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Résumé de la these

Les découvertes de traces de vie primitive, foss#iediosignatures,
suggerentqueceléL VHUDLW DSSDUXH LO \ ] PLOOLDUG"
pPHUJHQFH HVW OH UpVXOWDW GYfpWDSHV PHQDQW
organiques aux premiéres formes de vie unicellulaire.

&H WUDYDLO GH WKKYWHHGIHP OQBE SGPDXRUBSWWRQ GH OD Yl
environnement hydrothermal, dans lequel la pression, les gradients de
WHPSpUDWXUH HW GH S+ OD GLYHUVLWp GHV VXUIDF
GTpQHUJLH FKLPLTXH DXUDLHQW SHUPLYV OYDFFEXPXOL
dH OD PDWLqUH RUJDQLTXH ,0 VILQWpPpUHVVH SDUW|
concentration des nucléotides et de polymérisation des acides aminés,
respectivement briques élémentaires du matériel génétigue et des

protéines, inhérentes au vivant.

&HWWH WKgVH SUpVHQWH GIDERUG XQH pWXGH GHYV |
nucléotides en solution et minéraux en feuillets en conditions contrdlées

de température, de pH et de salinité. Dans une deuxiéme partie, elle
UpFDSLWXOH OHV U pabxed/atfiiniy SituRENW 9@ M M HS/D UG DV
conditions hydrothermales et des surfaces minérales sur la polymérisation

des acides aminés non activés.

Ce travail suggére que les minéraux en feuillets, et plus particulierement

les argiles gonflantes, augmentent lacaniration locale en nucléotide de

trois ordres de grandeurs au moins en présentant un comportement tres

dépendant des conditions physicochimiques du milieu. De plus, |l
UHFRQILUPH OYLPSRUWDQFH GH OD WHPSpUDWXUH C
acides aminés esolution, mais montre également que la pression et la

présence de surfaces minérales ont une influence majeure sur la réactivité

de ces molécules. Les environnements hydrothermaux semblent donc

favorables a la concentration, la préservation et la comatidn de la

PDWLqUH RUJDQLTXH pWDSHV HVVHQWLHOOHYV |j Ofp
vivant.
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INTRODUCTION

'H OfRULJLQH GH OD YLH VXU 7THUUH QRXV FRQQDLVVRQV S
de choses. Aprées la publication d§2ULJL QH G &t GhaBegParwh en 18590n

considéere que les racines de tous les organismes vivants remonteriGua commun, une
population dont les traits caractéristiques, moléculaires et structimateuraientéritétoutes

les formes de vie actuelles.

$ OD VXLWH GHV JUDQGHYV DYDQFpHY GDQV OH GRPDLQH GX
structure (Watson and Crick, 1953 au code génétique et a la théorie des arbres
phylogénétiquegWoese et al., 1966; Woese et al.,, 19900D ELRORJLH V{HVW IRF
FR QV W Uuhe piyldRépide Hlus en plus pré@srévélant les parentés entre les organas

actuels et fossiles, et tentant de retrouver, a rebours, la structure des molécules et des chemins
PpWDEROLTXHVY OHV SOXV SULBRWQNY VEHWWEHODBS SUIRFRH
compréhension des premiers pas de la vie, de sa capacité arievsatdiversifier. Elle apporte

méme, moyennant quelques précautions statistiques, des informations temporelles sur les
UDGLDWLRQV GHV SUHPLqUHV IRUPHV GH YLH HW GH OHXUYV
MWBRZQY SHUPHW GH RRQRBRM LGH XYDQYRIMWMIH FR&P XQ XQL
sesliens étroits avec son écologet,de proposer un environnement géochimique dans lequel

LO DXUDLW pPHUJp RX GX PRLQV VH VHUDLW GpYHORSSp 3|
LQGpSDVe® EQ@IA. Aocline reconstruction des schémas antérieurs a cet ancétre
FRPPXQ QfHVW SRVVLEOH HW OD SUHPLqUH IRUPH GH YLH

&HWWH DSSURFKH KLVWRULTXH HW JpQpWLTXH HVW FRPSO
indépendamment pa@parin en 1924 et Haldane en 192®s auteurs ont élaboré une théorie

GH OTRULJLQH G fuiGelprétd aided ¥ekis expérithehtaux. lls propasguiin, un
FKHPLQHPHQW XQH VXLWH GYpWDSHV W Kprispbhtanémant.D\D Q W
&HWWH DSSURFKH H[SpULP HQXSEfopdde fueDaOviel qit Hpiade pa R W W R
évolution chimique de composés organiques simples a la suite de nombreuses étapes clés. La
constatation que la vieellulaireestpresqueXQLYHUVHOOHPHQW FRPSRVpH G{X(
FRQVHUYp SDU Of%$'1l YpKLFXOp SDU OY%$51 GTXQHsPDFKLQ!
HW GH FRPSDUWLPHQWYV éneferzé dwiveny implgid npoddsalrettentO
OfLQWHUDFW biRdc@dd cbriplex&sDFU$'L O0$51 OHV SURWPLQHYV
/IfLGpH HVW DORUV GH FRP SésHmadceothblédsIfdDtEpR €16 pFoRurREZH Q W



concentrées, assemblées et préservées a partir de premieres molécules simples et abondantes.
La décaiverte expérimentale de conditions physiE&K LPLTXHV SHUPHWWDQW OH
étape a une autre éclaire 88 SRVVLEOHYVY FKHPLQV GH OfpPHUJHQFH G
SHUPHWWDQW OD YDOLGDWLRQ GTXQH pWDSHréa@é @D ERUDW
OfHQYLURQQHPHQW SULPLpEL |6 HKIT H 6 WXRH. \WeToRHAREKEY WLOHD IR
GHVFULSWLRQ GH OD 7HUUH SULPLWLYH HW GH VRQ KLVWR
ODERUDWRLUH GH OfDXWUB RHVURW DXSHNRVRDRD LGTTXHOWV G b
OfRULJLQH GH OD YLH VXU 7HUUH TXH VL HOOHV VIpWXGL
environnement prébiotique probable. Le lien est donc étroit entre la géologie au sens large et la

chimie prébiotique.

A partir de ng connaissances sciences de la Terre, nous avdmerché &oncilier dans cette

WKgqVH OMDVSHFW JpRORJLTXH HW OfDWSHTF VB RFKL PALA & M H3
répondre a plusieurs questions. Nous nous sommes particulieremeessése a deux
hypothéses. La premiéitheoriségar Bernal(1951), propose que la concentration des briques
élémentaires du vivant sur des minéraux a grande surface réactive, tels que les argiles, aurait
pallié a la trés forte dilution de ces moléculesgdie vaste océan primitif et aurait favoriseé leur
UpDFWLYLWp /YfDGVRUSWLRQ FRPPH PpFDQLVPH GH FRQFH
hypothéeses fortes des scénde O D S S PrenidelCGRHO OTLQIRUPDWLRQ JpQpWLT
ceux deO ffpP HUNItKAI® G X Q P p W D Esedond¥ypbthésBepose sur la proposition

deCorliss et. al(198]). Corliss et alproposent que les environnements hydrothermaux sous

marins primitifs, combinant fortes pressions, gradients de température et de pH élexsite dive
minéralogique et stabilité temporelle de ces conditions, auraient été propices a la production et

la complexification des molécules du vivant.

Nous supposons que les brigues élémentaires du vivant que sont les nucléotides, monoméres
GH Of7%$'1 NMWtIlesfatiles aminés, monomeres des protéines, sont présents sur la Terre
primitive. Nous avons donc étudié a la fois le probleme de la concentration de ces molécules et
celuide leur réactivité dans des conditions simulant plusieurs parametres cstrqoes de la

Terre primitive et de ses environnements hydrothermauxrsauss.

Dans lapremiére partie, nous proposonsupWDW GHW FfBRQWDLVVDQFHV VXU O
YLH VXU 7THUUH HW SOXV SDUWLFXOLQqgUH PdeQnicléoidds&xHYV QRF
de polymérisation des acides aminés.
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Dans la seconde partie, nous presentonsOfHQVHPEOH GHV PpWKRGHV HJ.
analytiques utilisées et développées lors de cette thése.-Gedlmst nombreuses et variées,
combirent des approas de chimie analytique, de minéralogie ou encore des techniques
expérimentales deaute pression.

Lesparties 3et4AGpWDLOOHQW QRWUH pWXGH GHV PpFDQLVPHV G
minéraux en feuillets caractéristiquakes environnementfiydrothermaux sousmarins

primitifs. Plus précisément, parte 3 HVW FRQVDFUpH j OTpWXGH GHV FRPSF
PRQRPgUHYV GH Of%$'1 HW GH Of%$51 ORUV GH OHXU DGVRUS
feuillets de compositions et de structuredataes, aux conditions ambiastde pression et de
température /fHIIHW GX S+ pWDQW XQ GHV SDUDPgQWUHV GLVF
systemes hydrodrmaux sousnarins,a également été étudié. Cette vaste exploration est
SUpVHQWpPH VR X pap@DpubRatBrs |&Grfvieochimica et Cosmochimica Acta
Lapartie4 TXDQW j HO OJHOVLP@GW PpWHEGNHOD FKLPLH GH OYfRFpDQ S
GHV IOXLGHY DYHF OD URFKH HigsetfdisRIQI® ch@pvdition,é ¥ fDILW
FRQFHQWUDWLRQ HQ VHOV VXU OfDGVRUSWLRQ GHV QXFOr
reposea la fois sur une approche macroscopjqulassique en adsorptiprHW VXU OfpW X
structurale du comportement des colloides minéraux en fonasoseds présents dans le milieu

étudié. Ces résultats sont retranscrits dans un papier soumis au journal de la société américaine
de chimieLangmuir Lesparties 3 et 4ont permis de compléter, préciser, généraliser et parfois
FRUULJHU OTHQVEBRREOMNGH S BUROQRUSWLRQ SXEOLpHV GH
études présentent en effet des résultats disparates, parfois contradictoires et souvent
difficilement comparables les uns aux autres tant les méthodes utilisées sont différentes. Nos
travaux, repHQDQW j OD EDVH OYH[SORUDWLRQ GHV HIIHWV G|
SK\WWLFRFKLPLTXHV VXU OYfDGVRUSWLRQ GHV QXFOpRWLGHYV
de repere important.

La partie 5 TXDQW j HOOH VYLQWpUH YV WitotheOrfaldd et ifés 8uHace RQ G L
minérales sur la réactivité du plus simple aminé protéinogéne, la glycine. Nous avons utilisé
SRXU OD SUHPLqQUH IRLVY GDQV FH &BtadelsQeetrosc@pie Ram&EK QL T X |
couplée a une cellule a enclumes deRILQWYV '{XQH SDUW FHWWH PpWKRG
débats inhérents aux étudeg situ précédemment réaliséeda stabilité des molécules
organiques et la cinétique des réactions en conditions de haute pression et haute température.
"fDXWUH S Dativv deOchhrbjtisRle pressions plus fortes que dans les précédents

travaux nous a permis de découvrir une pression critiqudel@ude laquelle le systeme

11



FKLPLTXH HVW LQDFWLYp &HV UpVXOWDWYVY VRQW SUpVHQW
sounission auxXProceedings of the National Academy of Sciences (PNAS)
La partie 6 présente les conclusions générales de ce travail de thése et les perspectives qui en

résultent.
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PARTIE1- (7$7 '( /1$57

/1$VWUR E biRé&xébiblogie dans la langue de Moliére, cherche a comprendre
OYKLVWRLUH GH OD YLH d@récWerchg 8i€3Lcynditibis né&de<3dmedisQ F O X
possiblement non suffisantes) O fpPHUJHQFH GH OD YLH OfRULJEQH HW (
HW OD UHFKHUFKH GH FRQGLWLRQV GY{KDEIW®REipothe/ p HW G
tres multidisciplinaire qui fait appel aux connaissances de la biologie, de la physique, de la
chimieetdes sciences de la Tétr HW G H DHi@adl-Géldondn et al., 2018.

&H FKDSLWUH WHQWH GH UpVXPHU OfpWDW GH OYDUW GH F
GLIIpUHQWHY DX WUDYHUV GYXQ DSHUoX QRQ H[KDXVWLI
sur le sujet.

AuseindecettedidcSOLQH F T H Vandy des\brigipas devd-ide s€s Pproblématiques
HVVHQWLHOOHY MXVTXY] DXMRXUGYIKXL TXL QRXV LQWpUH\
FRQVWDWDWLRQ TXH QRXV PDQTXRQV WRXM RKttohs@d XQH Gr

donner quelqueslés de compréhension de ce phénoméne.

4 X T H¥ due la vie?

Reconnaitre et différencier le vivant du mamant semble étre une capacité partagée par tous

les étres humains, et pekire par tous les étres vivaii@ayon,2010. Cette intuition ne nous

HVW SRXUWDQW SDV GI1XQH JUDQGH XWLOLWp ORUVTXYTLO V
Paradoxalement, la biologigui VL QW p U H V \nél dédinit pak Yriedg&mesbn objet
GIpWXGH ,0 D WERX\WHRGKY TpWWHp ONRRQY VDYDLW FH BXIpWDLW
expliquer son histoireu a comprendre les lois qui la régissent. MaiO TDEVHQFH GH GplLC
OYDSSDULWLRQ GHV ddgie bl QeHIE vie Hrtif@ifl@e altthiRdE qurliques

difficultés de communication entrées scientifiques de difféerentes communautés mais
également avec le grand public.

Pour des raisons pratiques, les scientifiques seadord SHQFKpV VXU OfYpODERUD
définition simple de la viggqui U H J U R Xs8ribl®©dgsit@eories actuelles du vivant et propose

des tests opérationnels, des critéres qui discrimineront effectivement les étres vivants du reste.
&THVW GRQF OH EHVRLQ G TK\SR WiiggVitk\¢cetieRISfinitidn TpXisbBed Q W Y
notre iNtuLWLRQ QYHVW SDV LQIDLOOLEOH HW OH GREMWH UpFX
limites.Y-at-il donc une «U g J O kb, G1feRsEmMble de caractéristiques universelles (non terra
centrées) qui puissent définir la eSelon Benne(2010, la questio est passionnantet

révélatrice SRXU OY{DVWURELRORJLH 7RXWH WHQWDWLYH GH G
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PARTIE1- (7$7 '( /1$57

travers du prisme de la théorie du vivant chére aux instigateurs de cette défiiitsnla

simple SURSRVLWLRQ GUX@aQ 6 pUHQGEVIFRP SWH GHV FKHPLQV
envisageables pour géeéfHV FDUDFWpPpULVWLTXHV GX YLYDQW TXH OfF
importantesLes caractéristiquedu vivantqui paraissent essentielles sont presque unigues

chaque communauté étadt la vie conduisant a la multiplation des définitionsLazcano

(2008 propose une synthése passionnante des différentes théories du vivant et de leurs liens
avec les découvertes scientifiques et systémes de pensée des époques auxquelles elles sont
associéed.es biologistes décriront la théorie cellulaire, associée a laadimentalisation, au
métabolisme et aux protéingses chimistes préféreront la théorie du carbone réduit ou du
systéme autentretenu thermodynamiquement ouveles évolutionnistes souligneront
OLPSRUWDQFH GH OfYpYROXW LM @n GuD tdsuilteQdeHaQrépkicatib’v O TK L
imparfaite du matériel génétig@@enner, 2010. Toutes les définitions qui sont proposées sont
intimement liées a la pensée philosophique occidentale sur la Of DQLPLVPH Gf$ULV\
mécanique de Descartes ou &0JdH O R U JD Q L Vdoers BeQaitsutdd® SMgg&ent

que les scientifiques sbencore tres dépendants de leur intuition sur le vi@ayon, 2010.

(Q OH SURJUDPPH GY$VWURELRORJLH GH OD 1%$6% D D

suivane, pragmatique, et que nous suivrons emagssant ses avantages et ses limites

« La vie est un systéme chimique aHQ WUHWHQX FDSDEOH GIpYROXWLR

Cette définition évite les écueils les plus communs et comporte une théorie du vitent fo

offrant alors de nombreux critéres pour reconnaitre |[éBaaner, 2010.

Figure 1 : Représentation s chémati que des propriétés essentielles du vivant et des molécules de

bases associées.
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Critéres et bases moléculaires du vivant

Le vivant peutétre résumé a quelguases de ses propriétés essentielles et globalement
partagéesHigure 1). La vie estellulaire Sonidentitéest permise par la compartimentalisation

au sein de membranes lipidiques amphiphiles, individualisant la cellule et lemitiEnt de

son environnement. Cette membrane permet le maintien de flux et de gradients nécessaires a la
UpJXODWLRQ GH OTDFWLYLWp midchiGeXecBllulditgcomprepaxitRreQ DGD S
PPWDEROLVPH HVW EDVpH VXUs. @Cét dir@riesVsoR Qel idrBteigsy G TH
FRQVWLWXpHYVY GH OfHQFKDVQHPHQW G DBiBWw&2AY deteLQpV SEL
PDFKLQHULH HVW infbpndaXiddp igéné8dpe VVORFNpH SDU Of1%$'1 C
désoxyribonucléique). Les protéines permettent quattOHV OTH[SUHVVLRQ OD Sl
UHSURGXFWLRQ GH FHWWH LQIRUPDWLRQ JpQpWLTXH /TH]
PHVVDJHU DFLGH ULERQXFOpPLTXH /1$'1L HW OfT1$51 VR
OfHQFKDVQHPHQW GH QXF dogphidiesterttjgupel 2BY L8 be@e RE VRQV S
SURWpPLQHV HW OH FRXSOH $'1 $51 HVW GRQF pWURLW '1TXQ
JPpQPWLTXH TXL SHUPHW OH IRQFWLRQQHPHQW GHV SURWpI
qui permetlemaint HQ HW OTH[SUHVVLRQ GH OYLQIRUPDWLRQ JpQp
OYLQIRUPDWLRQ JpQpWLTXH SDVVH SDU XQ FRGH JpQpWLT:
O07%$'1 HQ SURWPLQHYVY IRQFWLRQQHOOHYV /H FRGHnirpQpWLTX
XQ FRGRQ XQLWp GILQIRUPDWLRQ GH Of%$'1 HW GH 0Of1%51

protéines.

/I fpPHUJHQFH GHV SURWpPLQHVY GH Of$51 HW GH Of$'1l VHPE
OYDSSDULWLRQ GH OD YLH

Protéines ARN ou ADN ? Quelle molécule émerge la premiére

Un débat central recouvia définition du vivant énoncée -@dessust divise la communauté

GHV DVWURELRORJLV @oE4/et HAMaDERY R Q% VRIX@ LIJQp OJLPSRU
cycles métaboliques eflpPHUJHQFH GHV YpVLFXOHV GDOQMoteiRk TXL HV!
first» 'H O 9YIRCW (1962 propose la théorie geneticfirst », focalis& sur des
macromolécules aux capacités awgbhétérocatalytiques et pouvant stocker une information
génétque. De cette seconde proposition est née la théorienduneke a ARN» (Gilbert, 1986)

renforcée pala découverte RN catalytiquegjue sontes ribozymesUn camp soutierdonc

17
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XQH RULJLQH PpWDEROLTXH HW SURWpL@&nsét ug &#hombaYLH DC
ARN » dans lequel cette molécule jouerait le double réle de modele a la réplication et
GIRSpUDWHXU FDWDO\WLTXH

Figure 2 : Briques élémentaires du vivant. A) Les 20 acides aminés protéinogénes. B) Ribo - et

désoxyribonucléotides.
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PARTIE1- (7$7 '( /1$57

La théorieproteinfirst SULYLOpJLH OD YLVLRQ IRQFWLRQQHOOH GX Y
DORUV OfYpPHUJHQ HBaywh 201Y)LL@@ytandesligrieOde détie théorie reposent

sur plusieurs progrés expérimentaux. Les expériences dE gyitH SUPpELRWLTXH RQW F
pwWDLW UHODWLYHPHQW VLPSOH GTREWHQLU GHV TXDQWLW
GIDERQGDQFH SURFKH GH FH@auHfmar] XQHHSAn&® gWal PP PR\HQQ
Par ailleurs, cette théorie a été apge dans les années 1960 par la découverte de protéinoides.

Fox démontre la formation spontanéestieictures quagirotéiquesormant des vésicules en

solution (Fox and Waehneldt, 1968 Ces protéinoidesSUpVHQWHQW XQH YDULpPpW
catalytiques féles et non spécifiquesu sein denicrosphéregjui sont des volumes fermés

pouvant fusionner, se diviser. La membrane de protéinoides semble perméable a la diffusion de
petites molécules et peut développer un potentiel électriquenrambranaire. Cesultats

VRQW DXMRXUGYKXL WUqV GpEDWWXYVY PDLV LO D pWp VXJJg
a des protecellules.Des travaux plus récents suggerent que les métabolismes primitifs aient

pu étre intimement liés au monde minéral et plus @drdirement aux sulfures et aux métaux

de transitions associés. Des cycles métaboliques primitifs auraient pu évoluer spontanément au
FRQWDFW GH FHV PLQpUDX[ SHUPHWWDQW OYH[SORLWDW
systemes hydrothermaux dansglasls ils se forment. Cela aurait pu initier une vie en deux
dimensiongWachtershauser, 1988; de Duve and Miller, 199Dbu au sein de microvolumes
IRUPpV SDU OD SUpFLSLWORUdsRI@t &. 11D% YRuSSEIH2WPLQpUDOHYV

La théorie alternate geneticfirst insige sur les relations de pareetétre populationfGayon,

2010.LD YLH WHOOH TXH QRXV OD FRQQDLVVRQV HVW XQLYH
PROpFXOHV VIDVVXUDQW GX VWRFNDJH HM capAdtdAM&d@ VIHUW
PROpFXOHV j IRUPHU XQ PRGgQOH GH UpSOLFDWLRQ SDU F
monomere, en fait de bons candidats en tant que premieres molécules réplicantes.
/ITHQWKRXVLDVPH SRXU XQ PRQGH j $51 D pWppadtiBn s WHQ X S
FDWDO\VpHV SDU GHV VpTXH Q-Edtevficatihs,Jd ligationyi®Rdithgd D W U D
(Kruger et al., 1982a; Krugeretal.,1982ph 'H FHVY GpFRXYHUWHYV HVW UHVVRL
SXLVVH MRXHU OH U{OH Gf{XQH. GaReddexidiie thdorie VéorthfeXd®) FDW
SUHPLqQUH D VRQ ORW GYREVWDFOHYVY HW GH GLIILFXOWpV
de nucléotides et méme de précurseurs des nucléotides est délicate dans les conditions
prébiotiquesLa synthésel 1$51 R¥DIGetlaréplicationnonrHQJ\PDWLTXH GIXQH Vp

arbitrairede ces molécules ne sont pas encore accongpliboratoire.
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Il existe également des probléemes communs a ces deux théories. Un systeme ne se reposant que
sur un type unique de moléculestdévoluer rapidement afin de créer la relation intime qui

existe entre les deux groupes de polymeres que sont les acides nucléiques et les péstéines

par le code génétiqueCes deux vues sont certes différentes, mais ne doivent pas étre

considéréesommemutuellemengxclusives.

Quelques pistes tentant de dépasser ces deux théories peuvent étre sokiigiféesn(1991)
VXJIJqUH TXH Of%$'1 HW O71$51 HW OHV SURWPLQHV GRLYHQW
et devenir complémentaires. En effget,une théorie génétique doit inventer un code et des
protéines, une théorie protéigue doit inventer la traduction et les genes. Ce probleme a semblé
VXIILVDPPHQW LPSRUWDQW SRXU HQ¥YaMaHau tavexsQ@iILHU O
S ULV P Hu@&HeOdr@vietés émergentes des systemes compexesse «Lors de la
FRPSOH[LILFDWLRQ GTXQH SRSXODWLRQ GH SRO\PqUHV DX]
de complexité peut étre atteint-ddHOj] GXTXHO LO H[LVWH XEHnSMKR EDELOL
V\VWgPH GH SRO\PqUHV DX VHLQ GXTXHO OD IRUPDWLRQ G
membre du méme sesgsteme. Un tel groupe de polyméres serait-aatalytique et ceuxi

se reproduiraient collectivement. Je propose donc une nouvste vterriblement simplela

vie est une propriété prévisible, collectivement aarganisée des polymeres catalytigues.

Selon cette idée, ADN/ARN et protéines, les deux formes primitives de vie, coévoluent en
symbiose. Il devient alors important dengprendre comment elles peuvent étre couplées dans

un méme environnement et étre soumises a la méme histoire.

8Q SRLQW GH YXH IRFDOLVp VXU OHV SURSULpWpPV FKLPLTXH
GH +XG j VILQWpUHVVHU jtéQl® M AtQARK I EesHmdécuies bupdieRtW L Y
GHV SURSULpWpPV VLPLODLUHV j OY%$51 PDLV OHXUV YRLHV G
(e.g.Hud, 2017. Une fois ce systeme simple mis en place, un chemin évolutif des systémes
génétique et métaboll{H VHUDLW HQYLVDJHDEOH /1$51 VHUDLW XQ S
HW VRQ RULJLQH VXFFpGHUDLW DX @&plkdah® RSSHPHQW GTXQF

3DU DLOOHXUV WRXV FHV VFpQDULRV LPSOLTXHQW GH
caractéristiques d¥ \VWqPH FKLPLTXH SULPLWLI GfLQWpUrwW PRQGH}
proto- $51 « (Dworkin et al., 2003; Russell et al.,, 2010; Hud, 20)7La probabilité
GIH[LVWHQFH GH WHOV VFpQDULRY GpSHQG GH OD GLVSR
réactviwp HW GH OfYfpPHUJHQFH sV@R Qunipidxesl pdsdddaint\ sV qP H
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FDUDFWpULVWLTXHYVY HQYLVDJpHV 7RXW FHFL HVW FRQWUD
SULPLWLI HW GH OD GXUpH SRWHQWLHOOH GH OMpEROXWLR

Il nous parait donc important de revenir sur les traces du vivant, préservées dans
OfHQUHIJLVWUHPHQW JpRORJLTXH HW GTfHQ WLUHU GHV LQIF
GH OTpYROXWLRQ GHV SUHPLQqUHV |RiniBf$iqui y>sdntYakgdciesW OHV |

/18&% HW O9YKLVW R CludholGgit¢ D énvivaniements potengls des premieres

traces de vie

/I THQUHIJLVWUHPHQW GH ELRVLIQDWXUHYV SULPLWLYHV !
traces de vie est parcellaidgecause de la tres faible préservation de roches de cette époque.
SRXUWDQW GHV HIIRUWY GH UHFKHUFKH GH ELRVLJQDWX
VXJIJpUDQW OYH[LVWHQFH GTXQH ELRVSKqQUH GpYHORSSpH
plus enplus anciennes, remontant potentiellement a 4,1 Ga.

Les biosignatures primitives peuvent étre séparées en plusieurs grtagpescrofossiles, les

structures biogéniques et les signatures chimiffigsrre 3).

Les cherts archéens australiens de Stte e RRO HW GY$SH[ &KHUW TXL VRQW
datées a environ 3,46 Ga, ont livré tres tot de nombreuses structures allongées et segmentées de
plusieurs dizaines de micrométres de IfRigure 3A). Elles ont été interprétées par Schopf

(Schopf andPacker, 1987 comme étant les microfossiles les plus anciens découverts et la

roche siliceuse associée, peu métamorphisée, a été interprétée comme provenant de dépots
hydrothermaux sousharins de faible profondeur. Ces travaux ont été vivement critigtié&s,
ELRIJpQLFLWp GHV VWUXFWXUHY GpFULWHYV D pWp FRQWHVW
consensus sur ce cas particuleg(Schopf and Kudryavtsev, 2012; Wacey et al., 201L8.a

délicatesse des structures étudiées, la métamorphisateodegyré de préservation des roches,
OfH[LVWHQFH GH SURFHVVXV DELRWLTXH IRUPDQW VSpFLIL
OD GLVFULPLQDWLRQ ELRJIJpQLTXH DELRWLTXH JpQpUDOHP
SURXYpH TXTDX WsHadndhdesGebmbih&n® des Hechniques de microscopie, de
spectroscopie a haute résolution et de géochimie isotopique et éléeméBrtagier et al.,

2019. Les cas les plus récents de découvertes de telles structures proposent la présence de
PLFURIRVVLOHYV VRXV OD IRUPH GHde? LredddfevrgingiBesV G IKp

sédimentaires du Nuvvuagittug, au Quéfiadd et al., 2017. Ce microfossile potdiel serait
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daté entre 3,7 et 4,2 Ga. Les auteurs interpretent son environnement de formation comme étant

un systeme hydrothermal seomrin primitif.

Une précaution doit étre ajoutée. Du fait de la faible proportion de roches archéennes a la
surface de I3 erre et de leur préservation généralement faible, avec des degrés métamorphiques
SOXV RX PRLQV DYDQFpV OYHQYLURQQHP HQ&s fasslesr LH VXS
pourrait souffrirde ELDLYV GYI{pFKDQWLOORQ Q:DekHndd&¥ dR ¥6di€akionrS U p V H U
UDSLGHYVY DX VHLQ GHVY HQYLURQQHPHQWYV K\GURWKHUPDX]
OH UHJLVWUH JpRORJLTXH SRXUUDLHQW IDYRULVHU OfLQWI

environnements.

Un autre type de biosignature est préservation de structures biogénes macroscopiques
(Figure 3B). Le développement de communautés microbiennes modifie généralement le
microenvironnement de ces organismes et favorisent la précipitation de phases minérales,
typiguement des carbonates, i QFUR€WHPHQW GHV WDSLV PLFURELHQV
et de croissance des microorganismes forment des rochieslbites nommées stromatolithes

(au sens large ici). Ces structures ont été décrites au sein de roches sédimentaires dans les cherts
australiens de North Pole a 3,45 (dalteretal., 1980 HW GDQV OD FHLQWXUH VXSL
dans des dépots de métacarbonates a 3(R@man et al., 2016. De la méme maniére que

pour les microfossiles, interpréter le caractere biogénique deraetists requiert quelques

précautions

Le dernier type de biosignature que nous aborderons est la signature cliifigqree 3C). De
QRPEUHX[ DXWHXUV H[SORLWHQW OfYHQULFKLVVHPHQW Gl
organiques a des degrés de consemat@wiables. Cela peut aller de biomolécules transformées

par métamorphisme en géomolécules, au subtil enrichissement en isotope Iéger du carbone en
lien avec la photosynthése ou la méthanogenese. Les roches archéennes et les minéraux hadéens
peuvent contar des traces de kérogénes mais eeiusont généralement interprétés comme

des contaminations postérieu(®@gacey et al., 201% Les traces chimiques sont plutét liées a

la présence de nodules de graphites dans des roches ou des minéraux. Il devieng@tant

de déterminer la formation synchrone de la roche (ou du minéral) et des nodules de graphite.

La composition isotopique de ces nodules montre généralement un appauvrissement en carbone
13 et donc une potentielle source biogéne autotrophe psouttee de ce carbone graphitique.

Mojzsis et al.(1996 décrivent un cas encore débattu de nodules de graphite a signature
LVRWRSLTXH ELRJgQH GDQV OHV PpWDVpPpGLPHQWYV GY,VXD j
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FHVY URFKHV GY,VXDobmp damcté(silelis Uoichhp He Boues-smrsms

(Pons et al., 2011l Ces évents hydrothermaux alcalins sont typiques des arcs océaniques
similaires a la fosse des Mariannes. Plus récemmBetitet al. 015 ont analysé des zircons

(ZrSi0s) contenantdes inclusions micrométriques de graphite datées a 4,1 Ga. Cette
biosignature pourrait étre actuellement la plus anci¢rame de vie découverte. En aehe,
OYLQFOXVLRQ GH FH FDUERQH GDQV XQ JLUFRQ HPSrFKH WHF
dH YLH GHV RUJDQLVPHV j OTRULJLQH GH FHWWH VLJQDWXU

Figure 3 : Exemples de biosignatures. A) Microfossiles, Apex Chert ( Schopf and Packer, 1987 ). B)

Stromatolites , Isua ( Nutmanetal.,, 2016 ). C) Inclusions de graphite dans un zircon ( Bell etal. 2015 ).

&THVW GRQF GDQV XQ HQYLURQQHPHQW JpRFKLPLTXH PDO

de systémes hydrothermaux seoarins, que se développent et se complexifient les premieres
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formes de vie. Les premiers organismes, cellulaires ou non, ne pessgaabablement pas
demécanismes homéostatiques permettant de réguler les conditions fainysicpes de leurs
compartiments. Ils devaient étre tributaires des conditions environnementales et de leurs
fluctuations pour la mise en place de leurs cyclgsWADEROLTXHYV J/YfHQYLURQQHP
dans lequel ces premiers organismes ont évolué et a partir duquel ils se sont adaptés a donc pu
ODLVVHU GHV LQGLFHV XQH HPSUHLQWH IL[pV GDQV OHV L
traits primitifs, conHHUYpV DX PRLQV HQ SDUWLH GDQV OD ELRVSKQql
GHVY FDUDFWqUHV SDUWDJpV OHV SOXV DQFLHQV /YRULJLQ!
est visible dans le partage de molécules organiques simples (acides aminés, nucldetides),
PpFDQLVPHY GH VWRFNDJH HW GH SUpVHUYDWLRQ GH O
génétique), de chemins métaboliques trés p@® QV OJfHQVHPEOH GHV EUDQFK
HQFRUH GDQV OfDERQGDQFH HW OTXWLOLV [FWreR) GTpOpPH
$LQVL OD FRPSLODWLRQ HW OfpWXGH VWDWLVWLTXH HQ
protéines partaggg.g.Di Giulio, 2003; Hedges and Kumar, 2009; Weiss et al., 201&le

noyaux métaboliques primitifi§Goldford et al., 2019 RX HQFRUH GYHPSUHLQWHYV
dans la chimie cellulair@Novoselov et al., 20)7f/SHXW FRQGXLUH j OfpWBEOLVVH
rooot GHV SUHPLqUHV IRUPHY GH YLH HW GH OYfHQYLURQQHPH

Figure4 : (YROXWLRQ GH OfDUHU ttoguix Yé Ddvgn(A) au nouveau modéle actuel a

deux branches (B).
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Ce premier organisme modéle, théoriquement a la base diégréntes branches du vivant

(Archées, Bactéries et Eucarygtesst nommeé le dernier ancétre commun universel (LUCA).

Woese et Fox(1977) proposeQW | OYRULJLQH XQ RUJIJDQLVPH SRVVp(C
GIRUJDOQLVpMénBt® th&HHgue est une e qui ne possede pas encore de relation

forte entre un génome et un phénotype car, principalement, sa compartimentation cellulaire
QYHVW SDV DFKHYpH 30XV UpFHPPHQW OYDUEUH GX YLYL
Eucaryotes aient un ancétenemun procaryote (Archées ou Bactérigigure 4B). LUCA ne
VHUDLW OYDQFrWUH FRPPXQ TXMWiltarh¥etalD FOMBpRAHVindtW G HV
al., 2015 'H QRPEUHX[ WUDYDX[ VIDFFRUGHQW j PRQWUHU T
organisme cellulaé a part entier@Gogarten and Taiz, 1992; Gogarten and Deamer, 2016

Les portraits les plus complets suggérent que LUCA serait thermophile a hyperthermophile,
YLYDQW j XQH WHPSpUDW X U KDi FGRIig,LFDCBO\Meis3 BHAD,Y0IBRQ [ &
Assoceé a cette thermophilie, LUCA posséderait un métabolisme autotrophe, anaérobique
dépendant de Het permettant la fixation de GQGet de N. Sa biochimie est basée sur
OTXWLOLVDWLRQ GH FRIDFWHXUV j EDVH GH FOXS8afyHUV GH
Les auteurs de cette étude considérent ces caractéristigues comme étant typiques des
environnements hydrothermaux primit{fagure 5).

Les travaux récents d&oldford et al. 2017) rejoignent partiellement cette idée. Les auteurs se
sontintéresség OD SRVVLELOLWp GIXQ PpWDEROLVPH SULPLWLI Q
actuellement essentiel aux réactions cellulaires, mais dont la disponibilité sur la Terre hadéenne

et archéenne est débatigeg.Pasek et al., 2015; Pasek, 201 Goldfordet al. ont découvert

j SDUWLU GH OD FRPSLODWLRQ GHV FKHPLQV PpWDEROL

métabolique primitif indépendant du phosphate et construit autour de cofacteurs de FeS.

(QILQ OTYXWLOLVDWLRQ GH PRGQqOHW GIKHRUWWIRIHY R pE
divergence entre les domaines des Archées et des Bactéries a enviro(BgRiSazzi et al.,

2004; Hedges and Kumar, 2000 Ceci est en accord avec les dernieres découvertes de traces

de vie a 4,1 GéBell et al., 2015.

/I THRFNEOH GH FHV GRQQpHV VIDFFRUGH j PRQWUHU TXH OF

commun LUCA étaient fortement liés aux environnements hydrothermaux primitifs.

4XTHQLBVGH OYKLVWRLUH GH OD 7HUUH HW GuffateBittlsHQYLUR
TXYLOV VRQW FRPSULVY DX WUDYHUV GX UHJLVWUH JpRORIJL
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Figure 5 : Reconstruction de LUCA a partir de la compilation de génomes actuels. Weiss etal. ( 2016 )
proposent un métabolisme a base de H 2,C0O2,COetH ;S,associé ade scofacteursde métaux  sulfurés,
LQGLFDWHXU GTXQH RULJLQH K\GURWKHUPDOH GH /8&%$

Etapes de formation de la Terre

La formation des minéraux les plus réfractaires, les CAI (inclusions riches en calcium et
DOXPLQLXP GplLQLW O1kJHci@a a&té\date pacgssystéanmatuzs B et & HO X L
Hf-W a 4,568 Ga envirofBurkhardt et al., 2008; Bouvier and Wadhwa, 201D La Terre se

forme a une distance de 1 unité astronomique du soleil (1 UA = 149,6 millions de km) par
accrétion de matériel chaud et pauvre en eau orlditaraximité (0,8 & 1,2 UA). Vers la fin de
FHWWH SKDVH GIDFFUpWLRQ LO HVW DGPLV TXTXQ SODQp\
avec la protelerre et forme la Lune, 30 a 55 Ma apres la formation du systeme solaire selon
les modélegCanup, 2004; Halliday, 2009. La datation la plus récente donne un age de
formation de la Lune a 4,51 GBarboni et al., 2017.

/ ®nergielibérée lors G T L PS A Fadloactivitéa courte demvie de 2°Al et de ®%Fg et

O 1 p F K DoQaldtr [atente a la limiteoyaumanteawont pu former un ou plusieurs océans de
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magma(Wood et al., 1970; Labrosse et al., 20D7L.es modeles prédisent une profondeur de

300 a 2000 kmm(e.g.Labrosse et al., 200 /RUV GH OfpYROXWLRQ GH OfYRFj
refroidissement, la sdlification et le dégazage définissent les conditions initiales :p@uia

stratification chimique de la planéete LL OD FRPSRVLWLRQ GHiisDWPRVSH
régime tectoniqugFigure 6)

Selon toute vraisemblance, un océan de magma glabtllitserait complétement en 400 ans

a 100 Ma. Cette cristallisation serait retardée de 1 Ma au maximum par écrantage et effet de
VHUUH G€ ] XQH DWPRVSKqUH GH YDSHXU GYfHDX HW GH 0L
a eu un effet de marée importéddahnle et al., 2007; ElkinsTanton, 2008; Lebrun et al.,

2013; Massol et al., 2016

/[HV PRGqQOHV GH IRUPDWLRQ GX V\VWgPH VRODLUH VIDFFF
OfLPSDFW GH IRUPDWLRQ GH OD OXQH O pifféténh@dtiehlduL FDW LR

noyau terrestre se terminent vers 4,5Ganup, 2009.

