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Abstract: Discussions are made concerning realistic mechanisms for the origin of 

L-amino acids in the biosphere. As the most plausible mechanism, it is proposed that a 

mixture of racemic amino acids in the prebiotic sea caused spontaneous and effective 

optical resolution through self crystallization, even if asymmetric synthesis of a single 

amino acid has never occurred without the aid of an optically active molecule. This 

hypothesis is based on recrystallization of a mixture of D,L-amino acids in the presence of 

excess of D,L-asparagine (Asn). The enantiomeric excess (ee) of each amino acid in the 

resulting crystals indicates that crystallization of co-existing amino acids with the 

configuration same as that of Asn took place, although it was incidental whether the 
enrichment occurred in L- or D-amino acids. In addition, the resulting ee was sufficiently 

high (up to 100%) to account for the predominance of L-amino acids on the earth. 

Keywords: homochirality; L-amino acid; crystallization; chemical evolution; optical 
resolution; asymmetric synthesis; enantiomeric excess 

 

1. Introduction 

Explanation of the homochirality of amino acids in the biosphere is one of the most important 

mysteries in the origin of life [1,2]. According to the long history of asymmetric synthesis, it is 
considered that absolute asymmetric synthesis, namely asymmetric synthesis without the aid of an 

asymmetric molecule as a reactant or catalyst, is impossible. Circularly polarized light [3-5] and light 

in a magnetic field [6] are types of asymmetric reactants or fields. It is reasonable to suppose that  
L-amino acids cause asymmetric synthesis and optical resolution [7,8]; however, the formation of a 

single L-amino acid from the racemic products, which are formed by prebiotic chemical evolution, has 
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never been shown. Breslow and Levine [9] reported that solutions with as little as 1% enantiomeric 
excess (ee) of D- or L-phenylalanine were amplified to 90% ee (a 95/5 ratio) by two successive 

evaporations to precipitate the racemate. This study elegantly highlights the enigma concerning how 

the tiny 1% ee required for chiral amplification was initially created from the racemate. Sublimation of 
L-serine (Ser) with 3% ee yielded a sublimate with 69% ee [10]. In addition solubility-based chiral 

amplification of nucleoside [11] and attrition-enhanced evolution of solid-phase ee of nearly racemic 

phenylglycinamide derivative [12] were reported. However, the generation of an ee must be strictly 
distinguished from the chiral amplification by a chiral molecule even if the ee of the involved chiral 

molecule is very small. 

Since the discovery of ribozyme [13], an “RNA world” is postulated as an initial stage in the origin 
of life [14]. However, from the stereochemical viewpoint, it is much more difficult to explain the 

origin of four ribonucleic acids, each of which contains as many as four chiral carbons, than that of  

L-amino acids, which contain only one chiral carbon, except for threonine and isoleucine.  
Concerning the crosstalk between amino acids and sugars, the strong but incomplete chiral 

preference for the L-Ser/D-glucose and D-Ser/L-glucose combinations on the Ser octamer 

homoclusters has previously been reported [15]. Sixteen optical isomers are components of  

hexose, which has four chiral carbons. It would be interesting to know which hexose has the  

strongest affinity for the L-Ser octamer. In addition, chemical aminoacylation of 

D-poly(adenylic acid) with imidazolide of N-protected D,L-alanine (Ala) gave rise to adducts with ee 

of 58% [16], while D-amino acids were preferred in the esterification of 5’-AMP [17]. 

Spontaneous optical resolution by crystallization of an enantiomeric mixture has been proposed as a 

possible mechanism for the formation of homochirality [18–20]. Homochiral preference of Ser in 

thermal cluster formation [21] and chiral amplification of oligopeptides in two-dimensional crystalline 

self-assemblies on water [22] were reported. The fact that glycine (Gly) crystals float in the solution 

such that only one face is available for growth caused optical resolution of added amino acids such as 
leucine (Leu), histidine (His), valine (Val), phenylalanine (Phe), glutamic acid (Glu), and methionine 

