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ABSTRACT
There exists an extensive literature on the possible roles of minerals in the prebiotic stages of the chemical
evolution of life (Bernal 1951, Cairns-Smith 1982, Wéachtershéuser 1992, \eyta 1995, Tessi%t al.
1999, see Lahav (1994) for a review). Among the original proposals, minerals have been considered in: (a)
processes that would discriminate molecular chirality; (b) condensation reactions of biomolecular precursors;
(c) prebiotic catalysis; (d) biochemical templates; and (e) autocatalytic metabolism. In this communication it
is emphazised the complex properties of both surface reactions and interfaces between minerals and aqueous
solutions simulating Archean scenarios. The properties of pyrite surface net charge and of its interface
with a solution simulating primitive seawater are discussed and their implications to the autocatalytic model
(Wachtershéuser 1988a 1992) are presented in order to demonstrate their relevance. The proposed roles of
iron-sulfide minerals (mainly pyrite) as physical support for primitive bidimensional metabolism and chiral
discriminator (Wachtershauser 1988a, Huber & Wéachtershauser 1998) are revised. Itis shown that: (a) the net
surface charge can be modulated by the pyrite-aqueous solution interface; (b) mononucleotides attachment
to pyrite require a cationic bridge; and (c) direct absorption of agetat molecule proposed as carbon
source in primitive agueous environments - also modulates the interface properties and would have masked
pyrite’s bulk structure. These results indicate that physicochemical changes of mineral surfaces - caused
by environments simulating Archean aqueous scenarios - should be taken into account in the proposals of
mineral prebiotic roles.
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1. INTRODUCTION Wachtershduser (1988a,b, 1992) proposes that
the early stage of molecular evolution was
an autotrophic process consisting of an autocat-
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alytic metabolism confined to an essentially two-
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molecular structures would be anionically bondedto demonstrate the effects of aqueous enviroments
to positively charged surfaces (e.g., pyrite). Theon pyrite net surface charges. These measurements
energy for carbon fixation being provided by were carried out in order to investigate: a) charge
the redox process of converting ferrous ions andmodulation by different oxidation and pH condi-
hydrogen sulfide into pyrite (Wachtershauser 1988hions; and b) pyrite net charge in concentraiagd"-
1994). The bound biomolecular precursors in turnacetate and in artificial primitive sea water supplied
would react with each other evolving through semi-with acetate.
cellular structures to primitive forms of life (Russell
et al. 1994). This assumption has been recently =~ 2 SURFACE NET CHARGE AND CATIONIC
reinforced (Vogel 1998). REQUIREMENT FOR MONOMER ATTACHMENT

In the WaAchtershduser model, the two-Determinations of oxidation and pH effects on the
dimensional system would be in an aqueous (seawddyrite surface polarization were carried out in two
ter) environment having a passive role. The actuaindependent sets of experiments; the first set was
conditions prevailing when sulfur materials are in carried out by Monte (1998), and the second by
contact with salt solutions however are quite com-Pontes-Buarquet al. (submitted). Monte (1998)
plex. The very reactive iron-sulfide immersed in observed that oxygen-free pyrite surfaces presents
a solution resembling a primitive ocean generatesin isoelectric point (i.e.p.) giH 2 with negative
a continuously changing interface with ionic gradi- Zeta potentials fopH > 2. This i.e.p. coincides
ents (i.e. Fe?t, Fe3t, HT) and formation of dif-  with that for elementary sulfur (Healy & Moignard
ferent oxide layers (Evangelou & Huang 1994, Xu1997). The pyrite oxidation to elementary sulfur
& Schoonen 1995, Schoonehal. 1999). Little  has been suggested as the cause for its hydrofobic-
is known about the physicochemical properties ofity in acid medium. If there exists no conditions for
this complex and interactive system. In the stan{olysulfides formation, the stable elementary sul-
dard representation of a mineral-solution interfacefur would exihibit a molecular interaction character
such as that between pyrite and a solution that simwhich is compatible with the proposed gain of hy-
ulates Archean seawater (see the classical model ¢frophobicity.
Brockris & Reddy 1973), there are two main layers The elementary sulfur layer is virtually insol-
between the bulk material (pyrite in the present caselible as such and theoretically unreactive with wa-
and the aqueous medium. The layer that contacts thier, hence can not attract shells of oriented water
aqueous medium — here called the outer layer — ignolecule around it (hydration). Therefore sulfur
characterized by diffuse ionic gradients (concentradayer appears to be expelled from aqueous medium
tions) which is much thicker than the layer that con-and hence are designed hydrophobic (water hating),
tacts the mineral, known as the Stern layer. The forin constrast to soluble oxide/hidroxide layers and
mer is made of firmly attached ions and itis expectedanions such as thiosulphate and sulphate, which are
that an increase of both ionic or molecular specieslearly hydrophilic (water loving).
concentrations that can attach to the mineral surface ~ The electrochemical reaction which produces
results in the decrease of the Stern layer thicknesd)ydrophobic surface species is:
i.e., aclearindication of charge compensation mech-
anisms. It is the coupling of the bulk material and
the Stern layer that determines the measured Zeta The mechanism of sulfur oxidation is less
potential, i.e., the net charge of the mineral surfaceclearly established than the iron oxidation. Hamil-

