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Zusammenfassung

Das Leben basiert auf den Informationspolymeren DNA und RNA. Fiir ihre Po-
lymerisation sind hohe Konzentrationen von initialen Monomerbausteinen erfor-
derlich. Bevor es auf der frithen Erde zur Kompartimentierung kam, litt die pra-
biotische de novo Strangbildung von Nukleinsduren unter der Verdiinnung ihrer
Edukte und Produkte. In dieser Doktorarbeit zeige ich, dass die allgegenwirti-
gen Nicht-Gleichgewichtsbedingungen in erhitzten Unterwasser-Gesteinsspalten
auf der frithen Erde ein natiirliches Habitat fiir eine erhohte RNA- und DNA-
Polymerisation gebildet haben kénnen. Diese Studie zeigt, wie die Ausbeute von
ansonsten ineffizienten primordialen Polymerisationsreaktionen durch ein phy-
sikalisches Nicht-Gleichgewicht, das durch thermische Gradienten angetrieben
wird, erh6ht wird.

Wirmestrome durch diinne Gesteinsrisse akkumulieren die monomeren Baustei-
ne von DNA und RNA, was deren Polymerisation fordert. Auch bleiben die ent-
stehenden Polymere bleiben iiber lange Zeiten im Inneren der Pore lokalisiert
und vor Diffusion geschiitzt. Eingeschlossene Gasblasen kénnen zusitzlich mi-
kroskopische Nass-Trocken-Zyklen auslésen und eine trockene Polymerisations-
reaktion in einer wasserhaltigen Umwelt erméglichen. In einem geschlossenen
System wurde nach 24 Stunden eine 10-fache Aufkonzentration von Nukleoti-
den am Boden des im Labor nachgebauten Risses gefunden, mit einer 10*fachen
relativen Akkumulation fiir die gewéhlte 40 mm hohe Pore. Eine bis zu 25-fach
erhohte Polymerisation von aminoimidazolisierten DNA-Nukleotiden und 2°,3’-
zyklischen RNA-Nukleotiden konnte nachgewiesen werden. Es ist bekannt, dass
die Aktivitit dieser Substrate unter normalen, isothermen Bedingungen im Bulk
sehr begrenzt ist. Dariiber hinaus zeigte die gemeinsame Polymerisation von
2°,3’-cGMP und 2’,3-cCMP in der thermischen Falle eine erh6hte Heterogenitit
in der Sequenzzusammensetzung im Vergleich zur isothermen Trocknung, wo-
durch der kodierte Sequenzraum vergrofert wird. Finite-Elemente-Simulationen
auf langen Zeitskalen zeigten, wie offene Poren mit kontinuierlicher Anreiche-
rung von Reagenzien eine aktive Polymerisationsreaktion iiber Jahre hinweg be-
herbergen kénnen, wihrend das Entweichen der Oligonukleotide aus dem Riss
vernachldssigbar war.

Dieses einfache physikalische Nichtgleichgewichtshabitat einer geheizte, wasser-
gefiillten Gesteinspore schafft ein aktives, zellihnliches Kompartiment, das Nu-
kleotide fiir die Polymerisation akkumuliert und RNA- und DNA-Strdnge zuriick-
behilt, wodurch eine prézelluldre Nichtgleichgewichtsumgebung fiir die ersten
Schritte der molekularen Evolution entsteht.






Abstract

Life is based on informational polymers such as DNA or RNA. For their poly-
merization, high concentrations of monomer building blocks are required. Be-
fore compartmentalization occurred on early Earth, prebiotic de novo strand
formation of nucleic acids suffered from dilution of reagents and products. In
this doctoral thesis, I show that the ubiquitous non-equilibrium conditions within
heated underwater rock cracks on early Earth could have formed a natural habi-
tat for nurturing RNA and DNA polymerization. This study demonstrates how
the yield of otherwise inefficient primordial polymerization reactions is enhanced
by a physical non-equilibrium triggered by thermal gradients.

Heat fluxes across a thin rock crack accumulate the monomeric building blocks
of DNA and RNA which enhances their polymerization. Also the resulting poly-
mers are localized inside the pore over long times and protected against diffusion.
Enclosed gas bubbles can additionally trigger micro-scale wet-dry cycles and en-
able dry-based reaction. In a closed system, I found nucleotides concentrate
10-old at the bottom of the lab-built crack after 24 hours with a 10*-fold relative
accumulation for the chosen 40 mm high crack. I found enhanced polymeriza-
tion from aminoimidazolized DNA nucleotides and 2°,3’-cyclic RNA nucleotides,
up to 25fold. The activity of these substrates is known to be very limited un-
der isothermal bulk conditions. Moreover, co-polymerization of 2’,3-cGMP and
2°,3’-cCMP in the thermal trap showed an increased heterogeneity in sequence
composition compared to isothermal drying, enlarging the encoded sequence
space. Finite element simulations on long time-scales showed how open pores
with continuous collection of reagents can accommodate an active polymeriza-
tion reaction over years while the escape of the nucleotides from the crack is
negligible.

This simple physical non-equilibrium habitat of a heated, waterfilled rock pore
creates an active, cell-like compartment that accumulates nucleotides for poly-
merization and traps RNA strands, providing a pre-cellular non-equilibrium set-
ting for the first steps of molecular evolution.






Contents

1 Motivation 7
2 Scientific Approach 8
2.1 Molecule Accumulation by Thermophoresis. . . . .. ... ... ... .... 10
2.2 Gas-WaterInterfaces in a Thermal Gradient . . . . . ... ... ... ... .. 10
2.3 Implementation via a Thermogravitational Trap . . . . ... ... ... ... 11
2.4 De Novo Strand Formation from DNA and RNA Monomers . ... .. ... 11
2.41 Aminoimidazolized DNA Monomers . . . ... ............ 12

242 2,3-Cyclic RNA Monomers . . . ...........c.uuo.... 12

2.5 Finite Element Simulations of Polymerization in Thermal Non-Equilibria . . 13

3 Results and Discussion 15
3.1 Monomer Accumulation in a Thermal Trap . . . . .. ... ... ... .... 15
3.2 AlmpdA Monomer Polymerization in a Thermogravitational Trap . . . . . . 19
3.3 2°,3-Cyclic Monomer Polymerization in a Bubble Trap . . . . . ... ... .. 23
3.4 Longtime Extrapolation of De Novo Polymerization in Thermal Non-Equilibria 27

4 Conclusion 30
5 Methods and Materials 31
51 Trap Buildingand Setup . .. .............. .. ... ..., 31
5.2 Sample Preparation . . ... ..... ... ... . . o oo 33
5.3 Measurements and Analysis. . . ... ... ... ... o 0oL, 35
531 HPLC-MS Measurements . . . . . ... ... ... ... 35

532 Masses . . ... 37

5.3.3 Peak Analysis and Product Quantification . .. ... ... ... ... 40

54 Chemistry . . . . . . . L 48
541 dAMP Accumulation . . ... ... ... 0 o oL 48

5.4.2 AlImpdA DNA Monomers . . ... ................... 48

543 2,3-Cyclic RNA Monomers . . .. ............uuo.... 49
Bibliography 51
Acknowledgements 57
Appendix 59
1 Data Repository . . . . . . . e e 59

2 Associated First Author Publication . . ... ... ... ............. 63

3 Associated Publications . . .. ... ... . ... 0 o oL 63






Chapter 1

Motivation

The Origins of Life are a riddle to those who emerged from this process, yet the search for it
goes as far back as human consciousness. Due to the lack of direct evidence that we can dig
out from the earth crust, read up in manuals or extract from our own memory on how self-
replicating, thermodynamically open and darwinianly evolving matter arose [1], the scientific
community dedicated to the Origins of Life takes a different approach: we use the accessible
evidence on the conditions on early Earth, reconstruct prebiotically plausible scenarios in
our laboratories and try to show how within these boundaries necessary building blocks for
modern life could have emerged and how their assembly process to more complex structures
could have taken place.

This scientific approach is used in the present doctoral thesis and is in my opinion a valuable
one, taken into account how much time nature had and how vast its playground was on behalf
of the different physical conditions that were present on early Earth - “finetuning for free” so
to say and multiplexing at its best.

Life uses a multitude of complex structures and systems and unites them to an intricate,
highly interlocked meta-process. The path of understanding and retracing a complex ques-
tion has to be taken in small steps and this work is devoted to the question of how elongated
DNA and RNA strands could have emerged from their single building blocks.

DNA and RNA in modern life are the basis of a livings cell’s replication and sustaining pro-
cess and are constructed from four different building blocks: cytosine-, guanine-, adenine-
and thymine-/uracil-nucleotides. Billion of times repeated, they encode all necessary infor-
mation for the continuation of a cell’s life and its complex superstructure.

Prebiotically plausible chemical mechanisms have been found that enable de novo strand
formation by polymerizing nucleic acid monomers to longer strands starting from their single
building blocks [2, 3, 4] . But to yield products, they require high concentrations of starting
material, something that was not readily available in a dilute primordial ocean [5]. Also,
chemical systems naturally relax into their thermodynamic equilibrium that then erases all
reached complexity. So, which environmental conditions on early Earth could have allowed
RNA and DNA to evolve into long informational macromolecules and could have sustained
a rich pool of these complex structures from where other mechanisms could have taken over
for further steps towards the Origins of Life? This is the question that the present PhD thesis
seeks to suggest an answer for.



Chapter 2

Scientific Approach

What are the given conditions at the time point on early Earth where we allocate our research
in? We only assume the most abundant geologic realities: water, gases and volcanoes with
the porous rock material they produce and heat fluxes across them (see Fig. 2.1a and b). We
also assume that we are sitting at a time point on Earth’s history when the single building
blocks of DNA and RNA, called monomers or nucleotides, are already available. [6, 7, 8, 9]
showed how they could have emerged on a primordial Earth and its restricted chemical
possibilities. Equally prebiotically feasible are the de novo strand formation chemistries that
are used for this work: preactivated monomers by imidazolization ([10, 11, 12, 13], see Fig.
2.4) or 2°,3’-cyclization ([4, 14, 15], see Fig. 2.5) trigger the oligomerization of short RNA or
DNA strands (see Chapter 2.4).

On early Earth, however, it is far from obvious where high enough initial concentrations of
monomers could have come from to start and sustain a polymerization reaction [13, p.58]
and how the first oligomers could have been kept from being instantly diluted after their for-
mation. This issue is commonly called the concentration problem [16, 17] and runs through
many Origins of Life processes that require a certain threshold concentration. Other exam-
ples for that are the lipid vesicle formation [18] or the salt concentration for ribozymes start-
ing to function [19]. In order to obtain a persistent pool of informational macromolecules,
their formation from building blocks must outpace their destruction and their removal by
diffusion.

Heat fluxes across waterfilled rock cracks and pores are considered a ubiquitous scenario
on early Earth [20, 21]. The non-equilibrium forces caused by thermal gradients generate
convection and thermophoresis inside the waterfilled pore (see Fig. 2.1c and Chapter 2.1)
inducing strong accumulation of dissolved molecules towards the pore bottom for a range of
different geometries and thermal gradients [18, 22, 23, 24, 25, 26]. In laboratory conditions
it was previously shown that mimics of such liquidfilled pores in thermal gradients (see
Chapter 2.3) act as thermogravitational accumulation traps for DNA polymers [5]. In this
work, I show that such pores actively collect and concentrate the monomeric RNA and DNA
starting material (see Chapter 3.1) despite its high diffusivity (0.75 - 10° cm?s~1, [27]). In
comparison, vesicles lack a directed accumulation process to transport molecules towards
the inside and coacervates in published cases trade localization of molecules for a similarly
reduced reactivity [28, 29].

The thermal non-equilibrium systems described in this study provide the unique possibility
to actively enhance the concentration of the monomeric starting material without restricting
its reactivity under conditions that also boost its polymerization. Moreover, the polymerized
products are retained at the bottom of the pore (see Chapter 3.2) while fresh monomers are
supplied from the top of the pore without diluting the reaction at the bottom. This is in
contrast to the usual exchange of volume to supply a reaction with fresh reactants where
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Figure 2.1: Sketch of the heat dissipation on early Earth. (a) The hot Earth core releases heat towards
the Earth crust [31]. (b) Heat fluxes across waterfilled rock cracks on early Earth are for example found
in subsea hydrothermal vents [32]. (c) Molecules are accumulated by the superposition of heat-flow driven
convection of water (light blue) and thermophoresis of the dissolved molecules (yellow) in a waterfilled pore
subjected to a thermal gradient. The accumulation of preactivated monomers at the bottom of the pore with
height £ and width w enables an improved polymerization by the enhanced concentration and retains the
products over long times.

feeding is accompanied by dilution of the polymerization products [30]. In the chosen non-
equilibrium setting, however, the thermophoretic accumulation of the molecule decouples
the feeding process with monomers from an inflow of the solvent water.

Liquid filled rock pores naturally can contain gas bubbles, for example by incomplete filling
of the volume or due to degassing. When a gas bubble is trapped inside a heated pore,
convection and thermophoresis are joined by microscale wet-dry cycles at the airwater in-
terface [33, 34] (see Fig. 2.2 and Chapter 2.2). Macroscopic wet-dry cycles, like for example
evaporative lakes [35, 36, 37], lose water through evaporation but are rehydrated with buffers
in forms of rivers or splashes from larger reservoirs. As seen also on modern Earth [38], this
imbalance leads to runaway salt concentrations and large pH shifts [39]. In a heated pore
with a bubble, however, microscale wet-dry cycles happen in a closed system: water evapo-
rates on the warm side and re-enters as dew droplets at the cold side. This prevents a global
increase in salt concentration or a shift in pH. In this study, I found that a bubble at the
bottom of a thermogravitational trap drove polymerization reactions that normally require
dry conditions. The yield of the oligomerization was enhanced by both, the accumulation
properties of the heated pore and the constant wet-dry cycling (see Chapters 3.3 and 3.4),
while the pH and salt conditions of the reaction were under control of the wet system.

In addition to my experimental research, I could rationalize the observations in detail by
finite element simulations and extrapolate the study to long time-scales that are experimen-
tally still inaccessible (see Chapter 3.4).

This study exploits the physical characteristics of thermogravitational traps to accelerate
the de novo strand polymerization of RNA and DNA over their degradation. This work
suggests a plausible setting on early Earth, in which prebiotic molecules could have become
sufficiently concentrated and stayed reactive enough to trigger an efficient polymerization
of nucleotides into longer sequences of increased complexity. Once created, thermophoresis
would keep the formed polymers in place over prolonged periods of time. My experiments
suggest that heat fluxes across narrow pores form this type of physical non-equilibrium and
could have tipped the balance in favor for complexity.

The following sub-chapters describe the underlying theory of my research shortly, providing
the basics for the findings of this study presented in Chapter 3. A more in-depth description
of methods, materials and background can be found in Chapter 5 at the end of this thesis.



2.1 Molecule Accumulation by Thermophoresis

The thermal gradient across a waterfilled pore induces two physical phenomena inside. The
bulk solution undergoes a circular convection motion due to the heat-induced density differ-
ences within the liquid. Also, the dissolved molecules in the liquid experience thermophore-
sis, a drift along the temperature gradient which moves the charged DNA/RNA molecules
towards the colder side of the pore [40, 41]. The superposition of these two effects leads
to a exponential concentration increase of molecules towards the bottom cold corner of the
pore (see Fig. 2.1c and Movie Mb5). The resulting accumulation of molecules is balanced by
diffusion, seeking a homogeneous concentration. In the steady state the concentration dis-
tribution inside the pore can be described by the following equation ([23, 42, 43], derivation
see Chapter 2.5):

Cbot(h) o eXp(ST -r-AT) with r =h/w, (2.1)

cta[)
where c¢p,;(#) is the concentration at the bottom of a pore with height 2 and width w, S7 =
Dr /D the Soret coefficient, Dy the thermodiffusion coefficient, D the ordinary diffusion
coefficient, AT the applied temperature difference and r = £/w the aspect ratio (height over
width) of the pore.

2.2 Gas-Water-Interfaces in a Thermal Gradient

The evaporation of a droplet on a surface leads to the so called “coffee-ring-effect” where the
combination of capillary forces and surface tension accumulates the molecules, which are
dissolved in the droplet, at its rim [44, 45]. After drying, a ring of concentrated material is
left on the surface. When a bubble is submerged in water heated by a temperature gradient,
the same effect is driven continuously [33]: molecules accumulate at the air-water-interface
and are deposited in layers on the hot side (see Fig. 2.2).
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Figure 2.2: Scheme of a thermophoretic bubble trap. Monomers polymerize and accumulate in a thermal
gradient across a waterilled pore of width w and height £ with a gas bubble at its bottom. Water evaporates
at the warm side, nucleotides dry out and are deposited there in layers until they are washed back into the
bulk by re-condensating dew droplets and a moving gas-water-interface.

They are rehydrated by growing water droplets condensing at the cold side. When these
drops re-enter the main fluid phase the location of the water-air interface is shifted and re-
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dissolves the dried molecules at the cold side. A new cycle of drying and rehydration can
begin (see Movie MO6).

In this dissertation the aim was to combine the accumulation of a thermogravitational trap
with the continuous, accumulative wet-dry-cycling of a heated air-water-interface. For this,
a gas bubble was introduced at the bottom of the pore where the thermogravitational accu-
mulation takes place and convection and thermophoresis were now joined by evaporation at
the hot side and recondensation at the cold side of the pore.

2.3 Implementation via a Thermogravitational Trap

To implement the described non-equilibrium setting, the microfluidic pore structure was cut
out from Teflon foil of 170 ym width and sandwiched between two thermally conducting
sapphire plates. In order to create a temperature gradient, cooling on one side and Ohmic
heating on the other side was applied (see Chapter 5.1). The samples were inserted through
holes in the backsapphire of the chamber. The accumulation behavior in the pore was
visualized in-situ by fluorescent microscopy of low concentrations of Cy5 molecules which
co-accumulated with the DNA nucleotides (see Fig. 2.3b and Movie Mb5).

To understand the accumulation processes in more detail, the pore content was extracted at
the end of the experiment in individual stripes along its height by quick freezing to —80°C,
cutting and subsequent extraction in separate volume sections (details of the freeze extrac-
tion procedure see Chapter 5.2 and Movie M4). The local concentrations of molecules in
each trap section were then measured by HPLC-MS (see Chapter 5.3).

(@) Pore (b) Top Conc.
Top
U 40— Pore
\ 0 Top
< €
(o]
L E \
D | ()
—
g _volume
‘ - sections
| c
]
| .4: A
| g

| Yy Pore
8 Bottom

| i}
z X

Figure 2.3: Experimental implementation of a thermogravitational trap and its accumulation be-
haviour. (a) Photo of the microfluidic assembly. The prebiotic pore is mimicked by a Teflon foil cutout
(170 ym x 7 mm x 40 mm) enclosed between two sapphire plates. These are cooled by a waterbath and heated
by Ohmic heaters (see Chapter 5.1) and held in place between a steel frame screwed onto an aluminium
backplate. The pore can contain a total liquid volume of 62 uL. (b) The effect of accumulation is visualized
by the exemplary accumulation of the dye-molecule Cy5 for 24 h in a thermal gradient of AT = 22°C across
the chamber. Horizontal lines indicate the volume partitions extracted for analysis after accumulation and
fast freezing, the black border shows the outline of the pore.

2.4 De Novo Strand Formation from DNA and RNA Monomers

The RNA-World hypothesis [46] states that at the origins of life, RNA molecules might have
sufficed to catalyse their own synthesis and hence form a self-replicating network. However
the question remains how to get to RNA of sufficient lengths in order to have enzymatic prop-
erties which are necessary to assemble themselves from a nucleotide soup? The formation of
a long polymer from its single building blocks gets more improbable with increasing length.
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The lead-idea of this work is that for RNA polymers on early Earth the aforementioned nat-
urally existing thermogravitational traps could have introduced the necessary bias towards
“length” as a measure for complexity and hence as the door-opener for the polymers to gain
secondary properties. This preference of the traps for forming and retaining longer strands
is initiated and held upright by the temperature gradient which keeps pumping energy into
the physical non-equilibrium system. This will be studied for the two following prebiotically
relevant polymerization chemistries:

2.4.1 Aminoimidazolized DNA Monomers

Orgel [10], Ferris [11], McGown [12] and others [13, chapter 7.2] have shown that the preac-
tivation of monomers with imidazoles triggers the oligomerization of short RNA molecules.
Other studies [7, 8, 9] have shown the formation of deoxyriboucleotide monomers under rel-
evant prebiotic conditions in water and have suggested that DNA could have evolved much
earlier than assumed. Here, an imidazole activation is used on the more stable DNA nu-
cleotides to trigger and enhance DNA polymerization (see Fig. 2.4) in thermogravitational
pores, exploring how longer DNA oligomers could have formed in prebiotic settings.
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Figure 2.4: AImpdA monomer polymerization. (a) Reaction paths of aminoimidazolized dAMP
monomers. (b) Polymerization from AImpdA produces linear, activated and pyrophosphate oligomers, ana-
lyzed in my experiments by HPLC and ESI-TOF mass spectrometry.

2.4.2 2°,3-Cyclic RNA Monomers

The start of a polymerization reaction from 2’,3’-cyclic nucleotides is especially attractive
since cyclized products are a competing by-product of each polycondensation reaction [13,
p.58]. [47] shows that 2’,3’-cyclic nucleosides could have formed under prebiotic conditions.
Best polymerization yields were found for dry-state polymerization reactions. RNA poly-
merization from 2°,3’-cyclic nucleotides was studied in the past for AMP with the help of
various catalysts [4, 15]. Only recently, it was found that 2°,3’-cGMP itself can trigger poly-
merization in the dry at elevated pH without ions or catalysts [14], then leading the way to
co-polymerization with other bases.

In this study, I used 2’,3’-cyclic GMP and -CMP nucleotides [4, 14, 15], basing the exper
imental protocols on previous experiments using 3’,5-cyclic GMP [48, 49]. In an alkaline
environment a trans-phosphoesterification leads to the formation of a new phosphodiester
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Figure 2.5: 2’,3>-cGMP/CMP monomer polymerization. (a) Reaction paths of 2°,3’-cyclic-CMP and -
GMP RNA monomers. (b) The polymerization from 2’,3’-cyclic RNA monomers yields oligomers that are
still activated with a 2°,3’-cyclic phosphate ring or have inactivated endings with a phosphate at the 2’ or 3’
position of the sugar ring.

bond with another mononucleotide. Possibly aided by the G-base in a yet unknown dry
stacking arrangement, the 5-hydroxyl attacks the 2°,3’-cyclic phosphate and leads to the
opening of the phosphate ring either at the 2’- or the 3’-oxygen of the sugar. The product is
an oligomer with 2°,5- or 3’,5-phosphodiester bonds and either an open (3’P or 2’°P) or a
closed (2’,3’-cP) phosphate ring (Figure 2.5).

One could argue that dry conditions are alien to modern living systems, which need water-
based environments to replicate and evolve the information stored in their DNA. The condi-
tions in this study couple water-based accumulation by thermophoresis to the wet-dry cycles
at a gas bubble in a thermal pore. This enables the molecules to shuttle in a short time be-
tween the wet and the dry environment, allowing reactions in both media in parallel [33, 34].
It enables to keep the dry-polymerization reaction running inside a wet environment while
also increasing its polymerization efficiency.

2.5 Finite Element Simulations of Polymerization in Thermal
Non-Equilibria

The theoretical simulation presented in the following chapters are 2- or 3-dimensional finite
element simulations performed with COMSOL Multiphysics v5.4. There I simulated the in-
terplay of the heat transfer in the chamber, the convection of the bulk liquid, the transport of
the diluted species and the polymerization kinetics and was able to model the experimental
results. The full chamber model used for the experiments was recreated in a 3D CAD soft-
ware and imported into the finite element software (see Figure 2.6a). Thermal conductivities
were taken from COMSOL’ internal database or from the product data sheets of the mate-
rials used and are kg0 = 0.62 Wm 1K™ for water, kg, = 44.5 Wm™1K™! for the steel
frames, k4, = 237 Wm ™1 K™! for the aluminium elements, ksapphire = 35 Wm~ 1K™ for the
sapphire elements and kpgp = 0.2 Wm 1 K! the FEPTeflon foil. Since the space around
the actual waterfilled pocket is fully covered by teflon, an insulating thermal boundary con-
dition for the heat flow through the outer surfaces of the COMSOL model was assumed, i.e.
GextSurface = 0. The heat conduction was then calculated according to the heat-flow-equation

pcp(aa—]; +uVT) + V(kVT) = ¢ (2.2)
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Figure 2.6: Simulated geometric model and heat conduction simulation. (a) The full three-dimensional
model with color coding for the calculated temperatures for exemplarily applied temperatures of 7,,;; =
5°C and Tj,, = 50°C. (b) For the experiments it was important that the temperature distribution in the
x-y-plane of the chamber was as uniform as possible. Along the z-axis, i.e. in the direction of the heat flow
vertically through the thin water layer, the temperature drop should be as linear as possible. Additionally,
optical observation of the sample in the heat flow cell was needed. This was achieved by the insertion of a
relatively thick sapphire (2mm) on the hot chamber side, which compensates for thermal unevenness due
to the viewing windows in the slit aluminum heater (see (a)). The two-dimensional temperature plot in the
x-y-plane depicts the calculated temperature distribution on the x-y surface on the hot and the cold side of
the waterfilled pore, showing that the temperature distribution is quite homogeneous in the x-y-plane with
maximum deviations of about 2°C on the hot side of the solution and less than 0.5 °C on the cold side of the
solution. (c) One-dimensional temperature plot along the z-axis of the whole model. Most of the temperature
difference falls off across the 170 um thick microfluidic chamber filled with aqueous solution (around 70 % of
the entire temperature drop, ~ AT = 37°C).

and solved for the entire structure, where p is the density, ¢, the specific heat capacity, £
the thermal conductivity of the respective material, 7 the temperature, ¢ the heat flow and
u the velocity vector of the solution in the chamber. In the stationary case and assuming a
very slow fluid velocity u, due to the small dimensions of the pore and the resulting strong
laminarity of the liquid flows, equation (2.2) simplifies to

V(kVT) = ¢ (2.3)

whose solution is shown in Figure 2.6.
The resulting temperature distribution within the fluid was then coupled into the Navier-
Stokes equation via the temperature dependent density p(7") and viscosity n(7):

p(T) (V)= V[~ +n(T)(Vut (Vw)) = 2n(T)(Vu)] - e,go(T) (24

where u is the velocity vector of the fluid, p is the local pressure, e, is the unit vector in
y-direction (gravitation direction) and g is the gravitational acceleration. After setting a
non-slip boundary condition at all surfaces, a complete numerical solution for u could be
found.

To determine the concentration of the dissolved molecules the pore, the numerical model
was further extended by a drift-diffusion-component. This includes thermophoresis, i.e. the
movement of the molecule along the temperature gradient, normal diffusion, which counter-
acts local concentration gradients as well as the coupling to the velocity field of the solution:

V(=DVe¢ + (u+ Sy DVT)e) = 0, (2.5)

where D is the normal diffusion coefficient, ¢ the local concentration and S7 the Soret co-
efficient of the molecules. The coupling of equation (2.5) to equations (2.3) and (2.4) is
achieved by the temperature 7" and the velocity field u. The solutions ¢(x,y,2,t) of equation
(2.5) give the concentration simulation results (see eq. (2.1)). They themselves are coupled
to one another via the rate equations of the polymerization kinetics.
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Chapter 3

Results and Discussion

The line of argument I am going to pursue in in this doctoral work in order to evidence the
scientific idea presented above is

e first, to show that and how much small molecules such as monomers are able to be
accumulated by the primordial non-equilibrium setting,

* then, to proof the enhancement of a prebiotic wet DNA-polymerization scheme with
one base (dA) by the thermogravitational accumulation of a thin pore subjected to a
thermal gradient,

* after that, to widen the non-equilibrium setting so that it fosters and enhances a prebi-
otically plausible RNA-polymerization scheme with two complementary bases (G and
C) which requires dry conditions, by the combination of thermogravitational accumu-
lation and thermally driven wet-dry cycling at a bubble boundary, and to show that
these conditions also facilitate the emergence of a larger sequence space of the formed
strands,

* in the end, to extrapolate the findings to long timescales which are experimentally
inaccessible but geologically determining.

I am going to follow this reasoning experimentally and at each step give a more general
intuition about the findings by theoretical simulations.

3.1 Monomer Accumulation in a Thermal Trap

To tackle the problem of low concentration of the starting material for the polymerization
reactions, already past studies have shown that an out-of-equilibrium hydrothermal pore can
localize and concentrate many types of molecules, like lipids, ribozymes and ions [33, 19].
To show which amount of accumulation of the starting material for the polymerization was
to be expected by the trap, the pore was filled with unactivated 2.5 mM, 20 mM or 300 mM
dAMP DNA-mononucleotides in 100 mM MOPS buffer (filling procedure see Movie M1)
and operated at a temperature gradient of AT = 22°C, with the hot temperature at 30°C
and the cold temperature at 8 °C at the front and back of the solution. The content of the
pore was extracted after 24 h in individual stripes along its height by quick freezing, cutting
and subsequent extraction in separate volume sections (see Figure 3.1a, details of the freeze-
extraction procedure see Chapter 5.2). The local concentration of molecules in each section
was then measured with HPLC-MS (see Chapter 5.3).

