTAATACGACTCACTATAGGCA
Primer r4 (reverse) YFPop-T TGCAGCTTCTGTGGTGG

Biotinpna not applicable GTGGTCTAGTGCTTT/3Bio/
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Fig. B.1 Molecular structure and fluorescence emission spectra of NMM. A: Molecular structure of
N-methyl Mesoporphyrin IX (NMM), produced using ChemDraw. B: Fluorescence emission spectra of NMM
bound to 5GIT (top) and 6GIT (bottom) after self-assembly transient in the presence (+KCI) or absence (-KCI)
of 300 mM KCl injection (see Section 2.8.1). Samples which received a KCl injection display much stronger
NMM fluorescence emission. NMM displays two emission peaks, one around 608 nm and the other around
670 nm. The latter was monitored for self-assembly kinetics assays. Spectra for samples which received KCI
injection are average of triplicates, while those for samples lacking KCl injection and buffer blanks (used for
background-subtraction) are average of duplicates.
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Fig. B.2 Kinetics of G4-dependent self-assembly of non-cholesterolised Quad-Stars via NMM fluorimetry
with varying oligonucleotide and KCI concentrations. A: Kinetic profiles for all poly-T spacer lengths
(increasing from top to bottom) and all examined [Oligo]y (starting oligonucleotide concentration), from which
half-life values in Fig. 3.5C have been computed. B: Kinetic profiles for all poly-T spacer lengths (increasing
from top to bottom) and all examined [KCl], from which half-life values in Fig. 3.5E have been computed.
Curves with saturated colours (top) correspond to samples triggered with KCI injection, whereas fainter curves
(bottom) are negative controls (no KCl). For samples, data are reported as mean (dots, one every 3 datapoints
shown) =+ standard deviation (shaded regions) and fits to theoretical tetramolecular kinetics (solid lines) [329].
For negative controls, only average, normalised datapoints are shown (see Sections 2.8.2 and 2.11.3). Data for
negative controls, as well as 6GS5T and 6G7T at 30 mM KClI have been averaged across independent duplicates.
All other data have been averaged across at least three independent repeats (see Sections 2.8.2 and 2.11.3).
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Fig. B.3 Raw NMM fluorescence kinetics profiles for cholesterolised Quad-Stars negative controls and
blanks. Raw fluorescence intensity (F.I.) kinetics of 6G cholesterolised Quad-Stars negative controls (“NC”),
i.e. samples annealed in 2mM MgCl, and measured without any K™ ion trigger for assembly, and blanks
(“Blank™), i.e. plain TE buffer supplemented with NMM. As expected, samples without the cation trigger
exhibit a flat-line behaviour with no fluorescence increase, just like blanks consisting of plain buffer and dye.
These raw data directly supplement the same normalised profiles in Fig. 3.9C. For ease of visualisation, only
one marker per three datapoints has been displayed as for all fluorimetry profiles.
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Fig. B.4 Kinetics of rhodamine B cargo release upon cryptand-induced disassembly of Quad-Star
hydrogel aggregates. 5G and 6G Quad-Star aggregates disassemble upon cryptand injection (red dashed
vertical line), as monitored via the corresponding area fraction profiles (A.F. = Area Fraction). This leads to
the release of the rhodamine B cargo, as evidenced by the corresponding background intensity profiles (N.B.I.
= Normalised Background Intensity). Curves for the same sample are displayed with the same markers (5G
- circles, 6G - squares). Profiles are extracted from single FOVs of single samples. These profiles directly
supplement Fig. 3.12C, proving that the specific timescales of disassembly and cargo release strongly depend
on the proximity of the injection site to the imaged FOV. In the present case, the cryptand injection site was
much closer to the imaged FOV than in Fig. 3.12C, thus inducing much faster (approximately 2-fold) and less
temporally resolved disassembly and cargo release profiles.
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Fig. B.5 UV-triggered and NMM-mediated photo-induced disassembly of Quad-Star aggregates.