(Met) [23]. Unlike amino acid monomers, homochiral peptides were generated from racemic mixtures 

by random polymerization [24]. 
At the same time, another problem is to elucidate the selection of 19 L-amino acids with apparently 

different structures, except for the configuration of the α-carbon. The nomenclature of L-amino acids 

was introduced by Fischer on the basis of his nomenclature of sugars, implying that L-amino acids do 
not have any other chemical properties in common. For example, if L-alanine (Ala) is generated by a 

specific mechanism, this mechanism is not always applicable to the origin of L-Phe. Therefore, in 

theory, 19 mechanisms are expected to exist for the selection of 19 L-amino acids, while it is unclear 
how many L-amino acids were necessary to form the most primitive proteins. Ikehara [25] proposed 

the “GADV-protein world” hypothesis, which states that Gly, Ala, aspartic acid (Asp), and Val formed 

protein in primitive life on the basis of studies on microbial genes, origin of genes, genetic code, and 
catalytic reaction of peptides prepared using these four amino acids. 

In the present review, we will focus our discussion on the possible and realistic mechanisms of the 

origin of L-amino acids on the earth, although the formation of L-amino acids in the 
extra-terrestrial space is suggested on the basis of analysis of amino acids in meteorites [26]. 
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Discussions on frequently reported asymmetric synthesis and optical resolution using a chiral molecule 
are also deliberately eliminated. 

2. Specific Nature of D,L-asparagine among Amino Acids 

2.1. Generation of ee by a simple recrystallization of asparagine 

Since the famous experiment performed by Pasteur [27], asymmetric resolution has been attempted 

through recrystallization [18,19,28], despite the fact that Pasteur achieved optical resolution and did 

not find any evidence of the generation of an ee. Racemic amino acids would have been generated by 
chemical evolution in the high temperature of the prebiotic sea. As the prebiotic sea cooled down, 

crystallization took place and homochirality was probably attained at this stage, when the rate of 

thermal racemization and the solubility of amino acids became low. Then how did homochirality arise? 
Among amino acids, D,L-asparagine (Asn) spontaneously forms crystals of either isomer during 

recrystallization [29]. Supposing that two crystals, composed of L-Asn and D-Asn, respectively, are 

growing during recrystallization of racemic D,L-Asn, it is highly probable that the rate of 

crystallization of these crystals is not identical. Under these conditions, the ee of Asn crystals arises 

from the kinetic difference in the crystal growth. We define the ee of an amino acid as shown in 

Equation (1). A positive ee value indicates that the L-isomer is more abundant than the D-isomer,  

a zero value denotes a racemic mixture, and negative ee value indicates a D-rich mixture. Usually  

a negative ee value is not used, but we define it here to plot it in a graph for this review. 

ee (%) = 100 × (L − D)/(L + D)      (1) 

In our previous experiments, a simple recrystallization of D,L-Asn was undertaken. D,L-Asn 

monohydrate (2 g) was dissolved in water (10 ml) heated in a boiling water bath. After filtration, the 

solution was stored in a glass vial with a screw cap and left at room temperature until a measurable 

quantity of crystals was formed. Crystals were collected by filtration, dissolved in an appropriate 

amount of water, and the ee was determined by high performance liquid chromatography (HPLC) 

performed with a chiral column {Crownpak CR (+), Daicel Chem. Ind. Ltd., Tokyo, Japan}. The ee 
values of L-Asn were 4.8, 11.2, 11.5, 11.7, 15.5, 26.7, 26.8, 27.1, 64.7, 88.9, and −59.7%, indicating 

that L-rich crystals were obtained 10 times and D-rich crystals were formed once in 11 

recrystallizations [30].  
These results do not necessarily imply that L-Asn is formed preferentially. If recrystallizations were 

performed many times, the formation of L-rich Asn might be as common as that of D-rich Asn. 

Anyway it is clear that the crystals formed by recrystallization of D,L-Asn show an ee as a whole.  
To elucidate the mechanism of this enantiomeric enrichment, the ee of each crystal taken randomly 

from the recrystallization experiments was measured. Among 35 crystals, three crystals gave an ee of 

either isomer of about 70%, and 32 crystals gave an ee of more than 90% [30], indicating that each 
crystal consists of an almost pure enantiomer and that the ee of the total crystals is determined by the 

weight percent of crystals of the enriched isomer. This also implies that the interaction energy between 

L-Asn and L-Asn (and between its mirror images D-Asn and D-Asn) is larger than that between L-Asn 
and D-Asn. This finding apparently contradicts Wallach’s 1895 rule [31,32], stating that racemic 
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crystals tend to be denser than their chiral counterparts. Wallach’s rule is applicable to Ala [33] but not 
to Ser [34]. 

