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Abstract It has long been suggested that mineral surfaces played an important role
in peptide bond formation on the primitive Earth. However, it remains unclear
which mineral species was key to the prebiotic processes. This is because great
discrepancies exist among the reported catalytic efficiencies of minerals for amino
acid polymerizations, owing to mutually different experimental conditions. This
study examined polymerization of glycine (Gly) on nine oxide minerals (amorphous
silica, quartz, o-alumina and y-alumina, anatase, rutile, hematite, magnetite, and
forsterite) using identical preparation, heating, and analytical procedures. Results
showed that a rutile surface is the most effective site for Gly polymerization in
terms of both amounts and lengths of Gly polymers synthesized. The catalytic
efficiency decreased as rutile > anatase > y-alumina > forsterite > «- alumina >
magnetite > hematite > quartz > amorphous silica. Based on reported molecular-
level information for adsorption of Gly on these minerals, polymerization activation
was inferred to have arisen from deprotonation of the NH;* group of adsorbed Gly
to the nucleophilic NH, group, and from withdrawal of electron density from the
carboxyl carbon to the surface metal ions. The orientation of adsorbed Gly on
minerals is also a factor influencing the Gly reactivity. The examination of Gly-
mineral interactions under identical experimental conditions has enabled the direct
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comparison of various minerals’ catalytic efficiencies and has made discussion of
polymerization mechanisms and their relative influences possible Further systematic
investigations using the approach reported herein (which are expected to be fruitful)
combined with future microscopic surface analyses will elucidate the role of
minerals in the process of abiotic peptide bond formation.

Keywords Amino acid - Astrobiology - Chemical evolution - Peptide - Protein

Introduction

It has long been suggested that mineral surfaces played a key role in amino acid
polymerization processes, a necessary step for the chemical evolution of life on the
primitive Earth (Rode 1999; Lambert 2008). As many as 1000 mineral species were
already present on Earth at the time of life’s origin 4.5-4.0 billion years ago (Cleaves
et al. 2012). Given the ubiquity of mineral-water interfaces on the Earth’s surface, it
is almost impossible to envision prebiotic chemistry scenarios leading to the origin of
life without interfacial processes. To date, numerous experiments have been conducted
to evaluate amino acid polymerization reactivity on a wide variety of oxide minerals
and clays. Results have demonstrated their positive influences with regard to reaction
rate, peptide length, and the amount of polymers synthesized. For example, Table 1
presents experimentally obtained results for amino acid polymerization on oxide
minerals reported since 1990. Nevertheless, it remains unclear which mineral species
played the key role for abiotic peptide formation because results from different
laboratories mutually contrast one another, and to a great degree in many cases. For
instance, Shanker et al. (2012) conducted a heating experiment of glycine (Gly) on
TiO, at 120 °C for 1-35 days after drying the Gly—TiO, mixture at 90 °C for 3 h.
They observed dimerization of Gly to glycylglycine (GlyGly) and diketopiperazine
(DKP) with yields higher than 10 %. In contrast, no appreciable signal for Gly
polymerization was detected on the anatase surface by a thermogravimetric analysis
of the 100-200 °C range with a heating rate of 5 °C min ' (Lambert 2009, Lambert
et al. 2013). Using amorphous silica as a mineral catalyst, Georgelin et al. (2013)
observed nearly complete conversion of Gly to DKP by heating for a few minutes at
160 °C in the dry state. Upon adsorption from the gas phase, however, only linear
peptides up to 11-mer were formed from Gly on a SiO, pellet (Martra et al. 2014).
As another example, dry heating of Gly on alumina at 85 °C for 7 days produced
GlyGly as a major product (13.06 %) with minor amounts of DKP (1.94 %) and
triglycine (Gly;, 1.02 %) (Bujdak and Rode 2003). A similar experiment with
prolonged heating time (for 28 days) caused dominant production of DKP (16.1 %)
with lower yields of GlyGly (5.6 %), Glys (1.9 %), and Glys (0.8 %) (Bujdak and
Rode 2003).

These discrepancies clearly indicate that the catalytic activities of minerals for amino acid
polymerization heavily depend on experimental conditions such as heating temperature, duration
time, preparation procedure of mineral-amino acid mixtures, and their mixing ratio. One approach
to resolve the complexity is to address a specific mineral-amino acid combination and to examine
their interaction with systematically differing reaction conditions in particular (e.g., Meng et al.
2004; Ben Shir et al. 2012; Lambert et al. 2013). By combining advanced surface analytical
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techniques, some information has been obtained for interfacial phenomena that engender the
activation of amino acids. However, because of the difficulty in characterizing physical and
chemical properties of adsorbed amino acids at the molecular level, the mechanisms controlling
the surface reactivity of amino acids remain unclear.

Another possible approach is to examine amino acid polymerization on various minerals
under identical experimental conditions. Results enable direct comparison of the catalytic
activity of each mineral. Therefore, favorable mineral-amino acid combinations can be
ascertained. The variations are a useful foundation for deducing the surface mechanisms of
amino acid polymerization on minerals if good and poor mineral catalysts possess different
surface properties. This approach provides characteristic information that is unobtainable when
examining single mineral-amino acid combinations, as introduced above. Such mutually
independent information is expected to be useful: when combined with future microscopic
surface analyses, it can be applied to gain a thorough understanding of the roles of minerals in
abiotic peptide bond formation. Additionally, if an experiment is conducted under conditions
that are relevant to a geochemical situation on the primitive Earth, results can be applied
directly to discuss plausible environments supporting the chemical evolution of amino acids
with regard to the distribution and abundance of mineral species.

