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Zusammenfassung

Das Leben ist ein statisches Nicht-Gleichgewicht. Um dieses Nicht-Gleichgewicht aufrechtzu-
erhalten, sind moderne biologische Prozesse auf eine hochkomplexe enzymatische Maschi-
nerie angewiesen. Zur Entstehung des Lebens, in der damaligen Abwesenheit komplexer
Biomoleküle, die an das moderne Leben erinnern, musste das Nicht-Gleichgewicht durch
physikalische Mittel hergestellt und aufrechterhalten werden. Eine interessante Nicht-Gleich-
gewichts Umgebung, die auf der frühen Erde häufig vorkam, sind thermische Flüsse durch
wassergefüllte Poren, wie zum Beispiel unter Wasser in vulkanischen Gesteinen oder in der
Nähe von hydrothermalen Schloten.

Im ersten Teil dieser Arbeit wird die Entwicklung mikrofluidischer Modellsysteme für
solch geheizete, wassergefüllte Poren dargelegt. In einem thermischen Gradienten erfahren
Moleküle Konvektion und Thermophorese, was zu einer längen- und ladungsselektiven An-
reicherung führt. Dies kann das Natrium-Magnesium-Verhältnis von geologisch plausiblen
Lösungen umkehren und Ribozym-Aktivität ermöglichen. Durch die zusätzliche Einführung
einer Gas-Wasser-Grenzfläche in eine beheizte Pore werden weitere Effekte wie Verdamp-
fung, Rekondensation und Kapillarströmungen induziert. Diese können sequenzselektive
Phasenübergänge von DNA und RNA auslösen und induzieren sowohl Fusion als auch Spal-
tung von Koazervaten.

Die RNA-Welt Hypothese geht davon aus, dass das Leben mit katalytisch aktiven RNA-
Strängen, genannt Ribozyme, begann, die grundlegende biologische Funktionen ausführen
konnten. Diese Ribozyme sind hochspezifische Sequenzen mit komplizierten Sekundärstruk-
turen. Allerdings waren Oligonukleotide, die durch eine präbiotische Polymerisationschemie
erzeugt wurden, höchstwahrscheinlich zufällig in ihrer Sequenz. Da zufällige Oligonukleotid-
Pools, alleine wegen des riesigen Sequenzraums, nur sehr selten funktionelle Motive enthal-
ten ist bisher unklar, wie Ribozym-ähnliche Motive ausreichend angereichert wurden, damit
eine RNA-Welt beginnen konnte.

Im zweiten Teil dieser Arbeit wird gezeigt, wie ein Wärmefluss über eine wassergefüllte
Pore als präbiotischer Filter wirken kann. Er kann Sequenzen auf Basis ihres Phänotyps se-
lektieren und reichert in zufälligen Oligonukleotid-Pools Sequenzen mit niedrigerer freier
Energie an, die kompaktere Faltungen bilden können, ein Motiv, das mit einem größeren
funktionellen Potenzial in Verbindung gebracht wurde. Dieser Effekt basiert auf der Än-
derung der thermophoretischen Mobilität, die mit dem räumlichen Kollaps kompakter Fal-
tungen einhergeht.

Im dritten Teil wird ein Mechanismus zur frühen Replikation vorgestellt, der allein auf
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Hybridisierung beruht. Neben der Selektion ist die Replikation eine weitere zentrale Eigen-
schaft des Lebens, die sich früh herausgebildet haben muss. Ein Pool von kreuz-komplemen-
tären DNA-Strängen, inspiriert von transfer RNA (tRNA), kann sich selbst zu einem Rep-
likator zusammensetzen. Ein Templat-Strang kann in einer kreuz-katalytischen Reaktion
durch thermische Oszillationen mit einer Genauigkeit von 85-90 % exponentiell vervielfältigt
werden. Der vorgestellte Replikator ist unabhängig von einer spezifischen präbiotischen
Chemie und zeigt stattdessen einen generellen, physikalischen Replikationsmechanismus
auf. Darüber hinaus werfen die Ergebnisse die Frage auf, ob die hier gezeigte Verbindung
von molekularer Replikation und tRNA eine engere evolutionäre Verbindung der beiden im-
pliziert als bisher angenommen wurde.
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Abstract

Life is a non-equilibrium steady state. To maintain this non-equilibrium, modern biology
relies on a highly complex enzymatic machinery. At the emergence of life, in the absence
of any complex biomolecules reminiscent of modern life, the non-equilibrium had to be
provided and maintained by physical means. An interesting non-equilibrium setting that
was abundant on the early Earth are heat fluxes across water-filled pores, which could for
example have occurred in submerged volcanic rocks or close to hydrothermal vents.

In the first part of this thesis, the development of microfluidic model systems for such
heated, water-filled pores is laid out. In a thermal gradient, molecules are exposed to convec-
tion and thermophoresis, which results in length- and charge-selective accumulation. This
can reverse the sodium to magnesium ratio of geologically plausible ion solutions and en-
able ribozyme activity. By introducing a gas-water interface to a heated pore, evaporation,
recondensation and capillary flows are additionally induced. This can trigger the sequence
selective phase-transition of DNA and RNA and causes both fusion and fission of coacervates.

The RNA world hypothesis presumes that life started with catalytically active RNAs, called
ribozymes, that were able to perform basic biological functions. Those ribozymes are highly
specific sequences with intricate secondary structures. However, oligonucleotides generated
by a prebiotic polymerization chemistry were most likely random in sequence. As random
oligonucleotide pools are scarce in functional motifs, simply due to the large sequence space,
it is yet unclear how ribozyme-like motifs were sufficiently enriched to launch an RNA world.

The second part of this thesis shows how a heat flow across a water-filled pore can act as
a prebiotic filter. It can select sequences based on their phenotype and enriches sequences
with lower free energy that form more compact folds, a motif associated with greater func-
tional potential, in random oligonucleotide pools. This effect is based on the change in
thermophoretic mobility due to the spatial collapse of compact folds.

In the third part, a mechanism for early replication solely based on hybridization is in-
troduced. Besides selection, replication is another property central to life, that had to be
established early on. A set of cross-complementary DNA strands, inspired from transfer RNA
(tRNA), can self-assemble into a replicator. A template can be exponentially amplified in a
cross-catalytic manner driven by temperature oscillations with a fidelity of 85-90 %. The
presented replicator is independent of a specific prebiotic chemistry and instead shows a
general physical replication mechanism. Furthermore, the results raise the intriguing ques-
tion, if the shown link between molecular replication and tRNA implies a closer evolutionary
connection of the two than previously assumed.
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1. Introduction

The question of how life emerged and how we came to be has puzzled humankind for cen-
turies. Although, science will never be able to give a definite answer to how life emerged
historically it can gather convincing evidence for plausible pathways.

Presumably, life on Earth dates back 3.7-3.8 billion years [44, 125, 135]. Over the last
decades, astrobiology has provided us with a better understanding of the chemical repertoire
available on the early Earth. Basic organic compounds [72,190], amino acids [22] as well as
ribose and other sugars [118] can be found in protoplanetary disks. Furthermore, meteorites
and comets have been shown to contain basic organic molecules [23], amino acids, activated
phosphates and nucleobases [20]. Using this inventory, the synthesis of organic polymer
compounds such as ribonucleotides [150] and precursors for peptides and lipids [143] has
recently been demonstrated under prebiotically plausible conditions.

When pursuing such a bottom-up approach in reconstructing life, especially the transition
from ’dead’ to ’living’ matter is of interest. However, it already proves difficult to find a
consensus on what exactly ’living’ means [13]. The to date most compelling and widely-
accepted definition was coined by Gerald Joyce and Carl Sagan and has also been adopted
by NASA: ’Life is a self-sustaining chemical system capable of Darwinian evolution’.

The requirement that life is self-sustaining implies, that it is able to harness energy
from external sources to keep itself from away from equilibrium, which is tantamount to
death [142]. To be able to do so, the environment itself must constantly be out of thermo-
dynamic equilibrium. This provides boundary conditions for the circumstances under which
life could have emerged. Many potentially suitable habitats for early life on Earth have been
discussed. Famously, Darwin contemplated the possibility that life might have emerged in
a ’warm little pond’ [19]. Because the availability of cyclic evaporation and dehydration
is essential for polymerization reactions, which require the exclusion of water [34, 131],
the ’warm little pond’ scenario still enjoys great popularity [146]. Another promising sce-
nario are hydrothermal vents [113,173]: large chimneys, created by fissures in the seafloor
through which hydrothermal fluid discharges, often found in close proximity to volcanic ac-
tivity. They can provide gradients in temperature [10], pH and ion concentration [12,113].
Both scenarios exhibit unique physical non-equilibrium conditions. Naturally, it is difficult to
pin down the exact scenario or location in which life might have emerged and each scenario
has its advantages and disadvantages. A proposal consolidating the above mentioned warm
little ponds and a hydrothermal landscape has been put forward [181] and would, for all we
know, have been an excellent starting point for life.
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The second integral part of the definition of life is the notion of Darwinian evolution,
which dictates how we think about life today. Undergoing Darwinian evolution entails the
ability to self-replicate and evolve through random mutation to attain a selective advantage
in a given environment. This already plays out on a molecular level and governs early evo-
lution. A famous example is known as Spiegelman’s monster, where a replicase was used to
reproduce and evolve a viral genome. In the absence of biological selection pressure, shorter
strands that replicated faster had a selective advantage and thus out-competed longer strands
that contain more information [122]. During the emergence of life, this loss of information
had to be averted. Here, the loop to suitable environments closes: Physical non-equilibria,
provided by the environment, can pose a selection pressure on evolving systems that direct
evolution towards higher complexity.

Thermal gradients are such a non-equilibrium environment and were abundant on the
early Earth [10]. They have previously been shown to promote prebiotically important pro-
cesses by convective cycling and thermophoresis, which cause molecules to experience tem-
perature cycling and lead to locally enhanced concentrations of dilute molecules. Thereby,
a thermal non-equilibrium can enhance polymerization of oligonucleotides [116], enable
length-selective replication [95] and provide a habitat for RNA-based replication [166].

In Chapter 2 of this work an improved experimental model system for a thermal non-
equilibrium is introduced. In that connection, I also present results showing that a thermal
gradient can trigger sequence-selective phase transition of oligonucleotides, induce fission
and fusion of coacervates as well as bring geologically plausible ion solutions within the
realm of operation of ribozymes.

The work presented in Chapters 3 and 4 focuses on the molecular origins of life and
addresses two of the key aspects of Darwinian evolution: selection and replication. There, I
want to leave the much discussed issue of prebiotically plausible polymerization largely aside
and build on the premise that, at some point during the emergence of life, oligonucleotides
of decent length were available. Keeping in mind the definition of life, two main questions
arise:

(i) How were functional motifs selected from the presumably random pool of oligonu-
cleotides, that had a vast sequence space, much too big to screen one by one?

(ii) Given a pool enriched in phenotypic motifs, under which conditions and through which
mechanism can functional motifs achieve self-replication?

The first question is approached in Chapter 3. Random pools of DNA and RNA were ex-
posed to a thermal non-equilibrium. Native PAGE analysis and Next-generation sequencing
revealed that the thermal gradient is able to selectively enrich phenotypic motifs of lower
free energy, that have been associated with larger functional potential. The observed effect
is small but consistent and the prospect of amplifying the selection by refeeding is exciting.

The second question is addressed in Chapter 4. A set of cross-complementary oligonu-
cleotides of one distinct phenotype, inspired by transfer RNA (tRNA), can selectively self-
assemble into a replicator. Temperature oscillations then drive autonomous, exponential self-
replication of binary information, encoded in the molecular assembly. Because the replica-
tion is based on hybridization only, it is independent of a specific prebiotic chemistry.
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2. Microfluidic chambers: development, se-

tups and physical effects

Summary

Microfluidic chambers represent an ideal experimental model system for hydrothermal pores,
that are an excellent environment to kick-start Darwinian evolution at the emergence of
life [3]. In this chapter, I will provide an overview of microfluidic chambers and emphasize
related experimental results. To highlight the advancements of the current versions of mi-
crofluidic chambers, I will first recapitulate the outdated versions and then give an overview
of the current state. I will then in detail describe the main types of microfluidic chambers,
gas-water interface chambers and thermogravitational chambers and discuss the physical
effects at play.

At the current stage, three different types of microfluidic chambers can be constructed
in a controlled and reproducible manner:

• Gas-water interface chambers. In gas-water interface chambers, a temperature gra-
dient (∆T < 60 K) is applied across a microfluidic chamber with gas inclusions. Typ-
ically, one chamber contains many gas-water interfaces, which allows experimental
multi-plexing and increases the total reaction surface. Sequence-selective hydrogela-
tion of oligonucleotides (Section 2.4.3) as well as coacervate fusion and fission (Sec-
tion 2.4.4) can be observed in gas-water interface chambers. Details of design and
assembly are shown in Figure 2.5. The physical effects relevant in gas-water interface
chambers are described in Section 2.4.1 and illustrated in Figure 2.4.

• Thermogravitational chambers. In thermogravitational chambers, a temperature
gradient (∆T < 80 K) is applied across a water-filled microfluidic chamber. Accumu-
lation of salts (Section 2.5.4) as well as the selection of oligonucleotide motifs based
on their phenotype (Chapter 3) can be observed. Details of design and assembly are
shown in Figure 2.11. The physical effects relevant in thermogravitational chambers
are described in Sections 2.5.1 and 2.5.2.

• Incubation chambers. In incubation chambers, no temperature gradient is applied.
Instead, experiments (up to ten at a time) can be performed under isothermal condi-
tions with full optical readout. Peltier elements are directly attached to the backside of
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the chamber, which allows full thermal control and permits heating and cooling rates
of up to 2 K/s. In essence, experiments in incubation chambers are comparable with
experiments in thermocylers, but they have the advantage of full concurrent optical
readout. Incubation chambers are used to monitor self-assembly and subsequent sedi-
mentation for a tRNA-inspired replicator in Chapter 4. Details of design and assembly
are shown in Figure 2.14.
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Chapter 2. Microfluidic chambers: development, setups and physical effects

2.1. PLA printed chambers

After moving away from capillary chambers with laser induced heating as described in [116,
129], the temperature gradient was going to be established perpendicular to the direction of
gravity to naturally achieve convection and thus similar effects as observed previously. The
temperature gradient was installed by using a waterbath (Julabo, Germany) to cool the traps
from one side (back) and heater cartridges for 3D printers (12 V, 40 W) were used for heating
from the other side (front). Full optical control of the chamber while maintaining good heat
conductivity (42 W/mK) was ensured by using a sapphire as window (14x30 mm, 5 mm
thick) into the chamber. The sapphire was equipped with four holes (diameter 1.8 mm),
two at the top and two at the bottom (Figure 2.2c).

Figure 2.1: Chamber design and assembly of a PLA printed chamber. a, 2D design of
the chamber geometry. b, 3D chamber geometry as displayed in Autodesk Inventor [84].
c, Components of the chamber assembly prior to melting. From left to right: silicon wafer,
PLA printed chamber and already assembled top part consisting of a sapphire, metal tubing
fit into the sapphire top holes and the copper bracket with holes for heating cartridges.
d, Melting procedure of the PLA chambers. The components from panel c are sandwiched,
put on a heat plate at ∼ 150 °C and weighed down. Glass beads are used as spacers during
melting in the areas highlighted in green in panel a. e, Assembled chamber. The bottom
holes of the sapphire are closed with PDMS or epoxy glue after melting. The assembled
trap will be put on a copper back plate and is ready if tight.

3D printing of the chambers promises full flexibility in chamber design and quick iter-
ations. The desired chamber design is drawn in 2D (Figure 2.1a) and extruded into a 3D
object (Figure 2.1b) using Autodesk Inventor and exported as ’.stl’ file. The geometry of
the chambers was 3D printed from polylactic acid (PLA), usually transparent or white PLA
filament (filamentworld, Germany), using FELIX printers, generation 2 & 3 (FELIX print-
ers, Netherlands). An example of a PLA printed chamber geometry is shown in Figure 2.1c.
Metal tubings are polished, inserted and adhered to the top holes of the sapphire. The
copper bracket is fit onto the sapphire and thermally connected using thermal conduction
paste (10 W/mK, Keratherm® KP 92, KERAFOL, Germany). The 3D printed geometry is fit
inbetween the sapphire and a silicon wafer, which constitutes the back of the microfluidic
chamber. It is chemically inert and has good optical properties. The assembled sandwich is
then placed on a heating plate at ∼ 150 °C and weighed down from the top (Figure 2.1d).
Upon melting of PLA, the chamber melts onto wafer and sapphire and creates a permanent,
air-tight connection. Glass beads (105-150 µm, Polysciences, Germany) are used to define
the height during melting. The ready assembled chamber (Figure 2.1e) is then thermally
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2.2. Resin printed chambers

connected to a copper back plate using liquid metal (80 W/mK, Liquid Pro Flüssigmetall,
Coollaboratory, Germany) and screwed down with Teflon screws to not create a thermal
bridge.

This generation of microfluidic chambers was used by Keil et al. to show that a thermal
gradient induces a pH gradient [90].

Problems with PLA printed chambers were mainly, but not limited to, poor printing re-
sults of the 3D extrusion printing method, insufficient height definition and high breakage
rate of sapphires due to fine-grained dust or dirt in the sapphire holes in combination with
the thermal expansion of the metal tubings.

2.2. Resin printed chambers

In the next major iteration, chambers were printed with a UV-curable resin (Photocentric 3D
Daylight Resin, flexible, color: amber). A laminated LCD display, covered with resin, illu-
minated and thereby cured the inverted chamber design (Figure 2.2a) onto a silicon wafer
(Figure 2.2b). The height of the chambers was defined by metal spacers, available in thick-
nesses of 50-250 µm, placed between display and silicon wafer. After the complete curing of
the resin structure, sapphires were placed on top of the printed chamber and curable resin
was again applied around the rim of the saphhire to close the gap between silicon wafer and
sapphire. This made the chamber air- and water-tight (Figure 2.2c). Micofluidic access to
the chamber was provided through silicone rubber tubings, which were fixated in the top
holes of the sapphires using instant adhesive (Loctite, Henkel). The wafer was attached to
the copper back plate and thermally connected using liquid metal. A copper bracket was
thermally connected to the sapphire using thermal conduction paste and used to press the
sapphire onto the copper back plate (Figure 2.2d). Again, heater cartridges were inserted
into the preformed sockets of the copper bracket to provide heating from the front side.

Figure 2.2: Chamber design and assembly of a resin printed chamber. a, Inverted
chamber design as illuminated onto the LCD-screen. Everything displayed in white is cured
onto the silicon wafer. The red lines indicate the position of the metal spacers (50-250 µm)
for height definition. b, A printed chamber structure on a silicon wafer. c, Sapphires
equipped with tubings in the top holes are placed on the wafer with the printed cham-
ber structures. The rim around the sapphire and additional holes in the sapphire are closed
with resin and the structure is cured again and subsequently tested for tightness. d, The
ready assembled chamber screwed onto the copper back plate.

6



Chapter 2. Microfluidic chambers: development, setups and physical effects

Problems with Resin printed chambers were mainly, but not limited to inadequate tight-
ness at the sapphire rim and the in- and outlets, frequent breaking of the silicon wafer due to
the necessary strain exerted by the copper frame, uneven temperature profile due to selective
heating at only two spots and lack of chemical inertness.

2.3. FEP sheet chambers

In the next and current generation of chambers, the trap geometry is cut from an FEP (teflon)
sheet. The additional advances compared to the resin printed chambers, which are described
in the following, mainly apply to thermogravitational chambers. However, also when aiming
for gas-water interfaces FEP sheets are now used to define the chamber geometry. Then,
a simpler setup as described in Section 2.2 is used, only that the resin printed chamber
geometry is substituted by a FEP printed chamber geometry.

Four main components (images are shown in Figure 2.3) were improved or redesigned
during the last major iteration of chambers:

• FEP sheet printed chamber geometry. The chamber geometry was no longer 3D
printed but instead cut from a chemically inert FEP sheet (Holscot, Netherlands) of
desired thickness (25-1000 µm) using an industrial plotter (CE6000-40 Plus, Graphtec,
Germany).

• Heater. The heater was redesigned to a new shape, which provides almost perfectly
uniform heating of the top surface, while not disturbing the visual readout through
the front sapphire. The new heater is shown in Figure 2.3e. Heater cartridges (24 V,
160 W) can be inserted into shafts in y-direction on the left and right side of the heater.
A temperature sensor is directly connected to the heater for temperature regulation.

• Sapphires. The new chamber assembly contains two (instead of only one) sapphires.
The silicon wafer was eliminated from the assembly and the two sapphires now en-
close the FEP sheet from top and bottom and thus form the chamber. The sizing of
the sapphire as well as the position of the holes on the sapphire was modified. The
sapphire length was increased from 14x30 mm to 22x60 mm, which allows for better
trapping selectivity in a thermogravitational setting (Section 2.5.2). The four holes in
the sapphire are now all located in the upper part of the sapphire (Figure 2.3e). Gen-
erally, to maximize the heat transfer across the whole assembly, the sapphires should
as slim as possible. However, in order to compensate for the grid-like shape of the
heater (Figure 2.3e, Figure 2.12a), a thicker sapphire (2 mm) is chosen for the hot
side to better distribute the heat generated by the heater. The sapphire on the cold
side is slimmer (0.5 mm) and equipped with four holes for micofluidic access.

• Tubing access. Microfluidic access to the chamber is provided by FEP tubings (ID 0.18-
1.0 mm, KAP 100.969, Techlab, Germany), which are screwed into the aluminum back
plate using fittings and ferrules. Since the sample enters and leaves the chamber now
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2.3. FEP sheet chambers

on the cold instead of the hot side, uncontrolled evaporation and bubble formation is
reduced.

Figure 2.3: Chamber design and assembly of an FEP sheet chamber. a, Design of
a chamber, with one inlet on the left and two outlets, top and bottom on the right. The
plotter cuts along solid lines and the area of the FEP sheet is marked in green. b, A chamber
geometry cut from a 170 µm FEP sheet. c, Lateral and d, frontal view of an assembled
chamber. The in- and outlet tubings are connected from the back side and a temperature
sensor (top left in panel d) is attached for temperature monitoring and regulation. e,
Chamber components (for a thermogravitational chamber) in correct order from left to
right prior to assembly. (1) Thick graphite foil for thermal connection to cryostat-cooled
aluminum block, (2) aluminum back plate, (3) thin graphite foil, (4) 0.5 mm sapphire with
holes, (5) cut 170 µm FEP sheet, (6) 2 mm sapphire, (7) steel frame, (8) thick graphite
foil, (9) heater with attached temperature sensor (top left) and heating cartidges (inserted
from top).

A typical trap geometry (for thermogravitational trapping) and an assembled FEP sheet
chamber are displayed in Figure 2.3. The cut out FEP sheet (5), as displayed also in Figure
2.3b, is fit between the two sapphires of different thickness (4,6) and, using a thin graphite
foil (3), (EYGS091203DP, 25 µm, 1600 W/mK, Panasonic, Japan) for thermal connection,
put on top of the aluminum back plate (2). This sandwich is then fixed by a steel frame
(7) using six torque controlled steel screws. Then, the heater (9) can be attached with an
intermediate layer of thick graphite foil (8), (EYGS0811ZLGH, 200 µm, 400 W/mK, Pana-
sonic, Japan) again using torque-controlled screws. Heater cartridges for 3D printing are
used (24 V, 160 W), which are connected to a solid state relais and controlled by Arduino
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Chapter 2. Microfluidic chambers: development, setups and physical effects

boards. Cooling is provided by a waterbath (DYNEO DD, Julabo, Germany) or cryostat
(Grant TXF200-R5, UK), that cools the aluminum block to which the aluminum back plate
(2) is attached by magnets and torque-controlled teflon screws and thermally connected
using a thick graphite foil (1). The indicated numbers relate to the annotations in Figure
2.3e.

The tubings are cut to the desired length such that they can accommodate the sample
volume. For microfluidic connection, tubings are screwed to the back side of the aluminum
back plate (Figure 2.3c) with ferrules (Ferrule VBM 100.632, Techlab, Germany) and fit-
tings (Nut, Delrin, flangeless, VBM 100. 823, VBM 100.824, VBM 100.825, VBM 100.826,
VBM 100.827, VBM 100.828, Techlab, Germany) additionally using connectors to connect
multiple tubings (Verbinder zöllig, UP P-702-01, Techlab, Germany). After the tubings are
attached, the chamber is flushed with low-viscosity flourinated oil (3M™Novec™7500 Engi-
neered Fluid) to test for tightness and flush out gas inclusions.

Although, the height should be relatively well defined by the thickness of the FEP sheet,
it is again measured after chamber assembly at three positions along the y-axis using a con-
focal micrometer (CL-3000 series with CL-P015, Keyence, Japan). This is done to guarantee
homogeneous thickness of the chamber. If the thickness differs by more than approximately
5 % across the length of the chamber, it is reassembled.

2.4. Gas-water interface chambers

Gas-water interfaces in a thermal gradient represent an attractive non-equilibrium environ-
ment when considering processes involved in the emergence of life. Simple heat flows [127]
as well as recondensation [1] are non-equilibrium processes found frequently on the early
Earth. The potential relevance of bubbles in an early Earth setting has been hinted at be-
fore [104]. Gas-water interfaces lead to the adsorption of DNA [51] and lipid monolayers [6]
and can aid the formation of peptide bonds [66]. Furthermore, it was recently demonstrated
that DNA can be involved in the formation of rigid fibrous aggregates at gas-water inter-
faces [27]. In this section, the effects of gas-water interfaces are studied in connection with
thermal gradients.

2.4.1. General mechanisms at heated gas-water interfaces

The phenomenon of a liquid droplet evaporating and depositing a characteristic pattern of
dried molecules is known as the ’coffee-ring’ effect [40]. During the evaporation of the
liquid droplet, capillary flows increasingly replenish the material at the rim of the droplet
until evaporation is complete. A filled gas-water interface chamber can be described as an
inverted coffee ring effect. Because of the additionally applied temperature gradient across
the gas-water interface, several physical effects are happening simultaneously [128].

• Convection in the liquid phase. Due to gravity and the temperature dependence of
the density, the liquid phase experiences convection. Close to the interface, convective
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Figure 2.4: Sketch of the relevant effects at a gas-water interface and the correspond-
ing fluorescence image. The sketch shows effects relevant in gas-water interface cham-
bers. The temperature gradient drives a constant cycle of evaporation on the hot side and
condensation on the cold side. The drops condensating on the cold side can fall back into
the water phase (rainfall, green). This leads to periodic rise and fall of the water level
inducing drying-rehydration cycles at the interface. In solution, the temperature gradient
causes convective flow (from hot to cold, orange) as well as capillary flow (from cold to
hot, cyan). Molecules accumulate at the interface, due to the capillary flow especially at
the hot side. These effects are also indicated in the fluorescence image on the right face of
the cube, showing 36 nt DNA at 10 µM in 1xPBS.

flow moves material from the hot to the cold side, which is indicated by orange arrows
in Figure 2.4.

• Evaporation-recondensation cycles. At the hot chamber wall, water from the liquid
phase evaporates, enters the gas phase and recondensates at the cold chamber wall. As
more and more water gathers there, occasional ’rainfall’ occurs, i.e. a recondensation
droplet falls back into solution. Those droplets contain pure water and momentarily
cause a drop in concentration (dark trace in Figure 2.4, fluorescence image). It has
previously been shown that ’rainfall’ events provide a local perturbation in salt concen-
tration that lead to melting of oligonucleotides [80]. Furthermore, the evaporation-
recondensation cycles cause fluctuations in the water level, which can lead to periodic
drying and rehydration of molecules specifically at the rim of the interface (dark purple
in fluorescence image in Figure 2.4).

• Capillary flow at the interface. Capillary flows are pushing molecules along the
meniscus towards the hot side, where evaporation takes place. In Figure 2.4 the capil-
lary flow is indicated by blue arrows. The capillary flow is stronger than the convective
flow and flow velocities are higher close to the hot chamber wall [128].

• Marangoni flow at the interface. Marangoni flows occur due to the temperature
and concentration dependence of surface tension. The Marangoni flow has the same
direction as convection but is typically much weaker. In systems with modified surface
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properties, Marangoni flow can be strong and suppress the capillary flow towards the
hot side [78].

Together, those effects lead to an accumulation of molecules at the gas-water interface,
as clearly visible in the fluorescence image of Figure 2.4. Detailed numeric simulations and
bead-tracking measurements to determine the flow patterns can be found in [128].

2.4.2. Setup

The experimental setup for gas-water interface chambers is illustrated in Figure 2.5. The
chamber geometry as exemplary shown in Figure 2.5a, can be adapted according to specific
experimental requirements. If the design contains triangular cavities (Figure 2.5a), filling
of the chamber creates gas inclusions. In the subsequently shown experiments, the chamber
geometries are either printed with UV-curable resin or cut from an FEP sheet. In both cases,
the z-thickness was 250 µm. The fluorescence images are taken from the hot side, showing
an image plane perpendicular to the direction of the temperature gradient as indicated in
Figure 2.4.

Figure 2.5: Overview of the experimental setup of gas-water interface chambers.
a, Typical design of a gas-water interface chamber. The geometry is either printed with
UV-curable resin or cut from an FEP sheet. The triangular cavities result in gas inclusions.
The thickness in z-dimension typically 250 µm. b, Visualization of an assembled gas-water
interface chamber. c, Lateral sketch of the gas-water interface chamber including the opti-
cal setup which allows fluorescence imaging and is equipped with two optical channels.
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2.4.3. Formation of hydrogels from DNA and RNA at gas-water

interfaces

It was previously demonstrated that a temperature gradient across a water-filled microflu-
idic compartment can evoke a sequence-selective phase transition to hydrogels [129]. Ex-
panding the experimental system to temperature gradients including gas-water interfaces
revealed that oligonucleotides experience strong accumulation at the interface as described
in Section 2.4.1.

Figure 2.6: Sequence selective hydrogel formation of DNA. a-c, Self-complementary
(Cy5-labeled, red) and e-g, non-complementary (FAM-labeled, green) DNA single strands
(36 nt) were mixed at 10 µM in 1x PBS and flushed into a gas-water interface chamber. Flu-
orescence microscopy showed that after switching on a temperature gradient (Tcold = 10 °C,
Thot = 40 °C,∆T= 30 K) the DNA which is initially in solution (a,e) starts to accumulate at
the interface (b,f). Only for the self-complementary sequence this accumulation also leads
to the formation of DNA hydrogels (b,c). The hydrogel forms within minutes and after ap-
proximately one hour all DNA is adsorbed at the interface. The initially higher fluorescence
signal at the gas-water interface is due to slight surface adsorption effects. d, h, Predicted
equilibrium secondary structures of both strands calculated using NUPACK [199]. The self-
complementary strand (a-d) can branch out and form a network.

When self-complementary and non-complementary strands were present in the same gas-
water interface chamber, fluorescence microscopy revealed, as shown in Figure 2.6, that both

This section was published by Morasch et al. [130] in Nature chemistry under the title "Heated gas bubbles
enrich, crystallize, dry, phosphorylate and encapsulate prebiotic molecules" and is adapted and reprinted in part
with permission from Nature publishing group.
Authors: M. Morasch, J. Liu, C.F. Dirscherl, A. Ianeselli, A. Kühnlein, K. Le Vay, Ph. Schwintek, S. Islam, M.K.
Corpinot, B. Scheu, D.B. Dingwell, P. Schwille, H. Mutschler, M.W. Powner, C.B. Mast, D. Braun.
Contributions: M.M., J.L., C.F.D., A.K., A.I., and Ph.S. performed the experiments, M.M., J.L., K.L.V., S.I., B.S.,
D.B.D., H.M., P.S., M.W.P., C.B.M., and D.B. conceived and designed the experiments, M.M., J.L., K.L.V., S.I.,
M.K.C., H.M., M.W.P., and D.B. analyzed the data, M.M., J.L., and D.B. wrote the paper.
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strands accumulate at the interface. The strands were present at a concentration of 10 µM
each in 1x PBS and carried a covalently attached Cy5- and FAM-label respectively. The phase
transition to a hydrogel occurred selectively only for self-complementary sequences that can
form larger structures by hybridization (Figure 2.6, Cy5 (a-c) vs. FAM (e-g) channel). This
is supported by the observation that the hydrogel melted if it was caught in a convection
stream and transported to the hot side [130]. If the hydrogel grew large enough, it broke
apart, detached partially from the gas-water interface and floated around in solution (slightly
visible in Figure 2.6c).

Figure 2.7 shows that hydrogel formation occurs across a wide range of parameters. The
self-complementary sequence from Figure 2.6 also leads to hydrogel formation in RNA (Fig-
ure 2.7a). Furthermore, DNA strands of various length and sequence also exhibit hydrogel
forming properties (Figure 2.7b-d). Notably, even when parts of the sequence are random
(Figure 2.7d) hydrogel formation at the interface can be observed.

Figure 2.7: Hydrogel formation of different DNA and RNA sequences. Hydrogel forma-
tion in a temperature gradient (∆T indicated for each experiment) is a prevalent property of
at least partially self-complementary oligomers. The chamber design was different in every
experiment, which highlights the universality of gas-water interfaces and its effects. a, Fully
self-complementary RNA single strands (36 nt) at 10 µM in 1x PBS, identical sequence as
shown in Figure 2.6a-c for DNA. b, Fully self-complementary DNA single strands (36 nt)
with AT only at 10 µM in 1x PBS. c, Fully self-complementary DNA single strands (24 nt)
with GC only at 10 µM in 10 mM MgCl2 and 1x PBS. d, Partially (2/3) self-complementary,
partially (1/3) random DNA single strands (36 nt) at 10 µM and 1x PBS. In the sequence, W
indicates a random base {A,T}, i.e. the sequence space is 212 = 4096 different sequences.

In this study by Morasch et al. the effects of gas-water interfaces on prebiotic molecules
were examined in a holistic approach. In addition to the sequence selective hydrogelation
of oligonucleotides, it could be demonstrated that gas-water interfaces direct (i) accumula-
tion of functional oligonucleotides increasing their catalytic activity, (ii) phosphorylation of
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monomers due to dry-wet cycling at the interface, (iii) accumulation and subsequent crys-
tallization of RNA precursors (RAO), (iv) encapsulation of oligonucleotides in vesicles.

