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1. Einleitung

Diese Arbeigliedert sich thematisch in zwei Teile. Der erste Teil befasst sich mit der pra
biotischen Chemie von Porphyrinen und ihpatentiellen Beteiligungbei derEntstehung

des Lebens auf der Erde. Der zweite Welmet sich deRollevon Porphyrinen als mdgliche
Biosignaturen (molekulare Biomarker) und ihf®edeutung fir die Suche nach Leben
aulRerhalb der Erde, wie beispielsseiaufunserem NachbarplaneteMars, auf den

Eismonden Europa und Enceladus und dartber hinaus.

1.1 Préabiotische Chemiedie Chemie, die zum Ursprung des Lebens fiihrte

Das Adjektivprabiotisciibedeutetovor dem Lebea Die prabiotische Chemie befasst sich
folglich mit chemischen Prozessen, die vor dem Ursprung des Lebens stattfanden. Dies
beinhaltet chemisché&/organge die zur EntstehundesUniversumsdes Sonnensystems

und der Erde beigetragehaben, und eberso Prozesse, die aus einfachen Molekilen
zunehmendkomplexere Molekile entstehen lieRen. Alles beginnt zwischen den Sternen
alsoim interstellaren Mediumin sogenannten Molekulwolken. Sie bestehen hauptsachlich
aus Wasserstoff unchineralischenStaubteilchen mit Temperaturen von ungefahr 10 bis
20K (Irvine & Hjalmasron, 1984; Charnley & Rodgers, 2008). Die Staubpartikel in
Molekulwolken dienen al¥Kondensationskeime fur die einfachstevierbindungenwie
Wasser, Methan und Ammoniak (Andest al, 1974; Ehrenfreund & Charnley, 2000;
Ehrenfreundet al, 2002). Durch den Einfluss von-Uid kosmischer Strahlung kénnen
aus diesen Verbindungen einfache angazhe Molekilevie Methanol und Formaldehyd
entstehen (Greenberg, 2002). Im Jahr 2@d88enschon Gber 20Molekiile in der Grol3e

von zwei bis 70 Atomen und aus 16 verschiedenen Elementen aufgebaut, im interstellaren
Medium nachgewiesen wden (McGuire, 2018). Auf groReren Objekten, wie
beispielsweise Planeten oder Asteroiden, kdnnen weitere Reaktiagtattfinden. In

Meteoriten wurden zum BeispigdminosaurenPurire und Pyrimidine nachgewiesen

Diese Prozesse, die riner wachsenderKomplexitat von abiotisch entstandenen, orga

nischen Molekllen beigetragen haben, gipfelten im Ursprung des Lebensdi&ur



Gesamtheitdiese Prozessewird haufig der Begriffochemische Evolutialnverwendet
(Calvin, 1956)Die chemische Evolution istoraussetzung fur die biolsghe Evolution
derenBeginnauch gleichzeitig der Beginn des LebetgJoyce, 2002). Nach Joyce (2002)
ist chemische Evolution gleich prébiotischer Chemie: eine Rpibietan ablaufendeche-
mische Reaktionen. Natiurliche Auswahl ist moglich durch kinetische oder
thermodynamische Vorteile bestimmter Reaktionsprodukte. Variation kann durch die
Kombination vieler Reaktionen auftreten, die zur Ansammlung zuf@égildeter
Verbindungen fiuhren Verschiedene Gradienten, wie beispielsweise - pbider
Temperaturgradienten, kénnen die bendétigte Energie fur die Reaktionen lidfediesem
hypothetischen Modell sorgen echselnde Umweltbedingungedafir, dass sich tber
langere Zeitrdume keirhemisches Gleichgewicht einstellen kann. Somit wird das System
der chemischen Evolution am Laufen gehalten und endet nicht in einer Sackgasse, sprich
der Umwandlung aller Komponenten &in komplexes Gemisamreaktive Endprodukte

0 Asphalty .0

In dieser Arbeit liegt der Fokus auf der prabiotischen Chemie, die auf der frihen Erde
stattfand. Das Leben muss aber nicht zwangslaufig auf der Erde entstanden sein. Der
Ursprung des uns bekannten Lebens kdnnte auchldanfMars odemochweiter von der

Erde entferntiegen Lebeweserwaren dann von dorin Kometen oder Asteroideauf die
Erdegelangk Y I y &ALINRAR OKUO @2y [ A @tkl22000yGladdamidl S 6 a A f
2005). Durch Modellversuchekonnten einzelne Schritte dieser Hypothese als plausibel
eingestuft werden (z. B. Cocketlal.2007; Horneclet al.,, 2008) Es ist sehr wahrscheinlich,

dassauch in diesen Augenblickdie chemische Evolution aufRerhalb der belebten Erde

ablauft, beispielsweise auf erdahnlichen Exoplaneten auf3erhalb unseres Sonnensystems.

ChemischeEvolutiorsforschundindet an der Grenze desforschbaren stattAus der Zeit
der Entstehung des Lebesmd praktisch keine chemischen Spuren erhalfere altesten,
unbestrittenen Belege fir die Existenz voheben sind 3,4 Milliarden Jahre alt
Kohlenstoffisotopenzusammensetzuarg deuten sogar auf 4,1 Milliarden Jahre alte
Spuren des Leberén (Ubersicht in Javaux, 2019). Die prabiotisblemischen Reaktionen,

die zum Ursprung des Lebens fuhrtemjissenalso nochriher statgefunden habenUm
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trotz dieses langen Zeitraums, der zwischen @egenwarund dem Ursprung des Lebens
liegt Hypothesen aufstellen zu kdnnen, kommen z#msatze in Fragdeimtop-dowr
Ansatz werden heute lebende Organismend deren Biochemie betrachteund man
versucht daraus abzuleiten, welche Bestandteile in einfacheren Organismen bis hin zum
LastUniversalCommonrAncestor(LUCA oder sogarin den Protometabolismenvor der
Entstehung des Leben®rkommen konnten. Der zweite mogliche Ansatz istlaittom-
up-Ansatz, bei dem man das vorhandene Repertoire an organischen und anorganischen
Verbindungen vor dem Ursprung des Lebens als Startpunkt wsltverderdann bei-
spielsweise Simulationsexperimente durchgefuhriyvie de auch einen Grofdteil der
vorliegenden Arbeitbilden. Im bottom-up Ansatz simuliert man die Bedingungen der
frihen Erde moglichst exakt nach aktuellem Stand Berschung, wobei sich iginem
einzelnen Experiment jeweils nur ausgewahlte Bedingungen simulieren lassktan
untersucht welche Reaktionen unter den gewéahlten Bedingungen ablaufesh welche
neuen Verbindungersich ggfbilden. Das bekannteste Simulationsexperiment ist sicherlich
jenes von Miller (1953), bei dem Aminosauren durch Blitzentladungen in einer
hypothetischen Uratmosphére entstanden. Es wird auf dieses Experiment spater genauer
eingegangen.Um plausible Simulationsexperimente duficghren zu konnen,ist ein

genaues Bild der frigm Erde vor dem Ursprung des Lebens unerlasslich.

1.2 Die Erde vor vier Milliarden Jahren

Die Entstehung der Erde

Die Erdeentstandvor 4,56 Milliarden JahrefPatterson,et al, 1955; Patterson, 1956;
Allegre et al, 1995). Wahrend eines Prozesses, der als Akkretion bezeichnet wird,
kollidierten kosmische Objekte miteinander, didabei immer grof3er wurden und
schlief3lich unsere Erde formten (Wetherill, 1980; Gaffey, 1997; Weidenschilling,Y2008;
& Jacobson, 2011). Auf diese Weadstehenaus winzigen Staubkornerunachst die
Vorlaufer von Planeten, sogenannte Planetesimale, und schlie3lich Plan&en
derartigen Kollisionen wird sehr viel Energie in Form von Warme fetifeder
radioaktive Zerfall der beiden Isotop®l und®°Feliefert zusatzliche Energi@hukolyukov

& Lugmair, 1993; Gosh & McSween, 1998; Yosttiabd, 2003; Kunihiret al, 2004). Durch
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diese grof3en Mengen dneiwerdender Energisvar die Erdekurz nach ihrer Entstehung

sehr wahrscheinlickon einem Magmaozean bedeckt (Li & Agee, 1996; Abe, 1997; Wills &
Bada, 2000; Wade & Wood, 200&)d kénnte wahrend der Akkretion sogar vollstandig
geschmolzen gewesen sein (Abe & Matsui, 1986). Die Temperaturen des Magmaozeans
konnten bei Uber 210& gelegen habeifAbe & Matsui, 1985Abe, 1997. Organische
Molekule und fichtige Verbindungewie Wasserkonnten bei solch hohen Temperaturen

auf der Erde noch nicht existieren (Delsemme, 1992). Dieser erste Aon der Erdgeschichte
wird als Hadaikum bezeichnet, abgeleitet vom griechischen Gott der Unterwelt Hades. Er
begann mit defEntstehung der Erde und endet nach aktueller Einteilung vor 4,03 Milliar
den Jahren, dem Alter dedltesten bekannten Gesteins, dem Acasta Gneis (Bowring &
Williams, 1999; Gradsteirt al, 2012). Gepragt war das Hadaikum durch haufige
Einschlage von Kometen und Meteoriten, hohen Temperaturen anffinglichdem
Vorhandensein deBlagmaozeans, dessen Oberflache langsam abkuhlte und so im spaten

Hadaikum erste Inseln ausrkientaler Kruste entstanden (Elicki & Breitkreuz, 2016).

Feste Kruste, Udzean und Vulkaninseln

Mit der Entdeckung des Acasta Gneises im Kanadischen Schild konnte nachgewiesen
werden, dass am Ende des Hadaikums und am Beginn des Archaikums eine feste
kontinentale Kruste existierte (Johnsat al, 2018). Noch &lter kbnntefbesteine des
NuvvuagittugGriinsteingirtelsnit einem Alter von 4,28 Milliarden Jahré&nS Ay  @th Qb S| €
al., 2008) derenDatierungallerdings umstritterist (Andreasen & Sharma, 2009). Bei den
altesten bekannten geologischen Spuren handelt es sich, im Gegensatz zebelen
genannten makroskopischen Gesteinen, um mikroskopische Zirkone aukaderillsn
Westaustralien, derelter auf 44 Milliarden Jahren datiert wurde (Wildet al., 2001).
Untersuchungen de$f0/*%0-Verhaltnisss deuten darauf hin, dass die Zirkone zur Zeit

ihrer Bildung Kontakt mit flissigem Wasser hatten (Mojgté., 2001; Vallegt al., 2002).

| ASNDPSA (1lyyaS Sa aaoOK dzy SAYySYy |1 AygsgSAia RI
Milliarden Jahren eine feste Kruste, die von einem Urozean bedeckt war, besal? €wilde

al., 2001; Mojzsi®t al,, 2001, Harrisoret al., 2005; Watson & Hasgon, 2005; Harrison,

2009). Dies ist jedoch wumstritten (Hoskin, 2005; Nemchigt al, 2006).
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Sedimentablagerungen mit einem Alter von 3,8 Milliarden JamrgogenannterBanded

Iron Formationstellen einen sicheren Beweis fur das Vorhandensein flisSégessers dar
(Martin, 2005; Nutman, 2006). Die ExistemzesUrozearsaus flissigem Wasser legt nahe,
dass spatestens zu dieser Zeit moderatere Temperaturen, vermutlich zwischen 55 und
85°C auf der Erde herrschten (Knauth, 2005). Das WasdssrUrozears kbnnte aus
verschiedenen Quellen stammeasModell der sogenanntemassen Akkretiomgeht

davon aus, dass sich in den Planetesimalen, aus denen die Erde entstand, gentigend Wasser
befand, danit durch vulkanisches Ausgasen allein genigend Wasser auf die Erdoberflache
zur Bildung eines Urozeans gelangte (Drake & Righter, 2002). Odeurdenwnoch
zusatzlich externe Wasserlieferantemie KometenwassereicheAsteroiden und/oder
Mikrometeoriten benotigt wobei ein rein kometarer Ursprung des irdischen Wassers als
unwahrscheinlich gilt (Meiest al., 1998; Altwege@t al., 2014). Morbidellet al. (2000) ha

ten im aufleren Asteroidengtrtel geformte Protoplaee, die in die Erde einschluggiir

eine wahrscheinlichQuelledesirdischen Wasses. Ein grol3er Teil des irdischen Wassers
konnte beim Einschlag des hypothetischen Protoplaneten Theia, bei dem der Mond

entstand, auf die Erde gebracht worden sein (Budtal.,2019).

Der Urozean, der die Erdoberflache am Ubergang des Hadaikums zunikénecHast
vollstandig bedeckte, hatte vermutlich einen héheren Salzgehalt als heutiges Meerwasser
(Knauth, 1998; Knauth, 2005; Izaetzal., 2010). Der pHWert war leicht sauer bis neutral
(Morse & Mackenzie, 1998). Welche Salze im urzeitlichen Meerwagsést waren
konnte bislang nicht geklamverden Es wird vermutet, dass Chlofidhen den gro3ten Teil

der Anionen ausmachte und Natrium, Kalium, Magnesium und Calcium die
dominierenden Kationen waren (Holland, 1984). Aus dem Urozean rageginzige
Landmassen nur aktive Vulkaninseln sowie vermutlich kleine und kurzlebige
Protokontinente empor (Russell & Arndt, 2005; Martiet al, 2006). Fallsdie
Plattentektonik schon eingesetzt hatte, existierten die Vulkaninseln als Vulkaninselbdgen
(Turneret al, 2014), wie beispielsweise die heutigen MarianBie Vielfalt an Mineralen

war zu dieser Zeibei Weitem nicht so groldie heute. Von den Uber 4800 heutdfiziell
anerkannten Mineralenvaren ungefahr 50@chon wéahrend deHadaikuns auf der Erde

vorhanden eine Ubersichfindet sich in Hazen (2013) und Morrisehal. (2018). Es d
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davon ausgegangen, dass trotz der eingeschrankash an mineralischen Spezieshezu

jedes der mehr als 70 wesentlichen mineralbildenden Elemeamechemisch reaktiven
Oberflachenvorhanden war(Morrison et al., 2018). Aul3erdem erwdhnenswert ist, dass
eventuell organische Verbindungen in kristalliner Form vorlagen, unter anderem
Aminosauren (z. B. Glycin, Alanin, Isovalin), Nukleobasen (z. B. Adenin, Guanin, Uracil),
polycyclische aromatische Klenwasserstoffe (z. B. Fluoren, Anthracen, Coronen, Pyren),

Hexacyanidoferrate und-2minooxazole (Morrisoet al., 2018).

Die Kusten der urzeitlichen Vulkaninseln waren, bedingt durch ajeeingerenAbstand
zwischen Erde und Mond und eingchnelleren Rotation des Monds, starkeren Gezeiten
als heute ausgesetzt, die auch in héherer Frequenz auftraten (Lathe, 2006). Die Erde drehte
sich zu dieser Zeit viel schnellgydlker, 1982; Zahnle & Walker, 1987; Lathe, 2004; Varga
et al., 2006) sodaswor 3,9 Milliarden Jahrerin Tag nur zwischen ca. 4 und 17 Stunden

dauerte(Lathe, 2006).

Ur-Atmosphare und ultraviolette Strahlung

In frihen Experimenten zur prabiotischen Chemie wurde von einer stark reduzierenden
Atmosphére ausgegangeniedaus Wasserstoff, Methan, Ammoniak, Wasser und Kehlen
stoffmonooxid bestand (Miller, 1953; 1955; 19574957; 1959). Nach heutigem
Kenntnisstand entspricht dieaber nicht der Zusammensetzung deUratmosphére.
Methan und Ammoniak wden photochemisch abgebaut Ztickstoff und Wasserstoff
oder Kohlenstoffdioxid und Wasserstoff, wolaksr Wasserstoff nicht in der Atmosphére
gehalten wurde, sondern ins Weltall erithh (Walker, 1978; Kuhn & Atreya, 1979; Kasting

& Pollack, 183; Kastinget al,, 1983). Man gehbeutedavon aus, dass die Atmosphére der
fruihen Erde redoxneutral bis schwach reduzierend war, wobei die Atmosphare
hauptsachlich aus Stickstoff, Kohlenstoffdioxid und Wasser bestand (Kasting, 1987; Kasting,
1990; Zahnleet al, 2010) In der Nahe derErddoerflache war praktisch keinfreier
Sauerstoff vorhande(Kumpp, 2008; Hagilisraet al., 2011). Durch das Fehlen v@zon

war die frihe Erde nicht wie die moderne Erde vor kurzwelligem ultraviolettem Licht
geschutzt (Farquhaet al., 2001). Hinzu kam der Umstand, dass die junge Sonne zu dieser
Zeit einen hdheren Anteil an ultraviolettem Licht emittierte als heute (Rébas., 2010;
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Claireet al,, 2012). Ultraviolettes Lichbkinte organische Molekiile zerstdren (siehe oben:
photochemischer Abbau von MethaBagan, 1973; Cockell & Knowland, 1999), aber auch
prabiotischchemische Reaktionen ermdglichen (z. B. Sarkal., 2013; Pateét al., 2015;
Xuet al.,2017).

1.3 Der abiotische Ursprung organischer Molekiile
Entstehungim Weltallund Transpat aufdieBdS 6 a SE23Sy S | vt A ST SNHzy 3

Im vorherigenAbschnitt wurdedas Vorhandensein von organischen Verbindungen auf der
frihen Erdeerwahnt Wie auch beim Wassetellt sich die Frageler Herkunft dieser
organischen Verbindungeidier gibt e zwei grundsatzlich verschieden@dglichkeiten,
endogene und exogene Quelldn.Kometen, Asteroiden und (MikfiMeteoriten konnten
sowohl einfacte als auchkomplexere organische Verbindungen auf die Egeééangen
Kometen stammen vermutlich entweder aus dem Kuipergurtel (kurzperiodische Kometen;
Crovisier, 2007) oder aus der Oortschen Wolke (langperiodische Kometen; Oort, 1950).
Kometen sind Uberreste der Entstehung unseres Sonnensystems (Or6 & Mills, 1989;
Brooke 1997; Ehrenfreunét al, 1997). Der Komet 67P/Churyum®erasimenko wurde

von 2014 bis 2016 von deESARaumsondeRosettabegleitet, dieden Philae Landeauf

dem Kometenabsetzte(Ubersicht in Boehnhardét al., 2017). Massenspektrometrisch
konnten durchPhilaedie in Tab. 1 aufgefihrten Verbindungigentifiziert werden. Unter
ihnenfinden sich Alkohole, Carbonylverbindungen, Amine, Nitrile, Amide und Isocyanate
(Boehnhardtet al.,2017). Durch Kometeneinschlage konntsmnacheine Vielzahl von
organischen Verbindungen auf die frihe Erde gelangt sein, die dann wiederum Bntder
stehung des Lebens beteiligt gewesen sein kénnten (Or6 & Berry, 1987; Greenberg, 1993;
Sagan & Chyba, 1997; Delsemme, 2000; Desgpais 2002, Crovisier, 2004).



Tab. T Mdgliche Verbindungen, denhand eine§pektrums identifiziertwurden, dasvom COSAC
Massenspektrometer an Bord déhilae Landersa. 150m Uber der Oberflaiche des Kometen

67P/ChuryumoyGerasimenkaegistriert wurde(nach Boehnhardet al., 2017)

Verbindung Prozent im Massenspektrum Verbindung Prozent im Massenspektrum
H.0 80,92 HCONH 3,73
CH 0,70 GHsNH: 0,72
HCN 1,06 CHNCO 3,13
(6{0) 1,09 CHCOCH 1,02
CHNH 1,19 GHsCHO 0,44
HNCO 0,47 CHOHCHO 0,98
CHCHO 1,01 CH(OH)CKOH) 0,79

Auch mit Meteoriten,alsoBruchstiicken von Asteroidekdnnte eine Vielzahdrganische
Verbindungen auf die junge Erde gelangt sein. Die sogenannten kohligen Choeidete
spezielle Untergruppe der Meteoriten, spielen eine herausragende Rolle fir die
astrobiologische Forschung und prabiotische Chemie, denn bei ihnen handelt es sich um
wenig veranderte Objekte aus der Zeit der Entstehung unseres Sonnensystems
(MacPhersoret al., 1988;Grevesse & Anders, 1989; Sephto@02; Van Schmus & Wood,
2005). Aber auch die kohligen Chondrite waren Veradnderungen und der chemischen
Evolution unterworfen. Auf den Mutterkérpernieser Meteorite vorhandenes Wasser
ermoglichteReaktionen, die unter anderem Aminosauren hervorbrachten (Bunch & Chang,
1980; Zolenskegt al., 1988;Cronin & Chang, 1998grneret al,, 1993;Endresst al., 1996;
Bischoff, 1998; Bottat al., 2002). Einer der am besten untersuchten kohligen Chondrite ist
der MurchisonMeteorit. Die vielen organischen Verbindungendie dieser Meteorit
enthalt, machen ihn zu eineo { OKF G 1 G NHzKS TFOIRNSG YRMASO KISNIND2ANZEGOR
(Strasdeit, 2005)Besonders interessant ist, neben dem Vorhandensein von Aminoséauren,
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auch die Anwesenheit von Roen und Pyrimidine (Tab. 2). Somit sind neben den
Monomeren der Proteine auch die Stickstoffbasen der Nukleinsdumrhanden. Bei
einigen Aminosauren liegt sogar ei#Ehantiomerentberschuss vor (Pizzarello & Cooper,
2001). Die Aminosaurekonnten durch StreckeBynthese aus Aldehyden oder Ketonen
und Cyanwasserstoff entstanden sein (AblPédlizeret al., 1984, Burtoret al., 2012. Rir
diesen Synthesewegpricht das Vorhandensein von Hydroxycarbonséauren (Peltzer & Bada,
1978; Peltzert al., 1984; Croniret al,, 1993) sowie Iminodicarbonsauren (Pizzarello &
Cooper, 2001).

Tab. 2 Konzentrationen fir ausgewahlte Gruppamganische Verbindungen inMurchisonrMete-

orit (vereinfacht nach Sephtqi2002).

Verbindungsklasse Konzentration [ug & Ref.

Monocarbonséuren 332 Yuenetal., 1984; Lawless & Yuel
1979

Aminosauren 60 Cronin & Pizzarello, 1983

Aliphatische Kohlenwasserstoffe M1 b 0 p Kvenvolderet al,, 1970

Aromatische Kohlenwasserstofft Mp b H y Pering & Ponnamperuma, 1971

Dicarbonsauren 25,7 Lawlesst al,, 1974

Ketone 16 Jungclauet al,, 1976

h -Hydroxycarbonsauren 14,6 Peltzeret al., 1984

Alkohole 11 Jungclauet al,, 1976

Aldehyde 11 Jungclaugt al,, 1976

Purine 1,2 Stoks & Schwartz, 1981

Pyrimidine 0,06 Stoks & Schwartz, 1979



+ HCN

+ NH3 + 2 HyO 0
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/] @FyelaaSNRG2TFT dzy R-Aminonitd, yiaslin Sadredzur SdcefmBsaherhh

Aminosaurehydrolysiert

Entstehingaufder BdS 0 a S YR2@E G &

Es kann als gesichert gelten, dasganische Verbindungesuch direkt auf der jungen Erde
entstanden Diebereitserwahnten Arbeiten voMiller (sieheAbschnittl.1) sind sicher die
bekanntesten Beispielgir entsprechendeSimulatioren im Labor. In dieserxgerimenten
konnte die Entstehung von Aminosauren durch Blitzentladungen in einem Gemisch von
stark reduzierenden Gasen gezeigt werden. WieAinschnitt1.2 ausgefuhrtgeht man
heute allerdings nicht mehr von einer stark reduzierenden Atmosphare auf denfrigide

aus. Jedochdurften lokal in Vulkanasch@/olken stark reduzierende Bedingungen- ge
herrscht habenund die Gase waren dort natirlicheBlitzentladungenyolcanic lightning)
ausgesetz{Johnsoret al, 2008). Auclschwefelwasserstoffreiche Gasgemische wurden in
diesem Zusammenhang untersucht (Parieal., 2011). Fur die Bildung der Aminosauren
wurde der StreckerReaktionswegAbb. 1) vorgeschlagen (Miller, 1957). Lauti@bo-
Computersimulationen jedoch sind Ameisensaure und Formamid wichtige frihe
Intermediate im Reaktionsmechanismus déiller-Reaktionenund es ist dag~ormamid
dasweiter zu Aminosaurereagiert(Saitta & Saija, 2014). Oré (1961) zeigte, dass sich durch
Blitzentladungen, Hitzeeinwirkungen oder photochemisch aus wassrigen Cyanwasserstoff

Lésungen, Nukleinsaurebasen, wigsAdenin, bilden kdnnen (Abb. 2).
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HCN P HCN NC.__CN HCN NC~NH2
HCN =——= HN® CN =——= he — | 4
NH; NC”™ "NH,
1 2 3
hv
NH,
N/l N\> HCN NC N
N ~— I
N N N
H HoN™
Adenin 5

Abb. 2 AdeninSyntheseus Cyanwasserstoff (1): Aus insgesamt finf Molektlen HCN entsteht Uber
die Zwischenprodukte Diaminomaleonitril (4) unéAshincimidazots-carbonitril (5) ein Adenin
Molekul (verandert nach Sutherland & Whitfielti997).