Figue 6 : ORGqOHV GH OfRFpDQ GH PDJPD SULPLWI 2GI%D. S\JREEré8@M4NOR O
VFKpPDWLTXH GH OD VROLGLILFDWLRQ GH OfRFpDQ GH PBFPRO
DWPRVSKpULTXH HW OfpYROXWLRQ GH OfRFpDQ GH PDJPD

/I TDFFUpWLRQ HVW LQWLPHPHQW OLpH j IRUPDWLRQ GYfXQH
VHLQ GX GLVTXH SULPLWLI ULFKH HQ + HW +H SXLV j OfpY
dégalDJH GH OYRFpDQ GH PDJPD HW DFFUpWLRQ GH FRUSV GL
évolution supplémentaire liée a un bombardement tardif de matériel riche en volatile et
pOpPHQWY VLGPURSKLOHV HQYLURQ 0D DE8digét@D IRUPI
composition des corps participant auetnis tardif» sont encore débattugsibaréde, 2009;
Youngetal,201% (Q IRQFWLRQ GH OTRXWLO JpRFKLPLTXH XWLOL
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de la planéte, le wernis tardif» posséderait une sigture de corps externe ou interne au
systeme solaire, et serait donc plus ou moins chargé en volatile. Le budget global entre le
GpJD]DJH SULPLWLI GH YRODWLOH HW OYDSSRUW VXSSOpPFE

Habitabilité de la Terre hadéeme pYROXWLRQ GH OfK\GURVSKgqUH GH O

/ Hadéencorrespond aus00 premiers millionsGIDQQpHYV GYKLVWRLUH GH O
GpILQLWLRQ QRXV QH FRQQDLVVRQV SDV GH URFKHV GH FI
&THVW W{WIGDODMRLVRQJ XH VH MRXH OTKDELWDELOLWpP GH O
RFpDQ GH PDQLgqUH UDSLGH &HFL D SHUPLV OTYK\GUDWDWL
GpPDUUDJH GH OD WHFWRQLTXH GH SODTXHV HMRXODGCHKXDP L
/I TKDELWDELOLWp HVW pJDOHPHQW GpWHUPLQpH SDU OD FF
permettant le maintien de températures de surfaces BlW VXV GH OD VROLGLILFDW

effet de serre.

/fHDX GpJD]pH IRUPDQWGODIDMWPRWSR§UD XVBBE@®WpH SDU

condensent en un océan en 1,5 Ma envtatbrun et al., 2013. Ces résultats sont appuyés

SDU OTDQDO\WH JpRFKLPLTXH GHV LVRWRSHVY GH OfR[\JgQ
zircons datéesa 4,3 Gasuygty DQW OD SUpVHQFH GYfHDX OLWMisGH j OD V
et al., 2001; Wilde et al., 2001; Watson and Harrison, 2006)

Le volume decesocéansGpSHQG GH OTpWDW GTK\GUDWDWLRQ GX PDQ
maximale de deux fois le volume act(&lbarede, 2009. Des modeles récents suggérent que

ce volume so0i26% supérieur &d§ean moderna 3.8 GgPope et al., 201

Kasting(2019 SURSRVH XQH VI\QWKqVH GH QRV FRQQDLVVDQFHV \
contraintes possibles sur sa compositiigure 7) /f{DQDO\VH GH PpWDX[ GRQW
FRQWUDLQW OD PRELOLWpP 9 &U &H« VXJJqUmoXyd&d OH PD
GqV *D /YDWPRVSKgUH DVVRFLpH pWDLW SUREDEOHPHQ'
en N et CQ, avec des quantités mineures de CO ei.CH concentration en GHabiotique

est liée au taux de serpentinisation de la crolte et a la somvate CQ en méthane. La
concentration de CO augmente dans la haute atmospheére du fait de la photolyserdai€O

SHXW pJDOHPHQW DXJPHQWHU pSLVRGLTXHPHQW j OD VXL\
CO peut étre a la source de meétabolismes primiiifgiss et al., 201pou permettre la

formation de composés essentiels a la production des briques élémentaires du vivant (par
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exemple le formate HCOQ@ar hydratation du CQJRussell et al., 201 Cela sggere que les
pSLVRGHVY GH ERPEDUGHPHQWYV GDQV OTKLVWRLUH SUpFRI
OfpYROXWLRQ SUpPpELRWLTXH RX DX PDLQWLHQ GH FRPPXQD

Figure 7 : Un exemple de profils verticaux
pour une atmosphere Archéenn e modélisée
avec une pression de surface de 1 bar

G 1 D S Kaghhg, 2014 ).

Le «paradoxe du soleil jeung(Tajika, 2003) VRXOLJQH OD GLIILFXOWp j PDLQW
a la surface de la Terre alors que le soleil est 30% moins luminedX] + D GPIDX MR X U G TK X |
La pression partielle de GO SRXYDQW DWWHLQGUH SOXVLHXUV EDUV I
rWUH VXIILVDQWH j OD PLVH HQ SODFH GT1XQ HIIHW GH VHU
SURJUHVVLYHPHQW SDU q@pbkriat@tidrdes YadHes QIR ¢r@iie ritditive. A

OD ILQ GH Of+DGpHQ DYHF XQ VROHLO HQYLURQ PRLQV (¢
une concentration de 0,2 bar deLCORXU SHUPHWWUH OH PDLQWLHQ GTXQF
S U p V H Q Figuidz fiel fufade.

Habitabilité de la Terre hadéenne: crolte primitive et début de la tectonique des plaques

/ID QDWXUH GH OD FUR€WH SULPLWLYH HW GHV UpJLPHV WE
de la vie. Il est communément admis que la pt§FH GIXQH FURE€EWH GLIIpUHQF
pOpPHQWY LQFRPSDWLEOHYVY HVW OfXQLTXH PR\HQ GH UHF\
ayant un role de nutriments pour le vivdRons et al., 2011; Santosh et al., 201Ces
éléments sont en général piageGDQV OD FUREWH HQ LQWHUDFWLRQ K\C
VHXOH OfDOWpUDWLRQ VXEDpULHQQH GTXQH URFKH GLIIpU
OYRFpDQ

Les avis sur la nature de la crodte primitive sont divergéftgire 8). La premiére colte
hadéenneFRUUHVSRQG j OD FULVWDOOLVDWLRQ GHV GHUQLqU
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SOXSDUW GHV PRGqQOHV HW GHV pWXGHV GfpFKDQWLOORQV
ultramafique (riche en Mg, Fe, et pauvre en(8fassol et al.,2016; Reimink et al., 2016;

Rollinson, 2017, mais pourrait présenter une fraction de crodte felsique (riche en Si, Al)
importante des 4,38 G#&larrison, 2009; Harrison et al., 2016) Un modeéle plus théorique
SURSRVH XQH FULVWDO O LQu® $inil&ir® atHrdodssUB pyait affdaté RaD W L
crolte lunare OD FUR€WH SULPLWLYH VHUDLW FRQVWLWXpH G¥1 X
Al) et de basalte KREEP (basalte riche en potassium, terres rares, et pho&pdnaiesh et

al., 2017%.

Noussupposerons dans la suite, car cela est en accord avec la plupart des observations, que la
cro(te primitive était principalement ultramafique. Une fusion partielle de cette crolte est
néanmoins nécessaire a la formation de roches différenciéeanpbgiXH OfH[LVWHQFH SU
GIXQ UpJLPH WHFWRQLTXH SUpVHQWDQW TXHOTXHV DIILQL
FRQQDVW DX WRKXU G HR/XdEL JHEKRH)IS, leur températumde cristallisation
relativement basse, leurs inclusionsnéraleset OHXUV YDOHXUV LVRWRSLTXH
VXJIJqQUHQW OD SUpVHQFH DERQGDQWH GYfHDX HW OfK\GUDV
SOXV pOHYp T X ihenenreXd b@nfiliktgdtonique des plaques démarre de maniere
précoce(Figure 8) /9 D Q Dedceg HircGns de Jack Hills semble donc étre en accord avec
OfLGpH GH SURFHVVXV VLPLODLUHYV DMatsoX Bf@ H&WEdnR QV PR G
2006; Harrison, 2009. De facon un peu plus nuancée, certains travaux suggerent la
SUpGRPLQDQFH GTXQ UpJLPH WHFWRQLTXH YHUWLFDO OD
plus récents de déplacements horizontaux de matériel et du chevauchement de blocs au niveau

de zones deanvergencegBarbey and Martin, 1987; Martin, 2005; Hastie et al., 2016

Figure 8 : Deux exemples de modéles de tectonique primitive. A) Sagduction avec une composante
KRUL]R QW D O HHa&l§ Btall 016 % 6XEGXFWLRQ KDG pHige®isbn G2pOeS)U qV
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1RXV SURSRVRQV GRQF HQ JXLVH GH FRPSURPLV TXTXQH
ultramafique refonde au niveau de zones de convergence dans un systépagable aux

zones de subduction actuelles dans une moindre mesure. Nous ne discuterons pas des
differences majeures des modeéles de croissance crustale &dtaateées dandarrison,

2009; Rollinson, 201Y. Ce mmpromis voudrait qff X&2éan liquide este tot et ge la
VXEGXFWLRQ VRLW SRVVLEOH VRXV XQH IRUPH SRAWHQWLH
convergence entre des cro(tes mafiques primitives qui conduiraient a la formation de magmas,
puis de roches enrics en éléments incompatiblesdde recyclage a la surface permettrait de

soutenir un apport de nutriments constants.

Habitabilité de la Terre hadéenne: le bombardement tardif

Le bombardement tardif intense (LHB) est un épisode relativement court (environ 100 a 200

Ma) de bombardement intense du systéme solaire interne qui a été mis en évidence aux
alentours de 3,9 Ga.g. modele de Nice(Gomes et al., 2005; Tsiganis et al., 2005Ce
ERPEDUGHPHQW D DSSRUWpPp OfpTXLYDOHQW G{XQadeFRXFKH
de la TerrgKasting, 1990. Logiquement, un tel épisode pourrait potentiellement vaporiser
WRXWH RX SDUWLH GH OfYRFpDQ SULPLWLI HW VWpULOLVH
globale des roches de surfgdéarchi et al., 2014. Cependat, cette idée est écartée car les
REVHUYDWLRQV JpRFKLPLTXHV FRXSOpHV j GHV PRGQgOHV V
pas totalement bouleversé la surface et que des niches favorables au développement et a la
conservation de la vie ont été nombreu@bramov and Mojzsis, 2009; Harrison et al.,

2016; Massol et al., 2016

/ q &bitabilité globale dda Terre VT H Q H-&t\Y tr&udée \Berturbée, mais aemditions de
surfaces clémentes, voire froidest été mise en évidence dans des systemes hydrothermaux
subaériens datés a 3,5 (B& Wit and Furnes, 2016.

/IHV FRQGLWLRQV IDYRUDEOHYV j OfpPHUJHQFH GX YLYDQW

(Figure 9). Si la premiére trace de vie est effectivermamnt alentours de 4,1 Ga, cela laisse
PRLQV GH OD j OfpYROXWLRQ SUpELRWLTXH SRXU OfDSS
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Figure9 : BURSRVLWLRRo®HAIQ HIFRORILTXH HW EL Ri@RéEhAeXH G HEOG frchéen
basée sur une compilation non exhaustive des découvertes de biosignatures, de roches et de traces

géochimiques dans le registre géologique (références dans le texte).
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Chimie des océans et assemblages minéraux

La courbe psométrgquede la Terreactuelleest bimodalede par laectonique des plaques et

la formation de deux croltes aux chimies tres différentes (océanique et continentale).
$FWXHOOHPHQW OYRFpDQ FRXYUH HQYLURQ GH OD VXUI
la courbe hypsométrique de la Terre était probmablg également bimodale (voir plus hatit

Figure 10), mais les terres émergées constituaient moins de 5% de la surface t¢iaasieat

et al., 2008; Arndt and Nisbet, 201

Figure 100 : &RXUEHV K\SVRPpWULTXHV GH OD 7THUUH DFWXHOOH $ HW
de 5% des terres étaient émergées a cette époque primitive et la profondeur océanique moyenne
pWDLW PRLQV LPSRUWDQWH TXTBatmRetdlRIeBXLD. GIDSUqV

Cet o@&an primitif était concentré en GO SDU pFKDQJH DY Kastd] ROAP RVSKqU
Schoonen and Smirnov, 2006 Le pH acide en résultant aurait permis la solubilisation &fe Fe

(Russell and Hall, 1997. La salinité de cet océan est mal connue, et les ngafgoposées

varient de 1,5 a 15 fois la valeur moyenne modé@imauth, 1998; Saito, 2015; Saito et al.,

2016. De plus, le CA aurait pu remplacer Nadans le réle de cation majoritaifeécuyer,

2016. Cet océan carbonaté, de pH adideean« soda») déterminela chimie des minéraux
GTDOW pU Dt&vdctio e&iDdbe et donc potentiellementles proced XV GIpYROXWL
chimique prébiotiqueSchoonen et Smirnof201§ REWLHQQHQW GHV PRGgOHV C
URFKHV GILQWpPpUrw SRXU OT+DGpHQ HW OY$SUFKpHQ &HV PF
altération produit des argiles au fonds des océans, et un mélange de silice et de carbonates dans

les environnements subass.
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30XV SUpFLVpPHQW OHV pWXGHV GI{DOWpUDWLRQ HQ ODE
(Humphris, 1978; Mottl and Holland, 1978; Mottl et al., 1979; Seyfried and Bischoff,

1979; Seyfried and Dibble, 1980; Seyfried and Bischoff, 1981; Seyfried aimbttl, 1982;

Gysi and Stefansson, 2012; Shibuya et al., 2013 DLQVL TXH OYREVHUYDWLRC
naturelg(Ito and Anderson, 1983; Alt and Honnorez, 1984; Buatier et al., 1993; Hunter et

al., 1999; Alt and Teagle, 2003; Mével, 2003; Dias and BarrigaQ06; Lackschewitz et al.,

2006; Dekov et al., 2007; Augustin et al., 2008; Mas et al., 2008; Martinez et al., 2010;

Meunier et al., 2010; Marcaillou, 2011; Hicks et al., 2014; James et al., 20Tht montré

que les principales phases minérales produdtiesent des phyllosilicates (minéraux en
feuillets): des serpentines, des argiles gonflantes (nontronite, saponite) riches en Fe et Mg et

de la chlorite. Mais également des sulfates hydratés ou anhydres, des oxydes et hydroxydes de
fer (hématite ou magriéd) et des sulfures (pyrite, sphalérite). Ces résultats sont compatibles

avec ceux obtenus par Schoonen et Smirnov pour des conditions spécifiguement similaires a la
chimie des eaux hadéenn@choonen and Smirnov, 2016 Ces phases minérales seraient

dorc les principales formées au niveau des fonds océaniques et plus particulierement la ou

O 1L QW H UbdhevdsRénfdicBeX au niveau des zones hydrothermales. Les phyllosilicates
IHUURPDJQPVLHQV UHSUpPVHQWHQW XQH ratioh HaMa &aiteH VV HQV
ultramafique(Table 1).

Environnements hydrothermaux actuels et anciens

Les systemes hydrothermauxsoBDULQV VRQW OH UpVXOWDW GYIXQ WUDQ
océanique infiltrée dans la crolte océanique qui remonte alodifigaence de densité. Cette

eau hydrothermale réagit avec la roche encaissante et entraine son altération hydrothermale,
OTK\GUDWDWLRQ GH PLQpUDX[ HW OD SUpFLSLWDWLRQ GH
de systéemes hydrotherma(Bigure 12). Les plus étudiés forment des zones de décharge trés
localisées, sous la forme de champs de cheminées hydrothermales par exemple ou de volcans
sousmarins. Il existe également des zones de décharge beaucoup plus diffuses qui sont plus
difficiles a obserer. Les systéemes hydrothermaux localisés sont de trois types. Les fumeurs
noirs (Corliss et al., 1979 forment des cheminées constituées principalement par la
SUpFLSLWDWLRQ GH VXOIXUHV GH IHU GRQQDQWgWwed XU FRX
11A). Les fluides émis sont tres chauds (@®0D°C), au pH fortement acide-& et chargés en

méthane et dihydrogéne. Les fumeurs blafkcslley et al., 2003 forment des cheminées

carbonatées et émettent un fluide moins chaud®(BC), incolore, au plbrtement alcalin (9
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10) et enrichi en méthane et dihydrogéne égaléffégure 11B). Enfin, les volcans de boue

(Fryer et al., 1995; Mottl et al., 2003 sont des massifs coniques plurikilométriques constitués

de boues de serpentinites. Ils exhalentd@s<(LGHV IURLGV f& PRLQV VDOLQ
au pH extrémement alcalin (IB) et chargés également en méthane.

/IHV IXPHXUV QRLUV VRQW VLWXpV VXU OTD[H GHV GRUVDOF
contact des chambres magmatiques assadi@s fumeurs blancs sont localisés en bordure de
dorsales lentes, la ou la péridotite sfatente est exhuméKelley et al., 2009. Les volcans

GH ERXH FRQVWLWXHQW OfpYHQW GH UHPRQWPpPHY GH VHU
basse températur€es systemes hydrothermaux actuels sont des hotspots de biodiversite,
caractérisés entre autre par des métabolismes primitifs, autotrophes et anaé(bmgues

11C).

Table 1 : Modeles géochimiques GH OD IRUPDWLRQ GYDVVHPEODJHV PLQpPUDX[ VHFRQ
OTDOWpPUDWLRQ GH GLIIpPUHQWHY GHRFIONWP DRHFONQBBEIDWLRQ GIXQ 025% HQ |
laPCO; /HV UpDFWLRQV VRQW PRGpPOLVpPpHYV j f& SRXU J ¢ BukR HKdd GDQV N J
« Fermé » VH UplqUHQW j OD SRVVLE IGH. Wp] ®YHKDOYDMPRVSKgqgUH ORUV GH OD UpD
G 1 D S Bahdonen and Smirnov, 2016 ).

Assemblage minéral secondaire (wt%) Fluide
. Typede .. . L Log
Conditions Silice Argile Zéolite Carbonate AIOOH Sulfure | (Ca+Mg) pH
roche
/(Na+K)
— MORB 39,49 35,20 14,81 9,58 -1,47
% Komatiite 32,80 58,29 5,78 2,82
3 Péridotite 29,32 158 7,26
O Tonalite 19,61 19,59 2,06 6,19
w MORB 41,48 46,54 10,76 -0,82 7,46
E Komatiite 10,79
L Péridotite 9,68
Tonalite 4,91 38,93 49,52 6,61
. PCO . o log(Ca+
Conditions Silice Argile Zéolite Carbonate AIOOH Sulfure | Mg)/((Na pH
(atm) +K)
- 5 35,20 9,58 -1,47
% 2 30,16 9,83 -2,15
> 1 30,15 9,83 -2,53 6,65
3 o1 16,58 9,76 | -2,23 717
0,01 12,02 9,86 7,42
5 10,76 7,46
g 2 29,53 4,64 8,06
% 1 2,42
T 0,1
0,01
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$X UHIJDUG GH OD FUR€WH PDILTXH j XOWUDPDILTXH GH Of+
devait étre un processus tres étendu spatialement a ces époques. Les volcans de boues devaient
donc étre abondants en contexte compréBsifs et al., 201}l etles fumeurs blancs nombreux

DX YX GH OfH[SRVLWLRQ GHV URFKHVR{KQaVand Rdd, 199X HV D X[
Russell et al., 2010 Les fumeurs noirs étaient probablement toujours présents le long des
]JRQHV GIDFFUpWLRQ

Corliss et al(1981) proposent a la suite de la découverte des fumeurs noirs que la vie ait pu
apparaitre dans de tels environnements. Selon les auteurs, ces systemes hydrothermaux sont
FDUDFWpULVpPpV SDU GHV IOX[ GfpQHUJLH WKHUPdeTXxH IRUW
surfaces catalytiques (argiles ferromagnésiennes) et des concentrations importantes de
PpWKDQH GIDPPRQLDTXH GH GLK\GURJgQH HW GH PpWDX|
fluides puisse faire migrer verticalement les produits formés a un sisadion profond au

travers de gradients de température et de composition. Cette migration serait associée a la
séquence de réactions suivan@Hs + NHz + H> AEacides aminégEprotéines A£polymeres
complexes/Estructure organisées possédant un métabelidorganismes vivants.

La recherche puis la découverte des fumeurs blancs par la suite a relancé cette hypothese
(Figure 12 et voir Russell and Hall, 1997; Russell, 200.7La réaction de serpentinisation

produit de grandes quantités de dihydrogéeneipgrG XFWLRQ GH OYHDX FRQFRPLW
du fer:

6 [(Mg15Fe5)SiOs] + 7 HO /E3 [(MgsSi-Os(OH)4] + FesOs + Hz

Ce dihydrogene peut réduire le &dissous et former du méthane ou des molécules organiques
plus grandes, par réaction de type Fis€h@psch (FTT)

COzag+ [2 + (M/2N)] H AE(L/N) GHm + 2 HO

Le méthane et les molécules de plus grande masse molaire ainsi formés peuvent participer a la

production de briques élémentaires du vivant et de métabolites simples.
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Figure 11 : 3KRWRJUDSKLHV GIXQH FKHPLQpH GH IXPHXU QRLU $ HW G
de distribution des sytéemes hydrothermaux sous -marins modernes recensés dans la base de donnée
InterRidge Vents.  Crédits images : NASA, NOAA, Woods Hole Oceanographic Inst itution, InterRidge

Vents Database, Version 2.1.

Synthese et disponibilité des briques élémentaires du vivant

&HV GHVFULSWLRQV UpFHQWHY GH OYfHQYLU®QUEHBHQW SUj
VIRSSRVH j OLGpH GTXQH DWERNKWH QW IGCYXHAQYYLY¥BJIPHF®
expériences de Miller et Urdiiller, 1953; Miller and Urey, 1959). La synthese de briques
POpPHQWDLUHY GH YLYDQW Q 1 epdessabteur® RYR'H V L FOSTMH WX M D
électrigue de molédes réduites volatiles produiies acides aminés, elle ne produit pas de
nucléobaseéWollrab et al., 2015.

Il a été proposé que les briques élémentaires du vivant aient été délivrées a la surface de la Terre

par le flux important de météorites et cométeanaympacté la planéete durant la fin de son
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accrétion, au moment duvernis tardif2 /{DQDO\VH GpWDLOOpH GHV FRP
découverts dans les météorites de type chondrites carbonées montre entre autre la présence
G 1D F L GH Cronimlagddzzarello, 1983; Aponte et al., 2016; Elsila et al., 201L6t de
nucléobasegMartins et al., 2008; Callahan et al., 2011 La récente mission Rosetta de
OYDJHQFH VSDWLDOH HXURSpPpHQQH D GpFRXYHUW OD SUpVEH
de la comete B (Altwegg et al., 201§. Ces observations sont complétées par des progres
considérables en laboratoire sur la chimie de météorites irradiées et de glaces irradiées
analogues aux cometes. Le matériel météoritique irradié en présence de formamidela permis
IRUPDWLRQ GIDFLGHYV DPLQpV GH VXFUHV(S@aHinQeX&8QpREDV
2015 /YLUUDGLDWLRQ GYDQDORJXHV FRPpWDLUHY SURGXLW
le ribose), des acides amin@anger et al., 2012; Evans etla 2012; de Marcellus et al.,

20159 /H FKRF SURGXLW j OfLPSDFW SHXW pJDOHPHQW SHUF
G 1D FL G HGdnmanepal., 2010; Furukawa et al., 2015; Koziol and Goldman, 2015;

Umeda et al., 201%

Les impacts extraterresgr@apportent également du phosphore réduit, sous la forme du minéral
schreibersite (Fe,NilP, présent dans les météori{@asek et al., 2015; Pasek, 201 7Ce

phosphore peut ensuite étre oxydé dans I'océan primitif et mobilisé pour la phosphorylation des

briques élémentaires du vivant.

Les réactions chimiques peuvent étre favorisées par la présence de surfaces minérales,
FDWDO\WDQW OD SURGXFWLRQ G f(DfgelGl998; BrRish@rpat aRX GH Q
2016, la formation de précurseurs de ces moléc(Ndsntgomery et al., 201) ou encore
OYDOORQJHPHQW G HWiHi& 3 etaH ZVOBDUERQpPHV

Enfin, de nombreux auteurs ont étudié la faisabilité de syrglhgsleothermals, en présence

ou non de minéraux GIDFLGHYV DPLQpV GH Q XHeOneRd BlY H9¢2,HW GH
Marshall, 1994; Alargov et al., 2002; Shock and Canovas, 2010; Zhang et al., 2016
Récemment, une étude de quartz de Jack Hills, datés a plus de 3 Ga, a montré la présence

G L QF O KiddesRoQritenant des molécules organiq@®shreiber et al., 201). Ces

molécules comprenant 1 a 15 carbones ont une signature isotopique abiotique. Les auteurs
proposent que ces inclusions soient une preuve de la synthése de molécules organiques
complexegar réactions de type Fisch@URSVFK DX VHLQ GTXQ V\VWgPH K\G!
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&HV FKLPLHV VRQW SRXU OD SOXSDUW EDVpHV VXU OD SU

formamide (HCONH SUpFXUVHXUV SRWHQWLHOOHPHQWIig88JpVHQW:"
(e.g.Bada et al., 201k

Figure 12 : $ +\SRWKQVH GH OfpPHUJHQFH GTXQ V\VWqPH PpWDEROLT
K\GURWKHUPDO HQ FRQWH[WH GH VHURBUSsBIMahdHaV, DWW R)QB) GRER&Ehtation

VFKpPDWLTXH GTXQH FRXSH GH SDURL GTXQ pYHQW K\GURWKHUPDO
LQRUJDQLTXHV HW GHV UpDFWLRQV UH GHib[iya & W, -2Q1%/ L H O) Gdeaysta® msrid q V

SUFKpPHQ GDQV OfRFpDQ VXOILGHW X®lg #KHS/DILYEHKXIHGOTLPSRUWDQFH p
G 9D S KmpWetal, 2016 ).

1RXV PHQWLRQQHURQV pJDOHPHQW OfH[LVWHQFH GfXQ Gpl
de ribose par la réaction formose. Cette production produit seulemenitaniaorent ce sucre,

] PRLQV TXJLO QH VRLW VWDELOLVp SDU XQH PROpFXOH LQF
ont été testés et il semblerait que le borate soit le plus effiRacardo et al., 2004; Benner

et al., 2012a; Nitta et al., 2016 De nombreuses critiques sur la disponibilité prébiotique du
ERUDWH ODLVVHQW j SHQVHU TXH FH PpFDQLVPH QD SDV p!
Une autre équipe propose la formation de ribonucléosides activés par la complexation de
phosphate ageux (Powner et al., 2009; Sutherland, 2006 Une littérature détaillée sur le
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sujet peut étre trouvée dans les références suivd@easaer et al., 2010; Benner et al., 2012b;
Benner et al., 2012a; Sutherland, 2016

Polymérisation et dégradation des macules du vivant

Les protéines et les oligonucléotides sont des molécules fréigidgse 13). Les réactions de
polymérisation formant respectivement les liaisons peptidiques et phosphodiester sont des
UpDFWLRQV GH GpVK\GUDWDWLRQ /D SUpVHQFH GYHDX OLT
ces réactions. Par ailleurs, les nucléotides sanicpkerement sensibles aux radiations, qui
dégradent les nucléobases aromatiques trés rapidement. La fragilité de ces molécules nécessite
que leur complexification ait eu lieu dans un environnement protégé des rayonnements type

89 HW Re O RUWEU &M faibeH e® filieux hydrothermaux soasins, en plus

GHV SURSULpWpV IDYRUDEOHYV j OTpPHUJHQFH GH PROPpPFX
(198) GLPLQXHQW OfDFWLYLWp GH OfHDX HW QH VRQW SDV

de la surface de la Ter(Eigure 12).

Figure 13 : 3ULQFLSDX[ GRPPDJHV TXH SHXW VXELU XQH PROpPFXOH GT
SRO\PqUH SDUWLFXOLqQUHPHQW VHQVLEOH j OTK\GURO\VH G Hiddhal L, [
1993 ).
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Adsorption des nucléotides et role des surfaces minérales

,O D pWp SURSRVp TXH OfDGVRUSWLRQ HW SOXV JpQpUDOH
O 1L QW HU Iedutientifyqridddadcondensation, la concentration et la polymérisation des

briques élémentaires de vivgBternal, 195]).

/91D GV R U&SWIh Rligngmine de surface, les études se sont rapidement portées sur des
minéraux présentant naturellement de grandes surfaces réadiwstes et hydroxydes par
H[HPSOH PDLV VXUWRXW GHV SK\OORVLOLFDWHWes/HV pWX
SOXV IUpTXHQWHYV VRQW FHOOHYVY GH Of{DGVRUSWLRQ GH OH
ou de leurs polymeres (oligonucléotides, ARN, ADN).

/TfDGVRUSWLRQ GH FHVY PROpPFXOHV D pWp W Hsrwxeiple XU GH
lesoxydHV GIDOXPLQLXP GH WLWDQH RX GH JLQF OD FDOFLWI
le rutile, la silice, les hydroxydes doubles lamellaires, le graphite, la z€otitenz and
Wackernagel, 1987; Holm et al., 1993; Bezanilla et al., 1995; Por#8aarques et al., 2001,

Sowerby et al., 2001; EI Amri et al., 2004; Balint et al., 2007; Arora, 2007; Cleaves et al.,

2010; Bhushan et al., 2011; Cleaves et al., 2011; Cleaves et al., 2012; Bau et al., 2012;
Swadling et al., 2012; Swadling et al., 2013; ZAmg et al., 2014; Anizelli et al., 2015;

Bertolino et al., 20173. Mais la grande majorité de ces études se sont focalisées sur la
montmorillonite et la kaolinite, argiles respectivement gonflante etgoofiante, riches en
aluminium, et probablementpiSURFKHY GHV SKDVHV GIDOWpUDWLRQ PI
hadéennes, que ce soit pour la concentrg@aiom et al., 1979; Banin et al., 1985; Ferris et

al., 1989b; Franchi et al., 1999; Franchi et al., 2003; Franchi and Gallori, 2004; Cai et al.,

2006; Cai et al., 2008; Swadling et al., 2010; Hashizume et al., 2010; C. A. Carneiro et al.,

2011; Michalkova et al., 201}, la condensation ou la polymérisation des nucléotidas et

al., 1980; Ferris et al., 1989a; Ertem and Ferris, 1998; Ferris, 2002; Wgims et al., 2005;

Huang and Ferris, 2006; Joshi et al., 2009; Montgomery et al., 2011; Jheeta and Joshi,

2014).

$ WLWUH GH FRPSDUDLVRQ OYfYpWXGH GH Of{DGVRUSWLRQ G
également focalisée sur les argiles alumine(Sesenland et al., 1962; Kalra et al., 2003;

Kollar et al., 2003; Ramos and Huertas, 2013; Pandey et al., 2015; Yang et al., 201dais

elle comprend également des travaux sur des oxydes de titane, de fer, de zinc, de la calcite, des
grains comeétairesuomeétéoritiques ou encore de la sili¢égazen et al., 2001; Meng et al.,

2004; Jonsson et al., 2009; C. E. A. Carneiro et al., 2011; EscamiR@a and Moreno,
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2012; Burger et al.,, 2013; Lee et al., 2014; Estrada et al., 2015; Pandey et al., 2015;
Schwaminger et al., 2015; Grégoire et al., 2006

/H JUDQG QRPEUH GYpWXGHV VXU GHV SK\OORVLOLFDWHYV I
de la minéralogie de la Terre primitive et de la dominance sdes minéraux ferromagnésiens (eg.
Meunier et al., 2010; Schooneand Smirnov, 2016.

Dansles parties 3 et 4de FH WUDYDLO GH WKgVH OfYpWXGH GH OfYD
FRQFHQWUH VXU XQ HQVHPEOH GH SK\OORVLOLFDWHV FKRL
SRWHQWLHOV SURGXLWYV @¢ bbEhes pruhDrivdtigRed fdcro@afRédidaies) P D O |
SULPLWLYHYVY HW GIYDXWUH SDUW SRXU OHXU XWLOLVDWLF
origines de la vie. Nous avons donc sélectionné un assemblage de phyllosilicates
ferromagnésiens géochimiquement cohérddtf HF OfK\SRWKqgqVH K\GURWKHUPL
deux phyllosilicates alumineux comme références, permettant une comparaison avec les études
GIDGVRUSWLRQ DQWpPULHXUHYV

AXHOTXHV VIQWKgVHV VXU OD WKpPDW (FéEdj 126t @eWBsG VR U SW
et al., 2012; Hashizume, 2012; Yu et al., 2003 /HV PpFDQLVPHYV SULQFLSDX[ G
de concentration qui y sont proposés résument la difficulté a comparer les données obtenues
dans la littérature et a en généraliser les résultats.

&HV pWXxGCRVUYEFHIDW j PRQWUHU XQ HIIHW GH VSpFLILFLWpP RX
nucléotides ou de leurs nucléobases. Les observations montrent systématiguement une
DGVRUSWLRQ VXSpULHXUH GH OD EDVH DIJRWpH Ng®DU UDSS|I
UDSSRUW j FHX[ GH O71$51 'H QRPEUHXVHV pWXGHV QRWHQ
JRQIODQWHYV PDLV UHSRVHQW VXU GHV LVRWKHUPHV G
GIDGVRUSWLRQ« '"H SOXV OfYHIIHW GHV V HoxktieEDée OTDG
GpWHUPLQDQW PDLV LO QTD SDV RX SHX pWp pWXGLp SRXL
FHV pWXGHY SURSRVHQW XQ QRPEUH LPSRUWDQW GH PpFD
des conditions expérimentales finalement relativementhg Parmi ces mécanismes,
OYDGVRUSWLRQ GH QXFOpRWLGHY GDQV OTHVSDFH LQWHU
mécanismes suggeéreés, mais pas démontrés, proposent des processus de chimisorption sur les
surfaces latérales, par complexation ou agbale ligand sans bien préciser les sites de surfaces

HW OHV JURXSHPHQWYV FKLPLTXHV GH OYDGVRUEDW FRQV
SULQFLSDOHPHQW SRXU GHV SRO\PgUHV GT%$'1 RX GY%$51 D
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EDVDOH« /HV P pWdhRlesHY anh[yBquesLiRilisées sont disparates, les surfaces
PLQpUDOHY VRQW SHX RX SDV FDUDFWpULVpHYVY GfRes XQ HI
DYHF OfDLGH GHV FR O Ggrlxdandctérisatiori 8eg siia@sBs\minéraux en
fHXLOOHWY IRUPHQW HQ HIIHW GHV SHWLWH WeSsDrfadf LF X O H \
basale beaucoup plus grande que la surface latérale et des propriétés de surface complexes. La
structuration des particules par empilements plus ou moins ordderésillets et la forme de

FHVY IHXLOOHWY HQWUDVQHQW OD FRhWY HésHI@férén@® O AEH GTLQ
détermination de la surface réactive de ces particules, et donc la possibilité de définir des
GHQVLWpPV GIDGVRUSW LR i@terfbliging/ est th&orHqpéshent @cces§ible/d deF
SHWLWHYVY PROpFXOHV GDQV OH FDV GTDUJLOHYV JRQIODQWI
GI{HDX HW GHV FDWLRQV pFKDQJHDEOHY GDQV FHW HVSDFH
couverte de sits métalliques hydroxylés, dont la spéciation dépend du pH. Enfin les surfaces
basales extérieures des particules développent une porosité interparticulaire importante. Ce sont
des surfaces plus ou moins hydrophobes, et ne présentant des cations deéshdageables

gue dans le cas des argiles gonflantes.

Récemment, notre équipe a commencé a étudier le comportement des nucléotides sur les
surfaces latérales des argiles gonflantes, en comparant les nontronites ferromagnésiennes, et les
montmorillonitesalumineusegFeuillie et al., 2013. Nos résultats ont montré que les densités
GIDGVRUSWLRQ GH FHVY GHX[ DUJLOHYV pWDLHQW VLPLODLU
HIILFDFH j FKDUJH GH VXUIDFH pJDOH /H PpEOuQpHM®H GYDG
GHQVLWp GIDGVRUSWLRQ HW OD FKLPLH GHV VXUIDFHV HYV
phosphate des nucléotides et les métaux hydroxylés des surfaces latérales des argiles gonflantes
(Figure 14). Ce mécanisme est commun aux monomere§ &'l HW GH Of1$51 &HV Up
RQW HQVXLWH pWp pWHQGXV j OD VXUIDFH GYR[\GHV G
GfpFKDQJH GH OLJDQG VXU OHV ERUGYV GH IHXLOOHWYV DX
(Feuillie et al., 2015.
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Figure 14 : OpFDQLVPHV GTIDGVRUSWLRQ SUREDEOHV GH *03 VXU XReurlig\ C
etal, 2015 ).

Polymérisation non enzymatique de glycine non activée en conditions hydrothermales

La glycine (GHsNO, HVW OYDFLGH DPLQp SUR &¢hral@RshgsxHai®eH SO X\
latérale, et probablement le plus abondanGDQV OTHQ YL URLQ @HEAMQE SULPI
SRO\PpULVDWLRQ HVW XQH UpDFWLRQ GH GpVK\GUDWDWLF
température, et surtout par les conditions hydrdBrOHY TXL GLPLQXHQW OYDFW
glycine en solution peut alors (i) se dégrader par décarboxylation ou désamin@dion
polymériser en diglycine (G§), son dimére linéaire qui constitue la premiére étape de
OfpORQJDWLRQ GH VO DPHRKQMOWQ D& DAMREXHW GH PRQRPqUH)
directement (iii) former un dimére cyclique, la 2@iketopiperazine (DKP), composé tres

stable considéré comme un-clésac de la réactiofirigure 15).
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Figure 15 : Représentation schématique des chemins réactionnels potentiels de la glycine en
FRQGLWRQV K\GURWKHU€®d énd Seward, @Y q V

Nous ne nous intéresserons pas ici aux propositions de réactitiesnatives> par activation
préalable des acidePPLQpYVY RX VXEVWLWXWLRQ GYDFLGHV DPLQP
(Beaufils et al., 2015; Forsythe et al., 2015

$ QRWUH FRQQDLVVDQFH OD JUDQGH PDMRULWpP GHV H[SpU
conditions de haute pression et haute températont des étudex situdu produit de réaction.

Elles utilisent des méthodes expérimentales et analytiques variées. Les études réalisées aux plus
KDXWHV SUHVVLRQV RQW pWp UpDOLVpHY VXU GHV SRXGUH\
MPa, pourdes températures de 100 a 40Q@hara et al., 2007; Otake et al., 2011;

Furukawa et al., 2012 4XHOTXHV pWXGHV VILQWpPpUHVVHQW pJDOHPF
pression ambiant@to et al., 1990a; Ito et al., 1990b; Kitadai et al., 20)1 En conditions
K\GURWKHUPDOHY j SURSUHPHQW SDUOHU HW GRQF HQ S
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réalisées en autoclaves fermés soit dans des systemes de circulation dynamiques, cycliques,
alternant des phases courtes de chauffage et des phases de trempa,dedquessions plus

ou moins fluctuantefian et al., 1993; Imai et al., 1999; Ogata et al., 2000; Alargov et al.,

2002; Islam et al., 2003; Cox and Seward, 2007; Klingler et al., 2007; Futamura et al.,

2007; H. J. Cleaves et al., 2009; Lemke et al.,@® Chandru et al., 2013a; Chandru et al.,

2013h. Ces études en conditions hydrothermales, de par leurs volumes expérimentaux
importants, ne peuvent atteindre des conditions tres élevées de pressions, et se limitent a 0,2 a
40 MPa pour des températuresiaat de 120 a 400°C.

/IfHITHW GHV VXUIDFHYVY PLQpUDOHY TXDQW j OXL D SULQFLS
RX ORUV GH F\FOH GTK\GUDWDWLRQ GpVK\GUDWDWLRQ |
(Lawless and Levi, 1979; Meng et al., 2004; Yamaola al., 2007; Kawamura et al., 2011;

Shanker et al., 2012; Fuchida et al., 2014; Fuchida et al., 2016; Kitadai et al., 2016; Iqubal

et al., 2017.

La plupart decesétudes ont montré que les dimeres étaient les produits de réaction possédant

les rendements les plus importants mais que les conditions hydrothermales avaient tendance a
favoriser la formation de dimére cyclique plutot que linéaiessuivi durapport Gy=/DKP lors

deces expérienceSHUPHW GH MXJHU GH OD IDLVDELOLWpPp GH UpDF
conditions par rapport a la simple consommation du réactif dans des réagarasites>. Les

rapports Gly/DKP atteints dans la littérature saatement favorables au dimere linéaire. La
température favorise certes les rendements de polymérisation et la formation de composés
OLQpDLUHV SOXV ORQJVY PDLV HOOH HVW VRXYHQW DVVRFI
tres importante. Cette dégedbn est de plus dépendante du matériau du régttennke et

al., 2009. De nombreux débats ont été soulevés par les résultats souvent peu reproductibles et
contradictoires obtenus dans ces expérierfees Cleaves et al., 2009; Chandru et al.,
20139.LTDQDRSMHJHQG GLIILFLOH OD PHVXUH GH FRQGGLWLRQV
semble généralement atteint au moins en plusieurs jours. Emfprptédure de trempe de
OfpFKDQWLOORQ HVW U pJdaaslavatabiliie@XpétintddobsierveedilF D X V H
semblerait quéa trempeait un effet important sur la préservation des produits de réaction
(Futamura et al., 2007.