2.2. Optical resolution of D,L- amino acids by D,L-Asn 

The next problem was whether D,L-Asn could cause enantiomeric enrichment of other coexisting 
D,L-amino acids. D,L-Phe (300 mg) and D,L-Asn monohydrate (2.1 g) were dissolved in 10 ml of 

water at 100 ̊ C. By a similar recrysta llization process, crystals were obtained, dissolved in water, and 

analyzed by HPLC. Thirteen independent experiments were carried out. The ee values of L-Asn  
(x-axis) and L-Phe (y-axis) for each sample solution were plotted as shown in Figure 1 [30]. The 

maximal ee values of the L-isomer were 22.3% and 41.1% for Phe and Asn, respectively. The maximal 

ee values of the D-isomer were 35.6% and 89.8% for Phe and Asn, respectively (Figure 1). Namely  
D,L-Asn causes asymmetric selection of Phe to a significant extent. Furthermore, the ee of Phe almost 

linearly correlates with that of Asn (Figure 1) [30]. The ee of each crystal indicates that the ee of Asn 

of either isomer is nearly 100% and that of Phe of the corresponding isomer is 60%–93% [30]; L-Asn 

crystallizes preferentially involving L-Phe, and D-Asn crystallizes involving D-Phe, and asymmetric 

selection results from the relative content of crystals enriched with either Asn isomer. This finding also 

indicates that the interaction between L-Asn and L-Phe (and between its mirror images D-Asn and  

D-Phe) is greater than that between L-Asn and D-Phe or D-Asn and L-Phe. Of course, recrystallization 

of D,L-Phe always gives racemic mixtures [30]. 

Figure 1. Plot of ee values of L-phenylalanine (L-Phe) and L-asparagine (L-Asn) of 

crystals obtained from recrystallization of D,L-Phe (300 mg) in the presence of  

D,L-Asn (2.1 g). The ee values of Asn (x-axis) and Phe (y-axis) for each sample were 

plotted as (λ) [30]. 

 
 

The ability of D,L-Asn to cause enantiomeric enrichment of D,L-Phe is specific, because other  

D,L-amino acids such as glutamine (Gln), Glu, His, Ser, Asp, Met or Val, do not induce ee in  

D,L-Phe by similar procedures [35]. Other amino acids were not appropriate for this experiment 

because of their inappropriate solubility in water, (solubility either too high or extremely low). The 

ability of D,L-Asn to induce enantiomeric enrichment of other D,L-amino acids may be ascribed to its 

solubility, solubility change with temperature, and the appropriate position of its three polar functional 



Symmetry 2010, 2 

 

 

1026 

groups, which interact with other amino acids (including Asn). Therefore, a molecule that induces 
homochirality in other amino acids must satisfy stereochemical conditions, and a molecule that merely 

exhibits a definite ee is not sufficient to fulfil this role. It would be very interesting if such a molecule 

were found in a meteorite, even of a non-terrestrial type such as isovaline, norvaline, and  
2-amino-2,3-dimethylpentanoic acid [36,37]. 

D,L-Asn can be shown to induce enantiomeric enrichment of coexisting D,L-amino acids such as 

arginine (Arg), Asp, Gln, His, Leu, Met, Ser, tryptophan (Trp), tyrosine (Tyr), and Val, by similar 
recrystallization experiments as shown in Figure 2 [38], demonstrating that D,L-Asn causes an 

enantio-selective crystallization of coexisting racemic amino acids and that interaction between L-Asn 

and other L-amino acids or between D-Asn and other D-amino acids is also greater than that between 
L-Asn and other D-amino acid or their mirror images. It is a moot point whether the enrichment took 

place in L- or D-Asn; however, once the selection was made, the coexisting amino acid with the 

same configuration at the α-carbon was preferentially involved. On the other hand, D,L-Ala and 
D,L-Glu did not afford a significant ee by similar treatment with D,L-Asn [38]. 

