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Zusammenfassung

Leben ist ein Phianomen fern vom thermodynamischen Gleichgewicht, und auch seine
Entstehung wurde vermutlich entscheidend von den vor etwa 4 Milliarden Jahren
vorhandenen Nichtgleichgewichtssystemen gepragt und vorangetrieben. Dazu gehoren
geothermische Systeme mit Warmestromen durch diinne, wassergefiillte Gesteinsspalten,
die zur Konvektion des Wassers und der Thermophorese der gelosten Stoffe fiihren.
Meine Dissertation zeigt, dass ihr Zusammenspiel eine hochselektive Anreicherung von
Komponenten antreibt, die einzigartige Moglichkeiten fiir préabiotische Systeme auf dem
Weg zur Entstehung des Lebens bietet.

Die prébiotischen Chemie erfordert in der Regel spezifische Zusammsetzungen und
oftmals hohe Konzentrationen an Ausgangsstoffen, damit am Ende der teils komplexen
Synthesewege die gewiinschten Produkte gebildet und unerwiinschte Nebenreaktionen
unterdriickt werden.  Kine mogliche Losung hierfiir bietet die thermophoretische
Akkumulation, welche Aminosiuren, Nukleotide und RNA-Bausteine (Kapitel 3, [1])
selbst fiir massenidentische Verbindungen robust auftrennen kann. Netzwerkartig
miteinander verbundene Gesteinskammern, wie sie in natiirlichen Systemen vorliegen,
verbessern hierbei die Aufreinigung deutlich. Die daraus resultierende Vielfalt
an Zusammensetzungen steigert die Reaktionsausbeute beispielsweise einer wichtigen
Peptidpolymerisation um bis zu vier Grélenordnungen und zeigt somit die Bedeutung
flir prabiotische Reaktionen.

Die meisten wichtigen aufkommenden Biopolymere wie RNA, DNA und Phospholipide
enhalten Phosphor als zentralen Baustein, obwohl dieser in der Erdkruste einen
iiberraschend geringen Masseanteil hat. Zudem ist das als haufigst angenommene
(Kalzium-)Phosphatmineral, Apatit, unter neutralen oder alkalischen Bedingungen,
wie sie flir die meisten préabiotischen Synthesereaktionen erforderlich sind, unloslich.
Geothermale Systeme bieten eine Losung, da Wérmestrome Phosphat von seinem
Fallungspartner Kalzium im saurem Milieu raumlich trennen kénnen. Hierdurch bleiben
grole Mengen an Phosphat auch nach der pH-Neutralisierung gelost und stehen zur
Erzeugung reaktiver Phosphatarten fiir die prabiotische Chemie bereit (Kapitel 4, [2]).

Selbst nach FErreichen der fiir die sogenannte RNA-Welt Hypothese zentralen
katalytischen RNA-Strangen ergeben sich weitere Probleme. RNA-Enzyme benétigen
fir ihre Funktion spezifische Salinitdatsbedingungen wie zum Beispiel viel Magnesium-
und wenig Natriumionen. Auslaugungsexperimente mit prabiotisch relevanten Basalten
fithren jedoch zu hohen Natrium- und nur geringen Magnesiumkonzentrationen. Dieses
Verhéltnis kann durch thermophoretische Akkumulation umgekehrt werden, so dass
in den erzeugten magnesiumreichen Losungen ein optimales Habitat fiir RNA-Enzyme
geschaffen wird (Kapitel 5, [3]).

Eine wichtige Herausforderung bei der RNA-basierten Replikation ist die
Templatblockade durch das gebildete Produkt, das mit Schmelztemperaturen iiber
100 °C einhergeht und durch die fehlende Freigabe des Templats die weitere Replikation
verhindert. Eine Losung hierfiir konnen Salz- und pH-Oszillationen sein, da saure,
salzarme Bedingungen die Schmelztemperatur absenken.  Interessanterweise fithrt
der Ionengradient von thermisch akkumuliertem Meereswasser zur Bildung von pH
Gradienten. In einem prébiotisch motivierten Modellsystem aus Ameisensidure und
Natriumhydroxid bestatigen Experiment eine auf Zeitskalenseparation basierte Theorie,
und zeigen, dass durch Warmefliisse erzeugte pH Gradienten je nach Zusammensetzung
der Lésung variiert und sogar invertiert werden konnen (Kapitel 6, [4]).






Abstract

Life is a phenomenon far from equilibrium, which suggests that its emergence was also
decisively shaped and driven by the non-equilibrium systems present around 4 billion
years ago. These include geothermal systems with heat flows through thin, water-filled
rock fractures, which drive the convection of water and the thermophoresis of dissolved
substances. My thesis shows that their interplay drives a highly selective enrichment
of components that offers unique opportunities for prebiotic systems on the path to the
emergence of life.

Prebiotic chemistry usually requires specific compositions and high concentrations of
compounds for the desired products to form at the end of sometimes complex synthesis
pathways whilst suppressing undesired side reactions. A possible solution for this is
provided by thermophoretic accumulation, which can robustly separate amino acids,
nucleotides and RNA building blocks (Chapter 3, [1]) even for mass-identical compounds.
In networks of connected rock cracks, as found in natural systems, this purification is
further enhanced. The resulting diversity of compositions increases reaction yields by up
to four orders of magnitude, for example for peptide polymerization, thus demonstrating
how temperature gradients in rock cracks can foster prebiotic chemistry.

Most of the emerging important biopolymers such as RNA, DNA and phospholipids
contain phosphorus as a central building block, even though it has a surprisingly small
abundance in the Earth’s crust. In addition, the presumably most common (calcium)
phosphate mineral, apatite, is insoluble at the neutral or alkaline pH values required
for most prebiotic synthesis reactions. Geothermal systems provide a solution as heat
flows can spatially separate phosphate from its precipitation partner calcium in acidic
environments. As a consequence, large amounts of phosphate remain in solution even after
pH-neutralization and can be used to generate reactive phosphate species for prebiotic
chemistry (Chapter 4, [2]).

After addressing above milestones, further problems arise for catalytic RNA strands,
which are central to the so-called RNA world hypothesis. These require specific salinity
conditions for their function, such as high magnesium and low sodium concentrations.
However, leaching experiments using prebiotically relevant basalts show high sodium but
only low magnesium concentrations. Thermophoretic accumulation can reverse this ratio,
naturally creating a habitat for RNA enzymes (Chapter 5, [3]). In systems of connected
rock cracks, the strength and stability of the selective enrichment is further enhanced.

An important challenge in RNA-based replication is template inhibition by the formed
product, as melting temperatures can rise to above 100°C thus preventing further
replication. Salt and pH oscillations can drive an environmental solution, as acidic,
low-salt conditions lower the melting temperature significantly. Interestingly, the ion
gradients of thermally accumulated seawater lead to the formation of pH gradients. In a
prebiotically motivated model system of formic acid and sodium hydroxide, experiments
confirm a theoretical approach based on the separation of timescales, and show that pH
gradients generated by heat fluxes can be varied and even inverted by changes in the
initial composition of the solution (Chapter 6, [4]).
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Chapter 1

Introduction

1.1 Origins of life research

The question of the emergence of life has puzzled mankind for centuries [5]. In the 19th
century, Adolph Strecker found that alanine is an intermediary product en-route to lactic
acid and discovered that amino acids can be formed by the reaction of potassium cyanide,
ammonium chloride, and an aldehyde, simple and presumabely prebiotically plausible
molecules [6,7], a synthesis approach now known as Strecker reaction. In 1861, Alexander
Butlerov discovered the formose reaction [8-11] to form sugars from formaldehyde with
a base and a divalent metal ion as catalysts, having previously reported the formation
of formaldehyde [12]. In the 1950s, Stanley Miller and Harold Urey exposed water and
a gas mixture of methane, ammonia and hydrogen, which at the time was considered
a hypothetical early Eath atmosphere, to electrical discharges in a glass flask. Organic
molecules are formed and gradually accumulated in another collection flask in the circuit,
yielding for example some amino acids and formic acid [13,14]. More fundamentally, the
question how to approach the origins of life has puzzled researchers [15H1§]|, triggering
debates on what is life itself |19,]20].

1.1.1 Environmental conditions

In this context, a crucial question is how the Earth might have been like when life
emerged. First early life forms are supposed to have existed around 3.5-3.8 billion
years [21H23] with higher estimates going up to 4 billion years [21] ago. A definite
boundary for the oldest possible emergence of still-existing life is the moon forming
impact around 4.4-4.5 billion years ago as this would have erased all hypothetically
possible earlier life [24H31]. Subsequent cooling provided conditions for nascent life.
However, atmospheric and environmental models vary between different scenarios [32H34],
for instance ranging from the methane-ammonia-hydrogen-rich atmosphere used by Miller
and Urey [13,14,35,36] with longer residence times of methane [37] to more carbon dioxide-
rich atmosphere [38,39], oxygen-depleted [40] and various others such as hydrogen-rich
[41] with intrinsic consequences for prebiotic chemistry [33,38]. Similarly, the composition
of early oceans is discussed [42-44], affecting for instance the sulphur cycle [37,45] and
phosphate concentrations [46,|47]. Also, overall salinity, composition and pH modify
reaction rates [48] and stability of molecules such as RNA [3,|49-53] and peptides [54-56].
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1.1.2 Prebiotic chemistry

The "RNA world” hypothesis [57H60] is based on RNA’s capacity to both store
information and be catalytically active. Even in today’s biology, RNA plays a variety
of roles, from catalyzing biochemical reactions over temporary information storage in
mRNAs and in the regulation of gene expression [61]. Towards the first functional
RNAs, a lot of progress has been achieved over recent year. The evident starting point
is the formation of the individual mononucleotides [62-70] from simple, presumably
prebiotically relevant molecules such as glycolaldehyde which has been confirmed to
exist in interstellar dust [71]. From these RNA monomers and activating agents, the
de-novo strand formation has been studied [72-74], for instance using a preactivation
of monomers with imidazoles |73} 75-78] as well as 2’,3’-cyclic phosphorylated RNA
monomers [74},78-80] and 3’,5’-cyclic phosphorylated RNA guanosine monomers [81-84].
However, as discussed in more detail in chapter 3 [1], this runs into the question of the
plausibility of pure feedstocks that are mixed in standard laboratory experiments [67] as
reactions would otherwise easily produce a plethora of unwanted side-products [85,/86].
In addition, usually high reactant concentrations are required, which could be envisioned
for instance by drying processes [87,88|, by localization in compartmentalized systems
such as vesicles or coacervates [89-91], by adsorption on mineral surfaces [92-94] or by
thermogravitational accumulation as studied here [1}78}/95-H99].

One critical piece in this puzzle is phosphate, integral for life as we know it, for instance
in the backbone of DNA and RNA, in the biological nucleoside-polyphosphate energy
currencies and in phospholipids in cell membranes [100,{101]. Given this prominence and
its function, phosphate is assumed to have been used early on in the emergence of life,
no matter what scenario for an emergence of life is considered. However, phosphate
precipitates with a variety of divalent ions, such as calcium, to form apatite. This
presumably kept phosphate levels far below millimolar to molar concentrations required
in prebiotic chemistry [62,/102-105|, posing the so-called phosphate problem. Various
phosphate minerals have been studied for their potential as prebiotic phosphate source
[106]. Important examples include apatite minerals [107-114], including hydroxyapatite
and fluorapatite, and other calcium minerals such as brushite [107,/111,/115,/116] and
whitlockite [107,[114H116]. Further, the iron phosphate vivianite |106] and magnesium
phosphates such as newberyite [111}/116], bobierrite [117] and struvite |107,111] have been
hypothesized to play a role. This however poses the question as to in what environment
they could be found and would be used, with an interesting setting found in carbonate-
rich lakes that permit higher absolute phosphate levels [87,88,118| by carbonate-calcium
precipitation at the cost of increased total salinities.

1.1.3 Scenarios and promising environments

Over the decades, various scenarios and environments for the emergence of life have
been proposed. Famously introduced by Darwin, one of the more studied ones are "'warm
little ponds’, compatible with various processes relevant for prebiotic chemistry [111}119].
Here, the molecules needed for prebiotic chemistry are present and exposed to wet and
dry phases during day-night cycles. These cyclic evaporation and rehydration cycles
can drive nucleotide polymerization [80,81},|120], enhance efficiency of phosphorylation
[121},|122] and various other processes [123H128]. Inherently, the evaporation leads to
an up-concentration of all solutes, however without compositional changes. Another
environment are shallow and deep hydrothermal vents or chimneys [129-132] which
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provide various temperatures and mineral compositions [133,|134] over small space and
can drive gradients in temperature [98], pH and ion concentrations [129,/135-137]. These
gradients have been supposed to generate potential differences of up to 180mV and
potentially drive the conversion of inorganic carbon into organic material [138,/139], a
process crucial during the emergence of life.

In addition, and compatible with the former environments, delivery of exogenous
material has been widely discussed [140-148] as various molecules have been observed in
outer space [71], in interstellar clouds [149] and in the atmosphere of Titan [150]. In line
with the previously discussed phosphate problem, delivery of meteoritic schreibersite ((Fe,
Ni)3P), a reduced iron-nickel phosphorus mineral [151-155], has been studied, showing
phosphorylation and formation of reactive phosphate species such as trimetaphosphate
(TMP) and diamidophosphate (DAP). Similarily, as mentioned above, geomaterial
surfaces have been discussed to play a pivotal role, as feedstock for ions |3], as catalytically
active surface [156-159] and by (selective) adsorption for instance for amino acids
[160-162], nucleotides and RNA and DNA [92,|163-166] or other prebiotically relevant
molecules [167,[168]

1.1.4 Heat flows across rock cracks

In my doctoral research, we investigated heat flows across water-filled rock fractures
and their potential for emerging prebiotic chemistry. Temperature itself is an important
factor for nascent life, for instance driving or favouring chemical reactions and imposing
stronger or weaker evaporation. The overall temperature is partially driven by global
heating by solar radiation [169,/170], in addition to more local processes such as the
radiogenic decay of thorium, potassium and uranium isotopes [171]. Heat flows have
been described over large scales [172], in the context of tidal heating [173], volcanic
activity |174], meteoritic impacts [143,|175|176], geothermal settings, as a thermoaureole
around magmatic intrusions [174] and many more chemical and petrological processes,
as by the second law of thermodynamics, heat is a general waste product. In the
context of relevant reactions, we study water-filled geothermal habitats where water-filled
rock fractures are exposed to temperature gradients. Such fractures are generated for
instance by internal stresses in glass state [177,178]. They typically form large networks
of microfluidic systems and were presumably widely present on the early Earth, for
instance in geothermal or hydrothermal systems, in mafic to ultramafic rocks in volcanic
complexes, sedimentary layers and in shallow submarine or lacustrine environments
[174178/179]. When under water and depending on their permeability [180], the networks
of fractures would be exposed to large-scale flows which in addition can further drive
thermal heterogeneity inside the system.
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1.2 Heat-flow-driven enrichment

In such heat-flow-exposed water-filled cracks, solutes exhibit thermophoresis (1D),
convection (2D) and large-scale fluxes (3D) as shown in Figure[l.1]

Figure 1.1: 3D Large-scale convective fluxes lead to transport through networks of cracks,
2D convection boosts the accumulation provided by 1D thermophoresis (from left to right,
adapted from [4]).

1.2.1 1D — Thermophoresis

The directed movement of particles along a temperature gradient is called thermophoresis
[181]. Over the past decades, this was for instance successfully used for microscale
thermophoresis (MST) [182,/183]. The substance property related to this movement
is called thermodiffusion coefficient Dr, yielding a drift velocity v = —Dp - VT. The
thermodiffusive flux writes

Jp, = —c- Dy -VT (1.1)

with counteracting ordinary diffusion that can be described by Fick’s first law “as
follows

Jp=-D-Vec (1.2)

with J being the diffusive flux of particles, the diffusion constance D and the
concentration c¢. In steady state (J = 0), the total flux can thus be written as
% = —% - VT. The fraction of diffusion coefficient yields the Soret coefficient St
that is defined as

D
For most substances, this parameter is positive, meaning that a net movement of

particles towards the cold side takes place. The resulting concentration profile follows an
exponential depletion law:

Sy (1.3)

c(x)

c(wo)

= exp (=57 - (T'(x) — T(x0))) (1.4)

with line coordinate z in the direction of the temperature gradient.
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1.2.2 2D — Thermogravitational accumulation

For the two-dimensional case, a superposition of thermophoresis and convection occurs.
This effect was first described by Clusius and Dickel for gases [184] and also occurs in
aqueous solvents, for instance for the dissolved organic molecules and inorganic salts
studied in this thesis. Convection is induced by temperature differences that lead to
a thermal expansion of water which is different on the hot/cold side of the chamber
and thereby creates a convection roll (see also Figure. The superposition with
thermophoresis as described above leads to an accumulation of dissolved solutes in the
bottom cold corner of the chamber. To describe this situation analytically, we thus add
a convective flux

JC =v-cC (15)

with convection velocity v, depending for instance on the thickness of the chamber
and the angle relative to gravity [185]. The total flux is thus given by

Jt)=Jp+Jp, +Jo=—D-Nc—c-Spr-D-VT+v-c (1.6)

In our case, the temperature gradient can be assumed to be linear across the thickness
of the chamber w. Due to the large aspect ratio (height/thickness), the turning points
of the convective flow can be neglected in an approximation, so that the flow speed is
constant along the height (k). This leads to a drift-diffusion type equation:

Oc 0%c 0% AT Oc Oc
&—D<W+W>+D-ST-~—U(I)&U (1.7)

w  Ox
with z and y as shown in Figure[l.Il An approximative approach can be found
in literature [95,/186] and is partially discussed in the Supplementary Information of
appendix B. As shown, for an optimal pore thickness and ratio, a concentration ratio
between bottom (cpottom) and top (cgp) of

Shottom _ exp (0.42 .Sy AT h) (1.8)

Ctop w

can be achieved for a temperature difference AT

1.2.3 3D - Large convective fluxes

The accumulation in a single chamber is combined with large-scale fluxes [180], connecting
chambers of geological networks of connected fractures. As they are typically slow, they
do not impair the thermophoretic accumulation but act on a separate timescale [4].
Connected chambers can on the contrary further enhance accumulation and separation by
repeated exposure to thermally driven enrichment in subsequent cells in a network [1}|3].
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1.3 Research questions

Using the interplay of above effects, in my doctoral work, we studied the thermophoretic
separation of prebiotically relevant salts and molecules. The separation stems from
different strengths of accumulation due to different Soret coefficients (see for instance [1]).
We used this to tackle multiple questions related to the origins of life, detailed in the
following chapters.

o Chapter 3: Separation and purification of molecules and boosting of reactions.
Prebiotic chemistry usually requires pure starting solutions and defined mixing
steps. We show that heat flows can spatially separate and purify more than 50
small organic, prebiotically relevant molecules, boosting prebiotic chemistry.

o Chapter 4: Solubilization of apatite and local enrichment of phosphate. Apatite,
the presumably most abundant phosphate mineral on early Earth, is inaccessible
under the pH conditions of nascent life. Heat flows can fractionate acidic-dissolved
apatite and enrich dilute phosphate, thereby circumventing the phosphate problem.

o Chapter 5: Ribozyme habitats from basaltic leachates. Basaltic leachates,
oceans and ponds typically contain insufficient magnesium and more sodium than
magnesium, hindering ribozyme activity. We show that heat flows selectively enrich
divalent ions and thereby establish natural habitats for ribozymes.

o Chapter 6: Formation mechanism of thermally controlled pH gradients.
Prebiotically relevant acid-base mixtures are selectively accumulated by heat flows,
thereby inducing pH gradients. Predicted by a theoretical framework, these can be
modulated in amplitude and inverted for different initial compositions.

Future perspectives A crucial question for the emergence of life is the emergence
of functional molecules, for instance simple ribozymes or autocatalytic RNA reaction
networks |187H197]. However, nature would have to screen a plethora of non-functional
sequences to find the suitable fit [198,/199], asking for some prebiotically relevant
selection pressure. Similarly, selection for compartimentalization in vesicles [200-204]
or coarcervates [91,/167,205-208] from randomized ingredients provides an interesting
perspective for future research.



Chapter 2

Methods

As the following chapters use the same thermo-microfluidic chambers and similar and
overlapping analysis techniques, the description of the methods is given here in a
unified version. Details per project are also attached in the Methods and Supplemental
Information of the papers [1.[3,/4], see appendices A-C.

2.1 Experimental setup

An extensive review of the evolution of thermo-microfluidic chambers is given in A.
Kiihnlein’s dissertation [209]. Whilst the construction design has changed over the years,
from laser-induced thermal gradients [96],210] to cryostat-Ohmic heater driven gradients
with polylactic acid (PLA) printed [211},212], resin printed and various versions of FEP-
foil cutout-based designs as used in this and other recent work [78,80,(132,213-215], the
general working principle remained the same. A schematic depiction of the different
elements is shown in Figure[2.1] and explained in the following.

2.1.1 Thermo-microfluidic cell

The thermo-microfluidic cell was constructed and exposed to a thermal gradient as shown
in Figure. The microfluidic structure was designed using CAD-software (Autodesk
Inventor, USA) and cut out of fluorinated ethylene propylene (FEP) foil (Holscot,
Netherlands) using an industrial plotter device (CE6000-40 Plus, Graphtec, Germany).
For the different experiments, various foil thicknesses between 100 pm and 340 pm were
used. This thin cutout foil was then sandwiched between two sapphires (KYBURZ,
Switzerland) of 0.5mm thickness (towards the cooling side of the setup) and of 2mm
(on the heated side). Here, sapphire was used to ensure high heat conductivity, optical
access and chemical inertness. The sapphires were coated before each experiment using
a hydrophobic coating (ProSurf MT-5, Surfactis, France) to avoid interaction with the
sample (especially relevant for RNA and precipitation experiments) and to facilitate
extraction of frozen samples. For fluid access, the thin, cooled sapphire has four holes of
1 mm diameter.

The thereby constructed sapphire-FEP-sapphire sandwich was then placed on a heat-
conducting graphite foil (25pm, 1,600 W-mK~!, Panasonic, Japan) which was placed
on an aluminum base (see part 2 in Figure. For homogeneous force distribution
and reproducibility, the sandwich was held in place by six torque-controlled steel screws,
connecting a holding steel frame (part 7 in Figure to said aluminum base. The height
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a: Heat flux cell assembly b: AT implementation
(cold _hot
o
29
—
—
—
—
‘
i ® ©
S
X

Figure 2.1: Experimental implementation: (a) The microfluidic FEP structure (5) is
sandwiched between two sapphires, one of thickness 500 pm (4), in contact with the
cooling back (2), and one of thickness 2000 pm (6), in contact with the heating elements
(9). This sapphire-FEP-sapphire sandwich is placed with an intermediary layer of heat-
conducting foil (3) on an aluminum base (2) which in turn is covered by a heat-conducting
foil (1) on its back for optimal connection to the cooling system and the cryostat. The
sandwich is held in place by a steel frame (7), connected to the base by torque-controlled
screws for a homogeneous force distribution. A resistance heating element (9) is mounted
on top with another intermediary layer of heat-conducting foil (8) with torque-controlled
screws. (b) The fully assembled chamber is mounted onto a cooled aluminum block
which is connected to a cryostat for cooling. The heaters are connected to power supplies
controlled by Arduino boards that change applied power via solid state relays. (adapted

from [1])

of the partially built chamber was then measured using a confocal micrometer (CL-3000
series with CL-P015, Keyence) to ensure homogeneous height of the chamber which was
later used to determine the Soret coefficient of accumulated molecules (see [1]).

Heating was done using an Ohmic heating element (part 9 in Figure for more
details see next section) which was mounted onto the steel frame with another layer
of heat-conducting graphite foil (EYGS0811ZLGH, 200 pm, 400 W-mK~!, Panasonic,
Japan). For this, again torque-controlled screws were used for homogeneous force
distributions.

On the back side, microfluidic connections were attached as required for filling the
chamber. For this, we used (all from Techlab, Germany): connectors (UP P-702-01),
end caps (UP P-755), screws (VBM 100.823-100.828), ferrules (VBM 100.632) and
tubings (Teflon (FEP), KAP 100.969). For flushing and for control of fluid flow, we
used syringes with volumes between 50l and 10ml (all from ILS, Germany, acquired
from Gohler-HPLC Syringes, Germany) 2606614, 2606714, 2606814, 2606914, 2606015,
2606035, 2606055 and 2606075. Before experiments, chambers were pre-flushed using
low-viscosity, fluorinated oil (3M Novec 7500 Engineered Fluid, USA) to push out gas
inclusions, facilitate the loading of the chamber and to check for tightness. In static
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experiments (see later), the sample was loaded by using a syringe to push fluorinated oil
through the chamber and pull in the sample through the same tubing as this technique
showed to best avoid the inclusion of air bubbles. After that, the tubings were closed
with end caps to avoid drying and pressure effects.

2.1.2 Implementation of a thermal gradient

a: full model

water

b: 1D cross section

heater
o 1 hot sapphire
£, 60 PP
L water
% 404
o cold sapphire
£ 20 —_ __ ___ coldA.
b 0 10 20 30 40

z-position [mm]

Figure 2.2: Finite-element simulation model of the temperature profile in the
experimental setup. (a)shows the full structure for an externally applied temperature
gradient between 10°C and 80°C. Using known thermal conductivities, the model
determines the temperature profile, showing that the gradient is strongly reduced in
the aluminum /steel parts, with only 40 K arriving at the water layer. (b)shows this in
more detail, with temperature gradients across each layer (adapted from [3]) .

Heating

The Ohmic resistance heaters inside the steel parts (see Figure[2.1) are connected to a
480 W, 24V (in later versions also 320 W, 24 V) power supplies (all from MEAN WELL
Enterprises Co., Taiwan) with intermediary solid state relays (SSR) that are controlled
by an arduino board with ramps 1.4. To read the temperature sensor signals and control
the SSR, we use a customized version of the open-source firmware “Repetier” (Germany).
On the technical side, in a recent iteration we changed to LAN cables (cat 6A) for signal
transport from the temperature sensor to the arduino as this improves compatibility to
future applications in fume hoods or under protected atmosphere in glove boxes, for
instance to work with Fe?™ under oxygen exclusion.
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Cooling

The entire chamber was then mounted onto a precooled aluminum block (see Figure2.1]b).
For cooling, this was connected to a cryostat. Depending on the application and strength
of cooling required, we used multiple different cryostats, mostly Grant Optima TXF200
R5 and Julabo DYNEO DD-1000F. To connect the cryostat to the trapping setup, we
relied on EPDM tubings (Watercool Heatkiller EPDM Schlauch 16/10mm, acquired from
caseking, Germany) for their good isolation whilst ensuring continuous fluid flow thanks
to their rigidity. In addition, we used quick connectors (Koolance QD3 Schnellverschluss,
acquired from caseking, Germany) to switch between setups and for transport purposes.
In order to make the cooling of triplicate runs more efficient and the temperature profile
more uniform, we constructed a new triple base, combining 3 individual units into a single
unit where the cooling fluid is distributed by a serpentinizing shape.

Measuring temperatures

After equilibration, temperatures were measured on the heated and cooled sapphires
using a heat imaging camera (ShotPRO, Seek Thermal, USA). To determine the effective
thermal gradient on the inside (i.e. at both edges of the water layer), finite-element
simulations (COMSOL 5.4, Sweden) were used, exemplarily shown in Figure

2.1.3 Implementation of large convective fluxes

We implemented large convective fluxes as occuring in geological settings both for
experimental studies in flow [1,3] and extraction of samples for measurements [3,4].
This is shown in Figure, in this case for salty solutions, adapted from [3]. The sample
solution is stored in the syringe and tubing named ”in” and continuously flushed through
the thermo-microfluidic chamber (in the middle of the sketch). The thermal gradient
(orthogonal to the sketch) selectively accumulates solutes towards the bottom. Via three
distinct outlets ("top”, "middle” and "bottom”), the fractionated fluid is recovered and
can be analysed or used for further experiments. Here, the "top” and "bottom” tubings
are connected to syringe pumps, controlling the outflow speed (usually each between 5 %
and 12% of the inflow volume rate). The "middle” outlet is left open inside a falcon
to avoid under- or overpressure inside the chamber. This specific design was used for
chapters 5 and 6. In chapter 4, a modified version with only two outlets was used, while
in chapter 3 a three-chamber-on-one-chip version was used.

To control the fluid flow, we used syringe pumps (Low Pressure Syringe Pump
neMESYS 290N with Quadruple Syringe Holder Low-Pressure, Cetoni, Germany) and
various syringes as listed above (Chemically Resistant Heavy Duty Syringes with PTFE
seals from ILS, Germany, acquired from Gohler-HPLC Syringes, Germany).

For the microfluidic connections, as described above for filling the chamber, we used
FEP tubings, connectors, tefzel end caps, delrin scews and ferrules (all from techlab,
Germany).

2.2 Extraction protocols

Over the projects, three different extraction protocols were used: full recovery (chapters
3.3 and 4.4), freeze extraction (chapters 3 and 4) and flow-through (chapters 3-6).
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Figure 2.3: Implementation of large convective fluxes. The sample solution (”in”) was
continuously supplied to chamber and subjected to the thermal gradient (orthogonal
to view plane), leading to fractionation of solutes. This separation was recovered by
three outlet tubings, the "top” and ”"bottom” being pulled out with for example 10 % of
the inflow volume rate, thereby mimicking a geological network of connected cracks and
recovering the accumulated resp. depleted fraction for analysis. The "middle” outlet was
left open and recovered in a falcon tube to avoid pressure problems (adapted from [3]).
For more details on finite-element simulations as shown here, see appendices A and C
and a short version in chapter 6.3

Full recovery

For precipitation samples and in some testing experiments, chambers with low volume
were used where freeze extraction would be complicated due to volume limitations.
Therefore the entire chamber was opened after the experiment and analysed as such.

Freeze extraction

In order to see the distribution of solutes along the height (i.e. the direction of
gravitation), a freeze extraction protocol was developed and implemented (see Figure.
Heaters were turned off and the cryostat was set to 5°C. The chamber was directly
recovered from the setup and frozen at -80°C for at least 15 minutes. After that, the
chamber could be unscrewed on an aluminum block previously cooled to -80°C and the
sapphire sandwich could be opened without melting. Then, the frozen interior was cut
into 4-8 fractions, according to volume requirements for analysis. Here, a specifically
designed piece was used and 3D-printed to obtain fractions of equal volume. Mostly,
four fractions were used as fewer fractions would lead to lower resolution of analysis by
averaging over a larger fraction of the chamber while more fractions suffer from a larger
positional error by volume uncertainties.

Recovery by flow-through

The flow-through extraction protocol is depicted in Figure2.3] The premixed solution
is continuously supplied through an inlet tubing controlled by a syringe pump to the
chamber (”in”), where the flow is subjected to the heat flow (orthogonal to view plane).
This leads to the thermally driven fractionation of solutes, with little to no disturbance
of the accumulation by the applied flow. The established separation is then recovered
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Figure 2.4: Freeze extraction procedure. As detailed in the text, the frozen chamber was
cut into four fractions which were then separately molten by gradual transfer to a heated
aluminum block and analysed, for instance by HPLC (adapted from [1]).

by three outlets, connected to tubings. The "top” and "bottom” outlet are controlled
by syringe pumps, used to pull out for example 10% of the inflow volume rate. The
"middle” outlet is left open to avoid pressure problems and recovered in a vial.

2.3 Analysis

As analysis methods overlap between the different chapters, they will be presented here
and referenced accordingly.

2.3.1 Ion chromatography

For the analysis of (poly-)phosphates (in chapter 3), of various anions and cations
(in chapters 4-5) and of formate and sodium (in chapter 6), concentrations and
compositions of ions were measured with ion chromatography. We used two connected
ion chromatography machines to measure cations and anions simultaneously. Samples
were injected using an autosampler (AS-DV, ThermoFisher Scientific, USA) which
was connected to a first ion chromatography system used for cation measurements
(Dionex Aquion, ThermoFisher Scientific, USA) which in turn was connected to a second
ion chromatography system for anion measurements (Dionex Integrion, ThermoFisher
Scientific, USA).

For cations, we used an isocratic elution system as no larger or higher charged
compounds were measured which would require gradient elution. For methods details,
see individual publications, for instance an analytical column (Dionex IonPac CS12A),
a guard column (Dionex IonPac CG18) and a suppressor (Dionex CDRS 600) were used
and a flow of 0.25 ml/min of 15.45 mM MSA (Methanesulfonic acid) was applied with
12mA suppression, a cell temperature of 40 °C and a column temperature of 35 °C.
Eluted ions were detected with a conductivity detector (DS6 Heated Conductivity Cell).
For anions, a gradient system was used, specifically for the detection of polyphosphates.
Again, method details are given in the publications but a reference method used an
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analytical column (Dionex IonPac AS16 2mm), a guard column (Dionex lonPac AG16
2mm), a suppressor (Dionex ADRS 600 2mm), an eluent generator (EGC 500 KOH) and
a trap column (Dionex CR-ATC 600). With a flow of 0.325 ml/min, the elution protocol
started with 57.5 mM KOH (for 10 min), followed by a linear increase to 62.5 mM KOH
over 2 min, isocratic elution with 62.5 mM KOH for 5 min, a direct step to 57.5 mM and
equilibration for 8 min. Suppression was set to 47 mA, cell temperature to 40 °C and
column temperature to 35 °C. Eluted anions were measured using a conductivity detector
(DS6 Heated Conductivity Cell). For both machines, data was analysed with Chromeleon
7.2.10 (ThermoFisher Scientific, USA) and calibrations were done using commercially
available standard solutions except for formate and polyphosphates where hand-mixed
standard solutions were used.

2.3.2 Liquid chromatography

For measurements of organic molecules such as amino acids, nucleobases, nucleotides
and 2-aminoazoles, two different LC systems were used. In addition, for confirmation
and analysis of glycine dimerization and detection of non-proteogenic amino acids, an
orbitrap MS was used.

System 1

For nucleobases, nucleosides, cytidine monophosphates, adenosine monophosphates,
5’-ribonucleotides, 2’,3’-cyclic ribonucleotides, 3’,5’-cyclic ribonucleotides,
deoxyribonucleotides and di-glycine, the following system was used: Vanquish
Flex (VF-S01-A) equipped with a binary pump (VF-P10-A-01), a heated column
compartment (VH-C10-A) and a variable-wavelength detector (VF-D40-A) (all Thermo
Fisher Scientific, USA). For separation of analytes, we used a Symmetry C18 column
(3.5pm pore size, 2.1 mm diameter, 150 mm length, 100 A particle size, WAT106005,
Waters, USA) and as eluents water with 0.1 % v/v formic acid (eluent A) and acetonitrile
with 0.1% v/v formic acid (eluent B). Further, we applied a flow of 0.3 ml/min with a
column temperature of 30 °C (still air) and detected the UV absorption at 260 nm with
50Hz. The detailed protocols can be found in the publication, but typically started
with an isocratic elution step, followed by a gradient elution with an increasing fraction
of B and ended by a washing step with 40 % B for 1 min and equilibration at starting
concentration for 6 min. For the cases listed above, we analysed mass spectra (for details
see next section).

System 2

For the analysis of 2-aminoazoles and mixtures of proteogenic amino acids, we relied on
the following system: Vanquish Core (VC-S01-A-02) equipped with a quaternary pump
(VC-P20-A-01), a heated column compartment (VC-C10-A-03), a diode array detector
(VC-D11-A-01) and a fluorescence detector (VC-D50-A-01) (all Thermo Fisher Scientific,
USA).

For the separation of 2-aminooxazole, 2-aminoimidazole and 2-aminothiazole, we
adapted a method from literature [216] and used an isocratic with 90 % water with 10 mM
ammonium formate and 10 % acetonitrile. For 5min, we applied 1.5 ml/min flow over
a InertSustain Amide column (100 A, 5pm, 4.6 x 150 mm, GL5020-88631, GL Sciences,
Japan) with a column temperature of 40 °C and UV detection at 225 nm.
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For the separation of all 20 proteogenic amino acids, we adapted a method from
the literature [217] using pre-column derivatization of samples with 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate (AQC, S041, Synchem, USA). This preparation step was
done by mixing 7 parts of 50 mM borate buffer (28341, Thermo Fisher Scientific, USA)
with 1 part of sample. Then, 2 parts of freshly prepared AQC (4mg/ml) in anhydrous
acetonitrile (43166, Alfa Aesar, USA) were added and carefully mixed by pipette. To
complete the reaction, samples were incubated for 10min at 55°C. For separation in
the LC, we used a ACCLAIM Vanquish C18 column (2.2 pm, 2.1 mm x 150 mm, Thermo
Fisher Scientific, USA) with water with 50 mM ammonium formate (17843, Honeywell,
USA) and 0.8% v/v formic acid (A117-50, Fisher Scientific, USA) as eluent A and
acetonitrile as eluent B. For elution, we used a column temperature of 45 °C and measured
the UV absorption at 260nm as well as the fluorescence emission at 473nm under
excitation at 266 nm (both with 50Hz). A flow of 0.65ml/min was applied. For the
elution protocols, see publication. For peak identification, we prepared samples containing
individual amino acids. As background levels in the fluorescence channel are lower, we
used this for all amino acids except for tryptophan, where fluorescence is suppressed, and
tyrosine, which yields by-products [217].

Mass spectrometry

For mass analysis, we used a QQ Exactive Plus Orbitrap HR/AM (Thermo Fisher Scientific,
USA), under positive ionization with a resolution of 70k, an AQC target of 3 x 106 and
a maximum IT of 200 ms. A sheath gas flow rate of 2 was chosen on the HESI source,
together with a spray voltage of 2.9kV, 320 °C capillary temperature, 50 °C auxiliary gas
heater temperature and a S-lens RF level of 50. For analysis in Chromeleon 7.2.10, the
main isotope mass £0.075m/z was extracted.

We both used mass spectrometry to confirm the masses in selected peaks, for instance
for phosphorylation experiments, and for quantification of non-proteogenic amino acids
and glycine dimerization with reference mixtures of defined concentrations for calibration.

2.3.3 pH measurements

For the pH measurements in all chapters, a Versa Star Pro device equipped with a Thermo
Scientific Orion 8220BNWP pH Electrode and, for even smaller volumes in chapter 5.3,

a Thermo Scientific Orion 9810BN pH Electrode (all Thermo Fisher Scientific, USA) was
used.

2.4 Leaching and dissolution of geomaterials

In multiple parts of this thesis, we study the interactions of geomaterials with liquids.
Chapter 4 investigates how apatite can be rendered accessible in prebiotically plausible
natural pathways by thermal gradients as well as the potential of various other
geomaterials as phosphate source for prebiotic chemistry. In chapter 5, the leaching
of ions from basaltic materials and its compatibility with ribozyme activity is analysed.

As used in literature, we use the expression ”leaching” to described a closed, bulk
setting (see Figure where we expose a geological sample to a solution with a pre-set
pH (and salinity) and leave it untouched until an equilibrium pH and ion concentration
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Figure 2.5: Leaching and dissolution experiments. While for leaching (left), geomaterial
is exposed to a solution of preadjusted pH and left to equilibrate in ion concentration and
pH, for dissolution experiments (right), we readjusted the pH until the pH of the solution
equilibrated at the desired value, only leaving the ion concentration to equilibrate freely.

are reached. Typically after 3-5 days, we recover the supernatant for subsequent analysis
in ion chromatography or experiments.

In an open geological setting, however, inflows continuously set the pH (and salinity)
to a constant value. To do so experimentally, we readjusted pH repeatedly until an
equilibrium at the target pH and salinity was reached. As evidently the pH would vary
and dissolution would rarely be as completely as in our experiments for instance due
to parabolic flow profiles, in chapter 4, we dilute 1 fraction of dissolved sample with 3
fractions of water, adjusted to the same pH.
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Chapter 3

Heat flows enrich prebiotic building
blocks and enhance their reactivity

This chapter corresponds to the paper from Matreux, Aikkila, et al. published in Nature
in 2024 (appendix C) [1] and another project en route.

a: prebiotic chemistry b: sorting with heat flows
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Figure 3.1: Prebiotic chemistry reactions often rely on pure reagents and defined
sequences of mixing steps. However, in a natural setting, starting materials are typically
mixed which massively impairs yields and leads to the formation of many by-products. In
this project, we could establish that heat flows through rock cracks can drive the spatial
sorting of simple, prebiotically relevant molecules such as amino acids, nucleobases and
precursors. In a geological network of connected cracks, many different starting conditions
for ensuing chemical reactions can be reached simultaneously and even mass-identical
species be separated (adapted from [1]).
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3.1 Introduction

A crucial step during the origins of life was the formation of the building blocks of
life such as nucleotides, lipids and amino acids from simple substance presumably
available for prebiotic chemistry [63,64,139,[218-220]. To explore these reactions and
to ensure reproducibility, however, experiments are typically started with well-defined
concentrations of pure reagents [62,86,[221},222]. In a multi-step reaction pathway, this
can lead to the need for a well-defined sequence of steps, including the addition of new
reagents or the purification of products. Without some intermediary purification, mainly
by-products or clutter will be created and - if at all - vanishingly small concentrations of
the desired product [85],223]224].

Even though intermediary purification steps seem artificial in a prebiotic context,
some examples of such processes have been found. These include the crystallization
of aminooxazolines [211}225], the precipitation of aminonitriles [226], the selective
interconversion of products [227], physical selection pressures such as UV light [228§],
or the selective sequestration of ribose using cyanamide [229]. Further, length selective
adsorption of RNA on minerals [166] and RNA building blocks on surfaces [230] have been
shown but require adequate washing steps to further use the adsorbed material. Phase-
separated systems such as coacervates can segregate molecules, for instance for ribozyme
activity [231] and other reactions [91]. However, all these mechanisms only work for
specific sets of prebiotic compounds and may require (mutually exclusive) environmental
conditions.

The results from past literature [95,98,[181}232] and other studies in this thesis
(chapters 5-6) made us wonder whether heat-flow-driven enrichment could provide a
widely available purification and separation mechanism. Our results show that heat flows
through water-filled rock cracks can spatially separate and purify over 50 prebiotically
relevant organic compounds. This specificity is made possible by the strongly varying
strength of molecules, depending on charge, size, solvent interaction and others [233-237].

3.2 Results

The full description of results can be found in appendix C, here, a shortened version of
the main findings is given.

3.2.1 Enrichment of small molecules

We started from dilute mixtures of compounds, mostly 20-50 pnM to avoid interactions.
After the experimental time (18 h), the content of the chamber was frozen and separated
into four fractions (see chapter 2 and for a more detailed description appendix C). The
values were then internally normalized by the average concentration of the chamber and
the concentration profile was plotted (see Figure over chamber height. By comparing
the obtained "relative” concentraitons, the enrichments of one species against another
were calculated by

CA —CB

(3.1)

enrichment =
CB

with the "relative” concentrations ¢ of species A and B. For instance, the different
local concentrations of 2-aminoimidazole and 2-aminooxazole transfer to 32 % stronger



3.2 Results 19

[N\>_NH wNH 0%  100% 200% 300%
2 2 1 [
NH

[AJ>[B] by x(%) TOP
T R SOy .
[2AT],, - .
2A0 i
L 2
[A] 2AT
1= 2AIHEY)
[2A|]bot 1 E SAO l
> _ | =
] [2AQ],, [B]
""" [AI>[B] by x(%) BOT
_|_|_|_|_|_ | L)
0 ¢ 2 0% 20% 40% 60% 80%

Figure 3.2: Enrichment of 2-aminoazoles in a heat flow chamber. On the left, the chamber
and extracted fractions are shown. Analysis of the individual fractions by HPLC yields
the normalized concentration profiles shown in the middle, showing a higher concentration
of 2-aminoimidazole (2AI) than 2-aminooxazole (2A0) in the bottom fraction. This is
represented by a 32 % enrichment of 2AT over 2A0 by comparing their concentration as
shown on the right side (adapated from [1]).

concentration of 2AI in the bottom fraction (see Figure[3.2)).

We extended the analysis of these separations to various groups of molecules, including
all 20 proteogenic amino acids. These were again mixed at dilute concentrations and
exposed to the thermal gradient. The following extraction shows a strong selection (see
Figure the aliphatic amino acids leucine, isoleucine and valine are enriched in the
bottom fraction (up to 81 % over glycine). In the top fraction, the strongly accumulated
species are depleted, leading to relative excesses of small amino acids such as glycine.
Even mass-identical isoleucine and leucine are separated up to 12 %.

For various other thermal fractionation patterns, see appendix C. The same separation
effect is observed for nucleobases, nucleosides and differently phosphorylated nucleosides,
distinguishing mass-identical compounds. The separation works over a wide range of pH
(at least 3—11) and salinities (at least 0—100 mM NaCl) and for mixtures of solvents, for
instance including 10 % formamide solution or phosphate-rich buffers.