Recent results of electrophoretic measureton & Woods (1981) assumed that sulfur exists ei-
ments of Zeta potentials (Monte 1998, Pontesther as elemental sulfur or as sulfate. Based on this
Buarqueet al. 2000) are briefly described in order assumption, they demonstrated that the amount of

FeSy — Fe?t + 280 + 20~
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sulfur layer remains constant in alakaline solutions transitions at their active centers (de Meis 1989).
whereas the amount of the oxidized sulfur speciessubtle changes in hydrophilic-hydrophobic charac-
(assumedS’Of‘) increases as oxidation of pyrite terdue to fluctuations of local oxygen concentrations
proceeds. (Kasting 1997) would simulate the modulation be-

Monte’s results (1998) show that the negativehavior compatible with the known catalytic cycles
pyrite Zeta potential increases until pH 10, wherein modern energy-transducer enzymes (Textshb.
it is expected that the dominant surface species 4999, Pontes-Buarqgwet al. 2000).
[Fe(OH)3] (Acar & Somasundaran 1992). Hy- Forthe second set of experiments been reported
drogen peroxide was also used to characterize th@Pontes-Buarquet al. 2000) hydrofluoric acid (HF)
oxidizing effect upon the pyrite surface polarizar- removal of superficial oxides was carried out using a
ion. Hydrogen peroxide by itself rendered pyrite procedure (Tessi al. 1999) close to that described
surfaces very hydrophilic (Montet al. 1997). Al- by Evangelou & Huang (1994) and Xu & Schoonen
though pH dependent, hydroxo-oxo species with(1995). In this set of results, untreated pyrite sam-
ionic character are expected to be very hydrophilic.ples, i.e., with no previous HF treatment, presented a
The electrophoretic measurements showed that theositive Zeta potential with a maximal at pH 5.0 in-
pyrite surface is completely oxidized by hydrogendicating a positive net charge for the pyrite particles.
peroxide, with an isoelectric point at pH 5.5 (seeAs pH increases, a polarity change is observed at pH
also Fornasieraet al. 1992). These results suggest 6.8, beyond which the particles exhibit a negative net
that oxygen could be responsible for charge revereharge. In contrast, HF-treated particles have nega-
sal of pyrite net charges fgsH < 5.5, a region tive charges at pH below 6.0 when suspended either
in which hydroxide-complexed ¥e(O H)2]* and  inconcentrated acetate orin a mixture of acetate with
[Fe(O H))?t) should be present on the pyrite sur- artificial primitive sea water. It is also observed that
faces (Fornasieret al. 1992, Kydroset al. 1993). the i.e.p. value obtained with untreated particles is
Thus hydrogen peroxide would create a pyrite inter-close to that of iron hydroxide specieB4(O H )2
face with i.e.p. 5.5, i.e., close to that observed forand Fe(O H)3) (Yoon et al. 1979, Fornasieret
iron oxides (Fuerstenau & Raghavan 1976, Yebn al. 1992), confirming that oxygen is responsible for
al. 1979). Infrared data obtained in Monte’s ex- the observed positive polarity reversal. It was con-
periments also confirmed the reported high pyritecluded that the HF surface treatment removes ferric
sensitivity to oxygen action (Evangelou & Huang oxide from the pyrite samples, revealing the nega-
1994). tive polarity that should be expected for this matrix

The hydrophilicity of pyrite surface in strongly when in the presence @f,-depleted media such as
alkaline solutions was related to hydrolysis of fer- those of primitive Earth scenarios. In this situation
rous ions to ferrous hydroxide and then oxidation ofdivalent cations are imperative requirements for the
ferrous hydroxide to ferric hydroxide as proposed5’-AMP adsorption on HF-treated pyrite at pH 5.0
by Chander & Briceno (1987): (Pontes-Buarquet al. 2000). The data also show
that bothCa?t and Mg?+ — the prevalent divalent
cations of primitive oceans (Snyder & Fox 1975) —
are equally efficient. Previous studies have shown
that the presence of divalent cations, suclCagt

