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Abstract

The abiotic synthesis of histidine under experimental prebiotic conditions has proven to be
chemically promising and plausible. Within this context, the present results suggest that
histidine amino acid may function as a simple prebiotic catalyst able to enhance amino
acid polymerization. This work describes an experimental and computational approach to
the self-assembly and stabilization of DL-histidine on mineral surfaces using antigorite
(Mg, Fe);Si,05(OH),), pyrite (FeS,), and aragonite (CaCO;) as representative minerals
of prebiotic scenarios, such as meteorites, and subaerial and submarine hydrothermal systems.
Experimental results were obtained through polarized-light microscopy, IR spectroscopy
(ATR-FTIR), and differential scanning calorimetry (DSC). Molecular dynamics was per-
formed through computational simulations with the MM +method in HyperChem soft-
ware. IR spectra suggest the presence of peptide bonds in the antigorite-histidine and arag-
onite-histidine assemblages with the presence of amide I and amide II vibration bands. The
FTIR second derivative inspection supports this observation. Moreover, DSC data shows
histidine stabilization in the presence of antigorite and aragonite by changes in histidine
thermodynamic properties, particularly an increase in histidine decomposition temperature
(272°C in antigorite and 275°C in aragonite). Results from molecular dynamics are con-
sistent with DSC data, suggesting an antigorite-histidine closer interaction with decreased
molecular distances (cca. 5.5 A) between the amino acid and the crystal surface. On the
whole, the experimental and computational outcomes support the role of mineral surfaces
in prebiotic chemical evolution as enhancers of organic stability.
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Introduction

Histidine is a proteinogenic alpha-amino acid with an imidazole side chain that makes it
a crucial catalytic molecule. Because the imidazole group has a pKa of approximately 6,
histidine amino acid residues change electrical charge with subtle changes in pH; hence,
they act as a general acid—base catalyst in proton transfer. Therefore, histidine is an essen-
tial amino acid in a large group of enzymes (Bender 2012; Nelson et al. 2017) and possibly
was so in the early Earth.

The mechanisms by which the quasi-universal genetic code was established are still
under debate. A series of diverse hypotheses suggest the order in which specific codons, and
therefore amino acids, were incorporated into the genetic code (for an in-depth review, see
Kun and Radvényi 2018). Histidine has not been found in meteorites (Koga and Naraoka
2017), suggesting that this biomolecule must have been formed under early Earth condi-
tions (Kitadai and Murayama 2018; Alifano et al. 1996; Baisuk and Navarro-Gonzélez
1996). Moreover, it has been experimentally shown that plausible reaction mechanisms
under prebiotic conditions could have resulted in the formation of histidine and imidazole
derivatives, such as 1) synthesis of imidazole derivatives from formaldehyde, glyoxal, and
ammonia (Or6 et al. 1984); 2) the reaction between erythrose and formamidine to form
imidazole-4-acetaldehyde and imidazole-4-glycol (Shen et al. 1987); and 3) the role of
imidazole-4-acetaldehyde as a reaction intermediate in the non-enzymatic route for histi-
dine synthesis by the Strecker cyanohydrin synthesis (Shen et al. 1990b). Frenkel-Pinter
et al. (2019) showed the extensive and efficient oligomerization of histidine and other
proteinaceous amino acids over some non-proteinaceous cationic amino acids, suggesting
a chemical selective basis for its incorporation in early stages of life. Furthermore, reac-
tions between histidine, cyanamide, and 4-amine-5-imidazolecarboxamide might yield
the histidyl-histidine (His-His) dipeptide (Shen et al. 1990a). His-His dipeptide is a func-
tional molecule capable of catalyzing the peptide-bond formation in the oligomerization
of glycine as well as stimulating reactions with the participation of nucleotide derivatives
and oligonucleotides (Shen et al. 1990a). L-dipeptides of serine-histidine (Ser-His) also
have been shown to promote oligomerization of RNA by a transamination mechanism
(Wieczorek et al. 2013).