3.2.2 Separation in an experimental 3-chamber-network

As we had started to look into networks of connected cracks before [3] (see appendix A),
this made us wonder how strong the separation would be in a geologically more relevant
setting. As our microfluidic setups are limited in size, we decided to investigate this in a 3-
chamber-network, shown in Figure[3.4l Here, a continuous inflow of a mixture is supplied
through the inlet and accumulated in a first thermo-microfluidic chamber. However, once
it has passed this first chamber, it goes to a second chamber, either flowing through the
top outlet into the upper chamber or through the bottom outlet into the lower chamber.
Here again, thermophoretic accumulation takes place. After the experiment (60h), the
entire 3-chamber-network was frozen and extracted into 12 parts, 4 fractions per chamber.

The resulting concentrations for a mixture of amino acids are shown in Figure|3.4]
indicating the individual chambers with a certain colour and the position inside the
chamber by lighter/darker tones. It is clearly visible that the enrichment is strongly
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Figure 3.3: Enrichment of amino acids in a heat-flow chamber. The bottom left
triangle shows the lower part of the chamber, the top right triangle the upper part (see
Figure. For instance, isoleucine is accumulated 81 % stronger than glycine in the
bottom fraction, while in the top fraction, glycine is 315 % overrepresented compared to
isoleucine (adapated from [1]).
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Figure 3.4: Separation in an experimental 3-chamber-network, shown on the left side. The
enrichment between amino acids is strongly enhanced, even separating thermophoretically
similar amino acids such as phenylalanine (F) and isoleucine (I). The separation is
temperature gradient-dependent, showing stronger deviation from equimolarity (dotted
line) for a 16 K gradient (adapated from [1]).

boosted, instead of the 61 % reached in the bottom fraction of a single chamber, isoleucine
(N) is now 4.2-fold overconcentrated compared to asparagine (N) in the bottom part of
the lower second chamber (blue). The same enhancement takes place in the upper parts,
effectively yielding up to 95 % purity of individual compounds.
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For thermophoretically more similar amino acids (for instance phenylalanine (F) and
isoleucine (I)), the separation is also enhanced but stays at lower absolute values. Stronger
temperature gradients further the separation, as depicted in Figure|3.4] on the right side.

3.2.3 Purification in a large network

To analyse how species behave in a larger, geologically more relevant network, we used
finite-element simulations (for details see Methods in appendix C). However, for the
numerical modelling, the Soret coefficients of all participating molecules were required
which for the largest part were not determined before.

0 ) 1 ) 1 )
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Figure 3.5: Examples of determination of Soret coefficients. From left to right: 2-
aminooxazole, 2-aminoimidazole, 2-aminothiazole. The measured concentration profiles
(orange) are fitted to finite-element simulations, yielding thermophoretic properties. For
comparison, the concentration profiles with fitted Soret coefficients are plotted in grey
(adapated from [1]).

So far, methods for example rely on fluorescent labels which however importantly alter
the diffusive and thermophoretic properties of molecules, especially for small compounds
such as nucleotides and amino acids [238]. Holographic measurement techniques, on the
other hand, require high solute concentrations that lead to pH shifts and only permit the
measurement of one compound at a time [239]. This made us think about how we could
use the concentration profiles obtained (see Figure to determine the thermophoretic
strength of compounds in complex mixtures. Using finite-element simulations sweeping
over various Soret coefficients, we could fit the concentration profiles and simultaneously
measure the thermophoretic properties of all compounds in solution, only limited by
analytical detection. An example of this fitting procedure is shown in Figure[3.5 for
2-aminooxazole, 2-aminoimidazole and 2-aminothiazole.

For one of the few compounds used here with previously investigated thermophoretic
properties, 3’,5’-AMP, our result agreed with literature values within error margins [240).
Using the obtained properties, we simulated networks of randomly connected cracks
(always allowing for channels staying at the same height or ascending/descending one
row, see Figure left) and found a strongly enhanced separation of molecules. As an
example, in Figure[3.6] the concentrations of glycine and isoleucine are depicted in a
network of 40 x 20 chambers. This network is fed by a mixture of compounds at 1nl/s
which translates to flow volume rates between 0.1 and 10nl/s per input channel due to
randomly assigned throughputs.

Figure[3.6] shows the strong enhancement of separation, yielding chambers with either
high excesses of isoleucine or of glycine. More examples of this separation are shown in
the publication in appendix C.
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Figure 3.6: Local concentrations in a simulated network of 40x20 chambers. The
thermophoretically stronger accumulating isoleucine is visibly dragged down over the
course of the flow, locally reaching high enrichment. On the other hand, glycine,
thermophoretically weak, is present throughout the network and thus has strong excesses
in downstream parts on the right (adapated from [1]).

3.2.4 Reactions in chambers

Given the strong colocalization of molecules, this triggered the question to what extent
this could benefit for prebiotic chemistry. We chose to investigate this on the example
of glycine dimerization. While standard protocols do this upon heated drying 7
the reaction also works in water when catalysed by the reactive condensed phosphate
trimetaphosphate (TMP). However, trimetaphosphate is supposed to be scarce on the
early Earth (also see next chapter for a possible formation from apatite).

As shown in Figure[3.7], in the absence of heat-flow-driven accumulation and for 1 mM
of TMP and 1mM (or 10mM) of glycine, no di-glycine is formed. In contrast, for the
heat-flow case, TMP is strongly accumulated and locally provides an environment where
the dimerization is catalysed for both glycine concentrations (rose and purple).

This boost once again is strongly enhanced in a network of connected cracks, increasing
the yield by up to four orders of magnitude, with substantial effects even for weak
temperature gradients (see appendix C for more details).

Boosting  polymerization Another beneficial aspect of thermogravitational
accumulation of small molecules was shown by Dirscherl et al: The selective accumulation
of activated nucleotides enhances polymerization and can trigger a greater sequence
variety of formed oligomers . This was shown for both aminoimidaole-activated
adenosine deoxyribonucleotides and 2’,3’-cyclic cytidine and guanosine ribonucleotides.
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Figure 3.7: TMP-catalysed dimerization of glycine in water (shown on the left). The
reactive condensed phosphate trimetaphosphate (TMP) is supposed to be scarce on
an early Earth. While without heat-flow-driven TMP-enrichment, for 1 mM TMP and
ImM / 10mM glycine no dimer is formed, the selective accumulation locally provides
suitable conditions and thereby drives the formation of di-glycine, even for low starting
concentrations (adapated from [1]).

3.3 Outlook

A curious aspect to further explore will be other solvents, both for emergence of life [242]
and for instance towards chiral selection which is not provided by thermogravitational
accumulation in water. As the polymerization of 2’3’-cyclic ribonucleotides strongly
depends on pH [80], another interesting prospect could be the combination of pH gradients
with nucleotide polymerization, potentially creating favourable habitats. Furthermore,
nucleoside or amino acid formation with simple components such as described by Powner
et al and Liu et al would provide an interesting starting point [6},62.69,243-H250]. Towards
more complex systems, the selective accumulation and colocalization of molecules
provides an interesting scenario for combinations of proteins, nucleotides and other
molecules crucial for life in order to overcome dilution and provide proto-cellular
compartments only by physical non-equilibria [251-258].

3.3.1 Habitat of chemical reaction networks

Complex reaction networks are a key component of living systems, for example in
metabolic networks that help cells function and maintain stability. Hence, understanding
how such networks emerged during the origins of life is crucial [11,218,250]. In
contemporary biology, the Krebs cycle in eukaryotes is performed in the mitochondrial
matrix, made possible by sustained spatial heterogeneity. However, on an early Earth and
in absence of highly-evolved cell machinery, environmental non-equilibria need to achieve
this spatial organization of reaction systems. Given the previous results for geologically
plausible, heat-flow-driven crack systems, we decided to try to incorporate the formose
reaction in such a system.

While the Breslow cycle (or formose reaction) has been known since 1861, first
described by Butlerov, the analytical developments of the last years, led to an
unprecedented understanding of this reaction network [11,259-262]. It tackles the crucial
question of synthesizing and interconverting sugars and polysaccharides from simple
initial compounds. The system of chemical reactions synthesizes C4-C6 sugars from
simple C1-C3 building blocks by formaldehyde-driven chain growth. In addition, the
network exhibits strong responses to varying environmental conditions, allowing the
compositional complexity to be analysed as a function of input parameters such as
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feedstock and catalyst availability. Recently, the Huck group has shown a detailed
understanding of this complex reaction network [11,259-261], increasing analysability
and predictability using machine learning approaches.

In a project underway, we explore the formose reaction as an ideal model system to
explore its vast chemical reaction space in prebiotically plausible, thermal non-equilibrium
systems. The geologically-inspired network of connected heat-flow cells provides niches
of highly variable chemical compositions, showing how first-principle processes lead to
spatially organized reaction networks, as required by living systems. Homogeneous heat
flows and geological structures lead to a complex spatial organization and enrichment of
the prebiotic solutes despite the system’s simple and homogeneous initial condition.

In the future, this will further open the door to study other systems such as the reverse
Krebs cycle [218] in a multi-chamber approach with potentially naturally occurring widely
spread salt compositions which reflect the highly diverse requirements per reaction step.



Chapter 4

Heat flows solubilize apatite and boost
phosphate availability on the early Earth

This chapter corresponds to a preprint from Matreux, Schmid, et al. [2] and two other
projects en route.
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Figure 4.1: Summary of the phosphate problem at the origins of life and heat-flow-driven
approach to use apatite for prebiotic chemistry. (a)Phosphate is integral to various
biomolecules, from the backbone of RNA and DNA over phospholipids to many other
occurences. However, its prebiotic availability poses major problems as, for instance,
one of the presumably most abundant phosphate minerals (apatite, b) is insoluble under
the pH conditions relevant to nascent life. (c) In a heat-flow setting, the acidic-dissolved
apatite is naturally fractionated, yielding a highly phosphate-enriched fraction. Upon
pH-neutralization, this leaves up to 15 mM of phosphate in solution, boosted by up to
100-fold compared to the absence of heat flows and facilitating the formation of more
reactive condensed phosphate species such as trimetaphosphate upon heating.
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4.1 Introduction

Phosphate is essential to all life, be it in the backbone of RNA or DNA, in energy-
carriers such as polyphosphates (ATP and GTP), phospholipids in cell membranes or
various other occurences. However, its prebiotic availability poses major problems as
in the presence of divalent ions, phosphate is highly insoluble over a wide range of pH
values, including those required for prebiotic chemistry. Most prominently, this is the
case for calcium phosphates such as apatite, assumed to be among the most abundant
phosphate minerals on the early Earth. The usage for prebiotic chemistry is further
rendered problematic by the low reactivity of orthophosphate, leading to high millimolar
to molar required concentrations, for instance, for the phosphorylation of nucleosides and
their precursors as well as for the synthesis of more reactive phosphate species such as
trimetaphosphate (TMP).

In this project, we use natural, geologically most relevant fluorapatite as phosphate
source [2], thus an apatite with a fraction of fluoride. Using known dissolution
characteristics, we acidic-dissolve the grains by repeated addition of hydrochloric acid
(see chapter 2 for a detailed description of the methods and the dissolution experiments).

Upon exposure of the acidic solution to thermo-microfluidics, we observe a selective
over-accumulation of phosphate relative to its precipitation partner calcium, shifting the
Ca:P ratio from 5:3 as found stochiometrically in apatite to 1:1 [2]. As a consequence,
even upon pH-neutralization by alkaline inflows closer to the surface, high concentrations
of orthophosphate remain in solution, enhancing solubility 100-fold. Interestingly, the
resulting concentrations are sufficient to trigger the formation of low concentrations of
trimetaphosphate, which itself has a comparatively high Soret coefficient (see chapter 3)
and would thus easily accumulate, outcompeting orthophosphate to form local reactive
niches.

As pure fluorapatite would be rather rare in nature but mostly incorporated in other
geomaterials, we screened the leaching behaviour of a range of geomaterials and observed
ion concentrations of <100 1M in solution. By local accumulation, we could detect an up
to 130-fold increase, and show the natural establishment of phosphate habitats.

Another geological possibility to provide phosphate to nascent life are phosphate-
enriched basalts, assumed to be more relevant on an early Earth. In another project, we
thus looked into their leaching characteristics and to what point they work as phosphate
source for prebiotic reactions.

Together with the strong accumulation of magnesium over sodium (chapter 5), this
opens the door to studies on precipitation in thermal gradients, exemplarily shown with
a complete shift in precipitation dynamics for a simple, magnesium-sodium-phosphate-
based model system.

4.2 Phosphate from apatite

4.2.1 Leaching behaviour of apatite

In a first step, we tested the leaching behaviour of 3 different geological apatite samples
(Ipird complex, Brazil, Durango, Mexico and Ontario, Canada) of various compositions
(see Table . As described in the Methods in chapter 2, for these experiments, we
exposed defined masses of apatite to water with a preadjusted pH, see Figure[d.2 for
results. As expected from literature [263], we found a strongly pH dependent behaviour
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Origin Country | CaO (%) | P2Os (%) | F (ppm)
Ipird complex | Brazil 54.6 39.0 2.9
Ontario Canada 55.1 41.5 2.4
Durango Mexico 54.0 41.4 3.2

Table 4.1: Composition of natural apatites, measured by X-ray fluorescence.

(Fig. a-c) but did not observe any dependence on mass:volume ratio, temperature or
any other parameter (Fig. d-g).
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Figure 4.2: Leaching from different natural apatites and dependence on parameters.
(a-c) Apatites from different sampling locations were exposed to various pH solutions
and the main released ions were measured using ion chromatography, showing
similar concentration-pH profiles and compositions in all experiments. (d-h) Neither
mass:volume ratio, nor temperature, grain size or prior washing changed leached
concentrations and compositions.

4.2.2 Dissolution and fractionation by heat flows

In a more realistic geological flow scenario where the pH is externally set and kept stable
as for example in crack networks, dissolved concentrations are strongly increased for acidic
pHs (see Figure a). Here, as introduced in the Methods in chapter 2, the geomaterial
is immerged in water that is repeatedly readjusted to the desired pH (see Figure.
However, this does not change the Ca:P ratio (see F igure a/c) and thus results in
precipitation of phosphate upon reneutralization, keeping the phosphate inaccessible for
prebiotic chemistry (see Figure[d.4] a-b). To mimic the flow scenario and include for
example parabolic flow profiles changing local dissolution dynamics, we diluted the acidic-
dissolved solution with 3 fractions of water that was previously adjusted to the same pH.

Thermal non-equilibria accross rock cracks drastically change the situation. Using a
similar approach as shown in the Methods, but with a closed middle outlet (shown in
Figure. We applied a flow of 15nl/s and recovered 5% through the bottom outlet
which is indicated as AT in all figures. By molecule-selective thermophoresis, phosphate
ions are up to 70 % stronger enriched than chelating calcium ions. The positively charged
calcium is replaced by a shift in pH towards more acidic values (see Figure b-c), keeping
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Figure 4.3: Dissolution of apatite and thermally driven separation. (a) Apatite dissolves
at the characteristic 5:3 Ca:P ratio, yielding up to 10mM after 4-fold dilution.
(b) Heat-flow-driven fractionation accumulates both species but increases phosphate
concentrations to the calcium levels. (c)This massively changes the ratio of calcium to
phosphate by 70 %, effectively removing calcium ions per phosphate ion which is balanced
by a shift in pH.

electrostatic neutrality. As a consequence, this balances the Ca:P ratio to equimolar
values, massively changing the outcome of following geological neutralization.

4.2.3 Solubilization of phosphate and utility for prebiotic chemistry

To mimic alkaline or neutral inflows closer to surface, we repeatedly added sodium
hydroxide to neutralize the acidic solutions. This repeated addition is validated by
geochemical modelling using phreeqc [264,265] as subsequent precipitation of apatite
relowers the pH (see modelling results in Figure a). In the model, the precipitation is
achieved by analysing oversaturated species, in our case mostly hydroxyapatite (for more
details see next section).

After this neutralization, we measured phosphate concentrations in bulk (i.e. inflow
samples which were not exposed to a thermal gradient) and in the thermally fractionated
samples, see Figure[d.4b. Phosphate concentrations are boosted by up to 100-fold by prior
heat-flow-driven separation, reaching 15 mM in solution at neutral pH and thus accessible
for prebiotic chemistry. This is consistent with geochemical modelling (in black/grey).

Crucially, this facilitates the polymerization of phosphate, for instance boosting the
formation of reactive trimetaphosphate (TMP) up to 250-fold [56}266-272], see Figure[d.4]
c.

4.2.4 Modelling precipitation and solubility

For modelling the precipitation and resulting concentrations in solution, we used
PHREEQC 3.7.3 [264], as well as the python implementation of PHREEQC,
phreeqpython [265].

Using standard databases for all ions in solution, possible mineral precipitates are
analysed and the saturation index (SI) is calculated.

SI = log(IAP/K,) (4.1)

with the ion activity product IAP of the dissolved ions of the mineral and their
solubility product Kg,. If this index is larger than 0, the mineral species is oversaturated
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Figure 4.4: pH-neutralization of solution and accessibility for prebiotic chemistry.
(a) Repeated alkaline additions for instance by inflows closer to the surface drive
precipitation of calcium phosphates and limit the phosphate accessibility at neutral
pH. (b) While in bulk (rose), only submillimolar concentrations of phosphate remain
in solution after neutralization, the heat-flow-driven removal of calcium enhances the
phosphate solubility 100-fold, yielding up to 15mM in solution. This is validated by
geochemical modelling based on initial concentrations (black/grey). (c) The phosphate
concentration present are sufficient to trigger the formation of more reactive condensed
phosphate species such as trimetaphosphate, boosted 250-fold in comparison to the case
of absent heat flows.
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Figure 4.5: Saturation indices for different databases. (a) Starting with 50 mM phosphate,
50 mM calcium, 20 mM chloride at pH 1 under an addition of 300 mM sodium hydroxide,
all databases show the oversaturation of hydroxyapatite, the black line indicates the
database used in previous figures. (b) Where present, we compared the saturation indices
of different calcium phosphate minerals and found a dominant oversaturation of a Ca:P
ratio of 5:3, for instance apatite.

and will naturally precipitate.

In Figure@.5|exemplary saturation indices are shown, using the composition measured
by ion chromatography in our samples, 50 mM phosphate, 50 mM calcium, 20 mM chloride
under an addition of 300 mM sodium hydroxide. Here, the chloride stems from the acidic
dissolution of apatite but is also realistic in a natural setting [42-44]. The concentration of
sodium hydroxide was calculated to neutralize the samples, taking into account both the
initial pH and the pK,’s of phosphate that need to be overcome on the way to neutrality.

In Figured.5| a, different databases are compared which show small differences but a
general strong trend towards precipitation of hydroxyapatite. This is further validated
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Figure 4.6: Impact of temperature and inflow pH on neutralization and precipitation.
(a-e) As used in Figure, we modelled the resulting pH and ion concentrations after
multiple neutralization steps and found that neither the temperature nor the neutralizing
inflow pH (in the range 8-12) changes the outcome. As expected, a higher pH accelerates
the precipitation and thus reduces the number of required steps, i.e. in a natural setting
the combined volume of incoming neutralizing fluid.

by two databases that take into account various calcium phosphate mineral species and
predict the precipitation of mainly Ca:P = 5:3 species such as apatite.

To test the influence of environmental conditions, we tested the precipitation dynamics
for various temperatures and pH values of inflows but found only minor changes
(see Figure, mostly accelerating the process for increased pH values which seems
reasonable.

4.3 Other phosphate sources

While apatite is assumed to be the most abundant phosphate mineral on early Earth, most
phosphate is presumably contained either in small layers with up to 10 molal % of apatite
[273], phosphate mineral inclusions [117,274] or non-crystalline phosphate containing
materials.

Name Abbreviation | Phosphate content (wt %)
Siliclastic sand SCS 0.22%
Illite ILL 0.37%
Carbonate sand CAS 0.05%
Kaolinite KAO 0.45%
Basaltic sand BSS 0.05%
Volcanic glass VCG 0.48 %
Montmorillonite MON 0.03%
Volcanic clay VCC 0.06 %
Zeolite ZEO 0.02%

Table 4.2: Phosphate content of various geomaterials. Measurement was done using
EDS (energy dispersive X-ray spectroscopy) to measure composition of elements on the
surface. After measurements, values with more than 10 % total mass were normalized
and used to calculate above weight percent.

To evaluate such geomaterials as phosphate source on an early Earth, we tested
different phosphate-bearing geomaterials for phosphate leaching at various initial pH
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values (see Figure b). These contained between 0.02 wt% and 0.5 wt% phosphate, see
Table [4.2] The obtained phosphate leachate concentrations ranged from 0-0.1 mM, thus
far below those required for prebiotic chemistry.

In a similar setting as in the previous section, we analysed how well phosphate can be
drawn into and retained in small rock fractures, thereby providing a local phosphate niche
habitat. For this, we closed the bottom outlet of the prior setup (shown in Figure and
flushed a dilute solution of 500 pM phosphate with 30 nl/s over the pore. The experiments
showed that in the entire fracture, phosphate concentrations increase up to 40-fold after
one week with up to 130-fold in the lowest quarter of the fracture.
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Figure 4.7: Geological flow setting for heat-flow-driven enrichment of phosphate from
dilute sources. (a)In a network, phosphate containing geomaterial is leached into a
flow which en-suite flows over a heated pore. By the interplay of convection and
thermophoresis, phosphate is strongly drawn into the pore, providing a local phosphate
habitat. (b) Leached phosphate concentrations from a variety of sands, basalts and clays
remain below 0.1 mM. (c) Such low concentrations can be locally enriched up to 130-fold
by heat flows through rock cracks that take up the phosphate from a solution flowing
over a closed pore.

4.3.1 Compatibility of geomaterials with phosphate polymerization

As geomaterial was shown to influence prebiotic reactions, we tested the compatibility
of heated polymerization of phosphate with the used geomaterials, see Figure{d.8 While
for diphosphate all geomaterials at least slightly reduce concentrations, the formation
of trimetaphosphate and linear triphosphate are enhanced on some surfaces such as
Kaolinite. Other geomaterials, such as the clays Montmorrillonite and Illite seem to
hinder the cyclization of TMP or the resorption of TMP.

4.3.2 Phosphate-enriched basalts

An interesting other aspect is the usage of geological phosphate sources beyond apatite
on the early Earth. In a publication currently in preparation, we explore the reactivity
and utility of phosphate-enriched basaltic rock, assumed to be more realistic on an early
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Figure 4.8: Compatibility of phosphate polymerization with geomaterial. For a range of
clays, sands and basalts, we heated 10l of 10 mM of phosphate at 180 °C and found that
for instance the formation of TMP can benefit from the presence of kaolinite and some
other geomaterials while in general, less diphosphate is in solution after reelution than
for the non-geomaterial case.

Earth even though geomaterial with up to 4% phosphate content was still detected

recently [273].

4.4 Selective precipitation of magnesium phosphates

The shown strong local enrichment of phosphate by heat flows introduced in this chapter
raises the question whether thermal gradients could also drive the selective precipitation
of otherwise unfavourable species.
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Figure 4.9: Experimental setup. A continuous flow is supplied through ”in” and exposed
to the thermogravitational accumulation. While in the thin inlet channel, flow speeds are
high and thus reduce heat-driven precipitation, in the broad outflow channel (on the right
in the thermo-microfluidic chamber) the applied flow and the thermal accumulation are in
competition. This leads to a highly selective retention of molecules as exemplarily shown
for the model system. The ion with weakest accumulation (sodium) is only retained for
small volume flow rates while highly charged phosphate is strongly retained and thus
enriched.

In collaboration with Francois Guyot (MNHN Paris), we investigated the behaviour
of mixtures of sodium phosphate and magnesium chloride. Using a simple flow through
a channel as shown in Figure[d.9] we found a drastic shift in precipitating phases. This
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is driven by the selective retention of ions, in our case magnesium and phosphate over
sodium, determined by the competition between thermogravitational accumulation and
applied flow. As shown in Figure[d.9] this leads to defined cut-off values for each ion, here
simulated for a gradient of 40 K over a width of 170 um. A more detailed discussion of
this effect and the simulational approach are shown in chapter 6.3, where we first came
across the strong selectivity of this effect. Due to stability reasons, the simulation was
ran without electrostatic interactions which reduces the steepness of the cut-off as ions
interact but is still consistent with experimental results.
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(Na,Mg,PO4) ) (Mg,PO4)

Figure 4.10: Precipitation behaviour in a model system of sodium phosphate and
magnesium chloride. While in bulk, high temperatures are required but only yield
formation of mixed-ion precipitates (left), selective accumulation in temperature gradients
leads to formation of pure magnesium phosphates at lower temperatures (right).

While in absence of temperature gradients, mixed phases precipitate, the presence
of heat flows lead to a lowering of precipitation temperature induced by the strong
accumulation of ions and to precipitation of pure magnesium phosphate phases such
as newberyite, bobierrite and baricite (see Figure for scanning electron microscopy
images of resulting phases). Experiments here were done with a 4 mm broad channel
of 170 pm thickness and with a volume flow rate of 3.2nl/s as obtained from Figure[d.9|
Phase identification was done using X-ray diffraction.
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Chapter 5

Heat flows in rock cracks naturally

optimize salt compositions for

This chapter corresponds to the paper from Matreux, Le Vay, et
Chemistry in 2021 (appendix A) [3].
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Figure 5.1: Heat flows in rock cracks naturally optimize salt compositions for ribozymes.
While basaltic leachate concentrations and compositions are not suitable for ribozyme
function, heat flows through connected water-filled rock cracks establish ribozyme
habitats by selective accumulation of divalent ions (adapted from [3]).
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5.1 Introduction

On an early Earth, the emergence and sustainment of enzymatic function was crucial
for catalysis and information storage, and on the long run for the emergence of first
self-replicating systems. As introduced, one candidate for functional activity is RNA
as it can both self-replicate and fold into complex structures with catalytic activity,
similar to modern biology’s protein. As this makes RNA a good match to initiate a
self-sustaining evolution, an "RNA world” has been hypothesized [57,275], but research
also extends towards pre-RNA [276] and mixed [277] systems. However, RNA requires
high concentrations of magnesium ions (10 to 200 millimolar) in order to correctly fold
into their active state [278-282] and limited concentrations of other ions such as sodium
that can lead to displacement of divalent ions and misfolding and inactivity [283}-287].

Typical basalts however contain only limited amounts of magnesium, and other
proposed geological environments such as salt-rich ponds typically have Na:Mg ratios
of 100:1 to 1000:1 [87]. Whilst drying can increase absolute concentrations, it cannot
alter the composition of salts in solution. Even more, the hydrolysis of RNA is worsened
thereby, with even stronger degradation at increased temperatures and high pH. Also in
a more general setting, wet-dry cycles |288|289] are a powerful mechanism but do not
allow the relative concentration ratio of solution components to be altered. In addition,
salt concentration increases exponentially with decreasing liquid volume, which may lead
to extremely high divalent metal ion concentrations that promote RNA hydrolysis. The
problem of RNA hydrolysis is mitigated during up-concentration in frozen water ice above
the eutectic point, but the ratio of monovalent to divalent salt ions in solution is largely
preserved in the remaining liquid phase. Furthermore, high initial concentrations of salts
generally reduce the magnitude of up-concentration as less volume reduction by water ice
formation is required to reach the equilibrium salt concentration that prevents further
freezing [191,290}291].

This poses the important question what environment could provide high
concentrations of divalent metal ions all while avoiding high concentrations of monovalent
ions such as sodium. In this project, we showed how a geothermal setting can alter the
ratio and naturally establish local ribozyme habitats (see Figure.

Starting from a geological perspective, we investigated the leaching of salts from
synthesized basaltic glass and natural ground basaltic rock [292], using samples from
the tholeiitic magma series stemming from the Krafla eruptions on Iceland. Basaltic
glass is an ideal material for this prebiotic scenario due to its high alteration kinetics
for the efficient liberation of cations, its characteristic high surface area due to quench
granulation, and efficient pathways for fluid circulation [293-296]. Alteration products of
basalt, such as Montmorillonite clays, are commonly used in prebiotic scenarios. Using ion
chromatography, we characterized the amount of salts leached under various conditions
such as temperature and grain size of the geomaterial with a focus on magnesium and
sodium.

We then tested the efficiency of RNA-catalysed ligation reactions in the resulting salt
conditions. We used the R3C replicator ribozyme as a model system, as it is a simple
RNA-only self replicator, and shares its catalytic mechanism with prebiotically relevant
RNA polymerases which are particularly affected by sodium inhibition [297]. We explored
how heat flows can optimize the salt content for these ligation reactions. By locally
increasing salt concentrations from starting conditions obtained from leaching, and by
boosting the concentration ratio between divalent and monovalent salts, conditions can
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be improved to such an extent that RNA-catalysed reactions can take place in otherwise
inhibitory environments. As in a geological system, connected rock cracks would be
the typical situation, we experimentally and by simulation investigated the situation in
networks of cracks and observed that even initially inhibitory conditions can be naturally
optimized by heat flows (shown in chapter 5.4 as an example of desalination).

5.2 Experimental results

Leaching from basaltic rock

The leaching from tholeiite basalt (for compositional analysis see appendix A) was studied
for various parameters (see Figure. However, magnesium concentrations do not
exceed 0.1-0.2mM, insufficient to drive ribozyme reactions. In addition, especially for
the rock samples, much more sodium is leached which in turn, upon drying to increase
magnesium concentrations, would inhibit ribozyme activity (see later section).
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Figure 5.2: Leaching from basaltic rock. Except if stated otherwise, 30 mg of geomaterial
were leached at 60°C for 36-48h in 150 ul ultrapure water. (a-b) Both for molten and
quenched (a) and natural (b) tholeiite basalt, the leached ion concentrations increase
with higher mass-to-volume ratios. (c-d) Time evolutions shown an equilibration after
around 30h. (e) The grain size massively changes leaches concentrations, as intuitively
expected due to increased surface. For smallest grain sizes, wetting becomes less efficient
and leached concentrations decrease. (f)Increased temperatures lead to more leaching.
(g) The main cations leached (and detected) are sodium, magnesium and calcium, with
potassium concentrations already one order of magnitude lower (adapted from [3]).

Selective thermogravitational accumulation of magnesium

To explore the selective accumulation of ions, we used the setup introduced in chapter
2 and shown in Figure[.3] This mimics a heated rock crack which is continuously
supplied with a premixed solution (in this case 1 mM of sodium chloride and of magnesium
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chloride). A flow of 11.8nl/s was applied and pushed the solution through the thermal
chamber where it was exposed to the gradient. The accumulation drives ions towards
the bottom of the chamber, where the bottom outlet and syringe draws them out at a
controlled flow rate to recover for example 5% of the inflow volume rate. The same is
the case for the top part, leaving the middle 90 % to flow through an open outlet into a
falcon tube. The three fractions and the inlet are then analysed by ion chromatography,
showing local accumulation and depletion.
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Figure 5.3: Separation of magnesium versus sodium ions in a thermophoretic flow cell.
The supplied inflow solution (”in”) is separated into 3 different parts after thermophoretic
accumulation, with the "bottom” and "top” syringes each pulling 5 % of the inlet volume
flow rate. The accumulation of ions is measured by ion chromatography and depicted on
the right side for various flow speeds (symbols) against finite-element simulations (lines)

(adapted from ).

The results for various flow rates are shown in Figure[5.3, The symbols show
the experimental data while the lines show results from finite-element simulations.
Magnesium is accumulated up to 2-fold stronger than sodium, with up to 5-fold absolute
up-concentrations. When the flow rate gets too low, the outflow volume flow is not fast
enough to counteract the secondary heat flow chamber in the outlet channel (see also
chapter 6.3), leading to a complete breakoff of ions leaving the chamber. Beyond that
limit, lower flow rates lead to higher accumulations as the timescales of large flows (used
for measurement) and thermophoretic accumulation are stronger separated and thereby
permit a strong enrichment at the bottom of the chamber.

Ribozyme activity with varied salt conditions

In close collaboration with the Mutschler lab (now TU Dortmund) and Kristian Le Vay,
we explored to what point leachate salt conditions before and after thermal accumulation
permit ribozyme activity. For this, we used two version of the R3C ribozyme , one
simple ligase and one ladder ribozyme (shown here).

As depicted in Figure5.4] the ribozyme activity strongly depends on salt conditions,
requiring 4 mM magnesium ions to reach 20 % yield. In the presence of heat flows and
by the selective accumulation of magnesium, this is lowered to 0.5 mM for 12% yield,
reflecting the local enrichment.

In addition, drying the original leachates would harm the activity as even 10-fold
excess of sodium lowers the yield, with 1000-fold completely inhibiting the reaction.
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Figure 5.4: Ribozyme activity for various salt conditions. (a) The basic working principle
of the R3C ladder ribozyme. E, catalyses the ligation of a substrate strand (S) to a
product strand (P) which was previously assembled in the same manner, making all
product strands length multiplicates of 33, the length of the substrate. (b)From the
electrophoresis gels, the yield is determined for various salt conditions with and without a
thermal gradient, showing the effective accumulation of magnesium ions and lowering the
yield per concentration approximately 4-fold. (c¢) PAGE gels show the ligated products
for various salt conditions, with the calculated yield shown in (b) (adapted from [3]).

5.3 QOutlook

An interesting other pairwise separation would be the fractionation of potassium and
sodium, now established in cells and also probably required at some stage during the
origins of life [298,299]. These gradients could also be incorporated into phase-separated
systems such as coarcervates and vesicles by cycling through different local habitats.

Beyond origins of life, another exploratory potential application is thermodiffusive
desalination as detailed in chapter 5.4.

5.3.1 Salty pH gradients

Interestingly, when using salt concentrations closer to those presumed in prebiotic oceans
[42-44], we found that the selective accumulation of ions induces proton gradients. We
tested this for various salts (see F igure and curiously found close to no dependence
on the cationic species involved.

The induced pH gradients are consistent with 1-dimensional finite-element simulations
with included electrostatic interactions and hint to a stronger effective thermophoretic
accumulation strength of anionic species (i.e. chloride) even though its Soret coefficient
in past measurements was estimated lower [300]. The project and the understanding of
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Figure 5.5: Salty solutions of 100mM of the listed salts were exposed to a thermal
gradient for 18 hours and freeze extracted. Interestingly, in addition to the ionic gradients
described in this chapter, a pH gradient occurs which is independent of the cationic
species.

the underlaying mechanism are still underway but might lead to the natural emergence of
habitats where RNA is protected at low pH but can cycle towards regions of replication
and function. For a model acid-base system using prebiotically relevant formic acid and
sodium hydroxide [301,/302], we could experimentally validate a theoretical framework
based on the separation of timescales (see next chapter).

5.4 Applications beyond origins of life

In this thesis, the selective accumulation of ions and molecules by thermal gradients is
used to explore the potential of heat flows for the origins of life. However, applications
go far beyond the field and include for instance thermodiffusive or thermogravitational
desalination, gas separation for CO, removal and various other possible fractionation
processes.

5.4.1 General principle of fractionation by heat flows

part 1 part 2

N\ U7

selection
process

4o

Figure 5.6: General principle of separation cells, consisting of one inflow into the
chamber where some selection process differentiates solutes, yielding different properties
or concentrations in two outflows.

On a general basis, the fractionation is achieved by simple separation cells (depicted
in Figurel5.6)), also called Burgers cells. Here, an incoming fluid (or gas) is split into 2 (or
more) parts by a selection process which in our case is driven by temperature gradients.

Orthogonal temperature gradient

When using thermophoresis as selection force, this yields a setting as shown in Figure[5.7]
with different possible orientations of the thermo-microfluidic cell. In part a, the
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separation process is depicted as for instance used in [303]. Here, gravity is parallel to the
thermal gradient and thus accumulation and selection is only driven by thermophoresis.

a: Only thermophoresis b: Thermogravitational accumulation
part 1 part 2

1]

thermo-
phoresis

]

applied
flow

hot
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Figure 5.7: Example of individual cell for thermodiffusive versus thermogravitational
separation. (a) Thermodiffusive separation. The side view show the externally applied
flow through the cell. The temperature gradient is orthogonal to the flow direction
but parallel to gravity, limiting separation and enrichment. (b) Thermogravitational
separation.  Upon orthogonality between gravity and temperature gradient, the
enrichment is boosted by convection. For the case of externally applied flow that is
antiparallel to gravity, the separation is strongest.

As introduced before, the accumulation of solutes and the strength of fractionation
is amplified upon orthogonality of temperature gradient and gravity. In addition, the
applied flow should be antiparallel to gravity to have a competition between thermally
driven accumulation and externally applied flow for strongest selection. This case is
shown in part b, with the same working principle as used in many of the prior chapters.
As the aspect ratio (height, i.e. length in flow direction divided by width, i.e. dimension
of the temperature gradient) should be large enough, this could also be regarded as a
Hele-Shaw flow.

Selection in a network of connected cells

Figurel5.8| shows a small network of connected separation cells, typically called Burgers
networks and for example used for the generation of gradient hydrogels [304] and to
enhance standard column gradient separation with intrinsically set gradients [242]. As
shown in chapters 3 and 5, the fractionation aspect is boosted for connected heat-flow
chambers. In a thermodiffusive setting, thermophoresis accumulates species selectively
in each cell, where the diluted upper part is transported to one side and the accumulated
part to the other column of cells.

5.4.2 Thermogravitational desalination

As shown in chapters 4 and 5, salts are strongly accumulated in thermal gradients. For
the origins of life, the up-concentrated (bottom) fraction is of most interest as there, for
instance, magnesium or phosphate ions are overrepresented. In contrast, for an industrial
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application, the upper fraction with depleted salinity is highly useful. The depleted
concentration of ions can be observed for instance in the publication from chapter 5 in
appendix A [3] where after 3 connected chambers sodium levels are damped 25-fold and
magnesium levels approximately 250-fold (see Figure.
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Figure 5.9: Thermodiffusive salt concentration and desalination. (a) Cascades of thermo-
microfluidic chambers further increase the absolute concentration/depletion. (b) For
instance, when feeding the bottom outlet into the next chamber and so on, ions
are highly concentrated. (c)The same is true for the top outlet, leading to strong
thermogravitational desalination (adapted from [3]).

Based on the same effect, Xu et al recently showed that thermodiffusive desalination
[303] can slowly desalinate sea water but needs many meters of connected channel.
However, this study used a temperature gradient parallel to gravitation which leads to
highly weakened accumulations. Using flows over pores or against accumulation (see
chapter 4) or separating flows (see chapters 5-6) could massively increase desalination
efficiency and would be possible to implement for instance in proximity to factories where
large amounts of heat are produced as by-product. The same process could inherently
also be used to remove organics or other non-desirable substances from water, as most
substances will have a sufficiently large Soret coefficient (see chapters 3 and 6) and could
even be applied for gaseous selection [305].



Chapter 6

Formation mechanism of thermally
controlled pH gradients

This chapter corresponds to the paper from Matreux, Altaner, Raith, et al. published in
Communications Physics in 2023 (appendix B) [4].
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Figure 6.1: Selective accumulation of solutes drives pH gradients in simple, prebiotically
relevant acid-base mixtures such as the model system formic acid and sodium hydroxide.
The separation of timescales which is also reflected in the different dimensionalities
allowed the formulation of a theoretical framework that was experimentally validated

(adapted from [4]).
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6.1 Introduction

Life on Earth is a non-equilibrium phenomenon that requires chemical gradients across
biomembranes to maintain its working state. One well-known example are proton
gradients [306], which are used to produce the central energy currency ATP [307].
Modern cells create such gradients with the help of sophisticated membranes and proton
pumps, storing chemical energy obtained during photosynthesis or oxidation of organic
compounds. The formation of local chemical gradients was presumably also a prerequisite
for life in its early stages. Otherwise, early replication or metabolism would have come
to an instant standstill. The question remains open as to which processes might have
driven the formation of non-equilibria without membranes and complex machinery.

In the "RNA world” hypothesis, the autocatalysed replication of RNA is based on the
template production of a complementary strand and its subsequent separation from the
template to start a new round of replication. Interestingly, it turns out that separation is
comparatively hard to achieve. This manifests in high melting temperatures which might
not have been accessible in prebiotic environments or could have led to strand hydrolysis.
Worse still, as introduced in the previous chapter, most currently known RNA enzymes
require high amounts of salt to ensure proper folding into the functional state. These high
salt concentrations however lead to even higher hydrolysis rates. A possible solution to
this issue was presented by Mariani and co-workers [308]. They could show that lowering
the pH by 3.5 units resulted in a drop of the melting temperature of 30 K even in the
high salt regime required by RNA enzymes. Accordingly, the replication of RNA strands
could be achieved by cycling the local pH between a bound and unbound state at low
temperatures, thus avoiding the hydrolysis of RNA strands.

pH oscillations are also beneficial for other chemical reactions relevant to the origins
of ife. One example is the synthesis of phosphoroaminonitriles on the way to amino acids
via (Phosphoro-)Strecker reactions, as shown by Ashe and co-workers [226]. Varying
pH conditions may also have helped to avoid the destruction of nucleosides during their
synthesis steps in for example acidic environments [309] and could have enhanced the
functional repertoire of ribozymes [279]. The effects of pH changes on montmorillonite
clay are well known [310] as well as changes of the strength of adsorption of nucleotides
and similar molecules changes with pH [163], giving access to the pH-driven selective
binding of for example purine over pyrimidine nucleotides.

On an early Earth, however, the question arises how to create and sustain large
pH gradients and drive pH cycles on a small scale without the complex, protein-driven
machinery found in modern cells. This has been investigated in oxidation reactions in
metallo-complexes [311], which allows the possibility of establishing pH gradients locally
across membranes as well as in the context of (alkaline) hydrothermal vents [129}/135/312],
for instance to provide a prebiotic proton-motive force to drive early metabolisms [313].
Here, it has been reported that pH gradients can lead to the precipitation of different
minerals [134},|136] and could be able to generate potential differences of 180mV and
greater, driving carbon fixation [135-137].

In a geothermal setting, it was shown that temperature differences across micron-sized
pores form pH gradients of 2 units spanning across few millimeters [212]. Considerable
pH gradients were found for various buffers, including prebiotically plausible amino acids
as buffer agents.

In this project, we derived an analytical model of a coupled drift-diffusion reaction
system that can predict the formation of pH gradients driven by thermal gradients and
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experimentally validated the findings. For this, we used a prebiotically relevant acid-
base system, formic acid and sodium hydroxide, thus a weak acid which only has two
protonation states and a strong base which will remain dissociated under the relevant pH
conditions.

Why formic acid and sodium hydroxide? The formation of formic acid under early
Earth conditions has been reported by Miller , from CO and in alkaline
solution via the Cannizaro reaction . The synthesis of formic acid from CO, has been
described with and without ferrous sulfate [315], by hydrogenation in acidic medium [316]
and under catalysed photoelectric reduction . Furthermore, the hydrolysis pathway
of HCN to formamide and formic acid is known [230], linking to formamide-based
reactions . The formation of formamide from simple compounds such as NHj,
formic acid, formic acid ester derivatives, CO and alcohols, as well as the reaction of
formamide to thymine in the presence of titanium dioxide with a formic acid-mediated
reduction step have been proposed . Further roles of formic acid include for instance
the conversion of uracil to thymine , as reagent in the formation of FaPys from
aminopyrimidines [321], as base material for the formation of pyruvic acid and
together with formaldehyde in the methylation of amines . The existence of formic
acid has been reported on comets , and has been supposed to be plausible on
primitive Early Earth [301,320]. The used base, sodium hydroxide, is present in oceans
and various environments 44].
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Figure 6.2: The experimental setup is shown on the left, using one inflow syringe to push
a premixed solution of formic acid and sodium hydroxide through the thermo-microfluidic
chamber. Via three outlets (the top and bottom outlets controlled by syringe pumps), the
thermally induced pH gradient is extracted and can be analysed by standard pH meters.
On the right side, the measured values for 75 mM formic acid and varied sodium hydroxide
concentrations are shown, clearly showing the inversion and strong changes in amplitude
of the gradient between top and bottom part of the chamber (adapted from [4]).

6.2 Experimental results

Based on the theoretical framework developed in the Gerland group (TU Munich)
by Bernhard Altaner and Johannes Raith, we aimed to experimentally validate the
predictions and explore the different features. The framework used an approach that
allows a generalized analysis and predictions of outcomes of heat flow experiments
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involving an arbitrary amount of species being subject to arbitrary chemical reactions.
In the adiabatic limit of fast reactions, this allows for the derivation of expressions to
predict the magnitude and direction of chemical gradients at the interplay of a multitude
of species.

As pH dependent, ratiometric fluorescent dyes [212] only allow the measurement of
pH over a limited range and can be chemically damaged or altered by the solution,
we implemented a continuous flow system that allows the usage of reliable pH meters.
Throughout the experiment, the sample is pushed into the thermal chamber where it is
separated into three parts that are extracted at a well-defined outflow ratio of 12 % (top),
76 % (middle) and 12 % (bottom), see Figure[6.2] The timescale of thermal accumulation
and the protonation reaction is fast compared to the extraction, which results in a quasi-
in-situ measurement of the pH (see Figure.

The stocks of acid and base were titrated using ion chromatography water. For each
stock, the pH value was measured prior to the experiment (see "bulk” in Figure. After
loading the sample into the inlet tubing, the thermal gradient and the syringe pumps were
switched on simultaneously so that the sample could enter the thermal chamber during
active thermal accumulation. After sufficient sample for pH measurement was gathered
in the outlet tubings, the temperature gradient was switched off and the samples were
recovered for subsequent measurement using a low-volume pH meter (see chapter 2). The
resulting values are shown in Figure[6.1] for the different fractions.