2.4.4. Coacervate fusion and fission at gas-water interfaces

Compartmentalization was one of the key steps during the emergence of life. Only in a com-
partmentalized system an evolutionary advantage can be maintained. The role of liquid-
liquid phase transitions in biological systems has recently been acknowledged [16] and gave
them a renaissance after their initial recognition almost one hundred years ago [36, 138].
Coacervates are a liquid-liquid phase transition [149] and have been proposed as poten-
tial protocells and a possible pathway to early compartmentalization [100, 148, 149]. They
are liquid microdroplets that form spontaneously when two oppositely charged polymers
like polypeptides and oligonucleotides are mixed. After coacervation, the initial suspension
is decomposed into a polymer-dense phase (coacervates) and a dilute supernatant phase.
Formation, organization and properties of liquid-liquid phase transitions and coacervates
specifically have recently been reviewed [4,9,133]. Due to their ability to length-selectively
recruit RNA [48], spatially localize and accumulate molecules [93, 107, 132] and support
biochemical reactions [148, 184] coacervates are especially interesting in an origin-of-life
context.

After we had observed the general relevance of gas-water interfaces for various prebi-
otic systems [130], as described in Section 2.4.3, we became interested in the effects of a
heated gas-water interface on coacervates. A suspension of CM-Dex:PDDA (Carboxymethyl-
Dextran:Polydiallyldimethylammonium chloride) coacervates was mixed and inserted into a
gas-water interface chamber. Polymers were present at 20 mM total concentration in a 6:1 ra-
tio in 0.1 M Na+ bicine buffer, pH 8.5. The phase separation between the dense, fluorescently
labeled polymer-rich phase and the dilute phase was clearly visible as shown in Figure 2.8a.
After switching on the thermal gradient (∆T = 30 K), the coacervate droplets accumulated
rapidly (within two minutes) at the interface. Initially, they were around 10 µm in size but
experienced strong growth and reached a size of more than 150 µm within ten minutes after
switching on the temperature gradient (Figure 2.8c). A precise size distribution over time
for different coacervate compositions can be found in Figure 3e, of [81]. Figure 2.8 clearly
shows that a heated gas-water interface prompts accumulation and catalyzes the fusion of
coacervates.

Interestingly, apart from fusion, fission events of coacervates were also be observed at the
heated gas-water interface. This is due to the different flows directly at the interface (Fig-
ure 2.4), which generate shear forces within the coacervates tearing them apart. Moreover,
fission or fragmentation also happened as consequence of a rainfall event, when condensed

This section has been submitted for publication by Ianeselli et al. [81] to Nature chemistry under the title
"Coacervate protocells assembled at the gas-water interface of heated rock pores coalesce, divide and select RNA"
and is currently in resubmission.
Authors: A. Ianeselli, D. Tetiker, J.A.C. Stein, A. Kühnlein, C.B. Mast, D. Braun and T-Y D. Tang.
Contributions: A.I. and D.T. performed the experiments and analyzed the data. A.I., D.T., J.A.C.S., A.K., C. M.,
D.B. and T-Y D.T. conceived and designed the experiments. A.I, D.T., D.B and T-Y D.T wrote the manuscript.
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water falls back into solution and divides a coacervate at the interface.
Sole convection as well as an isothermal gas-water interface proved insufficient to induce

fusion or fission of coacervates, indicating that the observed features are a unique property
of coacervates at heated gas-water interfaces. These results allude to the important role
coacervates might have played as an early protocell. The ability to grow and subsequently
divide into two daughter ’cells’ is particularly relevant, because a categorical property of
modern biological compartments, i.e. cells, is their autonomous growth and division, which
permits the propagation of information to daughter cells.

Due to its prebiotic relevance, RNA was also studied as a coacervate component addition-
ally to the modified sugars (CM-Dex,-), peptides (Plys,+) and synthetic polymers (PDDA,+).
A 51 nt single strand RNA was introduced into the system as a third component in addition
to CM-Dex and Plys during coacervation. This encouraged competition with CM-Dex for the
incorporation of the negatively charged polymer. Fluorescence microscopy showed initial
co-localization of RNA and out-competition of CM-Dex within the coacervate droplets due
to higher affinity of RNA to Plys. At the heated gas-water interface, the RNA-rich coacervate
droplets were accumulated and enriched in CM-Dex. The gas-water interface chamber can
thus maintain and select multiple populations of different phenotype and sustain energeti-
cally unfavorable conformations.

The study by Ianeselli et al. has important implications regarding the relevance of ther-
mal fluxes and gas inclusions for an evolutionary scenario including coacervate droplets as
protocells.

Figure 2.8: Coacervate accumulation and fusion at gas-water interfaces. a, Bulk fluo-
rescence microscopy image directly after loading the chamber with coacervate suspension
made from 20 mM CM-Dex:PDDA (6:1 ratio) in 0.1 M Na+ bicine buffer, pH 8.5. Initially,
the coacervates were smaller than 10 µm in size. b, In a thermal gradient (∆T = 30 K) the
coacervates accumulated at the gas-water interface and started growing, resulting in dif-
ferently sized coacervates. c, Time-lapse of fluorescence microscopy images after switching
on the thermal gradient (∆T = 30 K). Within only 8 minutes almost all initial coacervates
at the interface have fused to larger coacervates. Figure adapted from [81].
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2.5. Thermogravitational chambers

2.5.1. Thermophoresis

Thermophoresis is the directed movement of molecules along a temperature gradient. Their
drift velocity v depends linearly on the temperature gradient∇T and is characterized by the
thermophoretic mobility DT .

v = −DT∇T (2.1)

In equilibrium, the concentration gradient created by the thermophoretic movement is coun-
teracted by diffusion. Therefore, the flow density is given by

j = jDT
+ jD = −DT∇T (x , y) · c(x , y, t)− D∇c(x , y, t) , (2.2)

with the diffusion coefficient D and concentration gradient ∇c. The Soret coefficient
ST = DT/D gives a measure for the relative strength of thermophoresis [17, 49]. In steady
state ( j = 0), the concentration of a molecule with initial concentration c0 in a temperature
gradient between T and T0, with cold temperature T0 is then

c
c0
= exp[ST · (T − T0)] . (2.3)

The precise mechanism of thermophoresis is still subject of active research. Currently,
it is believed that the effect is mainly driven by the temperature dependence of the elec-
trical double layer of molecules. In addition, in salt solution, thermophoresis of the small
ions themselves establishes an electrical field that causes electrophoretic movement of other
charged species, such as oligonucleotides.

2.5.2. Thermogravitational trapping

The mechanism that leads to accumulation of molecules was first described in the early 20th
century [29]: the superposition of thermophoresis and convection. While Clusius and Dickel
described this for gases, it also works in a water filled pore as shown in Figure 2.9. Dissolved
biomolecules such as DNA or RNA typically have a positive ST , which causes them to move
from the hot to the cold side of a pore (horizontal arrows). At the same time, the thermal
expansion of water induces a convection roll (vertical arrows). The superposition of these
two effects leads to the accumulation of dissolved molecules in the cold bottom corner of the
pore. Figure 2.9 shows a temperature gradient (∆T = 30 K) and the resulting concentration
profile over time calculated using finite element software COMSOL [177].

The flow density from Equation 2.2 is then extended by a convective term with the con-
vection velocity vc for a pore of thickness ϑ and tilting angle α

j = jDT
+ jD + jc = −DT∇T (x , y) · c(x , y, t)− D∇c(x , y, t) + v(α,ϑ) · c . (2.4)
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Figure 2.9: Simulation of thermal trapping of DNA using COMSOL. A temperature
gradient of ∆T = 30 K across a pore simultaneously leads to convection (center, vertical
arrows) and thermophoresis (center, horizontal arrows). The superposition of both effects
leads to a relative concentration increase at the cold bottom corner of the pore.

The change in concentration over time can be derived analytically using the continuity
equation. A 2-dimensional approach is chosen, with the thermal gradient along the x-axis
and gravitation along the y-axis. The temperature gradient is assumed to be linear across
the width of the pore ϑ and ∇T can thus be written as ∆T/ϑ.

∂ c
∂ t
= D ·

�

∂ 2c
∂ x2

+
∂ 2c
∂ y2

�

+ D · ST · ∇ · (∇T · c)−∇ · (v(α,ϑ) · c) (2.5)

∂ c
∂ t
= D ·

�

∂ 2c
∂ x2

+
∂ 2c
∂ y2

�

+ D · ST · ∇T · ∇c − v(α,ϑ) · ∇c (2.6)

For the convective velocity in a vertical pore (α= 90°) Debye derived a differential equa-
tion [38]. The turning points in the velocity profile are neglected, such that the convective
flow is only dependent on x, v(x).

∂ 3v
∂ x3

=
−β ·ρ · g ·∆T

µ · ϑ
, (2.7)

where g is the gravitational acceleration, µ the dynamic viscosity, ρ the density and β the
volumetric expansion coefficient of the fluid. With a no-slip boundary condition, integration
of Equation 2.7 yields the convective flow between to plates

v(x) =
−β ·ρ · g ·∆T · ϑ2

6µ
·
�

x
2ϑ
−

3x2

2ϑ2
+

x3

ϑ3

�

= −v0 ·
�

x
2ϑ
−

3x2

2ϑ2
+

x3

ϑ3

�

. (2.8)

The velocity profile can then be plugged into Equation 2.6. To solve the resulting differen-
tial equation for the concentration profiles several non-dimensional variable are introduced:
q = v0ϑ/D, p = ST∆T , η= y/ϑ, ξ= x/ϑ and τ= Dt/ϑ2. Equation 2.6 then reads
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∂ c
∂ τ
= D

�

∂ 2c
∂ ξ2

+
∂ 2c
∂ η2

�

+ p ·
∂ c
∂ ξ
+ q · f (ξ)

∂ c
∂ η

, with f (ξ) =
ξ

2
−

3ξ2

2
+ ξ3 . (2.9)

Using a separation of variables ansatz, c(ξ,η) = U(ξ)V (η), and the assumptions that V is
an exponential in η, V (η) = exp(αη) and p� 1, a steady state solution for the concentration
profile can be found

c (ξ,η) =

�

1+ p

�

−ξ+
84p · q

10080+ q2

�

ξ5

20
−
ξ4

8
+
ξ3

12

���

· exp
�

84p · q
10080+ q2

η

�

. (2.10)

This yields a spatial concentration gradient in a pore with height h and width w of

cbot

ctop
= exp(0.42 · ST ·∆T · h · ϑ−1

opt) . (2.11)

Equation 2.11 underlines the exponential nature of thermal trapping. Since the Soret
coefficient is highly sensitive to small changes in charge, surface or size, this results in a
robust, selective trapping mechanism. It has been shown that a temperature gradient across
a closed water filled pore can exponentially accumulate oligonucleotides by several orders of
magnitude [10] and create a pH gradient over two units by the spatial separation of buffering
molecules and amino acids [90].

Figure 2.10: Exponential accumulation of different lengths of ssDNA. The accumula-
tion of DNA depends exponentially on the temperature gradient ∆T and the aspect ratio
h · ϑ−1 of the chamber. The accumulation is calculated according to Equation 2.11 for a
thermogravitational chamber of h = 50 mm and ϑ = 170 µm. The strong accumulation
of up to 30 orders of magnitude is a steady state effect and in this extend experimentally
unrealistic. The Soret coefficients are taken from [10].

Expanding the system to an open system with a feeding flow allows many more oppor-
tunities. Kreysing et al. demonstrated that an open pore system can enable replication and
positive length selection [95].
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Figure 2.11: Overview of design, methodology and assembly of a current thermograv-
itational chamber. a, Typical designs for thermogravitational chambers. Fluid flow is from
left to right with different number of outlets. The chamber geometry is typically cut from
a 170 µm FEP sheet, which results in a chamber volume of ∼ 45 µl. b, In- and outlets of
the chamber are connected to syringe pumps to steer in- and outflow. The net flow has to
be zero to not create pressure in the chamber. Flow velocities between 0.5 - 1000 nl/s are
possible. c, By freeze extraction, i.e. shock-freezing the chamber before disassembly, the
main part of the chamber (sometimes also the in- and outlet channels) can be extracted
as an ice sheet and cut into four separate sections, which can be analyzed independently.
d, Lateral sketch of a thermogravitational chamber. The chamber is assembled from indi-
vidual components as shown in Figure 2.3. e, Picture of the assembled chamber with the
heating element to be attached. Heating cartridges are inserted into shafts in the heating
element in y-direction.
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2.5.3. Current version of thermogravitational chambers

For thermogravitational experiments, the chamber components are assembled as shown in
Figure 2.3. There are two major types of chamber designs: ’topflow’ chambers and ’triple
flow-through’ chambers, Figure 2.11a. In both cases, the sample is flushed into the chamber
through an inlet on the left side and then exposed to convection and thermophoresis in the
main chamber. Depending on the chamber design, the sample enters the chamber at the top
(topflow) or the center (triple flow-through) and is removed through up to three outlets.

Generally, thermogravitational chambers can be operated in two modes, either in steady
mode without flow or with a constant flow-through of sample. In the first case, the sample
is loaded into the chamber, the tubings are closed with end caps and the total concentra-
tion inside the chamber is conserved. In flow-through chambers, a constant inflow of new
sample is provided and accumulation can cause an uptake of material inside the chamber.
Syringe pumps (Low Pressure Syringe Pump neMESYS 290N with Quadruple Syringe Holder
Low-Pressure, Cetoni, Germany) are connected to in- and outlets (Figure 2.9b) and the re-
spective flow speeds at the outlets can be adjusted, thereby modulating the flow inside the
chamber. Since the flow pattern in the chamber is governed by laminar flow, the relative flow
speeds translate directly to the spatial distributions od the extracted volume fractions. The
syringe pumps can be equipped with syringes holding 100-1000 µl (Göhler-HPLC Syringes,
Germany) and can move the pusher with 1 nm/s - 6 mm/s.

For thermogravitational trapping, usually no optical readout is used. However, it is in
principle possible and can be done if necessary. Before and after the experiment, the chamber
is checked for air bubbles by eye. To quantify the results of thermogravitational trapping,
the samples are extracted from the different outlets and can be analyzed separately and
compared to the inlet or stock sample. Moreover, freeze extraction allows the extraction of
up to four sections of the main chamber as indicated in Figure 2.11c. To do so, the heater is
disconnected after the experiment and the chamber assembly is immediately shock-frozen
at -80 °C. After approximately twenty minutes at -80 °C, the chamber is disassembled on ice
and the frozen ice sheet is thawed sequentially, separating the different sections. The time
after switching off the heaters and shock-freezing should be minimized to avoid mixing by
diffusion.

There are two main conditions to be considered regarding heat conductivity of an opti-
mal thermogravitational chamber. Firstly, it should have a uniform temperature distribution
in the x-y-plane, perpendicular to the direction of the temperature gradient. In previous ver-
sions (Section 2.2), this constituted a problem. Secondly, thermal conductivity in z-direction
along the temperature gradient should be good to ensure that the majority of the temperature
difference between hot and cold side is applied to the sample in a linear temperature drop.
In order to investigate the thermal properties of thermogravitational chambers as shown
in Figure 2.11, the finite-element software COMSOL [177] was used to simulate the heat
distribution in a CAD-created 3D model, which is displayed in Figure 2.12. A temperature
gradient of ∆T = 71 K between Tcold = 10 °C and Thot = 81 °C was simulated. The thermal
conductivity was assumed to be 0.62 W/mK for water (sample), 44.5 W/mK for the steel
frame, 237 W/mK for the aluminum back plate, 35 W/mK for the sapphire, 1600 W/mK for
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the thin (25 µm) graphite foil, 400 W/mK for the thick (200 µm) graphite foil and 0.2 W/mK
for the FEP sheet.

The simulated temperature distribution shows indeed, that the temperature is uniformly
distributed along the x-y-plane (Figure 2.12b,c) and that the temperature drop across the
water-filled part of the chamber is steep and linear (Figure 2.12d).

During the experiment, the temperature can be checked using an IR camera (ShotPRO
Wärmebildkamera, EAN: 0859356006217, Seek Thermal, USA) from the hot side and a
temperature sensor on the cold side (GTH 1170, Greisinger, Germany and B&B Thermo-
Technik 06001301-10, Germany).

Figure 2.12: Temperature distribution across a thermogravitational chamber. a, Visu-
alization of the temperature distribution across an assembled chamber, including the heater.
The temperature distribution was simulated using the finite-element software COMSOL. A
heater temperature of Thot = 81 °C and backside temperature of Tcold = 10 °C were assumed.
b, Temperature projection on the hot (left) and cold (right) sapphires, where they touch the
sample. This yields the effective boundary temperatures of the temperature gradient the
sample is exposed to. c, Projection of temperature distribution along the z-y plane on the
complete assembly. It shows that the heat profile along the y-axis is uniform. The cut-out
zooms in on the chamber area, between the two sapphires. d, One-dimensional tempera-
ture profile plotted across the z-dimension of the chamber assembly (averaging over y). It
is evident the heat conduction of the assembly is very good, such that the temperature drop
across the sample-filled part of the assembly is steep and the majority of the temperature
gradient is applied there.
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2.5.4. Accumulation of salts

Catalytically active RNAs are assumed to have played a central role at the emergence of life.
It is well known that magnesium (or manganese) ions are indispensable for the catalytic
activity of such RNAs and direct the folding of their active site [35, 101]. Interestingly, it is
difficult to substitute magnesium by other divalent ions such as calcium or manganese [41,
62]. Experimentally, many ribozymes actually require magnesium concentrations as high as
200 mM MgCl2 [8,76]. Furthermore, some ribozymes are inhibited by high concentrations
of monovalent ions, such as sodium [8,59,196].

Figure 2.13: Magnesium accumulation in a thermogravitational chamber after leach-
ing from basalt. a, Incubating crushed and sieved basaltic rock and glass (inlet: SEM
image) in water at elevated temperature of 60 °C leads to the release of ions into solution
over the course of hours. A solution mimicking the supernatant of the leached sample is
inserted (yellow) into a thermogravitational chamber of 170 µm thickness with∆T = 40 K
across. A triple flow-trough design is used and samples are extracted at top (green), mid
(blue) and bottom (purple). b, In- and outlet samples are analyzed by ion chromatogra-
phy. Sodium and magnesium ions can be separated and quantified. The inlet trace shows
that the basalt leaching produces a surplus of sodium ions, with a Na:Mg ratio ≥ 1. By
thermogravitational trapping this ratio can be shifted leading to an excess of magnesium
ions in the bottom outlet (Na:Mg ≤ 1) and a corresponding decrease in the top outlet.
c, Thermogravitational trapping of a solution mimicking the leached basalt sample was
performed for different inflow speeds. The salt concentration relative to the inlet is shown.
The error bars correspond to N = 3. Slower flow rates cause better uptake by convection
and enhance selectivity between the ions. The simulation shows a numerical model includ-
ing thermal convection, thermophoresis and fluid flow using finite element software. The
Soret coefficients and diffusive mobilities were taken from [147, 183]. Experimental data
and simulation are in good agreement. Figure adapted from [117].

This section has been accepted for publication in Nature chemistry by Matreux et al. [117] under the title
"Heat flows in early rocks naturally optimize salt compositions for ribozymes" and is currently in resubmission.
Authors: T. Matreux*, K. LeVay*, A. Schmid, P. Aikkila, L. Belohlavek, Z. Caliskanoglu, E. Salibi, A. Kühnlein, C.
Springsklee, B. Scheu, D. B. Dingwell, D. Braun, H. Mutschler, C. B. Mast.
Contributions: T.M., K.L.V., A.S., P.A., L.B., Z.C., E.S., C.S., C.B.M. performed the experiments. T.M., K.L.V., A.S.,
L.B., Z.C., E.S., A.K., C.S., B.S., D.B.D., D.B., H.M., C.B.M. conceived and designed the experiments. T.M., K.L.V.,
P.A., L.B., Z.C., E.S., A.K., C.S., B.S., H.M., C.B.M. analyzed the data. T.M., K.L.V., A.S., P.A., L.B., Z.C., A.K., B.S.,
D.B., H.M., C.B.M. wrote the paper. All authors discussed the results and commented on the manuscript.
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Ionic solutions representative of early Earth conditions can be attained from incubating
basaltic rock or glass at slightly elevated temperature of 60 °C (Figure 2.13a). This leads
to leaching of ions such as sodium and magnesium into solution. After a leaching time
of 36 hours, concentrations of up to 200 µM Mg2+ and 1 mM Na+ were reached. This
constitutes a Na:Mg ratio ∼ 5, which inhibits ribozyme activity (Figure 4 in [117]). Ion
concentrations were quantified with ion chromatography.

To test whether thermal gradients across water-filled pores can shift the Na:Mg ratio and
thereby create a viable environment for prebiotically relevant RNAs, ionic solutions mim-
icking the supernatant from the leaching experiments were prepared and flushed through
a thermogravitational chamber using a triple flow-through design with three outlets. These
experiments showed that the thermogravitational trapping can greatly enhance the mag-
nesium concentration relative to the sodium concentration at the bottom of the chamber
(Figure 2.13b). Studying different flow speeds revealed that low flow speeds lead to gen-
erally increased material uptake but also better relative separation. These findings were
confirmed by simulating the effects of convection, thermophoresis and fluid flow using fi-
nite element software COMSOL [177] and using literature values for Soret coefficient and
diffusive mobilities [147,183].

The study by Matreux et al. also looked at the impact of different Na:Mg ratios on ri-
bozyme activity for self-replication and RNA extension using a (modified) R3C ribozyme.
It could be experimentally confirmed that in bulk experiments (thermocycler) high relative
sodium concentrations (up to 1000x) indeed inhibit ribozyme activity. An up to ten-fold
excess of sodium could be tolerated by the ribozyme at high total magnesium concentration
(4 mM). As expected, thermogravitational chambers enhance ribozyme activity due to mag-
nesium accumulation and the ribozyme commences its activity at lower total magnesium
concentrations compared with bulk experiments.

An extrapolation from the experimental of two concatenated thermogravitational cham-
bers showed that a cascade of up to 30 thermogravitational chambers can turn an Na:Mg
ratio of 1000, which is realistic for carbonate lakes [185], to 0.1. This would completely
alter the reaction dynamics for any involved ribozymes, suddenly providing highly favorable
conditions for ribozyme activity.

The results by Matreux et al. underline the prebiotical relevance of thermal non-equilibria,
modeled by thermogravitational chambers, as they can establish a viable environment for
ribozyme activity from initially plausible geological conditions.

2.6. Incubation chambers

In contrast to gas-water interface chambers and thermogravitational chambers, incubation
chambers are not operated with a temperature gradient across the chamber. They do not
intend to induce specific physical effects at the interface or in solution, but are merely an
aid to better observe effects happening under thermal incubation or thermal cycling. Peltier
elements (QuickCool QC-31-1.4-3.7AS, purchased from Conrad Electronics, Germany) are
directly connected to the backside of the chamber providing full thermal control and are reg-
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ulated by a custom PID regulation implemented in LabVIEW (National instruments). Heating
and cooling rates of up to 2 K/s can be reached.

Figure 2.14: Overview of a microfluidic incubation chamber and setup. a, An incuba-
tion chamber typically contains five independent pockets, which can be accessed through
a 0.5 mm channel from the top. After loading the sample, the pockets are sealed with
Parafilm. An additional pocket contains a temperature sensor for the PID regulation. On
the right, exemplary fluorescence images from top and bottom of the chamber are shown
containing 20 µM of 84 nt DNA in 150 mM NaCl, 20 mM MgCl2 and 20 mM Tris, pH 8.
b, Lateral sketch of the chamber assembly and the optical setup. The chamber geome-
try (0.5 mm FEP sheet) is fitted between two plane sapphires. Three Peltier elements (in
x-direction) are attached to the backside of the chamber which allows quick heating and
cooling. This sandwich is then screwed onto an aluminum base using a steel frame. The
sapphire allowed full visual access to the sample. The assembled chamber was attached
to a motorized stage for full optical coverage of the chamber. c, Image of an assembled
chamber. Figure adapted from [98].
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The typical design and setup of an incubation chamber is displayed in Figure 2.14. The
chamber geometry is cut from a thick (0.5 mm or 1 mm) FEP sheet and can contain up to nine
sample-filled pockets. One additional water-filled pocket contains the temperature sensor
(B&B Thermo-Technik 06001301-10, Germany) for the PID regulation. The cut chamber is
fitted between two plane sapphires (2 mm thick) and assembled as shown in Figure 2.14b. To
ensure good heat conduction, graphite foils are inserted wherever possible. The sample can
be loaded through a 0.5 mm channel at the top of each pocket, which is sealed with Parafilm
after loading. The chamber is then mounted onto a custom-built motorized stage. During
the experiment the aluminum base of the chamber is connected to a water bath (CORIO CD,
Julabo, Germany) to increase the thermal reservoir and ensure that the heat generated by
the Peltier elements can dissipate quickly.

Due to imperfect heat conduction, small temperature gradients (∆T ∼ 5 K) across the
chamber can arise, especially for incubation temperatures that differ more than 20 K from
room temperature. This is evident from condensation droplets visible at the top of the cham-
ber. However, these temperature gradients are small compared to the temperature gradients
created in gas-water interface chambers (∆T ≥ 20 K), especially keeping in mind the differ-
ent chamber thicknesses, and can thus be neglected.
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3. Thermally driven selection of oligonucleotide

motifs

Summary

RNA can not only store genetic information, but also assume catalytically active conforma-
tions by self-hybridization, and is therefore central to the RNA world hypothesis. However, it
is yet unclear how catalytic function arose de novo from a random pool of oligonucleotides
synthesized by a prebiotic chemistry, given the vast sequence space and resulting low con-
centration of specific functional sequences. Our experiments show, that heat fluxes across
water-filled pores, which were abundant on the early Earth, can act as a prebiotic filter.
Starting from a random pool, a thermal gradient is able to selectively filter oligonucleotide
motifs based on their phenotype. The mechanism is driven by the positive size-selection of
thermophoresis, which leads to a divergent effect for poorly and amply hybridized strands.
Therefore, strands with lower free energy that form compact secondary structures, a mo-
tif that has previously been associated with greater functional potential, can be enriched.
Although the observed shift in mean free energy is small, it is consistent. Especially the
prospect of amplifying the effect by repeated selection cycles is exciting.
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3.1. Introduction

Enzymatic function dominates modern life. The replication of the genetic information stored
in DNA and its translation into proteins is catalyzed by proteins themselves. The discovery
that not only proteins but also nucleic acids have catalytic properties revolutionized the
origin of life research and also paved the way for the wide-spread acceptance of the RNA
world hypothesis [61,70,96], which presumes that early on genetic information was encoded
in RNA that self-replicated in the absence of catalytically active proteins. Naturally occurring
ribozymes have been shown to support reactions such as (self-) cleavage and (self-) splicing
[45, 47]. Furthermore, in vitro selection experiments have been used to identify ribozymes
that carry out a wide range of biological function [26,101,160].

The ensuing path from the RNA world to modern life has already been drafted by Dar-
win: As soon as catalytic function has emerged in biopolymers such as RNA or peptides,
recombination and mutation will improve and evolve their function and fidelity. However,
it is yet unclear how catalytic function arose de novo [73, 182]. Keeping in mind that the
ribozymes we know today are typically 40-150 nt long [45, 47], this quest can be divided
into two aspects: (i) how did oligonucleotides of sufficient length form? And, (ii) how were
those strands that contained functional motifs selected from a (semi-) random pool? This
chapter will be dedicated to the latter question.

Figure 3.1: Evolutionary road from a random pool to modern life. Prebiotic polymer-
ization produced a pool of oligomers of random sequence. To kick-start evolution, there
had to be a process in play, which was able to select functional sequences or sequence motifs
from the random pool. Those functional motifs would later undergo Darwinian evolution
and evolve to what we today know as modern life.

Though the prebiotic polymerization and ligation of oligonucleotides is yet to be settled,
it is fair to assume that it produced a dilute pool of (semi-) random strands [73,86]. It should
be noted here, that alone due to mass constraints, the sequence space must have been limited
early on. Already a pool of completely random 100 nt strands exceeds the mass of the Earth
by several orders of magnitude [87,124]. Nevertheless, even if prebiotic polymerization and
ligation chemistries had a considerable sequence bias, as it has been suggested [124], the
resulting sequence space would still have been vast. Since the subset of catalytically active
strands in a random pool is very small [54] and their concentration would have been very
low [73], to launch an RNA world with substantial ribozyme activity one or more physical
processes must have exerted a selection pressure on the (semi-) random sequence pool of
oligonucleotides to enrich it in functional motifs.
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Non-equilibrium conditions are crucial for the emergence of living entities but also for
modern life itself. Today, the metabolism is responsible for keeping up a chemical disequi-
librium. But in the absence of a metabolism, the emergence of life must have been dictated
by physical non-equilibria, that provided a flux of free energy to allow further development.
One simple and abundant non-equilibrium setting on the early Earth are heat fluxes across
elongated, water-filled pores as illustrated in Figure 3.2. Such submerged pores could have
occurred on early Earth in volcanic rock, rock fissures or in inclusions of mud or clay, where
the temperature gradient was provided by the spatial vicinity to a warm volcanic outflow or
hydrothermal system, which released heat into a cold ocean [10,120]. As described in detail
in Sections 2.5.1 and 2.5.2, a thermal gradient causes thermophoresis of dilute molecules,
which combined with convection leads to local accumulation. The strength of a molecule’s
movement in the thermal gradient is determined by its Soret coefficient, which is highly
sensitive to small changes in size or charge. While this microenvironment selects for longer
lengths, there is no guarantee that longer strands are more functional. Therefore, there also
has to be a mechanism to select for function in order to allow particular nucleotide sequences
or motifs to become dominant over others of similar length [25].

Figure 3.2: Illustration of heat fluxes on early Earth. Heat fluxes across water-filled
pores were abundant on the early Earth, for example in submerged volcanic rocks. Con-
vection and thermophoresis occur as described in Sections 2.5.1 and 2.5.2 and lead to
length selective, exponential accumulation of dilute molecules.

In ribozymes, like in proteins, functionality is reached by folding into secondary struc-
tures by self-hybridization [5,164,195]. It is worth noting, that catalytic abilities in oligonu-
cleotides are not limited to RNA but have also been observed in DNA [101, 167, 172].
Oligonucleotides have a wide repertoire of possible secondary structures, including stem
loops, bulges, internal loops and pseudoknots, which are illustrated in Figure 3.3. Ribozymes
show intricate secondary structures with a combination of the above mentioned elements as
depicted in Figure 3.1.

Although functional sequences are sparse in random pools [54], computational analy-
sis has shown that in a random pool of RNA single strands ≥ 25 nt only a small fraction
(≤ 15 %) is unfolded and most strands are present in single or multiple stem loop struc-
tures [18]. Furthermore, it has been shown that while such structural motifs are generally
abundant due to the large sequence space, their frequency is heavily biased, i.e. the major-
ity of sequences occurs within a few structural motifs [109, 176]. Interestingly, this bias is
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more pronounced for longer sequences and in an RNA pool of 55 nt for example, 50 % of
genotypes are represented in only 0.1 % of phenotypes [43].

A recent experimental study associated sequences that assume highly compact secondary
structures with the ability to converge faster towards better functionality in in vitro selection
starting from a random oligonucleotide pool [28].

Figure 3.3: Sketch of RNA secondary structures. a, Stem loops, b, bulges and internal
loops and c, pseudoknots are frequent RNA secondary structures that can for example occur
in ribozymes. Generally, those secondary structures also appear in DNA. The most stable
loops are 6-7 nt long in RNA and 4-5 nt long in DNA [187]. Structures that contain a
mixture of elements from panels a and b are typically referred to as hairpins. Noted below
each sketch are the sequence and corresponding dot-bracket notation.

Folding of oligonucleotides in general and of evolved structures like ribozymes in particu-
lar causes them to spatially collapse. This alters the Soret coefficient and thus their behavior
in a thermal gradient. Considering the different secondary structures that can occur in a
random oligonucleotide pool it is important to understand how exactly potential folding
impacts the thermophoretic behavior of oligonucleotides.

The behavior of single-stranded versus double-stranded oligonucleotides was investi-
gated by Reichl et al. and Maeda et al. in two controversial studies [111, 159]. While
Reichl et al. found an increased Soret coefficient for single-stranded DNA and RNA, com-
pared to double strands of the same length, the data from Maeda et al. suggests that DNA
and RNA single strands show no thermophoretic mobility at all. Only when base pairing
occurs, like in stem loops, strands start to accumulate. As the authors themselves noted, this
would be especially promising for thermally driven selection of oligonucleotides towards
functional motifs. Wienken et al. provided yet other data, which suggests that the Soret
coefficient of DNA double strands is higher than for DNA single strands [193]. They also
studied the Soret coefficient for partially hybridized DNA duplexes, i.e. duplexes with over-
hangs on both sides of the double-stranded section and could show that the Soret coefficient
of the duplex depends on length and sequence of the overhangs. Furthermore, they demon-
strated that changes in secondary structure, when a strand forms a stem loop, also affect the
thermophoretic behavior.

The above mentioned studies also compared the behavior of DNA and RNA. Data from
Reichl et al. suggests that DNA and RNA of identical length behave comparably and their
Soret coefficient as well as effective electric charge are within the same order of magnitude
[159]. Despite the controversial results, these studies agree over the fact that DNA and RNA
single strands, that exhibit self-binding have a positive Soret coefficient and that the extend
to which they are double-stranded alters the strength of their thermophoretic mobility.
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In this chapter, I will show that prebiotically abundant heat flows across rock pores on
early Earth could have selectively enriched a random oligonucleotide pool with sequences
that form compact folds, a phenotypic motif that has been associated with larger functional
potential [28]. The thermal non-equilibrium acts as a prebiotic filter and can select sequences
based on their phenotype due to the associated change in thermophoretic mobility. Such se-
lectivity of sequences with lower free energy is observed in static as well as dynamic settings
for random pools of DNA and RNA over a wide range of parameters and thus appears to
be a robust effect. Especially the prospect of several connected rock pores through which a
random pool would experience a successively increased selection is promising.

