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2 Summary

2.1 English

This thesis elucidates the functional capabilities of deoxyribonucleic acids, with emphasis on
synthetic biology and origin-of-life research. In the first part, a method is presented for the
intracellular expression of ssDNA using a retron-based expression platform. The results
demonstrate that the bacterial retron Eco?2 is capable of expressing a truncated light-up aptamer,
and that purified ssDNA retains aptamer functionality. This represents, to the best of the
author’s knowledge, the first instance of functional ssSDNA aptamers being expressed

intracellularly.

In the second part of this thesis the impact of dissipative, non-equilibrium compartments on the
activity of a catalytic DNA (DNAzyme) is investigated. To this end, a carbodiimide-fuel-
dependent complex coacervate system is employed to characterize which sequence elements
determine partitioning of the DNAzyme into droplets. It is then demonstrated that DNAzyme
activity can be inhibited by fuel addition and restored after fuel consumption, with the cycle

being repeatable multiple times.

In the third part, the impact of short, single-stranded DNA oligonucleotides (sSDNA) on the
same coacervate system is examined. In order to do this, a randomized 30 nucleotides (nt) long
ssDNA library was combined with the droplet system and the sequence composition of strongly
and weakly-partitioning sequences were compared. The base composition and sequence of the
DNA have been shown to strongly modulate the lifetime of the droplet, with G-rich termini
preventing and A-rich termini accelerating dissolution. Collectively, these findings establish a

phenotype—genotype correlation that may guide the development of synthetic protocell models.

The last part of this thesis proposes a sequencing method that has been optimized for the
isolation of short ssDNA oligos from synthetic cells. Following library preparation and
sequencing, data analysis modules extract maximal information from the sequencing data. The
objective of this work is to standardize the data sets used in the bottom-up origin of life and

synthetic life fields where genotypes are typically short nucleic acids.

Collectively, these publications contribute to the advancement of knowledge in the field of
functional ssDNA, both from a synthetic life research perspective and as a potential tool for

future biochemical applications.
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2.2 Deutsch

Diese Dissertation untersucht die funktionellen Eigenschaften von Desoxyribonukleinséuren
(DNA) mit besonderem Schwerpunkt auf der synthetischen Biologie und der Erforschung des
Ursprungs des Lebens. Im ersten Teil wird eine Methode zur intrazelluldren Expression von
sSDNA unter Verwendung einer Retron-basierten Expressionsplattform préasentiert. Die
Ergebnisse zeigen, dass Retron Eco2 in der Lage ist, einen verklrzten Lettuce-Light-up-
Aptamer zu exprimieren und dass die aufgereinigte sSDNA ihre Funktionalitét beibehalt. Dies
stellt, soweit dem Verfasser bekannt ist, den ersten Nachweis funktionaler, intrazellular
synthetisierter SSDNA Aptamere dar.

Im zweiten Teil wird der Einfluss von Kompartimenten auf eine katalytisch aktive DNA
(DNAzym) untersucht. Daftr wird ein transientes, Carbodiimid-getriebenes Koazervatsystem
verwendet, um herauszufinden, welche Sequenzeigenschaften des DNA-Molekils die
Aufnahme in Tropfchen bestimmt. Es konnte gezeigt werden, dass die DNAzym-Aktivitat

durch Zugabe des Carbodiimids gehemmt und nach dessen Verbrauch wiederhergestellt wird.

Im dritten Teil dieser Arbeit wird der Einfluss kurzer, einzelstrangiger DNA (ssDNA) auf
dasselbe Koazervatsystem analysiert. Hierfur wurde eine Bibliothek aus 30 nt langer sSDNA
mit den Koazervaten gemischt und die partitionierenden mit den nicht-partitionierenden
Sequenzen verglichen. Es zeigte sich, dass Basenzusammensetzung und Sequenz der ssDNA
Molekdle die Lebensdauer der Trépfchen stark modulieren: G-reiche Termini verhindern deren
Auflésung, wéhrend A-reiche Termini die Lebensdauer reduzieren. Zusammengenommen
etablieren diese Ergebnisse eine Phanotyp—Genotyp-Korrelation, die als Grundlage fir die
Entwicklung synthetischer Protozell-Modelle dienen kann.

Der letzte Teil dieser Arbeit stellt eine Sequenzierungsmethode vor, die fir die Isolierung
kurzer ssDNA-Oligonukleotide aus synthetischen Zellen optimiert wurde. Zuséatzlich zur
Sequenzierung werden Datenanalyse-Module, zugeschnitten auf ssDNA in synthetischen
Zellen, présentiert. Ziel dieser Arbeit war es, Datensatze, die im ,,Bottom-up“-Ansatz der

Lebensentstehungs- und synthetischen Lebensforschung verwendet werden, zu standardisieren.

Zusammenfassend tragen diese Publikationen wesentlich zum Fortschritt des Wissens Uber
funktionelle einzelstrangige DNA bei; sowohl aus Perspektive der synthetischen
Lebensforschung als auch hinsichtlich ihrer potenziellen Anwendung in zukunftigen

biochemischen Systemen.
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4 Introduction

4.1 Synthetic cells

“There was Eru, the One, who in Arda is called IlGvatar; and he made first the Ainur, the Holy
Ones, that were offspring of his thought, and they were with him before aught else was made.”
These constitute the opening words of the Ainulindalé, the first chapter of J. R. R. Tolkien’s
Silmarillion.! It is one of a plethora of works of fiction trying to answer a fundamental question:

How is life created?

The cradle of creation is an unknown mystery, filled by Tolkien and others with their own
speculative interpretations of its historical occurrence. Throughout the years, the scientific
community has engaged in similar practices: Etching out a possible path from lifeless rock to
living organism. The term “primordial soup” may be found in fantasy literature, but it actually
originates from the first scientific evidence for the generation of amino acids under early-Earth-
like conditions. This evidence was provided by Stanley L. Miller in 1953, who demonstrated
the creation of the building blocks of life without life itself.2 The (Urey-)Miller experiment
provided evidence for theories that had been formulated much earlier in the 20" century, most
prominently articulated by Oparin and Haldane.> Their theories postulated the phototrophic
synthesis of organic material — amino acids, sugars and similar — without the aid of organisms,
followed by their dissolution in the ocean, yielding the primordial “soup”. Despite the years of
iteration and refinement that the theory has undergone, it remains the foundation of

contemporary research in the field of origin of life research.
4.1.1 The minimal cell

In an attempt to elucidate the issue from the other end, scientists also endeavor to track extant
organisms back towards their origins (Figure 1). This theory is rooted in the concept of the Last
Universal Common Ancestor (LUCA), which postulates that all extant life on Earth is traced
back to a single organism that existed over three billion years ago.®” LUCA is estimated to have
possessed a substantial level of complexity, with a gene count ranging from 500 to 600 genes,
and in some estimations, exceeding 1,500 genes.®® Irrespective of the precise gene count, the
requirement for an organism to sustain processes such as replication, transcription, translation,
lipid bilayer maintenance, membrane transport, and energy generation is a significant departure

from prebiotic chemistry. In order to bridge this knowledge gap, scientists are attempting to
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construct model systems that represent intermediate stages between these two extremes. These

model systems are referred to as protocells or synthetic cells.

Bottom-up
/ > e
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Figure 1: The evolution from primitive, prebiotically plausible protocells into something resembling
LUCA remains unresolved. The top-down approach tries to illuminate the problem starting from a
modern cell and simplifying it by removing non-essential genes. The bottom-up approach starts from
building protocells from prebiotically relevant components under relevant conditions and increases
complexity from there.

One approach towards the creation of synthetic cells or protocells involves beginning from a
living cell and starting to remove components: genetic circuits, non-essential pathways or
regulatory functions. This method is referred to as the top-down approach, whereby the initial
steps involve the closure of the aforementioned gap from the final ("top") state. Synthetic cells
of this kind are frequently designated “minimal cells”, as they retain the characteristics of cells,
yet contain a mere fraction of the original components, all of which are necessary for survival.°
Mycoplasma mycoides was selected as a starting point due to its status as the simplest cell
capable of autonomous growth.!*-13 Based on the genome of M. mycoides, a synthetic genome
containing 1.08 mega base pairs was synthesized and implanted into M. capricolum recipient
cells.™® The newly transplanted cells were identified as M. mycoides, thereby demonstrating the

feasibility of constructing synthetic genomes and their transplantation into recipient cells.

This initial step demonstrated that it is possible to transplant a synthetic genome into a recipient
cell and thereby induce the expression of its traits. Subsequently, the next step was the reduction
of the genome size. In the following six-year period, the Venter Lab succeeded in reducing the

synthetic genome, termed JCVI-syn1, from 1079 to 531 kilo base pairs.2 The challenge in this
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simplification process is the identification of essential and non-essential genes: Merely
comparing the genomes of different (but related) organisms is insufficient, since both genomes
may contain different genes for the same essential function, but neither of the two genes would
be identified as essential. Therefore, the process of optimization was executed though an
iterative procedure, whereby a synthetic genome of progressively smaller size was designed

and evaluated.'?

The final genome, termed JCVI-syn3, contains a total of 473 genes, removing 428 from JCVI-
syn1.0. This strain mainly contains genes related to transcription and translation, essential
metabolism, and membranes, with a total of 79 genes of unknown, but essential, function. In
subsequent works, the researchers performed slight modifications of the gene composition, for
instance they reincorporated 19 previously removed genes into JCVI-syn3 to enhance its
doubling time, or removing individual genes of unknown function deemed non-essential.*4
So far, JCVI-syn3 has been employed to address questions concerning the precursors of cellular
life, including the composition of lipid membranes, cell division, metabolism, and adaptive
evolution.”*8 [t is noteworthy that M. mycoides is not the only organism utilized for minimal
cells. For example, Buchnera spp. is another organism employed for the study of minimal cells,

although it exclusively appears as a symbiont of aphids.1%%
4.1.2 Building protocells from the bottom up

Whilst these works of simplifying current cells are undoubtedly beneficial, it is also imperative
to bridge the gap between the present and the primordial soup from the other side. Mirroring
the top-down nomenclature, this approach is called bottom-up: The protocell is constructed

through the assembly of its individual components.

In order to construct these systems, it is necessary to pose the following question: what was the
phenotype of an organism comprising an extremely limited number of genes? The process of
DNA being converted into RNA, and subsequently into protein, is a complex series of events
involving the concerted action of over 100 genes, both RNA and protein, in the production and
maintenance of this process. Conversely, a system constructed from the bottom up will contain

a smaller number of components, and therefore be subject to greater limitations.

Naturally, if the Central Dogma of Molecular Biology cannot apply to early-Earth protocells,
we must speculate how life might have looked like prior to this point. The most prominent
theory in this field is the RNA world hypothesis, which was developed by Woese, Crick and

7
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Orgel in the 1960s and 1970s.2%2 This theory postulates, that RNA functioned as both the
carrier of genetic information and the catalyst that drove cellular reactions. It is important to
note that this does not exclude the presence of other biomaterials, such as peptides or fatty acids,

which may have a supportive role in early protocells.?

This theory gained traction when the first catalytical RNAs were discovered within living
organisms. In 1982, Cech discovered that in the case of introns, while supported by protein
cofactors, the RNA itself performs the catalytic function.?> Approximately a year later, Altman
published a paper regarding Ribonuclease P, also demonstrating that the catalytic moiety of the
enzyme is in fact the RNA, not the protein.?® The discovery of catalytically active RNAs
supported the theories from the late 1960s with experimental evidence, leading to the first
coining of the term “RNA-world” by Gilbert in 1986.%’

The concept of the RNA world remains somewhat ambiguous, with different scientists offering
slightly divergent interpretations. However, all theories share two important assumptions:
Firstly, RNA fulfils the function of genetic carrier, and replication is performed using Watson-
Crick-mediated copying. Secondly, RNA has been identified as the catalyst of these early cells,
and the involvement of genetically encoded proteins in catalysis has been ruled out.?® The
discovery that the ribosome is a ribozyme has been interpreted by some scientists as almost
definitive proof, showing that RNA is used to construct proteins in one of the most ancient
molecular machineries present and highly conserved in all clades of life.28-30

All protocells can be characterized by their implementation of compartmentalization, which
serves to effectively distinguish the internal environment of the system from the external
environment (Figure 2). In addition to protecting from the outside, compartments have been
shown to modulate the catalytic activity of ribozymes. For instance, the Hammerhead ribozyme
exhibited a rate of activity that was more than fivefold faster in the presence of coacervates
comprising a synthetic polymer and a peptide, a result attributed to the up-concentration of
biomolecules within the coacervates.3* A similar outcome was observed with multiple ligating

ribozymes in the presence of complex coacervates.323*

In other cases, the use of compartments allows for the selection of specific sequences from a
sequence pool. The selection of specific, often longer or more complex sequences is of
paramount importance for the selection of functional ribozymes out of a pool of short RNAs.
One type of compartment that has the capacity to perform this function are air-water interfaces,
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which have been engineered to mimic the structure of volcanic rock pores.®® It has been
demonstrated that these rock pores possess the capacity to enrich prebiotic molecules, thereby
forming protocells that are encased within the solid rock and exhibiting specific selection of
longer fragments.®3" In a subsequent publication, it was further demonstrated that these
compartments have the ability to harbor active ribozymes, thus facilitating catalysis and even

solving the strand separation problem.®

® Y
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Figure 2: Different types of compartments for prebiotically plausible protocells. A) Lipid vesicles
created from (phospho-)lipids. B) Micelles and other simple assemblies created from fatty acids. C)
Complex coacervates based on two different polymers. D) A rock pore, acting as a physical
compartment.

In addition to the utilization of protocells as a means to emulate the RNA world hypothesis,
another application of protocells involves the generation of synthetic life that is not associated
with the origin of life on Earth.3® To achieve this objective, it is helpful to shift our focus from
the fulfilment of individual hallmarks, such as compartmentalization and metabolism, to the
encoding of the fundamental prerequisites of life: self-sustaining, self-replicating, mutating and

open-endedly evolving through selection.*°

In order to achieve this objective, cell-free expression systems (CFES) can be encapsulated and
employed as protocell models.*! CFES utilize the transcription-translation machinery of entire
organisms to produce proteins from a DNA template, and can be entirely prepared from purified
components or from unpurified cell extract.*> CFES have been previously combined, both with
phospholipid vesicles,** or with complex coacervates.** This combination enables the
expression of a gene to be coupled to its own genetic material, thus facilitating evolutionary
experiments. In order to demonstrate this principle, a multitude of genes coding for RNAs or
proteins, either catalytic or of other functions, have been subjected to evolutionary experiments
in these systems.*>=°° While none of them are self-sustaining or fully self-replicating, meaning
they cannot produce an exact copy of the entire system, they demonstrate the open-ended

evolution capabilities that are prerequisites to life.
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Self-replicating and self-sustained protocell models have also been previously postulated.
These systems typically prioritize on the vesicle encasing the protocell, facilitating modes of
growth by, for example, producing the necessary molecules for the membrane.>*->® Division,
however, remains a more challenging subject: In the bacterium Escherichia coli, a complex
series of events occurs within the cell to generate concentration gradients. This process is
initiated by multiple proteins, including MinC, MinD, and MinE, which work in conjunction
with FtsZ to form a ring around the membrane. Subsequently, FtsA and ZipA constrict this ring,
leading to the division of the cell.>** Kohyama et al. have demonstrated a method for
reconstituting this entire machinery in liposomes, resulting in controlled and even division of
protocells.®® They also produced some of the required proteins via a CFES in the protocell.
However, this protocell is unable to self-sustain, as the CFES cannot be regenerated.

Some extant organisms also use less complex methods of division, like budding.®* An approach
to this was presented by Zhu and Szostak: A multilamellar vesicle consisting of fatty acids is
fed via fatty acid micelles, leading to a linear growth of the original vesicle. Subsequently,
moderate shear force proved adequate to disrupt these tubular vesicles, resulting in the
formation of multiple daughter cells.%? This system does not necessitate a sophisticated
machinery, trading the loss of precise control over the size and composition of the daughter

cells for simplifying implementation.
4.2 Functional ssDNA

While RNA is the sole catalytically active nucleic acid found in living cells so far, there is no
compelling reason for scientists to restrict their methods to the same constraints when
attempting to create life from the bottom up. RNA exhibits a limited degree of chemical
diversity, with a mere four bases comprising amines, ketones and alcohols as functional groups
available for chemical diversity. In addition, the anionic backbone necessitates elevated salt

concentrations for adequate folding, further constricting the available design parameters.5®

To expand the design space, the consideration of other nucleic acids beyond RNA is important.
DNA is the only other nucleic acid that exists in vivo, and therefore the obvious choice. The
most significant distinction between RNA and DNA pertains to the 2’ hydroxyl group, which
removes a functional group from the backbone while simultaneously enhancing temperature-
and pH-stability.%* This enables ssSDNA to function in environments that would be hostile to an

RNA molecule, such as in the presence of strong condensing agents like carbodiimides.®®
10
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Additionally, DNA has the capacity to modify the characteristics of specific artificial cells, for
instance facilitating a higher fluidity in RNA/peptide complex coacervates, showing unique
behaviors that can be utilized in building artificial cells.®® Apart from RNA and DNA, scientists
have designed a plethora of analogs of nucleic acids not found in vivo. This group of synthetic

nucleic acid alternatives is referred to as xeno nucleic acids (XNA).6":6
4.2.1 DNAzymes

Given the absence of naturally occurring DNAzymes, all existing ones have been selected or
evolved in vitro.®®"2 The methods, initially developed for the selection of functional RNA such
as ribozymes and aptamers, are applicable to functional DNA with the added benefit of
circumventing reverse transcription prior to amplification each round. The first DNAzyme
selected through this method is the RNA cleaving Gr-5 DNAzyme, published in 1994.” The
complete library utilized for the selection process contained just over 1,000 sequences, and the
activity exhibited was minimal with a ~100-fold increase in comparison to the uncatalyzed
reaction. The specific activity selected for is the most prevalent activity exhibited by all
DNAzymes: the cleavage of a specific RNA substrate via transesterification (Figure 3).

M*2 -

Figure 3: General mode of catalysis for RNA cleaving DNAzymes. R, and R; are part of the DNAzyme,
while M*2 represents a divalent metal ion, the most common cofactor. The DNAzyme performs multiple
functions during catalysis: Stabilization of the phosphate, arranging geometry of the in-line attack,
supporting the 2’ alcohol by inducing a negative charge and stabilizing the 5’ leaving group.

A multitude of RNA-cleaving DNAzymes have been selected, all exhibiting specificity towards

various cofactors or conditions. The general mode of catalysis is consistent across all of them:

The 2°-OH of the 5’-terminal ribose of the substrate RNA performs an in-line nucleophilic

attack at the phosphate, with the 3’-terminal RNA fragment acting as the leaving group. This
11
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reaction yields two cleaved RNA fragments: A 5’-fragment with a 2°-3’-cyclic phosphate and
a 3’-fragment with a free 5’-alcohol group.”™ In most cases, this transesterification reaction

requires a metal ion as a cofactor, with divalent metal ions exhibiting the highest prevalence.”

Intriguingly, RNA-cleaving DNAzymes can be utilized as a biosensor if a readout is coupled
to the underlying cleavage reaction. One common methodology entails the incorporation of a
quencher and a fluorophore on opposite ends of an RNA substrate. Upon DNAzyme catalyzed
cleavage, it will induce an increase in fluorescence as fluorophore and quencher disassociate
after RNA cleavage.”® A typical class of target molecules to sense with DNAzymes are metal
ions. The employment of a DNAzyme specific to a single metal ion can be utilized to sense the
presence of that specific cofactor. The development of biosensors specific to Pb?*,”"® Cu2*,"
UO2%* 8081 and Hg?*®28 has been documented. In addition, a considerably number of
DNAzymes that are specific to other ions, such as Zn?*848% Ca?* 8 Cd?* 87 Cr*3 88 _n*3 8990 gng
Ag" % have been identified.®>% These DNAzymes have the potential to serve as further

biosensors with relevance to public health and food safety.

In addition to RNA-cleaving DNAzymes, other catalytic activities have been documented. The
repertoire of DNAzymes encompasses a variety of functions, including DNA cleavage,®*%
RNA ligation,®®°" (de)phosphorylation,®° peroxidase activity,*® and depurination,*** among
others. This extensive array of activities gives rise to numerous potential protocell designs
incorporating DNAzymes. It is particularly intriguing to examine the elongation of other
nucleic acids, for example via ligation. This would enable the development of synthetic

genomes that are exclusively dependent on nucleic acid-based catalysts.
4.2.2 Aptamers

Another class of functional nucleic acids is aptamers. Aptamers are the nucleic acid analog to
antibody proteins. These molecules assume a unique three-dimensional fold, enabling highly
specific binding of a ligand, ranging from small molecules to proteins.'% Selection is also
performed via in vitro selection, like SELEX, in a similar design to DNAzyme discovery: A
library of potential aptamers is presented with the ligand of interest, tethered to a solid phase.
Subsequent to an incubation step, all non-binders are washed away. Binders are amplified via
(error-prone) PCR and the cycle is repeated until strong binders are identified.*®® The backbone
chemistries of these binders can be based on RNA, DNA, or XNA. Since 2010, there has been

12



Introduction

an increase in the number of publications of DNA-based aptamers due to their higher stability

compared to RNA and the ease of amplification compared to XNA.1%

A frequently utilized class of aptamers used in research settings are fluorescent light-up
aptamers (FLAPs). FLAPs bind a small molecule ligand that is almost non-fluorescent when
free in solution but exhibits a significant increase in fluorescence when bound to the aptamer.2%
This allows for a rapid fluorescent readout for a wide range of experiments, for example as a

readout for RNA transcription® or as a fluorescent marker in cells.%’

Aptamers of other classes often target therapeutically relevant targets for two reasons. First,
they can be used to visualize these targets in diagnostics. Second, they can be used to modulate
them in some way, either directly by binding to them or indirectly via recruitment of other drugs
or immune system components.’% Currently, aptamers specific to treating eye disorders,'%
thrombosis,*® and cancer,'' among others,*'* are approved or in clinical trials as therapeutic
treatments. The most significant advantage of aptamers over antibodies as therapeutic agents is
primarily logistics. This is due to the fact that aptamers can be entirely produced in vitro and

are more stable than antibodies.'12
4.2.3 The Lettuce light-up aptamer

The Lettuce DNA light-up aptamer utilized in the first publication listed in this thesis was also
selected in vitro using the SELEX protocol.”>!13114 [ ettuce is a DNA mimicry of the green
fluorescent protein (GFP), akin to the RNA aptamers Spinach and Broccoli.20711>116 Al of them
bind the same ligand, 3,5-Difluoro-4-hydroxybenzylidene imidazolinone (DFHBI-1T), which
is nearly non-fluorescent in solution but exhibits a pronounced (>1.000 fold) increase in
fluorescence upon binding the RNA aptamers, while the increase in fluorescence is more
modest upon binding Lettuce (~30 fold).1!3

The Lettuce FLAP is composed of two stems, named P1 and P2.1*37 Truncation of the P1
stem results in the generation of various shortened variants, such as 4-Lettuce, 8-Lettuce, or 11-
Lettuce (Figure 4). The P2 stem may be shortened by redesigning the FLAP, such that its 5" and
3' terminus are positioned within the P2 stem, resulting in the deletion of the entire P1 stem.
This process yields the shortest possible variant of the Lettuce aptamer, termed “Bibb
Lettuce”.**” The main non-base paired region of the Lettuce aptamer forms a complex binding
pocket for its ligand involving multiple non-canonical base pairs and two G-quartets forming

an antiparallel G-quadruplex. This G-quadruplex, composed of four surrounding antiparallel
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DNA strands, a single Cytosine from P2, and a monovalent cation, serves as the coordinating
agent for the ligand, DFHBI-1T. This results in the formation of a tight bond to the aptamer,

thereby inducing fluorescence enhancement.t’
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Figure 4: Structure of the Lettuce light-up aptamer. The P1 stem stabilizes the active fold generated by
a G-quadruplex forming in the open ring area and can be truncated as indicated by the arrows to generate
the shortened variants 4-, 8- and 11-Lettuce. The P2 stem is partly relevant for fluorescence but can be
shortened as well. This minimal variant with both P1 and P2 shortened is named Bibb Lettuce.

The selection of Spinach2 and Broccoli was specifically driven to function in vivo for live cell
imaging. These constructs have been extensively utilized to image various target classes,
predominantly by co-expression with the RNA of interest.}*4118-120 RNA aptamers can be
selected for in vivo. Therefore, the RNA of interest is synthesized within cells by the cell's
intrinsic transcription machinery. The use of membrane-permeable small-molecule ligands,
such as DFHBI-1T, allows for direct delivery of the ligand by supplementing the growth
medium. This facilitates a direct protocol of transforming an in vitro preselected DNA library
encoding for RNA aptamer variants on a plasmid into cells, expressing the different RNA
aptamers in cells, sorting the cells with FACS, and finally selecting the brightest variants for

sequencing and characterization.

This selection cycle cannot be replicated for DNA aptamers, since cells do not innately possess
the machinery to express sSDNA, and free sSDNA in cells generally results in a stress response
linked to DNA damage or viral infection.!?12* Therefore, a new method of expressing
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functional ssDNA intracellularly is needed in order to evolve ssDNA light-up aptamers that

properly work in cells.
4.2.4 Retrons are a possible expression vector of intracellular ssDNA

Retrons were initially identified in the 1980s as short, multi-copy, single-stranded DNA
sequences (msDNA). The initial finding was made in Myxococcus xanthus, a gram-negative
bacterium derived from a soil sample.’?® Subsequent investigations revealed that analogous
msDNAs were present in additional species, suggesting that these msDNAs are not uncommon
but rather prevalent among bacteria.*?®!2” Following this discovery, structural analysis of these
msDNAs was conducted, revealing their composition to be not only ssDNA, but instead a
hybrid of ssDNA and RNA, with a covalent bond between the 2’-alcohol of a conserved G
residue and the 5°-terminus of the ssDNA.1?8 Following this discovery, a gene cassette from E.
coli found to encode for retron Ecol was cloned into E. coli K12 strain and sequenced, which
revealed multiple components within this gene cassette: A non-coding RNA sequence
containing the RNA covalently bound to the msDNA and the reverse complement of the
msDNA and an open reading frame coding for two proteins: One exhibits notable parallels with
retroviral reverse transcriptases (RT), while the other displays striking similarities to

ribonuclease H.1%°

The biological function of retrons remained elusive for a long time, until, their role as an anti-
phage defense system in bacteria was discovered 36 years following their initial discovery.'*
Bacterial organisms harbor defense islands, which are regions within the respective organism
that contain numerous genes that are unrelated to each other, yet are always associated with
anti-phage defense.!31132 Retrons are situated within these defense islands, which led to the

identification of their biological function as toxin-antitoxin systems.**

Toxin-antitoxin systems are comprised of a toxin capable of disrupting a vital cellular process
and an anti-toxin that prevents the toxins’ action, either through direct inhibition or indirectly
by inhibiting translation or reversing the toxic effect.1*-1* Once a specific trigger condition is
met, the anti-toxin ceases its inhibitory function, and the toxin becomes active. Toxin-antitoxin
systems have been classified into three distinct categories: The first one is post-segregationally
killing, in which the loss of a critical gene leads to cell death.*3® The second category is abortive
infection, which occurs when bacteria are infected with phages, leading to abortive cell death
to halt viral replication and growth.’®” The final category is persister formation, a protective
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dormant state that cells can enter to survive antibiotic treatment.**3!3 Retrons specifically fall
into the category of abortive infection, as they encode a toxin that will lead to cell death upon
phage infection.

A comprehensive investigation involving metagenomic database searches has led to the
identification of over a thousand distinct retron genes.’®® A notable observation from this
analysis is the striking similarity in the structural organization of these genes. The gene cassette
always commences with a non-coding RNA (ncRNA), called the msr (multicopy single-
stranded RNA), followed by the msd (multicopy single-stranded DNA). The msd then serves
as the template for the RT, which produces the msDNA. Following the msd starts the open
reading frame, first encoding the retron specific RT, and finally encoding the toxin, which is
referred to as effector protein.®® The prediction of the specific msDNA sequence from
metagenomic data is challenging; consequently, each retron must be investigated individually
to identify its specific sequence.'*° Furthermore, the identification of effector proteins is also a

tedious process due to their diverse range of activities,13%141-144

Following intracellular transcription, the RT is translated and immediately binds its own
ncRNA, recognizing the msr and msd regions for reverse transcription.!*>-247 A strongly
conserved guanosine located near the 5’-terminus of the msr is recognized, and its 2’ OH is
used as a priming site for the msDNA, reverse transcribing the entire msd.!*” RNase H, an
RNase important to be present in the host organism, recognizes specifically RNA-DNA-hybrid
duplexes and digests the RNA, leaving the newly reverse transcribed msDNA intact.*4" %0 The
finished RNA-DNA covalently linked hybrid structure binds to both the reverse transcriptase
and the effector protein, creating an observatory complex that inhibits the effector protein until

a phage infection triggers the release of the effector protein and activation of the toxin (Figure
5).143'144’151

An important application of retrons at present is the intracellular production of ssDNA. This
has particularly garnered interest in the context of CRISPR/Cas applications, wherein the donor
template DNA can be expressed intracellularly in conjunction with the entire Cas ribonucleotide
complex, as opposed to the conventional method of manual transfection into cells.®>1® This
approach is particularly compelling given the challenges associated with transfection of
ssDNA, including its low efficiency and the variability in outcomes.’™®*® Retrons offer
potential solutions to these issues by facilitating high-throughput screening of a broad spectrum

of mutations due to their high editing efficiency.
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Figure 5: Design of retron with the structure of retron Eco2 as an example. The gene cassette encodes
for the ncRNA, followed by the reverse transcriptase and the effector protein, which are fused into one
protein in the case of Eco2. After transcription and translation of the protein, the RT binds the ncRNA
and starts reverse transcribes half of it into sSSDNA, with the template RNA being removed by RNase H.
The 5” of the ssDNA is thereby linked to the 2°-OH of a highly conserved guanine residue on the ncRNA.

The expression of Cas related ssSDNA is only one application of retrons as a SSDNA expression
platform. Furthermore, the expression of functional sSDNA within the organism also enables
the evolution of sSDNA, resulting in sequences that demonstrate superior functionality in vivo
compared to those selected in vitro. The 10-23 DNAzyme has been expressed in E. coli using
retron Ecol, targeting the mRNA of the cyan fluorescence protein. This allows for a
straightforward readout of DNAzyme activity due to the direct correlation of protein
concentration and fluorescence.'® The next logical step would be to improve upon the activity
of the 10-23 DNAzyme using this system.

From the extensive list of retrons, retron Eco2 (Ec67 in alternative nomenclature) was used for
intracellular ssDNA display in Publication 1 of this thesis.'* Isolated from E. coli, retron Eco2
is among the earliest retron systems identified, with its initial documentation in 1989.1%8 Retron
Eco2 possesses two notable characteristics that distinguish it from numerous other retrons:
First, the effector protein is fused with the reverse transcriptase, resulting in the expression of
both as a single protein. Secondly, retron Eco2 possesses its own RNase H activity, thereby
eliminating its reliance on the host to provide this essential protein in sufficient quantities for
induced overexpression.'*” The msDNA of retron Eco2 is 67 nucleotides in length, with the
final seven nucleotides at the 3' end hybridizing with the corresponding seven nucleotides at

the 3' end of the msr. The 5’-end of the msDNA is covalently linked to the 2’-OH of G15 of the
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msr.22® The effector protein of retron Eco2, fused with the C-terminus of the reverse
transcriptase, contains a topoisomerase-primase-like domain that can degrade tRNAs leading

to inhibition of translation.*3%143
4.25 The 17E DNAzyme

The DNAzyme employed in the second publication of this thesis is the 17E DNAzyme (Figure
6).%° The 33 nucleotide long 17E DNAzyme was originally selected in 2003 from a pool of
~10'* 40mer sequences.®* The DNAzyme was selected in two phases: A first phase consisting
of 12 rounds of selection, followed by sequencing and a subsequent second selection over 6
rounds using an optimized library with 20% sequence degeneracy compared to the most
abundant sequence of the first 12 rounds.?* While the 17E DNAzyme was selected as a Zn(ll)-
dependent catalyst,®* subsequent analysis demonstrated higher activity in the presence of Pb(11),
low activity in the presence of Mn(ll) and Co(ll), and minimal activity with further divalent
metal ions.?*1% Intriguingly, there is almost no activity observable in the presence of Mg(ll),

which is likely the most prevalent cofactor for RNA-cleaving DNAzymes.™®

cleavage site
Cy5 Substrate ﬂ
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Figure 6: Structure of the 17E DNAzyme and substrate as utilized in the subsequent project. The active
site of the DNAzyme is in the bulge and short stem loop, complexing a Zn#* ion. The cleavage site is
right next to the rA, utilizing the 2’-OH of the RNA moiety as a nucleophile for the in-line attack.

