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Abstract

Prebiotic chemical evolution on the early Earth may have been driven in part by fluctuating
environments, for example wet-dry and temperature cycling in volcanic rock pools. Here, we
describe the setup, operating principle and test applications of a newly developed ‘wet-dry
apparatus’ (WDA) designed to simulate such fluctuating environments. The WDA allows
adjusting the duration of the cycles, the temperature during the wet and dry phases and
the organic and mineral components, which are all key parameters in wet-dry simulations.
The WDA’s most important features, however, are (i) that it is automated, which means
that long-time experiments are possible without the need for an operator and (ii) that the vir-
tual absence of free oxygen in the early Earth’s atmosphere at ground level can be simulated.
Rigorously oxygen-free conditions were achieved by passing 99.999% nitrogen gas through
two alkaline pyrogallol solutions in series, prior to entering the WDA. We used three chemical
systems to test the WDA: (i) the amino acid glycine in the presence and absence of clay miner-
als, (ii) linoleic acid (an oxygen-sensitive amphiphile) with and without the mineral olivine,
and (iii) alkaline pyrogallol solution. We observed that clay minerals greatly accelerated the
decomposition of glycine under wet-dry conditions. Glycine peptides were formed as
minor products. In the course of the glycine experiments, we developed a reliable gas chro-
matographic method to quantify the cyclic dipeptide 2,5-diketopiperazine. The decomposition
of linoleic acid in wet-dry cycles was promoted by both air and olivine. And finally, the
extremely oxygen-sensitive pyrogallol solution was used as a colour indicator for residual
oxygen in the WDA. The simulation facility in our laboratory currently consists of eight iden-
tical WDAs and a surrounding infrastructure. It can be made available to others who wish to
perform cyclic wet-dry experiments.

Introduction

It has been suggested that various environmental settings simultaneously contributed to the
chemical building blocks from which life originated (Stiieken et al. 2013). Most probably
among these microenvironments were different types of water bodies on volcanic islands,
such as rock pools supplied with seawater in the rhythm of the tides (tide pools) and rock
pools above the splash zone which contained freshwater. Organic reactions in rock pools
may have substantially contributed to chemical evolution on the early Earth. However, direct
chemical information from the time before life began is scarce and mainly restricted to a few
very old rocks and minerals and to pristine organic material in meteorites and comets.
Prebiotic chemical research, therefore, strongly relies on theoretical and experimental simula-
tions. An example is laboratory studies on the repeated wetting and drying of potentially pre-
biotic reaction mixtures.

Wet-dry cycles are regarded as characteristic of the fluctuating environment in primordial
rock pools at volcanic sites (Lathe 2004; Deamer 2014; see Fig. 1 for a modern counterpart of
these rock pools). Several prebiotic simulation experiments have therefore used alternating
wetting and drying, mostly to facilitate oligomer formation (see for example: Lahav et al.
1978; Lahav & White 1980; Saetia et al. 1993; Olasagasti et al. 2011; DeGuzman et al. 2014;
Mamajanov et al. 2014; Forsythe et al. 2015).

Wetting-drying depends on the presence of sufficiently high temperatures and, of course,
subaerial environments. Throughout the Late Hadean-Early Archean, Earth’s rate of heat pro-
duction was much higher than today (Franck 1998; Martin et al. 2006). As a consequence, vol-
canic activity was strong. At that time, most of the crust was flooded (Arndt & Nisbet 2012).
However, subaerial volcanoes very probably existed, either as island arcs, if plate tectonics
already operated (Turner et al. 2014), or as islands formed by hot mantle upwelling (Van
Kranendonk 2011), or both. Magma chambers provided the surface of the volcanic islands
with thermal energy, for example by lava flows, which episodically heated the surface. If
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Fig. 1. Rock pool with olivine-dominated sand surrounded by igneous rock. This
photo was taken at 21° 17’ 34.1” S 55° 48’ 20.7” E on the volcanic island of La
Réunion, Indian Ocean, in August 2011.

thick enough, the resulting lava fields remained warm for longer
periods of time. Areas of elevated temperatures also occurred
where hot hydrothermal water raised to the surface. Tide pools
on the volcanic islands were regularly filled with seawater, while
rock pools more distant from the coast were sporadically filled
with rainwater. On the warm ground, the water must have evapo-
rated quite rapidly from the rock pools, at least from the shallow
ones.

All this took place under a virtually anoxic atmosphere with
an O, partial pressure at a ground level that did not exceed 10~
times the present-day value and could have been much lower
(Kump 2008; Haqq-Misra et al. 2011).

Several factors can or must be considered when conducting
experimental simulations of wetting-drying processes in primor-
dial rock pools. For this reason, we have designed an apparatus
that allows the adjustment of key parameters and conditions
such as the duration of the wet-dry cycles, temperature, pH
value, a strictly oxygen-free atmosphere and the inorganic content
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material of a rock pool. The apparatus, its operating principle and
some test applications will be described in the following.

Materials and methods
Description of the wet-dry apparatus (WDA)

Experimental setup: A Schlenk flask (‘a’ in Fig. 2(A)) is attached
to a heat-insulated glass riser (b), whose upper part is linked to a
50-ml reservoir (c). The reservoir is connected to the lower part of
the riser via a time controlled magnetic polytetrafluoroethylene
(PTFE) valve (d; Staiger, Erligheim, Germany). Perfluoroalkoxy
alkane (PFA) tubings and poly( p-phenylene sulfide)/polytetra-
fluoroethylene (PPS/PTFE) screw joints are used to connect
the valve with the glass parts. A reflux condenser (e) is mounted
on top of the reservoir. Its outlet is connected to a safety bubbler
(f). An oil bath (g) is used to heat the flask. The whole WDA can
be purged with nitrogen or another gas or gas mixture before and
during the experiment. For a technical drawing and dimensions of
the WDA, see supplemental online material (SOM)-Fig. SI.

Operating principle: (i) while the magnetic valve is closed, the
Schlenk flask is heated and the water inside slowly evaporates.
Assisted by the gas stream, the water vapour rises into the reflux
condenser. There it condenses and the liquid water accumulates
in the reservoir (Fig. 2(A)). (ii) After the water has completely
evaporated, the residue is dry heated (Fig. 2(B)). (iii) After a pre-
set time, the magnetic valve opens briefly to allow the water to
flow back into the hot flask (Fig. 2(C)). When the valve has
closed, the next wet-dry cycle starts.

In our laboratory, up to eight WDAs can be simultaneously
operated and jointly controlled. Figure 3 shows an array of four
WDAs. Each magnetic valve is controlled by an interactive
bourne-again shell script (bash script). The operating system is
Linux (Raspbian Jessie with PIXEL, version: September 2016,
release date: 23 September 2016, kernel version: 4.4), which is
installed on a Raspberry Pi model B (RPi). After starting the
script, the following can be entered via the front-end (see SOM-
Fig. S2): (i) name of the experiment, (ii) desired number of cycles,
(iii) cycle duration and (iv) additional information about the
experiment. The additional information, the experimental para-
meters and the current date are saved in a log file under the

Fig. 2. Schematic representation of the components and operat-
ing principle of the automated WDA. See the section Materials
and methods and SOM for a detailed description.
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Fig. 3. Four simultaneously operated and jointly con-
trolled WDAs. The control electronics can be seen on
the left.

name of the experiment as entered. Figure 4 shows the circuit dia-
gram of the WDA controller. The transistor board is necessary
because the signal output voltage of the GPIO ports of the RPi
is 3.3 VDC, whereas the relay module requires a signal input volt-
age of 5 VDC. The LED indicates a successful activation of the
GPIO ports after the operating system has been started. For fur-
ther details, see SOM text.

