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Abstract

:

Current research focuses on a better understanding of the origin of biomolecular asymmetry by the identification and detection of the possibly first chiral molecules that were involved in the appearance and evolution of life on Earth. We have reasons to assume that these molecules were specific chiral amino acids. Chiral amino acids have been identified in both chondritic meteorites and simulated interstellar ices. Present research reasons that circularly polarized electromagnetic radiation was identified in interstellar environments and an asymmetric interstellar photon-molecule interaction might have triggered biomolecular symmetry breaking. We review on the possible prebiotic interaction of ‘chiral photons’ in the form of circularly polarized light, with early chiral organic molecules. We will highlight recent studies on enantioselective photolysis of racemic amino acids by circularly polarized light and experiments on the asymmetric photochemical synthesis of amino acids from only one C and one N containing molecules by simulating interstellar environments. Both approaches are based on circular dichroic transitions of amino acids that will be presented as well.
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1. Introduction


Life’s molecular one-handedness is an all-pervading reality on Earth: proteins are composed of left-handed (l) amino acid monomers, while nucleic acids, the building blocks of our RNA and DNA contain exclusively right-handed (d) sugars. In contrast, organic compounds produced by non-biological processes are generally racemic, i.e., the l- and d-forms of chiral molecules are present in equal amounts. Homochirality is believed to be not only a consequence of life but probably a precondition for life, because stereo-regular structures such as protein β-pleated-sheets, which play a key role in their catalytic activity, are not able to form in the presence of equal amounts of amino acid enantiomers [1].



Prebiotic amino acids were believed to have been mainly formed in the atmosphere of early Earth, as it was successfully simulated by Urey-Miller-type experiments using electric discharges [2] and UV photons [3]. However, the reducing atmospheric conditions with methane (CH4) used in this type of experiment are not consistent with the current geochemical and photochemical understanding of the Earth’s primitive atmosphere [4,5] and it became evident that only low yields of amino acids could have been produced under non-reducing conditions in this experiment [6]. Another criticism of Miller-type experiments is that equal quantities of both amino acid forms, left- and right-handed, are produced.



A number of proposals and theories were pursued to scientifically explain how asymmetric organic compounds formed on Earth before life arose. These can be classified in two main groups: random and determinate mechanisms [1,7]. The first considers, like flipping a coin, a 50:50 chance in producing a left- or right-handed enantiomeric excess in the product formed. Hypotheses for this mechanism include the spontaneous symmetry breaking via crystallization [8] and the asymmetric adsorption on chiral mineral surfaces such as quartz [8,9]. However, these abiotic processes are supposed to be of minor efficiency for having tipped the molecular balance towards homochirality [10].



On the other hand, the tiny parity-violating energy difference between two enantiomers [11], circularly-polarized bremsstrahlung [12,13,14], magnetochiral photochemical effects [15,16,17,18], and the asymmetric photochemical induction of an enantiomeric excess by circularly polarized light (CPL) [19,20,21] are defined as potential determinate mechanisms where an external physical agent (force) induces an optical activity in the products formed. The most promising one among them appears to be the processes involving CPL, which has been proved to produce significant and reproducible enantiomeric excesses in racemic or prochiral precursors.



Several sources of CPL have been suggested, including some of extraterrestrial origin. All the more astonishing, non-racemic amino acids have been found, with the same handedness as biological amino acids have, in meteorites [22,23,24,25]–flinders of asteroids, comets, or planets–shifting the stage for the origin of homochirality into outer space. After some debate on possible CPL sources from pulsars [26,27] this theory recently became attractive once more with the observation of CPL in the Orion OMC-1 star formation region, reaching levels up to 17% [28,29,30].



Further lines of evidence that amino acids and molecules of prebiotic interest are present in space are coming from experiments mimicking primordial conditions in interstellar molecular clouds. For example, ultraviolet photoirradiation of laboratory interstellar ice analogs was shown to produce simple organic molecules, such as ethanol, formamide, nitrile, urea [31,32,33], and even chiral molecules such as amino acids [34,35,36].



In consideration of these findings, it is assumed that amino acids and other molecules spontaneously form in dense molecular clouds–the protostellar regions of space. The organic material formed subsequently may accrete together with dust and water resulting in the formation of comets [37,38,39]. Comets are then considered as vehicles carrying life`s molecular seeds through space [4,40].



Infrared observations and meteorite sample analyses, combined with realistic laboratory interstellar ice simulations, were shown to be helpful tools in the understanding of how life´s precursor molecules were probably built. These topics will therefore be discussed in this review based on the earliest fundamental breakthroughs in this field of research as well as highlighting recent discoveries.




2. Organic Chiral Molecules in Interstellar Environments


Since the early 1960s, scientists have suggested that extraterrestrial organic molecules hitched a ride from space to trigger life on Earth [4,41,42]. In this scenario, the evolution of life initiated more than four billion years ago when a cold, dark interstellar cloud collapsed into the swirling disk of hot gas and dust creating our Solar System.



These interstellar (dense) clouds, the birthplace of stars and planetary systems, are nowadays known to be rich in organic molecules, ions, and radicals in the gas phase. Besides large amounts of H2 and He, more than 150 interstellar and circumstellar gaseous species, amongst which CO, CO2, NH3, H2CO, and HCN, have been identified in the interstellar medium (ISM) by space- or Earth-based telescopes. There might be even more complex organic compounds and macromolecular matter on interstellar grains, most of them consisting of a silicate core surrounded by an icy mantle. Moreover, large molecules such as polycyclic aromatic hydrocarbons (PAHs) were observed in diffuse clouds where photochemical reactions are assumed to be the predominant processes.



