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Heat flows enrich prebiotic building blocks
and enhance their reactivity
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The emergence of biopolymer building blocks is a crucial step during the origins of
life'®. 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 awidely 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 been studied with great success’ ®. To uncover the details of
such pathways and tomap them reproducibly, laboratory experiments
usually start with well-defined concentrations of previously purified
reactants”® (Fig.1a). Often, awell-defined sequence of manual steps
isrequired, such as the addition of further reactants or the selective
purification ofintermediates toincrease 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
perform in 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 an answer to this problem. These cracks, for example, generated
by thermal stress, form large networks and were presumably ubig-
uitous on the early Earth®®, Specifically, water-filled fractures and
thin, connected pathways are foundin avariety of geological settings,
from mafic to ultramafic rocks in volcanic complexes to geothermal or
hydrothermal systems and sedimentary layers, forexample, 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 concentration ratios by several orders
of magnitude. This specificity results from the sensitive dependence of
thermophoresis on charge, size and solventinteraction®***”, 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 awaste 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
oligomersin alength-dependent manner®, generate local pH differ-
ences*** and optimize salt conditions for ribozymes*. However, it is
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Fig.1|Purifying the prebiotic clutter. a, Prebiotic chemistry reactions often
require precisely timed mixing of well-defined starting materials with
intermediate purification steps for high productyields. In nature, starting
solutions are complex mixtures thatreact to produce many undesirable side
products. b, Ubiquitous heat flows through thin rock fractures, fed by
geothermal fluid flow (grey arrow), form a geo-microfluidic system that
separates even highly similar prebiotic chemicals from each other through
substance-sensing thermophoresis (white arrows) and fluid convection (black
arrows). Owing to the geological scale, many different solution compositions
arereached simultaneously.

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 amethod 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 reactants inasingle heat flow
chamber and numerically model the reactioninnetworks 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-thin fluorinated ethylene propylene (FEP)-defined
microfluidic structure betweena heated (40 °C) and a cooled sapphire
(25°C) (Fig. 2a and Extended Data Fig. 1; Methods) and filled it with a
mixture of prebiotic compounds i (initial concentration c, = 20-50 pM
each).Bytheinterplay of fluid convection and solute thermophoretic
driftv;;=-VTxS§;;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| Thermophoretic enrichment of prebiotic organicsinasingle heat
flow chamber. a, Illustration of the selective enrichment of prebiotic
components for amixture of 2Al, 2AT and 2AO inathermal 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.
Forexample (dashed boxes), inthe top section, 2A0 is (142 + 52)% more
concentrated than 2Al, whereasinthe bottomsection, 2Alis (32 +3.6)%
enriched over 2A0 (errors =s.d., three repeats). b, Enrichmentin 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
aminoacids arestrongly depletedin the top section (blue shade), resultingin
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 the individual components. The mean enrich-
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 in asingle heat flow chamber is visualized by comparing their
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Fig.3|Enrichment ofnucleobases, 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., threerepeats) against G, Aand
Uinthebottomsection. Enrichmentsinthe top sectionareinverted but at
lower absolute concentrations because of thermophoretic depletion (11.5to
31pM, correspondingto 0.5-0.9-fold ¢c,). b, Enrichment strongly depends on
the phosphorylationstate.Inthe bottomsection, 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
inverted inthe 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
conditionsand error tables.

concentrations in the uppermost (blue shaded) and lowermost
(orange shaded) sectionsin Figs.2 and 3.In a mixture 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],o: — 1= (32£3.6)%. In the diluted top section,
2A0 is enriched by [2A0],,,,/[2Al],,, — 1= (1424 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 uMin 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 ([D]yo/[R]yo —1=(0.1£2.8)%), we found a massive separa-
tion of isoleucine (I) against glycine (G) by [1],o/[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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aminoacidsleucine (L), valine (V) and laccumulate most strongly. The
situationis inverted in the top fraction, as the amino acids with the
weakest thermophoretic strength have the highest concentration here
([Gliop/[Miop —1=(315£138)%). Even mass-identical amino acids I and
Lareseparated up to[L],p/[l;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 Data Figs.3
and4).Inamixture of 17 proteogenic and nine non-proteogenicamino
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.5afor errors). The observed patternis mainly identical in10%
formamide'®solution, in 100 mM phosphate buffer'>”522 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) in the 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 in all phospho-
rylation states show a similar enrichment pattern as for bases, albeit
with lower magnitude (Fig. 3c—e and Extended Data Fig. 5Sn-p). The
reduced thermophoretic separationis reasonable because the ribose
and phosphate groups added to the different bases areidentical 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 DataFig.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 a single heat flow cham-
ber, however, geological systems of interconnected fractures are highly
variableinsize and can span 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 a flow of 1 nl s of
mixed compounds to the first heat flux chamber 1 (violet shade, Fig. 4a),
whichbranchesinto chambers2and 3 (brownand blue shades, Fig. 4a).
To determine the spatial enrichment, we ran a mixture of amino acids
through the chambers (AT=16 K) for 60 h, froze them and divided
theminto the colour-graded areas shownin Fig.4afor analysis through
HPLC.Figure 4b shows the position and concentration of exemplarily
selected amino acids phenylalanine (F), I 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/IN] = 4.2-fold) is higher than achievablein a single 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 prebiotic organicsina
network of connected rock cracks. a, Experimental setup of asmall network
of threeinterconnected chambers withavolumeinflow of 1nl s of anamino
acid mixtureand AT=16 K. b, After 60 h, the chamber contents from three
repeats were frozen and divided into individual parts according to the colour
gradationsinaand measured by HPLC. Exemplary separations of amino
acidsIversus NandIversusF areshown. Concentration ratiosinchamber 2
(brownshade) versus 3 (blue shade) range from [1]/[N] = 23-fold (brown) to
[N1/[1]=4.2-fold (blue). For thermophoretically similaramino acids Fand],
theserange from[I]/[F]=2.8-fold (brown) to [F1/[1] = 1.4-fold (blue). The dashed
blacklineindicates equal concentration. ¢, Datafrombinred compared with
anotherwiseidentical runat 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 versus F (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).