Chemicals and minerals

Glycine (Acros, >99%), 2,5-diketopiperazine (Fluka, 98%), digly-
cine (Fluka, 99%), triglycine, tetraglycine, pentaglycine and hexa-
glycine (Sigma-Aldrich), hexanoic acid (Sigma-Aldrich, >99.5%),
heptanoic acid (Sigma-Aldrich, >99%), octanoic acid (Sigma-
Aldrich, >98%), linoleic acid [(9Z,12Z)-9,12-octadecadienoic acid;
Alfa Aesar, 95%], mixture of cis- and trans-9,11- and -10,12-
octadecadienoic acid methyl esters (Sigma-Aldrich), pyrogallol
(benzene-1,2,3-triol; Acros, 99%), 1-fluoro-2,4-dinitrobenzene
(Sanger’s reagent; Fluka, >99%), N-(fert-butyldimethylsilyl)-N-
methyltrifluoroacetamide (Acros, 98%), triethylamine (Fluka,

Raspberry Pi GUI
model B T 1
[[[~=s e
transistor board r@_
ll .
relay module —BP =,
i
I S
]L_\2|3|4]%\6|7|8 =R ES

main power switch
magnetic valves

Fig. 4. Schematic circuit diagram of the WDA controller. The power supply unit (PSU)
supplies the hardware (Raspberry Pi and relay module) with 5 VDC. The green lines
represent the signal lines controlling the magnetic valves (1-8). GUI, graphical user
interface.
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>99.5%), trifluoroacetic anhydride (Sigma-Aldrich, >99%) and
0.25 mol I"! trimethylsulfonium hydroxide solution in methanol
(Acros) were used as received. The following analytical standards
were obtained from Sigma-Aldrich: hexanal, (2E)-2-heptenal,

(2E)-2-octenal, (2E4E)-2,4-decadienal, nonanedioic acid and
2-pentylfuran. Hydrochloric acid and the ammonium salts were
of analytical grade. All chemicals used to prepare high-performance
liquid chromatography (HPLC) buffer solutions and all organic
solvents were of HPLC or LC-MS grade. Double distilled water, pre-
pared in a BD 50 quartz glass distillation apparatus (Westdeutsche
Quarzschmelze), was used throughout. Deaerated water was pre-
pared by bubbling pure nitrogen through double distilled water
for at least 2 h. If it was necessary to remove residual traces of oxy-
gen, the nitrogen was passed through two flasks containing alkaline
pyrogallol solution before it was used to prepare the deaerated water.
Nitrogen gas was 99.999% pure. According to the manufacturer, it
contained 3 vol ppm oxygen (Westfalen 2017).
Ca-montmorillonite (SAz-1), kaolinite (KGa-2) and nontro-
nite (NAu-2) were obtained from the Clay Minerals Society.
Fractions with particle sizes <2 pm were used throughout. They
were prepared by sedimentation (for details, see Dalai et al
2017). The olivine used was from Shigar, Pakistan and was sup-
plied by M. Jentsch Mineralien (Extertal, Germany). X-ray pow-
der diffraction revealed that it consisted mainly of forsterite
(Mg,Si0O,) and to a lesser extent of fayalite (Fe,SiO,). Only olivine
crystals that visually appeared homogeneous were used. Prior to
use, the olivine samples were crushed and passed through a
sieve stack. The particle size fraction between 100 and 250 um
was used. No further treatment of the minerals was performed.

Test reactions in the WDA

Typical procedure for experiments with glycine and clay
minerals

A Schlenk flask containing 30 ml of water, 1 g of clay mineral and
55 mg of glycine was attached to the rest of the WDA. The whole
setup was then purged with nitrogen for 14 h. After that, the wet-
dry cycling was started by heating the flask to 150°C. During the
whole experiment, the oil bath was kept at this temperature and a
constant flow of nitrogen gas (3.61h™') was maintained. After
6 h, the magnetic valve opened for 30 min and allowed the
water to flow back into the hot flask. Then the next cycle started.
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In this way, 4, 8, 12, 16 or 28 successive wet-dry cycles were per-
formed. After the last dry phase, the flask was detached from the
apparatus and its content was extracted with water.

Procedure for wet-dry experiments with linoleic acid

The preparation of the experiments was carried out inside a glove
box containing a pure argon atmosphere (<1 ppm O,). In all
cases, 200 pl (643 pmol) of linoleic acid and 30 ml of deaerated
water were mixed in a Schlenk flask. Four different systems
were then studied under wetting-drying conditions: (a) the lino-
leic acid-water mixture under air, (b) the linoleic acid-water
mixture together with 1 g of olivine under air, (c) the linoleic
acid-water mixture in a 99.999% nitrogen atmosphere and (d)
the linoleic acid-water mixture together with 1 g of olivine in a
99.999% nitrogen atmosphere. Each Schlenk flask was attached
to a WDA. Throughout the experiments with the systems (a)
and (b), the top of the WDA was left open and the WDA was
flushed three times with air to ensure that no oxygen deficiency
occurred. In the experiments with the systems (c) and (d), a nitro-
gen flow of 3.6 1 h™' was adjusted and maintained throughout the
experiment.

By heating the oil bath to 150°C the wet-dry cycling was
started. An experiment consisted of eight cycles. The net heating
time was 48 h, during which the valve opened every 6h for
15 min. At the end of the eighth and last dry phase, the oil
bath was removed and the flask was allowed to cool down.
Afterwards, the flask was detached and its contents extracted.

The experiments with the systems ¢ and d were repeated in a
static nitrogen atmosphere (i.e. without nitrogen flow). This was
necessary because the gas flow spread the linoleic acid, which is
a liquid, in the whole apparatus. In order to prevent air from
entering the apparatus during the static atmosphere experiments,
a glass pressure relief valve (Rettberg, Gottingen, Germany) was
attached to the top of the WDA to maintain a slight overpressure
(ca. 0.1 bar). The valve was connected to the nitrogen supply as
shown in SOM-Fig. S3. The WDA was purged with nitrogen
for 24 h before the Schlenk flask which contained the linoleic
acid was attached against a countercurrent of nitrogen.

Experiments with pyrogallol

Special care was taken to exclude oxygen throughout the experi-
ments. An alkaline pyrogallol solution was prepared in an
argon glove box (<1 ppm O,) by dissolving 0.8 g of pyrogallol
in 30 ml of a deoxygenated 2% sodium hydroxide solution in a
Schlenk flask. The flask was then taken out of the glove box
and attached to the WDA against a counter flow of nitrogen
gas. A nitrogen stream of ca. 72 1 h™" was adjusted and maintained
throughout the experiment. The high nitrogen flow rate ensured
that no negative pressure occurred by the cooling effect of the
water flowing back into the hot flask at the end of each dry
phase. The oil bath was heated to 110°C. Then four wet-dry cycles
were performed during which the magnetic valve opened every
6 h for 15 min. At the beginning of the fifth wet phase, 1 ml of
air was injected directly into the solution with a syringe. The
observed colour change allowed to draw conclusions on the oxy-
gen sensitivity of the pyrogallol solution. The nitrogen used con-
tained 3 ppm of residual O,. In a repetition of the experiment, the
nitrogen was passed through two strongly alkaline pyrogallol solu-
tions to remove the residual oxygen, as described by Shriver &
Drezdzon (1986). The experiments were also conducted with
30 ml of pure water instead of the pyrogallol solution in order
to instrumentally determine the O, content of the liquid phase.
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The dissolved oxygen was measured with a FiveGo F4 instrument
equipped with an LE621 IP67 sensor (Mettler-Toledo).

Analytical instrumentation and procedures

Gas chromatography-mass spectrometry (GC-MS)
Gas chromatograms were recorded on an Agilent 6890N/5973
GC/MSD system (Agilent, Waldbronn, Germany) equipped
with a HP-5MS capillary column (Agilent, 30 m length,
0.25 mm inner diameter, 0.25 um film thickness, 5% diphenyl-
95% dimethyl polysiloxane). Helium was used as carrier gas.
The inlet temperature was 280°C and the inlet pressure 1.60
bar. The mass detector was operated in the full-scan mode (35-
650 amu, 1.24 scans s, electron impact ionization at 70 eV).
2,5-diketopiperazine (DKP) was analysed as its bis(tert-
butyldimethylsilyl) derivative (see below for the derivatization pro-
cedure). Typically 1 pl of the analyte solution was injected into the
GC-MS. The temperature program was as follows: 140°C (hold
for 8 min)—180°C (5°C min ')—320°C (10°C min!). For
quantification, the selected ion chromatogram at m/z 342 was used.

For GC-MS analysis of linoleic acid methyl ester, typically
0.2 ul of the analyte solution were injected using a split ratio
of 9:1. The following temperature program was used: 100°C
(hold for 4 min)—240°C (6°C min~*, hold for 4 min), —300°C
(20°C min™?). For quantification, the selected ion chromatogram
at m/z 294 was used.

For GC-MS analysis of other fatty acid methyl esters and
decomposition products, 5.0 ul of the analyte solution were
injected in splitless mode. The temperature program used was
75°C (hold for 4 min)—240°C (6°C min~, hold for 4 min),
—320°C (20°C min™").

