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bstract

The origin of homochirality of l-amino acids has long been a mystery. Aminoacylation of tRNA might have provided chiral selectivity, since
t is the first process encountered by amino acids and RNA. An RNA minihelix (progenitor of the modern tRNA) was aminoacylated by an
minoacyl phosphate oligonucleotide that exhibited a clear preference for l- as opposed to d-amino acids. A mirror-image RNA system with
-ribose exhibited the opposite selectivity, i.e., it exhibited an apparent preference for the d-amino acid. The selectivity for l-amino acids is based

n the stereochemistry of RNA. The side chain of d-amino acids is located much closer to the terminal adenosine of the minihelix, causing them
ollide and interfere during the amino acid-transfer step. These results suggest that the putative RNA world that preceded the protein theatre
etermined the homochirality of l-amino acids through tRNA aminoacylation.

2008 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The biological system is mostly composed of homochiral
olecules. The most well known examples of homochirality

s the fact that natural proteins are composed of l-amino acids,
hereas nucleic acids (RNA or DNA) are composed of d-sugars.
he reason for this phenomenon continues to be a mystery,
lthough more than 50 years have passed since the DNA double
elix model was proposed (Watson and Crick, 1953), which led
o the completion of human genome sequencing (International
uman Genome Sequencing Consortium, 2004). No satisfac-

ory explanations have been provided regarding the origin of the
omochirality of the biological system. Proteins are ubiquitous
olecules and are assembled from approximately 20 l-amino

cids except in certain limited cases where d-amino acids play
n essential role. Why is it so?

While considering this question, we should revisit the experi-
ents that involved the synthesis of biomolecules such as amino

cids. The most memorable one was performed by Urey and

iller in 1953 (Miller, 1953): it was a discharge experiment

arried out in a putative primitive atmosphere that contained
2, CH4, NH3 and H2O (although the validity of the use of
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hese components remains controversial), and the synthesis of
everal amino acids was observed. The most abundant amino
cids among the constituents of natural proteins were Ala and
ly, followed by Asp and Val (interestingly, these 4 amino acids

re located at the bottom column of the genetic code table).
owever, they did not detect any chiral preferences for any
f the amino acids produced. An extreme theory known as
directed panspermia” states that the biomolecules and biosys-
em originated from outer space (Crick and Orgel, 1973). In fact,
mino acids (Kvenvolden et al., 1970) and also a nucleobase
Stoks and Schwartz, 1979) were found in meteorites. However,
he “directed panspermia” merely attributed the origin of the
iomolecules to a place in the universe other than the Earth, and
t cannot provide any insight into the origination of life or the
omochirality of the biomolecules.

Thus far, several physical and chemical/biochemical expla-
ations have been performed to determine the origin of l-amino
cids in the biological systems. The effect of parity violation
n weak interaction has been suggested, as observed in the �-
ecay of nucleus (Hegstrom, 1987). However, based on this
arity violation effect, the enrichment of the l-enantiomer would

erely be 10−11. In addition, the polarized synchrotron radiation

rom neutron stars might have caused preordained molecular
omochirarity (Bonner, 1996). It has also been proposed that
nantiomeric enrichment might have occurred in an interstellar
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nvironment (Chyba and Sagan, 1992; Chyba et al., 1990; Oró,
961).

However, although none of these possibilities can be com-
letely denied, biological homochirality should be considered
n terms of the evolution of life on the Earth (Bailey, 1998).
will focus on the origin of the homochirality of amino acids
ased on the aminoacylation of primitive tRNA. It is definitely
he first step where RNA encounters amino acids not only in the
urrent biological system and but also possibly in the prebiotic
tage. I will present recent experimental evidence that strongly
ttributes the homochirality of amino acids to the aminoacylation
f RNA in the RNA world.

. RNA world and the origin of aminoacylation

The protein biosynthetic system involves 2 major
rocesses—the aminoacylation of tRNA by aminoacyl-
RNA synthetases (aaRSs) and peptide bond formation on
he ribosome. However, in the modern system, the players
re very sophisticated and a protein is used for generation of
protein, leading us to the following question: how was the

rst protein produced at such a primitive stage? This is the
o-called a contemporary version of the classic chicken-or-egg
onundrum: that is, whether the nucleic acids originated first
r the proteins. However, the discoveries that RNA not only
arries genetic information but can also function as a catalyst
Kruger et al., 1982; Guerrier-Takada et al., 1983) gave rise to
he “RNA world” hypothesis (Gilbert, 1986). The “RNA world”
s believed to have been followed by the “protein world” in
hich proteins might have taken over RNAs’ catalytic roles. In

he course of transition from the “RNA world” to the “protein
heatre”, the aminoacylation of primitive tRNA would have
een a critical step. Therefore, it is possible that a primitive
minoacylation system would have appeared in the RNA world.