A, B: Unprocessed and uncropped NMM epifluorescence and bright-field micrographs, respectively,
corresponding to inset panels in Fig. 3.14A, depicting the irreversible near UV (395 nm)-induced
disassembly of 6G Quad-Star aggregates in the presence of NMM. Micrographs in A, B are number-
matched and follow the same uppercase roman numerals used in Fig. 3.14A. Uneven focus in B
is most likely due to uneven positioning of the sample on the microscope stage. Scale bars are
50 um. C: Unprocessed (left) and background-subtracted (right, via Rolling Ball algorithm in FIJI)
micrograph depicting highly localised UV-induced disassembly of hydrogel aggregates in an Alexa488
fluorophore-labelled 6G Quad-Star sample in the presence of NMM. Only a circular portion was
exposed to near UV, as it can be clearly observed from the circular hole carved by NMM-mediated
photocleavage in the Alexa488 channel. This demonstrates that the disappearance of aggregates in
the NMM channel of micrographs in A is due to actual disassembly and not to photobleaching of the
porphyrin dye, as already supported by the same trend observed in bright-field (B). As for Fig. 3.14B,
the underlying square-lattice pattern in C is an artefact stemming from the combination of a slightly
uneven illumination and the automatic FOV stitching (“Large Image” in NIS Elements), and, as such,
it does not represent a physical feature of the sample. Scale bars are 1000 pm.
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Fig. B.6 Kinefold analysis of RNA nanostars A, B and C. A: (i) Minimum free energy secondary
structure of RNA nanostar A post co-transcriptional folding and (ii) corresponding “helix tracing
graph”, depicting the time-dependent evolution of the fraction of folded helices (0%-100%) for the
five most stable helices in the nanostar (top) as well as the free energy over time (bottom, red). Time
on the x axis is reported in linear/log scale during/after transcription, respectively. Colour-codes for
the helices match the labels at the bottom, each reported as “T i j k, where i/j is the starting/final
nucleotide, and k the number of base pairs in the helix. For instance, “T 79 137 25” is the fully
double-stranded third arm (in order of transcription), comprising 25 base pairs between the 79" and
the 137" transcribed nucleotides. B: Same as A for RNA nanostar B. The magenta profile (T 19 94
10) corresponds to the double-stranded portion of the second nanostar arm preceding the Broccoli
aptamer, hence the major fluctuations. C: Same as A for RNA nanostar C. The blue profile (T 1 232
17) corresponds to the portion of the first nanostar arm close to the junction, i.e. the first transcribed
stretch of the nanostructure. Its fluctuations prior to the end of transcription might be related to
structural rearrangements upon formation of the remaining portion of the double-stranded arm. All
panels were produced by representative Kinefold batch simulations (see Section 2.1).
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Fig. B.7 Chord Length Distribution of orthogonal organelles formed by binary RNA nanostar
systems in bulk. Chord Length Distribution (CLD) ridge-plots at representative timepoints (1 h,
6h, 12h, 24 h and 48 h, vertical axis) for binary sticky nanostar systems with varying [A-T]/[B-T]
DNA template concentration ratio, as well as stoichiometric binary systems with non sticky nanostars
(middle row, left and right). The mean of these CLDs, ucrp, is presented in Fig. 4.7E to illustrate

growth kinetics.
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Fig. B.8 Self-assembly of binary RNA nanostar systems with [A-T]/[B-T] = 0.25 in bulk. Un-
cropped, contrast-enhanced (see Section 2.11.5) epifluorescence micrographs depicting the bulk
self-assembly of binary mixtures with [A-T]/[B-T] = 0.25 with time-step = 4 h. Time proceeds from
left to right in each row, as schematically depicted in the bottom right corner. Scale bars are 100 um.
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Fig. B.9 Self-assembly of binary RNA nanostar systems with [A-T]/[B-T] = 0.50 in bulk. Un-
cropped, contrast-enhanced (see Section 2.11.5) epifluorescence micrographs depicting the bulk
self-assembly of binary mixtures with [A-T]/[B-T] = 0.50 with time-step = 4 h. Time proceeds from
left to right in each row, as schematically depicted in the bottom right corner. Scale bars are 100 um.
