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Abstract: In the prebiotic world, the chemical assembly of biotic building blocks led to racemic mix-
tures; however, homo-chirality emerged in the racemic prebiotic soup. Polymers and other mole-
cules assembled from mixtures of enantiomers rather than racemic ones. Understanding how sym-
metry breaking happens is one of the most challenging fields of research in origin of life studies.
With this article, we aim to shed light on one of the problems: in the absence of physical examples
for use in a laboratory scale, what are the best models to use to simulate the conditions and lead to
homo-chiral symmetry breaking? In this perspective, we suggest looking to chemical models that
can represent a poorly studied class of prebiotic compounds in the context of symmetry breaking:
the phospholipids.

Keywords: origin of life; homo-chirality emergence; symmetry breaking; archaea phospholipid

models; Crystallization; preferential crystallization

1. Introduction

The two forms of a molecule with a chiral center are called enantiomers. Chirality
can be defined, for example, in cases such as the mirror image reflection of sp3-hybridized
carbon, because this image cannot be superimposed on the original one, and the mirror
images are then two different molecules [1]. Chiral molecules in living organisms exist
almost exclusively, as single enantiomers, a property that is critical for molecular recog-
nition and replication processes, and would thus seem to be a prerequisite for the thresh-
old of life. Genetic polymers (DNA/RNA) are composed of the same chirality (handed-
ness) and are able to act as templates in the replication of functional polymers (pro-
teins/RNA) and to fold into appropriate structures. Enantiomers can have identical phys-
ical and chemical properties, but can variously interact with other chiral molecules [1,2].

1.1. Geochemical Scenarios

The geology and the chemistry of Earth before the advent of life was completely dif-
ferent from what we know today. At that time, sunlight, volcanic heat, and hydrothermal
sites were the main energy sources that were able to drive the synthesis of many mole-
cules, including nucleosides, peptides, sugars and amphiphilic compounds. The atmos-
phere was mostly nitrogen (N2), as today, with a substantial amount of carbon dioxide
(CO2) and much smaller amounts of carbon monoxide, ammonia, and methane (CO, NHs,
CHo.). It is also likely that water, present in locally limited amounts, contained hydrogen
cyanide (HCN), formaldehyde (HCHO) and formamide (HCONH:) [3]. Intriguingly,
those molecules are found in interstellar space, together with many other that can be con-
sidered as building blocks for the assembling of biomolecules such as water (H20), formic
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acid (HCOOH), methanol (CHsOH) cyanamide (NH2CN), acetic acid (CHsCOOH), acet-
amide (CHsCONH>), ethylene glycol (HOCH:CH:0H) and glycine [4]. We can imagine
that at the beginning of its existence, our planet—and, for instance, this is true for any
planet with a similarity with planet Earth and having liquid water-based Life—was an
ensemble of active volcanic land with some salty oceans. Fresh water was also present
because the evaporation of the water generated rain that, after falling on landscapes, ac-
cumulated in depressions. The origin of liquid water on our planet is controversial on
several levels. The Deuterium/Hydrogen ratio of the water present in today’s oceans, com-
pared with that present on comets, excludes the possibility that the total amount of this
water came from the impact of several comets on the early planet Earth [5]. Water was
produced by internal chemical processes in the crust. Evaporation followed by reconden-
sation (rain) delivered to the hot volcanic land masses (cooling them down), and starting
to accumulate in lava depressions, forming primordial oceans [6]. Two different and plau-
sible geochemical scenarios have been depicted in the last sixty years. The plausible sce-
narios have a common leitmotiv: the presence of liquid water, a source of energy (geo-
thermal but also sun-light/UV radiation), and the presence of minerals and organic car-
bon. These two scenarios are extremely different, and scientist called them hydrothermal
vents and hydrothermal fields [7,8]. Hydrothermal vents (HV), also present today at the
bottom of the oceans), are systems whose heat source is the underlying magma or hot
water generated by convection currents, due to high thermal gradients. HV, also called
hydrothermal black smokers or submarine hot springs [9], are alkaline, far-from-equilib-
rium environments, and until their discoveries they were proposed as sites at which chem-
ical reactions could initiate primitive metabolism involving the reduction of CO: by dis-
solved Hz. The alternatives to HV are hydrothermal fields (HF), known as hydrothermal
pools [7,10,11]. Recently, Damer and Deamer pointed out that fluctuating hydrothermal
pools (FHPs) could be considered as plausibly prebiotic reactors for the synthesis of sev-
eral key molecules for the development of life, including lipids, nucleic acids and pep-
tides. Concerning the origin of life studies domain, more than one model, reproduced in
a laboratory scale and where possible in the field or messy environments (see a recent
article by David Deamer [12]) have been speculated upon. In addition, it is important not
to forget that, as chemical substrates, clays, pyrite and sulfur containing minerals repre-
sent the most plausible 2D models for simulating prebiotic reactions, and that eventually
substrates can be used for prebiotic symmetry breaking experiments [13,14].