For this study, we examined the polymerization of Gly on nine oxide minerals: amorphous
silica, quartz, o-alumina and y-alumina, hematite, magnetite, anatase, rutile, and forsterite. Gly was
chosen because it is the simplest amino acid. Gly has been synthesized in many experiments
simulating primitive Earth environments and interstellar medium conditions (Zaia et al. 2008). In
fact, it has frequently been observed in carbonaceous chondrites in the highest concentration
among detected protein amino acids (Glavin et al. 2011). Because of its simple structure, Gly has
been used in many polymerization experiments (Table 1). The nine oxide minerals examined in the
present study do not necessarily represent major mineral constituents of the upper crust of the
primitive Earth (Schoonen et al. 2004; Hazen et al. 2008; Cleaves et al. 2012). Rather, they were
selected because detailed surface analyses have been made for interaction with simple organic
molecules, especially for silica (Rimola et al. 2013), alumina (Kelber 2007), and titanium oxides
(Thomas and Syres 2012). Together with the polymerization behaviors of Gly observed in this
study, this information is useful for assessing the Gly—surface interaction that enhances Gly
polymerization. It is noted that microscopic analyses of the adsorption behavior of Gly have
typically been conducted using a polished mineral plate as the adsorbent. In contrast, this study
used fine mineral powders with large specific surface areas (Table 2) in order to obtain sufficient
yields of Gly polymers for identification and quantification. The mineral powders would have
various types of crystal face and surface defects/vacancies with mutually different degrees.
However, it has been shown that the Gly—surface interactions on different crystal faces of rutile
are similar to each other (Lerotholi et al. 2009 for the (110) surface; Wilson et al. 2011 for the (011)
surface). A scanning tunneling microscopic study of Gly on TiO,(110) surface has observed no
discernible effect of surface defects on the structure of adsorbed Gly (Qiu and Barteau 2006). These
observations indicate that the surface structure of a mineral is not a primary factor controlling Gly
adsorption, hence it should not be one for Gly polymerization either. In fact, as will be shown in the
discussion section, the mineral-catalyzed Gly polymerization observed in this study could be
reasonably explained based on the reported surface analytical results for the corresponding Gly—
mineral systems without consideration of the difference in surface characteristics.

To facilitate data interpretation, our experiment was conducted at 80 °C in dry conditions
without temperature or water content fluctuations. Simple and mild conditions are likely to
have prevailed in terrestrial environments on the primitive Earth, such as tidal pools and dry

@ Springer



Glycine Polymerization on Oxide Minerals 129

lagoons, where the purification and concentration of abiotically formed amino acids might be
realized through natural processes (Kitadai et al. 2011; Stueken et al. 2013).

Experimental

Gly (99.9 % purity) was purchased from Peptide Institute Inc., and was used without further
purification. Forsterite powder was provided by Marusu Glaze Co. Ltd., whereas the other minerals
(Table 2) were purchased from Kojundo Chemical Lab. Co. Ltd. X-ray diffraction analysis showed
that all minerals are structurally pure except for rutile, which includes a small amount of anatase as
an impurity (Fig. Al). The specific surface areas of the minerals were measured using the single-
point N,-BET method with a surface area analyzer (Flowsorb III 2305; Shimadzu Corp.). The
values and other physical properties of the minerals are presented in Table 2.

Gly—mineral mixtures were prepared by immersing mineral powders in a 4 mL of
3.575 mM Gly solution in a 10-mL PTFE vessel, and by stirring for 3 h at room temperature,
after which the suspensions were dried in the air at 50 °C for 24 h. The amount of mineral
sample added to each PTFE bottle was adjusted to obtain the Gly—mineral mixing ratio of 10
Gly molecules per 1 nm? of surface area. For example, 100 mg of forsterite was mixed with
4 mL of 3.575 mM Gly solution. Assuming a molecular cross-section of approximately
0.2 nm? for Gly (Jonsson and Kvick 1972), and assuming uniform adsorption, approx. 50 %
of Gly molecules were inferred to have attached directly to the mineral surface, with the
remainder forming di-layer adsorption. The PTFE vessels were then closed using a PTFE lid.
They were shielded in a screw-capped stainless steel outer vessel. To accelerate interactions
between Gly and the minerals, the vessels were heated in an electric oven at 80 °C for 1—
10 days. Control experiments were also conducted in the absence of a mineral.