The 17E DNAzyme utilizes a distinct two-step mechanism: In the initial step, a hydrophilic
attack is initiated by the 2°-OH of the RNA on the adjacent phosphate group, resulting in the
formation of a 2°-3” cyclic phosphate and the release of the 5’-fragment.>® Subsequent to this,
the cyclic phosphate is hydrolyzed, resulting in the formation of either a 2’- or 3’-
monophosphate group on the 5’-fragment of the substrate. This mechanism elucidates the
pivotal role of the single RNA base at the cleavage site in catalysis, while the remainder of the
substrate can be substituted with DNA moieties. In the case of all divalent ions, the expected

mode of action is a Lewis acid catalysis, though specifically for the Pb(ll) a general acid
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catalysis cannot be ruled out.*®! This finding is consistent with the mode of catalysis for other

closely related RNA-cleaving DNAzymes,162-164

Despite being selected at a pH of 7, and the catalytic mechanism involving a single
deprotonation, the 17E DNAzyme exhibits a moderate activity at acidic pH values.***° This
distinctive property of the 17E DNAzyme is a primary factor that led to its selection as the
genotype cargo for the complex coacervates, given that the fueling reaction involving 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC) necessitates an acidic pH of ~5.3,16%166
Additionally, the utilization of an all-DNA catalyst and majority-DNA substrate offers
enhanced stability against the reactivity of the fuel, which is a significant benefit. The 2’-alcohol
group has the capacity to function as a nucleophile subsequent to activation of a carboxylic acid
moiety by EDC, resulting in irreversible linkage of RNA and precursor peptide. In the event
that this reaction occurs within the active site or binding arms of a nucleic acid catalyst, it is to
be expected that this will likely result in inactivation by steric inhibition of the catalytically

active fold.
4.3 Complex coacervates as protocells

4.3.1 Static complex coacervates

Complex coacervates are a form of liquid-liquid phase separation, bearing resemblance to an
oil droplet suspended in an aqueous solution. However, in contrast to phase separation
occurring due to the use of different solvents, such as water and oil, the two phases of complex
coacervates are both aqueous phases: A polymer poor phase, making up the bulk of the solution,
and a polymer rich phase, containing a majority of the polymers that create the complex
coacervates.’®”-10 Complex coacervates are distinguished from simple coacervates by their
propensity to contain at least two different polymers. In contrast, simple coacervates consist of

a single polymer that carries all the moieties needed to form coacervates.!’*
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Complex
coacervation
—

Figure 7: Some of the most common compositions of coacervates. A) Simple coacervation occurs when
a single polymer species phase separates. B) Complex coacervation occurs when at least two different
polymer species phase separate. C) Hydrogen bonds, D) cation-x interaction, E) n-x interaction and F)
charge-charge interaction are some of the most common forces driving the phase separation. Most
polymers are oppositely charged, but a mix of multiple attractive forces can be utilized in the formation
of complex coacervates, for example by employing a heteromeric peptide with both charged moieties
and aromatic residues.

While complex coacervates can be generated via a diverse set of attractive forces, including
hydrogen bonds, cation-xt, or ©-w interactions, the strongest and most common interaction is the
attraction between a positively and a negatively charged polymer (Figure 7).1"-178 In this case,
the positive charges of a poly-cation and the negative charges of a poly-anion will attract each
other and form the polymer-dense phase, which generally has gel-like properties, compared to
the very liquid polymer-poor phase. The process of droplet formation is contingent upon the
interaction of charged moieties; consequently, a substantial alteration in the ionic strength of
the solution, for example through the excessive addition of salts, will lead to the dissolution of
droplets, as the charge-charge interactions will be perturbed by the increased salt

concentrations, 169177

Complex coacervates present an attractive alternative to vesicles for the compartmentalization
of bottom-up protocell models.t”® While vesicles are the more obvious choice as chassis for
synthetic cells, mainly since they are the predominantly used compartment by all forms of
extant life, complex coacervate offer two distinct advantages. Firstly, complex coacervates are
not contingent upon any form of cross-membrane transport for the purpose of facilitating the
movement of nutrients into the cell or the expulsion of waste from the cell. The liquid-liquid

phase interface allows for diffusion of various water-soluble molecules in and out of the
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protocell. The concentration of a given species within the protocell is thus contingent upon the
partitioning coefficient of that species. In an ideal scenario, a nutrient would possess a high
partitioning coefficient, while waste would exhibit a lower partitioning coefficient. This form
of passive transport vastly reduces the requirements for a protocell system, since neither

components nor energy for transport is needed.

Secondly, complex coacervates are chemically less complex than most vesicle protocell
systems. This property makes them much more robust and easier to adopt to various
physicochemical environments. For instance, prebiotically relevant fatty acid vesicles exhibit a
low tolerance for even moderate concentrations of divalent ions, a condition that is paramount
to the activity of nearly all nucleic acid catalysts.}’®8 Additionally, encapsulation efficiency
constitutes a significant limiting factor during the preparation of vesicle-based protocells,
wherein a substantial quantity of material is required to encapsulate sufficient amounts of
cargo. 818 Fyrthermore, the incorporation of more complex cell-like behavior, such as cross-
membrane transport or division, is considerably more challenging for vesicles compared to
complex coacervates, which can exhibit behavior analogous to budding in the case of certain

fueled complex coacervates, 6184185

The compounds assembling to complex coacervates encompass a broad spectrum of structural
classes, ranging from small molecules to polymers with a molecular weight of hundreds of
thousands of Dalton.'®® Coacervates can comprise molecules found in cellular environments or
entirely synthetic polymers that lack any connection to biological systems. For instance, the
synthetic polymer polydiallyldimethylammonium (PDDA) is an ideal candidate for a
polycation due to the high robustness of the formed coacervates.!81 In addition,
poly(allylamines) can also be utilized as robust alternatives, though they have been less

extensively studied.3:190191

Another prevalent class of polycations includes oligopeptides, with polylysine and polyarginine
being a prominent example. These polycations are notable for their ease of production and the
robust generation of complex coacervates they exhibit under most conditions, a property
attributable to their positive charge 3:323444187.189.191-194 1y aqdition to these homopolymers,
another prevalent class of oligopeptides are heteropolymers with specific sequences. These
heteropolymers often mix positively charged lysine and arginine with uncharged amino acids
like glycine, which serves to space the charges out, or with aromatic amino acids like

phenylalanine, which also benefits from z-n- or cation-n-interactions. 1619419
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Regarding the poly-anions, a notable class commonly employed to generate complex
coacervates are polysaccharides. A plethora of different sugars, like carboxymethyl amylose,
carboxymethyl dextran and dextran sulphate fall within this category.44187.189.19.187 A
significant advantage of the sugar backbone is the abundance of hydroxy groups available for
modification and the high solubility in water even before the incorporation of charged

modifications to the polymer.

Nucleic acids constitute another common class of poly-anion for complex coacervates.
Specifically, RNA has been identified as the common carrier anion in the generation of complex
coacervates. The homopolymer polyuridylic acid (polyU) can be synthesized by the protein
PNPase from the diphosphate monomers UDP, representing a rapid and efficient method for
producing high quantities of polyU RNA.!®® This polyU can then be utilized to generate
complex coacervates, exhibiting the advantage of approximating real-life examples of liquid-

liquid phase separation, such as p-bodies or stress granules.®

In contrast to the utilization of homopolymeric RNA, the employment of specific RNA
sequences has also been demonstrated to facilitate the formation of complex coacervates. Thus,
functional RNA can be utilized to create complex coacervates, with recent studies showing
varied behaviors of the functional RNA, depending on the polycation.'®? For instance, the
incorporation of a ribozyme sequence can result in the creation of a protocell, in which the

catalysis by this ribozyme is amplified through phase separation.32341%

Lastly, there are smaller, non-polymeric molecules, such as ATP and other triphosphate nucleic
acid monomer derivatives.’® A notable benefit of these coacervates is their resemblance to
living systems, as ATP is present in abundance in living cells, and if the protocell already
composes ATP, a fuel for most biological reactions is readily available. Furthermore, the ability
to produce ATP in situ enables the generation of active coacervates through the implementation

of an esterification/nydrolysis reaction cycle.?®

4.3.2 Active complex coacervates

Active molecular assemblies constitute a subgroup of molecular assemblies. In these active
systems, the components necessary for supramolecular assembly are not invariably present in
solution; rather, they are produced in situ.?%* Frequently, these assemblies are driven by a fuel
cycle. In such a cycle, a precursor or monomer block required for the assembly is activated by
the fuel, thereby enabling the assembly and consuming the fuel.2%2-2% [f the activation of the
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building block is reversible without regeneration of the fuel, it can return to the precursor state
again, consuming the fuel as a result. This process culminates in a transient steady state of
assembly for as long as fuel is present, followed by a collapse and return to the dissolved state

after the complete consumption of the fuel.
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Figure 8: The fueling system utilized for the active complex coacervates in this study. A precursor
peptide (top) gets activated by fuel (EDC) producing the waste product EDU and the activated peptide.
The activation reaction is a condensation reaction, masking two negative charges of the carboxylic acid
moieties at the C-terminus and the last residue. This anhydride can be hydrolyzed by H20, once again
yielding the precursor peptide. The lifetime of the activated peptide is ~1 minute at pH 5.3 and 25 °C.%°

In the system employed in the publications two, three and four of this thesis, a precursor peptide
is supplied in conjunction with a poly-anion and a fuel (Figure 8).%52%.207 This precursor
peptide, with the sequence Ac-FRGRGRGD, contains the essential characteristics of a
positively charged polymer necessary for complex coacervation. The structure contains three
positive charges in the arginine sidechains, a glycine spacer between the charges, and
phenylalanine for the purpose of facilitating -n-interactions. In contrast to the aforementioned
design principles, the C-terminus of the peptide contains an aspartate residue with a negatively
charged carboxylic group and a secondary negative charge on the C-terminus itself. This results
in a net charge of +1 for this peptide. It has been determined that this is insufficient to form
complex coacervates with the peptide and the supplied poly-anion polyU.1652% A carbodiimide
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fuel, EDC, has been shown to catalyze the condensation of the two carboxylic acids at the C-
terminus, resulting in the activation of the peptide, increasing the total charge to +3,165209.210
Water can hydrolyze the reaction, resulting in the formation of the precursor peptide once more.
The formation of complex coacervates is contingent upon the presence of an activated peptide,
whereas their dissolution is initiated once all peptide has been deactivated within the solution.
This fuel cycle, when initiated by 25 mM EDC in presence of sufficient precursor to form

complex coacervates, takes about 15 minutes.'®

This system exhibits behavior that is analogous to that of living cells. The presence of fuel is a
prerequisite for the growth and survival of the protocells. In the absence of fuel, the activated
peptide undergoes hydrolysis. Following the complete removal of the activated peptide from
the solution, the protocells undergo a terminal phase, akin to how life cannot persist without a
continuous supply of energy. In addition to its capacity to emulate life-like behavior, the
timescales of droplet longevity and the activity of the 17E DNAzyme align. Due to this, the
modulation of the enzyme's activity can be achieved through the creation of droplets, the
subsequent partitioning of the DNAzyme into the polymer-rich phase, followed by fuel
consumption, resulting in droplet dissolution and sequestering of DNAzyme in solution,

thereby restoring its catalytic activity.®
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5 Goals

During my doctoral studies, | explored functional roles of DNA beyond its canonical functions
in genetic information storage and replication. In particular, | focused on how molecular context
shapes the behavior of functional single-stranded DNA in intracellular and protocellular
systems. My work showed that these DNA species are strongly influenced by their surrounding

environment and can, in turn, modulate that environment.
Aim 1: Establish a retron-based intracellular expression platform for functional ssSDNA.

The first part of this thesis focusses on the intracellular expression of the Lettuce light-up
aptamer highlighting the importance of the environment on ssDNA folding and activity.
Intracellularly selected RNA-based light-up aptamers are adapted to their environment and
exhibit strong fluorescence in their host organism, showing that the environment in which
functional ssDNA aptamers have been selected, is fundamental for their activity.**>1° My goals
were to establish retrons as a versatile sSDNA expression platform and lay the foundation for

in vivo selection of functional sSDNA instead of RNA.
Aim 2: Modulate the activity of a DNAzyme using transient complex coacervates.

Another case highlighting the importance of the direct environment for functional nucleic acids
is presented in the second publication, in which we aimed at modulating the activity of the 17E
DNAzyme by formation and dissolution of transient complex coacervates. In this scenario, the
addition of carbodiimide fuel drastically changes the physicochemical properties of the
DNAzyme’s reaction environment turning a dilute, aqueous phase into a very dense, gel-like
polymer-rich phase of complex coacervates. The goal of this work was to modulate the activity
of the DNAzyme using this system, either strongly enhancing, or completely inhibiting its

activity.

Aim 3: Investigate if sSSDNA can influence the phenotype of a transient complex coacervate

system.

The goal of this work was to explore whether ssDNA can also influence its own environment,

producing morphological changes in metabolically active complex coacervates. This would

allow a bidirectional relationship between environment and ssDNA: The environment

regulating the behavior of the nucleic acid, while the nucleic acids shape the environment

around them. Such a feedback mechanism would allow for Directed Evolution to take place.
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Aim 4: Establish an orientation-specific, sequence-agnostic library preparation,

sequencing and data analysis protocol in the context of artificial cells.

To analyze ssDNA samples isolated from transient droplet environment, we aimed to develop
a custom sequencing workflow based on library preparation methods originally designed for
ancient, damaged, genomic DNA.?* Unlike dsDNA or RNA, short, ssDNA with no fixed
terminal sequences to attach adapters to is a very difficult target to sequence and no suitable
commercial kits or established protocols are available for this application. The overarching goal
was to use this workflow to identify sequences that preferentially partition into transient
complex coacervate droplets and subsequently characterize how these sequences affect droplet

morphology and lifetime.

6 Summary of the individual publications

6.1 Intracellular Expression of a Fluorogenic DNA Aptamer Using Retron
Eco2

Vibhute, M.A.*; Machatzke, C.*; Bigler, K.; Kriimpel, S.; Summerer, D.; Mutschler, H.":
Intracellular Expression of a Fluorogenic DNA Aptamer Using Retron Eco2. eLife 2026,
13:RP99554

The potential of sSDNA as a tool in molecular biology is impressive due to its low production
cost and ease to handle compared to RNA or proteins. A significant challenge are the
intracellular delivery and stability of ssDNAs. One potential solution to this problem would be
the expression of ssDNA directly in the cells, a process which can be achieved by retron
systems.

To this end, the retron Eco2 was utilized in Publication 1 to express a DNA light-up aptamer
in E. coli intracellularly. First, in vitro experiments were conducted to optimize the
incorporation site and specific cargo design used for this project. In silico folding prediction of
the RT-DNA was performed using ViennaRNA. Four different sites in the RT-DNA that were
predicted to remain unpaired (V1-V4) were selected as incorporation sites. Oligonucleotides
containing different length variants (a P1 stem length of 4, 8, 11 or 20 nucleotides, as well as
the even smaller variant Bibb Lettuce) of the Lettuce light-up aptamer were incorporated in
each of these positions.
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The fluorescence of these oligonucleotides was tested using in gel-staining with DFHBI-1T, as
well as bulk measurements to calculate Kp values for these constructs and their ligand. All
constructs with at least an 8 nt P1 stem exhibited Kp values that were not significantly different
from the positive control (full-length Lettuce aptamer). In contrast, for the variant with a 4 nt
long P1 stem, no fluorescence was detected when Lettuce was incorporated into positions V1,
V2 or V3. For the V4 variant with a 4 nt P1 stem, the Kp value was 10-fold higher compared
to the other functional V4 DNA constructs with longer P1 stems. In gel staining confirmed, that

the 8 nt long P1 stem at incorporation site V4 is the shortest, fully fluorescent construct.

The intracellular expression of retron Eco2 with cargo was confirmed by isolating the sSDNA
from the cells after expression and analyzing it on urea-PAGE. This demonstrated that the
expression of all length variants is, in principle, feasible, though expression levels decreased
~75% when any cargo was introduced into the RT-DNA. Consequently, the expression levels
were inadequate for direct in-cell fluorescence detection due to a strong autofluorescence
background. Instead, the expression of functional Lettuce aptamer was verified by isolating the
RT-DNA, concentrating the sample, and analyzing the recovered material on a gel. Using this
approach, the successful intracellular expression of functional Lettuce aptamer could be

demonstrated.

To the best of our knowledge, this is the first instance of intracellular expression of a functional
ssDNA aptamer using an endogenous gene expression platform. Whilst the current expression
levels using the parental Eco2 retron are inadequate for the intracellular detection of fluorogenic
cargo, this platform has the potential to provide a solution for the direct expression of

functional, non-coding sSDNA in cells such as other aptamers or catalytic DNAzymes.
6.2 Regulating Nucleic Acid Catalysis Using Active Droplets

Holtmannspdtter, A.L.*; Machatzke, C.*; Begemann, C.; Salibi, E.; Donau, C.; Spéth, F.;
Boekhoven, J.*; Mutschler, H.": Regulating nucleic acid catalysis using active droplets.
Angewandte Chemie International Edition 2024, 63(47), 202412534

The regulation of chemical reactions is of fundamental importance to all forms of life and is
frequently achieved by means of compartmentalization of components or catalysts. In order to
achieve this in a protocell system, Publication 2’s goal was to enable regulation of 17E

DNAzyme activity by the formation and decay of fueled complex coacervates.®®
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To this end, a variant of the 17E DNAzyme that encompassed two A10 partitioning arms was
designed. This modification was expected to enable hybridization with the polyU RNA used as
the major polyanion in coacervate formation. Indeed, the modified termini enhanced the
partitioning of the DNAzyme by more than 300-fold. This ensured that over 99% of the catalyst
was retained within the complex coacervates. There was no discernible difference in the
effectiveness of substrate cleavage between the Aio tagged and untagged DNAzyme variants,
indicating that these sequence alterations did not impair the activity of the DNAzyme.

Upon addition of fuel, a pronounced difference in activity was observed between the two
versions of the 17E DNAzyme. While the untagged DNAzyme maintained a comparable level
of activity to the unfueled conditions, the tagged DNAzyme became nearly completely inactive.
Subsequently, the underlying cause of this phenomenon was investigated. Utilizing differential
scanning calorimetry (DSC) and circular dichroism (CD), it was shown that the DNAzyme
underwent complete unfolding in the presence of the activated peptide. Given that activated
peptide predominantly resides within the complex coacervates, it can be concluded that at a
minimum 99% of the A1 tagged DNAzyme became unfolded and therefore inactive in the

presence of droplets.

This behavior was then used to establish temporal controlled activation-inhibition cycles of the
DNAzyme using the half-life of the carbodiimide fuel as pacemaker. By the addition of batches
of fuel, the DNAzyme activity was suspended for approximately 15 minutes before it resumed
substrate cleavage at its baseline rate. These cycles could be repeated multiple times within the
same solution. In addition, extended but reversable pausing of DNAzyme activity could be

achieved by continuous fuel addition to the sample.

In conclusion, the dynamic active behavior of the complex coacervates / DNAzymes observed
in this study mimicked, to some degree, the reversible control of enzymatic activity via transient
sequestration into membrane-free compartments. As such, it demonstrates the possibility of a
bottom-up route towards the formation of synthetic cells that are based on a completely
synthetic, non-biological chemistry.
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6.3 DNA affects the phenotype of fuel-dependent coacervate droplets

Machatzke, C.*; Holtmannspotter, A.L.*; Mutschler, H.; Boekhoven, J.*: DNA affects the

phenotype of fuel-dependent coacervate droplets. Nature Communications 2026, 17, 2953.

Publication 3 explores the impact of nucleic acids on the complex coacervate systems into
which they partition.?%® To this end, the effects of 30mer ssDNAs with different sequence

designs on the droplet properties was tested.

First, sequence-related features associated with enhanced partitioning into complex coacervates
were investigated. To this end a N3o SSDNA library was incubated with transient droplets after
which the polymer-rich and polymer-poor phases were separated, and the contained DNA
sequenced and analyzed. The results were remarkable: although only a modest increase in G
content (13%) was observed in sequences recovered from the droplet phase compared with the
supernatant phase (26.5% vs. 29%), this enrichment was not evenly distributed across the
sequence pool. Instead, the strongest increase in G-content was observed at the first and last
positions of the sequences as well as at neighboring positions where G-content increased to
32%, whereas it remained at about 25% in the aqueous polymer-poor phase. This effect
diminished toward the center of the sequences, where the relative increase in G prevalence was
only 6% (26.5% vs. 25%). These findings suggest that the presence of G-rich termini may
promote partitioning into the polymer-rich phase of the droplets.

The sequences obtained by deep-sequencing were furthermore analyzed for motif enrichment.
The results corroborated the aforementioned findings: an enrichment of repetitive G and A
stretches was observed in sequences recovered from the polymer-rich phase of the droplets.
These repeats exhibit a tendency to localize at the termini of sequences, with a length of five to
eight nucleotides. The samples isolated from the droplet phase contained on average twice as
many motifs with five to seven consecutive A or G runs compared to DNA isolated from the
polymer-poor phase. Furthermore, the average Gibbs energy of folding was predicted to be
lower for sequences from the droplet sample compared to the supernatant sample, suggesting

that unstructured sequences preferentially reside inside droplets.

Next, the effect of tailormade A-rich and G-rich sequences on the droplet phenotype was
investigated, with specific focus on droplet lifetime and diffusivity of the polyanionic species
inside the complex coacervates using FRAP experiments. The findings were substantial: While

unbiased sequences (Nao) or A-rich libraries had no significant effect on the droplet life cycle
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or its material properties, the addition of an Az homopolymer nearly halved the lifetime of
fueled coacervates while also markedly reducing the propensity of droplets to coalesce by
rendering them more rigid through their hybridization of the poly(U) polyanionic component
of the coacervates. A further detailed characterization of the system revealed that only seven
terminal As are sufficient to achieve a substantial reduction in the droplet's lifespan. This

observation underscores the pivotal role of the terminal nucleotides in this process.

In contrast, G-rich motifs were shown to enhance the lifetime of droplets. An GgN14Gs
oligonucleotide kinetically trapped the droplet lifecycle, thereby impeding complete dissolution
after EDC hydrolysis, even after extended periods of time (>1 hour). This finding indicated that
the polyG termini triggered the irreversible formation of quasi-static droplets that were
incapable of complete dissolution, thereby explaining the high content of these sequences in

the sequencing sample.

In conclusion, the findings of this publication offer generalizable design principles for
achieving high partitioning of nucleic acid cargo into static and dissipative droplets formed
from poly(U) and polycationic peptides. The main requirements are the presence of G- or A-
repeats at the termini, a design, which is likely compatible with a broad range of functional
nucleic acids, given the tolerance by most of them towards terminal modifications: The
selection of the Ay partitioning arms modification for Publication 2 was made on the basis of
rational design, and no substantial discrepancy in activity was observed between the tagged and

untagged DNAzyme, confirming this approach.

Combining the findings from Publications 2 and 3, it could be shown that sSDNA cargo can
modulate the behavior of active complex coacervates and vice versa. This relationship
establishes a linkage between a primitive “genotype” (DNA sequence) and a phenotype (droplet

properties), thereby paving the way for potential evolution experiments within these systems.

6.4 Protocol for the recovery and deep sequencing of short ssDNA pools

from transient, fuel-dependent coacervate droplets

Holtmannspétter, A.L.*; Machatzke, C.*; Boekhoven, J.; Mutschler, H.*: Recovery and deep
sequencing of short sSDNA pools from transient, fuel-dependent coacervate droplets. STAR
protocols 2026, 7(1), 104293
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The majority of commercially available methods for sequencing are focused on either RNA or
long and double-stranded DNA. This renders the handling of single-stranded DNA a complex
undertaking, owing to the absence of necessary protocols, equipment, and Kkits. Due to the error
rate of simple replicators, the initial genotypes employed in nucleic acid-based synthetic cells
will most likely be short nucleic acids.?'? Therefore, the goal of Publication 4 was to establish
a workflow that enables the recovery of short, sSSDNA from active (but also static) coacervate
droplets and to enable the preparation of orientation specific libraries for next-generation
sequencing without introducing major sequence biases.?%’ In addition, the publication describes

a bioinformatic workflow for sequence analysis and motif discovery.

As a first step, it was necessary to establish a protocol of robust separation of the polymer-rich
and polymer-poor phases in the short time windows provided by the lifetime of EDC-fueled
coacervate droplets. Next, the ssDNA had to be recovered from both phases separately. This
objective was accomplished by implementing a time-sensitive spin down protocol, followed by
the removal of the poly(U) RNA via RNases. After this, a column-based purification of the
sSDNA from the residual droplet material was conducted.

Following the recovery of ssDNA, an orientation-specific, sequence-agnostic ligation of
sequencing adaptors to the sSDNA was performed. The protocol was derived from a library
preparation methodology, which employs a one-pot reaction that uses four different oligos to
ligate a sSDNA of interest.?!! The protocol was adapted to better suit short ssDNA input
sequences, i.e. to improve adapter ligation yields as the desired applications of these two

methods differ greatly.

After sequencing, computational downstream sequence processing and analysis based on
custom scripts and the integration of available tools are described in detail. Typical sequence
characteristics are, for example, nucleotide content and position, predicted minimal free
energies of folding including the most abundant consensus structures as well as the enrichment

of sequence motifs.

The method published in Publication 4 has been employed to study the sequences obtained in
Publication 3. The implementation of this approach is expected to promote methodological
standardization across laboratories in the large field of nucleic acid-driven coacervation,

thereby enabling more robust comparisons between datasets.
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7 Discussion

7.1 ssDNA as a biotechnological tool

The first part of this thesis aimed to demonstrate the expression of a DNA-based aptamer in a
living organism for the first time. A platform for robust expression of functional ssDNA inside
cells may be of considerable interest for biotechnology, diagnostics and therapeutics, as it
expands the range of biomolecules to monitor and modulate cellular activity.

The expression of RT-DNA with the Eco2-retron used in this work showed a considerable
amount of tolerance towards sequence modifications, and several constructs that are
significantly longer than the original wildtype msd could be expressed successfully. However,
expression levels dropped ~75% when cargo was incorporated into the retron scaffold. This
effect is rarely reported on, since retrons containing a SSDNA cargo are primarily used for
genome editing, where only editing efficiency is quantified, not RT-DNA expression.?32 In
the few cases where RT-DNA levels have been quantified, a significant reduction in RT-DNA
abundance across different retron systems and cargos was reported.’>>* Next to lower
expression levels, folding of functional nucleic acids without the help of proteins is challenging
since intracellular concentrations of free Mg?* are low compared to optimal in vitro conditions
(reported values range between 0.25 and 1 mM).?*>216 While the total Mg?* concentration is
higher, most of it is fully or partially chelated by various biomolecules, with ATP being the
most prominent one.?!® As such, with Mg?* being a mandatory cofactor for Lettuce folding and
fluorogenic ligand binding, it is uncertain if these conditions are sufficient to induce an

intracellular fluorescence response upon Lettuce expression.*

Due to these limitations, a direct intracellular detection of Lettuce aptamer fluorescence
remained elusive at this point. From a starting volume of 1 liter of E. coli culture, 2.6 pmol of
Eco2-encoded 8 Lettuce DNA were successfully isolated through the implementation of an
optimized phenol-based extraction protocol. While merely serving as a lower bound for
intracellular concentration, since presumable a large fraction of DNA was lost during isolation,
2.6 pmol of DNA from 1 liter of culture at an optical density (OD) of 2 (assuming 8 x 108
cells/mL per OD) would correspond to a copy number of approximately 1, which would be too

low for the detection of intracellularly expressed Lettuce aptamer by DHFBI-1T fluorescence.
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| propose that this low copy number is a direct result of the toxin domain encoded in the reverse
transcriptase gene of Eco2. Toxin-Antitoxin systems typically reside in a latent, tightly
regulated state, with the capability to rapidly activate the toxin activity once the antitoxin’s
neutralizing effect is reduced due to degradation or e.g. a conformational change.?!’ In the case
of retrons, every copy of the RT-DNA is covalently bound to the corresponding RNA, thereby
functioning as the anti-toxin to the toxin.13%151218 This means that with every expressed copy
of RT-DNA, stoichiometric amounts of the corresponding toxin are also expressed. Thus,
changing the structure of the antitoxin, for example, by encoding cargo in the RT-DNA, might
reduce its efficacy of silencing and thereby increase toxicity. The survival benefit of poorly RT-
DNA expressing cells might therefore be the reason for lower expression levels of retron Eco2
when any cargo is encoded in the RT-DNA, regardless of length or position, since strongly

expressing cells might die early or grow poorly after induction of Eco2 expression.

In the case of Eco2 the toxin domain is fused to the RT enzyme, making it challenging to remove
the toxin.?*® In preliminary work, 1 explored the potential of mutating the active site of the toxin
to hinder its activity. The toxin in retron Eco2 is a TOPRIM domain, containing the canonical
DxD motif for catalysis. | targeted the catalytically important residue E374A to inhibit the
TOPRIM activity, as suggested by previous publications.'*3?1® A notable observation was a
return to a no-cargo baseline cell growth regardless of cargo, while in the case of active toxin,
some cargo designs significantly reduced the OD of cultures they were expressed in (Figure
9A). This finding indicates a strong negative effect of the presence of the wildtype toxin domain
on growth, which can be mitigated by mutating the catalytic site of the toxin. The potential
implications of this phenomenon, specifically whether it will result in elevated copy numbers
of cargo within cells, are yet to be elucidated and will be the focus of subsequent research

endeavors.

Once retron Eco2 or a related retron has been engineered to enable reliable, high-copy-number
expression of modified RT-DNA, it can be used as an expression platform for intracellular
evolution of DNA-aptamers. For example, | compared the fluorescence of Lettuce and the RNA
light up aptamer Broccoli, both in the presence of the same amount of DFHBI-1T (Figure 9B).
A significant disparity in fluorescence intensity was observed, with an observed fluorescence
difference of approximately 75-fold between the two samples. If ssDNA-based light-up
aptamers are to be used in intracellular applications, it is paramount to address this issue of low

fluorescence compared to their RNA counterparts.
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Figure 9: Preliminary data showing the effect of mutating the toxin active site on cell growth. A) OD
measurements of cells expressing different sSDNA cargos in the retron cassette either in presence of the
active (blue) or mutated (orange) toxin. Mutating the toxin restores growth rates equal to the negative
control (no cargo). n = 2. B) Fluorescence emission spectra of the Lettuce aptamer and the Broccoli
aptamer under the same conditions (40 mM HEPES pH 7.4, 100 mM KCI, 1 mM MgCl;, 1 uM DFHBI-
1T, 10 uM aptamer). Fluorescence of Broccoli is ~75-fold higher than Lettuce.

To this end, a (semi-)continuous evolution of the Lettuce aptamer, akin to the selection of
Broccoli, could be employed.* For Broccoli, 4-6 rounds of SELEX were performed on a
random RNA library to identify DFHBI binders. Alternatively, in the case of Lettuce, a library
based on the known aptamer sequence could be used as a starting point. Following SELEX, the
Broccoli library was reverse transcribed, cloned into a vector, and transformed into bacteria. In
the case of Lettuce, a suitable expression system would be necessary. | presented one such
system in this work, using the retron Eco2 scaffold. The cells carrying the best aptamer clones
of this round could be isolated using fluorescence assisted cell sorting (FACS) and either be
screened directly or used for further rounds of selection involving e.g. the introduction of
additional variability into the collapsed library e.g. by using error-prone PCR or E. coli mutator

strains.220:221

While the selection of a superior sSDNA light-up aptamer would constitute a proof of principle,
a logical subsequent step would be the selection of RNA-cleaving DNAzymes. RNA-cleaving
nucleic acid catalysts hold particular interest as potential therapeutic agents, as they can be
easily programmed to target any mRNA, thus allowing the knockdown of many different
targets.??222* Methods established for the selection of ribozymes could be adopted for the
purpose of optimizing DNAzymes as well. For example, during the intracellular selection of a
hammerhead ribozyme (HHz), the mRNA of a short toxic peptide was used as the ribozyme
target. Using this strategy it was ensured that only cells carrying catalytically active ribozyme

variants would propagate.?® To date, the expression of a DNAzyme in a retron scaffold has
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only been demonstrated once.'®” Here, the target was the mRNA of cyan fluorescing protein
(CFP), resulting in a direct readout (reduction of CFP fluorescence) when the mRNA was
cleaved. Analogous to the HHz selection, this system could be used for DNAzyme evolution
by combining a fluorescence readout with cell sorting, thus linking the DNAzyme activity to a

high-throughput selection protocol required for directed evolution.