Figure 3.1b shows that after a runtime of 24h an up to 10fold absolute accumulation of
dAMP DNA monomers was achieved at the bottom of the pore compared to the starting
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Figure 3.1: A primordial non-equilibrium habitat accumulates nucleotides and promotes their poly-
merization. (a) Photo of a trap after 24 h of thermophoretic accumulation (cold side 8°C, hot side 30 °C,
temperature gradient AT = 22 °C across a 170 um wide sapphire chamber), showing the exemplary accumu-
lation of blue Cy5 dye molecules (see Movie M6). The horizontal black lines indicate the volume sections
for freeze extraction, the black border shows the outline of the pore. (b) Nucleotides are accumulated and
polymerized by the superposition of heatflow driven convection and thermophoresis in a waterfilled pore
subjected to a thermal gradient. After 24h, the concentration distribution of thermophoretically accumu-
lated nucleotides spreads over four orders of magnitude along the pore height (circles). This accumulation
is independent of the initial starting concentrations of 2.5, 20 or 300 mM dAMP and is confirmed by a finite
element simulation of fluid flow and thermophoresis (solid lines). Error bars indicate a + 50% error, taken
from triplicates on representative experiments.

concentration. The top concentration depleted simultaneously, yielding an about 10*fold
relative accumulation. This effect persisted over three orders of magnitude of starting con-
centrations (light yellow, yellow, dark yellow) as expected from the general finding that
thermophoretic properties do depend on the molecule concentration only in highly crowded
conditions [40, 50].

For estimating the errors of the experiments shown in Figure 3.1b, the relative errors for all
datapoints of the experiments in Figure 3.7, that were gained from the standard deviations of
replication experiments, were averaged. This allowed us to get an estimate of a generalized
error introduced by thermal pore experiments and measurements by HPLC/ESI-TOF. These
errors in average amount to 47.5 %, which made us assume an error of +£50 % for all datapoints
in Fig. 3.1.

By a finite element simulation with COMSOL Multiphysics, I simulated the heat transfer,
the convection, the diffusion and the thermophoresis of DNA nucleotides in a differentially
heated chamber (see Chapter 2.5 for details). The simulation (solid lines) showed good
agreement with the experimental accumulation behaviour of the DNA monomers in the
thermal pore and confirmed the experimental observations (circles). RNA has very similar
thermophoretic properties and is expected to behave very similarly [40, 51].

The parameters obtained by fitting the simulating to the experimental results are given in
Table 3.1. The same parameter set optimizes the fit for all three different starting concentra-
tions, showing the universality of the simulation. A time-lapse of the accumulations process
of monomers in a simulated thermophoretic pore is visualized by Figure 3.2.

Heated rock pores on the volcanic, early Earth were ubiquitous in a wide range of shapes
and sizes and were subjected to very different temperature conditions. To give an insight
into how robust the accumulation behavior of nucleotides is in primordial pores, I mapped
out the effect of different temperature gradients (AT = 5 - 50°C) and different pore widths
(between 200 um and 400 um) in the simulation (see Fig. 3.3). Across this broad range of
conditions, I observed stable accumulation of nucleotides, however differences in the time
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Parameter Value Explanation

Pore Width 170 pm width of pore

Pore Height 43.5mm height of pore

Teold 8°C temperature of cold side of pore

AT 95K temperature gradient between hot
and cold side of pore (fit-parameter)

n 0.2 fit-parameter for molecule properties

D 6437046 ym? 51 formula for diffusion coefficient of
molecules [5]

ST (5.3 +5.7207310-3 K-1 formula for Soret coefficient of
molecules [5]

AL 9 5mM initial monomer concentration of
2.5 mM experiments

AIM 90 mM initial monomer concentration of
20 mM experiments

ALH 300 mM initial monomer concentration of

300 mM experiments

Table 3.1: Simulation parameters for monomer accumulation in a thermogravitational pore. The
same parameter set could be used to model all three starting concentrations of the monomer accumulation
experiments in a thermophoretic pore. The fit-parameter of AT = 25K fits quite well with the measured

AT = 22K.

evolution of the accumulation occurred. My experimental settings were optimized for fast
accumulation, accepting a rather steep thermal gradient. Even if heated with much more
shallow thermal gradients, a similar but slower accumulation is expected [25, 26]. A thinner
pore width delays the steady state but results in a higher final concentration at the bottom
of the trap (see Fig. 3.3). The demonstrated geometrical versatility provides a wide range
of possible rocky environments where temperature gradients could have helped in the con-
centration and dilution problem on early Earth. The diffusion and Soret coefficient values
for theoretical monomers of D = 643 um?s~! and S7 = 0.001 K~ were taken from [4]. The
Comsol files of the simulations are provided in Dataset Db.

t=0 t=3h t=8h t=13h t=19h t=24h
y
) — — — b —

X

Concen-
tration
(mM)

20

N &~ O

Figure 3.2: Coupled solution of heat conduction, Navier-Stokes flow and thermal drift diffusion for
the dAMP monomer accumulation. Simulated concentration distribution of dAMP monomers (1.5 mM
starting concentration) in the x-y-plane of a pore at different timepoints of the accumulation process with

AT =22°C and a pore width of w =170 pm.
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Figure 3.3: Accumulation simulation for dAMP monomer accumulation for different temperature
and width parameters. (a) Concentration distribution of integrated over the single volume sections along
the height of a simulated pore filled with 1.5 mM dAMP monomers after 24 h with w = 170 ym and AT =5°C
(light red), AT = 20°C (red) and AT = 50°C (dark red) as well as with AT = 22°C and w = 200 pm (light
purple), w = 300 um (purple) and w = 400 um (dark purple). Steeper temperature gradients and thinner
widths lead to a stronger accumulation along the height of the pore due to the quicker convection flow and
stronger thermophoresis. (b) Simulated concentration evolution at the bottom stripe of a pore over time with
1.5mM dAMP monomer starting concentration with w = 170 um and AT = 5°C (light red), AT = 20°C (red)
and AT = 50°C (dark red) as well as with AT = 22°C and w = 200 um (light purple), w = 300 um (purple)
and w = 400 um (dark purple). A steeper temperature gradient leads to a quicker and stronger accumulation,
a smaller pore width leads to an later reaching of the steady stated however a higher concentration at the
bottom.

18




3.2 AImpdA Monomer Polymerization in a Thermogravitational
Trap

De novo strand polymerization of imidazolized RNA and DNA nucleotides has been studied
under various conditions [52, 53]. I applied this activation scheme to DNA dAMP monomers
and found DNA oligomerization in water (see Fig. 3.5). In order to show the enhance-
ment of this prebiotic wet DNA-polymerization by the thermogravitational accumulation of a
thin pore subjected to a thermal gradient, 2’-aminoimidazole-preactivated dAMP monomers
(AImpdA) were mixed at concentrations of 2.5, 20 or 300 mM in a 100 mM MOPS buffer at
pH 6.5 without further addition of salts and the samples were incubated for 24 h in the pore
under a thermal gradient of AT = 30°C — 8°C = 22°C and as a control were incubated in
bulk under homogeneous temperatures of 8 °C or 30 °C. Experiments were conducted using
different starting concentrations of AImpdA to show robustness. The reaction was stopped
by freezing the pore and the bulk test tubes at —80 °C. The content of the pore was then ex-
tracted in individual stripes along its height, product concentrations and composition were
measured with HPLC-MS for each volume section (details of the analysis see Chapter 5.3).
By a combined HPLC-MS analysis I could identify and quantify the different types of oligomer-
ization products for each length (see Figure 3.5a): (i) linear oligomers in which all bonds are
3,5’ -phosphodiester bonds, (ii) activated oligomers which are linear oligomers that still have
the aminoimidazole activation-group at the 5’-end and (iii) pyrophosphate oligomers in which
exactly one monomer linkage is a pyrophosphate bond (the rest are 3’,5’-phosphodiester
bonds). Obtaining heterogeneous backbones with pyrophosphate linkages should not be
detrimental, arguing along the lines of [54] that DNA pyrophosphate linkages stabilizes the
base pairing of mixed DNA-RNA duplexes. No cyclized oligomer products could be detected.
The results are shown in Figure 3.5b. I found up to 4mers for pyrophosphate and activated
oligomers, linear oligomers formed up to a length of 3 nt. It was important to find oligomers
with their active group still on as this enables oligomers to polymerize also amongst one
another. At the pore bottom, the polymerization concentration was 2- to 6-fold higher for
each single lengths and types of oligomers than in the control reaction at isothermal bulk
conditions. In sum the thermally induced non-equilibrium accumulation behavior of the pore
enhanced the efficiency of oligomerization up to 24-fold compared to the bulk experiments
for each of the three different types of oligomers (Figure 3.4 and Table 3.2).

[Pore bottom (AT=8-30°C) Bulk (T=30°C)]

104 103f 104f 10T
active linear act+lin+pyr
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5 5 s s
® 102f ® 10t ©10%F g 107
2 =4 c
§101— §100- § 10t S 10t '
10° E 10t E 10° 10°
2.5 20 300 20 300 2.5 20 300 2.5 20 300

Initial Monomer Conc. (mM)

2.5
ti

Initial Monomer Conc. (mM)

Initial Monomer Conc. (mM)

Initial Monomer Conc. (mM)

Figure 3.4: AImpdA polymerization is enhanced by the thermogravitational pore. For active, linear
and pyrophosphate oligomers (all lengths summed) the bottom of the pore (black) yielded a stronger polymer-
ization result than the respective bulk control (grey) for all starting monomer concentrations (2.5/20/300 mM
AlmpdA). The percentages of yield-enhancement by the non-equilibrium conditions of the pore can be found
in Table 3.2. Error bars indicate 50 % error estimates, taken from triplicates on representative polymerization

experiments.
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Figure 3.5: Enhanced DNA polymerization in a thermal gradient. (a) Polymerization from aminoim-
idazolized dAMP monomers produces activated, linear and pyrophosphate oligomers, identified by HPLC
and ESITOF mass spectrometry. (b) Heat-flow enhanced DNA polymerization in a thermophoretic pore at
a temperature gradient of AT = 22°C formed up to 4mers after 24h. At the pore bottom, the polymeriza-
tion concentration was 2- to 6-fold higher for each single lengths and types of oligomers than in the control
reaction at isothermal bulk conditions. This experimental result (markers) is confirmed by finite element
calculations of a combined polymerization and thermogravitational accumulation theory (lines) for all tested
starting concentration (2.5/20/300 mM AImpdA). Error bars indicate 50 % error estimates, taken from tripli-
cate experiments on representative polymerization experiments.
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Initial AImpdA  Active Linear Pyrophosphate Sum  of all
Concentration  Oligomers Oligomers Oligomers Oligomer Types
2.5mM 42 % 491 % 86 % 85 %
20 mM 1015 % 928 % 2378 % 2063 %
300 mM 77 % 284 % 346 % 213%

Table 3.2: Percentages of yield-enhancement by the non-equilibrium conditions of the pore in com-
parison to the bulk experiments. See Figure 3.4.

The parameters for the simulations for all three different starting concentrations were adopted
from the previously found parameters of the pure monomer accumulation and completed by
on-rates for the polymerization equations and deactivation-rates for the imidazolization and
can be found in Table 3.4. The Comsol file of the simulation is provided in Dataset D5.

Polymerization of AImpdA occurred throughout the whole chamber volume but was en-
hanced nonlinearly by the increased monomer concentration at the bottom. Monomers and
polymers were similarly accumulated by the heat flow condition. It is important to note that
even though the polymer concentration was highest at the bottom of the pore, polymerization
also occurred in the upper parts (see Figure 3.5b). The polymers formed there were then ac-
tively pushed to the bottom by the mechanisms of convection and thermophoresis explained
above. The concentration of oligomers was hence locally increased by the non-equilibrium
conditions, instead of being heavily diluted in the bulk water as under equilibrium condi-
tions. In this way, by increasing the proximity of oligomerization products to each other,
the probability that they react amongst one another is expected to be enlarged. This can
be supported since it was confirmed by mass spectrometry analysis that about 30 % of the
oligomerization products still have their activation group (see Figure 3.5), so that they them-
selves can act again as nucleophilic attackers for other oligomers in their immediate vicinity.

. Non-Equilibrium Equilibrium Equilibrium
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Figure 3.6: Accumulation in a heated rock pore enhances the polymerization of preactivated DNA
monomers compared to bulk experiments in thermal equilibrium for all lengths. AImpdA monomer
polymerization subjected to a temperature gradient of AT = 30 - 8°C = 22°C for 24h (colorful) exceeds
the product concentration in isothermal bulk solution at T = 8°C and T = 30°C (grey) for all starting
concentrations of 2.5, 20 and 300 mM AImpdA and for all oligomer lengths. Error bars indicate 50 % error
estimates, taken from triplicates on representative polymerization experiments. Lines are guides to the eye.
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Hence, it is expected that if the system was run on the large time scales of the early Earth, the
polymerization scheme could be triggered to leave its usual monomer-addition regime that
it pursues in equilibrium conditions and grow into more efficient modes of polymerization.
If fed from the top of the pore which can be connected to a large reservoir and if run over
larger time scales, the polymerization is expected to continue since thermophoresis efficiently
prevents monomers and oligomers to leave the thermal trap.

For estimating the errors of the experiments shown in Figure 3.5b, I calculated the relative
errors for all datapoints of the experiments in Figure 3.7 that were gained from the standard
deviations of replication experiments. This allowed us to get an estimate of a generalized
error introduced by thermal pore experiments and measurements by HPLC/ESI-TOF. This
errors in average amounts to 47.5 %, which made us assume an error of +£50% for all data-
points in Figures 3.4, 3.5 and 3.6.

Species Rate Equation
d(A41)/dt = —op « A1 —4 s« on+ A1+ A1 — 2 x om * Al
A2-2xon%xA1%A3—-1xon+ A1+« L1 —1%on* A1% L2 —
1xon+* A1 % L3 —2%o0np+ A1+ A1 -1+ onp + A1+ A2 —
lxonp*Alx A3 —1%on* A1l P2 —1%onx A1l x P3
d(A4)/dt = —op x A2 — 2 x on * A2 % A1 — 4 x om x A2 *
Activated Dimer (A2): A2+2+xon+xA1+x A1 —1xon*x A2+« L1 —1xon+ A2+ L2 —
lxonp+ A2+ A1 — 2% onp * A2+ A2 — 1% on x A2 x P2
d(A3)/dt = —op x A3 — 2% on % A3+ A1 + 2 x on * A1 *
A2 -1*onx A3 L1 —-1xonp = A3 x A1
Activated Tetramer (A4): d(A4)/dt = —op« A4 +2xon* AL % A3+ 2% om x A2 x A2
d(L1)/dt = +opxA1-1xon+L1xA1-1xon*L1xA2—1xonx
L1xA3-1xonp+ A1+ L1-1%onp+ A2+ L1-1*onp*A3+L1
d(L2)/dt = +op+ A2+ 1xon*x A1 xL1—1%on* L2+ A1 —
lxonxL2+A2—1%onp* AL+ L2 -1 onp + A2 x L2
d(L3)/dt =+op*xA3+1xon* AL« L2+1%on+ A2+ L1 —
lxon+L3+A1—1%onp*Al+L3
d(L4)/dt = +op« A4+1xon+ A1« L3+ 1xonx A3+ L1+
1xon*A2 % L2
d(P2)/dt = +1 xonp x A1« A1 —1xon* P2+ A1 — 1%
on* P2 x A2
d(P3)/dt =+1xonp* Al x A2 +1xonx A1« P2 — 1 %
on* P3x A1
d(P4)/dt =+1*onp* A1« A3+ 1+ onp* A2+ A2+ 1 *
Pyrophosphate Tetramer (P4): on* A1« P3+1%on+ A2+ P2+ 1%onp* A2+ L2+1*
onp* AL+ L3+ 1% onp * A3+ L1

Activated Monomer (Al):

Activated Trimer (A3):

Linear Monomer (L1):

Linear Dimer (L2):

Linear Trimer (L3):

Linear Tetramer (L4):

Pyrophosphate Dimer (P2):

Pyrophosphate Trimer (P3):

Table 3.3: AImpdA Oligomerization Rate Equations
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Parameter Value Explanation

Pore Width 170 um width of pore

Pore Height 43.5 mm height of pore

Teold 8°C temperature at cold side of pore

AT 19K temperature gradient between hot and cold side
of pore (fit-parameter)

n 0.2 fit-parameter for molecule properties

D 643n~0-10 me s71 formula for diffusion coefficient of molecules [5]

ST (5.3+5. 72971073 K1 formula for Soret coefficient of molecules [5]

Alsmall 9 5mM initial monomer concentration of 2.5 mM experi-

ments

initial monomer concentration of 20 mM experi-

Almiddle 20 mM
ments

initial monomer concentration of 300 mM exper-

Allarge 25mM .
iments (fit-parameter)
op 1.610-6 -1 deactivation off-rate of imidazole activation (fit-
parameter)
9 3 -1 _1 onrate into active or linear oligomers (fit-
on 2.5%107 m®s™" mol parameter)
onp 56 % on onrate into pyrophosphate oligomers (fit-

parameter)

Table 3.4: Simulation parameters for combined AImpdA accumulation and polymerization. The
same parameter set could be used to model all three starting concentrations of the AImpdA polymerization
and accumulation experiments in a thermophoretic pore. The starting concentration for the largest initial
AImpdA concentration was weighed in to be 300 mM but had to be modeled to 25 mM in the simulation to
fit the experimental results: this is explainable by the fact, that already by eye a precipitation of the dissolved
molecules took place in the pore due to their strong accumulation in the thermophoretic pore.

3.3 2’,3’-Cyclic Monomer Polymerization in a Bubble Trap

It was previously shown that gas bubbles in contact with differentially heated surfaces can ac-
cumulate [34], phosphorylate [33] and enzymatically polymerize [55] DNA and RNA strands
by the created local wet-dry cycles. In this dissertation, I study the recently established poly-
merization from 2’,3’-cyclic RNA monomers, initiated by the dry polymerization of 2°,3’-
c¢GMP [14]. The conditions in this study combine the accumulation of a waterbased ther-
mogravitational trap with the continuous wet-dry-cycling of a heated airwater-interface (see
Chapter 2.2). This implements the dry polymerization of RNA in a wet surrounding and
enhanced the reaction’s yield.

For this, a gas bubble was introduced at the bottom of the pore where the thermogravitational
accumulation takes place. Convection and thermophoresis were now joined by evaporation
at the hot side and recondensation at the cold side of the pore. The trap was operated
for 18h at a temperature difference of AT = 70°C - 40°C = 30°C. 10 mM 2’°,3’-cyclic-GMP
and 50 mM 2’,3’-cyclic-CMP were dissolved in RNAse-free water and the pH was adjusted
to pH 10.5 with KOH. The higher concentration of cCMP reflects its higher solubility and
compensates for a reduced reactivity in the copolymerization of the two bases. The mixture
was inserted in the heated pore while at the same time leaving a gas bubble at its bottom
(filling procedure see Movie M2). As a control, 20 uL of the same mixture were incubated
in test tubes for 18h at 40°C or 70 °C with the tube lid open to induce dry conditions or
the tube lid closed to probe aqueous-only conditions. After 18 h of reaction, the dried tube
samples were rehydrated into 20 uL. of RNAse-free water and all tubes and the trap were
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Figure 3.7: Thermogravitational accumulation combined with interfacial drying drives RNA poly-
merization. (a) The polymerization from 2°,3’-cyclic RNA monomers yields oligomers with open and closed
phosphate rings. (b) Polymerization of 10 mM 2’,3’-cGMP and 50 mM 2’°,3’-cCMP is enhanced in the thermal
gradient setting at AT = 30 °C (colored circles) and exceeds polymerization in pure drying conditions (dark
grey circles) or in bulk solution at isothermal conditions (light grey circles) in terms of length and product
concentration. The continuous wet-dry cycles at the bubble boundaries allow the thermophoretically concen-
trated monomers to efficiently polymerize up to 7mers. The drying controls only showed up to 5- or 6mers
within the detection limit whereas the wet controls only yielded 4mers. This effect was confirmed by finite ele-
ment simulation (lines) of a combined accumulation and polymerization theory in terms of length distribution
and the yield enhancement. The polymerization was captured in the model using a reduced dimer on-rate
k11 = kon/60 = 15.8 %10 6571 M1 and estimating the hydrolysis of 2’,3’-cyclic phosphate to the inactive 2’
or 3’ phosphate with &,y =1/day, both motivated by the results of the same reaction in the dry state [?]. All
error bars indicate the standard deviation of the mean of the triplicate experiment. (c) By HPLC/ESI-TOF
analysis I could determine the base compositions of the oligomers formed (colored circles). As the polymer-
ization process is governed by a cGMP-quadruplexation [14], naturally the base G dominated the polymer
products. This behaviour could be recreated theoretically (solid line) by differential on-rates between the
different bases. I found that inside the thermal non-equilibrium setting, C-nucleotides are incorporated more
readily into the strands compared to the pure drying protocol at isothermal conditions (grey circles). For that
also see Figure 3.8. (d) The enhancement of total oligomer yield at the pore bottom compared to isothermal
dry polymerization is independent of the initial G/C monomer ratio and initial monomer concentration. The
concentration of oligomers at the pore bottom surmounts dry polymerization especially for the lowest initial
G-concentration (24-fold). (e) At the level of dimers I found a quadratic dependency of the yield on the G-

monomer initial concentration (least square fit: solid line) with an effective kle{f =57+01 10051 M1,

The fitted ki{ / is about one order of magnitude higher than what is needed to fit the polymerization in the
microscopic model in 3.7b and c that includes thermophoresis. The higher effective rate shows in a nutshell
the efficient enhancement of polymerization by the heated crack.
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Figure 3.8: The thermal pore enhances the incorporation of the disfavoured 2’,3’-cCMP nucleotide.
(a) The base compositions of the oligomers formed were determined by HPLC/ESI-TOF analysis. The base
G dominates the polymer products. However, inside the thermal trap (colored circles) cCMPs nucleotides
are incorporated more readily into the strands compared to the pure drying protocol at isothermal conditions
(grey circles). The lines in this figure are guides to the eye. (b) The thermal pore increases the formation
of mixed sequences and up to doubles the rate of incorporation of C-nucleotides independently for all tested
initial monomer compositions and concentrations.

frozen at —80 °C to stop the reaction. The pore sample was again cut and freeze-extracted
in individual volume sections along the pore height. The oligomer concentrations were mea-
sured with HPLC and ESI-TOF after ethanol precipitation (see Chapter 5.2). Both cyclic
and linear phosphate endings of the oligomeric products (Figure 3.7a) were analyzed inde-
pendently, but displayed as a sum together in the graphs for simplicity.

A direct comparison between the reaction yields at the pore bottom versus the control exper-
iments showed that the thermal non-equilibrium pore triggered the formation of an around
3-fold higher yield for all lengths and 1-2 nt longer oligomers for the 10 mM 2°,3’cGMP/50 mM
2°,3’cCMP experiment (Figure 3.7b, circles), despite the fact that only a very small fraction
near the bottom bubble of the pore volume was subjected to drying. Hence, the relative yield
per area can be considered much higher. 7mers could be detected at the pore bottom while
only 5mers and 6mers were found in the pure drying experiments at isothermal conditions.
The bulk control without any drying merely yielded 4mers. One should consider that at the
bottom of the chamber drying conditions were implemented only by the air bubble while in
the dry sample the full volume has been dried. However, the thermophoretic pore accumu-
lated and confined the monomeric starting material and the oligomer products at the bubble
boundary by thermophoresis and convection and consequently could enlarge the efficiency
of the polymerization reaction.

The experimental observations (circles) could be rationalized in great detail by a combined
accumulation and polymerization simulation (Figures 3.7b and c, solid lines) with COM-
SOL Multiphysics (see Chapter 2.5 for details), where the polymerization reaction was im-
plemented only in a small section near the bottom of the chamber representing the water-air
interface of the bubble.

For the simulation, equation (2.5) was calculated for all oligomer lengths and base com-
positions that were detected in the experiment (GG, GC, CC, GGG, GGC, ... , GCCC-
CCC, CCCCCCC) and were coupled by the rate equations that are given in Dataset DO6.
The self-coded LabVIEW program that calculated the rate equations is also provided in D6
(Kinetics_ ADP_polymerization_7.0.vi). The parameters for the simulations were adopted
from previously found parameters of pure monomer accumulation and completed by length-
and sequence-dependent on-rates for the polymerization rate equations and an off-rate for
the deactivation of the 2’,3’-cyclic phosphate ends to either a 2’ or 3’ phosphate. Parameters
are given in Table 3.5. The Comsol file of the simulation can be found in Dataset D5.
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Parameter Value Explanation

Pore Width 170 um width of pore

Pore Height 43.5 mm height of pore

Teold 40°C temperature at cold side of pore

AT 30K temperature gradient between hot and cold side
of pore (fit-parameter)

n 0.2 fit-coefficient for molecule properties

D 643n~0-10 me s71 formula for diffusion coefficient of molecules [5]

ST (5.3+5.71°73)1073 K~1  formula for Soret coefficient of molecules [5]
zone inside the pore in which polymerization

reaction- ] can take place, modelling the zone where the

height Pore Width air-water iP;lterface in the gexperiment is trigger-
ing wet-dry cycles and hence the polymerization

.. initial monomer concentration for 2’,3’-cCMP
Cinit 50mM monomers in the 10/50 experiments
Ginit 10 mM initial monomer concentration for 2’°,3’-cGMP

monomers in the 10/50 experiments

general on-rate for general polymerization
kon 9.5%x1077 m3s mol™  (not monomer-to-monomer-polymerization),
fit-parameter

on-rate when two monomers are polymerized

k11 kon/60
(fit-parameter)
factor to modulate the on-rate when two GMPs
kGG 1 .
are polymerized (fit-parameter)
KGC 0.03 factor to modulate tI.le on-rate when a GMP and
a CMP are polymerized (fit-parameter)
KCC 0.04 factor to mo.dulate the on-rate when two CMPs
are polymerized (fit-parameter)
Koff Vday off-rate for the opening (deactivation) of the

2’,3-cyclic phosphate end

Table 3.5: Simulation parameters for combined 2’,3’-cyclic polymerization and accumulation To sim-
ulate the very peculiar hammock distribution of the base-composition in the strands emerging from the 2°,3™-
cyclic polymerization (also see Figure 3.8) a lower £,, rate for the reaction of two monomers with one another
(£11) than for any other polymerization reaction between two other strand lengths had to be included. To
attribute for the strong G-preference in the strand formation reaction of this chemistry, I included factors that
attenuate the reaction between a G- and a C- or a C- and a second C-base nucleotide.

As shown in [14], the polymerization process of 2’,3’-cyclic monomers strongly depends on
the efficient stacking of the 2’,3’-cGMP, which introduces a natural G-preference into the
sequences of the oligomers formed. Using mass spectrometry, it was possible to identify
the different base compositions of the formed strands (Figure 3.7c and Figure 3.8a). Pure
G-strands were the dominant species, also despite an initial 5:1 concentration bias towards
cCMP, since cCMP has a lower probability for incorporation. This is also reflected in the
simulation by a dampingfactor of kc¢ = 0.03 and k¢g = 0.04 that attenuate the on-rate
of a C-monomer polymerizing to a G- or C-end of an already formed strand. Interestingly,
the non-equilibrium setting was able to double the incorporation efficiency of 2°,3’cCMP
into the oligomers compared to the dry polymerization regardless of the initial monomer
concentrations or the initial G/C ratios (Figure 3.8b). This can be explained by an enhanced
up-concentration of C as compared to G in the thermogravitational pore due to C’s higher
solubility. The non-equilibrium setting yielded more strands with a mixed base composition
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and hence provided a richer pool of initial sequences which can be advantageous for further
evolutionary reactions.

Figure 3.7d shows that for all tested monomer starting concentrations and G/C starting
ratios, the total oligomer concentration was consistently 3-fold to 24-fold higher in the non-
equilibrium pore compared to the dry polymerization. The highest 24-fold enhancement of
polymerization was seen at the lowest initial G-concentration experiment with 1mM 2’,3’-
c¢GMP and 5mM 2°,3’-cCMP.

In addition, the numerical polymerization model suggested rate limiting, slow formation of
dimers with a rate equation of k7 * (¢mono)? with k11 = k,,/60 being 60-times smaller than
the on-rate for the other polymerization reactions. Dimer concentrations are expected to
scale quadratically with the initial concentration of 2°,3>-cGMP. This is found convincingly
in the data (Figure 3.7e). There, however, the fitted k;{f = 57+01%10°s" 1M, is
about one order of magnitude higher than what is needed to fit the monomer-to-monomer-
polymerization k11 = k,,/60 = 15.8 + 107571 M in the microscopic model in Figure 3.7b
and c wich includes thermophoresis. The higher effective rate shows in a nutshell the efficient
enhancement of polymerization by the heated crack.

The RNA polymerization experiments were repeated three times with the same parameters
(except for the pore experiment of G/C ratio 1 mM/5mM which was repeated twice). The
experimental results were averaged and the mean values were plotted into the graphs. The
error bars of the data points are the standard deviations of the triplicates (or of the duplicate).
I want to underline that the 2’,3’-cyclic RNA polymerization performed in the thermal pore
took place under mainly wet conditions, where the wet-dry cycles were localized only in a
small region of the sample instead of requiring the sample to become completely dry. The
latter are conditions that are alien to living systems which replicate and evolve in water-
based environments. Overall I found that the non-equilibrium setting yielded more and
longer strands with a more balanced and mixed base composition. This makes the formed
sequences more likely to hybridize with each other, offering an increasingly likely pathway
towards downstream evolutionary reactions.