After heating, each product was dissolved in distilled and deionized water (8 mL), was
centrifuged for 10 min at 3000 rpm, and was filtrated through a 0.20-um pore size filter.
Control experiments demonstrated that this procedure can release all adsorbed Gly and Gly
polymers from all oxide minerals to water (adsorbed amounts were checked using the

Table 2 Properties of the oxide minerals used for this study

Mineral Formula  Purity (%)*  Particle diameter (um)®  BET surface area (m*> g”') ~ pH®
Amorphous silica  SiO, >99.9 1 3.67 5.1
Quartz SiO, 99.9 0.8 12.7 5.7
-alumina ALO; >99.99 1 497 6.4
y-alumina AlO4 99.9 2-3 95.7 7.0
Hematite Fe,05 99.9 1 3.75 6.0
Magnetite Fe;04 99 <1 5.14 7.3
Anatase TiO, 99 <1 6.87 6.8
Rutile TiO, 99.99 2 2.37 45
Forsterite Mg,Si0y — 1.2 8.61 9.0

“all values were provided from manufacturers except for the particle diameter of anatase, which was measured in
this study by using a laser diffraction grain size analyzer (SALD-2200, SHIMADZU)

® measured after mixing with 4 mL of Gly solution with the Gly—mineral mixing ratio of 10 Gly molecules per
1 nm? of surface area (see experimental section)
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130 N. Kitadai et al.

following HPLC measurements). Gly and Gly peptides (GlyGly, Glys, Gly, and Glys) were
analyzed according to the procedure described by Kitadai et al. (2011) using an HPLC system
(Jasco Corp.) equipped with post-column derivatization with o-phthalaldehyde and a fluores-
cence detector (345 nm for excitation and 455 nm for emission). Peak separation in the
chromatograms was achieved using a cation-exchange column (AApak Na II-S2; Jasco Corp.)
with five citrate buffer solutions having different citrate concentrations and pH values. A
typical chromatogram was shown in an earlier report (Kitadai et al. 2011). DKP was analyzed
using another HPLC system (8020 series; Tosoh Corp.) equipped with a UV detector operated
at 200 nm wavelength. The eluent was 10 mM sodium hexane sulfonate adjusted to pH 2.5 by
adding phosphoric acid. A reverse-phase column (Hydrosphere C18; YMC Co. Ltd.) was used
at 37 °C. For each HPLC analysis, the measurement error in concentration was less than 2 %,
as estimated by measuring a standard sample solution three times.

To observe the surface morphology and Gly distribution on minerals, scanning electron
microscopy was conducted for the Gly—mineral mixtures prepared via the immersing, stirring,
and drying procedures described above. The dry mixtures were deposited on a gold plate, and
were examined using a scanning electron microscope (SEM, S-3400 N; HITACHI) with an
energy dispersive X-ray detector (EDX, XFlash 5010; Brucker). All the X-ray maps (1024 x 768)
were obtained with an incident beam energy of 15 keV and the magnification of x4000.

Unless otherwise noted, all experiments were conducted at around 25 °C, with the
temperature controlled using an air-conditioner.

Results

Figure 1 shows SEM images (a—h) and C distributions (j—q) of the nine oxide minerals
measured after mixing with Gly (see experimental section). The C signal showed similar
contrast patterns to the mineral distributions, indicating that Gly is present homogeneously on
the mineral surfaces. It is noteworthy that an N Ko emission occurs at 0.392 keV, which is
close to that of O (0.525 keV). Therefore, because oxide minerals exhibit an intense O band,
no clear N signal was observed in the EDX spectra of all samples. It is also noted that Au, the
material of the sample plate, shows a minor Ly2 emission at 0.258 keV. Due to its proximity to
the C K« signal (0.277 keV), Au has an influence on the mapping results of C. In the absence
of Gly, for example, the apparent C distribution patterns correlate well with Au, rather than
minerals (Fig. A2). In contrast, the clear correlations between C and mineral outlines seen in
Fig. 1 indicate that the influence of Au is small in the examined Gly/mineral mixing ratio, and
observed C patterns are attributable to Gly distribution.

Figure 2 presents yields, defined here as the percentage of Gly incorporated into each
polymer, of Gly polymers synthesized on each mineral as a function of the heating time. In
many cases, GlyGly was formed initially as a dominant polymerization product. The fraction
decreased with time in accordance with the increases of the fractions of other Gly polymers.
Exceptions for this trend were observed on «-alumina (Fig. 2a), forsterite (Fig. 2d), and vy-
alumina (Fig. 2e), where the yield of GlyGly continued increasing during the heating time.
Another major product of Gly polymerization is DKP. On amorphous silica (Fig. 2b), hematite
(Fig. 2f), magnetite (Fig. 2g), and quartz (Fig. 2h), the DKP yield increased with time and
came to show comparable or higher values than that of GlyGly at the later stage of the heating
experiment. Larger Gly polymers were also observed on anatase (Fig. 2¢), y-alumina (Fig. 2e),
and rutile (Fig. 2i). On rutile (Fig. 2i), up to 5-mer was formed with relative abundances of
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Fig. 1 SEM images and C distributions of a, j x-alumina, b, k amorphous silica, ¢, 1 anatase, d, m forsterite, e, n
y-alumina, f, o0 hematite, g, p magnetite, h, q quartz, and i, r rutile measured after drying the corresponding Gly—
mineral suspensions at 50 °C. Insert in (j—r) respectively shows EDX spectrum obtained at the area marked by
yellow dots in each figure. White horizontal bars represent the length of 6 pm

Gly; > Gly, > Glys. Rutile had the strongest influence in promoting Gly polymerization in
terms of the amount and the length of synthesized peptides. As a result of 10-days’ heating,
about 25 % of Gly was polymerized on rutile. The percentage decreased in the order of rutile >
anatase > y-alumina > forsterite > a-alumina > magnetite > hematite > quartz > amorphous
silica (Fig. 3). Amorphous silica exhibited the weakest promotion effect, but the total yield of
Gly polymers on amorphous silica remained much higher than that observed without a
mineral. Results show that only GlyGly was formed with a yield up to approximately 0.01 %.