1.2. Homochirality Emergence and Origin of Life Studies

In origin of life studies (OOL), homochirality in biotic molecules is reputed to be one
of the signatures of life, and the question raised is how this property emerged. The simu-
lation of prebiotic conditions for the preparation of biotic building blocks shows the for-
mation of molecules in racemic mixtures. Moreover, in a prebiotic chemical world, the
small molecules, from which these macromolecules could be synthesized, were plausibly
formed as racemic mixtures. Models have been suggested to incorporate chirogenesis into
chemical evolution, structured by prebiotic building blocks [15,16]. In 1848, Pasteur dis-
covered the crystallization of sodium ammonium tartrate Cs4HsNNaOs, and two types of
large crystals, visible under microscopic light, were separated manually. Once separated,
they showed two different optical activities, rotating the plane of polarized light in two
opposite directions. Pasteur correctly interpreted the crystal structures as representing an
asymmetry in both molecules, which could exist in left-handed or right-handed forms.
Later, Pasteur speculated that understanding the origin of the asymmetry might provide
a key to the nature of the emergence of life, and several subsequent discoveries confirmed
his speculations [17]. Surprisingly, experimental validation and proposed models for the
origin of homochirality in living organisms were not explored for more than half a cen-
tury. The question that needs to be answered has two parts. The first regards “symmetry
breaking”: what could have distorted the production towards one enantiomer? The sec-
ond concerns “amplification”: given this imbalance of enantiomers, how is it possible to
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be sustained and generated to establish homochirality in life [18]? One abnormality on
natural symmetry breaking that led to an excess of L- over D-amino acids, has been dis-
covered on carbonaceous meteorites [19-22], with the relative preference of one enantio-
mer, depending on meteorite origin, whereas glycine has been found in very small
amounts in interstellar dust [23]. In addition, several scientists have speculated on how
the different abundancies of L- over D-amino acids in interstellar space bodies and conge-
ners have been generated. In a recent review, Burton and Berger summarized the most
relevant experiments carried out using five carbon amino acids [24]. In all cases, and to
the best of our knowledge, deracemization happens in different conditions: the exposition
of samples to circular polarized light (chiral light, ~0.5%), electrical discharges and particle
irradiation, whereas a difference in femto- to picomole excess was measured whereas ex-
posed to parity violation energies. However, for a laboratory scale experiment, those ex-
periments are poorly applicable. Despite this downside, we have reported in Table 1 a
comparison between data from the first Murchison meteorite analysis and those obtained
by a re-analysis of one of Miller’s experiments [25], confirming that prebiotic simulated
condition reactions can lead only to racemic mixtures, and concluding that one or a com-
bination of physical events led to the formation of scalemic mixtures of amino acids in
space bodies A complete speculation on the presence of scalemic mixtures of amino acids
has been recently summarized elsewhere, in Chieffo et al., 2022 (submitted to Life).