In the present biological system, tRNAs play a crucial role
n the translation of genetic information. The first step is tRNA
minoacylation in which each amino acid is attached specifically
o the terminal adenosine of its corresponding tRNA by means
f a cognate aaRS (Schimmel, 1987). In general, the aminoacy-
ation of tRNA by aaRS occurs via the 2 following consecutive
eactions:

a + ATP + aaRS → aa-AMP ∗ aaRS + PPi

a-AMP ∗ aaRS + tRNA → aa-tRNA + AMP + aaRS

here an aminoacyl adenylate is formed as an intermediate
nd then the activated aminoacyl group is transferred from the
denylate to the 3′-end of the tRNA to form aa-tRNA.

The l-shaped three-dimensional structure of tRNA (Robertus
t al., 1974; Kim et al., 1974) has distinct functions correspond-
ng to its 2 helical arms. The RNA oligonucleotide helices that
ecapitulate the acceptor stems of tRNAs retain their native
unctions in aminoacylation (Francklyn and Schimmel, 1989;

rugier et al., 1994; Martinis and Schimmel, 1997; Musier-
orsyth and Schimmel, 1999) and peptide bond-formation
ssays (Sardesai et al., 1999) suggesting that this portion (known
s “minihelix”) might have existed as a part of the ancient

a
l
t
t

ig. 1. Possible evolutionary processes of tRNA aminoacylation. Minihelix
ecapitulates the sequence and function of the tRNA acceptor arm and may
epresent the ancestral core of tRNA.

RNA (Schimmel et al., 1993) (Fig. 1). Minihelix and the
orresponding minimal primordial aaRS are believed to have
volved to the present-day molecules by adding another arm
f tRNA and the corresponding aaRS moiety (Schimmel and
ibas de Pouplana, 1995; Schimmel et al., 1993) (Fig. 1). Thus,
lthough tRNA aminoacylation is conducted by aaRSs, these
roteins themselves are the products of tRNA aminoacylation-
ased translation. As mentioned above, the aaRSs synthesize a
igh-energy aminoacyl adenylate as the first step in the aminoa-
ylation of tRNA in the present-day system (Schimmel, 1987),
nd it should be emphasized that aminoacyl adenylate is formed
nder prebiotic conditions (Paecht-Horowitz and Katchalsky,
973), and also by ribozyme catalysis (Kumar and Yarus, 2001).

In the RNA world, let us suppose that the existence of aminoa-
yl phosphate oligonucleotide is a priori. It has been shown
hat oligonucleotides can be synthesized prebiotically from

ononucleotides (Lohrmann et al., 1980). Therefore, the pre-
iotic formation of aminoacyl adenylate convinces us regarding
he formation of aminoacyl phosphate oligonucleotides. How
as the primitive tRNA (minihelix) aminoacylated?

. Chiral-selective aminoacylation

In order to investigate the chiral selection of amino acids in
erms of the origin of aminoacylation of tRNA, the possibility of
on-enzymatic aminoacylation of an RNA minihelix was inves-
igated (Tamura and Schimmel, 2004) (Fig. 2). Inspired by the
ontemporary systems that use aminoacyl phosphate (mononu-
leotide) adenylates as intermediates for aminoacyl tRNA
ynthesis (Berg, 1961; Tamura and Alexander, 2004; Tamura
nd Schimmel, 2003), an aminoacyl phosphate oligonucleotide

nd the universal CCA sequence at the 3′-end of the minihe-
ix were designed to hybridize to a bridging oligonucleotide,
hereby bringing the activated amino acid in close proximity to
he amino acid-attachment site (Tamura and Schimmel, 2004)
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ig. 2. Scheme for aminoacylation of an RNA minihelix with an aminoacyl
ttachment, and aminoacylation occurs with a clear preference for l- as oppose

Fig. 2). The rationale was that since the free energy of aminoa-
yl phosphates hydrolysis is approximately 3 kcal mol−1 greater
han that of the aminoacyl esters (aminoacyl-tRNAs) (Carpenter,
960), aminoacylation would be spontaneous.