These are some examples that suggest the relevance of small peptides in the construction
of biological systems (Alifano et al. 1996).

Chemical evolution on early Earth, a transition of increasing molecular complexity,
holds an intimate relationship with the physicochemical environment in which it devel-
ops, particularly minerals and mineral surfaces, which are considered essential for the
emergence of life on Earth and, perhaps, other planetary bodies (Russell and Ponce 2020).
Mineral surfaces have an essential role in the self-assembly of simple organic compounds
towards supramolecular complexes (Rimola et al. 2019). Self-assembly on mineral surfaces
could be achieved through adsorption, acting as a mechanism to concentrate, select, and
organize reactants (Hazen 2006) in conjunction with mineral catalytic properties in the
synthesis and polymerization of nucleotides and amino acids (Maurel and Leclerc 2016;
Mendoza-Torres et al. 2020). Furthermore, mineral surfaces might protect complex organic
compounds from ultraviolet radiation and hydrolysis (Maurel and Leclerc 2016; Rimola
et al. 2019); consequently, organic stability is increased, and therefore, molecular lifetimes
are enhanced.

Among minerals with relevance in prebiotic models, pyrite (FeS,) is the most abundant
iron-sulfide mineral on Earth (Rickard and Luther 2007), and it might have been of wide
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distribution on the early Earth (Poulton and Canfield 2011). The ubiquity of iron sulfides
is also noticeable in subaerial and submarine hydrothermal systems deposits, such as black
smokers (Martin et al. 2008). Their abundance extends beyond terrestrial limits with the
presence of troilite (FeS) and other iron sulfides in meteorites, interplanetary, and interstel-
lar dust (Rubin and Ma 2017). Pyrite properties on heterogeneous catalysis have suggested
its role in the polymerization of simple organic molecules and its establishment in early met-
abolic routes (Wichtershiauser 1990) towards an autotrophic origin of life (Wichtershiuser
2007). By contrast, clay minerals from the serpentine subgroup, and carbonates such
as calcite (CaCOs;), stand out for their properties in concentrating organic reactants and
enhancing their stability (Hazen et al. 2001; Mendoza-Torres et al. 2020; Schrenk et al.
2013). These minerals possibly were also abundant in a variety of environments in early
Earth, such as alkaline hydrothermal vents, which have been recognized as plausible sites
for prebiotic chemistry and chemical evolution (Sojo et al. 2016). Driven by serpentiniza-
tion processes, redox gradients lead to the formation of simple organic compounds (Martin
et al. 2008; Russell et al. 2010; Russell and Ponce 2020). In these settings, meter-sized
aragonite (CaCO;) columns form when the hydrothermal activity is constant (Ludwig
et al. 2006). Conversely, subaerial hydrothermal systems such as hot springs, have also
been under the spotlight as prebiotic environments for chemical evolution (for an in-depth
review, see Damer and Deamer 2020). Subaerial environments also show the common
presence of serpentine minerals (Giampouras et al. 2019; McCaig et al. 2020) and carbon-
ates (Renaut and Jones 2011; Chavagnac et al. 2013).

The present work focuses on the adsorption of histidine on mineral surfaces of antigo-
rite (Mg, Fe);S1,05(OH),), pyrite (FeS,), and aragonite (CaCO;) to determine thermody-
namic and structural changes in these molecular systems through experimental and com-
putational approaches. Classical experimental approaches such as polarized microscopy,
infrared spectroscopy, and differential scanning calorimetry provide macroscopic informa-
tion, whereas the computational methods provide details on the molecule organic-mineral
interactions (Rimola et al. 2019).