Theseresultsencouraged us to model the behaviour of larger systems
insilico. We numerically assembled anetwork of N, =20 by N, =20 con-
nected heat flow chambers with asize of 50 x 200 mm, fed by a geother-
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 Data and Extended
DataTable 1; Methods). For 3’,5’-AMP, one of the few compounds used in
this work with known thermophoretic properties, our result Sy 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, Larger systems (N, x N, =20 x 20, AT= 6 K) of connected heat flow chambers
withavolumeinflow of 1nls™ perinput channel are modelled numerically.

e, Concentrationratiosbetweenaminoacidsland Ninthe chamber system
show asimilarbutamplified patternasinb.f, Maximum enrichments [N]/[I]
(purple) and[1]/[N](green) scale with the temperature difference and the size
ofthesystem. The dashed lines show the conditionsineand g. Errorbars
represent thes.d. fromseveral simulations (Methods). g-i, Maximum
enrichmentsinthe system shownind for all 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 Nshownine.See Extended DataFig. 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 asassumed realisticin geologi-
cal systems*’ and used in the experiments in Fig. 4a—c. The flow rates
for theindividual 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 the amino
acidsIversus Nis19-fold at higher absolute concentrations, whereas the
ratio of N versuslinanother 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, showing asimilar 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, that is, 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,
intheupper 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
Data Table 1; Methods). Notably, even aslight temperature difference
ofonly2 Kdrivesanupto (3.5 + 0.2)-fold enrichment of  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, l is enriched
(38 £ 14)-fold. Amino acids with similar Soret coefficients, suchasland
V, are enriched up to a maximum of [I]/[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 a: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 prebioticreactions

How does prebiotic chemistry benefit from the heat-flow-driven puri-
fication outlined above? We address this question using the example
ofaTMP-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,theproductyields wereincreased fromanundetectable 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 Table1).

Encouraged by these results, we sought to model the dimerization
of glycinein anetwork of heat flow chambers. We first determined the
reactionrates of the reaction model (equations (9)-(13)), studying the
dimerization of glycine experimentally inbulk under TMP titration at
90 °C and with initial pH 10.5 over up to 120 h (Fig. 5¢c; 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. 5e, 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¢¢,q1,/(2€aiyc1y * Caiy) DY up to five orders of
magnitude, reachingaround 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 dimerizationincreasestoupto (3.6 + 0.6)% after 16 hfrom
undetectableyieldsin the controls (AT = 0 K) for [Gly];,;,, =1 mMand 10 mM and
[TMP],,,=1mM (errors =s.d., three repeats). ¢, The reaction rates from
equations (9)-(13) were determined experimentally by simultaneously fitting
tothe product concentrations for bulk glycine dimerization after 16 hwith

10 mM and 100 mMi initial Gly concentrations over three orders of magnitude
of TMP concentrations (left) and to atime series up to 120 h for [Gly];,;, and
[TMP];,i; =100 mM (right). d, Gly dimerization was modelled numerically in
networks of connected cracks by using reaction rates obtainedinc.The 2D
maps show product concentrations of GlyGly from TMP-induced dimerization
after120 hwithout (AT=0K) and with (AT=10 K) applied heat flux with an
inflowrate 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 concentrationsin 100 distinct systems of N, =20 by
N, =20 connected cracks. Without heat flow (AT = 0 K, 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 are increased more than four orders of magnitude, so that—in
0.1% of all chambers—atleast 10 uM of product can be formed. Shaded area
denotesthes.d. by several runs (Methods). f, Thereaction yields 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 situation in
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



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 aslocal 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 processis 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, inanetwork
ofinterconnected cracks. Such reactions typically suffer fromthe 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 awaste 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 volcanicand 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, alarge 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 fracturesin
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.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07193-7.