This system aminoacylated the minihelix at the 3′-end and
he charging was hydroxyl-specific (Tamura and Schimmel,
004) (Fig. 2). The minihelix substrates terminating in
′-deoxyadenosine (dA) were aminoacylated; however, aminoa-
ylation was not detected in the case of substrates that terminated
′-dA (Tamura and Schimmel, 2004). Thus, the aminoacyla-
ion system exhibited a high preference for 3′-OH as the site
or aminoacylation (Tamura and Schimmel, 2004) (Fig. 2).
he ribozyme that aminoacylates tRNA also has 3′-OH as the
minoacylation site (Saito and Suga, 2001). In addition, in the
on-enzymatic, template-directed ligation of oligonucleotides, a
trong preference for 3′-5′-linkages has been indicated (Rohatgi
t al., 1996). The preference for 3′-OH in the aminoacylation
f an RNA minihelix is also conceivable from the extended
atson–Crick duplex. The CCA end of an RNA minihelix

nd the aminoacyl phosphate (deoxyribo)oligonucleotide adap-
ors assemble the A-form double helix containing the bridging
ribo)oligonucleotides (Arnott et al., 1986). In this conforma-
ion, the position of the aminoacyl residue that is linked to the
′-phosphate of the oligonucleotide adaptors is closer to the
′-OH than to the 2′-OH of the terminal adenosine.

The high preference for the 3′-OH suggested that due to
he structurally constrained spatial positioning of the aminoacyl
hosphate, chiral selectivity of the amino acid could be observed.
n fact, this conformation confirmed the chiral-selective aminoa-
ylation of an RNA minihelix (Tamura and Schimmel, 2004)
Fig. 2). The formation of an l-Ala-minihelix was preferred over
hat of a d-Ala-minihelix in a ratio of approximately 4:1; this
reference is not limited to the case of Ala. The corroboration

tems from the experiment that involved RNA components with
pposite chirality. In the case of the “artificial” RNA molecules
ith the l-ribose configuration, “experiment in a mirror world”,

he formation of a d-Ala-minihelix was preferred over that of

w
(
o
d

hate oligonucleotide. This system has the 3′-OH specificity for amino acids
-amino acids.

n l-Ala-minihelix. The ratio of an l-Ala-minihelix to a d-Ala-
inihelix was the reciprocal of the value that was determined for

he same when RNA composed of d-ribose was used (Tamura
nd Schimmel, 2004).

A possible explanation for the higher aminoacylation effi-
iency in the case of l- as opposed to that of d-aminoacyl
hosphate oligonucleotides is the inherent difference in the sta-
ility of hydrolysis of the 2 substrates. However, on comparing
he spontaneous hydrolysis of the 2 nucleotides under the con-
itions used for the aminoacylation reactions, no significant
ifference was observed (Tamura and Schimmel, 2004).

The approximate 4-fold difference between the preferences
or one enantiomer over the other corresponds to a difference of
pproximately 0.8 kcal mol−1 energy. If repeated several times,
his difference in energy is sufficient to confer an advantage to
he aminoacylation with one stereoisomer over the other.

. Perturbation of the reaction

In the aminoacylation reaction, the oxygen in the 3′-OH of
he terminal adenosine in the minihelix attacks the carbonyl
arbon of the aminoacyl phosphate linkage. The approach of
nucleophile (Nu) to the carbonyl carbon can be described by

he Bürgi-Dunitz angle that is defined as the Nu-C O angle of
pproximately 105◦ (Bürgi et al., 1974).

In the original reaction, the amino acids were attached to
he 5′-phosphate group of 5′-p-dT6dA2 and the dT at the 5′-
nd of the oligonucleotide was base paired with the A of the
ridging oligo (5′-U2A6UG2U) in a Watson–Crick manner of
ase pairing (Tamura and Schimmel, 2004) (Fig. 3). The helix
onformation, particularly near the amino-acid attachment site,
ould be an important factor in considering the mechanism of the
minoacylation system. Considering this, dT-A was substituted

ith a wobble base pair (dT-G) (Tamura and Schimmel, 2006)

Fig. 3). Surprisingly, this substitution sharply reduced the yield
f the l-Ala-minihelix, without altering the production of the
-Ala-minihelix (Tamura and Schimmel, 2006) (Fig. 3).
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ig. 3. The comparison of the aminoacylation using Watson–Crick (dT-A) a
cid-attachment site. The inequalities at the bottom show the chiral-preferences