3.4 Longtime Extrapolation of De Novo Polymerization in
Thermal Non-Equilibria

In order to retrace the long term effects of thermal non-equilibria on the polymerization
systems in my experiments, I extended the finite element simulations used in Chapter 3.1
for monomer accumulation by a thermogravitational pore to times scales of up to one year
which are not accessible to lab experiments.

In a closed pore as used in the experiments, I find in the simulation that after about one
day the concentration at the bottom of the pore reaches a steady state where accumulated
monomers are retained by the temperature gradient but not further concentrated (Figure
3.9a, solid line). The monomer accumulation is 10-fold compared to the starting concen-
tration within 24 h, both in my experiments (Chapter 3.1) and in the steady state of the 2D
simulation (Figure 3.9).

For an open pore with feeding, the top boundary of the pore was set to a constant concen-
tration of 1 uM, which simulated the connection of a real pore to a large reservoir with 1 yM
monomer concentration, like for example a primordial ocean or a larger network of cracks.
There the exponential accumulation of monomers at the bottom of the trap continues for the
whole calculated time span (dotted line). Consequently, an active polymerization reaction
can be accommodated there for years by the constant addition of fresh starting material
and can progress to longer and longer oligomers. It also offers near perfect retention of the
accumulated molecules (Figure 3.9a) after switching off the feeding. Even if the top depletes,
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Figure 3.9: Thermal non-equilibrium pores enable feeding without dilution. (a) 2D finite element
simulation of the monomer accumulation in a thermal pore with and without feeding at the top calculated
from fluid flow and thermophoresis with the parameters from Figure 3.1b for an initial monomer concentration
of 1uM. In contrast to a closed pore (solid line) which reaches a steady state after one day, an open heat
flow pore (AT =22 °C) is continuously fed from the top with 1 uM of monomers by the connection to a large
reservoir, for example a primordial ocean, and can accumulate monomers at its bottom over years while
no molecules are expected to leave the setting after the feeding stops. (b) In a closed setting, the absolute
concentration raises due to the accumulation at the bottom to 10 uM, but depletes strongly at its top (broken
line). High absolute concentrations could be reached if the pore top is connected to a 1 uM reservoir: This
feeding is slow, but reaches bottom monomer concentrations of more than 10 - 1 uM and over time fills up
the whole volume of the pore with monomers (solid lines).

none of the molecules escape the setting over the time scale of many years, in a way very
similar to how Earth is able to keep its atmosphere over long times. This is especially interest-
ing for the polymerization reaction whose informational polymers are kept in place for long
times and have ample time to recycle and react further without being lost by diffusion. Figure
3.9b shows that the top of a closed trap becomes depleted up to 10*fold relatively, while an
open pore with the top connected to an outside reservoir of an arbitrary low concentration,
for example 1 uM, is being filled up with more and more monomers along its whole height.
Hence also a larger volume of the pore gains a constantly increasing monomer concentration
and the thermogravitational trapping will in the long run lead to a 10*fold accumulation in
the whole trap. This is however a slow process and simulations of other settings, for example
a feeding flow throughout the whole trap [24, 19] show that filling the trap from the top is
actually a worst case scenario, taking significantly longer than a year to completely fill the
crack.

The notable point in this feeding scenario triggered by a thermal non-equilibrium in a thin
pore is that the addition of fresh starting material takes place without the addition of bulk
water and hence without the dilution of already formed products that any other feeding
mechanisms would suffer from.

Figure 3.10 extrapolates the impact of feeding for the 2’,3’-cyclic polymerization theory with
a 0D finite element simulation. Due to the diminishing of dimensions it was possible to ramp
up the length of simulated strands to 21 nt (250 sequence-diverse species and rate equations,
provided in Dataset D6, lengths), for simplicity only plotted till 12mers in Figure 3.10. The
dimensionless parameters for the 0D simulations were adopted from the previously found
parameters of the 2°,3’-cyclic polymerization in 2D from Chapter 3.3 and can be found in
Table 3.6.

Without additional feeding, a steady state of the polymerization reaction is reached after
about one day due to the hydrolysis of the active 2’,3’-cyclic phosphate end with an off-rate
of k,ry = 1/day, resulting in all polymers ending up in a deactivated state which stops further
polymerization (Figure 3.10, broken lines).
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Figure 3.10: Thermogravitational feeding of a 2°,3’-cyclic monomer polymerization reaction. (a) 0D
longtime extrapolation of the 2’,3’cyclic-polymerization theory. To simulate optimal feeding (solid lines), the
concentration of monomers is kept constant. Without feeding (broken lines) no fresh molecules are entering
the reaction. For a closed reaction, a steady state profile is reached due to the hydrolysis of the active 2’,3’-cyclic
phosphate end with £, =1/day, leading to passive molecules (broken lines). We modelled optimal feeding
by keeping the concentration of the monomers in the polymerizing bottom region of the crack constant at
10mM cGMP and 50mM cCMP. As a result, polymers are continuously formed and reach high lengths and

concentrations (solid lines).

To simulate optimal feeding at the bottom of the pore, the concentrations of 2’,3’cCMP and
2’,3’cGMP monomers are kept constant representing the permanent refill of monomers to
an accumulation trap that has reached its steady state. This simple feeding model showed a
strongly enhanced length distribution of the oligomers (Figure 3.10, solid lines). This implies
that feeding from a cold reservoir connected to the top of a pore could be a compelling
strategy for long term experiments.

Parameter Value (a.u.)

Explanation

initial monomer concentration for 2’,3’-cCMP monomers in

Cinit 50000 the 10/50 experiments
L. initial monomer concentration for 2’,3’-cGMP monomers in

Ginit 10000 the 10/50 experiments

Kon 9.5 % 10-10 general on-rate for general polymerization (not monomer-to-
monomer polymerization)

k11 kon/60 on-rate when two monomers are polymerized

kGG 1 factor to modulate the on-rate when two GMPs are polymer-
ized

KGC 0.03 factor to modulate the on-rate when a GMP and a CMP are
polymerized

KCC 0.04 factor to modulate the on-rate when two CMPs are polymer-
ized

Koff Vday off-rate for the opening (deactivation) of the 2°,3’-cyclic phos-

phate end

Table 3.6: Simulation parameters for 0D longtime 2’,3’-cyclic monomer polymerization with and
without feeding. The parameters for the 0D simulations were adopted from the previously found parameters
of the 2°,3’-cyclic polymerization in 2D (see Table 3.5) without units due to the dimensionless 0D simulation.
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Chapter 4

Conclusion

This doctoral project demonstrates how physical non-equilibria can enhance prebiotically
relevant DNA and RNA monomer polymerization reactions. Waterilled rock pores subjected
to heat fluxes - a ubiquitous energy source on early Earth - induce a strong accumulation of
reagents and products, enhancing the efficiency of de novo strand formation for both DNA
and RNA polymerization.

In contrast to equilibrium settings, the accumulation in a thermophoretic pore avoids the
need for high starting concentrations of DNA/RNA monomers or other reagents. Even more
importantly, the heat flux prevents the diffusional dilution of polymerization products after
their creation and maintains the information over timescales only set by the geological heat
flow itself. The feeding of the polymerization reaction is simple and is not accompanied by
dilution. If monomeric molecules are present at the top of the crack, they are added and
accumulated continuously to the reaction at the bottom, enabling a long term setting for
continuous reactions with informational molecules.

The incorporation of a gas bubble inside the rock pore, a spontaneous event that can arise
for example from water degassing, introduces additional microscale wet-dry cycles. These
in turn enable and enhance a polymerization scheme in a dew environment that usually
needs dry conditions. This polymerization of RNA in a non-equilibrium setting was also
found to create sequences with a more balanced G/C composition, approaching the ability
to base pair and increasing the sequence space encoded by the strands. This is an important
requisite to enter more efficient modes of strand formation like templated ligation.

The experiments explore a missing piece between the phosphorylation of nucleosides [33]
and the templated replication triggered by strand separation [34, 55] found for heated air-
water interfaces. By exploiting a thermal non-equilibrium in a thin pore, a rich and localized
pool of oligomers with a diverse sequence composition could be created experimentally,
that on early Earth could have facilitated the first step towards starting a minimal form of
molecular Darwinian evolution.
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Chapter 5

Methods and Materials

5.1 Trap Building and Setup

Developing the thermogravitational traps to the level that enabled the experiments described
above was a long process, which is specified in-depth in [56]. The non-equilibrium experi-
ments for this thesis were performed in a chamber (170 ym x 7mm x 52 mm, total volume:
62 uL) cut from a thin Teflon foil (170 um thickness, FEP-Teflon, Holscot, Netherlands) which
was placed between a transparent cooled back sapphire of 0.5 mm thickness (with four laser-
cut holes of 1mm diameter, Kyburz, Switzerland) and a heated front sapphire of 2mm
thickness (no holes, Kyburz, Switzerland).

liquid
sample

resistance

ﬂég'g

Figure 5.1: Schematic of the chamber. From left to right: waterbath-cooled aluminum block, heat con-
ducting graphite foil (200 um thickness), aluminum back plate, heat conducting graphite foil (25 um thick-
ness), bottom sapphire (0.5 mm thickness) with holes, Teflon cutout (170 um) containing the liquid sample,
top sapphire (2mm thickness), heat conducting graphite foil (200 um thickness), steel frame for fixing the
sapphire-teflon-sapphire sandwich on the back plate, aluminum element holding the resistance rod heaters.
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The shape of the Teflon foil was designed in Inventor (Autodesk) and cut with a cutting plot-
ter (CE6000-40 Plus, Graphtec). The sapphires were lined with two heat-conducting graphite
foils (one of 25 um thickness in the back, EYGS091203DP, 1600 W m~! K1, Panasonic, one
of 200 um thickness in the front, EYGS0811ZLGH,400 W m~! K~!, Panasonic) to ensure a
good thermal connection to an aluminum plate at the back and to the resistance rod heaters
at the front. The layers were screwed with a steel frame to the back plate with a torque
of 0.2Nm, the heater was screwed to the front sapphire with a torque of 0.16 Nm. This
sandwich is screwed to a waterbath-cooled (TXF200, Grant Instruments (Cambrigde) Ltd)
second aluminum block with a torque of 0.5 N m and with another 200 um thick graphite foil
in between. All aluminum parts were designed in Inventor and fabricated in the university
workshop. Four microfluidic teflon tubings (KAP 100.969, Techlab) were connected with
fittings and ferrules (VBM 100. 823 and VBM 100.632, Techlab) to the sapphire back wall
of the chamber, which has four holes of 1 mm diameter. These tubings served as inlet and
outlet for the introduction of the liquid sample. A schematic of the chamber build-up is
shown in Figure 5.1. The process of building a pore can be observed in Movie M3.

For the dAMP and the AImpdA experiments, the cooling system with 50/50 water/ethylengly-
col was set to -30°C and the resistance heaters to 80°C. For the 2°,3’-cyclic experiments,
the waterbath (50/50 water/ethyleneglycol) was set to —20°C and the resistance heaters to
100°C. To calculate the inner temperatures of the chambers, I measured the temperatures
on the outside of the sapphires with a temperature sensor (GTF 300, Greisinger) and a ther-
mometer (GTH 1170 Typ K, Greisinger) and used the steady-state linear heat equation and
the conductivities of water 0.6 Wm ™K1 (at 20 °C) and sapphire 23 W m~1 K™ to calculate
what temperature this translates to on the inside of the pore. For easy calculation, a self-
coded LabVIEW program is provided in Dataset D2 (ThermalGradientCalculator.vi).

The fluorescent microscopy setup consisted of a standard fluorescence microscope (Axiotec,
Carl Zeiss Microscopy Deutschland GmbH) equipped with an LED (622 nm, ThorLabs), a
dual excitation filter (470 nm/622 nm), a dual emission filter (537 nm/694 nm), a dual band
beamsplitter (497 nm/655 nm), a 2x objective (TL2x-SAP, 2x/0.1/350-700 nm/inf/WD56.3 mm,
ThorLabs) and a Stingray-F145B ASG camera (ALLIED Vision Technologies Gmbh). A self-
coded program using the software LabVIEW was used to control the camera and the output
voltage to the LED and to the resistance heaters. A cartoon of the setup is shown in Figure
5.2.

LED
622nm
A 4
EX filter _|_
470/622nm
EM filter

o 537/694nm W)
o 2x \ | 3
£ Objective | < =1
O DM LP 567nm =

Figure 5.2: Schematic of the fluorescent microscopy setup. Light from an LED with wavelength 622 nm
went through an excitation filter (622 nm) and onto a longpass dichroic mirror (567 nm), reflecting the light
onto the sample. The emitted light went through an emission filter (694 nm), passed the dichroic mirror and
a 2x objective and was recorded by a CCD camera.
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5.2 Sample Preparation

I developed a method to differentially extract all sections of the concentration gradient gen-
erated by the pore to study the processes of the combined physicochemical non-equilibrium
system: after the run time of the reaction in the thermal gradient, the front heating was
turned off, which led to a rapid drop in temperature and finally to the freezing of the pore
contents as the waterbath was maintained at —20 °C or —30 °C respectively. After verifying
by microscopy that the liquid contents were frozen, the entire pore was removed from the
setup and placed it in the —80 °C freezer for 30 min. Then the sapphire-teflon-sapphire sand-
wich was unscrewed from the metal holders. The sandwich was placed on an aluminum
block cooled to —80°C to prevent melting. The sandwich was opened, and the Teflon was
removed using a razor blade. Only the frozen liquid content remained on the sapphires.
It was cut into five stripes (for experiments of Chapters 3.1 and 3.2) or three stripes (for
experiments of Chapter 3.3) of similar volume and the sapphire was slid stripe by stripe over
onto a 45 °C aluminium block to melt the frozen sample stripe by stripe. To ensure that two
adjacent stripes were not inadvertently mixed during the stripewise thawing, a hydrophobic
barrier (glass cover slide wrapped with Teflon foil) was held between each stripe (see Fig.
5.3). The contents of each thawed stripe were pipetted into different low-binding Eppendorf
tubes.

Figure 5.3: Photo of the freeze extraction process. The sapphire with the frozen sample was slid stripe
by stripe over onto a 45°C warm aluminium block to melt the frozen sample stripe by stripe. To ensure that
two adjacent stripes were not inadvertently mixed during the stripewise thawing, a hydrophobic barrier (glass
cover slide wrapped with Teflon foil) was held between each stripe. The contents of each thawed stripe were
pipetted into different low-binding Eppendorf tubes.

After completion of the freeze extraction, the tubes were briefly centrifuged, their liquid
contents were weighed, and the percentage of volume of the stripes to the total extracted
volume of the pore was calculated. Then, the pH of the samples was measured with Orion
VersaStar Pro pH-meter (ThermoFisher Scientific). The process of freeze extraction can be
observed in Movie M4. I verified that the freezing process did not disturb the accumulation
state of the pore by measurements with fluorescent Cy5-dye (see Figure 5.4).
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Figure 5.4: The process of freeze extraction did not disturb the concentration distribution of an
accumulated pore. 10 uM fluorescent Cy5-dye in water was accumulated in a pore of 170 um thickness for
4h with a temperature gradient of AT = 30°C - 8°C = 22°C. Then, the freeze extraction steps described
in Chapter 5.2 were performed on this pore. For each step of the process, the concentration of the Cy5-dye
was determined via fluorescence microscopy and thickness normalization for each cutout stripe content. It
can be observed that the freeze extraction process did not disturb the accumulation state of the pore, as all
concentrations stayed the same before and after freezing in the pore as well as after freeze extraction.

For the experiments of Chapters 3.1 and 3.2, the samples were injected directly into the
HPLC-MS system without further treatment. For the experiments of Chapter 3.3, the samples
were precipitated prior to measurement.

For the precipitation, 10 uL of sample were mixed with 90 uL. RNAse free HyO, 2 uL of
10 mg mL~! glycogen from oyster (G8751-5G, Sigma-Aldrich) and 10 uL of 5M Ammonium
acetate (CAS 631-61-8, Sigma-Aldrich), then vortexed and spun down. 336 uL of —20°C
cold ethanol (Art-Nr. 5054.2, Carl Roth GmbH + Co. KG) was added, the mixture was
vortexed, spun down and stored overnight in a 4 °C fridge. The next day, the reaction tubes
were centrifuged at 15000 rpm for 30 min at 4 °C, the supernatant was discarded. 100 uL of
—20°C cold 70/30 ethanol/RNAse-free water mixture were added. The tubes were centrifuged
again at 15000 rpm for 30 min at 4 °C. The supernatant was pipetted off as thoroughly as
possible and without further drying the pellet was then dissolved in 40 uL of RNAse-free
water. Of this, 38 uL was injected for HPLC-MS measurement in order to make sure to not
inject air into the column.

With commercial standards over three orders of magnitude and for oligomer lengths from
2nt to 10nt I verified that the precipitation did not disturb the length distribution of the
standard mixes and hence did not alter the composition of the sample (see Figure 5.5).
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Figure 5.5: Ethanol precipitation of RNA does not change the strand composition. Commercially
available 2-8mer polyG oligomers (3’P-G...G-5, 3>-phosphate, biomers.net GmbH, with HPLC purification)
with known amounts (1 pmol, 2pmol, 5pmol, 10 pmol, 20 pmol, 50 pmol, 100 pmol, 250 pmol, 500 pmol in
water) were measured with HPLC/ESI'TOF before and after ethanol precipitation as described in Chapter
5.3. The graphs for the different oligomer lengths above show that the same amount of oligomers before and
after precipitation cause the same integrated MS area counts. Hence, the ethanol precipitation treatment
does not change the composition of a sample for none of the examined lengths nor concentrations.

5.3 Measurements and Analysis

5.3.1 HPLC-MS Measurements

The HPLC-MS measurements were performed using a time-of-flight mass spectrometer (TOF-
MS) with an electrospray ion source (G6230BA, Agilent Technologies) and a 1260 Infinity
II Bioinert high performance liquid chomatograph (HPLC, G5654A, Agilent Technologies).
The column was an AdvancedBio Oligonucleotides column (4.6 mm x 150 mm, 2.7 Micron,
P.N. 653950-702, Agilent Technologies) and the MS measurements were run in negative
mode. For the liquid phase, I used as eluent A: UHPLC-water (CAS No. 7732-18-5, Su-
pelco, Merck KGaA) with 200mM 1,1,1,3,3,3-Hexafluor-2-propanol (HFIP, Art-Nr 2473.3,
Carl Roth GmbH + Co. KG) and 8 mM TEA (CAS No. 603-35-0, Carl Roth GmbH + Co.
KG COMPANY) and as eluent B: 50/50 UHPLC-water/methanol (CAS-No 67-56-1, Merck
KGaA) with 200 mM HFIP and 8 mM TEA.
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dAMP Accumulation

The injection volume was 2uL for each sample, and the compressibility was set to
40 +107% Lbar™. A flow of 0.6 mL min~! was maintained throughout the 40 min of the
method. The column temperature was 30 °C.

The eluent gradients were

0.0 min: 79.0% A and 21.0% B
23.0min: 53.0% A and 47.0% B
23.1min: 0.0% A and 100% B
30.0min: 0.0% A and 100% B
30.1 min: 79.0% A and 21.0% B
40.0 min: 79.0% A and 21.0% B

The recorded diode array detector (DAD) signal was set to 2569 nm with a bandwidth of 4 nm.
The measured mass range (m/z) was 320-3200 u with a scan rate of 3 spectras™'. The settings
were: sheath gas flow: 11 Lmin™!, sheath gas temperature: 400 °C, nebulizer: 45 psig, gas
flow: 5L min~!, gas temperature: 325 °C, octupole RF-peak voltage: 800 V, skimmer voltage:
65V, fragmentor voltage: 250 V, nozzle voltage: 2000V, V-cap voltage: 4000 V. The refer-
ence masses were 1033.988 109 u and 1333.968 947 u (commercially available from Agilent).

AlImpdA Polymerization

The method was almost the same as for the dAMP accumulation experiments, except for
the mass range, which excluded the monomer masses to obtain a cleaner ion chromatogram
with lower background: mass range 550 u-3200 u. Other minor changes were the gas flow:
8L min~! and the gas temperature: 300 °C.

2’,3-cyclic Monomer Polymerization

The injection volume was 38 uL for each sample, and the compressibility was set to 50 =
107% Lbar™!. A flow of 1.0 mL min~! was maintained throughout the 53 min of the method.
The column temperature was 60 °C.

The eluent gradients were

0.0 min: 99.0% A and 1.0% B
5.0min: 99.0% A and 1.0% B
27.5min: 70.0% A and 30.0% B
42.5 min: 60.0% A and 40.0% B
42.6 min: 0.0% A and 100.0% B
47.5min: 0.0% A and 100.0% B
47.6min: 99.0% A and 1.0% B
53.0min: 99.0% A and 1.0% B

The recorded DAD signal was set to 260 nm with a bandwidth of 4 nm. The measured mass
range (m/z) was 500-3200 u with a scan rate of 1spectras™. The settings were: sheath gas
flow: 11 L min~!, sheath gas temperature: 400 °C, nebulizer: 45 psig, gas flow: 8 Lmin ™!, gas
temperature: 325 °C, octupole RF-peak voltage: 750V, skimmer voltage: 65V, fragmentor
voltage: 175V, nozzle voltage: 2000V, V-cap voltage: 3500 V. The reference masses were
601.978977 u, 1333.968 947 u and 1333.968 947 u (commercially available form Agilent).
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5.3.2 Masses

For the experiments of Chapters 3.1 and 3.2, the masses were calculated to the fourth decimal
using the Agilent Isotope Distribution Calculator. I report the masses of the full isotopic dis-
tribution for the first charge state; for the other charge states, I give only the most abundant
isotope. For the experiments of Chapter 3.3, the masses were calculated using a self-coded
LabVIEW program provided in Dataset D1 (MassListGenerator_v3.0.vi). I report the masses
of the most abundant isotope for all calculated charge states.

1. dAAMP

dAMP: C10H1406N5P

m/z (u) gtl::;ge Abundance (%)
331.0682 0H 100

330.0609 -1H 100

331.0634 -1H 13.02

332.0654 -1H 2.02

333.0677 -1H 0.19

333.0677 -1H 0.02

2. AImpdA Polymerization

Linear and Pyrophosphate Oligomer Masses:

5P-AA-3: CyoHosO11N10Py

m/z (u) gtl:;ge Abundance (%)
644.1258 0H 100

643.1185 -1H 100

644.1210 -1H 25.99

645.1232 -1H 5.51

646.1255 -1H 0.85

647.1277 -1H 0.11

648.1299 -1H 0.01

5’P—AAA—3’: C30H38016N15P3

m/z (u) g;’;ge Abundance (%)
957.1834 0H 100

956.1761 1H 100

957.1786 1H 38.96

958.1809 1H 10.69

959.1832 1H 9.19

960.1854 1H 0.38

961.1876 1H 0.06

962.1898 1H 0.01

4775844 9H 100
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5PAAAA-3: CioHs091NogPy

m/z (u) gtl:;.;‘ge Abundance (%)

1269.2337 -1H 100

1270.2362 -1H 51.93

1271.2385 -1H 17.55

1272.2408 -1H 4.45

1273.2431 -1H 0.93

1274.2453 -1H 0.17

1275.2476 -1H 0.03

634.1132 -2H 100

422.4064 -3H 100

Cyclic Oligomer Masses:

Chemical Formula m/z (u) g:;;ge Abundance (%)

C20H24010N10P2 (Dimer) 625.1079 -1H 100
312.0503 -2H 100

C30H36015N15P3 (Trimer) 938.1655 -1H 100
468.5791 -2H 100
312.0503 -3H 100

C4()H4802()N20P4 (Tetramer) 1251.2231 -1H 100
625.1079 -2H 100
416.4029 -3H 100
312.0503 -4H 100

Activated Oligomer Masses:

Chemical Formula m/z (u) g:;;ge Abundance (%)

Ci13H1705NgP (Monomer)  395.0987 -1H 100

Co3H99O19N13P9 (Dimer) 708.1563 -1H 100
353.5745 -2H 100

C33H41015N18P3 (Trimer) 1021.2139 -1H 100
510.1033 -2H 100
339.7331 -3H 100

C43Hj53099N93P, 1334.2715 -1H 100

(Tetramer)
666.6321 -2H 100
444.0856 -3H 100
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3. 22,3’-cyclic Monomer Polymerization

Oligomers with Open Phosphate Ring:

Oligomers with Closed Phosphate Ring:

Base Composition m/z (u) gtl;:;ge Base Composition m/z (u) gtl:j:ge
GG 707.0981  -1H GG 689.0876  -1H
GC 667.092 -1H GC 649.0814  -1H
CcC 627.0859  -1H CcC 609.0753  -1H
GGG 1052.146  -1H GGG 1034.135  -1H
GGC 1012.139  -1H GGC 994.1289  -1H
GCC 9721333 -1H GCC 954.1227  -1H
cccC 9321271  -1H CCC 914.1166  -1H
GGGG 1397193  -1H GGGG 1379.183  -1H
698.0929  -2H 689.0876  -2H
GGGC 1357187  -1H GGGC 1339.176  -1H
678.0898  -2H 669.0845  -2H
GGCC 1317181  -1H GGCC 1299.17 -1H
658.0867  -2H 649.0814  -2H
GCCC 1277175  -1H GCCC 1259.164  -1H
638.0836  -2H 629.0784  -2H
CCCC 1237168  -1H ccccC 1219.158  -1H
618.0806  -2H 609.0753  -2H
GGGGG 1743.244  -1H GGGGG 1725.233  -1H
8711183  -2H 862.113 -2H
580.4097  -3H 5744062  -3H
GGGGC 1703.238  -1H GGGGC 1685.227  -1H
851.1152  -2H 842.1099  -2H
567.0744  -3H 561.0708  -3H
GGGCC 1663.232  -1H GGGCC 1645221  -1H
831.1121 -2H 8221068  -2H
553.739 -3H GGCCC 1605.215 -1H
GGCCC 1623.225  -1H 802.1038  -2H
811.109 -2H GCccce 1564.205  -1H
GCcccC 1582.216  -1H 781.599 -2H
790.6043  -2H ccccce 1524199 -1H
CCCcCcC 1542.21 -1H 761.5959  -2H
770.6012  -2H GGGGGG 2070.281 -1H
GGGGGG 2088.291 -1H 1034.637  -2H
1043.642  -2H 689.422 -3H
695.4256  -3H GGGGGC 2030.275  -1H
GGGGGC 2048.285  -1H 1014.634  -2H
1023.639  -2H 676.0867  -3H
682.0902  -3H GGGGCC 1990.268  -1H
GGGGCC 2008.279  -1H 994.6305  -2H
1003.636  -2H 662.7513  -3H
668.7548  -3H GGGCCC 1950.262  -1H
GGGCCC 1968.273  -1H 974.6275  -2H
983.6328  -2H 649.4159  -3H
655.4194  -3H GGCcCC 1910.256  -1H
GGCccC 1928.267  -1H 954.6244  -2H
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Oligomers with Open Phosphate Ring:

Oligomers with Closed Phosphate Ring:

Base Composition m/z (u) gi::ge Base Composition m/z (u) gtl;::ge
963.6297  -2H 636.0805  -3H
642.084 -3H GCCCcCC 1870.25 -1H
GCCCCC 1888.261 -1H 934.6213  -2H
943.6266  -2H 622.7451  -3H
628.7486  -3H cceece 1830.244  -1H
ccccecece 1848.254  -1H 914.6182 -2H
923.6235  -2H 609.4097 -3H
615.4133  -3H GGGGGGG 2415328  -1H
GGGGGGG 2433.339  -1H 1207.16 -2H
1216.166  -2H 804.4378  -3H
810.4414 -3H 603.0766  -4H
607.5792  -4H GGGGGGC 2375.322  -1H
GGGGGGC 2393.333  -1H 1187.157 -2H
1196.163  -2H 791.1025  -3H
797.106 -3H 593.075 -4H
597.5777  -4H GGGGGCC 2335.316  -1H
GGGGGCC 2353.326  -1H 1167.154  -2H
1176.16 -2H 7777671  -3H
783.7706  -3H 583.0735  -4H
587.5761  -4H GGGGCCC 2295.31 -1H
GGGGCCC 2313.32 -1H 1147151  -2H
1156.157  -2H 764.4317  -3H
770.4352  -3H 573.072 -4H
577.5746  -4H GGGCCCC 2255.304  -1H
GGGCCCC 2273.314  -1H 1127.148  -2H
1136.153  -2H 751.0963  -3H
757.0998  -3H 563.0704  -4H
567.5731  -4H GGCCCCC 2215.297  -1H
GGCCCCC 2233.308  -1H 1107.145 -2H
1116.15 -2H 737.7609  -3H
743.7645  -3H 553.0689  -4H
5575715  -4H GCCCCcCC 2175291  -1H
GCCCCcCC 2193.302  -1H 1087.142  -2H
1096.147  -2H 7244255  -3H
730.4291  -3H CCCcccCcC 2135285  -1H
CCCCCCC 2153.296  -1H 1067.139  -2H
1076.144  -2H 711.0902  -3H

5.3.3 Peak Analysis and Product Quantification

After measurement by HPLC-MS, the masses of the polymerization products were extracted
from the raw mass spectrometry data and plotted in single chromatograms (ion count vs.
time) with the Agilent software MassHunter Qualitative Analysis. I extracted the mass of the
most abundant isotope of the molecule calculated by the Agilent Isotope Distribution Calcu-
lator (mass lists and chemical formulas of the polymerization products, see Chapter 5.3.2).
For the ion extraction algorithm, I tolerated a symmetric margin of error of Am/z = + 2.0 ppm
around the target m/z values. Peak identification for integration was performed by an en-
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zyme digestion protocol, hydrolysis experiments or by comparing the retention times of the
peaks of the sample with the retention times of the peaks from commercially available stan-
dards. I additionally verified that the selected peaks corresponded to the correct molecule
by checking the isotope distribution signature of the peak in the first charge state (see Chap-
ter 5.3.2 for isotope distributions). The selected peaks were integrated and the background
was subtracted either manually using the MassHunter Qualitative Analysis program or with
a self-coded LabVIEW program. To retrieve the concentration information from the inte-
grated peak areas, a calibration procedure was used, which is described below.

dAMP Accumulation

The dAMP peak in the sample was identified by comparison with an injection of commer-
cially available dJAMP in water and its retention time. The selected peak was integrated man-
ually using the MassHunter Qualitative Analysis program. To remove the baseline noise, I
performed a background subtraction. For that, an injection of RNAse-free water was mea-
sured along with the samples. Then, the dAMP mass was also extracted from the water
injection as described above and its chromatogram was integrated in the same time interval
as the dAMP peak of the samples. The resulting integration value was subtracted as back-
ground from the integrated area values of the corresponding sample peaks. For calibration,
the mass spectrometry data of monomers were measured over a wide range of concentra-
tion (0.01mM, 0.05mM, 0.1 mM, 0.5mM, 1mM, 5 mM, 10 mM, 20 mM, 50 mM, 100 mM,
200 mM, 500 mM, 700 mM in 100 mM MOPS at pH 6.5), then extracted and integrated as
described above. The integrated peak area increased with increasing concentration.