Dans lapartie 5, nous avons réalisé un suivi situ de la réaction de la glycine en solution

aqueuse dans des conaiits hydrothermale®n cellules a enclume de diamaihts détection

de la glycine et de ses produits de réaction est assurée par spectrométriénRsinan
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1 / Caractéristiques et structures des phyllosilicates GH OfLQWpUrw GtF

minéraux en feuillets comme adsorbants

Les phyllosilicates sont des minéraux structurés en feuillets. Le motif de base de ces feuillets
HVW OD VXSHUSRVLWLRQ GH FRXFKHV WpWUDpPGULTXHV HW
GIDWRPHV GTR[\JgQH 2Q GLVWLQJXH DRboVs fellletOHV SK
FRUUHVSRQGHQW j OD VXSHUSRVLWLRQ GTXQH FRiXFKH Wp\
les phyllosilicates 2:1 dont les feuillets sont formés par deux couches tétraédriques séparées par
une couche octaédriquéii) les phyllosilLFD W HV FRPSRVpV GTXQ IHXLOO
une couche octaédrique isol@ggure 1A). Des cations stabilisent ces couches et assurent
OfpTXLOLEUH GHV FKDUJHV GH\bccupeX tigssgdamant Iésl sivéd OLF L)
WpWUDPpGULTXHV #H\Ww 1B fdd G& PdolisseRt 180sites octaédriques. Des
substitutions par des cations de moindre charge sont possibles dans la structure du feuillet,
HQWUDVQDQW O 1DFF X Ptkeé3s DDANs RRQ@ascdds pHylDsilidaied nQrpgbbflants,

OHV VXEVWLWXWLRQV VRQW SHX QRPEUHXVHV HW FTHVW C
des charges. Dans le cas des argiles gonflantes, ou smectites, le feuillet posséde une charge
négative perranente, compensée par la présence de cations échangeables organisés sur ses
surfaces basales. Cette charge négative permanente confere aux smectites une capacité de
UpWHQWLRQ GYHDX

$ FHWWH VWUXFWXUH GH EDVH V{DMRXW(MHgX®QIB).R&&IJDQLVD)
phyllosilicates forment des particules par empilement plus ou moins ordonné des feuillets et ne

se présentent que rarement sous forme exfoliéeen feuillets isolés. La formation des
particules résulte généralement de contacts-fiamme des feuillets, mais cewk peuvent

eégalement établir des interactions béade ou borebord en fonction des paramétres physico
chimiques du milieu. Dans certaines conditions environnementales, les particules peuvent
former des agrégats désordonnéapetporosité a plusieurs échelles. La structure des particules

de smectites est trés sensible aux parametres environnementaux. Le nombre de feuillets
HPSLOpVY OHXU RUGUH HW OHXU HVSDFHPHQW OD QDWXUL
controlé fortement par les paramétres physibamiques du milieu, comme par exemple le

pH, la force ionique, la nature des électrolytes en solution, la caMdéD WL R Q VROLGH«
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Figure 1 : A) Représentation de la cristallographie des différents types de phyllosil icates étudiés. B)
6WUXFWXUH HW RUJDQLVDWLRQ GHV SK\OORYVLO L sedifhiand TRothXsyA0HX U)V

Une fois le phyllosilicate en solution aqueuse L Q W H U | B2&HauPaL d@p propbetés
GLIIpUHQWHY VHORQ TXH OTRQ FRQVLGqUH OHV IDFHV RX O
des feuillets et leur cristallographie induisent une différenciation tres forte des surfaces basales

et latéraps. Cette démarcation impacte le comportement des adsorbats, i.e. les molécules
SRXYDQW VI{DGVRUEHU VXU OKaBLQpUDO |j OTLQWHUIDFH P
La surface basale peut étre tres hydrophobe dans le cas de phyllosilicates ne présentant pas ou
peu de substituti® V HW GRQF GH GpIDXWV GH FKDUJH /D VXUIDFH
VLOLFH DPRUSKH VLODQROV HW VLOR[DQHYV DYHF ODTXHC(
qualifiées de physisorption, sont faibles et réversibles comme dans le caseesléoVan der

Waals ou des complexations de sphére externe. Dans le cas de substitutions importantes et donc
de charges négatives permanentes, la présence de cations compensateurs échangeables au
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niveau de réegions a forte électronégativité ouvre desilplités de réactions ou de
complexations de sphere interne. Cette adsorption peut devenir irréversible par chimisorption.
3DU DLOOHXUV OD SUpVHQFH GH SOXVLHXUV FRXFKHV GfHI
smectites rend cehdi accessibl@ certains adsorbats. Concernant les nucléotides, les résultats

GH OD OLWWpUDWXUH IRQW pWDW GTREVHUYDWLRQV FRQW
suivants de cette these.

/ID VXUIDFH ODWpUDOH FRUUHVSRQG DpfiorEdes GhalGes deH XL O O
WpWwWUDgqgGUHV HW GTYRFWDqGUHV /HV FDWLRQV GH OD PDI
groupements hydroxyles amphotéres. Leur charge dépend des parametres physicochimiques de
OfHQYLURQQHPHQW HW OD Vtallb suHace Dey/ iy draxytey. 1.8€5S S D U H C
métaux hydroxylés sont des centres réactifs pouvant favoriser les réactionsastifiees, la
physisorption et la chimisorption sous forme de complexes nmnmultidentates.

2 [ Etudes des minéraux et des molécu les organiques

Choix des minéraux, provenance

Table 1 : Nom, type et formule structurale des minéraux étudiés.

Name Abr.  Type Structural formula

Pyrophyllite Pyr 2:1 (TOT) Al Sis010(OH).

Chlorite chl  2:1:1(TOTO) (Fsé'zﬂzle'\j;zzgﬁ?62;)(52:?5.;4;?20.6&@3_47

Lizardite Liz 1:1 (TO) MQ2.74F€.16Al 0.08S11.93A1 0.070s(OH)4

Chrysotile Chrys 1:1(TO) (Mg,Fe):Si>Os(OH)4

Nontronite NAul 2:1 (TOT) (SlegeAl o,gd:&)_()?)(Al 0,36FQ;,61Mgo,o4)02o(OH)4Nal_05
Nontronite NAu2 2:1 (TOT) (SI755A| 0,16FQ)_29)(A| 0,34Feg,54Mgo,05)02o(OH)4N80_72
Montmorillonite SWy2 2:1 (TOT) (SI774A| 0,26)(A| 3,05F€3+0,o3 Fez+o,od\/|go_48)020(OH)4N80,77
Magnétite Mgt  Oxyde fer FE'Fe,0,

La Table 1 liste les minéraux sélectionnéSRXU OfpWXGH G{DGVRUSWLRQ G|
polymérisation de la glycinaginsi que leur type et formule structurale.

SRXU OfpWXGH de&s iucedtRiés B BVQns sélectionné des phyllosilicates
ferromagnésiens géochimiquement plausibles anechypothese hydrothermale prébiotique

et deux phyllosilicates alumineux comme références, permettant une comparaison avec les
PWXGHY GIDGVRUSWLRQ DQWpPpULHXUHYV i.2.Qak mwonipdd/ XGLpV
et deux montorillonites deux serpentines,.e. une lizardite et un chrysotileet deux

phyllosilcates non gonflantse. une chlorite et une pyrophyllite.
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Les argiles gonflantes ont été achetées sous forme de poudres au Source Clay Minerals

Repository de la Clay Mineral Society (due University, Etat&nis,

http://vwvw.cla\/s.orq/SourcecIays.hlltnILes nontronites NAul et NAu2 proviennent de la

mine de graphite de UleyD X VX G G H ; @ fbXtMaNIlomx©IWY?2 a été extraite de la
formation Crétacé Newcastle du Wyoming aux Ethawss; et la montmorillonite SAz1
SURYLHQW GH OD IRUPDWLRQ 30L R0 Ha éblo@GelaieFafeentG T$ U L ]
été acheWpH DX 6RXUFH &OD\ OLQHUDOV 5HSRVLWRU\ VRXV OL
ripidolite (CCazZripidolite, une chlorite riche en fer), provenant de Californie aux &tats.

/ID S\URSK\OOLWH D pWp DFKHWpH j OD VRFLpWe 6WXPD
PRQRPLQpUDOH /H FKU\WVRWLOH D pWp DFKHWpP VRXV IRUPH
veines fibreuses provenant du site de référence de Thetford Mines au Canada. La lizardite nous
aété donnéeparled®r 0 OHOOLQL HW SURLQHWM GH >XOQJKOHH G§ HAOBMW |

BRXU OfpWXGH G #e 13 By@ihe poddnéx\8omhEs focalisés sur la magnétite, un
oxyde de fer abondant dans le contexte de serpentinisitiarcrolite océaniquiea magnétite

a été achetée a Sigma Aldrichs@us formele poudreG 1 R[\G HV G H puis Préparé par,

le Dr. J. Hao a la Carnegie Institute de Washington (&tats).

Traitement hydrothermal de la magnétite

La préparation de la magnétite a été réalisée au Département des Sciences dalkalderre

Johns Hopkins University et la Carnegie Institute de Washington {Etes3.

$ILQ GYpOLPLQHU OTR[\GDWLRQ GH VXU b &uti b tHaieDer8 RXGUH
hydrothermal. Environ 1 g de poudre est versé dans un réacteur en Té#omdeavec 10

P/ GYHDX XOWUDSXUH SXLV OD VXVSHQVLRQ HVW UHQGXH
scellé est placé dans un autoclave {ldbiTech HTG230) a 150°C pendant trois jours. La

suspension ainsi traitée est séchée sousdads un dessiateur.

Analyses physicechimiques dela magnétite

La pureté, la chimie, la structure et la surface spécifique de la magnétite ont été analysées avant

et aprés vieilissement hydrothermal. La diffraction de rayon@®ruker D2 Phaser), la
microscopie éle?W ULTXH j EDOD\DJH FRXSOpH j OD VSHFWURVFRSL}
(JEOL 8500E) et la microscopie €électronique en transmission couplégpadgoscopie de

perte d'énergides électrons transm{Philips EM 420) confirme la pureté de la magecet
OYDEVHQFH GH SKDVHV R [\[®pHD/O D\SHY ayitisl Yaaixad e o Qave
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Micromeritics Analytical Services (Norcross, Ets8QLY SDU DGVRUSWLRQ G¢YD
pression a 77 K. Une surface spécifique de 5,8 m2/g caétalée par la méthode BET sur le

logiciel constructeur MicroActive pour TriStar 1l Plus (v2.02).

Préparation des suspensions de smectites

/IHV VPHFWLWHY RQW pWp SUpSDUpHV HW FRQGLWLRQQPpPHV (
colloidalegFigure 2). Elles ont été rendues homoioniques au sodium (ou au lithium), triées en

taille par centrifugations successives et stockées en concentrations solides contrélées au
Laboratoire Interdisciplinaire des Environnements Continentaux de Nancy (LIEC, UMR 7360,
8QLYHUVLWp GH /RUUDLQH &156 /H SURWRFRQ@\WchHefDFW HV
et al., 2008; Paineau et al., 2011; Michot et al., 2013 es suspensions sont stockées dans le

noir a température ambiante et utilisées sans préparation supfai&men

Broyage sous 100 um des phyllosilicates nagonflants

Nous avons préparé, conserve et utilisé deux stocks de poudres de nos échantillons de
phyllosilicates norgonflants. Le premier stock, correspond a des tailles grossiéres de poudre.

La pyrophylite et la chlorite étant relativement pures, les échantillons ont été réduits en taille

DX PDUWHDX SXLV QHWWR\pVY DX EDLQ j XOWUDVRQ GDQV C
PRUWLHU HQ DJDWH HW WDPLVpV VR X\hantillenPhadras¢opidde QHV G|
ont été récupérées par broyage grossier au marteau et tri a la pince sous hotte aspirante. Les
fibres ainsi isolées ont ensuite été réduites en particules de tailles centimétriques par découpe

au scalpel. La lizardite a été broy@eis100 um comme expliqué-apres.

Cette lizardite provient de veines de serpentinites échantillonnées dans les carriéres de Monte
JLFR VXU OfvOH GY(OEH HQ ,WDOLH &HWWH VHUSHQWLQLW
M. Mellini (Mellini and Viti, 1994; Viti and Mellini, 1997; Fuchs et al., 1998 Dans ces

veines ont été observées des cristaux automorphes de lizardite quasi millimétriques qui en font
une tres bonne source pour ce minéral. Gauwont occasionnellement emballés dans une

matrice de chrysotile et de serpentine polygonale, deux polytypes de la serpentine. Ces
polytypes ont une chimie similaire a la lizardite mais une structure différente (fibrigue-ou sub
sphérique) des feuillets de la lizardite ce qui fait de ces phases miesrdas impuretés dans

OH FDV GTXQH pWXGH GYfDGVRUSWLRQ

/IfDQDO\WH DX PLFURVSHFWURPqQWUH 5DPDQ GYfpFKDQWLOO
permis de mettre en évidence la présence de chrysotile et de serpentine polygonale a la fois
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comme matrice difise et comme veines plus concentrées, ainsi que la présence de veines de
carbonate riche en magnésium (magnésite ou dolomite Ca,MgjCO

/ID URFKH D pWp UpGXLWH HQ WDLOOH DX PDUWHDX SXLV OI
/1pFKDQW alor@d et&brbyé@fossierement au mortier en agate puis trié a la pince sous
ORXSH ELQRFXODLUH DILQ GTpOLPLQHU OfHVVHQWLHO GHV
de sélectionner les grains de lizardite. Cette poudre triée a ensuite subivagéeaside pour
pOLPLQHU OHV FDUERQDWHY GDQV Xg®&IH;H &AP2bETH DFpWI
VRXV KRWWH DVSLUDQWH |j f& SHQGDQW K SXLV XQ
décantation et élimination du surnageant. Le dernier lagageffectué par centrifugation a

4680 rpm pendant 15 min de la poudre en suspension dans tubes coniques Falcon ® 50 mL. Le
VXUQDIJHDQW HVW pOLPLQp HW OD SRXGUH HVW VpFKpH GD
h. La poudre seche est broyée fimgnau mortier en agate puis tamisée pour conserver
uniquement la fraction sous 100 um.

Deséchantillos GH FHWWH SRXGUH HW GX UpVLGX RQW pWp VXVSt
sur film de carbone de plots de microscopies électroniques puis obparvésicroscopie
POHFWURQLTXH j EDOD\DJH 0(% /HV REVHUYDWLRQV 0(% C
montrent que la lizardite est le minéral majoritaire en masse mais le chrysotile est malgré tout
encore présent sous forme de fines particules egouvrent les surfaces des feuillets de
lizardite. 2Q SRXUUDLW rWUH WHQWp GH SXULILHU XQ SHX SOX\
le chrysotile, mais celtgi a une densité trés proche de la lizardite. Nous avons réalisé un cycle

de dix mises en S8HQVLRQ GTXQH DOLT X RinatibnGapids BuXsGrhbear®.Y HF p (
Les observationMEB montrent que cettprocédure élimine bien quasiment uniquement le
chrysotile, mais en tres faible quantité. Au vu des quantités de poudres a traiter, et demendem

de la procédure, nous avons arrété. La lizardite est donc utilisée telle gesllanalyses

physigues en masse et les analyses texturales présentéees plus loin laissent a penser que la pureté
et la spécificité des propriétés physicochimiques de nétiantillon sont amplement
suffisantes pour notre étude et pour considérer la lizardite comme radicalement différente de
OTpFKDQWLOORQ GH FKU\VRWLOH SXU
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Figure2 : 3KRWRJUDSKLHV GHV pFKDQWLOORQV GH SK\OORVLOLFDWH"
nucléotides. Les argiles gonflantes (A -D) sont en suspension, les phyllosilicates non -gonflants sont
sous forme de roche et réduits en poudre (E -H). A) NAul, B) NAu2, C) SWy2, D) SAz1, E) Pyr, F)

Chl, G) liz, H) Chrys.
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Broyagesous 10 pumdesphyllosilicates nongonflants

Pour le deuxieme stock, une partie des échantillons du stock 1 a été broyée sous 10 um au
broyeur automatique Planetary Ball Mill PM 100 de Retdgiar broyage colloidal en suivant

la procédure expliquée-epres.

Pour chaguéchantillon, le broyage se fait en plusieurs fois du fait du faible volume du bol du
EUR\HXU (QYLURQ P/ GH SRXGUH GX VWRFN HW P/ GTH
en carbure de tungsténe de 50 mL du broyeur automatique-dCekti préalalement rempli

au tiers de billes en carbure de tungsténe de 3 mm de diametre. Le chrysotile, minéral fibreux,
HVW VRXPLV j GHX[ F\FOHV GH EUR\DJH VXFFHVVLIV 'YfDERL
rom. Pour chaque cycle, des inversions de rotationsgogrammeées toutes les 5 min avec

des pauses de 30 secondes entre chaque inversion. Les minéraux en feuillets sont soumis a un
F\FOH GIXQH KHXUH | USP DYHF LQYHUVLRQV GH URWD
pauses de 30 secondes.

La pate broyé est récupérée a la spatule et déposée dans un bécher préalablement nettoyée pour
VPpFKDJH | f& VXU SODTXH FKDXIIDQWH HW VRXV KRWWH
dispersé au mortier en agate et stocké dans des tubes coniques Falcon® de 50 mL.

(QWUH FKDTXH PLQpUDO OHV ELOOHV VRQW QHWWR\pHV j C
par abrasion en utilisant une poudre de silice selon la méme procédure de broyage que les
SRXGUHYV GH IHXLOOHWYV 2Q ILQLW GWUQIBSWWR\HW GH BR©E
contamination par les matériaux du broyeur automatique (carbure de tungstene) est considérée
comme negligeable au vu de la faible dureté des échantillons a broyer. Une étude du fabricant
donne une pollution en W de 5 ppm, et &R SSP ORUV GX EUR\DJH GTXQ
FDOFDLUH GH UplpUHQFH GRQW OD GXUHWp VXU OfYpFKHC
échantillons.

Ont ainsi été obtenues dans le stock@ g de pyrophyllite 37 g de chlorite 23 g de lizardite

et 15g de chrysotil¢Figure 2).

Aprés traitement et préparation de ces minéraux, la vérification de leur pureté et la

FDUDFWpPpULVDWLRQ GH OHXUV SURSULpWpPV SK\VLFRFKLPLT
GIDGVRUSWLRQ
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Analyses physicechimiques des phyllosilicates

Table 2 : Caractéristiques physico -chimiques des phyllosilicates du stock 1 et du stock 2. PIE = point
isoélectrique ; PCN = point de charge nulle & (& FDSDFLWp GTpFKDQJISSKF B gutfaRe) L T X H
spécifique totale ; SSL = su rface spécifique latérale. Les analyses de surfaces spécifiques ici

présentées correspondent aux mesures a basse pression GYID]RWH

Abr.  PIE/PCN CEC (meg/l00g)  %SSL  SSL(m2g) SST(m2g)

Pyr 2,5 0,4 25 1,08 4,30
Chl 2,5 2,1 32 1,82 5,69
- Liz 3 9,9 36 0,97 2,70
X Chrys - 0,2 7 1,16 16,50
% NAul none 113,0 - - -
NAu2 none 89,0 - - -
SWy2 none 89,0 - - -
SAz1l none 128,0 - - -
~ Pyr 2,5 54 34,6 29,79 86,00
% Chl 7,5 5,6 23,7 14,44 61,00
g Liz 4-7 4,3 18,0 9,00 49,90
Chrys 10,55 10,5 14,5 9,88 68

/IHV DQDO\WVHV RQW pWp HIIHFWXpHVY VXU OHV VWRFNV GH
pFKDQWLOORQV GX VWRFN RQW VXEL OH SOXV GYpWDS
FRQWDPLQDWLRQ GYpFKDQWL é&nalyé&s pat-hicrosedpiz @lettodiqu® QV R C
spectroscopie vibrationnelle (Raman et Infrarouge) et diffraction des rayons X.

Microscopie électronique a balayage (MEB)utes les observations sont obtenues sur un
microscope électronique a balayage Supra VP 55 Bissir échantillons non métallisés et

sous vide poussé (environ3@ 10° Pa). Une aliquote de chaque poudre est suspendue dans
OTHDX XOWUD &X0 i de uspeps$ton Sqgi est déposée sur film de carbone sur un

plot de microscopie électroniquees poudres du stock 2 présentent moins de grains de grande

taille et ceuxci sont plus arrondis que les agglomérats anguleux observés dans le stock 1
(Figure 3 &HV JUDLQV DQJXOHX[ VRQW OH UpVXOWDW GH OfD
GIXQ JUDLQ SOXV JURVVLHU 'DQV OTHQVHPEOH OHV SDI
inférieures a 10 um et présentent une distribution de taille de graincugapltis homogene

TXH FHOOH GX VWRFN GRQW OD WDLOOH YDULH HQWUH
détectée lors de nos observations a part le mélange lizahdjteotile dans les poudres des

stocks 1 et 2 de la lizardite de Monte FEgyure 3).
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Figure 3 : Images MEB des phyllosilicates en poudre(x 6420) .A)Pyr stock 1 ; B) Pyrstock 2 ; C)
Chl stock 1 ; D) Chl stock 2 ; E) Liz stock 1; D) Liz stock 2 ; G,H) Chrys stock 2 a deux
grossissements  différents (x 1320 et 6420) (images :H.Pilorge, LGL). La taille des particules est

bien réduite dans le stock 2 pour chaque minéral.
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Raman Les échantillons ont été analysés sur un spectrometre ramancdotal LabRam

HR800 (Jobin Yvon Horibd', Ens de Lyohcouplé & un microscope etainaméra, et équipé

GIXQ ODVHU $U .U GH ORQJXHXU GTRQGH QP /D SRXC
YHUUH SXLV OD ODPH GH YHUUH VXSpULHXUH HVW HQOHYpF
&HW HQYLURQQHPHQW pFKD Qlygdr Ca(pBuUQre @&l cIByddtile iHor DV G 11
raisons évidentes de sécurité. Des analyses ponctuelles sont répétées pour chaque échantillon
avec un réseau 6@01800 tr.mmt. La puissance laser est réglée a 20 mW et la densité optique

des filtres est ajustée dLIJQDO GH OfpFKDQWLOORQ /HV VSHFWUHYV 5
chlorite sont en bon accord avec les études de référ@Pieeto et al., 1991; Rinaudo et al.,

2003; Auzende et al., 2004; Wang et al., 201®ans les poudres de pyrophyllite drection

de matiere organique non organisée polyaromatigétédétectée au Ramamace awdoublet

intense des bandes D et G centrées respectivement a 1350 et f§@hemet al., 2002 Les

échantillons de lizardite ne montrent la présence de dolaguéelans les fractions analysées

avant lessivage acide. Les analyses ponctuelles montrent la présence de lizardite et de chrysotile
GDQV OfpFKDQWLOORQ FRPPH GHX[ SKDVHV PpODQJpHV

Infrarouge (IR).Les spectres infrarouges sont obtenus en mode transmission. Les échantillons

en poudre sont mélangés a une matrice non absorbante de KBr en concentration d'environ 1%.
Une pastille est fabriguée sous presse (10 tonnes) a partir d'un mélange de 200 Bng de K
préalablement séchet de 2 mg environ d'échantillon. Les mesures ont été réalisées sur la
plateforme spectroscopies moléculaires du laboratoire Géoressources (UMR 7359, Université

de Lorraine/CNRS). Les spectres ont été obtenus sur un spectroméee BiEB-55 équipé

d'un détecteur DTGS sur la gamme 4@00 cm! avec une résolution de 2 ¢mUn spectre

est obtenu par accumulation de 200 mesures pendant environ 2 minutes. Les spectres sont
présentés apres corrections/soustraction des bandes depdar vd'eau et du CO
atmosphériqueses spectres sont en bon accord avec les données de ré{éeenoer and

Russell, 1967; Post and Plummer, 1972; Shirozu, 1985; Evans and Guggenheim, 1988; Viti

and Mellini, 1997; Fuchs et al., 1998 Les bandes caracigtiques majeures de la matiere
RUJDQLTXH DURPDWLTXH RX QRQ VRQW DEVYehéenwtldly GH OfF
2002. La pyrophyllite présente donc des quantigsles GH PDWLqQUH RUJDQLTXH H\

traitée pour éliminer cette fraon.

Diffraction des rayons X (DRXLes mesures ont été réalisées au Ll&Glancy sur un
diffractométre de poudres B8dvance (Brucké® DYHF XQH DQRGH DX FREDOW
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=1,78897 A) et un détecteur linéaire. La puissance du générateur est fixée a 35 kV et 45 mA.

Les poudres sont déposées sur des qgmft@ntillons en plexiglas standafdenstructedr. Un

G{PH D pWp XWLOLVp SRXU LVROHU O fep&K&#QWL Q&BSRQ GH
diffractogrammes ont été obtenus pour un domaine de mesure en 2 théta de 3 & 64°, avec un
SDV GH f HW XQH GXUpH GIDFTXLVLWLRQ GH VHFRQG
directement sur le logiciel constructeur et compada®s un premier temps aux banques de
données associées. Les diffractogrammes sont en bon accord asdecnéss deéférences

(SBRVW DQG 30XPPHU (YDQV DQG *XJJHQKHLP 'LENV
and Mellini, 1997; Anbalagan et al., 201D Quelques phases mineures sont détectées dans les
échantillongmais ceuxci FRQWLHQQHQW HQ JUDQGH PDMRULWpP OH SK
pWXGH GI{DGVRUSWLRQ $MRXWHU GHV pWDSHV GH SXULILFI
minérales mineur¥ VIDYpUHUDLW FREWHX[ HQ WHP stile,Hans I HQ pQHU
mesure odes analyses physicochimiques et texturales permettent de caractériser les surfaces
HW OTLQWHEaWMDFH PLQpUDO

Les mesures du potentiel zéta et les analyses textoralése réalisées au LIEC de Nancy sur
les échantillons des stocks 1 ettXont résumés dansTable 2

Potentiel zétaLes mesures de la mobilité électrophorétique des échantillons en fonction du pH

et de la force ionique ont été effectuées suZermphoremeter IV (CAD instrumentatidh).

La mobilité électrophorétique, qui rend compte de la charge résiduelle de particules dans un
HQYLURQQHPHQW GRQQp HVW HQVXLWH FRQYHUWLH HQ
SmoluchowskiVan Olphen, 1977 VXU OH ORJLFLHO GY{DFTXLVLWLRQ HW
=HWD&RPSDFWS 2Q SUpSDUH XQ YROQXPea10 HIR YoR2OpH HQ
est ajoutée et suspendue dans cette solution, puis injectée par tranche de 20 mL avec ajustement
G X S+ {e@MC bu NaOH afin de mesurer la mobilité électrophorétique sur la gamme de

pH de 2 a 13 pour chaque force ionique. La cellule de mesure a électrodes de palladium est
PTXLSpH GTXQ ODVHU URXJH SRXU LOOXPLQDWIAR&UEGHY SDU

de la diffusion des particules est automatisée grace a un microscope couplé a une caméra CCD.

Analyses texturalessD VXUIDFH VSpFLILTXH HW OH UDSSRUW GYDV
latérale) des échantillons ont été mesureés par ads@Qpt@®@pVRUSWLRQ GYD]J]RWH HQ Y
SDU SRLQW HW DGVRUSWLRQ EDVVH SUHVVLRQ GYD]RWH H
XQH SULVH GYHVVDL GH TXHOTXHV JUDPPHV GHPBRXGUHV |
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110°C pendant 18 h. La mesureldesurface spécifique par volumétrie point par point a été
effectuée sur umstrumentBelsorp 1l mini (BEL'™ /IHV LVRWKHUPHY G{DGVRUS\
été traitées par les méthodes BEpldt et BJH(Brunauer et al., 1938; Barrett et al., 1951;

De Boer ¢ al., 1966; Sing, 198 DILQ GYfREWHQLU OD VXUIDFHtMSpFLILT
PpPVRSRURVLWp GHV pFKDQWLOORQV /IDGVRUSWLRQ ED'
GIfDGVRUSWLRQ GYD]RWH HW GYDUJRQ D pWp BeeindWpH VXU
laboratoire LIEC qui assure le quagiT XLOLEUH GH OYDGVRUSWLRQ /H UDS
en analysant par méthode D(Silliéras et al., 1992; Villiéras et al., 1997; Michot and

Villiéras, 200 OHV LVRWKHUPHV j EDVVH SUHVVLRQ GYDGVRUSW

différemment les surfaces en fonction de leurs propriétés chimiques et leur section spécifique.

&DSDFLWp GTpFKDQJHL#& OBX leB QrieTMebudeda( &harge structula des
PLQpUDX[ GfLQWpUrwW SDU pFKDQJH WRWDO GH OHXUV FDW
SK\OORVLOLFDWHY QRQ JRQIODQWYV pWDQW IDLEOH TXHOT
permettre une mesure précidees échantillons sont mis en cotttaavec une solution de

cobaltinexamine (Co(N§s®*) de concentration initiale connue. La suspension est agitée

SHQGDQW GHX[ KHXUHV | f& SRXU DVVXUHU OfpFKDQJF
concentration restante en ion cobaltihexamine est ensugierdiéée par dosage colorimétrique
QP j OTDLGH GT1XQ VS HVI®E RSKRIAMR PUMRS0HPC 89

préalablement calibré. La CEC est obtenue par le calcul de la différence entre la concentration
avant et aprés échangeette mesure a été vérifiée confirmée par analyse chimique des
surnageants obtenus aprés échange avec la cobaltihexami@d ala mesure des cations
PDMHXUV GH OD VROXWLRQ 1D . &D 0J $O0 )H 6L D pWp
atomique a couplage a plasma inif dCP-AES) sur un iCAP 6000 seriB& Une calibration
SUpOLPLQDLUH HVW HIITHFWXpH SDU GLOXWLRQV GTXQH VR

dilués dix fois dans HN§2% et dopés en Scandium, utilisé constendard interne.

Chimie des solutiors

/HV H[SPULHQFHY GIDGVRUSWLRQ RQW pWp UpDOLVpPHV GDQ
et 0,05 M de MgGl analogueau premier ordrele O fHD X @dotlemélRlusieurs autres

solutions salées ont été testées, a des concentrations variant @e10M5 Les sels NaCl,
MgCl2.6H.0, CaC}.2H,0, LiCl, Li>SQs.H-0, MgSQ, NakbPQ:.2H,0, et LaCs.7H0, ont été

achetés a Sigma Aldri€H a des puretés > 99%.
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Certaines expériences ont été réalisses une gamme de pH comprisatre 2 et 13.

/91D M XV W HHPaH( \affeGtxé [3ar ajout goutte a goutte de solutions de HCI ou NaOH 1 M,

HW PHVXUp HQ URXWLQH DX SDSLHU S+ R™ FivOEBYFRER GTXQ S
SUpFLV j © XQLWp S+ HW pTXLSp GIXQH VRQ®)vakQ VLOLF

pendant et apres adsorption.

Nucléotides

/HV QXFOpRWLGHYV VRQW GHV PROpFXOHV RUJDQLEXHV FRP!
ULERVH SRXU OH PRQRPqQUH GH Of$51 HW OH GpVB[IXQERVFE
JURXSHPHQW SK Re/I@EeDaxotee. Ha\basefa¥otée possede un ou deux cycles
aromatiques et sa structure définit le nucléotide qui la porte. On distingue les bases azotées A,

7 & * SRXU OHV PRQRPgqUHV GH Of%$'1l HW 8 T(Rarti&JIHPSODFH
Figure2B) /HV VWUXFWXUHY S.D HW SURSULpWpV GTDEVRUEDQ
GDQVY OD OLWWpUDWXUH /D VROXELOLWp GHV PRQRPqUHYV
GTpWXGHV Gp\ b Et® abEHNVH & FDAOHGH G X AloggRStBvElogpEl pad R Q D O
Tetko et al.(200). /THQVHPEHO GH OHXUV SURSU LTabepd/LASRQW Up
nucléotides ont été achetés sous forme de sels de sodium hydratés, purifiés pour weitisation
biochimie(Sigma Aldrich™).
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Table 3 : Nom, formule chimique, masse molaire, pKa et sites associés, solubil LWp WKpRULTXH FRtihldtioR mbl&ry elclefficients de
corrections des nucléotides. Faverage = coefficient utilisé par le Nanophotometer ; Fspectro = coefficient de correction appliqué aux résultats du
Nanodrop pour comparaison avec ceux du Nanophotometer ; Freal = coefficient réel pour chaque monomere calculé a partir des coefficients
GYH[WL QFW L R QFcBrROdDdffidiENt de correction appliqué aux données du Nanophotometer pour la détermination des valeurs réelles de

concentration de nucléotides.

Masse ,So_lublité i
Nom Formule chimique molaire Sites pKa theoo‘rﬂlc:_l'J%o)I(an; O?*igg)gm Faverage Fspectro  Freal Feorr
(g/mol) 25°C (mMM)*
AMP C10H14Ns07P 347,22 N1 3,8 9,50 15,02 40 1 23,12 0,58
GMP C10H14N508P 363,22 N7 2,4 9,91 12,08 40 1 30,07 0,75
NMP N1 9,5
CMP CoH14N30gP 323,21 N3 4.4 50,43 7,07 40 1 45,71 1,14
UMP CoH13N20O9P 324,18 N3 9,6 37,02 9,66 40 1 33,56 0,84
dAMP C10H14N506P 331,22 N1 4.4 8,18 15,06 37 1,12 22 0,59
dGMP C10H14Ns07P 347,23 N7 2,9 7,78 12,18 37 1,12 28,51 0,77
dNMP N1 9,7
dCMP CoH14N307P 307,2 N3 4,6 35,61 7,1 37 1,12 43,27 1,17
TMP Ci10H15N20sP 322,21 N3 10 21,04 8,56 37 1,12 37,64 1,02
H.PO4 <1
HPO4 6,3

a (Tetko et al. 200)
b (Cavaluzzi and Borer, 2004
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Spectroscopie UVvisible des nucléotides en solution

Les nucléotides, principalement par lafigarationélectronique de leur base azqtglesorbat

fortement les rayonnements ultraviolets dans la gamme4@00nm. Ces bases azotées

spécifques a chacun des nucléotides présgnte comportement acidmasiqueavecune ou

GHX[ FRQVWDQIw pbsses) WF KXQLWPHFWUH GIYDEVRUSWULURQ GHYV

dépendégalemente leur spéciation.

Les spectrophotométres que nous avons utilisés dans cette these sont le Nanodrop ND 1000
7KHUPRE HW OH 1DQRSKR W,RBikoMtHI€Hié3 auxapdficaidrs QeE

ELRORJLH PROpFXODLUH HW FDOFXOHQW DXWRPDWLTXHPHC

solution erutilisant la loi de Beet.amber:

#:4, L H KléipL Y:& UHO%
avec la ORQJIJXHXUA @TRPEERKYONQEWHQY LW LAMWQDROWp WUDQ
OfpFKDQVBUROHORGFLHQW GTH[WLQIBMWhglRGE dd EhetiD optR@ @F X O H
la concentration de la molécule analysée.
LHV FRHIILFL HaWapo&es pdr\aiatrlaes logicielscorrespondent a devaleurs
PR\HQQHV SRXU GHV SRO\PqUHV Gf$'1 RX GY%51 $ILQ GTREV
les deux machines, nous avons appliqué un coefficieabmiélation entre les 2 systemés
plus, la quantification correcties concentratiordes monoméss en solution est obtenue grace

j OYDSSOLFDWLRQ G1XQ HdésRal¢ursantesies@ R M/IDLEFD IHH WS/DE YWH] W L
des nucléotides f& GDQV QTNadl® XetEavblltzi and Borer, 2004.

Figure 4 : Résidus des spectres GYDEVRUEDQFH 89 HQ IRQFWLRQ GHV VHOV H(
VSHFWUH GYDEVRUEDQFH ApdsyP 0110M/OB) dGMP 1, 1 mM.

Dansles FRQGLWLRQV H[SpULPHQWDOHY OH VSHFWUH GIDEV

modifié si ces molécules sont complexées par des cations présents en solution. Nous avons
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SUpSDUp GHV VROXWLRQV GH G*03 j HW PO Gdexy OTHQ)
HW 0 1RXV DYRQV DQDO\Vp OH UpVLGX GHV VSHFWUHYV

rapport au spectre obtenu dans NaCl {Fidure 4). Les variations de forme des spectres sont

négligeables pour les sels utilisés sur la gamme4PPOrm. Seuls les spectres résiduels

obtenus dans LaEIPRQWUHQW XQH EDQGH FHQWUpPH j QP GRQ

FROQFHQWUDWLRQ HQ VHO &HWWH PRGLILFDWLR@tEX VSHF)

que le nucléotide est fortement complexé pacégions L3".

Les fortes concentrations en sels sont généralement utilisées pour la précipitation des acides
QXFOpPLTXHV HW GHV PDFURP R0 fofetdesageefadl prEXipi@fits 5 1

pour des concentrations iefmolaires & HW H pbld @ @D sur les nucléotides a notre
connaissanceeuxci étant plus solubles que leurs polymefdsus Qaffonsobservé aucune
SUpFLSLWDWLRQ GH QXFOpRWLGH ORUV GH OYDQDO\VH GH
UplpUHQFH GDQV OBDKDEKHSX DR Y PAHQW j OTHQVHPEOH GHV "

Figure 5 : Suivi de la dégradation de dGMP en solution en fonction du temps. A) Mesures de
FRQFHQWUDWLRQV j f& HQ EOHX HW f& HQ URXJH % S5DSSRUW)
dGMP. Bleu clair, rapport A260/A230 de dGMP a 4°C. Orange, rapport A260/A230 de dGMP a 25°C.

Bleu, rapport A260/A280 de dGMP a 4°C. Rouge, rapport A260/A280 de dGMP a 4°C.

Stabilité des nucléotides sur le long terme et conservation des solutions

Les nucléotides sont des molécules complexegpeuvent se dégraddres liaisons entre les
GLIIpUHQWY JURXSHV VXFUH SKRVSKDWH EDVH D]J]RWpH
température et la lumiére sont des facteurs de dégradation avérés. Nousslavoies
dégradation de solutions de dGME concentration ingdile de 500 pg/mLgonservées sans

précaution de stérilisation particuliére dans le peindant 3 moia 4 et 25°C Des témoins
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HDX XOWUDSXUH VRQW FRQVHUYpV GDQV OHV PrPHV FRQG
et de la forme des spectres (rati®02nm/230 nm et 260 nm/280 nm) ont été effectuées
réegulierement pendant plus de 2 md@igure 5). A 25°C, la concentration en dGMP
FRPPHQFH j FKXWHU YHUV K MRXUV DORUV TXYHOOH 1
4°C. La concentration diminuBYDQW OHVY UDSSRUWYV GIYDEVRUEDQFHV H
VSHFWUH QH FKDQJH /D GpJUDGDWLRQ GH G*03 QH SURGX
GDQV 0189 &THVW GRQF OH VXLYL GH FRQFHQWUDWLRQ SO
qui est un bon indicateur du vieillissement de solutions.

3RXU QRV pWXGHV G9DGYVR {r&ddnhdrRriprefgatdas a/chayenblRé)de/ VR Q'
expérience et conservées au réfrigérateuFehV GIfpYHQWXHOOH UpXWLOLVDWL

Erreur standard et expérimentale en spettophotométrie UV

3R XU FDOF XsSandardaved e speickaphotometre en fonction de la concentration en
nucléotdes, nous avons analysé 20 feis le Nanophotometer deux échantillons uniques de
solutions de dGMP a 1000, 500 et 50 pgffable 4). L 1 H U Stéhddddcalculée(sur 20

valeurs)est GH O fR 0,6 & Bo G H de la concentratiorDans nos expeériences, nous
PHVXURQV W\SLTXHPHQW IRLY OD FRQFHQWUDWLRQ GT¥.
VXFFHVVLYHV UHQVHLJQD @adafsRed meSuxed dOfod expdtdiehtesFest P

comprise également entre 0,5 et 3%.