From this, the pH difference between top and bottom fraction was calculated (i.e.
PHiop - PHpottom and plotted in Figure (blue data points). The experimental data
showed to be in good quantitative agreement with the theoretical results (orange lines,
for details on the derivation see appendix B).
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Figure 6.3: Resulting pH gradients. Both for 75mM and 150 mM formic acid, the
experimental results (blue) show to be in good agreement with theoretical results (orange
lines) (adapted from [4]).
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6.3 Selective retention of molecules in a flow setting

Background In this project, we designed the experimental setup to determine the pH
value as good as possible inside the heat flow cell. For this purpose, the pH values
were measured with a standard laboratory pH meter and no pH-dependent dyes were
used, which are not designed for use in these extreme temperature conditions and are not
compatible with measurements in the entire pH range. Since measurement directly inside
the cell using a pH meter is not possible due to the small dimensions of the microfluidic
system, we slowly and continuously extract the cell volume at the top, middle and bottom
of the cell respectively to obtain the necessary measurement volume. By splitting the
outflow into three portions as mentioned above and balancing the outflows with respect to
each other, the cell volume is split into three fixed volume portions, of which the contents
are extracted through the respective outlet. At the same time, we allow the appropriate
amount of stock solution to flow through the input channel so that the cell is completely
filled with fluid at all times. The aim of the considerations described below was now to
keep the effects of this slow drift low on the actual experiment as small as possible and
thus to obtain an unbiased picture of the pH distribution inside the cell.

Residence time An important parameter for describing this situation is the so-called
residence time, which indicates how long a volume element introduced into the cell by the
drift flow remains in the cell on average until extraction. If this residence time is greater
than the relaxation time of the accumulation process occurring in the heat flow cell, i.e.
if the drift flow is sufficiently small, it can be assumed that the accumulation remains
essentially undisturbed as discussed in the Supplementary Information of appendix B.
If the drift flux is correspondingly too fast, the accumulation will be disturbed (see
also the flow speed variation in the prior chapter). The following problem arises with
the extraction at the lower outlet: If the outlet is placed at the level of the bottom
of the cell, it would always lead to a diffusive loss of accumulated material. In our
experiment, we therefore placed the exit hole for the lower output channel sufficiently
high (as shown in Figure. However, this requires the to-be extracted material to
overcome a thermogravitational accumulation in the exit channel, since its vertical part
has a convection flow and thermophoresis similar to the main chamber. Thus, if the
drift velocity through this channel is too low, the material to be extracted will remain
at the bottom of the heat flow cell and cannot be recovered (see for example chapter 4.4
where we use this retention as selection pressure). The situation here is thus exactly the
inverse of the above consideration, so that a trade-off must be found between undisturbed
extraction and the lowest possible retention of the material to be extracted in the exit
channel.

These considerations made us choose an inflow speed of 3.28nl/s. The resulting
residence time was validated in a static trap by measurements with a ratiometric dye
for a similar molecule. In order to avoid a too high retention of the material, we chose
an outflow speed of 0.39nl/s, thus averaging over the bottom-most 12 %. The value was
still kept relatively low to keep as close as possible to the maximal pH difference present
inside the heat flow cell as larger values would lead to significant averaging. As shown in
Figure[6.3] this seems to have introduced a more substantial error bar for the value close
to equimolarity which can be explained by a stability consideration as introduced in the
Supplementary Information of the publication (see appendix B).
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Definition of retention We tried to quantify this trade-off by first having a look at the
bottom-trap concentrations at the bottom of the chamber, then analyse the changes in
the exit channel induced by thermogravitational accumulation for which we introduced

a step factor k; of species i, determined by finite element simulation. This step factor is

defined as
_ Ci, bottom out (6 1)

Ri
Ci, bottom trap
with the bottom-trap concentration ¢; pottom trap at the bottom of the trap and the outflow
concentration ¢; pottom out at the outlet of the trap. This allows us to calculate effective
outflow concentrations (measured in our experimental setup) and relate this to the pH
measured accordingly.

Initial pH and concentrations For a fixed concentration of formic acid (in the following
0.075 M will be used where not explicitly stated otherwise) and varying amounts of sodium
hydroxide, the initial pH was calculated. These conditions represent the situation at the
bottom of the chamber, thus after the accumulation and establishment of the pH gradient
described by the theoretical framework, but before the outflow process. For all graphs,
the quantities will be plotted against % (and thus "equivalents” of sodium hydroxide
and not concentrations) to make it more intuitive.
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Figure 6.4: Initial concentrations of different species after equilibration for 0.075 M formic
acid and varying equivalents of sodium hydroxide, calculated from the initial pH via
Henderson-Hasselbalch equation and conservation of moieties.

Via Henderson—Hasselbalch equation, for all pH values and for fixed moieties of formic
acid and sodium hydroxide, the initial concentrations at the bottom of the trap of each
species can be calculated, shown in Figure[6.4], exemplarily written in Equation [6.2]

Cformate )

Cformic acid

pH = pI{a7 formic acid + 10glO ( (62)

Soret and diffusion coefficients We used these concentrations for the finite-element
simulations. These in addition required the Soret and diffusion coefficients of all species
involved which are shown in Table [6.1]

The Soret coefficients of the uncharged species are not found in literature but (after
comparison to the Soret coefficients of charged and uncharged types from similar species
[212]) are assumed to be an order of magnitude smaller than the Soret coefficient of their
corresponding free form.
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Species j | Charge | Sr,; [1/K] | D; [1077m?/s]
OH- 1002327 B00] | 5.273 [328)]
H* 41| 0.01809 [300] | 9.311 [328]
COOH™ | -1 | 0.0055 [329] | 1.454 [328]
Na* 41| 0.00468 [B00] | 1.334 [328]
HCOOH 0 0.00055 1.49 [330]
NaOH 0 0.0004 1.49

Table 6.1: Values of Soret and diffusion coefficients.

Finite-element simulation The full 3D simulation of the outflow process was done using
finite-element software (COMSOL 5.4). For this, both the full heat flow cell geometry
and a replication of the bottom outflow channel were analysed (shown in Figure.

a: Full simulation b: Step simulation

clc,, (/) clc,
p—t

8 vk 2

6 Hl:

4 1

2 Ak

0 ( ; i — T— 0

Figure 6.5: Simulation of thermophoretic retention in a flow (results exemplarily shown
for formate). (a) Simulation of full flow-through cell. A continuous inflow with defined
flow rate is supplied through the left inlet. Top and bottom outlet pull out material
at 12% of the inflow volume rate. A clear accumulation through the bottom outflow
channel is visible with the highest concentration retained at the bottom. (b) Outflow
channel geometry as created for the finite-element simulation including the bottom arm
of the full geometry for two different Soret coefficients. (i) shows results assuming a Soret
coefficient of 5.5E-31/K, (ii) for 1.25E-31/K. Again, not all concentration accumulated
in the arm reaches the output. This effect is stronger for higher Soret coefficients due to
enhanced accumulation.

We chose to analyse the effects of the competition in the outflow channel via a replicate
of the lower channel as we try to quantify the retention caused by the experimental
procedure. The main was to understand what happens between the lower edge of the trap
and the measurement point (thus the end of the bottom channel). As the accumulation
also drives an up-concentration, we will analyse potential concentration-dependent factors
later.

To reproduce the experimental situation, the modules "heat transfer in solids”,
“laminar flow” and "transport of diluted species” were used. In the stationary state
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and under assumption of insulation, the heat transfer is calculated from
p-Cp-u-VI+V.(-k-VT)=0Q (6.3)

with p the density, C, the specific heat capacity, u the velocity of the fluid, T the
temperature, k the thermal conductivity ky,o = ().62% of water and Q the heat flow. In
the experiment, temperatures on cold and hot side are measured by a thermistor and a IR
camera respectively (as described above), giving us the lateral temperature distribution.
The result is then coupled to the Navier-Stokes equation:

p(T) (- V) u =9 [—p+(T) (Vut (Vu)") = 2 9(T) (V- w)] — ey 5-p(T) (6.4
with the temperature dependent density p(T) and viscosity n(T), the velocity vector
of the solution u, p the local pressure, e, the unit vector in y-direction and g the
gravitational acceleration. Setting the fluid to compressible and non-slip boundaries
except for in- and outlet, this yields a solution for the velocity field u. To couple diffusion
and thermophoresis to the velocity field, a transport component was added as shown in
Equation

V. (_DjVCj + (11 + STJDjVT) Ci) =0 (65)

For each species i, the diffusion coefficient (D;), the local concentration (c;) and the Soret
coeficient (St;) are plugged in. The values for D; and St; are taken from literature (see
Table [6.1)).

Using this simulation, we can obtain the concentration values required for the step
factor k; for all species. We found a step factor of 0.781 for formic acid (HCOOH), 0.683
for formate (HCOO™), 0.696 for sodium (Na't) and 0.782 for sodium hydroxide (NaOH).
Taking the example of formic acid, 0.781 means that 78.1 % of the formic acid present
at the bottom of the thermal trap arrives at the outlet. The step factors of hydronium
and hydroxide ions are < 2E-5, meaning that neither of those leave the trap. This was
expected, as they have very high Soret and diffusion coefficients and will self-(de-)ionize
to establish local electroneutrality.

As the uncharged species (formic acid and sodium hydroxide) are less affected by
the counter trap, we expect potential changes between the pH at the bottom of the
chamber and in the outlet to be determined by the competition between charged sodium
and charged formate. This makes it probable that the strongest effects occur around 1
equivalent (thus cnaon(in) = cycoon(in)) as there a massive pH change happens and only
the charged types of each moiety are present.

Upon varying the Soret and diffusion coefficients of formate in our simulation (shown
in Figure[6.6), we observe a (falling) linear pattern for increasing Soret coefficients,
intersecting the given step factor of sodium at 4.9E-31/K. The Soret coefficient of
formate is supposed to be in a similar regime as other ions of the same size and charge,
leaving us with the region between 1-6.5E-31/K. For the diffusion coefficient, variation
in the possible range does not lead to a massive change in the step factor of formate.

Outflow concentrations and pH Using these step factors, outflow concentrations for
all species are calculated by multiplying the concentration of each species with its step
factor. The concentrations then allow us to calculate the pH at every point (similar to
the calculation done to find the initial pH).

This gives us the results shown in Figure[6.7] We characterize this difference between
the situation at the bottom of the trap and the measured outflow by dpH:
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Figure 6.6: Step factor for varying St pormate and Drormate- (a) Step factor of formate
(blue) for a range of Soret coefficients compared to the step factor of sodium (red) for its
Soret coefficient with 5% error. (b) Step factor of formate (blue) for a range of diffusion
coefficients for two different Soret coefficients, compared to the step factor of sodium

(red).
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Figure 6.7: Comparison of inflow and outflow pHs for different equivalents of sodium
hydroxide (always with 0.075M formic acid). The differences from the inflow pH
are depicted, showing different signs, broadnesses and amplitudes for different Soret
coefficients of formate

. pHin _ prottom . prottom (66)

measured trap

opH = pH

out

As expected, the results reflect the competition between sodium and formate and thus
show different effects when trapping of formate is stronger than when sodium is more
strongly accumulated. This leads to a situation where, between 1 and 1.1 equivalents
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of sodium hydroxide, a much lower pH is detected than present at the inflow (thus the
bottom of the trap).

Concentrations of species As described in chapter 2, we measured outflow
concentrations by ion chromatography as an estimation of the concentrations for the
different measurements. This yielded accumulations of around 3-4 fold at the outflows,
thus still higher concentrations at the bottom of the trap. However, as shown in
Figure[6.8] this does not change the broadness of the effect and only leads to small
deviations in amplitude.

0
—21{ Ccoon (M)
— 0.075
£_4 0.15
o — 0.3
—6{ — 0.45
— 0.6

0.80 0.85 0.90 095 1.00 1.05 1.10 1.15 1.20
c /c

NaOH HCOOH (In)
Figure 6.8: Difference in pH for multiple initial concentrations of formic acid for St pormate
= 1.25E-31/K, showing little concentration dependence.

In summary, this clearly shows a selective retention of material in the outflow which
also strongly affects the outflow pH. The exposure of the accumulated solution to another
trapping process, this time with flow against accumulation, leads to even stronger and
more selective retention.

6.4 OQutlook

Interesting future perspectives include the further analysis of 2-dimensional salt and pH
gradients which inherently occur as the accumulation of the ionic species drives the
pH gradient. This could provide a natural habitat for RNA as partially introduced
in the previous chapter but with an additional melting/reannealing cycle or a protective
environment against hydrolysis. Cycling of proto-cellular systems through various pH and
salt conditions will open the door to studies on content reshuffling [331] and observations
of coarcervate properties in thermal gradients. An additional dimension beyond ionic
and pH gradients would redox gradients, which are considered to be important in a geo-
evolutionary context [332-334], for instance for replication processes [335] and activation.

The selective retention shows the strong effect of a flow-accumulation competition
with a geologically highly relevant geometry as it only requires a flow against gravity
with an orthogonal temperature gradient; the inflow can also come directly from below.
Inherently, this effect is not limited to pH gradients but was also used in other projects,
such as the study of chemical reaction networks (chapter 3.3) and selective precipitation
of minerals (chapter 4.4). In addition, it provides an interesting setting to apply
thermogravitational desalination (chapter 5.4) and maximize selective retention of all
ions.



Appendix A

Heat flows in rock cracks naturally
optimize salt compositions for ribozymes

Published in Nature Chemistry in August 2021.

Matreux, T.*, Le Vay, K.*, Schmid, A., Aikkila, P., Belohlavek, L., Caliskanoglu, A.Z.,
Salibi, E., Kiihnlein, A., Springsklee, C., Scheu, B., Dingwell, D. B., Braun, D.,
Mutschler, H. & Mast, C. B.

Heat flows in rock cracks naturally optimize salt compositions for ribozymes
Nature Chemistry
13, 1038-1045
2021
Ihttps://doi.org/10.1038 /s41557-021-00772-5|

According to [Springer Nature, the ownership of copyright in original research articles
remains with the author, who retains the non-exclusive rights to reproduce the
contribution in whole or in part in any printed volume (book or thesis) of which they are
the author(s).

As the Supplementary Information contains numerous pages of source images of gels,
they are omitted here and can be found online.



54 Heat flows naturally optimize salt compositions for ribozymes

nature .
chemistry

ARTICLES

https://doi.org/10.1038/541557-021-00772-5

‘ 'l) Check for updates‘

Heat flows in rock cracks naturally optimize
salt compositions for ribozymes

T. Matreux®>, K. LeVay ®25, A. Schmid', P. Aikkila®", L. Belohlavek3, A. Z. Caliskanoglu3, E. Salibi?,
A. Kiihnlein', C. Springsklee3, B. Scheu?, D. B. Dingwell ©3, D. Braun®?, H. Mutschler®4® and
C.B. Mast®¥

Catalytic nucleic acids, such as ribozymes, are central to a variety of origin-of-life scenarios. Typically, they require elevated
magnesium concentrations for folding and activity, but their function can be inhibited by high concentrations of monovalent
salts. Here we show that geologically plausible high-sodium, low-magnesium solutions derived from leaching basalt (rock and
remelted glass) inhibit ribozyme catalysis, but that this activity can be rescued by selective magnesium up-concentration by
heat flow across rock fissures. In contrast to up-concentration by dehydration or freezing, this system is so far from equilibrium
that it can actively alter the Mg:Na salt ratio to an extent that enables key ribozyme activities, such as self-replication and RNA
extension, in otherwise challenging solution conditions. The principle demonstrated here is applicable to a broad range of salt

concentrations and compositions, and, as such, highly relevant to various origin-of-life scenarios.

sis and information storage led to the first self-replicating
system capable of open-ended evolution. Foremost among
these is the RNA world hypothesis’?, but hypotheses centred on
‘pre-RNA’ worlds’ and mixed nucleic acid systems* are also wide-
spread. Nucleic acid enzymes can catalyse a broad range of reactions
in solution and are able to tolerate a wide range of conditions thanks
to their resistance to irreversible aggregation, but are typically less
powerful than their modern protein-based counterparts. To realize
their full catalytic potential, nucleic acid catalysts require specific
environmental conditions that promote folding and substrate bind-
ing while they limit hydrolytic degradation. In particular, wet-dry
cycling and freezing were shown to dramatically enhance nucleic
acid enzyme activity, and to facilitate catalysis in otherwise inactive
systems”. However, almost all ribozyme systems in solution require
a high magnesium salt concentration (10-200mM) to fold into
their active state®'°, and some require site-specific divalent metal
ions as a catalytic cofactor. These requirements conflict with the
susceptibility of RNA to hydrolysis catalysed by metal ions, espe-
cially at high temperatures and high pH. A further challenge is that
not all salts favour the function of ribozymes. For example, ubiqui-
tous monovalent salts can displace the divalent metal ions required
for folding and activity''. This effect can occur when the sodium
ion concentration exceeds the magnesium ion concentration by as
little as a factor ten''-'*. Ribozymes that rely on Mg?* as a catalytic
cofactor, a group that includes prebiotically relevant polymerases
and the R3C self-replicator, can be particularly affected by sodium
ion inhibition'. It is therefore important to identify environmen-
tal mechanisms through which the requirement for extremely high
concentrations of divalent metal ions can be circumvented, and
through which inhibition by monovalent ions can be ameliorated.
Accordingly, the question arises as to which environments
on early Earth might have provided suitable salt conditions for
such prebiotic processes. One geologically probable process that

S everal origin-of-life hypotheses posit that nucleic acid cataly-

produces saline environments is the leaching of salts from basalt.
As a primary partial melt of the Earth’s mantle, basalt is one of the
most abundant rock types to be expected in the Earth’s early crust,
as well as the crust of other terrestrial planets in our solar system'®.
However, the solutions that result from basalt leaching are typically
dilute, with MgCl, concentrations below a few hundred micro-
moles, whereas concentrations of monovalent sodium salts can be
up to a factor of ten greater than those of the leached magnesium, as
shown in this work. Salt concentrations in the high millimolar range
have been found in carbonate lakes which, due to their high concen-
trations of dissolved phosphate, are also promising environments
for prebiotic processes, such as nucleotide synthesis'’. However, the
concentration of monovalent sodium salts in these environments
can be up to 1,000-fold higher than that of magnesium salts, which
again precludes an effective ribozyme function.

Wet-dry cycles were previously proposed as a solution to low
salt concentrations, in which up-concentration is driven by evapo-
ration'®". This mechanism, although powerful, does not allow the
relative concentration ratio of solution components to be altered. In
addition, salt concentration increases exponentially with decreasing
liquid volume, which may lead to extremely high divalent metal ion
concentrations that promote RNA hydrolysis. The problem of RNA
hydrolysis is mitigated during up-concentration in frozen water ice
above the eutectic point, but the ratio of monovalent to divalent salt
ions in solution is largely preserved in the remaining liquid phase.
Furthermore, high initial concentrations of salts generally reduce
the magnitude of up-concentration as less volume reduction by
water ice formation is required to reach the equilibrium salt con-
centration that prevents further freezing” .

In this work, we show how these problems can be solved in con-
ditions that are sufficiently far from equilibrium, but which should
still have occurred frequently enough on the prebiotic Earth to
have had a relevant effect. We investigated how heat fluxes across
small water-filled cracks in rock can change both the absolute

'Systems Biophysics, Ludwig Maximilians University Munich, Munich, Germany. 2MPI fiir Biochemie, Biomimetische Systeme, Martinsried, Germany.
3Earth and Environmental Sciences, Ludwig Maximilians University Munich, Munich, Germany. “TU Dortmund University, Dortmund, Germany. °These
authors contributed equally: T. Matreux, K. LeVay. ®e-mail: hannes.mutschler@tu-dortmund.de; christof.mast@physik.uni-muenchen.de
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concentrations and the concentration ratios of different salt species
simultaneously. Heat flow as a driving factor is interesting, because
heat generation is a near ubiquitous process in such scenarios.
Traversing water-filled cracks with a size of some 100 pm, such heat
flows can drive both thermal microconvection and thermophore-
sis, two processes which, in combination, can concentrate dissolved
molecules depending on their charge, size and interaction with the
surrounding solution”-*. It was previously shown that such sys-
tems are applicable in the context of the origin of life as they, for
example, drive exponential replication in DNA-based model sys-
tems®?, create local pH differences of several units* or concen-
trate formamide®. At air-water interfaces, heat fluxes can enrich,
crystallize, dry, phosphorylate and encapsulate prebiotic molecules,
enhance ribozyme catalysis™ and even facilitate duplex melting and
strand release by cyclically varying the salinity via recondensation’’.
Such heat flow cells were also used to enrich fatty acids locally to
form protocell-like vesicles™.

Here we pursued an interdisciplinary approach. Starting from
a geological perspective, we investigated the leaching of salts from
basalt, the most common volcanic rock on Earth. Basaltic glass is an
ideal material for this prebiotic scenario due to (1) its high altera-
tion kinetics for the efficient liberation of cations, (2) its character-
istic high surface area due to quench granulation and (3) efficient
pathways for fluid circulation®*. The alteration products of basalt,
such as montmorillonite clays, are commonly used in prebiotic sce-
narios of basalt, but are less suitable as they do not liberate ions into
solution in sufficient quantity, and nor do they possess the required
microstructure for thermophoresis. We then tested the efficiency
of RNA-catalysed ligation reactions in the resulting salt conditions.
We use the R3C replicator ribozyme as a model system, as it is
the first reported RNA-only self replicator and shares its catalytic
mechanism with prebiotically relevant RNA polymerases, which are
particularly affected by sodium inhibition*’. We explored how heat
flows can optimize the salt content for these ligation reactions. By
locally increasing salt concentrations from the starting conditions
obtained from leaching, and by boosting the concentration ratio
between divalent and monovalent salts, conditions can be improved
to such an extent that RNA-catalysed reactions can take place in
otherwise inhibitory environments (Fig. 1).

Results

Salt leaching from tholeiitic basalt. We initially investigated the
enrichment of salt-free pure water with salts by geological pro-
cesses (Fig. 1b). To this end, we mimicked the salt-leaching pro-
cess by placing basalt samples (Supplementary Table 1) of different
sizes, states and masses in different aqueous solvent conditions
(Supplementary Method 1) with varying physical conditions of tem-
perature, agitation and leaching time (Fig. 2, Extended Data Fig. 1,
Supplementary Table 2 and Supplementary Fig. 1), and determined
the concentrations of different salt types using ion chromatography
(IG; Supplementary Methods 2and 3).

As noted above, we focused on tholeiitic basalt in these experi-
ments, and explored two different states of this basalt to understand
the effect of the physical and phase states on the leaching process:
(1) sampled holocrystalline basaltic rock, which consists of differ-
ent mineral phases (for example, olivine, pyroxene and feldspars)
in a micrometre-scale groundmass of these and other phases, and
(2) synthesized glass, remelted from the powdered tholeiite and
quenched to a homogeneous amorphous (glassy) state without any
crystalline mineral phases (Supplementary Table 1). Initially, the
leaching of salts from tholeiitic basalt was investigated by varying
the mass of the basaltic glass or rock (Fig. 2b,c, respectively) in a
fixed volume (150 pl) of ultrapure water. The basaltic samples were
sieved to a size of 90-125 pm, the temperature was adjusted to 60 °C
and the leaching time was set to 36 hours, which should be suffi-
cient to reach the preliminary equilibrium concentration (Fig. 2e).
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Fig. 1| Schematic diagrams of the proposed prebiotic scenario and the
experimental set-up. a, The proposed prebiotic scenario: connected,
water-filled cracks in a basaltic complex form a natural microfluidic system.
Within this, salt ions leach from the surrounding rock and/or glass into

the water, which is continuously replenished by large-scale convection
(CD. However, the salt concentration and composition are initially not
sufficient to host prebiotic chemistry, for example, RNA enzyme catalysis.
Nearby heat sources, such as the core of the basaltic complex, create a
heat flux through the water-filled cracks, which leads to a thermophoretic
accumulation of the leached salt ions. This process selectively increases
the abundance of divalent ions over inhibitory monovalent salts at the
bottom of the cracks, where it provides a suitable working environment

for ribozymes. b, The experimental set-up: the salt leaching from basaltic
rock and glass was characterized. The large excess of monovalent ions
detected inhibits ribozyme function. The application of a heat flow through
a thin sample-containing cell, which mimics water-filled cracks of a
basaltic complex, leads to simultaneous convection (C,,, white arrows) and
thermophoresis (T,, red arrows), and as a result to the accumulation of
bivalent ions, which thus creates a suitable habitat for ribozymes. The plot
shows the amount of ligated ribozyme product versus product length.

A wider temperature range is covered in Supplementary Fig. 1. The
results show that even with a mass ratio of up to 1:1 of basalt to
water, the maximum achievable concentrations for sodium salts
range from 500puM (glass) to 1,000uM (rock), but the amount
of magnesium salts remains below 200 uM. The same applied to
measurements over a wide particle size range (Fig. 2d). To deter-
mine the time at which the salt leaching reached equilibrium, we
measured the salt concentrations for 30 mg of basaltic glass with
a grain size of 355-500 um at 60°C over a period of 423 hours.
To check different plausible solution conditions for leaching, we
performed this measurement for ultrapure water (MilliQ) and for
water with a presumed prebiotic composition* (Supplementary
Method 1) and thus obtained 7,,,=30h and 7,,4;,,=27h as time
constants from a monoexponential fit (Fig. 2¢). Differences in the
repeats of measurements N (Fig. 2d,e) resulted from overlapping
datapoints in the series of measurements within the multidimen-
sional parameter space. The previously shown measurements were
performed accordingly in this time period. In water with a hydro-
thermal composition®, no measurable leaching of magnesium ions
was obtained (Supplementary Table 2). In all the measurements
shown, the magnesium concentration remains in the three-digit
micromolar range.
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Fig. 2 | Leaching of salts from basaltic rock. a, Basaltic rock and glass
samples were crushed and sieved to different sizes and incubated with

a leaching solution (pure or prebiotic water*®) for several weeks under

a wide range of conditions (Extended Data Fig. 1, Supplementary Fig.
1and Supplementary Table 2). Inset: scanning electron microscopy
image. The supernatant was analysed using IC. b, Basaltic glass samples
with particle sizes of 90-125um and a weight of up to 120 mg were
leached at 60 °C in 150 pl of pure water (MilliQ) until an equilibrium salt
concentration was reached. The sodium concentration exceeded that of
the leached magnesium by up to three times, with the latter remaining

at low values (200 uM). Each point corresponds to one measurement
and the mean deviation from a simple exponential saturation (line) is
Acpg = 31pMand Acy, = 70 pM. ¢, The same treatment as used for

b was used to leach salt from basaltic rock samples 90-125 um in size.
The sodium concentration was ten times higher than that of magnesium,
the latter being 100 uM. The mean deviation from a simple exponential
saturation (line) is EMg = 20 pM and Acy, = 46 pM. d, Size dependence
of the leached salt concentrations at 60 °C over 100 h. The total mass of
basaltic glass was 30 mg in 150 ul of pure water. The table at the top shows
the number of repeats N. e, Characteristic equilibration timescales for
leaching glass with pure and prebiotic water at 30 and 27 h, respectively
(for rock, see Extended Data Fig. 1 and Supplementary Fig. 1). Error bars
calculated from the s.d. from data provided in Supplementary Table 2. The
table at the top shows the number of repeats N.

Selective concentration of salt ions by thermal gradients. The
results shown in Fig. 2 demonstrate that the resulting sodium salt
concentrations clearly exceed the concentrations of the divalent
salts under consideration. This situation is not only found here,
but in even more extreme but prebiotically relevant environments,
such as carbonate lakes'”. We therefore investigated how a heat flow
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through water-filled cracks in a rock complex and the resulting tem-
perature gradients could improve such inhibiting salt conditions to
favour prebiotic processes, such as RNA catalysis. Temperature gra-
dients cause two simultaneous effects: thermophoresis and natural
convection. The first, thermophoresis, causes the drift of solutes
along the temperature gradient, which in the case of ions usually
leads to an accumulation on the cold side. The latter, convection, is
triggered by the temperature-induced density differences of the sol-
vent and transports the ions along the cold side downwards, where
they are concentrated even more. We expect this effect to be more
efficient for larger or more highly charged substances due to their
stronger thermophoresis*~*2.

To determine if thermophoresis in a microfluidic system can
alter the ionic composition, we prepared salt solutions with com-
positions found in our leaching experiments and introduced them
into a heat flow cell. This cell was defined by a microfluidic struc-
ture cut into a 170 um thick fluorinated ethylene propylene (FEP)
film, covered on both sides by a sapphire window. One window was
cooled by a cryostat and the other electrically heated so that a lin-
ear temperature gradient between 20 and 60 °C prevailed in the cell
(Fig. 3a; see Extended Data Figs. 2-4, Supplementary Methods 4-7,
Supplementary Figs. 2-6 and Supplementary Table 3 for details).
Through four holes in the back sapphire, we applied a drift flow
up to 23nls™ to simulate a slow, large-scale convection (Fig. 1a).
Such small drift flows through the heat flow cell should not interfere
with the thermophoretic accumulation, as their velocity is far below
that of microscale convection (Fig. 1a). The resulting throughflow
into three outlets (top, middle and bottom) allowed us to determine
the concentration (bottom) or depletion (top) of the different salt
species independently of each other using IC (Fig. 3b). The set-up
minimizes surface effects (for example, adsorption) and tempera-
ture fluctuations that would prevent the full modelling and under-
standing of the system, and it geometrically mimics the frequent
interconnected cracks in the carapace of a basaltic complex that
are subject to thermally driven, slow, large-scale convection. In the
outer rim of this carapace, the basaltic magma is usually quenched
in a glassy state due to the high cooling rates of the aqueous envi-
ronment***. The concomitant high thermal stresses result in the
shattering of the outermost magma into small clasts (hyaloclastites)
and thermal cracking of the carapace’*.

Results from the IC measurements were compared with a
three-dimensional finite element simulation (Extended Data Fig. 3,
Supplementary Method 7 and Supplementary Figs. 4 and 5) that uses
thermophoretic and diffusive mobilities taken from the literature
and therefore does not require any free parameters (Supplementary
Table 4). We found the experimental results to be in good agree-
ment within the error ranges and could show a clear separation of
magnesium from sodium ions up to a factor of two at the bottom
output (Fig. 3c). Accordingly, the upper outlet delivers a solution
with a reduced salt concentration by a factor of ten for magnesium
ions and a factor of two for sodium ions.

Effect of salt concentration and thermal accumulation on ribo-
zyme activity. Next, we examined the dependency of ribozyme
catalysis on different salt conditions and tested how activity in
the heat flow cell can be improved within an experimental time
window of two hours. For more extreme salt conditions, such as
those found in carbonate lakes, we extrapolated the findings using
a numerical model.

The first ribozyme system we used is a variant of the R3C
ligase, which catalyses the 5’-triphosphate-dependent joining
of oligonucleotide substrates to form additional copies of itself’’
(Eg in Fig. 4a; see Extended Data Fig. 5, Supplementary Methods
8-11, Supplementary Fig. 7 and Supplementary Tables 5 and 6 for
details). We first sought to investigate the ability of the heat flow
cell to rescue ribozyme self-replication in limiting the magnesium
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Fig. 3 | Thermal microfluidic set-up and numerical control. a, For the

heat flow cell, a microfluidic structure was cut from a 170 um thick FEP
film and placed between two sapphire plates. The front sapphire was
heated by an electric heater (red) and the rear sapphire was tempered

by a water-bath-cooled aluminium plate (blue). During the experiment,
the samples were injected at a constant flow velocity on one side and
simultaneously sampled on the opposite side to create a dynamic flow
system that mimics large-scale convection through cracks in natural rock.
Access to the microfluidic system was provided by four laser-cut holes

in the back of the sapphire, which created one inlet (1) and three outlets
(top (T), middle (M) and bottom (B). b, The extracted samples from the
different outlets were analysed against standards by IC. ¢, In the numerical
model, thermal convection, flow and thermophoresis were simulated in a
coupled drift-diffusion system using finite element methods (lines). We
were able to reproduce the magnesium and sodium salt concentrations
measured experimentally (symbols) in the catchment basins within the
error thresholds without using free parameters. The coefficients of thermal
and diffusive mobility we used are from the literature*®“'. Error bars
calculated from the s.d. from triplicate measurements, also provided in
Supplementary Table 3. Sim, simulation; exp, experiment.

concentrations in the absence of NaCl (Supplementary Fig. 8). As
expected, ligation efficiency only increased with high magnesium
concentrations under bulk conditions at 35 °C (Fig. 4b,c (lanes 1-6)
and Supplementary Fig. 9). Carrying out the same reaction in our
heat flow set-up (Fig. 4c, lanes 7-12) strongly increased the liga-
tion efficiency at very low initial Mg®* concentrations. Intriguingly,
the set-up enabled a small amount of replication even at a 0.25mM
Mg?* bulk concentration (lane 8), which is typically insufficient for
this type of reaction (lane 2). Greater enhancements relative to the
control and reduced hydrolysis were observed at lower magnesium
concentrations (Supplementary Fig. 9d,e). For a single cell, the opti-
mal magnesium concentration is 1-2mM. In this range, moderate
enhancement factors lead to final ligation yields that are close to the
maximum, but hydrolysis is limited. Taken together, these results
clearly show that RNA catalysis can be initiated through ionic
enrichment caused by thermophoresis even under limiting magne-

sium concentrations. With regard to the sensitivity of the replicator
ribozyme to sodium, we observed a moderate decrease in activity
in presence of a tenfold excess of NaCl over MgCl,. In presence of
a 1,000-fold excess of NaCl, ribozyme activity was completely abol-
ished (Supplementary Fig. 9).

To test the influence of the different physical scenarios on the
RNA ligation efficiency, we compared the simple replicator perfor-
mance in the heat flow cell, in free solution and in a wet-dry sce-
nario (Fig. 4d,e, respectively; Supplementary Fig. 10). For the latter
experiment, we prepared reaction mixtures with different volumes
(5, 10, 30 and 60 pl) and heated them for two hours at 35 or 60°C.
The former temperature corresponds to the optimum solution reac-
tion temperature, the latter to the maximum temperature in the heat
flow cell and the incubation time was set to be identical to that of
the previous heat flow chamber experiments. During incubation,
the cap remained open to allow evaporation, which led to visibly
dry (red symbols in Fig. 4d,e) or still suspended samples (black
symbols) depending on temperature and volume. The incubated
sample was refilled to the initial volume with H,O, and then the
ligation yield and amount of hydrolysed product was determined
by urea-polyacrylamide gel electrophoresis (PAGE) (Fig. 4d,e).
The temperatures used are plausible for the Archean period, as sug-
gested from oxygen isotopic ratio measurements of Archean marine
cherts**8. More recent work suggests a cooler ambient temperature,
but even in this case the temperature in drops of liquid can easily
reach 60°C due to solar radiation®. The results show that the cor-
rect balance of reaction time, temperature and salt content must be
achieved for ribozyme activity. For example, if the volume is too
large (10-60pl), 35°C is not sufficient for an adequate evaporation
and hence accumulation of MgCl, within two hours. At 60°C, the
high temperature and magnesium up-concentration leads to the
hydrolysis of RNA and thus loss of function (obtained from the bot-
tom of the gel shown in Supplementary Fig. 10 according to data
analysis shown in Supplementary Method 9). Activity enhancement
comparable to that of the heat flow cell was only observed with a
volume of 5l at 35°C. However, the large variation in activity over
three replicates shows that even small, random variations in experi-
mental parameters, such as humidity, can strongly influence the
outcome. In general, the heat flow cell provides a stable and repro-
ducible enhancement in activity for larger volumes of material when
compared with drying under similar conditions.

Next, we set out to model the effect of thermal gradients and
ion composition on the prebiotically relevant synthesis of long RNA
molecules from short precursors. To this end, we modified the R3C
ribozyme in such a way that it was capable of concatenating short
substrate strands (S) into long RNA chains (Py) to investigate the
ability of the various environments to promote the formation of
longer RNA products (E; in Fig. 4f; details in Extended Data Fig. 5,
Supplementary Method 8, Supplementary Fig. 7 and Supplementary
Tables 5 and 6). In this RNA concatemer ligation assay, we found a
substantially higher sensitivity towards sodium, although E, and E;
differ by only five point mutations. Under the optimal bulk con-
ditions at 35°C in the presence of 1 mM MgCl,, on average about
two RNA segments were incorporated into the product chains (Fig.
4g,h, lane 7, and Supplementary Figs. 11 and 12). Under the same
conditions in the presence of a tenfold excess of NaCl over MgCl,
barely any RNA concatemer ligation activity was detectable (lane 6)
and a fourfold increase in MgCl, levels was necessary to achieve the
main average product length, albeit with much lower yields (lane
10). With a 1,000-fold sodium surplus, no detectable ligase activity
could be observed for any tested magnesium concentrations (lanes
1,5 and 9, 0.25-8 mM; see Supplementary Table 11 for all the data).
We then investigated the influence of temperature gradients on the
RNA concatemer ligation system under different ionic composi-
tions. Overall, we observed a higher substrate turnover in the heat
flow cell (20-60°C, no throughflow, two hours of duration; lanes 4,
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Fig. 4 | Influence of salt conditions and thermal trapping on a replicator ribozyme E; and a ladder-building ribozyme E,. a-e, Replicator ribozyme Ej.

a, Schematic showing the replication cycle of the ribozyme R3C (Ey), ligating the substrate strands A* and B*, yielding Ez*. b, Ligated product yields in

a vial at the optimal reaction temperature of 35°C (AT, —) and in the heat flow cell (AT, +) based on the gel results in ¢. Error bars calculated from the

s.d. of triple repeats, also shown in Supplementary Fig. 9. ¢, Urea-PAGE gel showing R3C replicator activity at varying magnesium concentrations both in
solution and in the heat flow cell. d,e, Ligation yield (d) and amount of hydrolysed RNA polymer (e) after incubation of the R3C replicator for 2h at 35°C in
a closed vial (AT, -) and in the heat flow cell (AT, +) (as in b) compared with the incubation in an open vial with evaporation at 35 and 60°C and a 1TmM
MgCl, concentration. The symbol colour represents the visually determined state after 2 h: black indicates that the liquid was still visible, and red that the
sample had dried up (Supplementary Fig. 10). f-h, A ladder-building RNA enzyme (E,). f, E, catalyses the ligation of a substrate strand (S) to a product
strand (P), which in turn was previously assembled from the substrate in the same manner. The length of the product strands is therefore a multiple of the
length of the substrate (31nucleotides). g, From the fluorescence signal in h, the ligation yield was calculated as a function of the magnesium concentration
relative to the amount of sodium (x-fold) in a vessel at a homogeneous temperature (AT, —), and in a heat flow cell (AT, +). The inhibiting effect of even
moderate amounts of sodium salt on the ligases is clearly visible. In a heat flow the efficiency of the ligases is substantially increased by the thermophoretic
concentration of magnesium. Error bars calculated from the s.d. of triple repeats, also shown in Supplementary Fig. 11. h, Urea-PAGE gel showing ribozyme

activity for different absolute MgCl, concentrations (4-0.125 uM; Supplementary Fig. 11) in free solution (AT, —) and in a thermogradient (AT, +). In
addition, the amount of NaCl relative to the magnesium concentration varied between no NaCl, 10 times more NaCl than MgCl, and 1,000 times more

NaCl than MgCl,.

8 and 12) at all the magnesium concentrations when compared with
that of the free solution (lanes 3, 7 and 11; Fig. 4g,h). Ligation yield
in the heat flow cell was on average 43% at 4 mM MgCl,, compared
to 18% in the bulk solution without added NaCl, and only 11% in
the bulk solution in the presence of a tenfold excess of NaCl. The
heat flow cell effectively preserved its activity at limiting magnesium
concentrations, with ligation observed for both ribozymes even at
0.25mM MgCl,. The enhanced activity in the heat flow cell is due to
several factors. First, the magnesium and RNA concentrations are
increased by a factor of about ten due to thermophoretic accumula-
tion (Supplementary Methods 7 and 9). Second, the RNA is trapped
at the cold side of the cell by thermophoresis, which, in addition to
a low average magnesium concentration, reduces hydrolysis. Also,
pH is known to have a considerable impact on ribozyme function. It
is already known from previous work that a pH difference between
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the top and bottom of the chambers can be generated in the heat
flow cells when used in conjunction with a buffer system such as
Tris**. Specifically, it has been shown experimentally that the pH at
the bottom of the chamber does not exceed about 8.5 under com-
parable conditions, which keeps the ribozyme within its working
range. In an unbuffered system, the same effect for sodium, for
example, would only account for a pH difference of about 0.6 and is
therefore negligible (Supplementary Method 6).

Salt separation in networks of interconnected heat flow cells.
Finally, we sought to investigate how our system might be applicable
to even more extreme salt conditions. The brine of carbonate lakes,
for example, contains an up to 1,000-fold excess of NaCl over MgCl,
(ref. 7). To provide suitable salt conditions for ribozymes from such
extreme salt concentrations, a series of connected heat flow cells
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Fig. 5 | Interconnected channels in a basaltic complex allow a variety of
possible salt conditions. a, The water flows through the basaltic complex
by large-scale convection (v, =11.8nls™). At any point where the fluid

is merged or branched, the salinity can change by mixing or thermal
concentration, which in our experiment is simulated by heat flow cells
placed one after the other. b, Experimental results show the sequential
thermophoretic purification, because the salt content in the concentration
centres (lower channels) increases exponentially with the size of the
system. Owing to the higher Soret coefficient of magnesium compared to

sodium, the relative concentration changes in favour of divalent magnesium.

Error bars calculated from the s.d. from triplicate measurements, also
provided in Supplementary Table 3. ¢, Accordingly, the salt concentration

is reduced at the depletion sites (upper channels). As a result, even water
with a high salt content can be purified into low-salt water. d, The numerical
extrapolation to a 28-fold larger system shows how the concentration

ratio Mg:Na could be increased from 1:1,000 to 10:1 by thermophoretic
purification. e, Infiltrating fresh water (rate of 2.4x per junction) could keep
the absolute magnesium concentration at a constant level.

is required. Although this is challenging to realize in our set-up, it
could occur quite naturally in a rock system of fissures and cracks
(Fig. 5a). Under an applied heat flow and a slow throughflow from
large-scale convection, liquid could be flushed through these cells
in a similar manner to through our heat flow cells, and thus suc-
cessively increase the magnesium content. We have implemented
this scenario experimentally with three cells, in which we collected
the upper and lower outflow of one cell, analysed it with IC and
then injected a reconstituted solution into the inlet of another cell
(Fig. 5a). Reinjection of the bottom output resulted in a gradual
enrichment of Mg?* over Na*, whereas reinjection of the top output
resulted in depletion. Starting from a solution with 1.5mM of MgCl,

and NaCl each, the salt concentrations obtained in this way were
increased by a factor of 25 (MgCl,) or 10 (NaCl) at the lower outlets
after 3 runs (Fig. 5b) and decreased by a factor of 260 (MgCl,) or 25
(NaCl) at the upper outlets (Fig. 5¢). A direct coupling of multiple
cells was not possible due to the experimental timescales required to
achieve the necessary volume for analysis (months).

This finding implies that a scaled-up network of connected
cells should enable ion ratios compatible with ribozyme catalysis
even in the case of a 1,000-fold sodium surplus. Indeed, a numeric
model with 28 connected heat cells altered a Na*:Mg?* input ratio
from 1,000:1 to a 1:10 an output ratio (Fig. 5d,e). In this model, we
assumed the experimentally found separation of sodium and mag-
nesium at the lower outlet of a heat flow cell under the conditions
described above mixed with a 2.4-fold volume rate of continuously
seeping fresh water fed into the next cell. It is worthwhile mention-
ing that this separation based on 28 individual cells can also be
achieved with a single cell that is 28 times longer that the single
cells used in this study*>™. This translates into a geologically plau-
sible crack of about 1.6 m in length. To underline the plausibility of
the selection effect in natural, extended systems, we also modelled
and statistically evaluated the more general case of hundreds of ran-
domly connected heat flow cells for a variety of boundary condi-
tions, such as temperature gradient or flow rate (Extended Data Fig.
6, Supplementary Method 13 and Supplementary Figs. 13-19). The
results show that, despite the assumed complete mixing of all species
before entering a heat flow cell through, for example, chaotic advec-
tion®', on average a large accumulation and selection effect can be
achieved. We also compared different ions, such as sodium, mag-
nesium, calcium and potassium, and observe the greatest potential
for selective enrichment in the competition between monovalent
and divalent ions. Selection between monovalent ions, for example,
due to the higher Soret coefficient of sodium compared with that of
potassium, is possible, but occurs relatively rarely and only at larger
temperature differences.

Discussion

In this work, we demonstrated the positive influence of heat fluxes
through geometrically confined water layers on prebiochemical
systems, starting from the geological accumulation of salts. Under
close-to-equilibrium conditions, most common geological pro-
cesses may provide unfavourable salt conditions for ribozyme activ-
ity. In contrast, heat fluxes across fracture-like compartments push
the system sufficiently out of equilibrium that microconvection
and thermophoresis can accumulate the magnesium ions required
for ribozyme function, while simultaneously depleting inhibitory
sodium ions.