Table 1. Differences between the analysis of prebiotic prepared mixtures of amino acids and the
content of Murchison meteorite samples. Only the latter contains an excess of L-amino acids,
whereas the former contain racemic mixtures.

Year Amino Acids Comments/References
Gly, Ala, Ser, Thr, Asp, Glu, Met, Val,
Leu, Phe, (3-Ala, Iso-serine, Homocys- . .
Anal f th 1 les f
teic acid, a-ABA -ABA, a-AlB, 3-AlB, ITa ysis of the or1g1.na samples r om
. . Miller —Bada experiments. Reactions
2011 a v-ABIL, S-Methyl Cysteine, Iso-valine, . !
L . . were carried out in the presence of HaS
Methionine sulfoxide, Methionine sul- in addition to CHs, NH: and H:0 [25]
fone, Iso-leucine, Ethionine, MA, EA, v ’ ?
Cysteamine, Ethanolamine
Murchinson meteorite extracts [26,27]:
dominancy of L-configuration;
lu 0.322); Asp (0.202); Pro (0.342); °'° ’
From 1969 Glu (0.322); Asp (0.202); Pro (0.342); more than 20 amino acids were found

L .166); Ala (0.682
eu (0.166); Ala (0.682) in the Murchinson meteorite

[19,20,22,23,28,29]

2 the reported results are the most representative re-analysis of one of Miller’s original samples [30].

However, these data only partly explain the protein’s L-chirality, assuming only that
proteins could be made of short polypeptides [31] and that the concentration of L- over D-
AA has been enriched only by feedstock from interstellar media. However, the presence
of D-amino acids in prebiotic proteins cannot be excluded. The analysis of the venom of
some marine organisms such as Conidaae carnivorous, that live close to sub-marine
chimneys, showed the presence of D-amino acids in toxic proteins. As reported by Solokov
and co-workers [32], this fact cannot exclude the fact that in the early stage of life, mixtures
of both type of proteins or a scalemic mixture of L- and D-amino acids, were present in the
first forms of protocells [33].

Concerning nucleotides, homochirality is due to the presence of ribose and 2-
deoxyribose in RNA and DNA, respectively, both solely in a D-configuration. The
phenomenon of symmetry breaking in chiral molecules has lately been pointing towards
phospholipids, whereas chirality regards carbon C-2 of the glycerol backbone [34].
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2. Autocatalysis and Symmetry Breaking

In the early fifties of the last century, Frank proposed a mathematical model for the
predominance of homochirality during chemical synthesis. The model is simple: a chiral
molecule catalyzes its own formation, suppressing the formation of the opposite enantio-
mer with, for example, the exclusive formation of an R or S enantiomer for a non-chiral
starting material (Figure 1). The model, which is widely accepted today, proposes the am-
plification of a small initial asymmetry in the chiral reactions, and concludes that it is the
key element for this simple scheme of reactions [35].

R
;_4» R
Kr
M+ N — kR>>>kS
S
;_4» S
ks

Figure 1. Frank’s model for autocatalysis.