Discussion

Why did the oxide minerals promote Gly polymerization? What caused the observed differ-
ences of the amounts and lengths of Gly polymers synthesized on the minerals? In this section
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Fig. 2 Yields of Gly polymers synthesized on a x-alumina, b amorphous silica, ¢ anatase, d forsterite, e y-
alumina, f hematite, g magnetite, h quartz, and i rutile at 80 °C as a function of heating time (the yield is defined
as percentage of Gly incorporated into each polymer). The vertical scale differs for each figure

we discuss these two questions based on the physical and chemical properties of Gly and Gly
polymers on the minerals reported in the literature.

From a thermodynamic point of view, the monomer—polymer equilibria shift toward the
polymer side if Gly polymers interact with minerals that have higher adsorption energies than
Gly monomer does. This effect can be evaluated quantitatively for amorphous silica using
reported adsorption Gibbs energies (Ar ng') of Gly and Gly peptides on this mineral (Basiuk
and Gromovoy 1994; Basiuk et al. 1995). Results show that the A.G?, of Gly peptides in water
were lower than that of Gly. Therefore, adsorption might indeed favor polymerization. However,
the decreases of A,G2, as a function of chain length were small (approx. 0.2 kJ residue ")
compared with the Gibbs energy necessary for the synthesis of a mole of peptide bond

Fig. 3 Yields of Gly polymers am. silica
synthesized on nine oxide minerals t H GlyGly = i—mer
after 10 days’ heating at 80 °C quartz : :[;ﬁ’er m 4-mer

hematite
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a-alumina
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y-alumina
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(17.1 kJ mol '; Kitadai 2014). Consequently, the thermodynamic drive of adsorption for peptide
bond formation is limited. Similar calculations cannot be conducted for other oxide minerals
because experimental A,G9,; values of Gly and Gly peptides are not available in the literature.
However, the values of A, G?, and the difference in the A, G, of Gly and Gly peptides on each
mineral are expected to be small because no adsorption was observed in this study for any
compound on any mineral in water. This factor is therefore regarded as making no substantial
contribution to the observed active polymerizations of Gly on the minerals (Figs. 2 and 3).

Gly polymerization produces water molecules as well as Gly polymers (e.g., 2Gly —
GlyGly + H,O). Therefore, the reaction is expected to proceed favorably as the fugacity of
water decreases. Figure 4 shows equilibrium water fugacities with polymerizations of Gly to
GlyGly, DKP, and Gly; as functions of temperature. The calculation procedure used for these
curves is shown in Appendix C together with the thermodynamic dataset that was used. At
80 °C, the equilibrium fugacities for the GlyGly, DKP, and Gly; formations are 0.029, 0.048,
and 0.023 bar, respectively, which are close to the saturated water vapor pressure at room
temperature (0.03 £ 0.01 at 25 = 5 °C). If sample preparations are conducted at a vapor
pressure below the equilibrium values, dehydration—polymerization of Gly can proceed at
80 °C until the vapor pressure reaches equilibrium. It is difficult to estimate precisely the
thermodynamically attainable concentrations of Gly polymers because the vapor pressure was
not controlled in this study (but it is typically 50 £ 20 %), and because uncertainties exist in the
thermodynamic parameters used in the calculation (the error in A,G® of =1 kJ mol " leads to
variation of the equilibrium of vapor pressure by a factor of 1.5; see Eq. Al). Additionally, in
the presence of minerals, mineral surfaces might adsorb some fraction of water vapor in the
reaction vessel, thereby inducing further Gly polymerization. However, decreased vapor
pressure does not markedly accelerate the reaction. Kitadai et al. (2011) examined its influence
by heating Gly powder at 140 °C in a PTFE bottle with vapor pressure controlled by MgSO.,/
MgSO4-H,0 equilibrium. The equilibrium vapor pressure with MgSO, hydration was
2 % 1072 bar at 140 °C, which is much lower than those of Gly polymerization at the same
temperature (0.8, 1.3, 0.7 bar for the GlyGly, DKP, and Gly; formations, respectively).

Fig. 4 Fugacity of water 1
equilibrated with polymerization
of Gly to GlyGly, DKP, and Gly;
as a function of temperature
G 0.1+
ON
I
G
> 001~
‘©
©
o
=
g 0.001F
S
%
o
W 0.00015 —— 2Gly — GlyGly + H,0(g)
—— 2Gly — DKP + 2H,0(g)
—— 3Gly — Gly, + 2H,0(g)
| | | | |
0.0000 10 20 40 60 80 100 120

Temperature [K]

@ Springer



134 N. Kitadai et al.

Nonetheless, the yields of Gly polymers after 20-days’ heating were only around 0.4 %, with
DKP being the major product. The total yield is less than those produced on oxide minerals
(except for amorphous silica and quartz; Figs. 2b and h) in spite of the higher temperature and
longer heating time. Consequently, although the vapor pressure is an important parameter to
make Gly polymerization thermodynamically favorable, the value cannot explain the kinetic
aspects of the observed polymerization behaviors of Gly on minerals.