Achieving this would enable targeting therapeutically relevant gene products such as currently
“undruggable proteins” that lack target sites for small molecule therapeutics.?2%-%3° A prominent
member of this class of challenging drug targets are, for example, the oncogenic mutations of
the Ras protein family.?3! K-Ras, a major regulator of cell-growth and division can be
permanently activated by single mutations located in the P-loop of the GTP binding site such
as, for example G12.2%2 While such Kras mutations are notoriously difficult to target with small
molecules inhibitors, allele-specific therapeutics that target hyperactive variants are in great
demand, and one strategy could be the down-regulation of their expression. Consequently,
RNA-cleaving nucleic acid enzymes that target specific Kras variants are a major focus of
research. For example, a recent proof-of-concept approach based on a transfected RNA-
cleaving XNAzyme was shown to specifically target mutants carrying the mutated K-Ras G12V
oncogene in mammalian cells, resulting in oncogenic cells to return to a healthy

phenotype. 23323

The choice to utilize XNAzymes instead of DNAzymes in the aforementioned study was
primarily determined by considerations of stability. sSSDNA is recognized as stress factor (i.e.
DNA damage or viral infection) in cells and therefore degraded swiftly once identified.?®® This
means that transfections with DNAzymes typically result in very short half-lives of the nucleic
acid therapeutic, and high dosages would be required to achieve a therapeutic effect.?*® Retrons
would reduce this problem two-fold: First, due to potential continuous production of the sSDNA
therapeutic in the target cell, the effective dosage can be a lot lower. Secondly, the stability of
retrons in vivo is exceptionally high due to the protection of the termini by the associated retron
binding protein. In Publication 1, even after four hours, we could not detect any degradation of
the retron DNA in E. coli cells. As such, this exceptional stability of retrons might confer an
advantage that both RNA and XNA lack.
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7.2 Towards catalysis, genotypes, and evolution in synthetic protocells

In Publications 2-4 | made valuable contributions to the development of synthetic protocellular
model systems that approximate several hallmarks of life in a simplified manner. Specifically,
a chemically fueled (“metabolically active”) complex coacervate system was employed to
simulate the feeding and starvation cycles of protocells. By using DNA as a cargo molecule, |
aimed to introduce both information carriers but also biocatalysts in this fascinating model
system. Publication 2 focused on modulating the activity of a DNAzyme using the fueled
droplet system, while Publications 3 and 4 focused on the sequence features that govern DNA
partitioning into the complex coacervate system and the impact of specific DNA sequences on

the morphology and lifetime of the droplets.
7.2.1 The influence of the active droplet environment on their DNA-cargo

In my work with the 17E DNAzyme in the transient droplet system, | successfully proved that
this catalyst can be temporally and, to some degree spatially, controlled by the formation and
decay of transient complex coacervates. This is in contrast to the overwhelming majority of
previous work on nucleic acid catalysis in the presence of complex coacervates, which focusses

on enhancing their catalytic activity in static droplets 171:197:237-239

Moving forward, the optimal subsequent steps would be the introduction of a catalytic activity
other than RNA cleavage. RNA cleavage, by design, is a destructive process, which inherently
does not pair well with the general goal of designing an artificial cell capable of Darwinian
evolution. Instead, ligation or polymerization of nucleic acids are the most compelling

candidates.

Both polymerization and ligation are constructive processes, meaning they yield longer, new or
more complex products than their substrates. Due to longer polyanions generally generating
more stable droplets in this transient system, producing longer nucleic acid fragments is
beneficial for droplet stability and therefore the desired phenotype for Darwinian evolution if
lifetime under fuel-starvation is chosen as a measure for “droplet fitness”.2% Thus, a system
could be envisioned, in which the nucleic acid catalysts primary function is ligation of other
nucleic acids, thereby enhancing the stability of the droplet in which it is located. Such a process
would prolong the lifespan of the droplet, ultimately benefiting the nucleic acid cargo itself, if
for example, the coacervate environment would shield it from a hypothetical nucleolytic
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process. In such a scenario, the mutual benefits would drive both, the selection for more active

DNAzymes as well as of droplets with greater longevity under starvation conditions.

A DNAzyme candidate for this kind of mutualistic system could be the 9DB1 DNAzyme, which
catalyzes the ligation between 5’-triphosphate-RNA and a 3’-OH RNA substrates or the 5°-
AppRNA ligase DNAzyme, which ligates RNA molecules using 5’-adenylated RNA as
activated substrates.?4%24! Neither of these DNAzymes has been tested as cargo in a complex
coacervate system so far and are therefore attractive targets for future studies. Contrary, a
number of RNA-ligating ribozymes have been previously tested in the presence of static
complex coacervate systems.3219242243 Erom these, a particularly interesting candidate is the
R3C ribozyme.?** A variant of it, named R3C ladder ribozyme, catalyzes the formation of long
RNA concatemers from simple RNA repeats.®*3* This specific variant of the R3C ribozyme
was tested in the presence of poly-Lysine, forming complex coacervates with the peptide and
the RNA. A system similar to this, but employing fueled complex coacervates, could potentially
enable Darwinian evolution experiments. This is especially true since changes in droplet
phenotype were already observed in the presence of the R3C ladder ribozyme.®*

Currently, the limiting factor of using ribozymes in the fueled complex coacervates presented
in publications 2-4 is the highly reactive EDC, which leads to undesired side reactions between
nucleic acids and peptides.?*>246 These side reactions are likely to impair any protein- or RNA
biocatalyst introduced to the system. In order to mitigate the impact of this phenomenon, it will
therefore be necessary to explore alternative peptide activation chemistries using more specific

or less reactive fuel molecules.

In the field of supramolecular assemblies, a variety of different fueling strategies have been
suggested. Most of them are equally incompatible with nucleic acids as the EDC chemistry
presented in these publications, like other condensing agents or acid/base catalysts 247248
However, some forms of activation chemistry borrow or are inspired by natural processes, and
thus are compatible with biomolecules. For example, fueling cycles using ATP have been used
to assemble polymers, vesicles and complex coacervates before, in one case even to regulate
cytochrome ¢ activity.?*25! Similarly, active droplets were formed using transient non-

enzymatic phosphorylation reactions using monoamidophosphate.?>

Alternatively, enzymatic activity can be used to modulate the charges on a peptide to form
complex coacervates with RNA, like a kinase/phosphatase combination.?®® Either of these
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approaches would be better suited to regulate the assembly of complex coacervates, if the goal
of the assembly is DNA catalysis. Most interestingly, the phosphorylation/dephosphorylation
reaction could be catalyzed by ribozymes, allowing the biomimetic integration of enzymatically

driven lifecycles into the complex coacervate cargo itself.2>+2°
7.2.2 Cargo influence on active droplets

After identifying how active droplets can regulate the activity of their cargo, | investigated how
different DNA cargos can influence the droplet phenotype. The goal was to identify nucleic
acid sequence features and motifs that have a specific effect on droplet lifetime and
morphology. In order to investigate the impact of ssSDNA on the fueled complex coacervate
droplets, a sSDNA recovery and sequencing protocol was developed first. This protocol is
described in detail in Publication 4. I used this protocol to analyze the content of the complex

coacervate droplets that were generated for Publication 3.

Although the content of prebiotically plausible cells is of great interest to the origin of life
community, little research exists on quantifying the nucleotide content of artificial cells. In
2022, a single investigation of RNA content in individual complex coacervates was performed
using a modified RNA sequencing protocol.'® This previous work could rely on the extensive
research in the field of single-cell RNA sequencing for sample purification, library preparation

and downstream analysis.?**%

Biologically relevant sequencing samples are usually either RNA or dsDNA, due to their
cellular prevalence. ssDNA, on the other hand, is much rarer in a cellular context, resulting in
an underrepresentation of methods for deep sequencing of short ssDNAs. One subfield that
works with samples containing short sSSDNAs is the field of ancient / damaged DNA sequencing
that often has to analyze samples of mixed double stranded and single stranded identities.?%82>°
The methods employed for these samples denature the genomic DNA into long sSDNAs before
sequencing adaptors bound to magnetic beads are ligated to them with the help of T4 DNA
ligase.282%0 The method | developed and presented in Publication 4 is based on a similar
method, in which the ligation procedure is a one-pot, single-step reaction that does not require
the use of magnetic beads.?*! To the best of my knowledge, the method developed in Publication
4 is the first sequencing method solely targeted at short, sSSDNA sequences. As demonstrated in

Publications 3 and 4, these sequences can be analyzed with a rich portfolio of bioinformatic
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tools and may help to standardize analysis workflows methods in the field of synthetic cell and

origin of life research.

Based on our sequencing results of the droplet and supernatant DNA content, | formulated the
following hypothesis: The free, unfolded termini of a sSDNA molecule interact with the droplet
material either via Watson-Crick base pairing (poly(A) with poly(U)) or via hydrogen bonds
and salt bridges (poly(G) with Arg).?%! Considering the prevalence of poly(G) motifs, |
hypothesize that the latter interaction is more significant and results in more stable droplets than

the former.

A notable limitation of the current approach was the inability to amplify recovered DNA for
subsequent rounds of selection. Due to the experimental design, it was impossible to enrich
sequences by polymerase chain reactions (as typically employed in directed evolution
experiments) while maintaining the complete randomness of the sequences. A process
involving amplification and reselection may result in a sequence or a pool of sequences that
offer a more specific benefit to the droplets, as opposed to the more general modes of action

that have been identified.

Active Droplet /—\ Metastable Droplet
Time -7~ :
’ - 5 man : oo

Substrate

DNAzyme EDC

Figure 10: Design for DNA ligating DNAzyme evolution using active complex coacervates. A library
of potential DNAzymes and a G-rich Substrate is combined with the droplet system. Some of the
DNAzymes will be capable of ligating the Substrate to themselves, adding a G-rich tail. A fueling cycle
will result in active droplets, followed by dissolution of droplets. Metastable droplets, containing the
successfully ligated DNAzyme, will remain due to the interaction of the G-rich substrate and the droplet
material. These metastable droplets can operate as seeds for a new fueling round, continuously enriching
active DNAzymes. Harvesting of the metastable droplets will yield the active species for amplification,
identification and characterization.
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To this end, I have conducted some preliminary experiments and designed a library with fixed
primers. Given the inevitable terminal nature of the primers, this approach eliminates the biases
that were identified in the aforementioned research, revealing that the termini play a pivotal
role in inducing changes to the droplet phenotype. MeRPy-PCR, a special PCR variant was also
employed, in which only the desired strand is pulled down after the PCR by binding one primer
to a solid-phase anchor.?%? The results of this work are only preliminary but will be explored
further to potentially find further, more specific modes of action to influence the droplet

phenotype.

In the long term, this platform could be used to evolve DNAzymes. For example, a DNA-
ligating DNAzyme capable of self-ligation to a substrate with G-rich termini could take
advantage of the fact that metastable droplets are preferentially formed by GsN14Gg sequences
to create seeds for droplets in a new fuel cycle (Figure 10). More efficient ligase DNAzymes
would create these seeds more quickly and enrich themselves in the surviving metastable
droplets over multiple fueling rounds. PCR-based amplification, using solid-phase anchored
primers as described above, could then amplify the specific DNAzymes based on the ligated,

G-rich termini. This process would continuously select for the optimal DNAzyme DNA ligase.
7.3 Conclusion

In this thesis, | explored the capabilities of functional deoxynucleic acids in two very different
contexts — living bacterial organisms and purely synthetic compartments. However, when
viewed in a broader context, both systems aim to offer platforms for the future evolution of

functional deoxynucleic acids, connecting these projects in their core concepts.

In the first part of my thesis, | characterized a retron-based platform for the intracellular
expression of sSDNA. In the future, this platform could be used for intracellular DNA-apatamer
selection such as, for example, improved GFP-mimicking DNA light-up aptamers that are more
compatible with cytosolic environments than current variants. While | could demonstrate
intracellular expression of light up aptamers as well as potential routes towards further
improvements of the platform, the conduction of selection experiments was not possible within

the time frame of this thesis.

In the second part of this thesis, | explored the feasibility of using highly simplified chemical
systems consisting of synthetic sSDNA, peptides, and condensing agents to develop model
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protocells with a distinct genotype-phenotype linkage thereby providing a conceptual
foundation for future directed evolution experiments. After establishing the model system
presented above, and providing valuable insight into designs and constraints that govern
evolvability in fuel-driven complex coacervate protocells, due to time constraints, Darwinian
evolution could not yet be realized. Currently, the main limitation of the system is the
condensing fuel used to drive complex coacervation being partly incompatible with nucleic
acids. This reduces the potential design space to build an evolving system by, for example,
excluding ribozymes. Addressing this challenge will likely require a revised activation strategy
using alternative chemistries, like an ATP driven fuel cycle, to allow for robust directed

evolution in synthetic protocells.

Nonetheless, this work is a big leap towards evolution in synthetic protocells, and while I might
not have etched the entire path from lifeless rock to living organism, I did start chiseling towards

this common goal.
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Intracellular expression of a fluorogenic

DNA aptamer using retron Eco2
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elLife Assessment

This study presents a method for expressing single-stranded DNA fluorescent aptamers in E. coli
using a retron-based strategy. The evidence supporting the successful expression and folding

of DNA aptamers is solid, with clear demonstration of fluorescence after extraction, though the
aptamers do not function in living cells. The method represents an important technical advance that
will likely become standard for DNA aptamer expression in bacterial systems.

Abstract DNA aptamers are short, single-stranded DNA molecules that bind specifically to

a range of targets such as proteins, cells, and small molecules. Typically, they are utilized in the
development of therapeutic agents, diagnostics, drug delivery systems, and biosensors. Although
aptamers perform well in controlled extracellular environments, their intracellular use has been less
explored due to challenges of expressing them in vivo. In this study, we employed the bacterial
retron system Eco2 to express a DNA light-up aptamer in Escherichia coli. Our data confirms that
structure-guided insertion of the aptamer domain into the non-coding region of the retron enables
reverse transcription and biosynthesis of functional aptamer constructs in bacteria. The purified DNA
aptamer synthesized under intracellular conditions shows comparable activity to a chemically synthe-
sized control. Our findings demonstrate that retrons can be used to express short DNA aptamers
within living cells, potentially broadening and optimizing their application in intracellular settings.

Introduction

Aptamers are single-stranded nucleic acids that fold into distinct structures, allowing them to bind
specifically to target ligands (Dunn et al., 2017). The ligand-binding sites of aptamers are tailored
to the shape and charge of the ligand, enabling precise interactions. In particular, aptamers isolated
through in vitro selection protocols serve as affinity reagents, positioning them as nucleic acid analogs
of antibodies (Keefe et al., 2010; Qian et al., 2022). As such, they offer distinct advantages over
their protein-based counterparts such as small size, as well as rapid and cost-effective manufacturing
(Qian et al., 2022). An area of particular interest is the development of fluorescent light-up aptamers
(FLAPs), (Neubacher and Hennig, 2019; Zhou and Zhang, 2022; Ouellet, 2016) which specifically
bind conditionally fluorescent dyes and activate their fluorescence (Chen et al., 2019). The advent
of FLAPs has also significantly advanced the study of folding of aptamers, as efficient folding can be
determined as a function of fluorescence output. Pioneering work by Jaffery and coworkers has led to
the proliferation of numerous FLAPs. Notable examples include the RNA-FLAPs Spinach (Paige et al.,
2011), Broccoli (Filonov et al., 2014), Corn (Song et al., 2017), Mango (Dolgosheina et al., 2014),
Squash (Dey et al., 2022), and Pepper (Chen et al., 2019). These fluorogenic RNA aptamers serve as
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Figure 1. Eco2 retron locus and RT-D

NA architecture. Schematic of the Eco2 gene locus, which encodes the non-coding RNA (ncRNA, blue) and the

Eco2 reverse transcriptase gene (Eco2RT, green). The msd (yellow) region of the ncRNA is reverse transcribed into msd DNA, which is linked to the

remaining msrvia a 2'-5' linkage conserved guanosine close to the 3'-end of the msr, as indicated in the inset.

RNA mimics of fluorescent proteins and have transformed cellular imaging techniques to locate and
understand RNA dynamics in vivo.

In contrast to RNA aptamers, DNA aptamers offer enhanced stability, greater ease of synthesis
and chemical modification, as well as reduced cost, thereby facilitating more straightforward produc-
tion and broader applicability in diverse fields, including therapeutics and diagnostics (Qian et al.,
2022; Zhu et al., 2015). For example, Lettuce, a DNA FLAP that mimics the fluorescent properties
of GFP, holds great promise for pathogen detection or as intracellular sensors for tumor cell recog-
nition (VarnBuhler et al., 2022, Passalacqua et al., 2023, Mou et al., 2023). However, since most
DNA aptamer studies focus on their development and characterization in vitro, their potential for
applications inside living cells remains largely unexplored. A particular challenge in this context is the
difficulty of biosynthesizing DNA aptamers in cells. Indeed, the ability to transcribe single-stranded
RNA from DNA-based vectors has decisively contributed to the development of diverse RNA FLAPs
for in-cell applications, such as the Broccoli aptamer (Filonov et al., 2014). Therefore, methods for
the intracellular synthesis and functional studies of single-stranded DNA (ssDNA) aptamers are highly
desirable. Only a few approaches for intracellular ssDNA synthesis have been reported, in all cases
using exogenous systems such as phagemid vectors (Lin et al., 2008), phages (Chen et al., 2004),
and eukaryotic retroviral reverse transcriptases (Li et al., 2010; Chen et al., 2003; Chen, 2002; Elbaz
et al., 2016; Alon et al., 2020).

A more integrated, efficient, and potentially safer alternative to exogenous ssDNA expres-
sion systems could be the use of endogenous bacterial platforms. Retrons are prokaryotic genetic
elements that are part of the bacterial phage defense machinery (Palka et al., 2022; Wang et al.,
2022; Millman et al., 2020; Bobonis et al., 2020). Each retron typically consists of three components,
namely a ncRNA transcript, an RT, and an effector protein. The ncRNA transcript adopts a specific
secondary structure, nested between two repeat regions at its 5’ and 3’ ends that are complementary
and hybridize (Figure 1). The RT recognizes the folded ncRNA and initiates reverse transcription from
the 2'OH of a conserved guanosine, using the base-paired region as primer (Simon et al., 2019).
The reverse transcription proceeds until about halfway along the ncRNA. Simultaneously, the RNA
template is degraded by RNase H1, except for a stretch of approximately 5-10 RNA bases, which
remain hybridized to the cDNA (Palka et al., 2022). This results in a hybrid RNA-DNA structure
(RT-DNA), with the non-coding RNA and DNA elements msr and msd, respectively. msr and msd
are covalently attached by a 2'-5' linkage at the conserved guanosine and the base paired region
close to the 5" end of msd (3' end of msr). This ability of retrons to synthesize abundant ssDNA in
vivo has generated considerable interest in using them as an alternative to exogenously delivered
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Figure 2. Recombinant expression of Eco2 RT-DNA. (A) lllustration of primer target sites for gPCR experiments to determine RT-DNA abundance. The
black arrows indicate the forward primer that pairs either with the purple reverse primer (amplify both RT-DNA and plasmid DNA) or the blue reverse
primer that only amplified the plasmid DNA. (B) Fold enrichment of the RT-DNA/plasmid template over the plasmid alone upon induction, as measured
by gPCR; Unpaired t-test, induced versus uninduced: p<0.0001; n=3 biological replicates. (C) A TBE-Urea polyacrylamide gel, stained with SYBR Gold
showing RT-DNA corresponding to retron Eco1 (90 nt) and retron Eco2 (70 nt).

The online version of this article includes the following source data and figure supplement(s) for figure 2:
Source data 1. Raw data corresponding to Figure 2B.

Source data 2. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 2C.
Source data 3. Original image file of PAGE gel displayed in Figure 2C.

Figure supplement 1. Determination of half-life of RT-DNA.

Figure supplement 1—source data 1. Raw data corresponding to Figure 2—figure supplement 1.

DNA oligonucleotides in genome engineering and genome editing (Simon et al., 2019; Simon et al.,
2018; Ellington and Reisch, 2022; Schubert et al., 2021; Lopez et al., 2022; Lim et al., 2020;
Sharon et al., 2018; Liu et al., 2023).

While retrons have also been proposed as a potential method for expressing DNA aptamers (Chen
et al., 2003; Elbaz et al., 2016), this approach has not yet been experimentally validated. Recent
studies have indicated that retrons can indeed be leveraged to express functional ssDNA in vivo. For
example, Lopez et al., 2022 tested modifications to the ncRNA in case of retron Ecol in order to
boost RT-DNA abundance. More recently, Liu et al., 2024Liu et al. also used retron Eco1 to express
10-23 DNAzyme in vivo. However, it is poorly understood how the encoding of a functional ssDNA
sequence in retrons will affect its activity. Such studies may lead to valuable design principles that
would be especially important in the cellular context, as the RT-DNA is known to interact with not only
the RT but, depending on the retron, also RNaseH and the retron associated effector proteins (Palka
et al., 2022, Wang et al., 2022).

In this work, we sought to demonstrate expression of a DNA FLAP Lettuce as a model using
retron Eco2 (Lampson et al., 1989). We first characterize expression of plasmid-borne wild type Eco2,
determining abundance and intracellular stability of Eco2 RT-DNA. Subsequently, we test suitable
integration sites of different length variants of Lettuce within the retron msd using in vitro proto-
typing. After identifying effective insertion positions, we finally demonstrate fluorogenic activity of the
expressed RT-DNA, embedded within the Lettuce aptamer. Our work demonstrates proof of concept
of expressing DNA aptamers using retrons.

Results

We first established an expression system for retron Eco2 by cloning the ncRNA and RT in a pET28a
plasmid backbone, under the control of a T7 promoter. The plasmid was transformed in BL21Al cells
that enable tight control of T7-based expression. The intracellular synthesis of Eco2 RT-DNA expres-
sion was induced with 1 mM IPTG and 0,2% arabinose (‘Materials and methods’) and confirmed by
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denaturing PAGE of DNA extracts from induced cells (Figure 2). Using gel-based quantification of
both RT-DNAs, we observed that Eco2 RT-DNA expression levels were approximately 3—4 times higher
than those of genomically encoded Ecol RT-DNA. To quantify expression levels, we further charac-
terized Eco2 RT-DNA expression using gPCR (Figure 2B). Upon induction with IPTG and arabinose,
we observed that the copy-number ratio between amplicon 1 (which can arise from amplification of
both single-stranded RT-DNA and plasmid DNA, as shown in Figure 2A) and amplicon 2 (which can
only be amplified from the plasmid construct) increased by almost eightfold in induced compared
to uninduced cells. Assuming an average copy number of 15-20 for the pET28b expression, which
utilizes a pBR322 origin (Jahn et al., 2016), we estimate that 100-200 single-stranded RT-DNA mole-
cules are present in induced cells. With an average cytoplasmic volume of 7 x 107" L of an Escherichia
coli cell (Phillips et al., 2012), this corresponds to an intracellular concentration of approximately
250-500 nM.

Because no data are available on the stability of single-stranded RT-DNA in cells, we next deter-
mined the half-life of Eco2 RT-DNA. To this end, induced cells were thoroughly washed to remove
residual IPTG and arabinose, thereby preventing de novo expression of RT-DNA. The washed cells
were then resuspended in fresh medium and allowed to continue growing. RT-DNA levels were quan-
tified by gPCR at defined time points. The gradual decrease in RT-DNA abundance could thus be
attributed to either active degradation (e.g., by intracellular nucleases) or dilution due to cell growth
and division. Intriguingly, no evidence for active RT-DNA degradation was observed as the decrease
in RT-DNA could be entirely explained by dilution (Figure 2—figure supplement 1), indicating excep-
tional intracellular stability.

Having established the inducible expression of plasmid-encoded Eco2 in E. coli, we next sought
to explore its suitability as a scaffold to host a functional Lettuce aptamer. Expression of ssDNA using
retrons is typically achieved by encoding a cargo gene in the msd region of the ncRNA. This approach
has been successfully demonstrated for recombineering donors (Lopez et al., 2022), protein-binding
DNA sequences (Lee and Kim, 2023), and DNAzymes (Liu et al., 2024). However, it was not clear
as to what extent the folding of the cargo aptamer sequence would be affected due to the extensive
secondary structure of the Eco2 msr-msd RNA-DNA hybrid.

We speculated that the position of the Lettuce aptamer domain in the msd region would signifi-
cantly affect its ability to fold into the functional three-dimensional structure. To test this hypothesis,
we used a structure-guided approach to insert different variants of the Lettuce aptamer as cargo
into four different positions in the msd region of retron Eco2 (Figure 3A, B). To identify four suitable
insertion sites in the msd, we used the minimal free energy structure predicted for the Eco2 wild type
msd by RNAfold (Lorenz et al., 2011) with energy parameters for DNA as guide to identify single
stranded and/or loop regions where an insertion of the Lettuce domain was expected to not interfere
with the native fold of the remaining msd sequence. We omitted the msr-overlapping region in the
input sequences as it is known to form a duplex with the RTDNA as well as the msr RNA, as to the best
of our knowledge, there is no algorithm capable of simulating mixed RNA-DNA sequences that are
connected via a 2'-5' bond. The positions v1 and v3 are in two different predicted loop regions. The
insertions site v2 is located in a single stranded that connects two hairpin loops, whereas position v4
is directly upstream of the predicted base-paired region between the msd and msr sequences.

The P1 stem of the original lettuce aptamer can be truncated down to four base pairs without
significantly affecting its fluorescence output upon DFHBI-1T binding (VarnBuhler et al., 2022). We
made use of this property in order to minimize the impact of Lettuce insertion on RT-DNA maturation
while maintaining the ligand binding activity of Lettuce. Initially, we probed if truncated aptamer
variants with P1 stem lengths of 4, 8, and 11 base pairs (designated 4L, 8L, and 11L) along with the
full-length aptamer (FL) can still fold after embedding them into the integration sites of the emulated
Eco2 RT-DNA.

Using chemically synthesized RT-DNA-Lettuce fusion constructs as prototypes, we first tested the
fluorogenic potential of 4L after its insertion into the above-mentioned positions v1 to v4 of the Eco2
RT-DNA (resulting in the constructs 4LEv1 — 4LEv4) using in-gel staining with DFHBI-1T (Figure 3—
figure supplement 1). We observed only very low levels of in-gel fluorescence compared to a stan-
dard full-length Lettuce (FL) or 4L alone, indicating that 4L folding was hampered upon embedding in
the retron msd scaffold. In contrast, we observed a pronounced fluorescence signal for 8L when it was
inserted position v4 (Figure 3C), demonstrating that this insertion site was compatible with Lettuce
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Figure 3. Expression of Lettuce-Eco?2 fusion constructs in E. coli cells. (A) Schematic of Lettuce aptamer. The arrows indicate the length to which the P1
stem can be shortened without significant loss of FLAP functionality. (B) Schematic of insertion of Lettuce aptamer sequence in 4 distinct positions in the
msd region of retron Eco2. The ssDNA structure was simulated using Vienna RNA fold with DNA parameters. Lettuce aptamer sequence was inserted at
single-stranded and/or loop regions to minimize interference with the native fold of the msd sequence. (C) DFHBI-1T stained TBE urea-PAGE showing
fluorescence of different oligonucleotides mimicking the Lettuce-Eco2 (LE) fusion constructs with varying P1 lengths: 8LE v1-v4 (134 nt), 11LE (140 nt),
and FLE (166 nt). Free Lettuce with either the 4 nt P1 stem (4 L) or full-length P1 (FL) served as positive controls. (D) SYBR stained TBE urea-PAGE of
extracted Eco2 wild type and Eco2-Lettuce RT-DNA fusions after expression in E. coli. In all variants, the lettuce aptamer was inserted into position v4

Figure 3 continued on next page
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of the msd scaffold. (E) DFHBI-1T stained TBE urea-PAGE showing fluorescence of 8LEv4 RT-DNA purified from E. coli cells. Lanes with different loading
amounts in pmol of the synthetic RT-DNA standards are shown as comparison.

The online version of this article includes the following source data, source code, and figure supplement(s) for figure 3:

Source data 1. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 3C.

Source data 2. Original image file of PAGE gel displayed in Figure 3C.

Source data 3. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 3D.

Source data 4. Original image file of PAGE gel displayed in Figure 3D.

Source data 5. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 3E.

Source data 6. Original image file of PAGE gel displayed in Figure 3E.

Figure supplement 1. DFBI-1T staining of 4LE oligonucleotides.

Figure supplement 1—source data 1. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 3—figure

supplement 1B.

Figure supplement 1—source data 2. Original image file of PAGE gel displayed in Figure 3—figure supplement 1B.

Figure supplement 2. Fluorescence titration experiments using chemically synthesized Lettuce-Eco2 v4 variants.

Figure supplement 2—source data 1. Raw data corresponding to Figure 3—figure supplement 2.

Figure supplement 2—source code 1. Source code used for fitting data from Figure 3—figure supplement 2.

Figure supplement 3. Detection of extracted RT-DNA constructs.

Figure supplement 3—source data 1. PDF file containing original PAGE gel indicating relevant bands, corresponding to Figure 3—figure

supplement 3.

Figure supplement 3—source data 2. Original image file of PAGE gel displayed in Figure 3—figure supplement 3.

Figure supplement 4. Bulk in vivo fluorescence measurements of 8LEv1-4 with DFHBI-1T.

Figure supplement 4—source data 1. Raw data corresponding to Figure 3—figure supplement 4.

Figure supplement 5. Comparison of fluorogenic activity of Lettuce (DNA) and Broccoli (RNA) aptamers.

Figure supplement 5—source data 1. Raw data corresponding to Figure 3—figure supplement 5.

folding given a sufficient length of P1. Similarly, we observed strong in-gel fluorescence signals for
11LEv4 and FLEv4 comparable with native full-length Lettuce.

To cross-validate these results, we determined the dissociation constants between DFHBI-1T
and the chemically synthesized Eco2-Lettuce v4 surrogate constructs using the reported Lettuce
binding buffer (40 mM HEPES pH 7.5, 100 mM KCI, and 1 mM MgCl,) (VarnBuhler et al., 2022).
When increasing concentrations of each oligonucleotide were incubated in binding buffer containing
a constant concentration of DFHBI-1T, we obtained well-defined fluorescence responses for all v4
constructs (Figure 3—figure supplement 2). When fitting the binding isotherms with a quadratic
association curve, we obtained dissociation constants (Ky) for 8LE, 11LE, and FLE that were compa-
rable to the unembedded full-length aptamer (FL) ~0.12 uM (0.01, 2.46, 95% ClI). Binding was weaker
for the synthesized ssDNA mimic 4LE-v4, with a Ky of ~6 pM (4.92, 7.18, 95% Cl), which was well in
agreement with our in-gel fluorescence experiments.

Having confirmed that the v4 surrogate of 8LE, 11LE, and FLE constructs maintained the light-up
aptamer properties of the embedded Lettuce sequences, we investigated whether the different
length variants could be expressed in E. coli after integration into the plasmid-borne msd region
of retron Eco2. PAGE analysis of RT-DNA from induced E. coli BL21-Al expressing the Eco2-Lettuce
fusion constructs confirmed complete synthesis of the 8LE (134 nt) and 11LE (140 nt) species, and
low-level production of FLE (166 nt), despite their msd-encoded RT-DNAs being more than twice as
long as the wild-type (67 nt). Overall, the insertion of the Lettuce aptamer domain into the msd region
of retron Eco2 resulted in a decrease in RT-DNA level compared to wild-type Eco2: While the length-
corrected intensity of wild-type Eco2 was threefold higher than that of the endogenous Eco1 band,
the 4LE, 8LE, 11LE, and FLE constructs showed between ~25% (FLE) and ~65-90% (4LE, 8LE, and
11LE) of the length-corrected relative band intensities (Figure 3D).

Next, we tested whether heterologously expressed 8LEv4 RT-DNA retains its fluorogenic prop-
erties, as it remained unknown whether retron-derived aptamer-DNAs produced under intracellular
conditions are functionally equivalent to chemically synthesized ssDNA oligonucleotides. Because
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column-based purification could not be scaled efficiently due to the large amounts of plasmid DNA
suppressing column binding of the short ssDNAs, we developed a modified TRIzol-based extraction
protocol optimized for ssDNA isolation while minimizing co-purification of plasmid DNA. Although
the new method yielded considerably cleaner RT-DNA preparations, overall recovery was lower,
necessitating the use of larger culture volumes to obtain sufficient material for analysis. The new
extraction method was evaluated in pilot experiments for the 8LEv1-4 variants, and PAGE analysis of
the isolated RT-DNA from pilot-scale experiments confirmed full-length synthesis of all four position
variants (Figure 3—figure supplement 3). This approach was then applied to larger volumes for
preparative extractions. TBE-urea PAGE analysis with DFHBI-1T staining indeed revealed that the
purified, intracellular ssDNA retains fluorogenic activity upon DFHBI-1T binding (Figure 3E) .