In an autocatalytic system, the catalyst, which is the same species as the reaction
product, must be capable of self-replication, but this activity must also be accompanied
by suppression of the activity of its enantiomer, in what Frank referred to, in the proposed
model, as mutual antagonism. The fundamental ways in which asymmetric autocatalysis
exceeds the non-autocatalytic asymmetric catalysis can be mainly described in the three
following sentences: (i) There is high efficiency due to the self-replication process. (ii)
There is no decrease in the amount and the activity of the catalyst as a result of the analo-
gous increase of the catalytic amount and the product of the reaction. Finally, (iii) separa-
tion of the product from the catalyst is not necessary, because of the conformity of the
catalyst and product structures [36]. Following the publication of Frank’s mathematical
model, organic chemists attempted to associate an autocatalytic reaction system with
prebiotic chemistry. However, this model is not applicable to all self-catalytic processes.
For example, in Breslow’s formose reaction [37], even though achiral glycoaldehyde cata-
lyzes its own formation, this system does not conform to the suggested autocatalytic
model, and therefore will not be associated with the emergence of homochirality (Figure
2), with one exception: the introduction of a catalytic (<1%) amount of L-proline for the
formation of D-sugars [38]. Therefore, we are back to square one. Where did the homochi-
ral proline come from in a prebiotic land where chemical synthesis led only to racemic
mixtures?
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Breslow’s Formose Reaction
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Figure 2. Breslow’s formose reaction mechanism, where glycoaldehyde (in red) catalyses its own
formation.
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Several groups undertook the description of reactions involving alkyl metal reagents,
but the challenge was not met for the next 40 years, until Kenso Soai’s first work was
published in 1995. The first experimental proof became known when Soai and colleagues
reported the autocatalytic alkylation of pyrimidyl aldehydes with (pyrimidyl) dialkyl-
zincs (cf. Figure 3). The Soai reaction is, up until today, the only fitting example for chiral
autocatalysis that follows Frank’s model (Figure 1). The rate of the reaction is not only
accelerated by the autocatalytic product which, starting from scalemic mixtures (with a
non-equal ratio between two enantiomers), but may ultimately appear in very “high” en-
antiomeric excess, starting from a very “low” enantiomeric excess of the original autocata-
lyst (Figure 3). Finally, Soai and colleagues also demonstrated a variety of initiators and
directing agents for the product enantiomeric excess in this reaction, including exposure
to circularly polarized light [39-41]. The Soai alkylation of pyrimidyl aldehydes, which is
of interest due to its unique effect of chiral amplification via autocatalysis, requires condi-
tions far from those on primitive Earth, in a prebiotic world. However, studying this re-
action serves as a model for understanding how homochirality might have emerged and
may help us search for prebiotically plausible reactions with similar mechanisms. In 2019,
in a more recent paper, Soai, Kawasaki and Matsumoto employed an asymmetric autoca-
talysis of amplification of ee% to examine the several proposed mechanisms of the origin
of chirality [39]. Subsequently, Denmark and colleagues have added a new model alde-
hyde (Figure 3, last row, right-hand side) that serves to give more support for the com-
prehension of the mechanism of the Soai reaction, introducing a “quaternary” complex
rather than the “ternary” ones supposed before [42]. This model reaction has been partic-
ularly instructive in helping to understand how autocatalysis could lead to a homochiral
state. Nonetheless, the discovery of a prebiotically plausible reaction, or a systems reaction



Symmetry 2022, 14, 2109

6 of 11

from a bottom-up approach that obeys the Frank model of autocatalysis, is yet to be
brought to light [7,18,19].

Chemical Models for Autocatalytic Chiral Amplification

xﬁ) '

prochiral (aldehyde)

OzZn'Pr

autocatalysus
)\/j/H/ OZn'Pr OH
hydrolysis N~ XY 1S
Zn(Pr), —_— I
Chiral initiator R N/ R N

Zn/Pr,

High ee

Figure 3. An example of asymmetry-amplifying, autocatalytic alkylation of pyrimidine-5-carbalde-
hydes with diisopropylzinc, named the ‘Soai reaction’. Elucidation of its mechanism and the role of
each chiral initiator used is recently summarized in ref [41].