Nevertheless, a detailed description of the evolution, survival, transport and transformation pathways of the ISM [39,42,43,44,45] is beyond the scope of this article, and in fact, is not completely known by now. However, we would like to highlight the main features of chemical evolution of interstellar grains to better understand their presumed contribution to the composition of comets and other extraterrestrial objects such as parent bodies of primitive carbonaceous meteorites.



Starting with “naked” silicate grains drifting in dense interstellar clouds, rapidly, condensable atomic species such as C, O, and N will accrete onto the surface of the nuclei and form saturated molecules such as water, methanol, and possibly simple hydrocarbons. The interstellar ice begins to form. Ultraviolet radiation from nearby stars breaks most of the chemical bonds of the frozen compounds as the icy grain grows no bigger than about ten thousands of a millimeter across. Detached molecules (radicals) recombine into larger and more complex structures.



The main processes relevant for the formation of amino acid structures and other organic molecules include: (1) reactions in the gas phase of the cloud which result in small and volatile products due to limited reactions of single atoms or small molecules and photodestructive processes of the “unprotected” molecules [46]. (2) Reactions on the surface of the ice mantles can lead to small organic molecules which can be desorbed and/or destroyed by radiation [47]. In general, explosive desorption of an ice mantle is assumed to be the main source of organic chemicals in the gas phase of molecular clouds [48]. (3) Even organometallic chemical species can be formed due to reactions on the silicate grain surface. (4) Larger and complex organic molecules can occur within the bulk material of the mantle shielded from photodestructive processes. And finally, (5) reactions in larger clusters where desorbed reaction products will not be lost to space but remain in such an aggregate to form more complex chemical species are discussed in the literature [49].



The basic principle of these reactions is the formation of radicals out of small molecules present in the ISM induced by UV light or cosmic radiation (β-particles, γ-rays, x-rays, etc.). In contact with the icy surface of dust grains, these radicals initiate further chemical reactions. However, also out of equilibrium thermal processes such as grain-grain collisions, sputtering and chemical explosion as well as grain growth processes modify interstellar dust grains in molecular clouds leading to a vast reservoir of solid state molecules in a kind of “matrix” where complexity is able to proceed.



At the time, when the dense interstellar cloud collapsed to form the Sun and the surrounding solar nebula, organic molecules from the “dressed” dust particles were incorporated into the Solar System material such as asteroids, comets and later on in planets. An interesting issue in this event is whether the Solar System preserved any chemical memory of its parent bodies which might be useful in understanding predominant processes in the pre-solar interstellar nebula (see Section 2.3).



2.1. Amino Acid Formation in Simulated Interstellar Environments


It is assumed that the formation of complex organic molecules such as amino acids takes place in the outer ice layers of the inorganic dust grains spread all over molecular clouds. Therefore, laboratory simulations of such growing icy organic mantles may give us some hints about the chemical composition of the building material of micrometeorites which were not incorporated in larger interstellar bodies as well as of primitive carbonaceous meteorites.



Infrared observations of the ISM allowed the precise estimation of the ice composition therein. The main components were found to be H2O, CH3OH, CO, CO2, and NH3 [50,51]. As already outlined in the above chapter, most of the reaction pathways in these ices are triggered by UV photons and cosmic rays [52] at temperatures of about 10 to 50 K depending on the exact location of the ices in dense clouds.



Taking this into account, the first experiments of two independent laboratories could indeed show that the formation of amino acids in interstellar and circumstellar ices is feasible [34,35]. These experiments generally consist in the condensation of gaseous mixtures at very low temperatures (~10 K) while an intense UV-light source induces the photochemical processing of the semi-refractory residue containing a bunch of complex organic compounds. After heating the ice to room temperature amino acid precursor structures are assumed to form with some exothermicity from re-combined radicals able to diffuse and react within complex radical chain reactions–not yet fully understood–in the slow melting ice [53].



The team of Bernstein et al. [35] used an initial gas mixture containing water, methanol, ammonia, and hydrogen cyanide (H2O:CH3OH:NH3:HCN) in molar composition of 20:2:1:1. HPLC-based analysis allowed the identification of three amino acids (glycine, serine, and alanine) in considerable quantities of a racemic nature after acid hydrolysis of the irradiated sample.



The second team [34] used a mixture of water, ammonia, methanol, carbon monoxide, and carbon dioxide (H2O:NH3:CH3OH:CO:CO2) as carbon and nitrogen precursors. They could detect 16 amino acids in the acidic hydrolyzed residue, including six proteinogenic ones (glycine, alanine, valine, proline, serine, and aspartic acid) by using enantioselective GC-MS analysis. The analytical results in this experiment were confirmed by isotopically labeled reactants to preclude any contamination by terrestrial trace compounds (Figure 1). Surprisingly, structures containing two amino groups were also detected in relatively high concentrations, such as the diamino acids diaminobutyric acid (DAB) and diaminopropionic acid (DAP), which will be of importance in the following sections.



In both experiments, glycine, the simplest amino acid, was the most abundant. Moreover several amino acids identified in these interstellar ice analogs were also found in meteoritic samples [54,55]. Another remarkable observation was the increase of detected amino acids after acidic hydrolysis. This has led to the assumption that amino acids were originally present in peptidic or oligomer molecules and are released as free molecules after the additional hydrolysis step [34,56].



Since then, further progress in this field has been made to better understand the chemical reaction pathways [57]. Moreover, the influence on the synthesis of amino acids by different energy sources were studied using vacuum ultraviolet radiation [58,59], charged particles [60,61], cosmic rays [56,62,63], high energy protons [64], or simple warm–up to room temperature experiments as well as different compositions of the starting ice mixtures [36].