It should be noted that prebiotic hydrophobic- or Zn?*, increases the adsorption of nucleotides on
hydrophilic transition mechanisms should havethe surface of montmorillonite clay (Lawlessal.
eventually been evolved into energy-transducers 01985, Baniret al. 1985). Divalent cations can also
biological systems. Conspicuous catalitic cycles ofmodulate the adsorption of 5-~AMP in phosphate
modern energy-transducer enzymes exhibit theselinerals (Tessis & Vieyra 1996) and are absolute re-

Fe*t + 2Hy0 < Fe(OH)2 + 2H*

Fe(OH) + OH™ < Fe(OH)3+ e~
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quirements for the adsorption of 5’-ATP onto pyrite to enable the occurrence of measurable asymmet-
(Tessiset al. 1999). Thus, the need of a bridge of ric adsorption on quartz render the mechanism to-
divalent cations for nucleotide attachment onto thetally implausible in any realistic prebiotic environ-

surface of pyrite appears to be a general feature tment. There is no experimental evidence whatso-
be considered in any model of pyrite-substrate in-ever to date supporting any stereoselective effects on

teractions (Wachtershauser 1988b). prochiral or racemic substrates attributable to clay
minerals (Bonner 1995). Pyrite has been hypoth-
3. STERN-LAYER MODULATION EFFECTSDUE TO esized by Wachtershaser as a candidate as a chi-
ACETATE

ral template (Wachtershauser 1988b). In a pyrite-
The incorporation by the Stern layer of precursorpulled chemo-autotrophic surface metabolism, the
molecules present in primitive aqueous scenario®rganic constituents are seen as being produced in
(Ferris 1997) could have also modulated the adintimate contact with the mineral which is assumed
sorptive surface of minerals such as pyrite. Ponteswith a chiral configuration (Bayliss 1989). One
Buarqueet al. (2000) also show the effects due could thus speculate that in early stages of chemical
to the direct acetate incorporation to pyrite's Sternevolution, a lower rate of detachment of D- than L-
layer. The interface studied was that between amucleotides from the crystal surface with one enan-
oxide-depleted pyrite sediment and a concentratetiopolar direction could have promoted accumula-
solution of Na*-acetate at pH 5.0. This choice is tion of nucleotides which spiral to the right. The
based on the fact thava™ is the most abundant results of Tessist al. (1999) and Pontes-Buarque
cation present in marine aqueous environments anet al. (2000) show that the assignment of a chirality-
that it was also the prevalent monovalent cation intemplate role to pyrite might not be attainable. Even
primeval sea (Snyder & Fox 1975, Seyfrielal.  though there is the possibility of positive regions in
1991, Simoneit 1992). Their most relevant featuresa surface with a net negative charge, it must be em-
are: a) acetic acid is formed in potentially prebiotic phasized that nucleotide attachment does not take
conditions in the presence of iron-sulfides precip-place in the absence of divalent cations (Tessis
itates (Huber & Wachtershauser 1997); b) acetat@l. 1999). The results also indicate that the Stern
attaches strongly onto pyrite (Tesstsal. 1999); layer modulates the polarity of the pyrite+interface
and c) acetate enhances 5’-ATP adsorption onto thisystem (Pontes-Buarquet al. 2000). In partic-
crystalline matrix (Tessist al. 1999). It is there- ular, acetate coating would also modulate the ac-
fore interesting that an universal precursor of car-cess of incoming ions from the diffuse layer into the
bon compounds in living systems is able to promoteStern layer. Thus surface charge modulation, the
radical changes on pyrite adsorptive and catalyticunique acetate adsorptive behavior, together with the
properties. requirement for divalent cations in the attachment
of organic key molecules, challenge this particular
4. WASA CHIRALITY-TEMPLATE ROLEATTAINABLE  chiral-discriminator character of pyrite-substrate in-
TOMINERALSIN PRIMITIVE EARTH? teractions in extant metabolism.
The preferential adsorption of one enantiomer of a
racemate onto one of the morphologically right- or
left-handed crystal forms of quartz was first pro-
posed as potentially responsible for the origin of chi-
ral molecules in Nature over 50 years ago (see BonThis paper is dedicated to the memory of Prof. Car-
ner (1995) for a review). However the equal abun-los Chagas Filho.
dance on Earth of both righ- and left-handed quartz The authors thank CNPq, FAPERJ and FUJB/
and the scrupulously anhydrous conditions requiredJFRJ for the continuous support for their work.
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