While induced cultures expressing 8LEv4 did not show measurable fluorescence above DFHBI-1T-
independent, expression-related autofluorescence (Figure 3—figure supplement 4), the intracellular
production of a fluorogen-binding RT-DNA supports the idea that retron-encoded ssDNA can, in prin-
ciple, generate functional aptamers in cells. The limited in vivo signal likely reflects both the moderate
RT-DNA abundance (=100-200 molecules per cell) and the substantially lower fluorogenic efficiency of
Lettuce compared with the RNA light-up aptamer Broccoli (~100-fold, Figure 3—figure supplement
5), which is optimized for in vivo imaging of RNA (Filonov et al., 2014). Nevertheless, the detection
of fluorogenic activity in purified material establishes a proof-of-principle that retron-derived ssDNA
can be used to display DNA aptamers inside living cells.

Discussion

Bacterial retrons such as Eco2 provide a versatile platform for intracellular reverse transcription-
based synthesis of single-stranded DNA. To our knowledge, our present study is the first to show that
functional DNA aptamers that recognize small molecule ligands can also be expressed via retrons.
Expanding the repertoire of retrons toward DNA aptamer expression promises to significantly expand
the repertoire of functional non-coding DNAs and enable the creation of new sensors and regulators
with a wide range of intracellular applications. At the same time, retron platforms provide a direct
way to tailor DNA aptamers specifically to intracellular conditions. This is particularly important as
our data show that both the low expression levels in combination with the moderate fluorogenic
activity of Lettuce provide ample room for, for example, evolutionary improvement of retron-encoded
DNA aptamer performance under intracellular conditions. We observed a significant decrease in Eco2
expression levels after integration of the Lettuce domain, suggesting that reverse transcription is
hindered by the changes in the msd sequence (Lopez et al., 2022).

In Eco2, the RT is directly fused to a topoisomerase-primase-like (Toprim) effector domain, whose
activity causes abortive infection (Wang et al., 2025; Pausch et al., 2025). Recent structural studies
elucidated the structure of the Eco2 nucleoprotein complex and revealed that each RT-Toprim fusion
protein forms a 1:1 complex with the 2’-5" linked DNA-RNA hybrid that further assembles into a
trimer (Wang et al., 2025). Interestingly, while the msr portion of each complex bridges adjacent
RT-Toprim monomers and is integral to the structural integrity of the complex, the electron density
of the msd beyond the stem downstream of the branched 2'-5' linkage remained largely undefined,
suggesting a strong degree of flexibility. The proximal msd stem is proposed to sterically block the
nuclease active site of the Toprim effector domain; upon activation by the phage-encoded ssDNA
nuclease DenB from T4-related phages, this inhibition is relieved, enabling Toprim to cleave tRNA
and thereby inducing translational shutdown (Wang et al., 2025; Pausch et al., 2025). The electron
density of the distal msd region was largely unresolved in the reported cryo-EM structure, indicating
that it is not an integral structural element of Eco2 and likely tolerates mutations or insertions without
preventing trimerization. In our study, we indeed observed no major growth defects upon insertion of
the aptamer domain at positions v1 to v4, confirming the high degree of tolerance of the msd region
distal to the 2’5" branch point. This suggests that alternative functional sequences could be similarly
integrated into the distal msd segment, provided that flanking msr and msd regions do not disrupt
folding. A major advantage of retron-based intracellular synthesis of ssDNA in vivo is its simplicity.
The desired sequence can be cloned into the msd region of plasmid-borne or genomically encoded
retron Eco2. The copy number of the aptamer can also, in principle, be tuned by inducer concentra-
tion, promoter strength, and plasmid copy number. An ever-increasing number of DNA aptamers
have been generated against a wide range of targets, from small molecules, macromolecules to whole
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cells (Qian et al., 2022; Sharma et al., 2017). The retron system used in this work could enable the
exploration of cellular applications for this growing repertoire of DNA aptamers. A further advantage
of expressing DNA aptamers with retrons is the exceptional intracellular stability of the msd-derived
ssDNA in the retron complex (Figure 2—figure supplement 1). Finally, expression of related retron
systems has been demonstrated in yeast (Miyata et al., 1992) and mammalian cells (Lopez et al.,
2022; Mirochnitchenko et al., 1994), thus potentially widening the range of in vivo applications of
DNA aptamers.

In conclusion, retron-based aptamer expression platforms present a promising avenue for the
development of novel DNA-based applications. Future research aimed at optimizing intracellular
synthesis may elucidate the conditions under which larger single-stranded DNAs can be synthesized
at higher concentrations without compromising reverse transcription and may also identify the key
factors influencing the optimal in vivo folding of cargo sequences.

Materials and methods

Source or reference Identifiers Additional information

Gene (Escherichia coli) Ec67 (Eco2) https://doi.org/10.1016/j.cell. Ec67 (pAA11) Supplementary file 1a
2020.09.065
Strain, strain background (E.  BL21(Al) Thermo Fisher Scientific Cat. #: C607003  Chemically competent

coli)

cells

Chemical compound, drug

Ready-Lyse Lysozyme Solution

Lucigen, Biozym Cat. #:R1804M

Chemical compound, drug

TRIzol Reagent

Thermo Fisher Scientific Cat. #:15596026

Commercial assay or kit

Luna Universal gPCR Master Mix

New England Biolabs Cat. #:M3003L

Commercial assay or kit

Monarch Spin Plasmid Miniprep Kit

New England Biolabs Cat. #:T1110L

Chemical compound, drug

DFHBI-1T Lucerna

Cat. #:410-10mg Fluorophore

Commercial assay or kit

ssDNA/RNA Clean & Concentrator Zymo

Cat. #:D7011

Chemical compound, drug

SYBR Gold Nucleic Acid Gel Stain (10,000X  Invitrogen
Concentrate in DMSO)

Cat. #:511494

Constructs and strains

The retron Eco2 sequence (msr-msd and RT) was obtained from Millman et al., 2020, and purchased
from IDT as gblock, which was inserted into a pET28a vector under control of T7 promoter and lac
operator. Plasmid assembly was performed using the HiFi DNA Assembly (New England Biolabs)
according to the supplier’s instructions. The resulting plasmids were transformed into chemically
competent E. coli Top 10 cells. Plasmid sequences were verified by colony PCR and Sanger sequencing
(Microsynth AG). Verified plasmids were then transformed into chemically competent BL21Al cells for
further experiments. These cells harbor endogenous retron Eco1, which serves as an internal control
and a cassette encoding T7 polymerase driven by arabinose-inducible araBAD promoter. Lettuce
variant sequences were cloned into retron Eco2 plasmid using Q5 Site-Directed Mutagenesis Kit (New
England Biolabs). Primer sequences and annealing temperatures were generated using the NEBa-
seChanger tool. The sequences of Retron Eco2 (Ecé7), oligonucleotides (Eco2-Lettuce constructs),
and gPCR primers are listed in Supplementary file 1a,b,c respectively.

RT-DNA extraction

Miniprep method

5 ml LB cultures supplemented with 50 pg/mL kanamycin were inoculated from single colonies of
BL21Al cells transformed with the respective pet28b msd-Lettuce constructs and grown at 37°C with
shaking at 220 rpm for 90 min. Cultures were then induced with 1 mM IPTG and 0.2% arabinose
and incubated overnight for expression. The OD,, of the overnight cultures was measured, and an
amount of culture corresponding to 2 mL at ODy=1 was used for miniprep. RT-DNA was extracted
using the Monarch Plasmid Miniprep Kit (New England Biolabs) and eluted in 40 pL Milli-Q water. The
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eluate was treated with RNase Cocktail Enzyme Mix (Invitrogen) at 37°C for 30 min and subsequently
purified using the ssDNA/RNA Clean & Concentrator kit (Zymo).

The purified RT-DNA was analyzed on a 10% TBE-Urea polyacrylamide gel with a 1x TBE running
buffer. Gels were stained with SYBR Gold (Invitrogen) and imaged on Sapphire Biomolecular Imager
(Azure Biosystems). Band intensities were normalized by length of RT-DNA. RT-DNA abundance of
Eco2 and Lettuce variants was quantified by determining fold change compared to the Eco1 band.
Band intensity analysis was performed with ImageJ (Schindelin et al., 2012).

TRIzol-based extraction method

25 mL pre-cultures supplemented with 50 pg/mL kanamycin were inoculated from single colonies of
BL21Al cells transformed with the respective pet28b msd-Lettuce constructs and grown at 37°C with
shaking at 220 rpm until they reached an OD, of 0.5-0.8. These pre-cultures were used to inoculate
750 mL cultures, which were then grown at 37°C and 150 rpm for 2 h. The cultures were then induced
with IPTG (1 mM) and arabinose (0.2%) and allowed to grow overnight (~16 h) until they reached
an ODyg 2.4-2.9 and harvested by centrifugation at 4°C and 6000 x g for 30 min. The cell pellets
were resuspended in TES buffer and lysozyme (Ready-Lyse Lysozyme Solution, Biozym) was added
according to the manufacturer’s instructions (25 mL TES +4.5 pL 30,000 U/pL Lysozyme). Samples
were incubated for 15 min at room temperature and then aliquoted into twelve 50 mL conical tubes.
TRIzol (20 mL) was added to each tube, and samples were gently vortexed until clear. Chloroform
(4 mL) was then added, and samples were vortexed until homogeneous, followed by incubation for
5 min at room temperature. Phase separation was achieved by centrifugation for 30 min at 4°C and
12,000 x g. The aqueous phase (10 mL) was transferred to a fresh tube, mixed with 10 mL isopropanol,
vortexed, and incubated for 2 h at —20°C. Nucleic acids were pelleted by centrifugation at 30,000 x
g and 4°C for 1 h. The supernatant was removed, and the pellet was washed twice with 10 mL of 70%
ethanol, each time centrifuging for 5 min at 4°C and 10,000 x g. Pellets were air-dried for 15 min and
resuspended in 1000 pL nuclease-free water.

In-gel staining of the RT-DNA

Following the crude extraction of chimeric RT-DNA/RNA using the above-described TRIzol-based
method, 650 L of the total RNA/retron material (1000 pL) was incubated with 250 mM NaOH and
6.25 mM EDTA at 80°C for 1 h. After incubation, the pH was neutralized by the addition of 250 mM
HCI, after which the now RNA-free, single-stranded RT-DNA was purified using the ssDNA/RNA Clean
& Concentrator Kit (Zymo Research) following the manufacturer’s instructions. Typically, a total of
three columns was used for ssDNA isolation with an elution volume of 9 pL of nuclease-free H,O. The
eluate from column 1 was used to elute ssDNA from columns 2 and 3 to enhance the total RT-DNA
concentration. The entire sample (approximately 7.5 pL) was mixed with 15 pL of loading dye (10 mM
EDTA in formamide) and heated to 95°C for 3 min, followed by immediate incubation on ice for 5
min. The sample was loaded into a single well of a 10% TBE-urea PAGE gel and electrophoresed for
80 min at constant power (20 W). The gel was washed twice with ddH,O to remove residual urea and
then stained for 30 min in 50 mL DFHBI-1T staining solution (40 mM HEPES, pH 7.5, 100 mM KCl,
1 mM MgCl,, 10 pM DFHBI-1T). After a final 5 min wash in ddH,O to remove excess dye, the gel was
imaged on a Sapphire Bioimager using 488/518 nm for DFHBI-1T fluorescence and 520/565 nm for
the Cy3-tagged ladder.

qPCR

gPCR experiments were performed using Techne Prime Pro 48 Real-Time gPCR system, according to
comparative C; method, (Livak and Schmittgen, 2001, Schmittgen and Livak, 2008) as described
by Lopez et al., 2022. For gPCR analysis, cell cultures grown for ~16 h were used. 25 pL of bacte-
rial culture at an ODg=1 was mixed with 25 pL water and incubated at 95°C for 5 min to lyse cells.
0.3 pL of this boiled culture was used as templates in 30 yL gPCR reactions using Luna Universal gPCR
Master Mix (New England Biolabs). gPCR quantification of RT-DNA abundance was performed using
a set of three primers. Two primers were complementary to the msd region of Retron Eco2, and the
third was an outnest primer complementary to non-retron elements of the expression plasmid. Two
templates were thus amplified: one corresponding to an RT-DNA sequence that could use both the
RT-DNA and the plasmid as templates, and a second that could use only the plasmid-encoded Eco2 as
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a template. The difference between cycle threshold (AC;) of the inside (RT-DNA) and outside (plasmid)
primer sets was then calculated. This AC; was then subtracted from the AC; of uninduced samples.
Fold enrichment of RT-DNA/plasmid over plasmid alone was then calculated as 22T, for each biolog-
ical replicate. Presence of RT-DNA results in a fold change >1.

Equilibrium binding measurements

Equilibrium binding measurements were performed on a BMG Labtech Clariostar plus plate reader.
Oligonucleotides corresponding to different variants of Lettuce embedded in the retron scaffold were
synthesized by IDT (Supplementary file 1b). Sample fluorescence was measured in a Greiner 384-
well black-bottom plate with excitation at 470+8 nm and emission at 515+20 nm. The samples were
prepared by mixing 40 mM HEPES pH 7.4, 100 mM KCI, 1 mM MgCl, with different concentrations of
DNA. Samples were then heated to 90°C for 2 min, followed by incubating at room temperature for
5 min. After that 1 uM of DFHBI-1T was added to the mix. The samples were then briefly vortexed and
spun down and pipetted in triplicate into a 384-well plate. Samples were then incubated for 60 min at
RT in darkness, followed by fluorescence measurements on the microplate reader.

The datasets were fitted using Equation 1:

(At+Bt+kD) — \/(At+B[+kD)2—4~ (A1~Bt)

M
2B, +C()

F=C-

where F is the measured fluorescence, A, is the concentration of DNA, B, is the concentration of
DFHBI-1T, and C, and C, are the lower and upper fluorescence plateaus. To account for uncertainty
in the DFHBI-1T stock concentration, B, was also fitted under strong constraints. Curve fitting was
performed using the least_squares function from the scipy.optimize package (https://docs.scipy.org/
doc/scipy/reference/optimize.html) with shared global parameters C,, C; and B, for all data series.

Determination of half-life of Eco2 RT-DNA

Retron RT-DNA forms a phage surveillance complex with the associated RT and effector protein
(Rousset and Sorek, 2023; Gao et al., 2020; Carabias et al., 2024, Wang et al., 2024). Owing to its
unique ‘closed’ structure (Wang et al., 2022) (with the ends of msr and msd joined by a 2'-5’ linkage
and a base-paired region) and its non-coding function, the intracellular stability of RT-DNA is of partic-
ular interest. To assess the stability of Eco2 RT-DNA, we determined its half-life by qPCR.

We first induced retron Eco2 RT-DNA expression in BL21Al cells with 1 mM IPTG and 0.2% arab-
inose overnight. On the following day, cells were pelleted and washed twice with LB medium to
remove residual IPTG and arabinose. The washed cells were then resuspended and used to inoculate
a fresh culture in LB medium without inducers at an initial ODyq, of 0.2. The culture was grown at 37°C,
and aliquots were taken at defined timepoints. For each time point, a cell suspension with OD,=0.1
was prepared and incubated at 95°C for 5 min. 1 pL of this boiled, diluted culture was used as input
for a 20 pL gPCR reaction. gPCR experiments were performed as described above.

Assuming RT-DNA degradation would occur by active degradation mechanisms (nuclease-
mediated degradation) and dilution (cell growth and division), we determined the rate of degradation
by the following equation:

1 ODsoo (10)

C(H)=1+A. e M2200 )
( ) ODgno (l‘)
where k is the degradation rate constant and the ratio %IZ;;;(([;’)) is the dilution factor accounting for

dilution caused by cell division. ODgg (7) was determined by fitting the ODjy values to the following
equation describing logistic growth (Figure 2—figure supplement 1A):

OD max

oD )= =y

Q)

After substituting ODg (t) with the function in Equation 3 we fitted the experimental data for
the fold change of the RT-DNA to Equation 2 (Figure 2—figure supplement 1B). The best fit (red
line) was obtained with a rate constant k converging towards zero, consistent with an Eco2 RT-DNA
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half-life that is beyond the detection limit of our assay. To put our estimates into context, we note that
typical RNA half-lives are on the order of minutes in growing E. coli cells (Milo and Phillips, 2016). We
therefore refitted the data using fixed half-lives of 15 and 30 min. In both cases, the resulting best-fit
curves deviated substantially from the experimental data, consistent with an RT-DNA half-life that is
far longer than the E. coli doubling time under these optimal growth conditions. While we cannot
exclude ongoing RT-DNA production due to promoter leakiness, we expect this effect to be minor,
as RT-DNA expression requires both IPTG and arabinose, which were removed prior to inoculating
the growth medium with the starter culture. Overall, our data support exceptional RT-DNA stability.

Bulk live-cell fluorescence measurements

5 mL LB cultures supplemented with 50 ug/mL kanamycin were inoculated from single colonies of
BL21AI cells transformed with the respective pet28b msd-Lettuce constructs and grown at 37°C with
shaking at 220 rpm for 90 min. Cultures were induced with 1T mM IPTG and 0.2% arabinose, followed
by growth for ~16 h. A culture volume corresponding to 5 mL at OD4y=1 was pelleted and washed
twice with 1 mL 1x PBS. The pellet was then resuspended in 150 pL 1x PBS and 40 uM DFHBI-1T was
added to the cell suspension, followed by incubation at room temperature for 20 min. The stained
cells were then used for plate reader measurements (3 x 50 pL in a 96-well plate). Fluorescence was
measured on a BMG Labtech Clariostar Plus plate reader (Ex/Em 470/520 nm). To correct for pipetting
and cell-density variation, cultures were diluted in 1x PBS and OD,y, was determined after fluores-
cence acquisition. ODgy, values were measured on a NanoDrop using a 25-fold dilution and used to
normalize the fluorescence signal.
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Regulating Nucleic Acid Catalysis Using Active Droplets

Anna-Lena Holtmannspotter', Corbin Machatzke®, Christian Begemann, Elia Salibi,
Carsten Donau, Fabian Spdth, Job Boekhoven,* and Hannes Mutschler*

Abstract: Cells use transient membraneless organelles to
regulate biological reaction networks. For example,
stress granules selectively store mRNA to downregulate
protein expression in response to heat or oxidative
stress. Models mimicking this active behavior should be
established to better understand in vivo regulation
involving compartmentalization. Here we use active,
complex coacervate droplets as a model for membrane-
less organelles to spatiotemporally control the activity of
a catalytic DNA (DNAzyme). Upon partitioning into
these peptide-RNA droplets, the DNAzyme unfolds and
loses its ability to catalyze the cleavage of a nucleic acid
strand. We can transiently pause the DNAzyme activity
upon inducing droplet formation with fuel. After fuel
consumption, the DNAzyme activity autonomously
restarts. We envision this system could be used to up
and downregulate multiple reactions in a network,
helping understand the complexity of a cell‘s pathways.
By creating a network where the DNAzyme could
reciprocally regulate the droplet properties, we would
have a powerful tool for engineering synthetic cells. )

Introduction

Membraneless compartmentalization is a key element of
cellular organization!"! and offers a tool to spatially and
temporally separate reaction pathways in its complex
reaction networks.'®? Typically, these membraneless organ-
elles comprise RNA and intrinsically disordered proteins
held together by entropic effects and electrostatic
interactions.”! Spatial separation through membraneless
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organelles can occur in response to an external trigger such
as stress, resulting in the selective removal of specific RNA,
thereby stopping the transcription of those and the activity
of their encoded downstream proteins.!

Model systems of these biological condensates help us to
understand the complexity of such chemical reaction net-
works. One of such models are the droplets formed by
complex coacervates—a type of liquid phase separation
typically composed of oppositely charged polyions.” Several
studies on coacervates in combination with reaction cycles
and biocatalysts like enzymes, ribozymes, or DNAzymes
exist to test how droplets regulate chemical activity.l’! Most
of these studies focused on enhancing reaction rates by
coacervation, but some inhibitory systems were also
described.” Transient inhibition, as seen in stress granules,
has not yet been achieved. Given the non-equilibrium nature
of the cell, most membraneless organelles are also active
and transient.'® However, the models combining coacer-
vates and biocatalysts typically operate close to equilibrium,
lacking this active aspect of membraneless organelles.

Inspired by the active environment of the cell, chemi-
cally fueled, active droplets have been developed
(Scheme 1A).”) In these systems, a (photo-) chemical
reaction cycle regulates the ability of building blocks to
phase-separate.'”! Specifically, a molecule with high chem-
ical potential (“fuel”) reacts with the building blocks, which
activates them for phase separation (“activation”). A
spontaneous back-reaction reverts the activated building
block to its initial state (“deactivation”). This means that
when building blocks are supplied with fuel, a population of
transiently activated building blocks emerges, resulting in
active droplets. Moreover, when a finite amount of fuel is
supplied, the system will temporarily produce droplets until
all fuel is consumed.

Such active droplets are a class of chemically fueled
assemblies,'! and their fuel-dependent nature makes them
an ideal model to test how transient compartmentalization
affects biocatalysts in reaction networks. In this context,
active assemblies have been used to host and modulate
reactions and model complex biological systems. For exam-
ple, chemical fuels have been used to generate vesicles,
which locally increase the concentration of hydrophobic
reagents, thereby increasing the rate of a Diels-Alder
reaction.["” Alternatively, vesicle formation that contains
DNA cargo is transiently controlled by UV light, mimicking
the formation of membraneless organelles. Other works
tackle the impact of non-equilibrium systems on catalytic
activity using agarose gel-based systems.!'”! However, active
coacervate droplets that control chemical reactions have yet

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. The active coacervate droplet system and DNAzyme-
catalyzed reaction. A. The assembly of peptides (beads) and RNA (pink
strands) into active coacervate droplets is regulated by a fueled cycle.
B. The peptide (blue bead) is activated by a carbodiimide fuel,
increasing the net charge from +1 to + 3 by forming an anhydride.
This increases its affinity for the negatively charged RNA. The activated
peptide (black bead) spontaneously deactivates back to its original
form by hydrolysis. C. The DNAzyme catalyzes the cleavage reaction of
a substrate strand. D. The sequence of the DNAzyme and its substrate.
The substrate comprises all DNA but one RNA base at the cleavage
site.

to be studied despite their potential as a model for
membraneless organelles.

In this work, we test how a dynamic environment of
active droplets can regulate the activity of a biocatalyst,
specifically DNAzymes. DNAzymes are catalytically active
DNA oligomers and a versatile model for biocatalytic
reactions due to their robustness and stability compared to
catalytic RNAs or enzymes.'" As no naturally occurring
DNAzymes exist, all known ones were isolated during in
vitro selection experiments.['”) We spatio-temporally control
the catalytic activity of a short DNAzyme using active
droplets. These active droplets emerge and decay in the
presence of fuel. Upon partitioning in the active droplets,
the DNAzyme unfolds and loses its ability to catalyze the
cleavage of an RNA substrate. By adding fuel, we reversibly
halt the DNAzyme activity by temporal partitioning into the
droplets. Moreover, we show that this “on-and-off” activity
can be repeated multiple times. We envision that such a
system could create reaction networks that rely on the
spatiotemporal separation and inactivation of catalyst and
substrate.
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Results and Discussion
System Design and DNAzyme Partitioning

The active droplets are based on a complex coacervate
between a long RNA polyanion (polyU, 2200 monomer
units) and a short cationic peptide (Scheme 1A).” The
formation of droplets is regulated by a chemical reaction
cycle that consumes EDC as a chemical fuel.'” Specifically,
the C-terminus of peptide (Ac-F(RG);D-OH) reacts with
the fuel, resulting in its corresponding anhydride (Activa-
tion, Scheme 1B). This activation increases the overall
charge of the peptide from +1 to +3. The anhydride
spontaneously hydrolyzes to the original peptide (Deactiva-
tion, Scheme 1B). Because of its overall charge, the peptide
cannot form coacervates. However, the transient increase in
charge enables the activated peptide to form complex
coacervate-based droplets. Thus, when a batch of fuel is
added, the chemical reaction cycle consumes it, leading to a
population of transiently activated peptides that form
droplets until the fuel runs out. We combined these droplets
with the 17E DNAzyme—a zinc-dependent catalyst that
catalyzes site-specific RNA cleavage via transesterification
(Scheme 1C).'"" We used a substrate composed of DNA,
except at the cleavage site, where the presence of a 2’-OH of
RNA is needed for cleavage (Scheme 1D).

For the droplets to exert control over the DNAzyme, the
DNA has to partition in the droplets which we first tested
(Figure 1A-D). Unless stated otherwise, we made droplets
using 23 mM peptide, 4.1 mM polyU (expressed as the
monomer concentration) tagged with 200 nM A,5-Cy5 RNA
for imaging, 40 mM fuel, 1 mM ZnCl,, 200 nM DNAzyme
tagged with Cy3 for imaging, and 200 mM MES buffer
(pH 5.3). We imaged the droplets after 5 minutes using a
confocal microscope (Figure 1B, Figure S1). We observed
poor colocalization between the droplet-forming polyU and
the DNAzyme, likely due to the short length and the
secondary structure of the DNAzyme.

To increase the partitioning of the DNAzyme into the
droplets, we added an A, “partitioning arm” to each end of
the DNAzyme (DNAzyme-A10). We hypothesized that the
adenines pair with the polyU RNA inside the droplets
(Figure 1A), thereby facilitating partitioning. Indeed, DNA-
zyme-Al0 showed strong colocalization with the tagged
polyU upon fuel-induced droplet formation (Figure 1C),
which we quantified by measuring the fluorescence intensity
of multiple regions of interest (ROIs) inside of the droplets
as a measure for the concentration of DNAzyme inside the
droplets. After pelleting the droplets by centrifugation, we
recorded micrographs of the supernatant and determined
their intensity as a measure of the DNAzyme concentrations
in the bulk phase. We calculated the partition coefficient
(Kp) from this data, which represents the ratio between the
concentration inside the droplets and in the supernatant.
Similarly, we determined the K; of the DNAzyme-A10, the
substrate, and the product of the reaction (Figure 1D). As
expected, the A;, partitioning arms significantly increased
the partitioning of the DNAzyme, achieving more than a
300-fold enhancement (Kp=8600+500). In contrast, the
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Figure 1. The molecular design of a DNAzyme controls its partitioning
in transient droplets. A. Schematic representation of the modified
DNAzyme inside and outside of the droplet. B-C. Confocal micro-
graphs of a solution of complex coacervate droplets 5 minutes after
fuel addition stained with a DNAzyme (Cy3, red) and a short RNA
oligomer A5, complementary to the poly U (A;5-Cy5, green). The
DNAzyme with two terminal A10 arms (DNAzyme-A10) partitions
preferentially inside of the droplets, whereas the DNAzyme without
does not. D. The partition coefficients K, of the DNAzyme, substrate,
and product as calculated from the micrographs. K; is the ratio
between the concentration inside the droplets and in the supernatant.
A more detailed definition can be found in the Methods section of the
SlI. The error bars correspond to the standard deviation of three
replicates; if none are visible, they are smaller than the size of the data
point. E. The percentage of DNAzyme and DNAzyme-A10 in the
supernatant at different times after fuel addition as measured by PAGE.
The error bars correspond to the standard deviation of three replicates;
if none are visible, they are smaller than the size of the data point. F.
Confocal micrographs of a solution of complex coacervate droplets

2 minutes, 30 minutes, and 60 minutes after adding fuel, stained with
the Cy3-dye labeled DNAzyme-A10.

substrate (Kp=150+90) and product (K,=200+100) parti-
tion inside the droplets to a lesser degree than the modified
DNAzyme. No cooperative effect was observed in the
partitioning of the substrate or product with DNAzyme-A .
The K, of the substrate and product remain consistent
regardless of the presence of DNAzyme-A10. (Figure S8)
Next, we calculated the fraction of DNAzyme parti-
tioned into the droplets after fuel addition (see Supporting
Note 1). We determined the droplet volume of all combined
droplets in a (73.81 pmx73.81 umx10 pm) box by confocal
microscopy. Five minutes after fuel addition, the droplets
accounted for 0.6 % of the total volume. Combining this
data with the partition coefficients, we calculated the
percentage of DNAzyme outside the droplets to be 2 % for
DNAzyme-A10 and 88 % for the unmodified DNAzyme. In
comparison, approximately half of the substrate remained
outside of the droplets (52 %). This finding demonstrates no
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significant separation of the catalyst and substrate for both
DNAzymes, particularly given the considerable material
exchange between droplets and supernatant.

The partitioning data was further confirmed with an
orthogonal method based on gel electrophoresis (Figure S2).
We prepared droplets with 1 uM DNAzyme-A10 and
substrate and took samples before fuel addition. After the
droplet formation, we separated them from the supernatant
by centrifugation. We separated the DNA species in the
pellet and supernatant using polyacrylamide gel electro-
phoresis (PAGE) and quantified them with fluorescent gel
imaging. This method confirmed that 1.5% of the DNA-
zyme-A10 is present in the supernatant. This result and the
confocal data support that most DNAzyme-A10 partitions
into the droplets.

Given the fuel-dependent nature of droplet formation,
we expect a release of the DNAzyme after the fuel
depletion. Using a previously described kinetic model,” we
predicted that the system consumed the fuel in roughly
30 minutes and that, during the cycle, a maximum concen-
tration of 44 mM of activated peptide was reached after
2 minutes. The model predicts that after 30 minutes, most of
the activated peptide had been deactivated. Therefore, we
used the same gel-based method described above to
determine the release of the DNAzyme into the super-
natant. Surprisingly, we measured a release of only 67 % of
DNAzyme-A10 30 minutes after fuel addition (Figure 1E).
Moreover, this value did not increase further after 60 mi-
nutes. By analyzing the samples using confocal microscopy,
we observed that the droplets had not completely dissolved
60 minutes after the addition of the fuel (Figure 1F). Thus,
the apparent time delay between fuel consumption and
droplet dissolution might explain why the DNAzyme-A10 is
not completely released into the solution. Indeed, when we
determined the volume of the droplets by confocal micro-
scopy at 30 and 60 minutes, we found it had reduced from
0.6 % after five minutes to 0.2 % at both of those time points
(Figure S4). In other words, only two-thirds of the droplet
material had dissolved up to 60 minutes after fuel addition,
which is in line with only two-thirds of the polyU-bound
DNAzyme-A10 being released. In contrast, the unmodified
DNAzyme did not partition well into the droplets after two
minutes and was mostly released after 30 minutes (Fig-
ure 1E).

We suspected the millimolar amounts of Zn*" ions to be
responsible for the incomplete dissolution of the droplets.
Measuring turbidity traces as a proxy for the presence of
droplets, we found that in the absence of ZnCl,, the droplets
dissolved after 22 minutes. In contrast, with 1 mM ZnCl,, we
found that the turbidity decreased but did not completely
disappear (Figure S3). Potentially, a change in the polyanion
could optimize our system and solve the inability to dissolve
in the future. We attempted to form droplets with our
peptide, fuel, and polyT DNA (80mers) or genomic ssDNA
as polyanions as a first test (Figure S15). Droplets formed
only at very high fuel concentrations, or we observed the
formation of non-dissolving aggregates, leading us to con-
tinue with the polyU-based system. In summary, we can
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control the partitioning of a modified DNAzyme by the
fuel-induced presence of active droplets.

Compatibility of the DNAzyme with Active Droplets

Next, we investigated the DNAzyme activity in the presence
of droplets. Using gel electrophoresis, we tracked the
reaction catalyzed by the modified and unmodified DNA-
zyme in the absence and presence of droplets (Figure 2A,
Figure S9). For these activity measurements, we used 1 uM
of DNAzyme or DNAzyme-A10, 4 uM of substrate-Cy5,
2mM ZnCl,, and the same peptide, polyU, and buffer
concentrations as described above. To ensure the sustained
presence of droplets, we fueled the solution with 10 mM
EDC every 5 minutes for 45 minutes.