Auch in hydrothermalen Tiefeguellen kbnnterzahlreicheorganische Verbindungen abio
tisch entstanden sein, zum Beispiel Aminosauren, Alkane, Alkohole, Carbonsauren und
lipiddhnliche Verbindungen (Yangawa & Kobayashi, 1992; Hextredt 1992; Marshall,
1994; Holm & @arlou, 2001; Rushdi & Simoneit, 2001; McCollom & Seewald, 2007).
Sogenanntex §hwarze Rauchérkonnen Temperaturen iiber 40C erreichen (Ubersicht

in ColinGarcieet al,, 2016¥» WeiRe Rauché&rdagegersind mit Temperaturen zwischen 40
und 75°Cdeutlich kuhler(Kelleyet al., 2001). Es kdnnen in hydrothermalen Systersetnr
unterschiedlicle Bedingungen herrschemicht nur hinsichtlich derTemperatur Dies
macht die hydrothermalen Tiefseequellen potentiell interessanten Orten fir die
prabiotische ChemigJbergangsmetalierbindungen in hohen Konzentrationenrkienin

den Schloten der Raucheais Oberflachenkatalysatoren fungiert haben (Kohataal.,
1997). Bei den hohen Temperaturen konnten irschwarzen Rauchern
oberflachenkatalysierte, Fisch@ropschartige Reaktionen ablaufen, bei denen sich
Alkane, Alkohole und Carbonsauren bilden (McCollom & Seewald, 2007; Abb.eBalHe

(2021) konnterzeigen, dass fur die FischBropschartigen Reaktionen in hydrothermalen
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Systemencobalthaltige Oberflachen und Hydrogencarbotha@aten eine wichtige Rolle

spielen kénnten.

cocCco
Fe oder Co Fe oder Co
H2C:CH2
4 H, -2H,0
H> Ha Ha H> }

C c HH c c H,C——CH,

: " . ey o
- Fe oder Co — - Fe oder Co

HaC_
CHZ H

Ho
CH3 C H
—— DT - O

CnH2n+2

Abb. 3: FischefTropschReaktion ausgehend von Kohlenstoffmonooxictarer Eisenoder Cobak
Oberflache bei hohem Druck und hohen TemperatujenB.20 bis 30MPaund 200 bis 300Q
unter Bildung von Alkenen und Alkanen mif4 Kohlenstoffatomen(veréandert nach Heet al,
2021).

Der flr Fischelfropschartige Reaktionen nétige Wasserstoff kann in hydrothermalen Sys
temen durch Serpentinisrungaus Fayalit und Wasser gebildet werden (Sketeql., 2004,
Frost & Beard, 2007):
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Eventuell bildet sich auch zunachst Eisefffjroxid, welches dann in de8chikory
Reaktionunter anaeroben Bedingungen in Wasser zu Magnetit und Wasserstoff reagiert
(Bachet al., 2006; Russedit al. 2010; Schrenkt al., 2013):

o&A ( °9&A c(/ (

AulRerdem spielen hydrothermale Tiefseequellen auch eine wichtige Rolle iRiskem
SchwefeWelt-Hypothese (Wachtershauser, 1990 1992). Dariber hinaus ist
erwahnenswert dass hydrothermale Tiefseequellerund die dort mdglicherweise
entstandena prabiotischchemischa Produkte durchdie hohe Wassersaule tber ihnen
gut vor schadlicher, kurzwelligé-Strahlung geschitzt wurden (Weyl, 1968; Westall
al., 2018).

Neben Vulkanasch@/olken und hydrothermalen Tiefseequellagibt es noch einige
weitere mogliche Ortefir die endogene Entstehung von organischen Molekilen auf der
frihen Erde Eine Ubersicht findet sich beispielsweise in Westadl. (2018). Auf einen
weiteren Ort soll hier aber noch kurz eingegangen, werden, da dieser in spateren Kapiteln
genauer betrachtet wird:Rock Poolsaan urzeitlichen Vulkankisten. Neben den zuvor
beschriebenen Vulkanaschewolken waren auch die Kistenbereiche vielversprechende
Orte fur die chemische Evolution, die vielfaltige geochemische und geophysikalische
Bedingungen, zum Beispiel pMertgradienten und unterschiedliche Temperaturen, boten
(Strasetit, 2010). Rock Poolsan den Vulkankisten kdnnten eine Art urzeitliches
wSHF10A2ya3aSFNG RIFINBSaaSttid KroSys Ay RSY
gesammelt haben kdnnten, die dann von vorbeiflielBender Lava erhitzt wurden. Dies ist mit

dem Vorgeha im heutigen Syntheselabor vergleichbar.

DieKenntnismdgliche abiotischerSynthesewege fiorganische Molekulest nicht nurftr
die Forschung zum Ursprung des Lebamshtig, sondern ach fur die Suche nach Leben
aulRerhalbder Erde Unter Bedingungen wie sie auf der Marsoberflache herrsqze.
destruktive Strahlung und oxidierend8ubstanzepwerden keine lebenden Organismen
erwartet, sondern allenfalls deren Uberrestduf der Marsoberflachesucht manmit
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RovernnachderartigenUberrestenunter anderemin Form von sogenanntechemischen
Biosignaturen (oder Biomarke)abei ist es wichtig, diedosignaturenvon organischen
Stoffen die abiotischken Ursprungs sind, unterscheiden zu konneBer Bereich
Biosignaturen gehdort zu den wichtigsten Themengebieten der Astrobiologie (z. BeChan

al., 2019).

1.4 Chemische Biosignaturen

Aligemeinl ' Yy YIy . A2aA3ylIGdz2NBSy 6AS F2f30G- RSTAY
stanzen oder Phanomene, die einen Bewfis (oder Hinweisauf) [ S6 Sy RIF NRG STt
(Catlinget al, 2018). Imengeren Sinne werden unter Biosignaturen chemische und
morphologsche Spuren von Lebewesersowie durch Lebewesen veranderte
Isotopenzusammensetzungen, die in Gesteinen, Sedimenten oder Mineralen erhalten
wurden, verstanden (Westall & Cvalazzi, 20Man unterscheidekzwischen poteriellen

und sichererBiosignaturenwobei die sicheren definitiv nur von einer biologischen Quelle
stammen kdnnen (Hayet al., 2017). Hier trittallerdingsein grundsatzliche®roblem auf.

In vielen Fallen ist eine definitive Aussage zur Quelldao@igch oder abiotisch?) einer
organischen Verbindung nur schwer oder gar nicht mdgliddann kénnen
Isotopenanalysen undiel Komplexitat der gefundenen Verbindumgfreich sein(Fox &

Strasdeit, 2017).

Anhand der in den voragegangenen Abschnitten beschriebenen Beispiiéteabiotisch
entstandene organische Verbindungemrd deutlich dass es nicht einfach ist, eine Liste

mit moglichen Kandidaten flchemischeBiosignaturen zerstellen. Neben der méglichst
sicheren Zuordnung zu einer biologischen Quelle und dem Ausschluss einer abiotischen
Entstehung sollte eine Biosignatur einfach zu detektieramd unter unglnstigen
Umweltbedingungen (Strahlung, Temperatur,-WHert, Oxidationsnittel etc.) moglichst
bestdndig sein. Die einfache Detektierbarkeit ist wichtig, da die meisten
Weltraummissionen Mssungen vor Ort durchfiihren (siebeispielsweise die in Abschnitt

1.3 kurz vorgestellté&kosettaMission) und keine Proben zur Erdengen Des Weiteren

kann man davon ausgehen, dass die Konzentration Biosignaturentendenziell eher

gering seinwerden Die verwendeten Analysemethoden sollten daheénee niedrige
14



Nachweisgrenzéaben BEne hohe Bestéandigkeit unter widrigen Bedingungen ist wichtig,
damit UOber lange Zeitraume gengéigd Substanz zum Nachwemsrhalten bleibt
Verschiedene Faktoren nehmen dabei Einfluss auf die Stabilitat Biosignaturen.
Abiotische Prozesse uniologisches Recycling kénnen zum Abbau von Biosignaturen
fuhren. Selbst recht inerte Polymere kénnen biologisch abgebaut werSenvd zum
Beispiel Polyethylentherephthalat (PElych das Bakteriurtdeonella sakaiensmsit Hilfe

des Enzyms PETase abgeb@vibshidaet al, 2016). Destruktive abiotische Faktoren
konnen ultraviolette und ionisierende Strahlungohe Temperaturen oder chemische
Einflisse wiextreme pHWerte und oxidierende Substanzen sein. In Bezug auf laufende
und zuklnftige Forschungsmissionen damMars, den Eismonden Enceladus und Europa
sowie an anderen Orten unsereSonnensystemsst eswichtig, die vorhandenen Bedin
gungen zu kennenum die Suche nachchemischenBiosignaturenmdglichst gezielt

durchfiihren zu kdnnen

Da wir nur das Leben auf der Erde kennen, isterstandlich dass bei der Auswahl von
mdglichen molekularen Biosignaturen in Normalfall Lebewesen auf der Erde betrachtet
werden. Auf diese Basis identifiziert margrundlegendeBiomolekiile die moglichst
universell vorkommen und di@bengenannten Kriterien fur Biosignaturen erfillen. Bislang
wurden eine Vielzahl von potentiellen molekularen Biosigaturen vorgeschlagen,
beispielsweisélembranlipide (z. B. Georgid Deamer, 2014) darunter auch cyclische
Triterpenoide wie Sterine und Hopanoide (z. B. Simagteat., 1998) , Aminosauren (z. B.
Kmineket al., 2000; Badt al., 2008), Polysaccharidend Nucleobasen (z. B. Simoneit

al., 1998) und Porphyrinoide (St al., 2007). Zu den molekularen Biosignaturen z&hlen
6 SNJ I dzOK a23Syl yigntSE KRWNSE KA {NB 202S3N3 AXY RA |
Ursprung zugeordnet werden konneBeispielsweis&dnnenHopanoidedurch Reduktion

in Geohopane, durch Oxidation in aromatische Kohlenwasserstoffe oder durch Reaktion
mit Schwefelin thioaromatischeVemindungen umgewandelt werde(Simoneitet al.,
1998). Von einigemolekularen Fossiken ist bekannt, dass sie mehr als eine Milliarde Jahre

in Gesteinen erhalten bleiben kénnen. Hierzu z&hlen CarotiDeidvate, Geohopane und
Geoporphyrine (Pengt al., 1998; Brockest al., 2005; Waldbaueet al., 2009; Lee & Brocks,

2011; Guenelet al., 2018). Diese Verbindungsklassandfolglichausreichendstabil, um
15



Uber lange Zeitraume als Biosignaturen erkennbarbleiben Zusétzlich sind sie auch
komplex aufgebaut (Abhkl), was eine spontane abiotische Entstehumyvahrscheinlich
erscheinen lasst. Allerdings gibt es inzwischen auchrélativ komplex aufgebaute
organische Verbindungerplausible abiotische Entstehungswegehierauf wird im

folgenden Abschnitt genauer eingegangevion den drei genannten Substanzklassen sollen

die Porphyrinedetaillierter betrachtet werden.

a b C

Abb. 4: Beispiele fiir ein Geohopan, ein Carotinoid und ein Geoporph@iMoretan (7 ,21h-
Hopan, ()i -Carotin und ¢) Vanadyletioporphyrin.

w
(@]
(0p))
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Vorkommen und Funktionen derbelebten Natur

Porphyrine (Porphine) und weitere Tetrapyrrole mit verschiedelerngrof3en und teil
weise reduziert, beispielsweise Corrine, Chlorine und Corphine G)\blverden in dieser
Arbeit als Porphyrinoide zusammengefasdtlit verschiedemrtigen Seitenketten
substituiertkommensiein derbelebtenNatur allgegnwaértig vor (Milgrom, 1993; Kaist

al., 2013). Auf Grund ihrdriologischerBedeutungoekamen Porphyrinoide von Battersby
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Metallkomplexen der Porphyrinoide zwahrend die freien Porphyrinbasekaum eine
Rolle spielen (Kaim et al, 2013). Anhand einiger ausgewahlter Beispiele aolim

Folgenden das Vorkamen und die Funktioenvon Porphyrinoiden dargestellt werden.

Porphin Chlorin
Corrin Corphin

Abb.5: Vier Beispiele fir die Kernskturen von Porphyrinoide

MagnesiumKomplexe: Chlorophylle

Schaut man in dibelebte Natur, zum Beispieln Walder oder auf Wiesen, sast Grin
oftmalsdie beherrschende Farb®aher kann mabehaupten, dass zu den bekanntesten
Vertretern der Porphyrinoide sicherlich die Chlorophylle zahlen. Der grine Blattfarbstoff
der hoheren Pflanzekommtauch in photosynthetischktiven Algen, Cyanobakterien und
Bakterien vor. Bei oxygenen Phototroph&ndet mandie Chlorophyllea bis f und bei
anoxygenen Phototrophen die Bacteriochlorophwlbis g, wobei Chlorophyla (Abb.6)

die Hauptrolle in allen Organismeanit oxygener Photosynthese spielt (Kadereital.,
2021). Chlorophyll spielt eine Schlisselrolle bei der Wasserspaltung wahrend der

Lichtreaktion. Hierbei wird Disauerstoff gebildet. Der entscheidende Schritt der

17
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Photosynthese, die Ladungstrennung, findet an einBrmer desChlorophylla, dem
Special PaifChla) statt (Kadereiet al., 2021):

#EI1 Auwwy #EIT A A
Die in der Lichtreaktion gewonnene Energie wird zur Fixierung von Kohlenstoffdioxid und

dem Aufbau von Glucose im Cakyklus genutzt.

P Yo  OCH;
CooHag

Abb. 6: Strukturformelvon Chlorophyla aus Cyanolderien und phototrophen Eukaryonten.

Die altesten bekannten Organismerbien vor Uber 3 Milliarden Jahresiebewohnten
Flachwasserregionen urngaren maglicherweisephotosynthetisch aktiyWestallet al,,
2006). Daer liegt die Vermutungnahe dass einfache PhotosyntheBeaktionen eine
Rolle bei der Entstehung des Lebens spielten. An solchen Reaktionen kénnten éidache

l&ufer von Chlorophyllen beteiligt gewesen sein.

EiserKomplexe: Hamn

Hame sind Eisenporphyrinkomplexgobei Hamb (Abb.7) der bekannteste Vertreteist.

Hame kommen beispielsweise in Hamoglobin, Myoglobin, Katalasen und Peroxidasen,
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Cytochrom P450Cytochromc sowie Cytochront-oxidase vor (Kainet al, 2013). Im
Menschen sowie allen Wirbeltierenist Hamoglobin in den Erythrocyten fir den
Sauerstofftransport durch die Blutgefal3e verantwortlich. Hamoglobin besteht aus vier
GlobinUntereinheiten von denenjede eine Hamgruppe besitzt (Milgrom, 1997). In den
Kapillaren, die die Lungehlveolen umschlief3en oder sich in den Kiemen befinden, bindet
O, an das zentrie Eisen der Hamgppe und kann san die Organe und in die Muskeln

transportiert werden (Kainet al., 2013).

HO™ o o7 ~OH

Abb. 7. Strukturformel von Hanb, einem EisenKomplex des Protoporphyrins IX, wie &s
prosthetische Gruppe der Cytochrefd50Enzyme vorkommt. Das zentrale Eisen ist Uber das

ThiolatSchwefelatoneines Cysteins an das Protein gebunden.

Andere Hamoproteine sindn Gegensatz zumarhoglobinweit Gber die Wirbeltiere hinaus
verbreitet. Einige sindan sehr grundlegenden metabolischen Prozessketeiligt. So
kommen Cytochrome in Organismen aus allen Reichen des Lebens, al&teri&m,

Archaeen und Eukaryonten, vor (Bertigi al., 2006). Es ist sogar ein Virusgenom bekannt,
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dass fur das Enzym t6ghrom P450 codiert (Lamét al.,2009). CytochroriP456Enzyme
koénnten schon vor 3,5 Milliarden Jahren existiert haben (Nelsbal., 1993). Cytochrom
P450 ermoglichden Transfereines Sauerstofditomsauf ein nichtaktiviertes Substrat (Kaim
et al, 2013), zum Beispiel:
2 (/1 c¢Q < w2 /1 (/1
oder

OH

0))

Cytochromec (Abb.8) ist mit ca. 1XDa,entsprechencetwa 100 Aminosauren, ein kleines

Protein, dagdurch die Ubertragung eines Elektrons einen grundlegenden BeitrageH
atmung leistet (Salemme, 1977; Kaimat al, 2013). Auch Cytochromc ist
evolutionsgeschichtlich sehr alt. Da es eine so grundlegende Funktion erfullt, liegt die
Vermutung nahe, dass einfache Cytochroiorlaufer vielleicht schon vor den ersten
Lebewesen in Protometabolismeits EinelektronestUbertrager fungiertenAlles inallem

kann Uber Hara gesagt werden, dass dieggsenporphyrirKomplex zu den wichtigsten
Biomolekulen auf der Erde z&nlund sehr wahrscheinlich schon in den ersten Organismen

vorkamen (Korgnyet al., 2022).
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Abb. 8: Struktur des Cytochromsaus dem Herzmuskel eines Tunfisdbis. Abbildung wurdemit
der Software CCP4mg (McNichoktsal., 2011) und Daten von Takano und Dickers@013

erstellt.

Cobaltkomplexe: Cobalamine

Zu den Coalaminen, die in allendbewesen vorkommen, zéhlen unter anderem das-Vita
min B2 (Cyanocobalamin, AbB), dasals Medikament zur VitamiB>-Supplementierung
genutzt wird und das CoenzymB(Adenosylcobalamin; Kaiet al., 2013). Didiologische
Nutzung von Cobalginem derseltenstenMetalle der 3dReihein der Erdkruste und im
Meerwasser sowie derim Vergleich zum Porphyrin kleinere CofRing erscheinen
ungewohnlich Cobalamine sind in drei verschiedenen Enzymklassen enthaltendkalim
2013): &) adenosylcobalamiabhéargige Isomerasen, die durch homolytische Spaltung von
/ 2 BBindungen hochreaktive Radikale bilden kdnndm),Methylcobalamin in Enzymen
mit alkylierender Funktion, beispielsweise Methioninsynthase uod Bi>-abhargige

reduktive Dehalogenasen von anaeroben Bakterien (diese enthalten oft auciChest®r).
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Abb. 9: Strukturformel von Cyanocobalamin, der Verabreichungsform von Vitaminzus

Supplementierung.

NickelKomplexe: Cofaktor F430 und Tunichlorin

Cofaktoren, die Nickel enthalten, sind selten. Der Cofaktor F430 (Ahbbenannt nach
seinem Absorptionsmaximum bei 48, ist der Cofaktor der MetyCoenzyrM-Reduk
tase, die nur in methanogenen Araeen vorkommt (Kaimet al, 2013). Die Methyl
CoenzymM-Reduktase katalysiert den letzten Schritt hin zum Methan durch Reduktion
von 2Methylthioethansulfonat. Im Tunicatefrididemnum solidunkonnte ein weiteres
Nickelporphyrinoid nachgewiesen werdatgsTunichlorin (Bibleet al., 1988). Tunichlorin
stammt vom Chlorophyla ab, und bisher konnte noch keine metabolische Funktion

nachgewiesen werden (Kuppet al., 2006).
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Abb. 10: Strikturformel von Cofaktor F430.

KupferKomplexe: Turacin und Turacoverdin

Wie NickelporphyrinoidKomplexe sind aucRorphyrinoidkomplexedes Kupfergn der
Natur sehr selten.Die énzigen Beispie¢ sind die Pigmente Turacin (Abbl)lund
Turacoverdin aus den Federn der afrikanischen Tuk&kgel (Dyck, 1992). Diese

Verbindungen besitzen keine bekannte Funktion im Metabolismus.

Abb. 11: Strukturformel von Turacin.

23



Abiotisch entstandene (MetaldPorphyrine: inre mdgliche Bedeutuitig den Ursprung des

Lebens und frihe Organismen

Die zuvor gezeigten Beispiele geben eirigndruckvon der Vielzahl unterschiedlicher
Funktionen von Porphyrinoiden in dbBeutigen belebterNatur. Die weite Verbreitungn

allen Lebewesen sowie der Umstand, dass viele dieser Verbindungen als evolutionsge
schichtlich sehr alt eingestuft werden, legen die Vermutung nahe, dass Vorlaufer der heute
bekannten Porphyrinoide auch schon vor den ersten Lebewesen in Protometabolismen,
einfachen autokatalytischen Netzwerken (Abl2),leine Rollespielten. Die Funktionen in
solchen Netzwerken konntebereits sehr vieléaltig gewesen seinund von einfachen
Schutzpigmenten vor kurzwelliger Sonnenstrahlung Uber R&adalysatoren bis hin zu
a9y SNHAS T fiir slas Slatiwgri§SHoyiviort: Treiberreaktionyereicht haben (Abb.

12). Von besondereminteresse ist hidyei die Eigenschaftvieler Porphyrinoide als
Photosensitizeagierenzukdnnen.Diese Eigenschaft machte man sicim Beispiebei der
Synthese des Anthelminthikums Ascarishainer 4+2}Cycloadditiorzunutze, indem den
Reaktionsansétzen chlorophyllhaltiges Pflanzenmaterial zugegebdrfAbb. 13; Costa e
Silvaet al,, 2020). Auf &hnliche Weise kénnten Porphyrinoide lange vor der Entstehung der
Photosynthese, wie wir sie heute kennen, die Energie fur Protometabolismen geliefert
haben. Monreal Santiaget al. (2020) konnten im Labor einen einfachen, von Licht
angetriebaen, selbstreplizianden Protometabolismus konstruieren bei dem
Tetraphenylporphyrin alBhotosensitizewirkt und die Oxidation eines Thiaism Disulfid
ermoglicht. Dies ist nur ein einfaches Modellas aber beweistdass das Prinzip
grundsatzlich funktioniert Es zeigtdass Porphyrine und Porphyrinoide in Modellsystemen
eine wichtige Rollespielen kénnen. Der Einsatz von Metallkomplexen ware eine
interessante Erweiteing dieses Experiments, darchdas Metallzentrum beispielsweise
weitere RedoxReaktionen ermdglicht werden kénnten und somit das Reaktionsnetzwerk
vergrolRert werden kénnte. Es ware denkbar, dass ein Metalloporphyrin gleich mehrere

Schliisselrolleim dem Netzwerkibernehmen konnte.
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Abb. 12: Prinzipeinesautokatalytische Reaktionsetzwerks. DasNetzwerk besteht auslolekiilen,

®
l

f

X—> M) = ©

hier A bis Qund J die zum BeispidPorphyrinoide (por) oder deren Metallkomplexe [M(por)] sein
konnen(beispielhaft an zwei Stellen des Netzwerks eingezeichbi¢) Molekilekatalysieren die
Entstehung von anderen Molekilen des Netzwegtsiife Pfeilg, sadass das Netzwerk als Ganzes
autokatalytisch ist. Eine Treiberreaktion, hier die photochemische Anregung eines Porphyrinoids
durch Sonnenlicht, liefert die Energie fir das Netzwerk. Die spontan abiotisch entstanderen Ver
bindungen X und Y dienen aldahrungt Verbindung K geht duratine irreversible Reaktion aus
dem Netzwerk verloren® : Irreversible Reaktiong : reversible Reaktionx : Katalyse; ©:
Verbindungen, die Teil des Netzwerks sindi, K Verbindungen die nicht Teil des Netzwerks sind

(Veréandert und erweitert nacBhapiro, 2006)
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Abb. 13: Ascaridolsynthese aBeispiel fur die/erwendung eines Porphyrinoids [M(por)], hier

Chlorophyll, alfhotosensitizein der Synthesechemigerandert nach Costa e Sileaal., 2020).