Materials and Methods
Slow Crystallization Experimental Design and Setup

We used three kinds of mineral samples: antigorite (Mg, Fe);Si,05(OH),) as the main
component of a serpentinite sample from the Acatlan complex, Puebla, Mexico (Fig. 1a);
pyrite (FeS,) with a granular habit derived from ROMINMEX S.A de C.V (Atlixco,
Puebla, Mexico) (Fig. 1b); and aragonite (CaCO;) with hexagonal prismatic habit obtained

(a)

Fig. 1 Mineral samples employed: (a) antigorite; (b) pyrite; (c) aragonite
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from Mineralia® (Coyoacan Centro, Ciudad de Mexico) (Fig. 1¢). Mineral samples were
washed under distilled water before crushing in an agate mortar. Once the minerals were
ground (agate mortar), samples were washed with acetone (Sigma-Aldrich, St. Louis, Mis-
souri, USA, purity >99.5%) to clean the organic remains that might interfere with results
interpretation. Each mineral sample was subject to three washing cycles. Afterwards, sam-
ples were dried in Petri dishes in a fume hood for seven days to avoid contamination.

A 100 pL saturated DL-histidine (Sigma-Aldrich, St. Louis, Missouri, USA, purity
grade 98.5%) distilled water solution (45.6 mg of DL-histidine per 1 mL of distilled water)
was added to Eppendorf tubes (1.5 mL) with antigorite (34.08 mg), aragonite (31.8 mg),
and pyrite (160 mg). A parallel set was prepared for histidine control and corresponding
minerals with no histidine as controls. In order to optimize the surface contact between the
histidine solution and pulverized mineral sample, mixtures were done employing a vor-
tex. The slow-crystallization experiments were carried out at room temperature (23°C) in
a fume hood up to evaporation, followed by a Polarized-light Microscopy, ATR-FTIR, and
Differential Scanning Calorimetry (DSC) analyses.

Polarized-light Microscopy

For preliminary inspection between DL-histidine and the different mineral phases, a
MOTIC BA310 POL Trinocular polarizing microscope (Motic®, China) was used with the
following objective lenses: 4X/0.10, 10X/0.25, 40X/0.65-Spring, and 60X/0.80-Spring. A
Moticam 10 camera with 10MP resolution was coupled to the microscope. Samples were
studied with both parallel light and crossed-polarized light.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR)

FT-IR spectra were obtained by using an ATR-FTIR PerkinElmer equipment with an
accessory of universal sampling device ATR (spectrometer 100 FT-IR) and a zinc-selenide
synthetic sample holder (ZnSe). Infrared absorption spectra were recorded in the
650—4000 cm™! range with a resolution of 4 cm™' and four scans per sample. To increase
the resolution of the FTIR spectra the second derivative method was applied to the amide
II region (C-N stretching and N-H bend) (Angeles-Camacho et al. 2020). For detection
and peak capture, we used Spectra software and exported data to Qtiplot (Bucarest, Roma-
nia) and Mathematica (Wolfram Research, Champaign, IL, USA) software for their further
plotting and interpretation.

Differential Scanning Calorimetry (DSC)

For phase transition analyses, we employed a thermal system equipment DSC-100 Dif-
ferential Scanning Calorimetry (Tryte Technology, HuNan Development Co. Ltd, Yuhua
District, Changsha, Hunan, China). Temperature and crystallization enthalpy of samples
were calibrated using pure water as standard. All samples were placed in clean aluminum
holders (crucibles) followed by the addition of samples in the following amount: 36.4 mg
of DL-histidine, 85.5 mg of pyrite, 85 mg of serpentine, 36.4 mg of aragonite, 47.2 mg
of DL-histidine/pyrite, 30.1 mg of DL-histidine/serpentine and 43.1 mg of DL-histidine/
aragonite. A heating cycle was run until the temperature reached 500°C at a 10°C/min rate,
under the air atmosphere. During the cooling cycle, no samples were analyzed because of
the histidine decomposition during the warming cycle. Qtiplot (Bucarest, Romania) and
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Mathematica (Wolfram Research, Champaign, IL, USA) softwares were used for the
DSC plotting.