Introduction of dT-G instead of dT-A rendered the helix dis-
orted, and CH3 in the thymine shifts its position toward the
utside of the helix (due to the wobble base pairing) (Fig. 4).
he decrease in the l-Ala aminoacylation of the minihelix sug-
ests a potential clash of the CH3 of dT with the CH3 of l-Ala
Tamura and Schimmel, 2006) (Fig. 5). In contrast, the CH3 of
he d-Ala is believed to be located at a great distance from the
H3 of the thymine of dT-G (Fig. 5). These positions are con-

istent with the preference of the l-Ala for the original reaction

Tamura and Schimmel, 2004), which ensures that the CH3 of
-Ala is located much closer to the terminal adenosine of the
inihelix, possibly causing some clash between them during

he amino acid-transfer step (Fig. 5). The ablation of the CH3

ig. 4. The introduction of dT-G wobble base pair causes a shift in the position
f CH3.
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obble base pairing (dT-G, dU-G, dT-I) at the position closest to the amino
e amino acids in each reaction.

f the ring due to the substitution of dU-G with a dT-G pair
ielded a construct in which the chiral preference for l-Ala was
etained (Tamura and Schimmel, 2006) (Fig. 3). These results
re consistent with the idea regarding the clash between the ring
nd the l-amino acid methyl groups (Fig. 5).

Next, in order to investigate the role of the NH2 of guanine
n a wobble base pairing (dT-G) closest to the amino acid-
ttachment site, inosine (I) was used instead of guanine at the
obble pairing position (dT-I) (Tamura and Schimmel, 2006)

Fig. 3). The aminoacylation of the minihelix with l-Ala was
ore efficient than with d-Ala (Tamura and Schimmel, 2006)

Fig. 3); this result was the same as the original reaction (Tamura
nd Schimmel, 2004). The distortion of the helix caused by dT-

and dT-I are believed to be identical, and the positions of the
H3 of the thymine in dT-G and dT-I should be the same, sug-
esting that Ala is positioned differently in the case of dT-G and
T-I (Tamura and Schimmel, 2006). Possibly, the CH3 of Ala is
ositioned at a greater distance from the CH3 of thymine in the
ase of dT-I than in the case of dT-G.

. Importance of the local conformation
The differences in the positioning of Ala could be due to the
ifferent sugar puckers of dT (Tamura and Schimmel, 2006).
n a 3′-endo conformation, the C4′ C5′ bond of the ribose is
eaned, compared to that in the case of 2′-endo conformation

ig. 5. Schematic representation of the positioning of (A) l-Ala and (B) d-Ala
ith respect to the 3′-OH of the minihelix and CH3 of thymidine. The rectangular
arallelepiped was used to show the depth of the space. The arrow indicates the
ucleophilic attack of 3′-O of the minihelix.
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ig. 6. (A) Schematic representation of the pucker of ribose ring (Saenger,
984). (B) Possible differences of the spatial positioning of l-Ala based on the
ucker differences of the ribose (modified from Tamura and Schimmel, 2006).

more upright) (Fig. 6A). Due to the differences in the direc-
ions of the C4′ C5′ bond, the Ala connected to the 2′-endo
ugar (through aminoacyl phosphate bond) could be positioned
loser to the CH3 of the thymidine than the Ala connected to the
′-endo sugar (Fig. 6B). A 3′-endo pucker preference can be cre-
ted by effecting a ribose 2′-O-CH3 substitution (Venkateswarlu
t al., 1999) (Fig. 7). Accordingly, a dT(2′-O-methyl)-G pair was
ntroduced, and chiral-selective aminoacylation in the favor of
he l-Ala product was restored (Fig. 7). This result suggests that
he decrease in the aminoacylation of l-Ala in the case of dT-G
s due to the steric hindrance between the methyl group of l-Ala
nd the methyl group of the thymidine caused by the combina-
ion of the wobble torsion and puckering of the thymidine of
T-G.