Notably, the two closely related ribozyme systems show differ-
ent tolerances to sodium ion inhibition. Consequently, high sodium
levels may block the exploration of promising evolutionary tra-
jectories towards higher or new catalytic activities. Our findings
imply that access to such otherwise blocked pathways could have
been provided through simple and abundant heat fluxes across rock
fissures. Establishing suitably ionic conditions may have therefore
been critical for the emergence of key ribozyme activities, such as
template-dependent copying of RNA sequences, which shows a
similar sensitivity to high sodium levels'. In this context, other pre-
homeostatic biosystems, for example, based on peptides or primi-
tive protein enzymes, may have also benefited from such confined
heat-flow environments. Indeed, many modern Mg**-dependent
enzymes, such as kinases, are also vulnerable towards monova-
lent ions such as sodium®. Finally, high salinities, mainly due to
high sodium chloride levels, also hinder the formation of poten-
tial protocellular systems based on single-chain amphiphiles or
membrane-free compartments™*°. Thus, thermophoretic altera-
tions of the ion composition have the potential to create ecological
niches for both early biocatalysis and precellular compartments.
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As thermophoresis and convection are universal and also exist,
albeit slower™, at much smaller temperature gradients than those
used in this work, active demixing of salt solutions may occur in
many different natural environments for a wide range of different
salt mixtures beyond mixtures of NaCl and MgCl,. As noted in
Supplementary Fig. 6 and Supplementary Table 3, many metal ions,
such as potassium and calcium, show thermophoresis of different
strengths, which indicates that these could be selectively enriched
depending on the fluidic system. By randomly combining differ-
ent flow paths, almost any salt conditions could be implemented by
nature, as shown in the Supplementary Method 12.

Another interesting side effect of the thermophoresis-based accu-
mulation of salts is that, in contrast to typical dehydration, an exces-
sive up-concentration of salts is impaired by a negative feedback
mechanism. This is a direct consequence of the Soret coefficient
of ions, which is a measure of the strength of the thermophoretic
accumulation, being dependent on the local salt concentration and
becoming smaller but non-zero at higher salt concentrations™. In
the prebiotic context, this has already been demonstrated by Szostak
and co-workers, who found a substantial reduction of the possible
thermogravitational accumulation in such heat flow cells at higher
initial salt concentrations®. On the one hand, this effect prevents
extremely high salt concentrations that would be obtained by, for
example, evaporation and, in the case of magnesium, can lead to an
increased hydrolysis of RNA. On the other hand, the depletion of
salts at the upper fluid passages occurs even at extremely high ini-
tial salt concentrations due to the non-zero Soret coefficient, which
should result in a behaviour similar to that shown in Fig. 5, assum-
ing a sufficiently large system. Although salt concentration by dehy-
dration or the formation of eutectic phases are non-equilibrium
mechanisms, only the combination of heat flows and the geomet-
ric boundary conditions formed, for example, by geomaterial allow
the emergence of a system far enough from equilibrium to enable
the selection effects reported here. In a large network of rock frac-
tures, there is also the possibility that products formed in locations
with high magnesium concentrations can reach chambers with
lower magnesium concentrations due to drift through the system,
and thus be protected from hydrolysis in the long term. Hence,
the selective up-concentration of the prebiotically relevant species
reported here provides further compelling evidence that thermal
gradients across narrow rock fissures were an ideal habitat for the
first life-relevant reactions.
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Methods

Basaltic sample preparation. The tholeiitic basalt was collected from 1975-1984
Krafla Fires deposits. The sample was exposed on the surface until collection and
interacted with organic matter. To remove the organics, the sample was crushed
with a hammer to an average grain size of 1-2 cm. The crushed tholeiite was
incubated in H,0, (10vol%) for 7 days, washed with purified water and dried

for 24h at 200°C in a furnace. Afterwards, the basalt was ground by a vibration
mill to <500 um mesh size and the size separated by hand sieving to grain sizes
between 500 and 63 pm. For the synthesis of tholeiitic glass, 40 g of the fraction
smaller than 63 um was heated in a platinum crucible at 1,500 °C until molten. The
molten sample was quenched in a copper container for rapid cooling and crushed
afterwards. This procedure was repeated three times to obtain a homogeneous
glass. The tholeiitic glass was then crushed with a hammer, ground by a vibration
mill and size separated as above.

Basalt leaching. Basalt samples were weighed and submerged into 150 ul of
MilliQ, assumed prebiotic or hydrothermal water (Supplementary Method 1 and
Supplementary Table 2). The composition of the presumed prebiotic sea water
in our experiments was inspired by McCollom and Donaldson* and Brown

et al.””. Following a combination of their recipes, we used 479.439 mM NaCl,
9.5mM NH,Cl, 4.85 mM KCl, 4.8 mM CaCl,, 1.3 mM NaHCO, and 0.433 mM
KBr, which resulted in a pH of 7.45. After initial vortexing, leaching took place
under a controlled temperature (T100 Thermal Cycler, Bio-Rad Laboratories).
After incubation, the supernatant was cooled to room temperature and diluted
with MilliQ water for IC measurement. Results were corrected accordingly
(Supplementary Method 3). Experiments with continuous agitation were done
using a ThermoMixer C (Eppendorf).

Heat flow cell. The construction of the heat flow cell is described in
Supplementary Methods 4 and 5. The cells were prepurged with low-viscosity
fluorinated oil (3M Nove 7500 Engineered Fluid) to check for leaks and push out
residual gas inclusions. The assembled cell was then mounted on an aluminium
block cooled by a water bath (TXF-200 R5, Grant) and the heat flow controlled by
a modified PID controller (Repeater firmware on Arduino). The throughflow was
controlled using high-precision syringe pumps (neMESYS) that were connected
using FEP tubings with a 1 mm inner diameter and UNF %-28G screw system
(Techlab). Temperatures were measured using a thermistor (cold side) or a thermal
camera (Seek Thermal).

Finite element simulation. Comsol v5.4 was used to successively solve heat
conduction and water movement in an exact three-dimensional model of the
experimental set-up. The solution was then used to determine the time- and
location-dependent concentrations of the salts in a drift-diffusion model (see
Extended Data Fig. 3, Supplementary Method 7 and Supplementary Figs. 4 and 5
for details).

Ion chromatography. An IC system (Dionex Aquion, ThermoFisher Scientific)
with an analytical column (Dionex IonPac CS12A), guard column (Dionex

TonPac CG12A) and suppressor (Dionex CDRS 600) was used to measure the

salt concentration. Different methods were used for analysis, mostly method 2
(0.25mlmin™! flow, isocratic elution with 20 mM methane sulfonic acid and 15mA
suppression; see Supplementary Method 2 for further method details). Eluted ions
were detected with a conductivity detector (DS6 Heated Conductivity Cell). Data
were analysed with Chromeleon 7.2.10 (ThermoFisher Scientific).

PH measurement. Measurement of the pH values for the different

outflows was done using a Thermo Scientific Orio 9826BN Micro pH
Electrode (Thermo Fisher Scientific). The gradient observed was weak,
with values close to neutrality and a slightly more neutral bottom:

ApH = pHym = PHop, = 0.57 £ 0.16 (inlet, 6.64 + 0.23; top outlet, 6.20 +0.35;
middle outlet, 6.58 +0.21; bottom outlet, 6.77 +0.39).

RNA synthesis. All the RNA was produced by in vitro transcription, except
5’-Cy5 tagged substrate A and substrate BA, which were ordered from IDT

and used without further purification. Templates for in vitro transcription

were created by fill-in PCR using GoTaq (Promega). Briefly, two partially
complementary single-stranded DNA oligonucleotides were annealed and
extended. which resulted in double-stranded DNA (dsDNA) templates that
contained a 5'-terminal T7 promoter and the downstream transcription
templates of interest. Following fill-in PCR, all dsDNA products were purified
using the Monarch DNA Cleanup Kit (NEB). Most RNAs were synthesized by
run-off transcription using the MEGAshortscript T7 Transcription Kit (Thermo
Scientific) according to the manufacturer’s instructions. The transcription
reaction proceeded for 3.5h at 37°C, after which 0.1 volumes of TURBO
DNase (Thermo Scientific) were added and the reaction incubated for a further
30 min at 37 °C. The transcription products were purified using a Monarch
RNA Cleanup Kit (NEB), and then gel purified using 15-20 % denaturing
PAGE. RNAs were extracted from gel slices by diffusion, and then precipitated
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using ethanol and isopropanol. The resulting RNA pellet was suspended in
double-distilled H,O. The concentration was determined by absorbance at

260 nm using specific extinction coefficients calculated from the RNA sequence
using OligoCalc (http://biotools.nubic.northwestern.edu/OligoCalc.html).

For very short RNA fragments (self-replicator substrate B, 14 nucleotides),

an alternative transcription protocol was used to improve the yields. Briefly,

a partially complementary dsDNA template that contained the T7 promoter
was created by incubating an equimolar mixture of both strands at 85°C, and
then cooling on ice. The transcription reaction mixture comprised 500 nM
dsDNA template, 50mM Tris pH 7.8, 25 mM MgCl,, 3.75 mM each nucleotide
triphosphate, 10 mM dithiothreitol, 2mM spermidine, 5 Uml™ Escherichia coli
inorganic pyrophosphatase (NEB) and 1,500 units of T7 polymerase (purified
from a recombinant source at the Core Facility of the Max Planck Institute

for Biochemistry). The transcription reaction proceeded for 3.5h at 37°C.
Downstream purification was performed as previously described.

Ribozyme activity assay. R3C self-replicator reactions were performed in

Tris buffer (25 mM, pH 8.5) with 0.00625-8 mM MgCl,, 0.5 pM ribozyme

Eg, 1uM substrate A (100% Cy5 tagged) and 1 uM substrate B. The NaCl
concentration was 0X, 10X or 1,000x the MgClI, concentration. Ribozyme
concatemer ligation reactions were performed similarly in Tris buffer (25 mM,
pH 8.5) with 0.00625-8 mM MgCl,, 0.5 uM ribozyme E, and 1 uM substrate BA
(10% Cy5 tagged). The NaCl concentration was 0%, 10X or 1,000 the MgCl,
concentration. The reaction temperature in the bulk solution conditions was
35°C. The reaction was quenched by adding an aliquot to four volumes of RNA
gel loading buffer (formamide, EDTA (10 mM, pH 8.0) and bromophenol blue
(0.025% w/v)). The reaction products were separated by denaturing PAGE

on 15-20% acrylamide gels run in 1x TBE buffer, then visualized by Cy5-tag
fluorescence (Typhoon FLA-5000, GE Healthcare Life Sciences, excitation
wavelength = 635 nm and emission wavelength =670 nm). Band intensities were
determined using ImageQuant.

Simulation of large systems of interconnected thermogravitational traps. The
examples given in the main text (in particular Fig. 5d,e) were limited to a special
case in which several traps followed each other in a defined manner. A constant
influx of fresh water was assumed and thus a large accumulation of magnesium
salts with a simultaneous depletion of sodium salts was achieved. The question
therefore arises whether this special case is representative of large systems of
interconnected thermogravitational traps. To address this question, we extended
the simulation of a single thermogravitational molecular trap (discussed in Fig. 3
and in the Supplementary Information) to a large system of interconnected traps.
Some results of this approach are shown in Extended Data Fig. 6. For extensive
details of the simulation, see Supplementary Method 12 and Supplementary
Figs. 13-19.

Data availability

The data supporting the findings of this study are available within the paper and its
Supplementary Information. Raw data in the form of images (gels) or data series
(Excel files) are also provided in the Supplementary Information. Source data are
provided with this paper.

Code availability

The full details of the finite element simulation from Fig. 3 are documented in the
mph files in the Supplementary Information. The extrapolation from Fig. 5d,e
and Supplementary Figs. 14-19 was done using a Labview program, which is also
provided in the Supplementary Source file.
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Extended Data Fig. 1| Leaching of salts from basaltic rock and glass. Except where stated otherwise, 30 mg of sample were leached at 60 °C in 150 ul
ultrapure water without agitation. (a) Tholeiite glass samples with grain size of 90-125 um and a weight of up to 120 mg were leached at 60°C in 150 pl
pure water for 110 h. Magnesium and calcium concentrations remain at similarly low levels (200 uM), while sodium concentration exceeds by up to a
factor of three. Standard deviations are taken from g, grain size 90-125um. (b) Tholeiite rock samples of 90-125 um size were leached for 36 h under the
same conditions as in a. Error bars are taken from e. (¢) Characteristic equilibration timescales for tholeiite glass, as shown for magnesium in the main
text, Fig. 2. Timescales are around 30 hours. The grain size used here is 355-500 um. For comparison with e, the leached concentrations are converted

to 90-125 um grains using the grain size dependence from g. (d) Grain size dependence of leached salt concentrations for tholeiite glass, incubated at

60 °C for 95 h. (e) Characteristic equilibration timescales for basaltic rock of grain size 90-125 um under the same conditions as in d. (f) Complete picture
of leached ions from tholeiite glass (grain size 125-180 um, 110 h, 60 °C, pure water). In the first place, sodium (120 uM) is leached with magnesium and
calcium (both 90 uM) following at lower concentrations. Fluoride, chloride and potassium are detectable at low concentrations (all 10-20 uM). Other trace
elements such as phosphate, nitrite and nitrate are present but below 2 uM. (g) Basalt glass samples of 355-500 um grain size were leached for 48 h at
varying temperature under otherwise identical conditions as in a. The leached salt concentrations increase with temperature but stay at low levels.
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Extended Data Fig. 2 | Detailed description of fluidic setup. (a) Fluidic setup. Microfluidic access to the heat flow cell is implemented by backside
connection of FEP tubing through the four access holes on the backside aluminium and sapphire pieces (see Supplementary Fig. 2). Slow geothermal
convection is mimicked by a slow through flow, controlled by three high precision syringe pumps with a constant volume rate. One pump (in) provides
positive pressure and injects fresh sample into the chamber. The remaining two pumps (top, bot) provide negative pressure and remove the sample from
the top or bottom output, respectively. The centered output (mid) releases the remaining pressure to an open Eppendorf tube. To minimized possible
detrimental surface interactions, the complete system including chamber, tubing and syringes is pre-flushed with fluorinated oil. After the experiment,
samples from bot, mid and top are recovered from the tubing and analyzed via IC. (b) Optothermal setup. Special care was taken to precisely determine
the temperature inside the microfluidic layer: A temperature sensor is directly in contact with the cold sapphire from the backside and held in place via

a UNF screw (grey). The surface temperature of the hot sapphire is measured with an IR camera (IR). The temperature field inside the liquid is then
calculated from the known heat conductivity of the sapphire layers. Fluorescence measurements of the RNA reaction were obtained using a custom-made,
motorized fluorescence microscope comprising an objective (O, TL4/2X-SAP, Thorlabs), dichroic mirror (M), excitation and emission filters (XF, EF, Cy5
Kit XF416, Laser Components), a lens (L) that collimates the light from a LED (LED, M625L3, Thorlabs) and a camera (C, Stingray 145-B, Allied Vision).
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Extended Data Fig. 3 | Thermal design of the heat flow cell using finite element simulations. (a) The full three-dimensional model including all elements
shown in Supplementary Fig. 2. The temperature was measured on the cold aluminum base and on the heating element by thermistors and kept constant
under PID control. The temperatures on the hot and cold sapphire are measured with an IR camera and a thermistor (S), respectively, and compared to
the calculated 2D temperature distribution. Thus, the temperature distribution on the cold or hot side within the microfluidic chamber can be derived.

(b) The two-dimensional average of a depicts the calculated temperature distribution on the z-y surface in the center of the chamber, showing the uniform
temperature distribution along the y-axis. (¢) One-dimensional average of b. Most of the temperature difference is effective in the microfluidic chamber
filled with aqueous solution.
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Extended Data Fig. 4 | Trapping experiments with other salt species and control. Errors bars represent the standard deviation calculated from data
provided in Supplementary Table 3. (a) Selective accumulation of sodium, potassium, magnesium and calcium. In an experiment similar to Fig. 3, main
text, samples of 1.5mM of all salts were pushed through the microfluidic chamber at 11.8 nl/s applying a temperature gradient of 40K to analyze selective
accumulation. As shown, sodium (2.3-fold) and potassium (2-fold) are less accumulated at the bottom than magnesium (3.4-fold) and calcium (4.5-fold).
Together with a top outlet that is mainly depleted in the latter but also has reduced concentration of Na and K, this opens the door to many different salty
habitats. (b) Control experiments with no applied temperature gradient show (as expected) no shift of salt concentrations.
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Extended Data Fig. 5 | Secondary structure diagrams of ribozymes. Diagrams showing the initial (a) and final (b) concatemer ligation ribozyme designs.
In the initial design a, regions of the substrate originating from R3C substrate A are shown in red, whilst regions originating from substrate B are shown in
blue. In b, mutations made to reduce homodimer formation and promote substrate binding are highlighted in pink.

NATURE CHEMISTRY | www.nature.com/naturechemistry



Heat flows naturally optimize salt compositions for ribozymes

69

ARTICLES

a: Overview

= N
[@)] o
L |

—
o
1

rel. frequency (%)

|:| = input mixing

AT 0 20 40K
Na § = =

Mg

rel. frequency (%)
w
o
Z
Q

NX
25 50 100
AT: 10K win = m
AT: 30K win = m

107

10 10
oot (foId)

Extended Data Fig. 6 | See next page for caption.

)
o

810°
210°
(&]

NATURE CHEMISTRY | www.nature.com/naturechemistry

NATURE CHEMISTRY



70 Heat flows naturally optimize salt compositions for ribozymes

NATURE CHEMISTRY ARTICLES

Extended Data Fig. 6 | Interconnected molecular traps mimicking branching rock fissures. (a) lllustration of the system of interconnected molecular
traps mimicking branching rock fissures in a realistic geological scenario. For a detailed description, see Supplementary Method 12 and Supplementary
Figs. 13-19. (b) Statistics of the accumulated concentrations at the chamber bottom for different temperature differences. Histogram of resulting ion
concentrations. With increasing temperature difference, magnesium ions (orange) are increasingly better accumulated, up to 4 orders of magnitude better
than sodium ions (blue) at AT=40K. (¢) Correlation plot for magnesium and sodium concentrations. At higher temperature differences, magnesium is
accumulated with increasing selectivity compared to sodium. (d) Scaling of the width of the chamber system. Histogram of the frequency of chambers
with a given concentration of magnesium (top) and sodium ions (bottom) at the chamber bottom for different temperature gradients AT=10K (blue) and
30 K (red) and system widths Ny = 25, 50, 100 chambers. (e) Correlation plots of magnesium and sodium ion concentration at the chamber bottom at
AT=10K (top) and 30 K (bottom).
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Supplementary Methods

Supplementary Method 1: Composition of sea waters

To probe the effect of different aqueous solvent compositions on leaching efficiency, we
tested ultrapure water (MilliQ), presumed prebiotic sea water and hydrothermal sea water.
The composition of the presumed prebiotic sea water in our experiments was inspired by
McCollom* and Brown?. Following a combination of their recipes, we used: 479.439 mM NaCl,
9.5 mM NHaCl, 4.85 mM KCl, 4.8 mM CaCl,, 1.3 mM NaHCOs and 0.433 mM KBr, resulting in a
pH of 7.45. For the leaching experiments, MgCl, was omitted as its presence while analysing
the amount of leached magnesium would make subsequent analysis of the latter via ion
chromatography impossible. This was also done for low magnesium concentrations, no impact
on the outcome of the leaching process was observed. The hydrothermal prebiotic sea water
was mixed as described by de Ronde et al.3, preparing a solution of 633.98 mM NacCl,
42.59 mM CaCl, 19.071 mM KOH, 5 mM NaOH and 2.61 mM KBr, giving us a pH of 11.366.

Supplementary Method 2: lon chromatography

An ion chromatography system (Dionex Aquion, ThermoFisher Scientific, USA) with an
analytical column (Dionex lonPac CS12A), guard column (Dionex lonPac CG12A) and
suppressor (Dionex CDRS 600) was used to measure salt concentrations. Three different
methods are used throughout the analysis: method 1: 0.30 ml/min flow, isocratic elution with
25 mM MSA (Methanesulphonic acid), 22 mA suppression, method 2: 0.25 ml/min flow,
isocratic elution with 20 mM MSA, 15 mA suppression, method 3: 0.25 ml/min flow, isocratic
elution with 15 mM MSA, 11 mA suppression. For all methods, the following parameters were
kept constant: cell temperature of 35 °C and column temperature of 30 °C. Eluted ions were
detected with a conductivity detector (DS6 Heated Conductivity Cell). Data was analysed with
Chromeleon 7.2.10 (ThermoFisher Scientific, USA). Integration was performed by automatic
peak integration, except for experiments with prebiotic sea water and hydrothermal sea water
where manual integration was used. For the thermal chamber experiment, integrals measured
for the different outlets were compared to the inlet sample, recovered from the inlet tubing.

Supplementary Method 3: Data analysis for leaching experiments

In order to compare the leached concentrations, the initial masses of the individual samples
were normalized to one standard mass (30 mg). Supplementary Figure 1a and b show that for
masses below 45 mg, this normalization can be done linearly in good approximation:
mref
l

Crllorm = Cmeasure * T (1)
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where clo,mis the normalized concentration, shown in the plots, ¢ eqsurethe measured
leached concentration, m the mass of the sample and m”/ the reference mass (30 mg).

For the time evolution of tholeiite glass (Supplementary Figure 1d), the results were mapped
to a different grain size: while the measurement was done at 355-500 um (indicated by the
index (2) in the equation), the data was plotted for a grain size of 90-125 pum (with index (1) in
the equations) to make comparison with other leaching results. The converted leached
concentration cél) was calculated for each salt species separately by:

Cref
I _ .l 1
‘W= @ ey (2)

()
with () being the measured leached concentration for 355-500 um and C(rf)f and c(rze)f the
reference leached concentrations for the respective salt species from Supplementary
Figure 1g for the different grain sizes. The error for the converted leached concentration Acél)

(for grain size 90-125 um) was calculated by Gaussian error propagation as follows:

, (e : 2 [cy\ e * <y 2
1 _ l (1) ref (2) ref (1)
€2 € (C(Z) )

In this case, Acéz) are the standard deviations for the different timepoints of the measured
leached concentrations, AC(Tle)f and Ac(rze)f are the standard deviations of the data point 90-

125 pum and 355-500 um, respectively (in Supplementary Figure 1g).

Supplementary Method 4: Preparation of heat flow cells

Bold numbers refer to the corresponding digits shown in Supplementary Figure 2a: The 170
um thick FEP-foil (6, Holscot, Netherlands) was cut into the selected shape using an industrial
plotter (CE6000-40 Plus, Graphtec, Germany) and sandwiched between two sapphires (5+9,
Kyburz, Switzerland) with thicknesses of 500 um (5, cooled sapphire, with 4 laser-cut holes of
1 mm diameter) and 2000 um (9, heated sapphire, no holes), respectively. The sapphire-FEP-
sapphire block was then placed on an aluminum base (3) with an intermediary layer of heat
conducting foil (4, EYGS091203DP, graphite, 25um, 1600 W/mK, Panasonic, Japan) and held
there by a steel frame (10) mounted with six torque-controlled steel screws for homogeneous
force distribution. A second heat conducting foil (11, EYGS0811ZLGH, graphite, 200um, 400
W/mK, Panasonic, Japan) is applied to thermally connect the heated sapphire (9) to the
electric heating element (12), which is also fixed by torque-controlled steel screws. The heater
body has milled holes to allow optical access to the system e.g. by fluorescence microscopy.
The height of the microfluidic chamber was measured with a confocal micrometer (CL-3000
series with CL-P015, Keyence, Japan) at three positions (top, middle, bottom) to ensure
homogeneous thickness along the chamber. The chambers were pre-flushed with low-
viscosity fluorinated oil (3M™ Novec™ 7500 Engineered Fluid) to check for tightness and to
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force out residual gas inclusions. The assembled chamber was then mounted onto an
aluminium block cooled by a heat bath (Grant R5 and TXF200, Grant industries, UK) (1), again
with a 200 um thick heat conducting foil (2, EYGS0811ZLGH, see above). The heating elements
were connected to a 400 W, 24 V power supply and solid state relays controlled by Arduino
boards with a customized version of the open-source firmware "Repetier", originally
developed for 3D printing. A photo of the partly assembled components is shown in
Supplementary Figure 2b.

Supplementary Method 5: Protocol for through flow salt separation in heat flow cells

The in- and outlets of the heat flow cell were connected via tubing to syringes that are placed
on high-precision syringe pumps (Low Pressure Syringe Pump neMESYS 290N with Quadruple
Syringe Holder Low-Pressure, cetoni, Germany). For the microfluidic connections, we used the
following (Techlab, Germany): connectors (Verbinder z6llig, UP P-702-01), end caps (Tefzel cap
for 1/4-28 Nut, UP P-755), screws (Nut, Delrin, flangeless, VBM 100. 823, VBM 100.824, VBM
100.825, VBM 100.826, VBM 100.827, VBM 100.828), ferrules (Ferrule VBM 100.632) and
tubings (Tubing Teflon (FEP), KAP 100.969). The flow speeds of the syringe pumps (controlled
via neMESYS UserlInterface, cetoni, Germany) were selected as such that 5% of the inflow was
removed from the top and bottom outlet, leaving 90% coming out of the middle outlet. The
syringes used (Gohler-HPLC Syringes, Germany) are chemically resistant heavy-duty syringes
with PTFE seals: 2606714, 2606814, 2606914, 2606015, 2606035, 2606055 and 2606075 (ILS,
Germany). The cryostat (Grant TXF200-R5, UK) was set to -30°C and the heating elements to
95°C, resulting in a temperature difference from 20°C to 60°C within the microfluidic chamber.
The temperatures were measured on the surface of the sapphires with a heat imaging camera
(ShotPRO Warmebildkamera, EAN: 0859356006217, Seek Thermal, USA) on the heated side
and a temperature sensor (GTH 1170, Greisinger, Germany and B&B Thermo-Technik
06001301-10, Germany) on the cold side.

Before starting experiments, all tubings and the thermal chamber were re-flushed with
fluorinated oil. Samples were then loaded into the inlet tubing. Experiments were started and
left running for 2-3 days. To stop experiments, the applied temperatures were set to room
temperature to defrost the trap and check for possible problems of the experiment. The
samples were recovered from the tubings and collected for measurement by ion
chromatography. Due to volume constraints, the samples had to be diluted with MilliQ water
2 to 4 fold before injection.

Supplementary Method 6: pH measurement

Measurement of the pH values for the different outflows was done using a Thermo Scientific™
Orion™ 9826BN Micro pH Electrode (Thermo Fisher Scientific, USA). The gradient observed
was weak, with values close to neutrality and a slightly more neutral bottom: ApH =
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PHpottom — PHtop = 0.57 £ 0.16 (inlet: 6.64 + 0.23, top outlet: 6.20 £ 0.35, middle outlet:
6.58 + 0.21, bottom outlet: 6.77 + 0.39).

Supplementary Method 7: Finite element simulation details

Chamber design. In order to investigate the effect of thermal non-equilibria, i.e. temperature
gradients due to heat flows on a system in a reproducible and modellable way, a temperature
distribution along the x/y-axis as uniform as possible is necessary (see Supplementary Figure
4a). 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. In principle, all results shown here
can also be applied to more complex geometries and temperature curves? but it is then more
difficult to obtain reproducible and modellable data. In order to achieve these goals, the
experimental setup was rebuilt from scratch using three-dimensional finite element
simulations. Special attention was paid to the heater shape, which should allow both an
optical observation of the sample in the heat flow cell and uniform heating. This was achieved
by the combination of a 2 mm thick sapphire on the hot chamber side, which compensates for
thermal unevenness due to the viewing windows in the heater, while causing only a moderate
temperature drop of about 14%, when compared to the total temperature difference
between the cooled aluminum back and the heating element (see Figure 1). The model was
created using 3D CAD software and imported into the finite element software (COMSOL 5.4).
Thermal conductivities were taken from the COMSOL internal database or from the product

. w

data sheets of the materials used and are at room temperature kH20~0.62ﬁ for water,
w w -

kSteel~44-5ﬁ for the steel frames, kAlu~237ﬁ for the aluminium elements,

ksapphire~35 % for the sapphire elements and kggp = 0.2 % for the FEP foils.

Since the space around the heat flow cells is fully covered, an approximately insulating thermal
boundary condition for the heat flow through the outer surfaces of the full model was
assumed (see Supplementary Figure 4a), i.e. Qlextsurface = 0. The heat conduction was then
calculated according to the equation

pcp(??—’:+u- |7T>+l7-(kl7T) =Q (4)
and solved for the entire structure, where p is the density, ¢, the specific heat capacity and k
the thermal conductivity of the respective material, T the temperature, Q the heat flow and
u the velocity vector of the solution in the chamber. In the stationary case, which in our
experiment is reached after a few minutes, and assuming a very slow fluid velocity u
(~35 um/s, see Supplementary Figure 5), equation 1 simplifies to

VT - (kVT) = Q (5)

whose solution is shown in Supplementary Figure 4. The temperature distribution is
homogeneous with maximum deviations of about 2 K on the hot side of the solution (z =
170 um), and less than 0.5 K on the cold side of the solution (z = 0). Since optical access
should be possible at the lower end of the chamber (y = 0 to 1.5 mm), the temperature on
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the hot side is only about 50 °C instead of 60 °C elsewhere (y = 1.5 — 50mm). This is a small
disturbance and only marginally affects the concentration of the solutes.

Modelling of through flow salt separation. Since the lateral temperature distribution was
known from the above results, the thermal situation within the fluid chamber could be derived
by measuring the temperatures on the outer sides of the cold and hot sapphire, respectively.
The measurement of the outside temperature of the hot sapphire was performed with an IR
camera, the outside temperature of the cold sapphire was measured by using a thermistor (S,
see Supplementary Figure 4a) pressed against the sapphire from below. The resulting
temperature distribution within the fluid could now be coupled to the Navier-Stokes equation
via the temperature dependent density p(T) and viscosity n(T):

2
PN Vyu =7 |=p +n(Fu+ 7)) =50V - w| — e, - go(T) (©)

Where u is the velocity vector of the fluid, p is the local pressure, ey, is the unit vector in y-
direction and g is the gravitational acceleration. After setting a non-slip boundary condition
at all surfaces except at the in- and outlets, where the respective volume flow rate used in the
experiment was assumed, a complete numerical solution for u could be found (see
Supplementary Figure 5a-c).

To determine the selective concentration of different salt species, the numerical model was
further extended by a drift-diffusion component. This includes thermophoresis, i.e. the
movement of the dissolved salt ions along the temperature difference, normal diffusion,
which counteracts local concentration gradients and the coupling to the velocity field of the
solution u:

V-(=D;Vc;+ (u+Sp,;D;VT) - ¢c;) =0 (7)

Here D; is the normal diffusion coefficient, ¢; the local concentration and Sy ; the Soret
coefficient of the respective salt species. The latter is defined by the ratio of thermophoretic
to diffusive mobility S;; = Dr;/D;. The coupling to equation 2 and 3 is done by the
temperature T and the velocity field u. The values for S; and D; were taken from the
literature (see Supplementary Table 4). Electrostatic interactions of the ions are already
included in the Soret coefficients, since they were also found experimentally, in this case using
a ratio cell according to Turner °. Due to the only moderate local concentration differences
(factor 10 over 50 mm), no electrostatic interactions were therefore considered. One
exemplary solution for equation 4 is shown in Supplementary Figure 5d, other results are given
in the main text, Figure 3.

Supplementary Method 8: Ribozyme design

The optimised self-replicating R3C ribozyme developed by Robertson and Joyce® was used as
a model system for these experiments. The ribozyme (Er) ligates two fragments (A and B) to
form a copy of itself. A modified ribozyme substrate capable of concatemer ligation was
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produced from substrate fragments A and B. First, three 5’ bases of substrate A were deleted,
then substrate B was appended at the new 5’ end of fragment A. The catalytic stem loop in A
was then removed, yielding a 31 nt fragment. This initial design is shown in Supplementary
Figure 7a. To reduce substrate homodimer formation and promote ribozyme-substrate
binding, five point mutations were introduced to substrate strand BA (G16C, U18G, G19C,
G22U, U24G), whilst five point mutations and a deletion were made in the substrate binding
arm of the ribozyme E (G55U, C57A, C60G, A61C, C63G, 66del), yielding substrate BA and
ribozyme E(, shown in Supplementary Figure 7b.

All RNA and DNA sequences were purchased from IVT (eurofins Genomics, Germany) or IDT
(Integrated DNA Technologies, USA), as stated in Supplementary Tables 5 and 6.

Supplementary Method 9: RNA ligases in a heat flow cell

To demonstrate that the various ribozymes were able to function in the selectively
concentrating heat flow environment, we ran ligation reactions whilst monitoring distribution
of RNA within the cell. To do this, we measured the local RNA concentrations via fluorescence
of the substrate 5’ Cy5 tag (100% of replicator substrate A, 10% of ladder substrate BA) at both
the top and bottom positions of the cell, and compared these to initial values. The
temperatures of the hot and cold sides were set at 60°C and 20°C, as previously described.
The sides of the cell were set 170 um apart, and no flow through the chamber was applied.
RNA concentrations for the replicator reaction were fixed at 0.5 uM ribozyme Eg, 1 puM
substrate A (100% Cy5 tagged) and 1 uM substrate B, and for the ladder reaction at 0.5 uM
ribozyme EL and 1 uM substrate BA (10% Cy5 tagged). All reactions were performed in Tris-
HCI buffer (25 mM, pH 8.5) with varying MgCl, (0.00625-8 mM). In these experiments it was
assumed that upstream flow cells have already improved salt conditions to the point that the
NaCl concentration is negligible (Figure 4). Supplementary Figure 8 shows that the RNA is
concentrated by factors of 10 and 13 for the replicator and ladder systems, respectively. The
somewhat higher concentration of the ladder ribozyme system is due to the longer overall
length of the ligated products: In general, longer nucleic acid strands have a larger Soret
coefficient and are therefore more efficiently concentrated in a thermal trap”2. Following
incubation, aliquots of the reactions were quenched in 4 volumes of loading buffer, and the
products separated using 15-20% urea PAGE. In order to determine the ligation yield Lg;. of
the replicase, the intensity of the fluorescence signal I, of the gel bands of a product p was
corrected with respect to their local environment I,,4 5, [4 s and compared with the total
unhydrolyzed amount of substrate I; and product:

Ip B Ibg,p
- Ibg.S) + (Ip - Ibg,p)

Analogously, in the case of the RCL system, the ligation yield Ly, is defined as the quotient
of the sum of the amounts of all products I, ,, which consist of n substrate pieces, over the

Lpzc = (1
s

total amount of unhydrolyzed RNA:
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Z?ozl(lp,n - Ibg,p,n)
Is = Ipgs + 221 (Ipn = Ing.pn)

Quantifying hydrolysis by comparing total intensity at t = Oh and t = 2h is non-trivial due to
variations in gel loading, sample recovery from the heat flow cell and hydrolytic cleavage of
the Cy5 tag from the RNA. In order to quantify hydrolysis in the simple replicator system, we
therefore considered all gel bands below the unligated substrate band as partially hydrolysed
material (Supplementary Figure 9e). We calculated the amount of hydrolyzed material (Hrsc)
as the ratio of the summed intensity of these bands (/x) to the summed intensity of the whole
lane (I, + Is + In):

LRCL

IH - Ibg,H
Is — Ibg.S) + (I, - Ibg,p) + Iy — Ipgn)

Hgsc = (

For the ladder ligase system, any degradation of the extended products leads to a set of
degradation product bands that overlays the ligation products. In addition, the smallest
degradation products may run off the gel due to the lower acrylamide percentage used in
these experiments. We have therefore not used this method to quantify degradation in this
system.

Supplementary Method 10: Ribozyme sensitivity on salt concentration and comparison with
operation in heat flow cell

As already noted in the main text, we investigated the operating range for both ribozymes
(R3C ladder, R3C replicator) for a wide range of concentrations of MgCl, and NaCl. As shown
in Supplementary Figure 9, ribozymes can be already limited in their function at a [Mg]:[Na]
ratio of 1:10.

Ladder ribozyme (RCL). Under thermal equilibrium conditions, the ladder ribozyme is
functional without NaCl above a MgCl, concentration of 1 mM, whereas a product is only
detectable at 4 mM MgCl, when 10 times the amount of NaCl is present (Supplementary
Figure 9a vs. 9c). Reaction conditions were constant temperature of 35 °C for 2 h. The solution
contained 0.5 uM enzyme, 10 mM Tris, 1 uM unlabelled substrate and 0.1 uM Cy5 labelled
substrate to allow the PAA gel analysis shown in Figure 5. For comparison, Supplementary
Figure 9c also included samples that were previously incubated under non-equilibrium
conditions in the heat flow cell (20-60 °C, 2 h, 170 um chamber thickness), in which product
can be obtained at 0.25 mM MgCl;, enabled by the co-concentrated magnesium salt. At a
1000-fold NaCl excess compared to the respective MgCl, concentration, any ribozyme
function is completely inhibited.

Replicator ribozyme (R3C). The replicator ribozyme is more robust at low concentrations of
NaCl: without added NaCl and under the thermal equilibrium conditions specified above,
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function is detectable from 0.5 mM MgCl,, as well as in the presence of 10 times the amount
of NaCl (also see Figure 4b in main text). Under thermal non-equilibrium conditions (settings:
see above) the replicator enzyme without NaCl is active at 0.25 mM MgCl,. As before, a 1000-
fold excess of NaCl over the respective MgCl, concentration completely inhibits the function
of the ribozyme. This shows that even small amounts of NaCl can have a negative effect on
ribozyme function.

Supplementary Method 11: Optimal temperature of RNA ligase operation

To allow an optimal comparison between thermal equilibrium (free solution) and non-
equilibrium conditions (heat flow cell), the RNA ligase was first exposed to different thermal
conditions. In free solution, consisting of 0.5 uM ribozyme E, 1 uM substrate, 0.1 uM Cy5-
labeled substrate, 25 mM Tris pH 8.5 and 1 mM MgCl,, different constant temperatures
between 5 and 55 °C in 10 K steps were applied. For all experiments, the reaction time was
set to 2 hours. The results depicted in Supplementary Figure 12 show that the ribozyme used
can catalyse the ligation of the substrate strands at low temperatures, but is most efficient at
about 35°C. Higher temperatures lead to significantly lower product yields and degradation
by hydrolysis. In the experiments shown in the main text we have therefore used the optimal
temperature of 35°C for the equilibrium experiments and a still realistic temperature range of
20°C to 60°C for the non-equilibrium experiments in the heat flow cell. Since the charged RNA
strands will be located rather on the cold side of the heat flow cell due to the thermophoresis,
we expect a correspondingly lower hydrolysis compared to the conditions in free solution.

Supplementary Method 12: Simulation of large systems of interconnected
thermogravitational traps

The examples given in the main text (in particular Figure 5d-e) were limited to a special case
in which several traps follow each other in a defined manner. A constant influx of fresh water
was assumed and thus a large accumulation of magnesium salts with simultaneous depletion
of sodium salts was achieved. The question therefore arises whether this special case is
representative of large systems of interconnected thermogravitational traps, or whether it is
merely a stroke of luck. In the latter case, the use of the discussed system for prebiotic
scenarios would be limited.

Grid simulation. To address this question, we extended the simulation of a single
thermogravitational molecular trap (discussed in main text Figure 3 and in the Sl) to a large
system of interconnected traps. Since this requires the consideration of thousands of traps to
obtain the necessary statistics and the calculation of such large systems by finite element
methods is not reasonable due to the long calculation time, we resorted to a two-step
procedure:

1. We modified the geometry shown in main text Figure 3 by removing the exit at mid-
chamber height so that there is now one entrance (top) and two exits (top, bottom).
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We then calculated the properties of a single thermal trap for a total of 600 different
parameter sets:

a. Temperature difference between the chamber surfaces (0 K, 10 K, 30 K, 50 K,
70 K).

b. Influx into the chamber (1 nl/s, 5 nl/s, 10 nl/s, 20 nl/s, 50 nl/s, 100 nl/s).
Proportion of the flow which is going out through the lower outlet, which also
determines the flow through the upper outlet (1 %, 5 %, 10 %, 20 %, 50 %).

d. Different salt species (Na, Ca, Mg, K) with their values of Soret and diffusion
coefficients as shown in Supplementary Table 4.

2. We then created virtual systems of interconnected chambers (see Supplementary
Figure 13) using a homemade LabVIEW program, which are arranged in a matrix
pattern with a width of N, chambers and a height of N, chambers. Each of these
chambers has an upper inlet where the previously determined concentrations
cin(salt, channel) of all salt species from the different incoming channels are taken.
Considering the corresponding inflow velocities v;,(channel), this yields new
effective concentrations for each species as well as a summed inflow velocity at the
upper inlet. Here, perfect mixing of all channels present at the inlet was assumed,
which is the worst-case scenario in our case. The flow through the chamber then splits
randomly between the upper and lower outputs, which is expected to approximately
reflect random geometric properties of the chamber. In this case, the exits themselves
can each be connected to up to three other chambers in the next column between
which the flow splits randomly as well. For each split, mass conservation of the salt
species and the flow medium is ensured.

Overall, this results in a system of chambers in which the fluid flows from left to right,
switching between the different rows from one column to the next. Each column corresponds
to N, independent traps. For the different temperature gradients AT of the traps, the
accumulation of all salt species in a chamber relative to the input concentration is determined
from the set of solutions precalculated using finite element methods. This then yields the non-
equilibrium steady state concentrations at the top and bottom of the trap, which determines
the corresponding flux densities of the outputs. Since the randomly generated trap
parameters (e.g. temperature difference AT, flow rate down/up) are not necessarily equal to
the previously calculated parameter sets, but may lie in between, we determined the solution
of intermediate parameter sets by 4-dimensional linear interpolation. Thus, a large number of
systems of interconnected thermogravitational chambers could be calculated very quickly. It
was always ensured that the computational parameters used in the system simulation
(temperature difference, flow rate, outflow fractions and salt species) were not outside the
parameter range covered by the finite element simulation (e.g., temperature difference >70 K,
etc.).

Variation of temperature difference. First, we consider the statistics of a total of 100 systems,
each with a size of N, = 50 and N,, = 5, an initial flow rate of 1 nl/s (rate of inflow at the
chambers of the first column), a normalized inlet concentration (c;, =1 = 1) and a fixed
temperature difference AT between 0 K, 20 K and 40 K (Supplementary Figure 14), i.e. 25e3
chambers. In Supplementary Figure 14a, the relative frequency of chambers with a given
accumulated concentration of magnesium or sodium salts at the bottom of the chamber is
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shown as a histogram. If no temperature difference is present, concentration is 1 in all
chambers as expected (AT = 0 K). With larger temperature differences, an increasing
proportion of chambers show high salt accumulations. Magnesium ions are accumulated more
strongly (up to 1e4 -fold) in contrast to sodium ions, as expected. A correlation plot
(Supplementary Figure 14b) shows the selective ion enrichment per trap, where the distance
of an accumulation state (¢4, Cng) to the black dashed line (cyg = 1, cyq = 1) indicates the
respective selectivity. Despite the random mixing of the traps by the connecting channels,
selection in favor of magnesium ions is achieved with up to 3 orders of magnitude at AT =
40K.

Fluctuating vs. constant temperature difference. Next, we considered 100 systems of N,, = 50
by N, = 5 chambers with the same boundary conditions for initial influx as above, but now
with fluctuating temperature differences between different chambers. We compared this
with chambers that are exposed to the corresponding average temperature difference, e.g. O-
20 K (fluctuating) and 10 K (constant mean), see Supplementary Figure 15. Subfigure a again
shows the relative frequency of chambers with defined accumulated ion concentrations at the
chamber bottom (cj,;) for magnesium (orange) and sodium (blue). A system with identical
temperature differences for all chambers (solid line) is compared to one with randomly
selected temperature differences between a defined range (dashed line) for each individual
chamber. In addition, the case without temperature difference (black) is shown. The
differences between the constant and changing temperature gradients are particularly
apparent for magnesium, for which concentrations of up to a factor of 100 can be achieved
despite mixing of highly enriched fluxes with the outputs of low-accumulation chambers (with
lower temperature differences). Subfigure b) shows that for the case of temperature
differences varying from chamber to chamber, there is greater selectivity (up to a factor of
100, lower part of figure) compared to temperature differences of the same average
magnitude that are constant for all chambers (up to a factor of 10, upper part of figure).
Selectivity is defined here as the deviation from the equilibrium concentration line cy, = cpyy
(black, dashed). This behavior is expected since the accumulation due to thermal trapping
increases non-linearly with the temperature gradient.