1. Muchowska, K. B., Varma, S. J. & Moran, J. Synthesis and breakdown of universal metabolic
precursors promoted by iron. Nature 569, 104-107 (2019).

2. Trapp, O., Teichert, J. & Kruse, F. Direct prebiotic pathway to DNA nucleosides. Angew.
Chem. Int. Ed. Engl. 58, 9944-9947 (2019).

3. Becker, S. et al. Unified prebiotically plausible synthesis of pyrimidine and purine RNA
ribonucleotides. Science 366, 76-82 (2019).

4.  Preiner, M. et al. A hydrogen-dependent geochemical analogue of primordial carbon and
energy metabolism. Nat. Ecol. Evol. 4, 534-542 (2020).

5. Jash, B., Tremmel, P., Jovanovic, D. & Richert, C. Single nucleotide translation without
ribosomes. Nat. Chem. 13, 751-757 (2021).

6. Patel, B. H., Percivalle, C., Ritson, D. J., Duffy, C. D. & Sutherland, J. D. Common origins
of RNA, protein and lipid precursors in a cyanosulfidic protometabolism. Nat. Chem. 7,
301-307 (2015).

7. Wang, Z., Kriegs, H. & Wiegand, S. Thermal diffusion of nucleotides. J. Phys. Chem. B 116,
7463-7469 (2012).

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

Sehnem, A. L., Niether, D., Wiegand, S. & Figueiredo Neto, A. M. Thermodiffusion of
monovalent organic salts in water. J. Phys. Chem. B 122, 4093-4100 (2018).

van Otterloo, J., Cas, R. A. F. & Scutter, C. R. The fracture behaviour of volcanic glass and
relevance to quench fragmentation during formation of hyaloclastite and
phreatomagmatism. Earth-Sci. Rev. 151, 79-116 (2015).

Colombier, M. et al. In situ granulation by thermal stress during subaqueous volcanic
eruptions. Geology 47, 179-182 (2019).

Boigenzahn, H. & Yin, J. Glycine to oligoglycine via sequential trimetaphosphate
activation steps in drying environments. Orig. Life Evol. Biosph. 52, 249-261(2022).
Chung, N. M., Lohrmann, R., Orgel, L. E. & Rabinowitz, J. The mechanism of the
trimetaphosphate-induced peptide synthesis. Tetrahedron 27, 1205-1210 (1971).

Gan, D., Ying, J. & Zhao, Y. Prebiotic chemistry: the role of trimetaphosphate in prebiotic
chemical evolution. Front. Chem. 10, 941228 (2022).

Pham Minh, D., Ramaroson, J., Nzihou, A. & Sharrock, P. One-step synthesis of sodium
trimetaphosphate (Na;P;0,) from sodium chloride and orthophosphoric acid. Ind. Eng.
Chem. Res. 51, 3851-3854 (2012).

Powner, M. W., Gerland, B. & Sutherland, J. D. Synthesis of activated pyrimidine
ribonucleotides in prebiotically plausible conditions. Nature 459, 239-242 (2009).
Schoffstall, A. M., Barto, R. J. & Ramos, D. L. Nucleoside and deoxynucleoside
phosphorylation in formamide solutions. Orig. Life 12, 143-151(1982).

Islam, S., Bucar, D. K. & Powner, M. W. Prebiotic selection and assembly of proteinogenic
amino acids and natural nucleotides from complex mixtures. Nat. Chem. 9, 584-589
(2017).

Fahrenbach, A. C. et al. Common and potentially prebiotic origin for precursors of
nucleotide synthesis and activation. J. Am. Chem. Soc. 139, 8780-8783 (2017).

Gibard, C., Bhowmik, S., Karki, M., Kim, E. K. & Krishnamurthy, R. Phosphorylation,
oligomerization and self-assembly in water under potential prebiotic conditions.

Nat. Chem. 10, 212-217 (2018).

Schuster, P. Taming combinatorial explosion. Proc. Natl Acad. Sci. USA 97, 7678-7680
(2000).

Islam, S. & Powner, M. W. Prebiotic systems chemistry: complexity overcoming clutter.
Chem 2, 470-501(2017).

Anastasi, C., Crowe, M. A., Powner, M. W. & Sutherland, J. D. Direct assembly of
nucleoside precursors from two- and three-carbon units. Angew. Chem. 118, 6322-6325
(2006).

Morasch, M. et al. Heated gas bubbles enrich, crystallize, dry, phosphorylate and
encapsulate prebiotic molecules. Nat. Chem. 11, 779-788 (2019).

Ashe, K. et al. Selective prebiotic synthesis of phosphoroaminonitriles and aminothioamides
in neutral water. Commun. Chem. 2, 23 (2019).