Both DNAzymes converted 94 % of the substrate over
3 hours at the same rate, showing that the A10 modifications
did not affect activity. In contrast, the presence of droplets
drastically decreased the yield after three hours to only 14 %
for the DNAzyme-A10. For the unmodified DNAzyme, the
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Figure 2. DNAzyme activity is inhibited inside droplets. A. Kinetics of
DNAzyme-catalyzed reaction analyzed by PAGE (markers) over three
hours. A first-order regression over the first 60 minutes was used to fit
the data (line). The droplets inhibit the DNAzyme activity, which is
more pronounced for DNAzyme-AT10. The [DNAzyme] was 1 pM, and
the [substrate] was 4 pM. The sample was fueled over the first

45 minutes with 10 mM EDC every 5 minutes. B. Screening of
DNAzyme A10 reaction yield at 60 minutes in the presence of different
droplet components analyzed by PAGE. Except for 1 yM of substrate,
we used the same conditions as in A. The error bar corresponds to the
standard deviation of the average of three replicates. If none are visible,
they are smaller than the size of the data point. C. Raw heat flow
against temperature as measured by DSC, using 3 mM of peptide or
peptide* each with 140 uM of the unmodified DNAzyme. Peptide* is a
stable mimic of the activated peptide. D. CD spectra of 1.6 pM
unmodified DNAzyme in the presence or absence of 1 mM peptide or
peptide* at 25 °C. For comparison, the spectra of the DNAzyme at
50°C were obtained, showing thermal unfolding.
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decrease was only 48 %. We explain the drop in yield by the
high partitioning of DNAzyme-A1l0 compared to the
unmodified DNAzyme.

To ensure the inhibition was due to the partitioning in
the droplet and not the design of the partitioning arms, we
designed two similar DNAzymes with single A20 arms on
either the 5’ or 3’ end. Our results confirmed that the design
of the partitioning arms had no noticeable impact on the
activity (Figure S10). This indicates that all modified
DNAzymes were inhibited by the droplets. We also
monitored the pH throughout the reaction and found a
maximum transient increase of 0.04, which should not affect
the folding or the activity of the DNAzyme (Supporting
Table S5).

To understand the effect of each droplet component on
the modified DNAzyme’s activity, we compared the reaction
yield after 60 minutes in the presence of different droplet
components (Figure 2B). The fuel had no impact on the
DNAzyme-A10 activity. In contrast, both the polyU and the
peptide negatively affected the DNAzyme-A10 activity.
Specifically, the polyU reduced the activity by 45 % and the
peptide by 70 %. Combining the fuel with peptide or polyU
did not further decrease the activity. When all three droplet
components are together, the activity of the DNAzyme-A10
is further reduced compared to just peptide and polyU. This
finding indicates that partitioning into the droplets inhibits
the activity of the modified DNAzyme. Indeed, for the
unmodified DNAzyme, we found no difference between the
effect of polyU and peptide and all three components
(Figure S5). We did unpaired t-tests to measure the signifi-
cance of all results (Figure S14).

Mechanism of Inhibition

We investigated the mechanism of DNAzyme inhibition by
the peptide using differential scanning calorimetry (DSC)
and circular dichroism spectroscopy (CD). Specifically, we
probed the stability of the folded DNAzyme in the presence
and absence of both peptide (Ac-F(RG);D-OH) and a
stable model of the activated peptide (Ac-F(RG);N-NH,,
peptide*). In peptide*, the C-terminal aspartic acid is
substituted with an amidated asparagine, and thus, it mimics
the three positive charges of the anhydride without its
transient nature. Experiments with peptide* did not contain
any fuel. In the DSC measurement, we used 140 pM of
DNAzyme and 3 mM of peptide or peptide* to obtain a
detectable signal. Without the peptide, we observed a
transition at 31.5°C, indicating the DNAzyme’s unfolding
(Figure 2C). With the peptide, the transition peak broad-
ened, and its maximum shifted to 28.7°C. Moreover, we
measured a decrease in the calorimetric enthalpy from 238
to 201 kJ/molK (Figure S6). Both observations confirm the
peptide destabilizes the DNAzyme even at concentrations
below the experimental conditions. In the presence of 3 mM
of peptide*, mimicking the concentration of activated
peptide around 5 minutes into the cycle (See Supporting
Note 1), the transition disappeared completely, implying
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that almost none of the DNAzyme was in the catalytically
active folded state (Figure 2C).

Next, we explored the impact of the peptides on
DNAzyme folding using CD spectroscopy. We used 1.6 uM
of DNAzyme for the CD spectra and 0.05 to 1 mM of
peptide and peptide*. For samples containing 1 mM peptide
and peptide*, we observe a decreased amplitude of the
circular dichroism signal similar to a thermal unfolding of
the hairpin structure of the DNAzyme (Figure 2D). In a
titration series, we found a dose-dependency of the unfold-
ing to the peptide concentrations (Figure S12). As observed
for the DSC measurements, peptide* impacted the unfold-
ing characteristics of the DNAzyme to a much larger extent
than the peptide (Figure S12). This finding was further
confirmed by repeating the activity measurements from
Figure 2A with 2.5 mM peptide* and 2.5 mM peptide (Fig-
ure S13), demonstrating significantly stronger inhibition
with peptide*.

These combined experiments show that the DNAzyme’s
activity is inhibited because both peptide and peptide*
unfold its catalytically active conformation. Since the
concentration of peptides and DNAzyme in the droplets is
substantially higher than in solution, we assume the inhib-
itory effect is enhanced in the droplet environment, leading
to complete inhibition of the DNAzyme population inside
the complex coacervates.

Droplets Spatiotemporally Control Dnazyme Activity

Excited by the ability of our droplets to regulate the
DNAzyme-A10 activity, we speculated we could temporally
control the activity of the DNAzyme-A10 by utilizing the
transient nature of the droplets (Figure 3A). We used the
kinetic model to predict the time-dependent activated
peptide concentration after fuel addition. Based on the CD
data above, we set 0.1 mM activated peptide as a threshold
above which we expected most DNAzyme-A10 to be
inhibited by the droplets (Figure 3A). We found that a
single batch of 40 mM EDC sustained the activated peptide
concentration above this threshold for 22 minutes. Confocal
microscopy confirmed the fuel-induced droplet formation,
the dissolution of the majority of droplets, and the release of
most of DNAzyme-A10 after the threshold had been
reached (Figure 3B). We quantified the progress of the
reaction for the DNAzyme-A10 by following the product
formation by PAGE after adding 40 mM fuel (Figure 3C).
In the first 15 minutes, i.e., well above the threshold of
activated peptide, we found 1% of substrate conversion.
The conversion had increased drastically in the following
15 minutes as an additional 2.5 % substrate was converted.
That increased conversion rate was sustained for the
following time points. In other words, the presence of the
droplets inhibited DNAzyme-A10 2.5-fold, which was recov-
ered when most fuel was depleted.

We repeated the experiment by refueling the sample
after 60 and 120 minutes. As before, DNAzyme-A10 activity
was drastically inhibited 15 minutes after fuel addition and
mostly recovered afterward. We hypothesize that the

Angew. Chem. Int. Ed. 2024, 63, €202412534 (5 of 7)

Research Article

Angewandte

intemationaldition’y) Chemie

'n

=

€2
IS

Activated
peptide (mM)
N

o

Time (min) 0

Before fuel

C D
Fuel Fuel Fuel
60 60 el | DNAzyme
DNAzyme j & =
.
. \ = .
R 40 ;! & 40t )
3 G 3 &
= P = s
. . PP
20 . - 20 [} 3¢
6o . * 0o 0 ?
5 5 ¢ DNAzyme-A10
3 DNAzyme-A10 n < Rl
60 120 180 60 120 180
Time (min) Time (min)

Figure 3. DNAzyme activity is spatiotemporally controlled by active
droplets. A. Activated peptide concentration after the addition of

40 mM fuel predicted by the kinetic model. 0.1 mM was set as a
minimum threshold for inhibition. B. Confocal micrographs of active
droplets containing 200 nM Cy3-tagged DNAzyme-A10. The micro-
graphs were acquired before and 5, 15, and 30 minutes after fuel
addition. The color-coding correlates to the DNAzyme-A10 concen-
tration. The majority of droplets dissolve in 30 minutes. C-D. The
yields of the DNAzyme catalyzed reaction against time as measured by
PAGE. Over 180 minutes, we fueled either three times every 60 minutes
with 40 mM (C) or nine small 10 mM doses every 5 minutes starting
one hour into the reaction (D). The period when the activated peptide
is predicted to exceed the threshold is shaded purple. The error bars
represent the standard deviation of the average of three replicates; if
none are visible, they are smaller than the data point.

incomplete activity recovery is due to the zinc-induced
persistence of the remaining droplets. To confirm this
hypothesis, we measured the activity of both DNAzymes
after complete droplet dissolution, adding the ZnCl, and
starting the reaction 30 minutes after fuel addition. We
found no difference in the experiment with prior fuel
addition compared to the ones without, confirming that
incomplete DNAzyme-A10 activity recovery is due to
incomplete dissolution of droplets in the presence of ZnCl,
(Figure S11).

Excitingly, when we repeated the refueling experiment
with the unmodified DNAzyme, i.e., the DNAzyme lacking
the A, arms, the fuel-induced droplet formation had no
effect. In other words, by adding partitioning arms, we can
control whether or not the active droplets affect certain
reaction pathways.

Next, we sustained the inhibition of DNAzyme activity
by creating a steady state of the activated peptide. We did so
by adding 10 mM shots of fuel every 5 minutes (Figure 3D,
Figure S7). After monitoring the DN Azyme-catalyzed reac-
tion for 60 minutes, we created a steady state of activated
peptide for the next 60 minutes. The kinetic model predicted
that the activated peptide concentration exceeded the
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threshold value immediately and was sustained for 60 mi-
nutes. Again, the unmodified DNAzyme did not change its
reaction rate after the formation of droplets. In contrast,
substrate conversion by DNAzyme-A10 was strongly in-
hibited right after fuel addition. The DNAzyme-A10 activity
slowly recovered after 30 minutes, earlier than the kinetic
model predicted. We believe this to be most likely due to
exhaustion of the system and accumulation of waste after
extensive fuelling. Moreover, the activity of DNAzme-A10
again did not fully recover to the initial state before the fuel
was added. Taken together, we can briefly pause DNAzyme
activity or sustain it for longer periods.

Conclusion

We demonstrated that active droplets regulate the activity
of a DNAzyme spatiotemporally. The microenvironment of
the active droplets unfolds the DNAzyme, thereby inhibiting
its catalytic activity. By modifying the DNAzyme with two
A10 arms, we increased the partitioning of the catalyst into
the droplets, enabling us to control its activity. Given the
transient nature of the droplets, the inhibition is temporary
and can be modulated by the fuelling pattern.

In biology, chemical reaction networks are constantly up
and downregulated. Recent findings show that sequestration
inside membraneless organelles is important in this
regulation.[$#1*1%] We foresee that combining DNAzymes
with active droplets can up or downregulate multiple
reactions in a network, thereby emulating the complexity of
a cell's biological pathways. These reaction networks,
especially where the DNAzyme reciprocally regulates the
droplet properties, are a powerful model for understanding
better regulation in the cell. It will also be a powerful tool
for synthetic biology and synthetic cell research.
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Synthetic cells emulate fundamental biological behaviors, like growth, meta-
bolism, and mobility, but have lacked genotype-driven selection, which is
essential for Darwinian evolution. Here, we introduce libraries of short DNA
sequences as genotypes into fuel-dependent peptide-RNA-based coacervate
droplets, serving as synthetic cells. By sequencing, we identify sequences that

partition in the droplets, revealing strong preferences for guanine-rich and
adenine-rich motifs. These sequences affect the synthetic cell phenotype—
adenine-rich sequences shorten droplet lifetimes through hybridization. In
contrast, guanine-rich sequences kinetically trap droplets via peptide inter-
actions, altering dissolution rates and morphology. This study demonstrates
how genotype affects phenotype in synthetic cells, establishing essential
design principles for achieving Darwinian evolution in minimal protocellular

systems.

Synthetic cells are minimal models of living systems'*, designed from
the bottom up to replicate fundamental biological behaviors such as
growth®”, division®**, metabolism"¢, and evolution”. A hallmark of
life is the ability to sustain itself out of equilibrium through continuous
energy transduction, replicate and adapt under selective pressures,
ultimately enabling Darwinian evolution'®%*, Thus, for a synthetic cell
to ultimately become synthetic life, it must sustain under non-
equilibrium conditions and demonstrate Darwinian evolution, ie.,
replication with mutation, such that the fittest survive and spread their
genotype. To address the criterion of synthetic life that requires self-
sustaining properties, we recently introduced the concept of fuel-
dependent synthetic cells***°. These synthetic cells are driven by a
chemical reaction cycle in which a fuel-driven activation reaction
activates building blocks, which then spontaneously deactivate
through hydrolysis” . Thus, the synthetic cells can grow under con-
ditions where chemical fuel is abundant but decay and dissolve during
periods of starvation (Fig. 1a). These fuel-dependent synthetic cells
exhibit life-like properties as they require continuous energy input to
maintain their structure and functionality?*. Without fuel, these syn-
thetic cells spontaneously decay, serving as a selection pressure,
especially in experiments in which fuel is periodically supplied.

In previous work, we used fuel-dependent synthetic cells based on
lipids®® and complex coacervate droplets*. Complex coacervate dro-
plets have emerged as promising protocell models due to their ability
to spontaneously form membraneless compartments, concentrating
biomolecules, and facilitating biochemical reactions®¢. Our fuel-
dependent complex coacervates for the basis of this work comprise a
long RNA polyanion (poly-U, 2200 monomer units on average) and a
short cationic peptide (Ac-F(RG);D-OH, Fig. 1b). The fuel-dependent
nature of these droplets comes from this peptide’s fuel-driven activa-
tion. Specifically, the peptide’s C-terminus reacts with carbodiimides
as fuel, forming the corresponding intramolecular anhydride and
increasing the overall charge of the peptide from +1 to +3. In the
deactivation reaction, the short-lived anhydride spontaneously
hydrolyzes to the original peptide with a half-life of roughly 1 minute,
thereby reverting the charges from +3 to +1 (Fig. 1b). The transient
increase in charges enables the short-lived activated peptide to bind
the RNA and assist in forming complex coacervate-based droplets.
Thus, upon addition of a batch of fuel, the chemical reaction cycle
initiates, leading to a population of transiently activated peptides that
form droplets via phase separation. Activated peptide diffuses into
these droplets, leading to growth, while deactivated peptide leaves,
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3These authors contributed equally: Corbin Machatzke, Anna-Lena Holtmannspétter. - e-mail: Hannes.Mutschler@tu-dortmund.de;

Job.Boekhoven@tum.de

Nature Communications | (2026)17:2953


http://orcid.org/0000-0001-8005-1657
http://orcid.org/0000-0001-8005-1657
http://orcid.org/0000-0001-8005-1657
http://orcid.org/0000-0001-8005-1657
http://orcid.org/0000-0001-8005-1657
http://orcid.org/0000-0002-9126-2430
http://orcid.org/0000-0002-9126-2430
http://orcid.org/0000-0002-9126-2430
http://orcid.org/0000-0002-9126-2430
http://orcid.org/0000-0002-9126-2430
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-71024-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-71024-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-71024-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-71024-8&domain=pdf
mailto:Hannes.Mutschler@tu-dortmund.de
mailto:Job.Boekhoven@tum.de
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71024-8

a Fuel
1 Starvation period —»
Growth Decay
0 min 10 min Time
Hy N+ NH, Hy N+ NH, Hy N+ NH,
b ¢ Fuel-dependent droplet with “genotype”

10 O

Mé PAYAY.

/ \/ Fuel

Deactivation Activation
/\ ? A\
H.0 Waste

HN NH, HN NH HN

2/ 2 2/ 2 2
Fig. 1| Fuel-dependent synthetic cells. a Upon fuel addition, droplets form, grow,

fuse, and dissolve after a discrete lifetime. b Fuel-dependent peptide activation and
deactivation cycle. Blue stands for the inactivated peptide with the aspartic acid
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C-terminus. Red stands for the activated peptide with a terminal anhydride.
c Synthetic cells are equipped with a short DNA genotype (colored strands) that can
interact with both the peptide (red) and the RNA scaffold material (gray).

leading to shrinkage. This battle for survival continues until no more
fuel remains and all droplets dissolve (Supplementary Movie 1). So, like
life, our fuel-dependent synthetic cells require a constant influx of
nutrients, and periodic fueling of our droplets can sustain them.

A critical limitation of these droplets is the absence of
information-carrying elements—a genotype—which means survival is
purely stochastic. In synthetic life, fuel-dependent synthetic cells
would require an equivalent of a genotype: inherited molecular
information that can be replicated and passed on during division. This
genotype should influence the system’s physical or functional traits (its
phenotype), thereby enabling selection and evolution. We use these
biological terms with caution—in our synthetic context, “genotype”
refers to a set of molecules that are inherited, replicable, and trans-
ferable to the next generation. At the same time, “phenotype” denotes
the observable physical traits of the synthetic cell
Genotype-phenotype coupling, in this context, means that these
information-containing molecules directly influence the properties of
the droplets. This would be a much more rudimentary analog to the
biology’s genotype-phenotype coupling, which operates through the
central dogma of molecular biology. Despite its simplicity, it could still
enable principles like natural selection or even evolution, which is what
we aim for in future work.

In this work, we propose that a set of single-stranded DNA
sequences may serve as a proxy for such a genotype. We reason that
DNA sequences can be replicated either with or without enzymes.

Besides, as the droplet material comprises RNA and partly peptide, we
hypothesize that the DNA sequences could interact either with the
RNA or peptide and thereby affect the droplet properties, i.e., their
phenotype (Fig. 1c)*’”. Thus, we endowed our synthetic cells with short,
30-base DNA strands, starting from a library of random sequences, and
investigated their compatibility and interaction modes with the dro-
plets. After we found that libraries of 30-mers biased towards one of
the four nucleotides can affect droplets, we used second-generation
lllumina sequencing to identify which DNA sequences preferentially
partition into fuel-dependent droplets. We found patterns in the
sequencing data, which we then isolated and investigated individually.
Specific sequences, such as long repeats of adenosine or guanosine,
can drastically alter the droplet properties, increasing their longevity,
viscosity, and decreasing fusion rates; in other words, a genotype
affects the droplet’s phenotype. However, the genotype has not yet
replicated, and in future work, we envision using self-replicating DNA
sequences as a genotype that also affects phenotype®*°.

Results

To establish a rudimentary genotype-phenotype coupling, we first
investigated the impact of DNA libraries on the droplet’s phenotype
focusing on their lifetime and morphology (Fig. 2a). Throughout this
study, we used the following standard reaction conditions unless sta-
ted differently: 23 mM peptide, 4.1 mM poly-U (concentration expres-
sed per nucleotide)) 30mM EDC, and 50uM DNA (30-mer
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Fig. 2 | Biased DNA libraries as genotype impact the droplet phenotype.

a Schematic representation of the droplet’s lifecycle. b Absorbance of 600 nm light
(OD 600) against time as a measure of turbidity for standard conditions in the
presence of 50 uM of different DNA libraries, color indicates a bias towards one
nucleobase: black meaning no DNA, gray no bias, blue a bias for guanine, red
adenine, green thymine, and yellow cytosine. The same allocation applies to the
other subfigures. ¢ Comparison of the maximum turbidity (arbitrary unit) for dif-
ferent DNA libraries. The A-rich library limits coacervate formation the most, while
the G-rich library has no impact. d Comparison of the partitioning coefficients (Kp)
of biased random sequences into our droplets. The G-rich random sequences and
A-rich random sequences have the highest partitioning. e Representative Confocal

micrographs with 500 nM Sulforhodamine. Scale bars represent 5 um. Error bars in
Fig. 1c show the standard deviation from the average (N=3). N represents one
biological replicate of a turbidity value. Significance was determined with a two-
sided Welch'’s t-test with the no-DNA sample as the control group. P-values are
available in Supplementary Table 1. Error bars in Fig. 1d are calculated from the
standard deviation from the average (N = 3) of three biological replicates of mea-
sured DNA concentration in the supernatant (shown datapoints) and the standard
deviation from the average of the droplet volumes calculated from confocal images
of water in oil droplets (N =10) according to the method described in the method
section. Source data are provided as a Source Data file.

oligonucleotides, corresponding to a total DNA concentration of
1.5 mM when expressed per nucleotide). We used DNA libraries con-
sisting of random 30-mer sequences, with each nucleotide position
having an equal (25%) probability of containing any of the four cano-
nical bases (A, T, C, or G). Additionally, we used biased DNA libraries, in
which one specific nucleotide (A, C, T, or G) was preferentially incor-
porated at each position of the 30-mer sequence with a probability of
76%, while the remaining three bases each had a 8% chance of
incorporation.

In a plate reader, we tracked the OD600 of the samples over time
as a measure of the presence of the droplet population (Fig. 2b). We
found that most samples with DNA tended to exhibit less turbidity
compared to samples without DNA, except for the unbiased and G-rich
library, which showed no significant difference (Fig. 2c, Supplementary
Table 1). This finding suggests fewer or smaller droplets due to the

added DNA. We defined the time at which the OD600 fell below 0.2 as
the longevity of the droplet population and found that the A-rich
library showed a trend toward shorter longevity (Fig. S1, Supplemen-
tary Table 2). Taken together, among all the libraries, the A-rich library
proved the most destructive for the droplets, resulting in less turbidity
that was shorter-lived. We further investigated other droplet proper-
ties, such as viscosity and resistance to salt in the presence of the
unbiased library, which remained unchanged (Figs. S2, S3). Lastly, we
examined the impact of the biased DNA libraries on droplet mor-
phology by confocal microscopy (Fig. 2e, Fig. S4). The droplets
appeared round, rapidly fused, and remained unchanged overall,
regardless of the DNA.

For DNA to act as a genotype, it must incorporate into the syn-
thetic cells. Thus, we tested the partitioning of the biased DNA libraries
into the droplets. As the partitioning strongly depends on whether a
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droplet is dissolving or growing (Fig. S5), these experiments with our
short-lived droplets are challenging. Therefore, we used an in-
equilibrium model of our droplets to determine the partitioning
coefficients. Specifically, a stable model of the activated peptide was
used (Ac-F(RG);N-NH,). In the model of the activated peptide, the
C-terminal aspartic acid is substituted with an amidated asparagine,
resulting in three positive charges, similar to the activated peptide, but
without its transient nature. We replaced 3 mM of the peptide with the
active peptide model to form droplets at a time point roughly midway
through the cycle®. We determined the partition coefficient by mea-
suring the DNA concentration in the supernatant using HPLC after
spinning down the droplets (Supplementary Table 7) and by calculat-
ing the droplet volume using confocal microscopy. We found that
completely random DNA libraries (N3p) partitioned weakly (Kp=11)
(Fig. 2d). We suspect that partitioning in this case is somewhat low due
to competition with poly-U, which competes for a limited amount of
anhydride. The short DNA is disadvantaged compared to the longer
poly-U due to multivalency effects. The C- or T-biased DNA libraries did
not partition substantially better than the unbiased DNA. In contrast,
the partition coefficients increased by more than 20-fold for G-rich
libraries and by more than 6-fold for A-rich libraries. We assume that
partitioning for both is driven by interactions with the droplet mate-
rial. While the A-rich DNA could base pair with our RNA scaffold, the
G-rich DNA could interact strongly with our highly concentrated
peptide. From our combined experiments, we learned that G-rich and
A-rich DNA sequences have the highest partitioning coefficient. The
A-rich library decreased the amount of droplet material formed and
slightly decreased their longevity. In contrast, the G-rich library is the
only one that does not limit droplet formation compared to the no-
DNA condition.

We suspected that the minute changes in the droplet’s phenotype
are a result of the DNA libraries only partitioning weakly in the dro-
plets. To put that in perspective, for the unbiased library, only 5% of the
DNA sequences can be expected to be present in the droplets based on
the partitioning coefficient (Kp =11) and the total droplet volume. That
number increases to roughly 54% percent for the G-rich library. In
other words, only a fraction of our DNA library acts as a genotype, in
that it partitions in the droplets and affects their properties. To
understand which DNA sequences those are, and unveil patterns in
these sequences, we examined the sequences of the unbiased DNA
library present in the spun-down, combined droplets and those in the
supernatant using Illumina sequencing (Fig. 3a). Specifically, we pre-
pared active droplets in the presence of the unbiased DNA library at a
concentration of 0.7 uM 30-mer. After adding fuel, we waited for one
minute to enable maximum droplet formation, followed by three
minutes of centrifugation to separate the droplets from the super-
natant. We recovered DNA from both the pellet and the supernatant
and prepared the sequencing library using a custom protocol. That
library was sequenced using Illumina sequencing (see Method section
for detailed methodology). All subsequent analysis was performed in a
comparative approach between the R1 reads of each sample, ensuring
that no bias in the library preparation method leads to false results.

The sequencing results revealed no significant difference between
the supernatant and the original library, further strengthening our
hypothesis that only a small fraction of the library partitions in the
droplets (Fig. S6). In contrast, we observed drastic differences between
the sequences in the combined droplets and the supernatant. For
example, we found an enrichment of the G nucleotide—of all the
nucleotides in the droplets, there was a 2.5% G-enrichment compared
to the supernatant (26.5% in the supernatant, 29 % in the combined
droplets, Fig. 3b). This finding is in line with our finding that G-rich
libraries partitioned strongly compared to unbiased 30-mer libraries.
Excitingly, we could now unveil which nucleotide positions in the 30-
mer these G predominantly occupied. We found a positional pre-
ference for guanines in the terminal bases: both 5 and 3’ ends

contained Gs with an increased likelihood of 8% points compared to
the supernatant (33% against 25%). The enrichment diminishes over
the successive eight nucleotides, reaching a plateau of ~1.5% (Fig. 3c).
When we study the sequences with sequential Gs at their termini, we
found they have a bias for more Gs in the rest of the sequence com-
pared to all sequences from the droplet sample, e.g., a sequence
starting with 3 Gs in a row, tends to have more Gs in the remaining 27
bases compared to the rest of the pool (Fig. S7). The latter finding
suggests a cooperative effect—for a sequence to partition, it is more
effective to have multiple Gs within a single sequence.

We calculated and compared the minimum free energy of folding
for all sequences in either the combined droplets or the supernatant
using a thermodynamic secondary structure prediction algorithm****,
The droplets exhibit a shift towards less folded sequences, character-
ized by a shifted distribution in the minimum free energy of folding.
(Fig. 3d). Based on the thermodynamic secondary structure predic-
tion, we conclude that intramolecular structures in sequences are
detrimental to their partitioning into these droplets in line with pre-
vious work*#¢,

Finally, we searched for enriched motifs in the droplet library
compared to the supernatant using STREME**°, We found 14 motifs
that were statistically significantly enriched compared to the super-
natant (Supplementary Table 9). Of these sequences, we present the
four sequences with the highest significance in the main text as fre-
quency logos (Fig. 3e). Two of these four are dominated by multiple Gs
in consecutive stretches having a high probability of five or even nine
consecutive Gs. The other two of the four logos contain stretches of
consecutive As, at least five nucleotides long, with a slight trend of this
motif towards the 3’ or 5 ends of the sequences (Supplementary
Table 9). We further analyzed the frequency of stretches of five and
seven consecutive As or Gs in both the droplets and the supernatant
and found a substantially higher occurrence of those in the droplets
compared to the supernatant (Fig. 3f).

Based on these findings, we conclude that multiple consecutive Gs
are required to interact with the droplet material. Similarly, and in line
with previous work*¢, consecutive A sequences strongly interact with
the poly-U in the droplets. Hybridization as a recruiting mechanism
and stretches of consecutive bases have previously been found in the
sequencing of RNA in different coacervate systems’.

From the data above, we conclude that sequences with stretches
of A or G partition well in the droplets. Moreover, these sequences
likely also affect the droplet phenotype, as observed with the slight
effects of A- and G-rich biased libraries. To test which sequences spe-
cifically affect the phenotype, we ordered 30-mers containing stret-
ches of A and measured their partitioning and impact on droplet
phenotype. We started with A3 as an extreme case of consecutive As
(Fig. 4a). Compared to the unbiased or the A-rich library, Asq resulted
in a drastic decrease in droplet lifetime (Fig. 4b, Supplementary
Table 3, Supplementary movie 2), which was strongly concentration-
dependent above a concentration as low as 20 uM (Fig. 4c and Fig. S8).
We found that the partition coefficient was nearly five hundred-fold
higher for A3o compared to the A-rich random sequences, implying
that over 99% of all Azo oligomers are in the droplets (Fig. S9). The high
partition coefficient was to be expected®, as Aso can hybridize with
poly-U, but it does not explain the decrease in longevity.

We hypothesize that the hybridization of the short A3o with the
RNA causes the domains of the poly-U to rigidify, given that these
domains are chimeric double helices (Fig. 4€)*>. As the flexibility of the
RNA is essential for efficient charge screening and phase
separation®, this could explain the change in the droplet’s pheno-
type. We examined the critical fuel concentration required for coa-
cervate formation (Fig. 4d) and the critical salt concentration for
droplet dissolution (Fig. S10). This fuel concentration corresponds to
the anhydride concentration in solution required for phase separation.
Without additional DNA, our coacervate-based droplets formed at

Nature Communications | (2026)17:2953


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71024-8

a Fyel ‘L
1~3 , . ‘
\ ‘ 1
. A= pu— {
DNA I|brar‘)‘/ 3 ! ,&(ﬂﬁi
»~genotype =g ‘
- \ 1]
o U -]
€ LE ' BNV J 3, Dat :
<5 DNA o« aa Sequences in
— — > extraction “‘nw analysis droplets
0 min 1 min
b c d
- )]
_30f . 8 «G 203f
> 20| = /4_ 8 0.2
g 5 or [0}
=] € ey - _é
g 107 S 4t ,_T%OA—
L c o
L
0 -8k 1 1 1 0 Lt 1 1
G A C T 0 10 20 30 -10 -5 0
Base type # Base position Minimal Free Energy (kJ/mol)
€ Motif Logo Significance Frequency f
GGGGGKGD e 25.9% <4t
3
AAAAAAWN o 2.2% S
32
1 r *k%k 0, e
TCTGGGGG Mﬂﬁi 13.5% £
1] 0
oncanaan SEUIE 0.5% >5A =7A 256 270G

Fig. 3| Sequencing the combined droplets genotype. a Schematic representation
of our workflow: DNA was harvested from the combined droplets phase and the
supernatant, then sequenced and analyzed. Schematic of the workflow created with
https://BioRender.com/yf9mg24. b Overall base distribution in the supernatant
(blue) and combined droplets phases (pink). ¢ Difference in nucleotide content per
position between sequences isolated from combined droplets and supernatant.
Blue stands for guanine, red for adenine, green for thymine, and yellow for cyto-
sine. The same allocation applies to subfigure e. d Minimal free energy of folding for
sequences in the supernatant (blue) and combined droplets (pink) calculated with
ViennaRNA package 2.0. e The four most overrepresented motifs in the combined

droplets sample (pink) compared to the supernatant (blue). Stretches of at least 5
Gs or As seem to be highly favored. The reported significance are e-values which are
p-values for each motif appearing at random in the dataset divided by the total
number of motifs. Symbols signify e-values where ***** are values <107%; *** are
values <1075% *** are values < 10™'°. Exact e-values can be found in Supplementary
Table 9. Significance was calculated with a Fisher’s Exact test by MEME-Suites
STREME as detailed in the software documentation. f The frequency of at least five
or seven consecutive As or Gs in a sequence in the supernatant (blue) and in the
combined droplet phase (pink). Lines in ¢ and d are added to guide the eye. Source
data are available on a public repository linked in the Data availability section.