Figure 2. Plot of the ee values of Asn and other amino acids contained in crystals obtained 

by cocrystallization of excess D,L-Asn and individual D,L-amino acids. Excess D,L-Asn 

was recrystallized in the presence of each D,L-amino acid. The resulting crystals were 

dissolved in water, and the ee value of each amino acid was analyzed and plotted, as 

described in the text. The ee values of Asn (x-axis) and the other amino acid (y-axis) for 

each sample are shown [38]. 
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2.3. Optical resolution of a mixture of D,L-amino acids by a large excess of D,L-Asn 

A mixture of 2.0 g of D,L-Asn monohydrate, 50 mg of racemic Ala, Asp, Arg, Glu, Gln, His, Leu, 

Met, Ser, and Val, and 25 mg of D,L-Phe and D,L-Tyr was dissolved in 10 ml of hot water, and 

recrystallized. After collecting and dissolving all crystals in an appropriate volume of water, the ee of 
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all amino acids was determined by chemical derivatization and HPLC [39–41]. The results are shown 
in Table 1 [38]. In trial 1, a nearly racemic mixture was obtained. In trials 2–5, L-rich mixtures were 

obtained, and in trial 6, a D-rich mixture was obtained.  

Table 1. ee values (%) of amino acids contained in crystals obtained by recrystallization 
from a mixture of excess D,L-Asn with 12 D,L-amino acids [38]. 

Trial Asn Ala Arg Asp Gln Glu His Leu Met Phe Ser Tyr Val 

1 0.23 −6.6 −2.4 1.2 2.3 −3.9 0.2 0.4 −9.8 −2.5 8.0 −5.5 −8.2 

2 37.9 30.8 20.4 40.1 37.5 26.5 18.9 3.6 26.0 14.6 48.4 6.7 −0.4 

3 33.1 43.0 35.2 48.5 52.2 41.8 18.8 8.0 40.0 22.5 56.6 14.5 5.0 

4 79.4 91.0 82.6 100 94.9 92.0 70.0 42.4 40.6 71.2 100 ND 41.8 

5 62.9 52.8 39.2 59.7 50.6 61.3 26.1 11.2 54.9 41.4 67.4 36.1 22.8 

6 −94.6 −87.1 −43.0 −100 −72.4 −77.4 −66.9 −13.3 −62.0 −39.9 −90.1 −30.1 −6.3 

ND: not detected 

 

These results demonstrate that the coexisting amino acids with the same configuration as Asn were 

also preferentially cocrystallized in this experiment. This highlights a very important point; all these 

amino acids give the same enantiomer-rich crystals by the recrystallization. In other words, 

recrystallization is a mechanism that gives rise to a set of L-amino acids or D-amino acids. 
Therefore, the 19 independent mechanisms for each amino acid, as postulated in the Introduction, are 

not necessary to cause optical resolution of amino acids. This may be explained on the grounds that an 

amino acid has two polar groups to interact with each other by strong Coulomb forces during 

crystallization and their configuration predominantly determines the structure and ee of the crystal. 

Interestingly, the ee of Ala and Glu, which did not give an ee by recrystallization with 

D,L-Asn alone, was induced from a mixture of these 13 racemic amino acids. It is surprising that the 

maximal ee was 100%, and that these ee values are much higher than those observed in the 

recrystallization of each amino acid with D,L-Asn alone. One can conclude that a racemic mixture of 

amino acids causes spontaneous and effective enantiomeric enrichment by itself

A selection in the very early stage of the crystallization process may also determine the ee of entire 

crystals. It is easily understood that a strong chiral field is generated when the crystal surface of L-Asn 

or D-Asn appears in a racemic solution. Based on these results, we propose that enantio-selective 
crystallization of racemic amino acids induced by spontaneous resolution of a coexisting racemic 

molecule such as D,L-Asn, is a simple and realistic mechanism for the selection of L-amino acids in 

the biosphere [38]. Furthermore, the resulting ee was sufficiently high to account for the predominance 
of L-amino acids on the earth, if the L-selection occurred by crystallization comparing with the small 

ee of amino acids contaminated in meteorites [26]. 