3. Crystallization Led to Homochiral Symmetry Breaking

In 1990, Kondepudi et al. reported an experimental example of such spontaneous
chiral symmetry breaking for the stirred crystallization of a homogeneous solution of achi-
ral NaClOs. Symmetry breaking in this case appears in a simple way: if NaClO:s is crystal-
lized from an unstirred solution, statistically equal numbers of L and D crystals are ob-
tained. If the crystallization is performed accompanied with rapid stirring, more than 99%
are obtained with the same chirality. Viedma et al., in 2003, described in their report an
experiment to explore the phenomenon. They reported that in primary nucleation, crys-
tals occur in the solution itself. On the other hand, secondary nucleation is the process by
which a “mother crystal” generates secondary crystals at a fast rate if the solution is
stirred; in the case of NaClOs, a first L or D “mother crystal” forms new crystals with sim-
ilar chirality in a few minutes. It is quite evident that the model of an initial single chiral
crystal cannot explain the complete chiral purity in Viedma’s experiments. Considering
the role of grinding glass balls in the symmetry breaking phenomenon, Viedma suggests
that under these conditions a continuous dissolution—crystallization phenomenon is
highly enhanced by the grinding process, making the system very similar to the homoge-
neous autocatalytic reaction. These results can provide a more prebiotically plausible ex-
tension of this process, indicating essentially chiral molecules that form conglomerate sol-
ids [18,43,44]. The formation of separate L and D crystals, as in those Pasteur separated
with his tweezers, are known as “conglomerates”. The “preferential crystallization”
method is well known as a way to “untangle” a racemic conglomerate of homochiral R
and S crystals, by repeated crystallization from the supersaturated solution. In 1998,
Tamura et al. proposed a phenomenon referred to as preferential enrichment, which is
completely opposed to preferential crystallization: in preferential enrichment, it is in the
mother liquor that substantial enantiomeric enrichment occurs by recrystallization, and,
at the same time, a slight enrichment of the opposite enantiomer always occurs [45]. This
new phenomenon has two fundamental characteristics: (1) recurring recrystallization of
the racemate eventuates in the alternating enrichment of the two enantiomeric crystal
forms up to 100% ee, at each crop of the deposited crystals; (2) in the event of recrystalli-
zation of nonracemic crystals, the sequential crystals consistently have the opposite chi-
rality. Tamura et al., in one of their publications, reported an experimental case of prefer-
ential enrichment, in which the stable crystalline form of the racemate is the mixed crystal,
which is composed of a weakly ordered arrangement of the two enantiomers and contains
the centrosymmetric heterochiral cyclic dimer (R, S) as the major component in the crystal
lattice (Figure 4). [46]
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Figure 4. Enantiomeric resolution by successive recrystallization of (+)-SN (in black) in R or S enan-
tiomers by preferential enrichment. Crystallization conditions are reported from ethanol at r.t. in 24
h (a-d) or from evaporation of ethanol (e).

4. A Chemical Model for the Study of Symmetry Breaking of Phospholipids

Nucleosides and, in particular, the prebiotic formation of ribo-nucleosides and the
prebiotic synthesis of amino acids, have a central role in OOL studies [47]. Phospholipids
and their precursors have not been the objects of research, with few exceptions [48]. Alt-
hough a major step was taken by Sutherland and colleagues [49], the question of how
symmetry breaking of phospholipids has occurred still remains an unsolved problem [34].
John Sutherland and colleagues have shown that several important classes of biomole-
cules, including phospholipids precursors, can be prepared under the same prebiotic con-
ditions (see Figure A1, adapted from [49]) [49-52]. In a previous publication in this journal
[34], one of the present authors pointed out that the lack of homochirality in phospholipid
prebiotic synthesis leaves a gap in the comprehension of the role of encapsulation of biotic
molecules, for example [53,54]. It is our opinion, however, that this problem can be solved
using a model as a starting point and considering that phospholipids have been subjected
to symmetry breaking in the solid state, as crystals. Looking at Tamura and colleagues’
structures, we have found an interesting analogy with phospholipid ethers, an analogy
that can be extended to lyso-phospholipid esters, covering the spectra of phospholipids
from Archaea to Eukarya and Bacteria. The possible model compounds should differen-
tiate on the length of the hydrophobic alkyl chain (Figure 5, in blue) where a longer chain
replaces the ethyl chain, whereas the polar head bears a sulfate salt (Figure 5, in red). On
phospholipid esters only, the unique chiral center is located at the C-2 (sn-2) of the glycerol
backbone (Figure 5, in black), whereas archaea phospholipids can possess chiral lipid
chains, too, as shown in Figure 5 [26]. In addition, as previously reported, prebiotic syn-
thesis of phospholipid ethers is practically absent in the list of experiments performed for
the preparation of phospholipids, giving a crucial contribution to the research carried out
previously [48]. For this reason, in Appendix A there is reported a plausible retrosynthesis
of a “Tamura-like Archaea phospholipid-model”, starting from racemic alcohol mixtures.
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Figure 5. Structural analogies between a phospholipid ether ((A), from archaea) and a general struc-
ture from research carried out by Tamura and co-workers and (B) possible modification.