In summary, a variety of photochemical reactions involving the formation of amino and diamino acids have been studied on laboratory-produced interstellar ice analogs. Ultraviolet light has been proven to be effective at promoting photochemical processes in these ices. However, the extent of these mechanisms in “real” interstellar ices is not proven, especially the lack of bright IR sources in dense clouds and the solid state of abundant molecules impede there direct observations. Further studies on these photochemical processes may provide an explanation for the occurrence of several detected organic molecules such as amino acids in different meteorites (see Section 2.2).




2.2. Enantiomeric Enrichment in Meteoritic Amino Acids


Although cometary nuclei and asteroids in situ analyses may soon become feasible (see Chapter 5), so far, meteorites represent the only sample of chemical evolution available for direct analyses. Their organic composition, therefore, offers a unique opportunity to answer critical questions in the field of the origin of life [65].



Carbonaceous chondrites have been formed more than four billion years ago and are believed to be primitive non differentiated bodies. They belong to a particularly primitive class of meteorites containing 2 to 3 wt. % carbon, part of which is organic matter. They are also unique among the stony meteorites with respect to their relatively high water content. Much of our current knowledge of meteoritic organic matter has come from investigations of the Murchison meteorite, a CM2-type carbonaceous chondrite, which fell in Australia in 1969.



The first analysis of Murchison revealed that amino acids and hydrocarbons are present in this meteorite [55] and 13C/12C ratios [65] revealed that these compounds are unambiguously of extraterrestrial origin. Since then, about 500 “soluble” [66] organic compounds belonging to different classes have been identified in meteoritic samples. Among them are aliphatic amines, alcohols, aldehydes, ketones, aliphatic and aromatic hydrocarbons, mono- and dicarboxylic acids, hydroxy acids, amides, amino and diamino acids, phosphonic and sulfonic acids, and sugar-related compounds. Even molecular DNA constituents such as purine- and pyrimidine bases and their structurally-related compounds xanthine and hypoxhantine were found in the three meteorites Murchison, Murray, and Orgueil [65,67,68,69,70].



Most of the carbon content (about 70–80%) is found, however, in the insoluble macromolecular kerogen-like fraction of the Murchison meteorite, which is however difficult to characterize. Extensive studies, in particular on amino acids, have been carried out since they are the chemical base of living organisms [54,55,71]. More than 90 diverse α-, β-, and γ-acyclic and cyclic monoamino alkanoic, diamino alkanoic and alkandioic acids of up to C9 chain length have been detected in the Murchison meteorite including 13 proteinaceous amino acids (glycine, alanine, serine, threonine, methionine, phenyl alanine, tyrosine, proline, leucine, isoleucine, valine, aspartic acid, and glutamic acid) [72]. Each amino acid is present in almost all its possible constitutional isomeric forms and the abundance order for each carbon number is characterized as α > γ > β, whereas branched carbon chain isomers predominateover straight ones. The most abundant amino acids are usually found to be glycine (Gly) and α-aminoisobutyric acid (AIB) in CM chondrites, the lowest carbon number amino acid and the lowest carbon number branched α-amino acid, respectively.



The majority of these amino acids are present as racemic mixtures, but l-enantiomer excesses were found for six α-methylamino acids (2-amino-2,3-dimethylpentanoic acid–both diastereomers, isovaline, α-methyl norvaline, α-methyl valine, and α-methyl norleucine) from the Murchison (ee = 2.8–18.5%) and Murray (ee = 1.0–6.0%) carbonaceous chondrites using enantioselective gas chromatography-mass spectroscopy [22,23,24]. The highest l-enantiomeric excess was found for isovaline in both CM meteoritic samples and as well as in Orgueil–a CI-type meteorite (ee = 15.2%). However, the high eeL values for isovaline cannot be explained exclusively by the contribution of extraterrestrial CPL (or even terrestrial CPL) alone since the upper limit is about 10% for a 99.99% photodecomposition rate of amino acids [73,74] demanding for an additional amplification mechanism. It is assumed that aqueous alteration on the parent body significantly influenced an amplification of higher enantiomeric excess in l-isovaline [25]. Liquid aqueous metamorphism on parents bodies of chondritic meteorites is a proven fact since the silicate material composing these meteorites show a high degree of hydration.



Another critical issue with meteoritic ee values is the risk of contamination of the analyzed meteoritic fractions with ubiquitous l-amino acids from the biosphere, which would result in overestimated enantiomeric excess values for the l-enantiomer in those samples. Since several amino acids that were found to be enantiomerically enriched are present in the terrestrial environment, with isovaline and AIB occurring in fungal antibiotics [75,76], careful attention should be paid to excluding terrestrial contamination. Compound specific stable isotope compositions of hydrogen, carbon, and nitrogen determined for several amino acids found in the meteorites demonstrated, that they are significantly isotopically enriched in the heavier stable isotopes compared to their terrestrial counterparts [24,65,77,78,79,80,81,82,83]. Also in this case great analytical attention is demanded since terrestrial microorganisms could metabolize extraterrestrial nutrients with their corresponding isotopes into amino acids showing a false extraterrestrial isotopic signature [76].



In conclusion, the enantiomeric excess detected in the α-methyl amino acids strongly suggests being of interstellar origin and therefore supports the hypothesis of an extraterrestrial origin of life´s homochirality. Considering that the α-methyl amino acids in the Murchison fragment have been subject to racemization [84] and heating in the parent asteroid, the enantiomeric excess reported by the above mentioned studies may represent the lower limits of l-amino acid enrichment.