, even if asymmetric 

synthesis of a single amino acid does not occur without the aid of an optically active molecule. 

D,L-Asn, the unique amino acid, is formed using contact glow discharge electrolysis against an 
aqueous solution containing alanine and formamide [42]. However, it is unknown whether D,L-Asn 

was produced in sufficient quantities by chemical evolution to allow crystallization. It is incidental 
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whether D,L-Asn gave either L-rich or D-rich crystals as described above; thus, it may be speculated 
that random crystallizations at many points may not have induced an L-rich world, but have lead to a 

racemic world. It is very interesting to consider whether an L-amino acid world was formed 

accidentally or necessarily generated by the interaction of D,L-amino acids, especially D,L-Asn with 
D-sugars or RNAs. 

3. Other Hypotheses Explaining Homochirality of Amino Acids 

Absolute asymmetric synthesis and optical resolution have been examined under physical fields 
[2,43,44]. Irradiation of Cr(III)tris-oxalato complex with unpolarized light in a magnetic field at 7.5 T 

parallel to the irradiation direction yielded an ee of −1 × 10−4 [6]. This was an epoch-making study, but 

based on this small value, it may be debated whether magnetochiral reaction has a realistic meaning in 
the formation of homochirality. A confined vortex motion induced an ee in the oxidation of isophorone 

and hydrogen peroxide [45], although a relationship of this study with the amino acid was unknown. 

Two orientations of a molecule must be regulated to generate an ee. If the molecule orients by a 

flow of the solution, e.g., the smallest substituent moves forward, and the largest substituent locates at 

the outside position by the centrifugal force, the movement of the earth (revolving both around the sun 

and on its axis) possibly induces an ee. As the tilt of the earth’s axis to its orbital plane is 23.5°, the 

movement of the earth itself is asymmetric. If chemical evolution occurred in the solution (including 

the gas phase) that synchronized with the movement of the earth, generation of an ee may be expected.  

We constructed a model of the earth about 20 years ago (Figure 3). The radius of the arm was  

30 cm. The inner diameter of a Teflon vessel was 4 cm, and the height of its inner cavity was also  

4 cm. This vessel revolves three times around its axis per one rotation around the sun (center) using a 

motor and gears (Video 1). The maximum rotation speed was 150 rpm. Unfortunately, we have not 

succeeded in inducing appreciable ee in oxidation of methyl p-tolyl sulfide with sodium periodate, 

epoxidation of stilbene with m-chloroperbenzoic acid, or solvolysis of 

1-chloro-1-phenyl-ethane with this model. To avoid the effects of side products, we determined the ee 
by HPLC, in which the standard deviation is usually ~1%–2%. Therefore, an ee smaller than 1% could 

not have been detected even if it had arisen. Recrystallization of D,L-Asn with this model gave crystals 

with either plus or minus ee and did not give only L- or D-rich crystals, showing that the results were 
similar to those obtained by recrystallization made in a stationary vessel. At present, no experimental 

evidence is available indicating that the asymmetric movement of the earth causes homochirality of 

amino acids. 
Even simple stirring of the solution gave optically active crystals of sodium chlorate (NaClO3), 

although this molecule is not chiral [19]. Since this process regulates only one direction, the yield of 

optically active crystals of NaClO3 may be a very specific case, and this may not be applicable to 

amino acids. However, it is possible that optically active crystal surfaces provide an asymmetric field 

with amino acids. Selective adsorption of amino acids to crystals of nonchiral inorganic molecules is a 

possible mechanism for the condensation of either enantiomer. Quartz [46] underwent asymmetric 
preferential adsorption of Ala in anhydrous dimethylformamide solution. However, Bonner [47] casted 

doubt on any significant role of quartz in chiral selectivity on the basis of equal abundance of (+)- and 

(−)-quartz on the earth and the strictly anhydrous conditions required for optical resolution. Calcite 
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(CaCO3) displayed significant adsorption and chiral selectivity of Asp [48,49] and Ala [49] on pairs of 
mirror-related crystal growth surfaces, although it was not determined whether the ee of Asp or Ala 

was induced as a whole on the total crystal surfaces. If either crystal field preferentially oriented to the 

aqueous phase in the prebiotic sea, selection of an amino acid such as Asn, which causes optical 
resolution of other amino acids [30,38], may have been possible similar to the floating Gly crystal [24]. 