Computer Simulations: Geometry Optimization and Molecular Dynamics
with the MM + method

A Hyperchem version 8.0.10 (Hypercube, Inc, Gainesville, FL, USA) program was used to
perform geometry optimizations and molecular dynamics simulations. The structure of the
organic molecules (the zwitterionic form of L-histidine) was obtained from the integrated
library of the Hyperchem program, whilst the crystals (mineral phases) were obtained from
the American Mineralogist Crystal Structure Database: aragonite (De Villiers 1971), pyrite
(Bayliss 1977) and antigorite (Capitani and Mellini 2004). Crystal structures were processed
and imported in CIF format for their subsequent edition in Avogadro (Avogadro Chemistry.
Powered by Jekyll and Minimal Mistakes, https://avogadro.cc) as edited unit cell structures
through the graphical interface of Hyperchem. Three histidine modules in a neutral state in
association with the minimal crystalline structure for each mineral was built.

Before a Molecular Dynamics (MD) simulation, the geometry of the histidine-mineral
system was previously optimized during three cycles, and a 2 ps MD simulation was per-
formed in order to determine the coordinates of molecular structures in which the potential
energy presents a minimal value. The complete geometry optimization was performed with
the next configuration: a force field for MM +using a Polak—Ribiere conjugate gradient
algorithm and the gradient from the quadratic mean of 0.0001 keal-A~"-mol~!, followed
by a short MD of 1 ps in a vacuum. Finally, for each system, a 180 ps vacuum molecular
dynamics simulation was run. The 180 ps simulation was coupled with a heating cycle
of initial temperature of 290 K, final temperature of 873 K, step temperature of 2 K, run
time of 100 ps, and cooling time of 40 ps with a step size of 1 x 107 ps.

Results
Polarized-light Microscopy

We identify histidine crystals by their anisotropy in the histidine control under polarized
light microscopy with crossed Nicols. Histidine monocrystals show a prismatic (Fig. 2a)
and acicular habit (Fig. 2b). Without considering chromatic aberrations they exhibit first-
order interference colors. The association between histidine and mineral surfaces shows
no visible histidine crystals in contrast with the histidine controls. The antigorite-histidine
association shows translucent minerals whereas the pyrite-histidine sample shows opaque
crystals with other mineral inclusions, either as micro-aggregates or nano-aggregates.
Despite the microscopic resolution of mineral associations are not completely clear, the
aragonite-histidine association exhibits a granular texture with submicrometer-sized euhe-
dral crystals. The irregularity of thickness of the samples generated chromatic aberrations
that prevented a further petrographic and mineralogical analysis.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR)

The transmittance IR spectra display the histidine, mineral samples, and mineral-organic
signals for the assemblies. The absorbance spectra were characterized through the
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Fig.2 Photomicrographs under crossed polarized light of histidine crystals (400 X magnification). (a) Pris-
matic crystallization of histidine with a first-order interference color, (b) Visible acicular crystallization of
histidine (white arrow)

molecular vibration modes of the bands against published references. The histidine control
(Fig. 3a) presents a region between 3500 cm™' and 2600 cm™' associated with carbox-
ylic acids, while the band located at 3290 cm™! is due to N—H stretching of the imidazole
group. Additionally, the band at cca. 1497 cm™' originates from the vibration of the NH,
group. The C—C stretching mode is seen at 1341 cm™, while the C-N stretching vibra-
tion mode is found at 1171 cm™' (Viruthagiri et al. 2013). Histidine spectra also show an
absorption peak at 1063 cm™! associated with the in-plane C-H vibration. Bands in the
region between 851 cm™! and 805 cm™! are related to C-N vibration, while the deforma-
tion of the imidazole ring occurs at the 833 cm™' peak. The deformation of the chemical
group C=0 is identified by the bands at 1631 cm™' and 683 cm™'. Likewise, the band
at 1111 cm™! corresponds to the N-H group. Additionally, we attribute bands present at
1660 cm™" and 1588 cm™! to C=0 and C-N stretching modes, respectively. This region is
close to the region for the amide I and amide II signals, regions in which peptide bonds are
detected. The stretching band at 1084 cm™" is due to C—C-N stretching bonds (Viruthagiri
et al. 2013).