High-performance liquid chromatography

An HPLC system from Sykam (Fiirstenfeldbruck, Germany) was
used. It consisted of the following components: reagent organizer
S7121, solvent delivery system S1122, low-pressure gradient mixer
S8111, injector valve bracket S5111, column oven Jetstream II Plus
(ERC, Riemerling, Germany) and UV/Vis diode array detector
$3210.

For ion-pair chromatography, a BDS Hypersil C18 column
(3 um particle size, 250 mm length, 4.6 mm internal diameter)
from Thermo Fisher Scientific was used. Typically, a sample injec-
tion volume of 75ul was used. The mobile phase consisted
of a 10 mmol I"" aqueous solution of sodium hexanesulfonate
(C6H3SO3Na) acidified with phosphoric acid to pH 2.5
(Bujdak & Rode 1999). The flow rate was 1 ml min~}, the column
temperature 40°C and the detection wavelength 210 nm.

For HPLC analysis of the 2,4-dinitrobenzene derivatives, a
modification of the method by Dalai et al. (2017) was used.
The column was a Nucleodur C18 Gravity (3 um particle size,
150 mm length, 4.6 mm internal diameter) from Macherey-
Nagel (Diiren, Germany). Typically, 50 pl samples were injected.
UV absorbance at 340 nm was used for detection. A mixture of
acetonitrile and 10 mmol I™" trifluoroacetic acid in water served
as the mobile phase. The following gradient program was used:
20—25% of acetonitrile over the first 20 min, then 25—80% of
acetonitrile over the next 20 min. The flow rate was 1 ml min™"
and the column temperature 40°C.

The derivatization of glycine peptides was performed, with a
few modifications, as described by Dalai et al. (2017). One hun-
dred and fifty ul of the clay mineral extract (see below) were
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placed in a 2 ml plastic tube. After addition of 100 pl (3.5 umol)
of a 1% solution of 1-fluoro-2,4-dinitrobenzene and 20 pl
(20 umol) of 1 mol I"' sodium hydrogen carbonate in water, the
tube was heated to 40°C for 1 h in a thermoshaker. The sample
was then cooled to room temperature and 10 pl (20 pmol) of a
2 mol I"" hydrochloric acid were added. After mixing, the result-
ing solution was dried in a vacuum desiccator over sodium
hydroxide. Finally, the residue was dissolved in 300 pl of dimethyl
sulfoxide. The solutions were protected from light.

High-resolution/high-accuracy MS

Mass spectra were obtained on a Thermo LTQ Orbitrap XL instru-
ment (ThermoScientific, Bremen, Germany) equipped with an
electrospray ionization (ESI) ion source. External mass calibration
was performed with the Pierce LTQ ESI Positive Ion Calibration
Solution (caffeine, MRFA and Ultramark 1621). For internal cali-
bration, lock-mass ions from the ambient air were used (Olsen
et al. 2005). The spectrometer was operated in the positive ion
mode with an ionization voltage of 1.5 kV and a capillary tempera-
ture of 200°C. Data acquisition was in the 50-1800 Da mass range
using the Orbitrap mass analyzer operated with a target mass reso-
lution of 60 000 (defined at m/z 400). The mass spectrometer was
coupled to a nanoACQUITY UPLC system from Waters (Milford,
Massachusetts, USA) equipped with a Waters BEH 130 C18
column (250 mm x 75 pum, 1.7 pm particle size). Gradient elution
was from 1 to 50% acetonitrile in 0.1% aqueous formic acid
over 60 min. Data processing and analysis were performed with
Xcalibur software (ThermoScientific).

Infrared spectroscopy

Infrared spectra were measured in attenuated total reflection
(ATR) mode with a Thermo Nicolet 5700 FTIR spectrometer
equipped with an ATR Smart Orbit accessory (ThermoScientific,
Dreieich, Germany). A total of 600 scans were recorded per spec-
trum. The measurement range was 4000-400 cm™" with a reso-

lution of 2 cm ™.

X-ray powder diffractometry

Powder diffractograms of olivine were obtained on a Bruker D8
Focus instrument (Bruker AXS, Karlsruhe, Germany) with a
Sol-X energy dispersive detector (Baltic Scientific Instruments,
Riga, Latvia). The measurements were performed with CuKo
radiation (A = 1.5418 A) in the 26 range 5°-120°. Sodium chloride
was used as an internal 26 standard.

Extraction and quantification of glycine and glycine peptides
after wet-dry experiments with clay minerals

The extraction was carried out as described by Dalai et al. (2017).
In short, 10 extraction stages were performed with a 100 mg
sample (3 x 600 ul and 7 x 450 pl of water). In each stage, the
suspended sample was shaken for 1 h and then centrifuged. The
supernatants were collected and the volume of the combined
supernatants was made to 5 ml. Prior to derivatization or direct
analysis, the extracts were filtered through a 0.20 pm PET mem-
brane to remove possible particulate matter. Glycine was directly
quantified by ion-pair HPLC using calibration curves, while
DKP was quantified as its bis(tert-butyldimethylsilyl) derivative
by GC-MS (see below) and diglycine was quantified as its 2,4-
dinitrophenyl derivative by HPLC, also using calibration curves
(see above). The absolute amounts of the higher peptides up to
hexaglycine were calculated from the known amount of diglycine
under the assumption that the extinction coefficient did not
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significantly vary between the different dinitrophenyl peptides
(for this assumption see for example Fujio et al. 1959). To ensure
the correct assignment of the peaks, spiking with reference com-
pounds was performed.

Derivatization of DKP

Derivatization was carried out in two steps: (i) protection of
amino groups by N-trifluoroacetylation, which was necessary to
prevent the formation of DKP from glycylglycine; (ii) transform-
ation of DKP into its bis(tert-butyldimethylsilyl) derivative using
a modified method of Shimoyama & Ogasawara (2002). Typically,
an aliquot of 500 pl of the clay mineral extract was placed in a
1-ml V-vial and evaporated to dryness under vacuum. To the
dry residue, 100 pl of dry acetonitrile, 6 pl (42 umol) triethyl-
amine and 5pl (36 umol) of trifluoroacetic anhydride were
added. The vial was then tightly closed and heated for 60 min
at 40°C. DKP was stable under these conditions, whereas
amino groups were trifluoroacetylated. After that, the sample
was evaporated to dryness in a stream of nitrogen. To the dry resi-
due, 75 pl of dry acetonitrile and 25 pl (106 umol) of N-(tert-
butyldimethylsilyl)-N-methyltrifluoroacetamide were added. The
vial was tightly closed and the mixture was heated for 3h at
100°C with frequent shaking (approximately every 30 min).
After cooling to room temperature, the volume was made to
100 pl with dry acetonitrile. Then the solution was transferred
to a GC vial and measured.

The excess of the derivatizing reagent used was sufficient
for quantitative reaction. The completeness of the second deriva-
tization step was tested by comparing the GC peak area of
the product 1,4-bis(tert-butyldimethylsilyl)piperazine-2,5-dione
in experiments with different excesses of the reagent. Pure glycine
and glycylglycine were also derivatized as described above to
ensure that they do not form DKP during the derivatization pro-
cess. Furthermore, pure DKP was derivatized as described above
as well as only with N-(tert-butyldimethylsilyl)-N-methyltrifluor-
oacetamide. Comparison of the resulting chromatograms showed
that DKP is stable under the chosen conditions. Furthermore,
mixtures of DKP, glycine and glycylglycine in various ratios
were derivatized to ensure that quantification was not affected
by side reactions occurring during the derivatization process
(e.g. DKP hydrolysis or formation).

Extraction and quantification of linoleic acid after wet-dry
experiments

The residues in the flasks containing linoleic acid or linoleic acid
plus olivine were extracted ten times with 1 ml of tert-butylmethyl
ether each time. The final volume was made to 10 ml. Additionally,
the aqueous phase in the reservoir was extracted with 10 ml of
dichloromethane. Both extracts were used for GC-MS analysis.
Before measurement, the extracts were filtered through a 0.45 um
PTFE membrane to remove particulate matter. The dichloro-
methane extract was divided in half, one half was measured directly
with GC-MS and the other half was derivatized with trimethyl-
sulfonium hydroxide (see below). The fert-butylmethyl ether
extract was also derivatized with trimethylsulfonium hydroxide.
Decomposition products were identified by comparing their reten-
tion times and mass spectra with those of authentic samples.