The RNA bridging oligo and the aminoacyl phosphate
eoxyribooligonucleotide exist as an A-form double helix
Arnott et al., 1986), and the puckering of the sugars assumes
3′-endo conformation (Saenger, 1984). Although the dT of

T-I necessarily have a 3′-endo conformation similar to the
ormal A-form double helix, the dT of dT-G might assume a
′-endo conformation (Fig. 8). A 2′-endo preference is associ-
ted with a dT-G wobble; this could in part be because of the
ater bridge between the 2-amino of G and the 3′-O of the ribose
f dT (Tamura and Schimmel, 2006) (Fig. 8). The water bridge

′
ould fix the conformation of the thymidine into 2 -endo; this
esulted in the position the CH3 of l-Ala being much closer to
he CH3 of the thymine as compared to the case of dT-I, which
as a 3′-endo conformation (Fig. 8). The NMR structure of the

ig. 7. The comparison of the aminoacylation using wobble base pairing (dT-G,
T(2′-O-Me)-G) at the position closest to the amino acid-attachment site. The
nequalities at the bottom show the chiral-preferences of the amino acids in each
eaction.
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ig. 8. Possible conformations of the position closest to the amino acid attach-
ent site; dT-G, dU-G, dT-I, dT(2′-O-Me)-G. A sugar-pucker is sensitive to

teric clash between the pendant group of a base and the amino acid side chain.

ligonucleotiedes containing dT-dG has been analyzed, and the
T has been observed to exhibit the 2′-endo conformation (Isaacs
t al., 2002). Surprisingly, the distance between the 3′-O of T
nd the H of the amino group of G is 7.2 Å, which is perfect
o accommodate a water molecule to form the hydrogen bonds
Isaacs et al., 2002).

. Real conformation in the chiral-selective reaction

The above results show that the CH3 of l-Ala is distal to
he 3′-OH of A, while the CH3 of d-Ala crowds this 3′-OH
Tamura and Schimmel, 2006) (Fig. 5). In order to confirm the
elative positioning of Ala shown in Fig. 5, N-acetyl-Ala was
lso used. This selectivity was similar to that of non-acetylated
la (Tamura and Schimmel, 2006). The most stable isomer of
ly-Na+ is known to contain the metal ion complexed between

he carbonyl and amine groups in a bidentate mode (Cerda et al.,
998). In addition, the bidentate coordination of Na+ between the
carbonyl O-atoms of N-acetyl-Gly has been indicated (Cerda

t al., 1998), suggesting that Ala and N-acetyl-Ala attached to

he oligonucleotides via acyl phosphate bonds have a similar
onformation in the non-enzymatic aminoacylation of an RNA
inihelix. This is because the reaction system contains Na+

Tamura and Schimmel, 2004, 2006). These conformations in
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oth Ala and N-acetyl-Ala are consistent with their identical
hiral selectivity. In these situations, the amino group of l-Ala
ould be located on the outside of the helix (Fig. 5). The posi-
ioning of the 3′-O immediately prior to a nucleophilic attack
ould be crucial in determining the efficiency of the transition
ntermediate formation.

The Ala attached via an acyl phosphate bond is believed
o possess a very flexible conformation because most of the
onds are single bonds. However, out of the very flexible
onformations, the aminoacylation reaction occurs only in a suit-
ble and specific conformation (reactive conformation) since
here are certain restrictions in the regulation of the reaction
Bürgi-Dunitz angle (Bürgi et al., 1974)). At least in “reactive
onformation”, the positioning of Ala could be predicted to be
ot far from the above indications. In contrast, the reaction does
ot occur in other conformations (non-reactive conformation).
hese results support the notion that subtle, chemical and/or
tructural parameters determine the chiral-selectivity that occurs
ost probably during the aminoacyl transfer step.

. Origin of l-amino acids

Thus, the aminoacylation of an RNA minihelix could have
etermined the homochirality of amino acids in biological sys-
ems (Tamura and Schimmel, 2004). The preference for the
-amino acids is quite apparent (4 times more favorable than that
or the d-amino acids) as compared to those observed in other
ases (parity violation effect, etc. (Bonner, 1996; Chyba and
agan, 1992; Chyba et al., 1990; Hegstrom, 1987; Oró, 1961)).
nce the l-amino acids were selected in the primitive aminoa-

ylation system, it is straightforward that proteins, which are
enerated from the l-amino acids bearing tRNA, are composed
f l-amino acids. The peptide bond-forming machinery could
ave evolved from the prebiotic peptide synthesis in a simple
anner and then developed into the modern ribosome (Tamura

nd Alexander, 2004; Tamura and Schimmel, 2001, 2003).
In this context, it is noteworthy that the contemporary RNA is
omposed of d-ribose and not l-ribose because the chirality of
he ribose of RNA would be the determinant of the homochirality
f amino acids. This raises another issue: what is the origin of
-ribose in the RNA world?

f
e
e
b

Fig. 9. Symmetry breaking by stochastic chiroselective co-oligomer
92 (2008) 91–98

In order to answer this question, the process of pre-
iological RNA synthesis should be considered. Functional
NA molecules could have been synthesized by repeated
ligomerization of short nucleotides. Therefore, the next issue
o be addressed is how d-ribose-based RNA was selected over
-ribose-based RNA.