Nevertheless, thermodynamic calculation (Fig. 4) is useful considering the mechanisms con-
trolling the structure of Gly polymers (cyclic vs. linear) formed on oxide minerals. It is seen in
Fig. 4 that DKP has higher equilibrium water fugacity than the GlyGly formation. Thus, if the
water fugacity in the reaction vessel is lower than the Gly — GlyGly conversion, the condition is
also thermodynamically favorable for DKP formation. The water fugacity in the reaction vessel is
expected to increase along with the progress of Gly polymerization, and shift the reaction
conditions toward a less thermodynamically favorable state. The increase of water fugacity might
have a stronger influence on the formation of GlyGly than DKP owing to the lower equilibrium
water fugacity (Fig. 4). It might be a reason why a major polymerization product on amorphous
silica, hematite, magnetite, and quartz changed gradually from GlyGly to DKP with time (Fig. 2). It
is also noteworthy that the speciation of Gly influences the thermodynamics of Gly polymerization
(Kitadai 2014). The speciation change of Gly from the zwitterionic form (NH;*-CH,-COQO") to the
combination of zwitterionic and anionic Gly (NH,-CH,-COO ) favors the formation of linear Gly
peptides over DKP. Given the alkaline pH of suspension (pH 9.0; Table 2) and the second
dissociation constant of Gly (pK, = 9.78 at 25 °C; Kitadai 2014), Gly speciation on forsterite is
expected to be partly anionic in addition to zwitterionic. The preferential formation of GlyGly over
DKP on this mineral (Fig. 2d) might be caused by the pH effect. In contrast, the structures of
polymers formed on the titanium and aluminum oxides (Figs. 2 and 3) are not explainable based on
the thermodynamic calculation for pure Gly polymerization (Fig.4) and the suspension pH
(Table 2). To understand the polymerization behaviors of Gly on these minerals, the surface—Gly
interaction needs to be taken account in addition to the consideration of these factors.

The adsorption behavior of Gly on rutile, the most effective catalyst among the minerals used
in this study (Fig. 3), has been examined using both experimental and computational investiga-
tions. Results have demonstrated that direct interaction with a rutile surface stabilizes Gly in the
anionic state, whereas zwitterionic Gly dominates in the second and higher adsorption layers (Qiu
and Barteau 2006; Lerotholi et al. 2009; Tonner 2010; Wilson et al. 2011; Monti et al. 2012). In
the present study, the surface coverage of Gly on rutile corresponds to double-layer adsorption.
Consequently, approx. 50 % of adsorbed Gly is expected to be present in the anionic state,
whereas the other is in the zwitterionic state. The anionic—zwitterionic speciation pair is the most
favorable combination for peptide bond formation. For Gly dimerization to GlyGly at 140 °C in
an aqueous solution, for instance, the dimerization rate of Gly /Gy pair is about 100 times faster
than that of a Gly*/Gly™ pair (Sakata et al. 2010). The superiority arises from the fact that the
nucleophilic amino group (—NH,) of an anionic Gly can attack the deprotonated carboxyl group
(—=COO") of neighboring zwitterionic Gly without electrical repulsion between the two molecules.
Although speciation dependences are not reported in the literature for the formation rates of longer
Gly peptides, the co-existence of anionic and zwitterionic states would also favor their polymer-
izations because of the similar reaction mechanisms.