Due to the broad measurement range the peak area vs. concentration, the calibration plots
had to be fitted in two ranges, 0.01-20 mM and 20-700 mM (see Figure 5.6).
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Figure 5.6: Fitting of monomer calibration measurement data. Mass spectrometric data from dAMP
monomer measurements of known concentration (0.01 mM, 0.05 mM, 0.1 mM, 0.5 mM, 1 mM, 5 mM, 10 mM,
20 mM, 50 mM, 100 mM, 200 mM, 500 mM, 700 mM in 100 mM MOPS at pH 6.5) were extracted and inte-
grated using the same method as for the samples. Concentration vs. peak area data points (circles) were
fitted (dashed line) by least square fitting. Due to the wide range of measured concentration, the fit was
performed in two intervals (0.01-20 mM and 20-700 mM monomer concentration) using a power-law function
and an exponential function, respectively. The fit parameters are given in the box insets and in the text of
Chapter 5.3.3.
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For the concentration range 0.01-20 mM, the fit function was a power law

A(c)/F =yo+b - ¢, (5.1)

where A is the area of the integrated peak, ¢ the concentration of the monomer related to this
peak on the day of the measurement, F is a correction factor and yy = —763470, b = 7095700
and pow = 0.565 are fitting parameters, determined by least square fitting.

To account for variations in the measurement performance of the HPLC-MS machine be-
tween different days (see Figure 5.7), I introduced the correction factor F. F is given by the
ratio of the integrated peak area of a 20 mM monomer injection measured on a measure-

ment day A;i;fﬁ/l ¢,4 divided by the integrated peak area value of a 20mM monomer injection
measured on the day of calibration AQCOarflli\[iIS ,q = D0604517. F was calculated anew on each

measurement day by measuring a 20 mM standard monomer sample before measuring the
actual experimental samples. The integrated peak area of a sample measured on a mea-
surement day was divided by F to correct it to the value it would have had on the day of
calibration.
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Figure 5.7: Differences in the integrated MS peak area for the same monomer concentration injection.
20 uM of dAMP monomer standard in water have been injected to the HPLC-MS on different days and months
of a year. One sees a significant difference in the integrated peak area counts for different measurement days,
which makes the daily correction factor F necessary.

By inverting equation (5.1) to

c 1.77
(A/F +763470) } 52

7095700
now the concentration ¢(4) from the area 4 of a peak could be calculated.

For the concentration range 20-700 mM the same methods were used, but a different fit
function was necessary:

c(4) = [

A(0)/F = yo + bexp(—g) (5.3)
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with the fit parameters yy = 145570000, b = 122880000, 7 = 152 mM determined by least
square fitting and the correction factor F.
By inverting equation 5.3, we obtain

1n(122880000)
14557000 — A/F

The decision of which of the two fit functions to use was made by comparing the peak area
in question to the area of the 20 mM-standard of a measurement day: peak areas with an
area greater or equal to that of the measurement day’s 20 mM-standard were inserted into
the exponential fit-function, below that into the powerlaw function. All integrated peak ar-
eas of the monomer accumulation experiments were calibrated to concentrations using the
procedure described above.

¢(4) =152 mM (5.4)

AlImpdA Polymerization

The masses of the AlImpdA polymerization products (see Chapter 5.3.2) were extracted in
the MassHunter Qualitative Analysis and the chromatograms for the different charge states
were added up for each product. The selected peaks from these ion count vs. time chro-
matograms were integrated manually using the MassHunter Qualitative Analysis program.
To remove the baseline noise, I performed a background subtraction. For that, an injection
of RNAse-free water was measured along with the samples. Then, the oligomer masses were
also extracted from the water injection as described above and their chromatograms were
integrated in the same time intervals as the peaks of the samples. The resulting integration
value was subtracted as background from the integrated area values of the corresponding
sample peaks.

In the AImpdA polymerization, two of the possible products - the pyrophosphate-linked
and the linear oligomers - had the same masses and therefore their peaks appeared in the
same MS-mass-chromatogram. The linear oligomer was identified by comparing the HPLC-
retention times of the peaks with commercially available linear oligomer standards (2mers-
4mers dA-oligomers with a 5-phosphate, 3’-dA...dA-5’P, biomers.net GmbH, with HPLC
purification) as can be seen in Figure 5.8.

The pyrophosphate oligomer peaks corresponded to those peaks that came down before
the linear peaks in the same mass chromatogram following the examples of [57] and [11].
To ensure that the pyrophosphate peaks were correctly identified, I performed an enzyme
digestion protocol using a pyrophosphatase (see Figure 5.9, Table 5.2 and Chapter 5.4.2).
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Figure 5.8: Identification of the linear oligomer peaks by comparison with standards. Commercially
available 3’-dA... dA-5’P oligomer standards (2-4mers) were measured and extracted using the same method
as the sample (here exemplarily a 300 mM AImpdA polymerization reaction). The linear oligomer is the one
that has the same retention time as the commercially available linear oligomer standard for each length.
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Figure 5.9: Identification of the pyrophosphate-oligomer peaks by a pyrophosphatase enzyme diges-
tion protocol. 15 uL of an AlmpdA-polymerization sample was incubated for 1h with a pyrophosphatase
enzyme, which hydrolyzes pyrophosphate bonds in oligomers and cleaves them into shorter, linear oligomers
(see Chapter 5.4.2 for enzyme digestion protocol). Then, both, the digested and the undigested samples were
measured and extracted with HPLC-MS and MassHunter. The peak of the linear oligomer was identified by
comparison with a commercially available standard (see Figure 5.8) for 2mer and 3mer. The first peak in
the 2mer- and 3mer-chromatograms, with the same mass but an earlier retention time, shrank in integrated
area counts when incubated with a pyrophosphatase enzyme, while the second, linear peak grew. The same
result, but more pronounced, was observed in a second experiment in which I incubated another AImpdA-
polymerization sample for 2h with the pyrophosphatase enzyme. Hence, I concluded that the peaks which
decreased in area indeed contained the pyrophosphate-linked oligomers. The linear peaks (at later retention
times) grew because the pyrophosphatase enzyme cleaved longer pyrophosphate-oligomers to form shorter,
linear oligomers, which then appeared additionally in the linear peaks of the chromatograms of the shorter
oligomers and increased the integrated area counts there. The integrated area counts of the decreasing and
increasing peaks are given in Table 5.2

g‘:fgotrll:er Protocol Area Pyrophosphate Peak Area Linear Peak
Control 1310720 30111
9mer 1h enzyme digestion 125385 43831
Control 1162422 22338
2h enzyme digestion 18297 44966
Control 19928 1594
3mer 1h enzyme digestion 2656 1231
Control 15954 996
2h enzyme digestion 970 1080

Table 5.2: Integrated area counts for decreasing and increasing peaks of AImpdA-polymerization
products before and after pyrophosphatase enzyme digestion. Two enzyme digestion experiments were
performed in which I incubated 15 uL of an AImpdA-polymerization sample for 1h or 2h with a pyrophos-
phatase enzyme. The increase and decrease of the areas of a peak denoted whether the amount of measured
products in that peak was higher or lower after the digestion protocol. I saw that the areas of the pyrophos-
phate peaks shrank, while the area counts of the linear peaks increased after the enzyme digestion (see
Figure 5.9). Thus, the pyrophosphate peaks indeed contained the pyrophosphate-linked oligomers from the
AlmpdA-polymerization reaction as the pyrophosphatase enzyme cleaved them into shorter, linear oligomers.

The activated oligomers had a different mass and were therefore seen individually in a dif-
ferent chromatogram and their peaks were easily identified. I additionally verified that the
selected peaks corresponded to the correct molecule by checking the isotope distribution sig-
nature of the peak in the first charge state (see Chapter 5.3.2 for the isotope distributions).
To obtain the concentration information from the integrated peak areas of the oligomers,

44



I used a similar calibration method as for the dAMP monomers: mass spectrometric data
of oligomers (2-4mers dA-oligomers) of known concentration (0.01 uM, 0.05uM, 0.1 uM,
0.5uM, 1uM, 5uM, 10 uM, 20 uM, 50 uM, 100 uM, 200 uM, 500 uM, 750 uM, 1000 uM in
water) was measured and extracted with the same method as used for the samples.

The integrated peak areas increased with increasing concentration. Concentration vs. peak
area (circles) were fitted individually for each oligomer length (dotted lines) using a power-
law function (see Figure 5.10) and least square fitting.

c(A) = yo + b(A/F)P*® (5.5)

where 4 is the area of the integrated peak, ¢(A4) the concentration of the oligomer related
to this peak on the day of the measurement, F is the factor for the daily correction and
90, b and pow are fitting parameters. The fitting parameters for each concentration range
and length of oligomer are summarized in the Table 5.3. All integrated peak areas for the
AlmpdA products where calibrated to concentrations using the procedure described above.
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Figure 5.10: Fitting of dA-oligomer calibration measurement data. Mass spectrometric data of 3’-
dA...dA-5P oligomer measurements with known concentration (0.01 uM - 1000 uM in water) were extracted
and integrated with the same method as the samples. The concentration vs. peak area data points (circles)
were fitted (dashed lines) individually for each oligomer length (2mers yellow-green, 3mers light green, 4mers
dark green) by least square fitting. Due to the wide range of measured concentration, the fit was performed
for two intervals (0.01-20 uM and 20-700 uM monomer concentration) using a powerlaw function with two
different parameter sets. The fit parameters are given in the box insets and in Table 5.3.
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Table 5.3: Fitting parameters for concentration calibration measurements for the AlmpdA polymer-
ization products. Due to the wide range of measured concentration, the least square fit was performed for
two intervals (0.01-20 uM and 20-1000 uM oligomer concentration), using different powerlaw functions for
each interval and oligomer length.
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2’,3’-cyclic Monomer Polymerization

For the quantification of polymerization products from 2’,3’-cyclic monomers, I used the
Agilent software MassHunter Qualitative Analysis and a self-coded LabVIEW program to
integrate the product chromatogram peaks. The oligomers formed during the polymeriza-
tion process 2’,3’-cyclic monomers had either an open 2’- or 3’-phosphate end or a closed
2’,3-phosphate ring. The masses of these two types of polymerization products were cal-
culated as described in Chapter 5.3.2. For mass spectrometry analysis, it was necessary to
search for both types of oligomers as they differ in weight by one water molecule. Both
oligomer types were extracted in single chromatograms for each length and the peaks were
integrated and calibrated to concentration one by one. I extracted these m/z values from
the full MS-spectra into an ion counts vs. time chromatogram using MassHunter software,
allowing for an imprecision of Am/z = +2ppm. The chromatograms were saved as .csv
ASCII files for further analysis with the LabVIEW program which is provided in Dataset D3
(TOF_Integrator2.4.vi).

The .csv files were loaded into the LabVIEW program, which summed the chromatograms
for different charged states for each possible polymerization product. For integration, the
peak selection for the oligomers with an open phosphate ring was performed by comparison
to commercially available standards of matching oligomer lengths (2mers-7mers G-oligomers
with a 3’-phosphate, 3’-G... G-5’P, biomers.net GmbH, with HPLC purification) as can be
seen in Figure 5.11. This control sample with known concentration (10 uM per Nmer, mixed
2-7mers) was always measured alongside the samples from the experiment and also served
for the concentration calibration later on.
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Figure 5.11: Identification of the linear oligomer peaks by comparison with standards. Commercially
available 3’P-G. .. G-5’ oligomer standards (2-7mers) were measured and extracted using the same method as
for the sample (here exemplarily a 10 mM 2°,3’-cGMP/50 mM 2’,3’-cCMP polymerization reaction). The linear
oligomer peak was the one that had the same retention time as the commercially available linear oligomer
standard for each length.
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The peak selection for the oligomers with a closed phosphate ring was done by selecting the
peak with matching mass that came down immediately before the peak of the corresponding
oligomer with the open phosphate ring of the same length. This identification was conducted
with hydrolysis experiments described in [14]. The identification after the selection by mass
is confirmed by checking the isotope pattern of each oligomer with a self-coded LabVIEW
program provided in Dataset D3 (SpectraBrowser1.03.vi) which is based on the open source
code "IsoSpec2: Ultrafast Fine Structure Calculator” [58]. In the program the theoretical
isotope patterns (green) of the products were compared with the measured ones (white) and
only chromatograms were used for integration and quantification that showed a quality factor
above 2. A closer description of the LabVIEW software can be found in [14]. All isotope
patterns are documented as .pngs in Dataset D4.

The selected peaks were integrated in a time interval defined by two cursors set manually
to meet the criteria described above. To remove the baseline noise, I performed a back-
ground subtraction from the integrated peak area. Depending on the type of the peak, the
background subtraction was carried out either by linear extrapolation of a slanted baseline
between the two cursor positions (for 3-7mers) or using the chromatogram value at the left
cursor position (for 2mers) as the baseline. The integrated peak areas were calibrated daily
with a one-point calibration using the 10 uM-standards to obtain the concentration values of
the oligomers from the HPLC-MS measurements. I used a one-point-calibration because I
showed that the oligomer amount (in moles) scaled linearly with the integrated peak area
(see Figure 5.12).
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Figure 5.12: The oligomer amount (in moles) scales linearly with the integrated peak area. Commer-
cially available 2-8mer polyG oligomers (3’P-G...G-5’, 3-phosphate biomers.net GmbH, with HPLC purifica-
tion) with known amounts (1 pmol, 2 pmol, 5 pmol, 10 pmol, 20 pmol, 50 pmol, 100 pmol, 250 pmol, 500 pmol
in water) were measured, extracted and integrated with the same method as the RNA polymerization sam-
ples. In search for a fit function for the area to mole relationship, I found that the data points (circles) for
oligomer amount (in moles) to integrated peak area were best fitted with linear functions for all oligomers
lengths (dashed lines).
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Thus, I calculated the concentration ¢, , of an oligomer of a certain length # in a sample
under study via the following equation:

n A?m[] C;td * VStd
Cmp = * , (5.6)
smp Std
where ¢g, , is the concentration of oligomers of length 7 in the injected standard, A%, , is

the integrated peak area of an oligomer of length 7 in the injected standard, 4, , is the
integrated peak area of an oligomer of length 7 in the injected sample, V;, is the injection
volume of the sample and Vg, is the injection volume of the standard.

In this way, I calculated the concentration of each oligomer of each length and ending type
(closed or open) in the samples.

5.4 Chemistry

541 dAMP Accumulation

For each experiment, deoxyadenosine-5’-monophosphate disodium salt (1/AMPNay, CAS
No. 2922-74-9, Carbosynth Ltd.) powder was allowed to reach room temperature, weighed
into a low-binding test tube and mixed with a 100 mM 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer solution to the desired concentration (300 mM, 20 mM, 2.5 mM). No
other salts were added. The pH was not adjusted, it naturally settled at pH 6.5. The sample
mixture was filled into a thermophoretic pore, which had beforehand been filled with low
viscosity oil (3M TM Novec TM 7500, IoLiTec Ionic Liquids Technologies GmbH) to allow
complete filling of the pore without introducing any air bubbles. Novec Oil was checked in
a separate experiment to not change the polymerization behavior, the filling procedure can
be observed in the Movie M1. The pore was operated for 24 h at a temperature gradient of
AT = 22°C, with the hot temperature at 30 °C and the cold temperature at 8 °C at the front
respectively back of the solution.

542 AlImpdA DNA Monomers

AlImpdA Synthesis

3.3 mmol (1 eq) deoxythymidine-5-monophosphate disodium salt (dTMPNay, CAS No. 33430-
62-5, Carbosynth Ltd.) and 16.4 mmol (1 eq) 2-aminoimidazole sulfate salt (SKU No. 197912-
2.5G, Sigma Aldrich) were dissolved in 25 mL of RNAse free water (Ambion TM Nuclease-
Free Water, Ref. No. AM 9932, Life Technologies Corporation) in a 50 mL polypropylene
Falcon tube. The pH was adjusted to pH 5.7 by adding a solution of syringe-filtered 1 M
hydrogen chloride (HCI, Art. No. K025.1, Carl Roth GmbH + Co. KG). RNAse free water
was added to give a total volume of 30 mL. The mixture was filtered with a 0.45 um filter
and aliquoted into two 50 mL polypropylene Falcon tubes, flash-frozen in liquid nitrogen,
and lyophilized for two days.

In 250 mL glass round-bottom flasks, a mixture of 50 mL anhydrous dimethyl sulfoxide (SKU
No. 276855-1L, Sigma-Aldrich) and 6.2 mL anhydrous triethylamine (CAS No. 121-44-8, Carl
Roth GmbH + Co. KG) was stirred under argon. The lyophilized products were added and
heated gently in a flame for 30 min. To each flask, 29.5mmol (9eq) triphenylphosphine
(TEA, CAS No. 603-35-0, Carl Roth GmbH + Co. KG COMPANY) and 32.8 mmol (10 eq)
2,2-dipyridyldisulfide (SKU No. 8411090005, Sigma-Aldrich) were added. The mixtures
were stirred under argon for 30 min. The solutions were poured in an ice-cooled glass bottle
containing a mixture of 400 mL acetone (UN No. 1019, Carl Roth GmbH + Co. KG), 250 mL
diethyl ether (CAS No. 60-29-7 Carl Roth GmbH + Co. KG company), 30 mL trimethylamine
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(UN No. 1296, Carl Roth GmbH + Co. KG) and 1.6 mL acetone saturated with natriumper-
chlorat (NaClOy4) (SKU No. 410241-500G, Sigma-Aldrich), and stirred until the product
flocculated.

Stirring was stopped and the bottle was put on ice for 30 min. The solution was collected in
50ml propylene Falcon tubes and centrifuged at 4000 rpm for 3 min at 10 °C. The supernatant
was discarded and the pellets were resuspended in 10ml of a 1 : 8.3 : 13.3 of triethylamine :
diethyl ether : aceton mixture. The new solutions were vortexed and centrifuged at 4000 rpm
for 3min at 10°C. The supernatant was discarded, and the step was repeated. The pellet
was washed twice with 10 mL acetone and twice with 10 mL diethyl ether. The pellets were
dried overnight under vacuum. The product was stored at —20°C.

AImpdA Polymerization

For an experiment, the self-synthesized AImpdA powder was allowed to reach room temper-
ature, weighed, put into a low-binding test tube (DNA LoBind Tubes, Eppendorf AG), and
mixed with a 100 mM 3-(N-morpholino) propanesulfonic acid (MOPS) buffer solution (CAS
No. 1132-61-2, Carl Roth GmbH + Co. KG mixed with RNAse-free water) to the desired con-
centration (300 mM, 20 mM, 2.5 mM). No other salts were added. The pH was not adjusted,
it naturally settled at pH 6.5.

The sample mixture was filled into a thermophoretic pore, which had beforehand been filled
with low viscosity oil (3M TM Novec TM 7500, IoLiTec Ionic Liquids Technologies GmbH)
to allow complete filling of the pore without introducing any air bubbles. Novec Oil was
checked in a separate experiment to not change the polymerization behavior, the filling pro-
cedure can be observed in the Movie M1. The pore was operated for 24 h at a temperature
gradient of AT = 22°C, with the hot temperature at 30 °C and the cold temperature at 8°C
at the front respectively back of the solution. For the bulk controls, 20 uL of sample was
filled in Eppendorf test tubes and covered with 15 uL of paraffin oil (Art. No. 9190.1, Carl
Roth GmbH + Co. KG) to prevent any evaporation inside the test tube. Paraffin oil was
checked in a separate experiment to not change the polymerization behaviour. The tubes
were incubated for 24 h at 30 °C and 8 °C, respectively.

Pyrophosphatase Enzyme Digestion Protocol

I used the NudC Pyrophosphatase Kit (M0607S, New England BioLabs Inc.) for digestion
of pyrophosphate-linkages in the AImpdA-polymerization products. After 24 h of incubation
at 20°C in a test tube, 15 uL of a 2.5 mM-AImpdA sample were mixed in a new test tube
with the following chemicals, all included in the kit: 2puL of NEBuffer 3.1 (10x), 1 uL of
100mM DTT (dithiothreitol) and 2 uL of NudC pyrophosphatase (10 uM). The tube was
vortexed, spun down and incubated for either 1h or 2h at 37 °C. Without further treatment,
I measured the digested sample with the same HPLC-MS protocol as the undigested sample
(see Chapter 5.3.1) and compared the results of both measurements. Data and analysis are
shown in Figure 5.9 and Table 5.2.

543 2,3-Cyclic RNA Monomers

2°,3-cCMP (CAS No. 15718-51-1, Sigma-Aldrich) and 2°,3>-cGMP (Cat. No. G025-50, Biolog
Life Science Institute GmbH and Co. KG) were mixed with RNAse free water to create a
stock solution of 300mM. These stocks were stored at —80°C. For an experiment, the
stock solutions were diluted with RNAse-free water to the desired concentrations and G/C
ratios (10 mM/50 mM, 1 mM/5 mM, 20 mM/20 mM, 2 mM/2 mM). The pH of the solution was
adjusted to pH 10.5 with potassium hydroxide (KOH, Art. No. K017.1, Carl Roth GmbH +
Co. KG). If visualization of the accumulation process was desired, 10 uM Cy5 fluorescent dye
(Cat. 23390, Lumiprobe GmbH, excitation maximum: 649 nm, emission maximum: 666 nm)
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were added, which was tested in a separate experiment not to change the polymerization
behavior. The sample mixture was filled into an airfilled thermophoretic pore from its top
until it filled the upper 4/5 of the chamber volume, the lowest fifth was left air-filled to create
the liquid-gas interface. The filling procedure with an airwater interface is shown in Movie
M?2. The pore was operated for 18 h at a temperature gradient of AT = 30°C, with the hot
temperature at 70 °C and the cold temperature at 40 °C. For the dry control, 20 uL of the
sample was filled in test tubes and incubated for 18 h at 70 °C and 40 °C, respectively, with
the tube lid open to allow evaporation. After the 18 h, samples were rehydrated with 20 uL.
of RNAse free water. For bulk controls, 20 uL of sample was filled in test tubes and covered
with 15 uL of low viscosity paraffin oil (CAS No. 8042-47-5, Carl Roth GmbH + Co. KG) to
prevent any evaporation inside the test tube. The tubes were kept with closed lids for 18 h
at 70 °C and 40 °C, respectively.
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Appendix

1 Data Repository

Supplementary data files are provided by the author via the Open Data Repository of
Ludwig-Maximilians-Universitit and can be downloaded there.

Reference: Christina F. Dirscherl and Dieter Braun. Supplementary Datasets for the Paper
“A Heated Rock Pore Promotes Primordial DNA and RNA Polymerization”. Open Data LMU,
2022. https:/doi.org/10.5282/ubm/data.351

File Descriptions

Movie M1: Pore filling with help of low viscosity oil. The sample mixture was filled
into a thermophoretic pore, which has beforehand been filled with very low viscosity Novec
oil to allow complete filling of the pore without introducing any air bubbles. Novec oil was
checked in a separate experiment to not change the polymerization behavior.

Movie M2: Pore filling with an air-water interface. The sample mixture was filled into an
airfilled thermophoretic pore from its top until it filled the upper 4/5 of the chamber volume,
the lowest fifth was left airfilled to create the liquid-gas interface.

Movie M3: Pore building procedure. A thin Teflon foil was placed between two transpar-
ent sapphires. The sapphires were lined with two heat-conducting graphite foils to ensure a
good thermal connection to an aluminum plate at the back and to the resistance rod heaters
at the front. The layers were screwed with a steel frame to the back plate, the heater was
screwed to the front sapphire. This sandwich is screwed to a waterbath-cooled aluminum
block with another graphite foil in between. Three microfluidic teflon tubings were con-
nected with fittings and ferrules to the sapphire back wall of the chamber, which has holes of
1 mm diameter. These tubings served as inlet and outlet for the insertion of the liquid sample.

Movie M4: Freeze extraction procedure. After the run time of the reaction in the ther-
mal gradient, the front heating is turned off, which leads to a rapid drop in temperature and
finally to freezing of the pore contents. The entire pore was removed from the setup and
placed it in the —80 °C freezer for 30 min. Then the sapphire-teflon-sapphire sandwich was
unscrewed from the metal holders. The sandwich was placed on an aluminum block cooled
to =80 °C to prevent melting. The sandwich was opened, and the Teflon was removed using
a razor blade. Only the frozen liquid content remained on the sapphires. This was cut into
five stripes (for experiments of Chapters 3.1 and 3.2) or three stripes (for experiments of
Chapter 3.3) of similar volume. The sapphire was slid bit by bit over onto a 45 °C aluminum
block to melt the frozen sample stripe by stripe. To ensure that two adjacent stripes were not
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inadvertently mixed during the thawing, a hydrophobic barrier (glass cover slide wrapped
with Teflon foil) was held between each stripe. The contents of each thawed stripe were
pipetted into different low-binding Eppendorf tubes.

Movie M5: Thermogravitational accumulation in a waterfilled pore. An out-of-equi-
librium hydrothermal pore can localize and concentrate molecules. The thermal gradient
induces two physical phenomena inside the pore: the bulk solution undergoes a circular
convection motion due to the heat-induced density differences within the liquid and the dis-
solved molecules within the liquid experience thermophoresis, a drift along the temperature
gradient (for DNA/RNA molecules towards the colder side of the pore). The superposition
of these two forces leads to a concentration increase of molecules at the bottom cold corner
of the pore. The resulting accumulation of molecules is balanced by diffusion, seeking a
homogeneous concentration.

Movie M6: Accumulation and wet-dry cycles in a pore with air-water interface. In a
pore with an air-water interface subjected to a temperature gradient, convection and ther-
mophoresis are joined by evaporation at the hot side and recondensation at the cold side of
the pore. In addition to the downward accumulation, the solutes undergo a wet-dry cycling:
RNA molecules are deposited in layers on the hot side and are rehydrated by growing water
droplets at the cold side, which re-enter the main fluid phase and shift the location of the
water-air interface over time.

Dataset D1: Self-coded LabVIEW program for mass calculation. The masses of the
two types of oligomer products formed in the 2’,3’-cyclic polymerization were calculated to
the fourth charge state using a self-coded LabVIEW program. The resulting masses are used
for further analysis and are displayed in Chapter 5.3.2.

Dataset D2: Self-coded LabVIEW program for temperature calculations for ther
mophoretic pores. To calculate the inner temperatures of the chambers, I measured the
temperatures on the outside of the sapphires with a temperature sensor and used the steady-
state linear heat equation and the conductivities of water 0.6 Wm™1 K1 (at 20°C) and sap-
phire 23 W m™! K~ to calculate what temperature this translates to on the inside of the pore.

Dataset D3: Self-coded LabVIEW programs for product peak integration and iso-
tope pattern matching. For the quantification of polymerization products from 2’,3’-cyclic
monomers I used two self-coded LabVIEW programs to integrate the product chromatogram
peaks and to check the isotope distribution.

Dataset D4: Isotope pattern documentation. Screenshots of the isotope patterns for all
detected strand lengths and base compositions for the 10 mM 2°,3’°cCMP / 50 mM 2°,3’°cGMP
experiment for both, thermophoretic pore and drying at 40 °C. The theoretical isotope pat-
tern is displayed in green and was compared with the ESI-TOF-measured isotope pattern in
white (A closer description to the software can be found in [14]).