Powner, M. W. & Sutherland, J. D. Phosphate-mediated interconversion of ribo- and
arabino-configured prebiotic nucleotide intermediates. Angew. Chem. Int. Ed. 49,
4641-4643 (2010).

Todd, Z. R., Szabla, R., Szostak, J. W. & Sasselov, D. D. UV photostability of three
2-aminoazoles with key roles in prebiotic chemistry on the early earth. Chem. Commun.
55,10388-10391(2019).

Springsteen, G. & Joyce, G. F. Selective derivatization and sequestration of ribose from a
prebiotic mix. J. Am. Chem. Soc. 126, 9578-9583 (2004).

Mizuuchi, R. et al. Mineral surfaces select for longer RNA molecules. Chem. Commun. 55,
2090-2093 (2019).

Sanchez, R., Ferris, J. & Orgel, L. E. Conditions for purine synthesis: did prebiotic synthesis
occur at low temperatures? Science 153, 72-73 (1966).

Le Vay, K., Song, E. Y., Ghosh, B., Tang, T.-Y. D. & Mutschler, H. Enhanced ribozyme-catalyzed
recombination and oligonucleotide assembly in peptide-RNA condensates. Angew. Chem.
Int. Ed. 133, 26300-26308 (2021).

Smokers, I. B. A, van Haren, M. H. |., Lu, T. & Spruijt, E. Complex coacervation and
compartmentalized conversion of prebiotically relevant metabolites.
ChemSystemsChem 4, €202200004 (2022).

Pirajno, F. Hydrothermal Processes and Mineral Systems (Springer, 2010).

Montanaro, C. et al. Hydrothermal activity and subsoil complexity: implication for
degassing processes at Solfatara crater, Campi Flegrei caldera. Bull. Volcanol. 79, 83
(2017).

Petit, C. J., Hwang, M.-H. & Lin, J. Thermal diffusion of dilute aqueous NH,Cl, Me,NCl,
Et,NCL, n-Pr,NCL, and n-Bu,NCl solutions at 25°C. J. Solut. Chem. 17, 1-13 (1988).

Reichl, M., Herzog, M., G6tz, A. & Braun, D. Why charged molecules move across a
temperature gradient: the role of electric fields. Phys. Rev. Lett. 112, 198101 (2014).
Dhont, J. K., Wiegand, S., Duhr, S. & Braun, D. Thermodiffusion of charged colloids:
single-particle diffusion. Langmuir 23, 1674-1683 (2007).

Burelbach, J., Frenkel, D., Pagonabarraga, I. & Eiser, E. A unified description of colloidal
thermophoresis. Eur. Phys. J. E 41,7 (2018).

Dirscherl, C. F. et al. A heated rock crack captures and polymerizes primordial DNA and
RNA. Phys. Chem. Chem. Phys. 25, 3375-3386 (2023).

Kreysing, M., Keil, L., Lanzmich, S. & Braun, D. Heat flux across an open pore enables
the continuous replication and selection of oligonucleotides towards increasing length.
Nat. Chem. 7, 203-208 (2015).

Matreux, T. et al. Formation mechanism of thermally controlled pH gradients. Commun.
Phys. 6,14 (2023).

Keil, L. M. R., Mdller, F. M., KieB3, M., Kudella, P. W. & Mast, C. B. Proton gradients and pH
oscillations emerge from heat flow at the microscale. Nat. Commun. 8, 1897 (2017).
Matreux, T. et al. Heat flows in rock cracks naturally optimize salt compositions for
ribozymes. Nat. Chem. 13, 1038-1045 (2021).

Jerabek-Willemsen, M., Wienken, C. J., Braun, D., Baaske, P. & Duhr, S. Molecular
interaction studies using microscale thermophoresis. ASSAY Drug Dev. Technol. 9,
342-353 (2011).

Wiegand, S., Ning, H. & Kriegs, H. Thermal diffusion forced Rayleigh scattering setup
optimized for aqueous mixtures. J. Phys. Chem. B 111, 14169-14174 (2007).

Mast, C. B., Schink, S., Gerland, U. & Braun, D. Escalation of polymerization in a thermal
gradient. Proc. Natl Acad. Sci. 110, 8030-8035 (2013).

Nature | Vol 628 | 4 April2024 | 115


https://doi.org/10.1038/s41586-024-07193-7

Article

46.

47.

48.

49.

Debye, P. Zur Theorie des Clusiusschen Trennungsverfahrens. Ann. Phys. 428, 284-294
(1939).

loppolo, S. et al. A non-energetic mechanism for glycine formation in the interstellar
medium. Nat. Astron. 5, 197-205 (2021).

Klussmann, M. et al. Thermodynamic control of asymmetric amplification in amino acid
catalysis. Nature 441, 621-623 (2006).