Table4 : Résultats GHV H[SpULHQFHV GH PHVXUHV VXFFHVVLYHVY GH FRQFHQWUDW
VLIPD VXU OHV PR\HQQHV GH PHVXUHY GRQQH XQH HVWLPDWLRQ GH OfHUUH
VXU OHV PHVXUHV URXODQWHY GRQQH XQH HVWLPDWedxpéQeredd OTHUUHXU FRPPI

1 2 3 4 5 6
moyenne 1421,70 1418,89 499,60 498,21 52,49 52,23
ecart type 11,03 7,54 1,23 1,18 0,78 0,31
Erreur 2sigma (%) 1,55 1,06 0,49 0,47 2,99 1,18
max 1445 1441 502 500 54,8 52,6
min 1408 1412 497 495 51,9 51,5
étendue 37 29 5 5 2,9 11
médiane 1419 1417 499,5 499 52,2 52,2
moyenne roulante sur 4 valeurs
Erreur 2sigma (%) 1,42 0,82 0,42 0,37 2,46 0,81
moyenne 1,05
ecartype 0,79
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Linéarité du spectrophotométre

Nous avons également vérifié la linéarité de réponsspdatrophotometre dans la gamme de
concentration étudiée pour tous les Botides utilisés au cours de cette thése. Afin de limiter

OHV LQFHUWLWXGHV OLpHV DX GHJUp Gfdls@@dpamwBWLRQ
systématiquemenine solution mere palissolution de poudre, puis des solutions filles par
dilutions successiveta linéarité du spectrophotomeétians la gamme étudiée est vérifere
représentant la concentratiolans une solution donnée normalisée a la concentration de la
solution mereen fonction de la fraction de dilution (X = 1/DiNous obtenons une relation

linéaire de pente HW GILQWHBREKHSOMH QKHWPEOH G HVWgQX@GEOpRWLGHYV

Figure 6 : Concentration mesurée normalisée a la concentration initiale en fonction GH OfLQYH
IDFWHXU GH GLOXWLRQ GHV VROXWLRQV ILOOHV $ /LQpDULWpP GX
QXFOpRWLGHYV pWXGLpV VXU OfpWHQGXH GH FRQFHQWUDWLRQ
spectrophotomeétre avant (noir) et aprés (rouge) changement de la cellule de mesure du

Nanophotometre.

Glycine

Nous avons acheté a Sigma Aldrich® des poudres de glycine (Gly), de ses polymeres linéaires

la diglycine (Gly) et la triglycine (Gly), et de son dimére cyclique la Zjketopiperazine

(DKP) a des puretés $9,9% Les poudres étant purifiees pour des applications de biochimie,

elles ont été utilisées sans traitensasipplémentaires et sont conservées a 4°C au réfrigérateur.

Les expérnces ont été effectuées sur des solutions de glycine ou des mélangesigtyeire

&HV VROXWLRQV VRQW SUpSDUpHV SDU SHVpH HWYGLVVRO>
cm) dans des tubes stériles. Les solutions sont stockées dans le noir aidli€ees pendant

2 semaines au maximum.
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SpectroscopieRaman

/ID VSHFWURVFRSLH YLEUDWLRQQHOOH 5DPDQ HVW XQH PpV
PRGHV GH YLEUDWLRQV GHVY OLDLVRQV DWRPLTXHV GYIXQ p
de la omposition des phases liquides, solides ou gazeuses. Cette technique analytique permet

de mesurer et de discriminer les signaux de molécules proches telles que la glycine et ses
polyméres car les modes de vibrations dépendent du type, du nombre ercie de$diaisons

entre atomes/ THIIHW @&BarRad @nd Nielsen, 1920est di a la diffusion inélastique des
SKRWRQV GTXQH OXPLqUH PRQRFKUR P DWLTRX}VL@H LATHEG WHQ
DQDO\Wp 6RXV OTLOOXPLQDW: potosrecqs maDw iddhan@dh 3D MR U
réfléchie, mais une trés faible proportid®’ GH O L QW H Q ¥4t WfjuséeQE ménie@ W H
LQpODVWLTXH HW OHV GLIIpUHQFHYV GYpQHUJLH REVHU
YLEUDWLRQQHOOHY GHV OLDLVRQV DQDO\WpHVY &HOD SHXYV
LQIpULHXUH j OTpQHUJLH LE@NL &®RXQAMKH GHRXIL © VX YD IHVX §\W R
Stokeg(Figure 7).

Figure7 : 3ULQFLSH GH OYHIIHW 5DPDQ SRXU XQH 6@ B 8 hgMauxQa013G H Q W H

/ID VSHFWURVFRSLH 5DPDQ HVW GRQF WUqV GLVFULPLQDQ
acides aminés. Le monomere et ses polyméres different dans leurs structures, avec notamment
OD IRUPDWLRQ GH OLDLVRQV SHSWLGHYV tReKdré&lcdque@slV QR Q
spectres Raman de ces molécules soient suffisamment différents pour permettre une
identification rapide des composés présents dans une solution quelconque de glycine ayant subi

un traitement hydrothermal. La spectroscopie Raman eshéatiede analytique non invasive

HW QRQ GHVWUXFWULFH TXL VYDGD S Wisitt BeQdéacBobDsJo/ L F X O L (
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changements de phases en conditions de haute pression et haute température en cellule a

enclumes de diamants.

Les mesuresn solution a température ambiante pour les spectres de référence et de calibration

ont été faites sur IRaman semiconfocal LabRam HR800 (Jobin Yvon HdMb&ns de Lyoh

j OD ORQJXHXU GYRQGH GTH[FLWDWLRQ GH tion@P /D PH
collecte des photons au centre du flacon en utilisambjectif x 20 en renvoi coudé.a
SXLVVDQFH ODVHU PD[LPDOH VXU pFKDQWLOORQ QYD SDV ¢
ILOWUHY GH GHQVLWp DILQ GIRSWLPLVHU OH UDSSRUW VLJ

Le suivi in situde la solution de glycine aux conditions hydrothermalésé effectué grace a

un spectromeétre raman confocal LabRam HR800 (Jobin Yvon HYriEas de Lyohéquipé

GIXQ ODVHU 4XDQWEBPSORRUWXHXU GIRQGH G puisshieD WLRQ
ODVHU PD[LPDOH VXU OYpFKDQWLOORQ HVW UpJOpH j P:
densité a la sortie du laser. La focalisation de la radiation incidente et la collecte des photons
UHWURGLIIXVpV HVW DVV XisMitutsyd' adofhgue/distahcé BanravRiieG R E M
JURVVLVVHPHQWYV | HW | 8QH FDPpUD &&' SHUPHW OfYRE\
PrPH FKHPLQ RSWLTXH /D JpRPpWULH FRQIRFDOH HW OfX
GIfREWHQLU XQ HaldJ jptérRl© &t \ahl Rafonde8Dinférieude quelques pf Ce

systeme permet la mesure de spectres de haute gadfiteh OLPLWHU OH VLJQDO GH C
PFKDQWLOORQ GLDPDQW SULQFLSDOHPHQWXWWO®WKREM RQ L
réseatholographiquele 1800 trmmt SHUPHW G §re YésalidiorQsettidle de 0,3'tm

Limite de détection et vieillissement sous laser

LD JO\FLQH HVW GpWHFWDEOH MXVTXYj GHV FRQFHQWUDWL
suffisante pour travailler avec des solutions concentréas@/Rg &HFL SHUPHW G{REW
PHLOOHXU UDSSRUW VLJQDO EUXLW HWerGaform&ibiJdesQH PHL

produits de réaction, méme si leurs rendements théoriques ne sont pas élevés.

LH ODVHU FRQVWLWXH XQ DSSRUW GTpQHUJLH QRQ QpJOLJH
SRXUUDLHQW rWUH G pJunBilummMat®bBplol@nbéeV Noxiavidrid Hione suifi

OH YLHLOOLVVHPHQW a®HMZols\uRe@Xdsitidh Qoritiie*sD laser pendant
4haunepuissancede B0 VXU OfpFKDQW L O@&resdrétoutes fe& 30DrvnHtES
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GTIXQ VSHFWUH @00 ¢tR8200 cth VIRRRW QIDYRQV SDV REVHUYp G

dans ces conditions.

Acquisition desspectresde référenceet de calibration
Les mesures de spectres de références de Glyeh Glyl, et de DKP a 0,125 Montrent que
O TR Q S HXWdikEriminér kePridr@wére du dimdneéaire oucyclique

Le choix des bandes spécifiques des différentes molécules pour lenssitvide la réaction
QpFHVVLWH GH IDLUH XQ FRPSURPLVY HQWUH OD ERQQH LQG
résoluiRrQ VSHFWUDOH GRQQpH VRQ LQWHQVLWpP HW GRQF OD
SROOXWLRQV GX VLJQDO SDU OYHQYLURQQHPHQW PpFKDQV
peptides (bandes amides) ont une intensité faible et leur suivi ne parpasttia détection de

faibles quantités de polymeéres. La zone riche en bandes située entre 1275 et18&5em

pas mesurabl O RUV GH OYH[SpULHQFH FDU HOOH VHUD VDWXUpH
OfHQYLURQQHPHQW pFKDQWLOORQ 1RXV DYRQV GRQF FKR
LOQWHQVHY GHV GLIIpUHQWHY PROpFXOHV) I®barde @ 8BYRLU X
cmit pour Gly; (ii) le doublet 882918 cmt pour Glys ; (iii) la bande & 798 crhpour DKP. Le

doublet de Glyencadre la bande principale de Gly. La formation de @Gdys la solution de

*O\ FRUUHVSRQGUD GRQF j roddc3ie Oly UielsRioschptSian €esl V' V X
WURLY PROpFXOHV SHUPHWWUD OYDFTXLVLWLRQ GfXQ VS
facilement identifiable et une ou deux épaules sur le pic de Gly caractéristiques de la présence

de Gly. Cellesci seront failement mesurables par déconvolution du spectre car la résolution
VSHFWUDOH XWLOLVpH HVW VXIILVDQWH SRXU OTYDQDO\VH I
/ID VSHFWURVFRSLH 5Db&Hodg quihtitative, Bi&sv/patt® Bemiguantitative

SDU OTXWLOLVDWO)IMRKHU@H WWR @®DRRER/'SDUDLVRQ GHYVY SDUDP
un méme spectre. Afin de mesurer la quantité de polymeres formés lors de la réaction de la
glycine en conditions hydrothermales, nous avons mis au point une calibration permettant de
calcukr les fractions molaires des différents polymeres par rapport a la glycine restante en
solution(Figures 8 et 9.

Nous avons préparé des solutionsde Glyal15M, Gly 0 HW '.3 | 0 GDQV OFf
ultrapure Ces solutions méres ont ensuite étéamgées dans des flacons en verre transparents

et préalablement lavés pour obtenir 1 mL de solutions filles aux concentrations de mélanges
voulues. Les solutions filles du mélange @&ly. ont été préparées en concentration croissante

en Gly a un pas de 2@mol. Les solutions filles du mélange @)KP ont été préparées en
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FRQFHQWUDWLRQ FURLVVDQWH HQ '.3 j XQ SDV GH PRO MX
10%mol. Les spectresde ces échantillon®nt tous étémesurésavec des parameétres

G 1D F T Xidvtioek: R@js fenétres a basse fréquence entre 300 et 18b@tcume fenétre

a haute fréquence entre 2750 et 3100 cnBRXU XQ WHPSV GITH[SEYWa&VLRQ GH
8).

Figure 8 : Spectres de calibration mesurés pour les mélanges Gly -Gly, a basse (A) et haute (B)
fréquence, et pour les mélanges Gly -DKP a basse (C) et haute (D) fréquence. La fraction molaire
de dimére en solution est notée en face de chaque spectre a gauche. Vers le haut : augmentation

croissante de la proportion de dimere en solution.
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Traitement de lacalibration

Le traitement des spectres a été effectudeslagiciel Peakfit(v4.12) Nous avons isolé des

]JRQHVY GH WUDYDLO DXWRXU GHV EDQGHYV GTLQWpPUrwv GH\
mélange GIlyGly. nous avons isolé 3 fenétrede 330 a 560 crhpour les bandes centrées a

389 et 506 cm ; de 850 & 950 crhpour les bandes centrées a 897 et le doublet-®882m

1. de 2890 a 3000 ctnpour les bandes a 2946 et 2972c(Rigures 8A, B et 9. Pourle

mélange GIyDKP, nous avons isolé 2 fenétrege 730 a 950 crhpour les bandes centrées a

798 et 897 cm ; de 2890 a 3000 ctrpour les bandes a 2927 et 2972ffigures 8C, D et

9).

Figure 9 : Courbes de calibration de la fraction molaire de dimere en fonction des rapports
GILQWHQVLWpPY GHV EDQGHV FDU Dk ¥ PKA. GalbrafidhhhdurGhhéladge GIQ\  -Gly,
(A) dans la région 300 -500 cm "%, (B) dans la région des bandes intenses 750 -950 cm %, (C) a
haute fréquence. Calibration pour le mélange Gly -DKP (D) dans la région des bandes intenses

750 -950 cm -1, (B) dans la méme région mais pour une fraction molaire de DKP inférieure a 10%,

(F) a haute fréquence. (G) et (H) présentent plusieur s expériences de calibrations pour le mélange
Gly-DKP et montrent la bonne reproductibilité du traitement. En bas a droite sont données les

modélisations des courbes de calibration de chaque figure.
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Une ligne de base linéaire est utilisée afin de sumgrienfond de tous les spectres. Nous avons
utilisé des bandes de type Voigt et les fonctions classiques de modélisation de Peakfit par
minimisation du résidu entre les données et le modéle (algorithme intégré de minimisation non
linéaire de LevenburylarqXD U G W &H SURFpGp HVW LWpUDWLI HW

ensemble de parametres initiaux.

Dans un premier temps, un modele de référence est calculé pour le mélange contenant 50%mol
GH SRO\PqUH SHUPHWWDQW GTLVR O Hlytibedt Gupblyh@ j OD |
FRQVLGpUp &H SUHPLHU PRGqOH SHUPHW HQVXLWH GH IL]
toutes les concentrations analysées.

Nous avons ensuite modélisé par des fonctions polynomiales la corrélation entre les rapports

G 1 L (x84 He® Mandes caractéristiques du polymére et de la glycine et la fraction molaire de

polymere en solutionHigure 9).

/I THUUHXU WRWDOH GH TXDQWLILFDWLRQ HVW GLIILFLOH j C
des spectres, de la répétabitie la modélisation et de la préparation des solutions et de leur
PpODQJH 2Q SHXW HVWLPHU XQH HUUHXU GH TXDQWLILFD\
de calibration. Ainsi, la calibration des mélanges-BKP a été reproduite 3 fois. Nous
estimonsDORUV TXH OTHUUHXU GréthKi®e3twwrbdherD Wikd@l. SDU FHWW

3/ Adsorption des nucléotidesa pression et température ambiantes

SURWRFROH GYfDGVRUSWLRQ

/I TDGVRUSWLRdEcrieHFRWPHV XK SURFHVVXV GIHQULFKLVVHPH
adsorbant (ici un minéral) en un adsorbat (un nucléotide) par rapport au milieu (la solution
aqueuse).

8QH GHVY PpWKRGHYV GIDGVRUSWLRQ OHV SOXV FRPPXQpPHC(
enbatch(Figure 100 &HWWH PpWKRGH G TH \Wdikecte Bovsiste @ niesieMa/ L T X H
GLIIpUHQFH GH FRQFHQWUDWLRQ HQWUH OD VROXWLRQ L
PTXLOLEUH DYHF XQ DGVRUEDQW J/H GpIDXW GH TXDQWLW

equilibre correspond alors a la quantiténiktiere adsorbée en surface du minéral.
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Figure 10 : 5HSUpVHQWDWLRQ VFKpPDWLTXH GX SURWRFRdWdés G DSV F

phyllosilicates mesurée sur le Nanophotometer.

Au cours de ce travaillL@ SUpSDUH XQH VROXWLRQnRgttite Gabsuné LVVR O
VROXWLRQ VDOpH GILQWpUrw 3DU GLOXWLRQV VXFFHVVLY
initiales désirées en nucléotide.

Pour les minéraux en poudres, on pése précisément une aliquote dans un tube E¥pendorf
SafeLockde2mO SRXU REWHQLU FODVVLTXHPHQW XQH FRQFHQ
On ajoute 1 ml de la solution de nucléotide. Pour les minéraux en suspensions, on mélange dans
les mémes tubes de 2 ml un volume de 0,5 ml de suspension avec 0,5 ml de solution de
nucléotide. Les suspensions ainsi formées sont agitées au vortex pendant 10 a 30 secondes puis
laissées dans le noir a 25°C pendant 24 h dans un bain thermostaté HAAKE Phoenix Il C50P
(ThermoscientifitM, VWDELOLWp “ f& $X ERX\Wei@ et les thbe® §gnT X LOLE
centrifugés a 1800 g pendant 25 min. On préléve 0,9 ml de surnageant et le culot hydraté est
conservé au congélateur.

Le surnageant est ensuite analysé au spectrophotometusidé pour quantification de la
FRQFHQW Wilibre BrQruplédtilps a 260 nm. La concentration initiale est quant a elle
mesurée grace a des blanos,des tubes contenant 1 ml de la méme solution de nucléotide,
VDQV OH PLQpUDO D\DQW VXELV OHV PrPHV pWdnBeing GIH[Sp
GXSOLTXpV SRXU SHUPHWWUH OD YpULILFDWLRQ GHV UpVXC
WXEH 7RXWHV OHV PHVXUHV GYDEVRUSWLRQ VRQW UpSpWg
HW GH OfHDX XOWUDSXUH HVW XWLOLVpH FRPPH EODQF
Dars nos conditions de travail, ni le temps de centrifugation ni le volume de surnageant prélevé
QILQIOXHQW VXU OD PHVXUH GH FRQFHQWUDWLRQ
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'DQVY OD PDMRULWpPp GHV FDV OHV H[SPULHQFHV GTDGVRU
minéral,ie. OH S+ GY{pTXLOLEUH HQWUH OD VROXWLReMMDOpH H'
proche de 7 pour la totalité des solutions utilisées sauf pousPNaHpour lequel le pH

GYLPPHUVLRQ HVW FRPSULV HQWUH HW HHgs solu@opd) D X[ Q1

salées.

8QH LVRWKHUPHVEIPREYRWBWILWQSDU BHVA&D HT X DJWTLTX\WO GHC
UHWHQXH SDU OYDGVRUEDQW ORUV GH OYH[SORUDWLRQ G
solution, a une température constante. Noussaw@vaillé dans une gamme allant de 0 a 3,2

mM de nucléotides (concentration au moins 10 fois plus faible que la solubilité de ces molécules

j f& HW GDQV OTHDX S XU elen ddntaveRe€n }e\Win& &) etovi Wieorb laV V p
quantité de matidd DGVRUEpH SRXU XQH FRQFHQWUDWLRQ j OfpT)
FRQVWUXLW SRLQW SDU SRLQW XQH FRXUEH j OfpTXLOLEL
solution, sur la surfaceudminéral. Ces courbes sont construites pour une température

G §wlibre donné 2Q SDUOH GYLVRWKHUPH GIDGVRUSWLRQ HW
TXDQWLWp GH PDWLqUH DGVRUEpH SDU JUDPPH GYTDGVRL
GYDGVRUEDQ (Fighr®1 R (RUNITK® OfRQ FRQQDVW ODOMXUIDFH
peut calculer aBFRXUEH GH GHQV paVm2 G§udfaeeninéral W fBngtion de la
concentratiordu nucléotide en solutiorCette courbe permet une comparaison quantitative des
FRPSRUWHPHQWY GY{DGVRUSWLRQ GH dS@héty LHXUV DGVRUED
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Figure 11 : &ODVVLILFDWLRQ GHV LVRWKHUPHV GTDGUY&RYU JesLiRQerdds *

encadrées en rouge correspondent a celles observées lors de nos expériences.

Variabilité expérimentale et reproductibilité de la méthodeGIDGVRUSWLRQ HQ EDWF
Nous avons analgsOD YDULDELOLWpPp H[SpULPHQWDOH GHV H[SpUL
utilisé des solutions de dGMP contenant 0,5 M de NaCl et 0,05 M dexM\fiLis avonsépété

OD SURFpGXUH G 1 Daar2@Rtubssé RpPhyHit® akz€ld 806 kg/ml de dGMP20

tubes de pyrophyllite avec 50 ug/ml de dGMZ0 tubes de nontronite NAul avec 500 pg/ml

de dGMP; et 20 tubes de nontronite NAul avec 50 pg/ml de dGMP. Les mesures ont été
effectuéed fois pour chaque échantillonles valeurs moyennes et écarts types des quantités
adsorbées pour la pyrophyllite et la nontronite ont été calculés pour chaque concentration de
dGMP. La variabilité expérimentalest estimée par SRXUFHQWDJH GJHUUHXU
PR\HQQH G 9 D&y ehagBanariiiable 5). Cettevariabilité expérimentalgarie

GH | 1 GH OD TXDQWLW pedd BMdiRpdEgmtdpdRHA/nOtmkite (O O H
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que pour la pyrophyllite& HF LV § HcgBdnemetphar le fait que la pyrophyllite présente
XQH SOXV JUDQGH VXUIDFH UpDFWLYH TXH OD QRQWURQL\
rapport au bruiest donglus élevé pour la pyrophyllite.

Table5 : 5pVXOWDWYVY GHV PHV XU Hde G&GMP G R U S/WwdhiAlige et la nontronite pour
GHX[ FRQFHQWUDWLRQV j OfpTXLOLEUH /H FDOFXO GH OYHUUHXU VLIPD

expérimentale en fonction de la concentration.

Erreur 2sigma (%)

Adsorption (L%/?:;) ecarttype Ceq (ug/mL) ecartype %Qads %Ceq
Pyr- dGMP 500 28,55 0,68 444 .59 511 4,75 2,30
Pyr- dGMP 50 8,49 0,30 30,84 0,96 7,02 6,25
NAu2 - dGMP 500 8,65 0,79 550,89 3,62 18,17 1,32
NAu2 - dGMP 50 3,17 0,11 44,23 0,53 7,20 2,38

Nous avons réalisé 4 fois la méme[SpULHQFH GIDGVRUSWLRQ GH G*03 V)
dans une solution salée de NaCl 0,5 M et M5 M. La premiére expérience a été anaysé

a la fois sur le Niaodrop et sur le Nanophotometer HVY WURLYVY DXWUHYV H[SpULHQ
ont été analy&es uniquement sur le Nanodrop pour vérifier la reproductibilité de cette
SURFpGXUH j OfpFKHO O HetGarXi€ukmashRay #iffé e ftdesHsQvérimgs) H
mesurées sont similairedans tous les cas, et mémelaivariabilité expérimentale da
GLVSHUVLRQ GHV YDOHXUV GYDGVRUSWLRQ VHPEOHQW S
OfpTXLOLE UEbni@ n@30ea précédemmpectllesFL VRQW GDQV OHV EDUL
calculées

,VRWKHUPHYV GIDOFRH SWMLRRQFH QWU D Wsduon OTpTXLOLEUH
ITpWXGH GH OYfpTXLOLEUH GfDGVRUSWLRQ SHXW VH IDLUH
plus ou moins étendue. Aux faibles concentrations prédo@Wwv OHV PpFDQLVPHYV G{D
GH KDXWH pQHUJLH 8QH IRLV FHV VLWHV VDWXUpV GIDXW
HQWUHU HQ MHX VL OD FRQFHQWUDW L FQuje@0. pTgam@e EUH HQ
a considérer pour les isotherMe GIDGVRUSWLRQ GpSHQG GRQF VXUWRX
LPSOLFDWLRQV ,0 VIDJLW GIXQ FRPSURPLV HQWUH XQH p
possibles et le contexte géochimiquz | L Q Wep ¢bn¥eéntration des nucléotides dans les

environnementY SULPLWLIV QD SUREDEOH P Hipwai&ed MoGa®Hbsv Vp OH)Y
choisi GH UHVWHU GDQV XQH JDPPH GH FRQFHQWUDWLRQ ED
GIDGVRUSWLRQ VHPEOHQW DWWHLQGUH (Gilesst@.P1969.D X W\SL
3DU DLOOHXUV SRXU GHV UDLVRQV SUDWLTXHV @GfpFRQRI
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convient deOLPLWHU OH QRPEUH GYpFKDQWLOORIQJWH\WRXRHBKD"
résolution: le nombre de points par isothermes

Nous avons étudi® fDGVRUSWLRQ GX G*03 VXU OD PRQWPRULOORRQ
la pyrophylllite dans une solution salée NaCl 0,5 M et MgCI2 0,05M, sur une gamme de
concentration de dGMP allant de 0 a 3,2 mM (0 a 1500 pg/ml). Toutes les isothermes ont un
compotement asymptotique et atteignent un plateau entre 0,8 et 1,gFigite 12). Pour la
S\URSK\OOLWH SK\OORVLOLFDWH QRQ JRQIODQW OfDGVRI
aprés avoir atteint ce platealLes isothermesdes argiles gonflanteprésentat une
augmentation linéaire de la quantité adsorbée aprés avoir atteint de (ratemsa 12). Ce
FRPSRUWHPHQW PrPH VTLO Kntrévoild@sNgaphEités/ po@ualentesy ODL'
GIDGVRUSWLRQ GHV DUJLOHV JRQI|Omi€udahy cetiethegéiNdDSSDV p
nous focaliserons sur la gamme basse de concentration, limitée au comportement asymptotique

des isothermegntre0 et 1,2 mM (0 a 600 pg/ml).

Figure12 : 'HQVLWpV GIYDGVRUSWL
sur une montmorillonite, deux nontronites et

une pyrophyllite. Au  -dela de 1,2 mM, le
FRPSRUWHPHQW GYDGVRUSWLR(
gonflantes change drastiquement,

contrairement & la pyrophyllite.

Analyse en pectrométrie UV dessuspensiongninérales et des sels

Les selsutilisés ont été analysés en solutian0,5 et 1 Mau spectrophotométre UV. lIs
QYIDEVRUEHQW SDV GDQV OD JDPPH FRQVLGpUpH

Les particules en suspension peuvent absorber ou disperser la lumiere et donc modifier le
speFWUH G 9D HMd&R solatian. deruckotide dans le caslaséparation des phases
PLQpUDOH HW e@i Tnégpé@id. NolI® Avohs testé la séparation de phdse
suspensios de nontronite NAu2 et de pyrophyllit€& D Q V PO GH VROXWLRQ VD
ultrapure) pourO 1 HQ V H P E O Hiiés &0/5 ¥tH GRigydd 13). Apres 24 h dans le noir a
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25°C, les suspensions saentrifuggesa 16100 gpendant 25 mietle surnageant est analysé

au spectrophotometre a 260n.

'‘DQV OD PDMRULWpP GHV FDV RQ QTREVHUYH SDV GH YDULD
/IHV VXVSHQVLRQV GH 1$X GD @ cofstitieKt |8 seUldlexRepti@ESQV 1D +
argiles gonflantes forment deflocs » de taillesplus petits que dans les autres solutions salées

et sédimentent partiellement lors de la centrifugati@résidu en suspensi@st responsable
duvVLIJQDO GYDEVRUSWLRQ

Figure 13 : OHVXUHV GHV IRQGV GYDEVRUEDQFH 89 GHV VHOV HQ R
nontronite et pyrophyllite dans ces mémes solutions salées. Une absorption significative des UV de

i QP HVW YLVLEOH XQLTXHPHQW SRXU OD QRQWURQLWH GDQV O

'DQV OH FDV GITXQH pWXGH GTDGVRUSWeE phQspBadte, QiKdatsp RW L G
OfHDX SXUH OH VLJQDO G9YDEVR UddWddelI@ desthu€idpbddsldamsH JR Q|
les surnageants et fausse la mesuredEXDQWLWp j OfpTXLOLEUH HW GRQ
adsorbées anormalement basses ou nm&mgatives)La concentration solide en smectite dans

OHV VXVSHQVLRQV SHXW r'WUH GpWHUPLQpH SDU PHVXUH

utilisée pour le comptage de cellules dans des solutions turbides (OD600, pour optical density
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600 nm). Nous avons@OLEUp OD YDOHXU GH Of2' HQ IRQFWLRQ G
VPHFWLWH VXU OH 1DQRSKRWRPHWHU /YDEVRUEDQFH j (
GH GLVSHUVLRQ GH OD OXPLqQUH HW HVW GRQF WUQqV GpSHC
échantillon. Ces courbes de calibration ne sont donc valables que pour le spectrophotomeétre
gue nous avons utiliséeRXVY DYRQV HQVXLWH WHQWp GH FRUULJHU O
entre 200 et 400 nm en testant la reproductibilité du fond créee@dahsVLIQDO GIYDEVRUS
NAu2 et sa dépendance a la concentration sol@® QV O § H DaveS\VabPQ.RLA
YDULDELOLWp GX VLIQDO pWDQW WURS LPSRUWDQWH GT1XQ
GH VDOLQLWp QRrRusM afefebmine Qrivcosfiiciént de correction des spectres
GIfDEVRUSWLRQ HQ IRQFWLRQ GH OD VDOLQLWp

(l1n"HW GH OD FRQFHQWUDWLRQ VROLGH VXU OTDGVRUSWLRQ
La concentration solide dans le tube ne devrait changer que la quantité de surface réactive
disponible pourOYIDGVRUSWLRQ /HV LVRWKHUPHY pWDQW QRUPD
PrPH SURSRUWLRQQHOOH j OD VXUIDFH GX PLQpUDO XQH YIL
HVW PHVXUpH QH GRLW SDV DYRLU G¢YLPSEEwidgdgétdque TLVRW
certains minéraux pouvaient posséder une structure microporeuse favorisant la rétention de
solutiorsenrichesHQ DGVRUEDQW HW DSSDXYULVVDQW &fRDbXWDQW
OYDXJPHQWDM GRIQON D &\ RUFEghERDNRIY ¢dRceDtfabon solide.

1RXV DYRQV WHVWp OfHIIHW GH OD FRQFHQWUDWLRQ VROL
NaCl 0,5 M et MgCl 0,05 M pour la montmorillonite SWy2, et la pyrophyllite des stocks 1 et

2 (méme minéral mais deux sumacspécifiques différentes) et fait varier la concentration

solide en montmorillonite de 2 a 10 g/L, et cekela pyrophyllite de 4 a 40 gilEigure 14).

AXFXQ HIIHW GH OD FRQFHQWUDWLRQ VROLGH QYD pWp RE
dépend H OD TXDQWLWp GH VXUIDFH UpDFWLYH GX PLQpUDO
importante de nucléotide et donc un bon rapport signal sur bruit. Nous avons utilisé des
FRQFHQWUDWLRQV VROLGHV FRPSULVHV HQWU He und W J/
DGVRUSWLRQ LPSRUWDQWH HW XQH FRQVWUXFWLRQ IDFLOF
] OTpTXLOLEUH pWHQGXH SOXV ODGVRUSWLRQ HVW LP¢
concentration initiale en nucléotide pour atteindre des conceRt@a | OfpTXLOLEUH VLP
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Figure14 : ,VRWKHUPHYV G1DGVRUSW L R)Ja@ybpByllleet(B) Une hontmorillonite, en

fonction de la taille de grain et de la concentration solide.

Désorption

/IH SKPQRPgQH GIDGVRUSWLRQ SHXW IDLUH LQWHUYHQLU G
ou fortesvoire irréversibleqchimisorption)

Nous avons étudié la désorptiondiBMP dela surface de la nontronite et la pyrophy!|itr

dilutions successes des surnageants apres équilibre. Nous avons suivi le protocole
GYYDGVRUSW dasNagQ,58vh) sVNFgCl2 0 PDLV QRXV QITDYRQV SUpC
partie du surnageant puis ajéutn volume de solution salée sans nucléotides afin de
rééquilibrer lesystéme avec une solution appauvrie en nucléotides. La répétition de ces
opérations permet de compar@ IFRQFHQWUDWLRQ j OfpTXLOLEUH GDQV
et de larepréserdr en fonction du facteur de dilution OFigure 15). Pour les témoins (sans
PLQpUDO OD FRQFHQWUDWLRQ YDULH HQ OiRpeEvdlcRe® GH Of
la concentration théorique aprés dilution comme étant @B. ©nobserveque les solutions

en contact avec les minéraux suiventri@me loi puissancg-igure 15). Ceciindiqueque la

désorption par simple dilution est négligeable voire inexistah OHV OLDLVRQV GYL
fortes On peut donc si besoin laver les résidus orgRioQ pUD X[ j OshihsDotteto3 O p H

désorber les méculesadsorbéesurle minéral.
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Figure 15 : Concentration en dGMP dans les
WpPRLQV &L HW OHV VXUQDJHI
(Ceq) en fonction du facteur de dilution de la
solution pour la pyrophyllite et la nontronite

,O QT\ D SDV GH UppTXLOLEUDW
nucléotides -minéraux avec la dilution

progressive du surnageant.

4 | Adsorption des nucléotides en conditions hydrothermales

THFKQLTXH H[SpUL Pdsappiibb hiduts preskio®ef Baute température

Nous avons concu et assemblé des incubateurdHadu@ GX /*/ VRXV OG&vEGLUHFW
Cardon, afindpWXGLHU OfHIIHW GH OD SUHVVLRQ HW GH OD WHP:E
sur les phyllosilicatesen conditions hydrothermalésigure 16). Les incubateurs ont wgrand

volume TXL SHUPHW GH PHVXUHU X @QdthpleteéhWiri€ idaule expdrfeBce.V R U S W
, OV SHUPHWWHQW GIDWWHLQGUH XQH SUHVVLRQ GH ED!
pompe a cabestan et une températaimale del120°C avec urthauffage résistiéxterne.

8Q V\VWgPH GH YDQQH SHUPHW GYLVROHU O¢¥letpé&rx&DWHXU
de travailler en méme temps sur plusieurs incubateurs. Un disque de rupture assure la sécurité

du system¢1500 kar). Nous avons confectionné des isolants thermiques en laine dgpmohe

stabiliser la température du systéres tubeEppendorf fpWDQW SDV pWDQFKHV VI
nous avons utilisé des tubes Beckn@oultar QuickSeal® en polyallomerCes tubes son

scellés en faisant fondre kegorge apres les avoir chasgéigure 16A). Leur résistance et

O 1D E V H Q Foht é& Mérifiee péut les conditions maximales de pression et de température

visées.

Nous avons également vérifié la stabilité de pressiode température des incubateats

mesuré la dépendance de la pression a la variation de temp§@rajure 17).
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Figure 16 : A) Photographies des tubes Eppendorf (gauche) et Beckman (droi te) ouverts et
IHUPpV % 3KRWRJUDSKLH GH O pre@sioK ElaeHetrpgérktireX W Htilise SRXU Oy
GIDGVRUSWLRQ HQ FRQGLWLRQV K\GURWKHUPDOHYV

SURWRFROH GIDGVRUSWLRQ j KDXWH SUHVVLRQ HW KDXWH
1RXV HPSOR\RQV OH PrPH SURithRAR2B°O ldt [ieeBE0B Wribia@edc. RQ HQ
les tubesBeckman. Ceuxi ayant une capacité de 1,1 mL, nous nous assurons de leur
UHPSOLVVDJH TXDVL FRPSOHW DILQ GYfpYLWHU XQH WURS J
et un risque de fuite. Les tubame fois chargéssont scellés et déposés dans leigrade

O ML QF X E D\ EsKrdfer&d1eD X pression est montée |égerement dans un premier temps,
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puis la température ajustée. Les conditions PT sont atteintes et stables au bout de 30 min
environ.

$X ERXW GH K OH IRXU HVWVWH@OH ¥HW DXDV B X H VG/H. RO LH/A/
OYDPELDQWH /HV WXEHV VRQW UpFXSpUpV HW FHQWULIXJg

analysé, les résidus sont conservés au congélateur.

Figure 17 : Augmentation de pression en
IRQFWLRQ GH OYDXJPHQWDWLR(
appliquée au systéeme fermé pour deux

pressions initiales et une température initiale

de 25°C.

/HV SUHPLHUV WHVWV GIDGVRUSWLRQ GH G*03 VXt OD QRC
de la température sont résumés darsdare 18.

/IH SURWRFROH HVW HQFRUH HQ FRXUV GYRSWLPLVDWLRQ
quelgues ajustements de méthode.

TRXW GIDERUG QRXV DYRQV FKDUJp OHV pFKDQWLOORQV
directement les minéraux et les solutions dans les Bbesman(Figure 18A, B, C, D). Le

probleme ici est que ces tubes présentent une variabilité de volume noreatdgligui

implique que parfois le remplissage est soit trop faible, soit trop fort. Dans le premier cas, le

tube est déformé et risque de se rompre. Dans le deuxieme cas, la solution déborde et on ne
SHXW SOXV FRUUHFWHPHQW D @nadaéhhitiale) R GeviRaths fAcoR Q S U
de charger les échantillons consiste a effectuer umpténge dans des tubeégpendorf puis

a prélever la suspension (homogéne) et la verser dans lesBetdevan(Figure 18E). Le
SUREOqQPH GH FHWWKXW BN XREHp WDWHOYRSMROpPHQWDLUH
risques de contaminations et augmenter la variabilité expérimentale.

(QVXLWH OH SUpOgYHPHQW GX V X B&gionahl Dapiemigne BAWOAL WH G
a consisté a couper la gorge du tapegs centrifugation et a prélever le surnageant directement

pour analys€Figure 18A, B). Par la suite, nous avons utilisé des seringues stériles de 1 ml

pour percer la paroi des tubes apres centrifugation et récupérer le surnageant dans des tubes
Eppendof (Figure 18C, D,E).
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&HWWH PpWKRGH HVW HQFRUH HQ FRXUV GY{DMXVWHPHQW
TXH OI{DGVRUSWLRQ HVW IDYRULVpH j f& HW EDU

Figure 18 : 5pVXOWDWYV SUpOLPLQDLUHYV GH OfDGVRUSWLR Qc@ttid®s 08
KDXWH SUHVVLRQ HW KDXWH WHPSpUDWXUH /HV LVRWKHUPHV GTDC

conditions expérimentales utilisées (voir le texte).

Dégradation thermique des nucléotidest dissolution des minéraux
Les nucléotides étant trés sensibles a la température, nous avons testé la stabilité thermique du
dGMP et du GMRle 5 a 100°C, a pression ambiante @8BH VIDVVXUHU TXH OD PR(
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SDV GpJUDGpH SHQGDQW OH WHPSV GHcléofidef Sgste IstdlileFH /D
pendant 48 Ipour des températuresistement inférieures a 100°C.

Par ailleurs, les phyllosilicates peuvent se dissoudre en conditions hydrothermales. Comme
premiére approche, le surnageant de suspensions de nontronites lai6§8€sed a des

pressions allant de 1 & 1000 bar pendant 24 h ont été an&y3ds VSHFWURPpWULH G
atomique a couplage a plasma inductif 4&ES). Aucun enrichissement en fer ou en silice de

OD VROXWLRQ QYD pWp REVHUYp

5/ Polymérisation de la gycine en conditions hydrothermales

Cellules a enclumes de diamants (CED)

/IHV H[SPpULHQFHV HQ FRQGLWLRQV K\GURWKHUPDOHV QpFl
pression allant de 500 bars a plusieurs dizaines de kilobars, pour des tempénatepéset

200°C. Nous avons donc utilisé deux modéles de cellules a enclumes de diamant & membrane
(Figure 19.LfpFKDQWLOORQ HVW FKDUJp GDQV XQ MRLQW GYfpW
enclumesGLDPDQWYVY /H GLDPDQW GX SLVWwhQildth\eme tHagnsX LW H S
GX VLqJH SDU LQMHFWLRQ GH JD] HW GpIRUPDWLRQ GTXQF
partie supérieure du piston. La pression de membrane est contrélée soit manuellement soit
automatiquement.