However, even if the described enantiomeric excess is shown to be relatively small compared to the almost exclusive use of l-amino acids on Earth it would be difficult to achieve these ee values by UVCPL photolysis alone, even under optimized conditions. Therefore, enantioselective synthesis as possible pathway for enantioenriched extraterrestrial amino acids caused by UVCPL was proposed (see Chapter 4). However also here, the degree of inducible ee values is limited based on the specific anisotropy factor (see Chapter 3). A second hypothesis suggests reiterated asymmetric photolysis of already photolyzed amino acids, which would yield increased ee values, but would also lead to an almost complete destruction of the produced enantiomerically enriched material [73]. In a third hypothesis, an enantiomerically enriched catalyst formed by asymmetric photolysis is acting as promoter in the generation of amino acids which would lead to substantial enantiomeric excess in the products.



In general, it could be observed that the CM meteorites, Murchison and Murray, have nearly identical amino acid distributions [85]. The same finding could be observed for the distribution of the most abundant amino acids in Orgueil and Ivuna–two CI carbonaceous chondrites. However, the distribution in the latter differs from the distribution found in the CM meteorites. The striking difference in the amino acid composition of these carbonaceous chondrite classes suggests that they originate from a different type of parent body, possibly an extinct comet [86]. It should be noted that similar distribution patterns of amino acids from different meteorites have to be carefully weighted, since meteorites themselves are characterized by significantly quantitative heterogeneity of their chemical distribution [54,65].



A unique finding was reported by Meierhenrich et al. [69] who identified five diamino monocarboxylic acids (diamino acids) in the Murchison meteorite (Figure 2). This is of considerable relevance because diamino acids have been proposed as backbone building blocks of the so-called peptide nucleic acids (PNAs) [87]. PNA, on the other hand, has been suggested as a possible pre-RNA genetic material, in which a peptide chain takes over the role of the sugar-phosphate backbone (Figure 3) [88]. This makes it all the more astonishing as Nielsen proposed a PNA based on 2,4-diaminobutanoic acid, among others, which was one of the diamino acids which could actually be identified in the Murchison meteorite by the team of Meierhenrich.



Enantioenriched meteoritic α-amino acids also became important in another prebiotic scenario: The poor yields of the prebiotic synthesis of ribose in the formose reaction have often been cited as the reason why prebiotic synthesis of nucleotides was unlikely. Pizzarello and Weber, however, have recently demonstrated that the non-racemic amino acids in meteorites such as isovaline can transfer their chiral information to other prebiotic building blocks, for example in the formation of tetrose sugars from glycolaldehyde by aldol addition [71]. Similar stereoselectively catalytical properties could also be observed for asymmetric amino acid dipeptides in the formation of pentose and tetrose sugars [89,90]. In this context it is also interesting to note that α-methyl-amino acids, such as isovaline, are known as “long-term carriers” of chiral information because of their relative stability to chemical racemization [91], whereas sugars and other amino acids missing substituents at the “weakly” acidic stereogenic C2 position could have lost any enantiomeric excess, if it existed, via racemization. It is therefore believed, that the α-methyl amino acids, the most abundant non-racemic amino acids in carbonaceous chondrites, in particular isovaline with the highest ee value measured so far, might have acted as chiral catalysts during chemical evolution on early Earth.




2.3. Reaction Mechanisms for the Formation of Interstellar Amino Acids


An important and much discussed astrophysical question concerns the mechanism leading to the formation of interstellar amino acids. Multiple pathways are suggested for the amino acids detected in carbonaceous chondrites and those produced in interstellar ice analogs.



Among them, the most discussed pathway is the Strecker-type mechanism (Strecker-cyanohydrin), which is assumed to occur during aqueous alteration within meteoritic parent bodies [25]. This Strecker-type reaction involves the formation of aminonitriles from hydrogen cyanide (HCN), ammonia and carbonyl compounds such as aldehydes and ketones, which would lead to the formation of amino acids by subsequent hydrolysis [93,94,95]. A variety of aldehydes and ketones are known to be present in the Murchison meteorite, which supports this reaction pathway as well as the high abundances of aminoisobutyric acid and isovaline found in this chondrite which will preferentially be formed under these conditions. However, β-, γ-, and, δ- amino acids as well as diamino acids identified after acid hydrolysis in both carbonaceous chondrites and interstellar ice analogs, cannot be generated by the Strecker-cyanohydrin pathway, demanding for an alternative synthetic pathway.



Another interesting finding in this context is the fact that ammonia, HCN, formaldehyde as well as cyanoacetylene, one of the potential precursors for β-alanine, present in high amounts in CM meteorites, have been detected also in the coma of comet Hale-Bopp [96]. However, ketones and aldehydes, necessary precursors for the postulated Strecker pathway could not been found. Furthermore, several models exclude the presence of liquid water in the interior of comets, required for aqueous alteration and the Strecker-type mechanism [97]. Moreover, compound-specific isotopic analyses of amino acids found in the Murchison meteorite revealed that various isomeric subgroups of these compounds differ in 13C fractionation trends [71]. Whereas δD values obtained from compound-specific D/H measurements [82], on the other hand, do not vary between but rather within the subgroups, suggesting diverse synthetic mechanisms of interstellar amino acids.



Other potential chemical pathways include specific radical-radical mechanisms, modified radical-radical mechanisms with nitriles as amino acid precursor molecules [57], and ion-molecule reactions in the gas-phase, which could be studied both in the laboratory and theoretically [98,99], as well as such reactions during molecular cloud collapse [100]. The isotopic enrichment in the meteoritic amino acids, particularly in deuterium, indicates ion-molecule reactions at very low temperatures like they occur in cold molecular clouds [101]. Finally, the formation of amino acid structures in interstellar ice analogs also suggests a photochemical reaction pathway in the interstellar medium, rather than the production in aqueous solution on interstellar parent bodies [34,35].



In conclusion, predicting the “correct” reaction mechanisms leading to the formation of interstellar amino acids may provide important information on the degree of truly interstellar organic species survived during the solar nebula condensation phase.