Potentiell prabiotische Porphyring/nthesen

Fur viele einfache Biomolekilesind potertiell prabiotische Entstehunggge bekannt
Porphyrinoide sind allerdingsergleichsweisekomplexe Verbindungen. Schon der
Tetrapyrrolmakrozyklus (Ablb) ohne Seitenkettenscheint auf den ersten Blickzu
komplex um spontarentstehenzu kdnnen Neben de Entstehung dePorphyrinoidkers,
alsodes Tetrapyrrolmakrozyklus, stellt sich auch die Frage nach dem Einbau eines Metalls
als Zentralatom, d&eute in der Natur wie oben erwéhnt, nur die Metallkomplexe eine
Rolle spielen. Trotz der Komplexitat des Porphinkesimel heute mehrere plausible,
prabiotische Synthesewege bekannt, dieunterschiedlichi -substituierten Porphyrinen

fuhren. Dreidieserabiotischen Entstehungswege werden im Folgendeaargestellt

Die Arbeitsgruppe unhindsey konnte die nichtenzymatische Bildung von Porphyrinogen
I dz&5 A1 S 2 y SY S (RRSEANI SABindketnyidd inhWasser zeigen (Abb4;1
Lindseyet al., 2009, 2011; Soarest al, 2012a, b; Taniguclet al., 2012; Soarest al.,
2013a). Die Syntheseoute verlauft Uber das Porphobilinogen und ist von der
Porphyrinbiosynthesein modernen Organismerinspiriert. Eine spontane abiotische
Entstehung der Ausgangstoffe fiur deRoute ist allerdings noch nicht beschrieben
worden. Die Ausgangsstoffe konnten aber in Protometabolis(agie obenpder friihen
Zellvorfahren (Pohorille, 2009) gebildet wordennseAul3erdem wurde keiprabiotisch

plausibler Weg fudie Oxidation des Porphyrinogens zum Porphyrin gezeigt.
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Abb. 14: Reaktionsschema der nichtenzymatischen PorphyrinogensyntheseLiradtey
et al. (2000 ® 15dk& Si( 2 yAmidaieRn éntsteht tibePorphobilinogendas Uro-

porphyronogen Il in wassriger Lésung.

Fox und Strasdeit (2013) konnten eine mdgliche prébiotische Porphyrinsynthese unter
simulierten Bedingungen einer urzeitlichen heiRen Vulkarkasf der frihen Erde zeigen.

Die Synthese startet mit in Meerwasser gelésten Aminoséuren, von denenamammt,

dass sie auf der friihen Erde vorhanden waren (sade). Trocknet Meerwasser auf dem
Gestein deNulkankusten einsoentstehen Salzkrusten (Abb5), in die die Aminosauren
eingebettet sind. Da&introcknen wird durch dierulkanische Untergrundhitzeind nahe
gelegene Lavastrome begulnstigt. Solche Prozesse kdnnen auch an heutigen Kisten
beobachtet werden (Edmonds & Gerlach, 2006). Beim Zusammentreffen von Meerwasser
und heil3er Lava bildet sicimter anderemChlorwasserstoff (Kullmaat al., 1994; Edmonds

& Gerlach, 2006), e in einem spateren Schritder Porphyrinsynthesewichtig ist.
VorbeiflieBende Lavaonnte die Salzkrusten stark erhign. Bei dieser thermischen
Belastung reagieren die Aminosauren in dealzkrusten nicht wie freie Aminosauren.
Grund hierfir ist die Bildung von CalciuAminosaurerKomplexen derenCalciunionen

aus dem Meerwassestammen. Die Komplexierung verhinderdie Sublimation der

Aminosaureund ermdglichtauf diese Weise neue thermische Reakéon

Modellhaft wurden die Thermolyseproduktdie ausC&*koordiniertem Alanirentstehen

untersucht(Fox & Strasdeit, 2013[pabei wurden unter anderem Pyrrole nachgewiesen.
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Abb. 15: Beispiel fr eine moderne Salzkruste, die sich durch Eintrocknen von Meerwasser
in einemRock Poadn einem Felsstrand gebildet hat. Das Foto wurde auf der vor allem aus

Rhyolith bestehenden Halbindeh ScandolaKosika,aufgenommen

An urzeitlichen Vulkankisten kdnntelie entstandene Pyrrole an kalteren Orten konden
siert sein und sich beispielsweiseRonck Poolgesammelt haberDort kénnten sich neben
den Pyrrolen auch Wasser, Chlorwasserstoff, Formaldehyd und Nitrit angesammelt haben.
Nitrit konnte vermutlichdurch Blitze in Vulkanaschewolken emtsén (NavarreGonzales
et al, 1998; Summers & Khare, 2007). Dawarenalle Komponenten vorhanden, die fur
eine Oligomerisierunger Pyrroleund die anschlieende Oxidatioter Oligomerematig
waren. Tatsachlich konntem Laborunter diesen Bedingungen die Entstehung von
Octaalkylporphyrine beobachtetwerden. Zusammenfassend kann man diese Route in vier
Schritte unterteilen: (1) Bildung von aminosaurehaltigen SalzkrustenBi{dung von
Pyrrolen und Chlorwasserstoff durch Erhitzim Salzkrusten(lll)Abscheidungler Pyrrole
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und einer wassrigen Chlorwasserstbtisungan kiihleren Orterund (IV) saurkatalysierte
Oligomerisierung der Pyrrole mit Formaldehyd udgidation durch NitrittAbb. ). Die
Gesamtasbeute der Reaktiofvon der Aminosaure bis zum Porphyist)sehr gering, aber
Uber einem langen Zeitraum kénnten sich auf Grund der hohen Stabilitat der Porphyrine
grolRere Mengerdes Produkt@ngesammelt haben. Auf die Stabilitat der Porphyrine wird
spater ausfuhrlicher eingegangen. In einer Variante deuBgdson Porphyrinen aus 3,4
Dialkylpyrrolen und Formaldehydbei derdie Reaktionin Mizellen inwéssrige Losung
ablief, konnten trotzgeringer (und daherprabiotisch plausiblgrKonzentrationen gute

Ausbeuten erhalten werden (Alexy al., 2015).

R R
\ =
HaN. i - 350 °C \r *HClag), HCHO, NaNO, NH N
N / v,
R R

an Ca?* koordiniert

Abb. 16: C&*koordiniertes Alanin reagiert bei 35C unter anderem zu Alkylpyrrolen.
Diese konnen saurekatalysiert mit Formaldehyd oligomerisieterd die Oligomere
konnen durch Nitrit oxidiert werden. Unter den Reaktionsprodukten finden sich

Alkylporphyrine.

Der nachstewichtige Schritt um den heuigen biologischerPorphyrinoiden néher zu
kommen ist der abiotische Einbau eines Metains in den Tetrapyrrolring. Frihe
Experimente von Hodgson und Baker (1967) mit Pyrrolen, Formaldehyd und verschiedenen
Metallsalzerlieferten nur sehrniedrigeAusbeuta. Hohe Ausbeuta von40 84 % konnte
dagegenrerreicht werden, indem hydrophile Uroporphyrine mit MRGCoCGl oder NiS®@

unter kontrollierten Bedingungen (pH 68.1, 37°C) in wassriger Losung umgesetzt
wurden. Dieser Ansatz wurde von Soaedsal (2013b) aufgegriffen, modifiziert und

erweitert. Es wurdendie Acetate von Mg, Mr?*, Ca*, N¢*, C#*, Zrt* und Pd* sowie
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Ammoniumeisen(ll)sulfaterwendet und bis auf das Magnesiutdroporphyrin konnten
alle MetallUroporphyrine erhalten werden (Abb7). Fir eine prabiotische Reaktion ist die
hierbei verwendetemit 3-(N-morpholino)propansulfonsaureyepufferte Lésung und
generellder Einsatgepufferter Losungn kritisch zu sehen. Diese Reaktion scheint somit,
wie auch schon die Uroporphyrinogenbildung ndahdsey wohl nur innerhalb eines
Protometabolismus denkbar. Sonhikeibt die Frageébestehen ob und wieMetalloporphy-
rinoide unter prabiotischen Bedingungen, ohne Beteiligung eines Protometaboljsaméis
der fruihen Erde entstehen konnten. Von besonderem Interesse sind hierbei die von Fox
und Strasdeit (2013) unter simulierten Bedingungen keidenurzeitlichenVulkarkiisten
erhaltenen Octaalkylporphyrine. Diese sind im Gegensatz zu dem von 8bal€2013b)
verwendeten Uroporphyrirkomplett unldslich in Wasser, was einen géanzkeideren

Reaktionsweg zur Metallaufnahme aossetzt.

HOOC HOOC
HOOC HOOC
60 °C, 24 h
MOPS-Puffer pH 7
HOOC COOH
MXp, HOOC COOH
HOOC COOH HOOC COOH
COOH COOH
COOH COOH

Uroporphyrin | Metallouroporphyrin |

Abb. 17: Bildung vorMetallouroporphyrin | aus Uroporphyrin | und einem Metallsalz,\MX
in einer mit 3(N-morpholino)propansulfonsaurdMOPS$ pH 7 gepufferten wassrigen
Lésungln dasUroporphyrin konnten die Ddationender MetalleM = Mn, Fe, Co, Ni, Cu,
Znund Pdeingebaut werden(Nach Soarest al. 2013b)
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(Metallo-)Porphyrine und Porphyrinoide als Biosignaturen

Im Jahr 2007 erschien ein Artikét dem Porphyrine alisleale molekulare Biosignaturen
dargestellt wurden, da sisehrstabil, einfach zu detektieren und so kompled, dass
damals noch kein@mennenswertenspontanen, abiotische®orphyrinsynthesemekannt
waren (Suoet al., 2007) Mittlerweile kennt manjedoch mehrere potenell abiotische
Entstehungswege von Porphyrinoiden und deren Metallkompi€gehe oben)Trotzdem
erscheinen Porphyrinoide weiter algelversprechende wem auch nicht alsideale
Biosignaturen. Grund hierfir ist dieuvor schon erwéhnteibiquitare Verbreitung von
Porphyrinoidenin der belebten Naturund die hohe StabilitéatLetztere bewirkt, dass
Porphyrine Uber lange Zeitrdume erhalten bleib&wosind tGber 1,1 Milliarden Jahre alte
Geoporphyrine bekannt (Gueneti al., 2018). Die hauptsachlichen VorlaugsicherGeo
porphyrine sind Chlorophylle und Han&everandern siclwéhrend der Diagened®ufig
durch Decarboxylierung und Oxidation der Vi@yuppen und bilden verschiedene
Geoporphyine und Metallogeoporphyrine, wie beispielsweise (Metallo)etioporphyrine und
(Metallo)deoxophylloerythroetioporphyrim (Abb. 18; Callot & Ocampo, 2000). Aul3erdem
tritt h&ufig eine Transmetallierung auf, sodass bei Geoporphyrinen Vanaay!Nickel
Komplexe am haufigsten auftreten (Filby & van Berkel, 1988) kommeraber auch
Chrom, Gallium und EiseKomplexe vo(Gaumetteet al., 2009; Liet al., 2016; Zhengt

al., 2018). Sogar ein kristaléaNickelgeoporphyrinder Abelsonit ist bekannt (Masoret

al,, 1989; Hummeret al, 2017). Daher ist es lohnenswgesich bei der Suche nach
Porphyrinoiden als Biosignaturen nicht nur auf die Metallkomplexe mit den bekannten
Metallen zu fokussieren, sondern auahngewohnliché Metalle wie Chrom, Vanadium

und Gallium als Zentralatonsowie freie Porphyrinoidbasen nmetnzubeziehen
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7

Etioporphyrin | Deoxophylloerythroetioporphyrin

Abb. 18: Strukturformeln von Etioporphyrin | und Deoxophylloerythroetioporphyrin.

Porphyrinoide lassen sich mit einer Vielzahl von analytischen Methoelativ einfach
detektieren zum Beispiel mit Fluoreszenzspektroskopie (z. B. Deirek, 2016), Raman
Sektroskopie (z. B. Haezeleet al., 2019)und Massenspektrometrie (z. B. Seob al.,
2007).Sollzwischen abiotisch entstandenen Porphyrinoiden und solchen mit biologische
Ursprungunterschieden werdenbedarf eszusatzliche Untersuchungen, zum Beispiel
IsotopenanalyserfFox & Strasdeit, 2017Eine Unterscheidungird aberwohl in vielen
Fallennicht eindeutig moglich sein DiesesProblem ist dlerdingsnicht auf diePorphy
rinoide beschrankt. Tatsachlicwird man bei der Suchenach extraterrestrischen
molekularen Biosignatuen wohl meistdie Mdglictkeit einesabiotischen Ursprungsicht
ganzlichausschliel3erkdnnen Eserscheintdurchaussinnvoll Porphyrinoide als mdgliche
molekulare Biosignaturemnzusehen, insbesondengenn man die Vorteile der hohen
Stabilitat und einfachen Detektierbarkederticksichtigt Immerzu beachtenbleibt dabei

das Problem einemdglichen abiotischen Entstehung.

1.6 Ziele der Arbeit
Seit Jahrzehnten besteht eunverandertgrol3es Interesséaran, die moglichen Schritte

des Ursprungs des Lebemsmer detaillierter zu erforschen um schlussendlich eine
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plausible Theorie zu erhalten, wie die ersten Lebewesetstehen konnten Wie zuvor
dargelegt kbnnten Porphyrinoiden vielfaltiger Weisean der Lebensentstehungeteiligt
gewesensein Ausgehend von der abiotischen Octaalkylporphyrinsynthese, welche unter
den simulierten Bedingungen von urzeitlichen heiBen Vulkankisten ablauft (Fox &
Strasdeit, 2013), sollten weitere mogliche Reaktionen von Octaalkylporphyrinen im

Rahmen deglot-VolcanicCoastSzenarios untersucht werden.

Entwurf und Test einer Apparatur zur automatisierten Durchfihrung von-Ttasken

Zyklen

Der erste Schritt hierfir wadie Laborsmulation einer urzeitlichen Vulkankuste nitiren

Rock Poolsoch besser an die angenommenemweltbedingungen anzupassen. In den
Experimenten von Fox und Strasdeit (2013) wurden schon die atmospharische
Zusammensetzung auf der frihen Erde, insbesonde® Fehlervon freiem Sauerstoff,

und die an Viankusten herrschenden hohen Temperaturen bertcksichtigt. Dies sollte
auch in den weiteren Versuchen der Fall sein. Zusétzlich sollte der Einfluss der Gezeiten
und von diversen Mineralen bertcksichtigt werden. Durch Gezeiten und/oder Regenfalle
konnten sith an urzeitlichen VulkankistemNassTrockenZyklen einstellen die bei
entsprechender Lage einesRock Poolsperiodisch abéfen. Ein Rock Poolim
Gezeitenlereich der Kiuste wurde regelméafig Uberflutet, ein weiter weg gelegener nur
sporadisch. UrmperiodischeNassTrockenZyklen zu simulierenvurde eine automatisierte
Apparatur (kurz WDA fir Wet Dry Apparatug entworfen und ausgiebignithilfe
verschiedene Testreaktionererprobt. Ein besonderes Augenmenkirde hierbeiauf den

strikten Ausschluss von Luftsauerstoff gelegt.

Einfluss von NasBrockenZyklen und verschiedem®lineralen auf die Bildung von Metallo

porphyrinen

In dem neu entworfeneWVDAwurde 2,3,7,8,12,13,17,18ctaethylporphyrinHx(oep) als
typischer Vertreter der Octaalkylporphyrie mit verschiedeen Metallsalzen und
Mineralen NasSrockenZyklen und Temperaturen Uber 10CQ in der Trockenphase
ausgesetztDabei ging es um die Frage, ob unter diesen Bedingungen Metallionen in das

Porphyrin eingebaut werderbaneben sollte ach der Einfluss von kiinstlichem Meersalz
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und weiteren Faktoren auf eine mogliche Bildung von Metallooctaethylporphyrinen

untersucht werden.

Untersuchung der Stabilitat von Metalloporphyrinen

In vielen Publikationen wird auf die hohe Stabilitdt der Porphyrine als Hidckebaten
hingewiesen (z. B. Suet al, 2007). Eine umfassende Studie zur Stabilitdt unter
verschiedeen astrobiologiscirelevanten Bedingungen wurdeaber bislang noch nicht
durchgefihrt. Die Stabilitdt von Porphyrinen isin unterschiedlicem Kontext von
Bedeutung. Fur die prabiotische Chemie bedeutet eine hohe Stabilitat, dass sich spontan
abiotischentstandenePorphyrine ansammeln konmteund nicht schneller wieder zerstort
wurden, als sie sich bildeterMindestens ebensavichtig ist die Frage der Stabilitat fur
Porphyrine als mogliche molekulare Biosignaturen. Es sollte untersucht werden, wie stabil
der Modelkomplex Chlorido(octaethylporphyrinatagisen(lll) [FeCl(ep)], unter
verschiedenen potentiell destruktiven Bedingungen ist. Hier lag der Fokasf
Metalloporphyrine als mogliche extraterrestrische Biosignaturen. Dementsprechend
sollten Bedingungen, wie seuf dem Mars oder den Eismonden Europa und Enceladus
vorkommen im Labor nachgestellt werden. Ausgewahlt wurden ionisierende Strahlung
(Teilchen und RéntgenStrahlung) UV-Strahlung hohe Temperaturen, Sauren und Basen

sowie oxidierendé&Speziesvie zum Bespiel Perchloratind Hypochlorit.
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Kurzzusammenfassung

Fluktuierende Umweltbedingungen, wie beispielsweise Temperaturschweyek und
NassTrockenZyklen in vulkanischeRock Poolskonnten die prabiotische chemische
Evolution vorangetrieben haben. Diese Publikation beschreibt die Entwicklung und
Anwendungsmaoglichkeiten eines NaB®ckenApparats YWDA zur Simulation von
Bedingungenwie de vermutlichauf der frihen Erdespezielin vulkanischerRock Pools
herrschten Die Bedingungendie sich mit der entwickelten Apparatur einstellen lassen
sind insbesondere die Dauer der NdssckenzZyklen, Temperaturschwankungen, eine
sauerstofffreie Atmosphare und das Vorhandensein von organischen und mineralischen
Komponenten. Erste  Testexperimente unter Einsatz ded4/DA waren
Oligomerisierungsversucheanit Glycin und Stabilitatsversuche mit Linolsaure und
Pyrogallol.Untersuchungn mithilfe desWDAkdnnen zum Verstandnider chemischen
Evolutionauf der frihen Erdeind mdglicherweiseauf anderen terrestrischen Planeten

beitragen
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Abstract: Prebiotic chemical evolution on the early Earth may have been driven in part by

Tt dzOldzr GAy3d SYy@ANRYYSyGasz F2N SEIFIYLXS 6SiG |
pools. Here, we describe the setup, operating principle and test applications of a newly
developed @ S RNE & (MIDA)NHeSigsdd to simulate such fluctuating
environments. The WDA allows adjusting theration of the cycles, the temperature

during the wet and dry phases, and theganic and mineral components, which are all key
parametes inwetcdrya A Ydzf F §A2yad ¢KS 251 Q& Y2ad) AYLERZN
that it is automated, which means that lo#igne experiments are possible without the

need for an operator, an@i) i KI & (GKS @ANIdz2t 6aSyoS 2F TN
atmosphere at ground level can be simulated. Rigorously oxfrgenconditions 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 ()DA:

amino acid glycine in the presence and absence of clay min@idiapleic acid (an oxygen

sensitive amphiphile) with and without the mineral olivine, afiid alkaline pyrogallol

solution. We observed that clay minerals greatly acceleratedittmmposition of glycine

dzy RSNJ 6SG RNE O2yRAGAZ2Yyad® DfeOAYyS LISLIWNIARSA
of the glycine experiments, we developed a reliable gas chromatographic method to
quantify the cyclic dipeptid2,5-diketopiperazingd DKP). Thdecomposition of linoleic acid

Ay 6S0G RNER OelOftSa sl a LINPY2GSR o6& 023K | ANJ
sensitive pyrogallol solution was used as a color indicator for residual oxygen in the WDA.

The simulation facility in our laborator@ dzZNNEy G f &8 O2yaAraita 2F SA.
apparatuses and a surrounding infrastructure. It can be made available to others who wish

to perform cyclic wetdry experiments.

Key words:3+ & OKNRYIl G423INF LKE YI &a-pedddtuaréd By S i NB =
chromatography, linoleic acid, minerals, prebiotic fluctuating environments, pyrogallol,
NREO] Ll2faxz ¢6SG RNEB OeOf Sa
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Introduction

It has been suggested that various environmental settings simultaneously contributed to
the chemical building blocks fromhich life originated (Stliekest 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 spkh 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 fewvery old rocks and minerals and to pristine organic material in meteorites and
comets. Prebiotic chemical research, therefore, strongly relies on theoretical and
experimental simulations. An example is laboratory studies on the repeated wetting and
dryingof potentially prebiotic reaction mixtures.

2SS0 RNEB 0&0ftSa FNBX NBIFNRSR Fa OKIFNIOGSN
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 theref
used alternating wetting and drying, mostly to facilitate oligomer formation (see for
example: Lahaet al. 1978; Lahav & White 1980; Saegibal. 1993; Olasagasét al.2011;
DeGuzmaret al.2014; Mamajanoet al.2014; Forsythet al. 2015).

Wettind R NBepeyidd on the presence of sufficiently high temperatures and, of
course, subaerial environments. Throughout the Late HagganNX & ! NOKSI y X 9
of heat production was much higher than today (Franck 1998; Mattial. 2006). As a
conseque@ce, volcanic 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 (Turee¢ral. 2014), or as islands formea)y 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 thick enough, the resulting lava fields remainaenwor 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 spicedly filled with
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rainwater.On warm ground, the water must have evaporated quite rapidly from the rock
pools, at least from the shallow ones. All this took place under a virtually anoxic
atmosphere with an @partial pressure at ground level that did trexceed 1 times the

presentday value and could have been much lower (Kump 2008; {Nésipet al.2011).

;Hwn;w

W

-

Fig.1. Rock pool with olivinelominated sand surrounded by igneous rock. This photo was taken at
21°m To(h d8bET yHON dEDrEthe volcanic island of La Réunion, Indian Oceafugust 2011.

Several factors can or must be considered when conducting experimental simulations of
gSUGGAYT RNEAY3I LINE OS A &S this rkagon, L have2dusRyhetl &an N2 O
apparatus tha allows the adjustment of key parameters and conditions such as the
duration of the wetdry cycles, temperature, pH value, a strictly oxyfyere atmosphere,
and the inorganic content material of a rock pool. The apparatus, its operating principle,

and same test applications will be described in the following.
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Materials and methods

5SAONRALIIAZ2Y 2F GKS 6SG RNE F LI NI Gdza 02 5!
OELISNAYSy Gt &aS8SGdzady ! { OKt Sy |-inshlatéd@lass riser | €
(b), whose upper part is linked #50mL 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 armspbei(
ylenesulfide)/polytetrafluoroethylene (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 experimentFor a technical drawing and dimensions of the WDA, see-Ei@ive 1.

valve

closed closed

A B C

Fig.2. Schematic representation of the components and operating principle of the automated

WDA. Sedaterials and methods and SOM for a detailed description.

Operating principle(i) While the magnetic valve is closed, the Schlenk flask is heated,
and the waterinside slowly evaporates. Assisted by the gas stream, the water vapor rises
into the reflux condenser. There it condenses, and the liquid water accumulates in the
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reservoir (Fig. 2Afii) After the water has completely evaporated, the residue is dry héate
(Fig. 2B)(iii) After a preset time, the magnetic valve opens briefly to allow the water to
flow back into the hot flask (Fig. 2C). When the valve has closed, the nexdrwetycle
starts.

In our laboratory, up to eight WDAs can be simultaneously ajeer and jointly
controlled. Figure 3 shows an array of four WDRach magnetic valve is controlled by an
interactive bourneagain shell script (bash script). The operating system is Linux (Raspbian
Jessie with PIXEL, version: September 2016, release2{Hi®09-23, 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 frorend (see SONFig. 2){(i) name of the experiment(i) desired

number of cyclegii) cycle duration, andiv) additional information about the experiment.

Fig.3. Four simultaneously operated and jointly controlled WDAs. The control electronics can be

seen on the left.

41



The additional information, the experimental parameters, and the current date are
saved in a log file under the name of the experiment as entefaglire 4 shows the circuit
diagram of the WDA controlleThe transistor board is necessary because the smtaut
voltage of the GPIO ports of the RPi is\8LBC, whereas the relay module requires a signal
input voltage of 5/DC. The LED indicates a successful activation of the GPIO ports after the

operating system has been started. For further details, <2kl $xt.