Derivatization of fatty acids

Fatty acids were methylated with trimethylsulfonium hydroxide as
described by Butte (1983). 50 pl of the tert-butylmethyl ether or
dichloromethane extract were mixed with 150 pul of a 0.25 mol I™*
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methanolic trimethylsulfonium hydroxide solution. After 10 min-
utes at room temperature, the mixture was injected directly into
the GC (inlet temperature 280°C). The completeness of the deri-
vatization reaction was tested using a 4-, 8- and 12-fold excess
of the reagent; in all three cases, the peak area of the linoleic
acid methyl ester was the same and no underivatized linoleic
acid could be detected. Thus a 4-fold excess would have been suf-
ficient for quantitative reaction. In practice, we used a 12-fold
excess to take into account that derivatizable decomposition pro-
ducts may additionally be present.

Results and discussion
Versatility of the WDA

The setup and operating principle of the WDA are described
under Materials and methods. Below, we also describe some test
applications using typical experimental conditions and a standard
design of the apparatus. However, the basic functional principle
allows a much wider range of conditions and the study of add-
itional aspects, partly after slight modification of the experimental
configuration. For example:

(i) Temperature (fluctuations). In our test applications, the tem-
perature of the flask content at the beginning of the wet
phase was ca. 100°C (boiling point of the aqueous solution).
The temperature slowly increased as a result of evaporation
of water and reached between 110 and 150°C, depending
on the heating bath temperature, when the dry phase started.
Thus, the WDA performs not only wet-dry but also tem-
perature fluctuations. The possible prebiotic role of com-
bined fluctuations of water content and temperature was
recognized early on by Lahav et al. (1978). With the standard
design of the WDA, the usable temperature range is ca.
100-200°C. Certain technical modifications would allow
an upper-temperature limit of 250°C. The low-temperature
limit is determined by the wet phase duration which, of
course, increases with decreasing temperature of the heating
bath and will become unreasonably long when the tempera-
ture is too low. The temperature limits may be different for
non-aqueous solutions. This is worth mentioning because
organic solvents can be prebiotically interesting, for example,
in the context of the oil-slick scenario (Lasaga et al. 1971;
Cleaves & Miller 1998; Nilson 2002).

(ii) Cycle duration. In the experiments described in the present
paper, the duration of a complete cycle was 6 h. The wet
phase varied between 2 and 3 h and the dry phase between
3 and 4 h, depending on the composition of the reaction mix-
ture and the flow rate of the nitrogen stream. When no gas
stream was used (see experiments with linoleic acid), the
dry phase was much shorter. There are no fundamental
restrictions on the cycle duration. However, a value of 6 h
was chosen for practical reasons (exactly four complete cycles
per day) and because it is in the range of the suggested tidal
cycle duration on Earth 3.9 Ga ago (Lathe 2006). Since the
duration of the wet and the dry phases can be independently
adjusted, a combination of short wet and long dry phases, for
example, is possible with the WDA. This will be important if
rock pools above the splash zone are to be simulated which
are refilled with (rain)water after longer time intervals.

(iii) Liquid and gas phase. The only materials that come into
contact with the liquid and gaseous components in the
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WDA are PFA, PTFE, perfluoroelastomer (FFKM) and boro-
silicate glass 3.3. As these materials are largely inert, a broad
range of acids, bases, salty solutions, organic solvents, gases
or gas mixtures can be employed.

(iv) Solid phase. Virtually all types of prebiotically relevant solids
can be used, for example, rocks, minerals, meteoritical mate-
rials and insoluble organics such as tholins (Sagan & Khare
1979) and thermomelanoids (Fox et al. 2015).

(v) Volatile products. Gas absorption bottles filled with different
absorbing solutions can be easily connected to the gas outlet
of the WDA. They can be used to selectively collect different
classes of volatile compounds (e.g. acids), which may help to
elucidate the chemical processes occurring during wet-dry
cycling. Cold traps may also be used.

(vi) Reaction flask. The standard version of the WDA has a one-
necked round bottom flask with a gas inlet (Fig. 2). However,
because of the modular construction, different flasks are pos-
sible. A two-necked flask with a gas inlet, for example, would
allow taking samples against a counter flow of gas during the
experiments. If a quartz flask is used, UV irradiation of the
reaction mixture, preferably by use of a fibre-optic cable,

would be possible.

Test application I. Glycine and clay minerals

Inspired by the work of Lahav et al. (1978), we chose to study the
behaviour of glycine (Fig. 5) in the presence of clay minerals as
a first test application of the WDA. Instead of exactly repeating
the literature experiments, our experiments were adapted to the
WDA by selection of the minerals, glycine content, temperature
range, atmosphere (N,) and cycle and experiment duration.
The clay minerals used were kaolinite (KGa-2), montmorillonite
(SAz-1) and nontronite (NAu-2). Lahav et al. (1978) also used
kaolinite so that at least the results of one of our experimental
approaches are more or less directly comparable with their results.
Furthermore, in the present study, a closer look was taken at the
decomposition of glycine.

First, we investigated the behaviour of glycine in the absence of
minerals. After 12 wet-dry cycles (in total, ca. 36 h each at 100°C
and 150°C) 98% of the glycine had survived; after 28 cycles (in
total, ca. 84 h each at 100°C and 150°C) 97% were still present
(Table 1 and Fig. 6). In an experiment without wet-dry cycling,
Dalai (2013) has dry heated glycine at 150°C for 48 h under nitro-
gen. She observed that 98% of the amino acid remained
unchanged. Comparing this result with that of our 12-cycle
experiment, which included ca. 36 h of dry heating at 150°C,
we see that the glycine survival rate was equally high in both
cases. Obviously, the wet phases had no effect.

There were, however, differences in the residue composition
between dry heating and wet-dry cycling. Dry heating of glycine
yielded small amounts of the cyclic dipeptide DKP (Fig. 5) as

0
o) - JH 0 i
HQN\)LOH krrNH HN y N._ COOH
(o] s n-2

Hgly DKP Gly,
Fig. 5. Structures of glycine (Hgly), cyclic glycine dipeptide (2,5-diketopiperazine,
DKP) and linear glycine homopeptides (Gly,).
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Table 1. Survival and oligomerization of glycine during wet-dry cycles in the absence and in the presence of different clay minerals

Glycine at start of Glycine at end of sur?/liillglln;te DKP Gly, Glys Gly, Glys Glys
Mineral Cycles experiment [umol] experiment [umol] [%] [umol] [umol] [umol] [umol] [umol] [umol]
Without mineral 12 677 665 98 0.7 13 n.d. n.d. n.d. n.d.
28 758 735 97 4.0 3.2 0.37 0.09 n.d. n.d.
28° 756 731 97 33 33 0.43 0.11 n.d. n.d.
Kaolinite KGa-2 4 677 239 85 1.9 24 n.d. n.d. n.d. n.d.
8 677 219 32 2.7 2.6 0.33 n.d. n.d. n.d.
12 677 96 14 3.0 1.2 0.23 0.10 0.08 0.06
16 677 39 6 4.8 1.8 0.24 0.11 0.09 0.06
28 677 9 1 7.9 2.1 0.20 0.17 0.11 0.07
Montmorillonite SAz-1 4 742 361 49 0.9 2.7 n.d. n.d. n.d. n.d.
8 742 251 34 1.8 3.0 0.22 n.d. n.d. n.d.
12 742 229 31 2.2 3.5 0.41 0.09 n.d. n.d.
16 742 196 26 2.3 3.7 0.56 0.15 n.d. n.d.
28 742 51 7 2.7 15 0.62 0.31 0.22 0.20
Nontronite NAu-2 4 698 216 31 0.7 1.2 n.d. n.d. n.d. n.d.
8 698 174 25 1.9 1.6 n.d. n.d. n.d. n.d.
12 698 75 11 2.1 1.2 n.d. n.d. n.d. n.d.
16 698 56 8 2.8 0.8 0.07 n.d. n.d. n.d.
28 698 23 3 2.8 1.7 0.34 0.18 0.04 n.d.