3.2. Determination and mapping of genotype and phe-

notype

To measure whether thermogravitational trapping is able to select sequences based on their
phenotype from a random pool, several analysis methods can be used. First and fore-
most, samples are sequenced before and after exposure to the thermal gradient using Next-
generation sequencing (NGS), which determines their genotype. Subsequently, computa-
tional tools allow to obtain the phenotype from the sequenced genotype. Additionally, na-
tive polyacrylamide gel electrophoresis (PAGE) can be used to resolve different secondary
structures in a gel matrix.

3.2.1. DNA and RNA sequencing

Recently, scalable, low-cost sequencing technologies were developed, which are typically
subsumed under the term Next-generation sequencing (NGS) technologies [63,92]. Due to
their high level of parallelization, a large amount of reads can be generated from a single
sequencing run.

The sequencing data in this thesis was generated using the Illumina technology. It is
based on sequencing by synthesis, in which the single-base addition of fluorescently labeled
bases is used for sequence determination. Prior to sequencing, a library of the oligonu-
cleotide sample has to be prepared. This step is specific to the sequencing technology and
includes sample amplification and indexing. The main steps during library preparation and
the structure of the prepared library strands are shown in Figure 3.4a.

The highly diluted library is then flushed into the flow cell of the Illumina machine,
where the adapters hybridize onto a solid surface. The bound strands are amplified through
bridge amplification, creating clusters of strands with identical sequence in close spatial
proximity. The reverse complement strands, which are created during clonal amplification,
are then cleaved and washed off. Together with a primer, fluorescently labeled monomers
are flushed into the flow cell, where a polymerase starts adding single bases to the forward
strands. After every cycle of monomer addition, the clusters are excited by a light source and
a characteristic fluorescent signal is emitted, which allows to identify the incorporated base.
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In this way, the template sequence for each cluster is read out. The HiSeq 2500 machine
from Illumina generates 3-6 billion reads per flow cell [82]. The sequencing process in the
flow cell is illustrated in detail in Figure 3.4b.

Internal data processing in the sequencing machine generates FASTQ files, which contain
the read sequence for each cluster and a corresponding quality string. For data analysis the
sequence data is demultiplexed, i.e. each read is assigned to a certain sample, according to
the indices introduced during the library preparation.

3.2.2. RNAfold

A very powerful collection of tools for oligonucleotide secondary structure prediction is pro-
vided by the ViennaRNA package [74,108], which contains the program RNAfold. RNAfold
takes a single RNA or DNA sequence as input and uses an algorithm originally proposed by
Zuker and Stiegler [204] to minimize the Gibbs free energy of a sequence’s secondary struc-
ture. Additionally, it can calculate the partition function, the base pairing matrix and the
minimum free energy for the thermodynamic ensemble [69]. As an output it provides the
minimum free energy and the corresponding secondary structure in dot-bracket notation,
where a dot · represents an unpaired base and brackets () represent a pair of Watson-Crick
paired bases as illustrated in Figure 3.3.

3.2.3. Native PAGE of random oligonucleotides

Polyacrylamide gel electrophoresis (PAGE) is a technique commonly used in biochemistry to
determine the length (SDS-PAGE) or composition (native PAGE) of oligonucleotide samples.
The electrophoretic mobility of oligonucleotides depends on their length, conformation and
charge.

The behavior of random RNA strands in comparison to known functional RNA sequences
and permutations of those functional sequences in native PAGE has been studied by Schultes
et al. [169]. It is important to understand that the authors did not look at fully random pools
but instead probed strands, which had one defined but random sequence. Their data suggests
strands that are permuted from a functional sequence assume many coexisting folds, the
randomly generated sequences simply collapse with increasing magnesium concentration.
It has later been suggested that the observed collapse is due to unspecific aggregation [28].

Recently, Chizzolini et al. [28] investigated the behavior of truly random RNA pools in
native PAGE and found that structural differences within a random pool can be detected.
Furthermore, the authors were able to show that native PAGE itself can be used as a means
to select sequences of higher phenotypic potential from a random pool. A pool, that had been
pre-selected for compact secondary structures, yielded more potent sequences in subsequent
in vitro selection experiments. While the authors themselves acknowledge the relevance of
their findings to considerations on the emergence of functional sequences, their focus lay on
improving the functional potential of starting pools for in vitro evolution and they did thus
not provide a prebiotically realistic scenario for such phenotypic selection.
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Figure 3.4: Illustration of library preparation and sequencing by synthesis. a, The
sample must be quantified and denatured. During library preparation, primers as well as
front and back adapters are added. The adapters are specific to the sequencing machine
but also include sample specific barcodes that later allow sample identification. b, Illu-
mina technology of sequencing by synthesis. The sample is loaded onto a flowcell (1) that
contains adapters complementary to the library. The sample strands bind to the flowcell
and their complement is polymerized (2). In a denaturing step (3) the original strand is
washed away. Using bridge amplification (4-7) the strands are amplified. First, the strand
folds over and hybridizes to another adapter on the flow cell (4) from where a polymerase
generates its complement (5). After denaturing (6) the forward and reverse strands are
attached to the flow cell. Refolding onto other adapters and repeated strand amplification
(7) generates a cluster of identical sequence within close spatial proximity (8). Many clus-
ters of different sequence are generated across the flow cell (9). The unwanted reverse
strands are washed away (10) and the sequencing by synthesis starts. Primers, enzymes
and labeled terminated bases are flushed into the flow cell and attached to the forward
strand (11). Now, sequencing proceeds base-by-base, with illumination after each base in-
corporation. Illumination generates a digital image sequence in which each cluster lights
up in a different color depending on the incorporated base.
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3.3. Outline of the parameter space

Heat fluxes across elongated pores on the early Earth can experimentally be mimicked by
thermogravitational chambers, which are described in detail in Section 2.5.

Naturally, the parameter space to study the potential impact of thermogravitational trap-
ping on the sequence space of a random pool is vast. In the following, an overview of the
parameters, their influence and a reasonable range in which they can be employed is given.
The first four points (1.-4.) are strictly related to the physical properties of the thermogravi-
tational chambers, whereas the latter four (5.-8.) apply to the loaded oligonucleotide sample
and its handling.

1. Chamber dimensions. Chamber height (y) and chamber thickness (z) are param-
eters relevant for thermal trapping (Section 2.5.2) and can experimentally easily be
modified. The chamber height typically ranges from 30-50 mm. The possible chamber
thicknesses are discrete due to the availability of FEP foils and can be 25, 50, 75, 100,
127, 150, 170, 200 or 250 µm.

2. Static or flow-through mode. Chambers can be operated in static or flow-through
mode. For the first, total concentration is conserved, while the latter is more dynamic
and an increase in total concentration in the pore can occur. Furthermore, the opera-
tion mode also affects the sample extraction after the experiment. In static mode, the
sample must be retrieved by freeze extraction (described in Section 2.5.3 and Figure
2.11c), whereas in flow-through mode, the material from the outlets is collected dur-
ing the experiment and freeze extraction can be considered as an additional extraction
method.

3. Temperature gradient. The temperature gradient∆T determines the strength of ther-
mophoresis (Section 2.5.1) and can range from 0-80 K. However, not only the absolute
temperature gradient but also values of Tcold and Thot can be relevant. Tcold can range
from 0-50 °C, Thot from 10-100 °C.

4. Inflow speed. In a flow-through system the syringe pumps are connected to in- and
outlets (Figure 2.3) and can generate a wide range of inflow speeds (nl/s). Since
the syringe pump only determines the velocity with which the piston moves, the flow
speed depends on the volume of the syringe.

5. Oligonucleotide sample: concentration, length, DNA or RNA. The oligonucleotide
length as well as the base composition affect the sequence space of the sample. Oligonu-
cleotide samples can be either DNA or RNA, which alters the folding energy landscape.

6. Magnesium concentration. Magnesium ions stabilize oligonucleotides, affect their
melting temperature and enhance folding into secondary and tertiary structures [123].
To compensate the effect of magnesium with monovalent ions, a 5-fold concentration
excess has to be used [141]. The initial magnesium concentration ranges typically
from 0-10 mM, which is low and prebiotically plausible [37]. It should be considered
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that Magnesium ions can accumulate in a temperature gradient up to 10-fold (Sec-
tion 2.5.4).

7. Buffer conditions. Potential buffers are PBS, Tris or MOPS. Generally, it should be
paid attention to whether the buffer molecule itself accumulates and thereby creates
a pH gradient [90]. PBS was chosen as buffer because it is the most physiological
and prebiotically plausible buffer. To prevent phosphate precipitation, which occurs at
elevated temperatures (> 5 min at > 90 °C), the concentration was reduced to 0.1x
PBS and exposure to temperatures > 90 °C was minimized.

8. Temperature protocol prior to trapping. The sample handling prior to loading into
the thermogravitational chamber is relevant as it can alter the conformation of oligonu-
cleotides: while quenching (q) reduces the formation of secondary structures, anneal-
ing (a) ramps can promote folding of secondary and tertiary structures. A comparison
by native PAGE of various temperature protocols is shown in Figure 3.14.

3.4. Finite element simulation of thermogravitational

trapping

In order to first explore the system, finite element simulations using COMSOL [177] were
performed. A simple flow-through chamber with one inlet and one outlet was used as a ge-
ometry (Figure 3.5a). At time point t = 0, the whole chamber is filled with water. Boundary
conditions at the in- and outlet created a continuous feeding flow containing a predefined
molecules species (DNA) across the top of the chamber. The DNA concentrations were de-
termined over the course of 36 hours at top and bottom of the chamber by averaging over
volumes indicated in Figure 3.5a. In an attempt to cover the parameter space outlined in Sec-
tion 3.3 as good as possible, a parameter sweep was calculated for inflow speed (2-50 nl/s),
DNA length (1-100 nt) and temperature gradient ∆T (20, 40 K). This was repeated for
different chamber geometries permuting chamber height (32.25, 52.25 mm) and thickness
(170, 250 µm). The parameter values were chosen considering experimental constraints.
Diffusion coefficient and Soret coefficient for DNA were taken from the literature [116].

The trapping efficiency, i.e. concentration at the bottom versus concentration at the top,
is a measure for how well a certain species is accumulated in the chamber. With regard to
phenoytype-selective trapping, it is especially interesting how efficiencies of different lengths
compare. In a simplified model, we can assume that the change in thermophoretic mobility
between two strands, one with a poorly folded secondary structures and one with an excep-
tionally well folded secondary structure corresponds to the change between a strand and
one half its length. Thus, a perfectly self-complementary 100 nt strand would have similar
thermophoretic properties as a 50 nt unfolded strand.

In Figure 3.5c-f the trapping efficiency is characterized within the covered parameter
space. As expected, the trapping efficiency increases over time. Because the chamber is
initially filled with water it takes up to a few hours until the material, which is absorbed into
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Figure 3.5: Finite element simulation of thermogravitational trapping in a flow-
through system. a, A chamber design with a simple feeding flow over the top of the
chamber was simulated with a time resolution of 20 mins for 36 hours over b, a wide range
of experimentally feasible parameters. At time point t = 0 the chamber is filled with wa-
ter. The molecule concentration is measured by averaging over the indicated volumes. c,
2-dimensional contour plots of trapping efficiency (cbot/ctop) for different DNA lengths ver-
sus time at inflow speed 10 nl/s and d, versus inflow speeds after 18 hours. Note that the
axes for DNA length and inflow speed are not linear. Dashed lines indicate the fixed values
for time and inflow speed respectively, which also apply for panels e and f. e, Trapping effi-
ciency plotted against DNA lengths for two temperatures (blue/red), chamber thicknesses
(solid/dashed lines) and chamber heights (triangle/cross). f, To quantify the sensitivity for
separation the trapping efficiency from panel e is normalized by the value for 100 nt.
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into the chamber reaches the concentration of the feeding flow. Thus, experiments should
ideally run for at least several hours. The comparison of different inflow speeds shows that
it should be low for longer molecules and high for shorter molecules. Generally, slow inflow
speeds are experimentally inconvenient since they limit the material that can be collected
from the outlet and complicate downstream analysis.

After fixing time and inflow speed to 18 hours and 10 nl/s respectively, the trapping
efficiency was analyzed for different temperature gradients and chamber dimensions as dis-
played in Figure 3.5e. From Equation 2.11 it can be expected, that a higher temperature
gradient as well as a greater chamber aspect ratio lead to more efficient trapping. Within
the simulated parameter space, the effect of a temperature change is pronounced, while the
effect of the aspect ratio is almost negligible.

The normalized trapping efficiency in Figure 3.5f indicates how well different lengths
can be separated from a 100 nt strand. Note that counter-intuitively, a lower value means
better separation. Although a higher temperature gradient yields higher absolute trapping
efficiencies, better selectivity between lengths is provided by a lower temperature gradient.
The only exception is the case of the lowest aspect ratio chamber, again hinting that to
achieve selectivity strong absolute accumulation is not necessarily desired.

In conclusion, experimental timescales should exceed a few hours and rather have an
intermediate temperature gradient or a low chamber aspect ratio to allow for best selectivity.

3.5. Experimental characterization

The finite element simulations gave some insight into the effects and kinetics of the param-
eter space but do not reflect all experimental aspects. Therefore, it was important to also
experimentally characterize the accumulation of oligonucleotides in different settings.

In order to first verify that DNA and RNA strands accumulate in the chamber as expected,
experiments in static mode, i.e. without flow, were performed. From freeze extraction, four
samples were obtained, which are labeled in roman numbers from top-most (I) to bottom-
most (IV). The concentration after 18 hours across the chamber relative to the stock is plotted
in Figure 3.6 for a 60 nt RNA and a 140 nt DNA sample for ∆T = 15 K and a magnesium
concentration of 1 mM. As expected, the strands are accumulated at the bottom and depleted
at the top, with stronger accumulation of the longer oligonucleotide strands. Interestingly,
the depletion is strongest in part II, not part I as might be naively expected.

Subsequently, the more interesting, dynamic flow-through system was investigated in
larger experimental parameter screens. Here, the topflow design with a feeding flow across
the top was used. Considering the results from the simulation, the chamber dimensions were
fixed to a thickness of 170 µm and a height of 52.25 mm. From each flow-through experi-
ment, four samples were obtained: inlet (i), outlet (o), pore (p) and stock (s). A thorough
description of the sample extraction procedure is given in Section 3.8.2 and it is illustrated
in Figure 3.7a. Flow-through experiments were performed with both DNA and RNA over a
wide range of parameters (Figure 3.7b-f), varying MgCl2 concentration, temperature gradi-
ent ∆T and inflow speed. In the experiments, as in the simulation, the chamber is initially
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Figure 3.6: Accumulation of DNA and RNA. Concentration increase for 140 nt DNA and
60 nt RNA random pools in a thermogravitational chamber with a temperature gradient
∆T = 15K (20 °C-35 °C) relative to stock sample. Samples are mixed at 4 µM oligonu-
cleotide concentration, 1 mM MgCl2 and 0.1x PBS and are quenched before loading into
the chamber. After a runtime of 18 hours, the chamber is shock-frosted and the separate
sections are extracted as indicated. Error bars correspond to N = 3 independent experi-
ments.

filled with water. For all experiments, the concentration of the inlet (i), outlet (o) and pore
(p) samples is plotted relative to the corresponding stock (s) concentration.

All experiments in Figure 3.7 ran for 3-4 hours, with the notable exception of experiment
shown in panel f, which ran for 20 hours and had a chamber height of only 32.25 mm.
Evidently, the timescales in panels b-e were too short to achieve effective accumulation, but
some material has been taken up into the chamber. However, in the case of longer timescales
and a shorter chamber as in panel f, both factors that favor stronger accumulation, a ten-fold
increase of concentration in the chamber was achieved.

The data shows that DNA and RNA strands of the same length behave comparable (Fig-
ure 3.7b), which supports the notion that Soret coefficient is similar [159]. In accordance
with the simulation, there is a slightly better uptake of oligonucleotides into the chamber for
higher temperature gradients (Figure 3.7c) and lower inflow speeds (Figure 3.7d).

Experiments in which the magnesium concentration is varied as shown in Figure 3.7e,f
are very instructive. While thermal trapping of a 60 nt DNA pool over the timescale of 4 hours
(τshort, panel e) shows almost no magnesium dependent effect, a strong dependence is ob-
served for a 140 nt DNA pool over the timescale of 20 hours (τlong, panel f). For τlong, no
or very low magnesium concentrations lead to much better (up to 10-fold) accumulation of
DNA. A magnesium concentration of 8 mM limits or rather, since material is still absorbed
into the chamber, slows down DNA accumulation. The evident decrease of DNA concen-
tration in the pore with increasing magnesium concentration (inset Figure 3.7f) can readily
be understood considering that higher magnesium concentrations result in a lower Debye
length, which in turn results in a lower Soret coefficient [158].

Furthermore, when comparing panels e and f, it becomes clear how important timescales
are in thermal trapping. Depending on whether an experiment ran for 4 or 20 hours, the
results differ strongly. Although, also other parameters such as DNA length, inflow speed
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Figure 3.7: Concentrations in flow-through experiments relative to stock. a, Illustra-
tion of sample collection for a flow-through experiment. During the experiment, sample is
continuously collected from the outlet (o). After the run, sample still retained in the cham-
ber (p) is recovered through the bottom outlet. Oligonucleotides are at 4 µM in 0.1x PBS
in all experiments. Note that the x-axis does not correspond to the trap height and the lines
are merely a guide to the eye. Concentrations are plotted relative to stock (dashed line) in
flow-through chambers for b, 60 nt DNA and RNA at 2 mM MgCl2, 20 K (10-30 °C), 60 nl/s
after 4 hours, c, 60 nt RNA at various ∆T, 2 mM MgCl2, 30 nl/s after 2.5 hours, d, 60 nt
RNA at various inflow speeds, 2 mM MgCl2, 20 K (40-60 °C) after 4 hours, e, 60 nt DNA
at various MgCl2 concentrations, 20 K (10-30 °C), 60 nl/s, 52.25 mm chamber on a short
timescale τshort, after 4 hours. The inset shows pore versus MgCl2 concentration. f, 140 nt
DNA at various MgCl2 concentrations, 20 K (30-50 °C), 30 nl/s, 32.25 mm chamber a long
timescale, τlong, after 20 hours. The inset shows pore versus MgCl2 concentration. Error
bars correspond to N = 2 independent experiments.
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and chamber height are different, they all make the difference if only more distinct, since
they all influence the trapping in the same way as a longer timescale. For τshort (panel e) the
pore concentration is still below the stock and the inlet concentration, which is because the
chamber is initially water-filled. However, for τlong (panel f) this effect is eliminated and an
up to ten-fold concentration increase in the pore sample is observed. From this point on, the
concentration in the pore will keep increasing until eventually, the same amount of material
enters and leaves the chamber by the flow-through. Therefore, it has to be differentiated
between two timescales: τshort, which is still strongly influenced by the initial conditions
and τlong, which is en route to a steady state.

There is good agreement between simulation and experimental data and general trends
could be confirmed. The inherently different readout methods however, pose difficulties in
directly drawing conclusions from simulation data. In the experiments, the pore sample (p)
averages the concentration over a large fraction of sample retained in the chamber, while
the simulation provides a much better spatial resolution. Therefore, the experiments are less
sensitive to small parameter changes and need longer timescales to achieve robust trapping.
If timescales are short, intermediate effects might dominate the properties of the system
before it moves towards its steady state.

3.6. Phenotype-selective trapping

In the following, the phenotype of different samples after exposure to a thermal gradient is
analyzed for some of the experiments for which the concentration after trapping was char-
acterized in Figures 3.6 and 3.7. All experiments were conducted at 4 µM oligonucleotide
concentration in 0.1x PBS and each oligonucleotide sample consisted of a fully random pool
of a given length.

3.6.1. Mean free energies of in silico generated random pools

First, DNA and RNA random pools of different lengths were generated in silico to determine
the mean free energy of different pools. RNAfold was used to calculate the minimum free
energy secondary structures and the corresponding minimum free energy dG for the syn-
thetic pools. Figure 3.8 shows the minimum free energy distributions (Gibbs free energy) of
the random pools as well as the mean free energy of each pool. The minimum free energy
calculated by RNAfold is a measure for how well any given sequence can fold onto itself and
is therefore also sometimes referred to as the folding energy. Generally, RNA exhibits lower
free energies than DNA and the free energy decreases with increasing length.

For the experiments, three random pools were chosen: a 60 nt RNA pool, a 60 nt DNA
pool and a 140 nt DNA pool. The length of 60 nt is well in the range of known ribozymes
and phenotype-selective effects on this length scale are therefore interesting. The 140 nt
DNA pool is chosen to match the folding energy of the 60 nt RNA pool. Considering that
the sequence space of a 60 nt random pool is 460 ' 1036, which corresponds to ' 1013 mol,
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it is clear that in the experiments the sequence space is undersampled by many orders of
magnitude.

Figure 3.8: Mean free energies for synthetically generated random pools. a, DNA
(solid lines) and RNA (dashed lines) pools of random sequence were generated syntheti-
cally for different lengths. RNAfold was used to calculate the minimum free energy sec-
ondary structure for randomly picked strands from each pool. The distribution of the min-
imum free energy of each pool is shown. b, Mean values for the minimum free energy are
given for each pool. The mean is extracted from the distributions in panel a by fitting a
Gaussian function. Error bars indicate the fitted Gaussian width σ.

3.6.2. Determination of phenotype from native PAGE

Native PAGE as well as Next-generation sequencing (NGS) are used to study the phenotype
of samples after thermal trapping. Whenever native PAGE analysis is used, denaturing gels
were run in parallel to exclude that hydrolysis or other effects influenced the sample com-
position. To be able to correlate native PAGE and NGS results, an untreated random pool of
60 nt DNA strands was first analyzed using native PAGE.

The gel, which is shown in Figure 3.9a, displayed several distinct bands. Thus, the ran-
dom pool consisted of several fractions, which migrated through the gel at different speeds,
indicating different degrees of compactness. When those fractions were recovered from the
gel individually and sequenced, a shift in the mean free energy between the fractions was
observed (Figure 3.9b). The slowest migrating fraction was found to have the highest mean
free energy, while the fastest migrating fraction had the lowest. Therefore, the migration
speed in native PAGE and the folding energy of an oligonucleotide strand are directly cor-
related. Strands that exhibit a more compact fold with a lower mean free energy migrate
faster in native PAGE.

To be able to compare the migration speed and thus determine a relative change in phe-
notype between samples extracted from the thermal trap, images from native PAGE had to
be analyzed quantitatively. How normalized intensity traces are obtained from native PAGE
images is shown in Figure 3.10. First, the lane intensities from native PAGE are plotted
using a custom LabVIEW tool (see Section 3.8.4). Because the same amount of oligonu-
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Figure 3.9: Correlation of native PAGE and mean free energy. a, Native PAGE (8 %
acrylamide, 10 mM MgCl2 and 1x TB buffer) of an untreated random pool of 60 nt DNA
strands in 10 mM MgCl2 and 0.1x PBS shows that the pool consists of different fractions,
which migrate at different speeds from the well (w) through the gel. DNA strands from
the three fractions (as indicated) are recovered separately using a gel recovery kit and are
sequenced subsequently. b, Calculating the mean free energy from the NGS data shows
that strands which, migrate faster have a lower mean free energy, i.e. are more likely to
fold onto themselves. Therefore, a mobility shift in native PAGE analysis corresponds to a
change in mean free energy and thus secondary structure.

cleotide sample is loaded in each lane, the intensity traces are internally normalized to 1.
Then, the main band of the gel is determined, which divides the gel into three sections: the
main band itself and two sections that migrate slower or faster relative to the main band.
This allows the coarse division into secondary structure motifs that are less or more compact
respectively. Integration over those sections, normalized by a reference will later provide the
relative frequency of those coarsely classified secondary structure motifs.

3.6.3. Selection for compact folds by static thermal trapping

In static thermogravitational trapping a clear phenotype-based selection from a random
oligonucleotide pools can be observed. A 60 nt RNA pool and a 140 nt DNA pool, both
containing 1 mM MgCl2, were exposed to a temperature gradient of ∆T = 15 K. The stock
sample was split into two fractions and incubated at the boundary temperatures of the ther-
mal gradient (20 °C and 35 °C) for the duration of the experiment. After thermal trapping,
samples were retrieved by freeze extraction yielding samples I-IV (from top to bottom) for
each chamber. The concentration profile of the 60 nt RNA pool and 140 nt DNA pool af-
ter trapping is given in Figure 3.6 and shows an up to 2-fold concentration increase of the
60 nt RNA and an up to 4-fold concentration increase of the 140 nt DNA in the bottom-most
fraction (IV).

The extracted samples were analyzed using native PAGE and NGS with regard to their
phenotype. The results are shown in Figure 3.11, panels a and b for the 60 nt RNA pool
and 140 nt DNA pool respectively. All extracted samples as well as the corresponding stock
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were first diluted to the same concentration, then analyzed in native PAGE (Figure 3.11, (i))
and subsequently subjected to quantitative analysis as illustrated in Figure 3.10. There, a
coarse subdivision into more and less compact secondary structure motifs, that run faster
or slower than the main band respectively, is carried out. Integrating over those sections
and normalizing by the stock sample yields the relative frequency of a certain motif and
thus indicates the structural change relative to the stock (Figure 3.11, (ii)). In addition, the
extracted samples are also sequenced. The mean free energy of each sample is calculated
from the NGS results using RNAfold (Figure 3.11, (iii)).

Figure 3.10: Quantitative analysis of native PAGE. The quantification of native PAGE is
shown exemplary for a, a gel of a 60 nt random RNA sample (identical to Figure 3.11a)
after thermal trapping. b, A custom LabVIEW tool is used to plot the intensities from each
gel lane against a uniform x-axis. In the process, well (w) and main band of all traces are
aligned. The custom LabVIEW tool is described in more detail in Section 3.8.4. Subse-
quently, position and width of the main band are determined, as indicated by the dashed
lines. This divides the gel into three sections: the main band itself and the two sections
left and right of it (top and bottom in the gel image of panel a), which run slower or faster
respectively and thus contain less or more compact oligonucleotides. c, Because the same
amount of oligonucleotide sample is loaded in each lane, each trace is internally normalized
to 1, to quantitatively compare different samples from the same gel run.

While it is only marginally recognizable by eye from the native PAGE images, subpanels
(i) in Figure 3.11, the quantitative analysis, subpanels (ii), shows clearly that for both, the
60 nt RNA and the 140 nt DNA pool, there is an intensity increase in the less compact section
towards the bottom of the chamber. Correspondingly, at the top of the chamber, there is an
intensity increase in the more compact section. This implies that thermal trapping causes
the oligonucleotide strands of a random pool to spatially separate in the chamber depending
on their compactness. The resulting distribution contains more compact folds at the top and
less compact folds at the bottom of the chamber.

To understand this effect it is instructive to revisit the considerations on thermophoretic
mobility. While all strands have the same length, those that exhibit less compact folds have
a larger hydrodynamic radius and are thus trapped better. In turn, those strands that exhibit
more compact folds do not trap equally well and become over-represented in the top part of
the chamber.
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Figure 3.11: Phenotype-selective enrichment of random DNA and RNA pools by static
thermogravitational trapping. a, A random 60 nt RNA and b, a random 140 nt DNA pool,
both containing 1 mM MgCl2, were exposed to a temperature gradient of ∆T = 15 K in
a static thermogravitational chamber for 18 hours. The concentration profile after freeze
extraction (yielding fractions I to IV, from top to bottom) is shown in Figure 3.6. (i) Samples
from thermal trapping of the respective oligonucleotide pool and the corresponding stock
are analyzed using native PAGE. (ii) The intensity in native PAGE is integrated within the
less compact, main and more compact sections (as indicated in (i) and Figure 3.10) and
normalized against the stock samples (dashed lines). This yields the relative frequency
of the different secondary structure motifs in each section relative to the stock. (iii) The
mean free energies of the extracted samples are calculated from NGS data. The dashed and
dotted lines indicate the stock samples, which are incubated at the boundary temperatures
of 20 °C and 35 °C respectively. Native PAGE analysis shows the for both oligonucleotide
samples, the top-most (I) sample is enriched in more compact secondary structures and
accordingly depleted in less compact ones. Correspondingly, the bottom-most sample (IV)
exhibits opposed behavior. Sequences with higher free energy are found at the bottom of
the chamber and the mean free energy generally increases within the chamber from top to
bottom, except for the top-most sample (I). In both, panel a and b, the signal from native
PAGE and NGS data are concurrent. Error bars indicate N = 3 independent experiments.
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This phenotype-based selection is confirmed by the NGS results shown in Figure 3.11,
subpanels (iii). Leaving aside the top-most fraction for the moment, the mean free energy
distinctly increases towards the bottom of the chamber. This again suggests, that strands
at the bottom fold poorly and thus feature more bulky secondary structures compared to
strands further at the top, that are more compact. The top-most fraction (I) diverges from
this trend because due to diffusive pull, fresh sample is continuously drawn in from the
sample-filled tubing, which is connected at the very top. This leads to an effective ’dilution’
with stock sample in the top-most fraction (I). This effect is also visible in the concentration
profile shown in Figure 3.6, where the top-most fraction (I) is not depleted as strongly as
the fraction second to top (II). The volume stored in the tubing is at most 10 % of the trap
volume, so the effect is small and should disappear on very long timescales.

3.6.4. Dynamic selection in flow-through trapping

Random DNA pools were also subjected to thermogravitational trapping in a flow-through
system. Since the feeding flow continuously provides fresh material that can be absorbed into
the chamber or pore, this promises to provide an even more potent selection than observed
in static thermogravitational trapping.

Flow-through experiments were performed using a 60 nt DNA pool with 8 mM MgCl2
and a 140 nt DNA pool with 2 mM MgCl2. The pools were exposed to a thermal gradient of
∆T = 20 K for 4 and 20 hours respectively. The stock samples were incubated at room tem-
perature for the duration of the experiment. During and after trapping, inlet (i), outlet (o)
and pore (p) samples were extracted from the chamber as illustrated in Figure 3.7a. Their
concentrations relative to the corresponding stock are shown in Figure 3.7e,f for the 60 nt
pool and the 140 nt pool respectively.

The analysis with regard to phenotype is again performed with native PAGE and NGS,
following the identical workflow as in the static case (Section 3.6.3). The results are shown
in Figure 3.12, panel a for the 60 nt DNA pool after trapping for 4 hours, τshort , and panel
b for the 140 nt DNA pool after trapping for 20 hours, τlong.

In contrast to the static experiments, the flow-through experiments exhibit a more differ-
entiated picture. When comparing panels a and b of Figure 3.12 it is easy to see that the two
experiments show opposing outcomes. For the 140 nt DNA pool (panel b) more compact
secondary structures are less efficiently trapped and thus enriched in the outlet sample, just
as seen in the static case (Figure 3.11). However, for the 60 nt DNA pool (panel a) the op-
posite behavior is observed: more compact secondary structures are more frequently found
in the pore sample and are underrepresented in the outlet sample. For both cases, the signal
from native PAGE and NGS are in agreement.

To understand why those two flow-through experiments deliver such opposite outcomes,
it is instructive to return to the consideration of timescales. An effect of the oligonucleotide
length can be excluded, since in the static case oligonucleotide pools of different lengths
behaved analogously (Figure 3.11). It was discussed before, that in flow-through trapping
the experimental timescales are relevant especially with regard to the influence of the initial
conditions. Due to the initially water-filled chamber, the concentration in the pore stays be-
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Figure 3.12: Phenotype-selective enrichment of random DNA pools by flow-through
thermogravitational trapping. Random DNA pools of a, 60 nt with 8 mM MgCl2 and b,
140 nt with 2 mM MgCl2 were exposed to a thermal gradient of∆T= 20 K in a flow-through
chamber. Inlet (i), outlet (o) and pore (p) samples are collected after 4 and 20 hours of
thermal trapping respectively. Their concentration relative to the stock is shown in Fig-
ure 3.7e,f for the 60 nt pool and the 140 nt pool respectively. (i) Samples from thermal
trapping of the respective DNA pool and the corresponding stock are analyzed using na-
tive PAGE. (ii) Frequency of secondary structure motifs in outlet and pore relative to the
inlet (dashed line) as calculated from native PAGE (i). (iii) The mean free energies of
the extracted samples are calculated from NGS data. The dashed lines indicate the mean
free energies of the stock samples. In panel a, native PAGE analysis shows that the out-
let sample is depleted in more compact secondary structures and enriched in less compact
ones. The opposite behavior is observed for the pore sample. This is confirmed by the NGS
data, which shows that the pore sample contains sequences with the lowest free energy. In
panel b, the outlet sample is depleted in less compact secondary structures and enriched
in more compact ones. Again, the correspondingly opposite behavior is observed for the
pore sample. This is confirmed by the NGS data, which shows that the outlet sample con-
tains sequences with lower free energy that form more compact folds compared to the pore
sample. Error bars correspond to N = 2 independent experiments.
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low those of inlet and stock on short timescales. This initial phase of populating the chamber
with oligonucleotide strands happens, firstly, by uptake in the convective flow and secondly,
by diffusion. While convection acts on all molecules equally, diffusion is size dependent and
smaller molecules spread further in the same amount of time. Therefore, strands that exhibit
a more compact secondary structure will initially populate the chamber overproportionally
during a diffusion dominated timescale.

In summary, thermogravitational trapping in a flow-through system introduces a phenotype-
based bias into random oligonucleotide pools. We observe a dynamic effect, where the
diffusion-driven enrichment of compact oligonucleotides prevails on short time-scales and
is later out-competed by the stronger thermogravitational accumulation of less compact
oligonucleotides. This turnaround underlines the potential of phenotype-selective trapping
in flow-through systems.

3.7. Discussion

The prebiotic synthesis of RNA molecules has quite recently experienced such considerable
advances [150, 151] that pessimism regarding the prospects of experimental support for
the RNA world hypothesis [87,140] has predominantly been dispelled. However, it still lies
largely in the dark, how functional sequences such as ribozymes emerged from prebiotically
generated oligonucleotides, given that such specific sequences would have been present at
extremely low concentrations in a random pool [73,180].