All results presented here are valid for the non-equilibrium steady state, where a persistent
physical non-equilibrium (here the heat flux) leads to certain, temporally constant,
concentration ratios in the accumulation chambers. The case of temporally fluctuating
temperature differences can only be inadequately predicted by numerical simulations for such
large systems due to the computational effort required. For small temperature fluctuations
on a time scale faster than the relaxation time of the accumulation dynamics, a behavior
similar to that of a chamber with a constant temperature difference corresponding to the
mean value of the fluctuations is expected. If the temperature fluctuation takes place on a
larger time scale, the entire chamber system will adjust to the new situation after each change
in the temperature difference and should thus be like the results shown in Supplementary
Figure 15.

Size of system. An interesting further question is how the selectivity and behavior of the
chamber system scales with the size of the overall system while keeping the chamber
properties constant. In our simplified example, the chambers were arranged in rows and
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columns, with one column always connected to the next by randomly arranged channels. If
we now increase the number of columns per system (N,), this means that the solution must
flow through more chambers until it exits the system again. In Supplementary Figure 16a, a
histogram for the concentration at the chamber bottom is shown for 100 systems of size N,, =
5 with different values for N, = 25,50,100 (subplots for sodium and magnesium ions at a
temperature difference of AT = 10 K (blue) and AT = 30 K (red), with maximum flow
speeds used as above (1 nl/s)). For both cases, the ability of the system to accumulate ions
increases with N,, but the increase is more pronounced for larger AT. Supplementary
Figure 16b shows that this applies even more clearly for the selectivity, since for some
chambers, magnesium ions are accumulated much stronger than sodium ions.

If we now scale the height N,, of the systems instead of the width N,, we obtain a behavior as
shown in Supplementary Figure 17 for the same boundary conditions when simulating 100
systems. In subfigure a, the histograms of the ion concentrations (magnesium: top, sodium:
bottom) at the chamber bottom are shown for temperature gradients of AT = 10 K (blue)
and AT = 30 K (red) and system heights N,, = 5,10, 15 chambers. It is clear that there are
no amplifying effects when increasing the size of the system. This is reasonable as more rows
only increases the throughput of the system, but does not change the number of chambers
the solution must pass on average when flowing from left to right (x =0 to x = N, ).
Supplementary Figure 17b shows the corresponding correlation plots analogous to
Supplementary Figure 16, which show no increased selectivity by increasing N,,, as expected.

Study of behavior of other ions. So far, we have focused on sodium and magnesium ions, since
they have a major influence on the function of RNA enzymes. If we also consider other ions,
such as potassium or calcium, it becomes clear that these show an almost identical behavior
as sodium and magnesium, respectively, due to the very similar Soret coefficients.
Supplementary Figure 18a again shows the histograms of the ion concentrations at the
chamber bottom for AT = 10 K (top) and 30 K (bottom) for sodium (blue), magnesium
(orange), calcium (purple) and potassium (green). We then simulated a matrix of Nx=50 times
Ny=5 heat flow cells 100 times. Calcium is accumulated to a similar extent as magnesium, and
potassium to a similar extent as sodium. In Supplementary Figure 18b, the correlation plots
between sodium and potassium (top) show that these two ions can be separated only slightly,
i.e., up to an order of magnitude at 30K temperature gradient. In the case of magnesium and
calcium, even less selective behavior is observed.

Variation of flow rates. So far, all systems were simulated with an initial maximum flow rate
per trap of 1 nl/s. This means that the chambers in the first column were filled with randomly
selected rates between 0 and 1nl/s. All other flow rates result from the arrangement of the
connecting channels and the proportion of liquid flowing out of the lower chamber outlet. It
is therefore still interesting to know how the system performs for different maximum flow
rates. The statistics of 50 systems of size N, = 50 times N,, = 5 is shown in Supplementary
Figure 19 for a temperature difference AT = 30 K and maximum flow rates of Vs max =
1 nl/s, 10 nl/s and 50 nl/s. In subfigure a, the histogram of ion concentrations for sodium (top,
blue) and magnesium (bottom, orange) at the chamber bottom is shown. An increased flow
rate lead to more disturbances in the system and thus the accumulation of ions can no longer
take place as effectively. In subfigure b, the correlation plot between the ion concentrations
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of magnesium and sodium at the chamber bottom is shown. Here, too, it is clear that the
selectivity, i.e. the deviation of the phase space points from the equiconcentration line ¢y, =
Cug (black, dashed), decreases with increasing flow rate. However, this is only a drawback to
a certain extent, since if the system is increased in size, the flow rate would also decrease if
applying the same pressure difference. This would then lead to a twofold amplifying effect of
ion concentration and selection, once as shown in Supplementary Figure 16 and once as
shown Supplementary Figure 19.

It can thus be summarized that the results shown in the main text Figure 5d-e are on average
also valid for more complex systems and thus represent a realistic scenario for natural
selection and optimization of salt conditions for prebiotic chemistry.
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Supplementary Figure 1: Leaching of salts from basaltic rock and glass
Except where stated otherwise, 30 mg of sample were leached at 60 °C in 150 pl ultrapure
water without agitation. Error bars are calculated by using the standard deviations from
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multiple measurements (numbers of measurements are shown in Supplementary Table 2)
except for the mass dependence where no triplicates were possible. There, error bars from
similar measurement conditions were used, as introduced below where applies. (a) Tholeiite
glass samples with grain size of 90-125 um and a weight of up to 120 mg were leached at 60 °C
in 150 pl pure water for 110 h. Magnesium and calcium concentrations remain at similarly low
levels (200 uM), while sodium concentration exceeds by up to a factor of three. Standard
deviations are taken from g, grain size 90-125 um. (b) Tholeiite rock samples of 90-125 um
size were leached for 36 h under the same conditions as in a. The sodium concentrations are
up to 10 times higher than those of magnesium and calcium ions, both being at 100 uM. Error
bars are taken from e. (c) Agitation methods on tholeiite glass, 90-125 um for 16 h at 60 °C.
While continuous agitation (= vortexing) increases leached concentrations compared to
prebiotically more plausible incubation, the difference remains low. (d) Characteristic
equilibration timescales for tholeiite glass, as shown for magnesium in the main text, Figure
2. Timescales are around 30 hours. The grain size used here is 355-500 um. For comparison
with e, the leached concentrations are converted to 90-125 um grains using the grain size
dependence from g (see Eqg. 6). Error bars are calculated via Gaussian error propagation as
shown in Equation 7. (e) Characteristic equilibration timescales for basaltic rock of grain size
90-125 pm under the same conditions as in d. (f) Basalt glass samples of 355-500 um grain size
were leached for 48 h at varying temperature under otherwise identical conditions asin a. The
leached salt concentrations increase with temperature but stay at low levels. (g) Grain size
dependence of leached salt concentrations for tholeiite glass, incubated at 60 °C for 95 h. (h)
pH values over time for tholeiite glass samples (355-500 um) in hydrothermal sea water, 60 °C.
A slow shift towards less basic pH values can be observed. (i) Complete picture of leached ions
from tholeiite glass (grain size 125-180 um, 110 h, 60 °C, pure water). In the first place, sodium
(120 uM) is leached with magnesium and calcium (both 90 uM) following at lower
concentrations. Fluoride, chloride and potassium are detectable at low concentrations (all 10-
20 uM). Other trace elements such as phosphate, nitrite and nitrate are present but below
2 uM. (j) pH evolution of basaltic glass samples in prebiotic sea water (other conditions
identical to h. The trend towards lower pH values remains the same as for hydrothermal sea
water.
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Supplementary Figure 2: Structure of heat-flow cells

(a) All layers of the thermal microfluidics shown as described in the text. Cryostat cooled
aluminium block (1), heat conducting graphite foils (2,4,11), aluminium base (3) that holds the
sapphire sandwich, that consists out of a bottom sapphire with holes (5), FEP sheet with cut
microfluidics (6) containing the liquid sample (7), and top sapphire (9). The top sapphire is
heated by an aluminium element (12) with mounted Ohmic heaters and fixed on a steel frame

(10) that ensures tightness of the complete system. (b) Photo of partially assembled system.
Numbers correspond to digits shown in a.
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Supplementary Figure 3: Detailed setup description

(@) Fluidic setup. Microfluidic access to the heat flow cell is implemented by backside
connection of FEP tubing through the four access holes on the backside aluminium and
sapphire pieces (see Supplementary Figure 2). Slow geothermal convection is mimicked by a
slow through flow, controlled by three high precision syringe pumps with a constant volume
rate. One pump (in) provides positive pressure and injects fresh sample into the chamber. The
remaining two pumps (top, bot) provide negative pressure and remove the sample from the
top or bottom output, respectively. The centered output (mid) releases the remaining
pressure to an open Eppendorf tube. To minimized possible detrimental surface interactions,
the complete system including chamber, tubing and syringes is pre-flushed with fluorinated
oil. After the experiment, samples from bot, mid and top are recovered from the tubing and
analyzed via IC. (b) Optothermal setup. Special care was taken to precisely determine the
temperature inside the microfluidic layer: A temperature sensor is directly in contact with the
cold sapphire from the backside and held in place via a UNF screw (grey). The surface
temperature of the hot sapphire is measured with an IR camera (IR). The temperature field
inside the liquid is then calculated from the known heat conductivity of the sapphire layers.
Fluorescence measurements of the RNA reaction were obtained using a custom-made,
motorized fluorescence microscope comprising an objective (O, TL4/2X-SAP, Thorlabs),
dichroic mirror (M), excitation and emission filters (XF, EF, Cy5 Kit XF416, Laser Components),
a lens (L) that collimates the light from a LED (LED, M625L3, Thorlabs) and a camera (C,
Stingray 145-B, Allied Vision).
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Supplementary Figure 4: Thermal design of the heat flow cell using finite element
simulations

(a) The full three-dimensional model including all elements shown in Supplementary Figure 2.
The temperature was measured on the cold aluminum base and on the heating element by
thermistors and kept constant under PID control. The temperatures on the hot and cold
sapphire are measured with an IR camera and a thermistor (S), respectively, and compared to
the calculated 2D temperature distribution. Thus, the temperature distribution on the cold or
hot side within the microfluidic chamber can be derived. (b) The two-dimensional average of
a depicts the calculated temperature distribution on the z-y surface in the center of the
chamber, showing the uniform temperature distribution along the y-axis. (c) One-dimensional
average of b. Most of the temperature difference is effective in the microfluidic chamber filled
with aqueous solution.
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Supplementary Figure 5: Solutions of heat conduction, Navier-Stokes flow and coupled drift
diffusion of the diluted salt species

(a) The temperature field of 20 to 60 °C is obtained by previous simulations and measurements
(see Supplementary Figure 4) and modulates the local density of the fluid. (b) This results in a
convective flow within the microfluidic chamber, also called microconvection, which has a
maximum flow velocity of 37 um/s and -40 um/s respectively. (c) We also take into account a
large-scale geothermal drift by applying a slow flow (here: 10 nl/s) through the chamber from
the inlet (i). The flow lines indicate a small thrust in the x-direction as soon as the fluid passes
the z-position of the inlet. Outlet positions are indicated by t (top), m (mid) and b (bottom).
(d) Using the previous solution of thermal field and fluid velocity, a solution for the combined
drift-diffusion problems, including thermophoresis and ordinary diffusion, can be obtained.
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Supplementary Figure 6: Additional trapping experiments — other salt species and control
Errors bars represent the standard deviation calculated from data provided in Supplementary
Table 3. (a) Selective accumulation of sodium, potassium, magnesium and calcium. In an
experiment similar to Figure 3, main text, samples of 1.5 mM of all salts were pushed through
the microfluidic chamber at 11.8 nl/s applying a temperature gradient of 40 K to analyze
selective accumulation. As shown, sodium (2.3-fold) and potassium (2-fold) are less
accumulated at the bottom than magnesium (3.4-fold) and calcium (4.5-fold). Together with
a top outlet that is mainly depleted in the latter but also has reduced concentration of Na and
K, this opens the door to many different salty habitats. (b) Control experiments with no applied
temperature gradient show (as expected) no shift of salt concentrations.
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Supplementary Figure 7: Secondary structure diagrams of ribozymes

Diagrams showing the initial (a) and final (b) concatemer ligation ribozyme designs. In the
initial design a, regions of the substrate originating from R3C substrate A are shown in red,
whilst regions originating from substrate B are shown in blue. In b, mutations made to reduce
homodimer formation and promote substrate binding are highlighted in pink.
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Supplementary Figure 8: Fluorescence curves for the non-equilibrium experiments
Experiments of two hours in the heat flow cell for the two R3C ribozymes (ladder and
replicating). Thermophoresis and convection driven by the temperature difference (20-60 °C)
lead to a concentration of RNA (ribozyme, substrate and product) at the lower end of the
chamber ("bottom"), while RNA is depleted at the upper end of the chamber ("top"). (a) For
the ladder ribozyme, depending on the salt concentration, up to 13 times the fluorescence is
measured compared to the start of the experiment. The data shown represent an average
value over the thickness of the heat flow cell over a height of 0.5 mm. At the upper end of the
chamber no RNA is detectable after 45 min. (b) The replicator ribozyme is concentrated up to
10-fold at the lower end of the chamber. Concentration and depletion are weaker compared
to ladder ribozyme because the product of the replicator ribozyme is limited in length to 66
bases which reduces length dependent thermophoresis.
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Supplementary Figure 9: Salt screening of R3C replicator

The bulk control samples were incubated for 2 hours at 35 °C, the heat cell experiments were
carried out in a 170 um heat cell with a temperature difference of 40 K between 20 °C and
60 °C without any drift flow, as shown in the main text, Figure 4. 10 % of substrate strands
were labeled with Cy5. (a) Without NaCl, the replicating ribozyme starts to operate at
0.25 - 0.5 mM MgCl; in the heat cell and at 1 mM MgCl; for the bulk control. These findings
are confirmed by further replicates shown in (b) (for the bulk control) and (c) (for the heat
cell). (d) Enhancement of R3C function in the heat flow cell (AT: +) compared to the bulk
control at 35 °C (AT:—) corresponding to the plots shown in Figure 4b. Error bars were
calculated using the standard error propagation of the standard deviations shown in Figure
4b. (e) Quantification of hydrolysed RNA from (b) and (c) as described in Supplementary

Method 9. Panel d shows a composite gel (0.25 mM to 5 mM MgCl2 and 8 mM MgCI2). Source
images are shown at the end of the Supplementary Information.
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Supplementary Figure 10: Screening of dry-down experiments

Comparison in triplicates of R3C activity when incubated for 2h at 35°C and 60°C in open vessel
(10% labeled with Cy5). Evaluated in main text Figure 4d/e. At higher temperature, hydrolysis
plays a much larger role than at low temperatures, as expected. Despite identical reaction
conditions, fluctuations in e.g. local humidity give slightly different results due to the different
degree of dehydration. The picture is a composite of two gel images (first 16 lanes and last 8
lanes). Source images are shown at the end of the Supplementary Information.
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Supplementary Figure 11: Salt screening of RCL and R3C
Incubation time 2 hours at 35 °C, 10 % of substrate strands were labeled with Cy5. (a) Without

NaCl, the ladder ribozyme starts to operate under equilibrium conditions from 1 mM MgCl;,
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indicated by letter c. For comparison, samples incubated for 2 h under non-equilibrium
conditions, are indicated by letter t. These latter experiments were carried out in a 170 um
heat cell with a temperature difference of 40 K between 20 °C and 60 °C without any drift
flow, as shown in the main text, Figure 4. (b) shown further replicates of these experiments.
(c) Titration of the MgCl, and NaCl concentration at a constant [Mg]:[Na] ratio of 1:10 with
MgCl, concentrations specified in each lane. The ladder ribozyme starts to produce product
from 4 mM MgCl, upwards. The replicating R3C ribozyme starts to function at a MgCl;
concentration of 1 mM and above. (d) At [Mg]:[Na] ratios of 1:1000, both enzymes are
completely inhibited within the MgCl, range between 4 mM and 7.8 uM. (e) shows further
experiments with these [Mg]:[Na] ratios for varying MgCl, concentrations. Panel e shows a
composite of two gel images (first 20 lanes and last 4 lanes). Source images are shown at the
end of the Supplementary Information.
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Supplementary Figure 12: Testing different temperature conditions for RCL

Ten percent of the substrate were labelled with a 5’ Cy5 tag (black), additionally gel staining
was performed using SybrGold (red) which emphasizes longer strands due to intercalation.
Equilibrium conditions (E) with a constant temperature (indicated) were applied over a time
of 2 h. Results indicate that the ribozyme works even at low temperatures and reaches its
operation optimum at 35 °C which was therefore used in the experiments presented in the
main text. Higher temperatures lead to pronounced hydrolysis.
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Supplementary Figure 13: lllustration of the system of interconnected molecular traps
mimicking branching rock fissures in a realistic geological scenario.

a 20- AT 020 40K D 4g%;

< Na I = — ]

<15+ Mg —~_ 2

3 T10" ¢

g B \09 el 3 AT:

=] 10_ | \6., ; g

o /8 S, 0] ' . 0K

g / \ o100 14 - 20K
A 107 ¥

0 M . 5 P 5
o2 af® A g 10% 10" 10" 10

concentration (fold) Cna(fold)

Supplementary Figure 14: Statistics of the accumulated concentrations at the chamber
bottom for different temperature differences.

(a) Histogram of the resulting ion concentrations. With increasing temperature difference,
magnesium ions (orange) are increasingly better accumulated, up to 4 orders of magnitude
better than sodium ions (blue) at AT = 40K. (b) Correlation plot for magnesium and sodium

concentrations. At higher temperature differences, magnesium is accumulated with
increasing selectivity compared to sodium.



Heat flows naturally optimize salt compositions for ribozymes 99

e 20+ ok b 1 AT const. -
X 15 - 10K 104
- 101 oo - 10K
§ S 0 - 40K k) - 20K
g QreseSs TR E S0
5 20 §OK o AT random g
o 151 _ - 10K k=
£ 10+ 1% w0-20K 10 N
= - A 02K
T Ol 0.01 2 k
001 1 100 001 1 100
Coot (fold) Cna (fold)

Supplementary Figure 15. Comparison of the behavior of the chamber system under
constant or fluctuating temperature differences.

(a) Histogram of non-equilibrium steady state concentrations at the chamber bottom for
magnesium (orange) and sodium (blue) for constant temperature differences (solid line) and
per- chamber randomly chosen temperature differences (dashed line). (b) Correlation plots
between accumulated sodium (x-axis) and magnesium concentrations (y-axis) for constant
temperature differences (top) and corresponding temperature fluctuations (bottom).
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Supplementary Figure 16: Scaling of the width of the chamber system.

(a) Histogram of the frequency of chambers with a given concentration of magnesium (top)
and sodium ions (bottom) at the chamber bottom for different temperature gradients AT =
10 K (blue) and 30 K (red) and system widths N, = 25,50,100 chambers. (b) Correlation

plots of magnesium and sodium ion concentration at the chamber bottom at AT = 10 K (top)
and 30 K (bottom).
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Supplementary Figure 17: Scaling of the height of the chamber system.

(a) Histogram of the occurrence of chambers with a given concentration of magnesium (top)
and sodium ions (bottom) at the chamber bottom for different temperature gradients AT =
10 K (blue) and 30 K (red) and system heights N,, = 5,10, 15 chambers. (b) Correlation plots

of magnesium and sodium ion concentrations at the chamber bottom at AT = 10 K (top) and
30 K (bottom).
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Supplementary Figure 18: Behavior of ions with similar Soret coefficients.
(a) Histogram of the frequency of ion concentrations at the chamber bottom for sodium
(blue), magnesium (orange), calcium (purple) and potassium (green) for temperature
differences of 10 K (top) and 30 K (bottom). The data represents 100 simulations of a matrix
of flowcells with the size of N, = 50 x Ny, = 5 respectively. (b) Correlation plots between

potassium and sodium (top) and calcium and magnesium (bottom) at 10 K (blue) and 30 K
(red) temperature difference.
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Supplementary Figure 19: Effect of different maximum flow rates through the system.
(a) Histograms of sodium (top, blue) and magnesium (bottom, orange) ion concentrations at
the chamber bottom at a temperature difference of 30 K for different flow rates of 1-50 nl/s.

(b) Correlation plot of magnesium and sodium ion concentrations at the chamber bottom for
different maximum flow rates.
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Supplementary Tables

. Krafla01 Krafla2019 | Krafla2019 unwashed

Element | Unit
syn glass washed (natural sample)

Si02 (%) 49.15 48.85 48.94
Al203 (%) 13.1 13.46 13.52
Fe203 (%) 16.24 15.91 15.99
MnO (%) 0.24 0.23 0.23
MgO (%) 5.81 5.62 5.54
CaO (%) 10.22 10.29 10.16
Na20 | (%) 2.23 2.2 2.19
K20 (%) 0.34 0.32 0.32
TiO2 (%) 2.07 2.02 2.04
P205 (%) 0.19 0.19 0.19
SO3 (%) 0.009 0.088 0.111
Cr203 (%) 0.0187 0.0234 0.0198
NiO (%) 0.0077 0.008 0.0066
LOI (%) -0.83 -0.97 -0.75
sum (%) 98.79 98.23 98.52
Ba (ppm) | 49 44 50
Co (ppm) | 84 54 58
Cr (ppm) | 125 140 123
Cs (ppm) | O 0 0
Cu (ppm) | 121 116 114
Ga (ppm) | 18 18 18
Nb (ppm) | 13 12 12
Ni (ppm) | 60 59 53
Pb (ppm) | 2 1 4
Rb (ppm) | 9 9 8
Sc (ppm) | 41 40 41
Sr (ppm) | 154 153 153
Th (ppm) | 3 0 1
u (ppm) | O 0 0
v (ppm) | 465 437 441
W (ppm) | 363 105 178
Y (ppm) | 34 33 34
Zn (ppm) | 134 126 126
Zr (ppm) | 131 122 121

Supplementary Table 1: Major and trace element composition of used geomaterials

Major and trace element composition of synthetic glass and tholeiitic basalt (washed and
unwashed) from Krafla, Iceland, analysed by X-ray fluorescence spectroscopy. The analyses
were carried out at the University of Mainz using a Malvern Panalytical Axios FAST X-ray
fluorescence spectrometer. The major element analyses were carried out on fused glass discs
whereas the trace element analyses were carried out on compacted powder pellets. Typical
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accuracy of the analyses of the standard references was ~1 % relative (RMS) for major
elements and ~4 % relative (RMS) for trace elements.

Experiment | Figure Material # of | Time Temperature Mass Grain size Agitati Solution
sam on
ples
Different MF 2d Tholeiite 28 95 h 60 °C 31.38 +- | <63 um (5) | No MilliQ
grain sizes glass 4.14mg | 63-90 um (5) water
tholeiite SF1g 90-125 um (3)
glass 125-180 um  (4)
180-250 um  (5)
355-500 um (6)
Different MF 2b Tholeiite 19 110 h 60 °C 7.26  — | 90-125 um No MilliQ
masses glass 116.07 water
tholeiite SF 1a mg
glass
Different MF 2c Tholeiite 18 36 h 60 °C 3.18 mg | 90-125 um No MilliQ
masses rock - water
tholeiite SF1b 133.65
rock mg
Time MF 2e Tholeiite 30 12.2h (3) | 60°C 30.02 +- | 355-500 um No MilliQ
evolution glass 41.6h (3) 0.84 mg water
tholeiite | SF 1d 65h (3)
glass 88.2h (4)
110.2 h (5)
182.7 h(6)
274h (3)
397.2 h(3)
Time SF le Tholeiite 29 120h (6) | 60°C 30.27 +- | 355-500 um No MilliQ
evolution rock 168 h (6) 0.86 mg water
tholeiite 192 h (9)
rock 360 h (8)
Different SF 1f Tholeiite 36 16vs48h | 0°C (6) | 30.27 +- | 355-500 um No MilliQ
temperat glass 30°C (6) | 0.74 mg water
ures 45 °C (6)
tholeiite 60 °C (6)
glass 75°C (5)
90 °C (6)
Time MF 2e Tholeiite 26 88h (5) | 60°C 29.13 +- | 355-500 um No Prebiot
evolution glass 163.5h(5) 1.36 mg ic sea
tholeiite SF 1j 255h (3) water
glass in 423.5h(3)
prebiotic 522h (3)
sea water 591h (3)
762 h (4)
Time Discussi 20 88h (3) | 60°C 29.24 +- | 355-500 um No Hydrot
evolution | on in 163.5h(3) 1.43 mg hermal
tholeiite main 255h (3) water
glass  in | text 423.5h(3)
hydrother Tholeiite 522h (2)
mal water | SF 1h glass 591h (2)
762 h (2)
6 197.5h 60 °C 100.57
+-
1.09 mg
Agitation SF 1c Tholeiite 8 16 h 60 °C 37.20 +- | 90-125 um Yes (5) | MilliQ
methods glass 4.59 mg Vs water
No (3)
Complete | SF1i Tholeiite 5 110 h 60 °C 32.29 +- | 125-180 um No MilliQ
analysis of glass 0.60 mg water
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leached
ions

Supplementary Table 2: Overview of different leaching experiments

The plots depicting leached concentrations and pH values are shown in the main part, Figure 2,
and in the Supplementary Figure 1. For each experiment, the number of measurements is
given and explicitly stated how they are distributed among different parameters within one
experiment (in brackets where applicable). All measurements (expect for mass evolutions) are
normalized to 30 mg according to Equation 5. Prebiotic sea water and hydrothermal sea water
were prepared as described in section Supplementary Method 1.
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Experiment | Shown in Figure Thot, Tcold Initial sample | Flow
AT composition speeds
(nl/s)
Selective Figure 3, main text 20.2 °C, 61 °C,40.8 K | 1.5 mM MgCly, 5.9 nl/s
accumulatio 20.2 °C, 59 °C, 38.8 K | 1.5 mM NacCl 11.8 nl/s
n of Navs 20.2 °C, 58 °C, 37.8 K 23.6 nl/s
Mg ions. 20.2 °C, 61 °C, 40.8 K 5.9 nl/s
20.2 °C,59 °C, 38.8 K 11.8 nl/s
20.2 °C, 60 °C, 39.8 K 23.6 nl/s
20.2 °C, 61 °C, 40.8 K 5.9 nl/s
20.2 °C,59 °C, 38.8 K 11.8 nl/s
20.2 °C, 60 °C, 39.8 K 23.6 nl/s
Supplementary 25°C=>0K 1.5 mM MgCl,, 11.8 nl/s
Figure 6b 27°C=>0K 1.5 mM NacCl
26°C=>0K
Sequential | Figure 5b+c, main text | Same as above 1.5 mM MgCly, 11.8 nl/s
salt 20.2 °C,59 °C, 38.8K | 1.5 mM NacCl
separation Same as above
of Na vs. 20.2 °C, 59 °C, 38.8 K
Mg ions Same as above
after 20.2 °C,59 °C, 38.8 K
reconstituti 20.2°C,57°C,36.8K | 5.25 mM MgCl,, | 11.8nl/s
on and 20.2 °C, 61 °C, 40.8 K | 3.45 mM NaCl
refeeding. 20.2 °C, 59 °C, 38.8 K
20.2°C,58°C,37.8K | 18.67 mM MgCl, | 11.8 nl/s
20.2 °C, 60 °C, 39.8 K | 9.04 mM NaCl
20.2 °C,59 °C, 38.8 K
Selective Supplementary 20.2 °C,58°C,37.8K | 1.5 mM Nadl, 11.8 nl/s
accumulatio | Figure 6a 1.5 mM KCl,
n of Na, K, 20.2°C,59°C, 38.8K | 1 5 mM MgCl,,
Mg and Ca 1.5 mM CaCl;
ions. 20.2 °C, 61 °C, 40.8 K

Supplementary Table 3: Overview of different experimental conditions of heat flow cells
The experimental results of the salt-separation experiments are shown in Figures 3 and 5 and
in Supplementary Figure 6.

lon Diffusive Soret coefficient
mobility D 1\ _Dr
(umz/s) ST (K) D
Na* 1334 4,69 -1073
Ca%* 792 1.33-1072
Mg?* 706 1.22-1072
K* 1957 3.51-1073
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Supplementary Table 4: Thermophoretic and diffusive mobilities for salt species
The values for thermophoretic (D7) and diffusive (D) mobilities used in the finite element
simulations were taken from literature®1%,

Nucleic Acid Source 5' modification Sequence (5'to 3')
GGAAGUUGUUAUCACUUGUUACGUAA
GUAACACUUUGGAUGGGUUGAAGUAU
Er Ribozyme IVT - GAGACCGCAACUUA
GGAAGUUGUUAUCACUUGUUACGUAA
A Substrate IDT Cy5 GUAACACUUUGGAUGGGUUGAAGUAU
B Substrate IVT PPP GAGACCGCAACUUA
GGAAGUUGUUAUCACUUGUUACGUAA
GUAACACUUUGGAUGGGUUGAAGUAU
EL Ribozyme IVT - GAUAACGGCAGUU
GAGACCGCAACUUAACUGCUGUUGGAA
BA Substrate IVT PPP GUAU
GAGACCGCAACUUAACUGCUGUUGGAA
Cy5 BA IDT Cy5 GUAU

Supplementary Table 5: RNA ribozyme and substrate sequences
Differences between the ladder ribozyme and the replicator ribozyme are marked in green.

Nucleic Acid | Source | Sequence (5'to 3') Purpose

T7 Promoter GATCGATCTCGCCCGCGAAATTAATACGACTCA | Forward primer for

+ Clamp IDT CTATA fill-in PCR reaction

Forward primer for

T7 Promoter | IDT GAAATTAATACGACTCACTATA partially dsDNA
TAAGTTGCGGTCTCATACTTCAACCCATCCAAA

Er Ribozyme GTGTTACTTACGTAACAAGTGATAACAACTTCC | Reverse primer for

Template IDT TATAGTGAGTCGTATTAATTTC fill-in PCR

B Substrate TAAGTTGCGGTCTCTATAGTGAGTCGTATTAAT | Reverse primer for

Template IDT TTC partially dsDNA

E. Ribozyme ATACTTCCAACAGCAGTTAAGTTGCGGTCTCTA | Reverse primer for

Template IDT TAGTGAGTCGTATTAATTTC fill-in PCR
AACTGCCGTTATCATACTTCAACCCATCCAAAGT

BA Substrate GTTACTTACGTAACAAGTGATAACAACTTCCTAT | Reverse primer for

Template IDT AGTGAGTCGTATTAATTTC fill-in PCR

Supplementary Table 6: DNA primer sequences and purposes

Appearances of the T7 promoter sequence are underlined, their reverse

marked in red.

complements are
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Spatial proton gradients create energy in biological systems and are likely a driving force for
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acid-base reaction system. To this end, we (i) establish a theoretical framework that
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esis, and electrostatic forces by a separation of timescales, and (ii) report quantitative
measurements in a purpose-built microfluidic device. We show experimentally that the slope
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ells from all kingdoms of life use pH gradients to drive the

synthesis of ATP via ATP synthase!. This is often seen as

an indication that pH gradients were also a driving force
during the emergence of life. This hypothesis is substantiated by
phylogenetic analysis? and geochemical considerations®%. In non-
equilibrium settings, such as heat flows through rock fissures or
hydrothermal systems, pH gradients can provide a prebiotic
proton-motive force to drive early metabolisms®. Prebiotic sys-
tems may also benefit from pH gradients to localize pH-selective
chemical reactions such as nucleotide adsorption® to certain
spatial zones, or to spatially couple the effects of ribozymes that
operate at different pH’. However, the physicochemical
mechanisms that can produce pH gradients in plausible non-
equilibrium settings are so far insufficiently understood.

Experimentally, a controlled non-equilibrium setting to study
the formation of chemical gradients is created by heat flows
across microfluidic chambers®®. Such experiments mimic ubi-
quitous natural settings, e.g. in porous rocks near hydrothermal
vents!? (Fig. 1b). A previous study demonstrated that heat flow
across narrow (100 um-scale) pores can induce pH gradients of 2
units along the pore length (mm-scale)!l. The gradients were
generated by a complex interplay of convection, thermophoresis,
electrostatic interactions, and acid-base reactions.

Here, we focus on the physical parameters of this interplay to
understand the control of both the amplitude and the direction of
the pH gradient (Fig. 1c). We performed an experimental case
study (Fig. la) of a prebiotically relevant!>!13 acid-base system
consisting of formic acid (HCOOH) and sodium hydroxide
(NaOH) diluted in an aqueous solution. The mixture was kept
within a microfluidic chamber and subjected to a lateral heat flow.
Based on a separation of timescales, we then developed a heuristic
theoretical description for this reaction-transport system, which
incorporates the electrostatic coupling between the reacting spe-
cies, as well as their transport due to drift and diffusion processes.
This description captures the parameter dependence of the
experimentally observed behavior, including a concentration-

a
OH © A
H = H—k +H
O O
H,0 == H'+OH
NaOH <= Na'+OH’
c i g v
[acid] separation of timescales
[base]
oD 1D 2D
chemical solute solvent
reactions  thermophoresis convection
Tchem <K Tphor <K Tconv

Fig. 1 Heat flows create pH gradients in acid-base mixtures. a Dominant
dynamic processes in a heat flux chamber: Chemical reactions

(gray) remain locally equilibrated (zchem <1073 s). Thermophoretic
horizontal accumulation (zpnor ~ 102 s, orange arrows) is faster than vertical
Rayleigh-Bénard convection (z.on ~ 1045, green arrows), given the high
aspect ratio (height/width) of the heat flux chamber that mimics, e.g., a
rock fissure. Thermophoresis and convection combined drive a selective
accumulation of molecules. Their net accumulation is proportional to their
effective Soret coefficient Sf{f’o, derived in the main text. b Heat flows
across rock fissures provide a non-equilibrium environment that drives
proton gradients. By analyzing local outflows with standard pH-meters, we
measure the pH values quasi in situ. ¢ By tuning the concentrations of acids
and bases, both amplitude and direction of the created pH gradient can be
controlled.

dependent steepening and inversion of the pH gradient. The
model can be generalized to systems with more reacting species
subject to electrostatic coupling, as long as the effective timescales
of the local reactions and the global transport are sufficiently
separated. The quantitative understanding enables the prediction
and the control of thermally induced pH gradients.

Results

Experimental setup and procedure. For this study, we developed
a continuous flow microfluidic device with openings that allowed us
to probe the local pH at three different outflow positions and using
standard pH meters (Fig. 2a; see Methods for a detailed description).
This setup avoids complications imposed by a fluorescent pH
reporter needed to monitor pH in a closed devicell.

The microfluidic structure containing the fluid was cut out of
fluorinated ethylene propylene (FEP) foil and subsequently
sandwiched between two sapphire windows (chamber dimen-
sions: width w=170 pm, height h=50mm). This design
guaranteed that the liquid sample only has contact to FEP and
sapphire, providing an inert environment even for aggressive
chemistry. Sapphire was chosen for its transparency (for optical
control) and high heat conductivity (to ensure a homogeneous
temperature distribution). One of the sapphire windows was
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Fig. 2 Experimental setup and results. a Experimental setup. The thin
thermal reaction chamber is continuously supplied with a premixed solution
containing varying concentrations of formic acid and sodium hydroxide. The
outflux is split into three parts (top 12%, middle 76% and bottom 12%) and
the pH value of each fraction is measured (green circles). For experimental
details see Methods. b These pH values are depicted for 75 mM formic acid
and varying concentrations of NaOH (my,) for the inlet (bulk) and the
different outlets. While the bottom fraction qualitatively follows the bulk,
especially the top fraction displays a complex, concentration-dependent
behavior both for its value and for the resulting pH gradient (ApH) e,
between top and bottom of the heat flux cell (measurements for other
formic acid concentrations shown in Supplementary Fig. 2). ¢ When
plotting the pH values of the different fractions (black circle: bulk, brown
inverted triangle: top, green box: middle, pink triangle: bottom), a positive
gradient (pHiop > pHpor, red) for low concentrations of NaOH is observed
which is inverted (blue) at higher concentrations of NaOH and increases
massively when my, > mycoon. Error bars are shown as discussed in
Methods. d In the absence of a temperature gradient, no pH gradient forms
(Mucoon = 75 mM).
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cooled by an aluminum heat exchanger connected to a cryostat,
while the other window was kept at high temperatures by Ohmic
heating, resulting in a constant heat flux through the chamber.
The device had one inlet at the left side and three outlets at the
right side, at different vertical positions (‘top’, ‘middle, ‘bottom”)
where the pH value was measured.

The inlet was used to push a mixture of pure water, acid and
base (with initial pH value denoted as pH,) at a flow rate of 3.28
nl/s into the chamber. Using syringe pumps at each of the outlets,
the flux splitting between the three outlets was adjusted to outflow
fractions of 12% (top), 76% (middle), and 12% (bottom). These
values reflect a trade-off that kept the thermogravitational
accumulation within the chamber relatively unperturbed, the
total time required for the experiment manageable and the spatial
regions from which the top and bottom samples are collected
relatively localized (see Methods for a detailed discussion).

Experimental pH gradients. Using this setup, we performed
experiments with solutions containing different amounts of formic
acid (Mgyrm) and NaOH (my,). The heat flow through the
chamber was set by keeping the temperatures at the front and
back at 60 £2°C and 21 + 1 °C, respectively. The pH values of the
different fractions obtained with 75 mM formic acid and varying
amounts of NaOH are shown in Fig. 2b, ¢ (for other formic acid
concentrations see Supplementary Fig. 2).

While the pH in the bottom of the cell qualitatively follows the pH
behavior in the equilibrated bulk solution (see Supplementary Fig. 1),
the pH in the middle and top fractions displays a markedly different
behavior as a function of the NaOH concentration. The pH
dependence in the bottom fraction of the cell and the bulk solution is
consistent with well-known acid-base characteristics, with a change
from acidic to alkaline at equimolar concentrations of NaOH and
formic acid. However, the pH behavior in the top fraction is
surprisingly complex, leading to a previously not observed!!
inversion of the pH difference (ApH)Ve .. (see Fig. 3) between the
top and bottom fraction at low NaOH concentrations ( ~ 10 mM).
Above equimolarity, the pH difference sharply increases. Despite
NaOH being a strong base, even at NaOH concentrations much
larger than formic acid concentrations, the pH value of the top
fraction is actively pushed into the acidic regime by the heat flux.

Theoretical approach. The complex experimental behavior of the
emergent pH gradient arises from the combined effects of dif-
fusion, convection, thermophoresis, electrostatic interactions, and
acid-base reactions. The interplay of these effects can be studied
by numerically solving the underlying reaction-transport equa-
tions, but a full characterization of the system is challenging, due
to the large parameter space and the multiple different timescales
of the dynamics!!.

Due to thermal expansion of the solvent and gravity acting in
vertical direction, an approximately rotationally symmetric
circular buoyant convection flow is established in the chamber:
solutes closer to the hot side will be driven upwards while
molecules on the cold side will be transported downwards.
Additionally, dissolved molecules are driven along the horizontal
temperature gradient by thermophoresis. While the magnitude of
the ensuing velocities of both processes are comparable, a small
aspect ratio w/h causes the horizontal equilibration to occur on a
faster timescale than the vertical accumulation, see Fig. la and
Methods. Seminal work by P. Debye showed that an expansion in
the aspect ratio yields approximate solutions, where concentration
gradients along the horizontal dimension shape those along the
vertical dimension of the setup!4. Electrostatic interactions were
taken into account for electrolytes by Guthrie and coworkers!?.
From a theoretical perspective, the task at hand therefore is to
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Fig. 3 Comparison of analytically predicted and experimentally measured
pH gradients. a Heat maps of theoretically calculated pH differences are
compared to measurements (circles) for varying concentrations of formic
acid (Mgorm) and sodium hydroxide (NaOH, mya,). Our model predicts a
complex phase diagram with a positive (yellow), a weakly negative (green)
and a strongly negative (blue) pH gradient. The inversion is shown by a
black dashed line and corresponds to Sﬁff’o =0, see Eq. (9). The
experimental results are in very good agreement with the analytical model.
b Theoretical (orange line) and experimental (blue circles) pH differences
for 150 mM and 75 mM formic acid (white lines in a), showing again the
good agreement between theory and experiment. The error bars include
experimental standard deviations from replicate measurements as well as
uncertainties accounting for concentration fluctuations from thermal
gradient effects in the outflow channels (for more details see Methods).

explicitly integrate chemical reactions to the theoretical descrip-
tion, and to study their effect on the system behavior. Until now,
only the case of a chemical reaction of a single species without
electrostatic interactions has been considered!°.

In this work, we derive an expression for vertical concentra-
tions gradients, in particular, the proton gradient, as a function of
the initial chemical concentrations. In the following, we will rely
on a timescale separation between the (zero-dimensional)
chemical reaction dynamics, the (one-dimensional, horizontal
x-axis) effects of thermophoresis and the (two-dimensional, x-y
axis) effects of buoyant convection, see Fig. 1.

Chemical dynamics. Our system is determined by the system of
the R = 3 chemical reactions

K

HCOOH <= COOH™ +HT, (1)
KW

H,0 = OH +HT, )]
K,

NaOH = Na'+4OH-, 3)
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where we assume that the concentration of H,O is approximately
constant. The equilibrium concentrations ¢ of the N =6
dynamical chemical species X; are determined by the equilibrium
constants for the acid, base, and water, respectively:

0 0 0 0
K — CcooH~ “y+ K, — SNt COH—
a— & b— O )
HCOOH NaOH (4)

_ 0 0
K, = COH- Cpp+-

In general, closed chemical systems always conserve certain
chemical sub-species, so-called moieties!”. We define the moiety
concentrations

Meorm = €cooH~ + CHCOOH)  MNa

m

= CNaOH T CNat» )

¢ = Cna+ T Cu+ — Ccoon- ~ Com--

Here, mgym and my, are the total concentration of formate and
sodium-containing molecules in the system, which are experi-
mentally controllable parameters. Similarly, m, is the net charge
concentration. Notice that the moieties are not uniquely defined,
and any linear combination of a moiety yields another conserved
quantity. However, we can always define them in a way that
includes the charge moeity and experimentally controllable
parameters. Specifying the moiety concentrations my, and Mg,
and using, due to charge neutrality, m. = 0, together with Eqs. (4)
uniquely determines the values of the equilibrium concentrations
¢ of all chemical species. Even though the full system is not at
equilibrium, given that chemical reactions occur on the fastest
timescale Tepem < 1073 s, the relations between the homogeneous
equilibrium concentrations Egs. (4), will hold approximately as
local relations also in a spatially extended system.

Horizontal currents. Next, we consider the horizontal currents
that form due to thermophoresis in an effective one-dimensional
system. This is motivated since the timescale of the horizontal
dynamics is given by Tpnor 3> Tchem (see Methods). The horizontal
flux Ji(x) of molecule species X; with horizontal concentration
profile ¢;(x) is given by

J = Dac SDaT AN (6)
’ ox i 9x ‘RT

where D, S;, and z; are the diffusion constant, Soret coefficient,
and valence of X;, T(x) is a linear temperature profile, F the
Faraday constant, and E the electrical field. In a steady state, the
divergence of these currents is balanced by a source term given by
the chemical reactions. Due to moiety conservation in local
chemical reactions, the associated moiety currents are divergence-
free. Since in a one-dimensional closed system any divergence-
free current must vanish, it follows that the (horizontal) moiety
currents I vanish identically. The vanishing electric current,
I. = Jxot + T+ — Jcoom- — Jou- = 0, allows us to solve for the
electrical field

FE >-:z:D; ( + Sic lax> 7
RT ~ >.22¢D; '

171

Inserting this expression into (6) allows us to express
the currents J = (Ju, o, JucoomnsJcoots Jnas Jnaon) as linear
functions of the horizontal concentration gradients d.c =
a& 9con 9hcoon 9€coon 9na 9NaoH _

(ax Y ox ' odx 7 ox 7 ox ' Ox as ]_Daxc+b' The
matrix D is a (cross-)diffusion matrix with components

T GES
_6D+D J]Z“D andb —ch@sj , where

GBS g _ Z'ZkszkSka
T T BEady

is the Seebeck coefficient, see also refs. 1518,

The remaining two horizontal moiety currents I= (Iy,,
Itorm) = LJ are given by a 2x A matrix L as a linear combination
of J. Similarly to the charge current I, they are divergence-free
and thus vanish, and we can write I =0 as a linear equation for
the horizontal concentration gradients d,c

(LD)o,c = Lb. ®)

In order to uniquely solve for the concentration gradients,
additional constraints are needed. One of these constraints is
given by the condition of approximate local electroneutrality in
the bulk, m.(x) = 0,V x, which can be systematically derived!®20.
Differentiating this condition with respect to the horizontal
position yields >"z,0,c; =0, which we can write with a 1x N
matrix Z with entries z; as:

Zo.c=0. )

Finally, since chemical reactions are fast as compared to the
transport processes, we can assume that their concentrations c;(x)
obey Egs. (4) as local equilibrium relations. Taking the horizontal
derivatives yields

Qo,c =0, (10)

where Q is the 3x N (Jacobian) matrix of the mass-action ratios.