Raspberry Pi Gul
model B
— e
\—:l—é:bJLED
transistor board T’@_
PSU
relay module —S_ SV our
T 230 VAC IN
I O O R D B
[T I 1T IT 17 11
230 VAC

112345678 ~

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 valvesq8). GUI = graphical user interface

Chemicals and minerals

Glycine (Acros, >9%), 2,5diketopiperazine (Fluka, 98), diglycine (Fluka, 99),
triglycine, tetraglycine, pentaglycine, and hexaglycine (Sigidech), hexanoic acid
(Sigmal f R NA O B}, heptapdicbgrid (Sigrsddrich, x d%), octanoic acid (Sigma

I £ RNA @KlDolei; doyd [B122)-9,120ctadecadienoic acid; Alfa Aesar, @ mixture

of cis and trans9,11- and -10,12octadecadienoic acid methyl esters (SigAldrich),
pyrogallol (benzend,2,3triol; Acros, 9%) 1-fluoro-2,4dinitrobenzene { I y 3 SN &
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reagent; Fluka, >9%%6), N-(tert-butyldimethylsilyBN-methyltrifluoroacetamide (Acros,

982 0 X G NR S K 29%.69%, Kiffu&roadetcfanizydridE (Sigmaldrich x99 %),and
0.25mol L$? trimethylsulfonium hydoxide solution in methanol (Acros) were used as
received. The following analytical standards were obtained from Sigoréch: hexanal,
(2B-2-heptenal, (F)-2-octenal, (E4B-2,4-decadienal, nonanedioic acid, and- 2
pentylfuran. Hydrochloric acid and themmonium salts were of analytical grade. All
chemicals used to prepare HPLC buffer solutions and all organic solvents were of HPLC or
LCMS grade. Double distilled water, prepared in a BD 50 quartz glass distillation apparatus
(Westdeutsche Quarzschmelze)as used throughout. Deaerated water was prepared by
bubbling pure nitrogen through double distilled water for at least 2 h. If it was necessary to
remove residual traces of oxygen, the nitrogen was passed through two flasks containing
alkaline pyrogallosolution before it was used to prepare the deaerated water. Nitrogen
gas was 99.99% pure. According to the manufacturer, it containegaBppm oxygen
(Westfalen AG 2017).

Camontmorillonite (SAZ.), kaolinite (KG&), and nontronite (NA2) were obtaired
FTNRBY GKS /flFé& aAySNIta {2 QinSvéréu bedthMbigholth 2y a ¢
They were prepared by sedimentation (for details, see Dalai. 2016). The olivine used
was from Shigar, Pakistan, and was supplied by M. Jentsch MineraliendEermany).

X-ray powder diffraction revealed that it consisted mainly of forsterite {#$1@) and to a
lesser extent of fayalite (E8iQ). Only olivine crystals that visually appeared homogeneous
were used. Prior to use, the olivine samples weresbed and passed through a sieve stack.
The particle size fraction between 100 and 2680 was used. No further treatment of the

minerals was performed.

¢Sald NBIFIOlGA2ya Ay GKS 6SG RNE F LI NI Gdza

Typical procedure for experiments with glycine and clay minerals

A Schlenk flask containing 8t of water, Ig of clay mineral and 5%g of glycine was

attached to the rest of the WDA. The whole setup was then purged with nitrogen for 14

' FGSNI OKF G GKS 6SG RNE Oe Of A¢. Bungthewhael I NIi S R
experiment the oil bath was kept at this temperature, and a constant flow of nitrogen gas

(3.6LhsY) was maintained. After B, the magnetic valve opened for &in and allowed
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the water to flow back into the hot flask. Then the next cyatkrted. In this way, 4, 8, 12,
Mc 2NJ Hy &adz00SaaAr@S 6SG RNEB 0OeOf Sa ¢SNB LISN
detached from the apparatus, and its content was extracted with water.
t NEPOSRdAzZNBE F2NJ 6SG RNE SELISNAYSyida gA0GK fAy?2
The prepaation of the experiments was carried out inside a glove box containing a pure
argon atmosphere (<fgpm Q). In all cases, 2Q4L (643.umol) of linoleic acid and 3®L of
deaerated water were mixed in a Schlenk flask. Four different systems were thendstudie
dzy RSNJ 6SGGAY I RNBRS It AORYIRIANIG 2lyANR  (B)lthé SNI YA I
fAy2ft SAO | OAR 4| (i Sgufolivinguidianalic)XireR StiAKYS2ND M GI K- G
mixture in a 99.99% nitrogen atmosphere, an@) G KS Ay 2 &t mi&urer OA R &
together with 1g of olivine in a 99.99% nitrogen atmosphere. Each Schlenk flask was
attached to a WDA. Throughout the experiments with the systarasdb, the top of the
WDA was left open, and the WDA was flushed three times with airgorerthat no oxygen
deficiency occurred. In the experiments with the systeenand d, a nitrogen flow of
3.6Lht was adjusted and maintained throughout the experiment.

By heating the oil bath to 150/ (KS ¢S RNE OeOfAy3a g1 a
consisted of eight cycles. The net heating time was 48 h, during whichatiie opened
every 6 h for 15 minAt the end of the eighth and last dry phase, the oil bath wasorerd
and the flask was allowed to cool down. Afterwards, the flask was detached and its
contents extractedThe experiments with the systentsand d were repeated in a static
nitrogen atmospherédi.e., without nitrogen flow). This was necessary becausg#seflow
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 thefdhe WDA to maintain
a slight overpressure (ca. bar). The valve was connected to the nitrogen supply as
shown in SOMFigure 3. The WDA was purged with nitrogen foh2sefore the Schlenk

flask which contained the linoleic acid was attached agairiuntercurrent of nitrogen.

Experiments with pyrogallol
Special care was taken to exclude oxygen throughout the experiments. An alkaline

pyrogallol solution was prepared in an argon glove boxp@rh Q) by dissolving 0.§ of
44



pyrogallol in 3anL of a @oxygenated 26 sodium hydroxide solution in a Schlenk flask.
The flask was then taken out of the glove box and attached to the Wjaist a counter

flow of nitrogengas. A nitrogen stream of ca. £kt was adjusted and maintained
throughoutthe 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 810 ® ¢ KSy F2dzNJ S0 RN
performed duringwhich the magnetic valve opened every @or 15min. At the beginning

of the fifth wet phase, InL of air was injected directly into the solution with a syringe. The
observed color change allowed to draw conclusions on the oxygen sensitivity of the
pyrogdlol solution. The nitrogen used containeg@m of residual @ In a repetition of the
experiment, the nitrogen was passed through two strongly alkaline pyrogallol solutions to
remove the residual oxygen, as described by Shriver & Drezdzon (1986). Enenexis

were also conducted with 3@L of pure water instead of the pyrogallol solution in order

to instrumentally determine the ©content of the liquid phase. The dissolved oxygen was
measured with a FiveGo F4 instrument equipped withL&621 IP67 seos (Mettler-
Toledo).

Analytical instrumentation and procedures

DF&a OKNRBYFG23INILKE YIaa aLISOUNRBYSONE

Gas chromatograms were recorded on an Agilent 6890N/5973 GC/MSD system (Agilent,
Waldbronn, Germany) equipped with a 8MS capillary column (Agilent, 8®length,
0.25mm inner diameter, 0.2pm film thickness, % R A LIK Soy dirhethg p
polysiloxane). Helium was used as carrier gas. The inlet temperature was€ 28@l the

inlet pressure 1.6@ar. The mass detector was operated in the -fddn mode (3%
650amu, 1.24 scans’s electron impact ionization at 7€V).

DKP was analyzed as its tasi-butyldimethylsilyl) derivative (see below for the derivati
zation procedure). Typicallyp L of the analyte solution was injected into the-@IS. The
temperature program was as follows: 140 (hold for 8nin) MH180°C (5°Cminst) My
320°C (10°Cminst). For quantification the selected ion chromatogram rafz 342 was

used.
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For GAMS analysis of linoleic acid methyl ester, typically Q. 2f the analyte solution
were injected using a split ratio of 9:1. The following temperature program was used:
100°C (hold for 4min) M H TCA(6Cmin®l, hold for 4Y A y 0 < 0 °Ch(2BCmin®L).
For quantification the selected ion chromatogrannatz 294 was used.

For GEMS analysis of other fatty acid methyl esters and decomposition products,
5.0uL of the analyte solution were injected in splitless mode. The temperaturgrano
used was 78C (hold for 4min) M H ICN(6°Cmin®l, hold for 4YAY 0 S °h OHN
(20°Cmin®Y).

High-performance liquid chromatography
An HPLC system from Sykam (Furstenfeldbruck, Germany) was used. It consisted of the
following components: reagent oagizer S7121, solvent delivery system S1122, low
pressure gradient mixer S8111, injector valve bracket S5111, column oven Jetstream Il Plus
(ERCRiemerling Germany), and UV/Vis diode array detector S3210.

For ionpair chromatography, a BDS Hypersil CdBion (3> Y LJ- NI A Ofins &A1 S
length, 4.6mm internal diameter) from Thermo Fisher Scientific was used. Typically,
a sample injection volume of 25 ¢ & dzaSR® ¢ KS Y206 mfmdblc LIKI &4 S
Laqueous solution of sodium hexanesulfonateHESQNa) acidified with phosphoric acid
to pH2.5 Bujdak & Rode 1999The flow rate was inLmin<, the column temperature
40°C and the detection wavelength 2hén.

For HPLC analysis of the -Bjfitrobenzene derivatives, a modification of the method
by Dalaiet al. (2016) was used. The column was a Nucleodur C18 Grayity (Barticle
size, 150nm length, 4.6nm internal diameter) from Machereiagel (Duren, Germany).
Typically, 5QuI samples were injected. UV absorbance at 840was used for detectian
A mixture of acetonitrile and 1&mol L trifluoroacetic acid in water served as the mobile
LIKFaSed ¢KS F2ff2gAy 3  3INI R Soetonitridd@eathelfist & | &
20YA Y I (i K Su/0of acqioftiyila over the next 2@in. The flow ratavas ImLminst
and the column temperature 4%C.

The derivatization of glycine peptides was performed, with a few modifications, as

described by Dalagt al. (2016). One hundred and fifty uL of the clay mineral extract
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(see below) were placed in a n2 phstic tube. After addition of 2100L
(3.5umol) of a 1% solution of ffluoro-2,4-dinitrobenzene and 2QL (20umol) of 1mol LS

! sodium hydrogen carbonate in water, the tube was heated to°@Ofor 1h in a
thermoshaker. The sample was then cooled tormotemperature, and 1@l (20umol) of

a 2mol Lt hydrochloric acid were added. After mixing, the resulting solution was dried in
a vacuum desiccator over sodium hydroxide. Finally, the residue was dissolveduib 800

dimethyl sulfoxide. The solutionsane protected from light.

Highresolution/highaccuracy mass spectrometry

Mass spectra were obtained on a Thermo LTQ Orbitrap XL instrument (ThermoScientific,
Bremen, Germany) equipped with an electrospray ionization (ESI) ion source. External mass
calibraion was performed with the Pierce LTQ ESI Positive lon Calibration Solution
(caffeine, MRFA and Ultramark 1621). For internal calibration;ritaecds ions from ambient

air were used (Olseet al.2005). The spectrometer was operated in the positive ion mode
with an ionization voltage of 11V and a capillary temperature of 200. Data acquisition

was in the 50 to 1800a mass range using the Orbitrap mass analyzer operated with a
target mass reslution of 60,000 (defined ah/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 (2%t x 75um, 1.7um particle size). Gradient elution

was from 1 6 50% acetonitrile in 0.% aqueous formic acid over tin. Data processing

and analysis were performed with Xcalibur software (ThermoScientific).

Infrared spectroscopy

Infrared spectra were measured @ttenuated total reflection(ATR)mode with a Therno
Nicolet 5700 FTIR spectrometer equipped with an ATR Smart Q@dmessory
(ThermoScientific, Dreieich, Germang)total of 600 scans were recorded per spectrum.

The measurement range was 4@@@0cm! with a resolution of ZmL.

a7



X-ray powderdiffractometry

Powderdiffractograms of olivine were obtained on a Bruker D8 Focus instrument (Bruker
AXS, Karlsruhe, Germany) with a-®a@nergy dispersive detector (Baltic Scientific Instru
ments, Riga, Latvia). The measurements were performed/widaWd RA F GA2yA) o< T
Ay GKS evHaNI®y IR R dzY OKf 2NARS 41 a dzaSR I a
O9EGNI OGiA2Y YR lijdzk yGATAOLIGAZY 2F 3t e&OAyS
with clay minerals

The extraction was carried out as describedOajaiet al. (2016). In short, 10 extraction
stages were performed with a 100g sample (3 x 600L and 7 x 45QL of water). In each
stage, the suspended sample was shaken fbrahd then centrifuged. The supernatants
were collected, and the volume afi¢ combined supernatants was made tonk. Prior to
derivatization or direct analysis, the extracts were filtered through a QrBOPET
membrane to remove possible particulate matter. Glycine was directly quantified by ion
pair HPLC using calibration cusyewhile DKP was quantified as itsisgert-
butyldimethylsilyl) derivativlby GEMS(see below), andiglycine 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 tlextinction coefficient did not significantly vary
between the different dinitrophenyl peptideddf this assumptiorsee for example: Fujio

et al. 1959). To ensure the correct assignment of the peaks, spiking with reference

compounds was performed.

Derivaization of DKP

Derivatization was carried out in two stef®:protection of amino groups bi-trifluoro-
acetylation which was necessary to prevent the formation of DKP from glycylglycine;
(ii) transformation of DKP into its bteft-butyldimethylsilyl)derivative using a modified
method of Shimoyam& Ogasawara (2002). Typically, an aliquot of 500 yL of the clay
mineral extract was placed in amlL \vial and evaporated to dryness under vacuum. To
the dry residue, 10QiL of dry acetonitrile, @L (42umol) triethylamine and JuL (36umol)

of trifluoroacetic anhydride were added. The vial was then tightly closed and heated for
48
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60min at 40°C. DKP was stable under these conditions, whereas amino groups were
trifluoroacetylated. After that, the sample wasvaporated to dryness in a stream of
nitrogen. To the dry residue, {8 of dry acetonitrile and 25L (106umol) of N-(tert-
butyldimethylsily)N-methyltrifluoroacetamide were added. The vial was tightly closed,
and the mixture was heated for 3 h at 100 with frequent shaking (approximately every
30min). After cooling to room temperature, the volume was made to iDOwith dry
acetonitrile. Then the solution was transferred to a GC vial and measured.

The excess of the derivatizing reagent used wadcseffit for quantitative reaction.
The completenessf the second derivatization stepas tested by comparing the GC peak
area of the product 1;bisgert-butyldimethylsilyl)piperazin@,5-dione in experiments
with different excesses of the reagefture dycine and glycylglycine were also derivatized
as described above to ensure that they do not form DKP during the derivatization process.
Furthermore, pure DKP was derivatized as described above as well as onN-{téth-
butyldimethylsilyl)N-methyltrifluoroacetamide. = 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 ®dreactions occurring during the derivatization

process (e.g. DKP hydrolysis or formation).

O9EGNI OlGA2Y YR lijdZd yiATAOLIGAZ2Y 2F tAy2tSA0O |
The residues in the flasks containing linoleic acid or linoleic acid plus olivine wexeteatr

ten times with ImL oftert-butylmethyl ether each time. The final volume was made to

10mL. Additionally, the aqueous phase in the reservoir was extracted wittmL1@f
dichloromethane. Both extracts were used for-@IS analysis. Before measuremetiite

extracts were filtered through a 0.45m PTFE membrane to remove particulate matter.

The dichloromethane extract was divided in half, one half was measured directly with GC

MS and the other half was derivatized with trimethylsulfonium hydroxide (stew). The
tert-butylmethyl ether extract was also derivatized with trimethylsulfonium hydroxide.
Decomposition products were identified by comparing their retention times and mass

spectra with those of authentic samples.
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Derivatization of fatty acids

Faty acids were methylated withrimethylsulfonium hydroxide as described by Butte
(1983). 5QuL of thetert-butylmethyl ether or dichloromethane extract were mixed with
150puL of a 0.2%nol L' methanolic trimethylsulfonium hydroxide solution. After ten
minutes at room temperature, the mixture was injected directly into the GC (inlet
temperature 280°C). The completeness of the derivatization reaction was tested using a
4-, 8 and 12fold exces 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 sufficient for quantitative reaction. In practice, we used a 12
fold excess to take into account that derivatizable decomposition products may

additionally be present.

Results and discussion

+SNBIFGAEAGE 2F GUKS ¢S4 RNE I LILI N¥ Gdza 625! 0
The setup and operating principle of the WDA are described under Materials and nsethod
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 additional aspects, partlyrasieght
modification of the experimental configuration. For example:

(i) Temperature (fluctuations)in our test applications, the temperature of the flask
content at the beginning of the wet phase was ca. 100(boiling point of the aqueous
solution). he temperature slowly increased as a result of evaporation of water and
reached between 110 and 15C, depending on the heating bath temperature, when the
RNE LIKIFaS adFINISRe® ¢Kdzasxr GKS 25! LISNF2N)a
fluctuations. The pssible prebiotic role of combined fluctuations of water content and
temperature was recognized early on bghavet al. (1978).With the standard design of
GKS 2513 GKS dzal of S (S yYriadain woNdcal MbdificatdnsA a O
would allowan upper temperature limit of 250C. The low temperature limit is determined

by the wet phase duration which, of course, increases with decreasing temperature of the
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heating bath and will become unreasonably long when the temperature is too low. The
temperature limits may be different for neaqueous solutions. This is worth mentioning
because organic solvents can be prebiotically interesting, for example, in the context of the
oil-slick scenario (Lasagaal.1971; Cleaves & Miller 1998; Nilson 2002).

(ii) Cycle durationln the experiments described in the present paper, the duration of a
complete cycle was B. The wet phase varied between 2 andh &nd the dry phase
between 3 and 4h, depending on the composition of the reaction mixture 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 offéwas chosen for practical reasons (exactlyrfoomplete
cycles per day) and because it is in the range of the suggested tidal cycle duration on Earth
3.9Ga ago (Lathe 2006). Since the durations of the wet and the dry phases can be
independently adjusted, a combination of short wet and long dry peafor 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 phas&he only materials that come into contawtth the liquid and
gaseous components in the WDA areperfluoroalkoxy alkane (PFA),
polytetrafluoroethylene(PTFE)perfluoroelastomer(FFKM) and Borosilicate glass 3.3. As
these materials are largely inert, a broad range of acids, bases, salty solwigasjc
solvents, gases or gas mixtures can be employed.

(iv) Solid phaseVirtually all types of prebiotically relevant solids can be used, for
example, rocks, minerals, meteoritical materials, and insoluble organics such as tholins
(Sagan & Khare 1979) and thermomelanoids @t@t. 2015).

(v)Volatile productsGas absorptio 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 processesocdlh Yy 3 RdzNAYy 3 6SG RNE OeOfAy3ad / 21

(vi) Reaction flaskThe standard version of the WDA has a-meeked round bottom
flask with gas inlet (Fig. Z2lowever, because of the modular construction, different flasks

are possible. A twmecked flask with gas inlet, for example, would allow taking samples
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against a counter flow of gas during the experimeffta.quartz flask is used, UV irradiation

of the reaction mixture, preferably by use of a fikmstic cable, would be possible.

Test gplication I. Glycine and clay minerals

Inspired by the work of Lahav et al. (1978), we chose to study the behavior of glycine (Fig.
5) in the presence of clay minerals as a first test application of the WDA. Instead of exactly
repeating the literature exgriments, our experiments were adapted to the WDA by
selection of the minerals, glycine content, temperature range, atmosphese éNd cycle

and expennent duration. The clay minerals used were kaolinite @&Ganontmorillonite
(SAZ1) and nontronite NAu2). 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 gicine.

First we investigated the behavior of glycine in the absence of minerals. After 2 wet
dry cycles (in total, ca. 36each at 100C and 150C) 98% of the glycine had survived;
after 28 cycles (in total, ca. 8deach at 100C and 150C) 9®46 wee still present (Table 1
and Fig. 6). In an experiment without welry cyclingDalai 2013 has dry heated glycine
at 150°C for 4& under nitrogen. She observed that 98 of the amino acid remained
unchanged Comparing this result with that of our £&cle experiment, which included ca.

36 h of dry heating at 150C, we see that thglycine survival rate was equally highboth

cases Obviously, the wet phases had no effect.

0 JLW 0O
HN H
H.N H,N N. _COOH
O O n—2

o)
Hgly DKP Gly,,

Fig.5. Structures of glycine (Hgly), cyclic glycine dipep(Ri&-diketopiperazine, DKP) and linear
glycine homopeptides (Gly
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Table 1.Survival and oligomerization of glyciderings S

RNE OeOf Sa

%

presence of different clay mineralBheumol values given for glycine and peptides are tb&l

amounts in the respective experiment.

2,02 ol S| Q o) Q @ @
, O B2 8es 2@ 3 S 3 1S = 5
Mineral < |28 35 |8 3 8 |2 — — — = =,
o |23 |z 5| Q2 = E E E E =
S ER SR ER Y - 5 3 3 3 3 3
18 T |3 Ty (s 3 =3 = =3 k=2 k=2
= = = =2
12 677 665 98 0.7 1.3 n.d. n.d. n.d. n.d.
Without
.I ou 28 758 735 97 4.0 3.2 0.37 0.09 n.d. n.d.
mineral
282 | 756 731 97 3.3 3.3 0.43 0.11 n.d. n.d.
4 677 239 35 1.9 2.4 n.d. n.d. n.d. n.d.
8 677 219 32 2.7 2.6 0.33 n.d. n.d. n.d.
Kaolinite
12 77 14 . 1.2 2 A . .
KGa2 6 96 3.0 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
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.
Montmorill
(?n mort 12 742 229 31 2.2 35 0.41 0.09 n.d. n.d.
onite SAZL
16 742 196 26 2.3 3.7 0.56 0.15 n.d. n.d.
28 742 51 7 2.7 1.5 0.62 0.31 0.22 0.20
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.
Nontronite
12 698 75 11 2.1 1.2 n.d. n.d. n.d. n.d.
NAuU2
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.

n.d., Not detected by HPLC using UV/Vis detecfi®epeat of previous experiment.
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in ananaerobic atmosphere.

There were, however, differences in the residue composition between dry heating and

OeofSa Ay UKS 0aSyos

wetcdry cycling. Dry heating of glycine yielded small amounts of the cyclic dipeptide DKP

(Fig. 5) as the only peptide. Welry cycling, irtontrast, also produced the linear dipeptide
Gly: (Fig. 5, 0.4%6 yield) in addition to DKP (GRyield, Table 1). Possibly Gisas formed

from DKP by ringpening hydrolysis during the wet phases. After 28 cycles,atrd

tetraglycine were also detectedy HPLC (0.2 and 0.95 yield, respectively; Table 1).

In order to check if peptides longer than Ghad been formed, highesolution/high

accuracy mass spectrometry was used to analyze the sample. It revealed that all linear

peptides from Glyto Glyiowere present (SOMable 1). Thus, wetlry cycling led to longer

oligomers than dry heating alone. This is a general observatnm limited to

glycingp which has motivated some recent theoretical studies (Varfolomeev &

Lushchekina 2014; Higgs 2016; Ros®&amer 2016). According to Higgs (2016), for

example, oligomer formation occurs during a dry phase, but is constrained by restricted

diffusion. In the subsequent wet phase, however, repositioning of the molecules takes

place, so that in the next dry phaséigomerization can progress. Therefore, and despite
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possible hydrolysis during the wet phases, longer oligomers are formed than by dry heating
alone. In a bestase scenario, wetlry cycling will generate an equilibrium chain length
distribution that appoaches the one that would occur if free diffusion was possible in the
dry phase.

The stability of glycine under wedry 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 firstorder kinetics; the fits are quite good, given that the systems are
heterogeneous (see SOMig. 4). As in the experiments without minerals, alptmies up
to the decaner (Glyo) were identified in the 2&ycle experiment with montmorillonite
(SOMTable 2). The peptides up to elyere quantified (Table 1). Overall, a trend can be
observed that the amount and length of peptides increased with iasireg number of
cycles. Also, there is a clear tendency for the formation of longer peptides (eiythe
presence of a clay minexgleven though DKP and Ghyere still formed preferentially.
Figure 7 shows the individual peptide contents as a functibrycle number for the
montmorillonite experiment. It can be seen that the amounts of DKP ang Gigreased
steadily over the 28 cycles of the experiment. In contrast, the amount efr&hghed a
maximum at cycle 16 (3¥mol, 1% yield) and then deeased to 1.5umol (0.4% yield) at
cycle 28. With the other two minerals, a maximum in the amount of @Glgurred already
at cycle 8 (kaolinite: 2.amol, 0.8% yield; nontronite: 1.¢imol, 0.5% yield). Then, after
an intermediate decrease, another maxim 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@gle limit.