The umol values given for glycine and peptides are the total amounts in the respective experiment.

n.d., not detected by HPLC using UV/Vis detection.
“Repeat of the previous experiment.

the only peptide. Wet-dry cycling, in contrast, also produced the
linear dipeptide Gly, (Fig. 5, 0.4% yield) in addition to DKP
(0.2% vyield, Table 1). Possibly Gly, was formed from DKP by
ring-opening hydrolysis during the wet phases. After 28 cycles,
tri- and tetraglycine were also detected by HPLC (0.2 and 0.05%
yield, respectively; Table 1). In order to check if peptides longer
than Gly, had been formed, high-resolution/high-accuracy MS
was used to analyse the sample. It revealed that all linear

100
——— o
80 4 —e— without mineral
—&— montmorillonite
—&— kaolinite
80 - —&— nontronite

40 A

survival rate of glycine [%]

20 1

0 5 10 15 20 25
number of cycles

Fig. 6. Survival of glycine during wet-dry cycles in the absence and in the presence of
clay minerals in an anaerobic atmosphere.
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peptides from Gly, to Gly;, were present (SOM-Table 1). Thus,
wet—dry cycling led to longer oligomers than dry heating alone.
This is a general observation - not limited to glycine — which
has motivated some recent theoretical studies (Varfolomeev &
Lushchekina 2014; Higgs 2016; Ross & Deamer 2016).
According to Higgs (2016), for example, oligomer formation
occurs during a dry phase but is constrained by restricted diffu-
sion. In the subsequent wet phase, however, repositioning of the
molecules takes place, so that in the next dry phase oligomerization
can progress. Therefore, and despite possible hydrolysis during the
wet phases, longer oligomers are formed than by dry heating alone.
In a best-case scenario, wet-dry cycling will generate an equilib-
rium chain length distribution that approaches the one that
would occur if free diffusion was possible in the dry phase.

The stability of glycine under wet-dry conditions decreased
dramatically when clay minerals were added. With all three
minerals tested, the glycine survival rate dropped below 10%
after 28 cycles (Table 1 and Fig. 6). The decrease of the glycine
content follows approximately first-order kinetics; the fits are
quite good, given that the systems are heterogeneous (see
SOM-Fig. 4). As in the experiments without minerals, all peptides
up to the decamer (Gly,o) were identified in the 28-cycle experi-
ment with montmorillonite (SOM-Table 2). The peptides up to
Glys were quantified (Table 1). Overall, a trend can be observed
that the amount and length of peptides increased with increasing
number of cycles. Also, there is a clear tendency for the formation
of longer peptides (Gly,-¢) in the presence of a clay mineral - even
though DKP and Gly, were still formed preferentially. Figure 7
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Table 2. Volatile decomposition products formed from linoleic acid in wet-dry cycling experiments

Experiment

Compound Air N, atmosphere Air + olivine N, atmosphere + olivine
Hexanal v v v v
2-Heptenal n.d. n.d. v n.d.
2-Octenal 4 n.d. 4 n.d.
2,4-Decadienal v v v v
9-Oxononanoic acid® v v v v
Hexanoic acid v n.d. v n.d.
Heptanoic acid n.d. n.d. v n.d.
Octanoic acid 4 n.d. v 4
Nonanedioic acid n.d. n.d. 4 n.d.
2-Pentylfuran n.d. n.d. v n.d.

The compounds were identified by mass spectrometry and comparison of the GC retention times with those of authentic samples.

2Compound identified only by its mass spectrum. v/, Detected. n.d., not detected.

shows the individual peptide contents as a function of cycle num-
ber for the montmorillonite experiment. It can be seen that the
amounts of DKP and Gly;_¢ increased steadily over the 28 cycles
of the experiment. In contrast, the amount of Gly, reached a max-
imum at cycle 16 (3.7 umol, 1% yield) and then decreased to
1.5 umol (0.4% yield) at cycle 28. With the other two minerals,
a maximum in the amount of Gly, occurred already at cycle 8
(kaolinite: 2.6 umol, 0.8% yield; nontronite: 1.6 umol, 0.5%
yield). Then, after an intermediate decrease, another maximum
was reached at cycle 28. Such a renewed increase was not observed
in the montmorillonite experiment. One might speculate that here
the second maximum was beyond the 28-cycle limit.

Two sources of Gly, have to be considered, namely the con-
densation of glycine molecules in the dry phase and the partial
hydrolysis of other peptides, particularly DKP, in the wet phase.
The reverse reactions - Gly, hydrolysis (wet phase) and
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Fig. 7. Changes of the glycine and peptide contents in the system glycine-montmor-
illonite during wet-dry cycling. The asterisk indicates the overlapping curves for Glys
and Glys.
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condensation to other peptides (dry phase) — are the potential
sinks. Obviously, in our mineral experiments, the formation ini-
tially prevailed, because the Gly, yields increased up to a certain
point in time. But then the situation changed and the loss of Gly,
dominated. The first idea that may come to mind is that, at this
point in time, the rate of formation of Gly, and its precursor
DKP decreased because not enough glycine was left. However,
on a molar base still 50- to 100-fold more glycine was present
than Gly,, when the Gly, content started decreasing. Another
possibility is that the more of the peptides Glys¢ that formed
in the course of the experiment, the more crucial binding sites
of the mineral were occupied by them. Gly, may not have been
able to displace these longer peptides. As a result, Gly, formation
and/or protection against hydrolysis decreased. These models,
however, cannot explain why a second maximum of the amount
of Gly, was observed with two of the minerals. The situation is
further complicated by as yet unidentified decomposition reac-
tions (see below). Therefore, further studies are required, which
are however beyond the scope of the present paper whose purpose
is to illustrate the applicability of the WDA.

The decrease of glycine over time varied only marginally
between the minerals used (Table 1 and Fig. 6). With regard to
peptide formation, however, there were clear differences. For
example, the formation of longer peptides is promoted in the
order: kaolinite > montmorillonite > nontronite. With kaolinite
all peptides up to Glys could be detected with HPLC already
after 12 cycles. With montmorillonite it took 28 cycles before
detectable amounts of Glys had formed and with nontronite
Glys was not observed at all. Regarding the overall yield of pep-
tides, kaolinite was again the most efficient mineral: 3.3% of the
glycine had been transformed into peptides after 28 cycles. The
corresponding numbers for montmorillonite and nontronite
were 1.9% and 1.6%, respectively.

In the mineral experiments, peptide formation only accounted
for a minor proportion of the glycine decrease. In fact, several
unidentified decomposition products were detected by HPLC.
We know from the analysis of the 2,4-dinitrophenyl-derivatized
samples that many of these products were amines. To trap volatile
acidic and basic products, the kaolinite experiment was repeated
twice using an absorption bottle which contained 30% ammonia
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solution and 20% hydrochloric acid, respectively. The bottle was
attached to the gas outlet of the WDA. After 12 cycles, the content
of the bottle was analysed. No products were detected in the
ammonia solution. From the hydrochloric acid, however, ammo-
nium chloride was isolated and identified by its IR spectrum, indi-
cating that the reaction mixture released NH;. The fact that no
acetic acid was found suggests that the NH; may not have been
produced by deamination of glycine but in secondary decompos-
ition reactions.

It is interesting to compare the results of our 28-cycle kaolinite
experiment with the results obtained by Lahav et al. (1978) in their
experiment no. 7, in which kaolinite was also used. The number
of cycles (28 and 27, respectively) and the initial amount of
glycine per milligram of clay (677 and 791 nmol, respectively)
were similar in both experiments. But there were marked differ-
ences in the overall duration of the dry phases (ca. 3.5 d versus
67.4 d) and the temperature range (100-150°C versus 60-94°C).
Furthermore, we performed our experiment in a pure N, atmos-
phere, which might have suppressed some decomposition reac-
tions. Despite these differences, the amount of Gly, formed was
the same within a factor of 1.7 (2.1 and 3.5 nmol mg™" clay,
respectively). The yields of Gly; and Gly,, however, were consider-
ably higher in the experiment by Lahav et al. (by a factor of 8 and
3.5, respectively); but on the other hand, the authors detected only
traces of Glys and no Glys. The overall yield of linear peptides was
also higher (1.8% versus 1.0%). Thus, we cautiously conclude that
higher temperatures and short cycles, as present in our experiment,
favour the formation of longer peptides, but also reduce the overall
yield of linear peptides. DKP formation and the decrease of glycine
over time were not investigated by Lahav et al. and therefore cannot
be compared between the two experiments.

In this section, we demonstrated that our newly designed appar-
atus enables the fully automated execution of wet-dry cycles over a
1-week period. Long-time experiments — with open/close com-
mands for the magnetic valve also during nights and weekends -
are possible without the need for an operator. Furthermore, we
showed that it is possible to collect for analysis volatile reaction
products at the gas outlet of the apparatus.