Using activated guanosine 5′-mononucleotides, Joyce and
rgel and their co-workers demonstrated chiral selection in the

emplate-directed oligomerization of nucleotides (Joyce et al.,
984). The d- and l-isomers of guanosine 5′-phosphorimidazole
r guanosine 5′-phosphor-2-methylimidazole were added to the
oly C system, which was composed of d-ribose. They demon-
trated that only the d-isomers could be oligomerized (Joyce et
l., 1984). Thus, poly C-directed oligomerization of activated
uanosine mononucleotides proceeds readily if the monomers
re of the same optical handedness as the template (Joyce et
l., 1984). Eschenmoser and his co-workers attempted to per-
orm template-directed auto-oligomerization using the short
yranosyl-RNA oligonucleotide 2′,3′-cyclophosphates (Bolli
t al., 1997). All possible combinations of homochiral and
eterochiral diastereomers were used; finally, oligomerization
roceeded chiroselectively, that is, the final products became
omochiral oligomers (Bolli et al., 1997). This experiment gives
s an insight into the origin of d-isomer RNA.

Let us consider a mixture consisting of racemic enantiomer
airs and that the short oligonucleotides are to co-oligomerize
tochastically by chirospecific ligation to d- and l-libraries each
onsisting of higher oligomers. In such a situation, these 2
ibraries would consist of equal amounts of homochiral all-d
nd all-l oligomers. However, symmetry breaking would occur
nevitably because in the formation of both the d- and l-libraries,
he number of possible sequences with growing oligomer length
ould be far beyond the number of sequences actually formed

Fig. 9). If the co-oligomerization proceeded stochastically, any
iven sequence in both libraries would actually occur only once.
hus, the sequence composition of both libraries would not be

dentical, suggesting that in principle, these 2 libraries have dif-

erent chemical properties (Fig. 9). If the system were to evolve
ventually against internal and external selection pressures, the
merging winner sequences would be homochiral and would
elong to either the d- or l-library.

ization in oligonucleotides (modified from Bolli et al., 1997).
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ig. 10. Possible evolutionary process of the origin of amino acid homochirality.

Therefore, during these processes, RNA in the d-libraries
hat exhibited an important chemical ability (for the subsequent
volution of the biological system thereafter) would have been
elected (Fig. 10). For example, in a constructed homochiral
NA world, RNA molecules with different sequences (belong-

ng to either the d- or l-library) could have catalyzed different
eactions. A ribozyme may have accidentally evolved in the d-
ibraries for the specific catalysis of the formation of d-sugars
efore such a ribozyme evolved in the l-libraries for the catal-
sis of l-sugars. Thus, the d-libraries would have gained a
inetic advantage over the l-libraries, thereby tipping the bal-
nce toward the preferential use of l-amino acids. If the RNA
orld hypothesis holds true, d-ribose-based RNA could have
een used to select l-amino acids (Fig. 10). Therefore, the speci-
city of the RNA sequences may have been a critical factor in

he selection of d-nucleotides and l-amino acids, and this would
lso have been strongly related to the appearance of the genetic
ode (Root-Bernstein, 2007).

. Conclusion

The origin of the homochirality of amino acids is still an
nsolved issue. As physicists insist, the intrinsic property of
lementary particles might help in providing an answer to the
heme. However, as described, we should focus on the pecu-
iarity of the evolution of the aminoacylation of tRNA in the
iological system. tRNA aminoacylation is definitely the first
tep where the amino acids encounter the RNA, and the non-
nzymatic aminoacylation of an RNA minihelix described here
learly shows chiral-selective results (preference for l-amino
cids). Chiral selectivity occurs as a result of the spatial con-
traints of the molecules participating in the reaction. Minihelix
orresponds to one-half of the modern tRNA and is believed to be

n ancient form of tRNA. The formation of the l-aminoacylated-
inihelix might have been used to synthesize primitive proteins

hat were eventually composed of l-amino acids, possessing the
ame homochirality as the present-day proteins (Fig. 10).