Le modele de cellule haute pressiest du type ChervifChervin et al., 1995. Le volume
expérimental est compris entre les deubassesle diamants synthétiques a faible fluorescence

de 0,5 mm de diamétre.D FKDPEUH GH OfpFKDQWLOORQ SUpDODEOHF
mesure —P GH GLDPgQWUH SRXU —P GYpSDLVVHXU VRLW X
Le modéle de cellule basse pression est adapté du modéleedan (Oger et al., 2008. Le

YROXPH H[SpULPHQWDO HVW FRPSULV HQWUH WE WDEOF
fluorescence de 1,4 mm de diametre et une fenétre plate de diamant synthétique a trés faible
IOXRUHVFHQFH GH PP GH GLDPgQWUH HW PP GfpSDLVVHXU
GIpWDQFKpLWp HQ QLFNHO GH PP G &htiloh, prEglablermenH W O D
LQHUWPH j OfRU RX DX SODWLQH PHVXUH —P GH GLDP
YROXPH GY{pFKDQWLOORQ GH Q/

LHY VROXWLRQV QH VRQW SDV UpFXSpUDEOHY HW DQDO\VDE
ouverte. Dutes les analyses sont donc memésgtu, dans un systéme fermé délimité par deux

diamants et un métal inerte, par spectroscopie Raman.
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Mesure de la empérature
Un thermocouple de type K est fixé au contact du joint pour le suivi de température de

O fharfillon. La température estaintenuej ODLGH GYXQ IRXU UpVLVWLI H[W
cellule et les diamants assurent une bonne conduction de la chaleur et la différence entre la
température du four et la température de contréle au contact du jomessrée. La cellule
chauffée est enveloppée dans un tissu en céramique pour garahtnaestabilité thermique

“ f& ORUV GH OYH[SpULHQFH

Figurel 9: $ 3KRWRJUDSKLH GH OfLQVWUXPHQW 5DPDQ FRQIRFDO XW
de diamants (CED) en place. B) Cellule a enclumes de diamants de basse pression ouverte avec

OH FDSRW OH SLVWRQ HW OH VLqJH & 5HSUpVHQWas¥elpression.AX pF
5HSUpPVHQWDWLRQ VFKpPDWLTXH GIXQH &(' KDAX3IN&poS U;HB\E\DISRQ /@3 H
siege. 1 = membrane ; 2 =joint ; 3 = diamants ; 4 = sieges des diamants ;5 = manchon

chauffant FPUDPLTXH GTLVRODW 7R @ekmh&cduple.L T XH

Mesure de la pession

/ID SUHVVLRQ GH OfpFKDQW Ln@@sRkRéyparta@§tethiihabidi de @ pasifdd Q W V
de la bande R1 du doublet de fluorescence de sphéres de rubis dopééslant Gr longueur

G TR @@ pIP L wépéerid Qe la pressighrigure20). En dessous de 20 GPa et 400°C, on peut
calculer la pression par tarmule suivantéMao et al., 1973 :
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~ ° 9
. N4 F ags4-
2)2= L uzi Ug—t Eig pg
Ny F agg,

$YHF@H QRPEUH GTRQGHV GH O@® VAR ORP BN U R QG HGGHH W
j SUHVVLRQ DPELDQWH HW j ODpWE R SQRPBENIXHI B8 TR @B VPE N XC
la pression et a la température de la mesure.

/D Y D O Hp$ tja Etélcalibrée erempérature entre 25 et 300pGur le méme lot de rubis
synthétiques et recuits dopés a 3600 ppm de(Tournaux et al., 2013; Journauwx, 2013.

/ID PHVXUH GHV VSHFWUHYVY GX UXELV HVW LPPpGLDWHPHQW
GI{XQH ODPSH DX QpRQ GRQW OH SLF GTLOGWnedaovectidv W WKp]
des spectres du rubis est systématiquement appliqguée gparende la dérive spectrale grace a

FHWWH UDLH GYpPLVVLRQ

Figure 20 : A) Exemple de chemin pression -température pour une expérience en conditions
hydrothermales a environ 2 kbar et 200°C. B) Spectres de fluorescence des rubis au cours de
OfH[SPULHQFH j GLIIpUHQWHY WHFXpHDWRWOHIY UHIS/URV H QW p HagtéusRuey (

de la méme couleur en A).

Observations et nesures en conditions hydrothermales

Avant expériencdg joint inerté est nettoyaux ultrasons danshn EDLQ GTHDX R[\JpQpH
XWLOLVDWLRQ DILQ G fooielePde @étitre@rganiqahkbDoisha\teltld nkide

HQ SODFH OfYpFKDQWLOORQ HVW FKDUJp jeddaioiSdbiS §XQH V
synthétiques.

Pour les expériences en conditions hydrothermales, bien que de nombreuses noudeltes ban
DSSDUDLVVHQW VXU OHV VSHFWUHYV GH OfpFKDQWLOORQ V
dans la région 75050 cm?, sont facilement modélisables et assurent une bomsé#ié de

la quantificationPour ces expériences, nous avons Vérifié dans un premier temps que la trempe
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QIDYDLW SDV GYHRDPWD Q/>XGH OH pFrKID@WLOORQ /HV TXDQWL
FDOFXOpHV VXU OHV VSHFWUHYV DFTXLV DSUqVWiawdesPSH GH
EDQGHV VRQW PRLQV pYDVpHV TXTj KRstuWabande pridgpdld W X U H
de Gly est plus individualigg¢ et donc plus facilement modélisable. Nous avons modélisé et
VXLYL OfpYROXWLRQ GH OTLOA A Qly, ldsVa béhHe DT 8enieQaG H |

Gly; et de la bande a 798 ¢rdu DKP lors de nos expériencé&sgure 21).

Figure2 1: &DSWXUH GYpFUDQ GH OD PRGpOLVDWLRQ VXU 3HDNILW GX \
WUHPSH GDQV OfTH[SpULH QFdireP RQ WAgrpd sad<fraction de la ligne de base, on
modélise trois pics correspondant au DKP (797 cm ‘1), aGly (897cm YetaGly ; (917 cm -1). Cette

modélisation donne une fraction molaire de 1,2 mol% de DKP et de 10,2 mol% de Gly 2.
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Adsorption des nucléotides sur les phyllosilicates ferromagnésiens
LPSRUWDQFH SRXU OYRULJLQH GH OD )Y

Article publié dans Geochimica et Cosmochimica Acta, 2016 (176).

Résumé

La concentrationdes briques élémentaires du vivant auraient favorisé la formation de biopolyméres dans
OfHQYLURQQHPHQW SUpELRWLTXH GH OD 7HUUH SULPLWLYH 1RXV DYRC(
$03 *03 &03 HW 803 HW GH Of$'1l G*0eéns&dlede miodaux abondaids sur la
7THUUH SULPLWLYH UpVXOWDQW GH OYDOWpUDWLRQ K\GURWKHUPDOH G
sur des argiles gonflantes (nontronites et montmorillonites) et des phyllosilicategpmitants (pyophyllite,
FKORULWH OL]DUGLWH HW FKU\WRWLOH HQ VXVSHQVLRQ GDQV XQH V
FHWWH pWXGH GH UplpUHQFH OHV H[SpPULHQFHV GTIDGVRUSWLRQ RQW
température et GHVY S+ FRQWU{OpV &HV FRQGLWLRQV VRQW pJDOHPHQW SH
GTDFLGHVY QXFOpLTXHV GDQV GHV VROV IHUURPDJQpVLHQV WHUUHVWU |
GLIIpPUHQWY PRQRPQqUHV VXU XQ/FRPUBWLRQ@ EIX® KWLTIXH GPRIDRPqUH V)
PLQpUDX[ 1RV UpVXOWDWYV PRQWUHQW TXH OHV PRQRPqUHV GH O1%$'1 V
TXH OHV PRQRPQUHV SRVVpGDQW XQH QXFOpREDVH * VIDIEoB&®B& EHQW SC
C. Nous avons également observé a des charges de surfaces importantes (> 1 mM en solution) un changement
VSHFWDFXODLUH GH OD SHQWH GHV LVRWKHUPHY GTDGVRUSWLRQ VXU ¢
guantités de nucléotidesaVRUEpHY /THQVHPEOH GH FHV GRQQpHV RQW pWp WUDL
GTIDGVRUSWLRQ GHV QXFOpRWLGHV VXU FHV VXUIDFHVY PLQpUDOHV 1RX
comme des molécules homologues lors de leur adsorptidassminéraux étudiés. Pour des charges de surface
IDLEOHV j PRGpUpHVY OHXU DGVRUSWLRQ HVW H[SOLTXpH SDU XQ XQLT
GHV PLQpUDX[ pWXGLpV $ S+ OIDGVRUSWLRQ SURFg@Bdph&8dJREDEOHPH
QXFOpRWLGHV HW OHV PpWDX[ K\ GUR[\OpHV GHV ERUGY GH IHXLOOHWYV
dessous de pH 4, les argiles gonflantes adsorbent les nucléotides par échange de cations sur leur surface basale.
Ce mécanism est inopérant pour les phyllosilicates ndR QIODQWY &HSHQGDQW XQ PpFDQL
VXSSOpPHQWDLUH HVW REVHUYp SRXU GHV FKDUJHV GH VXUIDFHV pOHY
QXFOpPRWLGHYV | O-8au@sy tHddutB FOHX PYLQ BUHD/OPp FDQLVPHY GIDGVRUSWLRQ V>
que les phyllosilicates ferromagnésiens adsorbent fortement les nucléotides aux conditions ambiantes de pression
HW GH WHPSpUDWXUH HW OHV FRQFHQWUHQ Wagp&radaddrieeh@afibn@f X Q IDFW
VROXWLRQ /HVY QRQWURQLWHY SRVVqGHQW OHV FRPSRUWHPHQWYV OHV
favoriser la concentration et la polymérisation des nucléotides dans des conditions analogues a celesede la T

primitive.
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Abstract

The concentration of prebiotic organic building blocks may have promoted the formation of
biopolymers in the environment of the early Earth. We therstodied the adsorption of RNA
monomers AMP, GMP, CMP, and UMP, and DNA monomers dGMP, dCMP, and TMP, on
minerals that were abundant in the early Earth environment as the result of aqueous or
hydrothermal alteration of the primitive oceanic crust. We fedwsir study on swelling clays,
I.e.nontronite and montmorillonite, and nswelling phyllosilicates, e. pyrophyllite, chlorite,
lizardite and chrysotile suspended in an agueous saline solution analog to seawater. In this
reference study, adsorption experiments were carried out under standard conditions of pressure
and temperature and controlled pH. Undeshsaonditions, this work is also relevant to the
preservation of nucleic acids in #g-rich terrestrial and Martian soils. We compared the
adsorption of the different monomers on individual minerals, as well as the adsorption of single
monomers on the wie suite of minerals. We found that DNA monomers adsorb much more
strongly than RNA monomers, and that any monomer containing the G nucleobase adsorbed
more strongly than one containing the C nucleobase. At high surface loadings (greater than
about 1 mM maomer in aqueous solution) we also found a dramatic increase in the slope of
adsorption isotherm on the swelling clays, leading to large increases in the amounts adsorbed.
Data were processed in order to understand the adsorption mechanism of nucledtides o
mineral surfaces. We infer that all nucleotides behave as homologous molecules in regard to
their adsorption onto the studied mineral surfaces. At low to moderate surface loadings, their
adsorption is best explained by a single mechanism common suitkeof minerals of the
present study. At pH 7, adsorption certainly proceeds by ligand exchange between the
phosphate group and the hydroxyls of the broken edges of phyllosilicates leading to the
saturation of lateral surfaces. Below pH 4, swelling cégs adsorb nucleotides through cation
exchange on basal surfaces, whereasswealling phyllosilicates do not. However, at high
surface loadings an additional mechanism stabilizing adsorption occurs. Given the proposed
adsorption mechanisms, the pos#ipibf a favorable polymerization at the minevehter
interface is discussed. We propose thedVig rich phyllosilicates tightly bind nucleotides,
under ambient conditions, and concentrate them up to 1000 times the solution concentration
upon saturationNontronites have the most diverse and favorable adsorption behaviors and
could have helped to the concentration and polymerization of nucleotides under primitive
Earthlike conditions.

Key words: nucleotides, AMP, GMP, CMP, UMP, dGMP, dCMP, TMP, swellitays,
phyllosilicates, adsorption, origin of life.
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1. INTRODUCTION
It has now been more than sixty years since Bernal hypothdsizedh!, 195) that life may
have originated from the interaction between simple organic compounds and mineral surfaces.
Since the pioneering work dferris et al.(19899, the scenario has been tested by a wide
community of scientists interested in the origin of lteking advantage of the diversity of the
chemistry and physics at wateineral interface to overcome some obstacles to the emergence
of life (see also reviews bygada, 2004; Ferris, 2005; Lambert, 2008; Cleaves et al., 2012;
Hashizume, 2012; Yu et al., PBand references thereinh the aqueous conditions of the early
ocean (i) the synthesis of the building blocks of biomolecules such as amino acids and
nucleotides is sluggish; (ii) their polymerization into proteins, RNA and DNA, respectively, is
thermalynamically unfavorable; (iii) these complex organic molecules are subjected to rapid
hydrolysis and photolysis. Adsorption and more generally interactions between minerals and
organic molecules have proved to overcome some or all of these obstaclesst&icd,
phosphatéearing minerals are mandatory to the synthesis of activated ribonucleotides
(Szostak, 2009; Powner et al., 2).0Ribose can be synthesized as a major product of the
formose reaction in presence of a borate mineral, such as ({lexitedo et al., 2004; Benner
et al., 2010; Benner et al., 2Q1Activated nucleotides can polymerize forming up to 56mer
long oligomers in the presence of montmorillonite clagiem and Ferris, 1998; Ferris, 2002;
Huang and Ferris, 2006; Joshi et al., 200he adsorption of nucleic acids onto clays, sand or
soil particles prevents enzymatic degradation by DNase | and photdlysisnz and
Wackernagel, 1987; Demaneche et al., 2001; Poch et al.).2015
From a geological perspective, life has originatedrnneavironment that was significantly
different from the Earth at present day. The primitive Earth during the Hadean eon was hotter
than today, the ocean had a volume twice as large as today and exposed land may have occupied
only a few percent of the Earfhv V X EDNEH et al., 2008; Albarede and Blichedit,
2009; Arndt and Nisbet, 20).20ne hypothesis is that life may have arisen in the primitive
ocean near hydrothermal vents on the oceanic crust, where mineral diversity, temperature,
redox and camical gradients and supply of organic material may have been sufficient and
stable long enough to allow a chemical system to gain compléxiiyliss et al., 1981;
Wachtershauser, 1988a; Wachtershauser, 1988b; Shock, 1990; Russell et al., 1994; McCollom
and Seewald, 2001; Cody, 2005; Russell, 2007; McCollom and Seewald, 2013; Barge et al.,
2013.
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It then clearly appears that studying adsorption on mineral surfaces is of prime relevance to the
emergence of the first genetic polymers in such a geochemitats&/hether RNA or DNA,

the adsorption of their monomers on a mineral surface may have concentrated the-building
blocks of nucleic acids from a dilute ocean, and allowed them to further polymerize. Previous
experimental studies have focused on a vawétyineral surfaces such as alumina, calcite,
goethite, mica, olivine, pyrite, rutile, silica, or zinc oxifleorenz and Wackernagel, 1987,
Holm et al., 1993; Bezanilla et al., 1995; Cohn et al., 2001; Balint et al., 2007; Arora, 2007;
Cleaves et al., 2@t Cleaves et al., 2011; Bau et al., 2012; Livi et al., 2013; Zhang et al., 2014;
Saha and Sarkar, 2014; Feulllie et al., 20Phyllosilicates are assumed to be among the best
candidates for the adsorption of nucleotides, a gram of clay can producsewera hundreds

of square meters of reactive surface in water. Hence, many studies have investigated
phyllosilicates for adsorptiofizanin et al., 1985; Ferris et al., 1989b; Franchi et al., 1999; Cali
et al., 2006; Cai et al., 2008; Benetoli et2008; Swadling et al., 2010; Hashizume et al., 2010;
Carneiro et al., 2011; Michalkova et al., 2011; Swadling et al., 2013; Feuillie et al., 2013;
Carneiro et al., 20)2or mineralcatalyzed polymerizatiofEriem and Ferris, 1998; Ferris,
2002; Huang and dfris, 2006; Joshi et al., 2009; Kaddour and Sahai, )20Mdst of those
studies used montmorillonite and kaolinite as a reference for swelling arslvetimg clays,
respectively. These phyllosilicates are alumiatuch and unlikely to be abundant in the
primitive altered oceanic crust of the Hadean. The Hadean seafloor was mainly formed of mafic
and ultramafic rocks, such as basalt, komatiite and peridotite, which hydrothermal alteration
has been widely studied through (i) petrological and mineralogiosérvations of samples
collected in oceanic hydrothermal settifgs and Honnorez, 1984; Buatier et al., 1993; Hunter

et al., 1999; Buatier et al., 2001; Alt and Teagle, 2003; Dias and Barriga, 2006; Lackschewitz
etal., 2006; Mas et al., 20)74ii) experimental alteration of bulk rockslumphris, 1978; Mottl

and Holland, 1978; Mottl et al., 1979; Seyfried and Bischoff, 1979; Seyfried and Dibble, 1980;
Seyfried and Bischoff, 1981; Seyfried and Mottl, 1982; Marcaillou, 2011; Lazar et al); 2012
and (ii) mineral evolution(Hazen et al., 2008; Hazen and Sverjensky, 2010; Hazen, 2013;
Hazen et al., 20)3 All above studies suggested thatNg rich phyllosilicates along with
various oxides, hydroxides, anhydrites and sulfides are the major alteratioalsfoemed.
Hydration of olivine and pyroxenes induces serpentinization, forming mostly lizardite and
chrysotile and often magnetite. The circulation of hot fluids leads to primary clay precipitation
and produces secondary clay minerals upon alteratioW®fH KRVW URFNYV PLQHUD
clays are mostly F&lg-rich swelling claysge.g. nontronite and saponite, and rewelling

clays,e.g.chlorite. Geochemically relevant minerals would then includ®Beich swelling
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and nonswelling clays and serpenés, as proposed by ( ). Therefore, the

present study focuses on the abovementionadddrphyllosilicates and assesses their potential

as nucleotide adsorbents.

+HUH ZH SUHVHQW UHVXOWYVY RQ WKH bD@nophospitedcRQ RI
rLERQXFOHRWLGHV DQG-PR® REKQF SHDAN ibodiclefhtides) on
swelling clays, i.e. one montmorillonite and two nontronites, rewelling clays, i.e.
pyrophyllite and chlorite, and serpentines, lizardite and chrysotilen 0.5 M NaCland 0.05

M MgCl2 saline solutiongit ambient pressure and temperature and controlled pH. We propose

a mechanism of adsorption accounting for the behavior of nucleotides on phyllosilicate surfaces

under ambient conditions.

2. MATERIAL AND METHODS

2.1.Minerals
2.1.1. Samples preparation

Table 1summarizes the name, type and structural formula of the samples used in the present
study. Swelling clay samples were purchased from the Source Clays Minerals Repository of
the Clay Mineral Society (Purdue University, USA). @nentmorillonite sample SWy2 from
Wyoming was used in reference to previous work. Two nontronite samples NAul and NAu2
from Australia were also tested. They were purified, sodium exchanged and sorted by size
through successive centrifugations (see detgitetbcol in

)3The clay particles were stored as suspensions in deionized water at
controlled solid concentrations. Samples were prepared by using either known volumes of

suspensions or dried wders.

Pyrophyllite was prepared from a pure rock sample from SfurG4orite was obtained from
the Source Clays Minerals Repository of the Clay Mineral Society as a ripidolite rock2(CCa
ripidolite, El Dorado County, California, USA). Lizardite camenfra serpentinite from Monte
Fico, Elba Island, Italy (courtesy Prof. Mellini, University of Sienna, Italy). Chrysotile fibers
were from Thetford Mines, Canada.

A first stock of powders (stock 1) was prepared to assess the adsorbing potential of the non
swelling phyllosilicates. It was then used to study the adsorption of nucleotides under varying

pH conditions. Pyrophyllite and chlorite were ground in an agate mortar and sorted by size to

116



PARTIE 3 - ADSORPTION (1)

use the < 50 um fraction. Lizardite was crushed, powdered and bgr&ze to use the < 100
pum fraction ( Y2 Chrysotile could not be ground due to its fibrous texture.

Fibers were separated and reduced to centiAmigrspecimens using a sterile scalpel.

A second stock of fine powders (stock 2) wasdito evaluate the adsorption of nucleotides at
ambient pressure and temperature and natural pH. For each sample, the bulk rock was ground
sequentially using a hammer, an agate mortar and finally a Planetary Ball Mill PM 100
DXWRPDWLF JULQ GdtéducH Ré>graiH 8iz¥ o la @Eaction under 10 um. Colloidal
grinding in pure water was performed to preserve the crystalline structure of the phyllosilicates
in the PM 100Q( Y. The suspensions were dried overnight at 120°C and the
resuting powders were stored in a desiccator.

Optical microscopy, Raman and infrared spectroscogya}{ diffraction and scanning electron
microscopy confirmed that the samples were successfully purified and that their structures and

crystallographigroperties were preserved.

2.1.2. Physical and chemical properties of mineral surfaces

Table 2lists the isoelectric point or point of zero charge (IEP/PZC), cationic exchange capacity
(CEC), and specific surface area (SSA) of the-smelling phyllosilicates fsim stocks 1 and 2

and the swelling clays for comparison.

Textural analysesf nonswelling samples were carried out at the Laboratoire Interdisciplinaire
des Environnements Continentaux (LIEC), Nancy, France. The total specific surface area
(TSA) and micreand mesoporous surfaces of the samples were measuredgay &tsorption.
Powdered samples were outgassed in Pyrex cells during 18 hours at 110°C under a residual
pressureof ca. T0Pa. N $LU /LTXLGHE $0OSKDJD] ! -des@pidd LW\ DG
LVRWKHUPY ZHUH REWDLQHG VWHS E\ VWHS DW . XVLQJ I
microporosity and mesoporosity were calculated using the BET metptmt, curve method
and BJH formalism, respective(¥

Y The aspect ratia.e. the ratio between basal and lateral SSA of the minerals,
was measured by low pressurgadd Ar adsorption through the precise study of the monolayer
domain below P/#=0.15. It provides insights into surface heterogeneity, which may arise from
differences in texturedmicroporosity, structurecrystallographic faces, or chemisttgpecific
interaction sites. Samples were outgassed at 110°C axfeklénd lowpressue isotherms were

measured in a homemade device that ensures-ggaibrium (LIEC, Nancy, France).
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Experimental isotherms were then processed using the Derivative Isotherm Summation (DIS)

method to assign the energetic characteristics of each adsaiptiain (

).

The zta potentialthat describes the electrophoretic mobility as a function of pH and ionic
strength was meased on all norswelling samples. Measurements were done at the LIEC on

D =HWDSKRUHPHWHU ,9 IURP &%$' LQVWUXPHQWDWLRQE 1D&
at concentrations of 10 102 and 10° M, while the pH was adjusted between 2 and 12 using

either HCI or NaOH. Electrophoretic mobilities were converted to zeta potential values using
WKH 6PROXFKR ZYMNAglvhed T Whe Belectric point (IEP) corresponds to

the pH for which the zeta potential is identical for all ionic strengthghis study, it was

equivalent to the point of zero charge (PZC3, the pH at which particles are globally

uncharged.

TheCationic Exchange Capaci{CEC) is used to evaluate the structural charge of the mineral.
Measurements were carried out by susimm appropriate mineral amounts in a
cobaltihexamine solution Co(N3* of known initial concentration. Exchangeable cations
were totally replaced with Co(Nd#3* when equilibrium was reached. The equilibrium
concentration of cobaltihexamine was then sweed by a colorimetric assay using
spectrophotometry at 473 nm. The detailed protocol used at the LIEC (Nancy, France) can be

found elsewheré
).

The SSA of the swelling clays was assessed-dyi ( ) based on the average
particle dimensions determined by transmissiomaX microscopy and small angle-ray
scattering (SAXS) in previous studi@€

)3PZC/IEP and CEC of the swelling clays are from the same study.

2.2.Nucleotides and chemical reagents

Pure (> 98%) sodium salts of mononucleotides and chemical reagents were purchased from
6LIJPD $0OGULFK @alts, ne Oth& @eagents were analytical grade reagents used
ZLWKRXW IXUWKHU SUHSD U DMWanBpRosphetedXnbbin@cledtilede. IRXU
DGHQRVLQH $03 F\WLGLQH &03 JXDQRVLQH *03 DQG
PR QR S KRV Sdebxwibb@icledtides,i.e. cytidine (dCMP), guanosine (dGMP) and
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WK\PLGLQH 703 'HRpddephb§oRaEeL(@ANP)fvas not investigated, because

it was not commercially availabl@able 3 lists the acidity constant values (pKa), solubility

values, and UWis gectrophotometry correction coefficients (segplementary material

section) of the mononucleotides used. Th®Atructures of these molecules are reported in the
supplementary material section Hereafter, ribonucleotides and deoxyribonucleotides are
reFtHUUHG WR DV 103 DQG G103 UHVSHFWLYHO\ ZKHUH 1 FD
symbol (A, C, G, U, T).

Nucleic acids are optically active molecules that strongly absorb UV light at wavelengths
around 260 nm. Their concentrations were calculatedthéiBeerLambert equation from the

UV DEVRUSWLRQ VSHFWUD RI WKH VDPSOHV PHDVXUHG RQ H
D 1IDQRSKRWRPHWHU 3 ,PSOHQE&E 7KH WUHDWPHQW PHW

data is detailed in th&upplementary material section

2.3.Adsorption experiments

Adsorption of nucleotides onto phyllosilicates was measured through batch experiments under
controlled conditions. Nucleotides were dissolvedn an aqueous solution containing 0.5 M

NaCl and 0.05 M MgGCl as a first ordr analog to seawater. Known initial nucleotide
concentrations were between 0 and 1 mg/ml (0 to 4 mM). Precisely weighted mineral samples
RI PJ * —J ZHUH PL[HG ZLWK PO RI WKH VDOLQH QXFC
safelock tubes. The toes were then vortexed for 15 s to ensure dispersion of the minerals and
homogenization of the suspensions. Theses suspensions were left in the dark in a thermostated
water bath at 25°C and ambient pressure for 24 hours to ensure that equilibrium wed. reach
The tubes were then centrifuged at 16,100 g for 25 min. The equilibrium concentration of
nucleotides in supernatants was assessed by UV spectrophotometry at 260 nm. The adsorbed
amount of nucleotides for a given mass of mineral was calculated fradiffdrence between

the initial known concentratio@; in the solution and the equilibrium concentrat(@y in the

supernatant. Samples were duplicated and analyses were repeated twice for each sample.

Standard experiments were carried out at the immepdib.e. not imposed) close to 7. The
effect of pH on adsorption was studied by adjusting the pH to the desired value before mixing
the solution with the mineral using HCI 0.5 N and NaOH 0.5 N. pH was measured prior and

after adsorption. Changes througke experiments were limited to + 4% and the pH reported is
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the equilibrium pH after adsorptiomhe equilibrium concentration of nucleotides was close to

1 mM for each experiment.

3. RESULTS

3.1.Extended adsorption isotherms

We carried out dGMP adsorption experiments on nontronites, montmorillonite and pyrophyllite
at 25°C, atmospheric pressure, natural pH and up to high equilibrium concentraigpris.

shows the adsorption density isotherms for these experiments, whadsthbed quantity is
normalized to the lateral specific surface area of the samples. The adsorption isotherm on
pyrophyllite rapidly reaches a plateau at an equilibrium concentration @fZaM and this
plateau extends up to 3 mM. It corresponds tactimaplete coverage of the lateral surfaces of

the mineral,i.e. the completion of one monolayer on a reactive surface. The adsorption
isotherms on swelling clays reach a plateau for equilibrium concentration of ca. 1 mM,
depending on the mineral and corm@sging to saturation once again. Above this concentration,
the logarithmic, asymptotic behavior is replaced by a quasi linear isotherm. Adsorbed density

becomes higher than the one required for complete coverage of the edges.

Hence, at least two regimesnche distinguished. The high energy domain below 1 mM is
assumed to be relevant to the early dilute ocean and is generally focused on in origin of life
studies like in the present one. Hereafter, we focus on the description of adsorption mechanisms
in thishigh-energy domain, corresponding to the expected concentrations for nucleotides in the
primitive ocean near hydrothermal vents in the micromolar range at(h@ost

). The low energy domain between 1 and 3 mM would require further careful
investigations beyond the scope of the present contribution. However, the marked increase in
adsorption for swelling clays compared to rewelling clays at low energy is worth mentioning
and could be also be of potential interest for the origin of life.

3.2.Adsorption of dANMP and NMP on swelling clays

The adsorption of dNMP on the swelling clays was carried out at 25°C, atmospheric pressure

and natural pH and complements the data obtained for the NMP in our previoug-study
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}. Fig. 2ac show the adsorption isotherms on nontronites and montmorillonite.
Classically, the adsorbed quantity of dANMP and NMP is normalized to the mass of mineral for
a given equilibrium concentration. A log fit to the data was used as a guide for the eyes only;
no physical adsorption model was used. The adsorption isotherms display an asymptotic
behavior corresponding to a rather strong adsorption affinity leading to the saturation of the
LQLWLDO DGVRUEHQWYV VXUIDFH ,W UHigdthereOtHanh PRUH
nucleobases adsorption -i€btherms from ( ).
dNMP and NMP show an apparent differential adsorption saturation value on swelling clays,
with  dGMP being the most effectively adsorbed species (with the order
CMP~UMP~TMP<GMP<dCMPAMP<dGMP). For instance, nontronite NAu2 adsorbs as
much as twice more dGMP than CMP at an equilibrium concentration of 0.5 mM. Purine
nucleotides are more adsorbed than pyrimidine ones, as already observed in several studies
( ).
In addition, deoxyribonucleotides appear to be more adsorbed than their ribonucleotides

counterparts.

For a given nucleotide, adsorption isotherms show that nontronite NAu2 apparently adsorbs
more than nontronite NAul and montmorillonite SWy2. For instance, for an equilibrium
concentration of 0.5 mM, dGMP is adsorbed at a value of 17 umol/g, 14 pmol&andl/g,

on NAu2, NAul and SWy2, respectively. However, as nucleotides adsorb at the 1wiaieral
interface, only adsorption densities normalized to the effective adsorbing surface area should
be analyzed J.Hence, we el the edge specific surface area

of the swelling clays listed imable 2to normalize adsorption isotherrgis ¥

Fig. 3 shows the adsorption density isotherms of the dNMP and NMP on the edges of the
swelling clays. The apparently lardescrepancy in adsorption of one particular nucleotide on
the swelling clays is reduced by this normalization. Nevertheless, for a given equilibrium

concentration, nontronites still adsorb more nucleotides than montmorillonite.

3.3.Adsorption of dANMP and NMP on nonswelling phyllosilicates

Fig. 4ad present the data for the adsorption of nucleotides orswetliing phyllosilicates at

25°C, atmospheric pressure and natural pH. Adsorption isotherms are best described by
asymptotic curves. As for swelling clayslog fit to the data was used as a guide for the eyes.
The adsorption of nucleotides seems to vary from one nucleotide to another on a given surface.

Systematically, ANMP are more adsorbed than their NMP equivalent. UMP and TMP are the
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less adsorbed nleotides, less than CMP and AMP, respectively. dGMP and GMP are
significantly more adsorbed than the other deoxyréa ribenucleotides, respectivelfig.

4a-d also show that neswelling minerals adsorb more nucleotides than swelling clays in
pmol/g o mineral. For instance, pyrophyllite may adsorb up to 80 umol/g of dGMP for an
equilibrium concentration of 2 mM while nontronite NAu2 adsorbs only 20 umol/g of dAdGMP

for the same equilibrium concentration. This may result from either different adsorption
mechanisms on mineral surfaces that have intrinsically different chemistry and properties, or
different reactive surface areas. This has been tested by estimating the adsorption per unit of
reactive surface area, considering either the total surface sanep Fig. S3 or the lateral
surface areaHg. 5) that was considered for swelling claydd. 3). When normalized to the

lateral surface area, a given nucleotide shows similar adsorption onto all minerals surfaces
investigated in the present study inchgl swelling clays. We therefore consider that the
accessible reactive surfaces of these minerals are their lateral surfaces. Only chrysotile appears

to adsorb more GMP, CMP and UMP for high equilibrium concentration.

3.4.Effect of pH

Fig. 6 presents the maximum adsorption of nucleotides per gram of mineral as a function of the
equilibrium pH, which value ranges from 1 to 11, at 25°C and atmospheric prdsagui@a
displays the effect of pH on the adsorption of nucleotides on the swetlirigpnite NAul. pH

has virtually no or little effect on the adsorption of TMP and UMP. The adsorption of dGMP,
GMP, dCMP and CMP increases slowly as pH decreases to pH 4. At pH 4 the behavior changes
radically and adsorption increases strongly and lineaslypH decreases. For instance, the
adsorption of dAGMP is limited to 20 umol/g at natural pH and reaches a colossal amount of 240
pumol/g at pH 1, which represents 80% of the initial nucleotide concentration available in the
solution. dCMP, GMP and CMP disyy similar trends and reach 55, 45 and 30 pmol/g,
respectively, at pH Fig. 6b-c show the effect of pH on the adsorption of AGMP and GMP on
the nonswelling phyllosilicates, nontronite NAul and montmorillonite SWy2 for comparison
and clearly show thathe adsorption of riboand deoxyribenucleotides on neswelling

phyllosilicates is independent of pH.

4. DISCUSSION

122



PARTIE 3 - ADSORPTION (1)

4.1.Adsorption mechanism

The present comprehensive study of comparative adsorption shows that nucleotides are
adsorbed differentially on a gimenineral surface, with purine nucleotides being more adsorbed
than pyrimidine ones and dNMP being more adsorbed than NMP. We suggest that the
differential adsorption reflects differences in the equilibrium constants for the binding of the
nucleotides tohte surfaces, rather than differences in adsorption mechanisms on the mineral

surface, as suggested by several autfiars ).

To test this hypothesis, we used the method developethby § ) for the
investigation of the adsorption of surfactants on a single surface that hypothesizes that the
adsorption isotherms of homologous molecules on a surface can be compared using a reference
phase. As a reference phase, we used a saturated solutimrclebtides, in which the
concentration of nucleotides is given by their theoretical solubiliy) (@ pure water at 25°C
(Table 3). The normalized results are displayed as a function@€& in Fig. 2d-f andFig.

4e-h for swelling clays and neswdling phyllosilicates, respectively. It can be seen that the
normalization leads to superimposed isotherms that are not significantly different from each
other. This result suggests that the equilibrium constants for adsorption differ only in magnitude
andcorrelate with nucleotide solubilities. As a consequence, we infer that there is a common
adsorption mechanism for all nucleotides on a given mineral surface. This works very well for
all of the phyllosilicates except for pyrophyllite and chrysotile, whpresumably some
variation in the adsorption mechanism occurs between the different nucleotides attached to

these minerals.

This is in good agreement with previous studlés

) and indicates that all nucleotides, dNMP and NMP,
are adsorbed as homologous molecules on a surface through a common mechanism. As noted
above, the reactive surfaces are the edges of tihgHehyllosilicates of interest in the present
study, whéher swelling or norswelling. We propose that the adsorption mechanism is a ligand
exchange between the phosphate group of the nucleotides and the hydroxyl groups on the
EURNHQ ERQGV RI WKH PLQHUDOVY HGJHV 7KHagdBVSKDWH
all the molecules tested and hence its interaction with the mivatal interface can explain
the similar behavior of the nucleotides upon adsorption. This proposed chemisorption is in good
agreement with ( ) who showedthatE RQXFOHRWLGHVallm@ ¥ RUEHG
through monodentate innephere complexes or bidentate ot#ghere complexes through the

phosphate group. The authors suggested that the adsorption of ribonucleotides -dikeoxide
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sites on the broken edges of phygllates could mimic this mechanism. Several previous
studies on the adsorption of dissolved phosphate, nucleic acids or organic matter on minerals
also concluded that phosphate could form a covalent bond with-hyebadxyls through ligand
exchange, focsing either on the origin of lifé Yof
on environmental science ISSUES

) Our results lead to the same conclusion that nucleotidedecly bind to

the hydroxyls of the broken edges of phyllosilicates through ligand exchange.

4.2.Coverage of the edges of phyllosilicates

We could also evaluate the surface coverage of the adsorption/reactive sites, which is close to
100% for everynucleotide on the edges of minerals. This does not apply when the total
DFFHVVLEOH VXUIDFH DUHD-UKNDFFRHJVRGWHHG V'RWHK B WPKH WK
represent the completion of one monolayer. Chemisorbed nucleotides would then have
saturaed all the reactive sites on the surface, so that the reactive surface coverage become close
to 100%. Surface coverage was calculated from the-sexgion of nucleotides that depends
on the conformation of the molecule at the mingrater interface, rad thus on the adsorption
PHFKDQLVP LRQLF VWUHQJWK DQG QDWXUH RI WKH HOHFW
crosssection of the nucleotides was assumed to range between 0.3 and 0.5 m?/umol using 3D
structures visualized with the Jmol softwfar&his agrees well with the values proposed by

( ) and ( ). ( ) calculated a value of 0.6 m2/umol
for the crosssection of nucleotides at the mercuvgter interfacel ( )
suggested that nucleotslen their DNA triplehelix-assumed conformation should have a
crosssection of 0.55 m?/umol. We calculated an approximate surface coverage by the adsorbed
nucleotides, using the most extreme values of their @estsons, 0.3 and 0.6 m2/umol,
respective}. The actual crossection of nucleotides at the minevedter interface is of great
interest since it is related to the maximum adsorbed density as allowed by steric hindrance in a
monolayer. Our calculation with such a range of cEsgions leads to maximum adsorbed
density of 1.6 to 3.3 pmol/m?, shaded in gre¥igs. 1, 3, 5 and S2ne can therefore directly
visualize the density range that corresponds to the full coverage of the mineral surface by a
monolayer of nucleotide. Similar calculatiomsth the present measured adsorbed densities
lead to an average value of 95% (+45%) maximum coverage for all nucleotides on the lateral
surfaces of noswelling phyllosilicates. The maximum coverage on lateral surfaces of swelling

clays is 52% (x25%). Whahis calculated for total surface area adsorption densities, coverage
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is limited to 16% (£7%) and 2% (x1) for nemwelling and swelling clays, respectively. Hence,
adsorption on the edges of the studied minerals leads to the completion of a moneldyer,

saturation of all reactive sites.

Our suggested mechanism of ligand exchange does not seem apply to chrysotile and
pyrophyllite that still both exhibit some variability in the adsorption of the different nucleotides
after normalization for nucleotide solubility. This might be due to theciép tubelike
structure of chrysotile that has defects in its 1:1 layers, and a surface that does not resemble the
RWKHU SK\OORVLOLFDWHVY VXUIDFHV LQYHVWLJDWHG LQ W
might explain the relatively high adgmion of UMP and CMP onto chrysotile,g. similar
dimensions between reactive groups on these nucleobases and adsorption sites or defects on the
surface ) Moreover, the isoelectric point of chrysotile is around 10.5, which
means thiachrysotile is the only positively charged adsorbent in our experimental conditions.
As phosphate bears a double negative charge at pH 7, it could easily interact with the positively
charged sites on the edges of chrysotile fibers. This mechanism maymgse to the ligand
exchange mechanism abovementioned and could explain the observed specific behavior of
chrysotile compared to other minerals of our study. In the case of pyrophyllite, we note that this
mineral is a strongly hydrophobic layered silecdue to the impossible substitutions and weak
electron donor behavior of the siloxane groups on the basal surfaces of the (Ginerai

). We suggest that this could favor rgpecific, weak interactions between
Q XFOHRE DV H V¥l%s brd Rérydkoptobic\basal surface of the mineral. Adsorption onto
S\URSK\OOLWH FRXOG WKHQ GHSHQG PRVWO\ RQ WKH QXFO

4.3. Effect of pH

The evolution of adsorption as a function of pH revealed clear changes in adsorjoiopbe

4, indicating a change in the adsorption mechanism on swelling clays. Maximum adsorption
increases linearly with decreasing pH for G and C nucleobases but not for T and U. The sharp
increase in adsorption is correlated to the pKa of the nucleolzasesd 24 pH units for G

and C, suggesting changes in the coulombic interactions between mineral surfaces and
nucleobases, which are summarizedrig. 7. As pH decreases, G and C are protonated and
acquire a positive charge. These nucleobases mighthibleave like cation electrolytes and
compete with them for exchangeable sites on the negatively charged basal surfaces of the

swelling clays. ( ) established that intercalation of dGMP and GMP during

125



PARTIE 3 - ADSORPTION (1)

these experiments did not occur, e low pH. Consequently, we propose here that dGMP,
GMP, dCMP and CMP are adsorbed on the external basal surfaces of the particles of nontronite
or montmorillonite via cation exchange and coulombic interactions when protonated. At very
low pH (< 2) the #Hinity of the interaction is such that almost 100% of the nucleotides are
adsorbed. This hypothesis is strongly supported by the absence of an adsorption increase for
TMP and UMP, which do not protonate at low pH and therefore cannot bind to the nggativel
charged basal surfaces by cation exchange. Similar experiments were conducted on non
swelling phyllosilicates for dGMP and GMP and no pH effect was observed. This is best
explained by the low structural charge on these minerals, indicated by their ©wdbipared

to the CEC of the swelling clays. Cation exchange should therefore be of minor importance and
saturation of the cation exchange sites should be complete atdotiCa very low adsorption
density. If cation exchange takes place, it would be part of the present background experimental
noise. In addition, cation exchange would be restricted to a very narrow range of acidic pH
conditions because for most pH valuesrt is a global electrostatic repulsion between charged

particles and nucleotidé€Big. 7).