9 mM EDC. In the presence of 50 uM A3, the threshold increased to
27 mM, indicating a lower affinity between the droplet components. To
determine the critical salt concentration, we used our in-equilibrium
model droplets and monitored the amount of additional NaCl required
to dissolve our droplets. Without DNA or 50 uM N3, the critical salt
concentration was 74 mM NaCl, which dropped to 54 mM NacCl in the
presence of 50 uM Aq. This lower salt threshold further indicates that
the additional Azg reduced the interaction strength. We confirmed that
poly-U is the primary interaction partner of Azo by measuring the dif-
fusivity of both the peptide and poly-U within droplets using FRAP. The
poly-U mobility was markedly reduced, while the peptide diffusivity

remained unaffected with the additional DNA as genotype (Figs. 4f, g,
and Sl1, Supplementary Table 11), indicating a selective restriction of
the RNA. These results align with previous studies on peptides with
poly-A/poly-U mixed systems”, hybridization-induced diffusivity
restriction®®, and other work, which shows the polymer chain stiffness
is a limiting factor on the binodal in complex coacervation®***® and
weakens the associative phase behavior of the system and its salt
resistance®®. Additionally, we have confirmed the poly-U adenine
hybridization via native gel electrophoresis (Fig. S12) and investigated
the impact of Azg on droplets containing a different, non-hybridizing
polyanion. Without hybridization, the lifetime was not impacted
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Fig. 4 | Droplet’s longevity decreases with a hybridizing genotype. a Schematic
representation of Azo DNA strands (red) shortening the coacervate lifetime and
changing the morphology. b Optical density at 600 nm (OD600) against time for
droplets with an unbiased library (gray), an A-rich library (pink), or Az (red). ¢ The
lifetime of droplets with genotypes of unbiased DNA library (gray), A-rich library
(pink), and different concentrations of Aso (red, dark red). d The critical fuel con-
centration measured by tracking the OD600 upon fuel addition with (red) and
without Azq (black). e Schematic representation of hybridization of A30 (red
strands) with the droplet material (gray). Representative confocal micrographs and

FRAP recovery traces with normalized intensity (Norm. Int.) measured on a con-
focal microscope, bleaching 500 nM of Cy5-A;s annealed to the poly-U in the pre-
sence of the unbiased library (gray) or Aso (red). Scalebars represent 10 um.

f, g Confocal micrograph of select points in a fuel cycle stained with 500 nM Sul-
forhodamine in the presence of A3o and N3, scalebars represent 5 um. h All error
bars show the standard deviation from the average (N=3). N represents one bio-
logical replicate of one analyzed turbidity trace or turbidity value upon fuel addi-
tion. Source data are provided as a Source Data file.

(Fig. S13). Adding the A30 at a later point also shortened the lifetime,
but did not lead to immediate dissolution (Fig. S14). Confocal micro-
scopy over the droplet’s lifetime showed that Azo-containing droplets
fused less readily compared to their N3 equivalents (Fig. 4h, Supple-
mentary Movie. 2). Instead, they formed bead-like aggregates that are
less liquid compared to our N3¢ equivalents and resemble “pearls on a
string” that settled onto the glass where they dissolved shortly after
five minutes. We explain these results by the increased poly-U rigidity
limiting the poly-U mobility and thereby preventing droplets from

coalescing fully and growing. Nevertheless, the mobility of the peptide
facilitates the dissolution of the aggregates when fuel levels are low.
Similar morphologies have been reported in poly-A/poly-U mixtures
and RNA-protein networks, based on base pairing, where the peptide
or protein remains mobile despite the restricted dynamics of
the RNA®.,

We conclude that DNA A;q can hybridize with the RNA droplet
material, stiffening the RNA and leading to radical changes in the
droplet phenotype by rigidifying the RNA scaffold. The stark
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Fig. 5 | Molecular design rules for genotype-phenotype relations for adenine.
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one biological replicate of one analyzed turbidity trace. Significance was deter-
mined via a two-sided Welch'’s ¢-test with the no-DNA sample as the control group.
P-values are available in Supplementary Table 4. Confocal micrograph in the pre-
sence of selected genotypes imaged 5 min after fuel addition on the glass using
0.5 mM NBD labeled peptide for staining (c, f, i, I). Source data are provided as a
Source Data file.

difference in the droplet phenotype between Az and the A-rich DNA
library implies that the genotype-phenotype coupling is sensitive. Not
all A-rich sequences change the phenotype. Guided by our sequencing
results, we set out to test the molecular design rules that dictate how
DNA sequences affect the genotype.

Guided by the sequencing data, we investigated the effects of the
position and length of an adenine stretch within the sequence. First, we
tested the impact of homopolymeric adenine stretches on the droplet
phenotype by comparing sequences containing stretches of ten,
twenty, or thirty consecutive adenines positioned centrally within
otherwise random oligomers (Fig. 5a). The introduction of ten ade-
nines resulted in a marginal reduction of the droplet’s lifetime. In
comparison, twenty and thirty adenines led to a more pronounced
decrease (Fig. 5b). This data suggests that longer adenine stretches
enhance hybridization with poly-U, thereby decreasing droplet stabi-
lity and changing morphology (Figs. 5¢, S15). Interestingly, a central
stretch of 20 adenines had a more substantial effect than a sequence

with 76% adenine content distributed randomly, despite both having
comparable total A content. This finding suggests that not only the
base composition but also the local sequence arrangement matters,
i.e., consecutiveness is more disruptive than random distribution.

Next, we designed DNA strands with adenine stretches located at
both termini (Fig. 5d). We found that a total of ten adenines (five at
each end) had no significant effect on the droplet lifetime or mor-
phology, despite the presence of five consecutive adenines being a
motif observed in the sequencing (Fig. Se, f). Increasing the total
number of terminal adenines to fourteen (seven per end) reduced the
lifetime to 10.3 min, while twenty terminal adenines (ten per end)
further shortened it to 9.3min and also decreased fusion rates
(Figs. 5e, S16). These results reinforce the observation that, irrespec-
tive of positioning, longer adenine stretches enhance interaction with
poly-U and destabilize the droplets. In contrast, shorter stretches
below a critical threshold of seven are insufficient to induce any phe-
notypical changes.
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Having established that adenine stretches promote hybridization
when positioned either centrally or at the termini of the sequence, we
directly compared the impact of placing ten adenines at the ends
versus in the middle (Fig. 5g). Terminal placement resulted in a more
pronounced reduction in droplet lifetime—9.7 minutes—compared to
12.2 min for the central configuration (Figs. 5h, i, S17).

To assess the importance of uninterrupted consecutiveness, we
compared sequences containing multiple stretches of consecutive As
(Fig. 5j). This comparison revealed no significant difference in lifetime
or morphology when adding a second stretch of ten consecutive
adenines unconnected to the first (Figs. 5k, I, S18, Supplementary
Table 4). We conclude that increasing the number of adenines while
interrupting the consecutive stretch does not exacerbate the adverse
effect further. The second stretch of adenines is most likely unable to
bind to the poly-U strand due to the central sequence mismatch, and
there is no crosslinking between the strands. We observe the same lack
of impact when examining a sequence with fifteen adenines dis-
tributed in three blocks of five. We cannot circumvent the threshold of
seven consecutive As by distributing stretches of five consecutive As.
This suggests that phenotype modulation requires not merely inter-
action, but sufficiently tight and continuous binding to affect the
droplet material.

Taken together, to induce phenotypic changes, at least 7 con-
secutive adenines are required, preferably at the edge of the sequence.
This requirement likely accounts for the minimal lifetime shortening of
the A-rich library. With this knowledge, we calculated, using a
numerical sequence generation method, that roughly one-third of
sequences in the A-rich library have seven or more consecutive ade-
nines located within one base of either end. Introducing an alternative
condition of twenty consecutive adenines anywhere in the sequence,
we find that only 1.4% of sequences are compliant. This analysis sug-
gests that only about one-third of the sequences in the biased random
population could hybridize with the droplet scaffold, accounting for
the weak effect on droplet properties. Repeating the calculation for the
entirely random Njq library yielded just 0.02% of sequences fulfilling
either condition, in line with the low observed partitioning and the
absence of any measurable influence on droplet behavior.

To assess whether specific G-rich sequences affect the phenotype,
we investigated the effects of a sequence composed of eight guanines
at both termini flanking a randomized central region of fourteen bases
(GgN14Gg). Additionally, we included a G;0A,o sequence in our analysis
to examine the combined effects of guanine and adenine stretches on
droplet behavior. The twenty adenines are expected to enable hybri-
dization with poly-U, while the guanine stretch may introduce addi-
tional interactions.

Excitingly, the OD600 data of the active droplets with a genotype
showed evidence of a favorable phenotype i.e., with 50 uM of GgN14Gg,
the droplets exhibited increased longevity. In fact, the droplets no
longer dissolved (Fig. 6a, b, Supplementary Table 5). We hypothesized
that GgNy4Gg irreversibly sequestered the peptide within the droplets,
as guanine exhibits a high affinity for arginine and adopts higher-order
structures, such as G-quadruplexes, potentially enabling network
formation®>®, Guanine-arginine contacts are abundant in RNA- and
DNA-binding proteins due to pairwise hydrogen bonding as well as
favorable cation-pi stacking®**". In contrast, droplets with G;pA,o dis-
solved showed a similar longevity as the unbiased library. The absence
of kinetic trapping in G;pA,0 may result from the opposing effects of
adenine-induced droplet destabilization counteracting guanine-
mediated retention. Isothermal titration calorimetry showed a sub-
stantial difference in the dissociation constant of the peptide for both
GgN14Gg and GypAy9 compared to the unbiased library and Az, ver-
ifying the interaction between the G-rich sequences and the peptide
(Fig. S19).

We tested whether the DNA'’s higher affinity towards the peptide
would lower the critical fuel concentration and increase the critical salt

concentration (Fig. 6¢, d, Supplementary Table 6). We found no dif-
ference in the critical fuel concentration required to form droplets
between GgNy4Gg and the no-DNA control (8.3 vs. 9.2mM) and an
increase for GyoA,o to 17.5 mM, consistent with the observed marginal
reduction in droplet lifetime. In contrast, GgN;4Gg doubled the toler-
ance for additional sodium chloride, while G;0A,¢ increased it even
further to over 1 M. Nevertheless, the addition of salt decreased most
of the turbidity with less than 100 mM additional salt, suggesting that
the remaining turbidity may stem from DNA-peptide aggregates that
are hard to dissolve due to the higher affinity of arginine peptides for
guanine®®. The combination of an unchanged critical fuel concentra-
tion and the increased critical salt concentration required to dissolve
the droplets suggests that the overall affinity of droplet components is
not significantly enhanced. Despite relatively high partitioning
(Fig. S9), the main droplet components, peptide and poly-U, do not
change their affinity. Instead, the droplets that form under the given
anhydride conditions appear to be kinetically trapped. We hypothesize
this is due to restricted peptide diffusion within the dense network. If
the deactivated peptide cannot diffuse freely out of these aggregates,
droplet dissolution would be impeded.

Furthermore, FRAP measurements confirmed our hypothesis. The
peptide diffusivity decreased in the presence of both DNA sequences
(Fig. 6e, f, Supplementary Table 11), whereas the poly-U diffusivity
remained essentially unchanged in the presence of GgN;4Gg, but was
drastically reduced in the presence of G;0A,¢ (Fig. S20, Supplementary
Table 11). We conclude that both sequences reduce peptide mobility.
In contrast, only the sequence containing adenines (GjoAz0) addi-
tionally restricts poly-U dynamics, consistent with hybridization-
induced rigidification.

Confocal microscopy was used to investigate the morphological
changes of the droplets due to their genotypes. With GgN14Gg we
observed aggregates, incomplete fusion, and large network structures
(Fig. 6g, h) consistent with previous reports of poly-arginine aggre-
gation with guanine-rich RNA®’, After ten minutes, vacuoles formed—
common during fuel starvation when droplets are large*** —but unlike
the control, these droplets retained a persistent shell and resisted
dissolution. We attribute the vacuolization to the peptide deactivation
outpacing peptide influx due to slowed peptide diffusion in the pre-
sence of DNA, causing core collapse and kinetic trapping. G;oAzo
showed a mixed morphology between Ao and GgNy4Gsg, ie., the dro-
plets did not fuse properly and formed pearl-like aggregate strings
similar to those with Asg, while the complete dissolution is delayed
relative to Azo (Fig. S21).

These combined results show that specific G-rich DNA motifs can
markedly modulate droplet behavior. Sequences with guanine-rich
termini induced kinetic trapping and network formation, likely due to
strong peptide-guanine interactions. In contrast, a hybrid sequence
Gy0Az0 did not show trapping but displayed features of both G- and
A-rich effects, including delayed dissolution and impaired fusion.

These combined results demonstrate that DNA sequences, as a
primitive genotype, influence the behavior of our fuel-dependent
synthetic cells. Next, we aimed to demonstrate that these benefits
impact the synthetic cells in periodic fueling-starvation experiments.
We found that droplets with a G-rich DNA genotype formed kinetically
trapped, semi-fused shells. Upon refueling, we observed the regrowth
of the semi-fused droplet network at the beginning of the cycle. This
morphology differs from that observed upon the first fuel addition and
from the refueling of regular droplets without DNA (Figs. 6h, S22). We
conclude that our primitive genotype can influence the droplets over
multiple rounds of fueling and starvation.

Discussion

We investigated whether short DNA oligomers can function as rudi-
mentary genotypes within fuel-dependent peptide- and RNA-based
coacervate droplets. We screened random libraries, biased libraries,
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Fig. 6 | Kinetic trapping of coacervate droplets is facilitated by guanine stret-
ches within DNA sequences. a Optical density at 600 nm (OD600) as a function of
time for standard conditions in the presence of 50 uM DNA sequences containing
guanine stretches (8 guanines on both sides: blue, 10 guanines on one side: green).
b The lifetimes in the presence of GgN;4Gg (blue) and G;0A;0 (green) compared to
the unbiased DNA (gray), as derived from the turbidity traces measured on the UV
spectrometer. ¢ The critical fuel concentration in the presence of G-rich DNAs
(GgNi14Gg.blue; GjpA,0:green) was recorded as the onset of turbidity on the UV-VIS
spectrometer during titration with fuel and compared to a no DNA control sample
(black). d The critical salt concentration in the presence of G-rich DNAs derived
from the turbidity on the UV Vis spectrometer upon addition of salt to static dro-
plets. (GgN14Gg. blue; GioAz0: green; no DNA: black) e, f Confocal micrographs and

FRAP recovery traces of the NBD- tagged precursor peptide in the presence of
G-rich DNA (GgN4Gg.blue; G0Az0:green) or an unbiased library (gray) measured on
the confocal microscope. Scalebars represent 10 um. g Schematic representation of
G-rich DNA kinetically trapping the assemblies and changing the morphology upon
refueling. h Confocal micrographs imaged with 500 nM Sulforhodamine in the
presence of GgN;4Gg at select timepoints in a fuel cycle and upon a second fuel
addition. Scalebars represent 5 um. All error bars show the standard deviation from
the average (N =3). N represents one biological replicate of one analyzed turbidity
trace. Significance was determined via a two-sided Welch'’s -test with the unbiased
DNA sample as the control group (b) or the no DNA samples as the control group
(c). P-values can be found in Supplementary Tables 5 and 6. Source data are pro-
vided as a Source Data file.

and specific DNA sequences for their ability to partition in the droplets,
which is crucial for acting as a genotype. We found through sequen-
cing that A-rich and G-rich sequences, especially when these bases
were consecutive, partitioned well in the droplets. We tested how
these well-partitioning sequences affected key phenotypic traits,
including longevity, morphology, fusion, critical fuel needed to form
droplets, and the amount of salt needed to dissolve the droplets. On
the one hand, A-rich sequences weaken the interactions between RNA
and peptide, which was adverse for the droplet’s phenotype—they

lived shorter, required more fuel to form, and were less salt resistant.
Despite their negative impact on the droplet, we were able to identify
these sequences in the droplets, likely because we isolated the droplets
early in the cycle. On the other hand, G-rich sequences, particularly
those with guanine stretches at their termini, prolonged the droplet’s
longevity, even to a point where they did not dissolve. These droplets
resisted dissolution despite the absence of fuel, pointing to strong
interactions that hindered peptide diffusion. Interestingly, sequences
combining G and A motifs exhibited mixed phenotypes, balancing
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trapping and hybridization. Taken together, our results demonstrate
the first steps toward coupling genotype and phenotype in fuel-driven
synthetic cells. We believe that hybridization, rigidification, and dif-
fusion inhibition, as interaction modes, are also transferable to other
systems of active droplets.

We recognize that the DNA sequences in this study do not repli-
cate and, therefore, cannot be considered true genotypes in a biolo-
gical sense. Nevertheless, our results show that if such sequences
could replicate, they could exert a strong influence on droplet beha-
vior. In the context of periodic fueling-starvation experiments, dro-
plets with “favorable” sequences—those that prolong lifetime or
increase resilience to low fuel or high salt—would be more likely to
survive a starvation period and resume growth when fuel becomes
available again, as demonstrated in the refueling experiments. If these
droplets were also capable of division, as we have recently demon-
strated in related systems, these favorable sequences could be inher-
ited by daughter droplets, allowing the persistence and spread of
advantageous traits'>. This scenario points toward a future in which
integrating replicating genetic elements into fuel-dependent synthetic
cells could enable true Darwinian evolution, with selection acting on
genotype-defined phenotypes. To achieve that scenario, however, we
would need our DNA sequences to replicate, which we envision is
possible with rolling circle amplification or lesion-induced DNA
amplification®®*’.

In summary, we demonstrate that short, non-replicating DNA
oligomers can partition into fuel-driven, peptide-RNA coacervate
droplets and modulate key phenotypic traits such as longevity, mor-
phology, fusion behavior, and tolerance to fuel or salt stress. Sys-
tematic screening and sequencing revealed that consecutive adenine
or guanine stretches—especially at sequence termini—drive strong
partitioning, with A-rich sequences weakening peptide-RNA interac-
tions and shortening lifetimes, while G-rich sequences induce kinetic
trapping and markedly extend persistence. Our findings establish
design rules for coupling sequence identity to droplet phenotype. We
envision that, once combined with self-replicating DNA, these princi-
ples could enable droplets to survive starvation, endure environmental
stress, and pass advantageous traits to progeny upon division—laying
the groundwork for synthetic cells capable of Darwinian evolution.

Methods

Materials

We purchased 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
polyuridylic acid, potassium salt (poly-U), 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer, sodium chloride, polystyrene sulfonate
(17 kDa), triethylammonium acetate buffer, different amino acids, and
Sulforhodamine from Sigma-Aldrich and used them without any fur-
ther purification. General solvents were purchased from Sigma Aldrich
in analytical or synthesis grade and used without further purification.
Cy5-Ass was purchased from biomers.net GmbH. Peptides were either
ordered from Caslo or Biocat as the lyophilized TFA salt with a purity of
>98% or synthesized on a peptide synthesizer according to the method
described below. Self-synthesized peptides were characterized before
use with electrospray ionization mass spectrometry (ESI-MS) in posi-
tive mode, and all peptides were characterized and their concentration
verified by analytical HPLC as described in Supplementary Table 8. For
library preparation, we used PEG-8000 from Carl Roth, RNase Cocktail
from Invitrogen, and T4 DNA ligase, T4 pnk, NEBNext Ultra I Q5
Master Mix, NEBNext Multiplex Oligos for Illumina (Index Primer Set
3), and Monarch Spin PCR & DNA cleanup kit from New England Bio-
labs, NucleoMag NGS Clean-up and Size Selection beads from
Macherey-Nagel, and PhiX Control v3 from Illumina. All DNA oligomers
used in this study were ordered from IDT or Sigma Aldrich with stan-
dard desalting. Sequences are found in Supplementary Table 10 in the
Supplementary Information.

Peptide synthesis and purification. Ac-F(RG);D-OH (Ac-Phe-Arg-Gly-
Arg-Gly-Arg-Gly-Asp-OH) was synthesized on a 0.5 mmol scale with a
Liberty Blue® peptide synthesizer from CEM by standard Fmoc-SPPS.
Pre-loaded Wang resin (Fmoc-Asp(OtBu) loaded, 100-200 mesh,
0.67 mmol/g) was used. A double Fmoc-deprotection and double
coupling cycle with microwave heating was applied. Therefore, Fmoc-
removal was performed twice per amino acid (2 x 5 mL piperidine 20 v/
v% solution in DMF, 90 °C, 90 s) before each amino acid was coupled
twice (2 x 5mL of 0.2 M amino acid in DMF, 2 x 2 mL 0.5 M DIC in DMF,
2x1mL 1M Oxyma pure in DMF, 90 °C, 120 s each cycle). Arginine
couplings were performed for 240 s at 90 °C with the same reagent
concentrations. Phenylalanine was used pre-acetylated. Sidechain
deprotection and final cleavage from the resin were achieved with a
solution of 2.5% water, 2.5% triisopropylsilan, and 95% trifluoroacetic
acid for two hours under continuous agitation at room temperature.
Solvents were evaporated under a constant nitrogen flow, and the
residue was dissolved in a mixture of water and acetonitrile. Purifica-
tion was done by preparative reversed-phase HPLC on an Agilent 1260
Infinity II setup (Agilent InfinityLab ZORBAX SB-C18 column
(250 mmx21.2 mm, 5 um particle size). Separation was performed on a
linear gradient from 2 % to 98% acetonitrile in Mili Q water, both with
0.1% TFA at a flow rate of 20 ml/min. The fluorescently labeled peptide
with NBD was prepared by reacting the peptide on the resin with two
equivalents of NBD-CI and 1.2 equivalents of DIPEA in 4 ml DMF over-
night under constant agitation. Cleavage and purification was per-
formed as described above, but with 3 hours of shaking at room
temperature during the cleavage step”.

Sample preparation. We prepared stock solutions of the peptide and
peptide model by dissolving the peptides in MQ water, after which we
adjusted the pH to pH 5.3. Stock solutions of EDC were prepared by
dissolving the EDC powder in MQ water. We prepared the stock solu-
tions of 0.5M EDC freshly. Reaction cycles were started by adding the
highly concentrated EDC to the acid solution. We carried out all
experiments at 25 °C. Standard active droplet conditions were 23 mM
peptide, 4.1 mM poly-U (monomer conc.), 30 mM EDC, 200 mM MES
buffer (pH 5.3), and 50 uM DNA (strand conc.). Control samples with-
out DNA were prepared with 5.6 mM poly-U (monomer conc.) to keep
the overall charge constant. Standard static droplet conditions were
20 mM peptide, 3 mM peptide model, 4.1 mM poly-U, and 200 mM
MES buffer (pH 5.3), and 50 uM DNA (strand conc.). Control samples
without DNA were prepared with 5.6 mM poly-U (monomer conc.).

DNA partitioning. We determined the partitioning of different DNA
sequences by measuring the DNA concentration in the supernatant
after spinning down the droplets using analytical HPLC (HPLC Thermo
Vanquish, Thermo DNAPac RP column particle size 4 um 2.1 x100 mm)
with a gradient of acetonitrile in 100 mM triethylammonium acetate
buffer and a flow rate of 0.3 ml/ min at 60 °C column temperature. The
gradient ran from 6.25% acetonitrile to 25 % acetonitrile in 8 minutes,
with a pre-equilibration of 5 minutes.

A 20 L static droplet sample was prepared and spun down for
10 minutes. 18 uL supernatant was removed from the sample and
transferred into a screw cap HPLC vial with a plastic inlet and incubated
for at least 30 minutes in the HPLC. Samples of the solutions were
injected without further dilution (injection volume: 1 L) and tracked
with a UV/Vis detector at 260 nm, and for the Cy3-A;o additionally at
550 nm. For analysis the Chromeleon HPLC analysis software (Version
7) was used. Calibrations were made for each tested DNA library at
three different concentrations. Each spin-down experiment for the
libraries was performed in triplicate, apart from the additional A;o and
GgN14Gs. DNA partitioning coefficients were then calculated using the
droplet volume determined with confocal microscopy, as described
below. The final error was calculated from the standard deviation of
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the measured DNA supernatant concentrations and the standard
deviation of the droplet volume determination using error
propagation.

Sequencing Library preparation. Detailed information can be found
in the accompanying protocol paper.

Sequencing Data analysis. A detailed method for this can be found in
the corresponding protocol paper. All scripts used to generate the final
data and figures from the raw data can be found at https://github.com/
hmutschler/Droplet-Sequencing-Analysis (https://doi.org/10.5281/
zen0do.18597396).

We opted for paired-end sequencing, which means each molecule
is read twice during sequencing, once from each end. Due to the short
length of the library (including adapters >100 nt), this means that every
position in the sequence is read twice and greatly reduces error fre-
quency. After adapter trimming and length filtering, the R2 reads were
discarded, as these reads are not present in the droplets (R1 represents
all oligos from the N3 library, while R2 is the reverse complement),
and R2 reads were not further analyzed.

PolyG tails due to two color sequencing chemistry were accoun-
ted for in data processing, where we first trimmed adapters, usually
deleting everything downstream of the 2" adaptor in each read, as well
as when filtering for reads of exactly 30 nt length.

For the motifs, we decided to use an e-value of 0.05 as the cut-off
for significance. The e-value corresponds to the p-value of these motifs
appearing enriched at random, divided by the total number of motifs
found by the STREME software.

ITC measurements. ITC titrations were performed on a MicroCal
PEAQ-ITC instrument from Malvern Panalytical. All experiments were
performed at 25 °C and with a control titration of the respective pep-
tide concentration in 200 mM MES buffer (pH 5.3) into the same buffer
without any DNA. All samples (cell and titration solutions) were pre-
pared with the same concentration of MES buffer (200 mM at pH 5.3)
to avoid additional dilution effects. The data was analyzed using a non-
linear least squares algorithm provided by the PEAQ-ITC analysis
software. The component concentrations were chosen in a regime
where no coacervation could be observed.

UV/Vis Spectroscopy/OD measurements. The UV/Vis measurements
were carried out using a Multiskan GO (Thermo Fisher) microplate
reader, which measures top-down absorption. Samples (either 20 pL
or 50 uL) were directly prepared into a 384 or 96-well half-area plate
(flat bottom) at 25 °C. Each experiment was performed for 30 minutes
with turbidity measurements at 600 nm every 30 s and in triplicate.
Lifetimes were determined at a threshold of 0.12; we define the droplet
longevity at a threshold of 0.2.

Critical Salt concentration determination. We determined the critical
salt concentration by titrating a 20 uL sample of static droplets with
standard static droplet conditions with 0.5, 1, or 5M sodium chloride
solution in 10 or 20 mM steps. Volumetric dilution was neglected due
to being <25% at the maximum, and the same for all samples. After
each addition, the sample was mixed by pipetting up and down and left
to incubate for 30 seconds until air bubbles had disappeared. After-
wards, the turbidity was measured at 25 °C. The titrations were per-
formed in triplicate and each replicate was fit linearly. For the linear fit
we use all absorption values > 0.12 to simplify fitting. We determined
the critical fuel concentration as the average of the three concentra-
tions where the extrapolated fits cross the threshold of 0.1. When
dissolution was not linear and a linear fit was not possible due to
aggregate formation (Fig. 6), we determine the critical salt con-
centration as the average of the first concentration with a measured
absorption value <0.1.

Critical Fuel concentration determination. We determined the cri-
tical fuel concentration by titrating a 20 uL sample with standard active
droplet conditions with a 500 mM EDC solution in 2.5 (<12.5 mM EDC)
and 5mM steps (> 12.5mM EDC). We determined the critical fuel
concentration as the average of the first concentration where the
turbidity crosses above the threshold of 0.1.

Confocal Fluorescence Microscopy. We used a Leica SP8 confocal
microscope with a 63x oil immersion objective to image the droplets at
different times. We prepared samples as described above, but with
500 nM Sulforhodamine B or the fluorescently tagged peptide as dye.
30uL of the sample was deposited on a PVA-coated IBIDI p-slide
Angiogenesis Glass bottom slide. Samples were excited with a 552 nm
laser and imaged at 565-635 nm with a HyD detector. Samples with the
fluorescent peptide were excited with a 488 nm laser and imaged at
499-569 nm. The pinhole was set to 1 Airy unit. Images were taken
either 20 um above the bottom or on the glass. Micrograph images
were analyzed with FIJI (Image J) and contrast and brightness adjusted
for better visibility, for Fig. 6 a median filter was used for better
visibility.

Droplet volume determination. The total droplet volume was deter-
mined from Z-projections of static droplet samples prepared in water
in oil microreactors. These microreactors were screened as a z-stack
after the droplets had mostly merged. The Z-projections of these
images were analyzed with FIJI (ImageJ). From the area of the individual
coacervates their volume was determined and added for the total
droplet volume. The total sample volume was determined by mea-
suring the maximum diameter of the water in oil droplet. The ratio of
these values is given in percent. A total of 10 microreactors were
screened and the average and standard deviation taken from that. The
samples were prepared as static droplets using the standard condi-
tions for static droplets (20 mM peptide, 3 mM peptide model, 4.1 mM
poly-U, 200 mM MES (pH 5.3).

Statistics and Reproducibility. Measurements were taken from at
least three distinct samples. For representative confocal images,
experiments were performed at least three times. For all experiments
where significance is indicated, we have performed a two-sided
Welch’s t-test for independent samples using SciPy in a Python (Ver-
sion 3.13) script. A p-value below 0.05 is considered significant (*), a
p-value of 0.1 is a slight trend (+). The degrees of freedom are calcu-
lated with the Welch-Satterthwaite equation. Tables with the exact p-
values, t values, and calculated degrees of freedom can be found in the
Sl Information on the significance of the cutoff during motif discovery
can be found in the Sequencing Data analysis.

Data collection and analysis. To collect our data on the confocal, we
used the Leica LAS X software Version 4.6, on the UV spectrometer, we
used the Skanlt Software Version 6.0, on the HPLC, we used Chro-
meleon Version 7.3.2, and on the ITC, we used MicroCal PEAQ-ITC
Control software(2022). The numerical generator can be found on
GitHub at https://doi.org/10.5281/zenod0.18597396. For data analysis,
we have used FIJI (ImageJ), Python (Version 3.13), Chromeleon Version
7.3.2, and Excel. The FRAP analysis script can be found on GitHub at
https://doi.org/10.5281/zenodo0.18597396.

Fluorescence recovery after photobleaching (FRAP). The diffusivity
of droplet components inside the coacervates was calculated from
fluorescence recovery after photobleaching experiments with the
above-mentioned confocal in FRAP mode. We prepared static droplets
with the standard conditions for static droplets mentioned above and
imaged droplets close to the glass, waiting at least 5 min for the dro-
plets to reach an adequate size. For the peptide diffusivity, we excited
the fluorescent version of the precursor peptide, NBD-G(RG)3;D-OH, at
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488 nm and detected it from 499 nm-569 nm with a PMT detector for
at least 70 s. For the poly-U diffusivity, we annealed a short fluores-
cently tagged RNA oligomer, Cy5-A;s, to the poly-U and bleached at
638 nm_detecting from 650 nm-750 nm with a PMT detector for at
least 180 s. Images were acquired at a resolution of 256 x 256 pixels,
700x scan speed (bidirectional scan), and between 8 and 10x zoom.
The time intervals for the peptide bleach were 0.1342 s and 0.1902 s for
the poly-U bleach. The bleach radius was chosen at 2.5um for the
peptide and 1.0 um for the poly-U and corrected for the calculation
based on the post-bleach frame. Recovery data was double normalized
using a FIJI macro script with the following equation:

(e —B,) (No — Bp)

F(t)= (Nt - Bt) (IO - BO)

@

F(t) represents the normalized fluorescence intensity at time
point t. I, is the average intensity of the bleached ROI at a specific time
point, N, is the average intensity of an unbleached ROl in a neighboring
coacervate, and B, represents the average intensity of a ROl without
any coacervates. Ny, lp, and B, are the averaged pre-bleach intensities
of the unbleached ROI, bleached ROI, and the background until the
bleach frame. We fitted the data with the following exponential
equation:

F(t)= a(l — et ) +c )

With a representing the mobile fraction or the fluorescence at full
recovery, b being related to the half recovery time, and ¢ being the
minimum intensity upon bleaching.

In(2)

typ=—p- 3)

The diffusion coefficient is calculated via the following calculation
according to Soumpasis™:

_024r
ti

D

“)

We have used the radius r from the postbleach frame; 0.224 is a
numerically determined coefficient. We have determined the diffusion
coefficient for each condition in triplicate.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data generated in this study have been deposited
in the Sequence Read Archive (SRA) of the National Center for Bio-
technology Information (NCBI): https://www.ncbi.nlm.nih.gov/sra/
PRJNA1424544. The other experimental data generated in this study
are provided in the Supplementary Information/Source Data file.
Source images are available upon request to Job Boekhoven due to
their size; permanent access can be given with a one-month response
time. Source data are provided with this paper.

Code availability

All scripts used to generate the final data and figures from the raw
sequencing data, as well as the numerical generator and the FRAP
analysis script, can be found on GitHub at https://doi.org/10.5281/
zenodo.18597396.
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SUMMARY

Complex coacervate droplets are synthetic cell models that sequester nucleic
acids. Here, we present a protocol for the recovery and deep sequencing of sin-
gle-stranded DNA (ssDNA) from metabolically active coacervate droplets. We
describe time-resolved harvesting, ssDNA recovery, and sequence-independent
library preparation for next generation sequencing (NGS), along with an analysis
pipeline to assess enrichment dynamics and sequence distributions. The protocol
is adaptable to diverse droplet systems.

For complete details on the use and execution of this protocol, please refer to
Machatzke et al.’