C
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Several lines of evidence suggest that the RNA world really
xisted in the primitive stage of biological evolution. Thus,
nce the d-ribose-based RNA world was established, the l-
mino acids could have been selected during the aminoacylation
sing the mechanism shown here (Fig. 10). Why then did d-
ibose exist in the RNA world? It occurred by “chance and
ecessity”: symmetry breaking in homochiral RNA formation
nd the appearance of a specific sequence in the d-nucleotide
ibraries. There must have been a definite process to ensure
hat the sequence-based mechanism functioned in the RNA
orld. Future experiments will provide insights regarding the
asis using which this mystery can be solved. Since the Earth
otates around its own axis, some special effects of this rota-
ion (for example, the Coriolis force) might have influenced the
rigin of life on the Earth. If this is true, we might be able
o specify at least the hemisphere of the Earth in which life
riginated.

Scientists often avoid addressing the issue of the origin of
ife and homochirality as research topics, partly because owing
o certain intrinsic characteristics, this issue is considered to fall
nder the purview of “history”. However, now is the time to
xperimentally address this issue. The chiral-selective aminoa-
ylation of an RNA minihelix is a good and an important example
rom this standpoint. This kind of experimentation would lead
o profound science.

cknowledgements

I thank Professor Paul Schimmel of The Scripps Research
nstitute for his encouragement and discussions, and Dr. Tet-
uo Kushiro of the University of Tokyo for valuable comments
n the manuscript. This work was supported by Grants-in-Aid
or Scientific Research (B) from the Ministry of Education, Cul-
ure, Sports, Science and Technology (MEXT), Japan (Grant No.
8379001) and by grants from the Sumitomo Foundation and the
amaguchi Foundation for the Advancement of Biochemistry.

eferences

rnott, S., Chandrasekaran, R., Millane, R.P., Park, H.-S., 1986. DNA-RNA
hybrid secondary structures. J. Mol. Biol. 188, 631–640.

ailey, J.M., 1998. RNA-directed amino acid homochirality. FASEB J. 12,
503–507.

erg, P., 1961. Specificity in protein synthesis. Annu. Rev. Biochem. 30,
293–324.

olli, M., Micura, R., Eschenmoser, A., 1997. Pyranosyl-RNA: chirose-
lective self-assembly of base sequences by ligative oligomerization of
tetranucleotide-2′,3′-cyclophosphates (with a commentary concerning the
origin of biomolecular homochirality). Chem. Biol. 4, 309–320.

onner, W., 1996. In: Cline, D.B. (Ed.), Physical Origin of Homochirality in
Life. American Institute of Physics, New York.

ürgi, H.B., Dunitz, J.D., Lehn, J.M., Wipff, G., 1974. Stereochemistry of
reaction paths at carbonyl centre. Tetrahedron 30, 1563–1572.

arpenter, F.H., 1960. The free energy in hydrolytic reactions: the non-ionized

compound convention. J. Am. Chem. Soc. 82, 1111–1122.

erda, B.A., Hoyau, S., Ohanessian, G., Wesdemiotis, C., 1998. Na+ binding to
cyclic and linear dipeptides. Bond energies, entropies of Na+ complexation,
and attachment sites from the dissociation of Na+-bound heterodimers and
ab initio calculations. J. Am. Chem. Soc. 120, 2437–2448.



9 stems

C

C

C
F

F

G
G

H

I

I

J

K

K

K

K

L

M

M

M

O

P

R

R

R

S
S

S

S

S

S

S

T

T

T

T

T

V

8 K. Tamura / BioSy

hyba, C.F., Sagan, C., 1992. Endogenous production, exogenous delivery and
impact-shock synthesis of organic molecules: an inventory for the origins of
life. Nature 355, 125–132.

hyba, C.F., Thomas, P.J., Brookshaw, L., Sagan, C., 1990. Cometary delivery
of organic molecules to the early Earth. Science 249, 366–373.

rick, F.H.C., Orgel, L.E., 1973. Directed panspermia. Icarus 19, 341–346.
rancklyn, C., Schimmel, P., 1989. Aminoacylation of RNA minihelices with

alanine. Nature 337, 478–481.
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