4.4. Concentration of nucleotides by mineral surfaces in the context of the origin of life

Our experiments aimed at investigating the adsorption of DNA and iRdl#omers in a dilute
seawatetike solution on several minerals that are relevant to the Hadean, since organic
molecules could have been concentrated and could have polymerized when interacting with
seafloor minerals at hydrothermal vents or subductiochres. The adsorption isotherms were
acquired in a concentration range that encompasses the values proposed for primitive oceans
( Yand nucleotides accumulated and covered the edges of all iron bearing
swelling and norswelling clays As aforementioned, this corresponds to a maximum adsorbed
density of 1.6 to 3.3 pmol/m2in a 1nthick monolayer. First order calculation leads to a local
saturation concentration of 1.6 to 3.3 M at the minesatler interface. For all minerals,
saturationwas reached around an equilibrium concentration of 1 mM, which corresponds to a
concentration factor of £0Although large, this factor is small compared to the 6 orders of
magnitude accumulation sas a requirement for small prebiomolecules to interct and
polymerize [ )./ Therefore one may wonder whether polymerization was
catalyzed by mineral surfaces in the present experiments. Under ambient conditions of pressure
and temperature, we could identify a common adsorption mechanisaclebtides through a

ligand exchange between the phosphate group of the nucleotides and the hydroxyl groups on
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WKH EURNHQ ERQGV RI WKH PLQHUDOVY HGJHV 6LQFH SRO\
RI D SKRVSKRGLHVWHU ER Q Gn&Edfithestharghowtiesinvéivedntakig FD U E
the phosphate group part of the backbone of the polymer, neighboring nucleotides attached to

a mineral surface through their phosphates with a strong covalent bond are unlikely to
polymerize in the adsorbed stdkég. 8a) The interactions between chemisorbed nucleotides

might be limited to nucleobases and ribose. However, a nucleotide attached to the surface
through its phosphate could act as the nucleus for attachment of a second nucleotide to it, which
would exWHQG SRO\PHUL]DWLRQ DZD ‘entl & RheVpdryrheVWoUltibEH 7K H
adsorbed onto the mineral surface, and then elongates away from the waterahterface.

This plausible scenario is sketchedrig. 8b. Moreover, in a polynucleotide solutiptemplate

directed synthesis of oligomers on the nucleotides bound to the edges of the phyllosilicates
might also be possible. Since the adsorbed nucleotides have their nitrogen bases directed away
from the surface, this could favor Wats@nick interacions with complementary nucleotides

dissolved in the solutiofi R

Additional adsorption mechanisms arise under low pH or highcGnditions, for swelling

clays. Below pH 4, ligand exchange on the edge surfaces is certainly complemented by a cation
HIFKDQJH RQ WKH EDVDO VXUIDFHV ZLWK LQWHUDFWLRQV
The local concentration on basal surfaezches the same order of magnitude as on the edges
but in this case adsorbed nucleotides might interact with each other within a diffuse layer since
they are only weakly bound to the surface. At high equilibrium concentratign (GnM) the

edges of swliéng clays are saturated with nucleotides but these minerals still adsorb as the
equilibrium concentration increases. This adsorption proceeds through a mechanism that is as
yet unestablished: ( ) proposed that adsorption of RNA oligoraeon
montmorillonite particles happened through bstseking on the basal surface of the swelling

clay. Still, further analyses would be needed to understand how nucleotides could adsorb to the
surface of swelling clays even after having saturated teealasurfaces. For instance, high
concentrations could lead to bestacking on the lateral surfaces of swelling clays, or
adsorption on the basal surfaces via weak bonds, or opening of the interlayer space, or

tridimensional precipitation on the nucletgisaturated surfaces or formation of nidtyers.

In summary, nontronites may be regarded as strong candidates for the concentration of
nucleotides in the origin of life context because on the one hand, they are abundant
hydrothermal alteration productieveloping very high specific surface afg&

); and on the other hand, they exhibit the most diverse and favorable behaviors for
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adsorption of nucleotides among all the minerals we tested. Nontronites can concentrate
nucleotides up to M under neutral to low pH and are becoming even more efficient in

adsorbing those molecules at very high equilibrium concentration.

5. CONCLUSIONS

Organiemineral interactions at the seafloor of primitive oceans may have played a crucial role

in the emergete of the first biomolecules. We studied the adsorption of ehd deoxyribe
nucleotides in saline solutions on-Mgy rich phyllosilicates, both swelling and nswelling,

at 25°C, 1 bar and controlled pH. Under ambient conditions, we showed thég Feh
phyllosilicates can concentrate nucleotides by a factor as high as 1000. Our results indicate that
all nucleotides are homologous molecules,are adsorbed through a single main mechanism,

on the phyllosilicates studied under ambient conditionsloit surface loadings, the main
adsorption mechanism at neutral pH is suggested to be ligand exchange between the phosphate
group of nucleotides and the metal hydroxyls of the broken edges of the phyllosilicates.
Differential adsorption of nucleotides orgaven surface can be linked to differences in their
solubility. Below pH 4, swelling clays also adsorb nucleotides through their positively charged
nucleobases by cation exchange on the basal surfaces. Other adsorption mechanisms appear to
exist at high sdace loadings for swelling clays. g rich phyllosilicates tightly bind to
nucleotides under ambient conditions via ligand exchange. This could be of significant
importance for understanding the preservation of genetic information in soils and teetrgbot

for horizontal gene transfer. This is also relevant to the fate of nucleic acids in Martian soils.
Finally, polymerization, as a dehydration reaction, requires either intensive accumulation of
nucleotides and/or favorable thermodynamic conditidesdi hydrothermal vents. Nontronites

having the most diverse and favorable adsorption behaviors under ambient conditions can
definitively be regarded as strong candidates for the concentration and polymerization of

nucleotides under primitive Eartiike conditions.

ACKNOWLEDGMENTS

The authors are grateful to C. Hanni and the PALGENE platform for technical assistance; D.
A. Sverjensky for his thoughtful suggestions on the manuscript; the LIEC staff: C. Caillet and
Y. Waldvogel for the zeta potential measurements, R. Gley for thea@BE&RD analyses, A.

Razafitianamaharavo for the textural analyses; and F. Villiéras for his expertise on mineral

128



PARTIE 3 - ADSORPTION (1)

surfaces. This research was supported by the INTERRVIE program (INSU, CNRS) and the IUF
grantto I.D.

129



PARTIE 3 - ADSORPTION (1)

FIGURES

Fig ure 1. Lateral surface adsorption density isotherms of dGMP up to high equilibrium concentrations

showing the contrasted behaviors between swelling clays (red = NAul; orange = NAu2; blue =

SWy2) and pyrophyllite (black). Dotted and dashed lines are guides for th e eyes. The shaded area
represents the range of values expected for the maximum nucleotide density in a saturated

monolayer.
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Fig ure 2. Adsorption isotherms of dNMP (filled symbols) and NMP (empty symbols) for NAul (red;

a, d), NAu2 (orange; b, e) and SW y2 (blue; d, f) as a function of equilibrium concentration (a -c) and
specific solubility -normalized equilibrium concentration of nucleotides C eq/Csol (d-f), respectively.
Dark curves are guides for the eyes. The adsorption of the four NMP is from Feuillie etal. (2013).

The color code for minerals and symbol code for mononucleotides are the same for all figures. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article). Adsorption experiments were carried out at 1 bar, 25°C and natural pH.
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Fig ure 3. Lateral surface adsorption density isotherms of dNMP (a -c) and NMP (d -g) on NAul (red),
NAu2 (orange) and SWy2 (blue). The equilibrium concentration of each nucleotide is normalized to
its solubility in water at 25°C, noted C sol. Adsorption experiments were carried out at 1 bar, 25°C

and natural pH. The shaded area represents the range of values expected for the maximum

nucleotide density in a saturated monolayer

Fig ure 4. Adsorption isotherms of dNMP (filled symbols) and NMP (empty symbols) for non -swelling
phyllosilicates (black = Pyr; green = Chl; purple = Liz; magenta = Chrys) studied as a function of

the equilibrium concentration (a -d). (e -h) Specificadsorptionasaf  unctionof C eq/Csol, the equilibrium
concentration normalized to the solubility of each nucleotide. Curves are only meant as guides for

the eyes. Adsorption experiments were carried out at 1 bar, 25°C and natural pH.
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Fig ure 5. Lateral surface adsorption density isotherms of ANMP (a  -c) and NMP (d -g) on Pyr (black),
Chl (green), Liz (purple) and Chrys (magenta). Lateral surface adsorption density isotherms on the

swelling clay NAul (red) are shown for comparison. The equilibrium concentration of each nucleo tide
is normalized to its solubility in water at 25°C, noted C sol. Adsorption experiments were carried out

at 1 bar, 25°C and natural pH. The shaded area represents the range of values expected for the

maximum nucleotide density in a saturated monolayer. A Il minerals but chrysotile display a

homogeneous adsorption mechanism on their lateral surface.

Fig. 6. Effect of pH on the maximum adsorption (a) of dANMP and NMP on NAul, (b) of dGMP on the
non - swelling phyllosilicates studied compared to NAul and (c) of GMP on the same set of samples.
Dashed grey lines are guides for the eyes. The adsorption of dGMP and G MP on NAul and SWy2 is

taken from ( ). The equilibrium concentration of nucleotides was close to 1 mM for

each experiment.
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Fig. 7. Evolution of charges on nucleotides and their nucleobases, and the global charge of swelling
or non -swelling phyllosilicate particles (stock 1) as a function of pH. Coulombic interactions exist
when opposed charges are developed on minerals and nucleobase s. The color scale gives the global

charge of nucleotides: black = 0; dark grey = -1; lightgrey = -2; white= -3.

Fig. 8. Sketch for the polymerization of dGMP on the nontronite swelling clay. (a) Impossibility of

polymerization of two adsorbed species . The phosphate group of the nucleotides is involved in the
ligand exchange reaction with the surface. M stands for all metallic cations with hydroxyl group(s)
on the broken edges of the clay, e.g. Si, Fe, Mg, Al. (b) Hypothesized polymerization pathway. T

adsorbed nucleotides are acting as nuclei for the elongation of a strand in the aqueous medium. A
solvated nucleotide can either (1) polymerize on an already elongated strand, or (2) start the

elongation of a new strand on an adsorbed nucleotide.
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TABLES

Table 1. Name, type and structural formula of the minerals.

Typ
Name Abr. e Structural formula

F’yl’Ophy”lté1 Pyl’ 2:1 (Al 1_88Tio_od:a),o3)(8i3,5zA| 0,48)010(OH)2
(Sia.51Al 13.49 (C0.05) (Mga.44Al 0. 60 €3 47 €*3.0MMN0 01Ti0.06) O20(OH)1

Chlorite® Chl  2:1:1 ¢
Lizardite Liz 1:1  Mg274e.16Al 0.00Si1.957Al 0.070s(OH)4
Chrysotile Chrys 1:1  (FE%0.018€"0.00M100.977)3S1.981F€**0.016Al 0.00005(OH)4

Nontronité NAul 2:1  (Sie.98Al 0.99€.07) (Al 0.36F€3.61MJ0.09) O20(0OH)aN&1 05

Nontronite& NAuU2 2:1  (Siz.55Al0.167.29) (Al 0.34€3.54Mg0.05) O20( OH)aNay 72
Montmorillonite SWy
f 2 2:1  (Siz.74Al 0.26) (Al 3.08-€0.03 FE0.0IMJ0.48) O20(OH)sN&o 77

afrom ELIT S.A. database

b from theSource Clay Physical/Chemical Dataf the Source Clays Repository of the Clay Minerals
Society(http://www.clays.org/SOURCE%20CLAYS/SCdata.htatcessed on the 11/07/2105)

¢ Mellini and Viti (1994)
dLarachi et al. (2012)

¢ Gates et al. (2002)
fPaineau et al. (2011)
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Table 2. Characteristics of the minerals studied. Isoelectric point (IEP) or point of zero charge (PZC),
cation exchange capacity (CEC), total specific surface area (SSA), aspect ratio of the non -swelling
phyl losilicates given as the % of edge surface area and edge specific surface area (SSA). Two stocks

were used and are labeled with suffix 1 and 2 respectively.

Abr. IEP/PZC CEC (meq/100 g) Total SSA’ (m?/g) %edgeé Edge SSA' (m3/g)

Pyrl 25 0.3 4,5 25 11
Pyr2 25 5.4 93.6 34.6 29.8
chil 25 2.1 7 32 1.8
Chi2 7.5 5.6 59.4 23.7 14.4
Lizl 3 9.9 10.3 36 1
Liz2 4-7 4.3 56.1 18 9
Chrysl n.d. 0.2 19.1 7 12
Chry2 10.5 105 84.8 14.5 9.9
NAul? none 113 240 n.d. 13
NAu22 none 89 180 n.d. 9
SWy2  none 89 236 n.d. 6

adata for swelling clays frorReuillie et al. (2013)

b data for Total SSA for neawelling phyllosilicates from BET treatment of bas adsorption.

¢ data for %edge and Edge SSA for raelling phyllosilicates from low pressure Ar volumetry.
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Table 3.  Name, acidic constant value, solubility and UV -vis spectrophotometry correction coefficients
of the ribonucleotides and deoxyribonucleotides. Acidic co nstant values of the phosphate group are
also given.
Name  Site§ pKa? Solubility (mM)® Fspectro” Feorr®
AMP N1 3.8 9.5 1 0.58
GMP N7 2.4 9.8 1 0.75
NMP N1 9.5
CMP N3 4.4 50.4 1 1.14
UMP N3 9.6 37 1 0.84
dAMP N1 4.4 8.2 1.12 0.59
dGMP N7 2.9 7.8 1.12 0.77
dNMP N1 9.7
dCMP N3 4.6 35.6 1.12 1.17
TMP N3 10 21 1.12 1.02
HPQy <1l
HPQy 6.3

aFasman (1975)

b Theoretical solubility in pure water at 25°C obtained from AloGPS softWatkp et al. (2001)and
Tetko (2005)

¢ Seesupplementary materialfor a detailed explanation of the correction method.
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SUPPLEMENTARY INFORMATION

Correction method for UWis spectrophotometriucleic acids are optically active molecules

that strongly absorb UV light at wavelengths around 260 (&wmhmid, 200). Their
concentrations were calculated with the Beambert equatiorfequation (1)) from the UV

absorption spectra of the samples mea@Ir&& Q HLWKHU D 1DQRGURS 1° 71
IDQRSKRWRPHWHU 3 ,PSOHQE&E

These spectrophotometers are designed to automatically calculate the nucleic acid
concentration from an absorption spectrum usingth&tion (2)derived from Beet.ambert

law.

Equation (1)tBeerLambert Law
#:4, L H Kléipl_ Y: &; UHU%
Equation (2)+Calculation of concentration by the spectrophotometer

#:t1xrJl; Ulpegaoug
H

%L

WhereC LV WKH QXFOHLF DFL GARSOOBsItReVERs®haNcRAED theFdmpe at

260 nm;Faverage LV D VXEVWDQFH VSHFLILF IDFWRUIthe Opt@KFOHLF
pathlength.

TheFaveragecoefficient is a default parameter on spectrophotometers that depends on the molar
extinction coeficient 0 Q Bf the molecule analyzed. This parameter is set so that 1
A(260nm) unit is equivalent to 50 pg of doudanded DNA, or 37 pg of singktranded

DNA, or 33 pg of shorter oligomer DNA, or 40 pg of RNA, dissolved in 1mL of pure water

and masured in a-tm cuvette (dsDNA 50, ssDNA 37, Oligo 33, RNA 40).

In this study, theinglestranded DNAandRNAcoefficients were used for the measurement of
deoxyribonucleotide and ribonucleotide concentrations, respectively. Data was then processed

using correction coefficients to allow for proper quantification.

First, the Nanodrop ND 1000 and the Nanophotometer P330 usegkag\Falue forsingle
stranded DN/Aof 33 and 37 respectively. Hence to compare results, a correction fagetes F
must be applied to one of the datasBigpl. Table S1gives the correction factor to apply to

data obtained from the Nanodrop ND 1000 to be compared to results from the Nanophotometer
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P330. Second, the molar extinction coefficient is dependent on thecute considered.
Although the preset average coefficient could be used for long oligomers and polymers,
solutions containing only one species of nucleotide will have a very different absorbing
behavior(Cavaluzzi and Borer, 2004; Tataurov et al., 20H&nce, a specific correction factor
Fcorr was applied to each nucleotide measurement. We chose to ufe theQ Ralues at
neutral pH in pure water calculated byavaluzzi and Bore(2004) to derive the specific
correction factors that must be applied & measurement at 260 nSuppl. Table S1lists all

the values used in this correction.

Since the extinction coefficient of these molecules changes with pH, no attempt has been made
to correct the data for the differential optical activity of nuclestidthen pH was not close to

neutral.

REFERENCES

Cavaluzzi M. J. and Borer P. N. (2004) Revised UV extinction coefficients for nucleo$ide
monophosphates and unpaired DNA and RNAcleic Acids ReS2, el3.

6FKPLG ) % LR ORJLF D O -ddibfe|SReBtR bt EMeDENYYEl. LB
Sci, 1 4.

Tataurov A. V, You Y. and Owczarzy R. (2008) Predicting ultraviolet spectrum of single
stranded and double stranded deoxyribonucleic aBidphys. Chenil33, 660.
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SUPPLEMENTARY FIGURES

Suppl ementary F  igure S1. 2-D structure of the ribonucleotides and deoxyribonucleotides used in

this study. R stands for the five different nucleobases (A, G, C, T, U) that bind to the sugar moiety.

Supplementary Figure S2. Total surface adsorption density isotherms of seven dNMP and NMP for
the four non -swelling phyllosilicates compared to the nontronite NAul. Adsorption experiments were

carried out at 1 bar, 25°C and natural pH.
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Suppl ementary Table S1. Default parameters and correction coefficients applied to UV

spectrophotometry quantification.

Name 0 QF Spectrophotometry
(X 103) Faverage Fspectro Freal I:COFI’
AMP 15.02 40 1 2312 0.58
NMP GMP 12.08 40 1 30.07 0.75
CMP 7.07 40 1 4571 114
UMP 9.66 40 1 33.56 0.84
dAMP 15.06 37 112 22 0.59
dNMP dGMP 1218 37 112 2851 0.77
dCMP 7.1 37 112 4327 117
TMP 8.56 37 112 37.64 1.02

ayV extinction coefficients at 260 nm,avaluzzi and Borg2004).
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(1 NTHWV GH OD VDOLQLWpP VXU OYfDGVRUSWLRQ GH Q

phyllosilicates

Soumis a Langmuir

Résumeé

'DQV OH FRQWH[WH GHV RULJLQHYVY GH OD YLH OHV VXUIDFHV GH
concentation et la réactivité de molécules prébiotiques diluées. Les fonds marins primitifs étaient
FHUWDLQHPHQW ULFKHV HQ SK\OORVLOLFDWHY IHUURPDJQpPVLEF
ODUJHPHQW SHX FRQQXH /HV YDOHXUMs BUHRiIStR vhpdeévie Ve W HQ G H
composition saline de ces eaux est peu décrite. Ces parametres ont pourtant probablement joué un role
GDQV OHV LQWHUDFWLRQV HQWUH QXFOpRWLGHY HW VXUIDFHV I
désoxyguanosine fmonophosphatée (dGMP) comme nucléotide modéle sur une argile gonflante
ferromagnésienne (nontronite) et un phyllosilicate alumineux (pyrophyllite) pour comparaison. Les
expériences ont été menées a pression atmosphérique, a 25°C et pH natureleasemble de sels

NaCl, MgChk, CaCh, MgSQ,, NaHPQOQs et LaCt DILQ GYpYDOXHU OfHIIHW GHV FDWL
OYDGVRUSWLRQ GX G*03 &HWWH pWXGH PRQWUH TXH OHV QXF(
SK\OORVLOLFDWHY SDU XQ PpFDQLVPH GYfpFKDQJH GH OLJDQG |
compleX a un métal hydroxylé des bords de feuillets des phyllosilicates. La présence de cations
GLYDOHQWY RX GYDQLRQV PROpFXODLUHV SKRVSKDWH RX VXOI
deux minéraux étudiés. Cependant, en présence de cationsndivale pontage cationique des
nucléotides sur la surface basale des argiles gonflantes a également été observé. Ce mécanisme pourrait
permettre aux argiles gonflantes de posséder une capacité de rétention des nucléotides plus forte que les

phyllosilicatesnon-gonflants dans les environnements naturels primitifs ou actuels.
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Abstract

In the context of the origin of life, phyllosilicates surfaces might favor the adsorption,
concentration and reactivity of otherwise diluted prebiotic molecules. The primitive oceanic
seafloor was certainly rich in Bdg-rich phyllosilicates. The salinjitof the primitive seawater
remains largely unknown. Values ranging from 1 to 15 times modern salinity have been
proposed and the salt composition of the primitive ocean also remains elusive although it may
have played a role in the interactions betweerleniides and mineral surfaces. Therefore we
VWXGLHG WKH mGngphasghatédrd€oxirguaripbsine (dAGMP) as a model nucleotide
onto a Ferich swelling clayj.e. nontronite, and an Alich phyllosilicate.e. pyrophyllite, for
comparison. Experimesitwere carried out at atmospheric pressure, 25°C and natural pH, with
a series of salts NaCl, Mg CaCh, MgSQy, NaHbPOQw and LaCt in order to evaluate the effect

of cations and anions on dGMP adsorption. The present study shows that nucleotides are
adsabed on both phyllosilicatega a ligand exchange mechanism. The phosphate group of the
nucleotide is adsorbed on the lateral metal hydroxyls of the broken edges of phyllosilicates. The
presence of divalent cations or molecular anions, such as phosplsatéate tend to inhibit

this interaction on both mineral surfaces. However, in the presence of divalent cations, cationic
bridging on the basal surfaces of the swelling clay also occurs and could induce a higher
retention capacity of the swelling claysnapared to noiswelling phyllosilicates in primitive

and modern natural environments.
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INTRODUCTION

In the quest for the origin of life, adsorption of nucleotides onto mineral surfaces has been
proposed as a mechanism to increase the concentratioreofisi diluted monomers in order

to form RNA or DNA oligomers%2 A relevant adsorption mechanism should favor
concentration and subsequent reactivity of the adsorbed molecules. Among many hypotheses it
has been proposed that life might have appearbgdrothermal systems, where the seawater
circulated through the oceanic bedrock escapes from chimneys d@emghkrature as a fluid

that has significantly changed chemical properties, and where energy, pH and temperature
gradients could support If&. In such hydrothermal vents, phyllosilicates are of particular
interest, given their large reactive surface area and relatively high abundance as alteration
products of the primitive oceanic ro€Ks. Previous studies on the adsorption of nucleotides

on phyOORVLOLFDWHYV APKRRZRISK MAKDKIWD WID® GiréhppbdsghitydH D Q G
ribose nucleotides behave in a similar way on the surface dfig-ech and Alrich
phyllosilicated?3 Under conditions analog to modern seawater0.5 M NaCl and 0.0/

MgCl,, and near neutral pH, they adsata a common mechanism of ligand exchange, in
which the phosphate group of the nucleotides interacts with the-hyetadxyl groups of the

edge surfaces of phyllosilicaté&?. On one hand, the complexation of ghigosphate group

might hinder further polymerization reaction on the surface since the phosphate group is
mandatory to the formation of the phosphodiester bond that makes up the backbone of RNA
and DNA polymers. On the other hand adsorbed nucleotides seeddthe surface with stable
nuclei for polymerization to extend away from the mineral particles. Furthermore, nucleotide
adsorption mechanisms strongly depend on environmental parameters such as pH. Under acidic
conditions and for phyllosilicates with peanent negative charge such as montmorillonite or
nontronite, protonated nucleobases can also bond with basal surfaces through electrostatic
interactions.

Several authors have also shown that adsorption and polymerization of nucleotides and nucleic
acidsdepend on both the concentration and the nature of the salts in solution. For instance, the
adsorption of nucleotides onto montmorillonite changes as a function of exchangeable
cationg®. The presence of divalent cations such a& @aconcentrations asw as 10 mM
enhances DNA adsorption onto both montmorillonite and kaolffitand more generally, an
increase in cation concentration results in an increase of DNA, RNA and oligomers adsorption
onto montmorillonite and kaolinitg It is usually assumet occur through the formation of

cationic bridges between their phosphate groups and the negatively charged minerat&urfaces
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25 Generally divalent cations are thought to be more efficient than monovalent ones at screening
the surface charges of themarals. As a consequence, adsorption could be enhanced by even
small amounts of divalent cations.

The salinity of the primitive ocean is still a matter of debate. Values ranging from 1 to 15 times
the modern salinity have been proposed, based on vassumptions such as the absence of
closed seas on the primitive Earth and mass conservation of the modern global evaporitic
deposits and groundwater resoufé&4 analyses of fluid inclusions in Proterozoic
hydrothermal quar? or modeling of the dissalion of enstatite chondrit&s The latter studies
mainly suggest that Clwas the dominant anion in primitive seawater. However, the
composition in cations remains largely unknown. It has been even recently proposed that
+DGHDQ RFHDQV PLJHKW RPLYGD RutEdany&tBeSprimitive ocean may

have had a higher salinity and a rather different composition compared to {pl@gseawater.

The present study aims at deciphering the effect of various salts on the adsorption behavior of
nucleotidesonto phyllosilicates. It focuses on-Mg-rich swelling clays that are relevant to the
alteration of oceanic rocks of the early E&tfR -fonophosphate deoxyguanosine (dGMP)

is used as a model nucleotide and was adsorbed ontgiehFvelling clay,i.e. nontronite,

and an Alrich uncharged phyllosilicatee. pyrophyllite, for comparison. All experiments were
carried out at atmospheric pressure, 25°C and natural pH of ca. 7 with a series of salts NaCl,
MgCl,, CaCh, MgSQi, NaHPQs and LaCt in order to evaluate the effect of both cations and
anions on the adsorption of dAdGMP.

In addition to its relevance to the origin of life, the present study may also have implications
for the search of biosignatures on Mars. Modern Martian soils arenriklygsQ, NaCl and

MgCl. salts and water on the early Mars should then have been highly concentrated in these
salts?%° The preservation of organic matter on the dried out red planet might hence be very

dependent on the salts retained in the clay sedsnent

EXPERIMENTAL SECTION

Minerals. One swelling clay and one n@velling phyllosilicate were used in the present work.
Nontronite NAu2 sample is a reference-ried swelling clay that was purchased from the
Source Clays Minerals Repository of the Claynbtial Society (Purdue University, USA). It

was purified and sorted by size as a deionized brownish water suspension, after complete
sodium exchange (see refereri€és for detailed protocol). We selected a sZestock

suspension with a solid concentratiof 13.6 g/L for both adsorption experiments and Small
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Angle X-ray Scattering (SAXS) measurements. The -tthped clay platelets in these
suspensions have an average dimension of 368 nm x 93 nm ¥.1Rymophyllite Pyr was
prepared as a fine powder finca pure rock sample. The bulk rock was ground using an agate
mortar and a Planetary Ball Mill PM 100 automatic grinder (Rét¥§cm wet conditions in

order to reduce the grain size to an averagefih without alteration of the minef&ITable

1 lists the name, abbreviation, type, structural formula and physical and chemical properties of

the samples (see also referéider details).

Nucleotides and salts.3XUH ! GLVRGLXP VDOW RI fYPRQRSKRVS
(dGMP.Na.nH;0) was purchasefiom Sigma AldrichM and dissolved in saline solutions. All

salts were purchased from Sigma Aldfférand selected for their molecular biology grade

purity (>99%). We used the following salts, dissolved without further preparation in ultrapure
water (0 -cm) to prepare saline solutions: NaCl, Mg6H.O, CaC}.2H,O, MgSQ
(anhydrous), NabPQw.2H,O and Lald.7H.0. Table 1 also lists the chemical properties of

dGMP and the correction coefficient used for the determination of its concentration by UV

spectropotometry at 260 nm (see below for details on the analytical method).

Batch adsorption method.Batch experiments were carried out at 25°C and ambient pressure,
as previously described (see refereftEs Briefly, saline solutions of known initial
concentrations of dGMP were mixed with precisely weighted mineral samples in 2mL snap
cap Eppendoft! tubes for a final volume of 1 mL. The tubes were then vortexed for 15 s to
ensure dispersion of the mineral and homogenization of the suspensions. The cuspeTsi

left in the dark in a thermostated water bath at 25°C for 24 hours, to reach the equilibrium. The
tubes were centrifuged at 16,100 g for 25 min and the supernatants were retrieved. Their
equilibrium dGMP concentration was assessed by UV absot®®0 nm using an Impléh
Nanophotometer{330. All adsorption experiments were carried out at immersion.@Hnot
imposed. It was close to 7 for all solutions except N, for which it was more acidic {5

6). Adsorption isotherms were obtaingd 0.5M and 1M salt concentrations. A mixture of
NaCl and Mg of a total concentration of 1 M was also used to obtain adsorption isotherms
along the mixing line between those two salts. dGMP equilibrium concentrations ranged from
0 to 1.2 mM; the solid¢oncentration of minerals was 4.15 g/L and 5.5 g/L for NAu2 and Pyr,
respectively. Samples were triplicated for NAu2 and duplicated for Pyr. Positive blanks were

systematically analyzed for each dGMP concentration without the presence of any mineral. UV
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absorbance measurements were repeated four times for each sample; deionized water served as

the reference fowl

Analytical method and UV data correction.Nucleic acids are optically active molecules that

strongly absorb UV light at wavelengths around 260. The concentration of dGMP was

calculated from the UV absorption spectra of the samples measured on a Nanophotometer P
,PSOHQE®& 7KLV VSHFWURSKRWRPHWHU DXWRPDWLFDOO

from the 260nm absorbance using BeemEHUWfV ODZ DQG XVHV DV D GHI

constant molar extinction coefficient. This parameter is set so that 1 absorbance unit at 260 nm

is equivalent to 37 ug of singlgtranded DNA dissolved in 1 mL of pure water and measured

in a 2cm path cuvettdn this study, data were processed using a custom correction coefficient

for dGMP to allow for proper quantification. The molar extinction coefficient of dGMP at

neutral pH in pure water calculated by Cavaluzzi and Bbveas used to derive the specific

correction factor that is applied for a measurement at 260 nm.

Small Angle X-ray Scattering experiments (SAXS).SAXS experiments were carried out on

WKH '"XWFK %9HOJLDQ EHDPOLQH %0 % p'XEEOHY DW WKH (6
12 keV (.e. wavdength 1 A) and for a sampte-detector distance of 3 meters. The q range

thus available was 7.5 fom*<qg<56 nmt ZKHUH T LV WKH ZDYH YHFWRU
Samples were conditioned in cylindrical cells of 0.8mm thickness, with thin mica windows.
Two-dimensional images were obtained on a Pildtuetector. Radial integration of the data

provided (q,l) curves that were corrected for the signal of the solvent and empty cell. The final
curves were plotted in absolute intensity {Qnmafter calibratio using a glassy carbon

standardf.

RESULTS AND DISCUSSION

Adsorption isotherms. Figures 1 and Zhow the corrected adsorption isotherms of dGMP in

various salt solutions for nontronite and pyrophyllite, respectively. The amount of adsorbed
nucleotidegin pmol/g of mineral) is displayed as a function of the equilibrium concentration

of nucleotides in solution (Ceq in mmol/L). All raw adsorption isotherms but the ones obtained

for NAu2 in NaRlPQs solutions demonstrated positive adsorption signal. Tha fdatthe

adsorption of dGMP in NadP Qs solution onto nontronite NAuz2 initially displayed an apparent
HQHIJDWLYH DGVRUSWLRQYT XS WR D G*03 HTXLOLEULXP FRQ|
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Since the amount of dGMP adsorbed is calculated as theediferbetween initial and
HTXLOLEULXP FRQFHQWUDWLRQ LQ VROXWLRQ WKLV pQHJID
the mineral releases dGMP in the solution. A plot of the UV absorbance spectra of the
anomalous samples showed that the observedyehanspectral shape is actually due to the
presence of other Udbsorbing species in solution after equilibration with the mineral in
NaHPQ; solution. Analysis of blanks confirmed that the dissolved salts did not have any
intrinsic UV absorbance featurbat showed that the nontronite suspension produced a strong
absorbance band from 200 nm to 400 nm §&g#pl Figures S1 and SR Therefore anomalous
negative adsorption signal is due to the contribution of fine nontronite particles to UV
absorbance in theupernatant.

7R FRUUHFW WKHVH DSSDUHQW pQHJDWLYHY DGVRGSWLRQ L
solutions, we carried out a systematic study of the background absorbance signal of nontronite
Nau2 equilibrated with Na#PQw from 0.5 to 1 M (data ot shown). Unfortunately, no
systematic correlation could be found between the salt concentration and the absorbance
intensity of the supernatant (at 260 nm or elsewhere). Instead, we assumed that at very low
equilibrium concentration, effective adsorptiohdGMP in NaHPQ; solution is close to 0 as

for the asymptotic adsorption curves of the other salts. The adsorption signal at very low
equilibrium concentration corresponds to the-aldsorption of NAu2 in the supernatant and is
considered as a constaichground signal. It was then used as a constant correction coefficient
and was subtracted to the adsorption data at every equilibrium concentration so that raw
adsorption isotherms could be corrected.

In all cases except for Lagkolutions, adsorption asherms display asymptotic shapes,
corresponding to the-type isotherms of Giles et al. classificafibriThe amount of adsorbed
dGMP steadily increases before reaching a plateau at high dGMP equilibrium concentration.
For L-type isotherms, a Langmuir adption isotherm model was fitted to the data, and serve
only as a qualitative comparison since our experimental system does not validate the hypotheses
of the Langmuir modé&** For isotherms in LaGl solutions, adsorption increased
exponentially with dGMP equilibrium concentration onto nontronite and linearly onto
pyrophyllite. For some itype adsorption isotherms, an increase in salt concentration might be
associated with a small enhancement in tleeximum adsorption of dGMP, as observed for
MgCl> onto nontronite Kigure 1B) and NaCl onto pyrophyllite Figure 2A). In other
experiments, no significant difference is observed between adsorption isotherms obtained in
0.5 and 1 M salt solutions. This obg&tion concurs with previous studies that showed that

adsorption should reach its maximum value for salt concentrations well below?* M
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However, these studies focused on oligomers of DNA or RNA, which solubility is low and very
sensitive to salinityHence adsorption might be replaced by the precipitation of these large
molecules at relatively low critical salt concentrations (around 10 mM salts). As far as we know,
such a phenomenon has never been observed for the small and more soluble nucledtides, s
as dGMP. The effect of salt concentration on adsorption appears negligible at high
concentrations of NaCl, Mg&IMgSQ, and CaCl. Nonetheless an enhancing effect is clearly
visible on nontronite in Na#PQs solutions and on both minerals in La@oluions. The
adsorption of dGMP onto nontronite in 1M N#& solution is clearly higher than in 0.5M
NaH.PQ; solution, contrary to pyrophyllite. The adsorption of dGMP on both minerals in 0.5M
LaClz is higher than at 1 M at any equilibrium concentration ®MViP. We discuss hereafter

this surprising result.

In presence of all salts but LaChdsorption isotherms display arshape with maximum
adsorbed quantities of dGMP distinctively different onto nontronite and pyrophyllite. Although
we cannot directly copare the adsorbed quantities between the two minerals since their
reactive surface areas vary as a function of salinity, maximum adsorption is reached for
different salts, MgCl (25 pmol/g) and NaCl (60 pumol/mL) on nontronite and pyrophyllite,
respectively The order of adsorption capacity (La€kcluded) is NaCl > MgGI> MgSQ: >
NaHPQs for Pyr and MgCl~CaCh > MgSQ; > NaCl > NaHPQs for NAu2. The affinity of
adsorption at high energie. the slope of the isotherms at low equilibrium concentration of
dGMP, follows the same order as the adsorption capacity of Pyr but not for NAu2 which
displays the following order of adsorption affinity as Mg&laCh~NaCl > MgSQ >
NaHPOy.

It shows thatdr a given cation, a difference in the nature of the anion strongly impacts both the
adsorption capacity and affinity of dGMP. Anions have a hindering effect on the adsorption of
dGMP onto the studied minerals in the following ordeP&s > SQ> > CI. Therefore, this

effect cannot be directly related to anionic charge but is more likely due to a competition
between the dissolved anions and dGMP molecules for the same chemical groups on the surface
of both minerals. These groups are likely edge groupsatiegresent on the lateral surface of
both minerals, independent of their charge status. The strong inhibiting effe®@f Enions

on the adsorption of dGMP agrees well with the previous results that dGMP actually binds to
the edge faces of nontroaiand pyrophyllite through its phosphate group.

Contrasted effects of divalent cations are observed for the two minerals Pyr and NAu2. For
experiment adding either 0.5 or 1 M salts, the presence of divalent cations significantly

increases adsorption of d@Mbonto nontronite compared to monovalent cations. The enhancing
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effect is however limited in the experiment with pyrophyllite; instead, a slight decrease in
adsorption capacity is observed when comparing M{fEgure 2B) with NaCl Figure 2A).
Thereforethe dissolved divalent cations could either favor or inhibit AdGMP adsorption relative

to NaCl, probably due to complexation, which is discussed hereafter.

Complexation of dGMP with cations.Complexation of some functional groups of dGMP may
occur, which m turn could affect its reactivity towards mineral surfaces according to two
different mechanisms depending on the relative affinity of the mineral sites for dGMP or
cations. On one hand, a caid@MP complex could cooperatively adsorb on surface siés th
have less affinity for dGMP than for the cation. On the other hand complexation could inhibit
adsorption if the cations and the surface sites compete for dAGMP. In particular cations may
interact with functional groups that have a high electron densitpegatively charged
residue®. Practically, it includes the phosphate moiety and both the O6 carbonyl group and
N7 of the guanine nucleobase of dAGMP.

Literature data suggest that \N&g?* and C&" mainly interact with the phosphate mofetp.

More precisely, Na cations do not bind specifically to nucleotides and screen chaiges
electrostatic interactions with very low affinity for the phosphate moiety. Alkaline earth metals,
i.e.Mg?* and C&*, mainly interact indirectly with the phosphate agiayed metals. A minor
fraction of these cations may also form direct me&%@} bonds. In addition, weak binding to

the nucleobase can also occur depending on the cation:nucleotide ratio in €blution

Finally, lanthanum has been reported as being a stioeigting agent for nucleic acids and
particularly for dGMP. L& binds directly or indirectly to the phosphate, O6 carbonyl and N7

of the guanine ring. 3 in solution with dGMP can form polymeric multidentate complexes

of the type La(dGMP)%.nHO thathave a substantially lower solubility than free dGMP and a
strong tendency to aggregzte

To assess the extent of complexation and aggregation of dGMP in the conditions used in our
study, systematic UV spectrophotometry measurements were carried bay &sn provide
evidence for direct complexation of cations with dGRIBtrong phosphate binding, direct or
indirect nucleobase complexation would modify the UV absorbance spectrum. For a clear
assessment of the potential effects, the curves present&ijune 3 display intensity
differences between normalized UV absorbance spectra of dGMP in a given salt solution and
NaCl 1 M, taken as a reference. For both Idwg@re 3A) and high Figure 3B) dGMP
concentrations and independent of salt concentratistinpag peak is observed in the presence

of LaCk. This confirms the formation of LEdGMP complexes in the solution and is certainly
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UHODWHG WR WKH 3DQRPDORXV™ DGVRUSW.LR&eford & KHUPV
latter curves are likely retentiosotherms rather than adsorption isotherms, and correspond to

the precipitation of lanthanwddGMP complexes onto the surface of nontronite and
pyrophyllite Figure 1F andFigure 2E). Despite its intrinsic interest, this phenomenon requires

high lanthanumconcentrations that are clearly irrelevant to oceanic environments whether
primitive or modern and will not be further investigated in the present study. For all the other

salts no particular peak is observed on the UV speeéigare 3). CationdGMP compéxation

does not appear to explain the stronger adsorption observed for nontronite in the presence of

divalent cations.