Equations (8), (9) and (10) constitute N =6 linearly
independent equations for the A" = 6 concentrations gradients.
They can be inverted with a computer algebra system to give the
concentrations gradients d,c as non-linear and convoluted
expressions of the concentrations. In particular, we obtain a
solution for the proton gradient, which we can formally write as

(11)

oc oT

=Sl 5
with the concentration-dependent effective Soret coefficient for
the hydrogen ion S¢ff, whose sign and magnitude determine the
horizontal proton gradient (see also Supplementary Note 1 for a
complete solution). We consequently expand ¢;(x) = ¢! + y,(x)
around the (homogeneous) bulk equilibrium concentrations, i.e.
SEff ngo {?) + O({y,(x)}). For small temperature gradients
and small widths of the heat flux chamber, we assume y; < ¢
and neglect the inhomogeneous part. Since the ¢? are uniquely
determined by the moieties, i.e. the controlled molar concentra-
tions of sodium hydroxide, my,, and formic acid, Mgy, the

homogenous effective Soret coefficient S;ff‘o(mNa, M) Can be
calculated from tunable experimental conditions.

The scheme outlined above will work for arbitrary chemical
reactions networks and is thus general. On first glance, it might be
surprising that we obtain exactly A independent linear equations
for the N gradients of dynamical species. However, this fact can
be traced to the algebraic structure of the stoichiometric matrix!”
In particular, situations can arise where not all of Egs. (4) leading
to Eq. (10) are independent. However, the number of indepen-
dent equations defining the moeities, Egs. (5), and thus Egs. (8)
are algebraically related, such that we can always find N linear
equations for the gradients of ' dynamical species, regardless of
the number R of reactions involved (see Methods or ref. 17).

Vertical pH gradient. Integrating equation (11) along the hor-

izontal axis yields a horizontal pH difference (ApH), =~ 4 sefto,

Given such horizontal gradients, a theory for calculating the resulting
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vertical concentration gradient in a Clusius column has been for-
mulated by Debyel4, and adapted later to a situation including
electrical fields!®. This approach works, since the corresponding
convective timescale Ty, is much larger than the thermophoretic
timescale, Tcony > Tphor (Methods). It then turns out that the relation
between horizontal and vertical gradients is given by a linear factor
oy, = 358.5, whose value depends only on material parameters of the
solution, the geometric aspect ratio of the chamber, and the applied
temperature gradient (see Methods). As such, the effective Soret
coefficient S¢ for the horizontal dynamics can be used to estimate
the vertical pH difference (ApH) ot measured experimentally,

(12)

Hence, weaker and more plausible temperature gradients in nature
can be balanced by equally more plausible larger aspect ratios. As
consequence, there is no lower threshold of temperature difference
required for the formation of proton gradients, since shallow gra-
dients can be compensated with higher aspect ratio?!.

(ApH)vert ~ ath : Si‘ltfho(me mform)

Comparison with experiments. The heat map from our theo-
retical model can roughly be divided into three regions: positive
(yellow), weakly negative (green) and strongly negative (blue). As
depicted in Fig. 3a, our measurements (shown in circles) fully
recapitulate this behavior, both for the amplitude of the pH
gradient and its inversion.

To avoid distortion from the flow extraction for pH
measurement, we chose a slow flow (tqow = 13,0005s). This
timescale is the time that a volume element on average remains in
the heat flux chamber before it is extracted horizontally by the
measurement cross-flow (z-axis in Fig. 2a). The slow extraction
can however also slightly change the min./mgm, ratio in the
effluent channel by thermophoretic accumulation, for which we
estimate a systematic error of 2%. This effect has the greatest
impact in the vicinity of my, = Mgrm, since the local pH then
depends sensitively on the concentration ratio. This is reflected in
the large error in pH determination at my,/Mgym = 1.1 in Fig. 3b
(see Methods).

Discussion

The experimental measurements are in good agreement with our
analytical results. The characteristic, concentration-dependent
features of an early inversion and massive increase at equimolar
concentrations are reproduced without fitting parameters. The
used solutes, formic acid and sodium hydroxide, are an example
of a prebiotically plausible acid-base reaction system?2-2%. Pos-
sible roles of formic acid in prebiotically relevant synthesis
reactions have been investigated?326-28 together with the link to
formamide-based reactions2%-30.

Our analytical approach provides a more generally applicable
theory for the interplay of chemical reactions, electrostatic
interactions, and transport processes driven by external gradients.
In the present case of thermally driven pH gradients, it allows a
deeper understanding, and, compared to the previous computa-
tional analysis by Keil et al.!ll, it permits the treatment of strong
acids and bases and much steeper pH gradients. This theoretical
advance is complemented by our experimental method to mea-
sure local pH values in the heat flux cell using standard pH
meters. These can cover a far broader pH spectrum and strong
acids/bases compared to fluorescence methods. Together, this
enables us to control and predict proton gradients and opens the
door to applications involving synthesis reactions and the for-
mation of tunable chemical gradients.

While the local equilibrium assumption is an excellent
approximation in the present experimental context, it would be
desirable to relax this assumption, in order to be able to apply the

presented theoretical framework also to systems with slower
chemical reactions. The behavior of such systems depends
explicitly on the Damkaéhler number, a parameter that measures
the relative timescales associated with the transport and reaction
kinetics3!. The inverse Damkéhler number may serve as a useful
expansion parameter to systematically extend the presented the-
oretical framework.

An intuitive explanation of the sign change of the pH gradient
can be given by using the Soret coefficients listed in Supple-
mentary Table 1 and considering all prevalent electrostatically
coupled species. For this, we take into account that ions
(H*, OH—, COOH™, Na™) show much stronger thermophoresis
than uncharged substances, which can thus be neglected in this
qualitative discussion. Therefore, at vanishing concentrations of
NaOH (my,), the only relevant ion pair for thermophoresis is
COOH ™ and H. Its enrichment in the lower part of the chamber
increases the proton concentration and correspondingly lowers
the pH value. With higher NaOH concentrations, ion pairs such
as Nat and OH~ become more dominant and by accumulation
therefore also more prevalent at the chamber bottom. This results
in an increasing local pH value, first compensating the accumu-
lated protons, and finally inverting the pH gradient.

Along this line of reasoning, the respective influence of the
contributions of thermophoresis, thermal convection, chemical
reactions, and electrostatics can also be understood. While ther-
mophoresis by itself is only a weak effect, it is exponentially
amplified by thermal convection'4. Neglecting electrostatic inter-
action in an ion-bearing system would lead to their accumulation
according to their Soret coefficient (see Supplementary Table 1).
Consequently, a less complex pH difference profile is achieved with
higher pH differences at low concentrations of NaOH due to a
larger proton transport that otherwise is counteracted by electro-
static forces (Supplementary Fig. 5¢). The temperature dependence
of the reaction rate constants has only a minor impact on the
formation of the pH gradient and can therefore be neglected in the
following considerations (see Supplementary Fig. 5b/c). In contrast,
a system devoid of chemical reactions is dominated by thermo-
gravitational accumulation. This leads to a well-defined con-
centration ratio of the solutes and accordingly to a constant pH
difference between the upper and lower part of the chamber irre-
spective of the absolute NaOH concentration (see Supplementary
Fig. 5a). In absence of a thermal gradient, no accumulation and no
pH gradient occur (Fig. 2d). Therefore, only the consideration of all
these effects together provides a comprehensive understanding of
this highly coupled system.

Since heat fluxes are ubiquitous on Early Earth, requirements
for proton gradients to occur are significantly less demanding
than complex chemical non-equilibria e.g. originating from
confluent outflows from reservoirs with different pH32. Coop-
erative coupling to other gradients such as ion gradients? will
show interesting effects and help to solve enigmas such as pre-
biotically required separation of long RNA strands. Recent work
by Mariani et al. has evaluated strand separation minimizing
hydrolysis by pH oscillations®*. This effect was recently used in a
system of air-water interfaces to boost the replication of DNA3>,

Methods

Preparation of heat flow chambers and microfluidic setup. The FEP-foil
(Holscot, Netherlands) with a thickness of 170 um (width) is cut by an industrial
plotter device (CE6000-40 Plus, Graphtec, Germany) and sandwiched between two
sapphires (Kyburz, Switzerland) with a thickness of 500 pum (cooled sapphire) and
2000 um (heated sapphire), respectively. The back sapphire has 4 laser-cut holes
with a diameter of 1 mm. The sapphire-FEP-sapphire block is then placed on an
aluminum base covered by a heat conducting foil (EYGS091203DP, Graphite,

25 um, 1600 W/mK, Panasonic, Japan) and held in place by a steel frame, mounted
by six torque-controlled steel screws for a homogeneous force distribution. A
second heat conducting foil (EYGS0811ZLGH, Graphite, 200 um, 400 W/mK,
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Panasonic, Japan) connects the heated sapphire with the electrical heater element,
and is also fixed by torque-controlled steel screws. The height of the microfluidic
chamber is measured using a confocal micrometer (CL-3000 series with CL-P015,
Keyence, Japan) at three positions (top, mid, bottom) to ensure homogeneous
width along the chamber. Chambers are pre-flushed using low-viscosity, fluori-
nated oil (Novec™ 7500 Engineered Fluid, 3M, USA) to check for tightness and
push out residual gas inclusions. The assembled chamber is then mounted to a
cooled aluminum block. The Ohmic heaters are connected to a 400 W, 24 V power
supply that is controlled via Arduino boards with a customized version of the
open-source firmware “Repetier”, originally made for 3D printing. All elements
were optimized using finite-element simulation to provide a homogeneous tem-
perature profile while minimizing the thickness of the sapphire windows and hence
maximizing the thermal gradient.

The in- and outlets of the thermal chamber are connected via tubings to
syringes placed on high-precision syringe pumps (Low Pressure Syringe Pump
neMESYS 290N with Quadruple Syringe Holder Low-Pressure, cetoni, Germany).
For the microfluidic connections, (all from techlab, Germany): connectors
(Verbinder zollig, UP P-702-01), end caps (Tefzel Cap for 1/4-28 Nut, UP P-755),
screws (Nut, Delrin, flangeless, VBM 100.823-100.828), ferrules (Ferrule VBM
100.632) and tubings (Tubing Teflon (FEP), KAP 100.969) are used. The flow
speeds of the syringe pumps (controlled via neMESYS UserlInterface, cetoni,
Germany) are chosen such that 12% of the inflow are sucked out at the top and at
the bottom outlet, leaving 76% coming out of the middle outlet. The syringes used
(all from Gohler-HPLC Syringes, Germany) are: Chemically Resistant Heavy Duty
Syringes with PTFE seals: 2606814 and 2606035 (ILS, Germany).

Sample preparation and experimental procedure. The samples are prepared
mixing formic acid (Carl Roth Gmbh, Germany) and sodium hydroxide (Sigma-
Aldrich, USA) with MilliQ-water to reach the given concentration. The pH (for
initial pH values as compared to theoretical predictions, see Supplementary Fig. 1)
is measured using a Orion™ 9826BN Micro pH Electrode and a 8220BNWP Micro
pH Electrode (both Thermo Fisher Scientific, USA), also used for pH measure-
ments after the experiment. For strongly alkaline pH values ( >13), measurement is
done using pH paper and a larger error was assumed.

The cryostat (TXF-200 R5, Grant, UK) is set to —30 °C and the heaters to 95 °C
which results in a temperature difference from ~20°C to 60 °C within the
microfluidic chamber. Temperatures are measured on the sapphires with a heat
imaging camera (ShotPRO Wirmebildkamera, EAN: 0859356006217, Seek
Thermal, USA) and a temperature sensor (GTH 1170, Greisinger, Germany and
B&B Thermo-Technik 06001301-10, Germany), giving an average cold temperatur
of 21°C £ 1°C and an average hot temperature of 60 °C + 2 °C. Averaging over the
temperature differences throughout all experiments gives a value of 38.9°C+1.4°C
(as the higher cold temperatures usually go together with higher warm
temperatures). Before starting the experiment, the tubings and thermal chamber
are re-flushed with fluorinated oil. The samples are then loaded into the inlet
tubing. The experiment is started and left running for 6-7 days. To stop the
experiment, the applied temperatures are set to room temperature. The samples are
recovered from the tubings and collected for pH measurement.

Experimental uncertainties. The experimental error splits into two main contribu-
tions: one standard error from replicate measurements and one to account for con-
centration fluctuations caused by effects from the thermal gradient in the outflow
channels. As described in the main text, our experimental setup was designed to
determine the pH value as realistically as possible inside the heat flux cell. For this
purpose, the pH values were measured with a standard laboratory pH meter and no
pH-dependent dyes were used, which are not designed for use in these extreme tem-
perature conditions and are not compatible with measurements in the entire pH range.
However, since measurements using a pH meter are not possible directly inside the cell
due to the small dimensions of the microfluidic system, we slowly and continuously
extract the cell volume at the top, middle and bottom of the cell respectively to obtain
the necessary measurement volume. By doing so and balancing the outflows with
respect to each other, the cell volume is split into three fixed volume portions, of which
the contents are extracted through the respective outlet. At the same time, we allow the
appropriate amount of stock solution to flow through the input channel so that the cell
is completely filled with fluid at all times.

The aim of these considerations was to keep the effects of this slow drift flow on
the actual experiment as small as possible and thus to obtain an unbiased picture of
the pH distribution inside the cell. The corresponding timescale 7g,,, indicates how
long a volume element introduced into the cell by the drift flow remains in the cell
on average until extraction. If it is greater than the relaxation time of the
accumulation process occurring in the heat flow cell, i.e. if the drift flow is
sufficiently small, it can be assumed that the accumulation remains essentially
undisturbed. If the drift flux is correspondingly too fast, the accumulation will be
disturbed. For the extraction at the lower outlet, the following problem appears: In
order to avoid a diffusive loss of accumulated material, we placed the exit hole for
the lower output channel not at the bottom of the cell but rather sufficiently high
(as shown in the main text, Fig. 2). However, this requires the to-be extracted
material to overcome a thermogravitational process, since the vertical part of the
exit channel has a convection flow and thermophoresis similar to the main
chamber. Thus, if the drift velocity through this channel is too low, the material to

be extracted will remain at the bottom of the heat flow cell and cannot be
recovered. The situation here is thus exactly the inverse of the above consideration,
so that a trade-off must be found between undisturbed extraction and the lowest
possible retention of the material to be extracted in the exit channel.

These considerations made us choose an inflow speed of 3.28 nl/s, resulting in a
measurement extraction timescale 7o, of ~13,000s. In order to avoid a too high
retention of the material, we chose an outflow speed of 0.39 nl/s, thus giving a
separtion into 12% at top and bottom, leaving the remaining 76% flowing out
through the middle. The value for top and bottom fractions was still kept relatively
low in order to average over as little material as possible and thus to keep as close as
possible to the situation present inside the heat flow cell.

To account for this systematic uncertainty, we introduced an additional error in
the composition of the bottom fraction. Taking the experimental standard
deviation (6°F), we calculated the point on the graph for both maximal and
minimal value and added/substracted an error my,/meo.m = 0.02 (called §distortion),
Since the determination of the composition is concentration-dependent, we
measured the bottom outflows using ion chromatography and got an average
concentration of 3.8 fold the inflow concentration. The errors can be merged by
addition since they are independent. The resulting ratio can then be transformed
back to the corresponding pH value, resulting in a complete uncertainty,
potentially non-symmetrical. The procedure is shown in more details in
Supplementary Fig. 3.

We expect this additional distortion to have weak effects on the measurement
everywhere except for the equimolar region. The non-linearity near the equivalence
line between sodium hydroxide and formic acid makes the measured pH values
vulnerable to slight differences in concentration. Around this equimolar point,
nearly all molecules are present in their charged state (Na™ for my, and HCOO™
for mgm). Consequently, the distortion is introduced by different retentions of
these ions in the outflow channels and thus dependent on their thermodiffusive
properties.

Chemical reaction networks. We closely follow the works of Rao and Esposito!”.
Assume we have N\ species X; in the system, subject to R reactions. The p-th
reaction is written as

+

. 1% .
Z[:V;H_Xi k% ;zz;_Xi. (13)

where V;) . are the stoichiometric coefficients of species X; in the forward (+) and
backward (—) direction of reaction p with kP* the bare forward and backward
reaction rates. The dynamical evolution of the concentration ¢; of species X; in a

well-mixed (zero-dimensional) system follows

9

9 _ it TT A - TT | =5
at—w,-_§up<k [ —e 1) =Su,
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with the reaction currentr r, and the total reaction rate of species X; denoted w;. It
vanishes if the species are in chemical equilibrium, described by an equilibrium

constant KP
Kt e
K? =log,, <MT> = logy, <H (61"

i

(14)

(15)

where ¢;? denote (molar) concentrations in chemical equilibrium. Summarizing the
stoichiometric coefficients of all (forward and backward reactions) in a matrix with
elements v, = {1/;1 }, the stoichiometric matrix reads v:=v_ — v, and has
dimensions N x R.

Stoichiometric algebra: conservation laws and reaction cycles. Consider an N'x R
matrix v. Denote the the dimensions of its right (vv=0) and left (vTw = 0) null-
spaces by Z and C, respectively. The rank-nullity theorem ensures that

Z =R —rank(v), C=N — rank(v), (16)

where rank(v) is the rank of v. Assume we have a row vector n of size A consisting
of integer values n; representing the number of instances of each species X; present
in the (well-mixed) system. In addition, we have a reaction vector @ of length R
with integer entries g,. The mapping vg yields the change in the number of species
(n;) after carrying out the p-th reaction in forward direction g, times. Hence, a
non-zero right null-vector of v can be interpreted as carrying out multiple reactions
after which the vector n remains unchanged. This constitutes a reaction cycle. The
number of independent reaction cycles is given by the dimensions of the right
nullspace of v. Each independent reaction cycle p however diminishes the number
of independent equilibrium constants by linearly relating them, as

S0, =54, (1flog () = Slog (€9) Svig 0. (7
B [ i i 13
Complementary, a mapping vInT yields a reaction vector @ which entries 0

give how often the p-th reaction needs to be carried out to change the numbers of

species X; denoted in n. A non-zero right nullvector IV = (ly) ) of vT hence defines
a linear combination of species that remain unchanged by carrying out any
reaction. Therefore, these linear combination define conserved quantities, which we
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call moeties. The number of these is given by the right nullspace of vT. Moeity

concentrations m¥ = ZJ?) ¢; are kept constant by the reaction dynamics because
10) is a right null-eigenvector and hence

0 ac; ; i i
90— 5 Do, =S 19 =S @1 r =0.
5" El m ;l, w; % i, %wrp 0 (18)

=0
By the rank-nullity theorem there are always R — Z = N — C independent
equilibrium constants, which give rise to constraints of the form of Egs. (10). In
addition, there are always C — 1 moeties that are linearly independent from the
charge moiety and thus give rise to the constraints shown in Egs. (8). Finally, one
can always use differential electroneutrality that gives rise to the single constraint as
shown in Egs. (9). As such, in general we have

N-0O+C-D+1=N (19)

independent linear equations for the A" dynamical species. This fact ensures the
existence and uniqueness of a solution for general chemical networks.

Chemostated system. In chemostated systems, some of the species are not con-
sidered as “dynamic” species but assumed to be set constant. In our system, water is
considered a chemostated species and the corresponding equilibrium constant K,,
includes this fixed concentration. Algebraically, the above statements still hold. Due
to the Rank-Nullity-Theorem each chemostatted species either breaks a con-
servation law or creates a linear dependence between species, reducing the number
of independent equilibrium constants by one. Hence, no matter the number of
species chemostatted, the equations fixing the dynamical species will always match
their respective number. For more details see ref. 7.

Thermogravitational accumulation
Thermophoresis. Colloidal particles travel along an external temperature gradient
(thermophoresis). In the overdamped limit, this drift is written as

Jor = —=DSpcVT, (20)

with T a temperature field, D the diffusion coefficient of the colloidal particle and
St its Soret coefficient, describing the coupling-strength of the particle to the
temperature field. The phenomenology of thermophoretic movement can be
described thermodynamically3°.

2-D description of thermal traps with thermophoresis and convection. A mathematical
approach modeling thermal traps was given by Debye!415. The temporal evolution of
the concentration ¢ of a species in a trap is given by the continuity equation

oc
—=-V 21
% J @D
with the flux
J=—DVc+ (u—DS;VT)c. (22)

In the bulk of the thermal trap the convective flow field # mainly consists of its vertical

component u, with

AT 3

ﬁg% <x - %) 23)

# ()
with S, p, ¢ the material specific values for the coefficient of thermal expansion, the
density and the viscosity, g the gravitational acceleration and AT the temperature
difference across the short side of the trap with width w. The convective flow is
symmetric with respect to the midpoint of the trap. The flow is directed downwards at
the cold side and upwards at the hot side of the thermal trap. The average vertical
velocity in one half side of the trap can then be calculated to be

i =B [ (=) -

The steady state vertical concentration profile is then found to be

y . 1 4 ATS;u,
= —= th =

) GeXP( l) wi [T (@) (25)
D+3E5

A logarithmic concentration difference between bottom and top then writes as

u},(x) =

BepAT 1 (24)
12u 16

Alog,(c) = h logw (e), (26)

with £ the height of the trap.

Electroneutrality. In order for the bulk electroneutrality assumption to hold to
good approximation, electrostatic interactions need to be the strongest forces in the
system. In our case they therefore need to be compared with the charge separation
processes diffusion and thermophoresis. To estimate the deviation from electro-
neutrality in one dimension we assume the following situation: a positively charged
species is homogeneously distributed around x =0 and a negatively charged

compound is linearly distributed with concentration difference Ac at x = + Ax. The
electric field is then—according to Poissons equation—given by

1 1
—VE=-p=—F(c, —c_) (27)
€ €
Putting in the concentration profile depicted above we can approximate
x E F,  x F
~ A Cxainct Ex~Sact 28
c_ C++AXC=> e ech=> €CAX (28)
the contribution to the fluxes are (disregarding diffusive ﬂuxes)
oT
Jori=—=DiSri=— ax i and J,; = Zx RT Ec; 29
with the steady state condition
J].-DT" =]J.—el” <= DS dr bEg = o _ FEx
- =)-—¢ ; .—; = ——FEc; — = —
PTEqe ™ T RT Ti9x ~ RT e Ax
(30)
regarding the situation at x = Ax we get for the deviation from electroneutrality Ac
Sy RTe AT
B e A [mol/m?]. (31)

F*Ax
We used F = 96485.338 C/mol, R = 8.314 J/(mol - K), e = ¢,6o = 80 - 8.854 -
10712 F/m%”. This result shows that by comparing the magnitude of the constants
related to the electrostatic flux to those involved in the thermodiffusive flow, the
electroneutrality condition is rendered valid. Even though our system is not
homogeneous, one can use electroneutrality to calculate the electric field, as
explained in more detail by Feldberg?(.

Zeroth-order approximation in the 1-D case. Solving the linear Equations (8), (9)
and (10) expresses the gradients as nonlinear functions of the concentrations.
Bc
ox
With S} ¢({c;}) may in general have some arbltrary non-linear dependence on the
steady-state concentrations of (in principle) all species {c;}. We define y = ¢; — ¢’
the deviation of the steady-state concentration from the initial concentration
¢? = ¢,(t = 0). The initial concentration is reached, after the constituents have
chemically equilibrated. We expand S} . ({c;} around y =0

Se“({ck}) Ew C (32)

% (St
Star(leh) = St + X = =y =St v op) (Y
For y <1 we can make the approximation
Steirlei) ~ St (D) = ST (Mg, Mporm)- (34)

The steady-state solution is then a exponential (with linear temperature gradient

?TI = %, w the width, AT the temperature difference)

AT
c*(x) = gy exp (—SE“'O — x>
w

with the constant g remains to be fixed (e.g. by global conservation of species). Since
we are only interested in pH differences, gj; does not play a role for calculating ApH.

(35)

Homogenous concentrations c¢!. The homogenous concentrations to be used to

calculate Si{f‘o(mNa, Mg, ) are given by the steady state conditions of the well
mixed chemical reaction network. Explicitly, the equations for the concentrations
are:

0 0
K — Ciy+ Ccoon™

a CU
HCOOH
_ 0 0
K, = oy con-
m, = +
form — “HCOOH A~ (36)
0=, — & +&0 -0
= tp+ COOH™ Nat OH~
0 0
K, — CNat COH-
b — 0
NaOH

_ 0 0
MNa = CNat T CNaOH

with K, = 1073745, K, = 107056, K,, = 1014, We can always solve these equations
such that we can express the concentrations ¢ as functions of the moeties m.
Experimentally, the molar moety concentrations My, (the amount of bare formic
acid) and myy, can be controlled.

Separation of timescales. The crucial assumption for the development of a
hierarchical theory is the separation of timescales associated to the different
dynamic processes. In the following we will give reasoning on why these
assumptions are reasonable. For an overview over the timescales involved, see
Supplementary Fig. 4.
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Reaction timescale Tpen,. For the protonation and deprotonation of simple acid-
base reactions, it is known that timescales are nearly instantaneous®s. As an
example, this has been studied for the deprotonation of formic acid where it was
confirmed that timescales are <1073 s3°.

Thermophoretic timescale Typor. Since the steady state temperature profile across the
thermal trap is linear, the velocity associated with the thermophoretic movement is
AT _

Uphor = DSp— 73910 m/s, (37)
with AT =39K and w = 0.17mm. Thus, the time-scale of the phoretic motion in
horizontal direction is given as

Tohor A W/ tphor
The Soret and diffusion coefficient for the hydrogen ion and the associated phoretic
timescales are given in Supplementary Table 1).

Convective timescale T.,p,. The average velocity of the convective flow is

1 BgpAT
_n - Lhep

2 -6
o = 1 =15 10y w” ~5.0-10"°m/s

u

where we used the values f=69 - 1076 1/K, g=9.81 m/s?, p = 103 kg/m? and
4 =0.80 mPa - §37. Thus, for a chamber height h =50 mm we obtain a time-scale

Teony = H/U,

conv

~ 10000s, (38)

conv

which is much larger than the typical phoretic time scales.

Measurement (flow) timescale Ty,,,. The timescale of the measurement process 77y,

is defined by the volume of the thermal chamber and the flow rate applied. The

volume V is calculated using the height h (50 mm), the width w (170 ym) and the

broadness d (5 mm), giving V = 42.5 ul. Relating to the flow rate used throughout

the experiments (3.28 %1), we get a timescale
vol

thermalchamber
Thow = @ ~ 130005,

39
flow rate (39)

which is somewhat larger than the convective time-scale. Hence, we assume that
the concentration dynamics in the convective setting are only slightly disturbed in
the experiment.

Interpretation in 2D and 3D

Interpretation in 2D via the Debye factor. While in a purely one-dimensional case,
the above expression can directly be used to calculate accumulation profiles of
species, in two dimensions, convective transport has to be taken into account. We
are able to make qualitative predictions about this situation since the processes
happen on different timescales as shown in the section “Separation of timescales”.
The initial configuration of the system is homogeneous and chemically equili-
brated. As shown above, the two main transport processes, thermophoresis and
convection, have similar velocities, however their timescales differ as the lengths-
cale for each process is different by orders of magnitude (w/h ~ 3.4 - 104). Hence,
the concentration field is first equilibrated in the horizontal direction with the
exception of the upper and lower end of the trap. Stopping the process and taking a
snapshot would reveal a horizontal concentration gradient, while in vertical
direction, the species would be largely distributed homogeneously. The convective
flow field is zero in the middle of the trap and flows up or downwards on the hot or
cold side, respectively. Consequently, species located at either side of the trap are
transported upwards or downwards. The horizontal gradient established by ther-
mophoresis within its timescale is an approximation on the magnitude of the expected
vertical flow, as it imposes different levels of concentration on either side of the
thermal trap. From the slope of the gradient we can therefore estimate what fraction
of the total species will be transported either upwards or downwards. This net
transport over time accumulates species in the vertical direction until a steady-state of
the vertical transport is reached as diffusive and convective currents are balancing
each other. Therefore, through the different equilibration timescales of thermophor-
esis and convection we can make statements about the vertical gradient by looking at

eff 0 AT

the horizontal gradient. The latter in turn is proportional to Sy 5. Hence, by

calculating S;f“’ for a given chemical reaction network we are able to make predic-
tions about the outcome of thermal trap experiments in the full dimension.
As introduced in the main text, the effective Soret coefficient relates to the

horizontal pH gradient by (ApH), =~ &% S;ﬁ’oA For the amplitude of the full 2D

hor - Tn(10)
gradient, we use the scaling (ApH)Ven Ay, - Serf'o (Myqs Moy ) Following the
results by Debye!4, we approximate the vertical concentration profile by an

exponential function
1 4

oy) = GexP(—)—l,) with =15

ATSu,

128 (,0)"
D+3s- 5

A logarithmic concentration difference between bottom and top then gives

Alog,(c) = %loglo(e) so we can write the factor ay,
AT 4 hu,

a o AT 4 _PepAT 1
% In(10) 15

where u, =

» = 12 16" (40)

—
D+
With thermal expansion coefficient =207 - 106 1/K, gravitational constant

g=9.81 m/s?, density of water p = 995.67 kg/m> (at 30 °C), viscosity

7 =797 -10~°mPa - s, temperature difference AT =39 K, height of trap & = 0.05 m,
width of trap w=170- 10 m. Influences of formic acid and sodium hydroxide on
density and viscosity can be neglected. As diffusion coefficient, we take Dy from
Supplementary Table 1. We take the values for 30 °C as most material is accumulated
towards the colder side. This gives us an ay, of 358.5, used in the main text, Fig. 3.

Extrapolation to 3D and flow distortions. In the experimental part however, we
measure the pH gradient in a 3D setting, continuously extracting the fluid through
3 outlets which we want to compare to the theoretical predictions. As discussed
above, there are multiple uncertainties linked to the experimental setup. In addition
and as mentioned before, the measured pH values on the top and bottom outfluxes
are averaged over 12 % of the length of the thermal trap. Depending on the specific
arrangement of each concentration profile this averaging procedure alters the
concentration ratios of each dissolved compound at the outfluxes.

Impact of chemical reactions, electrostatics and temperature dependent
reaction rates. For a better understanding of the individual contributions from
chemical reactions, electrostatics and the temperature dependence of reaction rates, we
simulated the chemical system in a 1 dimensional finite-element simulation (Comsol
5.4, see Supplementary Data 1). For a detailed study, we had to restrict ourselves to the
1D case since simulations for the 2D or 3D case are not converging when including
electrostatic interactions between solutes according to our best knowledge.

For this, we combined the modules “heat transfer in solids”, “general form
PDE” and “electrostatics”. In the stationary state and under assumption of
insulation, the heat transfer is calculated from

p-Cp-u-VT+V.(=k-VT)=Q (41)

with the density p, the specific heat capacity C,, the velocity of the fluid u, the
temperature T, the thermal conductivity ky o = 0.62 % of water and the heat flux
Q. Assuming a very slow fluid velocity, the first term can be neglected.

The result is then coupled to a general PDE and electrostatics. The former gives
the following equation:

e,c+dd,c+ VI =f (42)

with the mass coefficients e,, the concentration vector ¢ = [cy, ¢4, . . |, the damping
coefficients d,, the flux I and the source term f. In our case, the matrix e, is zero.
The flux writes as follows:

Zi‘DllanSt-AV<Cl

const

I'=-D;-¢;—Sg; D;j-¢;- AT — (43)

1
with temperature T, electric potential V, gas constant R_,, and Faraday constant
Fonet- For each species i, the concentration (c;), the charge (z;) the diffusion
coefficient (D;), and the Soret coefficient (Sy;) are used, for the latter see
Supplementary Table 1. The source term includes all reactions, for example in the
case of formic acid (AH):

fan = —Kop - can + Ko ey - ca (44)

For the temperature dependence of the dissociation constants of water (Ky) and

formic acid (K,), we used the values from*’ for formic acid and*! for water.
For the electrostatics, the equations write as follows:

V.-D=p, and E=-VV (45)

with the electric displacement D = ¢, E (including the permittivities), the electric
field E, the relative permittivity €,, the vaccum permittivity €, the electric potential
V and the space charge density py which writes as follows:

Pv = Fonst - Zi:ci "z (46)

To better understand the individual contributions of electrostatics, temperature
dependence etc, we turned them off one by one (Supplementary Fig. 5).

Data availability

All the data that support the plots and the other findings of this study are available from
the corresponding authors upon reasonable request. The full details of the finite-element
simulation from the Methods section and Supplementary Fig. 5 are documented in the
mph file in Supplementary Data 1.
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Supplementary Notes

Supplementary Note 1: Complete algebraic solution for the horizon-
tal Ht gradients

Solving for the expression of the proton gradient as a function of the other
concentrations with a symbolic computation software like Mathematica yields

8CH oT

o —Sﬁﬂ[{ci(fc)}]%CH : (1)

with the effective Soret coefficent:
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Se{ci(2)}] = — | —cEoorDcoomn (¢xaDxa(crcoon PDucoonSucoon

+ eNaoHDNaoH (Scoon + SNa — SNaoH)

+ conDon(Scoon — Son))

+ eNaoHDNaoH (cHCOOHDHCOOHSHCOOH

+ conDon(Scoon — Son))

+ caDu(Scoon + Su)(enaDna + eNaornDNaoH))

+ ccoon(cacoon Ducoon (eNa(cNaorDcoon DNaon SNaoH
— DnaSucoon (cnDu + exaonDnaon + conDon))

— cNaonDnaonSucoon (caDu + conDon)

+ aDcoonDna(Scoon — Sucoon + Sna))

+ enaDcoon (enDu(eNaDna(Sna — Su) + eNaoHDNaOHSNaOH)
+ eNaDNa(eNaon DNaon Snaon + conDon (Sna + Son))

+ enaoHCOHDNaoHDoHSNa0OH))

+ cncooncNaDucoon (caDu(eNaDNa(Sna — Su)

+ eNaOH DNaoHSNaOH) + NaDNa(eNaoH DNaOH SNaOH

+ conDou(Sna + Son)) + cnaoncon DnaounDonSnaon)

/| (ccoon + cu + ¢cNa + con)(ccoonDcoon

(cacoornDucoon(e¢NaDNa + cNaonDnaon)
+ caDu(cNaDNa + cNaorDNaoOH)
+ conDou(cNaDna + cNaonDNaoH) + CNaCNaOHDNa DNaOH )

+ cucoonDucoon (caDu(eNaDna + cNaon DNaon)

+ eNaDna(enaornDraon + conDon) + cnaonconDnaounDon))
(2)

The according numerical values are found in Supplementary Table 1.
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Supplementary Figures

Supplementary Figure 1: Initial pH values
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The pH values of the premixed solutions are compared to the initial state of

the theoretical model. The experimental values (in circles) show a very good
agreement with the analytical assumptions.
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Supplementary Figure 2: List of additional measurements

a: 150mM, AT #0 b: 10mM, AT#0 ¢:75mM, AT =0

top top top X

mid mid mid - X

bot- : bot bot - :3

iy iy i) ° &
I |

6 8§ 10 12 14

List of measurements with a: 150 mM and b: 10 mM of formic acid and varying
amounts of sodium hydroxide (mn,). For each combination, the pH of the
different outflow fractions are shown. The values for 75 mM formic acid are
shown in the main text, Fig. 2b. ¢ presents the control measurements with AT
= 0K, showing no pH gradient as expected.
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Supplementary Figure 3: Determination of experimental error

\

Bexp M oot

A

6dislt-!)rhon 6distortion mNa / mform
The pH error calculated from experimental replicates is converted to an error in
MmN, /Meorm around the measured value. On both sides, an uncertainty account-
ing for concentration fluctuations from thermal gradient effects in the outflow
channels §4stortion — (.02 my, /Meorm is added. By transforming the resulting
minimum and maximum back to pH value, we get the full experimental errors
07 and 4°, used for example in Fig. 3. Fully drawn lines indicate value in their
initial dimensions (i.e. measured values), dashed lines indicate calculate values.
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Supplementary Figure 4: Overview of the different timescales
involved

OH o
H—(% = H—§;H

H +OH
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>
NaOH == Na' +OH

>

I
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>

Tflow corresponds to the drift through the system for measuring the different
fractions, Tcony and Tpnor are the convective and thermophoretic timescales
respective, corresponding to equilibration in horizontal and vertical direction.
Tehem 18 the fastest timescale, corresponding to local chemical equilibrium. As
shown above (and in main Fig. 3a), each of these corresponds to a number of
dimensions involved, from 3 to 0 dimensions.
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Supplementary Figure 5: Overview of the effects of the different
contributions to pH gradients

a: AT b: AT, rctns, ES, K(T)
— hot
— cold 97
L7 I 4
3-
0 20 40 60 0 20 40 60
Myg (MM) Myg (MM)
c: ApH —AT
' — AT, initially chemostatted
0.3 — AT, rctns, (K=const)
— AT, rctns, ES, (K=const)
T 0.21 — AT, rctns, ES, (K=K(T))
Q
0.0
'01 T T T T T

0 10 20 30 40 50 60 70

Myia (mM)
a-b: Exemplary cases without any contributions and with the full one dimen-
sional simulation. The hot side corresponds to the top part of the full heat flux
chamber, the cold side to the bottom part. In both cases, we used point probes
(0.1% on each side). a: In the case without any chemical reactions, the pH
does not vary for different concentrations of NaOH. b: In a full 1D simulation
including chemical reactions, electrostatics and the temperature dependence
of K, and K,,, the complex behaviour of the experiment is reproduced. c: The
pH gradient for all different stages of contributions shows the importance of all
parts: in the non-reacting case (black, ”AT”), no pH gradient appears. When
adding an initial chemostating step (before entry into the heat flux cell), a con-
stant pH gradient for all concentrations of NaOH appears (grey, " AT, initially
chemostatted”). Turning on reactions inside the heat flux cell (purple, " AT,
rctns, (K=const)”) yields a more complex behaviour and includes an inversion;
however, it lacks the first minimum and shows more extreme pH gradients
since overcrowding is not prohibited by electrostatic repulsion. When adding
electrostatic interactions (turquois, AT, rctns, ES, (K=const)”), the theo-
retically predicted profile appears which is only slightly changed by including
the temperature dependence of dissociation constants (red, "AT, rctns, ES,
(K=K(T))").
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Supplementary Tables

Supplementary Table 1: Soret and diffusion coefficients

Species j | Charge | S ; [1/K] | D; [1079m?/s] | Tphor 8]
OH~ -1 0.02327 [1] 5.273 [2] 6.04
HT +1 0.01809 [1] 9.311[2] 4.4
COOH™ -1 0.0055 [3] 1.454 [2] 92.7
Nat +1 0.00468][1] 1.334[2] 119
HCOOH 0 0.00055! 1.49[4] 904
NaOH 0 0.0004* 1.491 1243

Numerical Values of Soret and diffusion coefficients and calculated phoretic

timescales.

!Estimated from comparison of charged/uncharged molecules in [5].
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The emergence of biopolymer building blocks is a crucial step during the origins of
life' 6. However, all known formation pathways rely on rare pure feedstocks and
demand successive purification and mixing steps to suppress unwanted side reactions
and enable high product yields. Here we show that heat flows through thin, crack-like
geo-compartments could have provided a widely available yet selective mechanism

that separates more than 50 prebiotically relevant building blocks from complex
mixtures of amino acids, nucleobases, nucleotides, polyphosphates and
2-aminoazoles. Using measured thermophoretic properties”®, we numerically
model and experimentally prove the advantageous effect of geological networks of
interconnected cracks®'° that purify the previously mixed compounds, boosting their
concentration ratios by up to three orders of magnitude. Theimportance for prebiotic
chemistry is shown by the dimerization of glycine™?, in which the selective purification
of trimetaphosphate (TMP)>™* increased reaction yields by five orders of magnitude.
The observed effect is robust under various crack sizes, pH values, solvents and
temperatures. Our results demonstrate how geologically driven non-equilibria could
have explored highly parallelized reaction conditions to foster prebiotic chemistry.

The formation of the first biopolymers and their building blocks on
the early Earth was a key moment during the origins of life. Possible
reaction pathways for the formation of nucleotides, amino acids and
lipids have beenstudied with great success' . To uncover the details of
such pathways and to map themreproducibly, laboratory experiments
usually start with well-defined concentrations of previously purified
reactants™® (Fig. 1a). Often, a well-defined sequence of manual steps
isrequired, such as the addition of further reactants or the selective
purification of intermediates to increase the yield of the final products.
Although high starting concentrations can be helpful, the number of
side products substantially increases for complex reaction pathways.
Therefore, without some form of intermediary purification®?, the
reaction will result in vanishingly small concentrations of the desired
product or even be completely inhibited.

Although such further steps seem artificial and challenging to
performin a prebiotic context, some plausible, substance-specific
purification processes have been found, including the crystallization
of nucleotide precursors®?* or the precipitation of aminonitriles®.
Other selective approaches use reaction-specific interconversions®,
ultraviolet (UV) light?, sequestration” or adsorption and enrich-
ment of RNA? or RNA building blocks? on surfaces. Coacervates
locally optimize conditions for prebiotic chemistry through phase
separation®**. However, these mechanisms only work for specific
prebiotic compounds and may require mutually exclusive environ-
mental conditions. A natural mechanism that spatially separates and
simultaneously purifies a wide range of prebiotic compounds and
implements numerous connected reaction environments remains
elusive.

In this work, we show that heat flows through thin rock cracks pro-
vide ananswer to this problem. These cracks, for example, generated
by thermal stress, form large networks and were presumably ubiq-
uitous on the early Earth®™°. Specifically, water-filled fractures and
thin, connected pathways are found in a variety of geological settings,
from mafic to ultramafic rocks in volcanic complexes to geothermal or
hydrothermal systems and sedimentary layers, for example, in shallow
submarine or lacustrine environments'®*>*, Our results show the simul-
taneous but spatially separated, heat-flux-driven purification of more
than 50 prebiotically relevant organic compounds. Although the overall
systemis fed by slow geothermal fluxes, each rock fracture hosts local
solvent convection (Fig. 1b, black arrows) and thermophoretic drift
of solutes along the temperature gradient (Fig. 1b, white arrows). The
interplay of both effects increases the concentrations differently for
the various solutes, shifting their concentrationratios by several orders
of magnitude. This specificity results from the sensitive dependence of
thermophoresis on charge, size and solvent interaction®** >, Heat flows
arereadily availableinthe early Earthlithosphere, cooling down from
accretionand being fed by radioactive decay. Such large-scale thermal
gradients are superimposed by local thermal gradients, for example,
in volcanically active or geothermal environments, and as a thermo-
aureole linked to magmatic intrusions?. Also, heat is a waste product
of various chemical and petrological processes. This mechanism thus
offers a wide range of ubiquitously available reaction conditions for
prebiotic chemistry within geological compartments.

Heat fluxes were shown to locally enrich nucleotides”®, help copy
oligomers in a length-dependent manner®, generate local pH differ-
ences*>* and optimize salt conditions for ribozymes*>. However, it is

'Systems Biophysics, Ludwig-Maximilians-Universitat Miinchen, Munich, Germany. 2Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universitat Miinchen, Munich,
Germany. *These authors contributed equally: Thomas Matreux, Paula Aikkila. ®e-mail: christof.mast@physik.uni-muenchen.de
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unclear how heat fluxes affect complex mixtures of small, prebiotically
relevant organics and whether these can be selectively enriched and
separated spatially in geologically plausible systems.

To answer this question, we used geologically inspired microflu-
idic heat flow chambers as a first step to experimentally study the
thermophoretic accumulation of complex mixtures in a single rock
fracture. In the second step, we numerically investigated the effects
on large fracture networks and experimentally verified the results in
proof-of-principle minimal network systems.

Numerical modelling of such networks requires the mostly unknown
thermophoretic properties of the molecules involved, which are not
accessible atlow concentrations using available methods. For instance,
high-sensitivity methods rely on fluorescent labels, which substan-
tially alter the diffusive and thermophoretic properties of the target
molecule*. Holographic techniques require high concentrations that
lead to pH shifts and only allow the measurement of one component
atatime*. We have, therefore, developed a method to simultaneously
measure the thermophoretic properties of up to 20 compounds from
their mixtures, limited only by high-performance liquid chromatog-
raphy (HPLC) sensitivity.

Our experimental and numerical results show that even weak heat
fluxes separate and locally enrich 2-aminoazoles, amino acids, nucle-
obases and nucleotides in their various phosphorylation states. The
effect distinguishes substances of equal mass and works in a wide pH
range and for different solvents. We demonstrate the benefit for prebi-
otic chemistry with the TMP-driven dimerization of glycine, which is
enhanced by selective purification of the reactantsinasingle heat flow
chamber and numerically model thereaction in networks of connected
cracks to explain the large-scale effects in natural environments.