In the IR spectrum obtained from the antigorite (Fig. 3b), a noticeable complex of bands
derived from the asymmetric and symmetric Si—O-Si stretching modes can be observed in
the 1200 cm™! up to 650 cm™! range (Crespo et al. 2019). In the spectrum of the antigor-
ite-histidine sample (Fig. 3e), weak bands are seen in the 3200-2800 cm™' region. Those
bands are attributed to water molecules adsorbed on the surface of the silicate or to -OH
groups from the silicon tetrahedra (Gonzalez et al. 2017). In turn, at 1630 cm™', the pres-
ence of a band associated with the stretching in the C=0 bond is observed (Di Foggia
et al. 2012). Bands between 1400 cm™' to 1500 cm™! may be related to small contribu-
tions of CO in the plane and/or the C—C stretching vibration (Barth 2007). Likewise, in the
region of 1700 cm™! to 1600 cm™, the vibration of the amide band I is possibly present
since signals are observed at approximately 1630 cm™ and 1660 cm™' due to the C=0
bond tension and a slight signal at 1480—1545 cm™! possibly caused by the bending of the
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Fig.3 ATR-FTIR spectra of: (a) histidine, (b) antigorite, (c) pyrite, and (d) aragonite crystals, (e) antig-
orite-histidine, (f) pyrite-histidine, and (g) aragonite-histidine assemblies. (h) Detail of the amide II (C-N
stretching and N-H bend) band region, and (i) second derivative of the amide II region showing the pres-
ence of the amide II band (gray and black arrows) in histidine after hydration-dehydration (2) in contrast
with the control (1)

N-H bond and C-N stretching vibration corresponding to amide II (Singh 2000; Barraza
et al. 2013). At approximately 950 cm™" possibly an N-H vibration is found (Barth 2007).

In the IR spectrum of pyrite (Fig. 3c), the observed bands around 1200-1000 cm™!
are related to the iron-sulfur bonds in pyrite (Fe=S) (De Oliveira et al. 2018). For the
pyrite-histidine sample (Fig. 3f), it is possible to appreciate at cca. around 1400 cm™! the
symmetric COO stretching vibration of the carboxyl group (Di Foggia et al. 2012). This
region may be associated with the N-H vibration (Barth 2007). In the region of 1690 cm™"
up to 1640 cm™, a band possibly generated either from the deformation of NH bonds or
from the possible formation of peptide bonds (in the range of 1695 cm™ to 1630 cm™! the
amide I band corresponds to the C=0 chemical group) is seen (Di Foggia et al. 2012). As
stated before, this analysis is not straightforward because -OH vibrations from water usu-
ally appear in this region (Singh 2000).

In aragonite (CaCOj;) the bands close to 1500 cm™! and to 1400 cm™! (strong) and
between 900 cm™! and 870 cm™! are found. Also, other bands at 1082 cm™!, and between
760 cm™! to 710 cm™! (weak) were observed (Ostrooumov 2007). A displacement similar
to the CO group of cerussite-aragonite is seen from 840 cm™! to 860 cm™'. These bands
correspond to the characteristic vibrations of the resonant triangular group CO,*~ seen in
the infrared spectra of the aragonite (Fig. 3d) (Chakrabarty and Mahapatra 1999). Concern-
ing the aragonite-histidine sample (Fig. 3g), the band around 1400 cm™" from the carboxyl
group exhibits the symmetric stretching vibration of COO. This band is sharpened by the
amide II band which is located in the region from 1560 cm™' to 1510 cm™!' (Di Foggia
et al. 2012).