Another Gly-rutile interaction that might hasten Gly polymerization is changes in the
electrostatic properties of the carboxyl group of adsorbed Gly on rutile. Actually, Gly is
known to adsorb on rutile through the two carboxyl O atoms forming a bidentate coordination
to two titanium ions (Tonner 2010; Wilson et al. 2011; Monti et al. 2012). The binding mode is
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expected to withdraw electron density from the carboxyl carbon, making it sufficiently
electrophilic to undergo nucleophilic attack by the nitrogen atom of the amino group of another
Gly. It would also serve to weaken the electrical repulsion among negatively charged anionic
Gly; so polymerization between Gly and Gly might also proceed with good efficiency.
Similar adsorption behaviors of Gly have been observed on y-Al,O3, where the carboxyl O
atoms of anionic Gly bind electrostatically to the surface AI** ions (Tzvetkov et al. 2004). One
possible difference is that the binding energy between the carboxyl oxygens and surface metal
ions (Ti or Al; quantitative comparison is impossible because no binding energy for a Gly/y-
AlL,O5 system is available in the literature). A specific feature of rutile and anatase is the
presence of 3d states of Ti**. Their 3d states are empty and split into lower toe and higher e,
states. Empty t,, states are arranged toward the faces of octahedra of oxygens surrounding Ti**
ions. They might be able to accept electrons from carboxyl oxygen easily. The Al ions in
alumina have no such d state. Therefore, it might be possible that the binding energies of
titanium oxides and alumina mutually differ because of the empty 3d states of Ti*". Another
difference is the contribution of the amino group (—NH,) to the surface binding of Gly on the
minerals. On rutile, a computer calculation predicted that Gly forms hydrogen bonds between
the amino group and the surface Ti ions (Tonner 2010). On y-Al,O3, no experimental evidence
has been obtained for the amino group-mediated interaction (Tzvetkov et al. 2004). Conse-
quently, Gly on rutile is expected to orient the -NH, group toward the surface with anchoring
of the -COO " group (Tonner 2010), whereas Gly on y-Al,O3 has a perpendicular orientation
with the amino group pointing away from the surface (Tzvetkov et al. 2004). These differences
in binding energy and surface orientation can influence the polymerization behavior of Gly,
leading to the different yields and lengths of Gly polymers observed on these minerals (Fig. 3).
Anatase is the second most effective mineral catalyst for Gly polymerization, as shown in Fig. 3.
Approximately 10 % of Gly was converted into GlyGly, DKP, and Gly; during 10-days’ heating. A
first-principles calculation predicted that Gly binds onto the surface in the form of neutral speciation
(NH,-CH,-COOH). Anionic-state adsorption similar to that on rutile is slightly more unstable in
energy than the neutral-state adsorption (Szieberth et al. 2010). It is noteworthy, however, that the
calculations used for that study examined the adsorption behavior of a single Gly molecule on
anatase surface. No lateral interaction among adsorbed Gly molecules was considered. The lateral
interactions induce a strong H-bond cooperativity among adjacent Gly molecules, resulting in
marked stabilization of charged Gly species over the neutral one (Rimola et al. 2013). In the surface
coverage of Gly on the minerals applied in the present experiment, the binding structure of Gly on
anatase can be reasonably regarded as similar to that on rutile. A difference in surface interaction
that possibly caused the different polymerization behaviors of Gly on rutile and on anatase (Figs. 2
and 3) is the adsorption energy of Gly; 131 kJ mol ' was calculated for the Gly—rutile system
(Tonner 2010), whereas it was 107 kJ mol ! for the Gly—anatase system (Szieberth et al. 2010).
A detailed spectroscopic analysis has been made for alanine (Ala) adsorption on o-—alumina and
y-alumina using diffuse reflectance infrared spectroscopy (Garcia et al. 2007). Results show that
adsorption on y-alumina causes spectral shifts of Ala attributable to hydrogen bonds between the
negatively charged carboxyl group of Ala (—COQO") and the positively charged surface site (FAl-
OH,"). In contrast, no appreciable spectral modification was observed for Ala on o«-alumina.
Actually, thermodynamically, «-alumina is the most stable phase of alumina that crystallizes in
the hexagonal system, whereas y-alumina is a transitional alumina phase with a defective spinel-
type structure (Garcia et al. 2007). Because of the defective structure, 'y-alumina surface has Lewis
acid and base sites (AI** and O ions, respectively), thereby catalyzing a wide variety of chemical
reactions (Garcia et al. 2007). The effects of o-alumina and 'y-alumina on peptide bond formation
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were previously evaluated by Bujdak and Rode (2001) by examining the dimerization of Ala on
these minerals at 80 °C. As shown in our experimental results (Fig. 3), they observed Ala dimer on
y-alumina with higher yield than on o-alumina (3 % vs. 0.5 % after the 14-days’ heating). It is
noteworthy that the two alumina samples used in their experiment were not analyzed for specific
surface area. Therefore, it is unclear whether the observed difference in catalytic activity arises from
the difference of their surface area, or from specific surface interactions with Ala. Our experiment
with a unified Gly-mineral mixing ratio (10 Gly molecules per 1 nm? of the surface) provided a
clear demonstration that the surface structure of y-alumina can accelerate peptide bond formation,
and that its catalytic activity is higher than that of «-alumina. As is the case for titanium oxides (rutile
and anatase), the different polymerization behaviors of Gly on «-alumina and y-alumina (Figs. 2
and 3) are good examples exhibiting the importance of surface structure for the activation of amino
acids.

The differences that arose from surface structure (rutile vs. anatase, «-alumina vs. y-
alumina) appear to be small compared with those from metal cations in oxide minerals (e.g.,
Ti vs. Al). Both titanium oxides showed higher catalytic efficiencies than that of «-alumina or
v-alumina; the two alumina surfaces synthesized greater amounts of Gly polymers than on
hematite or magnetite, although even lower yields were observed on amorphous silica and
quartz (Figs. 2 and 3). Why did the silica surfaces exhibit the lowest catalytic efficiency for the
polymerization of Gly? Spectroscopic and computational investigations have shown that Gly
adsorbs on silica in the form of a zwitterionic state (NH;"-CH,-COO") through hydrogen bonds
between the amino group and the surface silanol group (=Si-O or =Si-OH) (Meng et al. 2004;
Ben Shir et al. 2012). The carboxyl group makes a minor contribution to the binding, or none at
all. In this adsorption configuration, no activation is expected for both the amino and carboxyl
groups of Gly (i.e., deprotonation of the NH;3* group to the nucleophilic NH, group, and
withdrawal of electron density from the carboxyl carbon). The very low yields of Gly polymers
on silica (Fig. 3) are therefore consistent with the discussion presented above for the polymer-
ization mechanism of Gly on TiO, and AL,Os3. It is noteworthy that the formation of long Gly
polymers (up to 11 units long) has been observed on silica when Gly adsorbed onto the surface
from the gas phase (Martra et al. 2014). In gas-phase adsorption on silica, Gly binds on the
surface in the form of a neutral state (NH,-CH,-COOH) through hydrogen bonds between the
carboxyl group and the surface silanol group (=Si-OH) (Lomenech et al. 2005; Costa et al.
2007; Lambert 2009). The adsorption mode is expected to be favorable for intermolecular
interactions between the amino and carboxyl groups of neighboring Gly. Adsorption from the
gas phase, however, is difficult to envision as a plausible geochemical phenomenon on the
primitive Earth. Unless a reasonable scenario is given for abiotic formation of gas-phase amino
acids, the contribution of silica to prebiotic peptide formation is expected to be small.