We mimicked a single thin rock fracture with a heat flow chamber,
defined by a170-um-thinfluorinated ethylene propylene (FEP)-defined
microfluidic structure between a heated (40 °C) and a cooled sapphire
(25°C) (Fig. 2a and Extended Data Fig. 1; Methods) and filled it with a
mixture of prebioticcompoundsi (initial concentration ¢, = 20-50 uM
each). By theinterplay of fluid convection and solute thermophoretic
driftv;;=-VTx S;;x D, an exponential concentration profile built up
within the heat flow chamber*#¢, with S;;denoting the Soret coefficient
asameasure of thermophoretic strength and D, the diffusive mobility
ofthesolute. After 18 h, we stopped the experiment, froze the chamber
and divided its contents into four parts of equal volume. The concen-
tration ratio of the respective substances in each section relative to
the chamber-averaged concentration ¢, of this substance was then
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Fig.2|Thermophoreticenrichment of prebiotic organicsinasingle heat
flow chamber. a, Illustration of the selective enrichment of prebiotic
components foramixture of 2Al, 2AT and 2A0O in a thermal gradient (25-40 °C).
Heat maps show the concentration ratios of all possible substance pairsin
thebottom (orange shaded) and top (blue shaded) sections of the chamber.
For example (dashed boxes), inthe top section, 2A0 is (142 + 52)% more
concentrated than 2Al, whereasin the bottom section, 2Alis (32 +3.6)%
enriched over 2A0 (errors =s.d., threerepeats). b, Enrichment in a mixture of
all proteogenic amino acids (30 pM each) reveals astrong enrichment of
aliphaticamino acidsisoleucine (I), valine (V) and leucine (L) in the bottom
section (orange shade) against glycine (G) (up to (81+25)% and serine (S),
asparagine (N) and glutamine (Q) (up to (62 +17)%). Consistently, the aliphatic
amino acids are strongly depleted in the top section (blue shade), resulting in
up to (315 +138)% higher local glycine concentration. See Extended Data
Figs.2-4 for measurements at other initial pH values, temperature gradients,
saltconcentrations and error maps.

determined by HPLC. In this way, measurements of different mixtures
of nucleobases or amino acids could be compared despite different
initial concentrations of theindividual components. The meanenrich-
ment[A];/[B]; -1 between compounds A and B in the top (j = top) and
bottom (j = bot) chamber parts was determined from triplicate exper-
iments (Figs. 2-3, Extended Data Figs. 2-5and raw datain Supplemen-
tary Tables 5-65; Methods).

The degree of enrichment and spatial separation of different sub-
stances inasingle heat flow chamber is visualized by comparing their
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Fig.3|Enrichment of nucleobases, nucleosides and nucleotides. a, In
mixtures of nucleobases A, U, T, Cand G with aninitial concentration of 30 uM,
CandTareenrichedupto(32+13)% (error =s.d., three repeats) against G, Aand
Uinthebottomsection. Enrichmentsinthe top sectionareinverted but at
lower absolute concentrations because of thermophoretic depletion (11.5to
31uM, correspondingto 0.5-0.9-fold c,). b, Enrichment strongly depends on
the phosphorylationstate. Inthebottomsection, cyclic2’,3-~AMP and 3’,5-AMP
areenriched up to (62 + 0.3)%relative to adenosine and (14 + 0.6)% relative to
thelinearly phosphorylated 5~AMP, 3-AMP or 2’-~AMP. The enrichment is
invertedinthe top section. c-e, Enrichment patterns similar to those of
nucleobases, but with reduced strength, are also found for nucleosides (c) and
nucleotides (d,e). Extended Data Fig. 5and Supplementary Figs.1-3 show more
conditions and error tables.

concentrations in the uppermost (blue shaded) and lowermost
(orangeshaded) sectionsinFigs.2 and 3.Inamixture of 2-aminoazoles,
simple RNA precursors and catalysts, we found that, in the bottom
section, 2-aminoimidazole (2Al) is enriched over 2-aminooxazole
(2A0) by [2Al],,,/[2A0],, —1=(32£3.6)%. In the diluted top section,
2A0 is enriched by [2A0],,,/[2Al],,, — 1= (142+52)% over 2Al (Fig. 2a
and Extended Data Fig. 2 for errors). The absolute concentrations of
species in the bottom section range from 64 to 173 uM, whereas we
measured between 6 and 20 pMin the top section. Owing to the almost
complete depletion (about 0.17-fold c,) of the thermophoretically
stronger species, the remaining, weaker accumulating species are
highly enriched here.

Amino acids, the building blocks of peptides and proteins, are a
critical class of prebiotically plausible and relevant substances®*. To
determine their thermophoretic separation, we analogously investi-
gated a mixture of all 20 proteinogenic amino acids at physiological
pH (Fig. 2b). Although thermophoretically similar amino acids such
as aspartic acid (D) and arginine (R) are not strongly separated from
eachother ([Dl,4/[R]lpo; — 1= (0.1£2.8)%), we found a massive separa-
tion of isoleucine (I) against glycine (G) by [1],,:/[Glpo: — 1= (81£25)%
in the bottom fraction. Sorting the amino acids according to their
mutual enrichment, we found that glycine, as the smallestamino acid,
concentrates most weakly in the bottom fraction, whereas the aliphatic
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amino acidsleucine (L), valine (V) and laccumulate most strongly. The
situationisinverted in the top fraction, as the amino acids with the
weakest thermophoretic strength have the highest concentration here
([Gliop/[op — 1= (315£138)%). Even mass-identical amino acids I and
L are separated up to[L],,,/[1;op — 1= (12£0.3)%. The enrichment val-
ues and their errors for amino acids at other pH values and different
ionicstrengths show similar separation patterns (Extended DataFigs.3
and4).Inamixture of 17 proteogenic and nine non-proteogenic amino
acids, we found no clear bias towards either (Extended Data Fig. 2). We
also found no thermophoretic separation between amino acids*® and
nucleosides of different chirality (Extended Data Fig. 5s-u).

In a mixture of all canonical nucleobases in water, thymine (T) and
cytosine (C) areenriched by up to (32 + 13)% over adenine (A) and gua-
nine (G) in the bottom section of the chamber (Fig. 3a and Extended
DataFig.5aforerrors). The observed patternis mainly identical in10%
formamide solution, in100 mM phosphate buffer’>”1822 and for vari-
ous crack diameters and pH values (Extended Data Fig. 5b,c,e-m). In
10% methanol®**% solution, accumulation and enrichment are almost
entirely suppressed (Extended Data Fig. 5d).

Adenosine nucleotides (AMPs) are concentrated between (43 +1)%
and (62 + 0.3)% more than the adenosine nucleoside (Ado) inthe bottom
section, owingto the extra phosphate group thatincreases the charge
and, thus, the thermophoretic strength® (Fig. 3b). Cyclic AMPs are
accumulated up to (14 + 0.6)% more than linear AMPs. Despite identi-
cal mass, 2’-AMP is enriched by (4.1 + 0.3)% over 3’-AMP and 5’-AMP.
Similar results are found for cytidine and its nucleotides (Extended
DataFig.5q).

Mixtures of RNA or DNA nucleosides and nucleotides inall phospho-
rylation states show a similar enrichment pattern as for bases, albeit
with lower magnitude (Fig. 3c-e and Extended Data Fig. 5n—p). The
reduced thermophoretic separationis reasonable because theribose
and phosphate groups added to the different bases are identical for all
nucleosides and nucleotides, thus decreasing the relative structural
difference between species.

Because thermogravitational accumulation approaches exponential
concentration profiles in the steady state**¢, the volume-averaged
enrichments measured are lower than the actual values present at
the bottom. For instance, separation in the lowest one-twelfth is sub-
stantially higher compared with the lowest quarter, at the cost of an
increased error (Extended Data Fig. 2b). At the lowest end of the expo-
nential profile, 2Al is enriched up to 406% over 2A0 (Extended Data
Fig.2c, S;; from Extended Data Table 1), in contrast to (32 £ 3.6)% in
the lowest quarter (Fig. 2a). See Extended Data Fig. 2e for how this
translates to separation at lower temperature gradients.

Enrichmentin geological networks

The above measurements were performed in asingle heat flow cham-
ber, however, geological systems of interconnected fractures are highly
variablein size and canspan from millimetres to tens or even hundreds
of metres. To approach such complex systems, we first performed a
proof-of-principle experiment (Fig. 4a-c). We applied aflow of 1 nl s of
mixed compounds to the first heat flux chamber 1 (violet shade, Fig. 4a),
whichbranchesintochambers2and3 (brownand blue shades, Fig.4a).
To determine the spatial enrichment, we ran amixture of amino acids
through the chambers (AT =16 K) for 60 h, froze them and divided
theminto the colour-graded areas shown in Fig. 4a for analysis through
HPLC.Figure 4b shows the position and concentration of exemplarily
selected amino acids phenylalanine (F),  and asparagine (N) with the
corresponding colour assignment (Extended Data Fig. 6 and Supple-
mentary Fig. 4 for various amino acids). The scatter plots, including |
and N, show the separation of concentration ratios per chamber. The
range of enrichmentsin a three-chamber network ([N]/[1] = 23-fold and
[11/[N]=4.2-fold) is higher than achievable in asingle chamber (Fig. 4b,
left and Supplementary Fig. 5). This shows that the enrichment effect
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Fig.4|Experimental and modelled purification of prebioticorganicsina
network of connected rock cracks. a, Experimental setup of asmall network
of three interconnected chambers with a volume inflow of 1 nl s™ of an amino
acid mixtureand AT=16 K. b, After 60 h, the chamber contents from three
repeats were frozen and divided intoindividual parts according to the colour
gradationsinaand measured by HPLC. Exemplary separations of amino
acidslversus NandIversusF areshown. Concentration ratiosinchamber2
(brownshade) versus 3 (blue shade) range from [1]/[N] = 23-fold (brown) to
[N]/[1]=4.2-fold (blue). For thermophoretically similar amino acids F and|,
theserange from [11/[F]=2.8-fold (brown) to [F1/[1] =1.4-fold (blue). The dashed
blacklineindicates equal concentration. ¢, Datafrombinred compared with
anotherwiseidenticalrunat AT=10K (blue) and O K (control, green) show
stronger enrichment at higher temperatures and no effect without heat flux.

is compatible with throughflows and is boosted substantially by the
interaction of three chambers in a network. Maximum enrichments
for thermophoretically different amino acids, such as I versus N, are
much greater than those for thermophoretically similar amino acids,
such as I versusF (Fig. 4b, right and more examples in Extended Data
Fig. 6). As expected, the enhancement becomes stronger for larger
temperature differences (Fig. 4c, blue AT=10K, red AT=16 K) and
disappears without a heat flux (green, AT= 0 K).

These results encouraged us to model the behaviour of larger systems
insilico. We numerically assembled a network of N, =20 by N, = 20 con-
nected heat flow chambers with asize of 50 x 200 mm, fed by ageother-
mal fluid flow (Fig. 4d). To understand the behaviour of each species
inside the complete system, we first determined the thermophoretic
properties of all solutes (Supplementary Code and Dataand Extended
DataTable1; Methods). For 3’,5-AMP, one of the few compounds used in
this work with known thermophoretic properties, our result S5 s avp =
(0.0051+0.0009) K™ (at 40 °C) agrees with the literature values
Sty samprer = 0.005 K™ (at 30 °C) within the error margin’.

On the basis of these results, we calculated the average concentra-
tions for mixtures of prebiotic compoundsin the lower parts of all net-
work chambers for 30 separate networks and atemperature difference
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d, Largersystems (N, x N,=20 %20, AT = 6 K) of connected heat flow chambers
withavolumeinflow of 1 nls™ perinput channel are modelled numerically.

e, Concentration ratios between amino acidsland Nin the chamber system
show asimilar but amplified patternasinb.f, Maximum enrichments[NI1/[1]
(purple) and[I]/[N](green) scale with the temperature difference and the size
of the system. The dashed lines show the conditionsineand g. Error bars
represent thes.d.fromseveral simulations (Methods). g-i, Maximum
enrichmentsinthe system shownind forall possible combinations of
substances for amixture of amino acids (g), adenine (nucleobase/nucleoside/
nucleotides) (h) and 2-aminoazoles (i). Highlighted boxes indicate maximum
enrichments for the pairland Nshownin e.See Extended Data Fig. 6 for error
values.

of 6 K (Fig. 4e-i). The flow rate for the inlet channels, which mimic the
slow geothermal flow, was set to1 nl s as assumed realistic in geologi-
cal systems*® and used in the experiments in Fig. 4a—c. The flow rates
fortheindividual chambers of the network mostly varied between 0.1
and 10 nl s as a result of the randomly assigned throughputs of the
connecting channels (Supplementary Fig. 10).

Similar to the experimental results shown in Fig. 4b,c, species with
high Soret coefficients are strongly concentrated in upstream cham-
bers and depleted downstream. There, species with small Soret coef-
ficients are dominant and, therefore, highly enriched (Extended Data
Fig.9). Accordingly, the maximum ratio of concentrations of theamino
acidsIversus Nis19-fold at higher absolute concentrations, whereas the
ratio of N versuslin another chamberis 2,000-fold at reduced absolute
concentrations (Fig. 4e). Each point in Fig. 4e represents the average
concentrations in the lower part of the respective heat flow chamber
ofthe network, showingasimilar but amplified pattern compared with
the experiments. Extended Data Fig. 7 shows further examples of amino
acid combinations analogous to Fig. 4e, demonstrating enrichments
atnotable absolute concentrations.

In natural systems, temperature differences across chamber
cross-sections are eventually below the assumed AT =6 K. For this
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reason, we varied the temperature difference in Fig. 4f and found a
near-exponential dependence for the enrichment of N versus I. The
reverse enrichment, thatis, I versus N, saturates at (25 + 9)-fold and
even declines at higher temperature differences (Fig. 4f, top), owing
to the throughflow-limited thermophoretic accumulation of solutes
atthe chamber bottom at higher temperature gradients. By contrast,
inthe upper chamber region, species with strong thermophoresis can
deplete almost completely, leading to high enrichments of species with
smaller Soret coefficients with increasing temperature gradients (Sup-
plementary Fig.11). The errors were determined from three repeated
simulations, considering the errors of the Soret coefficients (Extended
DataTable1; Methods). Notably, even aslight temperature difference
ofonly2 Kdrivesanupto (3.5 + 0.2)-fold enrichment of I versus N (Sup-
plementary Discussion 1). The enrichment is further boosted with
increasing network size, in particular for the thermophoretic weaker
species (N versus |, Fig. 4f, bottom).

Figure 4g shows the maximum enrichment of amino acids under the
same model parameters asin Fig. 4e. The network amplifies the respec-
tive values compared with Fig. 2b; for example, G is enriched up to
(2,726 + 713)-fold compared with [; in other chambers, I is enriched
(38 £14)-fold. Amino acids with similar Soret coefficients, suchasland
V, are enriched up to a maximum of [1]/[V] = (1.6 + 0.1)-fold. Similar
effects were observed between nucleobases and nucleotides of differ-
ent phosphorylation states and 2-aminoazoles (Fig. 4h-iand Extended
DataFig. 6).

Starting with al:1solution of two substances with sufficiently differ-
ent thermophoresis, such asland N, heat fluxes in networks can thus
provide niches with at least 95% purity of the stronger accumulated
substance. For the thermophoretically weaker compound, even 99.9%
purity is feasible.

Habitat for prebiotic reactions

How does prebiotic chemistry benefit from the heat-flow-driven puri-
fication outlined above? We address this question using the example
of aTMP-drivenreaction. As a highly water-soluble phosphate species,
TMPis particularly interesting for prebiotic chemistry, enabling vari-
ous prebiotic reactions even in water or pasteous environments™>",
However, TMP is considered scarce on the prebiotic Earth because of
energy-intensive synthesis pathways, makingits selective enrichment
critical™.

As an example of a TMP-driven reaction, we examine the dimeriza-
tion of glycine in water™ (Fig. 5a). We filled a heat flux chamber with
amixture of 1 mM (Fig. 5b, pink) or 10 mM glycine (Fig. 5b, purple)
and 1 mM TMP. After 16 h runtime with a temperature difference of
AT=14K,the productyields wereincreased from an undetectable level
(AT=0K,Fig.5b,black, T=85°C)to (3.6 + 0.6)%, enabled by the selec-
tive enrichment of TMP over the thermophoretically weaker glycine
(Extended Data Table 1).

Encouraged by these results, we sought to model the dimerization
of glycineinanetwork of heat flow chambers. We first determined the
reactionrates of the reaction model (equations (9)-(13)), studying the
dimerization of glycine experimentally in bulk under TMP titration at
90 °C and with initial pH 10.5 over up to 120 h (Fig. 5¢; Methods). The
model network consists of 20 x 20 connected heat flow chambers, fed
with a mixture of TMP and glycine (1 uM each) at a flow rate of 1 nls™
perinlet (Fig. 5d).

In the absence of heat flows, the concentrations of the product
GlyGly are vanishingly small at around 10 fM (Fig. Se, solid lines).
The situation changes substantially on applying a temperature dif-
ference of 10 K to each chamber. The heat-flow-driven enrichment
increases the maximum reactant concentrations by four orders of
magnitude (blue and black dashed lines, Fig. 5¢) and enhances the
maximal product yields 2¢¢,61,/ (2€aiyc1y + Caiy) By up to five orders of
magnitude, reaching around 10% at AT = 10 K (Fig. 5f). These results
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Fig.5|Experimental and modelled enhancement of reactionyields by
heat-flow-driven, selective purification of reactants. a, TMP-associated
dimerization of glycine'. b, Evenin asingle heat flux chamber (AT =14 K), the
productyield of Gly dimerizationincreases toup to (3.6 + 0.6)% after 16 h from
undetectable yieldsin the controls (AT =0K) for [Gly];,;,=1mMand 10 mM and
[TMP],;,, =1 mM (errors =s.d., threerepeats).c, The reactionrates from
equations (9)-(13) were determined experimentally by simultaneously fitting
tothe product concentrations for bulk glycine dimerization after 16 hwith

10 mMand 100 mM initial Gly concentrations over three orders of magnitude
of TMP concentrations (left) and to atime series up to 120 h for [Gly];, and
[TMP];,;. =100 mM (right). d, Gly dimerization was modelled numerically in
networks of connected cracks by using reactionrates obtainedinc. The 2D
maps show product concentrations of GlyGly from TMP-induced dimerization
after 120 hwithout (AT=0K) and with (AT =10 K) applied heat flux withan
inflow rate of 1 nls™ perinput channel. Each pixel corresponds to the bottom
concentration of GlyGly in aseparate crack (reaction volume, orange).

e, Statistics of all reactant concentrations in 100 distinct systems of N,= 20 by
N, =20 connected cracks. Without heat flow (AT= 0K, solid line), TMP (black)
and Gly (blue) concentrations remain unchanged at1 M, leading to vanishingly
low product concentration (GlyGly, purple). With heat flow (AT =10 K), reactant
concentrations areincreased more than four orders of magnitude, so that—in
0.1% of all chambers—atleast 10 pM of product can be formed. Shaded area
denotesthes.d. by several runs (Methods). f, Thereactionyields of TMP-driven
glycine dimerizationincrease exponentially with the applied temperature
gradient.

show that otherwise challenging prebiotic reactions are massively
boosted by the heat-flow-driven selective accumulation and local
enrichment.

Conclusion

In summary, we have studied experimentally and numerically the
selective and localized enrichment of more than 50 prebiotically rel-
evant substances by heat fluxes. The scenario mimics the situationin
extended geological networks of rock cracks and shows how geother-
mal heat flows could have driven the sensitive separation of highly
similar molecules. At moderate temperature differences, distinctamino
acids are separated from each other by up to three orders of magnitude,
components of nucleotides by up to two orders of magnitude and the
different 2-aminoazoles by a factor of 10. In the upstream part of the
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network, species with strong thermophoresis are accumulated and
depleted further downstream. Here residual chemicals with weak ther-
mophoresis are enriched at moderate thermophoretic accumulations
(Extended Data Figs. 6, 7 and 9). The resulting concentration ratios
couldbe conveyed to higher absolute concentrations by non-selective
up-concentration modes such as local drying or accumulation at gas-
water interfaces. As long as the thermophoretic strength of two sub-
stances differs sufficiently, they can be spatially separated, enriched
and mixed with other concentrated chemicals in the geo-microfluidic
system.

The mechanism works over a wide range of pH (3-11) and solvent
conditions (Extended Data Figs. 3-5). The strength of the enrichment
scales exponentially with the temperature difference. Smaller heat
fluxes could have been compensated by naturally occurring larger,
metre-scaled networks. The process is very stable to local and tempo-
ral fluctuations in the heat flux and operates in a variety of irregular
chamber geometries (Supplementary Discussion 1 and Supplemen-
tary Fig.12). All investigated compounds exhibit considerable ther-
mophoretic accumulation that scales exponentially with their Soret
coefficients, the latter spanning a wide range between 1.4 x 10 and
7.5x107° K™

We demonstrate the advantages for prebiotic chemistry by placing
anotherwise challenging reaction, glycine dimerization, in anetwork
ofinterconnected cracks. Suchreactions typically suffer from the low
relative abundance of their driving agents, in our case, TMP. We show
experimentally that the thermal non-equilibrium markedly enhances
reactionyieldsinasingle chamber and numerically demonstrate how
this effect is amplified by the network, boosting yields by up to five
orders of magnitude. The universal availability of heat fluxes on the
early Earth, either from the geological setting or as a waste product of
one of many exothermic reactions, makes this mechanism conceivable
invarious environments.

Systems of interconnected thin fractures and cracks or comparable
permeable pathways are thought to be ubiquitousin volcanic and geo-
thermal environments. Connected to the surface, such systems can
potentially feed spatially separated ponds or pools, whose role in the
origin of life has been extensively studied. Ultimately, a large number
of sequential reaction conditions required by numerous prebiotic
reaction pathways could have been implemented without external
intervention. Given the wide availability of heat flows and fractures in
rocks, the observed applicability to even small prebiotic compounds
and the overall robustness of the process, thermophoretic enrichment
of organics could have provided a steady driving force for a natural
origins-of-life laboratory.
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Methods

List of substances used

For alist of abbreviations, see Supplementary Table 1. Nucleobases
A and T, nucleosides Ado, Guo and Urd, nucleotides (2’-AMP, 3’-AMP,
5’-AMP, 2’,3’-AMP, 3’,5-AMP, 5’-CMP, 2’,3’-CMP, 5’-GMP, 3’,5"-GMP
and 5’-UMP), deoxyribonucleotides (1AAMP, dCMP, dGMP and dTMP),
2-aminoazoles (2A0, 2Al and 2AT), oligomers of Gly (Gly, GlyGly and
GlyGlyGly) and TMP were purchased from Sigma-Aldrich (USA). Nucle-
obase C was purchased from Carl Roth GmbH (Germany) and nucle-
obasesUand G and nucleosides L-Cyd and D-Cyd were purchased from
Biosynth Carbosynth (UK). Nucleotides 2’-CMP, 3’-CMP, 3’,5’-CMP,
2’,3’-GMP, 2’,3’-UMP and 3’,5’-UMP were purchased from Biolog (USA).
For the proteogenic amino acids, an Amino Acid Mixture was used
(L4461, Promega, USA) and compared with individual amino acids
(Sigma-Aldrich, USA). For experiments on non-proteogenic amino
acids, amixture of amino acids and small molecules was used (A9906,
Sigma-Aldrich, USA).

Experimental procedure: preparation of heat flow cells

Bold numbers refer to the corresponding encircled numbers in
Extended Data Fig.1. The FEP foils (5; Holscot, the Netherlands) defining
the microfluidic structure were cut by an industrial plotter device
(CE6000-40 Plus, Graphtec, Germany). The cutout was then sand-
wiched between two sapphires (4 and 6; KYBURZ Switzerland,
Switzerland) with thicknesses of 500 um (cooled sapphire) and
2,000 pum (heated sapphire), respectively. The sapphires were previ-
ously coated with a hydrophobic coating (ProSurf MT-5, Surfactis,
France) to avoid interaction with the sample and facilitate sample
extraction. The cooled sapphire (4) has four laser-cut holes with a dia-
meter of 1 mm. The sapphire-FEP-sapphire block was then placed on
analuminiumbase (2), covered by a heat-conducting foil (3; graphite,
25pum, 1,600 W mK™, Panasonic, Japan) and held in place by a steel
frame (7), which is connected to the aluminium base by six torque-
controlled steel screws for homogeneous force distribution.

The height of the chamber was measured with aconfocal micrometer
(CL-3000 series with CL-PO15, Keyence) at three positions (bottom,
middle and top) to ensure ahomogeneous thickness of the chamber.
The average of these three measurements is later used in the numeri-
cal model to determine the Soret coefficient for each experiment.
An Ohmic heating element (9) was mounted on the steel frame with
torque-controlled screws and connected to the heated sapphire with
another heat-conducting foil (8; EYGSO811ZLGH, graphite, 200 pm,
400 W mK™, Panasonic).

For the microfluidic connections, we used (Techlab, Germany):
connectors (UP P-702-01), end caps (UP P-755), screws (VBM 100.823-
100.828), ferrules (VBM 100.632) and tubings (Teflon (FEP), KAP
100.969). As syringes, we used (ILS, Germany, bought from Gohler-HPLC
Syringes, Germany) 2606814 and 2606035. Chambers were pre-flushed
using low-viscosity, fluorinated oil (3M Novec 7500 Engineered Fluid,
USA) to check for tightness and push out residual gas inclusions.

For the 100 mM phosphate buffer used in Extended Data Fig. 5¢, we
dissolved 584 mg NaH,PO,-H,0 and 819 mg Na,HPO, in 100 ml water,
resultingin asolution of pH 7. Each mixture was chosen to cover abroad
range of molecules while still producing separable peaks in the HPLC
measurements (see Extended Data Fig.1and Supplementary Fig. 14).

The sample (42.5 pl) was loaded into the chamber with the help of a
syringe filled with fluorinated oil to avoid the inclusion of air bubbles.
After loading the sample, the tubings were closed with end caps.

The chamber was then mounted to a cooled aluminium block con-
nected to a cryostat (TXF-200 RS, Grant, UK). The heaters were con-
nected toa400-W, 24-V power supply controlled by means of Arduino
boards with a customized version of the open-source firmware Repetier,
initially designed for 3D printing. The cryostat and the heaters were
settothe desired temperatures. Temperatures were measured on the

sapphires with a heatimaging camera (ShotPRO, Seek Thermal, USA),
giving cold and hot temperatures per experiment.

Allelements were optimized using finite element simulation to pro-
vide ahomogeneous temperature profile.

Tostop the experiment, heaters and the cryostat were turned offand
the chamber was frozen at —80 °C for at least 15 min. This allowed us
toopenthe chamber and cut the frozen interior into four fractions of
equal volume. Fewer fractions would lower resolution by averaging over
alarger fraction of the chamber (Extended Data Figs.1and 2), whereas
more fractions would suffer alarger positional error from manual cut-
ting (for acomparison of 12 versus four fractions, see Extended Data
Fig.2).

For experimental network experiments, amodified cutout was used
(shownin Fig. 4). Before mixing with concentrated amino acid stand-
ard, the water used for dilution was degassed by heated stirring under
vacuum. The sandwich was filled with sample solution before assembly
to minimize air inclusions and dilution effects from remaining water.
To start the experiment, inlets and outlets were connected to tubings
(250 pminner diameter to reduce air inclusions, KAP100.966, Techlab,
Germany) filled with sample solution and connected to syringes driven
by syringe pumps (Nemesys, CETONI, Germany). As soon as the tem-
peraturegradient (16 Kbetween30 °Cand 46 °Cand 10 Kbetween 32 °C
and 42 °C) was established, theinlet was supplied with a continuous flow
of 1 nls™and the outlets with 0.5 nl s each. For the recovery of fractions
ofthethreeindividual chambers, aslightly modified extraction proce-
durewas used. Because the time required to extract 12 fractions (four
fractions per chamber) isincreased compared with the four fractions
used above, we added dryice around the frozenblock to reduce dilution
by condensation. Also, we directly pipetted the recovered fractioninto
7 eq. of borate buffer for pre-column derivatization.

pH measurements

For pH measurement and adjustment, we used a Versa Star Pro device
equipped withan 8220BNWP micro pH electrode (Thermo Fisher Scien-
tific, USA). The fundamental effect of heat-flow-driven pH gradients was
shown previously*. However, given the low concentrations of solutes
used in this work, the obtained pH differences remained weak (delta
pH between 0 and 1 units).

LC+MS measurements
Two different LC systems were used for the various analysis methods for
allmolecules of interest. Also, for glycine dimerization and detection of
non-proteogenic amino acids, an orbitrap MS was used. A method was
created and optimized for each set of species to ensure the best separa-
tion. In the following, these will be listed for the molecules involved.
System 1: the system consists of a Vanquish Flex (VF-S01-A), abinary
pump (VF-P10-A-01), a heated column compartment (VH-C10-A) and a
variable-wavelength detector (VF-D40-A; all Thermo Fisher Scientific,
USA). As column, we used Symmetry C18 (3.5 um pore size, 2.1 mm
diameter, 150 mm length, 100 A particle size, WAT106005) (Waters,
USA). As eluents: eluent A: LC-H,0 (0.1% v/v formic acid); eluent B:
LC-acetonitrile (0.1% v/v formic acid). For all methods, we used a flow
of 0.3 ml min™, acolumn temperature of 30 °C (still air) and detection
of the UV absorption at 260 nm with 50 Hz. All methods are followed
by awashing step at 40% B for 1 min and equilibration at starting con-
centration for 6 min.
Detailed protocols for the respective mixtures of compounds:
 Nucleobases: isocratic elution for 3 min at 0% B, then increase to
10% B over 2 min.
* Nucleosides: isocratic elution for 3 min at 0% B, then increase to 5%
B over 4 min.
« Cytidine monophosphates: isocratic elution for 5 min at 0% B, then
increase to 5% B over 2 min.
« Adenosine monophosphates: start with 0% B, then increase to 5% B
over 12 min.
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« 5-ribonucleotides: isocratic elution for 10 min at 0% B.

« 2’,3’-cyclicribonucleotides: start with 0% B, then increase to 4.5% B
over15min.

« 3’,5-cyclic ribonucleotides: start with 0% B, then increase to 6.8% B
over 9.5 min.

 Deoxyribonucleotides: start with 0% B, then increase to 3% B over
8 min, thenincrease to 5% B over 4 min and 7.5% B over 1 min.

« Dimerization of glycine (variation of TMP): pre-columnderivatization
as described below. Isocratic elution for 10 min at 4% B.

MS-based methods: we carried out mass analysis using a Q Exactive
Plus Orbitrap HR/AM (Thermo Fisher Scientific, USA), using positive
ionization with a resolution of 70k, an AQC target of 3 x10°and a
maximum IT of 200 ms. On the HESIsource, asheath gas flow rate of 2
was set, a spray voltage of 2.9 kV, 320 °C capillary temperature, 50 °C
auxiliary gas heater temperature and aS-lens RF level of 50. For analysis,
the mainisotope mass £0.075 m/zwas extracted. For LC-MS methods,
we used the same settings for the LC as above.

Detailed protocols for the respective mixtures of compounds:
 Dimerization of glycine (time variation and heat flow chambers):

isocratic elution for 5 min at 4% B.
» Mixture of non-proteogenic amino acids, proteogenic amino acids,
dipeptides and other molecules: isocratic elution for 5 min at 4% B.

System 2: the system consists of a Vanquish Core (VC-S01-A-02),
a quaternary pump (VC-P20-A-01), a heated column compartment
(VC-C10-A-03),adiode array detector (VC-D11-A-01) and a fluorescence
detector (VC-D50-A-01; all Thermo Fisher Scientific, USA).

Separation of 2A0, 2Al and 2-aminothiazole (2AT): following a
method fromtheliterature®, we appliedisocratic elution for 5 min with
90% LC-H,0,10 mM ammonium formate and 10% LC-acetonitrile. The
flow rate of 1.5 ml min™ was applied on the column InertSustain Amide
(100 A, 5 um, 4.6 x 150 mm, GL5020-88631) (GL Sciences, Japan), with
acolumn temperature of 40 °C and UV detection at 225 nm.

Separation of all 20 proteogenic amino acids: for the separation of
amino acids, we adapted a method from the literature®. Following that
protocol, wefirst pre-column derivatized our sample. This was done by
mixing 14 pl of 50 mM borate buffer (28341, Thermo Fisher Scientific,
USA)with pHadjusted to 8.8 and 2 pl of our sample. Then, 4 pl of freshly
prepared 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC,
S041, Synchem, USA) and 4 mg mlinanhydrous acetonitrile (43166,
Alfa Aesar, USA) were added and mixed with a pipette. The samples
were thenincubated for10 min at 55 °Cand stored in the autosampler
at 5 °Cbefore injection. We used the column ACCLAIM Vanquish C18
(2.2 um, 2.1 mm x 150 mm) (Thermo Fisher Scientific, USA). Eluent A
was LC-H,0 (W6-212, Fisher Scientific, USA) + 50 mM ammonium for-
mate (17843, Honeywell, USA) + 0.8% v/v formic acid (A117-50, Fisher
Scientific, USA) and eluent B was LC-acetonitrile (A955-212, Fisher
Scientific, USA). We set the column temperature at 45 °C (still air) and
simultaneously acquired the UV absorption signal at 260 nm and the
fluorescence signal (FLD) under excitation at 266 nm and emission at
473 nm (both with 50 Hz). Elution was done with a flow of 0.65 ml min ™,
Best separation was achieved using the following elution protocol:
isocratic elution with 0.5% B between O and 0.548 min, increase to
5.2% B until 3 min, to 9.2% B until 8.077 min, to 14% B until 8.626 min,
maintain at 14% B until 9.5 min, increase t019.2% B until 11.227 min, to
19.5% B until 13.696 min, to 90% B until 14.4 min and finally lower to
0.5% B and equilibrate for 6 min. For peak identification, samples of
theindividual amino acids were prepared according to the same pro-
tocol. Calibrations with different concentrations of amino acid stand-
ard solutions were done using the same volume as for experimental
samples and for each set of measurements. After acomparison of the
results of these calibrations in UV and FLD measurements, we found
that the two detection methods worked equally. Because background
levelsin FLD are very low, we chose to proceed with the FLD channel

except for tryptophan, which does not fluoresce, and tyrosine, which
isknown to produce intermediary products®. For Fig. 2 and Extended
Data Fig. 3, we injected each sample twice and used the average of
these two injections.

Treatment of data

Integral values of all experiments were analysed using Python. The
accumulation profiles (Fig. 2a and Extended Data Figs. 2a and 8) over
the chamber height were internally normalized for each species (see
equation (1)) tocompare enrichments despite the different initial con-
centrations owing to the use of different mixtures. Inherently, this
makes the system compatible with mixtures with different concentra-
tions of species. The normalized concentration [A]; . for eachindividual
measurement was calculated for species A for fractionj {1, 2, 3, 4} and
replicate number k {1, 2, 3}.

[Alj « wpLc
1
% Z,- [Alj i mpic

with the HPLC-measured concentration [A]; yp.c Obtained from the
integral values presented in Supplementary Tables 5-65. For the detec-
tion of the dimerization of glycine, we used a quadratic function of
(./response) to account for the nonlinear response (Supplementary
Information pages 166-167). For all other species, we used an external
linear calibration (Supplementary Tables 3 and 4 and examples on
pages 135-165 of the Supplementary Information). The linear calibra-
tionintrinsically emphasizes that differences in calibration or absolute
concentration do not change the resulting enrichments.

To compare two species inside a pool of molecules (as shownin the
heat mapsin Figs.2 and 3 and Extended Data Figs. 2-5), we calculated
the concentrationratio of species Acompared with species Binthetop
(j=1) and respective bottom (j = 4) fraction for each combination of
species and per individual experiment. We then calculated the average
of the triplicate experiments.

[A]j,k = 1)

Al
). "

_ 1
[AT/[B]; -1= 3 % ([B],»,k

The averaging over the triplicates is done only after the calculation
ofthe concentration ratios. This is necessary because the temperature
gradients betweenthe replicate experiments differ slightly (1-2 K). This
affects the concentrations of all species presentin the respective mix-
ture of areplicate equally (Supplementary Fig.9), so thata calculation of
the concentrationratio only after averaging the species concentrations
would lead to a distortion of the enrichment value actually presentin
the heat flow chamber. The error maps shown in the Extended Data
Figures and Supplementary Figures were determined by calculating
the s.d. of the enrichments [A];/[B]; . of all repeats from the average
value described in equation (2).

Control experiments were donein parallel to check for possible deg-
radation of individual compounds. For this purpose, one solutioneach
wasincubated at the lower or higher temperature occurringinthe heat
flow chamberinbulk for the duration of the accumulation experiments,
but no substantial selective degradation was observed.

For theenrichment of anindividual species compared with a pool of
molecules (Supplementary Table 2), we normalized the individual
experiments as explained previously. Then, we calculated the average
concentrationc; , of the pool of all species k (per experiment) in the top
(/=top) and respective bottom (j = bot) fraction for speciesi € {1,..., S}.

@,k=% 2,

By comparing the concentration of the species with the mean con-
centration of the poolc;, we were able to determine the enrichment of

Cijk

1
n Zj Cijk

(3)
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species Ain fractionj (per experiment), which we averaged over the
triplicate measurements (Supplementary Table 2).

[(AJ/G-1=1 3 (Alc-50 -1 @)
k

Determination of the thermophoretic strength (Soret
coefficient) of prebiotic substances in complex mixtures

A new measurement approach was necessary to determine the ther-
mophoretic properties of the very small and highly diluted prebiotically
relevant chemicals mixed togetherin networks of interconnected rock
fractures. Previous methodsrequire either fluorescent labelling of the
measured substance, which distorts the thermophoretic properties
of small molecules, or high substance concentrations, which—in our
example—would strongly change the pH value and, thus, would notbe
representative for the prebiotic context of diluted solutions. At the
same time, only one substance canbe measured at atime. To overcome
these difficulties, we use the same setup that mimics the geological
scenario of heat flows through thin rock fractures that has also been
used in previous studies*®*? (Extended Data Fig. 1). The microfluidic
structureis prepared as explained earlier. The combination of thermal
convection and thermophoresis allows the solutes to be separated
along its height of 50 mm much more effectively than would be pos-
sible by thermophoresis alone®. This spatial separation allows the
entire chamber to be frozen. The content of the chamber is then cut
into four equal-sized pieces (12.5 mm height each) using a scalpel. All
pieces are analysed separately by HPLC (Extended DataFig. 1), resulting
inan average concentration Wj =1/3%4 [A; « of species A at position
J,with[A];,asintroduced in equation (1).

We assumed diffusive mobilities of D; ,, = 800 pm?s™ for amino
acids®and D, 4, 1,400 pum?s™ for the 2-aminoazoles and nucleotide
components®*, This approximation is reasonable because the experi-
ment is close enough to steady state after 18 h and, hence, the fitted
thermophoretic strength S;; depends only marginally on D, (Supple-
mentary Fig. 8).

To determine the thermophoretic strength from these datasets,
we first create a 2D model of the same height (50 mm) and thickness
(0.17 mm) asin the experiment using finite element methods (COMSOL
5.4).Inthis model, the temperatures of the sidewalls are set according
tothe experiment. To determine the thermal convection of the solvent,
we solve the Navier-Stokes equation

p(u-V)u=V-[—pl+ﬂ(Vu+(Vu)T)—éﬂ(V-u)l}pg (5)

and the continuity equation in the steady-state case

V-(pu)=0 (6)
inwhich p denotes solvent density, u the solvent velocity vector, I the
unit vector, p the pressure, i the dynamic viscosity and g the gravita-
tionalacceleration. The results show alaminar convection flow uinside
the cell, whichis coupled to the solute movement as it drags it with it.

This is achieved by solving the time-dependent drift-diffusion
equation

%\%:V' [Divci,num_ (u_ST,i'DiVT)Ci,num] @)
with thelocal solute concentration ¢; ., of species i (initial concentra-
tion €;numo =1), its diffusive mobility D;and Soret coefficient §; ;= #
whichis defined usingits thermophoretic mobility D; ;= - % includ-
ing the thermophoretic drift velocity v;;. D, is determined approxi-
mately by literature values after making sure that it does not change
the determination of S;; (Supplementary Fig. 8). To obtain S;;for each

species of the mixture, we fitted the numerical results of the averaged

concentrations of all four volume fractions V,, Ei‘i,numzsﬂ/j C; numdV to

the average concentrations obtained by HPLC Wj, i=A.Although exter-
nal control of COMSOL is possible to include it directly in the fitting
algorithm, we chose to first solve equations (5)-(7) for awide range of
parameters and then use this dataset to linearly interpolate the exper-
imental results, yielding the respective Soret coefficient of the solute
much faster and with good precision. The parameter range covered
different temperature gradients (AT [K]: 0, 5, 10, 20, 25), thermopho-
retic mobilities (D; [x10™2 m? sK™Y] : 1, 2.5, 5, 10, 20, 40, 60, 80) and
diffusive mobilities (D[x10™2 m? s : 1,700, 1,400, 1,100, 700) for
100 equidistant time points between 0 hand 24 h, which resultsin192
different concentration profiles at each time point (see model file
SimpleSim_2022_03_08_new.mph, resulting in the data file 2022_03_
08_2DSim.dat). Using a custom-made LabVIEW programincorporating
Levenberg-Marquardt algorithms (see SingleNTD_TrapFitter_V1-6.
1Ib), we varied the D;; with fixed, experimentally obtained values for
AT, D, until an optimal fit between the numerical (; ; ) and experi-
mental ([A];) concentration profiles was found for each species. This
procedure was repeated for all experimental repeats (triplets), after
which the obtained values for S;;were averaged and as.d. was obtained
(Extended Data Table1). Steady-state concentration profiles shownin
Extended Data Fig. 2¢,d and Supplementary Fig. 6 were obtained by
calculating

gi

20 . ATBgpa’®
c(y)=exp —L‘jﬁsmuﬁ , with g= % (8)
1+ 10,080 !

in which S denotes the volume expansion coefficient of water, a the
distance between the hot and the cold sides of the heat flow chamber,
nthe dynamic viscosity of water andy the space coordinate along the
height of the chamber.

Modelling of asystem of connected cracks/heat flow chambers
To determine the concentration profilesin asystem of interconnected
heat flow chambers from the previously determined Soret coefficients,
we first had to calculate the behaviour of all speciesin asingle heat flow
chamber under various boundary conditions, such as temperature
difference and flow rates.

For this, we created a 3D chamber in COMSOL with a height of
200 mm, a width of 60 mm and a thickness of 0.17 mm. The chamber
has aninflow channel at its top end and an outflow channel at its top
and bottom ends (see supplied COMSOL file SingleNTD_v7_simple-
Geo_Large_allSTs_60mmWide200mmHighTrap.mph, yielding data
file SingleNTD_v7_simpleGeo_Large_60x200mmWide.dat). We then
solve equations (5)-(7) in the steady-state case, calculating first the
laminar flow and then the concentration distribution of the solute.
Solutions are generated for all combinations of boundary conditions,
that s, for different temperature differences (AT [K]: 0,1, 2, 3,4, 5, 6,
7,8,9,10,11,12), diffusive mobilities (D;[x102m?s71] : 800, 1,400),
Soret coefficients (ST,,»[><10’3 K™ :1, 4, 8, 12) covering the range given
by Extended Data Table 1, inflow volume rates (Q, [x10 > nl s '] : 1, 5,
10, 50, 100, 500, 1,000) and outflow rates through the bottom out-
flow channels as ratios of the inflow volume rate (Q,po: [%]: 1, 5,10,
20, 50, 100). Because the random distribution of channels in the
modelled network of heat flow chambers resultsin channels with flow
rates smaller and larger than the assumed 1 nls™ (Supplementary
Fig.10), we appropriately set the range of simulated flow rates Q,,. The
outflow rate of the upper channel is determined from the mass con-
servation of the incompressible aqueous solution. This parametric
sweep yields a dataset of 7,332 concentration profiles.

In the second step, we use this extensive dataset to extrapolate the
behaviour of interconnected heat flow chambers. For this, we set up
the structure of the chamber system using a self-made LabVIEW
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program that fills a3D array (see NetworkSimulation_v3-1.1lb with the
settings shownin GridSimSettings.pngand the program state saved in
MCA31.2023_07_24.dat), representing Zsystems of a 2D matrix of cham-
bers. The program assigns one inflow and a maximum of two outflow
channels to each of the chambers in arandom fashion. Each chamber
canonly connectto chambers inside the same row or one row above or
below, simulating a realistic system. The inflow and outflow rates are
setup according to the mass conservation of the solvent. After setting
the temperature difference AT and defining all species i of a mixture
by setting D;and Sy;, every chamber of the system has a fully defined
set of boundary conditions that can be retrieved from the previously
calculated dataset. Solutions of parameter values (AT, D;, S7;, Qin, Qoucpor)
that are set between calculated parameters are linearly interpolated
from the above dataset. The concentration profiles of each chamber
Cnniatmatrix position mand n are thenrenormalized columnby column

. . . i 0% Qj .
with the total inlet concentration ¢;, ,, . ;= W with the
s n

concentrationsc;, ,, ,,;and volumerates Q,,(Q;, =X, Q;, ) of each of the
I ox inflow channels [. The outflow concentrations ¢, ., Of €ach species
are calculated by the finite element simulations and assigned to the
inlet concentrations ¢, ,, ..; of the next column. The renormalized aver-
aged concentrations Cy, ,, ,;0f the bottommost 1.5 mm volume fractions
arethenplottedinFig.4e-i. The maximum pairwise enrichments shown
in Fig. 4g—-i are calculated by taking the median of the ten maximum

. . . . Cbot,m,n,i=
concentration ratios of two species A and B:median max(w) .
v m,n\ €bot,n,m,i=B

The median is used to avoid overestimating enrichment ratios by

numerical noise and outliers.
Owing to the routing of the connecting channels according to the

above rules as well as the random error of the measured Soret coeffi-
cients, the numerical modelling of the heat flow chamber network also
has associated errors. To quantify these, we repeated the respective
simulations (thatis, N, by N,chambers for Zsystems) at least three times
and calculated the mean and corresponding s.d. from the resulting
enrichment values as shownin Extended Data Fig. 6. To determine the
random error for the Soret coefficients shownin Extended Data Table 1,
we determined the correlation of the Soret coefficients for all species
present in the respective mixtures between measurement replicates
(Supplementary Fig. 9). The systematic error is mainly caused by small
differencesin the temperature gradient between the individual repli-
cates and equally affects the Soret coefficients of all species contained
inamixture. By fitting this correlation linearly, this systematic error can
thus be determined by the deviation of the slope of the linear fit to the
slopel. Accordingly, the s.d. of the fityields the random error (for exam-
ple, because of the integral determination of the HPLC peaks, fluctua-
tions of the column temperature during the HPLC run etc.). Inthe repeat
runs of the network modelling for the error determination, the Soret
coefficients for the speciesinvolved were, therefore, randomly chosen
accordingto a Gaussian distribution around the average value shown
inExtended Data Table1with as.d. corresponding to the random error
determined above. Thus, the error from the Soret coefficients could be
numerically propagated and shown in the error matrices in Extended
DataFig. 6.