BEFORE YOU BEGIN

Rational for method development

We recently developed fuel-dependent complex coacervate droplets sustained by a chemical reac-
tion cycle.”? These non-equilibrium compartments require continuous fuel to form and persist, and
will decay without it.* Under defined conditions, they can undergo growth-division cycles.” While
they provide a powerful platform to study life-like, out-of-equilibrium behavior, these droplets
lack a heritable genotype, which would be required for them to undergo Darwinian evolution.
We envision that self-replicating DNA sequences could serve as a genotype if sequence-
dependent interactions modulate droplet properties.® To test this hypothesis, we established a
deep-sequencing workflow that links DNA sequence to droplet-level phenotypes, enabling
high-throughput mapping of sequences that bias droplet formation, stability and dynamics.

Specifically, we developed a protocol to retrieve, identify, and analyze ssDNA molecules that
partition into the polymer-rich phase of a transient, fuel-driven complex coacervate system and
which ssDNA molecules remain in the polymer-poor phase. Because sequence determinants of
partitioning are difficult to predict, this protocol enables experimental determination of enrichment
and depletion rules and dynamics.””” The workflow is compatible with other synthetic and
protocellular model systems, provided that ssDNA recovery and library preparation are adjusted
accordingly. The protocol can also be adapted to RNA-based systems, if the extraction is
modified and strand-aware library steps follow cDNA by reverse transcription. After ssDNA
recovery, we present a strand-specific, sequence-agnostic library preparation method for deep

c:).n. STAR Protocols 7, 104293, March 20, 2026 © 2025 The Author(s). Published by Elsevier Inc. 1

- This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/licenses/by/4.0/
mailto:corbin.machatzke@tu-dortmund.de
mailto:job.boekhoven@tum.de
mailto:hannes.mutschler@tu-dortmund.de
https://doi.org/10.1016/j.xpro.2025.104293
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2025.104293&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress STAR Protocols

OPEN ACCESS

sequencing. Finally, we provide a modular analysis pipeline tailored to short (e.g., prebiotically
plausible) sequences,’®"® quantifying nucleotide composition, predicted intramolecular

structure, and motif enrichment.

Innovation

We have developed a method for the time-resolved recovery and deep sequencing of ssDNA from
transient, fuel-driven complex coacervate droplets.?* Because these droplets have limited lifetimes,
we have implemented a rapid quenching and harvesting protocol to capture polymer-rich
and polymer-poor sequence pools with minimal bias. To generate the deep-sequencing library,
we adapted the SRSLY (single reaction single-stranded library) protocol'® for use with low
amounts of unknown ssDNA input, thereby increasing yields while preserving strand orientation
and minimizing sequence bias.

On the computational side, we offer a modular and customizable analysis pipeline tailored to short
oligonucleotides, typical of synthetic coacervate droplets (~10-100 nt). The modules report quality
metrics, nucleotide composition, intramolecular folding, and motif discovery. The pipeline also
promotes standardization across laboratories working on synthetic/protocell systems and can be
extended to alternative nucleic acid backbones such as RNA with minimal changes to recovery
and library preparation.

Taken together, the protocol provides a reproducible end-to-end workflow for identifying and
analyzing sequence determinants of partitioning into static and metabolically active droplet
systems, as well as related compartments.

Buffer preparation
® Timing: 30 minto 1 h

1. Prepare 500 mM MES pH 5.3 stock solution.
a. Dissolve 53.3 g MES monohydrate in 400 mL nuclease-free ddH,O.
b. Adjust the pH to 5.3, then top up to 500 mL and mix thoroughly before use.
2. Prepare a 41 mM polyU (charge concentration/monomer concentration) stock solution.
a. Dissolve 14.15 mg polyuridylic acid potassium salt in 1 mL nuclease-free ddH,O.
3. Prepare 155 mM RG3 peptide stock solution.
a. Dissolve 500 mg Ac-FRGRGRGD in 1 mL nuclease-free ddH,0.
b. Adjust pH with 1 M NaOH to pH 5.3 (~475 pl).
c. Add nuclease-free ddH,O until the total volume is equal to 2.475 mL.

A CRITICAL: Do not prepare a stock solution with a peptide concentration that is too high! If
the concentration is too high, the peptide will precipitate over time.

A CRITICAL: Immediately adjust the pH of the peptide solution.
A CRITICAL: Always verify the quality of custom peptides. Identity and purity can be
confirmed by mass spectrometry and HPLC. Demonstrate correct formation of complex

coacervates with no significant precipitation under the conditions described in the
detailed protocol.

A CRITICAL: Always store RNA oligonucleotides at —20°C or —80°C and thaw them on ice. If
not stored properly, RNA can hydrolyze, leading to insufficient droplet formation.

4. Prepare a 5 M NaCl stock solution.
a. Dissolve 29.22 g NaCl in 70 mL nuclease-free ddH,O.

2 STAR Protocols 7, 104293, March 20, 2026



STAR Protocols

¢? CellPress

OPEN ACCESS

b. Adjust volume to 100 mL with nuclease-free ddH,O after complete dissolution.

5. Prepare 400 mM EDC stock solution.

a. Dissolve 19.2 mg EDC in 230 pL nuclease-free ddH,O.

A CRITICAL: Always prepare the EDC solution fresh. Ideally, EDC should be stored at —20°C

under an inert gas.

6. Prepare 50% w/v PEG-8000 stock solution.

a. Dissolve 20 g of PEG-8000 in 23 mL of nuclease-free ddH,0.
b. Adjust volume to 40 mL with nuclease-free ddH,O after complete dissolution.

Note: To dissolve PEG-8000, apply slight heat while stirring constantly. If it does not fully

dissolve, add small amounts of nuclease-free ddH,0O, ensuring that the total volume does

not exceed 40 mL.

Table specifying buffer storage conditions and minimum shelf-life

Buffer Storage conditions Minimum shelf-life
MES buffer 18°C-27°C Indefinitely
polyU stock -20°C 6-12 months
Peptide stock 4°C 6-12 months
NaCl stock 18°C-27°C Indefinitely

EDC stock On ice 2-6 hours
PEG-8000 stock 18°C-27°C Indefinitely
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

RG3 peptide (Ac-FRGRGRGD), >98% Caslo N/A

MES monohydrate AppliChem Cat# A1074,0500
Polyuridylic acid potassium salt Sigma-Aldrich Cat# P9528-25MG
Sodium Chloride Sigma-Aldrich Cat# 59888-2.5KG-M
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) Sigma-Aldrich Cat# E6383-5G
RNase Cocktail Invitrogen Cat# AM2286
PEG-8000 Carl Roth Cat# 0263.1

T4 DNA ligase New England Biolabs Cat# M0202S

T4 Polynucleotide Kinase (PNK)
NEBNext Ultra Il Q5 Master Mix

New England Biolabs
New England Biolabs

Cat# M0201S
Cat# M0544L

Critical commercial assays

NEBNext Multiplex Oligos for lllumina (Index Primer Set)

New England Biolabs

Eg. E7500L or E7710L

Monarch Spin PCR & DNA Cleanup Kit New England Biolabs T1130L
NucleoMag NGS Clean-up and Size Selection Macherey-Nagel Ref. 744970.5
PhiX Control v3 lllumina 15017666
Oligonucleotides

N30 library: Integrated DNA Technologies ~ N/A
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

SRSLY P5 adapter:/SAmMC12/AC ACT CTT TCC CTA Integrated DNA Technologies ~ N/A

CAC GACGCTCTTCCGATCT

SRSLY P5 splint:/'5AmMC6/NN NNN NNA GAT CGG AAG  Integrated DNA Technologies ~ N/A

AGC GTC GTG TAG GGA AAG AGT GT/3AmMO/

SRSLY P7 adapter:/5Phos/AG ATC GGA AGA GCA CAC Integrated DNA Technologies ~ N/A

GTC TGA ACT CCA GTC A/3ddC/

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

SRSLY P7 splint:/5AmMC12/GT GAC TGG AGT TCA GAC
GTG TGC TCT TCC GAT CTN NNN NNN/3AmMO/
SRSLY P5 adapter Cy5 tagged (for troubleshooting):/5Cy5/
ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT
SRSLY P7 adapter FAM tagged (for troubleshooting):/
5Phos/AG ATC GGA AGA GCA CAC GTC TGA ACT CCA
GTC A/36-FAM/

Tagged RNA:/5Cy5/rArArArArCrCrArGrUrC

Integrated DNA Technologies
Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

N/A

N/A

N/A

N/A

Software and algorithms

lllumina Sequencing Analysis Viewer 2.4.7 lllumina https://support.illumina.com/sequencing/
sequencing_software/sequencing_analysis_
viewer_sav.html|

FastQC 0.12.1 https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

MultiQC 1.15 https://github.com/MultiQC/MultiQC

Cutadapt 4.3 https://cutadapt.readthedocs.io/en/stable/

Seqkit 2.4.0 https://bioinf.shenwei.me/seqkit/

Vienna RNA package, RNAfold 2.4.17 https://www.tbi.univie.ac.at/RNA/

RNAshapes 3.4 https://bibiserv.cebitec.uni-bielefeld.de/mashapes

Python 3.8.8 https://www.python.org/

Meme Suite, streme 5.5.7 https://meme-suite.org/meme/

Other

4150 TapeStation Agilent https://www.agilent.com/en/product/
automated-electrophoresis/tapestation-systems/
tapestation-instruments/4150-tapestation-system-297322

lllumina iSeq 100 lllumina https://www.illumina.com/systems/

ProFlex PCR Systems or equivalent thermocycler
Micro Star 17R or equivalent centrifuge
DynaMag-2 or equivalent magnetic rack

SafeSeal reaction tubes or similar low binding reaction
tubes

Thermo Fisher Scientific
VWR

Thermo Fisher Scientific
Sarstedt

sequencing-platforms/iseq.html
Cati# 4483636

Cat# 521-1647

Cat# 12321D

Cat# 72.704.700

STEP-BY-STEP METHOD DETAILS

Droplet preparation and DNA recovery

® Timing: 3 h

First, we describe how to prepare fuel-dependent complex coacervates in the presence of an ssDNA

library. Then, we explain how to separate the phases and recover the ssDNA for downstream analysis.

1. Prepare complex coacervates and separate phases.
a. Thaw ssDNA library (and tagged RNA, if used) on ice.

b. Prepare complex coacervates mix (900 pL).

Reagent Stock Final V/pL

MES pH 5.3 500 mM 200 mM 400

RG3 peptide 155 mM 23 mM 150

polyU 41 mM 4.1 mM 100

N30 library 3 pg/plL 9 nug 3

Tagged RNA (optional) 100 pM 1puM 10

ddH,O 237 or 247

4 STAR Protocols 7, 104293, March 20, 2026
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Note: Adding tagged RNA makes the pellet easier to detect after centrifugation. While this
is not strictly necessary, it is recommended for initial trials. The RNA sequence is not critical,
as the RNase cocktail will remove all RNAs.

c. Add 100 pL 400 mM EDC solution to the complex coacervates master mix. Mix thoroughly by
pipetting up and down.

Note: Within seconds of mixing the sample with fuel, the solution should become visibly
turbid, indicating coacervate formation. If this does not occur and the sample remains clear,
refer to problem 1. For representative static images and time-lapse videos of the expected
turbidity and droplet morphology, see Donau et al., 2020.?

A CRITICAL: From the addition of EDC until the supernatant is removed, it is crucial to
adhere to all incubation times precisely and work quickly. The fuel-dependent system
has a very short lifespan.

d. Incubate for 1 minute at ~25°C.
e. Spin for 3 minutes at 16.000 g in a centrifuge set to 25°C.

A CRITICAL: The temperature should not exceed 30°C during centrifugation. The lifetime
of droplets is greatly affected by temperature. Lower temperatures may greatly extend
lifetimes, whereas higher temperatures can drastically decrease them.

f. After centrifugation, immediately remove all supernatant very thoroughly and store it for
downstream analysis.

Note: Use a P1000 to remove most of the bulk of the supernatant without disturbing the
pellet. Then, using a P10, remove as much liquid as possible from the pellet. Discard these small
volumes.

g. Resuspend the pelletin 10 pL 5 M NaCl by pipetting up and down.
h. After resuspension, the solution should be clear. Add 40 pL ddH,O.
i. Use the Monarch Spin PCR & DNA Cleanup Kit according to the manufacturer’s instructions for
the “small oligo” protocol to clean up 50 pL of pellet and 50 pL of supernatant:
i. Add 100 pL Buffer BZ to the solution.
ii. Add 300 pL Isopropanol. Mix well by pipetting up and down. Do not vortex.
iii. Transfer 450 pL solution onto a spin column and spin for 1 minute at 16,000 g. Discard
flow-through.
iv. Add 500 pL Buffer WZ to the spin column and spin for 1 minute at 16,000 g. Discard flow-
through.
v. Repeat step iv.
vi. Transfer the spin column to a fresh 1.5 mL sample tube. Spin empty for 1 minute at
16.000 g to remove residual buffer.
vii. Transfer the spin column to a fresh sample tube. Add 10 pL ddH,O to the center of the
matrix to elute DNA. Spin for 1 minute at 16,000 g, then discard the spin column.
2. Digest polyU RNA from both samples.
a. Add 1 pL RNase cocktail to both samples.

Note: Always keep enzyme mixes in —20°C cooling blocks.
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b. Incubate the samples in a thermocycler for 2 hours at 37°C, followed by 10 minutes at 65°C
with the lid set to 105°C.

Note: 2 uL of the recovered, RNase-digested ssDNA can be used for analysis via urea-PAGE
gel (20% 19:1 acrylamide: bisacrylamide). If low yields are observed in this step, refer to
problem 2.

Library preparation and sequencing
O® Timing: 2 days

This step describes how to prepare ssDNA for sequencing using sequence-agnostic, orientation-
specific splinted ligations. We then provide a brief overview of how to perform sequencing using
an iSeq 100. However, any lllumina-type sequencer that is compatible with the adapters can be
used. If you are proceeding with in-house sequencing, remember to thaw the sequencing reagents
according to the manufacturer’s instructions. This process usually takes 9-18 hours.

3. Ligation of isolated ssDNA to the adapter oligonucleotides via splinted ligation.
a. Thaw adapter and splint oligos on ice.
b. Prepare 10 pL of P5 adapter and splint mix per ssDNA sample.

Reagent Stock Final V/uL
T4 DNA Ligase reaction buffer 10x 1x 1
SRSLY P5 adapter 100 pM 10 uM 1
SRSLY P5 splint 100 pM 20 pM 2
ddH,0 6

c. Prepare 10 pL of P7 adapter and splint mix per ssDNA sample.

Reagent Stock Final V/pL
T4 DNA Ligase reaction buffer 10x 1% 1
SRSLY P7 adapter 100 pM 10 uM 1
SRSLY P7 splint 100 pM 20 pM 2
ddH,O 6

d. Anneal oligonucleotides by heating the reaction mix to 95°C for 10 seconds and then cooling
them down to 10°C at a ramp rate of 0.1°C/s in a thermocycler.
e. Prepare 78 pL Ligation mix per ssDNA sample. Mix well by pipetting up and down or

vortexing.

Reagent Stock Final V/pL
T4 DNA Ligase reaction buffer 10x 1% 8

P5 adapter and splint mix 9

P7 adapter and splint mix 9
ssDNA sample 9
PEG-8000 50% 20% 32
ddH,0 1

f. Add 1 pL (30 U) T4 DNA Ligase and 1 pL T4 PNK (10 U) to the reaction mix. Carefully mix by
pipetting up and down.
g. Incubate ~16 hours at 25°C in a thermocycler with the lid set to “off".
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h. Incubate 10 minutes at 65°C with the lid set to 105°C to inactivate proteins.
i. Use the Monarch Spin PCR & DNA Cleanup Kit with the standard cleanup protocol to clean up
80 pL of each sample. Change the ratio of sample: binding buffer to 3:1:
i. Add 240 pL Buffer BZ to the solution. Mix well by pipetting up and down. Do not vortex.
ii. Transfer 320 pL solution onto a spin column and spin for 1 minute at 16,000 g. Discard flow-
through.
iii. Add 200 pL Buffer WZ to the spin column and spin for 1 minute at 16,000 g. Discard flow-
through.
iv. Repeat step iv.
v. Transfer the spin column to a fresh 1.5 mL sample tube. Spin empty for 1 minute at 16.000 g
to remove residual buffer.
vi. Transfer the spin column to a fresh 1.5 mL sample tube. Add 17 puL ddH,O to the center of
the matrix to elute DNA. Spin for 1 minute at 16,000 g, then discard the spin column.

Note: 2 pL of the final cleaned-up product can be used for analysis via Urea-PAGE gel (20%
19:1 acrylamide: bisacrylamide) or a TapeStation or Bioanalyzer. The adapters in this work
are 33 nt and 34 nt long, meaning the expected ligated product is library length + 67 nt,
in the case of N3g, 97 nt. If low yields are observed, refer to problem 3.

00 Pause point: At this point, it is possible to store the samples at —20°C and continue the
protocol at a later point.

4. Addition of index- and sequencing-primers via PCR.
a. Prepare the following PCR mix:

Reagent Stock Final V/uL
adapter ligated DNA 15
NEBNext Ultra Il Q5 Master Mix 2x 1% 25
Index primer (NEB primer set) 5
Universal primer (NEB primer set) 5

b. Run the following PCR cycle:

Steps Temperature Time Cycles
Initial Denaturation 98°C 30 sec 1
Denaturation 98°C 10 sec 15 cycles
Annealing/Extension 65°C 75 sec

Final extension 65°C 300 sec 1

Hold 4°C forever

A CRITICAL: Do not use the same index primer for multiple samples! Make a note of which
index primer is used for each sample and the correct index read of that primer. You will
need to provide this information to the sequencer.

c. Clean up using NucleoMag NGS Clean-up and Size Selection:
i.  Vortex NucleoMag solution until all beads are resuspended.
ii. Add 45 pL bead solution to the finished PCR reaction, and incubate for 5 minutes.
iii. Put on amagnetic rack, incubate for 5 minutes, and remove the supernatant.
iv. Add 200 pL 80% Ethanol while on the magnetic rack, incubate 30 seconds, and remove
supernatant.
v. Repeat step iv. Ensure that as much liquid as possible is removed.
vi. Air dry beads for a maximum of 5 minutes.
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vii. Remove from the magneticrack. Add 33 pL of 0.1 TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA), mix well by pipetting up and down to resuspend beads. Incubate 2 minutes.
viii. Put on a magnetic rack, incubate 5 minutes.
ix. Transfer 30 L to a fresh 0.2 mL PCR tube.
d. Confirm the success of the library preparation, e.g., using a TapeStation with a D1000 cassette
if available.

[0 Pause point: At this point, it is possible to store the samples at —20°C and continue the pro-
tocol at a later point.

5. Based on the TapeStation concentration measurements, dilute and mix your library for loading
concentrations.

Note: For calculations, use the peak corresponding to the correct library length (for the same
adapters and library length, this peak is at 154 bp), the peak corresponding to an adapter
dimer (for the same adapters, this peak is at 124 bp) and the peak corresponding to a double
insert (for the same adapters and library length, this peak is at 184 bp). Add these three peaks
together to calculate the total sample library concentration.

a. In low-binding tubes, dilute each sample library to 1 nM with 10 mM Tris, pH 8.5.

b. Mix 10 pLofeach 1 nMsample library in a low-binding tube. This yields a 1 nM mixed sample library.

c. Prepare the final loading library by preparing this last dilution step and adding in the PhiX
Control Library:

Reagent Stock Final V/pL
mixed sample library 1nM 50 pM 5
PhiX Control V3 1nM 50 pM 5
Tris pH 8.5 10 mM 10 mM 90

6. Prepare the iSeq 100 and sequencing cassette according to the manufacturer’s instructions:

a. Load the sequencing cassette with the flow cell and library into the iSeq 100:
i.  Thaw the flow cell for 30 minutes at ~25°C.
ii. Unpack the thawed sequencing cassette.
ii. Invert the sequencing cassette 5 times.
iv. Tap the sequencing cassette on the table 5 times.
v. Pierce foil protecting the library loading well with a pipette tip.
vi. With a fresh pipette tip, load 20 pL of the final loading library into the library loading well.
vii. Insert the flow cell into the sequencing cassette.
viii. Insert the sequencing cassette into the iSeq 100.

b. On the sequencer, set up a new run in Local Run Manager:
i. Select "Generate FastQ" as the method.
ii. Name your experiment.
iii. Choose "Custom” as the library preparation protocol.
iv. Choose 1 Index primer read (P7) with a read length of 6.
v. Choose dual-read mode with a read length of 151 each.
vi. In the sample table, add all the samples you prepared together with the corresponding

Index read.

c. In the sequencing software, click on sequencing. Follow the instructions on the sequencer,

choose the new experiment created in the step above, and start the sequencer.

Il Pause point: At this point, it is possible to store the samples at —20°C and continue the pro-
tocol at a later point.
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Data analysis
® Timing: Days to weeks

This final step provides a workflow for analyzing the sequencing data. First, we describe the general
downstream processing, followed by multiple optional analysis modules for your specific data.

7. Quality control of sequencing itself using Illumina Sequencing Analysis Viewer.

a. Download or transfer the entire folder containing sequencing results onto a machine with II-
lumina Sequencing Analysis Viewer installed.

b. Open lllumina Sequencing Analysis Viewer. The software is available under the following link:
https://support.illumina.com/sequencing/sequencing_software/sequencing_analysis_viewer_
sav.html).

c. At the top, click “Browse” and navigate to the folder containing the sequencing results.
Open that folder.

d. On the “Analysis” screen, many relevant metrics can be found, like quality statistics for reads
per cycle, sequence, etc.

e. Changing to “Imaging” and clicking the “Scatter Plot..."” button allows plotting of different
characteristics in an x/y scatter plot with each tile on the flow cell as a separate data point.
i. Plot “% Occupied” on the x-axis.

ii. Plot “% Pass Filter” on y-Axis.

Note: If the flow cell was loaded correctly, you should see an approximately oval cloud of data
points. If, instead, you see a diagonal line with x & y, the flow cell was underloaded. A vertical
band at % Occupied 95%-100% indicates overloading.

Note: If the number of reads per sample is unexpectedly low, refer to problems 4 and 5.

8. Quality control of FASTQ files using FastQC.'>

A CRITICAL: Quality control with FastQC should always be performed with raw FASTQ files,
even after adapter trimming or filtering.

a. If applicable, unzip the FASTQ files with gzip.

>#!bin/bash

>gunzip *.fastqg.gz

b. Install FastQC and MultiQC in a new environment using conda.

>#!bin/bash

>conda create -n fastgc-env fastgc multige -c bioconda -c conda-forge

c. Activate the new environment and run FastQC.

>#!bin/bash

>conda activate fastgc-env

>fastqgc *.fastqg

STAR Protocols 7, 104293, March 20, 2026
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d. FastQC generates.html outputs for each file it analyzes. You can either look at each of these
individually or run MultiQC to explore them together."®

>#!bin/bash

>multigce .

Note: MultiQC uses any FASTQ output in the specified folder to generate its own output,
which is simply a combined report of all the individual FastQC reports. We advise using
MultiQC only to group analysis examples of the same processing stage together. For
example, do not use it to group samples before and after adapter trimming, as these files
may differ significantly and their combined report may not be useful.

9. Remove adapters using cutadapt.'’
a. Install cutadapt in a new environment using conda.

>#!bin/bash

>conda create -n cutadapt-env cutadapt -c bioconda -c conda-forge

b. Activate the new environment and run cutadapt for trimming of paired-end reads.

>#!/bin/bash

>source "$ (conda info --base) /etc/profile.d/conda.sh"

># Define an array of variable names

>variables=("Ref" "Sup" "Pel")

># Loop through each variable

>for var in "${variables([@]}"; do

> # Define input and output file names based on the variable
> input_file_1="../raw_data/s{var}_Rl.fastqg"
> input_file_2="../raw_data/${var}_R2.fastqg"

> trimmed_output_file_l="S${var}_trim_1.fastqg"

> trimmed_output_file_2="${var}_trim_2.fastqg"

> # Run cutadapt to trim adapters
> conda activate cutadapt-env

> cutadapt -a "AGATCGGAAGAGCACACGTCTGAACTCCAGTCA" -A >"AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT"
--discard-untrimmed -o >"Strimmed_output_file 1" -p "Strimmed_output_file_2" >"Sinput_file 1"
"Sinput_file 2"

> conda deactivate

> # Run FastQC on the trimmed output file

> conda activate fastgc-env
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> fastqgc "S$trimmed_output_file 1"
> fastqgc "$trimmed_output_file 2"
> conda deactivate

>done

>

>echo "Processing complete for all variables."

Note: This script assumes that the original FASTQ files are stored in the "../raw_data” folder
with the naming convention “{var}_RX.fastq"”, where X is either 1 or 2 (1 being the first read
and 2 being the second read). Ensure that your data follows this format or adapt the script as
required.

Note: This script uses the P5 and P7 adapter sequences presented in this work for adapter
trimming. Ensure that you change the above sequences to match those used when running
the script.

Note: The error tolerance for finding matching adapters is set to 0.2. This allows for a
maximum of three mismatches when searching for adapters.

c. Confirm if adapter trimming was successful by looking at the FastQC output.
10. Filter sequences for correct length using segkit."®
a. Install segkit using conda.

>#!bin/bash

>conda create -n segkit-env segkit -c bioconda -c conda-forge

b. Activate the new environment and run the following script to filter your sequencing reads by
length.

>#!/bin/bash

>source "$ (conda info --base) /etc/profile.d/conda.sh"
>

># Define an array of variable names

>variables=("Ref" "Sup" "Pel")

># Loop through each variable

>for var in "${variables([@]}"; do

> # Define input and output file names based on the variable
> input_file_1="../cut_adap/${var}_trim_1.fastqg"
> output_file_1="${var}_fil_1.fastqg"

> input_file_2="../cut_adap/${var}_trim_2.fastqg"

> output_file_2="${var}_fil_2.fastqg"
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> # Run segkit tofilter for length

> conda activate segkit-env

> segkit seq -m 30 -M 30 ${input_file_1} > ${output_file_1}
> segkit seq-m30 -M 30 ${input_file 2} > ${output_file_ 2}

> conda deactivate

> # Run FastQC on the filtered output file
> conda activate fastgc-env

> fastqgc "Soutput_file_1"

> fastgc "Soutput_file 2"

> conda deactivate

>done

>echo "Processing complete for all variables."

c. Confirm if adapter trimming was successful by looking at the FastQC output.
Note: All analysis modules are optional following this step and depend heavily on the sam-
ples you aim to analyze. All the scripts presented in this protocol are compatible with the data

generated from sequencing the N3q library that was isolated above.

d. Generate FASTA files from your FASTQ files for faster data processing.

>#!bin/bash

>seqgkit fg2fa Ref_fil_1.fastg-oRef_fil_1.fasta

Note: Itis not possible to use a wildcard character here, so you must process all files manually
instead.

A CRITICAL: As our sequencing data originated from ssDNA only, we will now only process
the R1 reads, which correspond to the original sequence in the droplets.

11. Calculate and plot nucleotide content in Python.'?

a. Install and import the relevant Python packages into a Python environment.

>#!bin/bash
>conda install pandas -c conda-forge

>conda install matplotlib -c conda-forge

>#!/usr/bin/env python3
>import pandas as pd

>import numpy as np

>import matplotlib.pyplot as plt
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b. Use the following Python script to load the FASTA files into a pandas library in Python.

>#!/usr/bin/env python3

>def read_fasta_to_dataframe (file_path) :

> sequences = []

> with open(file_path, 'r’) as file:

> for i, line in enumerate (file) :
> ifi%2==1: # Every second line contains the sequence
> sequences.append (line.strip())

> # Create a DataFrame from the list of sequences

> df = pd.DataFrame (sequences, columns=[’Sequence’])

> return df

>variants = ["Ref", "Sup", "Pel"]

>#Create an empty dictionary

>df_raw= {}

>#Store eachdataframe generatedbyread_fasta_to_dataframe indf_rawunder itsvariantsname
>for variant in variants:
> file_ path=f"../len_fil/{variant}_fil_1.fasta"

> df_raw([variant] = read_fasta_to_dataframe (file_path)

c. Calculate the nucleotide content per position for each sample.

>#!/usr/bin/env python3

>def calculate_nucleotide_content (df) :

> # Get the maximum sequence length

> max_length = df[’Sequence’].str.len() .max()

>

> # Initialize a dictionary to store nucleotide counts for each position

> position_counts = {nucleotide: [0] * max_length for nucleotide in 'AGCT'}
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> # Count the nucleotides at each position

> for sequence in df [ ' Sequence’] :

> for position, nucleotide in enumerate (sequence) :

> if nucleotide in position_counts:

> position_counts[nucleotide] [position] +=1

>

> # Convert counts to percentages

> position_percentages = {nucleotide: [] for nucleotide in 'AGCT’}

> for position in range (max_length) :

> total_count = sum(position_counts[nuc] [position] for nuc in 'AGCT’)
> if total_count > 0:

> for nucleotide in "AGCT’ :

> position_percentages[nucleotide] .append( (position_counts[nucleotide]

[position] / total_count) * 100)

> else:

> for nucleotide in "AGCT’ :

> position_percentages[nucleotide] .append(0)
>

> # Create a DataFrame from the position percentages

> percentage_df = pd.DataFrame (position_percentages)

>

> return percentage_df

>

>#Create an empty dictionary

>df_perc = {}

>#Store each dataframe generated by calculate_nucleotide_content in df_perc under its vari-

ants name
>for variant in variants:

> df_perc[variant] = >calculate_nucleotide_content (df_raw([variant])

d. Plotting the nucleotide content per position for each sample in an individual plot.

>#!/usr/bin/env python3

>#Some generic settings tomatch the asthetics of this paper

>plt.rcParams [’ font.family’] = 'Arial’
>plt.rcParams[’'font.size’] =9
>plt.rcParams [’ font.weight’] = ‘bold’
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>for variant, perc in df_perc.items () :

> #Plots the lines for G, A, CandT

> plt.figure (figsize=(2.5, 2))

> plt.plot(perc.index + 1, perc["G"], label="G", color="orange")
> plt.plot(perc.index + 1, perc["A"], label="A", color="red")

> plt.plot(perc.index + 1, perc["C"], label="C", color="blue")

> plt.plot(perc.index + 1, perc["T"], label="T", color="green")

> #Labels and design

> plt.grid()

> plt.title(f"{variant} Content", weight="bold", fontsize=10)
> plt.xlabel ("#Base", weight="bold", fontsize=10)

> plt.ylabel ("Base content / %", weight="bold", fontsize=10)

> plt.yticks(np.arange (15, 40, 5), fontsize=9, weight="bold’)

> #Save each figure individually
> plt.savefig (f"{variant}_content.pdf", bbox_inches="tight", pad_inches=0.1)

> plt.show ()
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e. Creating the corresponding legend as a separate file.

>#!/usr/bin/env python3

>#Creating the legend as a seperate file
>plt.figure (figsize=(4, 1))

>handles = [

> plt.Line2D([0], [0], color='orange’, lw=4),
> plt.Line2D([0], [0], color='red’, 1lw=4),

> plt.Line2D([0], [0], color='blue’, 1lw=4),

> plt.Line2D([0], [0], color='"green’, lw=4),
>]

>labels=['G’, 'A’, 'C’', 'T']
>plt.legend(handles, labels, loc='center’, fontsize=9, ncol=4)
>

># Turn of f axes and save legend figure
>plt.axis('off’)

>plt.savefig("legend_content.pdf", bbox_inches="tight")
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f.  Calculating the difference between each sample and the “Reference” sample to see the
change in distribution before and after samples were taken.

>#!/usr/bin/env python3

>#Creating an empty dictionary

>df_diff = {}

>#Subtracting the Reference from each sample
>for variant in variants:

> df_diff[variant] = df_perc[variant] - df_perc["Ref"]

g. Plotting the new difference once again in individual plots for each sample.

> plt
> plt
> plt
> plt
> plt
> plt
> plt.
> plt.
> plt
> plt.
>

> plt.

>#!/usr/bin/env python3

>#Plotting the df _diff for each sample.

>for variant, diff indf_diff.items() :

.figure (figsize=(2.5, 2))

.plot(diff.index+ 1, diff["G"], label="G", color="orange")
.plot(diff.index+ 1, diff["A"], label="A", color="red")
.plot(diff.index + 1, diff["C"], label="C", color="blue")
.plot(diff.index+ 1, diff["T"], label="T", color="green")

.grid()

title(f"{variant} Difference", weight="bold", fontsize=10)

xlabel ("#Base", weight="bold", fontsize=10)

.ylabel (r"s\Delta$ Base content / %", weight="bold", fontsize=10)

yticks (np.arange (-8, 9, 4), fontsize=9, weight='bold"’)

savefig (f"{variant}_difference.pdf", bbox_inches="tight", pad_inches=0.1)

12. Calculating folding and minimum-free energy values.
a. Install Vienna RNA package per suppliers’ instructions”®°: https://www.tbi.univie.ac.at/
RNA/documentation.html#install.

b. Use the following script to calculate the minimum free energy structure using RNAfold, then

extract the minimum free energy from the result file.