Dataset D5: Comsol simulation files for all theoretical calculations. Numerical simula-
tions for the robustness sweep, monomer accumulation, AImpdA accumulation+polymerization
for thermophoretic pores and bulk control, 2’,3’-cyclic accumulation+polymerization for ther-
mophoretic pores and drying control, 2D-longtime monomer accumulation with and without
feeding and OD-longtime 2’,3’-cyclic polymerization with and without feeding.
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Dataset D6: 2’°,3’-cyclic polymerization rate equations and self-coded LabVIEW pro-
gram for their calculation. The rate equations for all strands of the 2’,3’-cyclic polymeriza-
tion with length- and sequence-dependent on-rates are generated with a self-coded LabVIEW
program. The resulting equations are used in the combined accumulation and polymeriza-
tion simulations.
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Heated gas bubbles enrich, crystallize, dry,
phosphorylate and encapsulate prebiotic

molecules
Matthias Morasch’, Jonathan Liu

Donald B. Dingwell ©4, Petra Schwille
Christof B. Mast' and Dieter Braun®™

1, Christina F. Dirscherl', Alan laneselli’, Alexandra Kiihnlein’,
Kristian Le Vay @2, Philipp Schwintek’, Saidul Islam
2, Hannes Mutschler

3, Mérina K. Corpinot3, Bettina Scheu?,
2, Matthew W. Powner®3,

Non-equilibrium conditions must have been crucial for the assembly of the first informational polymers of early life, by sup-
porting their formation and continuous enrichment in a long-lasting environment. Here, we explore how gas bubbles in water
subjected to a thermal gradient, a likely scenario within crustal mafic rocks on the early Earth, drive a complex, continuous
enrichment of prebiotic molecules. RNA precursors, monomers, active ribozymes, oligonucleotides and lipids are shown to
(1) cycle between dry and wet states, enabling the central step of RNA phosphorylation, (2) accumulate at the gas-water
interface to drastically increase ribozymatic activity, (3) condense into hydrogels, (4) form pure crystals and (5) encapsulate
into protecting vesicle aggregates that subsequently undergo fission. These effects occur within less than 30 min. The findings
unite, in one location, the physical conditions that were crucial for the chemical emergence of biopolymers. They suggest that
heated microbubbles could have hosted the first cycles of molecular evolution.

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
life'. 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 patterns” and lean the system towards a continuous, dynamic
self-organization’. Non-equilibrium dynamics can be found in
many fluid systems, including gravity-driven instabilities in the
atmosphere’, the accumulation of particles in nonlinear flow™*
and shear-dependent platelet activation in blood’. 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 Earth®.
Hydrothermal activity is considered to have been abundant and
intimately linked to volcanic activity’. 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 processes'*".

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

|—ife is a non-equilibrium system. Through evolution, life has

previously have been discussed in connection with atmospheric
bubble-aerosol-droplet cycles', the adsorption of lipid monolayers
and DNA to the interface'** and the formation of peptide bonds?'.

In the absence of a temperature gradient, evaporation of a drop
of water on a surface exhibits the so-called ‘coffee-ring effect’”.
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-um-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

'Physics Department, Center for Nanoscience, Ludwig-Maximilians-Universitdt Miinchen, Munich, Germany. 2Max Planck Institute of Biochemistry,
Martinsried, Germany. 3Department of Chemistry, University College London, London, UK. “Earth and Environmental Sciences,
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Fig. 1| DNA accumulation at gas bubbles in a thermal gradient. Volcanic
rocks in shallow hydrothermal settings are subjected to water cycles in their
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
causes vaporization. At the gas microbubbles, molecules are accumulated
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.

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 um 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 30min 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: 13.7mM
NaCl, 0.27mM KCI, 1mM phosphate buffer). However, DNA
and RNA gelation measurements were performed equally well
under physiological conditions (1-fold PBS buffer: 137 mM NaCl,
2.7mM KCl, 10mM 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.
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Initially, the chamber was filled with a solution of 200nM
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 (T, = T.,q=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), 0s). Heating one side of the
chamber (T,,.,=30°C, T_,;=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
(~4pm) compared to the 240-um-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 uM
DNA concentration in the meniscus when starting from a 200nM
bulk solution (Fig. 2¢). 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. 2¢, 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 meniscus® (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 flows™,
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. 2¢, 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
gas”, the interface geometry was approximated by an arc of a circle.
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Fig. 2 | DNA accumulation by capillary flow. a, (i) Gas-water interface imaged by fluorescence microscopy with the contact line area outlined with a red
dashed line. The initial higher fluorescence intensity at the contact line originated from adsorbed DNA at the gas-water interface. (ii) After 100's, the
132mer DNA has accumulated in water near the contact line at the warm temperature side of the chamber (T,,..,=30°C, T_,4=10°C, Supplementary
Video 1). b, The fluorescence profile reached a 12-fold increase as compared to the bulk fluorescence within 6 min. ¢, Due to the confined meniscus
geometry, the accumulated concentration was significantly higher. The 12-fold increase in fluorescence corresponded to a 700-fold increase in DNA
concentration, consistent with simulation results (red solid line). Without thermophoresis (red dotted line) or Marangoni flows (blue dotted line),
simulations predict a slightly higher accumulation. Error bars were estimated from fluorescence analysis averaged over an ~200 um interface width at
three positions along the contact line from the shown example measurement. d, Fluid flow near the contact line measured by single-particle tracking
(Supplementary Video 1). Capillary flow (orange) pulled the beads upwards toward the contact line as water mainly evaporated at the tip of the meniscus.
Marangoni and convection flows (green) shuttled the beads between the hot and cold sides. Superposed is the logarithmic concentration profile obtained
from the simulation for the accumulation in a. e, Single-particle tracking of the capillary flow. Peak flow velocities reached 50 ums~"in the last second of
the water flow before its evaporation (Supplementary Fig. 3). T.,,=10°C, T,,..,=40°C.

The contact line of the interface was pinned in the simulation””,  accumulation of mono- and divalent ions (Supplementary Fig. 4),
motivated by the observation that the accumulation kinetics was  resulting in a higher salt concentration at the meniscus.
generally faster than the fluctuating movement of the interface.

The model superposed four water flows, providing the bound- Enhanced ribozyme catalysis at the interface. The accumulation
ary condition for the accumulation of DNA: (1) capillary flow of larger biomolecules as well as ions at the interface makes it a
at the meniscus, (2) diffusion of water vapour between the inter- powerful mechanism to enhance the activity of functional nucleic
face and the gas bubble, (3) convection of water and (4) Marangoni  acids. To test this, we monitored the activity of the Hammerhead
flow along the interface. The relative strength of the Marangoni  ribozyme®?, which cleaves a 12mer RNA substrate strand. The
flow—a free parameter due to the unknown presence of surface- substrate and magnesium concentration determined its activity™,
active molecules”’—was adjusted to fit the velocities measured and both were accumulated in a 30°C gradient (T,,.,=10°C,
in the experiment. T.,a=40°C) at low bulk concentrations (0.1uM Hammerhead,

The interplay of all four flows led to the accumulation of mole-  0.5uM substrate, 0.4 mM MgCl,, Fig. 3a). As a control, chambers
cules at the meniscus. As only water evaporated on the warm side, ~ without gas interfaces were studied. A FAM dye and a black hole
dissolved molecules were continuously dragged towards the contact ~ quencher were attached on opposite sides of the substrate, inhib-
line, where their concentration depended on back-diffusion and iting the fluorescence of the FAM dye. On cleavage, the dye was
the speed of the capillary flow. Convection and Marangoni flow not quenched anymore and could be detected by fluorescence
provided a constant cycling of water and new material towards the =~ microscopy. Figure 3a,b and Supplementary Video 2 show the aver-
accumulation region. age fluorescence of the chamber over time. The substrate strands

DNA accumulation was measured experimentally for various were cleaved predominantly at the interface, as seen by the rise of
temperature differences and DNA lengths (Supplementary Fig. 4).  fluorescence there. From here, the cleaved strands were frequently
The accumulation rose with increasing temperature difference ejected into the bulk solution. After 25 min, samples were extracted
(AT), reaching a 4,000-fold increase for AT=40°C. We also found from the bulk fluid and analysed by polyacrylamide gel electro-
that smaller (15mer) DNA molecules accumulated three times phoresis (PAGE, Fig. 3c). We detected up to 50% concentration
less effectively than larger (132mer) DNA, which was attributed to  of the cleaved substrate (bottom band, Supplementary Fig. 5) in a
their higher diffusion coefficient. The model predicted a multi-fold ~ chamber with bubbles.
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Fig. 3 | Ribozyme catalysis triggered by an interface. Fluorescence microscopy and PAGE analysis of Hammerhead ribozyme activity. a, Hammerhead in a
chamber with a gas-water interface after O and 25min (left and right, respectively; T,,..=40°C, T.,,=10°C, 0.1uM ribozyme, 0.5 uM substrate, 0.4 mM
MgCl,). Fluorescence increased strongly at the interface over time (Supplementary Video 2). Without the interface (bottom right), the Hammerhead
shows little activity, both in the same temperature difference and at a homogeneous 40 °C; an inactive mutant (top right) showed no significant increase in
fluorescence. Scale bar, 500 um. b, Overall fluorescence in the bulk fluid from a over time. The illustration shows the ribozyme (black) and substrate (grey)
with the cleavage site (dotted line), dye (star) and quencher (black circle). ¢, PAGE analysis results with and without the interface after 25 min (gels in
Supplementary Fig. 5). We found a significant increase in cleaved product with the interface (35+13%, five measurements) compared to bulk samples in
the same temperature gradient (3.79 + 0.35%, three measurements) or at 40 °C (0.86 + 0.49, three measurements). Error bars show s.d. from normalized

gel band intensities.

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 chamber'®. 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 uM; 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,
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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 time*-*. 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 10mM
oleic acid solution (0.2M Na-bicine, 1mM EDTA, pH8.5) and
2uM DNA. These initially small vesicles appeared as a continuous
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to be 100 uM. Scale bar, 500 um. b, Gelation of RNA. In a single experiment, non-complementary 36mer ssRNA (red) was accumulated with self-
complementary GC-only 36mer ssRNA (green). Both strands accumulated at the interface (T,,..,=30°C, T,,4=10°C), but only the self-complementary
RNA formed an elongated, fibrous hydrogel. The same behaviour was found for DNA and AU-only RNA (Supplementary Fig. 6). Scale bar, 125 um.

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 10min at the interface
(Tyam=70°C, T.,4=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) (3.6mM DOPC, 0.2M Na-bicine,
1 mM EDTA, pH38.5) 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. 5¢ and
Supplementary Video 4).

The vesicle aggregates (oleic acid or DOPC) concentrated
around smaller gas bubbles (150 pm 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.
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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’™® (Fig. 5d), which folds
around the fluorophore DFHBI-1T and increases its fluorescence,
with DOPC vesicles (1uM aptamer, 10uM DFHBI-1T, 3.6mM
DOPC, 50mM HEPES, pH7.6, 100mM KCI, 1 mM MgCl,). Here,
we used T,,.,=40°Cand T,,,=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, 7.1uM DNA, 3.6 mM
DOPC, 0.2M Na-glycineamide pH 8.5, 6 mM MgCl,, 1 mM CaCl,).
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 Forster 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 0and 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 ul). 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. 5¢, 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 (7.1uM DNA,
3.6mM DOPC, 0.2M Na-glycineamide pH8.5, 11mM NaCl,
0.22mM 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 ~30um 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
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aminooxazoline (RAO), accumulated near gas bubbles to concen-
trations that triggered its crystallization. For RAOQ, 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 domains®*. 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 40mM solution of p-RAO, 2.8-fold below the saturation concen-
tration at T,,,,=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 barrier*. We monitored the fluorescence of 1 uM
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 p-RAO (Fig. 6¢).
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Fig. 6 | Crystallization and bubble movement. a, RAO accumulated

from 40 mM bulk concentration around a growing bubble at the warm
side of the chamber (70 °C). After 37 min, an RAO crystal formed below
the bubble at the water-gas-solid interface, as indicated. b, The crystal
shape suggests that it formed successively as the bubble grew, consistent
with simulation results (Supplementary Fig. 9). ¢, X-ray crystal structure
analysis of a p-RAO crystal grown at a gas-water interface. d, Moving
bubbles leave behind crystals (7 min) that act as seeds for new bubbles
(34 min, Supplementary Video 4). Scale bars, 250 um.

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 solutions™. We observed this crystal-induced bubble forma-
tion in experiments at high T,,.., = 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
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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-
tions”**. We observed a 20 times more efficient phosphorylation
of cytidine nucleosides (Fig. 7¢c, T, =60°C, T.,,q=37°C, 240 mM
cytidine and ammonium dihydrogen phosphate, 2.4 M urea, simi-
lar to the phosphorylation used in ref. ”) 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 life*>*”*. 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 significantly™.

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 hours'".

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 Mg?** 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.
Ligation*' chemistry to drive replication could be made possible by
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Fig. 7 | Dry-wet cycles and phosphorylation of nucleosides. a, Movement of bubbles in the chamber left behind dried material in the front that was
rehydrated at the back side of the bubble, leading to dry-wet cycles (left, O min; right, 6 min). Dotted circle, the position of the accumulation region at
t=0min. b, Using a hydrophobic cold side in the chamber increased the speed of dry-wet cycling by enhancing the formation of circular water droplets on
the cold side. As they ‘rained’ into the bulk water, the interface moved periodically, triggering wet-dry cycles at the interface (Supplementary Video 6).

¢, Cytidine nucleosides were phosphorylated in the chamber shown in b. Over 12 h, the phosphorylation was, on average, 20 times more effective with the
interfaces present (blue, T,,.,=60°C, T 4=37°C; Cytidine monophosphate (CMP) yield, 1.1+ 0.73% from 12 repeats) compared to bulk water at 60°C
(red; CMP yield, 0.042 +0.02% from five repeats) or 50 °C (0.056 + 0.0015% from 15 repeats). Left, extracted-ion chromatogram (EIC) counts (EIC) for

CMP peaks after HPLC-MS analysis. Right, yields measured by HPLC and ultraviolet detection. Scale bars, 100 um (a), 250 um (b).

the high local concentrations of substrates, while the drying pro-
cess in close proximity would trigger the necessary phosphoryla-
tion”* and activation chemistry* to drive the polymerization* 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 MgCl, 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 catalysis**, also because the high amount of hybridization in
the hydrogels could protect oligonucleotides from hydrolysis*, 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
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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 monomers*+*.
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 phospholipids®
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 precursors™
and possibly also their chiral amplification by the enhanced growth
of conglomerate RAO crystals®. 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 Earth’. 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 pm) 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 (Al,O,) block sealed the
chamber. The chamber was filled through two 240-pm-thick borosilicate capillaries
(Vitrocom). The system was annealed at 150 °C and the sapphire pressed down,
fixing the thickness to 240 pm. 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 um or 250 um. 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-um-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 (X2 and X10) and a Zeiss Fluar X5 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 0.1x PBS. The positions and velocities
of the beads were tracked using Image].

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 data®. To incorporate the time lag of the heating
process, the sapphire temperature was measured over time and incorporated as a
polynomial function for T,,,,,.

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 values™ 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 um 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. *=**.
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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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Fission of Lipid-Vesicles by
Membrane Phase Transitions in
Thermal Convection
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Dieter Braun(®?%3, Achim Wixforth®2 & Christoph Westerhausen®?%4*

Unilamellar lipid vesicles can serve as model for protocells. We present a vesicle fission mechanism

in a thermal gradient under flow in a convection chamber, where vesicles cycle cold and hot regions
periodically. Crucial to obtain fission of the vesicles in this scenario is a temperature-induced membrane
phase transition that vesicles experience multiple times. We model the temperature gradient of the
chamber with a capillary to study single vesicles on their way through the temperature gradientin an
external field of shear forces. Starting in the gel-like phase the spherical vesicles are heated above their
main melting temperature resulting in a dumbbell-deformation. Further downstream a temperature
drop below the transition temperature induces splitting of the vesicles without further physical or
chemical intervention. This mechanism also holds for less cooperative systems, as shown here for a
lipid alloy with a broad transition temperature width of 8 K. We find a critical tether length that can be
understood from the transition width and the locally applied temperature gradient. This combination
of a temperature-induced membrane phase transition and realistic flow scenarios as given e.g. in a
white smoker enable a fission mechanism that can contribute to the understanding of more advanced
protocell cycles.

Before life on earth emerged, only small molecules existed. The development of complex structures or already
simple reactions were unlikely and energetically unfavorable simply due to the assumed very dilute settings
of early earth!?. Physical non-equilibrium settings can have a profound influence here: sub-sea hydrothermal
microenvironments® like pores in submerged volcanic rock provide temperature cycling systems and allow
for strong accumulation, as the cooperation of convective flow and thermophoresis can enlarge molecule- and
particle-concentrations by several orders of magnitude®.

An important concept in early earth’s cell evolution is compartmentalization. Following Blain, Szostak® and
Nourian, Danelon® a compartment such as a lipid membrane provides a selective barrier between the inner
proto-cell content and the surrounding environment. Schrum et al. describe a pathway for lipid membrane ves-
icles made from fatty acids known as prebiotically plausible membrane building blocks” to more sophisticated
phospholipids. They then raise the question how such structurally simple protocells could accomplish essential
membrane functions know from modern cells.

In a model cell cycle for vesicles the two phases, formation and inclusion of diluted substances, are well under-
stood®. The division-phase has been the subject of several studies™*3°. This division is necessary to redistribute
enclosed material or reaction products formed in the protocell. While modern cell division is a complicated
mechanism mediated by many complex proteins, an early earth protocell must have had a simple fission mecha-
nism. A basic cell division-like fission could have been driven by the environment and membrane properties only,
without any active contribution by the protocell itself. The temperature-dependent hydrophobic effect drives the
self-assembly of vesicles from dissolved lipids above a critical concentration and e.g. for dipalmitoylphosphatidyl-
choline (DPPC) based membranes also causes complex reshaping of the vesicle membrane during several phase
transitions'®!!. Temperature induced morphological transitions of DPPC vesicles have been shown by Leirer et
al. in absence of additional shear flow. The vesicles showed a pear-shaped morphological transition of previously
spherical DPPC vesicles by the DPPC Ly - L, membrane phase transition'? by quick temperature changes in a

1Chair for Experimental Physics |, University of Augsburg, Augsburg, Germany. 2Center for NanoScience (CeNS),
Ludwig-Maximilian University Munich, Munich, Germany. 3Systems Biophysics, Ludwig-Maximilian University
Munich, Munich, Germany. “Chair for Physiology, University of Augsburg, Augsburg, 86159, Germany. *email:
christoph.westerhausen@gmail.com
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static setup. Rapid cooling can fission those vesicles, but the resulting new vesicles differ strongly in size compared
to the mother vesicle. They do not result in two or more similarly sized vesicles resembling modern cell division.
Moreover, such a temperature setup does not resemble scenarios possible on early earth, as closed fluid compart-
ments with rapid temperature change over some seconds without flow do barely exist in nature.

Zhu, Budin, and Szostak show the growth and division of proto-cell membranes under mild flow*'*. Vesicle
growth is driven by uptake of micelles by small unilamellar vesicles, the resulting aggregates are tube-shaped
due to the large surface-to-volume ratio of the integrated micelles. The low permeability of the fatty acid bilayer
inhibits the influx of water and therefore their reshaping to spheres. Already a mild fluid flow induces shear
forces by which these aggregates are ruptured. The tube-like structures shown by Zhu et al. are fragile and too
easily divided to be suitable for the robust transport and enclosure of molecules such as DNA. Alternatively,
the surface-to-volume imbalance can be achieved by lipid production in the vesicle'*. Deshpande et. al use the
osmotic pressure to increase the surface-to-volume ratio and then use an obstacle in a microfluidic channel
to mechanically divide DOPC-vesicles. They note, that the success of vesicle-splitting mainly depends on the
surface-to-volume ratio of the mother vesicle and a too small ratio leads to complete rupture of the vesicle'®.

The concept of a primitive cell cycle with division of cell-sized lipid vesicles is modelled in several studies'®: in
all cases the concept introduces an imbalance of vesicle surface and volume'>'7~1%, as shown above, or shear forces
and thermodynamic instability as shown by Szostak et al. In combination with a spontaneous growth mechanism,
this “[...] could lead to a primitive cell cycle controlled entirely by the biophysical properties of the membrane
and environmental forces™'7%.

When modern cells like Bacillus subtilis are treated by antibiotics they lose their cell wall. In turn, their divi-
sion mechanism (Z-ring) does not work anymore. In order to proliferate, these cells now grow and undergo a
shape transformation to pearl or dumbbell-like shapes and split into multiple cells*'. This observation shows the
ability for an alternative self-driven division mechanism in nowadays cells that is comparable to the division of
lipid vesicles®.

Here, we describe a simple process of splitting Giant Unilamellar lipid Vesicles (GUV) in homogeneously
sized daughter vesicles. In our system this process is driven by environmental conditions of flow induced shear
forces in a spatial temperature gradient. The vesicles have a stable membrane with low permeability before and
after the fission process and hardly lose any membrane area during fission. In contrast to other mechanisms, here
no additional chemical or biological effect or mechanism is necessary.

Results and Discussion

In temperature-driven convection chambers we first discovered distinctly deformed DPPC vesicles. The cham-
bers are built to mimic hydrothermal microenvironments® and sustain flow through the applied temperature
gradient. In nature comparable chambers are located in rocks that are heated from the inside (by lava or hot gases)
and cooled from the outside (ocean). Figure 1 illustrates such a rock as well as possible capillary or chamber
geometries (closed and open channels). Keil et al. show, that the geometry of a chamber can vary without altering
the convection or accumulation effect significantly*.

Figure 2 shows deformed vesicles in the convective flow. The initially spherically shaped vesicles now show
non-spherical forms. Some time after the gradient is applied, those shapes disappear. Screening the vesicles in the
chamber before and after temperature cycling results in a distinct difference in size distribution. Figure 3a,b show
a schematic illustration of the convection chamber and the parabolic flow profile.

The convection driven flow chamber is constructed following the standard procedure shown in the methods
section. Vesicles in the chamber travel in the double parabolic flow profile and experience position-dependent
velocity and shear-forces. Figure 3¢ shows the simulated path of two vesicles in the convective flow. The absolute
temperature difference was chosen smaller for the second case with elevated temperatures, as the viscosity of
water is lower and, therefore, flow speed increases. In d) we show the vesicle volume distribution. When vesicles
do not cross the phase transition temperature of their membrane lipids, the size distribution is shifted towards
slightly larger volumes, suggesting smaller vesicles loosely adhering to larger ones. In the second case, vesicles
shuttle through the chamber and across the phase transition temperature multiple times. Here, the size distribu-
tion is shifted to smaller vesicles, suggesting vesicle fission (see Fig. 3d).

In literature, there are several cases of vesicle fission described: vesicles can divide when shear forces are
applied’® or when they are heated in a stationary case'. In our case we do only see the shift in size distribution
towards smaller vesicle sizes when the transition temperature is exceeded. Combining these reported findings and
the statistically significant shift to smaller vesicle sizes suggest the hypothesis of vesicle fission in the convection
chamber. While this setup allows to study several thousand vesicles at the same time, tracking of single vesicles
is difficult. To check whether indeed vesicle fission happens, we build a capillary setup mimicking the form of
the flow profile and the temperature gradient of the convection chamber, however in a linear one-way version.
Combined with lower vesicle density and higher magnification we study single vesicles on their way through the
temperature profile.

The experiments indeed show vesicle fission as seen in Fig. 4. Figure 4b shows the experimental setup with two
copper blocks and a Peltier element for heating and cooling.

Figure 4a shows four states of vesicle deformation, that are reproduced in every fission event we monitored
(Nision = 55 out of N,y = 97). The first state is the static equilibrium. Here, the membrane is in the gel-like phase
as the temperature is below the phase transition temperature. The surface area is in equilibrium with the enclosed
volume - an outer force acting on the vesicle would lead to a strain in the membrane acting against that deforma-
tion. In the second state deformation the vesicle is in the hot part of the capillary and the temperature exceeds the
main phase transition temperature of the lipid-membrane. As a result, the membrane expands suddenly while
the vesicle volume remains approximatively constant. Additionally, the deformability increases as the bending
modulus of the membrane decreases by a factor of about ten?*?. The exterior force caused by the parabolic fluid
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submerged
porous,
volcanic rock

Figure 1. Schematic sketch of a subsea hydrothermal microenvironment, (a) Submerged porous (volcanic)
rock is a scenario for stable temperature gradients and micro fluidics: water flows through narrow cracks

and compartments in the rock where hot parts of thermal vents and the cold ocean create steep temperature
gradients on small length scales. (b) Vesicle division in a convection chamber that provides temperature driven
flow and temperature cycling. (c) Vesicle division by a fluid flow profile in combination with temperature
induced lipid membrane phase transitions.

Figure 2. Deformed DPPC-DPPG GUYV in a convection chamber: (a-f) deformed vesicles (guide to the eye:
green translucent overlay) in a thermally driven convection chamber. Some vesicles are too small or in regions
with less shear force and do not deform. Vesicles do only reshape at temperatures above the membrane phase
transition temperature. Due to the shallow thickness of the chamber of 400 um, vesicles in cold and in hot
regions are seen sharp simultaneously with the optics used.
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Figure 3. Thermally driven convection chamber: (a) The temperature gradient across the 400 um thick capillary
induces a convective flow. Lipid vesicles are carried in this flow and experience hot and cold conditions, as well
as shear forces originating from the parabolic flow profile. At the top and the bottom of the chamber, a phase
transition of the vesicle membrane can occur. (b) Vesicles in the center of the flow profile are moving the fastest.
Near the chamber wall fluid flow is slow. This leads to a different number of experienced phase transitions for
each vesicle. (¢) The COMSOL simulation of the flow profile in the chamber overlaid by a particle tracker shows
the temperature profile in a stream line over time. For elevated temperatures, the streamline crosses the phase
transition temperature of DPPC membranes. To achieve similar mean flow velocities, AT of the temperature
gradient is reduced to compensate for the lower viscosity of water at higher temperatures. While at lower
temperatures the vesicles simply shuttle in the convective flow, at higher temperatures the vesicles experience
two phase transitions for each cycle (simulation and particle tracker from Keil*). (d) The vesicle size distribution
in the convection chamber before and after cycling. When the applied temperature range does not include the
phase transition temperature (silicon: 13 °C, sapphire: 40 °C, see SI) a small shift in the size distribution towards
slightly larger vesicles is visible. This can be understood by vesicles sticking together. For higher temperatures
(silicon: 34 °C, sapphire: 50 °C) the size distribution is significantly shifted to smaller sizes.

flow profile is now able to deform the vesicle. Due to the rectangular shape of the capillary the deformation in the
z-direction is several times stronger than in the y-direction. The formerly rotationally symmetric (with regard to
the x-axis) vesicle is not symmetric in this step and rather flat in the z-direction compared to the y-direction and
elongated especially in the x-direction. In the third state domaining new lowest energy states of the vesicle shapes
develop: volume containing sections are separated by tether sections of negligible volume. Volume containing
sections are typically close to a spherical shape and basically encapsulate the entire vesicle volume (see Fig. 4c-e)
with parts of the membrane area. The tube-shaped tether sections accommodate the remaining surface area and
connect two neighboring volume sections. These vesicle shapes are stable under given conditions as no disruption
has been observed and all vesicles adopt to a comparable shape in all performed experiments (for example see
SI-Video).
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Figure 4. Capillary flow chamber to closely monitor vesicles during phase transitions. (a) Processed
micrographs show four states of vesicle fission: at temperatures below the phase-transition temperature

the vesicles are in static equilibrium and drift with the surrounding medium in the channel without being
deformed by the shear force. In the second state, deformation, the vesicles are heated over their phase-
transition temperature. The now deformable membrane gains additional surface area and transforms into
rain-drop/ comet-tail like shapes. In state three, domaining, the combination of shear force and bending energy
minimization leads to the formation of new stable shapes with volume and tether domains. In the phase fission
the vesicle is divided by the membrane phase transition back to the gel-like state. The resulting vesicles are

again in a spherical shape. The graph shows the temperature profile in the capillary as a function of the channel
position. The zoom-in on the right shows the temperature experienced by a vesicle moving in the center stream
line as a function of time with flow velocity = 550 pm/s (mean flow velocity: 367 um/s). Maximum temperature
gradients of up to 33 K/s are possible. This data is extracted from a COMSOL simulation. (b) Illustration of the
setup: the copper blocks (red, blue) act as heat buffers and contact the capillary from the top. The Peltier element
heats the L-shaped copper block and cools the other one. (c-e) Micrographs show vesicles that behave similar to
the exemplarily chosen vesicle reshaping and fission in (a).

In the fourth state fission the rapid cooling of medium and vesicle membrane below the phase transition
temperature of the lipid membrane induces the phase transition from the fluid unordered phase to the gel-like
membrane phase. The bilayer surface area shrinks back to its pre-phase transition state. At this state for slow
temperature changes and low shear flow velocities the vesicle reshapes back to its spherical starting configura-
tion. However, when a distinct threshold of shear flow velocity and temporal temperature gradient is reached,
the tethers break apart. Breaking tethers open energetically unfavorable pores in the membranes of the volume
domains. The vesicles close these pores by releasing inner volume into the surrounding medium, as e.g. shown
earlier for endocytosis-like nanoparticle uptake?*?¢. By such shrinking to a smaller size and thus decreasing the
surface-to-volume ratio, these new smaller vesicles are in a mechanical equilibrium state again. The resulting
split-up vesicles are about equal in size in all our experiments (for example Fig. 4).

This mechanism represents a reproducible, controlled way to divide lipid vesicles with a structural mem-
brane phase transition in microfluidic pore setups. Moreover, no processes other than a non-uniformal flow
profile and a local temperature gradient are necessary for the division process. Most of the vesicle volume is
preserved and still enclosed in the unilamellar bilayer vesicle. In control experiments under the same conditions
DPPC was replaced by 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), a lipid lacking a phase transition in
the respective temperature range. Here, not a single fission event was observed despite high deformability of the
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Figure 5. Model for energy estimation: area compression modulus as function of temperature. Prior to the
temperature gradient the vesicle is at point 1, then quickly passes the transition temperature towards a lower
temperature below the main transition (point 2). The vesicle keeps its geometry (blue solid circle) but is in
the gel phase at around 35 °C with a smaller equilibrium size (dashed blue circle). The arrows indicate the
membrane expansion resulting in membrane tension.

fluid membrane. Following Mercier et al.'® the unbalanced surface-to-volume ratio is key to vesicle division. The
main phase transition of DPPC and the resulting increase in surface area provides this imbalance, while DOPC is
lacking this property, explaining the lack of fission events described above. For deformed DPPC vesicles the fast
phase transition back from fluid to gel-like state enables the vesicle division.