3. Asymmetric Photolysis of Racemic Organic Molecules


Already in 1929, asymmetric photolysis of organic molecules with circularly polarized light in ultraviolet wavelengths (UVCPL) was shown to yield optically active products by enantioselective photodecomposition of ethyl-α-bromopropionate and N,N-dimethyl-α-azidopropionamide [19,20,21]. In 1974, irradiation of camphor yielded the highest reported photochemically induced ee value (20%) with a 99% photodecomposition rate [73].



Note that CPL-mediated experiments depend on circular dichroism of the reactant (∆Ɛ = ƐRCPL – ƐLCPL), i.e., on the preferential photodestruction of one enantiomer having the higher absorption coefficient (ε). The efficiency by which an enantioselective photolysis can be achieved depends on the so-called anisotropy factor g (g = ∆ε/ε) and the extent of the reaction (photodecomposition) [73]. Within the protoeinaceous amino acids, leucine was described to possess the highest anisotropy factor (g = 0.0244, in 0.1 M HCl solution) [102] and therefore has preferentially been studied in enantioselective photolysis experiments. It should be noted that the optical properties (gmax values) of amino acids in solution significantly depend on the pH value [74]. The highest magnitude of the g factors (0.025–0.035) among the proteinogenic amino acids were found for the aliphatic (alanine, leucine, valine, isoleucine, and proline) and two hydroxyl amino acids (serine and threonine), respectively, at pH 1.



However, Flores et al. [103] reported an enantiomeric excess for originally racemic leucine in acidic solution of 2.50% (l-CPL, left-handed) and 1.98% (r-CPL, right-handed) using UVCPL at 212 nm, with photolysis rates of 75% and 59%, respectively.



Further, extensive attempts of inducing higher ee into chiral molecules have been made in strong acidic solutions at (a) different pH values [74,104], (b) the use of two photon excitation processes [105], and (c) with elliptically polarized light [106], yielding enantiomeric excess eeL values of (a, b) 0.2–0.7% and (c) 3%, respectively, for d,l-leucine. All of these experiments were carried out in aqueous solution, where the optical activity of amino acids arises from the (π*, n) electronic transition of the carboxylic group (chromophore) bound to their α-carbon. Excitations of higher energetic electronic transitions are impossible due to the water absorbing below 200 nm.



Surprisingly, most of the CD spectra of amino acids are also recorded in liquid phase, where the pH value of the medium by protonating and deprotonating the acid and basic groups as well as the nature of the solvent modify the optical properties [107] and thus signs and intensities of CD bands. These problems will be avoided when recording CD spectra of amorphous solid-state films which are considered to be more representative for interstellar conditions [7,108]. Moreover, in the extraterrestrial scenario of biomolecular asymmetry early-type stars would have emitted UV light with wavelength below 200 nm [28]. Therefore, studying photochemical interactions of amino acids with left- and right-handed CPL in the solid state might become of particular interest in the future. Figure 4 represents one of the first circular dichroism spectra of l-leucine in its solid state recorded down to 130 nm.



In 2005, first results on the irradiation of racemic leucine in the micro-cristalline-state using circularly polarized synchrotron radiation (CPSR) were reported [108]. After 70% photodecomposition, an enantiomeric excess of +2.6% in d-leucine irradiated with r-CPSR at 6.8 eV (182 nm) could be identified using enantioselective gas chromatography. In a follow-up experiment the same authors could obtain an even higher ee of 5.2% in d-leucine after irradiating racemic leucine in the solid-state with r-CPSR for 55h (Figure 5). However, this experiment could not be verified by an oppositely irradiated sample with l-CPSR. The quantities in that sample were found to be insufficient to precisely measure the ee due to the high recorded photolysis rate (99.23%) of that sample [109].



This experimental design successfully demonstrated that an enantiomeric excess using VUV-CPSR and amino acids in their solid-state–representing more realistic interstellar conditions–is feasible. However, this actual record of a photochemical-induced ee into amino acids should be an incentive for others to reach even higher values, probably by studying α-methyl amino acids such as isovaline, the highest enantiomerically enriched amino acid found in meteorites. These experiments might well explain the processes leading to the interstellar asymmetric formation of biomolecular precursors.




4. Enantioselective Photosynthesis


Circularly polarized light was shown to be capable of inducing asymmetric photochemical reactions in organic molecules as highlighted above (Chapter 3). It was therefore assumed that CPL could also be effectuating enantioselective syntheses starting with achiral reactants. The first experiment was published by Kagan et al. [110] who asymmetrically synthesized octa- and nonahelicene with optical purities below 2%. These results could indeed confirm the so called “Curie principle”, meaning that circular or elliptically polarized light itself, has a true chirality [15,16,102,111] and thus, photosynthesis induced by such radiation sources will lead to non-racemic products.



Since racemic amino acid structures could have been formed under interstellar conditions using unpolarized light ([34,35]; see also Chapter 2.1), the next logical step would be the use of similar conditions but circular polarized light to directly generate enantioenriched amino acids.



Very recently, preliminary results for this hypothesis were demonstrated by two different research groups. Takano et al. [112] first prepared complex organic compounds by irradiating a gaseous mixture of carbon monoxide, ammonia, and water–molecules which are actually present in the ISM–with 3.0 MeV protons. The synthesized precursor molecules were then irradiated in the liquid phase with left- and right-circularly polarized synchrotron light (λ > 200 nm). After the hydrolysis of the residues several amino acids could be detected using reversed-phase liquid chromatography; for example, glycine, alanine, serine, aspartic acid, α-aminobutyric acid, valine, and β-alanine. For one chiral amino acid–alanine–an enantiomeric excess of +0.44% by r-CPSR and –0.65% by l-CPSR was reported with a standard deviation of ±0.31 and ±0.23 (1 σ), respectively.