Two sources of Glyhave to be considered, namely the condensation ofcigle
molecules in the dry phase and the partial hydrolysis of other peptides, particularly DKP, in
the wet phase. The reverse reactign&ly, hydrolysis (wet phase) and condensation to
2 (0 KSNJ LJS LJi A Reedhe pokeiBl sinki Ob&iduslyp in oumeral experiments,
the formation initially prevailed, because the &¥yelds increased up to a certain point in
time. But then the situation changed and the loss ob@tminated. The first idea that may

come to mind is that, at this point in time, thate of formation of Glyand its precursor
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DKP decreased because not enough glycine was left. However, on a molar basetstill 50
100fold more glycine was present than glyhen the Gly content started decreasing.
Another possibility is that the more of the peptides &lyhat formed in the course of the
experiment, the more crucial binding sites of the mineral were occupied by themm@ly

not have been able to displace these longeptides. As a result, Gljormation and/or
protection against hydrolysis decreased. These models, however, cannot explain why a
second maximum of the amount of Glwas observed with two of the minerals. The
situation is further complicated by as yet dentified decomposition reactions (see below).

Therefore, further studies are required, which are however beyond the scope of the
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Fig.7. Changes of the glycine apeptide contents in the system glycinrmontmorillonite during

%SG R NE The®as®riskindigates the overlapping curves fog &g Gly.

The decrease of glycine over time varied only marginally between the minerals used

(Table 1 and Fig. 6). Witregard to peptide formation, however, there were clear
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differences. For example, the formation of longer peptides is promoted in the order:
kaolinite > moninorillonite > nontronite. With kaolinite all peptides up to &bould be
detected with HPLC alreadyter 12 cycles. With montmorillonite it took 28 cycles before
detectable amounts of Gyjhad formed, and with nontronite Gdyvas not observed at all.
Regarding the overall yield of peptides, kaolinite was again the most efficient mineréd: 3.3
of the dycine had been transformed into peptides after 28 cycles. The corresponding
numbers for montorillonite and nontronite were 1.9 and 1.8%, respectively.

In the mineral experiments, peptide formation only accounted for a minor proportion
of the glycinadecrease. In fact, several unidentified decomposition products were detected
by HPLC. We know from the analysis of Hé-dinitrophenylderivatized samples that
many of these products were amines. To trap volatile acidic and basic products, the
kaoliniteexperiment was repeated twice using an absorption bottle which containek 30
ammonia solution and 2@ hydrochloric acid, respectively. The bottle was attached to the
gas outlet of the WDA. After 12 cycles, the content of the bottle was analyzed. Nogisodu
were detected in the ammonia solution. From the hydrochloric acid, however, ammonium
chloride was isolated and identified by its IR spectrum, indicating that the reaction mixture
released Nkl The fact that no acetic acid was found suggests that therh&y not have
been produced by deamination of glycine but in secondary decomposition reactions.

It is interesting to compare the results of our-2¢cle kaolinite experiment with the
results obtained by Lahav et al. (1978) in their experiment no. 7, ich#aolinite 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 differences in the overall duratmithe dry phases (ca. 3dbvs. 67.4)
and the temperature range (1@250°C vs. 6694 °C). Furthermore, we performed our
experiment in a pure Natmosphere, which might have suppressed some decomposition
reactions. Despite these differences, the amount of2&ymed was the same within a
factor of 1.7 (2.1 and 3.5 nmol/mg clay, respectively). The yields ea@lyGly, however,
were consideralyl 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 afdBly no Gly.

The overall yield of linear peptides was also higher ¥4.8s. 1.06). Thus, we cautiously
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conclude that higher temperatures and short cycles, as present in our experiment, favor
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 Lethalvand
therefore cannot be compared between the two experiments.

In this section, we demonstrated that our newly designed apparatus enables the
fully automated execution of wetry cycles over a oneeek period. Londgime
SELISNA YSyii& ¢ ¢ soiniands fdStekn@dnetid Blve also during nights and
5SS1TSYRa@elINB LlRaaArofS gAlGKz2dzi GKS ySSR F2NJ
it is possible to collect for analysis volatile reaction products at the gas outlet of the

apparatus.

Test applicatia Il. 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 doyhinsaturated longhain fatty acid (Fig. 8), is
among the compounds that can form vesicles (Gebicki & Hicks 1976). Therefore, it seems
reasonable to consider it as a potential model compound in origins of life research,
although it has been argued that saturated fatty acids are less prebiotically plausible
than saturated ones (Hanczgtal.2003). Linoleic acid is sensitive to air oxidation (see for
example: Frankel 1991; Portetral. 1995); otherwise it is quite stable and can, for example,
survive infossil teeth for at least one million years (Das & Harris 1970). Thus, linoleic acid
was considered ideal to test the suitability of the WDA for experiments witsegisitive

compounds.

Fig.8. Structure of linoleic acid [R122)-9,12-octadecadienoi@cid].
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According to a model proposed by Damer & Deamer (2015), amphiphile vesicles,
minerals and hydratiogdehydration cycles on volcanic islands could have been central to
0KS S@2ftdziAzy 2F aeaidsSvya 2F Tdzy Ogrbuhg/wef LI2f &
investigated the stability of linoleic acid (as a potential prebiotic amphiphile) irgdmgt
cycling under various experimental conditions: in air and under nitrogen, and in the
presence and absence of the mineral olivine. A mineral was inclndiis study because
our test application | (see above) had already shown that minerals can drastically alter the
behavior of an organic molecule in welry cycles. Olivine was chosen because it is
commonly associated with volcanic rock pools (Fig. 1).

When linoleic acid, a colorless liquid, was subjected to eight consecutivgyatycles
in air, a brown residue resulted. Analysis of this residue showed that ofly d&he initial
amount of linoleic acid had survived (Fig. 9). This is not surprsaneg linoleic acid is
known to react with atmospheric oxygen and to subsequently decompose even without
wetcdry cycling (Frankel 1991; Portetr al. 1995). Furthermore, % of the initial linoleic
acid formed the conjugated linoleic acid isomers 9drid10,12octadecadienoic 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 experintenHowever, 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 pressure relief valve to enable
the use of astatic nitrogen atmosphere (see Materials and methods). With this
modification, spreading of the linoleic acid no longer occurred. After eightdvgtcycles
under a static nitrogen atmosphere, the residue was still colorless, even though oty 73
of the initid amount of linoleic 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% vs. %). Considering both linoleic acid and its conjugated isomers, only
attalof 32 2F (GKS AadGFNIAY3I YIFIGSNAIE wism®E RSO?2
experiment in air. This result shows that in the absence of oxygen linoleic acid is quite stable

against decomposition, but not against isomerization, underqa@st cycling condions.
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The experimental data also suggest that the oxidative decomposition may be faster than

the isomerization.
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Fig.9. Sability of linoleic acid(92,122)-9,12-octadecadienoic acidifter eightwet dry cycles under
various conditions. The amounts afrgived linoleic acid and formed conjugated isomers (Sahtl

10,12octadecadienoic acid) are given relative to the initial amount of linoleic acid.

In further experiments, the effects of olivine on the stability of linoleic acid were
investigated. Afteeight wegkRNE O O0f Sa Ay |ANE | fAy2fSAO
residue whose G®IS 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 experiment in air without olivine @5and %%,
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
wettRNE Oe Of S& dzy RSNJ YAUNRISY UGY2ALKSNBeAyY C
where the residue was colorless. Overall,9850f the starting material had survived

unaltered (64%) or been transformed into the conjugated isomers ¥21Fig. 9). Thiis
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12 % less than in the experiment without olivine. Thus, against expectation, olivine affected

the decomposition.
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Fig.10.Number of decomposition products formed from linoleic acidightwet dry cycles under
various conditions. Only products Wwia GC peak area >0/ of the total area were taken into

account. Individual products that could be identified are listed in Table 2.

To obtain a better understanding of the effect of olivine we analyzed byv&Ghe
volatile products from all four expenents (air, N, air+olivine, and M+ olivine). As an
overview, first the number of decomposition products was determined (Fig. 10). In air,
many more products were formed than under nitrogen atmosphere (28 vs. 3). This is in
accordance with the substantially higher decomposition rate obsgrin 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 air. Here, the addition of the malestrongly increased the
number of decomposition products from 28 to 46. This influence is not reflected in the
decomposition rates in air, which were virtually the same with and without olivine (see
above). These observations show that olivine intengeimethe decomposition mechanism.

One may assume that interactions with the mineral surface open additional reaction paths
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for radicals, which are known to be involved in the decomposition of linoleic acid. We did
not pursue this idea further, because thein 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 oxidation products from linoleic acid and the mechanisms of
their formation, see, for example, Frankel (1982). These compounds are secondary
products that usually form from the initially formed hydroperoxides. Hexanal; 2,4
decadienal and ®xononanoic acid were present in all samples. Indeed, they belong to the
most abundanbxidation 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
wetcdry 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 air. Obviously, the mineral was responsible for its formation,
possibly by promoting the oxidation of®ononanoic acid. Even in the experiment end
nitrogen without olivine, three typical oxidation products were found, namely hexanal, 2,4
decadienal and @xononanoic acid. This, together with a slight decompositioto(3ee
above), indicates that minor oxidation has occurred. The residual oxBygm{) present
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 % decomposition may, at least in pake attributed to the
derivatization process for linoleic acid and its isomers which was carried out in air. The
same considerations apply to the experiment under nitrogen with olivine. In this case,
however, olivine clearly exerted an additional influen®flected in a more complex

mixture of decomposition products (Fig. 10).
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Table 2Volatile decomposition products formed from linoleic acid in @t cycling experiments
The compounds were identified by mass spectrometry and comparison of the

GC retetion times with those of authentic samples.

Experiment
Compound . Air N>  atmosphere

Alr Ne atmosphere + olivine  + olivine
Hexanal n n n n
2-Heptenal n.d. n.d. n n.d.
2-Octenal n n.d. n n.d.
2,4-Decadienal n n n n
9-Oxononanoic acid | n n n n
Hexanoiacid n n.d. n n.d.
Heptanoic acid n.d. n.d. n n.d.
Octanoic acid n n.d. n n
Nonanedioic acid n.d. n.d. n n.d.
2-Pentylfuran n.d. n.d. ) n.d.

aCompound identified only by its mass spectrum.Detected. n.d., Not detected.

In the absence of olivine, the potential prebiotic amphiphile linoleic acid proved
relatively resistant to wegdry cycling in an oxygeinee atmosphere, except that it formed
larger amounts of two of its conjugated isomers. The virtual absence of oxygsarlyn
9 NIKQa FGY2aLIKSNBE YR GKS LRGSYGAFf Ay Tt dzS
experiments simulating the conditions in prebiotic rock pools. If, for example, the above
experiments had only been conducted in air, one would have concltidgdlivine had
no effect, because the survival rate of linoleic acid was independent of the presence of

olivine (46% and 4%%6 with and without olivine, respectively; Fig. 9). The experiments
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under nitrogen, however, revealed that olivine significantigeted 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 apparatusuitable for studying mixtures that closely simulate the
probable contents of primordial rock pools. The 99.99926ddd in the test applications |
and Il should be sufficiently oxygéme for most applications of the WDA. However, in the
experiment withlinoleic acid under nitrogen, minor oxidation was observed (see above).
Hence, more sensitive compounds may require an atmosphere with less residual oxygen.
In the following, we describe how virtually complete exclusion of oxygen can be achieved

by a simje means.

Test application Ill. Alkaline pyrogallol solution

In order to assess the importance of residual oxygen in the aqueous phase, we monitored
the dissolved oxygen concentration in pure water duringgaey cycling using an oxygen
meter. Prior to dearation, the water contained 4.1mgQO; LS. After deaeration, the
oxygen concetnation was below 0.0IngLs* 6 n ® o OxLY),2nthich was the detection
limit of the instrument. With this deaerated water four weetry cycles with a total duration

of 24h were performed in the WDA in a stream of 99.989N (3.6Lh<Y). At the start of

the wet phase immediately following the end of the fourth cycle, the oxygen concentration
was still below 0.0Ing L%, To check the measurement processnl of aircorrespading

to 0.01mmol of Q) was injected against a countercurrent of nitrogen next to the oxygen
sensor. This increased the dissolved oxygen concentration up tor@19 for a short
time. Then the concentration decreased again, since the nitrogen stresnoved the
oxygen from the WDA.

In addition to the physical measurement of the residual oxygen, we used alkaline
pyrogallol solution as a highly sensitivez ©olor indicator. This solution reacts
quantitatively with Qp 4 KSNBE F2 NBE A (0 Ol fifatian 6f gakes &ritl re@al) (G K S
2F 2E@3Syogl yR Odlbrigs3 ® dechO@nfodbick BFoMa® il theresence
of G (Shriver & Drezdzon 1986). Pyrogallol reacts with oxygen to form a complex mixture

of products, among them the dark colored purpurdgelFig. 11, Abraskt al. 1989).
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Therefore,pyrogallol allows the detection of traces of oxygen with the naked eye. O
amounts as low as 0.38mol (8uL) have been determined using a photometer (Dunetan

al. 1979).

OH OH Q@ -,
HO o, HO
2 —
HO OH"  Ho

Fig.11. Reaction scheme for the fimation of purpurogallin (2,3,4;&trahydroxybenzocyclo
hepten5-one) by air oxidation of an alkaline solution of pyrogallol (Abedsl. 1989).

We performed an experiment in which alkaline pyrogallol solution was exposed to four
wetcdry cycles in atream of 99.99% N (ca. 72Lh¢<Y; 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. 12A, B and D, respectively). After four cycles, the initially colorless
solution had turned brown (Fig. 12B), indicating reaction with oxygen. The subsequent
injection of 1 mL of air (corresponding to 0.0dmol of Q) caused only a slight @l
intensification (Fig. 12D). This result was surprising because the WDA had been carefully
checked for tightness before starting the experiment. In addition, the high nitrogen flow
rate prevented any negative pressure. However, it was precisely thisfloigirate that
caused the oxidation! According to the manufacturer, the nitrogen used contained
3 vol ppm oxygen (Westfalen AG 201This means that ca.rBL (0.2nmol) of Q entered
the apparatus during the 2# duration of the experiment, enough to csel the brown

color.

65



Fig.12. (A) Pyrogallol starting solution. (B) After four cycles for 24 h under 99.999 ¢G)NAfter
four cycles for 24 h under 99.999 %that had been passed through two pyrogallol solutions before
entering the WDA. (D, E) After insertion of 1 mL of air into the solutions shown in B and C,

respectively.

The previous experiment was repeated, but now the nitrogen was passed through two
gaswashing bottles in series, each containing strongly alkaline pyrogallol solution to
remove the residual oxygen. The resulting oxyfre:e 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 miL_1of air
(Fig. 12A, C and E, respectively). After four cycles, the solution was still almost colorless
(Fig. 12C), indicating that during the experiment thecOncentration inthe WDA was
negligible. Only when L of air (0.0Inmol of Q) was injected directly into the solution,

a color change to light brown/dark yellow was observed (Fig. 12E). This experiment proved
that when the nitrogen used is thoroughly freed of, @ven etremely oxygersensitive

compounds can be wetlry cycled in the WDA.
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Concluding remarks

In summary, we have shown that our novel apparatus is well suited for the automated
perforY  y OS 2F LINBoA2GAO 6SG RNE SELISNACYSY (aod
FEdzOUdzr GAYy3 SYy@ANRYSYyGa Ay LiNdateRdRewet NP O]
dry cycles, the temperature, andteNH | YA O YR YAYSNIf O2yidSyiq
fairly wide range. Another key feature is that the experiments can bdwcted in a strictly
oxygenfree atmasphere. We tested the apparatus on three chemical systems, nafmely

the amino acid glycine with and without clay minerdigthe oxygensensitive amphiphile

linoleic acid in air and under nitrogen, and with andheut olivine, and(iii) an extremely
oxygensensitive alkaline solution of pyrogallol. In addition, the apparatus has been used

in a study on the prebiotic formation of iron porphyrins (Plegéral, manuscript in
preparation).

Currently, eightidenticab S RNE | LILJI N} 6dzaSa FNBE 2LISNIY GS
embedded in an infrastructure of analytical tools, for example (chiraBPMSCHPLC
DAD/ELSD/CDXray powder diffractometry, and IR and UV/Vis spectroscopy. Also
available is an argofilled gbve box (<hbpm Q) in which oxygefsensitive starting
YFEGSNAFEa OFy oS LXIFOSR Aydu2 (GKS Ftlral 2F ¢
can be isolated and prepared for analyses. This facility can be made available to researchers

fromotherinstidzi A 2y a 6K2 | NB AYGSNBaAaUGSR Ay LISNF2NY
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Details of the hardware and software setup of the WDA controller

Hardware

Eight GPIO (general purpose input/output) ports are used to control an eight-channel 5 VDC
relay module (SainSmart, Lenexa, Kansas, USA); each GPIO port controls one relay (green
lines in Fig. 4). The relay module requires an operating and controlling voltage of 5 V. The
voltage of the GPIO output, however, is only 3.3 V when active (0 V when inactive). There-
fore, transistor circuits were necessary, which were prepared according to the manufacturer’s
instructions. A power supply RS-35-535 W 5 VDC (Mean Well, New Taipei City, Taiwan) is
used, which also provides power to the Raspberry Pi. Each relay closes or opens the 230 VAC

current circuit of a magnetic valve, which accordingly is open or closed.

Software

The GPIO ports are enabled and configured to output by an additional bash script. This script
runs at the end of the system boot process and is therefore an entry in the /etc/rc.local. After
all ports that are necessary to control the relay module have been successfully enabled and
configured, and only then, the script activates an additional GPIO port to which an LED is
connected. Only after all needed ports have been successfully enabled and configured, the
LED glows and indicates the readiness for use.

Each of the eight relays on the relay module is controlled by one GPIO port. Therefore, for
each relay a bash script exists. Thus, eight wet—dry apparatuses can be used independently
from each other. The script activates the corresponding GPIO port, which subsequently acti-
vates the connected relay, resulting in opening of the magnetic valve attached to this relay.
Conversely, this means that the deactivation of the GPIO port leads to deactivation of the
relay and closure of the magnetic valve. The activation and deactivation occur according to
the instructions that have been entered by the user via a graphical user interface (see SOM-

Fig. 2).
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Tidal Simulator 1
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SOM-Fig. 2. In order to use the hardware efficiently, a convenient graphical user interface
was implemented in the bash script which controls the wet-dry apparatuses. After the bash
script is started, eight easy-to-use input and output boxes (a—h), which are based on the dialog
command, open sequentially in the command line window. The first dialog box displays the
identification number of the apparatus that will be controlled (a). After confirmation, the
desired experiment name is entered (b). The next dialog box is an editor for optional data
input (¢). In the following two dialog boxes, the number of cycles (d) and the cycle duration
(e) can be defined. Before starting the experiment, all set parameters can be checked (f). After
confirmation, the experiment starts and its current status is shown (g). After completion of the
experiment, a dialog box opens and displays the created log file, which is stored on the hard

drive of the Raspberry Pi.
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%* pressure

N, relief valve

SOM-Fig. 3. Modified WDA used in the static atmosphere experiments with linoleic acid.
In contrast to the standard setup (compare Fig. 2), a pressure relief valve was used. Further-
more, the nitrogen inlet was at the top of the apparatus and not at the Schlenk flask. This
prevented spreading of the linoleic acid in the WDA when the valve opened.
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SOM-Table 1. Identification of glycine and glycine peptides by high-resolution/high-accuracy

mass spectrometry in samples exposed to 28 wet—dry cycles without clay mineral

il Elemem_a_l M + H] [M +H] A
composition experimental calculated  (ppm)

Hgly C,HsN, 0, 76.03922 76.03930 -1.1
DKP C4HeN, 0O, 115.05022 115.05020 +0.2
Gly, C4HgN, 03 133.06081 133.06077 +0.3
Glys CeH11N304 190.08244 190.08223 +1.1
Gly, CgH14N4Os 247.10382 247.10369 +0.5
Glys Ci10H17N50¢ 304.12511 304.12515 -0.1
Glys C12H20N6O7 361.14653 361.14662 0.2
Glyy Ci14H23N7Og 418.16787 418.16808 -0.5
Glys C16H26N505 475.18934 475.18954 -0.4
Glyy C1sH29NsO1 532.21068 532.21101 -0.6
Glyio CyoH3N10On - 589.23247 589.23247 +0.0

M is the molecular mass, and 4 is the difference between the experimental and the calculated
[ + H]" values.
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SOM-Table 2. Identification of glycine and glycine peptides by high-resolution/high-accuracy

mass spectrometry in samples exposed to 28 wet—dry cycles with montmorillonite

el Elemem_a_l [As * ] [A +H]' A
composition experimental calculated  (ppm)
Hgly C,HsN, 0, 76.03918 76.03930 -1.6
DKP C4HeN,O, 115.05020 115.05020 +0.0
Gly, C4HgN, 03 133.06080 133.06077 +0.2
Glys Ce¢H11N304 190.08235 190.08223 +0.6
Gly, CsH14N4Os 247.10386 247.10369 +0.7
Glys C1oH17N505 304.12521 304.12515 +0.2
Glys C12H20N6O;7 361.14659 361.14662 -0.1
Gly; C14H23N;70s 418.16792 418.16808 0.4
Glys C16H26N5O05 475.18932 475.18954 -0.5
Glyy C18H29NsO1 532.21108 532.21101 +0.1
Glyio CyoH3oN10On 589.23215 589.23247 0.5

M is the molecular mass, and 4 is the difference between the experimental and the calculated
[M + H]" values.
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2.2 A possible prebiotic ancestry gforphyrin-type protein cofactors
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Reproduced with permission fro®pringer Nature

Kurzzusammenfassung

Fox und Strasdeit (2018ndeneinen potentiell prabiotischen Reaktiorswegfur die Bit
dung von hydrophoben Pohgrinen an urzeitlichen Vulkankistein dieser Arbeitvird
hieranangekniptft, indemdie Metallaufnahme durch hydrophobe Porphyrine untersucht
wird. Als Modellverbindung dient dasasserunldsliche Octaethylporphyrirp(Bep). In
einem simulierten Rock Pool wurden NasslrockenZyklen unter reiner
Stickstoffatmosphéare durchgefiihrt. Als Quellen fur die Metallionen wurden l6sliche
Chloride von Mg, F&*, Cd*, N#* und C@* sowie praktsch unl6sliche Minerale und
Gesteineund auch Eisenmeteoriteerwendet.Aul3erdem wurde der Einfluss varedrigen
pHWertenund kinstlichem Meerwasser im Vergleich aRBasser (doppeliestilliertem
Wasser) untersuchtEs wurden Metalloporphyriusbeuten bis zu 7% bezogenauf
Hx(oep) beobachtet Bei den Untersuchungen stellte sich heraus, dass
Octaethylporphyrinatomagnesium(itn Saurerund auchin Anwesenheit von Félonen
instabil war; die Fe&*lonen bewirkten eine Transmetallierung unter Bildungles
EisenkomplexesAuf Grund der Versuche erscheint pfusibel anzunehmen, dass
Vorlaufer der modernen Cofaktoren Ham,2Bund F430 ¢ Eisen, Cobalt und
Nickelporphyrinoidy 2 YLJX SES &t | 0 A 2 (A & O KehehkizhtenRuSdNdr F NN K S

Protometabolismen zur Verfiigung standen
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AbstractIn previous experiments that simulated conditions on primordial volcanic islands,

we demonstrated the abiotic formation diydrophobic porphyrins. The present study

focused on the question whether such porphyrioan be metalated by prebiotically

plausible metal ion sources. We used waitgsoluble octaethylporphyrin (f{dep) as a

model compound. Experiments were conducted in a nitrogen atmosphere under cyclic

6SUGU RNE O2yRAGAZ2Yya Ay 2 NR/BoNheitan pebiowcdabck G S {0 F
L22fad® 2SGiAy3a RNEAY3I LINPS@SfRant dyilds @fSthe | O N2
YSGF 2 L2 NLK withkegp&ct tdHroep) weng obtained fronthe soluble salts

MCb (M =Mg, Fe,Co, Ni and Qun freshwater. Even almosisoluble minerals and rocks

metalated the porphyrin. 8salt (an iron source, 1% vyield), syntheti@ipurite (CoS, 336)

and syntheticcovellite (CuS, 5%0) were moskefficient. Basalt, magnetite and FeQiave
considerably higher yields in artificisawvater than in freshwater. From iron sources, the

highest yields, however, were obtained in an acidic medium (hydrochloric acid with an

initial pH of 2.1). Under these conditions, iron meteorites also metalated the porphyrin

Acidic conditions were consded because they are known to occur during eruptions on
volcanic islands. @aethylporphyrinatomagnesium(ll) did not form in acidic medium and

was unstable towards dissolved %Felt is therefore questionable whethemagnesium

porphyrins, i.e. possible amstors of chlorophyll, could have accuated in primordial

rock poolsHowever, abiotically formed ancestors of the modern cofactors heme (ke), B

(Co), andmazo (Ni) may have been available to hypothetical protometabolisms and early

organisms.