In this chapter, I approached this question and presented a mechanism that can act as
a prebiotic filter on random oligonucleotide pools. A thermal gradient can pose a physical
selection pressure on such pools and is able to select for or against certain oligonucleotide
motifs based on the compactness of their phenotype. Such compact phenotypes are often a
signature of ribozymes [137,169] and have been associated with greater functional potential
in in vitro evolution [28]. Even though the observed shift in mean free energy induced by
the thermal gradient is relatively small, up to ½ kBT, it emerges consistently for both DNA
and RNA of different lengths. Thus, it is a promising starting point for further experiments
to explore phenotypic enhancement of random oligonucleotide pools.

Especially the flow-through system still needs better experimental characterization. So
far, only a scarce data set is available. Often, the flow leads to experimental complications,
insufficient amounts of sample are recovered from the pore or one of the three downstream
analyses (NanoDrop, native PAGE, NGS) fails, which renders the experiment useless for
further evaluation. Notably, the investigation of RNA in a flow-through system as well as the
examination of the influence of MgCl2 concentrations would be of interest.

In this work, Next-generation sequencing was used to determine the mean free energy
of a given pool, which was in turn used as a measure for the compactness of a secondary
structure, largely following the approach of Chizzolini et al. [28]. The underlying rationale
was that a better fold implies a lower free energy and vice versa. However, here it is nec-
essary to reinterpret the term ’better’ for the presented selection mechanism. Following the
hypothesis that the selection pressure is exerted on the basis of a molecule’s size it would

47



3.7. Discussion

be a more suitable approach to use the NGS data to calculate the hydrodynamic radius of
the most common secondary structure for a given sequence and compare the mean radii
of different samples. In this context, the importance of branching structures ensuing from
partial self-complementarity for the correct determination of the hydrodynamic radius has
been pointed out [15, 58]. For future analysis, an approach such as proposed by Yoffe et
al. [198] could be used. The authors approximate an oligonucleotide secondary structure
by its ’maximum ladder distance’, adding up all double-stranded sections and treating them
as a stiff rod, while either ignoring or attributing very little size to floppy, single-stranded
sections. Such an effective contour length for each secondary structure could be calculated
from the dot-bracket notation provided by RNAfold.

Another exciting prospect for future work is the amplification of selection by reinsertion
of a previously enriched pool. In comparison to simply running the experiment on longer
timescales, reinsertion has higher potential for increased selectivity. Generally, in thermo-
gravitational trapping reinsertion is technically challenging but would be feasible especially
for the static case considering that a concentration increase of approximately four-fold is
reached in the bottom-most quarter of the chamber (Figure 3.6). This is a technique also
commonly used in in vitro evolution, where several rounds of selection are performed to
yield improved functionality. Considering the results from Chizzolini et al., who used six
selection cycles, it is reasonable to believe that reinsertion will indeed enhance the overall
phenotypic selectivity of thermogravitational trapping. After a few rounds of selection, a
more thorough analysis of secondary structure motifs as well as their classification and a
comparison with known ribozyme motifs could be undertaken.

Figure 3.13: Illustration of a network of interconnected pores. Rock fissures on early
Earth, e.g. in submerged volcanic rocks, did not only include a singular pore but con-
sisted of a whole network of many interconnected pores. Large scale convection induces
drift flows that can transport material from one pore to another. Such a network of inter-
connected pores represents a plausible scenario for repeated cycles of sample reinsertion.
Figure adapted from [117].

In a prebiotic context, one could even imagine a whole network of rock pores, which are
interconnected by branching channels as illustrated in Figure 3.13. A drift flow through the
network, e.g. induced by large scale convection, would automatically lead to reinsertion of
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material from one pore to another. Because the number of reinsertion cycles is experimen-
tally limited to a low digit number, simulating such a network is an appealing idea. The
relative concentration increase for different hydrodynamic radii could be calculated using fi-
nite element simulations, additionally sweeping over other parameters such as temperature
gradient or inflow speed (similar to Figure 3.5). An algorithm for reinsertion could then
randomly pick parameters for the thermal gradient, inflow speed or also the number and
position of in- and outlets through which the material is transferred and calculate the con-
centration distribution for different hydrodynamic radii after exposure to a whole network
of pores.

The idea that oligonucleotide secondary structures might be more or at least as important
as their precise sequence is not entirely new. It is well known that ribozymes assume intricate
secondary structures and rely on native folds to execute their function. However, the same
holds true for non-coding RNAs such as transfer RNA (tRNA) or ribosomal subunits. There, it
has been shown that in order to maintain their function a conservation in phenotype is often
more substantial than a conservation of genotype [14,68,201]. This provides an interesting
perspective and raises the question whether or to what extent specific ribozyme phenotypes,
known from naturally occurring ribozymes, could execute catalytic functions independent of
their genotype. This is especially interesting given the potential of the presented mechanism
to promote the emergence of alike, compact phenotypes, irrespective of their genotype in a
prebiotically plausible setting.
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3.8. Materials and methods

3.8.1. Sample preparation

All experiments were performed at an oligonucleotide concentration of 4 µM in 0.1x PBS
(13.7 mM NaCl, 0.27 mM KCl, 1 mM Na2HPO4, 0.18 mM KH2PO4) at varying magnesium
concentrations. RNA samples contained a 5’-phosphate to allow subsequent sequencing.
Oligonucleotides were purchased from Biomers, Germany and stock concentrations were
quantified by UV-absorption measurements using a NanoDrop™ (ThermoFisher, Germany).

Figure 3.14: Comparison of different temperature protocols for sample preparation
by native PAGE. A random 60 nt RNA sample was mixed at 20 µM with a, 2 mM MgCl2 and
b, 5 mM MgCl2 and subsequently exposed to different temperature protocols. All samples,
except (5), were first heated for 2 minutes and then cooled quickly to 70 °C. Then, the
samples were incubated for 18 hours at (1) 60 °C, (2) 50 °C and (3) 40 °C with different
ramp speeds (as indicated) to reach the final incubation temperature. Lanes (4) were
quenched on ice after the initial heating step. Lanes (5) and (6) were incubated at room
temperature (∼ 25 °C) for 18 hours without (5) and with (6) the initial heating step.

The impact of different temperature protocols during sample preparation was tested for
a 60 nt RNA random pool under different magnesium concentrations. The samples were
initially heated to 80 °C for two minutes to ensure complete melting. Then, they were either
quenched on ice or annealed to their incubation temperature. The results from native PAGE,
shown in Figure 3.14, confirmed that the chosen temperature protocol largely influences
secondary and tertiary structures in the sample. Interestingly, slow annealing did not result
in larger secondary structures and simple incubation at room temperature showed similar
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results as the more elaborate annealing protocols. However, in order to always provide
uniform starting conditions, all experiments were conducted with a freshly quenched sample
(93 °C heating for DNA). Though, in flow-through experiments runtimes can be as high as
20 hours, during which the sample is effectively incubated at room temperature in the inlet
tubing.

3.8.2. Sample extraction

After the trapping experiment, samples are extracted from the chamber. To simplify sample
extraction, two tubings, a short one coming directly from the chamber and a much longer
one containing more than 95 % of the sample, are concatenated. The inlet sample (i =
inlet) is collected from the leftover sample in the inlet tubing. In a topflow chamber, the
outlet sample (o = outlet) is recovered from the sample collected in the outlet tubing. If
the chamber content shall be extracted by freeze extraction, the short tubings, which are
directly connected to the chamber, are closed off and the chamber is shock-frozen to -80 °C.
Otherwise, low viscosity oil can be used to recover the remaining volume from within the
chamber (p = pore) through the bottom outlet. To do so, all other outlets are closed and
oil is carefully flushed in through the inlet. During the whole extraction process, extreme
caution must be exercised such that never more than one in- or outlet is open to avoid
additional flows. The sample extraction is illustrated in Figure 3.7a. The stock sample (s
= stock) is stored at room temperature for the duration of the trapping experiment. After
sample extraction, each sample is split into three to parts to determine the concentration
and proceed with native PAGE and NGS analysis.

3.8.3. Gel electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) was performed with 0.75 mm thick gels
containing 8 % acrylamide (acrylamide:bisacrylamide 37.5:1), 10mM MgCl2 and 1x TB
buffer. Samples were mixed 5:1 with 6x loading dye (4 g sucrose, 25 mg Orange G (New
England Biolabs, Germany) in 10 ml volume). Gels were run in 1x TB buffer in a two-step
protocol with electric field strengths of first 50 V/cm for 5 minutes and then 300 V/cm for
28 minutes at 8-14 °C.

Denaturing polyacrylamide gel electrophoresis (PAGE) was performed with 0.75 mm
thick gels containing 15 % acrylamide and 50 % urea. Samples were mixed 1:1 with 2x load-
ing dye (9.5 ml formamide, 0.5 ml glycerol, 1 µl EDTA (0.5 M), 100 µl Orange G (New Eng-
land Biolabs, Germany)). Gels were run in 1x TBE buffer in a two-step protocol with electric
field strengths of first 50 V/cm for 5 minutes and then 300 V/cm for 28 minutes at 45-50 °C.

Gels were loaded with 3-5 µL of 0.05-0.25 µM oligonucleotide sample and empty wells
were filled with the same volume of 1x loading dye. All samples run within one gel were
equimolar. Gels were post-stained in 50 ml 1x TBE buffer with 2x SYBR Gold (Invitrogen,
Germany) for 5 minutes, followed by two washing steps in 1x TBE buffer. Imaging was
performed using a Bio-Rad ChemiDoc MP System (Bio-Rad, Germany).
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3.8.4. Native PAGE quantification

A custom LabVIEW tool was used for quantification of native PAGE from the unprocessed gel
image. By manually adjusting four points (ROI), a number of signal (black) and background
(red) lanes are projected onto the gel image as displayed in Figure 3.15. Lanes that do not
contain sample can be faded out (dashed lines). For each lane, the average intensity between
the black lines is plotted along the y-axis. The resulting intensity plot is then background
subtracted using the average of the background intensity from the two adjacent background
lanes. Data and background are smoothed with a rolling average algorithm over 8 pixels.
Furthermore, the peaks in the intensity plots are aligned at the well and at the main band.
To simplify further analysis, all intensity plots from one gel are plotted against a uniform
axis.

Figure 3.15: Image from custom LabVIEW tool. The unprocessed gel image is loaded into
a custom LabVIEW tool and annotated. Lines marking the signal (black) and background
(red) areas are projected onto the gel image. Dashed lines indicate lanes that did not
contain sample.

3.8.5. Recovery from native PAGE

Sections of a native PAGE gel were recovered using the ZR small-RNA PAGE Recovery Kit
(Zymo Research, Germany). Native PAGE and imaging were first performed as usual. Under
constant imaging control, sections of interest were cut out from the gel using a scalpel. The
sample from the gel sections was then recovered according to the manufacturer’s protocol.

3.8.6. Library preparation and Illumina sequencing

Prior to library preparation, sample concentration was determined by UV-absorption. The
required sample input concentration for library preparation kit is usually given in ng/µl.
However, because the concentration of enzymes in the kit is optimized for a certain number of

52



Chapter 3. Thermally driven selection of oligonucleotide motifs

5’/3’-ends, the important measure for the sample input is not mass per volume but molarity,
which should for example be ∼ 20 nM for the Accel-NGS® 1S Plus DNA Library Kit.

The library preparation for DNA samples was performed using the Accel-NGS® 1S Plus
DNA Library Kit (Swift Biosciences, USA). The protocol provided by the manufacturer is
scaled down to one quarter of enzyme, buffer and index volumes and filled up with water.

The library preparation for RNA samples was performed using the NEBNext® Multiplex
Small RNA Library Prep Kit for Illumina® according to the manufacturer’s protocol. After
library preparation, the library was purified using bead purification (AMPure XP, Beckman
Coulter, Germany) with 1.2x capture ratio.

After library preparation, capillary gel electrophoresis is performed for quality control.
The samples are loaded onto a High-sensitivity DNA Bioanalyzer chip (Agilent, Germany)
and run according to the protocol provided by the manufacturer. The main criterion for the
quality check is whether there is material of the desired length (typically original length plus
120 nt) and whether it exceeds the amount of primer-dimers and other side products.

Illumina HiSeq 2500 and NextSeq 500 machines were used for sequencing of DNA and
RNA samples respectively.

3.8.7. Sequence analysis

Reads from the sequenced library were demultiplexed and quality-filtered. During quality-
filtering, a minimal quality value of 20 with an accuracy of 90 % was required. Subsequently,
cutadapt [112] was used to trim the reads to the expected length.

RNAfold (Section 3.2.2) was used to calculate the minimum free energy secondary struc-
ture and the corresponding dG for each sequence within each sample. The dG distributions
for each sample were then fitted with a Gaussian function to find mean and width of the
distribution.
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replicator

Summary

Can replication and translation emerge in a single mechanism via self-assembly? The key
molecule, transfer RNA (tRNA), is one of the most ancient molecules and contains the ge-
netic code. Our experiments show how a pool of oligonucleotides, adapted with minor mu-
tations from tRNA, spontaneously formed molecular assemblies and replicated information
autonomously using only reversible hybridization under temperature oscillations. The pool
of cross-complementary hairpins self-selected by agglomeration and sedimentation. The
metastable DNA hairpins bound to a template and then interconnected by hybridization.
Temperature oscillations separated replicates from their templates and drove an exponen-
tial, cross-catalytic replication. The molecular assembly could encode and replicate binary
sequences with a replication fidelity corresponding to 85-90 % per nucleotide. The repli-
cation by a self-assembly of tRNA-like sequences suggests that early forms of tRNA could
have been involved in molecular replication. This would link the evolution of translation to
a mechanism of molecular replication.

This chapter was published by Kühnlein et al. [98] in eLife and is adapted and reprinted in part with permis-
sion from eLife.
Authors: A. Kühnlein*, S.A. Lanzmich*, D. Braun.
Contributions: A.K.: Conceptualization, Data curation, Formal analysis, Visualization, Methodology, Writing -
original draft, Writing - review and editing; S.A.L.: Conceptualization, Data curation, Software, Formal analysis,
Visualization, Methodology, Writing - original draft; D.B.: Conceptualization, Software, Funding acquisition,
Methodology, Writing - original draft, Writing - review and editing.
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4.1. Introduction

Modern life is described by the central dogma of molecular biology: genetic information
is stored in DNA, which is transcribed into intermediate RNA, from where it is translated
into proteins following the genetic code [32, 33]. The replication of DNA is performed by
proteins but in turn proteins cannot be made without DNA. This constitutes a well-known
chicken-and-egg paradox within the origin of life, that poses the question: what came first?
The almost logical answer to this is the assumption that long ago all tasks, which are to-
day distributed across the three dominant biopolymers of life, were united in one molecule
species [152]. The RNA world hypothesis [61] suggests that this species was RNA, since
it can store genetic information but also has catalytic abilities. Such catalytically active
RNA molecules, ribozymes, could among other reactions catalyze their own synthesis, which
would have made them the central molecules of early life. Especially the discovery that the
ribosome is indeed a ribozyme [24,175] gave rise to the widespread acceptance of the RNA
world hypothesis, concluding that it likely was the last predecessor of modern life [161]. As
described and discussed in Chapter 3, the path to the emergence of functional motifs and
eventually ribozymes is so far only partially elucidated.

Independent of the consideration of functional motifs and catalytic activity, at some point
during the emergence of life, there must have been a molecule that was able to self-replicate,
i.e. to autonomously catalyze the formation of identical copies of itself. Those copies were
imperfect, which eventually allowed Darwinian evolution to kick off. Considering that strand
lengths of at least 30 nt are necessary to perform self-replication [54,139,182], it remains un-
clear how oligonucleotides of sufficient length might have formed [140,161]. The details of
the emergence of replication and its (chronological) connection to the emergence of transla-
tion are still heavily debated [42,162,170,194]. Nevertheless, there is agreement over some
of the key aspects and problems an early template-based, non-enzymatic (self-)replication
mechanism must address [144,161,170,180]:

• Template inhibition. In a template based replication mechanism, there needs to be
a means of strand separation to avoid template inhibition [88, 110, 181]. Template
and replicate are complementary and form a stable duplex. To avoid stalling of the
replication, both template and replicate need to be made available for the next round
of replication. Strand dissociation, commonly referred to as melting, can be achieved
by changes in e.g. temperature, salt or pH.

• Strand reannealing. Provided a means for strand separation, e.g. temperature, tem-
plate inhibition can still not be overcome, because the kinetics of reannealing are up
to several orders of magnitude larger than the copying rate of the replicator [180].

• High melting temperature. Self-replication is only observed in oligonucleotides with
strand lengths exceeding 30 nt [54, 139, 182], but the separation of template and
replicate becomes increasingly difficult for perfectly complementary strands longer
than 30 nt. Especially for RNA this is a problem, because its duplex structure is so
stable [161,180]. Furthermore, high concentrations of divalent ions, which are often
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necessary for ribozyme catalyzed polymerization or ligation [8,77] would in a one-pot
scenario increase the melting temperature and hinder strand separation.

• Fast, exponential replication. Natural population growth undergoes reproduction
(growth) and degradation (decay). Exponential growth can compensate for linear
degradation and is thus the preferred growth mode for Darwinian evolution [115].
When degradation cannot be implemented chemically, it is experimentally often real-
ized through serial transfer experiments [2]. Interestingly, in a sub-exponential but
super-linear growth mode, several replicators can coexist [179]. Only in an exponen-
tial growth mode, survival of the fittest is necessarily fulfilled [7,178].

• Replication without template. The template should catalyze and accelerate the prod-
uct formation [145]. Conversely, if no template is present, the rate of product forma-
tion should be low. This avoids unspecific product formation and also ensures a low
spontaneous background rate in the presence of a template.

• Fidelity in copying. Even though mutation is necessary for Darwinian evolution, early
replication must have had a sufficiently high fidelity in copying. The error rate of a
replicator is inversely proportional to the length of the genome it can replicate [52,
178]. A replication fidelity of 80 % per base allows only for a genome of length 5
[71, 155] and an increase to 97 % per base could maintain a genome of length 30
[88, 161]. Szathmary [178] estimates that the error rate per nucleotide must have
been as low as 10−3 to allow life to develop. Most likely, the improvement of fidelity
would have been the strongest early selection pressure [161].

• Energy source. Through continuous growth and decay, any replicating system is
in an out-of-equilibrium steady state. There needs to be a widely available energy
source that enables the replication to run autonomously. Overviews of potential en-
ergy sources available on the early Earth are given by Miller et al. [121], and with a
focus on hydrothermal vents by Martin et al. [114].

Some examples of non-enzymatic molecular (self-)replication have been reported using
nucleic acids [8, 77, 154, 189], peptide-based approaches [103, 163] or organic molecules
[157,165]. However, many of them still suffer from at least one shortcoming regarding the
above mentioned requirements for an early self-replicator.

The ability to self-replicate is not the sole requirement for a molecule involved in the
origin of life and the importance of emergence of other properties such as compartmental-
ization or encapsulation and the development of a metabolism can hardly be overstated. But
self-replication is such a dominant feature of life that it must have been present early on.
Therefore, its emergence is one of the essential quests when trying to understand the origin
of life.

In this chapter, I will introduce a mechanism that is able to replicate sequence informa-
tion through hybridization of oligonucleotides. Replication is accomplished using sequences
inspired by tRNA that exhibit a double hairpin secondary structure and is driven by temper-
ature oscillations.
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Figure 4.1: Heat-driven replication by hybridization using hairpin structures inspired
from transfer RNA. a, Transfer RNA (tRNA) folds into a double hairpin conformation upon
very few base substitutions. In that configuration, the 3’-terminal amino acid binding site
(green) is close to the anticodon (blue) and a double hairpin structure forms. A set of pair-
wise complementary double hairpins can encode and replicate sequences of information. A
binary code implemented at the position of the anti-codon, the information domain, allows
to encode and replicate binary sequences (red vs blue). Each strand (82-84 nt) comprises
two hairpin loops (gray) and an interjacent unpaired information domain of 15 nt length
(blue/red, here: 0D). The displayed structure of eight strands shows replication of a tem-
plate corresponding to the binary code 0010. Note that no covalent linkage is involved
in the process. b, Replication is driven by temperature oscillations in four steps: (0) The
hairpins are activated into their closed conformation by fast cooling indicated by triangles.
(1) Strands with matching information domain bind to the template. (2) Fluctuations in
a bound strands’ hairpins facilitate the hybridization of neighboring strands. (3) Subse-
quent heating splits replicate from template, while keeping the longer hairpin sequences
connected, freeing both as templates for the next cycle. Figure reproduced from [98].

58



Chapter 4. tRNA-like sequences can assemble into a replicator

No covalent bonds are formed during replication. Thus, the mechanism is completely re-
versible and does not produce any waste products. Most importantly, it does therefore not
rely on a specific prebiotic chemistry, e.g. using activated monomers or activation agents
[39, 50, 154, 203], but is based on a more general physical mechanism. The replication
scheme has previously been explored in a limited subset [94]. Now, binary information is
encoded in four bits using a set of 16 different strands. Since the replication mechanism is
independent of specific sequences or oligonucleotide lengths and merely requires a certain
secondary structure, it could easily be extended to much higher complexity and its capability
to encode and replicate information is not per se restrained.

4.2. Sequence design and replication mechanism

The replication mechanism is based on hybridization only and driven by temperature os-
cillations. It can replicate and amplify information, which is encoded in the succession of
oligomers. It has previously been shown that upon a few point mutations the secondary
structure of tRNA changes from the characteristic cloverleaf structure to a double-hairpin
structure, where the former anti-codon in the center is flanked by a double-hairpin on each
side [94]. A pool of double hairpins can be designed to be pairwise complementary, such
that the 3’ hairpin of one strand is complementary to the 5’ hairpin of the next and can form
a backbone, see Figure 4.1a. The system has a periodic boundary condition, i.e. the double
hairpin of the last strand is complementary to the first one. Due to the periodic boundary
condition the system size and complexity is not per se limited. Here, a periodicity of four
different double hairpins was implemented.

A pool of cross-complementary strands with the desired secondary structure was de-
signed using a computer algorithm [199]. Details of the strand design and what boundary
conditions were used to achieve the desired design are given in [99].

The length of a single strand was 82-84 nt, similar to the length of a tRNA molecule [171].
The hairpins were made up of 30-33 nt each and the information encoding domain (’infor-
mation domain’) in the center was 15 nt long. A binary set of information domains was
implemented, allowing the system to encode either 0 or 1 (blue/red in Figure 4.1) at each
position. The four positions are labeled A-D and complementary information domains are 0
and 0 (dark/light colors in Figure 4.1). The used sequences are given in Table 4.1.

The replication mechanism is schematically shown in Figure 4.1b. Replication proceeds
in four steps: (0) By quenching (i.e. fast cooling) the hairpins are brought into their closed
conformation with an unpaired information domain in the center flanked by two closed hair-
pins (strand 0D in Figure 4.1a). (1) At a moderate temperature Tbase, strands with matching
information domains can bind to a template (0010 in Figure 4.1b). (2) Due to thermal
fluctuations at Tbase, the hairpins alternate between an opened and closed conformation.
When two strands are bound to the template at the information domain, those fluctuations
allow two adjacent hairpins to hybridize. In this way, the ’hairpin backbone’ of the replicator
is formed and the succession of information domains is replicated. (3) A short temperature
spike to Tpeak separates template and replicate. Due to the higher melting temperature of the
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hairpin backbone compared to the information domain, template and replicate stay intact
and can both act as templates for the next round of replication.

The main constraint for choosing the oscillation temperatures Tbase and Tpeak is their re-
lationship to the melting temperatures of the hairpins, Tm,hairpin, and the information domain
Tm,information domain respectively. The replication mechanism as sketched in Figure 4.1b only
works, if Tbase < Tm,information domain < Tpeak < Tm,hairpin. During the templating phase (1,2)
information domain bonds must be stable, but must break during the heating step (3) in
order to separate template and replicate. The hairpin backbone must always remain stable.
This constraint was considered during strand design and detailed melting curves of the dis-
tinct domains can be found in [99]. The optimal oscillation temperatures were determined
experimentally (Figure 4.9).

The initial quenching step (0) induces a meta-stable state that stores energy [64]. Be-
cause of the initial fast cooling all hairpins are closed in free solution. This inhibits the
formation of replicates without template. While the binding of adjacent hairpins with the
respective template happens within minutes, hairpins without template in free solution con-
nect only on timescales of hours and thus the spontaneous replication rate is very low (Fig-
ures 4.9b,c and 4.10a).

Figure 4.2: Assembly of different subsets of the cross-replicating system observed by
native PAGE. Samples contained strands at 200 nM concentration each and were slowly
annealed. The different subsets provided for each lane are indicated at the top of each
lane. Comparison of different lanes allowed for the attribution of bands to complexes.
Complexes incorporating all present strands are marked (•). The red channel shows the
intensity 0A-Cy5, the cyan channel shows SYBR Green I fluorescence. Single information
domain bonds (lane 2, 7) break during gel electrophoresis. Figure reproduced from [98].
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The replicator was implemented in DNA, not RNA as in the study by Krammer et al. [94].
However, since the mechanism relies on hybridization only it can be expected to work equally
well in DNA and RNA. An RNA version of this replicator exhibits the identical, desired sec-
ondary structure (Figure 4.13), and RNA specific features such as G-U wobble pairs seem to
be negligible. When implemented in RNA, oscillation temperatures and salt concentrations
would need to be slightly adapted.

4.2.1. Analysis of complex formation

To confirm the predicted conformations and to analyze and quantify the template and prod-
uct formation, native polyacrylamide gel electrophoresis (PAGE) was used. In contrast to de-
naturing PAGE (SDS-PAGE), native PAGE is also sensitive to the structure of oligonucleotide
molecules or assemblies apart from their charge and length [28,169].

Different subsets of the replicator were annealed at 200 nM per strand as described in
Section 4.6.4 and analyzed with native PAGE (Figure 4.2). The replicator assembled as
intended. The different assembly stages could be resolved and all bands could be assigned.
By comparing lanes 14 (15), 17 and 19 it is clear that templates with two, three or four
bound hairpins can be resolved. Detailed measurements on the friction coefficient of the
assemblies can be found in [99].

4.3. Self-assembly of the replicator

4.3.1. Tying self-replication and self-assembly

Self-assembly is a feature that modern biology has mastered to perfection but man-made
self-replicating systems are often lacking. There have been few reports of replicators that
can self-assemble autonomously from their building blocks [21,67], even though this clearly
is a necessary feature for truly autonomous replication. Therefore, the emergence of a self-
replicating system was probably closely tied to its ability to selectively self-assemble. Any
replicating system capable of self-assembly would have had a profound selection advantage
against others [153]. Eventually, a thermodynamically driven self-assembly would then have
transitioned into a kinetically controlled self-assembly to keep the system out of equilib-
rium [7,21].

Previously, particularly hairpin motifs have proven to foster self-assembly in oligonu-
cleotide systems [129,134,197], making the proposed replicator an excellent contender for
unifying self-replication and self-assembly. In the following section, I will show that the
self-replicator can indeed self-assemble. While here, it is merely a demonstration that the
system can self-assemble in principle, it seems absolutely possible that self-assembly and
self-replication of the presented replicator occur in a one-pot scenario, under slightly altered
conditions.
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4.3.2. Agglomeration and sedimentation

When combining a complete set of eight cross-complementary strands, for example strands
0A−D & 0A−D (full0), spontaneous agglomeration and subsequent sedimentation occurred
(Figure 4.3). When an incomplete set was provided, i.e. one strand was omitted, agglom-
eration and sedimentation were inhibited (Figure 4.6). The characteristic time of the sedi-
mentation depended on the oligonucleotide concentration (Figure 4.8).

Figure 4.3: Fluorescence microscopy images of spontaneous self-assembly and sed-
imentation. A full set of cross-complementary strands was mixed at 625 nM per strand
(5 µM total) in 150 mM NaCl, 20 mM MgCl2 and 20 mM Tris-HCl pH 8. The sample was
loaded in an airtight microfluidic chamber and was initially heated to 95 °C for 10 seconds
to ensure an unbound initial state, then rapidly (within ∼ 30 s) cooled to 25 °C, where
self-assembly and sedimentation occurred. The first frame after heating shows initially ho-
mogeneous fluorescence (left). In the last frame, after 20 hours, the agglomerates have
sedimented and cover the bottom of the chamber (right). Figure reproduced from [98].

Agglomeration and sedimentation of the replicator were monitored by fluorescence mi-
croscopy in an airtight microfluidic chamber. A custom chamber design was cut from a
500 µm thick FEP foil and fit between two plane sapphires. Three Peltier elements, regu-
lated by a PID controller, were attached at the backside of the chamber. This allowed direct
temperature control, with maximum cooling rates of 2 K/s. A sketch of design and setup
and a picture of the chamber are shown in Figure 2.14.

The strands were mixed at a total oligonucleotide concentration of 5 µM (i.e. 625 nM
per strand for a full set) and inserted into the chamber. One of the strands carried a cova-
lently attached fluorescent label that allowed to monitor the sample. In the chamber, the
sample was first heated to 95 °C to separate all molecules and then rapidly cooled (within
∼ 30 seconds) to 25 °C. The initially homogeneous solution (left column Figure 4.3) formed
agglomerates, which were tens of micrometers in size and sedimented under gravity within
hours (right column Figure 4.3). The formation of such large agglomerates is possible due
to the periodic design of the double hairpins (such that 0D can bind to 0A). Therefore, a full
set of matching hairpins can ’polymerize’ freely.

This stands in contrast to the targeted template or complex formation (Figure 4.2), where
a complex consists of a maximum of eight strands. For the targeted template and complex
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formation, slightly lower oligonucleotide concentrations of 1.6 µM (i.e. 200 nM per strand)
were used. Figure 4.8 shows that for a complete set of matching hairpins lower oligonu-
cleotide concentration leads to increased sedimentation time and from 2.5 µM downwards,
no agglomeration or sedimentation was detectable. It can be concluded, that the assem-
bly operates quite differently in the two concentration and temperature regimes: (i) For
the spontaneous self-assembly the concentration is high (> 2.5 µM) and the temperature is
lowered quickly (within seconds) below the melting temperature of the hairpin backbone
(<70 °C). (ii) For the assembly of templates and single complexes the concentration is low
(<2.5 µM) and the solution is incubated above or around the melting temperature of the
hairpin backbone for at least one hour. In case (ii) the hairpins have a long time to equi-
librate to their energetic minimum. The quick cooldown in (i) freezes the hairpins (Figure
4.4). If the concentration is high enough, the hairpins can form intermolecular bonds before
they get locked in their hybridization state (below 70 °C, Figure 4.4). The slow annealing
in (ii) allows the hairpins to equilibrate and find their energetically optimal conformation.
The concentration threshold, where the hairpin bonds change from intra- or intermolecular
lies thus at around 2.5 µM.

Figure 4.4: Determination of melting temperatures of information domain and hair-
pin backbone. Melting temperatures of complementary information domains (light blue,
strands 0A+0A) and hairpin backbones (dark blue, strands 0A+0B). Dashed lines show sim-
ulation data from NUPACK. Figure reproduced from [98].

Additionally, steric effects influence the agglomeration. When eight matching hairpins
were provided, large agglomerates form, but with only strands of either top or bottom half
of the assembly (Figure 4.6, rows 4 and 5) no agglomeration and sedimentation occured.
For the top or bottom half, the same arguments regarding the dynamics of hairpin bonds and
their ’polymerization’ are valid. The only difference is that the assembly has only half the size
and is less hindered by steric effects. The half-assembled complex is likely flexible enough to
quickly close and form the bond between hairpin D and A, so that no large agglomerates can
form. Presumably, also top and bottom half would eventually form agglomerates at higher
concentrations.
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Figure 4.5: Spontaneous self-assembly of complete and incomplete sets. a, Cut-outs
from fluorescence microscopy images over time (as indicated in Figure 4.3) for complete
sets of matching hairpins with information domains 0, full0000 (top) and 1 full1111 (middle)
as well as for one incomplete set -1D (bottom). Note that agglomeration and sedimentation
only occurred in the presence of all eight matching hairpins, but not when one strand was
omitted. For quantification, the bulk and sediment intensities were normalized against the
first frame after heating (left column). The total oligonucleotide concentration was 5 µM,
about threefold higher than in Figure 4.2 and the following replication experiments. b, The
relative concentration of sediment and bulk, normalized against the first frame after heat-
ing is plotted over the time course of 20 hours. The plot shows the integrated fluorescence
intensity over the 2τwidth of the intensity profile as described below. Time-traces are plot-
ted for different configurations (same examples as shown in panel a). The complete sets
(blue, red) show pronounced concentration increase, i.e. sedimentation. When one strand
is omitted (yellow) there is no sediment building. When sedimentation occurs, a slight drop
in bulk fluorescence (dashed lines) can be detected. The sedimentation time-traces are fit-
ted with a sigmoid function (dotted line) to determine the saturation concentration c/c0, sat.
Figure reproduced from [98].

Agglomeration and sedimentation occurred selectively only when eight matching hair-
pins were present (Figure 4.5a, top two rows), but was inhibited when one strand was omit-
ted (Figure 4.5a, bottom row). The relative increase of concentration at the sediment was
quantified by normalizing the intensity against the first frame after heating. The intensity
of the sediment was integrated over the whole flank (Figure 4.3). To determine the width
of the sediment, the intensity of the last recorded frame was plotted (along the axis of the
box in Figure 4.3 which is perpendicular to the sediment). The intensity was fitted with an
exponential function

I (x) = y0 + A exp
�− (x − x0)

τ

�

(4.1)

with a manual offset x0 to the peak position. The width of the sediment was defined to be
2τ. The integration interval [x0:x0+2τ] determined from the last frame was applied to the
whole image stack for the intensity integration. When no sedimentation could be detected,
the average values of x0 and τwere used. The relative concentrations over time, normalized
against the first frame after heating of sediment and bulk, for the three described cases are
plotted in Figure 4.5b.
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To determine the saturation level c/c0, sat of the agglomeration, time-traces as presented
in Figure 4.5 are fitted with a sigmoid function (dotted line)

c/c0 (t) = base+
max

1+ exp
� t1/2−t

rate

� . (4.2)

The saturation level is then c/c0, sat = base +max. When no detectable sedimentation oc-
curred, a linear fit was used to determine the final value for c/c0, sat.