A second irradiation experiment of interstellar ice analogs with VUV-CPSR was reported by Nuevo et al. [113,114]. The two interstellar gaseous mixtures containing water, methanol, and ammonia were directly irradiated with either left- or right-circularly polarized synchrotron light, for 56 h and 43 h, respectively. The energy of the CPSR (7.45 eV; 167 nm) used for this experiment corresponds to a maximum of r-CPSR and l-CPSR, respectively, in the CD spectrum of several amino acids. Carbon-13 isotopically labeled reactants in the initial gaseous mixture were used to exclude any biological contamination.



Among several organic compounds, eight amino acids were identified in the acid hydrolyzed residue by enantioselective gas chromatography: sarcosine, alanine, glycine, aminobutyric acid, β-alanine, aspartic acid, diaminopropanoic acid (DAP), and 3,3’-diaminoisobutyric acid (Figure 6). Enantiomeric excesses were measured for alanine and DAP, the most abundant proteinaceous and non-proteinaceous chiral amino acids. The ee values were found to be in the order of 1%, however, with inconclusive error bars (±1%, 3σ).



Even if the small ee values found for alanine in this kind of experiment seems to be disappointing at first sight, they actually match with the l-enantiomeric excess measured for alanine in the Murchison meteorite of 1.2% [115]. Moreover, for the first time, the generation of amino acids and diamino acids by irradiating an interstellar ice mixture exclusively by circularly polarized light was successfully demonstrated.



In 2009, Takahashi et al. [116] measured the optical anisotropy of different racemic amino acids in their solid-state before and after irradiation with circularly polarized light. The authors could successfully introduce an enantiomeric excess into the originally racemic films expressed as CD signal.



Future results in these highly sophisticated experiments using interstellar ice analogs, high-flux synchrotron circularly polarized radiation, enantioselective separation techniques, and circular dichroism spectrometers are decidedly important to explain whether circularly polarized light might have directly effectuated the asymmetric synthesis of amino acids found in meteorites.




5. Rosetta–The First Landing on a Cometary Nucleus


The early Earth provided suitable conditions for the evolution of life, but lacked organic reduced material necessary for the origin of life. On the contrary, outer solar system bodies are rich in water and organic material, and there exists abundant evidence on the organic input from micrometeorits, asteroids, and comets on Earth surface [4]. Even now, hundreds of tons of dust and meteorites from these bodies reach our planet every day [117]. Therefore, it is believed today that the organic molecules observed in comets may be a source of prebiotic molecules that led to the origin of life on Earth. Thus, the in situ analysis of comets, in particularly of their nucleus will offer us new insights into life´s beginning.



Comets are agglomerates of icy grains, which were created in the outer solar system–far away from the Sun–without being integrated into planets and therefore considered to be the most pristine interstellar bodies [45]. Recent space missions to the long-period comets Halley, or IR observations of Hyakutake and Hale-Bopp allowed to have a closer look on their inventory: About 30% of the cometary grains are dominated by light elements C, H, O, and N, comparable to carbonaceous chondrites. Chemical compounds of exobiological interest identified in the coma of comets are: HCN, H2CO, NH3, CH4, HCOOH, acetylene (C2H2), acetonitrile (CH3CN), hydrogen isocyanide (HNC), isocyanic acid (HNCO), cyanoacetylene (HC3N), and thioformaldehyde (H2CS) (for a review, see [42]). Most of the neutral cometary molecules are also identified in the gas phase of the ISM [46,118] indicating a relationship between comets and interstellar clouds. There is a broad agreement that organic molecules detected in the coma originate from the dust that must have existed in the solar nebula at the very time and place of comet formation [37,119].



Until today, only the molecular composition of comet Halley’s coma–ejected when the comet comes close to the sun and frozen gases from the surface layers of the nucleus sublimate and leave the marginal gravity of the comet with some dust particles–could be observed by UV-, IR-, and mass-spectroscopy. Nevertheless, based on these findings the astrobiological community has good reasons to assume that specific molecular compounds including chiral molecules, such as amino acids, or at least their precursor molecules, can be present in cometary matter.



Indeed, there will be a rendezvous with a comet in the near future: As part of the ROSETTA mission, the PHILAE Lander was launched on–board the European Space Agency (ESA) ROSETTA spacecraft. In November 2014, PHILAE will be released from the orbiter and–hopefully–soft-land on the nucleus of Comet 67 P/Churyumov-Gerasimenko to bring the laboratory equipment to the comet rather than pick-up the sample to take-away. For the first time the study of enantiomeric excesses in organic molecules on an extraterrestrial body is part of the scientific objectives.



Therefore, the Cometary Sampling and Composition Experiment (COSAC) was designed to analyze cometary surface and sub-surface samples in order to separate, identify, and quantify chiral and achiral molecules [120]. The in situ separation of chiral compounds will be performed by enantioselective gas chromatography [121] combined with a TOF mass spectrometer. The detection of a l-enantiomeric excess in cometary molecules, should it be present, would support the hypothesis that extraterrestrial amino acids have predetermined life´s left-handedness of our proteinaceous amino acids.



Another important investigation will focus on two marker compounds: polyoxymethylene (POM) and hexamethylenetetramine (HMT), both found in the residues of interstellar ice analogs [58,122,123]. Their presence or absence could indicate some of the predominant processes in the comet’s ice history. Accordingly, POM is a good indicator for thermal processes while HMT indicates UV photolysis and proton irradiation processes [60].




6. Criticism


Critics on the theory of an extraterrestrial photochemical origin of enantiomerically enriched amino acids have been raised since the beginning.