Test application II. Stability of linoleic acid

Compartmentalization is regarded as a key step in the origin of
life; in this context, vesicles and micelles have been extensively
studied (see for example: Deamer 2016, 2017; Hanczyc &
Monnard 2016). Linoleic acid, a doubly unsaturated long-chain
fatty acid (Fig. 8), is among the compounds that can form vesicles
(Gebicki & Hicks 1976). Therefore, it seems reasonable to con-
sider it as a potential model compound in origins of life research,
although it has been argued that unsaturated fatty acids are less
prebiotically plausible than saturated ones (Hanczyc et al.
2003). Linoleic acid is sensitive to air oxidation (see for example
Frankel 1991; Porter et al. 1995); otherwise it is quite stable and
can, for example, survive in fossil teeth for at least one million
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O

Fig. 8. Structure of linoleic acid [(92,122)-9,12-octadecadienoic acid].
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years (Das & Harris 1970). Thus, linoleic acid was considered
ideal to test the suitability of the WDA for experiments with air-
sensitive compounds.

According to a model proposed by Damer & Deamer (2015),
amphiphile vesicles, minerals and hydration-dehydration cycles
on volcanic islands could have been central to the evolution of
systems of functional polymers (‘protocells’). Against this back-
ground, we investigated the stability of linoleic acid (as a potential
prebiotic amphiphile) in wet-dry cycling under various experi-
mental conditions: in air and under nitrogen and in the presence
and absence of the mineral olivine. A mineral was included in this
study because our test application I (see above) had already shown
that minerals can drastically alter the behaviour of an organic
molecule in wet-dry cycles. Olivine was chosen because it is com-
monly associated with volcanic rock pools (Fig. 1).

When linoleic acid, a colourless liquid, was subjected to eight
consecutive wet-dry cycles in air, a brown residue resulted.
Analysis of this residue showed that only 45% of the initial
amount of linoleic acid had survived (Fig. 9). This is not surpris-
ing since linoleic acid is known to react with atmospheric oxygen
and to subsequently decompose even without wet-dry cycling
(Frankel 1991; Porter et al. 1995). Furthermore, 9% of the initial
linoleic acid formed the conjugated linoleic acid isomers 9,11-
and 10,12-octadecadienoic acid. This thermal isomerization
of linoleic acid is also a known phenomenon (Destaillats &
Angers 2005).

Next, we tried to repeat the above experiment under anaerobic
conditions using a stream of nitrogen as in the glycine experi-
ments. However, the gas stream caused the linoleic acid to spread
in the whole apparatus, making a quantitative extraction virtually
impossible. Therefore, the WDA had to be modified with a pres-
sure relief valve to enable the use of a static nitrogen atmosphere
(see the section Materials and methods). With this modification,
spreading of the linoleic acid no longer occurred. After eight wet-
dry cycles under a static nitrogen atmosphere, the residue was still
colourless, even though only 73% of the initial amount of linoleic

100 4

relative molar amount [%)]

air + olivine

air N,

N, + olivine

I inoleic acid

Fig. 9. Stability of linoleic acid [(9Z,122)-9,12-octadecadienoic acid] after eight wet-
dry cycles under various conditions. The amounts of survived linoleic acid and
formed conjugated isomers (9,11- and 10,12-octadecadienoic acid) are given relative
to the initial amount of linoleic acid.

Il conjugated isomers of linoleic acid
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acid were left (Fig. 9). This can be explained by the fact that the
amount of conjugated isomers formed was much higher than in
the previous experiment (24% versus 9%). Considering both lino-
leic acid and its conjugated isomers, only a total of 3% of the start-
ing material were decomposed - compared with 46% in the
experiment in the air. This result shows that in the absence of
oxygen linoleic acid is quite stable against decomposition, but
not against isomerization, under wet-dry cycling conditions.
The experimental data also suggest that the oxidative decompos-
ition may be faster than the isomerization.

In further experiments, the effects of olivine on the stability of
linoleic acid were investigated. After eight wet-dry cycles in air, a
linoleic acid-olivine mixture left a brown residue whose GC-MS
analysis showed that 46% of the linoleic acid had survived and
7% had formed the conjugated isomers (Fig. 9). These values
were not significantly different from those obtained in the experi-
ment in the air without olivine (45% and 9%, respectively).
Consequently, one might not expect olivine to have an effect in
a nitrogen atmosphere either. However, a slightly brown residue
was obtained with olivine after eight wet-dry cycles under nitro-
gen atmosphere — in contrast to the experiment without olivine,
where the residue was colourless. Overall, 85% of the starting
material had survived unaltered (64%) or been transformed into
the conjugated isomers (21%, Fig. 9). This is 12% less than in
the experiment without olivine. Thus, against expectation, olivine
affected the decomposition.

To obtain a better understanding of the effect of olivine we
analyzed by GC-MS the volatile products from all four experi-
ments (air, N,, air + olivine and N, + olivine). As an overview,
first, the number of decomposition products was determined
(Fig. 10). In the air, many more products were formed than
under nitrogen atmosphere (28 versus 3). This is in accordance
with the substantially higher decomposition rate observed in air.
Under nitrogen, the presence of olivine increased the number of
decomposition products from three to eight, again in accordance
with the decomposition rates. This effect of olivine was much
more pronounced in the air. Here, the addition of the mineral
strongly increased the number of decomposition products from
28 to 46. This influence is not reflected in the decomposition
rates in the air, which were virtually the same with and without
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Fig. 10. Number of decomposition products formed from linoleic acid in eight wet-
dry cycles under various conditions. Only products with a GC peak area >0.5% of the
total area were taken into account. Individual products that could be identified are
listed in Table 2.
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olivine (see above). These observations show that olivine inter-
venes in the decomposition mechanism. One may assume that
interactions with the mineral surface open additional reaction
paths for radicals, which are known to be involved in the decom-
position of linoleic acid. We did not pursue this idea further
because the main focus of this work is the WDA and its possible
applications.

Up to ten individual volatile decomposition products could
be identified (Table 2). For an overview of typical volatile oxida-
tion products from linoleic acid and the mechanisms of their for-
mation, see, for example, Frankel (1982). These compounds are
secondary products that usually form from the initially formed
hydroperoxides. Hexanal, 2,4-decadienal and 9-oxononanoic
acid were present in all samples. Indeed, they belong to the
most abundant oxidation products mentioned by Frankel
(1982). Octanoic acid occurred in three of the four experiments;
it could not be detected only in the residue obtained after wet—
dry cycling under nitrogen without olivine. Nonanedioic acid
was the only compound identified that was not listed by
Frankel (1982). This product occurred only in the experiment
with olivine in the air. Obviously, the mineral was responsible
for its formation, possibly by promoting the oxidation of 9-oxo-
nonanoic acid. Even in the experiment under nitrogen without
olivine, three typical oxidation products were found, namely
hexanal, 2,4-decadienal and 9-oxononanoic acid. This, together
with a slight decomposition (3%, see above), indicates that
minor oxidation has occurred. The residual oxygen (3 ppm) pre-
sent in the nitrogen gas or atmospheric oxygen that diffused into
the WDA (and, as a result of the static nitrogen atmosphere,
was not removed) may have caused the oxidation in this
case. Furthermore, the 3% decomposition may, at least in part,
be attributed to the derivatization process for linoleic acid and
its isomers which was carried out in the air. The same considera-
tions apply to the experiment under nitrogen with olivine. In this
case, however, olivine clearly exerted an additional influence
reflected in a more complex mixture of decomposition products
(Fig. 10).

In the absence of olivine, the potential prebiotic amphiphile
linoleic acid proved relatively resistant to wet-dry cycling in an
oxygen-free atmosphere, except that it formed larger amounts
of two of its conjugated isomers. The virtual absence of oxygen
in early Earth’s atmosphere and the potential influence of miner-
als should always be considered in experiments simulating the
conditions in prebiotic rock pools. If, for example, the above
experiments had only been conducted in air, one would have con-
cluded that olivine had no effect, because the survival rate of lino-
leic acid was independent of the presence of olivine (46% and 45%
with and without olivine, respectively; Fig. 9). The experiments
under nitrogen, however, revealed that olivine significantly
affected the decomposition, as already discussed.