Untangle a Racemic Conglomerate of Phospholipids

In previous research, we prepared a racemic dioleoyl phosphatidic acid (rac-DOPA)
and dioleoyl phosphoethanolamines (rac-DOPE) from racemic dioleoyl glycerol (rac-
DOG,) [55]. These compounds served to prepare plausible prebiotic liposomes in the form
of giant vesicles (GVs) [56], simulating the prebiotic membrane of protocells, see ref. [33]
for a comprehensive summary. The main conclusion was that no difference between a
mixture of pure DOPA plus a plausible prebiotic mixture of co-surfactants or rac-DOPA
in prebiotic mixtures could be observed. The most relevant difference for the formation of
GVs was the nature of the polar head and the concentration of the “vesiculation helpers”.
A few years later we were able to publish the follow-up to this research, showing that
pure POPC (1-palmitoyl-sn-2-oleoyl-glycero-3-phosphocholine) had a 10% difference in
the retention of a polar hydrophilic dye with respect to pure rac-POPC or scalemic (2R:1S)
scal-POPC vesicles. To the best of our knowledge, other experiments have not been carried
out with biotic polymers such as proteins or RNA (or DNA). In the light of these results,
we think that symmetry breaking of phospholipids occurred before the formation of the
first protocells capable of retaining prebiotic enantiopure polymers. This fact does not ex-
clude the mixed nature of the first protocell membrane, as speculated by Jordan and col-
leagues [57].

5. Conclusions

This short article summarizes the most relevant chemical models used to shed light
on the plausible (prebiotic) symmetry breaking of biotic molecules. For the moment, the
valuable Frank model cannot be applied to known prebiotic pathways such as the formose
reaction that is relevant for the synthesis of sugars, including riboses, due to the lack of a
chiral intermediate that leads to the formation of one enantiomer (erythrose, for example),
yielding only racemic mixtures. Prebiotic simulated soups instead lead only to racemic
mixtures of amino acids, sugars and phospholipids precursors. Instead, crystallization
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seems to be a solution to untangle a racemic conglomerate, using a phospholipid model.
This essay is intended to be a precursor for the publication of some, in our opinion, break-
through results obtained just before the submission of the first version of the manuscript.
Too embryonal to be the object of publication, we can affirm that using models for under-
standing the origin of life, modeling the prebiotic environment, using bottom-up experi-
ments in systems chemistry philosophy is the best perspective for understanding the
emergence of homo-chirality.
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Appendix A
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Figure A1l. Possible retrosynthesis of a Tamura-like Archaea phospholipid-model [46]; retrosyn-
thetic conditions: (a) p-nitrophenol (in red), toluene, PhnCH2NMesCl, reflux, o.n.; (b) NH2NHz2* H20,
FeCls* 6H20, 90 °C, MeOH, o.n; or Pd(OH)2/C/H2, MeOH, r.t., o.n. (c) MeSCHCHCOCI, NaOH,
CH2Cly, r.t., o.n.; (d) R2SOsMe, acetone, 48h, reflux); dashed lines indicate a disconnection between
the possible bonds formed during the reactions.
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