(1) The first demand is that amino acids and/or their precursor molecules have to be formed in the interstellar medium: Glycine, the simplest of our proteinogenic amino acids, has been claimed to be detected in (hot) molecular cores [124]. Unfortunately, in a detailed analysis of the evidence, glycine lines which should have appeared were not found and this claim has not been confirmed [125]. It should be noted, that amino acids can easily be photo-destroyed in UV-rich space environments even by long wavelength (>200 nm) photons [126] and therefore should preferentially be present in shielded space regions like in icy grains. Aminonitriles–precursor molecules of amino acids–however were found to be more resistant to photochemically destruction in this study.



However, in 2009, extraterrestrial glycine was directly detected in an authentic cometary sample, returned to Earth by the Stardust NASA mission, using gas chromatography-mass spectrometry coupled with isotope ratio mass spectrometry [127]. Further lines of evidence for the existence of extraterrestrial amino acids are the successful laboratory production of amino acids by simulating interstellar conditions [34,35] and their identification in meteorites [54].



(2) Secondly, UV CPL must be present in space and favor the l-enantiomer for all the primordial chiral amino acids involved in the genesis of life on Earth. In a first proposed scenario for interstellar UV CPL, a molecular cloud in the vicinity of a supernova explosion is exposed to ultraviolet radiation from its central neutron star, and the racemic molecules of the organic mantle of the interstellar grains could be asymmetrically photolyzed [26,27,38]. The more likely source of CPL was presented by Bailey and coworkers [28,29,128] based on the observation of a large degree of circular polarization (–5 to +17%) in IR wavelengths in the Orion OMC-1 star formation region. It is believed that CPL is produced by Mie scattering on non-spherical grains aligned by a magnetic field, multiple scattering, or dichroism involving multiple clouds or twisted magnetic field lines [29,129]. Nevertheless, no direct observation of CPL in the UV range could be carried out because of the dust extinction in these regions. So far, only model calculations indicate similar circular polarization rates for the UV domain as observed in the IR [28,130].



Moreover, most efficient asymmetric photolysis of biogenic amino acids requires excitation by distinct bands of the CPL spectrum to overcome the problem that CD bands sum to zero over the entire spectral range [131] (Kuhn-Condon zero sum rule). However, the wavelength integral of the CD index weighted by the actual broad-band CPL spectrum in star formation regions [28] yields a non-zero effective CD coefficient ∆ε. According to Cerf and Jorissen [133] the resulting net enantioselective effect must give an excess of l-enantiomers for all proteinogenic amino acids [132]. These authors argued against the postulated asymmetric photolysis scenario since amino acids like tryptophan and proline violate this condition due to more complex CD spectra in the 200–230 nm wavelength region compared to alanine, valine and leucine. Takahashi et al. [109] recently reported intense CD transitions below 200 nm using a commercial CD photospectrometer. This spectacular finding has to be included in the discussion of how extraterrestrial broad-band CPL can lead to enantioselection since circular polarization of interstellar radiation is probably expanded into the vacuum UV spectral region. In this respect, asymmetric photolysis studies of (i) solid state proteinogenic amino acids using (ii) broad-band VUVCPL rather than monochromatic light with (iii) wavelength below 200 nm matching as closely as possible the conditions prevailing in space would be of great interest.



Another critical point commonly raised is that a significant enantiomeric excess requires a high photolysis rate [73], e.g., to reach an amino acid ee of up to 10%, photodestruction of at least 99.99% would be necessary. Moreover, to keep any introduced enantiomeric enrichment, UV-CPL should have been the last effective irradiation seen by the biomolecular precursor molecules. Otherwise, this a priori small and hard reached enantiomeric asymmetry could have been easily degraded again thereafter [126]. However, if we assume that the l-enantiomeric excess in the meteoritic α-methyl amino acids [22,23,24,71] was a general feature of the solar nebula, it could have been implemented in the Solar System itself leading to our next requirement.



(3) The non-racemic amino acids must be successfully “shipped” to the early Earth: different studies indicate that the transport from outer space to the prebiotic Earth was possible either by direct accretion of the interstellar dust [39,42] or through impacts of meteorites, comets, and interstellar dust particles (IDPs, ~100 µm radius) [4,40,41]. It is assumed, for example, that the ice mantles of the submicron dust grains in IDPs and in comets [95] as well as refractory organic matter (ROM) in carbonaceous chondrites [134] acted as a shield for the organic chiral molecules protecting them from destructive processes. The presence of ROM in meteorites is also discussed to not only preserve biochemically important species but also, and above all, avoid racemization of enantioenriched precursors in such a complex organic network. Indeed, some organic matter including amino acids could survive this harsh trip without being destroyed when passing the atmosphere and striking the Earth’s surface, as shown by a wide variety of identified organic compounds in fallen meteoritic samples such as Murchison [54,55,65].



Meteorites represent only a tiny fraction of the total material delivered to Earth from space [117]. The largest input would have been from interplanetary dust particles. Accordingly, interstellar dust collections in Greenland and Antarctica ice sheets [135] show that the Earth is still soaking up interplanetary dust as micrometeorites. However, only one amino acid, α-aminoisobutyric acid, could be identified in one of these Antarctic micrometeorites so far [136,137]. Even if we do not consider meteorites as the main supplier for enantioenriched amino acids to the early Earth, they in fact demonstrate their existence in outer space and leave the door open for further discoveries of any enantiomeric excess in other interstellar bodies as well.



(4) Since the enantiomeric enrichment initiated by CPL is small and may be further degraded by racemization, amplification mechanisms would come into play for increasing this enantiomeric excess. Therefore, cycles of partial polymerization and hydrolysis, evaporation and crystallization, as well as kinetic resolution have been proposed to increase the enantiomeric excess from very few percent towards homochirality (reviewed in [1]). Most promising seems to be the asymmetric amplification using enantioenriched auxiliaries with either catalytic [138] or autocatalytic function (Soai reaction type) [139,140,141].