Note: The flag '-P DNA' flag is parsed, so DNA folding parameters are used instead of RNA

parameters. The parameters used by RNAfold are from Matthews et a

|26

Note: The script produces four output files: the regular RNAfold output, named {var}_rna-

fold.txt; a file containing the dot-bracket structure and minimum free energy values, named
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{var}_deltaG.txt; and files containing either just the dot-bracket structure or just the energy
values, named {var}_dot_bracket.txt and {var}_energy.txt respectively.

>#!/bin/bash

>

>file_list="file_list.txt"

>rnafold_output_dir="rnafold_output"

>mkdir -p $Srnafold_output_dir

>

>while IFS= read -r input_fasta; do

> filename=$ (basename "$input_fasta")

> rnafold_output="$rnafold_output_dir/${filename%.fasta}_rnafold.txt"
> deltaG_output="$rnafold_output_dir/${filename%.fasta}_deltaG.txt"
> RNAfold -i "$input_fasta" --noPS --noconv -P DNA > "S$rnafold_output"

> grep " (" "Srnafold output" > "sSdeltaG_output"

> echo "Processed RNAfold and extracted deltaG values for S$Soutput_fasta ->

Srnafold_output"

> # Python processing block
> python3 <<EOF
># Define file paths directly from bash variables

>deltaG_file = "${deltaG_output}"

>dot_bracket_file = "./${rnafold_output_dir}/${filename%.fasta}_dot_bracket.txt"
>energy_file = "./${rnafold_output_dir}/${filename%.fasta}_energy.txt"
>

># Read input file and process line by line
>with open(deltaG_file, ‘r’) as infile, \

> open (dot_bracket_file, ‘'w’) as dot_out, \

> open (energy_file, 'w’) as energy_out:

> for line in infile:

> # Extract first 60 characters (dot-bracket notation)

> dot_bracket =1ine[:30] .strip ()

> dot_out.write(dot_bracket + '\n’)

>

> # Extract energy value starting from character 61 onward,

> # stripping spaces and brackets (retaining only numeric parts)

> energy value_raw= line[31:] # Start reading from character 61 onward
> energy_value = ’'’.join(c for ¢ in energy_value_raw if c.isdigit() or ¢ == ’'.’ or
c=="'-")
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> energy_out.write(energy_value + '\n’)
>print (f"Generated {dot_bracket_file} and {energy_file}")
>EOF

done < "$file_list"

c. Ina Python environment, import the relevant Python packages.

>#!/usr/bin/env python3
>import pandas as pd

>import matplotlib.pyplot as plt

>import numpy as np

d. Load the energy values for each sample from {var}_fil_1_energy.txt.

>#!/usr/bin/env python3

>file_list = ["Ref", "Sup", "Pel"]

>df = {}

>for file infile_list:
> df [file] = >pd.read_csv (f"rnafold_output/{file}_fil_1_energy.txt", header=None)

> df [file] .rename (columns={0:"values"}, inplace=True)

e. Sort the values into bins, count them, and calculate the frequency of each bin with the
following script.

>#!/usr/bin/env python3

>num_bins = 10

>min_value = -10

I
o

>max_value
>bin_edges = np.linspace (min_value, max_value, num_bins + 1)
>x_values =np.linspace (min_value, max_value, num_bins + 2)
>

>df_counts = {}

>df_freq={}

>for file infile_list:
> df [file] ["bin"] =np.digitize(df[file] ["values"], bin_edges)

> df_counts[file] = np.bincount (df [file] ["bin"])

> df_freqglfile] = df_counts[file] / len(df [file])
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f.  Plot the MFE frequencies as a distribution plot.

>#!/usr/bin/env python3

>

>plt.rcParams [’ font.family’] = 'Arial’
>plt.rcParams[’'font.size’] =9
>plt.rcParams|[’'font.weight’] = ‘bold’

>plt.figure (figsize=(2.5, 2.5))
>
>for file infile_list:

> plt.plot(x_values, df_freqglfile], label =file)

>plt.legend(loc="upper left")

>plt.xlabel (r"Minimum free energy", weight="bold", fontsize=10)
>plt.ylabel ("relative occurence", weight="bold", fontsize=10)
>

>plt.savefig (fname="deltaG.pdf", bbox_inches='tight’, pad_inches=0.1)

>plt.show ()

g. Calculate the average MFE values per sample.

>#!/usr/bin/env python3

>

>df_avg = {}

>

>for file infile_list:

> df_avglfile] =df[file] ["values"] .mean ()

> print (f"{file}: {round (float (df_avg[file]), 3)1}")

13. Discovering enriched motifs in samples compared to a control sample.
a. Install the meme-suite per suppliers’ instructions”’~*%: https://meme-suite.org/meme/doc/
install.html.
b. Use streme from the meme suite to find enriched motifs in a sample compared to a
reference.

A CRITICAL: It is essential to run this with the —rna flag! Using a DNA library instead will
automatically force the algorithm to generate and search the reverse complement of
each sequence, which was not present in the original experiment. This will result in false
positives that are the reverse complement of real motifs.

Note: Adjusting the maximum length of motifs to be discovered can drastically increase or
decrease the number found. For example, we found a total of ten statistically significant
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motifs with a maximum motif width (maxw) of 20; however, with a maxw of 10, we found over
twenty. This is due to the way the algorithm works: it deletes parts of sequences that carry a
motif so that many variations of the same motif are not found at the same sites.

Note: This algorithm is very computationally taxing as it was designed for far fewer, longer
reads, and it is incapable of multi-threading. For a sample of 370,000 reads and a reference
of 1,500,000 reads, we found that it took approximately one day on an i9 14900k processor
and required approximately 25 GB of RAM.

>#!/usr/bin/env python3

>streme -p ../len_fil/pel_fil_1.fasta -o streme_output -n ../len_fil/sup_fil_1.fasta -maxw

10 --rna

c. From the output files, you can get the Motif information from the streme.txt file. Copy these
(starting with the line “MOTIF 1..." and paste them into a new file called motifs.txt.

d. Importall relevant libraries in Python. Install all that you are missing analogues to the above
explanation (Step 11A).%7

>#!/usr/bin/env python3

>

>import numpy as np

>import logomaker

>import pandas as pd

>import matplotlib.pyplot as plt
>import re

>from collections import defaultdict

e. Use the following script to open both motifs.txt as well as sites.tsv for plotting of logos and
positional information of logos.

>#!/usr/bin/env python3

>

># Load the text file

>with open("motifs.txt", "r") as f:
> raw_data = f.read()

>

># Regex to split motifs
>motif_blocks = re.findall (r’ (MOTIF\s+\d+.*?) (?=MOTIF\s+\d+|\Z) ', raw_data, re.DOTALL)
>

>motifs =[]

>

># Map index to base

>base_order =['A’, 'C’, 'G’', 'T']
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>for block inmotif_blocks:
> # Extract lines withmatrix values only
> lines =block.strip().splitlines()

> matrix_lines = [line for line in lines if re.match(r’ "\s*\d*\.?\d+\s+’, line)]
> motif =defaultdict(list)

> for line inmatrix_lines:

> probs = list (map (float, line.strip() .split()))

> for i, base in enumerate (base_order) :

> motif [base] .append (probs([i])

> motifs.append(dict (motif))

>df =pd.read_csv("sites.tsv", sep="\t")

f.  Calculate information content to plot logos with information content on the y-axis instead of
nucleotide content (column 1 of final figure).

>#!/usr/bin/env python3

>def calculate_information_content (motif) :
> dc=np.log2(4) + (motif * np.log2 (motif)) .sum(axis=1)

> dc=1ic.fillna(0) # Handle NaNs resulting from log2 (0)

> returnic

g. Calculate positional hits for each motif for later plotting (column 3 of final figure).

>#!/usr/bin/env python3

>position_counts = defaultdict (lambda: defaultdict (int))
>total_counts = defaultdict (int)

>

>for _, row indf.iterrows () :

> # Skip rows withmissing start/end

> ifpd.isna(row[’site_Start’]) orpd.isna(row[’site_End’]):

> continue
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> motif =row[’'motif_ ALT_ID’]

> try:

> start = int (row[’'site_Start’])
> end = int (row['site_End’])

> except ValueError:

> continue # skip if conversion fails

> # Only count positions within the 1-30 range
> for pos in range(start, end + 1) :
> if 1 <=pos <=30:

> position_counts[motif] [pos] +=1

> total_counts[motif] +=1

STAR Protocols

h. Build a dataframe storing all information for column 3 (positional hits of motifs).

>#!/usr/bin/env python3
>
># Create list of all unique motifs

>motifs_ids = list (position_counts.keys())

># Build table for column 1-3
>data = []

>

>formotif inmotifs_ids:

> row= {'motif ALT_ID’: motif}
> total = total_counts[motif]

> row|[’total’] = total

> #Fill inpositions 1-30

> for pos in range(1l, 31):

> row[f’'pos{pos}’] = position_counts[motif].get (pos, 0)

> data.append(row)

># Convert to DataFrame

>result_df = pd.DataFrame (data)
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i. Define a function for numerical sorting of indexes (needed to correctly sort dataframes).

>#!/usr/bin/env python3

>def numeric_sort_index (df) :
> # Extract the number from strings like "STREME-11"
> nums = >df.index.to_series () .str.extract (r’ (\d+)$’) .astype(int) [0]

> returndf.iloc[nums.argsort ()]

j- Build a dataframe for column 4 (starting position of motifs).

>#!/usr/bin/env python3

># Build df_start used for column 4

>df_start = (

> df.dropna(subset=['site_Start’])

> .assign(site_Start=lambda x: x[’site_Start’].astype(int))
> .query(’l<=site_Start<=30")

> .groupby([’'motif ALT_ ID’, '‘site_Start’])

> .size()

> .unstack(fill_value=0)

># Ensure all positions exist
>for pos in range (1, 31) :

> if posnot indf_start.columns:
> df_start([pos] =0

>df_start = df_start[sorted(df_start.columns) ]

># Sort index numerically

>df_start = numeric_sort_index (df_start)

k. Build a dataframe for column 5 (end sites of motifs).

>#!/usr/bin/env python3

># Build df_end used for column 5
>df_end = (

> df.dropna (subset=[’site_End’])

> .assign(site_End=lambda x: x[’site_End’].astype(int))
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> .query(’l<=site_End<=30")
> .groupby([’motif ALT_ID’, 'site_End’])
> .size()

> .unstack(fill_value=0)

>for pos in range (1, 31):

> 1if posnot in df_end.columns:

> df_end[pos] =0

>df_end = df_end[sorted(df_end.columns) ]

>df_end = numeric_sort_index (df_end)

STAR Protocols

I.  Calculate fractions of hits from the three dataframes generated above.

>#!/usr/bin/env python3

># Fractions of hits at each position used for column 3

>result_fraction_df = result_df.set_index('motif ALT_ID').copy ()

>for pos in range (1, 31) :

> result_fraction_df[f’'pos{pos}’] = (

> result_fraction df[f’'pos{pos}’] / >result_ fraction df[’total’].replace(0, np.nan)
> ).fillna(0)

>

># Sort same as df_start/df_end

>result_fraction df = numeric_sort_index(result_fraction_df)

>#Fractions of start and end used for column 4 and 5

>df_start_frac = df_start.div(df_start.sum(axis=1), >axis=0) .fillna(0)

>df_end_frac =df_end.div(df_end.sum(axis=1), axis=0) .fillna(0)

m. Generate a final dataframe that will store all data used for plotting.

>#!/usr/bin/env python3

>plot_data =[]

># Loop throughmotifs in the already-sorted result_df

>formid in result_df[’motif ALT_ID’]:

> plot_data.append ({
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> rid’ : mid,

> ‘logo_matrix’:
>pd.DataFrame (motifs[result_df['motif ALT_ID’].tolist().index(mid)]),

> 'pos_fraction’: result_fraction_df.loc[mid, [f'pos{p}’ >for p in range(1l,
31)]].values,

> ‘start_fraction’: df_start_frac.loc[mid] .values,

> ‘end_fraction’: df_end_frac.loc[mid].values

> 1)

n. Plot a master figure with five columns per motif, with the first column being the logo with
information content as the y-axis, the second column logo with nucleotide content as the
y-axis, the third column showing positional hits (frequency that logo appears at each site),
the fourth column showing starting sites of logos, and the fifth column showing ending
positions of logos.

>#!/usr/bin/env python3

># Number of motifs

>num_motifs = len(plot_data)

># Create subplots
>fig, axes = plt.subplots (num_motifs, 5, figsize=(5 * 35 /25.4, 18 / 25.4 * num_motifs))

>plt.subplots_adjust (wspace=0.5, hspace=0.7)

># Define the titles for each column
>col_titles = [

> "Logo inf",

> "Logo nuc",

> "Motif pos",

> "Motif start",

> "Motif end"

>]

># Position titles above the top row’s axes
>for col_idx, title in enumerate(col_titles) :
> ax=axes[0] [col_idx]

> ax.set_title(title, fontsize=12, fontweight='bold’, pad=20)

># Loop over motifs

>for i, motif_entry in enumerate (plot_data) :
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row_axes = axes[1] # 5 axes in a row

motif name =motif_entry[’id’]

# Extract precomputed data

df_logo =motif_entry[’logo_matrix’]
pos_fraction =motif entry[’pos_fraction’]
start_fraction =motif_entry[’start_fraction’]

end_fraction =motif_ entry[’end_fraction’]

# Calculate information content

ic = calculate_information_content (df_logo)

df_ic=df logo.mul(ic, axis=0)

color_scheme = {

'A’: 'red’,
‘C’: 'orange’,
'G’: 'blue’,
'T': '"green’

}

# Column 1: Information content logo

logomaker.Logo (df_ic, ax=row_axes[0], color_scheme=color_scheme)
row_axes[0] .set_xticks([])

row_axes[0] .set_ylim(0, 2)

# Column 2: Nucleotide content logo
logomaker.Logo (df_logo, ax=row_axes[1l], color_scheme=color_scheme)
row_axes[1l].set_xticks([])

row_axes[1l].set_ylim(0, 1)

# Column 3: Position hits

row_axes[2] .plot (range(1l, 31), pos_fraction, color='black’)
row_axes[2] .set_ylim(0, 1)

row_axes[2] .set_xlim (1, 30)

row_axes[2].set_xticks([])

# Column 4: Start positions

row_axes[3] .plot(range(l, 31), start_fraction, color='black’)

row_axes[3].set_ylim(0, 0.1)
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> row_axes[3].set_xlim(1l, 30)

> row_axes[3].set_xticks([])

> # Column 5: End positions

> row_axes[4].plot(range(l, 31), end_fraction, color='black’)
> row_axes[4].set_ylim(0, 0.1)

> row_axes[4].set_xlim(1, 30)

> row_axes[4].set_xticks([])

> # Y-axis styling

> for axin row_axes:

> ax.tick_params (axis='y’, labelsize=8)
> for tick in ax.get_yticklabels () :

> tick.set_fontsize(8)

> tick.set_fontweight ('bold’)

># Save & show

>plt.savefig ("combined_motifs_all_in_one.pdf", bbox_inches=’'tight’)

>plt.show ()
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14. Calculate the abstracted structure of sequences and analyze them for enrichment of specific

motifs.
a. Install RNAshapes in a new environment using conda:*°

>#!bin/bash

>conda create -n RNAshapes-env RNAshapes -c¢ bioconda

b. Run the following script to generate the abstracted structure for all samples.

>#!/bin/bash

>source "$ (conda info --base) /etc/profile.d/conda.sh"

>

>variables=("Ref" "Sup" "Pel")

>

>conda activate RNAshapes-env

>for var in "${variables[@]}"; do

> RNAshapes -c0< ../len_fil/${var}_fil_1.fasta >>${var}_abstract.txt

> echo "${var} finished computing"

STAR Protocols 7, 104293, March 20, 2026
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>done

>conda deactivate

>echo "Finished the script"

STAR Protocols

c. Import all relevant libraries in Python. Install all that you are missing analogues to the above

instructions (Step 11A).

>#!/usr/bin/env python3

>import numpy as np
>import pandas as pd

>import matplotlib.pyplot as plt

d. Use the following script to load the data into a Python dataframe.

>#!/usr/bin/env python3

>def RNAshaper_to_dataframe (file_path) :
> energies = []
> dotbrackets = []

> abstracted_dotbrackets = []

> with open (file_path, 'r’) as file:

> lines =file.readlines()

> total_lines =len(lines)

>

> # Loop through the file and look for header lines (those startingwith ’'>’)
> for i in range(total_lines) :

> if lines([i] .startswith(’'>"):

> # Attempt to get the third line after the header (i+2)
> ifi+2<total_lines:

> line = lines[i + 2] .strip()

> components = line.split ()

>

> # Make sure the line has exactly 3 components

> if len (components) == 3:

> try:

> energy = float (components[0])
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> dotbracket = components[1]

> abstracted_dotbracket = components[2]

>

> energies.append (energy)

> dotbrackets.append (dotbracket)

> abstracted_dotbrackets.append (abstracted_dotbracket)
> except ValueError:

> # Skip lines where energy is not a float

> continue

> df = pd.DataFrame ({

> 'Energy’: energies,

> ‘DotBracket’: dotbrackets,

> 'Abstracted’ : abstracted_dotbrackets
> 1)

>

> return df
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>#!/usr/bin/env python3

>variables = ("Ref", "Sup", "Pel")

>df = {}

>for var in variables:

> file_path = f"{var}_abstract.txt"

> df [var] = RNAshaper_to_dataframe (file_path)

e. Count the occurrences of each abstracted structure.

>#!/usr/bin/env python3
>

>def count_abstracted_structures (df) :

> # Count occurrences of each unique structure in the 'Abstracted’ column
> structure_counts = df [ 'Abstracted’].value_counts ()

>

> # Create a new DataFrame with the structure and its count

> result_df = pd.DataFrame ({

> ’Structure’: structure_counts.index,

STAR Protocols 7, 104293, March 20, 2026
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> ‘Occurrences’: structure_counts.values

> 1)

>

> return result_df

>

>df_abs = {}

>

>for var in variables:

> df_abs[var] = count_abstracted_structures (df[var])

f. Plot the occurrences of different structures in a grouped bar graph.

>#!/usr/bin/env python3

># Dynamically collect all unique "Structure" values across all df_abs DataFrames
>all_categories = sorted(
> set () .union (* [df_abs[var] ["Structure"] for var in variables]),

> key=lambda x: (len(x), x) # First sort by length, then alphabetically

># Reindex all DataFrames in df_abs to include all categories, filling missing ones with 0
>for var in variables:

> df_abs[var] = >df_abs[var] .set_index("Structure") .reindex(all_categories, fill_value=0) .

reset_index ()

>bar_width =0.8 / len(variables) # Adjust bar width based on the number of variables

>x =np.arange(len(all_categories))

>plt.figure (figsize=(2.5, 2))

># Loop through variables and plot each one

>for i, var in enumerate (variables) :

> plt.bar (

> X+ (i - len(variables) / 2) * bar_width, # Shift bars >for each variable

> df_abs[var] ["Occurrences"] / len(df[var]) * 100, # Normalize occurrences by total
sequences

> width=bar_width,

> label=var.capitalize() # Use variable names as labels

> )
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>plt.xlabel ("Abstracted Structures", size=10, fontweight="bold")
>plt.ylabel ("Percentage of Sequences", size=10, fontweight="bold")
>plt.xticks(x, all_categories, rotation=45)

>plt.yscale("log")

>plt.legend()

>plt.savefig ("Abstracted_Structures.pdf", bbox_inches="tight", pad_inches=0.1)

>plt.show()

g. Calculate the average stem length per sample and write it in a new dataframe.

>#!/usr/bin/env python3

>def count_stem_length (df) :

> # Calculate the count of ’ (’ for each entry in the 'DotBracket’ column
> df[’StemLength’] = df[’DotBracket’] .apply(lambda x: x.count ('’ (’))
> returndf

>

>for var in variables:

> count_stem_length(df[var])

>def count_stem_length_occurences (df) :
> # Count occurrences of each unique structure in the 'Abstracted’ column

> structure_counts =df[’StemLength’] .value_counts/()

> # Create a new DataFrame with the structure and its count

> result_df = pd.DataFrame ({

> 'Length’: structure_counts.index,

> ‘Occurrences’: structure_counts.values
> 1)

>

> returnresult_df

>df_stem= {}

>for var in variables:

> df_stem[var] = >count_stem_length(df[var]) .sort_values("Length")
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h. Plot the density of stem length per sample in a density plot.

>#!/usr/bin/env python3

># Calculate max_length dynamically fromall df_stem DataFrames

>max_length =max ([df_stem[var] ["Length"] .max () for var in variables])

>plt.figure (figsize=(2.5, 2.5))

># Loop through each variable toplot its density

>for var, color in zip(variables, ["purple", "blue", "green", "orange", "red", "cyan",

"brown"]) : # Add more colors as needed
> # Normalize occurrences by total sequences and plot the line

> plt.plot(

> df_stem[var] ["Length"],

> df_stem[var] ["Occurrences"] / len(df [var]) * 100,
> alpha=0.7,

> label=var.capitalize(),

> color=color

> )

> # Fill under the curve for better visualization

> plt.fill_between (

> df_stem[var] ["Length"],

> df_stem[var] ["Occurrences"] / len(df [var]) * 100,
> alpha=0.3,

> color=color

> )

>

># Labels and other configurations

>plt.xlabel ("Stem Length", size=10, fontweight="bold")

>plt.ylabel ("Percentage of Sequences", size=10, fontweight="bold")

>plt.xticks (np.arange (0, max_length+1, 2)) #Dynamically adjust x-ticks based onmax_length

>plt.legend()

># Save and show plot

>plt.savefig ("StemLength_Density.pdf", bbox_inches="tight", pad_inches=0.1)

>plt.show()

32 STAR Protocols 7, 104293, March 20, 2026



STAR Protocols

A -~ —

N o 7 N [ ] A /// N N o S
\ Ty v Ty, \
\ / \ /
\ / \ /
/ /
\C |/ EDC NG Centrifuge
- e
Supernatant Pellet
B C

[_Gbray ] Input |Ligation|Product
R S DIR S D[R S D

bW
LM

-

P5 Adaptor
~160

DNA Ligase 90

ERE ot S

1
'
|
|
'
1
1
i
1
1
'
1
[
1
1
1
!
1
1
1
1
1
'
1
1
"

PCR

[PEURVersE Primer | SYBR gold

D Sample name| Reads |Read quality
[ [ [ Reference | 879,593 | 36.3£0.3
Supernatant (1,557,786 36.2+0.4
Droplet 370,974 | 36.3+0.3

Lower Marker 162 Upper Marker
5 5000
[T
&, 4000
=
2 3000
i)
< 2000
ko)
£ 1000
@©

25 1500

Figure 1. ssDNA isolation and library preparation

(A) Prior to the addition of fuel, the peptide, polyU RNA and ssDNA molecules are mixed in solution, and do not form
supramolecular assemblies. When fuel (EDC) is added, phase separation occurs, forming coacervate droplets that
sequester the ssDNA molecules from the polymer-poor phase. The phases are separated via centrifugation to yield
the polymer-poor and polymer-rich phases, from which the ssDNA populations are isolated. For a complete
characterization of this droplet system, please refer to Donau et al., 2020.7

(B) Library preparation relies on the orientation-specific ligation of two adapter molecules to the recovered ssDNA
oligonucleotides. After the ligation, the sequencing primers are added in a PCR using primers with overhangs.

(C) Urea-PAGE is performed following library preparation. R = Reference, S = Supernatant, D = Droplets. ‘Input’
corresponds to the samples obtained from the droplets, while the ‘R’ sample is the naive input library. ‘Ligation’
corresponds to the product of the first step in B and shows a clear band (red star) corresponding to the expected
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Figure 1. Continued

full-length ligation product, as well as a weaker smear (green stars) corresponding to the two partially adapter-ligated
products. Bands at 45 nt correspond to the adapters and splint, and bands at ~30 correspond to unreacted input
ssDNA. ‘Product’ shows the full-length sequencing library, with the correct PCR band being marked with a red star.
Several additional bands are visible, including two prominent bands (blue stars), which are located approximately 30
nt above and below the main PCR band. These correspond to the no-insert (adapter dimer) and double-insert ligation
products. The smear and bands below correspond to indexing primers.

(E) Electropherogram of a TapeStation run of a prepared library. Only the peak corresponding to the correct library
size (~160 bp) is used to calculate the correct library dilution for loading onto the sequencer.

EXPECTED OUTCOMES

The results of successful isolation of ssDNA from droplets (Figure 1A) and library preparation
(Figure 1B) can be verified on a urea-PAGE gel. The ssDNA isolated from complex coacervates
should produce a distinct band (Figure 1C, lane 4). Similarly, the ligation reaction (Figure 1C,
lanes 5-7) and the final PCR (Figure 1C, lanes 8-10) should produce a prominent product band
(marked with a red star). Note that bands corresponding to the adapter dimers (no insert) and
double-insert products (concatemers) are expected (Figure 1C, lanes 8-10). These consume only
a small proportion of the reads in the sequencing data and can therefore be disregarded, given
that their yield is significantly lower compared to the target library (Figure 1C, lanes 8-10).
These reads will be removed during the filtering of sequencing results downstream. Using the
library shown here with a loading concentration of 12 pM, we obtained 2.8 million reads across
three samples (Figure 1D). This comparably low yield is likely due to the high PhiX spike-in
concentration (50 pM), but it still provides high-quality data with sufficient depth for robust
statistics.

Data analysis should produce results similar to those in Figure 2. These include base composition
(Figure 2A), difference in minimum free energy of folding (Figure 2B), abstract secondary
structure classes (Figure 2C), and average intramolecular hybridization length (Figure 2D). We
would like to emphasize motif discovery using STREME,””-*® which identifies enriched sequence
motifs. Using an e-value cutoff of <0.05, we identified a total of 14 statistically significant motifs
in our data (Figure 3).

We encourage researchers to analyze their dataset further to identify system-specific results. In our
associated research manuscript, the results of the base-composition analysis prompted targeted
analyses of reads starting or ending in guanosines (see Figure Sé6 in the associated research
manuscript), while the motif discovery analysis informed searches for runs of G or A in droplet sam-
ples (see Figure 2F in the associated research manuscript). Follow-up experiments in the droplet
system verified specific interactions between ssDNA sequences and RNA or peptide droplet
components.

LIMITATIONS

This protocol is optimized for transient complex coacervates. As implementations of protocell-like
compartments vary widely between, the recovery steps are system-specific and may differ in static
droplet systems or vesicle-based models, for example. While these models can reuse the library
preparation and analysis modules, alternative ssDNA extraction methods that are compatible
with the system matrix must be developed. If RNA rather than ssDNA is used as the nucleic acid
component, both recovery and library preparation require re-optimization.

Our analysis pipeline is modular but not exhaustive. It provides a baseline of base composition, pre-
dicted folding energies, and motif discovery for short oligonucleotides. Researchers with different
systems (e.g., longer sequences or double-stranded sequences, or RNA) may need to extend or
develop additional modules to meet their specific analysis needs.
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Figure 2. Results generated during data analysis

(A) The base composition of the Reference sample enables the identification of biases in the naive library; most of these result from solid-phase
synthesis (left panel). Difference in base composition between the samples from the polymer-rich phase (Pel = Droplet, middle panel) and the polymer-
poor phase (Sup = Supernatant, right panel).

(B) Distribution of minimum free energies of folding for sequencing reads of each sample.

(C) Occurrence of different abstracted structures in each sample. [ represents a single stem, [][] two stems, [[][]] is a stem containing two secondary side
stems, and [][][] represents three separate stems.

(D) Distribution of intramolecular stem lengths in each sample.

TROUBLESHOOTING
Problem 1
The droplet solution does not turn turbid upon the addition of EDC (Step 1C).

Potential solution

® Make sure to use a fresh solution of dry EDC, as the compound is not stable in the presence of
water. If the powder forms clumps, it may be too wet, and a new, pristine stock should be opened.
For this reason, EDC should always be stored in completely dry conditions.

@ Confirm the identity and pH of the peptide stock. Impurities can result in poor or no droplet
formation or cause the peptide to precipitate, particularly at low pH values. Always store at pH
5.2 at 4°C.

@ High concentrations of salts (e.g., in buffers or peptide solution due to multiple pH adjustments)
can also inhibit droplet formation.

® Improperly stored polyU RNA will hydrolyze over time, which leads to inhibition of droplet forma-
tion. Make sure that the polyU RNA is always stored at —20°C.

Problem 2
Low recovery of ssDNA from the polymer-rich phase (Step 2C).
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Figure 3. List of all statistically significant motifs identified with STREME
"Logo inf” shows sequence logos scaled by information content (positions with higher information content appear larger). “Logo nuc” shows sequence
logos based only on nucleotide frequencies. The columns “Motif start” and “Motif end” report the counts of motif start and end positions, respectively.
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Potential solution

® Recovery of ssDNA is a time-sensitive step due to the dependency of droplets on fuel. Work
quickly and strictly adhere to the indicated incubation times.

® The droplet pellet formed after centrifugation can be very small and transparent. To confirm
the presence of a pellet, consider adding a dye-labelled RNA oligo (e.g., a Cy5-tagged RNA)
at a concentration of ~1 uM to the reaction mixture. This will enable identifying a pellet by
fluorescence even in the absence of specific excitation of the dye molecule. The RNA con-
centration of the labelled RNA (for short oligonucleotides) is less than 1% of the total RNA
concentration in the system and therefore should not significantly impact partitioning results.
In addition, it will be digested by RNase in later steps, rendering this a non-issue for the subse-
quent application.

® If working with different droplet systems, ensure that your downstream clean-up protocol is
compatible with the droplet material. Complex coacervates commonly contain poly-anions and
poly-cations that can bind to the column material of spin-down columns from PCR clean-up kits.
This may result in oversaturation of the column material due to its limited capacity and cause
the loss of ssDNA material during loading and washing.

Problem 3
Low ligation yields in the one-pot reaction with T4 DNA ligase and T4 PNK (Step 3l).

Potential solution

® Depending on the system, carryover of droplet material may inhibit T4 DNA ligase. We found
that poly-styrene sulfonate and dextran sulphate can both inhibit ligase activity, but they are diffi-
cult to separate from the ssDNA due to their poly-anionic character. It is paramount that the
ssDNA is recovered cleanly from your droplet sample.

@ If your library contains fixed ends (even just one or two nucleotides), the P5 and/or P7 splint oligos
can be modified to match these regions. This will significantly increase yields, as more compatible
splints will match your library design.

Problem 4
The files for each individual sample are almost empty, with a large number of reads ending up in the
‘Undetermined’ file (Step 7E).

Potential solution

® Confirm that the correct index sequence was entered in the correct orientation in the sample table
of the sequencer.

@ If demultiplexing on the sequencer fails, it is possible to demultiplex manually using cutadapt. Follow
the instructions at: https://cutadapt.readthedocs.io/en/stable/guide.html#demultiplexing.

® Reducing the PhiX spike-in will reduce the number of ‘Undetermined’ reads, as all reads from
the PhiX control will be stored here. However, going too low on the spike-in might result in
poor cluster formation and low-quality sequencing data.

Problem 5
The sequencing resulted in a low number of reads with a high occupancy but low pass filter on the
sequencing flow cell (Step 7E).

Potential solution

® This is most likely due to overloading of the flow cell. Verify the loaded concentration, ideally with
an orthogonal method (e.g., using a TapeStation or a Qubit).

¢? CellPress

OPEN ACCESS

STAR Protocols 7, 104293, March 20, 2026 37



https://cutadapt.readthedocs.io/en/stable/guide.html

¢? CellPress

OPEN ACCESS

STAR Protocols

® Reduce the concentration loaded. We obtained good results with concentrations as low as 8 pM on the

RESOURCE AVAILABILITY

Lead contact

iSeq 100, despite the recommended loading concentration being between 50 pM and 200 pM.

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead con-
tact, Hannes Mutschler (hannes.mutschler@tu-dortmund.de).

Technical contact

Technical questions on executing this protocol should be directed to and will be answered by the technical contact, Cor-

bin Machatzke (corbin.machatzke@tu-dortmund.de).

Materials availability

This study did not generate new unique materials.

Data and code availability

Original data generated using this method are available at https://doi.org/10.17877/TUDODATA-2025-MFETEMF9.
The published article includes all scripts and codes needed to generate the results presented in this work. They can
be found in the main text of this work or at https://doi.org/10.5281/zenodo.17735401.
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