Keywads Abiotic synthesesAcidic condition$ IronT Metalloporphyrinsi Rock pool$
250 RNER OeoOfAay3
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Introduction

In order to perform their functionY' I y & LINRP GSAY & @ LI NI A Odzt I NI &

C

transfer and redox reactions (including electranNJ y & F SN ¢ NB |j dzA-$id8d & Y I  f
organic moleculesas ccoenzymes 2 NE Y 2 NEofagt@sf S NIKESE elIgphld K & NAR y

cofactors (PTCs) are metal complexes that consist of a macrocyclic tetrapyrrole ligand and
a tightly bound metal ion, such as%&, Mg?*, Cé*, and Ni* (Kaim et al. 2013). They
ubiquitously occur in all kingdoms of life. Here we use the té@rj2 NI1JdK& IN& &/ Ay |
sense to include, for example, metal complexes of contracted porphyrins (e.g., coenzyme
Bi2) and partiallyreduced ones (e.g., cofactoksh). Heme and chlorophylls are the best
known representatives of the PTCs. Heroentaining cytochrome P450 enzymes are
thought to have existed for more than 3.5 billion years (Nelson et al. 1993). Thus, the PTC
family is evdutionary very old and could well have a prebiotic origin.

An abiotic formation of a PTC ancestor under early Earth conditions would probably
have proceeded in two steps: first, the synthesis of the porphyrin and, subsequently, the
incorparation of the metal ion. At least one alternative pathway is conceivahleopen
chain tetrgpyrrole could have first bonded to the metal ion and then cyclized to form the
macrocyclic tetrapyrrole complexamples for this kind of reaction are knowviopod and
Thompson2007). However, they require conditions that are of little or no prebiotic
relevance (e.g., organic solvents, bromo substituents). Therefore, the first pathway appears
to be more plausible. Indeed, we have already experimentally demonstrated its ingml st
the formation of porphyrins under reasonable prebiotic conditigf®x and Strasdeit
2013)

The prebiotic scenario for our porphyrin synthesis is based on the chemical and physical
environments onprimordial volcanic island3 he synthesis consists fafur steps:(i) em-
bedding of amino acids in sea salt crusts near coastal lava figwisermal transformation
of these amino acids into pyrroles, accompanied by release of hydrochloric acid from the
sea salt;(iii) condensation of the (volatile) pyrroles and hydrochloric acid in cooler rock
pools;(iv) hydrochloric aciecatalyzed condensation of the pyrroles with formaldehyde and
oxidaion by nitrite to give conjugated oligopyrroles, including porphyrins. The entir

sequence was experimentally simulated in the laboratory. Moreover, the starting materials
81
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involved (sea salt, amino acids, formaldehyde, nitrite) are generally regarded as
G LINB 6 xhe dver@lgiéld was low but must be seen against the facts(ihtie alkyt
substituted porphyrins formed were water insoluble agg porphyrins are extremely
stable under geological condins (Callot and Ocampo 20Q0)Therefore, the
alkylporphyrins must have accumulated over time.

Ly NBf Il G§SR &l dgfhasSdanionsfraley tRaosantydmaticIyNtReds of
porphyrinogensF NB-Y YR y 2 1 S (i 2R/AS|aS U 2edodstes Mivater (Lindsey et
al. 2009; Lindsey et al. 2011; Soares et al. 2012a, b; Taniguchi et al. 2012; Soares et al.
2013a). A spontaneous prightic formation of the starting materials used is, to our
1y26ftSRASSY dzyly26y® ¢KSNBEFT2NBEZ (KAasoupBIl O A 3
deyiKSaAaéd ola RSTFAYSR AYyY {GN}&aRSAUO FyR Cz
2009)may have prodced the starting materials in primitive protometabolisms. Already
half a century ago, the formation of porphyrins from pyrroles and aldehydes has been
recognized as a potentially prebiotic reactiaeé for exampleSzutka 1964). In line with
this idea, he reaction of 3,4ialkylpyrroles with formaldehyde in aqueous micellar
solution has recently been studied (Alexy et al. 2015). Despite low (probably prebiotically
realistic) pyrrole concentrations, good yields were obtained.

Early metal incorporation exgsiments using pyrrole, paraformaldehyde, and metal salts
under simulated prebiotic conditions gave only tiny yields of metal porphyrins (Hodgson
and Baker 1967). In contrast, the reaction of ¥1Ca*and Nf* salts with the hydrophilic
uroporphyrins inRA t dzi S | |j dzS2 dza & 2 t dz{iQ) eeslled ia 40l1to 8T Yy IS
yields of the respective metal complexes (Frydman and Stevens 1968). In a more recent
study, modF A OF §A2y&a | yR SEGSyarzya 2F GKA& dzNP
described,ncluding the use of additional metal ions (Md-e&*, C#*, Zr#*, and Pd*; Soares
et al. 2013b).

However, it still remains unclear howhydrophobic porphyrins such as
octaethylporphyrin (Ebep, Fig. 1) could have been able to bind metal ions updagiotic
conditions. Hydrphobic alkylporphyrins are products of the abedescribed amino acid
route (Fox and Strasdeit 2013) and also form from appropriately substituted aminoketones

and diketones (Soares et al. 2013a). In addition, prebiotic hydiopbil amphiphilic
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porphyrins could have been transformed into more hydrophobic ones by thermal
decarboxylation, for example in volcanic environments. Recently, sefk@msyntheses of

metal(ll) porphyrin complexes have been accomplished by reactingrsetal ion sources
(magnesium oxide and hydrated metal acetates, respectively) with solasoe
tetraphenylporphyrin (Schneider et al. 2016; Ralphs et al. 2017). The results suggest that
a2f AR a2t AR NBIFOlIA2Yy A &K?2dzZ R ndodtheeary BaxtiR S NB R
even though the reported syntheses were not performed under simulated prebiotic

conditions.

&
3

Fig.1 Structures ofA) 2,3,7,8,12,13,17,18ctaethylporphyrin (kbep),
(B)2,3,7,8,12,13,17,18ctaethylporphyrinato metal(ll) complexes ([M(oep)]),

(C)H:0epO (an oxygenation product Btoep),and (D) [Fe(oepO)] (an iron complex of
the oxygenated porphyrin).
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Obviously, the water insolubility of alkylporphyrins poses a problem for metal comple
formation in aqueous media. Moreover, some metals relevarRT& ancestors had rather
low concentrations in theHadearmgearly Archean oceamamelyiron, cobalt, and nickel,
but not magnesium (Holland 1984; Saito et al. 2003). The iron concentraticexdorple,
is often reported to have been ~Orimol LS* (see for example: Holland 1973; Saito et al.
2003; Canfield 2005; Li et al. 2013). In addition to dissolved metal salts, several minerals
could have served as metal ion sources (Hazen 2013), but rhgam dheir virtual
insolubility seems to be problematic. Our idea was that the reaction between an
alkylporphyrin and a (soluble or insoluble) metal ion source may nevertheless be possible
ingSGi RNER OeOf Saod LG A& LINB A detustiRg edvicdniientg S G RN
in prebiotic rock pools (Lathe 2004; Deamer 2014). Therefore, alternating wetting and
drying has been used in several prebiotic simulation experiments, with a major focus on
oligomer formation (see for example: Lahav et al. 1978; L amal White 1980; Saetia et
al. 1993; Olasagasti et al. 2011; Mamajanov et al. 2014; Forsythe et al. Rodiguez
Garcia et al. 2015 Recently, we have studied glycine oligomerization and other test
NEFOGA2ya Ay | ySgteé RS a&ds2whshReanibdziparatédi SR &
under strictly anaerobic conditions (Fox et al. 2018).

During the lateHadearmearly Archean period,he alternation between wet and dry
phases must have been particularly pronounced on the shores of active volcanic islands. At
that time, the Earth had a considerably faster rotation rate (Walker 1982; Walker et al.
1983; Zahnle and Walker 1987; Lathe 2004; Varga et al. 2006). The day length 3.9 Ga ago
has been estimated between ~4 and ~Haurs; 14hours (i.e., tides every ~ours)
appears to be a good praional value for use in simulation experiments (Lathe 2006).
¢KdzaAZ FNRdzyR GKS GAYS 6KSy fAFS SYSNHSR:I 4
nearly twice as fast as today.

5dzZNAy 3 GKS RNE LI & Slid 8uffacd confaltsimaRaldy in€plulidef S~ &
substances, such as alkylporphyrins and minerals, to react with each other. In the
subsequent wet phase, the solids are separated again, so that in the next dry phase fresh

surfaces can come into contact and redde have tested this idea with octaethylporphyrin
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and several prebiotically plausible iron and some copper, cobalt, nickel, and magnesium

sources and the results are reported here.

Materials and Methods
Chemicals, Minerals, Rocks, and Meteorites

2,3,7,8,12,13,17,1:®ctaethylporphyrin ~ (kbep, 97%) and chloridooctaethyt
porphyrinato)ron(lll) ([FeCl(oep)], 9%) were purchased from TriPorTech, Selmsdorf,
Germany. Octethylporphyrinatocobalt(ll)  ([Co(oep)], 98) and octaethyl
porphyrinatonickel) ([Ni(oep)], 986) were obtained from PorphyChem, Dijon, France.
Octaethylporphyrinatocopper(ll) ([Cu(oep)]: 97 = T S NN®B)] any Beocuprrider
(99%) were from Sigmaldrich. Octaethylporphyrinatomagnesium(ll) ((Mg(oep)], Johnson
et al. 1980), otaethylporphyinatoiron(ll) ([Fe(oep)], Konarev et al. 2009)0x0-
bis[octaethylporphyrinatoiron(lll)] ([{Fe(oeplf-O)], Dolphin et al. 1978), octaethyl
porphyrinium dichloride ((kbep)C}, Ogoshi et al. 1973), cobalt(ll) sulfide, and nickel(ll)
sulfide (Glemser and Schwarzmann 1981) werepared by literature procedureslhe
following compounds were used in higlurity form: ammonium iron(ll) sulfate
hexahydrate (99.99%, Sigmaldrich), iron powder (99.99%, Alfa Aesar, particle size
Xe Y0 2 1) ichdgdé etrahydrate (99.9%, SigmaAldrich), iron(ll,111) oxide (99.995,
SigmaAldrich), and iron(lll) oxide (99.998, Sigmaldrich). All other metal salts and all
organic solvents were of analytical grade. Double distilled water, whictpregared in a
quartz glass distillation apparatus (BD, Westleutsche Quarzschmelze), wased
throughout the study.

Well-formed crystals of pyrrhotite (Nikolaevskiy mine, Dalnegorsk, Russia) wefe pur
chased fromWilfried Kittler, Freiberg, GermanyPyrite Mererani, Tanzania), olivine
(Shigar, Pakistan) and chalcopyrite (Alban, France) samples were obtainedeintsch
Mineralien, Extertal, Germany<ray powder diffraction showed that the chalcopyrite also
contained pyrite. The ankerite sample (Oust, Aeiegrance) was also froentsch

Mineralien Its Fe content was 2%, its carbonat€C content 11.86 (determined by
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Mikroanalytisches Labor Pascher, Remagen, Germdfggnetite crystals (Bahia, Brazil)
were obtained fromMineraliengrosshandel Hausen, feglAustria.For all minerals used,
including the synthetic ones, the phase purity was checked-tay Yowder diffraction.

The basalt used in this studyas a product othe 2010 eruption of the Piton de la
Fournaise volcano on the island of La Réuniedian OceanThe samples were collected
in 2011. They were takeftom the interior of larger basalt chunks in order to minimize
biological and weathering contaminatiowithin two weeks after collection, the material
was dried and sterilized at 15C for24 hours and then stored in a closed container at
~0°C.Major elements (determined by-bay fluorescence spectrometry at theandesamt
fur Gedogie, Rohstoffe und Bergbau, Freiburg, Gern)aaypressed as oxides, were: 5i0
45.36, AIO; 13.91, CaO 12.83, FeO 8.02, MgO 7.080F427, NaO 3.02, Tie2.77, KO
0.82, BGs0.32, and MnO 0.180. The Si®MgO and (N£D + KO) contents together define
this rock as a basalt (Gill 2010hhe komatiite used in this study was a relatively fresk
from the 3.27Ga Weltevreden Formation, Barberton Greenstone Belt, South Africa
(sampleSA 5641; Kareem 2005; Puchtel et al. 2018)ur sample contained 0% Fé*
(determined by Mikroanalytisches Labor Pascher); for further analytical data, seeePuch
et al. (2013)The sample was provided by Dr. Igor Puchtel ofUiméversity of Maryland,
College ParkUSA.

Prior to use, all minerals and rocks were crushed and passed throughjanbGi:ve.
The fraction with particle sizes <50fn was used for thexperiments, unless otherwise
stated.

Shavings of the iron meteoritdgsK A 6 NJ nno FyR ¢¢lFyyoSNH LL ¢
YI22NJ O2yad Al dzSrgni(%l.0@6F and ricked(BI0%) with thé rdidginder
being mostly cobalt and phosphorus -t&dthiri et al. 2006). The size of its shavings was

[da'y

~0.5x0.25mm. Twannberg Il has a higher iron content (F&)pand contains ~4% nickel
(Hofmann et al. 2009). The Twarerg Il shavings used were x% mm in size.Both
meteorite samples were provided by Dr. Beda Hofmann of the Naturhistorische Museum
Bern, Switzdand. Prior to use, the samples were treated with hydrochloric acid

(2 mol LY for 10 minutes and thethoroughly washed with water.

86



Artificial seawater was prepared by dissolv4ig20g (7® mmol) of sodiumchloride,
1.12g (15 mmol) of potassiunthloride, 1626 g (80mmol) of magnesiumchloride hexa
hydrate, and2.21 g (15 mmol) of @lciumchloride dhydratin water and making up to L.
The reasons why this composition was chosen as a model for primordial sea salt have been
discussed elsewhere (Fox and Strasdeit 2013). The resulting overall salt conten?%wof 5.0
was higher than that of modern seawater (34. This is in accordance with the idea that

the ocean in the Archean was more saline than today (Knauth 1998, 2005).
Reactions in th&Vet¢Dry Apparatus (WDA)

The experimental setup amaperating principle of th&VDA have been described in detail
elsewhere(Fox et al. 2018). In brief, the apparatus consists &chlenk flask, a heat
insulated glass riser, a reflux condenser, anfiOreservoir, and a time controlled magnetic
valve. The aqueous mixture in the flask is heated with an oil bath, causing tlee teat
slowly evaporate. During this wet phase, tivater vapor rises through the riser into the
reflux condenser. From the condenser, the water flows into the reservoir and collects
there. When the water has completely evaporated from the flask, the resigldry heated.
At the end of the dry phase, the valve opens for a short time and allows the water to flow
back from the reservoir into the flask. At this point, the next wet phase staet®r8 and
during an experiment, the WDA can be purged with nigo@r another suitable gas. The
apparatus is automated. Key experimental parameters (for examplejuh&tions of the
wet and dry phas@scan be varied.

Typical procedure: Special care was taken to exclude oxygen during the whole
experiment.To a Schlenftaskcontaining 30mL of deoxygenated water, artificial seawater
or hydrochloric acid (1@nmoll<Y), 1.00mg (1.87> Y2t 0 2F 200G SG K&t L2 N
defined amount of an iron source were added against a countercurrent of nitrggen
(99.999% purity) Iron was always present in excess. The flask was attached to the rest of
the WDA, and the whole system was purged with nitrogen fon@@s. Then the wegdry
cycling was started by heating the flask to 280 which resulted in the evaporation of the
water. After 7 hours, the magnetic valve opened for 15 minutes so that the water flowed

back into the hot flask. Thus, the reaction mixture was rehydrated, and the next cycle
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started. The mixture was subjected to 13 consecutiveqast cycles. After the last dr
phase, the flask was transferred for analysis into a glove dmaining an argon
atmosphere (~bpm Q). The same procedure was applied with sources of metals other
than iron. In these cases, only water and typicaliprhol of the respective metal soce

were used.
Analytical Instrumentation

Highperformance thidayer chromatography (HPTLGlica gel 60 HPTLC plates
(10x20cm, MS grade, Merck) were used as the stationary phase. Bands of the sample and
standard solutions were applied by an Automatic TLC Sampler 4 from Camag (Muttenz,
Switzerland). Typically, 18 bands with a length ofr each were applied on a single plate,

and the plateswere developed up to a migration distance of 8@ in a flat bottom
chamber at ambient temperature and humiditfter development, the plates were dried

at ambient conditions and scanned at a single wawglle with a TLC Scanner 3 (Camag) in
the absorgion mode.Additionally, absorption spectra of the bands were recorded in the
200c700nm range with the TLC Scanner 3 to check the correct substance assignment and

the purity. The colors of the bands wereilsle with the naked eye.

LDETOF/TOF mass spectrometfgss spectra were measured with an Autoflex 11l spectro
meter from Bruker Daltonics (Bremen, Germany). A toluene solution of coronene, phthalo
cyanine, and the fullerenesé€and Gowas used for exteral calibration of the instrument.
Typically, 1L of a solution of the analyte in dichloromethane were transferred to a
polished steel target plate and dried at room temperature. Sample preparation was

conducted under an argon atmosphere in a glove bd&ppm Q).

U\visible spectroscopdbsorption spectra were recorded on a Specord 210 spectrometer
from Analytik Jena (Jena, Germany). The scan speed mas<t, and the resolution was
0.5nm. Dichloromethane solutions of the analytes were measured in the wavelength range
Hpn mmin a gadight quartz glass cuvette under anaerobic conditions, unless

otherwise stated. For the colorimetric iron determination kwferrozine, the spectrometer
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was operated in the single wavelength mode at B2 Disposable polystyrene cuvettes

were used which were discarded after each measurement to avoid-cagsmination.

Atomic force microscopy (AFM) on magnetite surfaBE8 was performed using a JPK
NanoWizard Il system (JPK Instruments, Berlin, Germany), which was placed on a vibration
insulated table. The images were acquired in tapping mode with aN€HMP silicon

cantilever (Nanosensors, Neuchatel, Switzerland). The thegeiency was ~30RHz, and

the scan rate was between 0.8 and H@. All measurements were performed in air. The
FTNBS a2Fié6l NB Do@RRA2Y OOSNEA2Y HdpnT bS6l
processing.

The samples were natural octahedral magnetitgstals (~6nm edge length, 509
600mg). Prior to use, the crystal surfaces were manually wet polished with progressively
finer silicon carbide abrasive paper (grit sizes P400, P600, P800, P1000, P1200 and P2000)
and rinsed repeatedly with water. After dng in a desiccator, the polished crystals were
stored in a pure argon atmosphere to prevent oxidation of the surfaces. A few crystals were
crushed using tungsten carbide equipment, and the phase purity of the obtained powder
was checked by-ky diffraction. Before a wetdry experiment was started, the polished
magnetite surfaces were examined by AFM. Then the crystal was exposed to ddtywet
cycles using 3L of deaerated water. All experiments were carried out in a nitrogen
atmosphere. After the expaments the samples were stored under an argon atmosphere
for no longer than three days before they were examined by AFM. At least ten randomly

chosen areas of each magnetite sample were analyzed.

Fluorescence microscopy opokEp deposited on magnetitEluorescence microscopy was
performed using an Axioscof@emicroscope equipped with EC Epipldeofluar 20x and

40x objectives, filter set 09 (BP0c490 exciter filter, F510 beam splitter, LB15 emission

filter), and HBQOO illuminator (Carl Zeiss Microggo GmbH, Jena, Germany). Photo
micrographs were taken with a 10.6 megapixel CMOS camera SC100 (Olympus, Hamburg,
Germany) attached to the microscope. The camera was controlled by cellSens Standard
V1.15 software including Manual Process Control, whiclwalibfocus stacking and thus

the production of high depth of field images. The magnetite samples were manually

89



polished natural octahedral crystals as used for AFM. In each experiment, one magnetite
crystal and 5ng of Hoep were exposed to wetlry cyclesn 30mL of deaerated water in
a nitrogen atmosphere. The magnetite crystal was recovered at the end of a dry phase, and
the Hoep on its surfaces was analyzed by fluorescence microscopy. Thertd@gly edge

of the QIV band of Ebep was within the excit&n range used (45290nm).

X-ray powder diffractometryPowder diffraction data were obtained on a D8 Focus
diffractometer from Bruker AXS (Karlsruhe, Germany) uSiagradiation €= 1.5418R).
The instrument was equipped with a S6kenergy dispersive detector. Diffractograms were

measured in the 2 range %90°.
Analytical Procedures

Extraction of the metalloporphyrins and sample preparafibe dry residue obtained from

the reaction with an iron source was transferred into a glove box (argon atmosphere,
~1ppm Q) where it was extracted with deaerated dichloromethane eleven times (once
with 2mL and ten times with fnL). For the mass spectrometric and absorption
spectroscopieneasurements, 4nL were taken from the extract. The remaininghB were
stirred in air with 2mol Lt hydrochloric acid for hour. Under these conditions, all possibly
formed iron porphyrin complexes were converted to [FeCl(oep)] (Maricondi et al. 1969;
Dolphin et al. 1976; Goff 1981). Then the organic phase was separated, and the solvent was
removed under reduced pressure. The residue was dissolvedhin df dichloromethane.
Aliquots of this solution were used for the yield determination by HPTLC. Xtrecton
procedure was tested with various known amounts of [Fe(oep)]. It was found that no
demetalation occurred and the complex was completely converted to [FeCl(oep)] under
these conditions.

When artificial seawater or watesoluble iron sources weresad, a slightly modified
procedure was applied. First, the salt crust which had formed in the experiment was
extracted with a total of 12nL of deaerated dichloromethane. In this case only gD®f
the extract were taken for mass spectrometric and absionpt spectroscopic

measurements. Then the salt crust was dissolved imR®f 2mol Lt hydrochloric acid,
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7 mL of dichloromethane were added, and the mixture was stirred for 10 minutes. Next,
the resulting two phases (aqueous and organic) were combineth whe first
dichloromethane extract, and the combined mixture was stirred in air for 1 hour. The
subsequent steps were carried out as described above.

Residues obtained from reactions wihurces of metals other than iramere processed

in the same manner, except that the treatment with hydrochloric acid was omitted.

Determination of the metalloporphyrin yields by hipgrformance thidayer chromatog

raphy

For the quantitative determination of iron porphyrin complexeample and standard
solutions in dichloromethane were applied to HPTLC plates. [FeCl(oep)] served as the
standard. The plates were developed in a saturated chamber with a mixturdnekane,

methanol and chloroform (8:2:1, v/v/v). Densitometry was perfoomby absorption
measurenent at 386y Y® | + @gAaAirofS ALISOGNI NBGBSHE SR
[FeCl(oep)] was transformed into thegxido dimer [{Fe(oep)lu-O)]. This behavior is

known from chrom#ography on alumina (lvashin et al. 1996).

In order to teck the HPTLC results, the iron content of selected samples was
additionally determined by inductively coupled plasma atomic emission spectroscopy (ICP
AES; Mikranalytisches Labor Pascher). Prior to analysis, each dichloromethane extract (the
same as usd for HPTLC) was filtered through a Q% PTFE membrane to remove
particulate material. An aliquot of the filtrate was used forJ&ES after evaporation of the
solvent at ambient temperature and pressure. HPTLC measured only the iron in the iron
porphyrin, while with ICFAES the whole iron content of the sample was determined. As
can be seen in Table 1, the HBBS values are close to, but systematically higher than, the
HPTLC values. Probably our efforts to remove the particulate material were notlenti
successful, and the IGXES data contained a contribution from nparphyrinbound iron.
However, the ICIAES values still support the reliability of the HPTLC results, as they are
only 3 to 8 percentage points higher.

The porphyrin complexes of othenetals were also quantified by HPTLC. The basic
procedure was the same as described for [FeCl(oep)], but with different mobile phases and

detection wavelengths. A mixture aofhexan and toluene (1:1, v/v) was used for [Cu(oep)]
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and [Ni(oep)], and a mixterof dichloromethane and methanol (100:2, v/v) for [Co(oep)].
In all three cases, the detection was at 388. The yield of [Mg(oep)] was determined with
toluene as the mobile phase and detection at 3i2.

As the metal ion sources were used in excess@fiorphyrin, the yields given in Tables

1 and 3 were calculated with respect tedep.