Glycine-dimerization experiments
For the experiments shown in Fig. 5, we closely followed the protocol
for the dimerization of glycine'.

We prepared triplicates of 200 pl of a solution containing 10 mM
and 100 mM glycine and various concentrations of TMP, ranging
more than three orders of magnitude (0.10, 0.25, 0.63, 1.6, 4.0, 10,
25, 63,158 mM). The mixture was then adjusted to pH 10.5 using NaOH
and heated at 90 °C for 16 h. Using the LC protocol described above,
we then analysed the yield of dimerization by comparison against
standards.

The same was done for a mixture of 100 mM glycine and 100 mM
TMP with measurements at different time points between 0 and 120 h.

Modelling of reactions for network extrapolation
Tomodel the dimerization of glycine driven by TMP in large networks
of connected heat flow chambers, we first determined all required rate
constants k;—k; of the simplified reaction scheme™%:

Gly + TMP = GlyAct 9)
ky

GlyAct Z Gly (10)
GlyAct +Gly Z GlyGly (11
TMP ?4 waste 12)
GlyGly Z Gly +Gly (13)

Here the single glycine in equation (9) is first phosphorylated (acti-
vated) by TMP. The activated glycine can then react with another gly-
cine in equation (11) and form the GlyGly dimer. Both the activated
glycine and the glycine dimer can degrade to glycine by hydrolysis
(equations (10) and (13)). For TMP, a possible hydrolysis was also
takeninto account (equation (12)). For the determination of k,—k;, we
measured the product concentrations for a range of initial concen-
trations ([Gly];,;; =10 mM, 100 mM at [TMP],,, =100 mM, T=90 °C,
initial pH 10.5) at different time points (Fig. 5c and Supplementary
Table17). We determined the rate k, separately with a solution of only
[TMP];.;, = 0.2 mMinwater under the same temperature and pH condi-
tions to allow a better stability of the numerical fit described below for
theremaining reaction constants k;—k;, ksand measured the decrease
in TMP concentration over time (Supplementary Fig. 13 and Supple-
mentary Table19).

For the determination of reaction rates, either the full reaction sys-
tem (equations (9)-(13)) or only the TMP hydrolysis (equation (12)) was
implemented as a differential equation systemina OD model (COMSOL
5.4, filename: MultiDFitGlyRctnModel_20230714_Modellvl.mph, yield-
ing the data file 2023_07_14_MultiDFit_modelV1.dat, analysed with
FreeFitter V4-6.1lb):

d[Gl
% =—kx [TMP] x [Gly] - ks x [GlyAct] x [Gly] )
+k, x [GlyAct] + ks x 2 x [GlyGly]

d[GlyAct

% =— k,x [GlyAct] + k x [Gly] x [TMP] s
- k; x [GlyAct] x [Gly]

w =+ k% [GlyAct]  [Gly] - ks x [GlyGly] (16)
d[Td"t/'P] =~ k¥ [Gly] X [TMP] - k, X [TMP] 1)

The solution of this reaction system was then solved for the initial
concentrations[Gly];,, =100 mM and 10 mM and [TMP];,;,= 0.0001 M,
0.000251189 M, 0.000630957 M, 0.00158489 M, 0.00398107 M,
0.01M, 0.0251189 M, 0.0630957 M and 0.158489 M (corresponding
totheexperimentinFig. 5c) under variation of the rate constants (Sup-
plementary Table 18). The solution concentrations were determined
for the reaction times 0-122 h. For the separate determination of k,
mentioned above, the initial concentration [TMP];,,,= 0.2 mM was
chosen according to the experiment (Supplementary Fig.13). With
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the extensive datasets obtained in this way, we were able to simultane-
ously fitall of the experimental data points toacommon parameter set
with a custom-made LabVIEW program using a Levenberg-Marquardt
algorithm (see FreeFitter_V4-6.11b). The rates obtained in this way are:
k,=3.5x107 s (+19%) and k;=1.0 x 10> Ms™ (41%), k,=1.1 x10™*s™!
(£10%), k;=9.7 x10° Ms™ (+21%) and ks =1.2 x 1076 s (x20%). Although
the error bars in Fig. 5cindicate the s.d. from triple replicate experi-
ments, we have determined the error of the modelling described above
by astochasticapproach. We calculated the resulting product concen-
trations 500 times for the fitted set of rate parameters, choosing the
rates from the fit using a weighted random number generator with a
Gaussian probability distribution with the s.d. according to the previ-
ously given rate error. The shaded area contains 68.27% of all these
500 runs, equivalent to one s.d. To determine the reaction yield in
the network of interconnected heat flow chambers, we proceeded as
described next.

Using therate constants thus obtained, we calculated another data-
set using COMSOL as the result of the equations (14)-(17), inwhich we
varied the initial concentrations [Gly];,, and [TMP],,;. over a range of
1x107° M to 1M each, with five concentrations per decade (see Grid-
ReactionGlyRctnModel_20230717_Modellvl.mph, resulting in data
file2023_07_17_ModelVI1ForGridSimFig5.dat for analysis with FreeFit-
ter_V4-6.11b). The product concentrations were determined over a
reactiontime of 120 h (divided into 20 time points). We were thus able
tomap the TMP and Gly concentrations obtained from network model-
ling described above (using the Soret coefficients from Extended Data
Table1) in each individual heat flux chamber to this reaction dataset
and thus determine the amount of product obtained and the reaction
yield (Fig.5d-f). The errors giveninFig. Se,f were calculated stochasti-
cally as described above by recalculating the network model ten times,
choosing the Soret coefficients with a weighted random generator
with Gaussian probability distribution at one s.d. of the previously
determined random error.

The network continuously provides the reactants according to the
accumulation characteristics shown in Fig. 4, taking into account the
highSoret coefficient of TMP S,y = 7 x 10 K™ Asshownin Fig. Sc, right,
themaximumreactionyieldisalready reached after16 h, but the relaxa-
tion time of achamber with throughflowin the range Qj,,, =1-10 nl s 'is
expected tobe onthe order of Volume ,mper/ Qnow = 10'-107 h. Therefore,
to sufficiently account for the hydrolysis included in the model, we
calculate the product yield after 120 h reaction time. The reactions
are each assumed to occur in a reaction volume at the bottom of the
respective chamber in which the reactants are most concentrated
(Supplementary Fig. 11a).

Data availability

All data generated or analysed during this study are included in this
published article (and its Supplementary Information Files). A com-
prehensive, ready-to-use dataset to the supplied codeisincludedinthe
Supplementary Code and Data in the form of dat files as described in
Methodsand canbeloaded directly fromthe LabVIEW programs. Source
data are provided with this paper.

Code availability

The full details of the finite element simulation from Figs. 4 and 5
and its analysis tools are supplied as model and LabVIEW files in the
Supplementary Code and Data and described in Methods.
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a: Heat flux cell assembly
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Extended DataFig.1| Experimentsetup and analysis. a, Preparation of heat
flux cells. The microfluidic structure defined by the FEP foil (5) issandwiched
between two sapphires with thicknesses of 500 pm (4; cooled sapphire, with
inlets/outlets of 1 mmdiameter) and 2,000 pm (6; heated sapphire). The
sapphire-FEP-sapphire blockis then placed on an aluminium base (2) covered
by aheat-conducting foil on the back (1) and front (3) for optimal heat conduction
tothecryostatand the sapphire, and held in place by asteel frame (7). The steel
frameis connected to the aluminium base by six torque-controlled screws for a
homogeneous forcedistribution. The height of the chamber is measured witha
confocal micrometer at three positions (bottom, middle and top) toensurea
homogeneous thickness. Together with another heat-conducting foil (8), an
Ohmicheatingelement (9) is placed on top of the heated sapphire mounted to
thesteel frame with torque-controlled screws. Chambers are pre-flushed using

b: AT implementation

c: Differential analysis
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low-viscosity, fluorinated oil to check for tightness and push out residual gas
inclusions. The sample is then pulled into the oil-filled chamber. After loading
the sample, the tubings are closed. b, Application of the temperature gradient.
The assembled chamber is mounted onto acooled aluminiumblock connected
toacryostat. The heaters are connected to a power supply thatis controlled by
Arduinoboards. To stop the experiment, heatersand the cryostat are turned
offandthechamberis stored at —80 °C for at least 15 min. ¢, Differential
recovery of four fractions. The freezing allows us to cut the frozen interior of
the heat flow cellinto four fractions. Fewer fractions would lower resolution by
averagingoveralarger fraction of thechamber, whereas more fractions would
make subsequent analysis difficult because of volume limitations and being
more proneto error (Extended DataFig. 2).
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a: 2- Am|noazoles at different temperature gradients
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Extended DataFig. 2| Enrichment of 2-aminoazoles and amino acids for
different temperature gradients (errors=s.d., threerepeats, same for all;
seeraw datatablesinSupplementary Tables 5-65). a, Accumulation plots
for 2-aminoazolesunder 5K,10 Kand 18 K gradients. For 18 K, accumulation at
thebottomis strongest (up to 2.5-fold c,). The strong accumulation for high
thermal gradients goes together withanincreased separation between species,
bothatthe bottom, for which 2Alis most abundant, and at the top, for which the
situationis reversed with up to142% excess of 2A0 versus 2Al. Corresponding
errorsareshownintherightcolumn. The error maps each show the absolute
enrichmenterror, for example, 2Al versus 2A0 (32+3.6)%, so the error range
variesbetween (32-3.6)% = 28.4% and (32+3.6)% = 35.6%. b, Extraction of
cysteineandisoleucine +leucinein four (25%) and 12 (8%) fractions. The 8%
bottom fraction shows, as expected from theory, a higher value but hasa
higher error. Also, spatial errors (yaxis) increase on more detailed extraction.
¢, Calculated steady state for 2-aminoazoles for dT=18 Kina closed heat flow
chamber. The experimentally average zones (top 25% and bottom 25%) are

markedingrey.Inthebottom fraction, the average goes over zones of different
concentrationratio, including both excess and underrepresentation of species
and, thus, lowering the effectively measured enrichment. This indicates that
enrichmentsinarealistic setting can go up further.d, Assuming a fixed
concentration at the top, we find that concentrations vary more thanone order
of magnitude. e, We use this as ameasure of maximal pairwise separation
between species for several temperature gradients and species (Supplementary
Fig. 6), finding that, evenat 5K, separation values >20% are possible.f,Ina
mixture of non-proteogenic and proteogenic amino acids and small organics
molecules (diluted to 50 pM and containing 0.02-fold lithium citrate, 0.01%
phenoland 0.2% thiodiglycol), no clear pattern of separation is observed with
non-proteogenic amino acids onboth the strongly and the weakly accumulating
sides. Error maps defined asina. g, The sameisthe case for extractionin 8%
fractions, with higher absolute values but alsoincreased errors owing to the
now higherimpact of volume variations when manually cutting the frozen
chamber content. Error maps definedasina.
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Extended DataFig.3|Enrichment between proteinogenic amino acids Inthe top fraction, the situationis inverted, with up to300+%. The order and
(30 pM each) with differentinitial pH values (errors =s.d., three repeats, enrichments change with pH as thermophoresisisinfluenced by, forexample,
same forall). Analysis reveals astrong enrichment of amino acidsisoleucine, charged state. Ontherightside, the errors per value of the heat maps are shown
leucine and phenylalanine at the bottom of the chamber for all pH values asdefined in Extended DataFig. 2a.

againstglycine (65-113%) and serine, asparagine and glutamine (35-85%).
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Extended DataFig. 4 |Enrichment between proteinogenic amino acids againstasparagine, serine and glutamine (13-29%). In the top fraction, the
(30 pM each) with different concentrations of NaCl (errors =s.d., three situationisinverted, with up to40+%. Ontheright side, the errors per value of
repeats, same for all). For all salt concentrations, analysis reveals astrong the heat maps areshown as defined in Extended Data Fig. 2a.

enrichment of amino acidsisoleucine and leucine at the bottom of the chamber
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Extended DataFig. 5|See next page for caption.
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Extended DataFig. 5| Enrichment of nucleobases and nucleotides for
various settings (errors=s.d., three repeats, same for all). a, Plot from Fig.3
asreference, withits corresponding error map as defined in Extended Data
Fig.2a.b-d, Enrichmentsindifferent solvents. Although10% formamide and
phosphate buffer do not alter accumulation and separation, for methanol,
theamplitude decreases massively. e-g, Enrichment for different fracture
thicknesses. After 18 h, accumulationis stronger for thicker cells, even though
this also goes together with varied times needed to reach a steady state*.
h-m, Enrichments for differentinitial pH values. The general behaviour and order
of magnitude stay the same as shownin Fig. 3c. However, the most dominant
species changes over pH. Error maps for b-mare shownin Supplementary
Fig.3.n-p, Enrichment of 2’,3"-cyclicand 3’,5-cyclic nucleotides in water and
for thelatterin10% formamide in water. For 2’,3"-cyclic nucleotides, Cis enriched
up to14% over the other nucleotides. For 3’,5-cyclic nucleotides, we find that

C (bottom) and G (top) are dominantinindividual fractions in formamide,
whereasinwater, overall enrichmentis weaker and dominated by Aand U.

q, Enrichmentbetween cytidine and cytidine monophosphates (CMP, 30 uM
each). Nucleotides (5/,3,2,2,3’,3,5) areenriched against the nucleoside by
atleast18%. Cyclic CMPs are enriched againstlinear CMPs by up to10%. Even
though having the same mass, 2-CMPis enriched against 5-CMP and 3’-CMP
by 2.5%.Errors forn-qare showninSupplementary Fig.3.r, Direct comparison
of DNA versus 5-RNA nucleotides. For pyrimidine nucleotides, we observe a
stronger accumulation at the bottom for DNA nucleotides (ACMP versus
5-CMP and dTMP versus 5-UMP). For purine nucleotides, the inverse situation
istrue with up to10% DNA nucleotide excess at the top (IAMP versus 5-AMP).
s-u, Accumulation profiles of D-cytidine and L-cytidine, D-threonine and
L-threonine and D-serine and L-serine. We do not find any substantial enrichment
between the two chiralities.
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Extended DataFig. 6| Experimental and modelled separation of molecules
inanetwork of connected rock cracks. Top, experimental setup of asmall
network of three interconnected chambers with avolume inflow of 1 nl s of
the same amino acid mixture used in Fig.2and AT =16 K. After 60 h, the chamber
contents from three repeats were frozen and divided into individual parts
accordingto the colour gradations and measured by HPLC. As well as the
main-textexamples (I versus Nand I versus F), selected pairs are shown.

Forinstance, thermophoretically different amino acids glycine (G) and
isoleucine (I) separate readily, whereas mass-identical L and I only show minor
concentration differencesin our experimental system. Further examples anda
detailed overview over spatial resolution are shown in Supplementary Figs. 4
and 5. Bottom, maximum enrichments in the system as shown in Fig. 4d for
mixtures of amino acids, adenine (nucleosides/nucleotides), and 2-aminoazoles.
Error maps asdefinedin Extended DataFig. 2a.
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Extended DataFig.7|Pairwise enrichment of amino acids fromextracts of
Fig.4g, analogous to Fig. 4e. Eachscatter plot shows the correlation of
concentrationsinthe lower part of each heat flow chamber of 30 simulated
networks of 20 x 20 chambers, normalized to the inflow concentration (=1).
Amino acids with similar thermophoresis (for example, G versus S) are similarly
concentrated (or depleted) and, thus, hardly enriched against each other.
Amino acids with strongly different thermophoresis (see Extended Data

Table1),suchaslversusS, areconcentrated or depleted very differently. The
thermophoretically stronger specieslis, thereby, more strongly depletingin
the upper regions of the network than the thermophoretically weaker S, so that
Soccurs here, for example, with more than1,000 times the concentration of I.
The absolute concentration of Sis still 0.1times the initial concentration
(purple). Evenwithan enrichment of 73 times S compared with I (orange), the
absolute concentration of Sisstillatausable 7.8 times the initial concentration.
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Extended DataFig. 8| Concentration profilesin heat flux cell and fit for
Soret coefficients. For aminoazoles (A1-A3), nucleobases (A4-B4) and amino
acids (C1-G4), the measured concentration/initial concentrationis depicted
forall four fractions (errors =s.d., three repeats, same for all). Further dataare
showninSupplementary Fig. 7. For fitted Soret coefficients, see Extended Data
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top
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Table1.A1:2A0; A2:2Al; A3: 2AT; A4: adenine; B1: cytosine; B2: guanine; B3:
thymine; B4: uracil; C1: alanine; C2: cysteine; C3:asparticacid; C4: glutamic
acid; D1: phenylalanine; D2: glycine; D3: histidine; D4:isoleucine; E1: lysine; E2:
leucine; E3: methionine; E4: asparagine; F1: proline; F2: glutamine; F3: arginine;

F4:serine; G1: threonine; G2: valine; G3: tryptophan; G4: tyrosine.



Heat flows enrich prebiotic building blocks

glycine (S;: 1.7x10*

(p|o}) ~ouod BuIdN3|OSI

Extended DataFig. 9 | Numerical calculation of an exemplary accumulation
of substances withlow thermophoretic strength (for example, glycine)
versus those with high thermophoretic strength (for example, isoleucine).
The 2D plots show, respectively, glycine (blue) and isoleucine (purple) bottom
concentration for the same system of N, =40 by N, =20 randomly connected
heat flow chambers (in asingle system). Each pixel corresponds to one chamber.
Isoleucine is more concentrated because of its high Soret coefficient, so there
are many chambers with more than tenfold concentration. Owing to the
resulting more efficient transport to the lower part of the system, itisonly

x (N,=40)

presentinlow concentrations further downstreamin the upper part of the
system (red box, 0.0004-fold initial concentration). Glycineis less concentrated
owingtothelower Soret coefficient and, thus, less transported to the lower part
ofthesystem. Downstream, itis therefore still found at higher concentrations
inthe upper partof the system (red box, 0.5-fold initial concentration). In
summary, substances with high thermophoretic strengthare purified in the front
part (x <20, upstream) of the system and substances with low thermophoretic
strengthinthe back part (x>20, downstream).
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Extended Data Table 1| Experimentally determined Soret coefficients for all species

St (103 1/K) +- % St (103 1/K) +%
2A0 (51 °C) 34 8 C (40 °C) 3.1 36
2AT 3.9 12 A 15 27
2AI 55 13 G 14 36
U 1.9 30
T 3.1 36
H (34 °C) 3.2 21 Cyd (40 °C) 23 51
N 22 17 Urd 1.9 47
S 22 12 Ado 1.7 46
Q 2.3 17 Guo 1.7 44
R 3.8 21 5'-CMP (40 °C) 5.3 23
G 1.7 9 5-AMP 48 23
D 3.8 23 5-UMP 5.0 23
E 42 26 5-GMP 5.1 24
T 34 23 2',3-CMP (40 °C) 6.5 13
A 3.1 21 2',3-UMP 5.6 10
P 45 26 2',3-AMP 5.3 17
c 35 23 2',3-GMP 5.2 10
K 34 22 3',5-CMP (40 °C) 55 21
M 4.1 23 3',5-AMP 5.1 20
Y, 47 30 3',5-GMP 5.3 18
I 5.7 30 3',5-UMP 5.6 18
L 5.4 29 2-AMP (40 °C) 3.7 21
F 48 26 3-AMP 3.4 21
Y 2.1 25 2'-CMP (40 °C) 47 14
w 45 19 3-CMP 46 14
dCMP (31 °C) 5.0 12
dAMP 45 14
TMP 75 43 dGMP 46 12
dTMP 5.0 12

Temperature of the mass centre is given for each group of molecules (errors=s.d., three repeats, same for all). For the fitting routine and simulation, see Methods. The fitted experimental data
are shown in Extended Data Fig. 8 and Supplementary Fig. 7.
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Supplementary Discussions

Supplementary Discussion 1: Stability of the thermogravitational accumulation against
temporal fluctuations of the temperature gradient and behaviour in the limit of small
temperature gradients.

While the stability of thermogravitational accumulation to changes in chamber geometry*! as
well as spatial fluctuations in heat flux*?> has already been demonstrated, we here explore the
stability of the process to temporal fluctuations in heat flux.

Using finite element simulations (Comsol 5.4), we simulate a 2-dimensional closed heat flow
chamber with a height of 50 mm and a width of 0.17 mm. To show the temporal stability to
heat flux fluctuations, we simulate a proxy species with a diffusion coefficient of D = 800e-12
m?/s and a Soret coefficient of St = 5.7e-3 1/K, which is in the range of the compounds studied
in this work. The simulated differential equations correspond to those given in the method
section (Determination of thermophoretic strength) but are now solved simultaneously to
account for the time variance of the applied temperature difference. The cold side is kept at a
constant 30 °C, while the warm side is varied as shown in Supplementary Fig. 12. The
simulation is run for 14 h.

The results depicted in Supplementary Fig. 12 for constant temperature differences of
AT =10K and AT =20 K show, as expected, a non-linear increase of the strength of the
thermogravitational accumulation with AT at the point of maximum accumulation (cold, lower
corner). If instead a variable temperature difference is applied, here exemplarily with a
sinusoidal function of amplitude 10 K (thus varying between 0 and 20 K) and periodicity
(Supplementary Fig. 12: black solid line), the average accumulation characteristic is the same
as for a constant temperature difference of 12 K (Supplementary Fig. 12: orange).

The time-averaged temperature difference gives a value of 10 K. The deviation from the
accumulation with a constant temperature difference of 10 K (Supplementary Fig. 12: blue) is
due to the nonlinear dependence of the thermogravitational accumulation on the temperature
difference. Temperature differences above 10 K therefore contribute disproportionately more
to the accumulation compared to those below 10 K. Despite the very strong temporal
fluctuations of the heat flux, the accumulation process under consideration shows to be
extremely stable.

The exact determination of the temperature gradients occurring in natural systems, for example
in fissures in basaltic glass, is difficult. Therefore, a discussion of the possible enrichments by
heat flux driven chambers at very small temperature differences as well as the natural
conditions, which also make larger temperature gradients appear realistic, is relevant. As shown
in the main text in Figure 4f, even in small networks with very moderate temperature gradients
of only 2 K, an enhancement of e.g. | vs N of (3.5 &+ 0.2)-fold can be achieved.

Figure 4f shows that these values can be further boosted by the size of the system, but our
calculations here are limited by the measurement accuracy of the Soret coefficients involved.
Due to the accumulating error of the heat flux chambers connected in series, a calculation of
systems N>30 is no longer reliably possible. However, we expect here a continuation of the
behavior shown in Figure 4f and thus a compensation of the smaller temperature differences
discussed here.
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Even larger temperature gradients are likely to be realistic within natural systems. Varying
across orders of magnitude in fracture size and associated widely varying flow velocities, fast
flows can serve as effective heat sources and sinks for narrower adjacent channels*®®,
implementing a wide range of possible temperature differences in which the effects shown can
take place. Also, it should be noted here that the temperature gradients shown here, as discussed
above, need not act all the time and could also fluctuate over the local dimension (for a stability
analysis over local fluctuations, see reference 42). In summary, the systems discussed here may
well be considered realistic and thus may have made a relevant contribution to prebiotic
chemistry.
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Supplementary Figures
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Supplementary Figure 1: Enrichment of nucleobases, nucleosides, 5’-nucleotides and 2,3 -
cyclic nucleotides after 6 h.

The tendencies are the same as after 18 h (Fig. 3a/c/d, main text and Extended Data Fig. 5n)
though at lowered amplitudes. Error maps show s.d. (3 repeats, for raw data see
Supplementary Tables 5-65).
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a: Nucleobases c¢: Ribonucleosides d: 5'-Ribonucleotides
16
Guanosine 23 3.7 9.3 5-AMP 0.7 2 0.8
14
12
10 Adenosine 0.8 1.3 6.4 5-UMP 0.7 2 0.6
8
5 Uridine 2 1.3 4.7 5-GMP 0.7 1.1 1.4
4
2 Cytidine | =i 34 5-CMP 0.2 0.6 0.6
-0 G A U c A u G c
ABS
ERR (%)
b: Phosphorylation sites (AMP) e: Deoxyribonucleotides
Adenosine 49 62 74 87 8.7 dAMP 23
5-AMP 1 09 15 21 21
dGMP 0.6
3-AMP 07 0.2 0.6 1 1
22AMP 12 01 03 04 04 dCMP 0.6 0.2 35
2'3-AMP 02 06 04 07 0

dTMP 0.4 0.3 0.3
3'5-AMP 0.3 06 04 07 0
Ado 5' 3 2! 2'8 3.5
Supplementary Figure 2: Error maps for Figure 3.
Error maps show s.d. (3 repeats, for raw data see Supplementary Tables 5-65).
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170um thickness A5S k) |, Im
shown in Extended Data Fig. 4 0 10 20 30 40
b: Nucleobases in 10% ¢: Nuclecbases in 100mM d: Nuclecbases in 10% e: Nucleobases in water, pH 6,
formamide PO4 buffer Methanol 127um thickness
G 12 33 (98 G 6.8 G 14 17 14 16 A 58 05 03 2
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f. Nucleobases in water, pH 6, g: Nucleobases in water, pH 6, h: Nucleobases in water, pH 3, i: Nucleobases in water, pH 4,
150pm thickness 200pm thickness 170um thickness 170pm thickness
A 21 05 85 68 G 64 5.4 G 36 19 01 29 G 8.7 34 [l
G 1.6 19 56 38 A C 25 12 3 1.9 Y 13 46 5 20
U 15 03 72 56 u A 34 09 19 0.1 Ul o1 9 [
T 83 62 6.1 iz T U 34 63 71 2.5 CRPlll 49 4.7 26
C 73 52 51 09 c T 11 26 38 43 TRPYM 10 10 4.7
A G U T C G A u T C G C A u T G A U C T
j: Nucleobases in water, pH 5, k: Nuclecbases in water, pH 7, I: Nucleobases in water, pH m: Nucleobases in water, pH
170pm thickness 170pm thickness 10, 170pm thickness 11, 170pm thickness
A 26 48 G A 3.6 2l 5.5 A 0.4 18 81 6.2
G 1.7 1.8 A 4.6 03 2 16 C 15 31 14 53 G 33 1.8 78 5.8
U7 1 17 19 U 24 25 1.4 1.1 G 48 4.9 28 33 U 46 1.1 51 3.6
T 59 53 39 1.9 T 09 63 33 0.3 U 25 33 24 27 9 19 | 13 12 2.8
C 62 51 39 08 C 01 54 24 08 T 16 27 37 09 T 93 45 36 7.7
A G U T C G A u T C A C G u T A G U C T
ABS
EECETON .,
0 5 10 15 20 25
n: 2" 3"-ribonucleotides o: 3' 5"-ribonucleotides p: 3',5"-ribonucleotides q: Phosphorylation sites (CMP)
in water in water in 10% formamide
2 3-GMP 06 06 12 3'5-AMP 32 03 33 3'5-GMP 21 34 1 Cytidine 10 24 23 21 21
5'-CMP 0.4
2,3-AMP 0.4 09 19  I5CMP 15 31 45  35-UMP o4 0.9 ] 3.CMP 1 05 07 15 1.6
23-.UMP 08 05 15 35-CMP 15 24 28 35AMP 05 04 2-CMP 1.1 0.6 0.1 0.9 1.1
2'3-CMP 1.2 0.6 0.3 0.3 0.3
2'3-CMP 19 14 09 35-UMP 13 02 28 35-CMP 17 12 11 35-CMP 11 0.6 02 02 0.1
G A U C A G C U G U A [ Cyd & 3 2 223'35%

Supplementary Figure 3: Error maps for Extended Data Fig. 5.
Error maps show s.d. (3 repeats, for raw data see Supplementary Tables 5-65).
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Supplementary Figure 4: Separation of amino acids in experimental network
Experimental setup of a small network of three interconnected chambers with an volume-

inflow of 1 nl/s of the same AA-mixture used in Figure 4 and AT=16 K. After 60 h, the

chamber contents from 3 repeats were frozen and divided into individual parts according to

the colour gradations shown in Supplementary Figure 5 and measured by HPLC. In addition
to examples shown in the main text Fig. 4 and Extended Data Fig. 6, we show various
combinations of pairs. For instance, thermophoretically different AAs glycine (G) and
isoleucine (I) separate readily while mass-identical leucine (L) and I only show minor

concentration differences in our experimental system.

10
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Experimental setup of a small network of three interconnected chambers with an volume-
inflow of 1 nl/s of the same AA-mixture used in Figure 4 with a AT of (a) 16K and (b) 10K.
After 60 h, the chamber contents from 3 repeats at each temperature gradient were frozen and
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divided into individual parts according to the colour gradations shown on the right side. For
the AA pair | vs N, the concentrations per repeat and per individual chambers are shown.
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Supplementary Figure 6: Maximal pairwise separation for various species.

As shown in Extended Data Fig. 2, the experimental restriction to average over 25 % of the
heat flux chamber results in lowered enrichment values. The maximal pairwise separation
values shown here are calculated by numerically finding the steady state solution for a set
temperature gradient of 5 K, fixing the top of a chamber to 1 and taking the value from the
lowest mm of the chamber. (a/b) shows the maximal pairwise separation for adenosine and
cytidine monophosphates, showing separation of up to 5 % between species of identical mass.
(c) Similarly, for amino acids, up to 90 % separation are feasible.
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Supplementary Figure 7: Concentration profiles in heat flux cell and fit for Soret coefficient.
In addition to data shown in Extended Data Fig. 8 (errors=s.d., 3 repeats). H1: Adenosine,
H2: Cytidine, H3: Guanosine, H4: Uridine, I11: 5-AMP, 12: 5°-CMP, 13: 5’-GMP, 14. 5 -
UMP, J1: 2°,3-AMP, J2: 2°,3-CMP, J3: 2°,3’-GMP, J4: 2’,3-UMP, K1: 3°,5-AMP, K2:
3°,5°-CMP, K3: 3°,5°-GMP, K4: 3°,5’-UMP.
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Supplementary Figure 8: Influence of diffusion constant on determination of Soret coefficient
for different exemplary species.

For details on determination of the Soret coefficient, see Methods.
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Supplementary Figure 9: Errors in Soret coefficients for network models.

To separate random from systematic errors, measurements of Soret coefficients for each of 2
repeats are shown in a-c. Systematic errors here are smaller differences in the temperature
gradients between different measurements. These deviations affect the Soret coefficients of all
species present in the respective mixtures equally, so they lead to a slope different from 1 in
these correlation plots. The random error, e.g. by the integral determination of the peaks,

then results from the standard deviation of the linear fits of these correlations (shown here as
solid lines).
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Supplementary Figure 10: Example distribution of flow rates for a network.

Example for system of 20 by 20 heat flux traps over 30 iterations. The input flow rate was set
to 1 nl/s, which is why it is the most common. The maximum flow rates were limited to 10 nl/s,
the smallest to 1 - 1073 nl/s.

frequency of flow rates (%)
NN
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Supplementary Figure 11: Example of enrichment behavior in a single heat-flow chamber as
used in the network simulation.

As in main text Figures4 and 5 (AT = 10K, v;, = 1 "?l,vout,bot =0.5 "?l height=200 mm,

width=60mm, thickness=0.17mm, amino acids: I and N ). (a) Concentration of AA | within
the complete heat flow chamber. The concentration distribution is distorted by the fluid flow
toward to top and bottom outlet. (b) Projection of concentrations of AAs | (solid) and N
(dashed) relative to the inflow concentration (c;,,) along the height axis of the chamber for
different temperature differences AT. (c) Increasing temperature differences lead to larger
concentration ratios between AAs | and N at the top position of the chamber (at 200mm)
compared to the bottom section of the chamber (at 0 mm). (d) Concentration ratios between
the AAs | and N at the top and bottom outlet positions. The outward fluid flow toward the
bottom and top change the concentration ratios to even more extreme values. This effect leads
to the observed dependence on the temperature difference in a larger network and scales with
the network size.
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Supplementary Figure 12: Stability of thermogravitational accumulation against fluctuations
of the applied temperature gradients.
Relative concentration increase at the bottom/cold spot of the heat flow chamber is plotted
versus the accumulation time. Plots that show scenarios with constant temperature difference
(blue, orange, red, dashed black) show the exponential increase in accumulation efficiency.
The solid black plot shows the scenario with a varying temperature difference (sine function
with 10 K amplitude and 1 h periodicity).
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Supplementary Figure 13: TMP hydrolysis under reaction conditions

Time series at 90 °C and at an initial concentration of 200 uM and pH 10.5 (as indicated in
Methods) over a period of 120 h (errors=s.d., 3 repeats). The numerical fit corresponds to the
solution of Eq. 18. The reaction rate was determined to be k, = 3.5- 1077 (1/s)(+£19%).
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Supplementary Figure 14: Separation of molecules in LC methods

In (b) we show exemplary chromatograms for the extracted top (black) and bottom (red)
fractions.
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Supplementary Figure 15: Reproducibility of amino acid detection in LC method described
in Methods.

We separated a sample of amino acids into 3 parts and prepared each individually according
to the pre-column derivatization introduced in Methods to check for potential errors. For a
selection of amino acids, we show (a) the measured peak integral and (b) the deviation from
the average peak integral of the 3 measurements.
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Supplementary Tables

Supplementary Table 1: List of abbreviations used.

Abbreviation Full name

2A0 2-aminooxazole

2Al 2-aminoimidazole

2AT 2-aminothiazole

A Adenine

C Cytosine

G Guanine

T Thymine

U Uracil

Ado D-Adenosine

Cyd / D-Cyd D-Cytidine (dextrorotary)

L-Cyd L-Cytidine (levorotary)

Guo D-Guanosine

Urd D-Uridine

2°,3’-AMP 2’,3’-cyclic Adenosine monophosphate
2°,3’-CMP 2’,3’-cyclic Cytidine monophosphate
2°,3’-GMP 2’,3’-cyclic Guanosine monophosphate
2°,3’-UMP 2°,3’-cyclic Uridine monophosphate
2’-AMP Adenosine 2’-monophosphate

2’-CMP Cytidine 2’-monophosphate
3’,5’-AMP 3°,5’-cyclic Adenosine monophosphate
3°,5’-CMP 3°,5’-cyclic Cytidine monophosphate
3°,5’-GMP 3°,5’-cyclic Guanosine monophosphate
3’,5’-UMP 3°,5’-cyclic Uridine monophosphate
3’-AMP Adenosine 3’-monophosphate

3’-CMP Cytidine 3’-monophosphate

5’-AMP Adenosine 5’-monophosphate

5’-CMP Cytidine 5’-monophosphate

5’-GMP Guanosine 5’-monophosphate

5’-UMP Uridine 5’-monophosphate

dAMP 2’-Deoxyadenosine 5’-monophosphate
dCMP 2’-Deoxcytidine 5’-monophosphate
dGMP 2’-Deoxyguanosine 5’-monophosphate
dTMP Thymidine 5’-monophosphate

PO4 Orthophosphate (PO4)

diPO4 Pyrophosphate (P.07)

TMP Trimetaphosphate (P30o)

triPO4 Triphosphate (P3010)

Extended Data Fig. 2 and Supplementary Tables 23-28

Ans Anserine

Arg Arginine

Asp Aspartic acid

Car Carnosine

Cit Citrulline

Cre Creatinine
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Cys Cysteine

Cth Cystathionine
ETA Ethanolamine
Glu Glutamic acid
AABA Homoalanine
Hcy Homocysteine
His Histidine

Hyl Hydroxylysine
Hyp Hydroxyproline
Leu-lle Leucine + Isoleucine
Lys Lysine

Met Methionine
3-MH Methylhistidine
Orn Ornithine

Phe Phenylalanine
Pro Proline

Sar Sarcosine

Ser Serine

Tau Taurine

Thr Threonine

Tyr Tyrosine

Val Valine
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Supplementary Table 2: Enrichment against mean concentration of set of molecules.

When not stated, conditions are: 18 h in water. Starting from a mean concentration of ¢,, at
the top (j=top), the average concentration ¢, = %Zi Citop (S€€ Methods, Eq. 3) of all
species i:1,2,..,S decreases as the solutes are enriched by thermophoretic accumulation at
the bottom. The average bottom concentration ¢,,; = ;Zi Ci por INCreases accordingly (see
Methods, Eq. 3). Errors=s.d., 3 repeats.

2-aminoazoles, different temperature gradients

Setting T(r)%cjt o7 2Al 2A0 2AT
» top | 0.79 | (-6.3+04)% | (6.941.2)% | (-0.5+1.6)%
bot | 1.26 | (2.8+1.2)% | (-3.1%1.5)% | (0.3x2.7)%
Lok |fon | 065 [ (:0.2:8.1)% | (10.9%6.2)% | (1.7+4.1)%
bot | 1.51 | (55+3.8)% | (-6.8:2.5)% | (L2%13)%
sk L1op_ 029 | (43+14)% | (29.5:0.9)% | (14+13)%
bot | 2.08 | (16.5+4.0)% | (-11.9+0.8)% | (-4.7+4.6)%

Nucleobases, nu

cleosides, nucleotides

fract

Setting ion j ¢/co A C G T U
NB top | 0.69 | (16.3+3.5)% | (-20.4+4.4)% | (18.1+7.2)% | (-19.7+4.6)% | (5.7£1.4)%
bot |1.46 | (-11.6+3.6)% | (14.7+4.7)% | (-12.4+5.0)% | (14.3+4.4)% | (-5.1+1.0)%
top |0.72 | (5.0£0.9)% | (-11.5+3.9)% | (6.5£3.3)% (0.1£0.4)%
ik bot |1.36 | (-3.3+1.4)% (7.0£3.3)% (-3.5+1.9)% (-0.2+0.1)%
5’- top |0.30 | (6.1+0.7)% (-7.320.1)% | (-4.2+1.2)% (5.3£0.7)%
NMP bot |2.18 | (-2.9+0.3)% (3.1+0.1)% (0.8+0.6)% (-1.0£0.5)%
INMP top |0.19 | (11.1£3.2)% | (-7.6+£3.0)% (5.1£1.2)% (-8.6+2.1)%
bot |2.73 | (-3.1+0.4)% (2.1£0.2)% (-1.8+0.2)% (2.8£0.1)%
2°,3- top [0.36 | (8.9+0.6)% | (-22.4+0.7)% | (13.0£0.0)% (0.5£0.5)%
NMP bot |2.32 | (-3.4+0.4)% (8.5+1.0)% (-5.0+0.7)% (-0.1£0.1)%
3.5 top 041 | (6.9£1.2)% (-5.3+0.8)% (1.9£2.4)% (-3.5+2.3)%
NMP bot |2.27 | (-3.2+0.3)% (1.7£1.8)% (-1.4+£1.1)% (2.9£1.0)%
ill\flP top |0.16 | (2.6£0.5)% | (-23.1+3.5)% | (14.5+2.9)% (6.0+0.7)%
1% lbot |314 | (05:01)% | (45£L0J% | (27:06)% (-1.2+0.3)%
Nucleobases in various pH & buffers
Setting {g?lc} ¢/co A C G T U
DH3 top | 0.65 | (8.8+0.6)% (0.4+1.8)% | (20.6£1.4)% | (-31.0+0.3)% | (1.2+1.3)%
bot |1.34 | (-10.942.3)% | (-13.9£1.5)% | (-16.8£0.5)% | (34.9£0.1)% | (6.7+3.5)%
oH4 top |0.80 | (3.840.5)% (0.6£5.4)% | (16.9+9.7)% (-20+£12)% (-1.8+3.8)%
bot |1.27 | (-3.3x1.1)% (8.0+£3.5)% (-16+10)% (13.448.71)% | (-2.1£1.0)%
OH5 top |0.47 | (26.6£7.2)% | (-30.7+6.9)% | (25.0+4.0)% | (-30.3+6.0)% | (9.4£1.7)%
bot [159 | (-15.1+2.1)% | (17.942.3)% | (-13.6+1.7)% | (17.4+2.3)% | (-6.6+1.0)%
OH7 top |0.68 | (16.3£3.7)% | (-20.3+3.4)% | (17.2£14.6)% | (-17.3+3.8)% | (4.0£3.6)%
bot |1.29 | (-8.4+3.1)% (9.8+£1.2)% (-8.4+1.0)% (9.1£2.0)% (-2.2+1.1)%
pH10 top |0.48 | (33.1+4.5)% | (-10.0+1.0)% | (10.7£2.9% | (-27.1+2.5)% | (-6.7+0.4)%
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bot |1.97 | (-20.0+1.0)% | (-4.6+2.2)% | (-4.0+2.6)% | (19.6+0.5)% | (9.1+0.7)%
Hyg |op [079 [ (17.742.5)% | (-10.1+3.6)% | (10.0+2.4)% | (-14.242.2)% | (-3.4:0.6)%
P bot |1.25 | (-21.2+4.1)% | (14.78.7)% | (-11.3+2.4)% | (16.2+2.0)% | (1.6+2.9)%

top |0.80 | (9.3+1.8)% | (-12.5+0.7)% | (10.4+4.6)% | (-11.1+1.2)% | (3.9+1.2)%
127um

bot |1.22 | (-7.1405)% | (9.2+1.2)% | (-6.9+3.4)% | (8.1¥1.8)% | (-3.3+0.3)%

top |0.65 | (17.242.6)% | (-22.0+1.8)% | (19.0+0.4)% | (-20.9+2.8)% | (6.7+1.9)%
150pum

bot |1.49 | (-11.9+2.90% | (14.3+2.7)% | (-10.0+1.6)% | (13.5+3.6)% | (-5.9+1.8)%

top | 0.54 | (27.0+9.8)% | (-32.9+8.7)% | (30.6+6.7)% | (-31.5+9.6)% | (6.8+3.9)%
200pum

bot |1.38 | (-13.9+7.4)% | (17.128.0)% | (-14.0+4.9)% | (15.6+7.6)% | (-4.9+3.5)%
;1:0% top | 026 | (7.244.8)% | (-29.6+5.6)% | (27.742.1)% | (-15.0+4.0)% | (9.7+2.7)%
orma
mide | bot |229 | (-5.0£2.3)% | (17.4%6.0)% | (-13.0£4.0)% | (8.4t3.4)% | (-7.7£3.2)%
100mM [top | 0.40 | (34.247.9)% | (-33.249.2)% | (9+10)% | (-29.1+6.6)% | (19.1+2.5)%
PO4 bot |1.81 | (-14.3+3.7)% | (21.9+2.5)% | (-16.2+3.2)% | (17.6+0.5)% | (-9.0+1.9)%
ij’:fhan top |0.94 | (1L4£0.7)% | (-2.0£0.7)% | (1.9+1.1)% | (-1.5+0.7)% | (0.2+0.8)%
ol bot |1.10 | (-1.6+1.3)% | (2.4#15)% | (-2.4+15)% | (1.9+0.8)% | (-0.3+0.8)%
Nucleobases, nucleotides after 6 hours
Setting Tcr,?]C,t 57 A C G T u
NB top [0.84 | (6.02.7)% | (-7.1¥1.9)% | (4.6+0.4)% | (-6.1+1.9% | (2.6+1.0)%

bot | 121 | (-6.6+2.00% | (6.3%0.9)% | (-2.8+1.1)% | (5.9+1.2)% | (-2.7+0.9)%
. top |0.70 | (2.320.7)% | (-8.7+2.0)% | (7.7+3.6)% (-1.3+1.0)%

bot [1.30 | (-2.8+0.5% | (5.1204)% | (-1.4+1.4)% (-0.9+0.6)%
5- top |0.65 | (L.7+0.8)% | (-2.4+1.2)% | (-1.7+1.4)% (2.40.6)%
NMP [bot |156 | (-1.8+0.7)% | (1.4+0.7)% | (2.3x0.7)% (-2.0£0.1)%
2’3~ [top | 057 | (4.3+15)% | (-6.9+3.7)% | (2.0+2.5)% (0.6+0.4)%
NMPs |bot |1.67 | (-2.6+0.6)% | (5.2#15)% | (-2.3+1.0)% (-0.3+0.1)%
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