Figure 4.6: Saturation concentrations of the sediment for all configurations. The
values for c/c0 are retrieved from fitting the time traces. Error bars correspond to N ≥
3 independent experiments. For the full set of complementary hairpins, agglomeration
and sedimentation is most pronounced (top three rows). When one strand is omitted,
mostly no and occasionally weak sedimentation can be detected. Controls show that the
agglomeration and sedimentation is independent of the label and its position. Random
sequences do not show agglomeration nor sedimentation. Figure reproduced from [98].

Whenever a full set of complementary strands is provided, strong agglomeration and
subsequent sedimentation occurred. This was independent of the sequences of information
domains (top three rows, Figure 4.6). Similar to the incomplete set shown in Figure 4.5,
all permutations of incomplete sets, as well as only the top (0A−D) and bottom (0A−D) set
were measured. The incomplete sets showed no or only a weak signal of agglomeration and
sedimentation. Labeling controls with a differently positioned covalent Cy5 label attached
to 1A and with SYBR gold staining proved that the agglomeration was independent of the
fluorescent label and its position. A pool of 84 nt long strands with random sequence showed
no signal, excluding unspecific agglomeration.
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It is unclear why the saturation levels of c/c0 for full sets (Figure 4.6, top three rows) are
different depending on the incorporated information domain. Also unsettled is the question,
why some sets show stronger agglomeration with one omitted strand than others, e.g. -1C
vs. -1B. The analysis of melting temperature and free energy with NUPACK does not give
clues for either case (see Figure 4.13).

Figure 4.7: Time-traces of sedimentation for different oligonucleotide concentrations
of 0000. On the left side, the sedimentation time-traces for different total oligonucleotide
concentrations are plotted. At a total oligonucleotide concentration of 2.5 µM, no sed-
imentation is detectable (not shown here). The drop in intensity after initial sedimen-
tation for high concentrations is due to compacting of the agglomerated phase. On the
measured timescale, the level of saturation concentration varies by a factor of two for dif-
ferent oligonucleotide concentrations. It can be hypothesized that they would eventually
meet on longer timescales. The zoom on the right, shows the onset of sedimentation. To
quantify the sedimentation kinetics, this initial phase is fitted with an exponential function
c/c0(t) = α ·exp(t/t1/2)+γ. The fit is shown exemplary for two concentrations (red dashed
line).

As it can be expected, the agglomeration and sedimentation of the full sets is strongly
concentration dependent. Sedimentation time-traces for different oligonucleotide concen-
trations of the complete set with information domain sequence 0000 (full0000) are shown in
Figure 4.7. Interestingly, the saturation concentration is highest for intermediate concentra-
tions. Especially in the movies with high oligonucleotide concentration≥ 15 µM, it is clearly
visible that after the initial sedimentation, the sedimented phase becomes more compact.
Due to the depth of the chamber, this results in a decrease in measured intensity. It can be
speculated that this compacting might also happen for lower oligonucleotide concentrations
but on extended timescales. This would assimilate the saturation concentration for different
oligonucleotide concentrations.

To determine the kinetics of the sedimentation, i.e. how fast the agglomerates initially
form and sediment, sedimentation onset is fitted with an exponential function as shown in

66



Chapter 4. tRNA-like sequences can assemble into a replicator

Figure 4.7. This yields a characteristic sedimentation time, which is lower for higher oligonu-
cleotide concentrations. Figure 4.8 shows the concentration dependence of the characteristic
sedimentation time, that can be fitted with a power law. The exponent is close to -1, which
suggests that cooperativity does not play a strong role.

Figure 4.8: Concentration dependence of the sedimentation kinetics for 0000. The
characteristic sedimentation time is determined by fitting the initial increase of c/c0 over
time with an exponential function. The error bars correspond to N ≥ 3 independent
experiments. The concentration dependence can be fitted with a power law function
y(c) = a1 + a2 · cp, which yields an exponent of p = −1.06. The fit is weighed by the
displayed error bars. Figure reproduced from [98].

4.4. Exponential cross-catalytic replication

4.4.1. Template-assisted product formation

The replication mechanism is template-based and driven by temperature oscillations. To
determine the optimal conditions for replication, template-assisted product formation, step
(1) from Figure 4.1b, was studied in isothermal and equimolar conditions. Single strands
were provided at 200 nM per strand. Template-assisted product formation was initiated with
template concentrations c0 between 0 nM and 120 nM (Figure 4.9b). Higher initial template
concentrations sped up product formation and produced higher yields.

The potential temperature range for the base temperature Tbase was given by the melting
curve of the information domain (Figure 4.4). Product formation worked better at elevated
temperatures but slowed down above 48 °C when the melting temperature of the informa-
tion domain is exceeded and hybridization between information domains becomes unstable
(Figure 4.4). At high temperatures (> 45 °C), because hairpins start to open in solution,
the rate of spontaneous, untemplated product formation increased. At optimal conditions,
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approximately 80 % of the final product yield was reached within 20 minutes. For amplifi-
cation experiments, Tbase was set to 45 °C and each incubation cycle at Tbase was determined
to last 20 minutes.

Figure 4.9: Templating kinetics. a, Schematic representation of the templating step at
constant temperature. For grayed out steps, temperature cycling is necessary. b, Isother-
mal tetramer formation at 45 °C. The template 0A0B0C0D is provided at different starting
concentration c0. Single strands were provided at 200 nM per strand. The product concen-
tration is plotted over time and includes all complexes containing tetramers with labeled
strand 0A. Higher initial template concentration causes faster templating and higher yield.
c, Templating observed for different temperatures starting with an initial concentration
c0 = 120 nM of template 0A0B0C0D and 200 nM per single strand (large circles). Small
circles show spontaneous, untemplated product formation (c0 = 0), which increases for
T > 45 °C. Templated product formation worked best for T = 48 °C. Figure reproduced
from [98].
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4.4.2. Exponential template amplification

A simple cross-catalytic model for the amplification of template 0A0B0C0D with concentration
c and product 0A0B0C0D with concentration c is given by

d
d t

c(t) = k · c(t) + k0 ,
d
d t

c(t) = k · c(t) + k0 , (4.3)

where k is the rate of cross-catalysis and k0 is the rate of spontaneous, untemplated product
formation. This corresponds to a cycle-dependent exponential growth of two interdependent
species and does for c(t) ≈ c(t) simplify to an exponential growth on a per-cycle basis. This
model can be solved analytically but does not account for saturation effects when monomers
become scarce. Therefore, concentrations of template and product have to be kept well
below 200 nM, which is the chosen monomer concentration, or refeeding with monomers
has to be considered.

Template amplification was studied under temperature cycling (Figure 4.10). For ampli-
fication experiments, the sample was subjected to six temperature cycles with an asymmetric
temperature profile. The base temperature was held for 20 minutes, the peak temperature
for 1 second. With heat-up and cool-down this summed to approximately 30 seconds off
the base temperature. Sequences encoding for information domain 0 (0A−D & 0A−D) were
present at 200 nM per strand.

Amplification was tested for different initial template concentrations c0 from 0 nM to
45 nM of the template 0A0B0C0D as shown in Figure 4.10a, with temperature oscillations
between Tbase = 45 °C and Tpeak = 67 °C. The experimental data points were fitted using the
simple cross-catalytic model from Equation 4.3 (solid lines). The fit produced rate constants
k = 0.16 cycle−1 and k0 = 0.04 nM·cycle−1.

The initial growth rate was extracted and plotted against the initial template concentra-
tion c0 as depicted in Figure 4.10b. As implicated by Equation 4.3, the growth rate can be
simplified to a linear dependence of c0 and the data showed good agreement with a linear
fit (Figure 4.10b).

With regard to the peak temperature, the amplification reaction showed to be robust
(Figure 4.10c), as long as the peak temperature was kept below 71 °C. This is in good agree-
ment with the beginning of hairpin melting at around 72 °C (Figure 4.4), which causes the
hairpin backbone to become unstable.

The exponential nature of the amplification reactions was also confirmed by serial dilu-
tion experiments (Figure 4.10d). Over the course of 15 temperature cycles, a reaction con-
taining the template 0A0B0C0D and single strands 0A−D & 0A−D was diluted with monomers
by a factor of ½ every three cycles (black circles). A second reaction (open circles) con-
tained the identical template but only monomers 0A−D, but lacked monomers 0A−D, which
are necessary to make copies of the template. Only when all monomers necessary for the
cross-catalytic amplification were available, the reaction was able to withstand dilution.

The concentration under dilution could be fitted using Equation 4.3 with the dilution
factor as a free parameter (solid lines).
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Figure 4.10: Exponential amplification of a template with temperature oscillations.
a, Amplification of sequence 0000 was monitored for different initial template concentra-
tions c0 (0-45 nM) of template 0A0B0C0D. Temperature was oscillated between Tbase =
45 °C and Tpeak = 67 °C. Monomers 0A, 0A, 0B, . . . , 0D were provided at 200 nM each.
The concentration of complexes 4:4 after each cycle is shown. The data was fitted using
the cross-catalytic model from Equation 4.3. b, Initial reaction velocity as a function of
initial template concentration c0. The data points show good agreement with the line cal-
culated from the fits in panel a. c, Amplification with initially 30 nM of template 0A0B0C0D
proceeded well for Tpeak < 74 °C. At higher temperatures, the hairpin backbone starts to
melt. The base temperature was Tbase = 45 °C. d, The reaction containing strands 0A, 0A,
0B, . . . , 0D (black circles) survived successive dilution by a factor of ½ every three cycles
at almost constant concentration. A second reaction containing the identical amount of
template 0A0B0C0D, but lacking monomers 0A−D, died out (open circles). The solid and
dashed lines show the fit with Equation 4.3 and the dilution factor as a fitting parameter.
Figure reproduced from [98].
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4.4.3. Sequence replication and fidelity

As described in Section 4.2, the replicator can encode binary information by incorporating
either information domain 0 or 1 at each position. So far, the amplification reactions only
contained a singular set of monomers (0A−D & 0A−D) and did therefore not show the repli-
cation of information encoded in the succession of the information domains.

To perform sequence replication, template 0A0B0C0D was provided at 15 nM initial con-
centration with 100 nM each of all 16 monomers (0A, 0A, 1A, . . . , 1D). Temperature oscillated
between Tbase = 45 °C and Tpeak = 67 °C. The progress of the replication over six tempera-
ture cycles was monitored by native PAGE (Figure 4.11a, left). The product concentration
includes all bands containing tetramers and is plotted over time in Figure 4.11b (yellow).

To determine to which rate a template was replicated faithfully, the replication was run
with defective sets of monomers, i.e. lacking one or more monomers required to replicate
a template faithfully. When template 0A0B0C0D was provided, a defective set of monomers
lacked for example monomer 0D, denoted ’+++-’ whereas the full set of monomers is de-
noted ’++++’. Omitting one or more strands means that the correct product cannot be built
and any product from a defective set must contain mutations in the succession of information
domains. The product concentration over six temperature cycles for three different defective
sets, ’+++-’, ’++–’ and ’+-+-’, is shown in Figure 4.11b, together with the replication reac-
tion containing the complete set of monomers (’++++’). A set with two defects performs
comparable to the case when no template is provided (black line).

From the native PAGE analysis (Figure 4.11a), it is clearly visible that for the defective
set ’+++-’ (right side of panel a) mostly complexes 0A0B0C : 0A0B0C0D of size 3:4 are pro-
duced, especially during the first couple of cycles. In contrast, the full set produces almost
exclusively complexes of size 4:4 (left side of panel a).

Replication with a single defect (’+++-’) produced ∼ 40 % yield compared to the com-
plete reaction. Introducing a second defect reduced the yield further to ∼ 15-20 %. Since
0.4 × 0.4 = 0.16 ' 15-20 %, it can be concluded that the effect of two defects is similar to
two independent single defects. The reduction in product concentration for single and dou-
ble defects is independent of the template sequence (Figure 4.11c). For other templates, the
according monomer strands are omitted in the defective sets, i.e. for template 0A1B0C1D,
monomer 1D is omitted in the defective set ’+++-’.

It is instructive to consider how an unfaithful replicate can form. Let’s assume the case
displayed in blue in Figure 4.11. The replication of sequence 0000 when the template
0A0B0C0D is provided with the defective set ’+++-’, i.e. monomer 0D is missing. Now,
there are two categories of unfaithful replicates that can form:

• Mutation in position. A monomer with the correct information domain, but incorrect
hairpin sequence (e.g. 0B) binds to the ’open’ information domain on the template, 0D.
The information domain bond is stable at base temperature, but due to the incorrect
position (5’ hairpin of 0B cannot hybridize with 3’ hairpin of 0C), the hairpin backbone
cannot close. During the next temperature oscillation, the information domain bond
will melt and because the backbone did not close, 0B will be released back into solution
as a monomer (probably accompanied by the trimer 0A0B0C).
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Figure 4.11: Sequence replication with temperature oscillations and fidelity check
by forcing mutations from 0 to 1 at different locations. a, Replication of sequence
0A0B0C0D. Reactions were started with 15 nM initial template 0A0B0C0D. Monomer strands
were present at 100 nM each. Native PAGE results comparing the complete reaction with
all 16 strands, ’++++’ (left) with a defective reaction lacking strand 0D, ’+++-’ (right). The
defective set +++- mostly produced 3:4 complexes instead of 4:4 complexes. Schematics
on the right indicate position of different complex sizes. The overall yield of tetramer-
containing complexes was greatly reduced. As a size reference, the marker lane contained
complexes 0A0B0C0D, 0A0B0C , 0A0B, and monomers 0A. b, Product concentration over time
for the complete sequence network (yellow) and three defective sets with missing strands.
Data was integrated by quantitative image analysis from electrophoresis gels using covalent
markers on the 0A-strand counting all product complexes containing tetramers. Mutations
of information in the product from 0 to 1 were induced by defective reactions that lacked
strands 0D (+++-), 0C/0D (++–), and 0B/0D (+-+-). All reactions were initiated with
15 nM of 0A0B0C0D. The solid line shows data from reaction ’++++’ without template. c,
End point comparison of reactions with templates 0A0B0C0D (panels a, b), 0A1B0C1D, and
0A0B1C1D after six cycles for the various intact and defective sets. Horizontal lines indicate
averages of the three template sequences for each set. A single missing strand reduced the
product yield to about 40 %, two missing strands to 15-20 %. Figure reproduced from [98].
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• Mutation in information domain. A monomer with the incorrect information do-
main, but correct hairpin sequences (e.g. 1D) binds to one of the open hairpins of
an incomplete replicate (trimer 0A0B0C), which is already bound to the template at
the information domains. 1D can either bind with its 5’ hairpin to the 3’ hairpin of
0C or with its 3’ hairpin to the 5’ hairpin of 0A. Once one of those bonds has formed,
likely the other will happen too as they are in such close proximity. Then, a correctly
assembled backbone is formed. During the next temperature oscillation, the product
0A0B0C1D will be released from the original template 0A0B0C0D. Henceforth, it can
act as a template for the unfaithful replication of sequence 0001, which will proceed
as exponentially, since all strands for the replication of 0001 are present.

A product yield of ∼ 40 % for an unfaithfully replicated template seems high at first
glance. However, the mutations were intentionally imposed by not providing all strands
necessary to replicate the template. Through the way in which we test for unfaithful replica-
tion, the effect of binding competition is neglected. Sticking with the example ’+++-’ (blue in
Figure 4.11b), there is no binding competition for position D since only strand 1D is present.
In the full replication reaction ’++++’ however, the better matching strand 0D is also present
and binds preferentially. For a similar binding competition in a protein-catalyzed ligation re-
action the inferior reaction decreased 7-fold in the presence of competition [186]. It should
also be noted that the product concentration in Figure 4.11b,c covers all complexes contain-
ing tetramers, i.e. it also includes complexes 2:4 and 3:4 which are replicated faithfully and
have no mutation.

From the experiments shown in Figure 4.11b, the replication fidelity can be estimated to
be 1 − 14 nm

37 nm = 62 %. Due to the above mentioned reasons, this is a lower bound estimate
and it can be expected that the replication fidelity in the full reaction is much higher.

It is important to mention that due to the periodic design of the replicator, this analysis
of the replication fidelity is complete. The defective sets presented in Figure 4.11 represent
all possible defective sets with one or two lacking strands.

4.4.4. Translation of per information domain fidelity to per nu-

cleotide fidelity

It is interesting to compare this replicator in its performance and fidelity to other replicators.
Considerations about replicators in an origin of life context, both experimentally [77] and
theoretically [52] are typically based on base-by-base replication (i.e. polymerization). In
this paragraph, the aim is to calculate a corresponding hypothetical per nucleotide fidelity
from the experimentally measured per information domain fidelity.

The deviation in melting temperature due to point mutations in the information domain
was used as a criterion to translate between the two replication types. Considering the melt-
ing curve of the information domain (Figure 4.4) and the temperature oscillations between
Tbase = 45 °C and Tpeak = 67 °C, it was estimated that a drop in melting temperature by
more than 10 °C would render the replication unfunctional. It can then be estimated how
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many point mutations in the information domain can be tolerated to stay within that melting
temperature threshold.

The information domain duplex 0:0 was compared with an information domain du-
plex 0:0*, where 0 and 0* differ by less than K point mutations. Their information do-
main binding energies and the resulting melting temperatures were analyzed as displayed
in Figure 4.12. The cumulative free energy distributions of mutated information domain
sequences with one to three point mutations show that the vast majority of information do-
mains with three point mutations have an information domain binding energy of∆G(0:0*)≥ -
12.5 kcal/mol, in comparison to the original binding energy of ∆G(0:0) = -15.4 kcal/mol
(Figure 4.12a). For an information domain with three point mutations, even at the low end
of the binding energy distribution, this results in a drop in melting temperature of at least
10 °C. Therefore, the defined melting temperature threshold of ∆Tm = 10 °C translates to
an information domain with up to K = 3 point mutations.

Within the set temperature threshold, the replicator cannot differentiate between infor-
mation domain 0 and information domain 0*, if 0 and 0* differ by less than K point muta-
tions. Then, the per information domain fidelity pK with up to K point mutations across an
information domain of length N is given by a cumulative binomial distribution

pK(N) =
K−1
∑

k=0

�

N
k

�

p(N−k) (1− p)k , (4.4)

where p is the per nucleotide replication fidelity we are looking for.
For K = 3 mutations and N = 15 nucleotides in the information domain, we experimen-

tally found a per information domain fidelity of p3(15)= 0.62 and can thus calculate the per
nucleotide fidelity to be p = 0.85. Internal mutations have a much bigger effect on the bind-
ing energy and melting temperature than terminal mutations. The free energy distribution
for K = 2 internal mutations is similar to the distribution for K = 3 total mutations [99].
Taking this into account, Equation 4.4 can be recalculated with K = 2 and N = 13 and gives
a per nucleotide fidelity of p = 0.90. Therefore, the presented replication mechanism is
comparable to a base-by-base replication mechanism with a fidelity of ' 85-90 %.

4.5. Discussion

In this chapter, I presented a cross-catalytic replicator that can self-assemble and self-replicate
binary information encoded in a succession of oligomers. The replication is driven by tem-
perature oscillations. Because the replication mechanism is based on hybridization only, no
covalent bonds are involved or required. The replication is independent of external fuel and
does not generate waste. Instead, all bonds are reversible and all products or potential side-
products, i.e. incomplete or malformed complexes, can be recycled by a high temperature
spike.

The replication proceeded with temperature peaks every 20 minutes and reached satu-
ration limits on the timescale of hours without replenishing monomer building blocks. This
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Figure 4.12: Change in binding energy and melting temperature due to point mu-
tations in the information domain. a, Cumulative free energy distributions of mutated
information domain duplexes 0:0* and 1:1* with up to three point mutations in 0* and 1*
(yellow, green, blue). The free energies of the original duplexes 0:0 (red) and 1:1 (light
red) are also indicated. 99 % of duplexes 0:0* and 1:1* with three point mutations have
free energies∆G ≥ -12.5 kcal/mol (dashed line). b, Melting curves of information domain
duplexes 0:0 (red), 1:1 (light red) and two duplexes 0:0* with three mutations in the infor-
mation domain, indicated by arrows in panel a. Duplex (i), which is located at the low end
of the ∆G distribution, has a melting temperature of ' 10 °C below that of 0:0, whereas
duplex (ii) differs by' 20 °C. This decrease in melting temperature destabilizes the binding
of the information domain and renders these sequences unfunctional for replication in the
temperature oscillation regime between Tbase = 45 °C and Tpeak = 67 °C (gray box). Figure
reproduced from [98].

speed is similar to other replicators [91, 192], cross-polymerizing ribozymes [77, 200] or
auto-catalytic DNA networks [197,202].

The replicator was able to transfer the information encoded in the specific succession of
information domains with a fidelity of at least 62 %. This translates to a 85-90 % replication
fidelity per nucleotide. Non-enzymatic template based replicators exhibit fidelity in coping
of around 80-90 % [71, 155]. The here presented replicator is therefore comparable to
other replication studies. In contrast to these studies, the replication machinery in modern
biological systems includes a mechanism for error detection and correction, which increases
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the replication fidelity substantially [102].
Generally, the replication fidelity is limited by the background rate of spontaneous bond

formation without template. In DNA or RNA hairpin-fueled reactions, this spontaneous
product formation is often a problem and is attempted to be reduced by careful design
[64, 94, 197]. Here, this background rate was low, at maximum 10 % (Figure 4.9). How-
ever, the interaction of strands in solution is strongly concentration dependent and the rate
of spontaneous product formation decreases with the overall strand concentration. In a pre-
biotic setting, very low concentrations are to be expected. This would minimize undesired
spontaneous product formation at the expense of slower replication dynamics.

When considering the replicator in an origin of life context, it must be admitted that
it seems unlikely that oligonucleotide strands of substantial length, capable of replication,
arose spontaneously [87, 161, 170, 180]. Instead, a combination of non-enzymatic poly-
merization [31,79,83,105] and template-directed copying [46,55,191] produced oligonu-
cleotide that could initiate replication. However, oligonucleotide provided by these reac-
tions often suffer from issues with regiospecificity [87, 124]. A heterogeneous backbone
of 2’-5’- and 3’-5’-linkages might inhibit chemical downstream reactions, but could also of-
fer a solution to the template inhibition problem [180]. For a purely hybridization based
approach however, regiospecificity is not equally critical [56]. Typically, prebiotic polymer-
ization does not produce strands that exceed 10-20 nt in decent yields [139], especially
when all four bases are incorporated at an equimolar ratio [126]. Nevertheless, the synthe-
sis of RNA strands longer than 50 nt has been demonstrated, although under very specific
conditions [30,79,156].

Since the replication mechanism is based on hybridization only, as long as the order of
melting temperatures is conserved, this replication mechanism is also expected to work with
shorter strands, that might have been produced by an upstream prebiotic polymerization.
Indeed, this would even have two advantages. Firstly, a shorter information domain would
be more sensitive to mismatches and might already reject single base mismatches, thereby
largely increasing the fidelity of replication. Secondly, shorter hairpins would have lower
melting temperatures and therefore higher fluctuations, which were here induced artificially
by introducing intentional mismatches in the 30-33 nt hairpin sequences. In this context,
it is important to mention that a replicator based on shorter strands does not debunk the
notion of tRNA-inspired sequences, which could grant replication an important role in the
emergence of translation. Already Hopfield [75] proposed that modern tRNA emerged from
two primal tRNA strands.

Any known non-enzymatic polymerization reaction would produce an oligonucleotide
pool with a wide variety in length and sequence [57, 87, 124, 161]. It has been shown that
already simple ligation systems break the symmetry in sequence space and will further a
bias in the sequence pool [18,97,186]. An additional reduction of the sequence space could
have been achieved through sequence-specific phase transition. Indeed, the ability of this
replicator to spontaneously agglomerate and sediment in a sequence selective manner was
demonstrated. Analogous sequence-specific phase-transitions of DNA into a gel-like phase
have been observed with shorter strands of similar secondary structure (triple and quadruple
hairpins) [129,134]. Self-selection could have provided a pathway for self-similar sequences

76



Chapter 4. tRNA-like sequences can assemble into a replicator

capable of performing such a replication to emerge from a (semi-) random sequence pool
provided by polymerization. Here, strong and fast agglomeration was observed. When start-
ing with an at least semi-random pool, this process would be slowed down enormously and
not result in similarly large agglomerates. But even a very shallow temperature gradient
would be sufficient to effectively localize strands capable of agglomeration [116] that could
form first templates and initiate replication. The biased hydrolysis of single- versus double-
stranded oligonucleotides could represent a further selection pressure favoring assembled
complexes [136].

The temperature oscillations that drive the replication can for example be realized through
convection cycling, with asymmetric temperature profiles on similar timescales [17,166]. In
an early Earth scenario, such convection cycling could have been evoked by a temperature
gradient across a rock pore [95, 115, 116]. Depending on the geometry of the pore, the
temperature profile can have a wide variety of shapes [10, 89] such that for any variation
of the replicator, there likely were plenty of suitable pores. As already described in Section
2.5.2 thermal gradients also lead to the accumulation of molecules [116], which can boost
self-assembly, initial template generation and replication activity. In different environments,
it is also conceivable that a similar replication mechanism is driven by pH oscillations [90]
or thermo-chemical oscillations [11].

As discussed, this replication mechanism must have been preceded by a prebiotic poly-
merization chemistry and might have coexisted with a non-enzymatic ligation chemistry,
that can link 3’-5’ ends of oligonucleotides, e.g. in hairpin overhangs [174]. Most likely, the
ligation reaction would have been slow, but even though it would be a promising means to
permanently fix the replication results by chemically linking adjacent hairpins. It would also
have made template and replicate impervious to higher temperature spikes. Another poten-
tially helpful downstream addition are small ribozymatic centers that can induce scission at
the onset of a hairpin [35, 188]. This would cleave the hairpins from the assembled infor-
mation domains creating an assembly that much resembles mRNA when ligated. Due to its
rejection of sequences containing too many mutations, the replication mechanism could also
have served as a check on polymerization to improve the overall fidelity of the emergence
of longer strands.

This replication mechanism is an interplay between oligonucleotide sequence and length,
salt concentration and oscillation temperature and time. Here, one specific set of those pa-
rameters was studied. This should serve as a proof of principle that a certain set of oligonu-
cleotide strands - for which the boundary conditions have been elaborated in Sections 4.2
- can replicate information according to the proposed mechanism. Considering the vast
amount of time and attempts available on early Earth to randomly screen the parameter
space, it is certainly plausible that maybe not exactly this but a similar replication once pre-
vailed.

Keeping in mind how much the single oligonucleotide strands of the replicator resemble
modern tRNA in structure and sequence, the potential existence of such a replicator also
raises the question how intertwined the emergence of translation is with such an ancient
replication mechanism. In modern biology, tRNA is the central molecule bridging between
the information carrying units (DNA, mRNA) and the executing units (proteins). The func-
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tion and structure of tRNA is conserved across the three domains of life (archea, bacteria,
eukaryotes), indicating that tRNA is one of the most ancient molecules [152]. Furthermore,
almost the complete translation machinery was already present in the last universal common
ancestor (LUCA) [60]. One could speculate that self-replication emerged from a proto-tRNA,
a simple double hairpin molecule, which later evolved into tRNA and took up its role in pro-
tein translation. Already Eigen [53] proposed that proto-tRNAs were ’the first genes’ and
suggested that primitive tRNA molecules were the earliest components of the translational
machinery.

The tRNA-like sequences used in the presented replication mechanism follow confor-
mational considerations of proto-tRNAs [168]. The information domain would evolve to
become the anti-codon and is spatially close to the 3’ end of an unbound strand, which
would later carry the amino acid. Recently, short peptide-RNA hybrids [65, 85] have been
shown to form under prebiotic conditions. Equipped with a mechanism to ensure correlation
between the 3’ end and the anti-codon, such hybrids could have provided the link between
proto-tRNAs and the genetic code.

This replication mechanism proposes that predecessors of tRNA had a role in hybridization-
based replication, independent of protein translation. This would justify the existence of
tRNA-like molecules before the emergence of translation and suggests that the emergence
of translation is closely tied to a replicator. However, many questions regarding intermediate
evolutionary steps remain unsettled, e.g. how an amino acid could have been attached to
and released from the 3’ end of a hairpin, or how the anti-codon could have been reduced
to three nucleotides, given the instability of a 3 nt hydrogen bond.
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4.6. Materials and methods

4.6.1. Strand design and secondary structure prediction

DNA double hairpin sequences were designed using the NUPACK software package [199].
In addition to the secondary structures of the double hairpins, the design algorithm was con-
strained by all target dimers. Candidate sequences were selected for optimal homogeneity
of binding energies and melting temperatures. On the one had, backbone domains connect-
ing consecutive strands (e.g. 0A0B0C) had to be the most stable bonds in the system, in
particular more stable than between a template and a newly formed product complex (e.g.
0B:0B). On the other hand, hairpin melting temperatures had to be low enough to allow for
a sufficient degree of thermal fluctuations. To reconcile this with the length of the strands,
mismatches were introduced in the hairpin stems.

Figure 4.13: Secondary structure predictions and calculated free energies for the
replicator in DNA and RNA using NUPACK. All 2:2 complexes of double hairpins are
displayed for a, DNA and b, RNA at 25 °C, 1 M Na+ and 0.625 µM per strand. In panel b
every T in the DNA sequence is substituted by a U. Due to computational limitations, only
four strands could be calculated at a time. The predicted structures look as expected, form-
ing the backbone (top and bottom from center) and the information domain bonds (left
and right from center), which are flanked by the closed hairpins. The DNA (a) and RNA
(b) implementations are identical. Also, there is no difference in structure or free energy
between information domain 0 and information domain 1. The calculated free energies are
given below each structure and are averaged over each complete set. Figure reproduced
from [98].

Sequences were picked such that the melting temperatures and free energies of potential
dimers were as homogeneous as possible. The secondary structure predictions as well as the
calculated free energies of all 2:2 complexes are shown in Figure 4.13. It is evident that the
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secondary structure is identical in a DNA and an RNA implementation. The sequences of all
strands are given in Table 4.1. For more detail on the sequence design, see [99].

4.6.2. Native PAGE and product quantification

DNA complexes were analyzed using native polyacrylamide gel electrophoresis (PAGE) at
5 % acrylamide concentration and 29:1 acrylamide/bisacrylamide ratio (Bio-Rad, Germany).
Gels were run at electric fields of 14 V/cm at room temperature. Strands 0A/1A were cova-
lently labeled with Cy5. Fluorescence intensities were later used to compute strand con-
centrations. As an additional color channel, strands were stained using SYBR Green I dye
(New England Biolabs). Initial complex identification was done by comparing the assembly
of different subsets (Figure 4.2). To correctly identify bands in the time-resolved measure-
ments, each gel contained a marker lane. The marker contained strands 0A (200 nM), 0B
(150 nM), 0C (50 nM), and 0D (100 nM), and was prepared using the two-step annealing
protocol from 95 °C to 70 °C. The unequal strand concentrations ensured that the sample
contained a mixture of mono-, di-, tri- and tetramers.

PAGE gels were imaged in a multi-channel imager (Bio-Rad ChemiDoc MP). Image post
processing and data analysis were performed using a custom LabVIEW software. Post pro-
cessing corrected for inhomogeneous illumination by the LEDs, image rotation, and distor-
tions of the gel lanes, if applicable. Background fluorescence was determined from empty
lanes on the gel, albeit generally low in the Cy5 channel. For the determination of reaction
yields, the intensities of all gel bands containing strands of the sequence length of interest
were integrated. To quantify the tetramer yield, single tetramers were considered as well as
their complexes with di- and tri- and tetramers. Single strands separated from their comple-
ments during electrophoresis (Figure 4.2, lanes 2, 7, 16, 18).

4.6.3. Template preparation and complex formation

All reactions were performed in 150 mM NaCl, 20 mM MgCl2 and 20 mM Tris-HCl pH 8.
DNA oligonucleotides (purchased from Biomers, Germany) were used at 200 nM concen-
tration per strand in reactions containing a fixed-sequence subset of eight strands (e.g. 0/0
only) and 100 nM per strand in reactions containing all 16 different strands. Temperature
cycling was performed in a standard PCR cycler (Bio-Rad C1000). Reaction kinetics were
obtained by running each reaction for different run times or numbers of cycles in parallel.
The products were analyzed using native PAGE. The time between Temperature cycling and
PAGE analysis was minimized to exclude artifacts from storage on ice. Template sequences
were prepared using a two-step protocol. Annealing from 95 °C to 70 °C within one hour,
followed by incubation at 70 °C for 30 minutes. Afterwards, samples were cooled to 2 °C and
stored on ice. When assembling complexes containing paired information domains (Figure
4.2), samples were slowly cooled down from 70 °C to 25 °C within 90 minutes before being
transferred onto ice. DNA double hairpins were quenched into mono-molecular states by
heating to 95 °C and subsequent fast transfer into ice water.
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4.6.4. Thermal melting curves

Thermal melting curves were measured using either UV absorbance at 260 nm wavelength
in a UV/Vis spectrometer (JASCO V-650, 1 cm optical path length), via quenching of the
Cy5 label at the 5’-end of strand 0A (excitation: 620–650 nm, detection: 675–690 nm), or
using fluorescence of the intercalating dye SYBR Green I (excitation: 450–490 nm, detec-
tion: 510–530 nm). Fluorescence measurements were performed in a PCR cycler (Bio-Rad
C1000). Samples measured via fluorescence were at 200 nM of each strand, those measured
via UV absorption contained 1 µM total DNA concentration to improve the signal-to-noise
ratio. Before analysis of the melting curves [119], data was corrected for baseline signals
from reference samples containing buffer and intercalating dye, if applicable.