Bai, L., Baker, D. R. & Hill, R. J. Permeability of vesicular Stromboli basaltic glass: lattice
Boltzmann simulations and laboratory measurements. J. Geophys. Res. Solid Earth 115,
B07201(2010).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

116 | Nature | Vol 628 | 4 April 2024

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024


http://creativecommons.org/licenses/by/4.0/

Methods

List of substances used

For alist of abbreviations, see Supplementary Table 1. Nucleobases
Aand T, nucleosides Ado, Guo and Urd, nucleotides (2’-AMP, 3’-AMP,
5’-AMP, 27,3’-AMP, 3’,5’-AMP, 5’-CMP, 2’,3’-CMP, 5’-GMP, 3’,5’-GMP
and 5’-UMP), deoxyribonucleotides (AAMP, 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-
obases Uand Gand 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 DataFig.1. The FEPfoils (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 um (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-P0O15, 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 the100 mM phosphate buffer used in Extended DataFig. 5¢, we
dissolved 584 mg NaH,PO,-H,0 and 819 mg Na,HPO, in 100 ml water,
resultinginasolution 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 R5, Grant, UK). The heaters were con-
nected toa400-W, 24-V power supply controlled by means of Arduino
boards witha 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 onthe

sapphires with aheatimaging 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, heatersand the cryostat were turned offand
the chamber was frozen at =80 °C for at least 15 min. This allowed us
to open the 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 toreduce airinclusions, KAP100.966, Techlab,
Germany) filled with sample solution and connected to syringes driven
by syringe pumps (Nemesys, CETONI, Germany). As soon as the tem-
perature gradient (16 Kbetween 30 °Cand 46 °Cand 10 Kbetween 32 °C
and 42 °C) wasestablished, theinlet was supplied with a continuous flow
of1nls™and the outlets with 0.5 nl s each. For the recovery of fractions
ofthe threeindividual chambers, a slightly modified extraction proce-
dure was 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.
System1: the system consists of a Vanquish Flex (VF-S01-A), abinary
pump (VF-P10-A-01), aheated 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™, a column 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’-cyclic ribonucleotides: 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, then increase to 5% B over 4 min and 7.5% B over 1 min.

« Dimerization of glycine (variation of TMP): pre-column derivatization
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. Onthe 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 a S-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):
isocraticelution for 5min 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 applied isocratic 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 pm, 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
aminoacids, we adapted amethod from the literature®. Following that
protocol, we first pre-column derivatized our sample. This was done by
mixing 14 pl of 50 mM borate buffer (28341, Thermo Fisher Scientific,
USA) withpHadjusted 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 ml?inanhydrous acetonitrile (43166,
Alfa Aesar, USA) were added and mixed with a pipette. The samples
were thenincubated for10 minat55 °Cand stored in the autosampler
at5°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 (bothwith 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 0 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,
maintainat 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
levels in FLD are very low, we chose to proceed with the FLD channel

except for tryptophan, which does not fluoresce, and tyrosine, which
is known 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)) to compare enrichments despite the differentinitial 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
measurementwas calculated for species A for fractionj € {1, 2, 3,4} and
replicate number k{1, 2, 3}.

[A); i hpLc
1
% Zj [AL; x 1pLc

with the HPLC-measured concentration [A]; ,p 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
(Jresponse) 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
pages135-165 of the Supplementary Information). The linear calibra-
tionintrinsically emphasizes that differencesin calibration or absolute
concentration do not change the resulting enrichments.

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

[A]j,k = 1)

1 [A; ~
[A]j/[B]j -1= 5 % [[B]j,k] 1 (2

The averaging over the triplicates is done only after the calculation
ofthe concentration ratios. Thisis necessary because the temperature
gradients between thereplicate experiments differ slightly (1-2 K). This
affects the concentrations of all species present in the respective mix-
ture of areplicate equally (Supplementary Fig. 9), so thatacalculation of
the concentrationratio only after averaging the species concentrations
would lead to a distortion of the enrichment value actually present in
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 done in parallel to check for possible deg-
radation ofindividual compounds. For this purpose, one solutioneach
wasincubated at the lower or higher temperature occurringinthe heat
flow chamber inbulk 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
(j=top) and respective bottom (j = bot) fraction for speciesi € {1,..., S}.

_ 1 Cijk
Gk=< Z 1 3)
$ & 1 Zj Cijk

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



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

(/G -1=3 3 (A} -G,0 -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 together in networks of interconnected rock
fractures. Previous methods require 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
sametime, 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
structure is 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 =1/3Y; [A; « of species A at position
J,with[A];,asintroduced inequation (1).