Quantitative determination of dissolved iron by the ferrozine metlS@imples were
prepared by suspending mineral or rock particles in either water, artificial seawater

10 mmol LS* hydrochloric acid. Typically after 60 hours, the sample was centrifuged. The
supernatant was used to determine the iron that had been liberated from the solid. A 500
uL aliquot was dlited either with 500uL of 20mmol LS* hydrochloric acidin case of water

or artificial seavater as solvent) or with 500L of 10mmol LS* hydrochloric acid (in case of
10mmol LS hydrochloric acid as solvent). The method used for the subsequent iron
determination was adopted from Riemer et al. (2004). Teppre the irondetection
reagent, 16mg (32.5umol) of ferrozine, Mg (33umol) of neocuproine, 96#g
(12.5mmol) of ammonium acetate, and 88dg (5.0mmol) of ascorbic acid were dissolved

in 5mL of water. Neocuproine was used to mask otherwise distgrtmopper ions. To
300pL of an aqueous sample solution, 360 of 10mmol L hydrochloric acid and 100

of the irondetection reagent were added. The solution was thoroughly mixed and after 30
minutes transferred into a disposable cuvette. The absodeaat 562nm was measured
against a reagent blank consisting of §00of hydrehloric acid and 10QL of the iron
detection reagent. The iron content was calculated using a calibration curve, which was
obtained from ammonium iron(ll) sulfate hexahydratandard solutions. The standard
solutions were treated in the same manner as the actual samples. If necessary, samples

were diluted with double distilled water prior to use.
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Results and Discussion

I O1ANRPdzyR 2F (GKS 2S8SG 5NB {AYdzZ I GA2Y 9 ELISNA

The aim of this study was to simulate orgagitcorganic interactions in rock pools,
especially in tidavashed ones, on primordial volcanic islands. The experiments were
performed in a newly developed wadry apparatus (WDA, see Materials and Methods).
The temperature, pH, duration of the wetlry cycles, content material of a rock pool, and
an oxygeHree atmasphere could be simulated in the WDA.

It is reasonable to assume that two essentially different types of rock pools existed at
primordial coasts. One type was close to the shoreline. It was affected by the tides and
therefore contained seawater (tide pools). The other type was more remote from the
shoreline andcasionallyfilled with rainwater (freshwater). In such freshwater rock pools,
the wetcdry cycles were muctore irregular because rainfall did not occur as periodic as
tides. Nevetheless, we performed the freshwater and salater experiments with the
sanme wetcdry frequencyto ensure comparability of the results. In addition to rain, water
vapor from the interaction of seawater with hot lava represents another freshwater source.
Sea salcontaining aerosols or mixtures of seawater and rain water can farackish
water in rock pools. If lava is sufficiently hot, it releases hydrochloric acid (HCI) from
aSHel GSNYW ¢KAA KIFI& 06SSy 20aSNBSRZ F2NJ SEFY
(Edmonds and Gerlach 2006; Bughwant et al. 2009). The HCI origimatestte
decompostion of solid Mg&hydrates (Wiberg 2001). It is plausible that this process
already occurred at primordial volcanic coasts becaide NIi K Qa  $asgibbably2z OS | y
highly saline (Knauth 1998, 2005; Izawa et al. 2010). Theréfadeargearly Archearrock
pools could also have contained acidic water. Based on these considerations, we performed
our experiments with freshwater, acidic freshwater, and saltwater as reaction media.

In this study, thehydrophobicoctaethylporphyrin(H:oep, Figl) was used as a model
compound. The reasons for this are explained in the Introduction. If porphyrins were
present in primordial rock pools, they inevitably came into contact with minerals and rocks.
Since rock pools at volcanic coasts are depressions idifeal lava, our experiments

focussed on igneous rocks and their mineral components. However, other minerals that
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were probably present on the early Earth (Hazen 2013) were also included in the series of

experiments reported here.

Metalation of Octaethydorphyrin by Iron Sources

General remark8esides igneous rocks (basalt and komatiite), we studied the volcanism
related minerals magnetite and olivine as iron sources. In addition, other plausible Hadean
minerals such as ankerite, pyrite, and pyrrhotas,well as the soluble salt iron(ll) chloride
were used. Large amounts of metallic iron could have been delivered to the early Earth by
meteorites, especially during the late heavy bombardment. Therefore, we also employed
synthetic iron powder and shavingsT (G KS ANRY YS{iS2NARGSa ¢olyy
After eachwetcdry experiment, the iron porphyrin complexes that had formed were
completely transformed into the aistable [FeCl(oep)]. This ensured a reliable
quantification of the complexed iron. Exfimental and analytical details are given in

Materials and Methods.

Spectroscopic results and oxidative procedsigs?2A shows, as an example, the ¢.DI
TOF/TOF mass spectrum of the dichloromethaakible products from avetcdry expert
ment with Hoep andbasalt in artificial seawater. The three main peak groups correspond
to (i) unreacted Hoep ([Hoep + H]"at m/z 535.3, overlapped byddep*; compare Fig2D),
(i) [Fe(oep)] (m/z 588.3), andii) [FeCl(oep)](m/z 623.3). Mass spectra of the standard
[FeCl(oep)] usually showed the corresponding molecular peak/att623.3 (Fig2C).
However, under LDI conditions the chlorido ligand was partly or, at higher laser energies,
completely lost, resulting in a signalratz 588.3 ([Fe(oep])]. Not unexpectedly, the same
m/z value occurred in the spectrum of the iron(ll) complex [Fe(oep)] ZBY.
Consequently, the formation of [Fe(oep)] in chloAcantaining media cannot be proved
by LD¢TOF/TOF MS, because tinéz 588.3 signal may also lokie to [FeCl(oep)].

Oxidation of Fe(ll) to Fe(lll) may already occur invile&;dry cycles. Thus, even in the

absence of chloride, the/z 588.3 signal does not necessarily indicate the presence of the
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Fe(ll) complex [Fe(oep)] in the sample. Avoidingatiod inwetcdry experiment is techni
cally very demandin@ox et al. 2018). This is especially twheen highly oxygeisensitive
species such as [Fe(oep)] and Re{ljre present in low amounts. Under these conditions,
low residual oxygen concentratig in the gas phase are sufficient to cause oxidation.
Therefore, we cannot rule out the possibility that Fe(ll) was partly oxidized to Fe(lll) in our
wetcdry experiments. Fe(lll) also reacts witkop to form a complex. This was confirmed
throughwetqdry experiments with iron(lll) oxide as the iron source.

In order to test whether [Fe(oep)] was the final productvegtcdry experiments with
Fe(ll) sources, the dichloromethane extract from a suitable experiment (iron(ll) chloride
and Hoep in hydrochloric eid) wasdeliberately oxidized by ailThe! + @A &aA 0t S & LJS
before and after oxidation differed significantly (3@ and D, respectively). The spectrum
of the oxidized extract was virtually identical to that of an equimolar mixture of [FeCl(oep)]
and Hoep (Fig3E), demonstrating that [FeCl(oep)] had formed anddp was present. If
[FeCl(oep)] was already the major iron specreshe untreated extractexposure to air
would not have caused considerable changes inlthe @A aA o6t S &LIJSOG NHzY =
complex isiot oxidizableThus, the occurrence of spectral changeticates that originally
an Fe(ll) complex, very probably [Fe(oep)], was present. In line with this, the spectrum of
the untreated extract showed a shoulder at 38®, which is the posibn of the Soret band
of [Fe(oep)] (compare Fi§A and B). The-Qands of [Fe(oep)] could not be unambiguously
identified, because of overlap with bands ofodp and (Hoep)Ci (see next paragraph).
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Fig.2 LDETOF/TOF mass spectra: dichloromethanéract of the dry residue from a
simulation experiment with pbep and basalt in artificial seawatgfh);, standard
substances: [Fe(oep]B), [FeCl(oep){C) Hoep (D), and [Cu(oep)[E) Calculated values
are given in parentheses.

The strong bands a404 and ~422m in the spectrum of the nooxidized extract
(Fig.3A) coincide with the Soret band of.d¢p (Fig3G) and (kbep)Ci (Fig.3C),
respectively The formation of (kbep)Ci from Hoep and hydrochloric acid has been
described in the literature(Ogoshi et al. 1973). In contrast to the insolublgoép,
(Hzoep)Cli is slightly soluble in acidic water. Because of thisp€B)Cl may be at least
partly responsible for the comparatively high yields observedvatcdry experiments
under acidic conditins (Table 1). (48ep)Cl also played an important role in the oxidation
of the dichloromethane extract (see above), whereby [Fe(oep)] was oxidized to [FeCl(oep)]
(reaction 1). The formation of the chlorido complex was to some extent unexpected

because aioxidation usually leads to the oxido dimer [{Fe(ogipHO)] (James 1978).
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(Hsoep)Ci, however, provided not only the chloride ions needed as ligands but also protons
G2 GNI L) 0KS 2EARS A2y 6488 GKS T2NXIé& NBI O
d2dz2NOS 2F OKf2NARS [yR LINRG2yaesla y2G I G A

the extraction was performed on a dry residue.

2 [Fe(oep)] + (ibep)Ci+% Q@TMH H W CS hobpo+HS LI 8 (1 |
2 [Fe(oep)]+2CF% QM H WCSHFEo2SLIE b (D
(Huoep)Ci+ C' h 201+ Hoep + 2 Cl (3)

In the spectrumof the oxidized extract (Fi§D), the Soret band at 40#n and the
Q-bands at 503, 506, 538, 571, 599 and 6&6could be unambiguously assigned toép.
The shoulder at ~382m was consitent with the presence of [FeCl(oep)], which has its
Soret band at 38am (Fig3F). Assignment of the-RQands of [FeCl(oep)], however, was
difficult, because in the relevant regiond¢p dominated the spectrum. Only the broad
band at ~64(0m could be idatified as a Gband of [FeCl(oep)]. In the reference spectrum,
it occurred at 636im and was absent in the spectrum ofodp. As mentioned above, the
simutaneous presence of [FeCl(oep)] angbép in the oxidized extract was demonstrated
by conparison wih the spectrum of an equimolar mixture of the two compounds (Biy.
and E). The 1:1 mixture did not only reproduce the band positions but also the relative band
intensities, indicating a metal complex yield of around%0n thewetcdry experiment.

Thisis in good agreement with the actually measured yield o¥#bgntry 1c in Table 1).
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Fig.3! + @A & A o f dchlérdmstiiaieNéxtradt yf the dry residue from a simulation
experiment with Fe@l and Hoep under acidic conditions(A), [Fe(oep)] (B)

octaethylporphyrinium dichloridéHsoep)Ci (C) extract of the residue after air oxidation
(D), equimolar mixture of [FeCl(oep)] andaddp (E) [FeCl(oep){F) and Hoep (G).
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The mineral pyrite turned out to be different from the other iron sourdéss known
that when pyrite comes into contact with oxygémee water, hydrogen peroxide ¢B) is
formed (Borda et al. 2001) .8, can oxygenate a carbon atom at one of thesopositions
of Hoep or [Fe(oep)], resulting in the formation oidépO and [E(oepOw)], respectively
(Fig.1; Balch 2000, Kalish et al. 2000, Kalish et al. 2001). Indeed QBTOF spectra of
the extracts from ourvetcdry experiments with Ebep and pyrite or chalcopyrite showed
the signals of kbepO (n/z found 550.4, calcd 55073 and [Fe(oep®)] (m/z found 603.3,
calcd 603.28). The observation that chalcopyrite also led to the formation of the
oxygenated species is plausibly explained by its pyrite contseé (Materials and
Methods).These results indicate thaikylporphyrincomplexes analogous to [Fe(oep{)
YIe KI @S FT2NX¥YSR o0& 2EARIFGAZY Ay | QUbEBOA 2 (A ¢
be regarded as the Fe(lll) complex of triply deprotonatedeldO, at least in one of its

resonance structures.

The influence of low pBtrongly acidic conditiogs¥ 2 NJ SE | Y LI & Xpchdoa y 2 F
presentday volcanic islands as a result of eruptions (Staudacher et al. 2009; see also the
Introduction). It therefore seems plausible that acidic environments also existed on
primordial volcanic island. This led us to examine whether low pteinéed the formation

of WCS062SLIB Ay ¢ BignstBd\BidinSEoldd AFMPSrgnt facter in metal
complex formation. On the one hand, metal ions can be mobilized from solids at low pH so
that they become available for complex formation. Qe tother hand, metal ions and
protons compete for ligands; therefore, complex formation with protonable ligands often
becomes increasingly difficult with decreasing pH. In our experiments, the yields of the iron
complex were always significantly higher endacidic than under neutral conditions
(Tablel). For basalt, magnetite, metallic iron, advannberg Il, for examplé¢he yields

were in the 40% range in acidic solution, compared with %lor less without acid.
Obviously, [Fe(oep)] was quite resistatd protonolysis (i.e., protonation of the
coordinated porphyrinate), and positive effects of low pH on complex formation

predominated.
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Table 1Yields from the reaction d.oepwith iron sources in different aqueous media

Experiment no. Iron source Medium Yield (%)
1 a Iron(ll) chloride fw 25
b fw 12
c aw 58 (64Y
d sw 21
2 a Basalt fw 11
b aw 40 (45Y%
c SwW 24
3 a Magnetite®® fw 1
aw 36 (44%
SW 19
4 a Metallic irorf fw <0.5
b aw 42
5 a { KAG'NJI nno fw <0.5
b aw 29
6 a Twannberg I fw <0.5
b aw 46
7 a Ankerite fw <0.5
b aw 2
8 a Komatiite fw <0.5
b aw 1 (4y
9 a Olivine fw 1
b aw 9
10 a Pyrrhotite? fw 1
b aw 3

21a: 1 mmol Fegllbcd: 3 pmol FeGJ° Values in parentheses were calculated
from analytical data determined Iz RAESy Mikroanalytisches Labor Pascher
(see Materials and Methods)Particle size <0.5 mrfiSynthetic iron(ll, 1) oxidé;
Powder;’ Shavings (see Materials and Methods)

fw, freshwater; aw, acidic water at a starting pH of 2 (HCI); sw, artifical seawater
(see Materials and Methods)
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Indeed, at least three effects can be identified which could have promoted the
formation of [Fe(oep)] undeacidic conditions:

(i) At the beginning of a wet phase, the hydrochloric acid, which was used in the
experiments to obtain acidic conditions, had a low concentration (~&0dorresponding

to pH2). However, hydrogen chloride and water form an azeoteagntaining ~206 HCI.
Therefore, the solutions became increasingly acidic as the evaporation progressed. As a
result, Hoep became increasingly protonated tos{dp)Cl. As noted before, its water
solubility strongly suggests that {6¢p)Ct was benefi@l to the formation of the iron
complex. This assumption was substantiated by experiments with &s@&le iron source

(see below).

(il) Furthermore, the protonation of tbep could have facilitated the complex formation
mechanistically. Indeed, one pos&bpathway of metalloporphyrin formation is the
proont A2y 2F GKS LR2NLKENARY Y2fSO0dzZ S 2y 2yS &
incorparation of the metal ion from the opposite side (Khosropour and Hambright 1972).

(i) The third effect of low pH is the solubilization of relatively large amounts of iron from
most, but not all, iron sources used (TaB)e This corresponds well with higher yields
obtained under acidic conditions (Talle For ankerite an#omatiite, the yields in acidic
medium were still low in absolute terms, which is consistent with the low release of iron
from these sourcesnlthe case of pyrrhotite (ke S), the yield was also low, despite the

fact that considerable amounts of iron were released. fidason for this is unclear. At least

we can say that metal sulfides do not generally give low yields, as we have shown with CuS,
CoS and NiS (see below).

The importance of dissolved iron ions can be seen, for example, with magnetite. In
nearly neutral saltion, only a small amount of iron (<0.0futnol) was released from this
mineral within 60 hours (Tab). Consequently, only a low yield of the iron compleXoj1
ga 200FAYSR Ay GKS 4SS0 RNE opHLdSINRUSY (I 6 A
conditions (Thle 1, entry3a). In line with this, the soluble iron source kefalve much
higher yields of 286 and 126 (with Immol and 3umol, respectively, of FelITablel,
entries 1a and b). This latter result also showed that the yield increased with increasing

concentration of iron ions. These experiments were performed in neutral solution. In acidic
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solution, the yield was nearly five times as large ¥0&s compared with 1%; Tablel,
entry 1c), indicating that the protonation of the porphyrin, particulaty formation of the
soluble HoepC}, promoted the complex formation (see above).

In all but one of the experiments that started under acidic conditions, the pH remained
low (between 2.2 and 5.3) until the end (TaB)e Only in the case of the carbonateneral
ankerite was the HCI solution neutralized from pH to pH7.2. At the beginning of the
ankerite experiment, 0.8nmol of HO" and 9.8mmol of carbonate were present. Thus,
only 1.5% of the total amount of carbonate were sufficient to neutraliae solution. As a
consequence of the resulting lows® concentration, no protonation of #ep occurred.
Moreover, the iron content in the solution over the mineral remained low. These factors
explainwhyonly alowyieldaf2 ¢+ & 20 0 Ay S BxpéeFilNgtYvithrankéri®edi R NE
and Hoep despite the initial presence of hydrochloric acid (Table

In addition to minerals and rocks, we investigated metallic iron and samples of two iron
YSGS2NRAGSE Ay 6SG RNE SELSNRY Sfnieteapiticrdd S NB | 3
Ydza G KIF @S 06SSy RStEAGSNBR (2 GKS 9FNIKQa ad:
YSGS2NAGAO YIFGSNAIFIf&a dzZaASR ¢6SNB akKl gay3a 27
surface impurities, such as rust, the shavings were briefigtéd with concentrated
hydrochloric acid and then thoroughly washed with water shortly before the experiments.
As expected, metallic iron and the meteorite shavings released only small amounts of iron
ions under neutral conditions (Takb?® and consequdity the yields of the iron complex
were poor (<0.%%6, Tabldl). Under acidic conditions, however, the iron metal was partly
converted to soluble Fefldy redox reaction with HCI, and therefore the yields were much
higher (metallic iron, 42 T { KA 0 %) Twamrberg llH 45). The factthaf KA 0 NJ nn o
produced the lowest yield among the three iron sources can be explained by this
YSGS2NRAGSQa NBf I G AsBeSMaterialk and Klethdds)awvhiéht mayohavé (i Sy
impededthe reaction with HCIndeed, tt§ | Y2 dzy G 2F ANRY NBf SIF aSR
was only half as large as for metallic iron and Twannberg Il (Zable summary,hese
results show that even unweathered iron meteorites can act as metal sources in the
formation of iron porphyrins unde©®& Of AO 6SG RNE O2yRAGAZ2YAX

medium is sufficiently acidic.
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Table 2Amounts of dissolved iron and pH values after standing of iron sources in different
agueous media for 60 hours in the absence aifd

Iron sourcé Medium? Dissolvedron (umolf  Final pH

Basalt aw 22.8+0.8 2.7
fw <0.015 8.0
SwW 0.026+0.001 7.2
Magnetite aw 2312 2.2
fw <0.015 7.9
SW 0.03+0.02 7.1
Metallic iron aw 12711 53
fw <0.015 7.8
Twannberg Il aw 127+2 5.3
fw 0.011+0.07 8.0
Shix 043 aw 62.7+0.4 51
fw <0.015 7.6
Ankerite aw 0.09+0.02 7.2
fw 0.05+0.03 8.9
Komatiite aw 1.2+0.2 34
fw <0.015 8.1
Olivine aw 10.8+0.3 35
fw 0.026+0.006 8.4
Pyrrhotite aw 55+4 4.6
fw 0.07+0.04 7.3

2 For details on the properties of the iron sources, see footnotes to

Table 1° aw, acidic water (HCI); fw, freshwater; sw, artifical seawater (see
Materials and Methodsy Average of five experiments plus and minus one standard
derivation ¢ Startingvalues: aw, pH 2.1; fw, pH 6.7; sw, pH 5.8

103



The role of wegdry cyclingA periodic increase in acidity increased the concentrations of
dissolved iron and protonatedzblep, illustrating one of the particular effects of welry
cycling (see above). In orday identify additional effects, we performed experiments in
neutral freshwater. First, basalt and magnetite were studied without et cycling and

in the absence of ¥9ep. After 60 hours, the supernatants had become slightly alkaline and
only smallamounts of iron iondiad been released<Q.015 pmol,Table 2). Significantly
more iron dissolved when wetlry cycling was included (basalt, 0.21 pmol; magnetite, 0.07
pmol). In acidic medium, however, much larger amounts of iron dissolved, both with and
without wet dry cycles. This shows that welry cycling facilitates the release of iron, but
also that acid is more effective in this regard.

Another set of experiments was performed withddp and either Fegbr basalt, again
under neutral conditions and ihout wet dry cycling; the experimental duration was the
same as for standard wedlry experiments. In one type of experiment, after evaporation
of the water, the reactants were dry heated. In another type, constant reflux was applied
so that the reactiormixtures remained in the wet phase. In none of these experiments
were significant amounts of iron porphyrins found (yield1 Under comparable wet
dry conditions, however, the yields obtained from Re&id basalt were 12 and 5,
respectively (Tabl&). From these results we conclude that wety cycles are essential for
the iron porphyrin complexe® be formed in appreciable yields in neutral medium.

To gain insight into the possible mechanical effects that @t cycling may have on
minerals, we tdied polished magnetite surfaces in neutral water. In each experiment,
only one crystal was used in order to avoid abrasion by mechanical interaction between
crystals. Before and after the wedry experiment, the surfaces were examined by atomic
force mcroscopy (Figd). Marked morphological alterations were evident: the initially
smooth polished surface showed a large increase in roughness after the experiment. Even
the grinding marks, which resulted from the polishing procedure, were no longer visible.
is reasonable to assume that more iron ions can be released because of the greater
roughness of the crystal surfaces and the additional surface area of the ablated material.
This can explain why in neutral water the amount of dissolved iron was haftezrwet

dry cycling.
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1.6 ym

0.8 ym

Fig.4 AFM images of naturally grown magnetite single crystal surf§8¢$ypical example
of an untreated, polished magnetite surface. The red arrows and dashed lines indicate
grinding marks resulting from the polishing procedure (see Materials and Meth(i&}s).

C@LIAOLE SEIFYLXS 2F | Y 3y SiAing Watex datl®E pu@S | F (i &
nitrogen atmosphere.
We also studied how the mechanical contact betweendp and magnetite changed
with number of wet dry cycles. A single magnetite crystal in neutral water was UsghA

shows &luorescence photomicrograph éboep ona surface of the magnetite crystdter
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one wet dry cycle. The ¥ep crystals still had sharp edges and were more or less equally
distributed over the surfacalVhile at this early stage some crystals were visible even with

the naked eye, individuarystals were no longer appareatter 12wet dry cycles. Instead,

H2 SLI F LILISENBR aayYSI NBR¢ 2 @ SHGSRJFNtGedmo2, B (G KS
red-violet layer of Hoep was observed on the surface of the reaction flask. The crystals had
probably been crushed by mechanical effects (see above), increasing the surface area of
the porphyrin. In addition, it may be that the porphyrin patches were in closer contact with

the mineral surface than thendividualcrystals were before. Both effects of theet dry

cycling could have promoted the complex formation.

Fig.5 Fluorescence photomicrographs ofddp on a polished magnetite single crystal surfgé@.
After onewetcdry cycleat the end of the dry phaséB) after 12wetcdry cyclesat the end of the
last dry phasefocus stacking was performed. Scale barus0

Complex formation in saltwatdPrimordial rock pools close to the shoreline must have
contained saltwater (see Introduction). Therefore, we also performed experiments with
artificial seawater as the reaction medium. Here the focus was on iron(ll) chloride, basalt
and magnetite as iron sources. The yields obtained were in the relatively narrow range of
19 24% (Tabld), which was higher than in the corresponding experimewnith

freshwater but lower than in the experiments under acidic conditions. Additional
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preliminary experiments did not give a clear picture of how exactly the salts influenced
complex formation. Therefore, this point will not be discussed further.

In summay, our experimental results clearly indicate that iron porphyrins could have
formed by wet dry cycling in primordial rock pools, whereby the yield strongly depends on
the conditions of the aqueous environment and the type of iron source. It is worthwdhile
consider thatsources of metals other than irarould also have reacted with porphyrings
first hint of this possibility came from an experiment with basalt in which the formation of
[Cu(oep)] was observed (FRA and E). Consequently, further expeemis with selected
copper, cobalt, nickel and magnesium ion sources were carried out. With the exception of

copper, these metals occur in biologigarphyrintype cofactorsee Introduction).
Metalation of Octaethylporphyrin by Copper, Cobalt, Nickel sladjnesium Sources

Wet dry cyclingwas performed under neutral conditions withé metal(ll) chlorides and
with synthetic forms of the mineralsovellite (CuS), jaipurite (CoS), millerite (NiS) and
brucite (Mg(OH). In all cases, the metal(ll) compleX&oep)] (Figl) were detected at
the end of the experimen(l{able3), and their identities were confirmed by authentic stan
dards. Yields were between 4 and %8The chlorides of Gty Ca*, NF* and Mg* are all
readily soluble in water, while the minerals used have low or very low solubilities. This could
at least partly explain why, for a given metal ion, the chloride always gave a higher yield
than the mineral. The same was observed for iron sourcé®ghwater where the yields
from FeGlwere higher than from the minerals (Table 1). It should be noted that during a
wetcdry cyclethe metal(ll) chlorides changed their hydration state and thus the form in
which they could react with #dep. In the wet plase, they were completely dissolved.
During the subsequent transition from the wet to the dry phase, solid hydidteksi n H.O
crystallized, the value afbeing dependent on the metal ion. Then, when the temperature
of the residue increased towards fisal value in the dry phas&%0°C), the hydrates could
lose water of crystallization. Magnesium chloride, for example, first formed the
hexahydrateand at 117°C transformed into the tetrahydrat@Viberg 2001).