4.6.5. Agglomeration and sedimentation experiments

The samples were mixed in the replication buffer (150 mM NaCl, 20 mM MgCl2, 20 mM
Tris-HCl pH 8) at a total oligonucleotide concentration of 5 µM, i.e. varying concentration
per strand depending on the number of different strands in the configuration (4, 7 or 8).
The microfluidic chamber was assembled with a custom cut, 500 µm thick, FEP foil placed
between two plane sapphires as shown in Figure 2.14. Three Peltier elements (QuickCool
QC-31-1.4-3.7AS, purchased from Conrad Electronics, Germany) were attached to the back-
side of the chamber to provide full temperature control. The chamber was initially flushed
with 3M™Novec™7500 (3M, Germany) to avoid bubble formation. The samples were pipet-
ted into the microfluidic chamber through the 0.5 mm channels using microloader pipette
tips (Eppendorf, Germany). The chamber was then sealed with Parafilm and heated to 95°C
for 10 seconds to fully separate the strands and cooled rapidly (within 30 s) to 25 °C. Assem-
bly and sedimentation were monitored for 20 hours on a fluorescence microscope (Axiotech
Vario, Zeiss, Germany) with two LEDs (490 nm and 625 nm, Thorlabs, Germany) using a
2.5x objective (Fluar, Zeiss, Germany). Over the course of the experiment, also the top of the
chamber, as indicated in Figure 2.14a, was monitored to check against evaporation. Prior to
image analysis, the image stacks were stabilized using an ImageJ plugin [106].
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4.6. Materials and methods

4.6.6. Sequences

Table 4.1: Sequences of all DNA strands used in Chapter 4. Strand 0A and 1A are 5’ labeled with Cy5.
All other strands have a 5’ terminal phosphate. Dashed underlines indicate information domains,
hairpin loops are marked by solid underlines.

Name Sequence (5’ to 3’)

0A
P-GCA G CG TTAATTCCCG CGCCTAT CGGGAATGTAACGC AGTGGGTAATAATGA
CGATAGCCGTTCG GGAAAAG CGAACGGT ATCG

1A
P-GCA G CG TTAATTCCCG CGCCTAT CGGGAATGTAACGC AAAAGAAGAGAAAGA
CGATAGCCGTTCG GGAAAAG CGAACGGT ATCG

0B
P-GCA G CGAT ACCGTTCG CTTTTCC CGAACGGCTATCGC AGTGGGTAATAATGA
GCG A ACTGTCG GTGCTTG CGACAGT GTCGC

1B
P-GCA G CGAT ACCGTTCG CTTTTCC CGAACGGCTATCGC AAAAGAAGAGAAAGA
GCG A ACTGTCG GTGCTTG CGACAGT GTCGC

0C
P-GCA G GCGAC ACTGTCG CAAGCAC CGACAGT T CGCC AGTGGGTAATAATGA
GCGG TTCCTTGC GGAGTAG GCAAGGAATCCGC

1C
P-GCA G GCGAC ACTGTCG CAAGCAC CGACAGT T CGCC AAAAGAAGAGAAAGA
GCGG TTCCTTGC GGAGTAG GCAAGGAATCCGC

0D
P-GCA G GCGGATTCCTTGC CTACTCC GCAAGGAATC GCC AGTGGGTAATAATGA
CGTTACATTCCCG ATAGGCG CGGGAATTAA CG

1D
P-GCA G GCGGATTCCTTGC CTACTCC GCAAGGAATC GCC AAAAGAAGAGAAAGA
CGTTACATTCCCG ATAGGCG CGGGAATTAA CG

0A
P-GCT G CGC ATTAACGCG CTTGTCC CGCGTTAATTGCGC TCATTATTACCCACT
CGCT CTCGGCTG TTTTGCC CAGCCGAGCAGCG

1A
P-GCT G CGC ATTAACGCG CTTGTCC CGCGTTAATTGCGC TCTTTCTCTTCTTTT
CGCT CTCGGCTG TTTTGCC CAGCCGAGCAGCG

0B
P-GCT G CGTT GCATTGGC GATCAAA GCCAATGCGAACGC TCATTATTACCCACT
CGCAATTAACGCG GGACAAG CGCGTTAAT GCG

1B
P-GCT G CGTT GCATTGGC GATCAAA GCCAATGCGAACGC TCTTTCTCTTCTTTT
CGCAATTAACGCG GGACAAG CGCGTTAAT GCG

0C
P-GCT G GTTGGAGAAGGCG AACAGCA CGCCTTC CCAACC TCATTATTACCCACT
CGTTCGCATTGGC TTTGATC GCCAATGCAA CG

1C
P-GCT G GTTGGAGAAGGCG AACAGCA CGCCTTC CCAACC TCTTTCTCTTCTTTT
CGTTCGCATTGGC TTTGATC GCCAATGCAA CG

0D
P-GCT G CGCTGCTCGGCTG GGCAAAA CAGCCGAG AGCGC TCATTATTACCCACT
GTTGG GAAGGCG TGCTGTT CGCCTTCTCCAAC

1D
P-GCT G CGCTGCTCGGCTG GGCAAAA CAGCCGAG AGCGC TCTTTCTCTTCTTTT
GTTGG GAAGGCG TGCTGTT CGCCTTCTCCAAC
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tRNA sequences can assemble into a
replicator
Alexandra Kühnlein†, Simon A Lanzmich†, Dieter Braun*
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Maximilians-Universität München, Munich, Germany

Abstract Can replication and translation emerge in a single mechanism via self-assembly? The

key molecule, transfer RNA (tRNA), is one of the most ancient molecules and contains the genetic

code. Our experiments show how a pool of oligonucleotides, adapted with minor mutations from

tRNA, spontaneously formed molecular assemblies and replicated information autonomously using

only reversible hybridization under thermal oscillations. The pool of cross-complementary hairpins

self-selected by agglomeration and sedimentation. The metastable DNA hairpins bound to a

template and then interconnected by hybridization. Thermal oscillations separated replicates from

their templates and drove an exponential, cross-catalytic replication. The molecular assembly could

encode and replicate binary sequences with a replication fidelity corresponding to 85–90 % per

nucleotide. The replication by a self-assembly of tRNA-like sequences suggests that early forms of

tRNA could have been involved in molecular replication. This would link the evolution of translation

to a mechanism of molecular replication.

Introduction
A machine to create replicate of itself is an old dream of engineering (von Neumann, 1951). Biologi-

cal systems have solved this problem long ago at the nanoscale with DNA and RNA. Their replica-

tion machinery was optimized to perfection through Darwinian evolution. In modern living systems,

the replication of DNA and RNA necessitates the formation of covalent bonds. It requires an inter-

connected machinery: proteins need to perform base-by-base replication of sequence information, a

modern metabolism to supply activated molecules, and tRNA as well as the ribosome to create the

required proteins.

This is a complex system to set up in the first place at the emergence of life. The RNA world

hypothesis proposes, that early on, the catalytic function of highly defined RNA sequences was used

for self-replication (Horning and Joyce, 2016; Orgel, 2004; Turk et al., 2011). These ribozymes cat-

alyze the ligation of RNA (Doudna et al., 1991; Mutschler et al., 2015; Paul and Joyce, 2002;

Robertson et al., 2001; Walton et al., 2020) and the addition of individual bases (Attwater et al.,

2013; Horning and Joyce, 2016). These very special sequences were engineered using in vitro evo-

lution. It is unclear how autonomous evolution of early life could have reached such levels of

sequence complexity.

Here, we focus on how such replication may have been predated by simpler forms of self-replica-

tion. Creating a replicator must fulfill a series of requirements. Replication must yield fidelity in copy-

ing, be fast, enable exponential replication, be fed by an autonomous energy source, not require

complex sequences and should not form too many replicates without the existence of a template.

We show that replication of information can be realized by the reversible hybridization interac-

tions between tRNA-like molecules alone. The proposed mechanism is driven by an external physical

non-equilibrium setting, in our case thermal oscillations. Since the process does not involve chemical

ligation, it does not rely on a particular non-enzymatic or catalytic ligation chemistry

(Dolinnaya et al., 1988; Engelhart et al., 2012; Patzke et al., 2014; Pino et al., 2011;

Kühnlein, Lanzmich, et al. eLife 2021;10:e63431. DOI: https://doi.org/10.7554/eLife.63431 1 of 22
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Rohatgi et al., 1996; Sievers and von Kiedrowski, 1994; von Kiedrowski, 1986) or particular cata-

lytically active sequences, but merely requires sequence complementarity. The advantage of revers-

ible hybridization is the re-usability of educts and products. Moreover, sequence-encoded

interactions can self-select by forming agglomerates.

Nature’s approach to achieve exponential growth is the usage of cross-catalysis: the replicate of

a template serves as a template for the next round of replication. For short replicators under isother-

mal conditions, the binding between template and replicate has to be weak such that the dissocia-

tion of strands happens spontaneously and is not rate limiting (Paul and Joyce, 2002; Sievers and

von Kiedrowski, 1994; von Kiedrowski, 1986). For longer replicates, temperature change has suc-

cessfully been used to separate strands for replication catalyzed by thermostable proteins

(Barany, 1991; Saiki et al., 1985). For catalytic RNA, elevated salt concentrations disfavor strand

separation by temperature and catalyze hydrolysis (Horning and Joyce, 2016). In an interesting

alternative to strand separation by temperature, Schulman et al. used moderate shear flows to sepa-

rate DNA tile assemblies (Schulman et al., 2012).

Apart from nucleotide-based replicators, very interesting replication systems using non-covalent

interactions have been developed with non-biological compounds (Bottero et al., 2016;

Sadownik and Philp, 2008; Tjivikua et al., 1990), peptide-based approaches (Altay et al., 2017;

Bourbo et al., 2011; Carnall et al., 2010; Lee et al., 1996; Rubinov et al., 2012), and peptide

nucleic acids (Ura et al., 2009). We also want to point to several instructive reviews about the state-

of-the-art systems chemistry regarding self-replication (Adamski et al., 2020; Ashkenasy et al.,

2017; Kosikova and Philp, 2017).

In the past, metastable hairpin states have been prepared in a physically separated manner. The

reaction was then triggered by mixing. For example, the mixing of hairpins with a trigger sequence

has been shown to form long concatemers (Dirks and Pierce, 2004). With a similar logic, mixing a

low entropy combination of molecules was used to create entropically driven DNA machines,

eLife digest The genetic code stored within DNA contains the instructions for manufacturing all

the proteins organisms need to develop, grow and survive. This requires molecular machines that

‘transcribe’ regions of the genetic code into RNA molecules which are then ‘translated’ into the

string of amino acids that form the final protein. However, these molecular machines and other

proteins are also needed to replicate and synthesize the sequences stored in DNA. This presents

evolutionary biologists with a ‘chicken-and-egg’ situation: which came first, the DNA sequences

needed to manufacture proteins or the proteins needed to transcribe and translate DNA?

Understanding the order in which DNA replication and protein translation evolved is challenging

as these processes are tightly intertwined in modern-day species. One theory, known as the ‘RNA

world hypothesis’, suggests that all life on Earth began with a single RNA molecule that was able to

make copies of itself, as DNA does today. To investigate this hypothesis, Kühnlein, Lanzmich and

Braun studied a molecule called transfer RNA (or tRNA for short) which is responsible for translating

RNA into proteins. tRNA is assumed to be one of the earliest evolved molecules in biology. Yet, why

it was present in early life forms before it was needed for translation still remained somewhat of a

mystery.

To gain a better understanding of tRNA’s role early in evolution, Kühnlein, Lanzmich and Braun

made small changes to its genetic code and then carried out tests on these tRNA-like sequences.

The experiments showed these ‘early’ forms of tRNA can actually self-assemble into a molecule

which is capable of replicating the information stored in its sequence. It suggests early forms of

tRNA could have been involved in replication before modern tRNA developed its role in protein

translation.

With these experiments, Kühnlein, Lanzmich and Braun have identified a possible evolutionary

link between DNA replication and protein translation, suggesting the two processes emerged

through one shared pathway: tRNA. This deepens our understanding about the origins of early life,

while taking biochemists one step closer to their distant goal of recreating self-replicating molecular

machines in the laboratory.
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including exponentially amplifying assemblies (Zhang et al., 2007). These reactions run downwards

into the binding equilibrium. However, the preparation of the initial low entropy state required

human intervention or a unique flow setting for mixing.

Sequence design
We designed a set of cooperatively replicating DNA strands using the program package NUPACK

(Zadeh et al., 2011). The sequences are designed to have self-complementary double hairpins and

are pairwise complementary within the molecule pool, such that the 3’ hairpin of one strand is com-

plementary to the 5’ hairpin of the next. Their structure resembles the secondary structure of proto-

tRNAs proposed by stereochemical theories (Figure 1a), comprising two hairpin loops that surround

the anticodon with a few neighboring bases (Krammer et al., 2012). The lengths of 82–84 nt of the

double hairpins are that of average tRNA molecules (Sharp et al., 1985), with stem loops consisting

of 30–33 nt and the information-encoding interjacent domains of 15 nt. As the replication mecha-

nism is based on hybridization only, it is expected to perform equally well for DNA and RNA. Here,

we implemented the system with DNA and not RNA as done previously (Krammer et al., 2012).

Both, in the design and the implementation we did not see significant differences between the two

versions. Because of the simpler and more inexpensive synthesis of the 82–84 nt long sequences we

now implemented the replicator in DNA. Due to short heating times and moderate magnesium con-

centrations, we estimate that an RNA version could survive for days if not weeks (Li and Breaker,

1999; Mariani et al., 2018). The most critical step regarding the RNA stability would be the initial

temperature spike to 95 ˚C, which remains unchanged from our previous study (Krammer et al.,

2012) and did not prove critical. We also show that an RNA version behaves structurally identical to

the implemented DNA version (Figure 1—figure supplement 1).

Replication mechanism
The replication mechanism is a template-based replication, where instead of single nucleotides,

information is encoded by a succession of oligomers. The domain, at the location of the anticodon in

tRNA, is the template sequence and thus contains the information to be replicated. We therefore

term it information domain. The goal is to replicate the succession of information domains.

To allow longer replicates, we chose the resulting meta-sequences to be periodic with a periodic-

ity of four different hairpins. This makes the minimal cyclic meta-sequence large enough to keep the

information domains accessible even in cyclic configuration. The information domains feature a

binary system and contain sequences marked by ’0’ and ’1’ (blue/red). For replication, two sets of

strands replicate strings of codons in a cross-catalytic manner (Figure 1b), using complementary

information domains (light/dark colors).

The replication is driven by thermal oscillations and operates in four steps (Figure 1b): (0) Fast

cooling within seconds brings the strands to their activated state with both hairpins closed. (1) At

the base temperature, activated strands with complementary information domains can bind to an

already assembled template. (2) Thermal fluctuations cause open-close fluctuations of the hairpins.

When strands are already bound to a template at the information domain, those fluctuations permit

adjacent complementary hairpins of different strands to bind. In this way, the succession of informa-

tion domains is replicated. (3) Subsequent heating splits the newly formed replicate from the tem-

plate at the information domains. Due to their higher melting temperatures, the backbone of hairpin

strands remains stable. Both, replicate and template, are available for a new replication round. This

makes both the replicate and the template replication cross-catalytic in a subsequent step. Later,

high temperatures spikes can unbind and recycle all molecules for new rounds of replication.

Because of the initial fast cooling, all hairpins are closed in free solution. This inhibits the forma-

tion of replicates without template. While the binding of adjacent hairpins with template happens

within minutes, hairpins in free solution connect without template only on timescales slower than

hours and thus give false positives at a very low rate.

The basic principle of this replication mechanism was previously explored by Krammer et al. using

a set of four hairpins using half a tRNA sequence (36 nt) that amplified into dimers (Krammer et al.,

2012). This amplification could not encode information and suffered from a high rate (>50 %) of

unspecific amplification without template (Figure 4 therein). Here, in contrast, we demonstrate expo-

nential amplification, and the replicator can now encode sequence information ‘0’ and ‘1’ with four
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Figure 1. Heat-driven replication by hybridization using hairpin structures inspired from transfer RNA. (a) Transfer

RNA folds into a double-hairpin conformation upon very few base substitutions. In that configuration, the 3’-

terminal amino acid binding site (green) is close to the anticodon (blue) and a double hairpin structure forms. A

set of pairwise complementary double hairpins can encode and replicate sequences of information. A binary code

implemented in the position of the anti-codon, the information domain, allows to encode and replicate binary

sequences (red vs blue). Each strand (82-84 nt) comprises two hairpin loops (gray) and an interjacent unpaired

information domain of 15 nt length (blue/red, here: 0D). The displayed structure of eight strands shows replication

of a template corresponding to the binary code 0010. Note, that no covalent linkage is involved in the process. (b)

Replication is driven by thermal oscillations in four steps: (0) The hairpins are activated into their closed

conformation by fast cooling indicated by triangles. (1) Strands with matching information domain bind to the

template. (2) Fluctuations in the bound strands’ hairpins facilitate the hybridization of neighboring strands. (3)

Subsequent heating splits replica from template, while keeping the longer hairpin sequences connected, freeing

both as templates for the next cycle.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Secondary structure predictions and free energy calculations for the replicator in DNA and

RNA using NUPACK.
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bits. Moreover, the strands making up the new replicator are double hairpins with the sequence

structure and length of tRNA. The replicator now shows a significantly decreased unspecific amplifi-

cation without template of approximately 10 % (Figure 5a).

Results

Analysis of molecule conformations
Native polyacrylamide gel electrophoresis (PAGE) showed that the double hairpins assembled as

intended (Figure 2). Comparing different subsets of strands allowed to identify all gel bands.

All complexes were formed at concentrations of 200 nM of each strand and could be resolved

despite their branched tertiary structure. Friction coefficients of complexes of two to four strands

were 1.6–1.8-fold higher than for linear dsDNA, and 2.4-fold higher for larger complexes (4:4 config-

uration, ca. 660 nt, Figure 2—figure supplement 1). This agrees with the branched structure of the

suggested strand assembly geometry (Figure 1a). Partially assembled complexes of two or three

strands bound to a four-strand template could be resolved (Figure 6—figure supplement 1). Com-

plexes containing single bound information domains were not stable during electrophoresis (Fig-

ure 2, lanes 2, 7 and Figure 6—figure supplement 1). This allowed to differentiate fully assembled

complexes from those where individual strands are bound to a template but have not formed

Figure 2. Assembly of different subsets of the cross-replicating system of strands observed by native gel

electrophoresis. Samples contained strands at 200 nM concentration each and were slowly annealed as described

in Materials and methods. Lane contents are indicated at the top of each lane. Comparison of different lanes

allowed for the attribution of bands to complexes. Complexes incorporating all present strands are marked (.).

The red channel shows the intensity 0A-Cy5, the cyan channel shows SYBR Green I fluorescence. Single information

domain bonds (lane 2, 7) break during gel electrophoresis.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Source data for assembly of different subsets of the cross-replicating system of strands observed

by native gel electrophoresis.

Figure supplement 1. Gel mobilities of different complexes compared to linear dsDNA.

Figure supplement 1—source data 1. Source data for gel mobilities of different complexes compared to linear

dsDNA.
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backbone duplexes. Covalent end labels and two reference lanes on each gel were used to quantify

concentrations from gel intensities using image analysis as described in Materials and methods.

Selection by agglomeration and sedimentation
For a replicator to be autonomous, there must be a mechanism in place to select, assemble and (re-)

accumulate its molecular components purely at one location. We argue that DNA hydrogels could

offer such a solution. While DNA often, also in our case, assembles into agglomerates, DNA hydro-

gels have been shown to be able to form fluid phases if gaps of single bases were added to create

flexible linkers between molecules (Nguyen and Saleh, 2017).

We combined eight matching hairpin sequences of design as introduced in Figure 1 at moder-

ately elevated concentrations and cooled the system to only 25 ˚C after separating the molecules at

95 ˚C (Figure 3). We found the spontaneous formation of agglomerates that were large enough to

sediment under gravity. The initial homogeneous fluorescence turned into micrometer-sized grains

and sedimented within hours. The fluorescence was provided by a covalently attached label to either

strand 0A or 1A. Since the double hairpins have a periodic boundary condition, they can create large

assemblies (Figure 3a).

It is evident from Figure 3—video 1 that the sedimentation was very selective. When only seven

of the eight matching hairpins were present, sedimentation was much weaker and, in most cases,

undetectable (Figure 3b,c). For the full system, the sedimentation kinetics showed to be strongly

concentration dependent (Figure 3—figure supplement 1b). Analogous experiments with random

sequences (random pool of 84 nt strands) at equal concentration did not show agglomeration nor

sedimentation (Figure 3—figure supplement 1c). We have previously found that similar hairpin mol-

ecules provided the shortest sequences capable of forming agglomerates (Morasch et al., 2016).

The above results suggest that agglomeration could serve as an efficient way to assemble match-

ing hairpins from much less structured and selected sequences in an autonomous way. After the mol-

ecules have been assembled as sedimented agglomerates, a convection flow can carry the large

assemblies into regions of warmer temperatures, where the molecules would be disassembled by

heat and activated for replication with a cooling step. Similar recycling behavior is seen in thermal

gradient traps (Morasch et al., 2016), which were also found to enhance the molecular assembly

(Mast et al., 2013) with characteristics that can match the above scenario.

Templating kinetics
Hybridization between stems of neighboring hairpins (Figure 1b, step 2) was catalyzed by the pres-

ence of already assembled complexes �0A�0B�0C�0D, confirming its role as a template. Assembly kinetics

at 45 ˚C were recorded in reactions containing 200 nM of each strand for a range of template con-

centrations. At 120 nM template concentration, 40 % yield was achieved within 10 min (Figure 4b,

black line). The untemplated, spontaneous reaction proceeded significantly slower (1.4 % yield, light

gray line).

Assembly rates showed a strong dependence on incubation temperature (Figure 4c). At 39 ˚C,

the reaction proceeded significantly slower than at 42 ˚C or 45 ˚C. This is because the hairpins are

predominantly in closed configuration and cannot bind to neighboring molecules in the assembly.

Binding between complementary information domains still occurs, but the formation of bonds

between neighboring strands becomes rate limiting. Above the melting temperature of the informa-

tion domain (48 ˚C) (see Figure 4—figure supplement 1), template-directed assembly becomes

slower. However, the slower kinetics of template-directed product formation are partially super-

posed by the spontaneous product formation lacking an initial template (Figure 4c, small circles),

which becomes an additional reaction channel due to the now open hairpins.

Exponential amplification
As intermediate step toward replication, we studied amplification reactions under thermal oscilla-

tions (Figure 5). The amplification reactions only contained strands encoding for information domain

’0’, that is 0A, �0A, 0B, �0B, . . ., �0D. The strands were subjected to thermal oscillations between Tbase =

45 ˚C and Tpeak = 67 ˚C. The lower temperature was held for 20 min, the upper for one second with

temperature ramps amounting to 20±1 s in each full cycle. This asymmetric shape of the temperature

cycle accords with differences in kinetics of the elongation step and the melting of the information
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Figure 3. Spontaneous self-assembly and sedimentation of matching hairpins. (a) In a simple, sealed microfluidic

chamber (Figure 3—figure supplement 2), the hairpin strands can self-assemble into agglomerates and sediment

on a timescale of hours. The sample was initially heated to 95 ˚C for 10 s to ensure an unbound initial state, then

rapidly (within 30 s) cooled to 25 ˚C, where self-assembly and sedimentation occured. Note, that agglomeration

and sedimentation only occured if all eight matching hairpins were provided (top two rows) but not in the case of

a knockout (-1D, bottom row). For quantification, the bulk and sediment intensities were normalized by the first

frame after heating. Samples contained strands at total concentration of 5 mM, about threefold higher than in

Figure 2 and the following replication experiments. (b) Time traces of concentration increase for sediment and

bulk of different configurations, same examples as shown in a. The time traces of all further knockout permutations

are shown in Figure 3—figure supplement 1b. (c) Final concentration increase of sediment, relative to first frame

after heating, for all configurations. The final values (N�3) for c/c0 are retrieved from fitting the time traces. For the

full set of complementary hairpins, self-assembly and sedimentation is most pronounced.

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

Source data 1. Source data for spontaneous self-assembly and sedimentation of matching hairpins.

Figure supplement 1. Extended data on self-assembly and sedimentation.

Figure 3 continued on next page
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domain. It is typical for trajectories in thermal

convection settings with local heating

(Braun et al., 2003).

The growth of molecular assemblies with dif-

ferent initial concentrations of template
�0A�0B�0C�0D revealed an almost linear dependence

of the reaction velocity on the initial amount of

template (Figure 5a, b). This confirms the expo-

nential nature of the replication. The cross-cata-

lytic replication kinetics can be described by a

simplistic model that only considers the concen-

trations c tð Þ of the template 0A0B0C0D and its

complement c
�
tð Þ of �0A�0B�0C�0D:

d

dt
c tð Þ ¼ k ��c tð Þþ k0 ;

d

dt
�c tð Þ ¼ k � c tð Þþ k0 (1)

Here, k is the rate of cross-catalysis and k0 the

spontaneous formation rate. For c tð Þ»�c tð Þ, the

model corresponds to simple exponential

growth on a per-cycle basis. The model can be

solved in closed form but does not account for

saturation effects from the depletion of mono-

mers. Therefore, it is not valid for concentrations

similar to the total concentration of each strand.

Fitting the model to the amplification reactions

with 0–45 nM of template �0A�0B�0C�0D revealed

rate constants of k = 0.16 cycle�1 and k0 = 0.4

nM cycle�1 (Figure 5b). Amplification was robust

with regard to the peak temperature of the oscil-

lations. For Tpeak below 74 ˚C, the reaction

remained almost unaffected (Figure 5c). Above,

the temperature is too close to the melting tran-

sitions of the hairpin-hairpin duplexes, ranging

from 76 to 79 ˚C (Figure 4—figure supplement

1).

The ability to withstand consecutive dilutions

is characteristic for exponentially growing repli-

cators and was tested for in serial transfer

experiments. Strands encoding for ’0’ (i.e. 0A, �0A,

0B, etc.) were thermally cycled with 30 nM of

template �0A�0B�0C�0D. After three cycles each, sam-

ples were diluted one to one with buffer contain-

ing all eight strands as monomers at 200 nM

each (Figure 5d). This high frequency of dilu-

tions prevented the reaction from transitioning

into the saturating regime. The cross-catalytic

model was fitted to the data with the dilution

factor as single free parameter, that was found

Figure 3 continued

Figure supplement 1—source data 1. Source data for extended data on self-assembly and sedimentation.

Figure supplement 2. Sketch of microfluidic chamber.

Figure 3—video 1. Sedimentation of DNA agglomerates.

https://elifesciences.org/articles/63431#fig3video1

Figure 4. Isothermal template assisted product

formation. (a) Schematic representation of the

templating step at constant temperature. (b) Kinetics of

tetramer formation at 45 ˚C with different starting

concentrations of template (�c0). Data includes

concentrations of all complexes containing tetramers.

(c) Templating observed over a broad temperature

range. Large circles show data for reactions at �c0 ¼ 120

nM of template �0A�0B�0C�0D, small circles show the

spontaneous formation (�c0 ¼ 0). The latter increases at

T > 45 ˚C. Above 48 ˚C, binding of monomers to the

template gets weaker, slowing down the rate of

template assisted formation. This is consistent with the

melting temperatures of the information domains (see

Figure 4—figure supplement 1).

The online version of this article includes the following

source data and figure supplement(s) for figure 4:

Source data 1. Source data for determination of ther-

mal oscillation temperatures.

Figure supplement 1. Determination of thermal

oscillation temperatures.

Figure supplement 1—source data 1. Source data for

isothermal template assisted product formation.
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to be 0.43. The difference from the theoretical value of 0.50 was likely due to strands sticking to the

reaction vessels before dilution. As a control, a reaction with the same initial concentration of tem-

plate �0A�0B�0C�0D, but without monomers �0A, �0B, �0C, �0D, was subjected to the same protocol. As the

control could not grow exponentially, it gradually died out (Figure 5d, open circles).

Sequence replication
The above-mentioned reactions did amplify, but not replicate actual sequence information, as they

only contained strands with 0/�0 information domains. To study the replication of arbitrary sequences

of binary code, replication reactions with all 16 strands encoding for ’0’ and ’1’ were performed. To

discriminate sequences encoded in equally sized complexes and deduce error rates, we compared

these results to those from different reaction runs with defects, that is lacking one or two of the

Figure 5. Exponential amplification of a restricted sequence subset with thermal oscillations. (a) Amplification time

traces for concentration c for sequence 0000 during the first four to six cycles (Tpeak = 67 ˚C) for template

(�0A�0B�0C�0D) concentrations �c0 from 0 to 45 nM. The data was fitted using the cross-catalytic model from equation

(1). Strands 0A, �0A, 0B, . . ., �0D were used at 200 nM concentration each. Data points show concentrations of

complexes 4:4. (b) Initial reaction velocity as a function of initial template concentration �c0. The data points show

good agreement with the line calculated from the fits in panel a. (c) Amplification proceeded for peak

temperatures below 74 ˚C. Above, backbone duplexes start to melt, and the complexes are no longer stable. The

base temperature was 45 ˚C, reactions initially contained 30 nM of complex �0A�0B�0C�0D as template. (d) Serial

transfer experiment. The reaction containing strands 0A, �0A, 0B, . . ., �0D (black circles) survived successive dilution by

a factor of 1/2 every three cycles at almost constant concentration. In contrast, a reaction with the same amount of

template �0A�0B�0C�0D, but lacking monomers �0A�D, fades out (open circles). The solid line shows the model from

Equation 1.

The online version of this article includes the following source data for figure 5:

Source data 1. Source data for exponential amplification of a restricted sequence subset with thermal oscillations.
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hairpin sequences required for the faithful replication of a particular template. Reference reactions

contained all 16 strands (0A, �0A, 1A, �1A, 0B, . . ., �1D) at 100 nM each, and were run for each of three dif-

ferent template sequences (�0A�0B�0C�0D, �0A�1B�0C�1D, and �0A�0B�1C�1D) (Figure 6). The product yields were

quantified from reaction time traces, extracted by integrating the intensities of all gel bands contain-

ing tetramers with the labeled strand 0A.

Leaving out a single strand (reaction label “+++�”, for example omitting 0D for template
�0A�0B�0C�0D) reduced the yield of full-size product to about 40 % (Figure 6a, b). The non-zero product

yield with a missing strand is most likely due to the incorporation of the corresponding strand with

an information domain mismatch (here 1D). This type of mismatch allows the hairpin backbone to

form regardless, and the unfaithful product can propagate since both strands needed for an amplifi-

cation of ’1’ at position D (1D and �1D) are provided.

In particular during the first few cycles, mostly complex 0A0B0C:�0A�0B�0C�0D (3:4) was detected in the

gel, instead of the desired tetramer product (Figure 6—figure supplement 1). This was expected

given the lack of strand 0D and provides an upper limit on the error rate of the full replication. The

fact that the full reaction produced almost no complexes 3:4 or 4:3 indicates that the incomplete

product was indeed caused by the lack of a particular strand.

Removal of a further strand either directly next to the previous one (’++��’, missing strands

0C and 0D) or not (’+�+�’, missing strands 0B and 0D) reduced the yield of product tetramers even fur-

ther. Due to the periodic design those two variants represent all defective sets with two missing

strands. Replication of the other two templates �0A�1B�0C�1D and �0A�0B�1C�1D produced very similar results.

Product concentrations after six cycles are given in Figure 6c for each of the three templates as well

as an average over the template sequences (horizontal lines). A single defect reduced the yield of

tetramer complexes to about 40 %, two defects to 15–20 %, which is close to

0:4� 0:4 ¼ 0:16 ’ 15� 20 %, that is the combined probability of two independent mismatches.

Replication fidelity
The observed rate of erroneous product formation can be attributed to the spontaneous back-

ground rate (Figure 4b,c, Figure 5a,b and Figure 6b). The reaction ‘+�+�’ (dark green) amplified

similarly to the untemplated reference reaction (solid line), as it did not contain any strands that

could bind next to each other to the template and form a backbone duplex (Figure 6b). For the

templated reactions ’+++�’ and ’++��’, templating worked for partial sequences, producing inter-

mediate yields.

The reduction in yield caused by a single defect (i.e. missing strand) to ~40 % (and to ~16 % for

two defects) translates into a replication fidelity per information domain of ~60 %. The exact value

for the replication fidelity is 62 % and can be calculated from Figure 6b by extracting the endpoint

concentrations (blue vs. yellow line) and calculating 1� 14nM
37nM

¼ 0:62.

However, this is a worst-case estimation, and the replication fidelity is likely higher due to binding

competition. The mutations caused by a single defect (’+++-’) in Figure 6b were imposed by not

providing strand 0D for a template ending with �0D and only leaving the option to incorporate 1D

instead. For the full system (’++++’), however, with the presence of the matching strand, there is a

binding competition for position D. Since the matching strand preferentially binds, the unfaithful

incorporation of the wrong strand would be reduced. A similar effect of competition was observed

in a protein-catalyzed ligation reaction (Toyabe and Braun, 2019). There, a comparable binding

competition lead to a sevenfold decrease of the inferior ligation reaction in the presence of competi-

tion (Figure 2a, b therein). Therefore, we expect the real fidelity to be better than above lower

bound estimate.

It is interesting to project and compare this per information domain replication fidelity to a per

nucleotide replicator (i.e. polymerization). To do so, we define a threshold in the decrease of melting

temperature per information domain as the criterion for when the replication mechanism is still func-

tional. Then, we estimate how many point mutations in the information domain can maximally be tol-

erated to stay within this range of decrease in melting temperature. From this, we can calculate a

hypothetical, corresponding per nucleotide fidelity to the measured information domain fidelity.

We compared the properties of the duplex 0:�0 to duplexes 0:�0*, where �0* differs from �0 by K

point mutations. We assumed that within the temperature range of this replication mechanism

(Figure 7b, gray box) a reduction in information domain melting temperature Tm of the mutated
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Figure 6. Sequence replication with thermal oscillations and fidelity check by forcing mutations from ’0’ to ’1’ at

different locations. (a) Replication of sequence 0A0B0C0D. Reactions were started with 15 nM initial template
�0A�0B�0C�0D. All strands (0A, �0A, 1A, . . ., �1D) were present at 100 nM each. Native-PAGE results comparing the reaction

of all 16 strands (’++++’) with the reaction lacking strand 0D (’+++�’). The defective set ’+++�’ mostly produced

3:4 complexes instead of 4:4 complexes (see schematics on the right). The overall yield of tetramer-containing

complexes was greatly reduced. As size reference, the marker lane contained complexes 0A0B0C0D, 0A0B0C , 0A0B,

and monomers 0A. The complete gel is presented in Figure 6—figure supplement 1. (b) Product concentration

over time for the complete sequence network (yellow) and three defective sets with missing strands. Data was

integrated by quantitative image analysis from electrophoresis gels using covalent markers on the 0A-strand

counting all product complexes containing tetramers. Mutations of information in the product from ’0’ to ’1’ were

induced by defective reactions that lacked strands 0D (’+++�’), 0C and 0D (’++��’), and 0B and 0D (’+�+�’). All

reactions were initiated with 15 nM of �0A�0B�0C�0D. The solid line shows data from reaction ’++++’ without template.