We assumed diffusive mobilities of D; ,, = 800 um?s™ for amino
acids® and D; ,, = 1,400 pm?*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).Inthismodel, 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)-gu(VM)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, u the dynamic viscosity and g the gravita-
tional acceleration. Theresults 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

6¢;
4 =V DG num= (U= S74- DV TGy ™

with the local solute concentration c; ., of species i (initial concentra-

tion ¢;numo =1), its diffusive mobility D; and Soret coefficient §; ; = %,
whichis defined using its thermophoretic mobility D; ;= - % includ

ing the thermophoretic drift velocity vy;. 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,, ¢; ; ,,m= v, CinumdV tO
theaverage concentrations obtained by HPLC[A] |, 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]: O, 5,10, 20, 25), thermopho-
retic mobilities (D; [x1072 m? sK™] :1, 2.5, 5, 10, 20, 40, 60, 80) and
diffusive mobilities (D[x10™* m? s7] : 1,700, 1,400, 1,100, 700) for
100 equidistant time points between O 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 acustom-made LabVIEW programincorporating
Levenberg-Marquardt algorithms (see SingleNTD_TrapFitter_V1-6.
IIb), we varied the D; with fixed, experimentally obtained values for
AT, D; until an optimal fit between the numerical (C; j ,,m) 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 Table 1). Steady-state concentration profiles shownin
Extended Data Fig. 2c,d and Supplementary Fig. 6 were obtained by
calculating

g

205 A T% , withg=
10,080

ATgpa’

o) ®)

c(y)=exp| -

in which B 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 and y the space coordinate along the
height of the chamber.

Modelling of a system of connected cracks/heat flow chambers
Todetermine the concentration profilesin asystem ofinterconnected
heat flow chambers fromthe previously determined Soret coefficients,
we first had to calculate the behaviour of all species in 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 an inflow 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;,[x10?m?s™] : 800, 1,400),
Soret coefficients (S, ,[x102K™] : 1, 4, 8, 12) covering the range given
by Extended Data Table 1, inflow volume rates (Qm[><10’2 nls: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 results in channels with flow
rates smaller and larger than the assumed 1 nl s (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 a 3D array (see NetworkSimulation_v3-1.1lb with the
settings shownin GridSimSettings.png and the programstate 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 connect to chambersinside the same row or onerow above or
below, simulating a realistic system. The inflow and outflow rates are
setup accordingto the mass conservation of the solvent. After setting
the temperature difference AT and defining all species i of a mixture
by setting D;and S;;, 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 positionmand nare then renormalized columnby column

with the total inlet concentration ¢, ,, , ;= w with the
[ in

concentrationsc, ,, ,,;and volumerates Q;, ,(Q;, = X, Q,, ) of each of the
lnaxinflow 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
arethen plottedinFig.4e-i. The maximum pairwise enrichments shown
in Fig. 4g-iare calculated by taking the median of the ten maximum

. . . . Ch =
concentration ratios of two species A and B: median max(wj .
¥ 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 networkaalso
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
enrichmentvalues asshownin Extended DataFig. 6. To determine the
randomerror for the Soret coefficients shownin Extended Data Table1,
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-
catesand equally affects the Soret coefficients of all species contained
inamixture. By fitting this correlation linearly, this systematic error can
thusbe determined by the deviation of the slope of the linear fit to the
slope 1. Accordingly, thes.d. of the fit yields therandom 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
according to a Gaussian distribution around the average value shown
inExtended Data Table1with as.d. corresponding to therandomerror
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 10.5using 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
Tomodelthe 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)
ki
GlyAct Z Gly (10)
GlyAct + Gly = GlyGly (1)
k3
TMP Z 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;—ks, 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
Table 17). We determined the rate k, separately with a solution of only
[TMP],.. = 0.2 mMinwater under the same temperature and pH condi-
tionsto allow abetter stability of the numerical fit described below for
theremainingreaction constants k;-k;, ksand measured the decrease
in TMP concentration over time (Supplementary Fig. 13 and Supple-
mentary Table 19).

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 V4-6.11b):

d[Gl
[dty] =k x [TMP] x [Gly] - k53 x [GlyAct] x [Gly] 14)
+ky x [GlyAct] + ks x 2 x [GlyGly]
d[GlyAct] _ N N
— & k, % [GlyAct] + k; x [Gly] x [TMP] (15)
- k3 % [GlyAct] x [Gly]
W =+ k;x [GlyAct] x [Gly] - ks x [GlyGly] (16)
d[Td“t/'P] =—k % [Gly] x [TMP] - k, x [TMP] (17)

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
tothe experimentinFig. 5¢) 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



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_V4-6.1Ib). The rates obtained in this way are:
k,=3.5%x107s1(+19%) and k;=1.0 x 10> Ms ! (+41%), k,=1.1x107* s
(¥10%), k3=9.7 x 10 Ms™ (+21%) and ks =1.2 x10™* s (+20%). Although
the error bars in Fig. 5c indicate the s.d. from triple replicate experi-
ments, we have determined the error of the modelling described above
by astochastic approach. 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. accordingto 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 the rate constants thus obtained, we calculated another data-
set using COMSOL as theresult 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_ModelVIForGridSimFig5.dat for analysis with FreeFit-
ter_V4-6.1lb). 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
Table 1) 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 givenin Fig. 5e,f were calculated stochasti-
cally asdescribed 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 = 7 X 10 K™ Asshown inFig. 5¢, right,
the maximumreactionyieldis already reached after16 h, but the relaxa-
tion time of achamber with throughflow in the range Qg,,, =1-10 nl s *is
expected to be on the order of Volume p,mper/ Qaow = 10'-10% 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
Methods and 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