Rocks, minerals and other solids and, as demonstrated in the
linoleic acid experiments, with slight technical modifications
also liquid organics can be used in the WDA. These features
make the apparatus suitable for studying mixtures that closely
simulate the probable contents of primordial rock pools. The
99.999% N, used in the test applications I and II should be suffi-
ciently oxygen-free for most applications of the WDA. However,
in the experiment with linoleic acid under nitrogen, minor oxida-
tion was observed (see above). Hence, more sensitive compounds
may require an atmosphere with less residual oxygen. In the fol-
lowing, we describe how virtually complete exclusion of oxygen
can be achieved by a simple means.
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Test application Ill. Alkaline pyrogallol solution

In order to assess the importance of residual oxygen in the aque-
ous phase, we monitored the dissolved oxygen concentration in
pure water during wet-dry cycling using an oxygen meter. Prior
to deaeration, the water contained 4.15 mg O, 1"'. After deaer-
ation, the oxygen concentration was below 0.01 mg1™" (0.3 umol
0, 1Y), which was the detection limit of the instrument. With
this deaerated water four wet-dry cycles with a total duration of
24 h were performed in the WDA in a stream of 99.999% N,
(3.61h™"). At the start of the wet phase immediately following
the end of the fourth cycle, the oxygen concentration was still
below 0.01 mg1™". To check the measurement process, 1 ml of
air (corresponding to 0.01 mmol of O,) was injected against a
countercurrent of nitrogen next to the oxygen sensor. This
increased the dissolved oxygen concentration up to 0.15 mgl™
for a short time. Then the concentration decreased again since
the nitrogen stream removed the oxygen from the WDA.

In addition to the physical measurement of the residual oxygen,
we used alkaline pyrogallol solution as a highly sensitive O, col-
our indicator. This solution reacts quantitatively with O, — there-
fore it can be used for the purification of gases and removal of
oxygen - and changes colour from colourless to red-brown or
dark brown in the presence of O, (Shriver & Drezdzon 1986).
Pyrogallol reacts with oxygen to form a complex mixture of pro-
ducts, among them the dark coloured purpurogallin (Fig. 11,

OH OH O OH
HO 0, HO Q
2 e
HO OH™  ho ‘
Fig. 11. Reaction scheme for the formation of purpurogallin

(2,3,4,6-tetrahydroxybenzocyclohepten-5-one) by air oxidation of an alkaline solution
of pyrogallol (Abrash et al. 1989).

Fig. 12. (A) Pyrogallol starting solution. (B) After four
cycles for 24 h under 99.999% N,. (C) After four cycles
for 24 h under 99.999% N, that had been passed
through two pyrogallol solutions before entering the
WDA. (D, E) After insertion of 1 ml of air into the solu-
tions shown in B and C, respectively.
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Abrash et al. 1989). Therefore pyrogallol allows the detection of
traces of oxygen with the naked eye. O, amounts as low as
0.35 pmol (8 pl) have been determined using a photometer
(Duncan et al. 1979).

We performed an experiment in which alkaline pyrogallol
solution was exposed to four wet-dry cycles in a stream of
99.999% N, (ca. 721h™"; for further experimental details, see
Materials and methods). Photographs of the solution were taken
before the cycles were started, after four cycles at the beginning
of the fifth wet phase and after injection of 1 ml of air (Fig. 12
(A, B and D), respectively). After four cycles, the initially colour-
less solution had turned brown (Fig. 12(B)), indicating a reaction
with oxygen. The subsequent injection of 1 ml of air (correspond-
ing to 0.01 mmol of O,) caused only a slight colour intensification
(Fig. 12(D)). This result was surprising because the WDA had
been carefully checked for tightness before starting the experi-
ment. In addition, the high nitrogen flow rate prevented any nega-
tive pressure. However, it was precisely this high flow rate that
caused the oxidation! According to the manufacturer, the nitro-
gen used contained 3 vol ppm oxygen (Westfalen AG 2017).
This means that ca. 5 ml (0.2 mmol) of O, entered the apparatus
during the 24-h duration of the experiment, enough to cause the
brown colour.

The previous experiment was repeated, but now the nitrogen
was passed through two gas washing bottles in series, each con-
taining strongly alkaline pyrogallol solution to remove the residual
oxygen. The resulting oxygen-free nitrogen was used in the
experiment. Again, photographs of the flask were taken before
the cycles were started, after four cycles at the beginning of the
fifth wet phase and after injection of 1 ml of air (Fig. 12(A, C
and E), respectively). After four cycles, the solution was still
almost colourless (Fig. 12(C)), indicating that during the experi-
ment the O, concentration in the WDA was negligible. Only
when 1 ml of air (0.01 mmol of O,) was injected directly into
the solution, a colour change to light brown/dark yellow was
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observed (Fig. 12(E)). This experiment proved that when the
nitrogen used is thoroughly freed of O,, even extremely oxygen-
sensitive compounds can be wet-dry cycled in the WDA.

Concluding remarks

In summary, we have shown that our novel apparatus is well sui-
ted for the automated performance of prebiotic wet-dry experi-
ments. The parameters that are characteristic of fluctuating
environments in primordial rock pools - for example, the dur-
ation of the wet-dry cycles, the temperature and the organic
and mineral content — can be adjusted over a fairly wide range.
Another key feature is that the experiments can be conducted
in a strictly oxygen-free atmosphere. We tested the apparatus
on three chemical systems, namely (i) the amino acid glycine
with and without clay minerals, (ii) the oxygen-sensitive amphi-
phile linoleic acid in air and under nitrogen and with and without
olivine, and (iii) an extremely oxygen-sensitive alkaline solution
of pyrogallol. In addition, the apparatus has been used in a
study on the prebiotic formation of iron porphyrins (Pleyer
et al. manuscript in preparation).

Currently, eight identical WDAs are operated in our labora-
tory. They are embedded in an infrastructure of analytical tools,
for example (chiral) GC-MS, HPLC-DAD/ELSD/CD, X-ray pow-
der diffractometry and infrared and UV/Vis spectroscopy. Also
available is an argon-filled glove box (<1 ppm O,) in which
oxygen-sensitive starting materials can be placed into the flask
of the WDA and the reaction products can be isolated and pre-
pared for analyses. This facility can be made available to research-
ers from other institutions who are interested in performing wet-
dry experiments.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/51473550418000010.

Acknowledgements. We are grateful to Sonja Ringer for technical assist-
ance. HLP thanks the State of Baden-Wiirttemberg for an LGFG doctoral
fellowship.

References

Abrash HI, Shih D, Elias W and Malekmehr F (1989) A kinetic study on the
air oxidation of pyrogallol and purpurogallin. International Journal of
Chemical Kinetics 21, 465-476.

Arndt NT and Nisbet EG (2012) Processes on the young earth and the habi-
tats of early life. Annual Review of Earth and Planetary Sciences 40, 521-
549.

Bujdak J and Rode BM (1999) Silica, alumina and clay catalyzed peptide bond
formation: enhanced efficiency of alumina catalyst. Origins of Life and
Evolution of the Biosphere 29, 451-461.

Butte W (1983) Rapid method for the determination of fatty acid profiles from
fats and oils using trimethylsulphonium hydroxide for transesterification.
Journal of Chromatography 261, 142-145.

Cleaves HJ and Miller SL (1998) Oceanic protection of prebiotic organic com-
pounds from UV radiation. Proceedings of the National Academy of Sciences
USA 95, 7260-7263.

Dalai P (2013) Thermal behavior of amino acids in inorganic matrices: rele-
vance for chemical evolution. Doctoral Thesis, University of Hohenheim,
Germany, p. 23.

Dalai P, Pleyer HL, Strasdeit H and Fox S (2017) The influence of mineral
matrices on the thermal behavior of glycine. Origins of Life and Evolution
of the Biosphere 47, 427-452.

Damer B and Deamer D (2015) Coupled phases and combinatorial selection
in fluctuating hydrothermal pools: a scenario to guide experimental
approaches to the origin of cellular life. Life 5, 872-887.

https://doi.org/10.1017/51473550418000010 Published online by Cambridge University Press

71

Das SK and Harris RS (1970) Lipids and fatty acids in fossil teeth. Journal of
Dental Research 49, 126-130.

Deamer D (2014) The origin of life. In Losos JB, Baum DA, Futuyma DJ,
Hoekstra HE, Lenski RE, Moore AJ, Peichel CL, Schluter D and
Whitlock MC (eds). The Princeton Guide to Evolution. Princeton:
Princeton University Press, pp. 120-126.

Deamer D (2016) Membranes and the origin of life: a century of conjecture.
Journal of Molecular Evolution 83, 159-168.

Deamer D (2017) The role of lipid membranes in life’s origin. Life 7, 5.