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Fig. B.10 Self-assembly of binary RNA nanostar systems with [A-T]/[B-T] = 1 in bulk. Un-
cropped, contrast-enhanced (see Section 2.11.5) epifluorescence micrographs depicting the bulk
self-assembly of binary mixtures with [A-T]/[B-T] = 1 with time-step = 4 h. Time proceeds from left
to right in each row, as schematically depicted in the bottom right corner. Scale bars are 100 ym.
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Fig. B.11 Self-assembly of binary RNA nanostar systems with [A-T]/[B-T] = 2 in bulk. Un-
cropped, contrast-enhanced (see Section 2.11.5) epifluorescence micrographs depicting the bulk
self-assembly of binary mixtures with [A-T]/[B-T] = 2 with time-step = 4 h. Time proceeds from left
to right in each row, as schematically depicted in the bottom right corner. Scale bars are 100 ym.
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Fig. B.12 Self-assembly of binary RNA nanostar systems with [A-T]/[B-T] = 4 in bulk. Un-
cropped, contrast-enhanced (see Section 2.11.5) epifluorescence micrographs depicting the bulk
self-assembly of binary mixtures with [A-T]/[B-T] = 4 with time-step = 4 h. Time proceeds from left
to right in each row, as schematically depicted in the bottom right corner. Scale bars are 100 ym.
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Fig. B.13 Self-assembly of protein-capturing RNA organelles. Epifluorescence micrographs
depicting representative timepoints during the self-assembly of protein-capturing RNA organelles
from single nanostar species within water-in-oil emulsion droplets. A: Aoy (red) nanostars fail to
capture EYFP (yellow) in the absence of YFPap (-YFPa-T, left), while succeed in doing so when
simultaneously transcribed with it (+YFP-T, right). B: Same as A for Boyz (cyan) nanostars captur-
ing Alexa405-STV (magenta) via co-transcribed STV oy, in the presence/absence of the corresponding
DNA template (FSTV ap-T, left/right). C: Same as B for Bon (cyan) nanostars capturing TexasRed-
STV (red) via short biotin-conjugated DNA oligonucleotide Biotinpna ([Biotinpya] = 10 uM). In C
the timepoint at 15 min is lacking due to software-related issues in the corresponding run resulting
in usable data from 3.5 h onwards only. Micrographs have been cropped and contrast-enhanced for
ease of visualisation (see Section 2.11.5), and all depict the same field-of-view area, thus sharing
scale bars with the first micrograph in each series (column). Scale bars are 50 um. In all sys-
tems, [nanostar DNA template]/[aptamer DNA template] = 3, [total DNA template] = 40 nM and
[EYFP] = [STV] = 1.25 uM.
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Fig. B.14 Simultaneous transcription and co-assembly of distinct protein-capturing RNA
organelles. Epifluorescence micrographs depicting representative timepoints during the self-assembly
of protein-capturing RNA organelles from simultaneously transcribed Apg; and Bogy nanostars within
water-in-oil emulsion droplets. A: Aopi/Bomp (red/cyan) nanostars capture EYFP/Alexa405-STV
(yellow/magenta) via YFPap/STV ppe. All constructs are simultaneously transcribed, with [nanostar
DNA template]/[aptamer DNA template] = 3 for each pair. B: Same as A with Boy, (cyan) nanostars
capturing TexasRed-STV (red) via short biotin-conjugated DNA oligonucleotide Biotinpna (added,
not transcribed). Timepoint at 15 min is lacking due to software-related issues in the corresponding
run resulting in usable data from 3.5 h onwards only. MG and DFHBI dyes were omitted from this
run due to spectral overlap of MG+MGA with TexasRed. C: Same as B with TexasRed-STV replaced
by Alexa405-STV to enable usage of nanostar-binding dyes to investigate colocalisation of target
proteins and nanostar phases. In B-C, [Biotinpna] = 10 M. Micrographs have been cropped and
contrast-enhanced for ease of visualisation (see Section 2.11.5), and all depict the same field-of-view
area, thus sharing scale bars with the first micrograph in each series (column). Scale bars are 50 (m.
In all systems, [total DNA template] = 40nM and [EYFP] = [STV] = 1.25 uM.
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