Figure 3. Earth model. The tilt of the axis of the Teflon vessel to its orbital plane is 23.5°. 

A red mark appears every 10 cm for measurement. The earth revolves both round the 
center (the sun) and on its axis. 

 
 

4. Conclusions 

Since the selection of homochirality takes place only once in the history of the earth, it may be 
almost impossible to prove the mechanism scientifically and to reproduce the situation with 

confidence. For example, even if a large quantity of D-amino acids remained somewhere after the  

L-selection, it is impossible to find them, because almost all living organisms equip with metabolic 
enzymes of D-amino acids like D-amino acid oxidase to consume them as an energy source. Therefore, 

discussions on this issue will last forever, and new and surprising ideas corresponding to the progress 

of science and technology will be proposed one after another. These ideas will affect chemistry, 

especially in fundamental concepts concerning interaction among molecules. Whether this is scientific 

or romantic, or both, is not for us to say. 

References and Notes 

1. Mason, S. Biomolecular homochirality. Chem. Soc. Rev. 1988, 17, 347–359. 



Symmetry 2010, 2 

 

 

1030 

2. Avalos, M.; Babiano, R.; Cintas, P.; Jimenez, J.L.; Palacios, J.C. Absolute asymmetric synthesis 
under physical fields: Facts and fictions. Chem. Rev. 1998, 98, 2391–2404.  

3. Inoue, Y. Asymmetric photochemical reactions in solution. Chem. Rev. 1992, 92, 741–770. 

4. Nishino, H.; Kosaka, A.; Hembury, G.A.; Aoki, F.; Miyauchi, K.; Shitomi, H.; Onuki, H.; Inoue, 
Y. Absolute asymmetric photoreactions of aliphatic amino acids by circularly polarized 

synchrotron radiation: Critically pH-dependent photobehavior. J. Am. Chem. Soc. 2002, 124, 

11618–11627.  
5.    Kawasaki, T.; Sato, M.; Ishiguro, S.; Saito, T.; Morishita, Y.; Sato, I.; Nishino, H.; Inoue, Y.; 

Soai, K. Enantioselective synthesis of near enantiopure compound by asymmetric autocatalysis 

triggered by asymmetric photolysis with circularly polarized light. J. Am. Chem. Soc. 2005, 127, 
3274–3275. 

6. Rikken, G.L.J.A.; Raupach, E. Enantioselective magnetochiral photochemistry. Nature 2000, 405, 

932–935. 
7.  Klussmann, M.; Iwamura, H.; Mathew, S.P.; Wells, D.H., Jr.; Pandya, U.; Armstrong, A.; 

Blackmond, D.G. Thermodynamic control of asymmetric amplification in amino acid catalysis. 

Nature 2006, 441, 621–623.  

8. Pizzarello, S.; Weber, A.L. Prebiotic amino acids as asymmetric catalysis. Science 2004, 

303, 1151. 

9. Breslow, R.; Levine, M.S. Amplification of enantiomeric concentrations under credible prebiotic 

conditions. Proc. Natl. Acad. Sci. USA 2006, 103, 12979–12980. 

10. Perry, R.H.; Wu, C.; Nefliu, M.; Cooks, R.G. Serine sublimes with spontaneous chiral 

amplification. Chem. Comm. 2007, 1071–1073. 

11.  Breslow, R.; Cheng, Z.-L. On the origin of terrestrial homochirality for nucleosides and amino 

acids. Proc. Natl. Acad. Sci. USA 2009, 106, 9144–9146. 

12.  Noorduin, W.L.; Izumi, T.; Millemaggi, A.; Leeman, M.; Meekes, H.; Van Enckevort, W.J.P.; 
Kellogg, R.M.; Kaptein, B.; Vlieg, E.; Blackmond, D.G. Emergence of a single solid chiral state 

from a nearly racemic amino acid derivative. J. Am. Chem. Soc. 2008, 130, 

1158–1159. 
13.  Cech, T.R. Self-splicing and enzymatic activity of an intervening sequence RNA from 

Tetrahymena. Biosci. Rep. 1990, 10, 239–261. 