DeGuzman V, Vercoutere W, Shenasa H and Deamer D (2014) Generation
of oligonucleotides under hydrothermal conditions by non-enzymatic poly-
merization. Journal of Molecular Evolution 78, 251-262.

Destaillats F and Angers P (2005) Thermally induced formation of conju-
gated isomers of linoleic acid. European Journal of Lipid Science and
Technology 107, 167-172.

Duncan IA, Harriman A and Porter G (1979) Detection of small quantities
of photochemically produced oxygen by reaction with alkaline pyrogallol.
Analytical Chemistry 51, 2206-2208.

Forsythe JG, Yu S-S, Mamajanov I, Grover MA, Krishnamurthy R,
Fernandez FM and Hud NV (2015) Ester-mediated amide bond formation
driven by wet-dry cycles: a possible path to polypeptides on the prebiotic
earth. Angewandte Chemie International Edition 54, 9871-9875.

Fox S, Dalai P, Lambert J-F and Strasdeit H (2015) Hypercondensation of an
amino acid: synthesis and characterization of a black glycine polymer.
Chemistry — A European Journal 21, 8897-8904.

Franck S (1998) Evolution of the global mean heat flow over 4.6 Gyr.
Tectonophysics 291, 9-18.

Frankel EN (1982) Volatile lipid oxidation products. Progress in Lipid Research
22, 1-33.

Frankel EN (1991) Recent advances in lipid oxidation. Journal of the Science of
Food and Agriculture 54, 495-511.

Fujio H, Noma Y and Amano T (1959) Analytical aspects of the precipitin
reaction using some artificial antigens. Biken Journal 2, 35-49. CAplus
accession number: 1960:131194.

Gebicki JM and Hicks M (1976) Preparation and properties of vesicles
enclosed by fatty acid membranes. Chemistry and Physics of Lipids 16,
142-160.

Hanczyc MM and Monnard P-A (2016) The origin of life and the potential
role of soaps. Lipid Technology 28, 88-92.

Hanczyc MM, Fujikawa SM and Szostak JW (2003) Experimental models of
primitive cellular compartments: encapsulation, growth, and division.
Science 302, 618-622.

Haqq-Misra J, Kasting JF and Lee S (2011) Availability of O, and H,0, on
pre-photosynthetic earth. Astrobiology 11, 293-302.

Higgs PG (2016) The effect of limited diffusion and wet-dry cycling on
reversible polymerization reactions: implications for prebiotic synthesis of
nucleic acids. Life 6, 24.

Kump LR (2008) The rise of atmospheric oxygen. Nature 451, 277-278.

Lahav N and White DH (1980) A possible role of fluctuating clay-water sys-
tems in the production of ordered prebiotic oligomers. Journal of Molecular
Evolution 16, 11-21.

Lahav N, White D and Chang S (1978) Peptide formation in the prebiotic era:
thermal condensation of glycine in fluctuating clay environments. Science
201, 67-69.

Lasaga AC, Holland HD and Dwyer MJ (1971) Primordial oil slick. Science
174, 53-55.

Lathe R (2004) Fast tidal cycling and the origin of life. Icarus 168, 18-22.

Lathe R (2006) Early tides: response to Varga et al. Icarus 180, 277-280.

Mamajanov I, MacDonald PJ, Ying J, Duncanson DM, Dowdy GR,
Walker CA, Engelhart AE, Fernandez FM, Grover MA, Hud NV and
Schork FJ (2014) Ester formation and hydrolysis during wet—dry cycles:
generation of far-from-equilibrium polymers in a model prebiotic reaction.
Macromolecules 47, 1334—11343.

Martin H, Claeys P, Gargaud M, Pinti DL and Selsis F (2006) 6.
Environmental context. Earth, Moon, and Planets 98, 205-245.

Nilson FPR (2002) Possible impact of a primordial oil slick on atmospheric
and chemical evolution. Origins of Life and Evolution of the Biosphere 32,
247-253.


https://doi.org/10.1017/S1473550418000010
https://doi.org/10.1017/S1473550418000010
https://doi.org/10.1017/S1473550418000010

2

Olasagasti F, Kim HJ, Pourmand N and Deamer DW (2011) Non-enzymatic
transfer of sequence information under plausible prebiotic conditions.
Biochimie 93, 556-561.

Olsen JV, de Godoy LMF, Li G, Macek B, Mortensen P, Pesch R,
Makarov A, Lange O, Horning S and Mann M (2005) Parts per million
mass accuracy on an Orbitrap mass spectrometer via lock mass injection
into a C-trap. Molecular & Cellular Proteomics 4, 2010-2021.

Porter NA, Caldwell SE and Mills KA (1995) Mechanisms of free radical
oxidation of unsaturated lipids. Lipids 30, 277-290.

Ross DS and Deamer D (2016) Dry/wet cycling and the thermodynamics and
kinetics of prebiotic polymer synthesis. Life 6, 28.

Saetia S, Liedl KR, Eder AH and Rode BM (1993) Evaporation cycle
experiments — a simulation of salt-induced peptide synthesis under possible
prebiotic conditions. Origins of Life and Evolution of the Biosphere 23, 167
176.

Sagan C and Khare BN (1979) Tholins: organic chemistry of interstellar
grains and gas. Nature 277, 102-107.

https://doi.org/10.1017/51473550418000010 Published online by Cambridge University Press

Stefan Fox et al.

Shimoyama A and Ogasawara R (2002) Dipeptides and diketopiperazines in
the Yamato-791198 and Murchison carbonaceous chondrites. Origins of
Life and Evolution of the Biosphere 32, 165-179.

Shriver DF and Drezdzon MA (1986) The Manipulation of Air-Sensitive
Compounds, 2nd edn. New York: Wiley, p. 74.

Stiieken EE, Anderson RE, Bowman ]S, Brazelton WJ, Colangelo-Lillis J,
Goldman AD, Som SM and Baross JA (2013) Did life originate from a glo-
bal chemical reactor? Geobiology 11, 101-126.

Turner S, Rushmer T, Reagan M and Moyen J-F (2014) Heading down early
on? Start of subduction on earth. Geology 42, 139-142.

Van Kranendonk MJ (2011) Onset of plate tectonics. Science 333, 413-414.

Varfolomeev SD and Lushchekina SV (2014) Prebiotic synthesis and selec-
tion of macromolecules: thermal cycling as a condition for synthesis and
combinatorial selection. Geochemistry International 52, 1197-1206.

Westfalen AG (2017) https://www.westfalen-ag.de/geschaeftskunden/auf-
einen-blick-alle-gase/applicationdetailview/productdetailview/gas/stickstoft-
50-1.html (accessed 15 December 2017).


https://www.westfalen-ag.de/geschaeftskunden/auf-einen-blick-alle-gase/applicationdetailview/productdetailview/gas/stickstoff-50-1.html
https://www.westfalen-ag.de/geschaeftskunden/auf-einen-blick-alle-gase/applicationdetailview/productdetailview/gas/stickstoff-50-1.html
https://www.westfalen-ag.de/geschaeftskunden/auf-einen-blick-alle-gase/applicationdetailview/productdetailview/gas/stickstoff-50-1.html
https://www.westfalen-ag.de/geschaeftskunden/auf-einen-blick-alle-gase/applicationdetailview/productdetailview/gas/stickstoff-50-1.html
https://doi.org/10.1017/S1473550418000010

	An automated apparatus for the simulation of prebiotic wet&#x2012;dry cycles under strictly anaerobic conditions
	Introduction
	Materials and methods
	Description of the wet&#x2012;dry apparatus (WDA)
	Chemicals and minerals
	Test reactions in the WDA
	Typical procedure for experiments with glycine and clay minerals
	Procedure for wet&#x2012;dry experiments with linoleic acid
	Experiments with pyrogallol

	Analytical instrumentation and procedures
	Gas chromatography&#x2012;mass spectrometry (GC&ndash;MS)
	High-performance liquid chromatography
	High-resolution/high-accuracy MS
	Infrared spectroscopy
	X-ray powder diffractometry
	Extraction and quantification of glycine and glycine peptides after wet&#x2012;dry experiments with clay minerals
	Derivatization of DKP
	Extraction and quantification of linoleic acid after wet&#x2012;dry experiments
	Derivatization of fatty acids


	Results and discussion
	Versatility of the WDA
	Test application I. Glycine and clay minerals
	Test application II. Stability of linoleic acid
	Test application III. Alkaline pyrogallol solution

	Concluding remarks
	Acknowledgements
	References