J

YBX

Extended DataFig.1|Experiment setup and analysis. a, Preparation of heat
flux cells. The microfluidic structure defined by the FEP foil (5) is sandwiched
between two sapphires with thicknesses of 500 um (4; cooled sapphire, with
inlets/outlets of 1 mmdiameter) and 2,000 um (6; heated sapphire). The
sapphire-FEP-sapphireblockis then placed on an aluminium base (2) covered
by aheat-conducting foil on the back (1) and front (3) for optimal heat conduction
tothe cryostatand the sapphire, and heldin place by asteel frame (7). The steel
frameis connected to the aluminium base by six torque-controlled screws for a
homogeneous force distribution. The height of the chamberis measured witha
confocal micrometer at three positions (bottom, middle and top) to ensure a
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 sampleis then pulled into the oil-filled chamber. After loading
thesample, thetubingsare closed. b, Application of the temperature gradient.
Theassembled chamber is mounted onto a cooled aluminium block connected
toacryostat. Theheaters are connected to apower supply thatis controlled by
Arduinoboards. Tostop the experiment, heaters and the cryostat are turned
offand the chamberis 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
averagingover alarger fraction of the chamber, whereas more fractions would
make subsequent analysis difficult because of volume limitations and being
more pronetoerror (Extended DataFig. 2).



a: 2- Amlnoazoles at different temperature gradients b: Extraction in 4 vs in 12 fractions
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Extended DataFig.2|Enrichment of 2-aminoazoles and amino acids for
different temperature gradients (errors=s.d., threerepeats, samefor all;
seeraw data tablesin Supplementary Tables 5-65).a, Accumulation plots
for2-aminoazolesunder 5K,10 K and 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 separationbetween species,
bothatthebottom, for which2Alis most abundant, and at the top, for which the
situationis reversed with up to 142% excess of 2A0O versus 2Al. Corresponding
errorsareshownintheright column. The error maps each show the absolute
enrichmenterror, for example, 2Al versus 2A0 (32+3.6)%, so the error range
varies between (32-3.6)% = 28.4% and (32+3.6)% = 35.6%. b, Extraction of
cysteine andisoleucine +leucinein four (25%) and 12 (8%) fractions. The 8%
bottom fraction shows, as expected from theory, a higher valuebut hasa
highererror. Also, spatial errors (y axis) increase on more detailed extraction.
c, Calculated steady state for 2-aminoazoles for dT=18 Kin a closed heat flow
chamber. The experimentally average zones (top 25% and bottom 25%) are

markedingrey. Inthe bottom 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
enrichmentsin arealistic setting cango up further.d, Assuming a fixed
concentration at the top, we find that concentrations vary more than one order
of magnitude. e, We use this as ameasure of maximal pairwise separation
betweenspecies for several temperature gradients and species (Supplementary
Fig.6), finding that, even at 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 sameis the case for extractionin 8%
fractions, with higher absolute values but also increased errors owing to the
now higherimpact of volume variations when manually cutting the frozen
chamber content. Error maps defined asina.
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Extended DataFig.3|Enrichmentbetween proteinogenicamino acids Inthetop fraction, thesituationisinverted, withup to300+%. The order and
(30 pM each) with differentinitial pH values (errors=s.d., threerepeats, enrichments change with pH as thermophoresisis influenced by, for example,
same for all). Analysis reveals astrong enrichment of amino acids isoleucine, chargedstate. Ontherightside, the errors per value of the heat maps are shown

leucine and phenylalanine at the bottom of the chamber for all pH values
against glycine (65-113%) and serine, asparagine and glutamine (35-85%).

asdefinedin Extended DataFig.2a.
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Extended DataFig. 4 |Enrichmentbetween proteinogenicamino acids againstasparagine, serine and glutamine (13-29%). Inthe top fraction, the
(30 pM each) with different concentrations of NaCl (errors =s.d., three situationisinverted, withup to40+%.Ontherightside, theerrors per value of
repeats, same for all). For all salt concentrations, analysis reveals astrong the heat maps areshown as defined in Extended DataFig. 2a.

enrichmentofamino acidsisoleucine andleucine at the bottom of the chamber
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Extended DataFig.5|Enrichment of nucleobases and nucleotides for
varioussettings (errors=s.d., threerepeats, same for all). a, Plot from Fig. 3
asreference, withits corresponding error map as defined in Extended Data
Fig.2a.b-d, Enrichmentsin different 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
thisalso goes together with varied times needed toreachasteady state*®.
h-m, Enrichments for different initial 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, Cisenriched
upto14% over the other nucleotides. For 3’,5-cyclic nucleotides, we find that