In the second derivative plot, amide, I and II vibrational transitions are clearer. Although
the specific imidazole FTIR signals of the histidine are complex (amide I vibration reflect
the protonation/deprotonation degree) we show that the second derivative performs a
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detailed projection of the amides (Mesu et al. 2005). This analysis suggests the presence
of underlying structural features such as peptide bonds after the hydration-dehydration pro-
cesses (Ghosh et al. 2014). The different mineral samples present only the inorganic bands
at different wavenumbers although the aragonite mineral presents similar bands to the car-
boxyl group (COO™) (not shown).

Differential Scanning Calorimetry (DSC)

From the thermograms, it is possible to identify that the histidine controls (Fig. 4a) pre-
sented two endothermic phase changes. Endothermic peaks are indicative that the prod-
ucts of the reaction have more potential energy than the reactants. The first phase change
appeared at 170 °C, probably due to the melting and dehydration of the amino
acid, while the second phase change was at 261 °C, which is an approximate value for
the decomposition temperature of histidine (287 °C) and presents an enthalpy change of
AH=50.9521 J/g. These results show that histidine decomposes thermally but does not
sublimate or melt (Weiss et al. 2018).

The thermogram of the antigorite mineral (Fig. 4b) shows the thermal decomposition
starting at 60 °C that corresponds to the possible evaporation of water molecules included
in the crystal planes. On the antigorite-histidine thermogram (Fig. 4e), an apparent fusion
can be seen in the glass transition (Tv) (TA Instruments 2020) followed by the decomposi-
tion of the organic compound. The transitions such as the one shown between 80-100 °C,
stand out for an enthalpy difference of AH=0.3505 J/g, which can be attributed to an endo-
thermic reaction. Endothermal transitions starting at around 272 °C, suggest a histidine
breakdown. Furthermore, we attribute the transitions between 300-350 °C and beyond to
subsequent steps in histidine decomposition.

In pyrite thermogrames, it seems that this mineral interferes with the oxidation of the his-
tidine. The thermal evolution of pyrite is complex, given the thermal decomposition and dis-
sociation. The most remarkable feature of the presence of pyrite in the pyrite-histidine sys-
tem is a strongly exothermic reaction in the range of 400 °C up to 550 °C, attributed to a loss
of mass as described already in other studies (Labus 2017). The thermal behavior of pyrite

Fig.4 DSC thermograms of:
(a) histidine, (b) antigorite,
(c) pyrite, (d) aragonite, (e)
antigorite-histidine sample,
(f) pyrite-histidine sample, (g)
aragonite-histidine samples

(a) Histidine

(b) Antigorite (e) Antigorite—Histidine
%
=
[
=
E
2 (c) Pyrite (f) Pyrite—Histidine
=
(d) Aragonite (g) Aragonite—Histidine

100 200 300 400 500 100 200 300 400 500
Temperature (°C)
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(Fig. 4c) and pyrite-histidine (Fig. 4f) are initially similar. A clear difference in the thermal
behavior starting at 400 °C is shown by an exothermic peak at 475 °C in the pyrite-histidine
sample, whereas the pyrite thermogram displays an exothermic peak close to 430 °C.

The results with the aragonite (Fig. 4d) exhibit a different scenario, showing a series of
alterations throughout the thermogram curve (Faust 1950). From room temperature up to
150 °C of the aragonite-histidine thermogram (Fig. 4g), the apparent "fusion" can be inter-
preted as a glass transition. Heating of the sample through its glass transition leads to the
release of internal stress, therefore, the molecule transforms from a rigid structure to a flex-
ible one on Tv. This possible molecular relaxation occurs as a weak endothermic transition
(TA Instruments 2020). From 275 °C onwards, histidine proceeds to decompose presenting
transitions such as a subtle one with an enthalpy difference of AH=0.2895 J/g.