14. Cech, T.R. Crawling out of the RNA world. Cell 2009, 136, 599–602. 
15.  Takats, Z.; Nanita S.C.; Cooks, R.G. Serine octamer reactions: Indicators of prebiotic relevance. 

Angew. Chem. Int. Ed. Engl. 2003, 42, 3521–3523. 

16.  Profy, A.T.; Usher, D.A. Stereoselective aminoacylation of polyribonucleotides. J. Am. Chem. 

Soc. 1984, 106, 5030–5031. 

17.  Lacy, J.C., Jr.; Wickramasinghe, N.S.M.D.; Sabatini, R.S. Preferential hydrophobic interactions 

are responsible for a preference of D-amino acids in the aminoacylation of 
5’-AMP with hydrophobic amino acids. Experientia 1992, 48, 379–383. 

18.  Collet, A.; Brienne, M.-J.; Jacques, J. Optical resolution by direct crystallization of enantiomer 

mixtures. Chem. Rev. 1980, 80, 215–230. 
19.  Pincock, R.E.; Perkins, R.R.; Ma, A.S.; Wilson, K.R. Probability distribution of enantiomorphous 

forms in spontaneous generation of optically active substances. Science 1971, 174, 1018–1020. 



Symmetry 2010, 2 

 

 

1031 

20.  Havinga, E. Spontaneous formation of optically active substances. Biochim. Biophys. Acta 1954, 
13, 171–174. 

21.  Yang, P.; Xu, R.; Nanita, S.C.; Cooks, R.G. Thermal formation of homochiral serine clusters and 

implications for the origin of homochirality. J. Am. Chem. Soc. 2006, 128, 17074–17086. 
22. Zepik, H.; Shavit, E.; Tang, M.; Jensen, T.R.; Kjaer, K., Bolbach, G.; Leiserowitz, L.; Weissbuch, 

I.; Lahav, M. Chiral amplification of oligopeptides in two-dimensional crystalline self-assemblies 

on water. Science 2002, 295, 1266–1269. 
23. Weissbuch, I.; Addadi, L.; Berkovitch-Yellin, Z.; Gati, E.; Lahav, M.; Leiserowitz, l. Spontaneous 

generation and amplification of optical activity in α-amino acids by enantioselective occlusion 

into centrosymmetric crystals of glycine. Nature 1984, 310, 
161–164. 

24.  Weissbuch, I.; Illos, R.A.; Bolbach, G.; Lahav, M. Racemic β-sheets as templates of relevance to 

the origin of homochirality of peptides; Lessons from crystal chemistry. Acc. Chem. Res., 2009, 
42, 1128–1140. 

25.  Ikehara, K. Possible steps to the emergence of life: The [GADV]-protein world hypothesis. Chem. 

Rec. 2005, 5, 107–118. 

26.  Pizzarello, S. The chemistry of life’s origin: A carbonaceous meteorite perspective. Acc. Chem. 

Res. 2006, 39, 231–237. 

27.  Pasteur, L. Memoire sur la relation qui peut exister entre la forme crystalline et la composition 

chimique, et sur la cause de la polarisation rotatoire. C. R. Acad. Sci. Paris 1848, 26, 535–538. 

28.  Kondepudi, D.K.; Kaufman, R.J.; Singh, N. Chiral symmetry breaking in sodium chlorate 

crystallization. Science 1990, 250, 975–976. 

29.  Ostromisslensky, I. Untersuchungen im Gebiete der Spiegelbildisomerie. Ber. 1908, 41, 

3035–3046. 

30.  Kojo, S.; Tanaka, K. Enantioselective crystallization of D,L-amino acids induced by spontaneous 
asymmetric resolution of D,L-asparagine. Chem. Comm. 2001, 1980–1981. 