Coagulation of phyllosilicates under various saline conditionsn the case of swelling clays,
understanding the adsorption behaviordd@MP also requires taking into account possible
changes in particles organization due to the presence of salts. At low ionic strength, Na
nontronite forms dispersed laghaped platelets ca. 370 nm in length, and 93 nm in width in
the suspensidA Upon st addition, this organization is likely to be significantly altered
through the formation of various stacked structures with a strong dependence on both the
concentration and nature of the salts, as already demonstratedrfantiaorillonite”. At high

salt concentration, we could even observe microscopic coagulated entities of nontronite. Such
phenomenon is obviously less important for 4savelling minerals such as pyrophyllite, in
which layers are already stacked together by Van der Waals interdutioveen hydrophobic

basal planes.

SAXS experiments were carried out to characterize the organization of platelets in the salt
solutions. Such measurements provide statistically averaged information on particles ordering
and curves are displayed fiigures 4 -6. The absolute scattered intensity (in"Hnis plotted
against the scattering vector g (in HmFigure 4 displays the SAXS curve of the reference
suspension of nontronite in deionized water at a solid concentration of 13.6 g/L. The scattered
intensty decreases as a function of gnd no correlation peak is observed, which is in good
agreement with previous studiég’ This observation indicates that the reference suspension

is fully dispersed with individual bidimensional clay platelets isolatedvater. Figure 5
displays the SAXS curves obtained for nontronite suspensions at a solid concentration of 6.8
g/L, with a dGMP concentration of 1.4 mM and increasing concentrations of MgCI (
NaH.PQs (B), MgCl> (C), and MgSQ (D): 0.05 M (subscript 1)0.1 M (subscript 2), 0.25 M
(subscript 3) and 1 M (subscript #igure 5 reveals the major influence of cation valence. In

the case of sodium salts, curves obtained for concentration below 0.25 M displeyaudion
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and a correlation peak at low aaglts position depends on salinity; the higher the salinity the
shorter the interlayer distaric&Such a behavior is typical of swelling clay minerals and was
observed for montmorillonite as early as in 1%54Further increase in sodium salts
concentrabn leads to a drastic change in the SAXS curves. The slope at low g values strongly
increases from2.0 to values arouné.7 and a correlation peak corresponding to a distance
around 1.9 nm appears at high g. Such an evolution concurs with previous oesaithed on

the coagulation of Ndlontmorillonite suspensiodS $FFRUGLQJ WR 6 FKHUUHUTV 11
Width at Half Maximum (FWHM) of the correlation peak is inversely proportional to the
coherent scattering domain (CSD8, the size of the crystallite formed by the coherent stacking

of individual platelets*>* In solutions with 1 M of NaCl or NaHPQthe calculation yields

CSDs corresponding to a stacking of ca. 9 and 6 platelets, respectively. This represents a
thicknessof 20 to 30 nm that is more than one order of magnitude smaller than the size of the
observed microsize coagulated entities. Accordingly, the shape of the SAXS curves at high
Na concentration is interpreted as the result of suspended stacked pardcksahge into
polydisperse heterogeneous porous thits

In presence of magnesium salts the curves are different and display already an elevated slope
at low q values as well as a correlation peak located at distances around 2.0 nm even at
concentratios of Mg?* as low as 0.05 M. The stacks formed in the presence of magnesium salts
only marginally depend on the concentration over the range investigated. This shows that
divalent cations are strong coagulation agents and induce coagulation at much lower
concentration than monovalent cations. This suggests that the coagulation of nontronite in
natural environments will clearly be controlled by minor amount of divalent cations, such as
Mg?* and C&". In primitive Earth environments where waters were likeljobed in calcium

and magnesium compared to modern seawater, swelling clays would almost always be
coagulated.

A minor effect of the anion nature can also be observed by a detailed analysis of the correlation
peak. The transition from chloride to eitheffate or phosphate leads to a broadening of the
correlation peak located at high g values. This is likely due to an enhanced adsorption of these
anions on the particle edges, which in turns slightly decrease the average size of the stacks. As
expected theffect of phosphate is more significant than that of sulfate. As dGMP adsorbs onto
nontronite through its phosphate group, we also investigated the effect of an increased
concentration of dGMP. This was tested in several 1M salt solutibgsré 6). The arves
displayed inFigures 6E to 6H actually correspond to duplicate sample§iglre 5A4 to D4,

which shows the good reproducibility of the SAXS measurements. As already shown for such
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a high salt concentration, all SAXS curves evolve as a power lalw thet slope varying
between2.6 and-3.1. The slopes depend on the nature of salt, in the order.MgTaCl >

MgSQs > NaHPQyw. Whatever the salt, higher dGMP concentrations lead to lower slopes and
smaller CSDs. This suggests as already discussed diviié adsorption of dGMP on the
edges of nontronite slightly changes the way elementary platelets organize into coherent stacks

inside of porous heterogeneous aggregates.

Discussion on the adsorption mechanisms and implications for the origin of lif&he

present study reveals that for both a swelling (nontronite) andwelting (pyrophyllite) clay

mineral, changing the nature and concentration of the salts in agueous solution has a significant
influence on dGMP adsorption. Although the influencénefdnion is similar for the adsorption
behaviors of the two minerals the effect of the cation is opposite. Compared to the effect of
chlorine, sulfate and phosphate salts significantly decrease the adsorption of dAGMP.-In NaCl
rich solutions, previous stugl have shown that dGMP mainly adsorbs on the edge faces of
phyllosilicate sheets through its phosphate group that binds to the metal hydroxyls of the broken
edges, forming outesphere or innesphere complexési4. This mechanism suggests that the
decresed adsorption of dGMP in a phosphrata solution is due to a strong competitive effect
between the free phosphate solute and the phosphate group of dGMP for the edge adsorption
sites. If the similar competition process holds between the phosphateajrd@@MP and the

free sulfate solute, sulfate should also have an attenuated effect on adsorption and this agrees
well with the actual observations on both the adsorption isotherms and SAXS ¢tgugeg

1, 2, 5 and §. However, compared with phosphatalfate generally binds much weaker with

the mineral surfaces and therefore should have a lower competition and attenuation effect on
adsorption of dGMP. This hypothesis is consistent with our observations ag-igatieé 1

and 2).

Adsorption isotherms shw that divalent cations slightly reduce dGMP adsorption on
pyrophyllite whereas enhance the adsorption on nontronite, in comparison with the adsorption
experiment in NaCl solutions. The lower adsorption of dGMP onto pyrophyllite is likely due to
the hydrghobic mineral surface since pyrophyllite does not bear any structural charge. Its basal
surface has therefore a low reactivity towards adsorbing ionic species and broken edge sites are
certainly the sole adsorption sites on pyrophyllite. The enhancedptideoof dGMP onto
nontronite necessarily requires complementary adsorption sites in the presencé ahdlig

C&"* since the edge faces of pyrophyllite and nontronite are structurally similar. In the solution

Mg?* and C&" probably form low affinity complexes with the phosphate group of dGMP. On

162



PARTIE 4 - ADSORPTION (2)

one hand this would reduce dGMP adsorption on edge sites through phosphate bonds since the
surface reactivity of the phosphate group of dGMP would be hindered by the formatien of th
dGMP-M?* complexes in solution (where M represents the divalent cation). On the other hand
cations may mediate the adsorption of dGMP on the basal surface of nontronite that has a
structural negative charge through the positively charged dGNMRomplexes,i.e. through

the formation of cationic bridges. This mechanism is commonly proposed for swelling clays in
the literaturé®2°, Alternatively one may suggest that the enhanced adsorption could be due to
changes in particles organization upon addition dofalent cations. However, SAXS
experiments rule out this hypothesis since differences in particles organization between
monovalent and divalent cation salts are rather small at high salt concentrations. Furthermore,
the presence of divalent cations temolsncrease the compacity of the structures formed by
coagulation, which does not point toward enhanced adsorption of dGMP. Likewise, the
enhanced adsorption of dGMP on the basal surface of nontronite through cationic bridges is
also supported by the adption isotherms measured in solutions mixing NaCl and MgCl
(Figure 7). Addition of MgCkb increases the adsorption of dGMP mostly at high dGMP
equilibrium concentration,e. on the relatively low energy sites, which correspond to the sites

on the basalsfaces of nontronite. At low equilibrium concentration, which corresponds to the
high energy sites of the broken edges of the mineral, the composition of the solution has
virtually no effect on adsorption. Mg&3trongly promotes the adsorption of AdGMReat low
concentration and saturation of basal sites is reached for 0.5 MxMglcorresponds to an
increase in adsorption by 30%.

Furthermore, we provide some quantitative information on the hypothesized distribution of
dGMP on the surface of both myhyllite and nontronite for an equilibrium adsorption of 1.2

mM using a simple model. (i) For pyrophyllite, assuming no adsorption occurs on basal faces
and knowing the surface area of edge faces as determined by Low Pressure Argon Adsorption
volumetry3, we could retrieve the adsorption density of dGMRkle 2). For nontronite,
assuming that the amount of dGMP adsorbing on the edge surfaces as a function of salts is
similar to the one on pyrophyllite, the remaining adsorbed molecules would necessarily be
located on the basal surfaces of nontronite. (i) We derived the relative amount amount of edge
and basal surfaces from the known particle morphology and SAXS curves. (iii) Since adsorption
RFFXUV RQ VWDFNV RI SDUWLFOH YV ulatethex 8izd &f titeFskaeksldhth U TV | |
the amount of edge and basal faces in all the studied condifiable (2). This model confirms

that a significant amount of dGMP is adsorbed on the basal faces of nontronite in the presence
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of divalent cationsTable 2). Adsorbed density decreases from 1.2 to 0.5 molecules of dAGMP
per nnt on the edges surfaces of both minerals as a function of salts in the order NaCl>> MgCl
> MgSQOs > NaHPQw. On nontronite, basal adsorption in presence of Mg salts is ca0 @95
dGMP/nnt whereas it is close to 0 in presence of Na salts. This agrees well with SAXS curves
and adsorption isotherms.

Finally, assuming that the adsorbed dGMP layer is 1 nm thick we calculated a local
concentration on the surfaces of the minerdlb(e 3). Foran equilibrium concentration of
dGMP of 1.2 mM, we calculated as a function of salt nature first order local concentrations of
dGMP 0f 0.91to 2.11 M and 0 to 0.14 M on the lateral and basal surface of nontronite particles,
respectively. For pyrophyllitehe local concentration on the lateral surfaces varies from 0.85

to 1.94 M for the same dGMP equilibrium concentrations. These values correspond to a local
enrichment relative to the equilibrium concentration in solution by a factor of 750 to 1750, and
up to 100 on the lateral and basal surfaces of nontronite, respectively. Similarly, the local
concentration factor on the lateral surface of pyrophyllite is close to 1600.

Figure 8 proposes a summary of the adsorption mechanisms as a function of the cilivaty
solution with emphasis on the contrasted effects of anions and cations. The main adsorption
mechanism of nucleotides onto phyllosilicates is ligand exchaedgeonding of the phosphate
group of the nucleotides with the metal hydroxyls of therddtsurfaces of phyllosilicates.
When phosphate or sulfate anions are the dominant dissolved anionic dpigciesgA), they

can adsorb on the lateral surfaces of both nontronite and pyrophyllite and compete with dGMP
for the metal hydroxyl adsorptiontes of edge surfaces on both types of materials. This results

in a decrease in dGMP adsorption. Ligand exchange is also reduced when divalent cations are
present since their complexation with dGMP induces a competition with the metal hydroxyl
sites of thdateral surfaces of both swelling and remelling phyllosilicatesKigure 8B and

8C). However, divalent cations allows for the adsorption of nucleotides onto swellingigays

a second mechanism. The presence of nucleotd®glexing cations favors adgbion by
cationic bridging on the negatively charged basal surfaces of these mifégale 8B).

The possible localization of adsorbates on both the lateral and basal surface of swelling clays
allows for more adaptability of these minerals under nattwaditions compared to nen
swelling phyllosilicates. Moreover, although local concentration is not as efficient on basal
surfaces as on lateral ones for swelling clay particles, basal specific surface area is at least an
order of magnitude higher than tla¢eral one. This result would allow for a higher retention of
nucleotides from a solution and in the natural primitive environment the low adsorption density

on basal surface would be compensated by the very high availability of the basal surface. In the
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hypothesis of an origin of life at hydrothermal vents, an altered rock would exhibit a highly
porous network formed by swelling clay particles in contact with the primitive salty seawater.
The interaction with such a solution rich in divalent cations wowddce a massive depletion

of the solution in nucleotides. The nucleotides would be retained on the basal surfaces of the
swelling clays as complexes that might further interact and polymerize, or be protected from
the harsh conditions encountered in theean. This retention phenomenon would be

particularly effective in an Mg or Gach ocean.

SUMMARY AND CONCLUSIONS

The present study shows that the surface area of swelling clay particles and the reactivity of
nucleotides depend on the salinity and cosifpon of the solution. In brines the size, shape and
interlayer distance of clay particles are significantly altered and particles are coagulated. In
presence of divalent cations these processes occur even at very low concentration as coagulation
is already observed at concentrations as low as 0.05 M of MyQWgSQ; for instance.

Nucleotides are adsorbed on the edge faces obwelling phyllosilicates in NaCl solutions.

Any change in salinity, including the addition of divalent cations or moleami@ns hinders

this adsorption mechanism. The same holds true for swelling clays. Furthermore, the negatively
charged basal surfaces of the swelling particles can adsorb nucleotides through cationic bridges.
The present results show that the system is sengitive to the presence of divalent cations,
even in small amount. The adsorption of nucleotides on both the lateral and basal surfaces of
swelling clays allows for a higher retention of nucleotides from a solution. In the context of the
origin of life, these cations would certainly control the adsorption of nucleotides, as they are
certainly present, if not abundant at hydrothermal vents. As the primitive ocean might have
been enriched in divalent cations such agg C&", nucleotides could hayeeen massively
retained on the largely available basal surfaces of swelling clays formed in porous
hydrothermally altered oceanic rocks. This adsorption mechanism may be more favorable to
the polymerization of nucleotides than ligand exchange and could helped for the
preservation and further complexification of these building blocks of life. A better
understanding of the salinity of the primitive ocean is thus mandatory for a better prediction of
the capacity for porous oceanic rocks to retain prabimtilding blocks from a circulating

hydrothermal fluid.
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FIGURES

Figure 1:  Adsorption isotherms of dGMP onto the nontronite NAu2 for various salt solutions at 1 and
0.5 M, plotted as a black solid line and a blue dashed line, respectively. A) NaCl, B) MgCl 2, C) CaCl »,
D) MgSO 4, E) NaH 2POQOy4, F) LaCl 3. Note that the scale of the ad sorbed amount of dGMP is different for

F (LaClI3). The grey area in F represents the scal e of adsorption for other salts.
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Figure 2:  Adsorption isotherms of dGMP onto the pyrophyllite Pyr for various salt solutions at 1 and
0.5 M, plotted as a black soli d line and a blue dashed line, respectively. A) NaCl, B) MgCl 2, C) MgSO 4,
D) NaH ,PQq, E) LaCl s.
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Figure 3: UV absorbance spectra residues of dGMP in various salt solutions. Reference spectrum for
residue calculation was chosen to be dGMP in NaCl 1M. A) dGMP concentration 0.1 mM; B) dGMP

concentration 1.1 mM. Solid lines represent 1 M salt solutions and dashed lines represent 0.5 M salt

solutions.

Figure 4:  Evolution of the absolute X  -ray scattered intensity as a function of the scattering vector

for the nontronite NAu2 at a solid concentration of 13.6 g/L in pure water.
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Figure 5:  Evolution of the absolute X  -ray scattered intensity as a function of the scattering vector

for the nontronite NAu2 at a solid concentration of 6.8 g/L and for a constant 1.4 mM dGMP
concentration. SAXS curves were obtained in various salt solutions: A) Na Cl; B) NaH 2POs; C) MgCl »;
D) MgSO .; and for several salt concentrations: 1) 0.05 M; 2) 0.1 M; 3) 0.25 M; 4) 1 M. Slope,

correlation peak center (in nm) and full width at half -maximum (FWHM, in nm 1) are noted when

applicable.
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Figure 6:  Evolution of the absolute scattered intensity as a function of the scattering vector for the

nontronite NAu2 at a solid concentration of 6.8 g/L and for two dGMP concentrations in several 1 M

salt solutions. A) dGMP 0.3 mM and NaCl 1M; B) dGMP 0.3 mM and MgCl, 1M; C) dGMP 0.3 mM and
MgSO4 1M; D) dGMP 0.3 mM and NaH  ,PO4 1M; E) dGMP 1.4 mM and NaCl 1M; F) dGMP 1.4 mM and
MgCl, 1M; G) dGMP 1.4 mM and MgSO 4 1M; H) dGMP 1.4 mM and NaH  >,PO, 1M. Values of the slope,
correlation peak center (in nm) and full width a t half -maximum (FWHM, in nm  -) are given when

applicable.
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Figure 7:  Adsorption isotherms of dGMP onto NAu2 in various mixtures of NaCl and MgCl 2. Molar

proportions of NaCl and MgCl  ; are indicated on the plot for a total concentration of 1 M.
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Figure 8:  Sketch of the proposed adsorption mechanisms of dGMP on swelling and non -
swelling phyllosilicates. A) Adsorption of dGMP onto swelling and non -swelling
phyllosilicates under high molecular anions concentrations. B) Adsorption of dGMP onto

swellin g and non -swelling phyllosilicates under high divalent cations concentrations. C)

dGMP molecule and numbering of its atoms. Blue solid line show the main metal -dGMP
complexation whereas dashed lines show the other possible complex. D) Color codes.

Divalent cations are represented in blue and molecular anions in red. Swelling TOT layers

are represented with an orange octahedral layer whereas non -swelling ones with a grey

octahedral layer.

173



PARTIE 4 - ADSORPTION (2)

TABLES
Table 1 . Summary of the physical and chemical properties of the two minerals and nucleotide used
in this study.
Nontronite Pyrophyllite

Abr. NAu2 Pyr
Structural formula (Si7.55Al 0.167€0.29) (Al 0.34F€3.54MJ0.05) O20(0OH)aN&0 72 Al 3SisO10(OH):
Type 2:1 (TOT) 2:1 (TOT)
CEC? (meq/100g) 89 54
IEP/PZCP none 2.5
Total Surface Area 180 936
(m?/g)

Edge Surface Area 9 29.8
(m?/g)

dGMP

Solubility (mM) 7.8

Feor® 0.77

pKa of site (S) 2.9 (N7) 9.7 (N1) <1 (HPQy) 6.3 (HPQ)

2 Cationic Exchange Capacity

b |soelectric Point or Point of Zero Charge

¢ Feorris the correction factor used for quantitative analysis of the absorbance values measured

on the Nanophotometer P33 (Impi&h
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Table 2 . Amount and density of dGMP adsorbed on pyrophyllite and nontronite for an equilibrium
concentration of dGMP of 1.2 mM and salt concentration of 1 M. Stack size and related basal

surface area are calculated as a function of salts for nontronite particles.

Adsorbed dGMP Esae Stack " Adsorption density at 1.2
SA . BSA 5
at 1.2 mM (m2.g?) size (m2g?) mM (dGMP/nm?)
(nmol/g) (nm) Edge faces Basal faces
Pyr*
NaCl 58 29.8 2 2 1.17 2
MgCl, 48 29.8 2 2 0.96 2
MgSQy 31 29.8 2 2 0.62 2
NaH.PQ, 25 29.8 2 2 0.51 2
NAu2°
NaCl 19 9 15.1 78 1.27 0
MgCl, 24 9 18.1 58 1.05 0.086
MgSQy 17 9 15 78 0.68 0.053
NaH.PQ, 11 9 11 130 0.55 0.013

@ ESA = Edge specific Surface Area

b BSA = Basal specific Surface Area

* assuming that adsorption occurs only on edge surfaces

° for a given salt, dGMP adsorbs on edge faces of the nontronite in the same proportions as on
pyrophyllite. The  remaining adsorbed dGMP is located on basal surfaces.

Table 3 . Local concentration in the adsorbed layers on edge and basal faces of pyrophyllite and

nontronite for a Inm  -thick adsorbed layer at a salt concentration of 1 M.

local concentration in the alsorbed layer (M)
Edge faces Pyr Basal faces Pyr Edge faces NAu2 Basal faces NAu2

NaCl 1.94 0 2.11 0

MgCl> 1.59 0 1.74 0.14
MgSOs 1.03 0 1.13 0.09
NaH,PO, 0.85 0 0.91 0.02
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SUPPLEMENTARY INFORMATION

Figure S1 . UV absorbance spectra of pure water and supernatants of NAu2 and Pyr equilibrated in
pure water or 1 M salt solutions. The orange error bars correspond to the reproducibility error of

the Nanophotometer P -330. A) Pure water spectra; B) NaCl; C) MgCl 2; D) MgSO 4; E) LaCl 3; F)
NaH,PO.. Th e grey area in F represents the scale of absorbance for the supernatants in the other

salts.
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Figure S2 . UV absorbance spectra of pure water and supernatants of NAu2 and Pyr equilibrated in

pure water or 0.5 M salt solutions. The orange error bars correspond to the reproducibility error of
the Nanophotometer P -330. A) Pure water spectra; B) NaCl; C) MgCl 2; D) MgSO 4; E) LaCl 3; F)
NaH2PO.. The grey area in F represents the scale of absorbance for the supernatants in the other

salts.
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Polymérisation spontanée de la glycine en conditions hydrothermales

En préparation pour Proceedigs of the National Academy of Science

Résumeé

/ID SRO\PpULVDWLRQ DELRWLTXH GHV QXFOpRWLGHV HW GHV DF
vivant. Il a été proposé que les conditions hydrothermales puissent favoriser la polymérisation des acides
aminés en particulier. Cependant, de nombreusggactictions entre les études antérieures ont empéché
GfpWDEOLU XQH VI\QWKqQVH GHV FRQGLWLRQV SHUPHWWDQW OD
primitive. Dans cette étude, nous avons mené une arialg#te en cellule a enclumes de diamants du
deYHQLU GH OD JO\FLQH O9YDFLGH DPLQp OH SOXV VLPSOH HV
hydrothermales a 200°C et pour des pressions allant de 50 a 3500 MPa. Nous avons également étudié
OfHIIHW GH OD SUpVHQFH GH PDJQ pM RWH DIID-&EGRLDBBIBH QG UH
de la glycine en solution. Cet exaniarsitua livré de nouveaux résultats sur les effets de la pression,

la stabilité thermique de ce systéme chimique, la stabilité de produits a la trempe et les effets des
interactions eatroche. Nous avons observé que la polymérisation de la glycine est favorisée a haute
pression et en présence de magnétite. Le dimére linéaire est produit en plus grande quantité que le dimére
F\FOLTXH MXVTXTj] XQH SUHYVYVLRQedslbX¢ c@ttSpressioncBtiuel @ SystoreQ

est «bloqué» et les acides aminés ne réagissent plus. Nos résultats suggerent que la pression et
OTMLQWH U I E&HsoRtLd@P pbEa@eéetres cruciaux pour la formation de peptides linéaires. Les
conditions optimales pour la polymérisation observées dans cette étude suggerent que les zones
convergentes de faible température sur la Terre primitive aient pu étre les zones prébiotiques réactives
GLVSRQLEOHYVY OHV SOXV pWHQGXH¥s &Rt OTpYROXWLRQ FKLPLT.
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Abstract (248/250 words)

The abiotic polymerization of nucleotides and amino acids is a prerequisite for the emergence
of life. It has been proposed that hydrothermal conditions might favor the polymerization of
amino acids in particular. However, numerous discrepancies betwestoys studies
precluded any synthetic view on relevant conditions for the polymerization of amino acids on
the early Earth. In the present study, we carried out aituanalysis of the fate of glycine, the
simplest and most abundant amino acid, undeirdthermal conditions at 200°C and for
pressures between 50 and 3500 MPa in a diamond anvil cell. We also studied the effect of
magnetite to test the minenahter interface on the reactivity of glycine in solution. Thisitu
investigation allowed us to get insights into the effects of pressure, thermal stability of the
chemical system, stability of quenched products and effects of-veaterinteractions. We
observed that polymerization of glycine is favored under high presswd in the presence of
magnetite. Linear dimers are produced in higher amounts than cyclic ones up to a threshold
pressure ofa. 03D $ERYH WKLV FULWLFDO SUHVVXUH WKH V\V\
stop reacting. Our findings suggest thia¢ pressure and minenahter interface are crucial
parameters for the formation of linear peptide. The optimum conditions for polymerization
obtained in the present study suggest that low temperature convergent margins on the early
Earth might have bedhe largest prebiotic reactive zones available for the chemical evolution

of amino acids.

Significance statemen{105/120 words)

The polymerization of amino acids is one of the first critical step for the prebiotic chemical
evolution that ultimately ledbtlife. We present the firgh situ study of the fate of the simplest

and most abundant amino adié, glycine, under hydrothermal conditions simulating primitive
environments from the seafloor hydrothermal systems to the deep subsurface of subduction
zones. The use of diamond anvil cell overcomes the limitations of clasgis#uapparatus.

Our critical observations suggest that serpentifitigded hydrothermal systems in intraoceanic

arcs up to a depth afa. 25 km might have been the largest andstnmommon primitive

prebiotic reactive zones.
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INTRODUCTION

The abiotic polymerization of amino acids is considered as a mandatory stage in the chemical
evolution leading to the origin of life. Oligopeptide formation is a first step towards increased
chemcal complexity, the emergence of enzymatic activity and the first metabolic pathways.
Whether proteins or genetic information were first is still a matter of debate. The availability
and low concentration of amino acids in the natural environment is @isented as a major
impediment to their subsequent polymerization (1, 2). Yet, amino acids were very likely present
in the primitive environment. They are abundant in meteorites and the coma of small icy bodies
(3, 4) and their production was measurednierstellar ice analogs (5), shock experiments
reproducing extrderrestrial impacts (8), and hydrothermal simulations under Edikle
conditions (2412). Hence, amino acids could have been dissolved in the primitive ocean
reservoir through extreerrestrial delivery, shock chemistry and hydrothermal abiotic
formation. The large volume of the primitive ocean precluded high concentration of amino acids
and their polymerization would have been thermodynamically unfavorable due to the facile

hydrolysis ofthe peptide bond.

The polymerization reaction is a dehydration reaction. Polymers are thus very sensitive to
hydrolysis. Several authors proposed polymerization mechanisms under high temperature, such
as closed dry systems, dmet cycles or impregnated ndrals yielding high amounts of
oligomers and long chains of peptides £3). These studies often refer to lakes, lagoons or
tidal flats as potential natural environments for the emergence of long peptides. However, the
relevance of such environments imatter of debate. The primitive Earth was certainly a wet
world, with less than 5% of emerged lands (28, 29), on which the photolysis induced by UV
radiations and the large scale sterilization due to high-gxtrestrial impact frequency would

have gretly limited the survivability of oligomers and more generally prebiotic building block
(30).

Following the hypothesis of Corliss et al., hydrothermal systems have been proposed as possible
geochemical environments for the abiotic formation and concemtratioomplex molecules

(31). Temperatures higher than 100°C were shown to favor peptide bond formation and activate
the molecules, in dry and agqueous conditions (11, 32). A large number of studies investigated
hydrothermal conditions suitable for the pobmization of the simplest and most abundant
amino acid, glycine (3#8). They used a wide variety of methods to reach hydrothermal
conditions, the large majority of which were analyzedsity ranging from static closed

systems to dynamic flowthrough expeents. The hydrothermal conditions explored spanned
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over a large range of temperatures (150 to 400°C) and pressures (0.1 to 100 MPa) with highly
variable heating times (few seconds to >20 days), with or without heating/quenching cycles,
and in the presee or absence of minerals. However, none of these studies could produce high
yields of oligomers, and the major product formed was the cyclic dimetilZ&¥opiperazine

(DKP). DKP is a very stable molecule that has been presented as-amdkeptbduct offte
reaction by several authors (49). In addition, under hydrothermal conditions, thermal
degradation of monomers was found to be a major drawback for the accumulation of oligomers.
Finally, the possible catalytic effects of the materials used for theorsatihe concerns on
reaching steady state conditions and the need for quenchalgsituanalyses lead several

authors to question the validity of the results (3438).

These limitations might be resolved usiimg situ analysis methods. To the extewit our
knowledge, only onén situ study was carried out under restricted hydrothermal conditions at
150°C and 2 MPa (37). In the present study, we carried oint situ analysis of the fate of

glycine and its polymers under hydrothermal conditions @tQ@&nd for pressures between 50

and 3500 MPa, using Raman spectroscopy coupled to a diamond anvil cell. We also studied the
effect of magnetite that is a common accessory mineral in hydrothermal systems on the
reactivity of glycine. Our study is the firBicusing on the chemical evolution of glycine with

low solid concentration under hydrothermal conditions. We performed ageemtiitative
analysis on Raman spectra acquired during and after hydrothermal treatments to measure the
ratio of linear over cyat dimers as a function of time and pressure so we could assess favorable

conditions for the formation of longer peptides.

IN SITU RAMAN ANALYSIS UNDER HYDROTHERMAL CONDITIONS

We carried out fifteen hydrothermal experiments in which a saturated glgoingon
(CoHsNO», 2 mol/kg) was loaded in a diamond anvil cell (50, 51) for experimental durations
ranging between 6 and 65 hours. We used either platinum or gold liner to prevent reaction
between the fluid and the Ni or stainless steel gaskets durimgthgdmal treatment. The
pressure range under consideration corresponds to a depth of 5 kilometers in the water column
up to more than 100 kilometers deep in the crust. It covers much of the hydrothermal conditions
and includes the pressures and tempegatencountered in subducting slabs (52) while staying

in liquid water. To the best of our knowledge, it is the first study to explore such a wide range
of pressure conditionigure 1 compares the-F conditions explored in the literature and this

paper vith those reached in modern subduction zones.
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Measurement of Raman spectra throughout the experiment, before and during high temperature
treatment and after quenching, allowed us to get insights into the effects of pressure, thermal
stability of the chemial system, stability of quenched products and effect of watd
interactions. We focused on the dimerization step of the glycine systerkrigsee S1, and
Supplementary tex). This step is crucial for the complexification of the solution since it forms
either the linear diglycine (G#y or the cyclic 2,5diketopiperazine (DKP). The ratio of linear

over cyclic dimer (GIYDKP) is used as a first order proxy of the favorability of the tested

conditions for linear polymerization.

Thanks to custom calibiian of the relative amount of dimers in solution, we could use Raman
intensities to calculate the molar fractions of polymers DKP and. Glyis in situ Raman
analysis only relies on the accurate measurement of the intensities of characteristic bands of
glycine, diglycine and DKP, at 897 ciy918 cm® and 798 cr, respectivelyFigure 2 displays

the reference Raman spectra of glycine and its linear and cyclic dimers; selected spectra
measure before, during and after hydrothermal reaction; and examples of molar fraction
calibration and quantification (s@@able S1, Figures S23 andSupplementary text for more

details).

RESULTS

Experimental conditions along with the molar fractions of dimers calculated after quenching
are reported infable 1 (seeTable S2 and Supplementary text for more details). In all
experiments where dimerization of/gine occurred, the characteristic Raman features of Gly

and DKP appeared while increasing the temperature, between 150 and 200°C. Analysis of the
evolution of the molar fractions of polymers with time showed that DKP ang @ige formed,
remained stabl throughout the experiment except for the lowest pressure tEgjede(S4).

Steady state is thus reached within the first hours in hydrothermal conditions and Raman spectra
and molar fractions did not change with quencheng.Eigure 2B, Figure S4). The Gly/DKP

ratio stays stable until the end of the hydrothermal treatment, independently of the experimental
duration. To achieve a higher precision in the calculation of products formation, we used the
Raman intensities measured after quenchiegat ambient temperature but high pressure, to

measure the molar fraction of DKP and &lyexperimental products.

We observe significant differences in the molar fractions of polymers depending on the pressure

of the experiment and independent of the expental duration. Pressure has a major effect on
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glycine reactivity. Polymers formed only below 500 MPa. Above this critical pressure value,
glycine did not evolve and the Raman spectra obtained after quenching showed only minor
thermal degradation and polymerization at all whether magnetite was present or not in the
system. Below 500 MPa, where the polymers were formed, the hydrothermal conditions
systematically favored the linear polymers. Up to 16 mol% ob @kre formed at 380 MPa
without magnetiteand 140 MPa with magnetite. The @QKP was as high as 34.4 at 450 MPa

in the absence of magnetite and 35.9 at 300 MPa when magnetite was added to the system. Not
only did pressure favor the formation of linear polymer, it also decreased the proddction o
DKP. These effects are amplified and the optimal pressure for favorable linear dimerization is
decreased by the addition of magnetite. For a given pressure giBK¥yratio and the molar
fraction of Gly are higher when magnetite is present while th@amfraction of DKP is

decreased.

DISCUSSION

Stability of compounds under hydrothermal conditions and after quenching.The
observation of such highly stable monomers and oligomers is the first of its kind and is probably
due to the higher pressures ingated. Otherex situ experiments have shown that, at
temperatures above 200°C, the duration of the hydrothermal treatment directly impacted the
survivability of organic molecules as thermal degradation continually depleted the system in
glycine leading @ the (reverse) hydrolysis of polymers (36, 42, 43). Only high rate of
temperature cycles and fast quenching produced higher yields of polymers and seemed to favor
the preservation of higher quantities of amino acids (38). The lead the authors to clasecthe

for highly dynamical environments in order to cycle building blocks through the hot regions of
hydrothermal systems and colder ones of the open ocean and inhibit thermal degradation of the
whole system. Yet, in these experiments, pressure was litoiteglues corresponding to the

most superficial parts of the modern oceanic crust and the seafloor hydrothermal fields. In the
present experiments, the higher pressure investigated might stabilize the amino acid and its
dimers during hydrothermal treatmebecarboxylation and deamination of glycine are the two
main mechanisms of thermal degradation of the monomers and should mainly produce
methylammonium, acetate, glycolate and form&igure S1), which characteristic intense
Raman are significantly défent from the ones of glycine and its polymers #53. Any

building up of these degradation products would have easily been detected. The lack of Raman

peaks corresponding to these molecules confirms that thermal degradation was limited to levels
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below cetection limit. Moreover, the production of firstiage degradation products such as
CO,, CHs and B was also carefully monitored in our experiments. Their detection is
straightforward with Raman spectroscopy (56). These molecules are soluble at highepress
and high temperature and exsolve as gas bubbles upon decompression. These solid evidences
for thermal degradation of glycine has only been observed in small amounts in some of our
experiments. A bubble of coexisting €&nd CH had nucleated after quemng and pressure
decrease for the experiment carried out at 50 {Raure S5) The glycinebuffered solution
produced both oxidized and reduced carbon gases at the lowest pressure investigated. Micron
sized carbonate crystals precipitated after temperajuenching when magnetite was present

at 140 and 300 MPa or after prolonged heating time (> 64 hours) at 38(FidBee S5) but

not at 450 MPa for the same experimental duration. These confirm that pressure stabilize amino
acids. Moreover, the largend stable signal to noise ratio of spectra of the remaining glycine

ensured that degradation was only a minor phenomenon.

Finally, as many authors did, we underline the importance of carefully chosen inert materials

in contact with the sample in the reacto

Effect of pressure. Here we describe a novel effect of pressure. Urader500 MPa,
polymerization of glycine is favored and thermal degradation is suppresseds @igduced

in higher amounts than DKP with increasing pressure, with an optimal pressure around 450
MPa at 200°C. Above this threshold pressure of 500 MPa, repeated experiments showed that
WKH HYROXWLRQ RI WKH JO\FLQH L ¥o pdtidadtEdferp@Burd/ KDW \
strongly slows down the reaction rates of glycine, or there is a thermodynamic stability domain
of Gly at very high pressure. To the best of our knowledge, neither modeling nor experiments
have shown that pressure could daseethese type of reactions rates. To test the possibility of
kinetic hindering, we carried out two hydrothermal experiments at 200°C and above the
threshold pressure for which we increased temperature to 250 and 300°C for one to two hours.
No polymerizatbn occurred and temperature only increased thermal degradation, with minor
decarboxylation observed. The system does not appear kinetically slowed down, but it could be
thermodynamically locked. However, no glycine stability domain is predicted at such hig
pressures. Thermodynamic studies of hydrothermal conditions for organic molecules are often
limited to pressure below 500 MPa (32). In this range, pressure has been predicted to have a
detrimental effect on the stability and preservation of amino acd®a the polymerization

reaction. This effect is compensated by the strong activation effect of temperature. The system
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is thus rapidly dominated by simultaneous decomposition and polymerization reactions. With
longer durations of the hydrothermal treaty¢he degradation of monomers would ultimately

draw the reaction away from polymerization (34, 36, 41, 43). Even if the majority of studies
focused on temperature instead of pressure effect, many authors suggested a slight, favorable
effect of pressure &ll below the theoretical 500 MPa (13, 14, 18, 33).

Our results were compared with the thermodynamical databases of the Deep Earth Water model
(DEW, (57)) and Shock (32). Below 500 MPa, the observed/DHP values without

magnetite are in better agreemeht WK WKH H[WUDSRODWHGidgust)S6H IURP 6
S7).The only experimental simulation we could relate to for the pressure range tested is Otake

et al. 2011 (14). The authors of this study used a dry closed system apparatus that allowed for
the eploration of P conditions up to 5500 MPa. They observed a positive effect of increased
pressure that ultimately favored monomer stability, polymer yields and lengths, but DKP was
unfortunately not quantified in this study. It showed that decarboxylatisrpwobably the main
degradation process and that it was slowed down or inhibited by elevated pressures. However,
WKH\ GLG QRW ZLWQHVYV DQ\ pIUHH]LQJY HIIHFW GXH WR KLJ
glycine has not been thoroughly studied adcannot explain with the technique we used why

is high pressure freezing the reactivity of glycine under the conditions tested. Further study

would be needed in order to understand this phenomenon.

Effect of magnetite. We would like to underline that agnetite displaces the equilibrium
observed without its presence. Thus, the mineral does not act as a catalysirodkater
interactions definitely influence the thermodynamics of the system. The presence of magnetite
during hydrothermal treatment of glyeigreatly enhanced the formation of the linear dimer
while decreasing the amount of the cyclic one at a given pressure. Magnetite Fe(IiP2(lll)

is a common accessory mineral in serpentinites and hydrothermal alteration of the seafloor.
Interestingly, oganic matter has been found alongside this mineral in modern natural
environments (58, 59) and could be related to the geochemical environments that support
modern deep biosphere. Iron oxide phases would usually form aanacroparticles with a

high suface to volume ratio during hydrothermal alteration. In our experiments, Raman spectra
did not show any oxidation of magnetited.to hematite) upon heating or with glycine reaction.

The strong effect of magnetite is then not related to redox reacBomt® polymerization is a
dehydration reaction, we propose that the favored @iyduction might be related to water

mineral reaction at the interface. Glycine in the adsorbed state on the positively charged surface
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of magnetite (60) should have very @ifént properties and reactivity compared with free
monomers in solution (61). Adsorption has often been proposed as a way to favor
polymerization as the free energy of adsorption of polymers is thought to be lower than that of
the free monomers (62, 63).d¢t studies on the reactivity of amino acids at the mirveadér
interface focused on low wateock ratio, using mainly impregnation techniques with
simultaneous thermal analysiseot situdry-wet cycles (19, 20, 22, 24). The mineral surface in
these caes could be seen more like a heterogeneous support than an interface between bulk
water and the mineral. In these studies, it has been shown that iron oxide minerals enhanced
glycine polymerization and favored the formation of linear polymers under emigdrature
conditions (from 50 to 200°C). In terms of yields and linear polymer length, iron oxides were
more efficient than amorphous or crystalline silica but less than titanium oxides (rutile, anatase).
However, to the best of our knowledge, adsorptilated reactivity of glycine and other amino

acids has not been studied under aqueous conditions with higher water to rock ratios. From the
theoretical and experimental studies of adsorption of glycine onto magnetite (22, 64, 65), it is
proposed that anmc or zwitterionic glycine adsorb on the positively charged surface of
magnetitevia its carboxylate group and forms bidentate ogfarere or bridging complexes
involving two iron atoms on the magnetite surface. Schwaminger et al. (64) observed that free
zwitterion amino acids were deprotonated when adsorbed on the surface of magnetite and
proposed that the amino acids could adsorb on one iron hydroxyl site through ionic
coordination. The adsorption of the carboxylate group would then be combined with
dissociative adsorption of the amine group and hydroxylation of the magnetite surface.
Interestingly, Sakata et al. (45) showed that glycine polymerization kinetics and
thermodynamics were greatly enhanced when pH was close to the second dissociative constant
of glycine {.e.9.8 at 25°C), these increased rate and yield of linear polymerization were due to
the presence in solution of equal amounts of zwitterion and anionic glycine monomets. As
NH: is a more efficient nucleophilic group thaNHs", the nucleopilic attack of peptide bond
formation would be greatly favored by alkaline conditions. Hence, if simultaneous carboxylate
adsorption and dissociative adsorption of the amine of glycine is also applicable to our high
pressure high temperature conditions,a@uld propose that surface adsorption of glycine could
enrich the system in anionic glycine. Adsorption on the magnetite surface would then have a
similar effect as alkaline pH conditions and favor the linear polymerization to iEbyvever,

given the lav solid concentration used in our experiments, a maximum of 0.5% of total glycine
would be adsorbed on the magnetite Gepplementary textfor more details). The adsorption

would then have to be highly reversible, with a dynamic equilibrium so that renemers
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adsorb as linear polymers are desorbed after their formation. Another possible explanation lies
in the partial dissolution of magnetite due the initial slightly acidic pH of the glycine solution.
Aqueous iron could favor the formation of-E¢y or Fe-Gly. complexes. DKP would certainly

be less stabilized than monomer and linear dimer as its carboxylate groups are not available for

complexation with the positive iron solutes.