(c) End point comparison of reactions with templates �0A�0B�0C�0D (panels a, b), �0A�1B�0C�1D, and �0A�0B�1C�1D after six

cycles. Horizontal lines indicate averages of the three template sequences. A single missing strand reduced

product yield to about 40 %, two missing strands to 15–20 %.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Source data for sequence replication with thermal oscillations and fidelity check by forcing muta-

tions from ’0’ to ’1’ at different locations.

Figure supplement 1. Extended electrophoresis gel image data.

Figure supplement 1—source data 1. Source data for extended electrophoresus gel image data.
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duplex 0:�0* by up to 10 ˚C compared to the original duplex 0:�0 would be tolerated by the replication

reaction. This was inferred from the width of the melting transition of duplex 0:�0 (Figure 7b), where

a shift of 10 ˚C corresponds to an increase of the unbound fraction from 0.08 at Tbase = 45 ˚C to 0.66

at 55 ˚C. In terms of free energies of the information domain duplex, this difference corresponds to

DG(0:�0*) � �12.5 kcal/mol compared to DG(0:�0) = �15.4 kcal/mol. 99 % of all duplexes 0:�0*, with �0*

containing three point mutations, met that criterion (Figure 7a). Therefore, up to K ¼ 3 point muta-

tions can be allowed.

We will assume that the replication did not differentiate between information domain �0 and any

information domain �0* if �0 and �0* differ by less than K point mutations. The fidelity per information

domain pK Nð Þ is given by a cumulative binomial distribution:

pK Nð Þ ¼
X

K�1

k¼0

N

k

� �

pN�k
1� pð Þk (2)

Figure 7. Sequence space analysis of information domain binding. The binding energies quantify the ability of the

replication mechanism to discriminate nucleotide mutations. (a) Cumulative free energy distributions of

information domain duplexes 0:�0 (red), 1:�1 (light red), as well as all 0:�0* and 1:�1* with up to three point mutations

in �0* and �1* (yellow, green, blue). 99 % of duplexes 0:�0* with three point mutations have free energies DG � -12.5

kcal/mol (dashed line), significantly weaker than that of 0:�0 (DG = -15.4 kcal/mol). (b) Melting curves of information

domain duplexes 0:�0 (red), 1:�1 (light red), and the two duplexes 0:�0* indicated by arrows in panel a. Even the 0:�0*

duplex (i) at the low end of the DG distribution has a melting temperature of about 10 ˚C below that of 0:�0. This

difference in melting temperature destabilizes binding of the information domain and causes the replication

mechanism to reject these sequences in the thermal oscillation regime between Tbase = 45 ˚C and Tpeak = 67 ˚C

(gray box).

The online version of this article includes the following source data and figure supplement(s) for figure 7:

Source data 1. Source data for information domain binding energy statistics split into information domains con-

taining terminal mutations and those with internal mutations only.

Figure supplement 1. Information domain binding energy statistics split into information domains containing

terminal mutations and those with internal mutations only.

Figure supplement 1—source data 1. Source data for sequence space analysis of information domain binding.
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Here, N is the information domain length, and p the per nucleotide replication fidelity. The reduc-

tion in binding energy of the information domain duplex 0:�0* and subsequent change in melting

temperature was used as criterion to define the functionality of the replicator and to translate

between a per information domain and a per nucleotide approach. As justified above, we calculate

with K ¼ 3 mutations within the N ¼ 15 bases of the information domain, that is the replication can

tolerate up to three mismatches in the information domain. From Figure 6 we extracted a per infor-

mation domain fidelity of p3 15ð Þ ¼ 0:62, and deduce a per nucleotide fidelity of p¼ 85 %. In fact,

information domain duplexes 0:�0* with mutations at two internal bases all show similar properties as

information domains with a total of three mutations (Figure 7—figure supplement 1). This refine-

ment (p2 13ð Þ ¼ 0:62) would increase the per nucleotide fidelity to p¼ 90 %. We therefore estimate

that a per nucleotide replication process would need a replication fidelity of 85–90 % to produce

sequences with an error rate equivalent to the presented mechanism. Detailed calculations of the

per nucleotide fidelities can be found in the supplementary information.

Discussion
A cross-catalytic replicator can be made from short sequences and without covalent bonds under a

simple non-equilibrium setting of periodic thermal oscillations. The replication is fast and proceeds

within a few thermal oscillations of 20 min each. This velocity is comparable to other replicators

(Kindermann et al., 2005), cross-ligating ribozymes (Robertson and Joyce, 2014), or autocatalytic

DNA networks (Yin et al., 2008). The required thermal oscillations can be obtained by laminar con-

vection in thermal gradients (Braun et al., 2003; Salditt et al., 2020), which also accumulates oligo-

nucleotides (Mast et al., 2013). Depending on the envisioned environment, the mechanism could

also be driven by thermochemical oscillations (Ball and Brindley, 2014) or convection in pH gra-

dients (Keil et al., 2017). It should however be noted, that with the current state-of-the-art prebiotic

chemistry regarding polymerization and ligation, the creation of >80 nt RNA is not yet understood.

It is likely that a slower prebiotic ligation chemistry could later fix the replication results over long

timescales. Such an additional non-enzymatic ligation (Stadlbauer et al., 2015) that joins successive

strands would relax the constraint that backbone duplexes must not melt during high-temperature

steps. Early on, this is difficult to achieve in aqueous solution against the high concentration of

water. In order to overcome this competition and to favor the reaction entropically by a leaving

group, individual bases are typically activated by triphosphates (Attwater et al., 2013; Horning and

Joyce, 2016) or imidazoles, which are especially interesting in this context since they can replicate

RNA directly (O’Flaherty et al., 2019; Zhou et al., 2019). However, the required chemical condi-

tions of enhanced Mg2+ concentration hinder strand separation.

The overall replication fidelity is limited by the spontaneous bond formation rate between pairs

of hairpin sequences, caused by the interaction of strands in free solution. At lower concentrations,

as one would imagine in a prebiotic setting, this rate would decrease at the expense of an overall

slower reaction. To some degree and despite ongoing design efforts, such a background rate is

inherent to hairpin-fuelled DNA or RNA reactions (Green et al., 2006; Krammer et al., 2012;

Yin et al., 2008).

The replication mechanism is expected to also work with shorter strands, as long as the order of

the melting temperatures of the information domain and the backbone duplexes is preserved.

Smaller strands would also be easier to produce by an upstream polymerization process, simply

because they contain less nucleotides. In addition, binding of shorter information domain duplexes

could discriminate even single base mismatches, resulting in an increased selectivity. It is not

straightforward to estimate a minimal sequence length for the demonstrated mechanism. However,

it is worth noting that it has been suggested that tRNA arose from two proto-tRNA sequences

(Hopfield, 1978).

Pre-selection of nucleic acids for the presented hairpin-driven replication mechanism can be pro-

vided by highly sequence-specific gelation of DNA. This gel formation has been shown to be most

efficient with double hairpin structures very similar to the tRNA-like sequences used in this study

(Morasch et al., 2016). For our replication system, we have demonstrated this in Figure 3 by show-

ing the spontaneous formation of agglomerates and sedimentation under gravity if all molecules of

the assembly are present. This self-selection shows a possible pathway how the system can emerge

from random or semi-random sequences, for example in a flow or a convection system where the
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molecules are selected as macroscopic agglomerate (Mast et al., 2013). Another selection pressure

could stem from the biased hydrolysis of double-stranded nucleotide backbones, which favors

assembled complexes over the initial hairpins (Obermayer et al., 2011).

The replication mechanism could serve as a mutable assembly strategy for larger functional RNAs

(Mutschler et al., 2015; Vaidya et al., 2012). As an evolutionary route toward a more mRNA-like

replication product with chemically ligated information domains, the mechanism would be supple-

mented by self-cleavage next to the information domains that cuts out the non-coding backbone

duplexes, followed by ligation of the information domains. Both operations could potentially be per-

formed by very small ribozymatic centers (Dange et al., 1990; Szostak, 2012; Vlassov et al., 2005).

The proposed replication mechanism of assemblies from tRNA-like sequences allows to speculate

about a transition from an autonomous replication of successions of information domains to the

translation of codon sequences encoded in modern mRNA (Figure 1a). Short peptide-RNA hybrids

(Griesser et al., 2017; Jauker et al., 2015), combined with specific interactions between 3’-terminal

amino acids and the anticodons, could have given rise to a primitive genetic code. The spatial

arrangement of tRNA-like sequences that are replicated by the presented mechanism would trans-

late into a spatial arrangement of the amino acid or short peptide tails that are attached to the

strands in a codon-encoded manner (Schimmel and Henderson, 1994). The next stage would then

be the detachment and linking of the tails to form longer peptides. Eventually, tRNA would transi-

tion to its modern role in protein translation. The mechanism thus proposes a hypothesis for the

emergence of predecessors of tRNA, independent of protein translation. This is crucial for models of

the evolution of translation, because it could justify the existence of tRNA before it was utilized in an

early translation process. However, many questions around the evolutionary steps that created trans-

lation are still unclear.

Therefore, replication and translation could have, at an early stage, emerged along a common

evolutionary trajectory. This supports the notion that predecessors of tRNA could have featured a

rudimentary replication mechanism: starting with a double hairpin structure of tRNA-like sequences,

the replication of a succession of informational domains would emerge. The interesting aspect is,

that the replication is first encoded by hybridization and can later be fixed by a much slower ligation

of the hairpins. The demonstrated mechanism could therefore jumpstart a non-enzymatic replication

chemistry, which was most likely restricted in fidelity due to working on a nucleotide-by-nucleotide

basis (Robertson and Joyce, 2012; Szathmáry, 2006).

Materials and methods

Key resources table

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Sequence-based reagent 0A Biomers P - GCAGCGTTAATTCCCGC
GCCTATCGGGAATGTAA
CGCAGTGGGTAATAATG
ACGATAGCCGTTCGGGA
AAAGCGAACGGTATCG

Sequence-based reagent 0B Biomers P - GCAGCGATACCGTTCG
CTTTTCCCGAACGGCT
ATCGCAGTGGGTAATA
ATGAGCGAACTGTCGG
TGCTTGCGACAGTGTCGC

Sequence-based reagent 0C Biomers P - GCAGGCGACACTGTCG
CAAGCACCGACAGTTC
GCCAGTGGGTAATAAT
GAGCGGTTCCTTGCGG
AGTAGGCAAGGAATCCGC

Sequence-based reagent 0D Biomers P - GCAGGCGGATTCCTTG
CCTACTCCGCAAGGAA
TCGCCAGTGGGTAATA
ATGACGTTACATTCCC
GATAGGCGCGGGAATTAACG

Continued on next page

Kühnlein, Lanzmich, et al. eLife 2021;10:e63431. DOI: https://doi.org/10.7554/eLife.63431 14 of 22

Research article Computational and Systems Biology Structural Biology and Molecular Biophysics



Continued

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Sequence-based reagent �0A Biomers P - GCTGCGCATTAACGCG
CTTGTCCCGCGTTAAT
TGCGCTCATTATTACC
CACTCGCTCTCGGCTG
TTTTGCCCAGCCGAGCAGCG

Sequence-based reagent �0B Biomers P – GCTGCGTTGCATTGGC
GATCAAAGCCAATGCG
AACGCTCATTATTACC
CACTCGCAATTAACGC
GGGACAAGCGCGTTAATGCG

Sequence-based reagent �0C Biomers P - GCTGGTTGGAGAAGGC
GAACAGCACGCCTTCC
CAACCTCATTATTACCC
ACTCGTTCGCATTGGC
TTTGATC GCCAATGCAACG

Sequence-based reagent �0D Biomers P - GCTGCGCTGCTCGGCT
GGGCAAAACAGCCGAG
AGCGCTCATTATTACCC
ACTGTTGGGAAGGCGT
GCTGTTCGCCTTCTCCAAC

Sequence-based reagent 1A Biomers P - GCAGCGTTAATTCCCG
CGCCTATCGGGAATGT
AACGCAAAAGAAGAGA
AAGACGATAGCCGTTC
GGGAAAAGCGAACGGTATCG

Sequence-based reagent 1B Biomers P - GCAGCGATACCGTTCG
CTTTTCCCGAACGGCT
ATCGCAAAAGAAGAGA
AAGAGCGAACTGTCGG
TGCTTGCGACAGTGTCGC

Sequence-based reagent 1C Biomers P - GCAGGCGACACTGTCG
CAAGCACCGACAGTTC
GCCAAAAGAAGAGAAA
GAGCGGTTCCTTGCGG
AGTAGGCAAGGAATCCGC

Sequence-based reagent 1D Biomers P - GCAGGCGGATTCCTTG
CCTACTCCGCAAGGAA
TCGCCAAAAGAAGAGA
AAGACGTTACATTCCC
GATAGGCGCGGGAATTAACG

Sequence-based reagent �1A Biomers P - GCTGCGCATTAACGCG
CTTGTCCCGCGTTAAT
TGCGCTCTTTCTCTTC
TTTTCGCTCTCGGCTG
TTTTGCCCAGCCGAGCAGCG

Sequence-based reagent �1B Biomers P - GCTGCGTTGCATTGGC
GATCAAAGCCAATGCG
AACGCTCTTTCTCTTC
TTTTCGCAATTAACGC
GGGACAAGCGCGTTAATGCG

Sequence-based reagent �1C Biomers P - GCTGGTTGGAGAAGGC
GAACAGCACGCCTTCC
CAACCTCTTTCTCTTC
TTTTCGTTCGCATTGG
CTTTGATCGCCAATGCAACG

Sequence-based reagent �1D Biomers P- GCTGCGCTGCTCGGCT
GGGCAAAACAGCCGAG
AGCGCTCTTTCTCTTC
TTTTGTTGGGAAGGCG
TGCTGTTCGCCTTCTCCAAC

Continued on next page

Kühnlein, Lanzmich, et al. eLife 2021;10:e63431. DOI: https://doi.org/10.7554/eLife.63431 15 of 22

Research article Computational and Systems Biology Structural Biology and Molecular Biophysics



Continued

Reagent type
(species) or
resource Designation

Source or
reference Identifiers

Additional
information

Sequence-based reagent 0A – Cy5 Biomers Cy5 -GCAGCGTTAATTCCCGC
GCCTATCGGGAATGTAA
CGCAGTGGGTAATAATG
ACGATAGCCGTTCGGGA
AAAGCGAACGGTATCG

Sequence-based reagent 1A – Cy5 Biomers Cy5 - GCAGCGTTAATTCCCG
CGCCTATCGGGAATGT
AACGCAAAAGAAGAGA
AAGACGATAGCCGTTC
GGGAAAAGCGAACGGTATCG

Sequence-based reagent R (random) Biomers NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNN

Sequence-based reagent R (random) – Cy5 Biomers Cy5 - NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNN

Software, algorithm NUPACK nupack.org https://doi.org/
10.1002/jcc.21596

Software, algorithm ImageJ ImageJ http://imagej.
nih.gov/ij/

RRID:SCR_002285

Software, algorithm ImageJ
stabilization
plugin

http://www.cs.
cmu.edu/~kangli/
code/Image_
Stabilizer.html

Strand design
DNA double-hairpin sequences were designed using the NUPACK software package (Zadeh et al.,

2011). In addition to the secondary structures of the double-hairpins, the design algorithm was con-

strained by all target dimers. Candidate sequences were selected for optimal homogeneity of bind-

ing energies and melting temperatures. Backbone domains connecting consecutive strands (e.g.

0A0B0C) had to be the most stable bonds in the system, in particular more stable than between a

template and a newly formed product complex (e.g. 0B:�0B). On the other hand, hairpin melting tem-

peratures had to be low enough to allow for a sufficient degree of thermal fluctuations. To reconcile

this with the length of the strands, mismatches were introduced in the hairpin stems. The sequences

of all strands are listed in Supplementary file 1.

Thermal cycling assays
All reactions were performed in salt 20 mM Tris-HCl pH 8, 150 mM NaCl with added 20 mM MgCl2.

DNA oligonucleotides (Biomers, Germany) were used at 200 nM concentration per strand in reac-

tions containing a fixed-sequence subset of eight strands (e.g. 0/�0 only) and 100 nM per strand in

reactions containing all 16 different strands.

Thermal cycling was done in a standard PCR cycler (Bio-Rad C1000). Reaction kinetics were

obtained by running each reaction for different run times or numbers of cycles in parallel. The prod-

ucts were analyzed using native PAGE. The time between thermal cycling and PAGE analysis was

minimized to exclude artifacts from storage on ice.

Template sequences were prepared using a two-step protocol. Annealing from 95˚C to 70˚C

within 1 hr, followed by incubation at 70 ˚C for 30 min. Afterwards, samples were cooled to 2 ˚C and

stored on ice. When assembling complexes containing paired information domains (Figure 2), sam-

ples were slowly cooled down from 70 to 25 ˚C within 90 min before being transferred onto ice.

DNA double hairpins were quenched into monomolecular state by heating to 95 ˚C and subsequent

fast transfer into ice water.
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Product analysis
DNA complexes were analyzed using native polyacrylamide gel electrophoresis (PAGE) in gels at

5 % acrylamide concentration and 29:1 acrylamide / bisacrylamide ratio (Bio-Rad, Germany). Gels

were run at electric fields of 14 V/cm at room temperature. Strand 0A/1A was covalently labeled with

Cy5. Cy5 fluorescence intensities were later used to compute strand concentrations. As an additional

color channel, strands were stained using SYBR Green I dye (New England Biolabs). Complexes were

identified by comparing the products obtained from annealing different strand subsets.

To correctly identify bands in the time-resolved measurements, gels were run with a marker lane.

The marker contained strands 0A (200 nM), 0B (150 nM), 0C (50 nM), and 0D (100 nM), and was pre-

pared using the two-step annealing protocol from 95 to 70 ˚C. The unequal strand concentrations

ensured that the sample contained a mixture of mono-, di-, tri-, and tetramers.

Electrophoresis gels were imaged in a multi-channel imager (Bio-Rad ChemiDoc MP), image post

processing, and data analysis were performed using a self-developed LabVIEW software. Post-proc-

essing corrected for inhomogeneous illumination by the LEDs, image rotation, and distortions of the

gel lanes if applicable. Background fluorescence was determined from empty lanes on the gel, albeit

generally low in the Cy5 channel.

For the determination of reaction yields, the intensities of all gel bands containing strands of the

sequence length of interest were added up. For strings of four strands, these were the single tetra-

mer as well as its complex with di- and tri- and tetramers. Single strands separated from their com-

plements during electrophoresis (Figure 2 and Figure 6—figure supplement 1).

Thermal melting curves
Thermal melting curves were measured using either UV absorbance at 260 nm wavelength in a UV/

Vis spectrometer (JASCO V-650, 1 cm optical path length), via quenching of the Cy5 label at the 5’-

end of strand 0A (excitation: 620–650 nm, detection: 675–690 nm), or using fluorescence of the inter-

calating dye SYBR Green I (excitation: 450–490 nm, detection: 510–530 nm). Fluorescence measure-

ments were performed in a PCR cycler (Bio-Rad C1000). Samples measured via fluorescence were at

200 nM of each strand, those measured via UV absorption contained 1 mM total DNA concentration

to improve the signal-to-noise ratio. Before analysis of the melting curves (Mergny and Lacroix,

2003), data were corrected for baseline signals from reference samples containing buffer and inter-

calating dye, if applicable.

Self-assembly and sedimentation analysis
The samples were mixed in the replication buffer (150 mM NaCl, 20 mM MgCl2, 20 mM Tris-HCl pH

8) at a total oligomer concentration of 5 mM, that is varying concentration per strand depending on

the number of different strands in the configuration (4, 7, or 8). The microfluidic chamber was assem-

bled with a custom cut, 500 mm thick, Teflon foil placed between two plane sapphires (Figure 3—

figure supplement 2). Three Peltier elements (QuickCool QC-31–1.4-3.7AS, purchased from Conrad

Electronics, Germany) were attached to the backside of the chamber to provide full temperature

control. The chamber was initially flushed with 3M Novec7500 (3M, Germany) to avoid bubble for-

mation. The samples were pipetted into the microfluidic chamber through the 0.5 mm channels

using microloader pipette tips (Eppendorf, Germany). The chamber was then sealed with Parafilm

and heated to 95 ˚C for 10 s to fully separate the strands and cooled rapidly (within 30 s) to 25 ˚C.

Assembly and sedimentation were monitored for 20 hr on a fluorescence microscope (Axiotech

Vario, Zeiss, Germany) with two LEDs (490 nm and 625 nm, Thorlabs, Germany) using a 2.5 x objec-

tive (Fluar, Zeiss, Germany). The observed sedimentation was independent of the attached dye and

its position (Figure 3—figure supplement 1c). Prior to image analysis the image stacks were stabi-

lized using an ImageJ plugin (Li, 2008). The ratio of sedimented fluorescence relative to the first

frame after heating was used to quantify sedimentation (Figure 3). The sedimentation time-traces

(Figure 3b) were fitted with a Sigmoid function to determine the final concentration increase c/c0
(Figure 3c). The experiment was also performed with random 84 nt DNA strands at 5 mM total con-

centration to exclude unspecific agglomeration (Figure 3—figure supplement 1c).
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Alexandra Kühnlein, Conceptualization, Data curation, Formal analysis, Visualization, Methodology,

Writing - original draft, Writing - review and editing; Simon A Lanzmich, Conceptualization, Data

curation, Software, Formal analysis, Visualization, Methodology, Writing - original draft; Dieter

Braun, Conceptualization, Software, Funding acquisition, Methodology, Writing - original draft, Writ-

ing - review and editing

Author ORCIDs
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to replicator systems en route to de novo life. Nature Reviews Chemistry 4:386–403. DOI: https://doi.org/10.
1038/s41570-020-0196-x

Altay Y, Tezcan M, Otto S. 2017. Emergence of a new Self-Replicator from a dynamic combinatorial library
requires a specific Pre-Existing replicator. Journal of the American Chemical Society 139:13612–13615.
DOI: https://doi.org/10.1021/jacs.7b07346, PMID: 28910535

Ashkenasy G, Hermans TM, Otto S, Taylor AF. 2017. Systems chemistry. Chemical Society Reviews 46:2543–
2554. DOI: https://doi.org/10.1039/C7CS00117G, PMID: 28418049

Attwater J, Wochner A, Holliger P. 2013. In-ice evolution of RNA polymerase ribozyme activity. Nature
Chemistry 5:1011–1018. DOI: https://doi.org/10.1038/nchem.1781, PMID: 24256864

Ball R, Brindley J. 2014. Hydrogen peroxide thermochemical oscillator as driver for primordial RNA replication.
Journal of the Royal Society Interface 11:20131052. DOI: https://doi.org/10.1098/rsif.2013.1052

Barany F. 1991. Genetic disease detection and DNA amplification using cloned thermostable ligase. PNAS 88:
189–193. DOI: https://doi.org/10.1073/pnas.88.1.189, PMID: 1986365

Bottero I, Huck J, Kosikova T, Philp D. 2016. A synthetic replicator drives a propagating Reaction-Diffusion front.
Journal of the American Chemical Society 138:6723–6726. DOI: https://doi.org/10.1021/jacs.6b03372,
PMID: 27177046

Bourbo V, Matmor M, Shtelman E, Rubinov B, Ashkenasy N, Ashkenasy G. 2011. Self-assembly and Self-
replication of short amphiphilic b-sheet peptides. Origins of Life and Evolution of Biospheres 41:563–567.
DOI: https://doi.org/10.1007/s11084-011-9257-y

Braun D, Goddard NL, Libchaber A. 2003. Exponential DNA replication by laminar convection. Physical Review
Letters 91:158103. DOI: https://doi.org/10.1103/PhysRevLett.91.158103, PMID: 14611502

Carnall JM, Waudby CA, Belenguer AM, Stuart MC, Peyralans JJ, Otto S. 2010. Mechanosensitive self-replication
driven by self-organization. Science 327:1502–1506. DOI: https://doi.org/10.1126/science.1182767, PMID: 202
99594

Dange V, Van Atta RB, Hecht SM. 1990. A Mn2(+)-dependent ribozyme. Science 248:585–588. DOI: https://doi.
org/10.1126/science.2185542, PMID: 2185542

Dirks RM, Pierce NA. 2004. Triggered amplification by hybridization chain reaction. PNAS 101:15275–15278.
DOI: https://doi.org/10.1073/pnas.0407024101, PMID: 15492210

Dolinnaya NG, Sokolova NI, Gryaznova OI, Shabarova ZA. 1988. Site-directed modification of DNA duplexes by
chemical ligation. Nucleic Acids Research 16:3721–3738. DOI: https://doi.org/10.1093/nar/16.9.3721,
PMID: 3375071

Doudna JA, Couture S, Szostak JW. 1991. A multisubunit ribozyme that is a catalyst of and template for
complementary strand RNA synthesis. Science 251:1605–1608. DOI: https://doi.org/10.1126/science.1707185,
PMID: 1707185

Engelhart AE, Cafferty BJ, Okafor CD, Chen MC, Williams LD, Lynn DG, Hud NV. 2012. Nonenzymatic ligation of
DNA with a reversible step and a final linkage that can be used in PCR. ChemBioChem 13:1121–1124.
DOI: https://doi.org/10.1002/cbic.201200167, PMID: 22556064

Green SJ, Lubrich D, Turberfield AJ. 2006. DNA hairpins: fuel for autonomous DNA devices. Biophysical Journal
91:2966–2975. DOI: https://doi.org/10.1529/biophysj.106.084681, PMID: 16861269

Griesser H, Bechthold M, Tremmel P, Kervio E, Richert C. 2017. Amino Acid-Specific, Ribonucleotide-Promoted
peptide formation in the absence of enzymes. Angewandte Chemie 129:1244–1248. DOI: https://doi.org/10.
1002/ange.201610651

Hopfield JJ. 1978. Origin of the genetic code: a testable hypothesis based on tRNA structure, sequence, and
kinetic proofreading. PNAS 75:4334–4338. DOI: https://doi.org/10.1073/pnas.75.9.4334, PMID: 279919

Horning DP, Joyce GF. 2016. Amplification of RNA by an RNA polymerase ribozyme. PNAS 113:9786–9791.
DOI: https://doi.org/10.1073/pnas.1610103113, PMID: 27528667

Jauker M, Griesser H, Richert C. 2015. Spontaneous formation of RNA strands, peptidyl RNA, and cofactors.
Angewandte Chemie International Edition 54:14564–14569. DOI: https://doi.org/10.1002/anie.201506593,
PMID: 26435376
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Appendix 1

Calculation of fidelity rate
Through the experiments shown in Figure 6 we already know that the replication fidelity per infor-

mation domain is 62 %. Now, we want to assume that the presented replication mechanism would

translate into a base-by-base replication and look at (i) how tolerant would the replication be to

point mutations at the information domain and (ii) given that threshold, how good would a base-by-

base replication have to do to perform equally well, that is what per nucleotide fidelity would it

need to have.

Question (i) is answered in Figure 7, where we see that on the 15 nt information domain we can

allow up to three base mismatches to stay within the bounds of the temperature cycling (gray box,

Figure 7b). In order to calculate how the measured replication fidelity per information domain trans-

lates into a hypothetical replication fidelity per nucleotide we assume a cumulative binomial

distribution:

pK Nð Þ ¼
X

K�1

k¼0

N

k

� �

pN�k
1� pð Þk

We know that the overall likelihood to get a ’correctly’ replicated information domain is 62 %.

From Figure 7 we know that in a base-by-base replication, ’correctly’ means with up to three mis-

matches. Therefore, we must find the number of combinatorial possibilities of spatially distributing

0, 1 or 2 mismatches on the 15 nt information domain (using N ¼ 15 nucleotides and allowing up to

K ¼ 3 mismatches). Using this, we can determine the probability p for a success, that is the correct

replication of a single nucleotide, to meet the pK Nð Þ ¼ 0:62 overall likelihood.

For K ¼ 3 and N ¼ 15, we measure the replication fidelity per information domain to be

pK Nð Þ ¼ 0:62. Therefore, we calculate:

PK�1

k¼0

N

k

� �

pN�k
1� pð Þk¼

P

2

k¼0

15

k

� �

p15�k
1� pð Þk ¼ 0:62

15

0

� �

p15 1� pð Þ0þ
15

1

� �

p14 1� pð Þ1þ
15

2

� �

p13 1� pð Þ2 ¼ 0:62

1p15þ 15p14 1� pð Þ1þ105p13 1� pð Þ2 ¼
¼ p15þ 15p14� 15p15þ 105p13� 210p14þ 105 p15 ¼
¼ 91p15� 195p14þ 105p13 ¼ 0:62

p¼ 0:853 ¼ 85%

From the information domain energy statistics shown in Figure 7—figure supplement 1, one can

see that strands with two internal mutations behave nearly identical to strands with a total of three

mutations (accepting internal and terminal mutations). Therefore, we simplify the calculation and

only consider internal mutations.

Accordingly, we calculate for K ¼ 2 and N ¼ #all bases�#terminal bases ¼ 15� 2 ¼ 13 and a per

information domain fidelity pK Nð Þ ¼ 0:62:

PK�1

k¼0

N

k

� �

pN�k
1� pð Þk¼

P

1

k¼0

13

k

� �

p13�k
1� pð Þk ¼ 0:62

13

0

� �

p13 1� pð Þ0þ
13

1

� �

p12 1� pð Þ1 ¼ 0:62

1p13þ 13p12 1� pð Þ1 ¼
¼ p13þ 13p12� 13p13 ¼
¼�12p13þ 13p12 ¼ 0:62

p¼ 0:900 ¼ 90%

Therefore, a comparable base-by-base replication would need a per nucleotide fidelity of 85–

90 % to perform equally well as the presented replication mechanism.
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Life is a non-equilibrium system. Through evolution, life has 
created a complex protein machinery to maintain the non-
equilibrium of crowded molecules inside dividing vesicles. 

Based on entropy arguments, equilibrium conditions are unlikely 
to have triggered the evolutionary processes at the origin of  
life1. External non-equilibria had to have been provided for the  
accumulation, encapsulation and replication of the first infor-
mational molecules. These can locally reduce entropy, give rise  
to patterns2 and lean the system towards a continuous, dynamic 
self-organization3. Non-equilibrium dynamics can be found in 
many fluid systems, including gravity-driven instabilities in the 
atmosphere4, the accumulation of particles in nonlinear flow5,6  
and shear-dependent platelet activation in blood7. Our experiments 
discuss whether gas–water interfaces in a thermal gradient could 
have provided such a non-equilibrium setting for the emergence of 
life on early Earth.

Non-equilibrium systems in the form of heat flows were a very 
common and simplistic setting found ubiquitously on early Earth8. 
Hydrothermal activity is considered to have been abundant and 
intimately linked to volcanic activity9. Water was thus circulating 
through the pore space of volcanic rocks, which was formed by 
magmatic vesiculation (primary origin) and fractures (secondary 
origin). These systems have been studied as non-equilibrium driv-
ing forces for biological molecules in a variety of processes10–17.

Gases originating from degassing of deeper magma bodies  
percolate through these water-filled pore networks. At shallow 
depths bubbles are formed by gases dissolved in water and the  
formation of vapour where sufficient heat is supplied by the hydro-
thermal system. The bubbles create gas–water interfaces, which 

previously have been discussed in connection with atmospheric 
bubble–aerosol–droplet cycles18, the adsorption of lipid monolayers 
and DNA to the interface19,20 and the formation of peptide bonds21.

In the absence of a temperature gradient, evaporation of a drop 
of water on a surface exhibits the so-called ‘coffee-ring effect’22. 
Upon evaporation, molecules in the drop are accumulated at its rim 
by capillary flow. After complete evaporation, a ring of concentrated 
material is deposited. In the inverted setting studied here, a gas bub-
ble is immersed in water (Fig. 1) and a temperature gradient drives 
this process continuously.

Results
Accumulation at the gas–water interface. Experimentally, bub-
bles were created by filling a 240-µm-thick, corrugated microflu-
idic chamber with solution (Supplementary Fig. 1). As the solution 
could not fill all the cavities, pinned gas bubbles were created. At 
higher temperatures, bubbles were found to also form spontane-
ously anywhere in the system as a result of outgassing. These bub-
bles were often not restricted by their surrounding geometry and 
moved along the heated surface.

Accumulation of molecules at these heated gas–water interfaces 
is caused by a continuous evaporation–recondensation water cycle. 
The interfaces are held in a constant non-equilibrium state, leading 
to a steady-state coffee-ring effect that does not end in a fully dry 
state. Here, we observe six physico-chemical processes, which have 
all individually been suggested to be relevant for the emergence of 
prebiotic evolution and are co-located in a single non-equilibrium 
system: (1) enhanced catalytic activity of ribozymes, amplified by 
the accumulation of oligonucleotides and ions, (2) condensation of 
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self-complementary RNA 36mers into millimetre-sized hydrogels, 
(3) vesicle aggregation at the bubble interface along with encap-
sulation of oligonucleotides in aqueous phases with up to 18-fold 
enhanced concentration, (4) fission of the vesicle structures in the 
adjacent micro-convection, (5) formation of euhedral 300 µm crys-
tals from the RNA precursor ribose aminooxazoline (RAO) around 
bubbles (which also act as seeds for new bubbles) and (6) dry–wet 
cycles enhancing, for example, the phosphorylation of nucleo-
sides, created by fluctuating and moving interfaces (Fig. 1 and 
Supplementary Videos 1–6). All six mechanisms were established 
within 30 min and, importantly, operated in continuous contact 
with bulk water.