The other oxide minerals (hematite, magnetite, and forsterite) showed intermediate catalytic
efficiencies for Gly polymerization among the examined minerals (Fig. 3). Unfortunately,
molecular-level information in the literature about adsorption of Gly on these minerals is insuffi-
cient to discuss the surface mechanisms that catalyze Gly polymerization. The results shown in
Fig. 3 might reflect electrostatic or structural properties of their surfaces if the Gly—surface
interactions discussed above are also key factors activating the Gly polymerization on these
minerals. We examined correlations between the total yield of Gly polymers on each mineral at
a given heating time and various surface properties of the minerals such as the point of zero charge
(pHzpc), the pH of Gly—mineral suspensions (Table 2), the interfacial dielectric constant, and the
density of surface OH site (Pokrovsky and Schott 2000; Sverjensky 2005). No clear relation among
these parameters has been obtained (data not shown). Regarding the electron orbit of metal ions,
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Fe?* or Fe®* in hematite and magnetite has 3d states partially occupied by 5-6 d electrons. Smaller
yields of Gly polymers on iron oxides than on titanium oxides suggest that electronic repulsion
between 3d electrons of Fe ions and Gly might reduce the binding energy. This possibility cannot
explain why the yield of Gly polymers on alumina is higher than that on iron oxides. Further study
is needed, both for adsorption behaviors of Gly on minerals and for polymerization reactivity of the
adsorbed Gly, to elucidate the underlying mechanisms controlling Gly—surface interactions that
activate Gly polymerization. The results of such studies should enable the prediction of the most
effective mineral species for prebiotic peptide bond formation on the primitive Earth.

Concluding Remarks

Dry heating experiments of Gly were conducted on nine oxide minerals (amorphous silica,
quartz, x-alumina and y-alumina, anatase, rutile, hematite, magnetite, and forsterite) at 80 °C
for 1-10 days. The following conclusions were obtained:

1. Rutile showed the highest catalytic efficiency in both yield and length of Gly polymers
synthesized. The efficiency decreased in the order of rutile > anatase > y-alumina >
forsterite > o-alumina > magnetite > hematite > quartz > amorphous silica (Fig. 3).

2. The active polymerization of Gly on rutile is inferred—based on reported molecular-level
information for Gly adsorption on this mineral-to arise from deprotonation of the NH;*
group to the nucleophilic NH, group, and from withdrawal of electron density from the
carboxyl carbon to the surface Ti ions (Fig. 5). Similar surface interactions are expected to
occur on anatase and ‘y-alumina, with slight differences in binding energy and surface
orientation of adsorbed Gly. In contrast, a silica surface interacts with the NH;* group of
zwitterionic Gly via hydrogen bonds, resulting in no activation of the functional groups of
Gly, as was expected on the rutile surface. The interpretation is consistent with the very
minor yields of Gly polymers found on quartz and amorphous silica (Fig. 3).

3. Itremains unclear what electrostatic or structural properties of mineral surfaces control the
Gly—surface interactions. Additional study is needed, both of adsorption behaviors of Gly
on minerals and of polymerization reactivity of the adsorbed Gly, to elucidate the
mechanisms underlying the interactions that activate Gly polymerization.

The surface mechanism of amino acid polymerization on minerals has long been discussed
in experimental and theoretical works on this topic (Bujdak and Rode 1997a, b, Rode 1999,

NH,
% ?XNH%(
(0] %NH o H R'
NH/'