Furthermore, we assume the vesicles in the fluid phase to be equilibrated to the environmental conditions
(temperature and shear force), when the front section of a tethered vesicle enters the steep temperature gradient
as shown in Fig. 4. The immediate phase transition of the membrane with its accompanied decrease in area leads
to a drastic increase in membrane tension. In turn, the increased tension leads to Marangoni flow of lipids from
the tether and the rear vesicle section towards the front vesicle section?. This is accompanied by a flow of sur-
rounding water, being dragged by the flowing lipid to the front vesicle section. This hinders volume flow towards
the back vesicle section what becomes less important with increasing tether radius®.

Detailing the fission mechanism, we first investigate the energy necessary for a fission event.

Energy required for fission.  As the fission event requires the formation of two pores for the rupture of the
tether (one in the volume section and one on the tether), we estimate an upper limit for the energy E,,,. necessary for
pore formation. We assume a pore radius of =25nm and membrane tension o = 0. Following Taupin et al.?%%

Epore(r)=7~27r~rfa~7rlr2 (1)

with the line tensiony = 0.7 - 10! N . This results in E ore N 10718 ]J. However, for some finite membrane ten-
sion of about 1 mPa, E,,,. can take a maximal value of Epore & 10" J for r =7 nm and becomes even negative for
pore radii larger than r=14nm.

Energy supplied by a phase transition of the front vesicle. ~'We can estimate the energy contributions of this transi-
tion following the approach of Heimburg!! as follows:
The contribution to the Gibbs Free Energy density due to area changes g, is

1

2
AA
& = EKA —]

Ay

(2)

where K, is the area compression modulus and AA the deviation from the equilibrium (here the gel-like phase)
area A,,. Moreover,

1
K, = —
T
Kp (3)

with the area compressibility r, .

In our experiment prior to the steep temperature gradient from hot to cold the vesicle is in an equilibrium
shape as a result of temperature and shear forces. For the following energy estimation, we illustrate the front ves-
icle of our dumbbell shaped vesicle as a spherical vesicle in Fig. 5.

Starting from point 1 in the graph of area compression modulus as function of temperature, the vesicle quickly
passes the transition temperature towards a lower temperature below the main transition (point 2). The vesicle
keeps its geometry due to the incompressibility of water and only a minor chance to release volume from the
interior during the short moment when the vesicle reaches the main transition temperature. Thus, at point 2 the
vesicle still has the area of a fluid phase vesicle but is in the gel phase at around 35 °C. This is equivalent to a
stretching of a gel phase vesicle (dashed line) to the size of a fluid phase vesicle (solid line). Thus, accepting the
approximate volume conservation (see also Fig. 6), the energy difference between the points 1 and 2 is equal to a
membrane expansion of about 25% using the K, ( 35°C).

Using Eqgs. 2 and 3 with;ﬂ — Auid A ~ 25%'%, HAT(SS °C) ~ 3% and Agy ~ 0.63 nn? it follows:

0 gel
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function of fission state: completely divided vesicles lose the most volume. Vesicles that do not fission do hardly
lose volume. (b) Vesicle membrane area as function of fission state: vesicle lose less than a quarter of surface area
by division. The loss of volume is geometrically necessary for the vesicle fission. (c) Microscope image of split off
lipid tethers after vesicle fission. Therefore, surface area is lost. The yellow rectangle marks a tether still sticking
to a spherical vesicle, the red rectangle marks a completely separated tether-section.
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Where, AG, ., and A ;4 are the change in Gibbs Free Energy and area per molecule respectively. This energy
can be compared with the energy necessary for the formation of a pore with radius r.
o m"][hus, the Gib}ﬁ Free I‘E(nergzr AQA_VQS fora t).lpical vesicle with. rad%us R=10pmis AG, ~ 47 - (10 pm)°>-
S = 121007 >> E,...- This energy easily suffices for arbitrarily large pores, even for vesicles that do not
experience shear stress with membrane tension o = 0.

This estimation shows that all vesicles in our experiments could fission, if the pore formation energy would
be the single decisive parameter. However, only a subset of vesicles experiences a fission in the capillary setup.
Therefore, we investigate the influence of geometrical parameters like tether length, radius and flow velocity on
the fission behavior.

First, we estimate the shear stress o using a mean shear rate for each vesicle depending on its particular posi-
tion within the parabolic flow profile in the channel. In the experiments presented here the shear stress typically
iS Oenr = 1N ~ Si - 1mPa s =1 mPa. Fig. 6¢c shows boxplots of the estimated shear force fas a product of o and
the total area of each vesicle for all vesicles categorized as fission and no fission. The median overall shear force f
for vesicles that do fission during the experiment and those that reshape without fission are f. . = 3.3 pNand
fro_ission = 1-8 PN, respectively. Vesicles that fission do on average experience an 1.8-fold higher shear stress.

Second, we measure the mean tether radius from the fluorescence micrographs. Figure 6d shows boxplots of
the tether radii for all vesicles categorized as fission and no fission. The median apparent tether radii p for vesicles
that are divided during the experiment and those that reshape without fission are p; . = 1.1 um and
Pro_fission = 13 Mm, respectively. This is in line with the argumentation on Marangoni flow as discussed above,

especially concerning the dependence of flow resistance from the radius ~p*. The mean difference of 15 % in
radius results in a flow resistance difference by a factor of two.
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Figure 7. Tether length and tether radius are the important parameters determining fission. (a) Vesicles made
from DPPC and DPPG (80:20 ratio) experience a broader phase transition than vesicles made form DPPC only.
The vesicle drawn as an overlay (blue-red color map) shows the temperature distribution over a vesicle moving
with a velocity of 550 pm/s. (b) Measured tether length as a function of apparent tether radius. Vesicles that
fission are marked blue, vesicles that do not fission are marked orange. Fission occurs more often for large tether
lengths and small tether diameters. The grey scale filling of the symbols indicate the total shear force
experienced by each vesicle. (c-f) Boxplots visualize the distribution of shear force, tether length, tether radius
and AG, ,,, categorized as fission and no fission. Boxes include 50 % of data points, the thick horizontal line
marks the median and whiskers mark the range of 80 % of the data range.

Third, we measured the tether lengths from the fluorescence micrographs immediately before the vesicles pass
the steep temperature gradient from the hot to the cold region. Figure 7e shows boxplots of the tether length for
all vesicles categorized as fission and no fission. The median tether length [ for vesicles are I ;. = 189 um and
Lo fission = 92 um. Therefore, we see a strong correlation of tether length and fission events. Long tethers are
prone to fission.

Defining the mean value of I, ;. and [, .sion a8 the transition tether length [, - we can compare [, .- with
the width of the phase transition: the setup provides a steep temperature gradient of 0.07 K/um at the phase tran-
sition region. Thus, the transition tether length [, . corresponds to a temperature difference of AT = 10 K. This
AT isabout 2.3 times the FWHM of the phase transition temperature width of the used lipid mixture, see Fig. 7a.
Even more convincing, 10K is almost exactly the width of the complete phase transition width.
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Summing this discussion up, we conclude that shear forces acting on the vesicles result in a shape change
with the formation of a tether of distinct length and radius. The tether radius and length determine the relaxation
dynamics of membrane tension after the phase transition of the front vesicle section. In combination with the
temperature gradient in the capillary these parameters then determine the Gibbs Free Energy change, that finally
leads to the fission event. Or in even simpler words: the shear force decides about the fission indirectly while the
phase transition delivers the energy for the fission.

As DOPC-membranes do not have a phase transition in this temperature range, DOPC-vesicles do not change
their shape irreversibly and no fission event can be detected. This also holds for vesicles from cholesterol-DPPC
mixtures (>30% cholesterol, see SI). Thus, the capillary setup experiments proof our hypothesis concluded from
the shift in size distribution in the convection driven chamber: a robust vesicles fission takes place under the influ-
ence of shear flow and a temperature gradient reaching across a phase transition temperature of the membrane.

Important for protocells, especially for early earth scenarios, is the conservation of its building blocks. In a
dilute ocean shell material as well as encapsulated material were scarce’**. In Fig. 6 the mean volume and surface
of the vesicles before and after passing the capillary are shown. Due to the setup geometry only the 2D-projections
in the x-y-plane are analyzed. Vesicles are assumed to be rotationally symmetric. Measurements of vesicles in
the capillary setup are classified in three categories: no fission, partial fission and complete fission. Here, partial
fission summarizes all irreversible shape deformations including incomplete separation of tether and daughter
vesicles.

The total vesicle volume decreases only slightly when there is no fission, decreases for about 35% at partial
fission and for about 40% for complete fission. An ideal fission event would not lose any surface area. But the
resulting daughter spheres of course have a combined volume smaller than the initial volume. For two and three
equally sized daughter vesicles this decrease of volume is about 30% and 42%, respectively. Thus, the fissioned
vesicles retain roughly as much volume as geometrically possible (analytical estimation shown in SI).

Along the same line, surface area remains constant if the vesicles do not fission. The slight increase in Fig. 6b
points towards a systematic error in the calculation of surface and volume from the 2D-projection (e.g. selection
error in fluorescent micrograph). For partial and complete fission, the surface area decreases up to 10% and 25%,
respectively. Partially this is due to split off tether-sections as shown in Fig. 6c.

Conclusion

The mechanism described here shows a division pathway that combines a steep temperature-gradient and a
parabolic flow profile, that reliably divides lipid vesicles. Without the need for additional, chemically induced
processes, vesicles with a first order membrane phase transition are prone to fission by this mechanism. In a
thermal convection chamber we find a significant reduction of the size distribution for a wide range of vesicle
sizes. Tracing single vesicles in a capillary we monitored vesicle shape transformations resulting in fission. From
these observations we deduce the underlying mechanism: domaining due to the experienced shear forces causes
a separation of vesicle volume by tether-like surface domains which rupture during the phase transition back to
the gel-like phase.

It would be highly interesting to extend existing theoretical models from Canham, Helfrich, Evans, Seifert,
Miao and Dobereiner®! - to vesicles experiencing force fields in a scenario as shown here including the non-linear
behavior due to membrane phase transitions. Developing this idea further should also consider the sensitivity of
these phase transitions to interaction with the enclosed material® like proteins or RNA. The temperature cycling
is one of the two driving forces of this simple proto-cell division mechanism. But the combination of DNA in the
proto-cell with these temperature oscillations can even melt double stranded DNA into single strands and make
them accessible for replication mechanism as proposed by Mansy and Szostak*’. In combination with the fission
mechanism discussed in this paper a full cell cycle with included information distribution might be provided.

In a context of Origin of Life, vesicles could be a step on the way to proto-cells that enclose, replicate, trans-
port, shield, and distribute information, e.g. in the form of nucleic acids. Without the sophisticated division
mechanisms of evolved modern cells, a much simpler and reliable mechanism for proto-cell division is necessary
to have a complete cell cycle of formation, information-inclusion, division, and growth for lipid vesicles. Also,
both capillary and convection chamber are experimental realizations of hydrothermal microenvironments. They
combine non-uniform flow profiles with rapid temperature-changes, a setting which is plausible in the context of
the Origin of Life and is known to have the ability to accumulate dissolved molecules from strongly diluted solu-
tions and provide a mechanism for the formation of lipid-vesicles, a structure that is widely seen as a proto-cell
candidate.

Prebiotically plausible protocells probably had multiple different membrane molecules. Membrane phase
transitions would not have been as sharp as shown here. The environment in our experiments is also very con-
trolled. Loosening those parameters would probably lead to a lower fission efficiency or the emergence of new
division mechanisms which might show similar characteristics. However, the same physics as for our protocell
model with a structurally simple membrane would apply. Taken together, a robust fission mechanism can arise
from simple gradients, fluid flow and non-linear mechanical membrane properties, as present at temperature
induced membrane phase transitions.

Methods

Vesicle preparation. In this paper, we use Giant Unilamellar lipid Vesicles (GUV) with a diameter of up to
100 um. Their size is comparable to eukaryotic cells*'. The vesicle formation in the laboratory is achieved by the
electro-swelling method*%: 15 pul of 10 mM dipalmitoylphosphatidylcholine (DPPC) dissolved in chloroform is
spread on indium tin oxid (ITO) coated glass. The drop is spread out in between the conductive surfaces of the
ITO coated glass plates by pressing them together. They are separated by pulling them away from each other in the
plane of slide. The organic solvent is evaporated in a vacuum for 6 h. Two glass slides and a teflon spacer form an
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electro-swelling chamber. The conductive ITO surface is connected to a frequency generator to induce an oscil-
lating electric field of 1 mV/mm with a frequency of 10 Hz for 6 hours between the two glass slides. Afterwards,
the swelling chamber is placed in a water bath with a temperature above the lipids phase transition temperature
(for DPPC: 52°C).

Tracking vesicles in the capillary setup. The vesicles were studied using a Zeiss Axiovert 200 fluores-
cence microscope and a Hamamatsu Orca camera. The motorized stage of the microscope is controlled with a
joystick-controller. The stage is moved at the same speed of the vesicle but in the opposite direction. This keeps
the vesicle in the center of the field of view. The movie in the Supporting Information is additionally stabilized
using the open-source Blender-software.

Convection chamber and capillary setup. The bottom of the front opening of the capillary (CM
Scientific Ltd., 200 um by 2000 um made of borosilicate glass) is glued (Sekundenkleber Gel, UHU) to an object
slide. The copper contacts are fixed to the object slide with hot glue. A tube is fixed to the back of the capillary
with a shrink-tube. A pressure difference reservoir is attached to the tube and enables to suck the sample through
the capillary. The heating is done with a Peltier element controlled by a TEC control software from Meerstetter
Engineering. The convection chamber is 3D printed with a visible light-curing resin on a self-made illumination
station. The resin part is pressed in between a silicon wafer (bottom, cold side) and a sapphire crystal (top, hot
side). The sapphire is optically transparent and allows to monitor the inside of the chamber, e. g. the vesicles. The
sapphire is also a very good heat conductor with a heat conductivity up to 25 W/mK. The heating is done by two
copper contacts and a resistance heater and controlled by a LabView program. The back side is cooled by a Julabo
CORIO CD-300F liquid cooling bath.

Simulation of fluid-flow stream lines.  The paths of vesicles inside the convection chamber are simulated
with a combination of COMSOL and Brownian motion simulation: COMSOL simulates the fluid flow inside the
chamber due to the temperature gradient. This fluid flow map is overlaid by a Brownian motion simulation done
in C and LabVIEW, as reported earlier®.

Image transformation for size distribution. In contrast to the capillary setup where a single vesicle
is followed with the motor stage and camera of the microscope, in the chamber setup the entire chamber is
scanned. Vesicles are imaged without convective flow, before and after thermo-induced convective cycling. A
simple threshold filter creates a binary version of the images with white (0) background and black (1) vesicles. The
visualization by accumulated integration has the advantage of not being influenced by a bin size selection as it is
the case in standard histograms. The normalization allows to compare the size-distribution of two scans of the
same sample before and after temperature cycling.
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Abstract: The assembly of ancient informational polymers
from nucleotide precursors is the central challenge of life’s
origin on our planet. Among the possible solutions, dry
polymerization of 3',5’-cyclic guanosine monophosphate
(3',5-cGMP) has been proposed as a candidate to create
oligonucleotides of 15-20 units in length. However, the

reported sensitivity of the reaction to the presence of cations
raised questions of whether this chemistry could be relevant
in a geological context. The experiments in this study show
that the presence of cations is not restrictive as long as the
reaction is conducted in an acidic environment, in contrast to
previous reports that suggested optimal conditions at pH 9.

Introduction

One of the major obstacles to the establishment of an RNA
world is the progression from nucleotide monomers to
oligonucleotide sequences. Several possible prebiotic reactions
have been proposed by using high-energy phosphates such as
carbodiimide derivatives or phosphorimidazolides for non-
enzymatic polymerization of ribonucleotides."® However, due
to their reactive nature, these intermediates/precursors are
prone to hydrolysis and require feeding or in-situ recycling.!"”
Another class of oligonucleotide precursors is cyclic phosphate-
containing nucleotides which, due to the cyclization of the
phosphate moiety, can act as mildly activated monomers. Both
nucleoside 2',3'- and 3',5-cyclic phosphates have been used as
substrates for polymerization. 2’,3'-Cyclic nucleotides have been
reported to polymerize moderately in both templated and
template-free ways to yield short oligonucleotides in an
aqueous and dry state, respectively."®'" On the other hand
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3',5"-cyclic nucleotides (with guanine, adenine, and cytosine)
have been shown to polymerize in a template-free manner
under dry conditions and rely on the stacked arrangement of
the monomers.'>"* Especially for 3’,5"-cyclic guanosine mono-
phosphate, investigations have shown that aggregation proc-
esses associated with the low solubility of the free-acid form
could have played a role in the emergence of the first
oligonucleotide sequences on the early Earth."® Polymerization
of cGMP-H has been reported to proceed in a dry state'® as
well as in a close-to-saturated aqueous solution™'®"® with
optimum conditions being 80°C and pH9.'"® Under these
conditions, a base-catalyzed anionic ring-opening polymeriza-
tion chemistry has been proposed to take place."” Quantum
chemical calculations™ have shown that a stacked
supramolecular architecture reminiscent of the one found in
the crystal structures’®® of Na-salt (hereafter, cGMP-Na) and
free-acid form (hereafter H-form or cGMP-H, the form in which
all acidic groups are fully protonated) of 3’,5'-cGMP may provide
favorable steric conditions for this reaction. However, while
cGMP-H polymerizes on drying, cGMP-Na does not."*'® The
previous report on the base-catalyzed mechanism explained
this with the high propensity of Na* ions to bind to the anionic
phosphate oxygen inactivating the nucleophile and thus
silencing the polymerization reaction."”

Results and Discussion

When cGMP-H is polymerized in the presence of NaCl, only a
large excess (~50x) of NaCl stops the reaction (see Figure 5c in
ref. [14]). We re-evaluated the effect of Na* ions on ¢cGMP-H
polymerization like the one described in ref. [14]. Solutions of
c¢GMP-H containing 1 pmol of the monomer were dried at 80°C
in the presence of different amounts of NaCl for 20 h in a
vacuum evaporator. Figure 1 shows the electrophoretic profile
(for qualitative assessment) and the HPLC ESI-TOF MS quantifi-
cation of oligonucleotides in the prepared samples. Our current
results agree with those from ref.[14] and show that only a
large excess of NaCl leads to deterioration of the oligomeriza-
tion process. Nonetheless, lower Na* concentrations do not

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Polymerization of cGMP-H in presence of added Na* ions. A
solution containing 1 pmol 3',5-cGMP-H (pH 3.1) was mixed with NaCl and

dried for 20 h at 80°C under vacuum and redissolved in 100 L nuclease-free

water. a) The polymerization was analyzed qualitatively by gel electro-

phoresis and SYBR-Gold staining. Polymerization of cGMP is observed in the
presence of 0-100 molar equiv. NaCl but inhibited at 200 molar equiv. Lanes:

L denotes mixed-sequence ssRNA ladder with sizes given on the left; 0-200
indicate the added micromoles of NaCl; + denotes positive control [dried
3',5"-cGMP-H (G7504 from Sigma-Aldrich) has preformed oligomers that
were ethanol precipitated]. Correspondence of the oligonucleotide sizes in
the reference ladder to those of oligoG sequences is presented in Figure S1
in the Supporting Information. b) HPLC ESI-TOF quantification of the
selected samples was done after ethanol precipitation. Concentrations are
reported for 100 pL injection volume. A UV chromatogram and correspond-
ing mass spectra for tetra- to hexamers isolated from the sample with 0
equiv. NaCl is given in Figure S2 along with the MS spectrum from the void
volume of the column showing monomer aggregates.

Chem. Eur. J. 2021, 27, 17581-17585 www.chemeurj.org

hinder the polymerization of cGMP-H and hence the silencing
effect of Na* ions added in large excess cannot explain the
inability of cGMP-Na to polymerize and the issue requires
further analysis. Furthermore, a base-catalyzed mechanism™”
with an optimum pH of 9""® fails to explain how the low starting
pH of cGMP-H in the experiments reported recently by
Costanzo et al." (pH 3.7, measured at room temperature) could
still enable the polymerization. Under these low-pH conditions,
the equilibrium favors the free-acid form of the molecule which
is electrically neutral. Thus, these monomers are not suited to
support an anionic, that is, base-catalyzed polymerization.
However, being a transesterification reaction, it is very likely
that a complementary acid-catalyzed polymerization mecha-
nism might also exist.?"??

This motivated us to revisit the role of pH on the polymer-
ization reaction of 3',5-cGMP-H. We hypothesized that the
inability of cGMP-Na to polymerize upon drying is due to the
different starting pH of the solution. While 1 mM solution of
3',5-cGMP-H has an acidic pH (ca. 3.1) and polymerizes on
drying, a 1 mM cGMP-Na solution has a neutral pH (ca. 6.7-7)
and does not polymerize. We confirmed this hypothesis by
testing the polymerization of cGMP at different starting pH by
the addition of NaOH and HCl to cGMP-H and cGMP-Na,
respectively.

Figure 2a shows the dependence of polymerization on the
amount of NaOH added to 1 mM cGMP-H solution before
drying at 80°C under vacuum for 20 h. We have found that
already equimolar amounts of NaOH are sufficient to extinguish
the polymerization reaction (Figure 2a). With the addition of 0.5
or fewer equivalents of NaOH, the resulting solution acts as a
buffer with a stable pH of around 3, and, as a result, the
polymerization proceeds. Similarly, starting from cGMP-Na, the
solution was acidified with different molar equivalents of HCI.

a
Stoichiometry NaOH/cGMP-H Stoichiometry HCl/cGMP-Na

2 10502010 10 1050201
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Figure 2. Polymerization of 3',5-cGMP depends on the pH of the starting
solution. a) 1 mM ¢cGMP-H solution was mixed with NaOH in 0.1-10 molar
equiv. The resulting solutions were dried at 80 °C for 20 h under vacuum.
Polymerization of cGMP is inhibited in samples with 1 or more molar equiv.
of NaOH (i.e., at pH>6.2). b) 1 mM cGMP-Na solution was dried (80°C under
vacuum, 20 h) after the addition of 0.1-10 molar equiv. of HCl. Polymer-
ization is visible only in samples with 0.5-2.0 molar equiv. of HCI (pH~ 3).
Both gels were stained with SYBR-Gold. Lanes: 0-10 denote equivalents of
HCl or NaOH added to the solution; the pH of the resulting solution is given
under the lane.
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Upon drying at 80°C under vacuum for 20 h, only the solutions
with 0.5-2 equivalents of HCl showed polymerization (Fig-
ure 2b). Further acidification below pH 2.5 (starting from 5
molar equiv. of added HCI), however, leads to a loss in
oligomers presumably due to depurination reactions. Similar
depurination reactions have also been observed for the lipid-
assisted polymerization of 5'- nucleotides under dehydrating
acidic conditions.”

The addition of weaker bases like NH,OH, triethylamine or
tris(hydroxymethyl aminomethane) [hereafter, Tris] has the
same inhibitory effect on the polymerization of cGMP-H as the
addition of NaOH (Figure S3), thus suggesting that the pH of
the cGMP solution before drying must be acidic to allow
polymerization. However, the previous report™ has shown that
if Tris-HCl buffer is used instead, the polymerization proceeds
even though the starting pH 8.4 was alkaline. The reported
experiment"® involved polymerization in aqueous conditions
starting from a close-to-saturated solution of ¢cGMP-H in a
relatively small volume (15 pL).

On repeating the experiment as described in ref.[18],
oligomer formation was indeed detected (Figure 3a). We
propose the following arguments for this anomalous observa-
tion. First, due to such a small starting volume and high
concentration of monomers, the reaction most likely proceeded
in a semi-dry state as the liquid evaporated. Second, the pH of
Tris-HCI buffer falls rapidly with increasing temperature.?” Thus,
heating from 20 to 80°C might easily revert a weakly basic
buffer to a weakly acidic one.

Finally, in the experiment in ref. [18], the concentration of
cGMP-H (a weak acid) was 10 mM in 20 mM Tris-HCl buffer.

a b
Tris HCI buffer Tris HCI buffer
pH 8.5 pH 9
10mM 1mM
G9 —
.-
-
- -
G3 —

Figure 3. Polymerization of 3',5'-cGMP in a Tris:HCl buffer. a) Two parallel
samples were prepared according to ref. [18]: 150 pL 1 mM cGMP-H was
dried and dissolved in 15 pL of 20 mM Tris-HCl pH 8.5 buffer. The samples
were polymerized for 5 h at 85°C in closed tubes. The polymerization
products were radioactively labeled with y*’P-ATP and separated by electro-
phoresis on a denaturing gel. G3 and G9 denote band positions of G; and Gy
oligonucleotide standards. b) A 1 mM solution of cGMP-H was mixed with
Tris:HCl buffer to give final buffer concentrations of 10 and 1 mM at pH 9
before being dried at 80 °C for 20 h under vacuum. Polymers were observed
only at 1 mM buffer concentration. The gel was stained with SYBR Gold.

Chem. Eur. J. 2021, 27, 17581-17585 www.chemeurj.org

Under such concentration ratios, the buffering capacity of
Tris-HCI can be questioned. We tested this by drying a 1 mM
¢GMP-H solution in Tris-HCl buffer pH 9 at 1 and 10 mM buffer
concentration at 80°C under vacuum for 20 h. Polymerization
was only observed (Figure 3b) for the solution with 1 mM buffer
concentration. In light of the above arguments, it is likely that
under the experimental conditions of ref.[18], the polymer-
ization occurred from a weakly acidic solution under drying
conditions. Coupled with a high concentration of cGMP-H in
the solution and evaporation of the solvent, the monomers
become concentrated in an acidic environment, enhancing the
polymerization.

Earlier quantum chemical calculations by some of us!™
suggested that the crystal structure of cGMP (Na- as well as H-
form)""*?% provides favorable steric conditions for the trans-
phosphorylation reactions leading to oligonucleotide formation.
Using the theoretically derived optimum nucleotide arrange-
ment from ref.[14], we found the potential acid-catalyzed
polymerization mechanism described in Figure S4. It is thus
reasonable to assume that the ability of the monomers to
crystallize under given conditions might dramatically influence
the experimentally observed polymerization rates. The very first
step of this process is nucleation, a process in which
intermolecular contacts are established between the solute
molecules at the expense of disrupting interactions with the
surrounding solvent environment. This process is strongly
dependent on the protonation state of the nucleotide mono-
mers and thus the pH of the chemical environment.

While ¢cGMP-Na has a solubility of 136 mM (supplier
specified value 50 mg/mL), the H-form material has a much
lower solubility (predicted value 10.9 mM®2%), Unlike the sodium
salt, which dissociates completely in water giving the nucleo-
tide a negative charge, the free acid form, being a weak acid,
only partially dissociates. Thus, in an aqueous solution of the
free-acid form material, a large part of solute molecules is
neutral (Figure 4a) and more prone to aggregation due to
hydrophobic stacking interactions.

Similar behavior has been reported for aromatic carboxylic
acids where it has been revealed that stacking might be a more
important driving force for nucleation than H-bonding and
electrostatic interactions.” In contrast to their free acid form,
the solubility of the sodium salts of aromatic carboxylic acids is
much higher and upon quick evaporation of the solvent, these
materials often form amorphous phases rather than crystalline
materials.””

This is the case for cGMP-Na as well which forms an
amorphous material upon drying. In contrast, the H-form
material forms well-developed crystals under the same drying
conditions (Figure 4b). The transition between the H- and Na-
form materials is smooth: precipitates are observed upon
acidification of the Na-form material (Figure 4c). This indicates
that charge neutralization of the nucleotide monomers helps
the stacking-assisted nucleation process and hence crystalliza-
tion. Monomer assembly in well-developed crystals of 3',5-
cGMP then provides optimum steric conditions for the polymer-
ization reaction.
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Figure 4. a) Protonation states of 3',5'-cGMP. The phosphate group can have
either a —1 charge, a + 1 charge, or no charge. b) Electron microscope
images of H- and Na-form 3',5'-cGMP dried under the same conditions.
Samples were deposited on glass microscope slides by dropwise evaporation
of 1 mM aqueous solutions at 80 °C. While the H-form material is dominated
by large (several tens of um long) crystals, 3',5'-cGMP-Na forms an
amorphous mass. c) 3',5-cGMP-Na is more soluble than the H form. 3’,5"-
cGMP-Na is soluble at a concentration of 50 mM (left). Upon addition of
equivalent moles of HCl, the solubility of 3',5-cGMP is significantly reduced,
and the solution becomes turbid (right). The low solubility of the H-form
material is due to its ability to form stacking-assisted aggregate structures
similar to aromatic carboxylic acids.?®!