C (bottom) and G (top) are dominantinindividual fractions in formamide,
whereasin water, overall enrichment is weaker and dominated by Aand U.

q, Enrichmentbetween cytidine and cytidine monophosphates (CMP,30 pM
each).Nucleotides (5,3’,2/,2,3/,3’,5) areenriched against the nucleoside by
atleast18%. Cyclic CMPs are enriched against linear CMPs by up to10%. Even
though having the same mass, 2-CMP is enriched against 5-CMP and 3-CMP
by 2.5%.Errors for n-qare shownin Supplementary 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 (dACMP versus
5-CMP and dTMP versus 5-UMP). For purine nucleotides, the inverse situation
istrue withup to10% DNA nucleotide excess at the top (AAMP versus 5-AMP).
s-u, Accumulation profiles of D-cytidine and L-cytidine, D-threonine and
L-threonineand 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 usedinFig.2and AT =16 K. After 60 h, the chamber
contents fromthree repeats were frozen and divided into individual parts
according to the colour gradations and measured by HPLC. As well as the
main-textexamples (Iversus Nand I versusF), selected pairs are shown.

Forinstance, thermophoretically differentamino acids glycine (G) and
isoleucine (I) separate readily, whereas mass-identical Land 1 only show minor
concentration differencesinour experimental system. Further examples and a
detailed overview over spatial resolution are shownin Supplementary Figs. 4
and 5. Bottom, maximum enrichments in the system as shownin Fig. 4d for
mixtures of amino acids, adenine (nucleosides/nucleotides), and 2-aminoazoles.
Error mapsasdefined in Extended DataFig.2a.
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Extended DataFig.7 | Pairwise enrichment of amino acids from extracts of
Fig.4g, analogous to Fig.4e. Eachscatter plot shows the correlation of
concentrationsin the 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

Tablel),suchaslversusS, are concentrated or depleted very differently. The
thermophoretically stronger specieslis, thereby, more strongly depletingin
the upperregions of the network than the thermophoretically weaker S, so that
Soccurs here, forexample, with more than1,000 times the concentration of 1.
The absolute concentration of Sis still 0.1times the initial concentration
(purple). Even with an enrichment of 73 times S compared with I (orange), the
absolute concentration of Sis stillata usable 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 concentration is depicted
forall four fractions (errors =s.d., threerepeats, same for all). Further dataare

shownin Supplementary Fig. 7. For fitted Soret coefficients, see Extended Data

1] bot 1] bot

Table1.A1:2A0; A2: 2Al; A3: 2AT; A4: adenine; B1: cytosine; B2: guanine; B3:
thymine; B4: uracil; C1:alanine; C2: cysteine; C3: aspartic acid; 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.
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Extended DataFig. 9 |Numerical calculation of an exemplary accumulation
of substances with low thermophoreticstrength (for example, glycine)
versus those with high thermophoreticstrength (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 (inasingle system). Each pixel corresponds to one chamber.
Isoleucineis more concentrated because of its high Soret coefficient, so there
aremany chambers with more than tenfold concentration. Owing to the
resulting more efficient transport to the lower part of the system, itis only

x (N =40)

presentinlow concentrations further downstreaminthe upper part of the
system (red box, 0.0004-fold initial concentration). Glycineis less concentrated
owingto thelower Soret coefficient and, thus, less transported to the lower part
ofthe system.Downstream, itis thereforestill found at higher concentrations
intheupper partof the system (red box, 0.5-fold initial concentration). In
summary, substances with high thermophoretic strength are purified in the front
part(x<20,upstream) of the system and substances with low thermophoretic
strengthinthe back part (x =220, downstream).



Extended Data Table 1| Experimentally determined Soret coefficients for all species

St (103 1/K) + % St (102 1/K) + %
2A0 (51 °C) 3.4 8 C (40 °C) 3.1 36
2AT 3.9 12 A 15 27
2Al 55 13 G 14 36
u 1.9 30
T 3.1 36
H (34 °C) 3.2 21 Cyd (40 °C) 2.3 51
N 2.2 17 Urd 1.9 47
s 2.2 12 Ado 17 46
Q 2.3 17 Guo 17 44
R 3.8 21 5-CMP (40 °C) 5.3 23
G 17 9 5-AMP 438 23
D 3.8 23 5-UMP 5.0 23
E 42 26 5-GMP 5.1 24
T 3.4 23 2',3-CMP (40 °C) 6.5 13
A 3.1 21 2',3-UMP 5.6 10
[ 45 26 2", 3-AMP 5.3 17
c 3.5 23 2,3-GMP 5.2 10
K 3.4 22 3',5-CMP (40 °C) 5.5 21
M 41 23 3,5-AMP 5.1 20
Vv 4.7 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
T™P 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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