31.  Wallach, O. Zur Kenntniss der Terpene und der aetherischen Oele. Liebigs Ann. Chem. 1895, 286, 

90–143. 
32.  Brock, C.P.; Schweizer, W.B.; Dunitz, J.D. On the validity of Wallach’s rule: On the density and 

stability of racemic crystals compared with their chiral counterparts. J. Am. Chem. Soc. 1991, 113, 

9811–9820. 
33.  Mastai, Y.; Voelkel, A.; Coelfen, H. Separation of racemate from excess of chiral nonracemic 

compounds via density gradient ultracentrifugation. J. Am. Chem. Soc. 2008, 130, 

2426–2427. 
34.  Boldyreva, E.V.; Kolesnik, E.N.; Drebushchak, T.N.; Sowa, H.; Ahsbahs, H.; Seryotkin, Y.V. A 

comparative study of the anisotropy of lattice strain induced in the crystals of DL-serine by 

cooling down to 100 K, or by increasing pressure up to 8.6 GPa. A comparison with L-serine. Z. 

Kristallogr. 2006, 221, 150–161. 

35.  Kojo, S. unpublished results. 

36.  Glavin D.P.; Dworkin, J.P. Enrichment of the amino acid L-isovaline by aqueous alteration on CI 
and CM meteorite parent bodies. Proc. Natl. Acad. Sci. USA 2009, 106, 5487–5482. 



Symmetry 2010, 2 

 

 

1032 

37.  Cronin, J.R.; Pizzarello, S. Enantiomeric excess in meteoritic amino acids. Science 1997, 275, 
951–955. 

38. Kojo, S.; Uchino, H.; Yoshimura, M.; Tanaka, K. Racemic D,L-asparagine causes enantiomeric 

excess of other coexisting racemic D,L-amino acids during recrystallization: a hypothesis 
accounting for the origin of L-amino acids in the biosphere. Chem. Comm. 2004, 2146–2147. 

39.  Nimura, N.; Kinoshita, T. o-Phthalaldehyde-N-acetyl-L-cysteine as a chiral derivatization reagent 

for liquid chromatographic optical resolution of amino acid enantiomers and its application to 
conventional amino acid analysis. J. Chromatogr. 1986, 352, 169–177. 

40.  Jin, D.; Miyahara, T.; Oe, T.; Toyo’oka, T. Determination of D-amino acids labeled with 

fluorescent chiral reagents, R(-)- and S(+)-4-(3-isothiocyanatopyrrolidin-1-yl)-7-(N,N-
dimethylaminosulfonyl)-2,1,3-benzoxadiazoles, in biological and food samples by liquid 

chromatography. Anal. Biochem. 1999, 269, 124–132. 

41.  Adamson, J.G.; Hoang, T.; Crivici, A.; Lajoie, G.A. Use of Marfey’s reagent to quantitate 
racemization upon anchoring of amino acids to solid supports for peptide synthesis. Anal. 

Biochem. 1992, 202, 210–214. 

42.  Munegumi, T.; Shimoyama, A.; Harada, K. Abiotic asparagine formation from simple amino 

acids by contact glow discharge electrolysis. Chem. Lett. 1997, 393–394. 

43.  Barron, L.D. True and false chirality and absolute asymmetric synthesis. J. Am. Chem. Soc. 1986, 

108, 5539–5542. 

44. Bonner, W.A. The origin and amplification of biomolecular chirality. Orig. Life Evol. 

Biosph.1991, 21, 59–111. 

45. Edwards, D.; Cooper, K.; Dougherty, R.C. Asymmetric synthesis in a confined vortex: 

Gravitational fields can cause asymmetric synthesis. J. Am. Chem. Soc. 1980, 102, 381–382. 

46.  Bonner, W.A.; Kavasmaneck, P.R.; Martin, F.S.; Flores, J.J. Asymmetric adsorption of alanine by 

quartz. Science 1974, 186, 143–144. 
47.  Bonner, W.A. Chirality and life. Orig. Life Evol. Biosph.1995, 25, 175–190. 

48.  Orme, C.A.; Noy, A.; Wierzbicki, A.; McBride, M.T.; Grantham, M.; Teng, H.H.; Dove, P.M.; 

DeYoreo, J.J. Formation of chiral morphologies through selective binding of amino acids to 
calcite surface steps. Nature 2001, 411, 775–779. 

49.  Hazen, R.M.; Filley, T.R.; Goodfriend, G.A. Selective adsorption of L- and D-amino acids on 

calcite: Implications for biochemical homochirality. Proc. Natl. Acad. Sci. USA 2001, 98, 5487–
5490.  

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 

distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