O‘—) OH | OH

/</\|/\/O\l\|/l/o\/\/
I

Mineral Surface

Fig. 5 Scheme showing the surface activation mechanisms of Gly polymerization on oxide mineral inferred
from the results obtained in this study (Fig. 3)
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2001; Lambert 2008; Deiana et al. 2013). Our conclusion for Gly—surface interactions that
engender Gly polymerization (the 2nd one) is consistent with the idea explored in these
discussions. It is noteworthy that evaluation of Gly-mineral interactions under identical
experimental conditions made it possible to directly compare the catalytic efficiencies of
various minerals, and to discuss polymerization mechanisms and their relative influences.
Further systematic investigations of amino acid polymerization on minerals using the approach
reported herein (which are expected to be fruitful) combined with future microscopic surface
analyses will elucidate the role of minerals in the process of abiotic peptide bond formation.
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Fig. 6 XRD patterns of a o-alumina, b amorphous silica, ¢ anatase, d forsterite, e y-alumina, f hematite, g
magnetite, h quartz, and i rutile measured using a Rigaku MiniFlex 600 with Cu K« radiation. All runs were
conducted with 20 ranging from 10° to 90° using 0.02° 20 step with a scan rate of 5° min"". Peak identifications
were conducted on the basis of the PDF (Powder Diffraction File) published by International Centre for
Diffraction Data. Abbreviation: -Alu; «-alumina, Ana; anatase, For; forsterite, y-Alu; y-alumina, Hem;
hematite, Mag; magnetite, Qua; quartz, Rut; rutile
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Appendix 2

(a) Forsterite alone
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Fig. 7 SEM images and C and Au distributions of a forsterite, b quartz, and ¢ magnetite measured without
mixing with Gly. White horizontal bars represent the length of 6 pm

Appendix 3

The equilibrium fugacity of water with polymerization of Gly to GlyGly, DKP, and Gly;
(Fig. 4) was calculated using the following equation

-A,G° >

(A1)

szO = exp( VRT

Therein, £, stands for the fugacity of HO(g), v is the stoichiometric reaction coefficient of
H,0(g) in the reaction (one for GlyGly formation, two for DKP and Gly; formations), 7 represents
the temperature in Kelvin, R denotes the gas constant (8.31447 J mol ' K™Y, and A,G° denotes the
standard Gibbs energy of reaction. The value of A,G° was calculated combining the standard molal
Gibbs energy of formation (AGo) of the individual compounds involved in the reaction.

ArGo = Z AG;roductsiz AGgeactants (AZ)

The AG? of all components at any temperature (7) and pressure (P) was calculated as the
following.

T T P
Gl = GO S5 1 (T-T,) + / Cy dr-T / C5 dinT + / vedp  (A3)

T, T, P,
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In that equation, Gg,,r, and Sg“Tr respectively represent the standard molal Gibbs energy
and entropy at the reference temperature (7,. = 25 °C) and pressure (P, = 1 bar). C}’,r represents
the standard molal heat capacity at P,, and V9 denotes the standard molal volume at the
temperature of interest. Values of C}Q/‘ as a function of temperature for solid and gaseous
compounds can be calculated as (Helgeson et al. 1978, 1998; LaRowe and Dick 2012):

Cp, =a+bT (A4)

where a and b correspond to temperature-independent coefficients of the compounds of
interest. Values of V¢ for solid compounds were assumed to be equal to those of the standard

molal volume at 25 °C and 1 bar <V;)’,,T,> in a range of temperature and pressure (Helgeson

et al. 1998; LaRowe and Dick 2012). The value of V? for H,O(g) and its temperature and
pressure dependences were calculated using the ideal gas law (PV = RT).

Table 3 presents the thermodynamic dataset used for the present calculations. All values
were taken from the reports listed in the table legend. Exceptions are the values of Cg_ at
25 °C, a, and b for DKP and H,O(g), which were retrieved by simultaneous regression of
experimental C, data as a function of temperature (Lebedev et al. 1981, 1982; Abate et al.

Table 3 Standard molal thermodynamic data at 25 °C and 1 bar and C,” power function coefficients for
crystalline compounds and H,O(g)

Species AG™ AH* b, 7w Cp”b we a° I

Gly(s) -368.40°  -528.107 103.58 99.248 46.638 14.902 0.28298
1.1 (0.5) #2.1) (+0.8)

GlyGly(s)® —489.10 —746.89 180.3 163.80 87.07 35.44 0.4304
*2.7) #2.1) #2.1) (0.8)

DKP(s) —24486° 44350 145.5! 13437 71.67% 2057 0.3817
(8.5) (#8.4) (+0.3) (+ 0.06)’

Glys(s)® ~608.80 -965.70 2539 229.19 120.50 43.94 0.6212
*2.7) #2.1) #2.1) (0.8)

H,0(g)' -228.58° —241.83 188.8 33.61 24,790 3252 0.0040™

(£0.04) (£0.04) (£0.01) (0.03)

akJ mol !

®Jmol ' K

¢em® mol ™!

4T mol™ K72

¢ calculated from A#° and Sp. 7, in the table together with values of Sp ;. of the elements (O(g), Ha(g),
C(graphite), and N»(g)) from Cox et al. (1989)
"Diaz et al. (1992)

¢ LaRowe and Dick (2012)

" Domalski (1972)

Lebedev et al. (1981)

J from regression calculation (see the text)

¥ Barone and Puliti (1999)

'Cox et al. (1989)
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Fig. 8 Standard molal heat 200
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1997 for DKP and Cox et al. 1989 for H,O(g)). Based on Eq. (A4), the intercept and slope of
the regression line respectively correspond to a@ and b. The regression line was drawn for
experimental ng data at >100 K for DKP and at 100—400 K for HO(g) (e.g., Fig. 8). The value
of Cp at 25 °C for DKP was then calculated using the a and b values obtained from Eq. (A4).
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