(5) The last critical point deals with the precise determination of any small enantiomeric excess using gas or liquid chromatography. In principle, two different enantioselective separation methods can be applied to measure ee of d,l-amino acids: either derivatization with an achiral reagent followed by the separation of the enantiomers on a chiral stationary phase or via derivatization with a chiral agent and separation of diastereomers on an achiral stationary phase. The latter requires several conditions for its use in accurate ee determination investigations including quantitative enantiomeric purity of the derivatization auxiliary, complete absence of racemization of both reactants during derivatization, and identical reaction kinetics of both enantiomers with the chiral agents. Therefore, the use of the achiral derivatization approach combined with the separation on a chiral stationary phase should be applied preferably due to the absence of the above mentioned factors [142].



In general, any small enantiomeric excess obtained should carefully be discussed regarding resolution (R) of closely eluting enantiomers (R values should be given), applied derivatization method, and reverse elution order of enantiomers by applying the oppositely configured chiral stationary phase to verify the analytical results.




7. Conclusions


We have outlined that asymmetric photoreactions are capable of producing slight enantiomeric enrichments in racemic mixtures of organic molecules. The identification of several non-racemic α-amino acids in different meteorites supports the theory of an extraterrestrial origin of biomolecular asymmetry. The synthesis of non-racemic DAP in interstellar ice analogs using UV-CPL and its presence in meteoritic samples give good reasons to believe that diamino acids significantly contributed to the origin of life´s genetic material.



Future research will certainly continue studying asymmetric photolysis and enantioselective photosynthetic reaction pathways leading to enantioenriched organic molecules. These molecules must not necessarily be amino acids. But amino acids attracted the interest of the research community since (a) they were identified in carbonaceous meteorites and in simulated interstellar ices, (b) amino acids are required for the biosynthesis of stereoregular proteins, and (c) diamino acids such as DAP–suggested for the PNA backbone–may have been the only diamino acids needed for the origin of life. In this spirit, fine stereoselective-interactions between biomolecules of different kinds of molecular families are a remarkable feature of present life and should be included in the scientific discussion on the origin of biomolecular asymmetry.



The understanding of how these first chiral molecules became assembled into living systems has become a topical research field, in which proteins are used as catalysts and various oligonucleotides as information storage molecules. Scientific studies on the origins of life in general and on the origin of biomolecular homochirality in particular are of interdisciplinary interest and will continue producing important and highly fascinating data on our origins.
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Figure 1. Gas chromatograms showing ECEE* derivatives of 13C-labelled amino acids generated under simulated interstellar pre-cometary conditions. Data were obtained from GC-MS analysis after hot water extraction and 6M HCl hydrolysis of VUV light-processed residues resulting from the condensation of H2O:13CH3OH:NH3:13CO:13CO2 mixtures at 12 K. Relative compositions are given on the graphs [34] (* N-ethoxycarbonyl ethyl esters). 
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Figure 2. Diamino acid enantiomers (highlighted in red and green, respectively) detected in a sample of the Murchison meteorite. A hot water extract of the meteorite was hydrolyzed with 6 M HCl, derivatized to form ethoxycarbonyl diamino acid ethylester [92], separated by enantioselective capillary gas chromatography on a Chirasil-d-Val stationary phase, and detected by a mass spectrometer at 175 a.m.u. The insets show the external standards of the separated diamino acids d,l-2,3-diaminopropanoic acid (DAP) and d,l-2,4-diaminobutyric acid (DAB) enantiomers (Std) detected in the total ion current, and a serpentin blank (Blk) detected in the single ion monitoring mode of mass trace 175 a.m.u., that had been heated before extraction for 4 h at 500 °C and passed through the analytical protocol; a.m.u., atomic mass units [69]. 
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Figure 3. Peptide nucleic acid (PNA) and ribonucleic acid (RNA) structures. In general, one distinguishes between daPNA composed of diamino acids (da) and aegPNA, in which the molecular backbone is constructed by N-aminoethylglycine (aeg). The structure given below depicts daPNA using the diamino acid 2,4-diaminobutyric acid (DAB) in its molecular backbone. Racemic DAB was identified in the Murchison meteorite (Figure 2). 
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Figure 4. Circular dichroism spectra* of solid state l-leucine in the VUV range (130–330 nm) measured from an amorphous film of sublimated amino acid (750 nm-thick). The sample was rotated around the beam axis in steps of 90° in order to minimize the contributions of VUV birefringence and linear dichroism to the signal. (* recorded at the synchrotron facility ISA, Aarhus University, Denmark) [109]. 
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Figure 5. Gas chromatographic enantiomer separation of d,l-leucine. The black line represents a sample irradiated under right-circularly polarized VUV light at the DESIRS beamline (Synchrotron SOLEIL, Paris), the red one corresponds to a non-irradiated commercial sample of racemic d,l-leucine. Enantiomer separation of l- and d-leucine is achieved on a Chirasil-l-Val under the following operating conditions: constant He flow, 1.3 mL/min; oven temperature program, 70 °C to 130 °C (10 °C/min rate), 130 °C to 180 °C (2 °C/min rate), finally held isothermal for 10 min; detection mode, SIM 158 m/z. 
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Figure 6. Gas chromatograms showing the enantiomeric distribution of alanine and 2,3-diaminopropanoic acid (DAP) in simulated interstellar ices photoprocessed under linear (red) or right circularly polarized (blue) VUV light at the SU5 beamline (Synchrotron Lure, Orsay, France). Enantiomer separations were achieved using enantiselective capillary gas chromatography on a Chirasil-d-Val stationary phase. 
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