During heating cycles with an upper limit up to 500 °C, aragonite reaches the point
where it decomposes into CO, gas and solid calcium oxide (CaO). The aragonite decompo-
sition corresponds to an endothermic reaction (Stalport et al. 2007). In contrast, the lack of
mineral decomposition reactions for the mineral phases of pyrite and antigorite reflects the
stability of these inorganic compounds under high temperatures.

Computer Simulations: Geometry Optimization and Molecular Dynamics
with the MM + method

The set of molecular dynamics simulations after geometry optimization step allows the
relaxation of the optimized structures, thus obtaining the local energy minima for each
mineral-organic system. Table 1 shows the total energies obtained from the geometry opti-
mization cycles and molecular dynamics. Configurations of the systems after the molecular
dynamics of 180 ps, as well as the evolution of the kinetic, potential, and total energy of
the systems as a function of temperature, are shown in Fig. 5.

The results derived from molecular dynamics using the MM + method for 180 ps show
that the total energy of the mineral-organic systems reaches values of 341 kcal mol™' for
the antigorite-histidine system, 302 kcal mol™' for the aragonite-histidine system, and
257 keal mol™! for the pyrite-histidine system (Table 1). During the heating cycle, the
antigorite-histidine system (Fig. 5a) kept organic molecules close to the antigorite surface
(cca. 5.5 A). In comparison, the pyrite-histidine (Fig. 5b) and aragonite-histidine (Fig. 5c)
systems showed a greater distance between the mineral and organic molecules (cca. 752 A
and 352 A, respectively). It should be noticed that histidine molecules in the aragonite-
histidine system show similar orientations between them, whereas histidine molecules in
antigorite-histidine and pyrite-histidine systems show no apparent order.

Table 1 Total energy for each mineral-organic system during geometry optimization cycles and molecular
dynamics

Mineral-3 Histidine assem- 1% geometry 2" geometry 3rd geometry Short 180 ps
blies optimization optimization optimization —molecular molecular
(kcal mol™")  (kcal mol™")  (kcal mol™')  dynamics dynamics

(kcal mol™)  (kcal mol™!)

Antigorite-histidine 2391 22.94 22.97 23.11 341.52
Pyrite-histidine 26.80 23.87 23.68 23.55 256.76
Aragonite-histidine 11.90 12.60 12.67 12.33 302.20

@ Springer



126 D. Madrigal-Trejo et al.

- J 1
{ cea. 5.5 A A AL ca72A

. o cca352A 7
i, g ey Sp Loty
2 P By et X \
LA N ¢ W\ SN
v 4 ? N b W 2 ) )
{ o ¥ M ( R "= T
A s 2 YL b NG
. A > N N M .
Al ) o e Y ik
“:t L A " ( Y b.... r N
My A~ \"m_. Ly
AN AN
800 800 800
_ 250 250
‘—g 600 2 5 200 600 2 E 200 600 2
5 ] 5 5
E E K] E K E]
& w0 £ Z 10 a0 20 a0 F
& g & 100 g 2 100 £
5 s 5 ] 5 200 2
Z w e 200 ¢ £ 00 &
0
0 50 100 150 0 50 100 150 0 50 100 150

Time (ps) Time (ps) Time (ps)

Fig.5 Configuration of mineral-organic assemblies after molecular dynamics runs with the MM + method
in addition to energy and temperature plots for (a) antigorite-histidine assembly, (b) pyrite-histidine assem-
bly, (¢) aragonite-histidine assembly

Discussion

Based on the present experimental data using polarized light microscopy, we find that none
of the mineral-organic assemblies exhibit a visible histidine growth. Although there are no
apparent histidine crystals on the mineral-organic assemblies, the IR spectra and DSC ther-
mograms clearly show the occurrence of the histidine-mineral interaction.