Implications for the prebiotic environments. Our findings suggest that m®ure and mineral
interactions are crucial parameters for the linear peptide formataiie 2 illustrates these
observations by listing a comparison of optimal ZANKP ratios found in the literature and
obtained in this work. Numerous studies showed ¢xéended heating at temperature above
200°C, and as high as 400°C, could be detrimental to peptide formation. However, we show
that high pressure could stabilize amino acids for extended durations and together with mineral
water interactions could favtieir linear polymerization. On the primitive Earth, as in modern
environments, oceanic hydrothermal circulation is a ubiquitous, vertically and horizontally
widespread phenomenon. This circulation is not only linked to localized flows in seafloor
hydrothemal vent fields but is also occurring deep in the porous crust. The majority of the
hydrothermal fluids is proposed to be at an average temperatael80°C and thus could be
suitable for the chemical evolution of prebiotic systems (9). Under thesktioos, a major

limit for the prebiotic reactivity would be pressure rather than temperature. This would hold
particularly true in geochemical settings where the temperature gradient is not steep, such as in
subduction zones or convergent margins. We@se that the threshold pressurecaf 500

MPa should be considered as a limit for prebiotic reactivity. Hence, the prebiotic reactive zone
would not only be limited to hydrothermal vents but could be extended to the global ubiquitous
hydrothermal circuligon in the crust and the sediment below the seafloor. The maximum depth
of this zone would be either limited by high temperatures (> 400°C) in mid oceanic ridges and

similar settings, or by high pressure in low temperature convergent margins.

It has beemroposed that the primitive hydrosphere interacted with the crust as early as during
the Hadean, favoring the onset of tectonics and some kind of subduction (66, 67) As emerged
lands were limited, plate tectonics might have commonly produced intraocezmsuah (68).
Serpentinizatiorfueled alkaline mud volcanoes are characteristic of theseacaetionary
settings (59, 68). The analysis of-R@-deep serpentinite clasts expelled from the South
Chamorro mud volcano showed that the serpentinization tatope was below 300°C and

that the rocks could harbor microbial communities (59). Given this modern example, we could
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argue that the source fluid in the deep subsurface of primitive intraoceanic forearc environments
would not reach detrimental temperati@nd that the depth of the prebiotic reactive zone
would only be limited by pressure. In such settings, the prebiotic reactive zone waad be
25-km-deep (52, 59).

Finally, chemical evolution in the deep subsurface would be favored by the elevated porosity
of serpentinites in such systems. On one hand, such a high porosity is consistent with high
reactive surface areas. The minexalter interfaces associated withdingthermal circulation

could then favor the adsorption and subsequent polymerization of amino acids. On the other
hand, hydrothermal circulation in highly porous networks would increase the concentration of
monomers in solution. Dose et al. (1) estimated the average concentration of amino acids

in the primitive ocean would optimistically reach®00’ M. Since then, several authors
suggested that concentration could be the major issue for the reactivity of amino acids and
underlined the irrelevancd the high concentrations used in laboratory simulations (34, 36).
However, Baaske et al. showed that a small temperature gradient in porous networks could
tremendously increase the concentration of organic molecules, with an accumulation factor of
10° to 10° (69). These deep subsurface geochemical environments, with molar concentrations
of amino acids in high reactive area pores in serpentinites, could then represent a large scale
prebiotic reactor on the early Earth. Our results show that high pressuicesemperatures,

high pH conditions and high reactive surface areas in porous networks of intreaoceanic arc
serpentinites are highly favorable to the emergence of prebiotic peptides. This kind of non
accretionary compressive system could have beenrtestaprebiotic reactive zone during the

Hadean and Early Archean.

MATERIALS AND METHODS

Chemicals. Glycine (Gly, GHsNO. >99%), diglycine (Gly, CsHsN203 >99%) and glycine
anhydride (DKPC4HeN202 99%) were purchased from Sigma Aldrich® and dissolved in pure
ZDWHU OY FP ZLWKRXW DGGLWLRQDO WUHDWPHQW

Magnetite was purchased from Sigma Aldrich® as an iron(ll,IIl) oxide. It was hydrothermally
aged to remove surface oxidation in a stainless staetor with Arbubbled pure water at
150°C for 3 days. Purity, chemistry, structure and specific surface areas were checked before
and after the treatment. Textural analysis was carried out by Micromeritics Analytical Services
(Norcross, GA, USA) on a T3itar 11 3030 with low pressure>Ndsorption at 77K. Specific
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surface area of unaged and aged magnetite were calculated using the MicroActive for TriStar
Il Plus v 2.02, with the mulpoint BET method. Aged magnetite exhibits a specific surface
area of 38 m2/g. XRD powder diffraction (Bruker D2 Phaser), SEM imaging coupled with EDS
(JEOL 8500F) and TEM analysis coupled with EELS (Philips EM 420 TEM) revealed that aged
magnetite was pure and free of surface oxidation layers. The grains are mainly né®dle, c

and sheelike particles of an average size of 100 nm.

Raman spectrawere collected on a confocal LabRam HR800 miReoman spectrometer
(Horiba JobirYvon™) of 800 mm focal length. A holographic grating of 1800 tr:fmvas

used to reach a spectralsotution of 0.3 crt on a Peltieicooled front illuminated CCD
detector (1024x256 pixels). The excitation line at 532.5 nm was produced by a Quantum
Torus™ 400 laser, with a power of 20 mW at the sample. The laser and backscattered raman
signal were focusd through a Mitutoyd! 50x long working distance objective (0.42 N.A.).

This optical configuration reduced the spatial resolution close to the micrometer. Raman spectra
were visualized and selected using Fit{kv0.9.8, (70)). On selected spectra, thedliae was
subtracted and Voigt profiles leasjuare fitting procedure was used on PeBkfiv4.12).

Hydrothermal conditions were reached using membratype low (LP) and high pressure

(HP) diamond anvil cells (50, 51). The reaction chamber was dnillagtkel (LP) or stainless

steel (HP) gaskets and covered with gold or platinum to prevent reaction with the sample. For
the LP cell, a 380 um hole was pierced in the-p@®thick inerted gasket (volume of the
reaction chamber of 107 nl). For the HP olhe, hole was 150 um in diameter for a thickness

of 100 um (volume of the reaction chamber of 1.7 nl). The gaskets were sonicatedOdn a H
solution to prevent organic contamination. The amino acid solution was loaded in the reaction
chamber using a sterileml syringe. The small volume of the reaction chamber makes it
practically impossible to buffer the oxygen fugacity of the system. One to three ruby
microspheres were added to monitor the sample pressure during the experiment (71). Pressure
was thus meased using the shift of the R1 fluorescence peak of ruby (72). The temperature
dependence of this shift has been previously calibrated for the batch used for these experiments
(73). The internal pressure was increased and stabilized by pumping heliumayéseint
membrane of the cell using an automatic pressure regulator (Sanchez technologies). The
experimental apparatus was heated externally using a resisisaiteg coil adjusted on the
diamond anvil cell. The temperature was measured througtypa<themocouple inserted in

the cell and close to the sample. The cell was thermally isolated using ceramic covers in order
to keep the automaticaHgontrolled temperature stability at + 0.5°C during the experiment.
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Reference spectra and calibrationsWe prepard reference solutions of 1.5 M glycine, 1.5 M
diglycine and 0.125 M DKP in pure water. Reference spectra of these compounds were acquired
in sterile 2ml glass vials at 25°C and ambient pressure at low1@00 cm') and high (2750

3100 cmt) frequenciesThese spectra could then be compared with reference spectra from the
literature for vibrational assignment and purity (Jedble S1;(7481)). Raman spectra for
degradation products, gases and carbonates were also retrieved from the literahié,eB&53

From the reference solutions we prepared Gly:@lxed solutions with a 10 mol% step in

Gly2 concentration (from 0 to 100 mol% G)yFor Gly:DKP mixtures, we started with a step

of 1 mol% from O to 10 mol% DKP, and used the same 10 mol% steps up teol%ODKP.
Calibration spectréFigure S2)were acquired at 25°C and ambient pressure in the same 2mL
glass vials. Laser power, acquisition time, spectral range and spectral resolution were identical
for every spectrum. Calibration spectra were processedeakfif™ software (v4.12). We
selected a reduced range of 750 to 958 and subtracted a linear baseline. Voigt profiles were
used for the leastquare fitting procedure. A total of four peaks were used to model the data:
one peak was used for Gly, tkar Gly. and one for DKP, centered at 897-tn882 and 918

cmi?, and 798 cm, respectively. Plots and polynomial curve fittingagQre S3 of xGly, and

XDKP as a function of the characteristic ratios were then obtained using Kaleidagraph software
(v3.6).

Data availability / Supplementary material

The data that support the findings of this study are available within the paper and its
Supplementary liormation Files. Raw data such as pictures taken during hydrothermal
experiments olRaman spectra are available from the corresponding author on reasonable

request.
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FIGURES
Figure 1 . Comparison of experimental pressure -temperature conditions used in this study (blue
symbols) and in the literature (black symbols, (16, 20, 33, 36 139, 42, 43, 47, 48)) for glycine

solutions (circles) and glycine in the presence of minerals (triangles). Grey and red areas correspond
to the minimum and maximum values reported in the W1300 model of Syracuse et al. (52) for P and

T paths at the surface of subduction slabs and 7 kilometers below it, respectively.

Figure 2 . (next page) Raman spectra of glycine (Gly), diglycine (Gly 2) and diketopiperazine (DKP).
A) Reference spectra of Gly, Gly ~ » and DKP acquired at atmospheric pressure and 25°C over the range
400-1800 cm -1 and 2700 -3100 cm -1. The band marked with an asterisk have been used to detect
and quantify the presence of the dimers relative to the monomer concentration. B) Selected spectra

from a hydrothermal experiment carried out at ca. 216 MPa and 200°C for 8 hours. The spectrum
obtained before temperature is increased shows that the initial sample is pure aqueous glycine. The
spectrum acquired as soon as the sample reaches 200°C shows t hat the characteristic bands of Gly
and DKP are already present. The relative intensities of these bands remain stable throughout the
experiment and after quenching. C) Example of quantification on the raman spectrum of a reference

solution of 10 mol% Gly > mixed with glycine. D) Example of quantification on the raman spectrum

of a reference solution of 2 mol% DKP mixed with glycine. E) Example of quantification on the raman

spectrum acquired after quenching of the hydrothermal experiment depicted in B).
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Figure S1 . Schematic reaction pathways of the glycine, with polymerization and degradation
products. Modified after Cox and Seward (37).
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Figure S2 . Raman spectra of reference mixture of Gly -Gly, and Gly -DKP for calibration purpose of
dimer molar fractions obtained at atmospheric pressure and 25°C. A) Raman spectra of the Gly -Gly»
mixtures between 300 and 1800 cm -1, B) Raman spectra of the Gly -Gly 2 mixtures between 2700 and
3100cm -1.C)Raman spectraofthe Gly -DKP mixtures between 300 and 1800 cm -1, C) Raman spectra
of the Gly -DKP mixtures between 2750 and 3100 cm -1
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Figure S3 . Molar fraction of dimers as a function of Raman band intensities. Polynomial equations
and correlation coeffici  ent are listed below each plot. A) Gly -Gly, calibration curve between 0 and
100 mol% Gly . B) Gly -DKP calibration curve between 0 and 10 mol% DKP. C) Gly -DKP calibration

curve between 0 and 100 mol% DKP.

Figure S4 . Molar fraction of DKP (mol%) as a function of time, for three hydrothermal experiments
at 50, 216 and 363 MPa. As pressure increases, XDKP is decreased. Thermal degradation with time

is only visible for the lowest pressure experiment. Doted lines are used as guide for the eyes.
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Figure S5 . Selected snapshots and raman spectra of degradation products. A) Bubbles that appeared

after quenching of the experiments at 50 MPa. The red dot correspond to the spot where the raman

spectra was acquired. b = bubble. B) Raman spectra acquired a t the edge of the bubble depicted in
A). Bands of CO , and CH 4 are clearly visible (56) along with aqueous glycine for the surrounding
solution. C) Carbonate crystals that precipitated on the rough edge of the gold gasket after 64 hours

at high pressure and  high temperature. The red dot correspond to the spot where the raman spectra

was acquired. r = rubis microsphere; c = carbonate crystal; Au = gold liner; | = laser spot of the

previous raman acquisition of a fragile crystal. D) Raman spectrum acquired on a carbonate crystal

depicted in C). Characteristics bands seem to correspond to a Ca -Fe-rich carbonate (82).
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Figure S6 . Log K as a function of pressure and temperature. Output of the DEW model for the
dimerization of glycine and the cyclization of diglycine. A) Log K for the dimerization of Gly to Gly

B) Log K for the dimerization of Gly to DKP. C) Log K for the cyclization of Gly 2 to DKP.

Figure S7 . Log K of the reaction of cyclization of linear diglycine as a function of pressure and at
200°C. The data from this study are plotted along the curves obtained using either the data of Shock
(32) or the latest version of the Deep Earth Water (DEW) Model (57). The DEW model relies partly

on Lemke et al. data (42).
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TABLES

Table 1. Pressure, te mperature and experimental duration of hydrothermal experiments and results

as the calculated molar fractions of Gly 2 and DKP and linear over cyclic dimer ratio. The number of
spectra measured after quenching and used for dimer quantification (N) is given after the sample.
Standard deviation (SD) values have been calculated when multiple Raman spectra have been

measured. See Supplementary text for details on pressure calculation.

Sample (N) t@HT P (MPa)(SD) T(°C) xDKP (2SD) xGly2(2SD) Gly./DKP
(hrs) (mol%) (mol%)

Gly 2 M (3) 6.33 ~50 (n.d.) 200 1.9 (0.14) 7.6 (0.16) 4.02
Gly2 M (1) 7.25 216 (44) 200 1.2 (nd.) 10.2 (n.d.) 8.41
Gly 2 M (3) 215 363 (54) 200 0.4 (0.13) 7.0 (1.10) 19.35
Gly 2 M (4) 65.4 377 (29) 200 0.0 (n.d.) 16.0 (1.50) -
Gly 2 M (2) 65.4 452 (18) 200 0.2 (0.02) 7.0 (0.00) 34.41
Gly2 M 9.5 830 (23) 200 0.0 0.0 -
Gly2M 7.5 870 (n.d.) 200 0.0 0.0 -
Gly2 M 7 1662 (26) 200 0.0 0.0 -
Gly2M 8.3 1665 (27) 200 0.0 0.0 -
Gly2 M 7.5 2880 (n.d.) 200 0.0 0.0 -
Gly2M 9 3577 (26) 200 0.0 0.0 -
Gly 2 M + Mgt (4) 8 137 (24) 200 0.8 (0.30) 15.7 (2.07) 19.43
Gly2M+ Mgt (4) 10.3 300 (19) 200 0.4 (0.16) 12.8 (0.42) 35.90
Gly 2 M + Mgt 7 1653 (19) 200 0.0 0.0 -
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Table 2.

treatment of glycine in the literature and in this study. Initial glycine

Comparison of optimal ratios of linear over cyclic dimer obtained after hydrothermal

concentration, mineral presence,

pressure and temperature are also listed. Note that in most of the previous studies, the optimal ratio

is obtained before steady state is reached and generally at very short experimental durations. Mt =

montmorillonite; Mgt

= magnetite.

Sample P(MPa) T (°C) Gly,/DKP reference
Glyi1M 0.1 150 0.75 22
Gly 6.5x10° M 22.2 300 2.00 39
Gly 1x10*' M 16.5 200 2.00 42
Gly 5x10* M 20 151 2.00 43
Gly 0.1x10* M 24 250 5.20 44
Gly 0.1x10* M 24 225 0.20 45
Gly 5x10% M 20 160 0.75 48
Gly 2x102M 0.2 120 2.95 49
Gly 0.1x10*M 24 250 0.17 53
Gly 0.1x10* M 25 250 0.096 54
Gly2M ~50 200 4.02 This study
Gly2M 452 200 34.41 This study
Gly + Mt Dry/Wet 0.1 150 0.75 22
Gly + Goethite 0.1 50 3.60 26
Gly + Akaganeite 0.1 50 5.70 26
Gly + Hematite 0.1 50 0.10 26
Gly + TiO 0.1 90 40.00 26
Gly + ZnO 0.1 90 7.00 26
Gly + Mgt 137 200 19.43 This study
Gly + Mgt 300 200 35.90 This study

Table S1 . (next page)

wavenumber and relative intensity were calculated after baseline subtraction and least

Characteristic Raman bands of glycine, diglycine and diketopiperazine. Their

assuming Voigt profiles. Band assignment is taken from various studies (75

disagreement between studies.
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Wavenumber (cni) Intensity (%) Assignmen{ref (7582))
Gly
506 29.20 COO bend + CH2 benar COO rock
586 5.76 COO wagor COO bend + NCCO bend
670 4.62 COO bendor NH2 bend or CCN
897 100 CC str + CN stor NH2 twist + CH2 twistor CC + COO sc
1032 16.18 CN str + CC str
1120 10.82 NH3 rockor NH2 twist
1330 82.03 CH2 wagor CH2 wag + NH3 rock
1411 80.00 COO sym stor COO str + CH2 + NH3 or CH2 sci
1444 33.59 CH2 scior CC stror CH2 bendor CH2 twist + NH3 twist
Gly2
389 32.34 skel def (GCN)
570 8.41 Amide VI or COO wag
684 4.52 ?
722 5.86 Amide V or COO bend
882 100 CC sym str
918 91.00 CC stror CH2 rock
963 9.31 CC str
1014 37.28 CN str
1041 14.84 CN str
1096 4.76 NH3 rock
1135 11.67 CN str or NH2 twisbr NH3 rock
1259 34.04 Amide Il
1280 67.17 Amide Il
1318 33.07 CH2 wagor CH2 twist
1395 97.74 CH2 wagor COO
1425 41.76 COO sym str
1445 25.67 CH2 bendor CC str
1687 30.44 Amide |
DKP
460 20.44 ring ipb
474 5.38 ring ipb
548 2.11 CO opb
605 12.01 CO ipb
797 100 ring str
1147 9.47 NC str
1248 12.14 CH2 twist
1316 34.42 CH2 wag
1390 7.02 CH2 wag
1441 29.59 NH ipb
1528 44.72 ring str
1674 33.75 CO str
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Table S2

fitting is always better than 0.987. The intensity ratios obtained allow for the calculation of molar frac

are also listed.
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. Details of the quantification procedure. Peak 1 corresponds to DKP, peak 2 to Gly and peak 3 to Gly

2. The correlation coefficient of the least

-square

tions. The average and SD values of these molar fractions

peak 1 peak 2 peak 3 r2 (fit) intensity ratios molar fractions molar fractions
exp. (cml) intensity (cml) intensity (cm-l) intensity 1/(1+2) 3/(2+3) xDKP  xGly2 XDKP  xGly-
Z5 798 426.5 897 6638.5 922 506.6 0.99 0.0604 0.0709 0.0190 0.0765 |average 0.0189 0.0762
798 404.1 897 6556.1 922 503.0 0.99 0.0581 0.0712 0.0182 0.0768 SD  0.0007 0.0008
798 226.0 897 3399.1 923 255.2 0.99 0.0624 0.0698 0.0196 0.0753
Z10 799 62.7 898 4605.4 924 291.2 0.99 0.0134 0.0595 0.0043 0.0642 |average 0.0036 0.0705
800 49.4 898 5220.1 923 386.1 0.99 0.0094 0.0689 0.0030 0.0743 SD  0.0006 0.0055
798 49.2 898 4382.1 923 318.0 0.99 0.0111 0.0677 0.0036 0.0730
Z11 797 167.5 897 4195.0 917 439.1 0.99 0.0384 0.0948 0.0121 0.1020 |average 0.0121 0.1020
Z12 805 170.7 899 5170.6 920 787.4 0.987 0.0320 0.1322 0.0101 0.1419 |average 0.0081 0.1573
801 355.0 898 132724 919 2360.7 0.99 0.0260 0.1510 0.0083 0.1619 SD  0.0015 0.0104
800 266.0 898 12089.4 919 2141.8 0.99 0.0215 0.1505 0.0069 0.1613
802 253.0 898 11109.3 919 2009.4 0.99 0.0223 0.1532 0.0071 0.1642
Z13 799 108.0 899 10933.1 919 1484.5 0.99 0.0098 0.1195 0.0031 0.1285 |average 0.0036 0.1285
801 128.8 899 10960.5 920. 1526.6 0.99 0.0116 0.1222 0.0037 0.1313 SD  0.0008 0.0021
800 155.5 899 10609.1 919 1431.7 0.99 0.0144 0.1189 0.0046 0.1278
799 64.2 899 7428.6 919 989.6 0.99 0.0086 0.1175 0.0028 0.1263
Z16 798 47.4 900 77445 927 538.9 0.99 0.0061 0.0651 0.0020 0.0702 |average 0.0020 0.0702
799 54.1 899 8271.4 927 575.6 0.99 0.0065 0.0651 0.0021 0.0702 SD  0.0001 0.0000
Z18 none none 901 1756.8 925 332.8 0.99 none 0.1592 none 0.1707 |average 0.1598
none none 901 1126.1 925 188.4 0.988 none 0.1433 none 0.1538 SD 0.0075
none none 901 1402.1 925 242.8 0.99 none 0.1476 none 0.1583
none none 899 2362.8 923 403.1 0.99 none 0.1457 none 0.1563
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SUPPLEMENTARY TEXT

Equations for glycine reactions, Raman quantifiction and adsorption estimations

Glycine reactions and Ramarguantifications

The polymerization reactions of glycine for the dimerization step can be written as follow:
2 Gly = Glys + H20, K1 [1]
2 Gly = DKP + 2 HO, Kz [2]
Gly2 = DKP + R0, K3 [3]

We calculated the molar fraction of Gly2 and DKP based on thiaiticleship with Raman
intensities ratios.

XGly2 is a function of 1(912)/(1(898)+1(912))

XDKP is a function of 1(797)/(1(898)+I(797))
Where () is the intensity of the band centered atn?.

The Raman quantification of dimer molar fractions xDKP @@t/2 in mol% can be written as
follow:

XxGly2 = 100 x [Gly)/([Gly2]+[Gly]) [4]

XxDKP = 100 x [DKP]/([DKP]+[Gly]) [5]

For low yields of dimerization,
XGlyz ~ [Gly2]/[Gly] [6]
XDKP ~ [DKPJ/[Gly] [7]

Thus, the ratio GiYDKP is accessible as:
Gly2/DKP =xGly2/xDKP [8]

And this Raman technique allows for the calculation of the equilibrium constant of the

cyclization reaction of Gby[3]:
Ks = [DKPJ/[Gly2] = XDKP/XGly: [9]
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Adsorption of glycine on magnetite

From BET analysis, the magnetite powderwsed has a specific surface area of 5.8041 m2/g.
Sigma Aldrich® MSDS gives the density of this iron oxides at 5 g/ml.

The precise weight of mineral loaded in the diamond anvil is difficult, if not impossible, to
measure. We will propose that the powderuvnoe occupies 1 to 10% of the lgwessure
diamond anvil cell chamber (V = 1.7 nl).

This correspond to 0.017 to 0.17 nl of magnetite powder, and 0.085 to 0.85 ug.

These are equivalent to 0.5 to 52182 of magnetite surface available in our experiments.

We want to estimate the maximum adsorbed % of glycine on magnetite in our experiments.
Kitadai et al. (25) noted that the cressction of glycine is 0.2 nm2. Schawinger et al. (66)
showed that glycine coverage was as high as 1.27 glycine/nm? on magiteB&C and
atmospheric pressure.

If this value is applicable to our conditions, then, a maximum of 6.35xyxine molecules
would be adsorbed on the magnetite.

We used a 2 mol/kg glycine solution, i.e. 2.05%Iflycine molecules in the reaction chambe

So, only 0.31% of the total available glycine in solution would be adsorbed under these
conditions.

However, adsorption could be increased under high prebgylmidemperature conditions. To
give the highest value possible for this first order estinvedecan use the value for a physical
monolayer of glycine, 2 glycine/nmz, that was proposed by Georgelin et al. (27).

From this value, the same calculation leads to a maximum adsorption of 0.5% of the total

available glycine in solution.
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La circulation hydrothermale sowsarine se caractérise par des pressions

élevées (50 a 500 MPa), wWUDGLHQW GH WHPSpUDWXUH HW GH S-
K\GURWKHUPDOH j f& S+ HW OTHDX RFpDQL
présence de minéraux formant naturellement des particules de petites tailles et
développant donc de grandes surfaces spécifiggagives. Dans cette thése,

nous avons seélectionné un ensemble de minéraux ferromagnésiens,
SK\OORVLOLFDWHYV HW R[\GHV UpVXOWDQW GH OfDO\
ultrabasiques océaniques. Nous avons exploré les effets des conditions-physico

chimiques caractéristiques des systemes hydrothermauxrsatias primitifs

sur la concentration et la réactivité des briques élémentairegvent a

OfLQW H-tvteFH HD X

La concentration des nucléotides PRQRPgqUHYV GH Of$'1 HW GH OfY$5:
étudiceawWWUDYHUV GHV PpFDQLVPHY GIDGVRUSWLRQ GH FH
GH SK\OORVLOLFDWHYV 1RXV DYRQV GpYHORSSp XQ QR
OfHIIHW GH OD SUHVVLRQ HW GH OD WHPSpUDWXUH
préliminaires se révelent prometteuNous avons systématiguement testé les

effets de la minéralogie des phyllosilicates, du pH et de la salinité sur
OYDGVRUSWLRQ GHV QXFOpRWLGHV DX[ FRQGLWLRQV
température.

La réactivité de la glycineen conditions hydrothermal¢ D pJDOHPHQW IDLW OfR
GITXQH pWXGH GpWDLOOpH 3RXU OD SUHPLqUH IRLV GD
XQH WHFKQ L TirxsHu gefime@abt @8 Sulre dans le temps et en fonction

des conditions de pression et de température le degré de pohtinaride la

JO\FLQH QRQ DFWLYpH 1RXV DYRQV pJDOHPHQW WHV
magnétite dans le systéme. La pression, parameétre peu étudié par le passé, et
OTLQWHU | pduthpparaypddtiz@nme des points essentiels a la réactivité

des acideDPLQpY GDQV OTHQYLURQQHPHQW SUpELRWLTXH
'H OfTHQVHPEOH GH FHVY UpVXOWDWY QRXV SRXYRQV SU

pistes de réflexions.
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Synthése sur la concentration des nucléotides

ITpWXGH GHV PpFDQLVP H\WwtiGes Désassite)=h W eakRihle Gnid vargrieisation
GpWDLOOpPH GHV VXUIDFHV PLQpUDOHYV XWLOLVpHV 30XW({V
il nous semble important de parvenir a déterminer la quantité et la qualité des surfaces réactives,
etainsiGH SRXYRLU FDOFXOHU GHV GHQVLWpV GYDGVRUSWLR
surfaces minérales sont difficilement caractérisables, pouvant par exemple étre trés dépendantes
des parametres physichimiques du milieu, il devient nécessaire de combles méthodes
GIDQDO\WHV 2Q SHXW FRPSOpWHU OfpWXGH PDFURVFRSLT
DQDO\WH WH[WXUDOH GH OYDGVRUEDQW P pWrKd$R@Edds % (7 R
SDUWLFXOHY PLQpUDOHY GDQV OH PLOLHX GITLQWpUrwW 6%;
NRXV DYRQV SURSRVp XQ PpFDQLVPH JpQpUDO GYDGVRUSWL
OfHQVHPEOH GHV QXFOpRWLGHV VYIDGVRUEHQW PDMRUL\
phyllosilicates par échange de ligand entre le groupement phosphate dedideslet les

meétaux hydroxylés des bords des feuillets minéraux. Ces surfaces latérales ne sont pas
LQWULQVQTXHPHQW VpPpOHFWLYHV G{XQ PRQRPqUH HQ SD!
adsorbées ne dépendent que de leurs propriétés spécifiques, meisal@rinent de leur

solubilité. La chimie des minéraux, alumineux ou ferromagnésiens, importe peu. En revanche,

la structure des phyllosilicates a une trés forte incidence sur les quantités retenues et les
PpFDQLVPHY GYDGVRUSWLRQ

Si tous les phyllosilicats adsorbent principalement les nucléotides sur leurs surfaces latérales,

une distinction existe entre les argiles gonflantes et les phyllosilicates non garifiartiarge

négative permanente des argiles gonflantes modifie leur comportement en fdocfibhet

des électrolytes en solution. La surface basale des argiles gonflantes devient accessible dans
certaines conditions. (i) Les nucléotides possédant une base azotée A, C ou G se protonent a
S+ DFLGH HW VYDGVRUEHQW DOR UsVsuSdaés habaleP ChaigéeeSH FD
négativement. (ii) La concentration et la nature des sels en solution peuvent modifier la nature
HW OD GHQVLWp GHV VLWHYV GYDGVRUSWLRQ GHV SK\OOR
complexent le groupement phosphaterdedéotides en solution et inhibent leur adsorption sur

les surfaces latérales des phyllosilicates, en bloquant leur groupement réactif. Cette
FRPSOH[DWLRQ SHUPHW QpDQPRLQV OYDGVRUSWLRQ GHV
phyllosilicates par po JH FDWLRQLTXH &HW HIIHW QYHVW REVHUY
chargées négativement et possédant des cations échangeables. Les cations en solution ont donc
XQ GRXEOH HIIHW LQKLELWHXU HW FRRSpUDWLI ¥HORQ C
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moléculaires, comme le phosphate ou le sulfate, sont eux en compétition directe pour les mémes
VLWHYV GYDGVRUSWLRQ TXH OHV QXFOpRWLGHV VXU OHV V.
UDSSRUW GITDVSHFW GHV SK\O O Revits QdrrRdd & Heaouviefieht ddsV G HV
grandes surfaces basales disponibles.

Enfin, il nous parait important de souligner que, contrairement a ce qui a pu étre avancé dans la
OLWWpUDWXUH QRXV QIYDYRQV MDPDLV REVHUYgleSTDGVRL
JRQIODQWHYVY &HW DUJXPHQW IUpTXHQW GDQV OD OLWWpU
OfLOQOWHUSUpWDWLRQ GH QRV UpVXOWDWY &THVW GRQF OL
IHXLOOHWY LVROpPV TXL HVWIéotpesravet Edar§iBsxgonfrfdsQOattd U D F W
surface interparticulaire est par ailleurs variable selon les conditions de salinité, de pH et de

concentration solide qui engendrent la formation de flocs et de cristallites de tailles variables.

Vers unepolymérisation des nucléotide®

/IHV PpFDQLVPHVY GIDGVRUSWLRQ LGHQWLILpYVY GDQV FHWW
complexation forte du groupement phosphate des nucléotides. Si cette adsorption permet
GIDXJPHQWHU OD FRQFHOWMGBEW IGRIX @ REFPWHXHQ @aFOPRQ W |
OD FRPSOH[DWLRQ GX SKRVSKDWH SDU DGVRUSWLRQ QYHV
Le groupement phosphate est en effet impligué dans la polymérisation des nucléotides par
IRUPDWLRQ &fhospihbdiedtdd qui e les nucléotides pour former le squelette des
acides nucléiques. Méme si les conditions acides permettent de concentrer localement certains
nucléotides, de maniére a ce que le phosphate reste disponible, elles aepsont pas
fDYRUDEOHYV j OD SRO\PpULVDWLRQ FDU HOOHV IDFLOLWHQV
H[SpULPHQWDX[ PRQWUHQW TXH OYDXJPHQWDWLRQ ORFDO
surfaces latérales des phyllosilicates stabilise fortement ces mdi&cyl O fLQWH-galD FH PLQ
OHVTXHOV QXFOpRWLGHV VWDELOLVpPpV IRUPHQW DORUYV
SRO\PpULVDWLRQ GYfROLJRPqQUHV

Synthése sur la réactivité de la glycine

/ID GHX[LgPH SDUWLH GH FHWWH W K glyhhéripatiod emtoRdRiQn¥ D F U p H
hydrothermales. Nous avons travaillé sur la réactivité des acides aminés non activés, en prenant
comme modéle la glycine. Les conditions de pression explorées, de 50 a 3500 MPa,
correspondent a la circulation de fluides profonlsX VT X 1 | NLORPgQWUHYV GH S
température de 200°C représente plutét des conditions modérées de contexte de convergence et

de zone de subduction.
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/ID PpWKRGH it §ilD @ pedi¥ lde montrer que la glycine polymérise dés que la
températureest comprise entre 150 et 200°C. Cette réaction est rapide et atteint son équilibre

en quelques heures. De plus, dans les conditions de pressions que nous avons testées, la
dégradation thermique des molécules organiques en solution est largement irlkipéadetit

de réaction est préservé lors de la trempe du systeme.

La quantification des fractions molaires de diméres de glycine linéaires et cycliques formés a
SHUPLVY GH GpWHUPLQHU OHV FRQGLWLRQV OHV S@XV IDYRL
OD JO\FLQH /D SRO\PpULVDWLRQ OLQpDLUH HVW IDYRULVj
SUpYX SDU OD WKHUPRG\QDPLTXH /D SUpVHQFH GH PDJQp
augmente également la proportion de diméres linéaires par rapport angsdayéiques. Cet

HITHW HVW SUREDEOHPHQW G€£ j OfDGVRUSWLRQ UpYHUVLEC
DGVRUSWLRQ VIDFFRPSDJQH GH OD GpSURWRQDWLRQ GX
amplifierait la réaction de polymérisation linéaillD SUpVHQFH G{XQH VXUIDFH P
un effet équivalent a une augmentation du pH de la solution, qui augmenterait la proportion de
glycine réactive non protonée.

1RXV DYRQV REVHUYp XQ SKpQRPqQH TXL QTHGDGIpVWH G
presVLRQ GYHQYLURQ 03D OD JO\FLQH HQ VROXWLRQ QH
SRXVVpH MXVTXT]j f& &HV UpVXOWDWY QH VRQW SDV H|

nécessitent de nouvelles études.

,PSOLFDWLRQ SRXU OfHQYePURQQHPHQW SUpPELRWLT

Ces travaux nous amenent a proposer que les systemes convergents analogues aux zones de
VXEGXFWLRQ VXU OD 7HUUH SULPLWLYH VRQW GRQF XQH |
contexte de serpentinisation et la circulation hydrothermale gs$6ci SRWHQWLHOOHPHQ
25 kilometres de profondeur, auraient pu constituer une zone de réactivité prébiotique tres
PWHQGXH OYDXJPHQWDWLRQ GH SUHVVLRQ IDYRULVDQW
résultats suggérent donc une nouvelle lindee réactivité, et peut WUH GIYKDELWDELOL
SUHVVLRQ FULWLTXH GYHQYLURQ 03D

Perspectives

'H FHV WUDYDX[ UHVVRUW DYDQW WRXWDGILUMBERQYOGR®HAHC
GLYHUVLWpPp HW OTXELTXLWp GHV Viéishtid\a tbuteGSpriul@xiorHV HQ
en laboratoire et leur présencesa@raittre occultée. De nombreuses pistes sont envisageables

pour des études futures.
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Si les conditions alcalines de la serpentinisation liées aux volcans de boue des arcs
intraocéanique favorisent certainement la réactivité des acides aminés, elles sont tres
SUREDEOHPHQW SHX HIILFDFHVY HQ FH TXL FRQFHUQH Of
phyllosilicates que nous avons testés. Dans ces conditions alcalines, il serait alors intéressant
GH WHVWHU GIDXWUHV PLQpUDX[ GIDOWpUDWLRQ HQ IHXLC

/I'+ FKDUJpV SRVLWLYHPHQW HW D\DQW I|D({CoveteyBtEIMHW GH
2012; Swadling et al., 2013

Les systemes hydrothermaux centrent également des dépbts de sulfures, qui constituent une

autre catégorie de minéraux par rapport aux phyllosilicates. Les sulfures interviennent dans des
métabolismes primitifs de communautés microbiennes hydrother(Basezlton et al., 200§

et sott enrichis en métaux de transition, réputés catalyseurs de réactions préhibaqiemie

GH VXUIDFH GHV VXOIXUHVY HVW SOXV GpOLFDWH j pWXGLHU

le type de travail complet que nous avons fourni sur les phidaiss.

Un autre point intéressant vient de la localisation des nucléotides sur les surfaces des
SK\OORVLOLFDWHV &HWWH LQWHUDFWLRQ QH VH IDLW TXTYj
interfoliaire de ces minéraux. Ceci laisse a penser lgu capacité de protection aux
rayonnements de hautes énergies (type UV) a la surface de la Terre primitive, ou a la surface
GH OfDFWXHOOH ODUV VHUDLW SOXW{W OLPLWpPH- ,O0 VHU
minéraux anhydres par micgpectrom@zie Raman UV, développée au Laboratoire de
Géologie de Lyon. Cette technique constituerait un couplage intéressant entre une méthode
DQDO\WLTXH VHQVLEOH DX[ JURXSHPHQWY DURPDWLTXHV
susceptible de dégrader les nucléotides<GVRUEpV &HFL SHURMHBIWNMWUDLW G
complexation et la préservation de nucléotides a la surface des phyllosilicates, dans des
conditions simulant plutdt les environnements émergés et peu hydratés des corps planétaires
primitifs ou de planéeteP FWXHOOHYV QH SRVVpGDQW SDV GTK\GURVSKc
&HOD SRXUUDLW FRQVWLWXHU XQH DOWHUQDWLYH DX[ pWX
organiques a bord de la station spatiale internatiomsergnd et al., 2012; Cottin etal.,

2012; Noblet et al., 2012; Poch et al., 2015

'"f{DXWUH SDUW OD JO\FLQH HVW OH VHXO DFLGH DPLQpPp Q
PRQWUp TXYHQ VROXWLRQ DTXHXVH j IRUWH WHPSpUDW
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VIDVVHPEOHQMQQYRYDVHEBOWROLDLVRQV SHSWLGHV PDLV pJL
liaisons non peptidiques faisant intervenir les chaines latérales de ces molécules. Ceci conduit

a la formation de molécules complexes qualifiées de condensafsateiqueqChandru et

a.,, 2013 FRQVLGpUpV FRPPH LQGpVLUDEOHYV GDQV OH SURFH)
élémentaires du vivant. On peut envisager de reproduire notre étude avec un assemblage
GYDFLGHY DPLQpPYVY SURWPLQRJIJgQHV 2Q SHXWinepPdedt)gH O TK\SR
alcalins, des fortes pressions et/ou la présence de surfaces minérales puissent favoriser la

formation majoritaire de liens peptidiques, limitant la formation de condensafeptidiques.

Enfin, la serpentinisation paraissant étre unextetfavorable a la complexification des acides
DPLQpV LO VHUDLW HQYLVDJHDEOH @ HitudR Sefentrisatbhl V H[Sp
GH FULVWDX[ GTROLYL Q Hndteani \eR &. X 213RaecDd XuiviX deHia
polymérisation de glycinen conditions hydrothermales dans le méme systéme ferme.
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