Formation of the copper complgxu(oep)jwas observed not only with Cu@ind CuS

but also with basaltThe mass spectrum of the products fromvatcdry experiment with
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basalt and kbep in artificial seawater was dominated by the signalqF&dCl(oep)j
[Fe(oep)], [Hoep +H]" and Hoep' (Fig.2A). Another, smaller, signal ain/z 595.3 could

be unambiguously assigned {€u(oep)j on the basis of its mass value (caE®b.29)
charaderistic isotope pattern, and comparison with a standard (Ei). The fact that
clearly detectable amounts ofCu(oep)] formed despite the low copper content of the
basalt (0.026, compared with 6.2 Fé* and 3.0% Fé&*) could indicate an exceptionally
high stability and/or an efficient formation mechanism of this compfdgo pointing in this
direction is the observation that despite iextremely low solubilityWiberg 2001)CuS
gave a surprisingly high yield (%) of [Cu(oep)]. Indeed, thistability index puts Cé*,

but not Fe&*, among the divalent metal ions thatodm the most stable
octaalkylporphyrinato complexes; high stability together with facile complex formation can
also account for the existence of copper geoporphyrins (Buchler 1975). The stability
difference between Ciiand Fé*, however, should not obscethe fact that F& also binds

tightly to porphyrinates.

Table 3Mass spectrometric data and yields of [M(oep)] complexes from the reactiopoefpH
with copper(ll), cobalt(ll), nickel(ll) and magnesium(ll) sources in freshwater

Metal source m/zfound® m/zcalcd Yield (%)

Cud 595.3 505 29 66
CuS 595.3 57
Cod 591.3 50129 78
CoS 591.3 33
NiCh 590.3 £00.29 20
NiS 590.3 6
MgCh 556.4 55634 32
Mg(OH} 556.4 4

aLDETOF/TOF measurements

® For the molecular ion [M(oep)]
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It is noteworthy that despite its formula, the compound CusS is not copper(ll) sulfide.

. FASR 2y A0a ONeBadGlrft adGdNHzOGdzZNBE 690Fya | yR Y
situation, it may be assigned the formuta O #0O 3 " 3" (seefor example: Wells

1984). However, certaiphysical properties and electronic structure calculations suggest

that other formulas may be more appropriate, for examplet O 3 "3,

#0 3 3", #F 3" 3" or#d #O 3" 3" (Nozakietal 1991;

Liang and Whangbo 1993; Mazin 2012; Kumar et al. 2013). The latter formulas imply that
some kind of redox reaction must have been involved in the formation of the Cu(ll) complex
[Cu(oep)] from CuS anddep.

Theoetical calculations by Saito et al. (2003) showed that precipitation of highly
insoluble copper sulfides probably caused an exceedingly low concentration of dissolved
copper in theArchean oceanThus, the abiotic formation of copper complexes from
dissoled copper ions would have been severely hampered. In this context, our observation
that CuS can serve as an efficient copper ion soisrcd interest because it explains how
porphyrinato copper(ll) complexes may still have formed. CuS (covellite) is dheoAg80
minerals that were probably widely distributed and/or had a significant volume at or near
GKS 1 RSFY 91 NIKQ& adz2NFI OS o1 T Sy HamoO®
componentof (proto)metatolisms, they later lost their function(s). Toddahe occurrence
of copper porphyrinsinorgana Ya | LILJSEFNR G2 06S fAYAGSR (2 1
0dzN> O2 OSNRAY 05801 MPpPHO@TF2NI 6KAOK y2 NRBfS

Cobalt, nickel and magnesium, in contrast to copper, are constituemsrphyrintype
cofactorsthat are involved in various metabolic procesgsse Introduction)Our wet dry
experiments showed that prebiotic ancestors of these cofactors may have formed in rock
pools in the lateHadearmearly Archean. Relatively high yield§©@b(oep)] were obtained
from CoGl(78%) and CoS (38). The yields of [Ni(oep)] welaver (20% from NiCland
6 % from NiS) and similar to those[Mg(oep)] (326from MgCt and 4% from Mg(OH).

In the case of [Mg(oep)], it turned out that neutradraitions were necessary for complex

formation. This is consistent with the known fact that this complex is readily demetalated

by traces of acid (Johnson et al. 1980). Remarkably, acid had the opposite effect on the
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formation of the corresponding Fecomplex, as discussed above. This difference is in line
with the higher stability index adctaalkylporphyrinato iron(Il) complexes (Buchler 1975),
which also explains the following observatioMghen dissolved Mg and Fé*ions were
simultaneously presenin awet dry experiment, formation of the iron complex clearly
predominated and no [Mg(oep)] could be detected. In a further experiment in which pre
synthesized [Mg(oep)] was exposed to waty cycles in the presence of FgCl
transmetalation was observed.e. iron replaced magnesium in the porphyrinato ring.
These results imply that in primordial rock pogi®rphyrinato magnesiuntcomplexes
could have existed only under natidic and essentially ireinee conditions. Therefore,
abiotically formed chloropyll precursors may have been less common than precursors of

the heme group.

Summary and Conclusions

We have simulated the metalation of hydrophobic porphyim@rimordial rock pool®y
useofag SG RNE IOtthalhyibrphgda (Pbep) was used as a model porphyrin.
The main results of this study are:

() In neutral freshwater, the salts MiGM =Mg, Fe,Co, Ni and Qugave significant yields
2T (0KS NBaLISOUOADS %Sdespitefthe faig thatdke pudphyriboep H N
was completely water insoluble. Using Fe&d an example, we showed thatetcdry
cycling was crucialVith only dry heating or refluxing, the yields were at least ten times
lower.

(if) Surprisingly under wetcdry conditions,even almost insoluble minerals and rocks
could metalate kBbep in freshwater. Theyields, however, were mostly low. Notable
exceptions were the yields obtained with basalt as an iron sourc@o)] $ynthetigaipurite
(CoS, 336) and syntheticovellite (QUS, 5®%0). Experiments with selected iron sources
(basalt, magnetite and FefLkhowed that yields were considerably higher in artificial sea
water than in freshwater.

(iif) The highest yields from iron sources were obtained in hydrochloric acid, which was

used to simulate the acidic conditions that can result from eruptions on volcanic islands.
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Here againwetcdry cycling wagmportant: the initially low HCI concentration periodically
increased during the evaporation phases because water and HCI forneainage with a
relatively high acid concentration (~20). Separate experiments without the porphyrin
showed that the minerals and rocks generally released much larger amounts of iron in
acidic than in neutral medium. A further reason for the beneficié¢atfof hydrochloric

acid is the protonation of the insolublé&oep to form the slightly solublé-Hoep)Ci.

(iv) Prebiotic porphyrinato magnesium complexes are interesting as potential primitive
versions of chlorophyll. We have, however, demonstrated tkiair formation on
primordial volcanic islands was probably much more limited than the formation of the
corresponding iron complexes. For example, octaethylporphyrinatomagnesium(ll) did not
form under acidic conditions, in sharp contrast to the iron cawrphhose formation was
facilitated by acid (see above). In addition, we observed that
octaethylporphyrinatomagnesium(ll) was destroyed in a transmetalation reaction when
dissolved F& was present.

(v) Iron meteorites were also effective iron sources, dlmaly under acidic conditions.

We investigated two meteorites mwetcdry cyclesand obtained yields of the porphyrinato
iron complex of 29 and 4%.

(vi)Based on our experimental results, it seems likely that on primordial volcanic islands,
metalloporphyrins could have formed abiotically, even from insoluble or nearly insoluble
porphyrins and metal ion sources. Porphyrinato complexes of iron, cobalt, nickel and
copper, but perhaps not magnesium, may have accumulated in rock pools. If this is true,
potential ancestors of porphyritype cofactors were available to hypothetical
protometabolisms and early organisms and thus might have been involved in the origin and
early evolution of life. In particular, abiotically formed iron porphyrins could have
participated in electron transfer, which is one of the most basic biochemical processes. Our
results are also consistent with the hypothesis that the porphyype cofactorsB:» and
Fa30, Which containcobalt and nickel, respectively, are evolutionary very @lchusto da
Silva and Williams 2001).

(vii) The results of our experiments have implications for the use of metalloporphyrins

as biosignatures. The abiotic metalation of porphyrins in wetfilnging processes may
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have occurred not only on Earth but alsor Example, on early Mars. Therefore, should
metallgporphyrins be discovered in Noachian or early Hesperian rocks on Mars, they could

well bedfalse positivé biosignatureFox and Strasdeit 2017).
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Kurzzusammenfassung

Fir die Suche nach extraterrestrischem Leben eignen sich Metalloporplsgtmegutals
potentielle BiosignaturenDie Griinde hierfur sind unter anderem ihre relativ einfache-De
tektierbarkeit undihr ubiquitaresVorkommen irdenLebeweserauf der ErdeDiese Arbeit
befasst sich mit der Untersuchung der Stabilititt der Modellverbindung
Chlorido(octaethylporphyrinato)eisen(lll)  [FeCl(oep)] unter verschiedenen
astrobiologisch relevanten Bedingungen wie extreme pHWerte, oxidierende
Verbindungen, Temperaturen bis zu 9UD ultraviolette und ionisierende Strahlung
Dadurchergab #&h ein umfassendes Bilkbn der Widerstandsfahigkeit der gewahlten
Modellverbindung und der Eisenporphyrinen allgemein Aus den gewonnenen
Erkenntnissen lasst sich unter andereableiten an welchen Ortendie Suche nach
Metalloporphyrin-Biosignaturen, die auf extraterrestrisches Leben hindeuten kénnten,

lohnend ist.
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Chemical, Thermal, and Radiation Resistance of an Iron
Porphyrin: A Model Study of Biosignature Stability

Hannes Lukas Pleyer! Ralf Moeller? Akira Fujimori® Stefan Fox,' and Henry Strasdeit”

Abstract

Metal complexes of porphyrins and porphyrin-type compounds are ubiquitous in all three domains of life, with
hemes and chlorophylls being the best-known examples. Their diagenetic transformation products are found as
geoporphyrins, in which the characteristic porphyrin core structure is retained and which can be up to 1.1 billion
years old. Because of this, and their relative ease of detection, metalloporphyrins appear attractive as chemical bio-
signatures in the search for extraterrestrial life. In this study, we investigated the stability of solid chlorido(2,3,
7,8,12,13,17,18-octaethylporphyrinato)iron(IlT) [FeCl(oep)], which served as a model for heme-like molecules and
iron geoporphyrins. [FeCl(oep)] was exposed to a variety of astrobiologically relevant extreme conditions, namely:
aqueous acids and bases, oxidants, heat, and radiation. Key results are: (1) the [Fe(oep)]" core is stable over the pH
range 0.0-13.5 even at 80°C,; (2) the oxidizing power follows the order CIO > H,0, > ClO; > HNO; > ClO, ; (3)
in an inert atmosphere, the iron porphyrin is thermally stable to near 250°C; (4) at high temperatures, carbon dioxide
gas is not inert but acts as an oxidant, forming carbon monoxide; (5) a decomposition layer is formed on ultraviolet
irradiation and protects the [FeCl(oep)] underneath; (6) an NaCl/NaHCO; salt mixture has a protective effect
against X-rays; and (7) no such effect is observed when [FeCl(oep)] is exposed to iron ion particle radiation. The
relevance to potential iron porphyrin biosignatures on Mars, Europa, and Enceladus is discussed. Key Words:
Chemical biosignatures—Iron porphyrins—Mars—Enceladus—Europa. Astrobiology 22, XXX—XXX.

1. Introduction Gibbs energies (IUPAC, 1997)—to qualitative properties
The Non Sequitur ““Stability” such as ““constancy’’ (a system remains unchanged), “‘ro-
Chemists are often sloppy in their thinking when they refer bustness’’ (a system remains unchanged when perturbed),
to a compound as “‘stable” or *‘unstable.” Even when the and “resilience’ (a system returns to or close to its original
context in which the word is used is obvious, it is strictly state after being perturbed) (Hansson and Helgesson, 2003).

meaningful to use the word only in reference to a particular
kind of reaction. In defense of current usage, however,
compounds that do not readily decompose at room temper-

Thus, when talking about stability, it is appropriate to
first define the way in which the term is being used. In this

ature are referred to as “stable,” and as long as this meaning article, “‘stability’’ refers to the resistance of a compound
is understood we can live with the usage. to decomposition under given conditions.
(Purcell and Kotz, 1977) One of the major themes in astrobiology is biosignatures

“STAB]L]TY” 1S A MULTI-FACETED concept referring to  (e.g., Chan et al., 2019). A biosignature can be broadly defi-
aspects that range from thermodynamics—where sta- ned as “‘any substance, group of substances, or phenomenon
bility can be expressed quantitatively by relative molar that provides evidence of life” (Catling ez al., 2018). More
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narrowly defined, biosignatures are chemical, isotopic, and
morphological traces of life preserved in minerals, sedi-
ments, and rocks (Westall and Cavalazzi, 2011). Cady et al.
(2003) grouped microbial biosignatures into three categor-
ies: microfossils, sedimentary structures influenced by micro-
organisms, and chemofossils.

The latter include diagenetically altered organic matter
as well as primary, unaltered biomolecules (e.g., Pamell
et al., 2007; Summons et al., 2008). Summons ef al. (2011)
categorized biogenic organic molecules as highly definitive
biosignatures. However, it must be kept in mind that the
unambiguous identification of chemical biosignatures is fre-
quently not straightforward (Fox and Strasdeit, 2017).

Finding a chemical biosignature depends, among other
things, on the state of preservation, which is crucially de-
termined by the stability of the biosignature. There-
fore, knowledge about the stabilities is important when it
comes to deciding which biosignatures should be searched
for in future space missions, for example to Mars, En-
celadus, or Europa. Extraterrestrial biosignature candi-
dates are usually chosen in an Earth-centric manner, based
on the assumption that life elsewhere is similar to life on
Earth. Therefore, organic molecules that are abundant and
widespread in living organisms are typically considered as
biosignatures.

Molecular biosignatures can be destroyed by both bio-
logical recycling and abiotic processes. In this work, we
focus exclusively on the effects of abiotic factors, such as
radiation and high temperature, and use a representative
member of the porphyrin family as a model compound.
Porphyrins are unique molecules whose properties make
them promising biosignature candidates (Suo ez al., 2007).
Later, the term “‘porphyrin-type compounds™ (PTCs) is used
to include not only porphyrins (i.e., derivatives of porphine
with various side chains), but also contracted porphyrins
(e.g., comins) and partially reduced ones (e.g., chlorins,
bacteriochlorins, and corphins).

Metal complexes of PTCs are ubiquitous and perform a
variety of functions in living organisms (Kaim ez al., 2013).
For example, the magnesium-containing chlorophylls and

a b

FIG. 1.

PLEYER ETAL.

bacteriochlorophylls are central to photosynthesis, and the
iron-containing hemes (Fig. 1a) are involved in one-electron
transfer, oxygen transport, and oxygen activation. Other
well-known PTCs are the cobalamins (cobalt complexes),
which include vitamin Bj;, and the methanogenic cofactor
Fy30 (a nickel complex). There are also less common PTCs
with no known metabolic function, such as the copper por-
phyrins turacin and turacoverdin, which are avian pigments
(Dyck, 1992), and the nickel porphyrin tunichlorin of some
marine invertebrates (Kiipper et al., 2006). Because of their
ubiquity and intense colors, PTCs have been called “the
colors of life” (Milgrom, 1997) and “‘the pigments of life”’
(Battersby, 2000).

The PTC molecules have a highly persistent core struc-
ture, which may be preserved as geoporphyrins for at least
1.1 billion years (Gueneli et al., 2018). Most geoporphyrins
derive from chlorophylls and hemes, which are altered
during diagenesis to a variety of free base porphyrins and
metalloporphyrins, such as metalloetioporphyrins (Fig. 1b)
(Callot and Ocampo, 2000). Transmetalation occurs frequ-
ently, resulting in vanadyl and nickel porphyrins usually
being the most abundant metallogeoporphyrins (Filby and
Van Berkel, 1987).

However, iron porphyrins can be present in comparable
concentrations (e.g., Eckardt ez al, 1989; Zheng et al.,
2018). It is also worth mentioning that a crystalline nickel
geoporphyrin mineral exists (Mason ez al., 1989; Hummer
et al., 2017).

Among the biological PTCs, iron complexes play an out-
standing role. The heme groups of the cytochromes, for
example, are widely involved in electron transfer and the
cellular production of energy (Kaim et al., 2013). Even
organisms that rely on thermal energy, such as hyperther-
mophiles near hydrothermal vents, and chemoautotrophic
species use cytochromes (e.g., Pihl ez al, 1992; Lovley
et al., 2004). These proteins are found in all three domains
of life (bacteria, archaea, and eukaryotes). A virus genome
that encodes cytochrome P450 has been described (Lamb
et al., 2009). Further, cytochrome P450 enzymes could have
existed for more than 3.5 billion years (Nelson et al., 1993).

Cc

(a) Heme b, the iron{IlT) complex of protoporphyrin IX, as it occurs in the cytochrome P450 enzymes. The iron is

bound to the protein via a cysteinyl thiolate. (b) The metallogeoporphyrin (etioporphyrinato)iron(IIT). Shown is the IIT

isomer with chloride as axial ligand (Eckardt et al., 1989;

Bonnett ez ai., 1990, 1993). (¢) Chlorido(2,3,7.8,12,13,17,18-

octaethylporphyrinato)iron(Il) ([FeCl(oep)]), the model compound used in this study.
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STABILITY OF IRON PORPHYRIN BIOSIGNATURES

The great evolutionary age, abiotic formation pathways,
the involvement in basic biochemical processes, and the
ubiquitous occurrence suggest that iron porphyrins might
also be used by extraterrestrial life. Heme- and cytochrome-
like molecules are considered targets for the search for life
on Mars (Haezeleer et al., 2019).

Suo er al. (2007) suggested porphyrins as ideal molecu-
lar biosignatures, partly because no plausible abiotic syn-
thesis was known at that time. Since then, abiotic porphyrin
and metalloporphyrin syntheses have been discovered that
could occur in aqueous environments on terrestrial planets
(Lindsey et al., 2009, 2011; Soares et al., 2012a, 2012b;
Taniguchi et al., 2012; Fox and Strasdeit, 2013; Soares
et al., 2013a, 2013b; Alexy et al., 2015; Pleyer et al., 2018).
Thus, we now know that PTCs entail the risk of being false
positive biosignatures (Fox and Strasdeit, 2017). However,
the problem of a possible abiotic origin also exists for other
potential biosignatures, such as lipids, amino acids, and nuc-
leobases (e.g., McCollom et al., 1999; Burton et al., 2012).
In contrast to many other chemical biosignatures, PTCs
have the advantages of high stability (at least of the core
structure) and ease of detection.

In this study, we use chlorido(2,3,7,8,12,13,17,18-
octaethylporphyrinato)iron(Ill) [FeCl(oep)] (Fig. lc) as a
model for heme-like molecules. In terms of the iron coor-
dination, [FeCl{oep)] is closely related to hemin, which is
a natural oxidation product of heme (Umbreit, 2007). Both
[FeCl(oep)] and hemin contain iron(Ill) in a square-pyramidal
CIN, environment. However, the two molecules differ in
the polarity of the porphyrin.

Protoporphyrin IX, which is present as the dianion in
hemin, has vinyl and carboxyl groups and is therefore
amphiphilic, whereas octaethylporphyrin, the proligand of
[FeCl(oep)], is hydrophobic (Taniguchi er al., 2012). How-
ever, this difference is not relevant for our study because (1)
we focus only on the solid state, and (2) during diagenesis,
reduction of the vinyl groups and decarboxylation frequ-
ently occur, both producing ethyl groups (compare a and b
in Fig. 1) (Callot and Ocampo, 2000).

[FeCl(oep)] was also chosen because, like hemes and
chlorophylls, it is substituted at the f-positions. The location
of the substituents affects the chemical stability of a por-
phyrin. Free meso-positions are the most reactive positions
for nucleophilic as well as electrophilic attack (Fuhrhop,
1978). Also, cleavage of the porphyrin ring starts there (Ortiz
de Montellano, 1998; St Claire and Balch, 1999). Therefore,
when it comes to stability studies, the meso-substituted chlor-
ido(5,10,15,20-tetraphenylporphyrinato)iron(IIl) ([FeCl(tpp)],
see below) is not the best choice as a model compound for
biological PTCs.

By contrast, the meso-positions of [FeCl(oep)] are
unblocked. In addition, there is much experimental data
on [FeCl(oep)], including the crystal structure (Senge, 2005;
Kohnhorst and Haller, 2014), making this complex very
suitable for model studies.

In this study, the stability of solid [FeCl(oep)] is inves-
tigated under various harsh conditions that are relevant to
astrobiological questions. The majority of PTCs are aroma-
tic systems. Therefore, the macrocylic core structures of
PTCs are generally regarded as very stable. However, so far,
relatively few studies have addressed the stability of solid
PTCs, in contrast to, for example, solid amino acids whose

3

resistance to ultraviolet (UV) (e.g., Ten Kate et al., 2005)
and ionizing radiation (e.g., Cataldo et al., 2011), high tem-
peratures {(e.g., Fox et al., 2015), and multiple harsh condi-
tions (e.g., perchlorates and energetic electrons) (Gobi er al.,
2016) was studied.

Metalloporphyrins were divided into five classes accord-
ing to their susceptibility to demetallation by Brgnsted
acids: (I) not completely demetallated by 100% sulfuric
acid, (IT) demetallated by 100% sulfuric acid, (IIT) deme-
tallated by hydrochloric acid/dichloromethane, (IV) deme-
tallated by 100% acetic acid, and (V) demetallated by water/
dichloromethane at 25°C within 2h (Falk, 1964; Buchler,
1975). [FeCl(oep)] belongs to class II, whereas the corre-
sponding vanadyl complex is categorized as class I and the
magnesium complex as class IV.

This is consistent with the observation that geoporphyrins
often occur as vanadyl and sometimes as iron complexes
but never as magnesium complexes. Some solid metal
complexes of 5,10,15,20-tetraphenylporphyrinate(2-) (tpp)
were studied by thermogravimetry (Allan er al., 1989;
Gokakakar and Salker, 2010). It was found, for example,
that [FeCl(tpp)] was stable in air up to ~380°C. Also,
radiation experiments were conducted, for example, on
the photostability of [Zn(tpp)] in solution (Sobbi er al.,
1993), the effect of y-irradiation on thin films of [FeCl(tpp)]
(El-Nahass et al., 2017), and the y-radiation resistance of
copper, nickel, and vanadyl porphyrins in the context of
geoporphyrins (Dunning and Moore, 1959). However, none
of these works used [FeCl(oep)].

In an astrobiologically motivated study, thin films of
[FeCl(tpp)] were exposed to radiation in a low Earth orbit on
the O/OREOS satellite and in the laboratory (Cook et al.,
2014). The iron complex was photodecomposed in all micro-
environments used (dry argon, humid argon, and CO,/O,/Ar
atmosphere), with the decomposition being fastest in the
humid environment. However, as explained earlier, meso-
substituted metalloporphyrins such as [FeCl(tpp)] may not
be ideal models for naturally occurring PTCs.

Therefore, in the present study, we used the f-substituted
complex [FeCl(oep)] to evaluate the resistance of iron(IIT)
porphyrins to UV and ionizing particle radiation (He and
Fe). [FeCl{oep)] was also exposed to high temperatures,
acids, bases, and oxidizing agents to obtain a more compre-
hensive picture of its stability. To facilitate the interpretation
of the results, we investigated the potentially destructive
factors individually; it should be kept in mind, however, that
factors may act differently in combination than they do
separately. The study was conducted against the background
of the search for life in the Solar System, for example, on
Mars and Enceladus. The results may help to identify loca-
tions where the search for PTC biosignatures is most
promising—because PTCs can withstand local conditions—
and those where the probability of finding PTCs is low.

A knowledge of the stability of solid PTCs is important
not only in the context of biosignatures, but possibly also for
prebiotic chemistry and origin-of-life research. Lipophilic,
water-insoluble alkylporphyrinato iron(IlT) complexes, such
as the one used in this study, may have formed abiotically
on primordial volcanic islands (Fox and Strasdeit, 2013;
Pleyer et al., 2018). As with many prebiotic reactions, the
yields were probably small. However, if the metallopor-
phyrins were sufficiently stable to withstand the harsh
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