IR spectra from the three mineral-organic samples show a series of bands in the range
between 1700 cm™! and 1500 cm™', in which peptide bond vibrations might be present (amide
I and amide II vibrations). Nevertheless, amide I and amide II bands by themselves, are not a
straightforward diagnostic for the presence of peptide bonds, since OH bonds in water mol-
ecules also present IR vibrations overlapping with amide I and II vibrations (Singh 2000). In
this case, water molecules may be present as byproducts of peptide bond formation or perhaps
OH radicals are present as an induced reaction between mineral and organic phases. Although
the results here are not conclusive, the precipitation of histidine on mineral surfaces through
slow crystallization suggests a peptide bond formation, particularly in the formation of histi-
dyl-histidine dipeptide. A more detailed analysis of the second derivative signal of the amide II
regions suggests the presence of peptide bonds after the hydration-dehydration processes. The
complex FTIR signal of the histidine amino acid must be studied in more detail comparing the
infrared signals and thermodynamic behavior through DSC thermograms. For instance, the
FTIR band amide I at 1572 cm™' agrees with the affinity between the antigorite to histidine.

Concerning the DSC thermograms, aragonite and antigorite mineral-organic assem-
blages show positive enthalpy changes, indicating endothermic reactions, whereas the
pyrite-histidine sample shows no endothermal transitions. Differences between the break-
down temperature of histidine without mineral and histidine in aragonite-histidine and
antigorite-histidine samples, highlight the prominent role of mineral surfaces in increasing
the stability of organic compounds. As a mineral of the serpentine subgroup, antigorite is
a weak heat conductor and may favor the interaction between amino acids and its mineral
surface without destabilization by heating at certain temperatures.

Computational simulations employing molecular dynamics show that the antigorite-
histidine interaction results in the least distance between organic molecules and its asso-
ciated crystal structure, while interactions in aragonite-histidine and pyrite-histidine
systems resulted in greater distances between the organic molecules and crystals. The
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antigorite-histidine molecule-scale interaction is a matter of further research, nevertheless,
computational and experimental results suggest a distinctive role of serpentine minerals
(and clay minerals in general) in the stability and self-assembly of amino acids, as previ-
ously reported (Hazen and Sverjensky 2010; Hashizume 2012; Rimola et al. 2019).
Throughout the slow crystallization experiments performed, our findings support the Deamer-
Damer hypothesis on a hot spring chemical evolution and prebiotic chemistry towards the origin
of complex molecules relevant in life formation (Deamer and Damer 2017). The results here sug-
gest that mineral surfaces might aid in increasing the complexity of molecular systems with rele-
vance in the construction of molecular evolution events. Although the experimental design in this
work is related to a hot spring environment with a wet-dry cycle, the minerals used in this work
are also present in extraterrestrial objects such as meteorites. This fact opens the opportunity to
research for self-assembly and stability properties of minerals under a pool of conditions, such as
UV radiation, vacuum, high pressure, low/high pH, hydration-dehydration cycles, among others.

Conclusions

This work partially characterized the differential thermal response of the amino acid histi-
dine to the interaction of different mineral surfaces. Preliminary IR spectroscopy data sug-
gest the presence of peptide bonds at least at the antigorite-histidine assembly confirmed
by using the second derivative method. Moreover, DSC data also suggest a stabilization
of the histidine through the interaction with aragonite and antigorite, whereas pyrite had
no apparent interaction with histidine under these conditions. These results support the
perspective in which chemical evolution, particularly oligomerization of amino acids,
developed within a set of diverse mineral surfaces present at a particular prebiotic environ-
ment, with different affinity and thermodynamic behavior by enhancing molecular stabil-
ity. Molecular dynamics show small distances between antigorite and histidine molecules,
which might give an insight into the molecular mechanism of peptide bond formation on
the antigorite surface. Further experimental and computational research with variations
in the experimental design and physical conditions will give more insight into plausible
prebiotic environments from the organic-mineral stability and self-assembly perspective.
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