Conclusion

To summarize, we have demonstrated that the nonenzymatic
oligomerization of 3',5-cGMP in a dry state depends critically
on the pH of the solution it dries in. We show that acidic
conditions aid polymerization in two ways. Primarily, they
enable the formation of stacked supramolecular architectures
made of neutral free-acid-form monomers. This process could
serve as an efficient selection force for the accumulation of
3',5'-cGMP-H from a complex prebiotic broth. Furthermore,
under acidic conditions, the monomer can be activated by
binding an additional proton to the P=O group of the neutral
cyclic phosphate, which, when coupled to the crystalline
structure, enables polymerization. Overall, our study suggests
that protonation in a drying acidic environment could have
served as a simple strategy for activation on the primordial
Earth and might provide the long-sought clue for the question
of how the first oligonucleotide sequences formed from cyclic
nucleotide precursors.

Chem. Eur. J. 2021, 27, 17581-17585 www.chemeurj.org

Experimental Section

Polymerization of 3’,5’-cGMP: Monomer solutions were dried such
that the total amount of dried cGMP (free-acid, Biolog GOOTH and
Na-salt, Sigma G6129) was 1 umol. To test the effect of various ions
and pH, test ions were added to the monomer solution in required
stoichiometry prior to drying. The solutions were then dried in a
centrifugal vacuum evaporator (Genevac EZ-2 Elite) at 80°C for
20 h. The drying time was found to be ca. 2 h for 1 mL solution,
thus the 20 h of vacuum drying includes ca. 2 h of drying followed
by ca. 18 h of incubation in the dry state. The dry products were
then dissolved in 100 pL of nuclease-free water such that the final
c¢GMP concentration would be 10 mM. All reactions were done in
unbuffered solutions unless specific buffer interactions were being
studied. This was done to limit the interactions of buffers and other
ions apart from the test ion with ¢cGMP. The resulting solutions
were solubilized by intermittent heating at 60°C and vigorous
vortexing and immediately used (without precipitation) for electro-
phoresis on a polyacrylamide gel.

Gel electrophoresis: Denaturing polyacrylamide gels were made at
~25% acrylamide concentration from a 40% acrylamide/bis-
acrylamide (29:1) stock solution (Carl Roth A515.1) and contained
50 wt% urea and 1x TBE (from 10x, Carl Roth 3050.1). Gel staining
was done with 1x SYBR Gold (from 10000x, Invitrogen, S11494) in
1x TBE (from 10x, Carl Roth 3061.1) for 5 min and rinsed with 1x
TBE.

The stained gel was visualized in BIORAD ChemiDoc Gel imaging
system.

Ethanol precipitation: To the dissolved samples, 20 ug of glycogen
(Sigma G8751) and 500 mM ammonium acetate (Sigma A7262) was
added. To this, 3 volumes of cold 100% ethanol (Carl Roth 9065.4)
were added and the samples were incubated at 4°C for 18 h. The
samples were centrifuged at 15000 rpm for 30 min at 4°C and the
pellet was washed with cold 70% ethanol and centrifuged at
15000 rpm for 30 min at 4°C. The resulting pellets were air-dried
and dissolved in the required volume of nuclease-free water for
downstream analysis.

HPLC-ESI TOF analysis: Agilent 1260 Infinity Il LC System coupled
with a 6230B Time of Flight was used for HPLC-MS analysis. Agilent
AdvanceBio Oligo C18 column (4.6x150 mm, 2.7 um) was used as
the stationary phase and the elution was done under a gradient of
methanol (Merk 1060352500) with 200 mM hexafluoroisopropanol
(Carl Roth 2473.3) and 8 mM triethylamine (Carl Roth X875.1) as
ion-pairing agents. Time-of-flight mass spectrometry was done in
negative ion mode.

Scanning electron microscopic (SEM) analysis: The SEM imaging
of the dried 3',5'-cGMP, H- and Na- form samples was performed on
the TESCAN CLARA SEM in high-vacuum mode with 2kV accel-
eration voltage, 10 pA beam current and 5 mm working distance.
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Cyclic Nucleotides by Drying at Air-Water Interfaces**
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For the emergence of life, the abiotic synthesis of RNA from its
monomers is a central step. We found that in alkaline, drying
conditions in bulk and at heated air-water interfaces, 2',3"-cyclic
nucleotides oligomerised without additional catalyst, forming
up to 10-mers within a day. The oligomerisation proceeded at a
pH range of 7-12, at temperatures between 40-80°C and was
marginally enhanced by K* ions. Among the canonical
ribonucleotides, cGMP oligomerised most efficiently. Quantifica-
tion was performed using HPLC coupled to ESI-TOF by fitting

Introduction

The central and multifunctional role of RNA within biology
points towards RNA as a chief informational biopolymer for the
onset of molecular evolution.I" Polymerisation involving more
than a single type of canonical nucleotide, generating a varied
pool of RNA strands, has not been achieved under aqueous
conditions.”® Chemical activation strategies are deployed to
trigger RNA polymerisation®”® and template-directed primer
extension of sequences®'” In the earliest self-replicating
systems, the formation of complementary strands for replication
and transfer of genetic information by non-enzymatic processes
is believed to be important and homopolymers are not
considered very useful as genes."” Short RNA strands, especially
from dimers"" to tetramers"*"¥ have been shown to enhance
the copying of mixed-sequence templates in comparison to

the isotope distribution to the mass spectra. Our study suggests
a oligomerisation mechanism where cGMP aids the incorpora-
tion of the relatively unreactive nucleotides C, A and U. The
2',3'-cyclic ribonucleotides are byproducts of prebiotic phos-
phorylation, nucleotide syntheses and RNA hydrolysis, indicat-
ing direct recycling pathways. The simple reaction condition
offers a plausible entry point for RNA to the evolution of life on
early Earth.

monomers. Thus, it is necessary to have a oligomerisation
mechanism that is able to generate short mixed-sequences that
later function as primers and templates for copying of longer
sequences.

We base this study on 2’,3’-cyclic mononucleotides (cNMP)
which (a) possess an intrinsically activated phosphate; (b) are
products of several prebiotic phosphorylation and nucleotide
syntheses;"'® and (c) are products of neutral to alkaline
chemical and enzymatic hydrolyses of RNA."?? In comparison,
the dry oligomerisation of 3',5'-cGMP2*?? did not foster the
oligomerisation of the other ribonucleotides.” Orgel and
coworkers, reported conditions for 2',3'-cAMP oligomerisation
by drying for 40 days with a 5-fold excess of ethane-1,2-diamine
and yields up to 0.67% of 14-mers.*® Other catalysts such as
imidazole or urea required temperatures up to 85 °C and offered
lower yields.*®
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We found that 2',3-cGMP oligomerised spontaneously
under alkaline (pH 7-12) drying conditions (40-80°C), within a
day. The other canonical ctNMP were relatively inert under

40 mM K* 100 mM Imidazole

similar conditions. Our observations of cAMP and cUMP forming =10F . ®. ¢ e
up to trimers are consistent with literature.””?® The oligomerisa- = o ) ® .

tion is demonstrated in the presence of bulk water at the air- E% L3 o oo
water interface, within a microfluidic thermal chamber. The N ? .

chamber mimics conditions of a heated, water filled volcanic
rock pore that includes a gas bubble.
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Polymerisation of cGMP

An aqueous solution of the sodium salt of 2',3'-cGMP (20 mM)
was dried for 18 hours at 40°C in the presence of 40 mM KCI.
Since the monomers are monosodium salts, there was an equal
concentration of Na* ions when in solution (20 mM). All the
reported concentrations throughout the article are calculated
for a volume of 100 L. The total concentration of each n-mer
(oligomer) is a sum of oligomers containing the linear-
phosphate (-P) and the cyclic-phosphate (-cP) on the n-mer
terminus. Both endings are well discriminated by HPLC as the
n-mer-cP is eluted before a n-mer-P of the same length (S2d).
Typically, about 90% of the n-mers consisted of -P endings
(S5d). Due to propensity of purines to form non-covalent
aggregates in mass spectrometry detection,”” a combination of
HPLC and ESI-TOF techniques were used for detection of
oligonucleotides. The non-covalent stacked n-mers (eg. two 4-
mers) are discriminated from covalent n-mers (eg. an 8-mer)
due to the higher mass of the stacked n-mers by one H,O in the
MS and the corresponding HPLC retention times of n-mers
under denaturing HPLC conditions.B*34

The denaturing conditions of the HPLC column at 60°C
efficiently resolved synthetic oligoG n-mers without signs of
aggregation, as shown in Figure 1c. It must be noted that an n-
mer-cP and a cyclised n-mer of the same length would have the
same mass, but are unlikely not to be discriminated by the
HPLC retention times. The presence of n-mer-cP is established
from the *P NMR peak at ~20 ppm in Figure 1d. Oligomers
from 2- to 15-mers (S8a) were detected by HPLC-MS for cGMP
oligomerisation. For quantification, only 2- to 10-mers were
considered throughout the study.

The error bars can be estimated based on plots of cGMP
oligomerisation (5 replicates) in S8a, with a mean standard
deviation of 2.95 uM between independent runs of the experi-
ment. The error bars are not indicated in the figures as they
would appear insignificant on the log scale. For quantification,
the HPLC retention times of the oligomer standards of G were
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Figure 1. Oligomerisation of Guanosine-2',3"-cyclic monophosphate
(cGMP-Na). A 20 MM cGMP-Na solution was heat-dried with 40 mM K™ at
40°C for 18 hours, under ambient pressure in 100 pL volume. (a) Polymer-
isation was screened over a range of pH 3-12. The reported concentrations
were the sum of terminal cyclic (-cP) and linear phosphate (-P) containing
oligomers. Oligomers without terminal phosphates were not detected.
Polymerisation was optimal at pH 10 with total oligomer yields of ~3.5%
(inset). The solid line shows results of the polymerisation model based on
stacked assembly (519). (b) pH screen with 100 mM imidazole under similar
conditions. No significant increase in oligomerisation was found by adding
imidazole. (c) Diode array detector (DAD) absorbance at 260 nm for 50 uM
oligoG standards (-P endings) and 100 uM KCl used for confirming HPLC
separation and the determination of retention time for quantification with
ion counts. (d) *'P proton-decoupled NMR spectrum (10% D,0, pH 10), of
oligomerised G sample: the signals corresponding to phosphodiester
linkages for both 3’-5" and 2'-5" are between —0.8 and —1.1 ppm.

first optimised on an RP C-18 HPLC column coupled to ESI-TOF.
Figure 1c shows the HPLC chromatogram of 2- to 10-mers for
oligoG standards (with 1 eqv. of KCl) with their respective
retention times. We found efficient separation and no evidence
for the formation of aggregates. The ion counts of the n-mer
with their HPLC retention times are shown in S2b. By comparing
the ion counts, we confirmed the high efficiency of the post-
polymerisation ethanol precipitation protocol and its negligible
influence (S3). However, the precipitation was used to remove
excess monomers which would otherwise saturate the HPLC
column, yielding a robust method for the quantification of the
complex oligonucleotide mixtures (S2c).

The calculated isotope probabilities of the n-mers in the
various charge states were fitted to the raw mass spectra using
a self-written LabView program. This allowed us to identify salt
adducts formed in the mass spectrometer and to fit overlapping
isotope patterns. The retention times of the oligoG standards
were used to obtain time-brackets to sum the mass spectra.
Further details on the calibration used for the quantification
within the program and the functional modes of the program
are elaborated in S1-S6. Based on preliminary enzymatic
digestion experiments, we estimated that the formed G

© 2022 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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oligomers were linked by 2'-5" and 3'-5' phosphodiester link-
ages in about 1:1 ratio (521-523). The linkage type in the
oligomerisation was also confirmed by *'P NMR (Figure 1d) and
the peaks were assigned based on the literature values.*>*"

Figures 1a and 1b compare the effect of pH on the lengths
and concentrations of the n-mers formed by drying with K*
(CI") and imidazole respectively. We determined the optimal
reaction temperature to be 40°C (S5, S8b). Imidazole and its
derivatives are used in the literature as nucleotide activation
agents for templated primer extension reactions,” as a
buffering agent and a catalyst for oligomerisation.” The
addition of imidazole did not enhance the length and
concentration of n-mers in comparison to oligomerisation with
K*.

Polymerisation from cNMP

We also tested the polymerisation tendencies of cAMP, cUMP
and cCMP under the same heat-drying conditions and found
that these monomers did not polymerise to the same lengths
and concentrations as cGMP. Figure 2a shows that the polymer-
isation trend decreases in the order cGMP >cUMP >cAMP >
cCMP. The dominance of G-polymerisation prompted us to
investigate the copolymerisation of these moderately reactive
mononucleotides under the influence of the well oligomerising
cGMP. We found that a mixture of two or four different
monomers was capable of generating mixed sequence oligom-
ers, where the majority of the mixed oligomers were rich in G.
We probed if the oligomerisation of a G and C mixture could
reach levels where hybridisation between strands could be
possible. Thus, we oligomerised a binary mixture of cGMP and
cCMP (20 mM each), under heat-drying conditions (40 °C) in the
presence of 40 mM KCl. Comparing quantities of C, in Figure 2a
and 2b, the concentration of C, is enhanced 2 fold and G,
became detectable; besides the fact that mixed GC oligomers
are formed (Figure 2b). The detailed sequence composition for
GC mixed polymerisation is seen in Figure 2e, showing that the
G, to G,, contribute to the bulk of the oligomers formed in the
polymerisation mixture. Up to two C’'s were incorporated into
oligomers <4-mers, one C is incorporated into 5-mers and
none were detectable beyond them. A similar analysis of GA
and GU binary mixtures is available in S9a, b.

GC mixed polymerisation was favoured at temperatures
ranging from 40°C to 80°C (Figure 2c), similar to cGMP (S5b,
S8b). It must be noted that in reactions at 30°C for 18 hours,
the drying was incomplete within the polypropylene tubes
used for the experiment and the reaction kinetics in the dry
state was reduced. Higher temperatures on the other hand
possibly contributed to the degradation of the monomers (S4c)
and the formed oligomers as seen in the trace comparisons
under 80, 60 and 40°C in Figure 2c.

Specific cations also influenced cNMP oligomerisation. We
found that K* ions yielded higher concentrations and lengths
of the oligomers in comparison to Na® ions at the same
concentrations. The presence of Mg®" ions in the reaction
mixture inhibited polymerisation (Figure 2d). The dependence
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Figure 2. Oligomerisation of mixed Nucleotide 2’,3'-cyclic monophosphate
(cNMP). (@) Homooligomers of cGMP:-Na, cAMP-Na, cCMP-Na, cUMP-Na were
individually produced from a 20 mM solution at 40 °C for 18 hours.
Oligomers of G were formed in far higher concentrations than polyC, A and
U. The solid line shows results of the polymerisation model based on stacked
assembly (S18). The approximately 3x lower yield for oligoG compared to
Figure 1a is attributed to the lack of K™ ions. (b) Oligomerisation of cGMP
and cCMP at 40°C with 40 mM K. The base C is incorporated into the
sequences in the presence of cGMP while only dimers were detected
without it. (c) Temperature screening over a range of 30-80°C for GC
oligomerisation. Reduced concentration of n-mers >3 is observed for 80°C,
possibly due to ring opening of the cyclic phosphate monomers (S4c).

(d) The presence of 40 mM K* increased the concentration of n-mers while
added Mg?" quenched polymerisation (S10a). (e) Sequence composition of
c¢GMP and cCMP mixed oligomers at 40 mM K*. Oligomers show G-rich n-
mers and suggest the presence of all possible combinations in trimer
sequences.

of polymerisation on K*, Na™ and Mg*" salt concentrations is
shown in S10, indicating that 1-3 eqv. of the same cation
display similar results, but the type of cation affected the
efficiency of oligomerisation.

Polymerisation of cNMP in a heated rock pore mimic

Wet-dry cycles in surface-based geological settings are sub-
jected to a drift in salt and pH conditions due to the imbalance
caused by the evaporation of pure water and the rehydration of
the fluid that contains salt. Wet-dry cycling can also occur in a
closed chamber, subjected to a temperature gradient.*® The
water that evaporates on the warm side re-enters the fluid on
its cold side. This causes interface shifts and the dew droplet
dynamics on the cold side, offering wet-dry cycles under
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constant pH and salt conditions. The geological analogues of
such a setting would be volcanic rock pores which are partially
filled with fluids and are subjected to a thermal gradient. We
have previously reported prebiotically important processes such
as accumulation, phosphorylation, encapsulation, gelation,
strand separation, enzymatic DNA replication and crystallisation
within such settings.?*>"

For the polymerisation within this setting, we started with
20 mM total monomers (5 mM each of ¢G, cC, cA and cU). After
the chamber was loaded with the monomer solution, a thermal
gradient was applied which drove continuous wet-dry cycles
just above the air-water interface inside the chamber (Fig-
ure 3a). Over time, the meniscus of the bulk liquid receded in
an oscillatory manner depending on how many dew droplets
formed above the interface; and dried material precipitated on
the warm side as a consequence (Figure 3b). The dew droplets
grew at the cooler side of the chamber by surface-tension
driven fusion and made contact with the warm side, rehydrat-
ing the dried material and transporting it back into the bulk.?”
This phenomenon was allowed to continue for 18 hours, after
which the setup was dismounted and the remaining bulk liquid

Dew Droplets
L 1

Dried material

and the dried flakes (after dissolution) were sampled for
analysis.

The pH of the samples at the end the reaction was found to
be lowered by a pH unit, indicating the formation of acidic
species in the reaction mixture. A likely cause of the pH drop is
the acidification by the ring opening of the cyclic phosphate in
the mononucleotides and the oligomers (S4e, S5¢, d). At higher
temperatures, the pH drop was 1.5 to 2 pH units (S4e).

Despite the presence of bulk water, the oligomerisation
inside the simulated volcanic-rock pore showed comparable
yields as that of the heat-dried conditions. This indicates that
the heated interface can access conditions favourable for
polymerisation similar to bulk dried polymerisation conditions.
The constant feeding of monomers from the bulk fluid could
also be an important factor. A length-selective enzymatic DNA
replication was reported recently within this setting, indicating
the possible continuity of prebiotic chemistry in such a
setting.”

We observed all the dimer sequence combinations and
most of the trimers (Figure 3c). However, the tetramers and
pentamers are predominantly sequences rich in G. The length
selectivity of the HPLC allowed the detection of longer
sequences. However, the isotopic fit to the raw mass spectra
provided by our LabView-based analysis showed that longer
species with concentrations lower than 0.2 pM were lost in the

Dew background noise of the mass spectra. Moreover, different
Droplets oligomers can have similar masses (eg. Table S3 and S4), so to
1) 3‘59 avoid false positives, sequences with mass overlaps were not
[=} - g
U%r ‘ \JIE included here. This is in addition to the rigid selection criteria,
ST based on fitting of the isotopic distribution (S12) and only
. SC!T”\:I'P N considering mass spectra within the optimised n-mer retention
&F il TL» times of the HPLC. A full sequence composition analysis for GC
BTE s and GCAU mixtures with comparison between dry polymer-
1005 Mixed GCAU polymers ® Water-air interface isation and simulated rock-pore polymerisation is provided in
_ fg 3 Bulk dried S11. In comparison, CAU reaction mixture yielded only dimers
310 ’__8 $ G4 (S9¢), indicating again the central role of G in the copolymerisa-
85 f ' 5 tion process.
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Figure 3. RNA oligomerisation in the vicinity of air inclusions in a heated
simulated rock pore. (a) Side view. The chamber is 500 pm in depth and
subjected to a heat flow with a temperature gradient of 38-54°C. (b) Front
view. The thermal gradient drives continuous evaporation and recondensa-
tion in the air inclusions, triggering accumulation and wet-dry cycles.
Molecules accumulated at the interface are dried from a receding interface
due to evaporation. Rehydration is provided by dew droplets on the cold
side which merge with the bulk solution due to surface tension.

(c) Oligomerisation of four canonical monomers: cGMP, cCMP, cAMP and
cUMP, 5 mM each, 40 mM KCl at pH 10 for 18 hours. Especially for the longer
strands, the oligomerisation in the simulated rock pore shows improved
yields over the dry reaction. The physically triggered wet-dry cycling and
length selectivity in this environment has been shown to drive efficient
replication and selection cycles,®” making the finding of oligomerisation to
provide the raw material for templated ligation very interesting. Moreover,
this shows that oligomerisation under simulated geological conditions is
possible without the need for arid conditions on early Earth. The trends
show a rich set of mixed short sequences when all four nucleotides are
mixed together for oligomerisation.

ChemSystemsChem 2022, 202200026 (4 of 8)
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arrangement

Based on the hypothesis that a stack-assisted geometry is
triggering the oligomerisation of 3',5-cGMP,*® we studied the
suitability of intercalated stack arrangements for the oligomer-
isation of 2',3’-cNMP. We explored the stability of the stack
arrangements, and the incorporation of cNMP monomers into
polymerised cGMP scaffold, based on minimum energy struc-
tures and molecular dynamics simulations (Figure 4a—c and
S24-34).

To investigate the suggested intercalated stack arrange-
ment for several possible species, we have computed the
stacking interaction energies and evaluated the minimum
energy geometries obtained at wB97 M-V/def2-TZVPD level of
theory.B**" All systems were studied in the gas phase as well as
with implicit solvation (C-PCM).*? The quantum mechanical
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Figure 4. Possible supramolecular assemblies facilitating polymerisation of
cNMP. Molecular dynamics simulations suggest polymerisation of A, U and C
by intercalating into stacks of oligoG. (a) Distances between bases in the
complex of unpolymerised nucleotides show that polymerisation is
disfavoured due to drifting away of the complex. (b) The assembly formed
when the bases are templated by covalently linked G—G (2'-5") dimers, forms
the most stable complexes and make possible the incorporation of the G, C,
A, and U within the n-mers observed in our experiments. (c) Snapshot after
energy minimization of stacking interaction between a oligomerised scaffold
of cGMP (G—G) to template the cGMP and cUMP monomers (U,G). The
dotted lines mark distances between the bases used to evaluate the stability
of the complex. (d) However, the self-oligomerisation of oligoG could also be
based on stacks of G-tetrads, stabilised by inner K* ions, coinciding with the
promotion of oligoG formation by K* ions. R denotes the ribose of RNA.

computations were performed using FermiONs+ +™9 in
combination with Chemshell."

These computations were complemented by GFN-FF molec-
ular dynamics simulations,“” for the systems encapsulated in an
explicit water sphere using xtb.”® The stacking of homoge-
neous monomers were tested (N,N/N,N) with N=A, U, G, C and
the incorporation of monomers into a dimer and trimer scaffold
of G was probed (N,N/G—G or N,N/G—G—G). The 3’-5' linked G—G
and G—-G—-G accommodate A, U and G monomers into the
scaffold providing a stable arrangement for the initiation of
polymerisation. For C an alternate arrangement involving
hydrogen bonding with a G within the scaffold is observed
(528). We found that a 2'-5' oligoG scaffold seemed to enhance
the alignment (Figure 4a, b, c), confirmed both by static and

dynamic computations (530, S31).
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distribution of the oligomer concentrations. This supports the
idea that the formation of dimers is the rate limiting step: the
concentration drop from monomers to dimers was most
significant. For the cGMP oligomerisation in Figure 1a, the
20 mM monomer concentrations drop to 0.15 mM for G,, then
forming a flat concentration plateau, in contrast to the typical
exponential length distribution in homogeneous
polymerisation.“”

To test this idea, we fit the concentration distribution of G
homooligomers with a stacked polymerisation model (solid line
Figure 1a and 2a). The model assumed a three-step polymer-
isation reaction: i) a monomer of length i and a oligoG scaffold
k can stack together with rate v, ii) the de-stacking rate J;
decreases exponentially with the number of stacked bases n,
iii) another monomer of length j can stack to the complex. If the
stacks persist long enough, the polymerisation reaction ligates
the two monomers with rate p (see for details S18-519). The
model fits the experimental data, suggesting a rate limiting
step for the formation of short oligomers due to the required
mutual alignment. It should be noted that it is difficult to
distinguish between inter-base stacking or a plausible G-tetrad
arrangement suggested based on the enhanced polymerisation
observed with K* (Figure 4d).

Discussion

Our data suggests that cGMP oligomerises in dry state at
moderate temperatures and pH. The oligomerisation occurs
over a range of temperatures (40-80°C) and pH (7-12) and
does not require additional catalysts, making this reaction
robust. Dissolved gases and salts could adjust the pH of the
environment, making RNA formation more probable under early
Earth models.”**" We also showed polymerisation in the wet-
dry cycling environment at a heated air-water interface, adding
RNA polymerisation to the pool of prebiotic processes possible
within such a setting.”>” The tested conditions of wet-dry
cycles at an air-water interface or direct drying keep the
reaction out of equilibrium. The cyclic monomers undergo
polymerisation and ring-opening (Figure 1d), of which the ring-
opening is still the dominant product at the tested temper-
atures (S4). Under the tested conditions, the reaction yielded
oligomers up to 15-mers. The formed oligoG incorporated
cCMP, cAMP and cUMP monomers, albeit in lower concen-
tration, which did not homooligomerise significantly. As a
rough comparison to the yields achieved by Verlander and
Orgel with homooligomers of cAMP in the presence of ethane-
1,2-diamine, we observed ~0.35% for a 6-mer of oligoG in
18 hours compared to 0.81% for polyA in 40 days.®

An important feature of this oligomerisation is that the 2',3"-
cyclic phosphate group, under alkaline pH, is sufficient to
trigger oligomerisation without ex-situ or in-situ activation
mechanism or added catalysts, and under low salt conditions.
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The finding that the oligomerisation starts without added
catalysts — and that the reaction site is not yet blocked by a
catalyst - is a very good starting point for Darwinian evolution
to speed up this reaction rate. Low salt conditions are
interesting for RNA evolution since they notably help strand
separation and reduce RNA degradation.®®

cNMP oligomerisation is found to be a relatively clean
reaction under the tested conditions. In comparison, in situ EDC
activation yields side products, especially at high
temperatures.”? We did not detect any major side products
with ESI-TOF, other than the salt adducts of sodium and
potassium.

The abiotic formation and recyclability of the cNMP
monomers is feasible, as they are known to be produced under
several phosphorylation conditions, nucleotide syntheses and
are common degradation products of RNA."**! Thus, with the
likelihood of finding catalytic boosts for this found reaction
mode, a cycle of reactions involving polymerisation, oligomer
extension, polymer hydrolysis and reactivation of monomers
under early Earth conditions becomes conceivable. Further-
more, recombination and templated ligation involving 2’,3'-
cyclic ending oligomers®® have been observed.

For our studies, we compared two monovalent ions (K*,
Na*) and one divalent cation (Mg>"). They were chosen for their
relevance in contemporary cytosolic media, their abundance on
the early Earth®™ and for the role of Mg®" in ribozyme
activity.®” Polymerisation is enhanced in the presence of K* in
comparison to Na* ions. The inhibition by Mg®" ions possibly
occurs by a combination of base catalysis mechanism, the
deactivation of -cP ends of the reactant, products and enhanced
oligomer hydrolysis. Despite its role in ribozyme functionality,
at high concentrations Mg*" inhibits RNA replication by
creating strong RNA duplexes, limiting thermal denaturation
and enhancing temperature dependent hydrolysis.®® It is also
known that the presence of ~15mM Mg®" is sufficient to
inhibit the membrane self-assembly of fatty acids and this has
been considered an incompatible aspect for the co-emergence
of RNA and fatty acid membranes.”’”® However, under the
discussed reaction conditions of cNMP oligomerisation, RNA
formation and encapsulation with fatty acids might be conceiv-
able within freshwater locations on the primordial Earth.
Moreover, we have shown that efficient strand separation can
be achieved by low sodium concentrations, triggered by
microscale water cycles within heated rock pores.*®*”

Our very preliminary digestion studies and *'P NMR results
suggest a considerable backbone heterogeneity (2'-5’ and 3'-5')
within the oligomers. However, a full quantitative treatment is
beyond the scope of this study. It has been demonstrated that
the presence of 2’-5' linkages allow efficient strand separation
by reducing the melting temperature (Tm) of oligomers, which
is pertinent in the case of G-rich sequences that are observed in
this oligomerisation.” Lowering of Tm is critical to replication
of sequences.”® These studies also show that the presence of
2'-5" linkages allow the folding of RNA into three-dimensional
structures, similar to native linkages and do not hinder the
evolution of functional RNAs, such as ribozymes. The suscept-
ibility towards enhanced hydrolysis of the 2’-5" over the 3'-5
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linkages could select the latter in wet-dry cycling conditions,
similar to the reported backbone selection of RNA and
DNA.[59’61’62]

Mechanistically, molecular dynamics studies indicated that
cGMP oligomerisation could be due to the formation of
intercalated stacks of cGMP as a consequence of hydrophobic
interactions between the guanine bases. On attaining a stable
intermolecular arrangement, the 5-OH of a nucleotide can
attack the cyclic phosphate of the neighbouring nucleotide.
This could allow the formation of oligomeric G-scaffolds (Fig-
ure 4¢, d, S25). However, the formation of tetrad stacks over
one another with a central K* ion between the stacks could
also promote oligomerisation (Figure 4d).

The notion of multi-molecular assemblies is supported by
the presence of slow-diffusing species observed in 'H, *'P
diffusion ordered spectroscopy (DOSY) of cGMP-KCI solution
(S15, S16). Reports in literature point to self-assembly of 5-GMP
and 3’-GMP into helical stacks.®® The presence of several slow-
diffusing species indicate a range of molecular environments,
making it impossible to identify a single type of self-assembly
by NMR. It has also been reported that G-quadruplex structures
could be stable up to a pH of ~10.8 at ambient
temperatures.®*%

The formation of dimers appears to be a limiting step in the
oligomerisation. Such a threshold behaviour is known to be an
optimal control strategy for self-assembly processes.*® With
this, monomers remain available in high concentration, leading
to long-tailed, non-exponential polymer distributions. This limits
the total efficiency of the polymerisation but favours the
formation of the oligomers, important for downstream reactions
such as templated replication.