Here, length- and temperature-dependent accumulations were 
measured at low-salt conditions (0.1-fold PBS buffer: 13.7 mM 
NaCl, 0.27 mM KCl, 1 mM phosphate buffer). However, DNA  
and RNA gelation measurements were performed equally well 
under physiological conditions (1-fold PBS buffer: 137 mM NaCl, 
2.7 mM KCl, 10 mM phosphate buffer).

To observe the dynamics at the interface, bubbles were created as 
described above, using fluorescently labelled molecules in solution 
(Fig. 2a(i)). The front and back sides of the chamber were heated 
and cooled, respectively, to generate a temperature gradient. The 
system was monitored through the warm side using a fluorescence 
microscope. The optical axis ran along the temperature gradient 
(Supplementary Figs. 1 and 2) and the quantitative fluorescence was 
captured with a charge-coupled device (CCD) camera.

Initially, the chamber was filled with a solution of 200 nM 
6-Carboxyfluorescein (FAM)-labelled 132-base single-stranded 
DNA (ssDNA) oligomer in 0.1-fold PBS buffer. When no tem-
perature gradient was applied to the system (Twarm = Tcold = 10 °C), 
we observed no accumulation of DNA near the gas–water inter-
face. The fluorescence signal exhibited a constant small peak at the 
observed interface, possibly due to a slight adsorption of the DNA 
to the gas–water interface (Fig. 2a(i), 0 s). Heating one side of the 
chamber (Twarm = 30 °C, Tcold = 10 °C) resulted in the rapid accumu-
lation of DNA in a small area on the warm side at the contact line 
(Fig. 2a(ii), dashed red box, Supplementary Video 1). The chamber-
averaged fluorescence at the contact line increased within 6 min by 
~12-fold compared to the bulk fluorescence (Fig. 2b). No accumula-
tion was observed on the cold side.

We calculated the local concentration at the contact line from  
the ratio of the meniscus and bulk fluorescence and the geom-
etry of the curved gas–water interface. Because the fluorescence 
was averaged over the chamber by the microscope objectives, a 
60-fold higher concentration in addition to the higher fluores-
cence is inferred due to the thinner size of the accumulation region 
(~4 µm) compared to the 240-µm-wide chamber. Therefore, from 
the observed 12-fold increase in fluorescence, we estimated a con-
centration increase by a factor of 700, corresponding to 140 µM 
DNA concentration in the meniscus when starting from a 200 nM 
bulk solution (Fig. 2c). Simulations suggested that without thermo
phoresis this accumulation would be only slightly higher, showing 
that it does not play a significant role in the accumulation process 
(Fig. 2c, red dotted line).

Further analysis from experiment and theory showed that the 
accumulation was caused by the focused evaporation of water at the 
tip of the meniscus23 (Fig. 2d, orange). A continuous flow of water 
into the meniscus dragged the molecules with it; because they could 
not evaporate, they could only escape by diffusion against the one-
way capillary flow. The flow was visualized by filling the chamber 
with a suspension of 200-nm-diameter FAM-labelled polystyrene 
beads. By particle tracking, we measured the velocity profile in the 
meniscus (Fig. 2d,e and Supplementary Video 1). Beads moved 
towards the accumulation region near the hot side of the chamber 
at the contact line.

We attribute this to capillary flow, which superseded the com-
paratively weak bulk buoyant convection (Fig. 2e). Temperature 
gradients have also been demonstrated to create Marangoni flows23, 
in which water is drawn from the warm to the cold side of an  
interface due to a surface tension gradient. This was difficult  
to observe because the main temperature gradient was along the 
viewing axis. However, we observed strong lateral flows at the 
interface when accumulating vesicles. We attribute these to lateral  
Marangoni flows and therefore assume also a combination of 
Marangoni flows and convection along the interface (Fig. 2d, 
green). Without this flow, our simulation predicts a larger accumu-
lation (Fig. 2c, blue dotted line).

The water that evaporated near the warm chamber wall  
was found to condense on the cold wall, forming small water 
droplets. As a result, the gas bubble had less space, expanded,  
and moved the gas–water interface. Once the condensed ‘rain’ 
droplets had grown, merged and re-entered into the bulk solu
tion, driven by surface tension, the interface moved back to its 
initial position (Supplementary Video 1). These fluctuations of  
the contact line triggered a drying and recondensation of the  
molecules at the location where the capillary flow initially accu
mulated them.

A fluid dynamics model was used to describe the main fea-
tures of the accumulation. We considered a two-dimensional (2D) 
section perpendicular to the interface. Because the width of the  
channel was smaller than the capillary length for the water and 
gas24, the interface geometry was approximated by an arc of a circle.  
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Fig. 1 | DNA accumulation at gas bubbles in a thermal gradient. Volcanic 
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pore spaces, which are of both primary (magmatic vesicles) and secondary 
(fractures) origin. Gases, originating from magma degassing at depth, 
percolate through the water. Heat supplied by the hydrothermal system 
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by the continuous capillary flow on the warmer side of the gas–water 
interface. As shown experimentally, this environment can enhance the 
catalytic activity of ribozymes, trigger the formation of a hydrogel from self-
complementary RNA, encapsulate oligonucleotides such as aptamers in 
vesicle aggregates, trigger their subsequent fission, drive the crystallization 
of ribose aminooxazoline (RAO)—a prebiotic RNA precursor—and initiate 
the phosphorylation of RNA nucleosides.

Nature Chemistry | VOL 11 | SEPTEMBER 2019 | 779–788 | www.nature.com/naturechemistry780



ArticlesNature Chemistry

The contact line of the interface was pinned in the simulation25,26, 
motivated by the observation that the accumulation kinetics was 
generally faster than the fluctuating movement of the interface.

The model superposed four water flows, providing the bound-
ary condition for the accumulation of DNA: (1) capillary flow  
at the meniscus, (2) diffusion of water vapour between the inter-
face and the gas bubble, (3) convection of water and (4) Marangoni  
flow along the interface. The relative strength of the Marangoni 
flow—a free parameter due to the unknown presence of surface-
active molecules27—was adjusted to fit the velocities measured  
in the experiment.

The interplay of all four flows led to the accumulation of mole
cules at the meniscus. As only water evaporated on the warm side, 
dissolved molecules were continuously dragged towards the contact 
line, where their concentration depended on back-diffusion and 
the speed of the capillary flow. Convection and Marangoni flow 
provided a constant cycling of water and new material towards the 
accumulation region.

DNA accumulation was measured experimentally for various 
temperature differences and DNA lengths (Supplementary Fig. 4).  
The accumulation rose with increasing temperature difference 
(ΔT), reaching a 4,000-fold increase for ΔT = 40 °C. We also found 
that smaller (15mer) DNA molecules accumulated three times  
less effectively than larger (132mer) DNA, which was attributed to 
their higher diffusion coefficient. The model predicted a multi-fold 

accumulation of mono- and divalent ions (Supplementary Fig. 4), 
resulting in a higher salt concentration at the meniscus.

Enhanced ribozyme catalysis at the interface. The accumulation 
of larger biomolecules as well as ions at the interface makes it a 
powerful mechanism to enhance the activity of functional nucleic 
acids. To test this, we monitored the activity of the Hammerhead 
ribozyme28,29, which cleaves a 12mer RNA substrate strand. The 
substrate and magnesium concentration determined its activity30,  
and both were accumulated in a 30 °C gradient (Twarm = 10 °C, 
Tcold = 40 °C) at low bulk concentrations (0.1 µM Hammerhead, 
0.5 µM substrate, 0.4 mM MgCl2, Fig. 3a). As a control, chambers 
without gas interfaces were studied. A FAM dye and a black hole 
quencher were attached on opposite sides of the substrate, inhib-
iting the fluorescence of the FAM dye. On cleavage, the dye was 
not quenched anymore and could be detected by fluorescence 
microscopy. Figure 3a,b and Supplementary Video 2 show the aver-
age fluorescence of the chamber over time. The substrate strands  
were cleaved predominantly at the interface, as seen by the rise of 
fluorescence there. From here, the cleaved strands were frequently 
ejected into the bulk solution. After 25 min, samples were extracted 
from the bulk fluid and analysed by polyacrylamide gel electro
phoresis (PAGE, Fig. 3c). We detected up to 50% concentration 
of the cleaved substrate (bottom band, Supplementary Fig. 5) in a 
chamber with bubbles.
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In the same temperature gradient, but without interfaces, only 
3.8% of the substrate was cleaved. This decreased even further 
when the bulk temperature was set homogeneously to 40 °C, where 
only very little activity could be observed. When using an inactive 
mutant version of the ribozyme, the fluorescence did not increase 
noticeably (Fig. 3a, top right; Fig. 3b, dotted line), demonstrating 
that it did not originate from enhanced hydrolysis at the interface. 
This shows that the accumulation mechanism can enhance the cata-
lytic activity of ribozymes, while maintaining low-salt conditions in 
the bulk solution. It increases the turnover—the number of strands 
cleaved per ribozyme—by the accumulation of substrates and ions.

RNA/DNA gelation. The length selectivity observed in nucleic acid 
accumulation could increase the concentration of self-complemen-
tary oligonucleotides to the point that hydrogel-forming concen-
trations could be reached (Fig. 4a). Self-complementary strands 
were found to form a macroscopic, millimetre-sized hydrogel, a 
process previously shown for DNA in a thermophoretic accumula-
tion chamber15. We observed the formation of hydrogels for self-
complementary DNA and RNA and both for GC-only (Fig. 4 and 
Supplementary Video 3) and AT-only sequences (Supplementary 
Fig. 6). All oligonucleotides were end-labelled and HPLC purified 
to minimize the presence of free dye in the experiments.

Starting from uniformly distributed DNA in bulk solution  
(Fig. 4a(i), initial concentration 10 µM; 1-fold PBS buffer), the DNA 
was quickly accumulated at the interface once the temperature  
gradient was established. Within 8 min, a hydrogel had formed, 
after which it quickly detached from the interface and entrained in 
the convection flow (Fig. 4a(ii)). The hydrogel nature of the DNA 
was checked by increasing the temperature from 30 °C, below the 
melting point of the self-complementary sequences, to 70 °C, where 
the hydrogel dissolved into the convection flow (Fig. 4a(iii)).

The formation of hydrogels from self-complementary RNA was 
also observed. We co-accumulated two different sequences in a 
20 °C temperature difference (Fig. 4b). The red fluorescence chan-
nel monitored a 36mer non-complementary ssRNA strand and the 
green fluorescence channel a self-complementary GC-only 36mer 
ssRNA strand with three self-complementary binding sites. Based 
on simulations (Nupack, www.nupack.org), the hydrogel-forming 
strands bind to each other and form a network of polymers (Fig. 4b,  

right). Over the course of the experiment, both the non-comple-
mentary and self-complementary strands accumulated at the  
same interface. However, after 21 min, we only observed a hydro-
gel for the self-complementary green RNA. No hydrogel could be 
observed for the non-complementary red RNA, which also accu-
mulated near the surface but was not forming large-scale struc-
tures (Supplementary Video 3). Replacing the GC-only strand with 
a 60mer AU-only RNA with similar self-complementarity gave 
the same results (Supplementary Fig. 6). This demonstrates that 
gel formation and separation of the strands is not dominated by 
G-quadruplex formation.

The red and green strands separated macroscopically based only 
on their sequence. The self-complementary strands remained at a 
local high concentration in the hydrogel, which offered reduced 
hydrolysis rates due to its predominantly double-stranded nature. 
This sequence-selective gelation was also similarly found for DNA 
(Supplementary Fig. 6).

DNA encapsulation in vesicle aggregates. A key requirement for 
the emergence of cellular life is the encapsulation of molecules  
at increased concentration relative to their more dilute exter-
nal environment. Fatty acids are potential candidates that could  
separate nucleic acids in vesicles, possibly incorporating phospho-
lipids into their membranes over time31,32. For the encapsulation, 
three autonomous processes need to occur: (1) accumulation of 
oligonucleotides to meaningful concentrations, (2) accumulation of 
vesicles to trigger their aggregation or fusion and (3) the combi-
nation of both in one location to encapsulate oligonucleotides into 
vesicular structures. Here, we show that heated gas–water interfaces 
could fulfil these requirements. The accumulated vesicles do not 
necessarily form larger, round vesicles, but aggregate. However, we 
demonstrate in the following that these aggregates enclose DNA 
and RNA in an aqueous phase, allowing their binding and folding. 
Shear flows close to the interface as well as in the convection flow 
were shown to divide these aggregates to form smaller and more 
round structures.

To introduce lipids in a homogeneous manner, the chamber was 
filled with small 100-nm-sized vesicles prepared from a 10 mM 
oleic acid solution (0.2 M Na-bicine, 1 mM EDTA, pH 8.5) and 
2 µM DNA. These initially small vesicles appeared as a continuous 
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background (Fig. 5a,b and Supplementary Video 4). After turning  
on the temperature gradient, we observed the accumulation of 
these vesicles together with DNA within 10 min at the interface 
(Twarm = 70 °C, Tcold = 10 °C). The vesicles aggregated together and 
formed larger clusters. It should be noted that this aggregation and 
cluster formation were strongly increased if ~0.1% 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine was added to the lipids (present 
here to also label the lipids). Interestingly, the co-accumulated DNA 
was encapsulated into these vesicle aggregates, in which we found 
an up to 18-fold increase in oligonucleotide concentration com-
pared to the bulk solution. These aggregates were shuttled into the 
convection and frequently formed thread-like structures. Close to 
the interface, we observed strong flows (Supplementary Video 4), 
which we attribute to Marangoni flows. These could originate from 
lateral temperature gradients across the chamber due to inhomo-
geneous heating or differences in the thermal conductivity of the 
chamber material and water. Aggregates were observed to divide 
and split into smaller compartments in these flows and convection 
(Supplementary Fig. 4).

Vesicles formed from the phospholipid 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) (3.6 mM DOPC, 0.2 M Na-bicine, 
1 mM EDTA, pH 8.5) showed a similar behaviour, but they aggre-
gated more strongly at the interface, and externally applied flow 
across the microfluidics was sometimes necessary to remove them 
from the interface. The accumulated 100-nm-sized vesicles formed 
larger and more spherical structures compared to the oleic acid 
aggregates, and encapsulated DNA equally well. They also under-
went fission due to shear stress in the convection flow (Fig. 5c and 
Supplementary Video 4).

The vesicle aggregates (oleic acid or DOPC) concentrated 
around smaller gas bubbles (150 µm in diameter), inducing a clus-
tering of DNA (Supplementary Fig. 7). This was not observed in  
the absence of lipids. Lipid vesicles therefore significantly enriched 
the local DNA concentration.

The co-location of DNA and lipids raises the question of whether 
the oligonucleotides are in an aqueous phase that allows, for exam-
ple, the folding of RNA or binding of DNA, and whether these com-
partments are protected from their surrounding. To test the former, 
we accumulated the RNA aptamer ‘Broccoli’33 (Fig. 5d), which folds 
around the fluorophore DFHBI-1T and increases its fluorescence, 
with DOPC vesicles (1 µM aptamer, 10 µM DFHBI-1T, 3.6 mM 
DOPC, 50 mM HEPES, pH 7.6, 100 mM KCl, 1 mM MgCl2). Here, 
we used Twarm = 40 °C and Tcold = 10 °C to avoid RNA and fluorophore 
degradation. Again, the RNA, fluorophore and vesicles accumulated 
at the interface, leading to the formation of aggregates that were 
visible both in the lipid as well as the fluorophore colour channel. 
Replacing the Broccoli aptamer with a non-binding RNA strand led 
to a more than 100-fold reduced fluorescence of the fluorophore. 
This shows that the aptamer was folded inside the aggregates.

To demonstrate that the accumulated material was protected 
inside the aggregates, a 72mer double-stranded DNA (dsDNA) was 
accumulated with DOPC vesicles (Fig. 5e, 7.1 µM DNA, 3.6 mM 
DOPC, 0.2 M Na-glycineamide pH 8.5, 6 mM MgCl2, 1 mM CaCl2). 
Each pair of dsDNA strands thereby contained a FAM dye on one 
strand and a 5-Carboxy-X Rhodamin (ROX) dye opposite to it on the 
other strand. These dyes form a Förster resonance energy transfer  
(FRET) pair, in which the excited FAM dye can transfer energy to 
the ROX dye, which then fluoresces. As this energy transfer works 
only in close proximity of the dyes, we could use it to measure the 
amount of dsDNA inside the vesicle aggregates. The higher the  
signal—between 0 and 1—the more dsDNA was present. After forma-
tion of aggregates at the interface, most of the solution was extracted 
and DNase I was added (0.5 units per ~10 µl). The solution was then 
put back into the chamber and the FRET signal was observed at 
37 °C. The DNase digested the DNA strands outside the aggregates, 
where the signal quickly dropped (Fig. 5e, Supplementary Video 4  
and Supplementary Fig. 7). The FRET signal of the aggregates 
reduced only slightly, probably as a consequence of the digestion 
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of solution above/below or DNA sticking to their surface. We thus 
show that the aggregates protect the molecules inside them.

The FRET signal was also used to observe the melting of dsDNA 
inside the chamber (Fig. 5f). After accumulation (7.1 µM DNA, 
3.6 mM DOPC, 0.2 M Na-glycineamide pH 8.5, 11 mM NaCl, 
0.22 mM KCl, 0.8 mM phosphate buffer), the chamber was heated 
to 95 °C, during which the FRET signal reduced to 0 in the bulk 
and ~0.3 in the aggregates. The remaining signal could stem from 
aggregated DNA or DNA that is enclosed and stabilized by lipids in 
a way that did not allow the strands to fully unbind. After cooling, 
the FRET signal returned to 1 for both aggregates and the bulk solu-
tion. The combination of aptamer and FRET analysis demonstrates 
that oligonucleotides are encapsulated inside the aggregates in an 
aqueous phase that allows them to melt and fold.

The above experiments assumed the presence of uniformly 
100-nm-sized vesicles at the beginning. We also explored the  
behaviour of the system when it initially contained a range of 
vesicle sizes, up to ~30 µm in diameter (Supplementary Fig. 8). 
These exhibited a similar, but often slower accumulation behav-
iour. Within 20 min, the system again started to form vesicle clus-
ters that contained enhanced DNA concentrations. The formation 
of oleic acid aggregates was also observed in the absence of DNA, 
indicating that they were not the result of a DNA/lipid interaction 
(Supplementary Fig. 8).

Crystallization at gas bubbles. The building blocks for the synthe-
sis of single nucleotides, such as the prebiotic RNA precursor ribose 

aminooxazoline (RAO), accumulated near gas bubbles to concen-
trations that triggered its crystallization. For RAO, a crystallization 
is of fundamental interest because it can be both diastereoisomeri-
cally purified by selective sequential crystallization of its precursors 
and enantiomerically enriched by conglomerate crystallization, 
where the two enantiomers (d- and l-) of RAO crystallize into dis-
crete independent domains34,35. To trigger controlled crystal growth, 
RAO would need to be accumulated slowly around a growing  
bubble. In previous experiments, bubbles were artificially created. 
Here we used elevated temperatures (70 °C warm side, 10 °C cold 
side) to trigger the spontaneous formation of a bubble. Subsequently, 
RAO accumulated and crystallized around it (Fig. 6a,b). Therefore, 
a 40 mM solution of d-RAO, 2.8-fold below the saturation concen-
tration at Twarm = 70 °C (~110 mM), was used to fill a chamber with-
out a corrugated geometry and did not create a gas–water interface. 
For the crystallization to occur at the warm side of the chamber, 
RAO would have needed to accumulate several fold to overcome the 
nucleation energy barrier36. We monitored the fluorescence of 1 µM 
Cy5 added to the solution, which co-accumulated at the gas–water 
interface but was not incorporated into the crystals.

An initially small bubble formed on the warm side and accumu-
lated RAO around it. Within 40 min, the bubble grew while con-
tinuously increasing the RAO concentration at its warm side. The 
crystal shown in Fig. 6a was found at the location where the bubble 
had formed. No crystals were found on the cold side of the chamber. 
An X-ray crystal structure determination confirmed that crystals 
grown on the warm side were indeed d-RAO (Fig. 6c).
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Interestingly, the formation of RAO crystals led to the later  
re-formation of gas bubbles near small cavities—a known and  
well described process of heterogeneous nucleation in supersatu-
rated solutions36. We observed this crystal-induced bubble forma-
tion in experiments at high Twarm = 70 °C (Fig. 6d and Supplementary 
Video 4). When a gas bubble (around which RAO crystals had 
formed) moved away, it left behind accumulated material, possibly 
crystal cavities still filled with gas, which facilitated the growth of 
new daughter bubbles at the same location. When these daughter 
bubbles increased in size sufficiently, they started to accumulate 
RAO, formed crystals and eventually moved away. The remain-
ing crystals again hosted the growth of new bubbles and began the  
bubble-induced crystallization cycle again.

Dry–wet cycles and phosphorylation by moving interfaces. 
If bubbles were not confined by their geometry, they tended to 
move upwards in the chamber (Fig. 7a) due to buoyancy forces. 
This movement led to a continuous cycling of dry–wet conditions  
(Fig. 7a), as accumulated material close to the interface entered  
the bubble, dried and was rehydrated when the bubble moved 
away. At the same time, accumulated material at the trailing edge 
was dragged along if the bubble moved slowly enough, keep-
ing high molecule concentrations in the vicinity of the interface 
(Supplementary Video 6).

At a hydrophilic surface material such as silicon dioxide (quartz), 
used so far on the cold side in the experiments, the contact angles 
of the condensed droplets were small, and they re-entered quickly 
into the bulk water, leading to only little movement of the gas–water 
interface. To trigger many wet–dry cycles, we placed a Teflon foil 

on the warm and cold sides of the chamber. This led to the forma-
tion of many droplets on the cold side (Fig. 7b, small round struc-
tures inside the dark gas region, Supplementary Video 6), which, if  
large enough, could also be in contact with the warm side. In this 
setting, we tested the phosphorylation of nucleosides, a reaction 
that usually requires dry conditions at elevated temperatures. The 
reaction is known to be most effective when the solution is dried at 
100 °C, a scenario hard to reconcile with typical RNA-world condi-
tions37,38. We observed a 20 times more efficient phosphorylation 
of cytidine nucleosides (Fig. 7c, Twarm = 60 °C, Tcold = 37 °C, 240 mM 
cytidine and ammonium dihydrogen phosphate, 2.4 M urea, simi-
lar to the phosphorylation used in ref. 37) compared to bulk water 
at average temperatures of 50 °C and 60 °C. The found enhanced 
in  situ phosphorylation reaction would improve the recycling of 
hydrolysed RNA.

Discussion
We have found a general accumulation mechanism of molecules 
and small vesicles at gas bubbles subjected to heat flow in water. 
A temperature gradient across a gas–water interface created a con-
tinuous process of evaporation and condensation of water between 
the warm and cold sides. This moved molecules towards the  
bubble interface and increased their concentration by several orders 
of magnitude, depending on their diffusion coefficients. Because 
the contact line between gas and water was mobile, dry–wet cycles 
were created, in many conditions as often as twice per minute. The 
molecules studied here have been discussed as prebiotic candidates 
before the emergence of life35,37,39. Fluorescently labelled analogues 
were used to probe their concentration. We did not elaborate on the 
types of gas used in this study, because, due to their low concentra-
tions, they did not modify the surface tension and water evapora-
tion significantly40.

Our simulation captured the basic characteristics of this accu-
mulation and validated the experimental results. A 4,000-fold DNA 
accumulation was reached both in experiment and simulation. 
In comparison with thermophoretic traps, with which the setting 
could be combined, the accumulation at the interface occurred sig-
nificantly faster, on the timescale of minutes rather than hours11.

We used different temperature gradients adapted to the different 
scenarios. The magnitude of accumulation depended strongly on the 
applied temperature difference (Supplementary Fig. 4), which was 
kept at high values in Figs. 3 and 4 (10–40 °C and 10–30 °C, respec-
tively) to accumulate RNA strongly, but still under cold conditions 
to keep hydrolysis insignificant. Vesicles aggregated under similar 
conditions (Fig. 5d), but with faster convective flows from a higher 
temperature difference (10–70 °C), shuttled aggregated vesicles 
more efficiently away from the interface for downstream analysis.  
The creation of crystals from RAO (Fig. 6) required the larger  
temperature gradients required for an efficient accumulation of the 
comparably small molecules. The phosphorylation chemistry of 
monomers (Fig. 7) profited from an overall enhanced temperature.

The co-accumulation of small ions offers additional reactivity. 
Divalent salts such as Mg2+ were predicted by our model to accu-
mulate by a factor of 4–5 for temperature differences of 20–30 °C. 
In high-salt environments, this could enhance the hydrolysis of,  
for example, accumulated RNA, but the larger temperature  
differences also increase the movement of the interface by the 
recondensation of water, decreasing the time accumulated mole
cules spend dried at high temperatures. On the other side, the 
enhanced salt concentrations would trigger ribozymatic activity  
at the interface while the molecules in the bulk are protected by  
low salt concentrations from hydrolysis.

The system provided, in a single setting, a network of widely 
different reactions, connected by the fast diffusive transport of 
these molecules through water between different microbubbles. 
Ligation41 chemistry to drive replication could be made possible by 
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(34 min, Supplementary Video 4). Scale bars, 250 µm.
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the high local concentrations of substrates, while the drying pro-
cess in close proximity would trigger the necessary phosphoryla-
tion37,38 and activation chemistry42 to drive the polymerization43 of 
monomers. The dry–wet cycles were implemented continuously at 
the moving interface and molecules were retained at high concen-
trations at the interfaces after rehydration. In the adjacent water,  
molecules thermally cycled between warm and cold via laminar 
thermal convection.

At the interface, a strongly enhanced ribozymatic activity was 
demonstrated by the accumulation of the Hammerhead ribo-
zyme. Its activity at the interface clearly dominates the turnover of  
substrate in the system, with up to 50% of the product being cleaved 
in a chamber with a gas interface (compared to 3.8% in the bulk). 
This can be attributed to higher local concentrations of ribozyme, 
substrate and MgCl2 at the interface. Product strands are shuttled 
back into the bulk solution, where they are protected against the 
higher salt conditions. The mechanism thereby provides a way 
to enhance catalytic activity and increase the efficiency of RNA-
catalysed processes.

Complex sequence phenotypes of RNA with several self-comple-
mentary sites have shown a sequence-selective formation of hydro-
gels at the interface. These hydrogels maintained a high local RNA 
concentration in water, an interesting setting to support efficient 
RNA catalysis44,45, also because the high amount of hybridization in 
the hydrogels could protect oligonucleotides from hydrolysis46, even 
in challenging salt concentrations.

In the presence of lipids such as oleic acid or DOPC, accumula-
tion at the heated gas–water interface led to a continuous encap-
sulation of oligonucleotides into vesicle aggregates. The local DNA 
concentration inside these structures increased by a factor of up to 
18 compared to the bulk solution. Folded RNA aptamers also accu-
mulated inside the aggregates and dsDNA was shown to melt and 
re-anneal, demonstrating that aqueous phases readily exist inside 
the aggregates. As shown with DNase, the vesicles protected the 
encapsulated DNA from the bulk solution. The encapsulation of  

oligonucleotides into lipid membranes is considered to be one of the 
key elements for more complex life and it has been suggested that 
lipids facilitated the assembly and polymerization of monomers47,48. 
In the convection flow, the vesicles were subjected to temperature 
cycles and shear forces that led to vesicle fission. DOPC also pro-
duced vesicular structures, showing that modern phospholipids39 
could also accumulate and encapsulate oligonucleotides in the 
shown conditions.

For the prebiotic synthesis of RNA, crystallization at microbub-
bles would enable the purification of sugar–nucleobase precursors34 
and possibly also their chiral amplification by the enhanced growth 
of conglomerate RAO crystals35. Interestingly, the sites of crystal 
formation later triggered, again, the formation of gas bubbles, show-
ing a self-selection for crystallization conditions. If the seed crystal 
was homochiral, the subsequent bubble formation could accumu-
late and promote the assembly of more homochiral molecules at the 
same location. Finally, we found that the prebiotically important dry 
chemistry of nucleoside phosphorylation was enhanced by the gas 
interface: cytidine formed CMP 20 times more effectively compared 
to aqueous conditions.

To conclude, the experiments showed multiple modes of con-
densation, enrichment, accumulation and increased catalysis at 
heated gas microbubbles. This led to the physicochemical assembly 
and localization of prebiotic molecules—such as RNA precursors, 
lipids and ribozymes. We argue that this accumulation of molecules 
at a gas–water interface was a robust feature of natural microflu-
idic systems in porous volcanic rocks in aqueous environments, a 
setting likely to be ubiquitous on early Earth9. The simultaneous 
occurrence of six synergistic mechanisms for the accumulation and 
processing of prebiotic molecules, all operating in close proximity, 
fulfils the requirements for early life to connect a cascade of core 
reactions in the same non-equilibrium setting.

The setting presented here could therefore have largely helped 
in an informational polymer world, in which the first simple rep-
licators were evolving. Following a synthesis of life’s first building 
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blocks, the accumulation at gas–water interfaces offers a mechanism 
to select polymers and enhance their catalytic activity. The shown 
continuous encapsulation dynamics of the accumulated molecules 
at the interface offers a pathway for the emergence of the cellular 
processes of life. Further experiments will test how this setting can 
host replication and selection towards early molecular evolution.

Methods
For the experiments in Fig. 2, a thermal chamber was sandwiched from a thin 
(>240 μm) layer of polyethylene terephthalate (PETG) plastic film deposited on 
a silicon wafer using a 3D printer (Ultimaker 2) in a funnel shape to facilitate a 
gas–water interface (Supplementary Fig. 1). A sapphire (Al2O3) block sealed the 
chamber. The chamber was filled through two 240-μm-thick borosilicate capillaries 
(Vitrocom). The system was annealed at 150 °C and the sapphire pressed down, 
fixing the thickness to 240 μm. Polydimethylsiloxane was deposited to seal the 
chamber. For most other experiments, chambers were built with an ultraviolet-
curable resin (Photocentric 3D Daylight Resin, flexible, colour amber) through a 
master obtained by laser printing on a transparency film. Spacers between master 
and resin defined a chamber thickness of 150 µm or 250 µm. After illumination, 
sapphire windows were placed on top of the chambers and sealed with resin. 
Microfluidic access was provided through holes in the sapphire. Similarly, the 
chamber used for the phosphorylation and Hammerhead experiments was built by 
replacing the resin with a 254-µm-thick Teflon foil from which the structure was 
cut out using a cutting plotter. For the phosphorylation, additional Teflon foils were 
placed on the warm and cold sides of the chamber to mimic a hydrophobic surface. 
The temperature gradient was produced by heating the sapphire block through 
copper fixtures using heater cartridges for 3D printers and cooling the silicon side 
with a water bath. Temperature sensors and proportional–integral–derivative (PID) 
software maintained the temperatures. The temperature inside the chamber was 
calculated from the chamber geometry and known material constants with finite 
element methods (Comsol).

Fluorescence was measured with a fluorescence microscope (Zeiss Axio) 
through the transparent sapphire heating block using Mitutoyo infinity corrected 
long working distance objectives (×2 and ×10) and a Zeiss Fluar ×5 objective. 
The accumulation of DNA was detected with 200 nM FAM-labelled 132-base 
ssDNA in 0.1-fold PBS (see Supplementary Information for sequence). The silicon 
substrate was maintained at 10 °C, with the copper heaters initially turned off. The 
experiment began with the copper heaters set to maintain a desired temperature. 
Background intensity levels were obtained from the non-fluorescing gas region. 
The bulk fluorescence signal was obtained from an area far from the free interface. 
The accumulated DNA fluorescence ratio was averaged perpendicular to the 
interface and divided by the bulk fluorescence. The flow was visualized with 
200 nm FAM-labelled polystyrene beads in 0.1× PBS. The positions and velocities 
of the beads were tracked using ImageJ.

Simulation protocol. Simulations were performed using the finite element 
software COMSOL v4.4. The 2D model solved the convective heat equation, 
molecule diffusion equation and Navier–Stokes equations perpendicular to the 
contact line. Marangoni flows were established by implementing a stress boundary 
condition of the fluid velocity at the interface and by introducing a temperature-
dependent surface tension. The water vapour concentration was simulated in 
the gas region above the interface by a diffusion–convection equation. The gas 
velocity was calculated from the temperature profile. Its velocity, combined with 
diffusion, caused an efficient net mass transport of vapour away from the interface 
into the gas bubble. By coupling a temperature-dependent vapour concentration 
boundary condition to the interface, a velocity boundary condition for water at 
the interface was imposed by the state equation of water. This resulted in capillary 
flow and evaporative mass transport of the water vapour, allowing vapour to enter 
and escape the water through evaporation or condensation. Thermophoresis 
was introduced via a thermophoretic drift term in the convection–diffusion 
equation describing the DNA concentration, and the Soret coefficients of the DNA 
were taken from experimental data49. To incorporate the time lag of the heating 
process, the sapphire temperature was measured over time and incorporated as a 
polynomial function for Twarm.

The above simulation was solved over time, resulting in the time evolution of 
accumulation at the contact line. To fit the simulation to the observed data, the 
surface tension dependency on temperature was set within observed values50 and 
fine-tuned as a free parameter using the bead tracking data. The geometry of the 
interface itself was adjusted to moderately tune the DNA accumulation dynamics. 
Concentrations were determined by averaging the top ~10 µm of the meniscus at 
the hot side and comparing this to the simulated and experimental fluorescence, 
establishing a relation between fluorescence and average tip concentration.

To simulate the bubble shown in Supplementary Fig. 9, the simulation was 
transferred to an axial-symmetric geometry with spherical coordinates. The 
simulation around a small bubble was closed and gravity was pointed downwards. 
This removed the slow convection of water in the simulation, which, as expected 
from our modelling, did not change the accumulation characteristics. Ion and salt 
diffusion coefficients were taken from refs. 51–53.

Data availability
The data supporting the findings of this study are available within the paper and its 
Supplementary Information. Additional information and files are available from 
the corresponding author upon reasonable request. X-ray crystallographic data 
were also deposited at the Cambridge Crystallographic Data Centre (CCDC) under 
CCDC deposition no. 1847429.

Code availability
The complete details of both simulations are documented in the html report and 
mph simulation files in the Supplementary Information.
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