It should be noted that an efficient generation of very long
and random RNA sequences would make hybridisation and
replication inconceivable. At this point, the generated G-rich
sequences might not seem optimal for hybridisation and
replication. However, a biased pool of short oligomers (10- to
15-mers) further constrains the sequence space, favouring
selectivity and making templated replication plausible.!""5"5
We think that the findings are a first step to provide
oligonucleotides for templated ligation and the emergence of
an evolutionary dynamics with RNA.

Conclusion

We report the oligomerisation of canonical nucleotides that
produced RNA of mixed sequences under drying conditions in
bulk and at heated air-water interface. A wide range of
temperatures (40-80°C) and pH (7-12) promoted oligomerisa-
tion. Best yields were reported by mild heating (40°C) of
monomers at low salt concentrations and under alkaline drying
conditions (pH 10). The reaction proceeded best at 1-2 equiv-
alents of K™ and Na*, while Mg®" ions inhibited it. In an equal
mixture of four nucleotides, equal incorporation of all four was
not observed and the mixed sequences were dominated by G.
However, 2',3'-cGMP fostered the incorporation of the other-
wise scarcely reactive C, A, and U, generating short, mixed
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sequences. This reaction under the tested temperatures, pH and
salt conditions provide a novel route to fresh water oligomerisa-
tion towards short RNA strands, an important intermediate step
towards providing the raw materials for an RNA-based
emergence of life.
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ABSTRACT: Molecular machines, such as ATPases or motor proteins,
couple the catalysis of a chemical reaction, most commonly hydrolysis
of nucleotide triphosphates, to their conformational change. In essence,
they continuously convert a chemical fuel to drive their motion. An
outstanding goal of nanotechnology remains to synthesize a nano-
machine with similar functions, precision, and speed. The field of DNA
nanotechnology has given rise to the engineering precision required for
such a device. Simultaneously, the field of systems chemistry developed
fast chemical reaction cycles that convert fuel to change the function of
molecules. In this work, we thus combined a chemical reaction cycle
with the precision of DNA nanotechnology to yield kinetic control over
the conformational state of a DNA hairpin. Future work on such
systems will result in out-of-equilibrium DNA nanodevices with precise
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B INTRODUCTION

Nucleic acids have proven to be outstanding building blocks
for molecular self-assembly. The precision and fidelity of base-
pairing allow for predicting self-assembly patterns and
optimizing the strength of the interaction. The advent of
DNA origami'~* has pushed further the boundaries of the
possible structures designed with DNA, opening the door for
the easy bottom-up assembly of user-defined three-dimen-
sional structures with unprecedented accuracy. Although initial
works in the field have mainly focused on developing static
structures, the so-called structural DNA nanotechnology, a
strong interest is now diverted toward developing dynamic
systems that reshape and actively interact with their
surroundings.” ™"

If structural DNA nanotechnology enables virtually building
of any architecture on the nanometer scale, the combination
with actuation mechanisms could fulfill the dream of a fully
synthetic biomolecular machine.””'" Several strategies to
control the actuation of DNA nanodevices have been
employed. Toehold-mediated strand displacement reac-
tion''~"” is a popular approach that relies on user-designed
DNA sequences with partial complementarity, making it easy
to implement. A limiting factor in this strategy is the second-
order kinetic hybridization between DNA sequences that
require high concentrations of DNA strands to achieve
operational speed in seconds. Alternative approaches for
actuation of DNA-based nanodevices include light-responsive
molecules,'® redox stimuli,'”*’ pH-dependent secondary

© 2022 The Authors. Published by
American Chemical Society
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structures,”' ~** actuation by variating the ionic strength of

the medium™ or the temperature and thus controlling the
stacking interaction of nucleobases in blunt ends,” through the
use of external electric or magnetic fields,”*** or biomolecules
such as antibodies’” and enzymes.”*™*' Most of these
strategies, except for the enzyme-driven ones, proceed
stepwise, ie., the structure switches from one static state to
another upon application of the stimulus. Additionally, they
operate profoundly differently than naturally occurring
biomolecular machines in harnessing the energy required to
function. Specifically, the actuation process in dynamic DNA
nanotechnology results from a change in the overall energy
landscape (e.g,, by changing the pH or ionic strength), thereby
driving the system into the new global minimum. Conversely,
natural molecular machines, such as ATPases or motor
proteins, couple the catalysis of a chemical reaction, e.g., the
hydrolysis of nucleotide triphosphates, to their conformational
change: they incessantly consume fuel to drive their motion.”
Recently, Del Grosso and co-workers introduced the concept
of dissipative DNA nanotechnology to distinguish those
systems that do not strictly operate under thermodynamic
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control but instead require the presence of an additional
element: a chemical reaction as an energy-dissipative
element.”” The examples reported rely on ATP-consuming
enzymes to ligate and excise DNA strands, thereby controlling
their hybridization behavior’”**~*° or RNases to degrade RNA
strands.””*’

Outside of dissipative DNA nanotechnology, the constant
conversion of fuels to drive the function of molecules has been
successfully applied to the self-assembly of small mole-
cules.”®” In such a chemically fueled system, molecular
assembly is regulated by a fuel-driven reaction cycle that
comprises at least two reactions, ie., an activation and
deactivation reaction. In the activation reaction, a precursor
reacts with a chemical fuel which activates it for self-assembly.
In the deactivation, the activated product spontaneously
reverts to the precursor. In its finite lifetime, the activated
product can be temporarily part of a dynamic assembly, which
is thus regulated by the kinetics of the reaction cycle. This
strategy has resulted in chemically fueled dynamic fibers,"**!
droplets,*” and colloids.”* More recently, chemically fueled
reaction cycles have also been used to operate small molecular
machines and motors.**~*® Developments in chemically fueled
self-assembly have resulted in fast reaction cycles in which
activated products have half-lives of tens of seconds. Never-
theless, chemically fueled self-assembly of small molecules still
lacks precision and designability compared to DNA nano-
technology.

In this work, we combined a fast reaction cycle with the
precision of DNA nanotechnology to achieve kinetic control
over the conformational state of a DNA hairpin (Scheme 1).

Scheme 1. Schematic Representation of a Fuel-Driven
Hairpin®

Activation Reaction

Deactivation Reaction
(hydrolysis)

“The hairpin is mostly unfolded in its precursor state (dicarboxylic
acid, blue). The folded state becomes more stable upon activation

(anhydride, red).

We harness the energy of hydration of carbodiimide to shift
the population of hybridized DNA versus single-stranded
DNA. We reach a distribution not allowed at thermodynamic
equilibrium. The system spontaneously reverts to its initial
state once the fuel is fully consumed, and the nonequilibrium
distribution cannot be further sustained. Our molecular design
is versatile, can be quickly introduced in commercially available
DNA sequences, and provides a strategy for nonequilibrium
self-assembly and actuation in DNA nanotechnology. We
demonstrate its applicability in both a unimolecular and a
bimolecular setting, ie., develop a strategy for chemically

fueled strand displacement reaction based entirely on an
abiotic fuel, potentially orthogonal to previously reported
strategies.

B RESULTS AND DISCUSSION

We used a versatile, well-described chemical reaction
cycle”’™* in which a phthalic acid-based precursor is
transiently activated into its corresponding anhydride at the
expense of a molecule of EDC (l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, Figure 1A). In the
activation reaction, the precursor reacts with EDC to yield
the precursor’s anhydride state and EDU (1-(3-
(dimethylamino)propyl)-3-ethylurea). The anhydride product
rapidly hydrolyzes to its precursor state in the aqueous
environment, i.e., the deactivation reaction. In its finite lifetime,
the hydrophobization and rigidification of the molecule can
induce self-assembly or, in our design, affect the stability of a
DNA hairpin. Using a copper-catalyzed alkyne—azide cyclo-
addition reaction, we modified an alkyne-bearing thymine to
carry two carboxylates that serve as the precursor for our
reaction cycle (modified thymine, Figure 1A).

First, we tested the reaction cycle’s kinetics of the nucleotide
itself, i.e.,, without incorporating it in a DNA hairpin (modified
thymine, Figure 1A). The addition of 4 mM EDC to 8 mM of
the modified thymine in 200 mM MES at pH 6 yielded the
formation of the corresponding anhydride product, as
evidenced by HPLC. As the reaction progressed, the
concentrations of fuel and anhydride decayed (Figure S1).
The kinetics of the reaction cycle could be accurately captured
with a kinetic model (see Supporting Note 1), which allowed
us to calculate the half-life of the anhydride product (t,,,) to
be 23 s.

Next, we incorporated the modified thymine into a
molecular beacon comprising a Cy3 dye on the 5’ end and a
black hole quencher (BHQ-2) on the 3’ end of a 30-base
oligomer (Figure 1B). We measured its melting temperature
by fluorescence spectroscopy (see Figure S2). The molecular
beacon we chose is based on a hairpin that, without any
artificial modification, has a melting temperature (T,) of 40.4
°C under the applied conditions (H-0, Figure 1D). We
anticipated that incorporating one modified thymine would
decrease the T, due to steric hindrance and electrostatic
repulsion of the modified thymine compared to regular
thymine. Thus, we designed H-1, which is H-0 with a point
mutation of one thymine for modified thymine in the stem
region of the molecular beacon. As expected, we found that its
melting temperature was 10.5 °C lower than H-0. This
decrease in T,, was independent of where the mutation was
performed (H-2), provided it was in the stem region, i.e., H-3
was modified in the loop region. Its T, was almost equal to the
unmodified H-0. If we added two mutations in the stem region,
T,, decreased by 20.6 °C (H-4, Figure 1D).

The destabilizing effect of the modified thymine can be
attributed to the electrostatic repulsion of the carboxylates
and/or steric hindrance of the phthalic acid and triazole in the
crowded environment of the duplex. To test which of these
forces was the dominant one, we synthesized the methyl ester
of modified thymine which lacks the anionic nature compared
to modified thymine but is similar in size (Figure 1C). When
incorporated in the molecular beacon (H-5), we found a slight
drop in T, (44 °C) compared to nonmodified H-0. This
observation suggests that both a steric hindrance and the

https://doi.org/10.1021/jacs.2c08463
J. Am. Chem. Soc. 2022, 144, 21939-21947
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Hole Quencher 2, and the blue triangle represents the modified thymine. (C) Schematic representation of an oligomer with the modified thymine
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of oligonucleotides (H-0 to H-S) with the location of their modification (blue triangles), their melting temperature (T},), and the difference in Ty,
compared to nonfunctionalized H-0 as measured by fluorescence melting experiments (see Figure S2).

presence of negative charges are responsible for the change in
the T, upon incorporating modified thymine.

Next, we tested the ability of the fuel-driven chemical
reaction cycle to induce the folding of the hairpin. We added
20 mM EDC to 0.2 uM H-1 (i.e, a 100,000-fold excess) and
monitored the fluorescence intensity of the molecular beacon
as a function of time (Figure 2A,B). The experiment was
performed at the T,, of H-1 (30 °C). We can thus assume that
roughly 50% of the hairpin was in its folded state before fuel
addition. Immediately after the EDC addition, the fluorescence
intensity dropped, indicating that the population of folded
hairpins had increased. Ten minutes after the EDC addition,
we added 10 mM N-acetyl aspartate (Ac-D-OH) as a
scavenger, i.e., a competing dicarboxylate that can also
cyclically react with EDC and rapidly consume all fuel.
Consequently, the hairpin fluorescence returned to a value
close to the original level. We attribute the lack of a complete
return due to the change in jonic strength of the solution
caused by the positively charged group present in both EDC
and its byproduct of hydration, ie, the waste EDU (Figure
2C).

These results suggest that adding a chemical fuel creates a
steady state of anhydride, which changes the dynamic
population of the folded hairpins and unfolded oligonucleo-
tide. The reason for the high amount of fuel lies in the different
rates of the reactions and the low concentration of DNA. In
our reaction cycle, the activation reaction and the deactivation
are simultaneously operating. The activation however follows a
second-order kinetics, while the deactivation follows a pseudo-
first-order kinetics. To sustain a constant level of anhydride,
high enough to show a change in the population of hybridized
species, we balance the effect with a great excess of fuel. We

quantified the change in the folding caused by the fuel by

A EDC 20mM B
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1500
8
@ 21000
a2
5% 500 t
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0 0 N 2
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Figure 2. Response of the molecular beacon to chemical fuel. (A)
Fluorescence intensity as a function of time for H-1. At 10 min, 20
mM EDC is added. After 15 min, 10 mM N-acetyl aspartic acid is
added to consume the remaining EDC. Black markers represent the
experimental data. The standard deviation of duplicate experiments is
shown as an error bar. The red line represents a prediction with our
kinetic model. (B) Evolution of a for the experiment described in
panel A. (C) Comparison of the effect of fuel (EDC, 20 mM) and
waste (EDU, 20 mM) on the folding of the different oligonucleotides.
(D) Effect of different amounts of fuel on the folding of H-1.

calculating the amount of folded hairpins as a fraction of the
total concentration of oligonucleotides ()

_ [folded hairpin]

[total hairpin]
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(1)
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We determined the concentration of folded hairpins by
fluorescence spectroscopy by comparing the fluorescence
intensity to two reference points, i.e., the fluorescence intensity
of a sample where all of the hairpins were folded and the
fluorescence intensity at 30 °C before the addition of fuel. We
prepared the sample where all of the hairpins were folded by
adding 20 mM MgCl, while the corresponding a at 30 °C is
known from the melting curve of each H (Supporting Table
1). From these two reference points, the a was calculated using
the equation described in Supporting Notes 2.

We measured the a increase upon adding fuel or EDU for all
of the hairpins in this work (Figure 2C). As expected, for the
nonmodified hairpin H-0, the increase in o was minimal.
Moreover, it was similar to the increase upon the addition of
EDU. The same trend is observed for H-3, i.e., the molecular
beacon with the modified thymine in the loop region. For the
final control compound, H-S, where the carboxylic acids are
protected as methyl esters, the change induced by the fuel and
the waste was modest. In contrast, H-1, H-2, and H-4
displayed a striking difference between adding EDC or EDU.
In the case of H-4, we started with an almost open state before
applying fuel (@ = 0.21). The addition of fuel pushed the
system toward a closed state (@ = 0.66). In other words, the
fuel switched the system from a condition where the open state
is dominant to a new, temporary distribution where the closed
state is in excess. We then explored the effect of different
amounts of fuel on the folding of H-1. We chose to focus on
H-1 because it has only one modified thymine, thus reducing
the number of transient species. When increasing amounts of
fuel are added, a greater degree of folding is achieved (Figure
2D), mainly attributed to the higher anhydride yield in a steady
state. In contrast, when a similar amount of EDU was added,
the change in @ was much lower (Figure S3). These combined
experiments conclude that adding fuel increases the folded
hairpin population by activating the modified thymine.

The fluorescence data provided information about the
overall fraction of the folded hairpin. However, precursor and
activated states are simultaneously present, and each can form
hairpins (see Scheme 2). Our system was designed so that the
activated state is more likely to form a hairpin. We were
interested in understanding the contributions of each of the

Scheme 2. Proposed Energy Landscape of the Chemically
Fueled Hairpin®
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two possible hairpin species to the overall fraction of folded
hairpins.

We can rewrite eq 1 as the sum of two terms like in the
following

[folded hairpins]
[total hairpins]

[anhydrideg;4.q4] + [acidggeql
[total hairpins]

__ ay[total hairpins]-y + a[total hairpins]-(1 — y)

[total hairpins]
=y + ay (1 — y)

where @, and a; are the folding ratios of the acid and the
anhydride state, respectively, and y is the steady-state yield of
the reaction cycle. To determine those two a values, we thus
have to determine the steady-state concentration of anhydride,
which we measured by HPLC. As a precursor, we used a short
oligonucleotide equipped with our modified thymine, and we
applied different amounts of fuel to induce different steady-
state levels. We quenched these samples after 1 min with a
previously established quenching method.*” In brief, we added
EDC to a solution of unlabeled oligo (1 xM) in MES buffer at
pH 5.5, and after 1 min, 2 uL of 1-pentyalmine was added to
the sample. We found that two new peaks appeared in the
chromatogram, which we attributed to the products of the
anhydride reacting with 1-pentylamine (see Figure S18). By
comparing the areas of the peaks, we calculated the yield of
anhydride in a steady state, which we used in our kinetic model
to fit the fluorescence data as a function of time (see
Supporting Note 1 and Figure S4). From the model, we
derived a value for a;, which we estimated to be 0.95. In other
words, 95% of the activated oligos are in their folded state,
whereas only 50% of the nonactivated oligos are in their folded
state.

The obtained data creates a clearer picture of the energy
landscape of our dynamic hairpins (Scheme 2). In the energy
landscapes, four states exist: a DNA strand can either be folded
or unfolded, or it can either be activated or deactivated.
Pathways exist between these states. However, only the eight
dominant ones are shown: an unactivated strand can fold and
unfold, and an activated strand can fold and unfold (pathways
along the folding coordinate). Along the reaction coordinate, a
folded or unfolded strand can become activated, and a folded
and unfolded activated strand can become deactivated. While it
is technically possible that a folded oligonucleotide simulta-
neously deactivates and unfolds, it is unrealistic and
complicates the landscape.

We found that the activated state has a half-life of 23 s (vide
supra). We also found that its degree of folding is in the range
of 95%. Thus, in its lifetime, the activated oligomer will spend
roughly 95% of its time in the folded state. However, the half-
life for folding a DNA strand such as the one used in our
experiments is reported to be in the range of milliseconds.”' ~>*
That means that even though an activated state will spend
roughly 95% of its time in a folded state, it will unfold and
refold 100 s of times in its lifetime.

Interestingly, the anhydride state was significantly more
folded than the methyl ester control compound (activated H-1
vs H-5, @ = 0.95 vs a = 0.71, under the same conditions) even
though both species lack the negative charges. A possible
explanation is that the formation of the anhydride increases the
overall planarity of the functional group, thus facilitating
intercalation and stacking into the DNA helix. We also

https://doi.org/10.1021/jacs.2c08463
J. Am. Chem. Soc. 2022, 144, 21939-21947
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observed a modest increase in the activation rate constant (k;
in the kinetic model, see Supporting Table 2) for the modified
thymine when embedded in the oligo, in agreement with the
previous report from our group that a densely charged local
environment can affect the reactivity of dicarboxylic acid.*'
In the experiments above, we changed the fraction of folding
of hairpins in a steady state by adding fuel. The addition of a
fuel scavenger allows controlling of the steady state by rapidly
depleting all fuel reversibly. Next, we introduce the idea of a
permanently present fuel scavenger that consumes most fuel
and thus controls the lifetime of the folded population. Such an
approach opens the door to self-regulating DNA nanodevices
with time-dependent behavior. When fuel is added to such a
competition experiment, the majority of the fuel is consumed
by the scavenger, and the conformation change of the hairpin
is only temporary (Figure 3A). A simulation by our kinetic
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Figure 3. Regulating the lifetime of the folded hairpin population by
introducing a fuel scavenger. (A) Variation of fraction folded (@) of
H-1 (0.2 uM fueled with 20 mM EDC) as a function of time in the
presence of different amounts of Ac-D-OH (S, 10, 15, 20 mM,
respectively). (B) Half-life of fluorescence recovery for experiment in
(B). (C) Sequential addition of EDC 20 mM to H-4 (0.2 uM). Each
purple arrow indicates one 20 mM batch of fuel addition. (D)
Evolution of fluorescence signal of H-1 with 20 mM of EDC in the
presence of Mg>'1 mM and Ac-D-OH 20 mM.

model demonstrated the validity of this approach and showed
that lifetimes of the folded population could be tuned from a
few minutes to hours, depending on the amount of scavenger
that is added (Figure 3B).

We carried out these experiments using 0.2 yuM of H-1 in an
MES buffer containing variable concentrations of Ac-D-OH as
a scavenger at 30 °C. When 20 mM EDC was added to the
system with 20 mM of scavenger, we observed a marked drop
in the fluorescence, followed by a rapid signal recovery. The
kinetic profile of the fluorescence recovery correlates with the
experimentally determined consumption of the EDC (Figure
S6). Moreover, our kinetic model accurately modeled the
fluorescence signal and correlated with the predicted anhydride
concentration (Figures S7 and S8). The scavenger concen-
tration could be used to tune the half-life of recovery of the
folded states from 4 min to over 13 min, in agreement with the
predicted half-life of recovery (Figure 3B). The ability of the
system to stop autonomously allows for operating multiple

cycles with minimal intervention, which we demonstrate by
adding five batches of 20 mM of EDC, which resulted in a
transient change in the population of folded and unfolded
molecules each time (Figure 3C). In contrast, most of the
DNA dynamic system reported so far requires either extensive
manipulation, such as buffer exchange, or at least two stimuli to
move between the different states.

To demonstrate that our new chemically fueled hybrid-
ization can be incorporated into more sophisticated DNA
structures than hairpins, we tested its resistance to magnesium
ions. Mg®" is a critical component for the folding of DNA
origami and the operation of DNA nanotechnology. We
analyzed the melting curve of our model hairpin H-1 in the
presence of 1 mM and 10 mM MgCl, (Figure S2). The
modified thymine can still destabilize the duplex, but AT,
decreased to 8 from 10 °C compared to sodium-only buffer. In
the case of higher concentrations of MgCl,, the difference is
reduced to only 1.1 °C. However, the presence of Ac-D-OH
widened the window to 4.4 °C, potentially leaving a margin for
operation. Aspartic acid is a weak chelator for Mg** ions while
stabilizing the secondary structure.”® Lastly, we tested the
response of H-1 to fuel in the presence of a low concentration
of Mg?* (ImM) and scavenger (Figure 3D). We found the
expected behavior of the fluorescence signal corresponding to
transient folding.

In the first part of the work, we demonstrated the possibility
of chemically fueled hybridization on a simple, unimolecular
construct. In dynamic DNA nanotechnology, strand displace-
ment is the primary strategy for actuation.'* Thus, to
demonstrate that our chemically fueled hybridization can be
used to power strand displacement, we repurposed a strand
displacement circuit, where a short invader strand can control
the folding state of a hairpin via hybridization to the stem.’®
The chemical state of the invader (active or inactive) controls
the folding state of the target, thus behaving as an actuator that
converts the chemical energy of the fuel into a conformational
change. We installed the modified Thymine in the inner part of
the sequence (I-1, Figure 4) or at the 5’end (I-2, Figure 4). We
determined the T, of the hairpin in the presence of 2
equivalents of invader strands. I-1 showed the most drastic
destabilization, with a decrease of 11.4 °C of the melting
temperature compared to the unmodified control I-0. On the
other hand, I-2 showed only a modest decrease in the stability
of the duplex due to a minor relevance of the 5’ end base to
the overall 12bp duplex.

Next, we tested the system’s response to chemical fuel and
quantified the hairpin’s degree of folding by monitoring the
fluorescence intensity of the dual-labeled construct. We
performed all experiments at 36 °C, ie., above the melting
temperature of I-1 and close to the T, of I-0 and I-2. The
invader strand displaces the stem of the hairpin and forces it to
open, increasing the fluorescence signal. Upon adding fuel, I-1
immediately shows an increase of the fraction open due to the
invasion of the double-stranded region, moving from 0.13 to
0.21. The signal increases for S minutes and gradually
decreases over 1 h. Similarly, I-2 is responsive to the fuel
and induces an increase in the open fraction of the hairpin,
even though it did not significantly decrease the stability of the
duplex in its precursor state. The formation of the more
hydrophobic anhydride likely promotes z-stacking interactions
and, potentially, intercalation of planar phthalic anhydride,
stabilizing the duplex even at the $'-end. The scavenger
consumes the fuel within 20 min after its addition, but an
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Figure 4. Chemically Fueled Strand Displacement. Schematic
representation of the strand displacement circuit used in the
experiments. (A) Melting temperature of the hairpin with invader
strand (Hairpin 0.5 uM, I-1, I-2, I-0 1 uM; the melting temperature
refers to the transition for the dissociation of the Hairpin-Invader
duplex). (B) Evolution of open fraction of the hairpin (0.5 M) with
1-0 (1 uM, gray), I-1 (1 uM, blue), and I-2 (1 uM, red) when 20 mM
of EDC are added. Buffer MES 200 mM, pH 5.6, Ac-D-OH 10 mM,
(T =36 °C). (C) Evolution of the open fraction of the hairpin when
an increasing amount of I-1 (1 #M blue, 2 yM dark blue, 4 M violet)
is fueled with 20 mM EDC. (D) Effect of different amounts of Ac-D-
OH (10 mM dark blue, 2 mM cyan) on strand displacement with I-1
(1 uM). Measurement was performed at 36 °C. Error bars are the
standard deviations of duplicate experiments.

increased fluorescence signal can still be measured until 40 min
from fuel addition for I-1. Indeed, we could detect by HPLC
(Figure S9) the presence of the anhydride on the strand at 40
min. The combined evidence points toward hybridization
acting as a protection mechanism that slows down the
anhydride hydrolysis. It further corroborates that the
anhydride resides in a more hydrophobic environment, such
as the bases’ interface or the helix’s inner part. The unmodified
strand I-0, as a control, shows a permanent decrease in the
open fraction of the hairpin, probably due to the change in the
ionic strength of the medium caused by the fuel and waste.
We tested the effect of an increasing concentration of
invader strands (Figure 4C) and a lower concentration of
scavenger (Figure 4D). A higher concentration of invader
strand (4 uM of I-1 instead of 1 uM) leads to a higher
concentration of activated invader, which increased the open
fraction of the hairpin when 20 mM of EDC was supplied
(Figure 4C). Moreover, the open state persisted much longer
as more anhydride can be protected by hybridization. Likewise,
when the amount of scavenger is reduced from 10 mM
(standard conditions) to 2 mM, the system’s response to the
fuel increases the efliciency of strand displacement. According

to our kinetic model, the maximum yield of anhydride is only
slightly higher, with a lower concentration of Ac-D-OH.
However, the concentration of the active strand can be
sustained for much longer since the fuel is only slowly
depleted. Indeed, with 2 mM of scavenger, the open fraction
increases over 15 min before plateauing (Figure 4D). In
contrast, with 10 mM of scavenger, the open fraction declines
after 5 min.

The strand displacement experiments above demonstrate
that our chemical reaction cycle can be used to control the
secondary structure of a target DNA construct by modulating
the affinity of a complementary strand. In the case of the
unimolecular system, there is no delay between fuel
consumption and the secondary structure change. In contrast,
with the bimolecular system, we have evidence of a mechanism
for protecting the active state, thereby suggesting a dependence
of the reaction rates of the cycle on the conformational state.
In other words, the horizontal pathways in Figure 4 differ from
top to bottom. The reason why the same effect is not detected
on the unimolecular hairpin is most likely because of the
different kinetics of unfolding. It is known that a longer duplex
has slower dissociation kinetics, with half-lives that range from
minutes for a 10-mer to hundreds of years for a 20-mer.*° The
hairpin used in the first part of the work has a stem of 5 bp.
Therefore, the active state will constantly be exposed to the
solvent because of the rapid equilibration of the hairpin
between the two states. In contrast, we can expect the duplex
resulting from strand invasion -12nt- not to undergo such a fast
exchange, and therefore, the active state can be protected.

B CONCLUSIONS

In this work, we bridged the field of DNA nanotechnology and
chemical-fueled self-assembly. We implemented a chemical
reaction cycle based on a carbodiimide fuel to control the
hybridization of DNA in both uni- and a bimolecular setting.
We used a non-natural nucleotide functionalized with a
dicarboxylic acid that undergoes the reaction cycle. The
formation of the neutral and planar anhydride increases the
strand’s affinity for hybridization. The main difference from
previous works on the autonomous or dissipative actuation of
DNA is in the way energy is used.

In our work, the DNA structure plays an active role in the
fuel-to-waste conversion, and the high energy state is, per se,
thermodynamically not stable. In general, this approach is
conceptually similar to the operational mode of biomolecular
machines in the sense that the energy of a chemical fuel—an
abiotic one in our case—is used to drive a conformational
change of the device in a nonequilibrium fashion. The system
presented in this work is not in itself a molecular machine but
rather a strategy to potentially actuate DNA nanodevices in an
out-of-equilibrium fashion. We envision that implementing this
strategy in more complex supramolecular structures, such as
DNA origami, allows us to develop machines that can convert
chemical energy into work. Crucial to perform work is to
overcome two challenges. First, we characterize the ratcheting
constant,””*® which is a measure of the degree of kinetic
asymmetry. In other words, we determine whether the rate of
fuel consumption and deactivation change between the two
states of the system. We know that the modified oligonucleo-
tide is an active element in the dissipation process, which
constitutes the first necessary requirement for kinetic
asymmetry, and we have the first evidence that the rate of
deactivation is lower in the hybridized state than on the free
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strand. Additionally, the carbodiimide reaction cycle has
proven successful in operating information ratchets™****’
that are fundamentally based on kinetic asymmetry. The
second challenge is related to the operational conditions of the
system. The activation of a single modification induces a
moderate change in the melting temperature, but the coupling
of several modifications strategically placed in a modular
object, such as a DNA Origami, would multiply the effect upon
activation. The presence of divalent cations required for DNA
Origami, which is detrimental for our system, can be avoided
by stabilization of the nanostructure to survive at low-ionic
strength environments®*~®® better suited for the effective
performance of our reaction cycle. Taken together, we will
install multiple modified thymines in DNA nanostructures to
develop a machine that converts chemical energy into work.
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