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Diverse RNA substrates for aminoacylation: Clues to origins?
Paul Schimmel* and Rebecca Alexander
The Skaggs Institute for Chemical Biology, The Scripps Research Institute, Beckman Center, 10560 North Torrey Pines Road, La Jolla, CA 92037

The aminoacylation of RNA structures generally is considered
the starting point for the emergence of the theater of proteins
from the RNA world. Once an aminoacyl ester linkage is
established with an RNA acceptor, peptide bond formation is
thermodynamically favored. In contemporary protein biosyn-
thesis, aminoacylation is directed to the 39-end of the tRNA
structure, which, in turn, brings the activated amino acid to the
ribosomes for addition to the growing polypeptide chain. But
during the last 9 years a variety of artificial RNA substrates for
aminoacylation has been reported (1–8). And in this issue of
the Proceedings, the list of examples is expanded in a significant
way. Felden and Giegé (9) describe for the first time an
aminoacylation system based on a circular RNA substrate. The
results obtained with this novel substrate add further support
to the idea that the contemporary system of tRNA aminoacy-
lation could have grown out of early aminoacylation systems
that used diverse RNA oligonucleotide substrates. Interactions
between some of these aminoacylated substrates could have
led to a primitive system of peptide synthesis.

All of these substrates for aminoacylation are based, in one
way or another, on one of the two domains within the tRNA
structure. The amino acid attachment site is at the end of a long
helix (the acceptor-TcC minihelix) that terminates at the
39-end in the universal sequence NCCAOH (Fig. 1, Top). The
second domain of the tRNA structure is at right angles (in
three dimensions) and consists of a 10-bp helix joined to a
hairpin loop that harbors the anticodon triplet of the genetic
code. The resulting two-domain L-shaped structure places the
amino acid attachment site of the minihelix about 75 Å from
the anticodon triplet.

Significantly, the anticodon itself is not used in every case by
the cognate tRNA synthetase to identify the correct tRNA for
its amino acid. Two prominent examples are alanyl- and
seryl-tRNA synthetases, where the respective enzyme makes
no contact whatsoever with the anticodon triplet of the
cognate tRNA (10–12). Instead, the minihelix domain con-
tains critical determinants for aminoacylation. These minihelix
determinants exist even in those tRNAs where the cognate
synthetase makes an important contact with the anticodon
triplet (2, 4–6, 13–15). The most rigorous proof of the ‘‘infor-
mation content’’ in the minihelix domain was the direct
demonstration that, for alanyl-tRNA synthetase, the minihelix
in isolation was a robust substrate. The critical determinant for
aminoacylation of tRNAAla is a G3:U70 base pair in the
acceptor helix (16, 17). Transfer of this base pair into other
tRNAs conferred alanine acceptance on them. The same
properties can be demonstrated for the minihelix—that is,
charging depends on the G3:U70 pair and transfer of the pair
into other minihelices converted them to alanine acceptors (1).
This result showed clearly that the relationship between ala-
nine and the triplets of the genetic code was indirect.

Since this demonstration of minihelix aminoacylation with
alanine, a total of 10 different amino acids have been enzy-
matically charged to minihelix-like substrates. Some of these
systems are more robust than others, but in all cases charging

is sequence specific. Moreover, nucleotide substitutions in an
isolated minihelix that affect charging efficiency also affect
charging when placed in the minihelix domain of the corre-
sponding full tRNA. Thus, nucleotide determinants for spe-
cific aminoacylation of minihelices have been retained in the
contemporary tRNA. Because the minihelix domain is thought
to be the more ancient part of the tRNA structure (18–20),
aminoacylation of minihelices is imagined to reflect an earlier
system of charging. Eventually, the minihelix domain was
combined with a second, newer domain that brought in a
template reading head containing the anticodon triplets of the
genetic code (21, 22).

The contemporary minihelices are not likely identical to the
earliest substrates. Rather, other structures—precursors to the
minihelix—were probably prominent. The list of laboratory
examples of minihelix-like structures and pieces of minihelices
has grown steadily, and these examples illustrate the diverse
possibilities for early aminoacylation systems that could have
developed into the modern minihelix motif. Demonstrated
substrates include: RNA duplexes of various lengths; short
hairpin oligonucleotides made up of the first 7 bp of the
minihelices (designated as microhelices); hairpin duplexes with
only 4 bp that are stabilized by a specific tetraloop motif; and
a pseudoknot that is created by the hydrogen bonding of
nucleotides in a hairpin loop to sequences that are distal to the
stem of the hairpin (Fig. 1, Middle). In the latest example,
Felden and Giegé (9) design and synthesize a knotted RNA
circle. The design is a clever modification of a pseudoknot
motif found near the 39-end of brome mosaic virus RNA (23,
24). The heart of the modification includes the introduction of
a single-stranded circle that rearranges into a minihelix-like
pseudoknot upon hybridization with a short linear fragment.
The hybridized linear fragment is charged specifically with
histidine (Fig. 1, Bottom).

The key to success in all of these examples lies in the
localization of nucleotide determinants for aminoacylation to
the region near the amino acid attachment site. Typically, one
or more of the first 4 bp of the helix and specific 29-hydroxyl
groups play an important role in determining charging effi-
ciency and specificity, as does G3:U70 for tRNAAla (7). In
addition, all substrates end in the universal NCCAOH, where
‘‘N’’ is the so-called discriminator base. [This nucleotide is
usually an important determinant of aminoacylation effi-
ciency. Its specific identity originally was proposed to correlate
with the type of amino acid (aliphatic, hydrophilic, aromatic,
etc.) that was attached to the associated tRNA (25).] These
specific minihelix sequencesystructures constitute an opera-
tional RNA code for amino acids that is distinct from the
genetic code. The idea, therefore, is to present each of these
determinants in such a way that the synthetase has unob-
structed access to them. In the latest study, the knotted circle
was designed so that nucleotides near the amino acid attach-
ment site were directly accessible to histidyl-tRNA synthetase.
Specific nucleotide substitutions in the knotted circle were
made at locations known to be important for charging with
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histidyl-tRNA synthetase. These mutations affected the effi-
ciency of aminoacylation in the ways expected, based on results
with the full tRNA and with a conventional minihelix struc-
ture. So, the lesson in general seems to be that the RNA
structural format in which the determinants are presented does
not make much difference, as long as those determinants are
accessible.

Aminoacylation systems are imagined to have started with
ribozymes (26, 27) that gradually gave birth to ribonucleopro-
teins (like RNase P; refs. 28–30) and then to the contemporary
synthetases (31). These early catalysts may have interacted
with just the nucleotides at the end of the RNA substrate, as
evidenced by the location of contemporary determinants near
the amino acid attachment site. Indeed, the primordial, his-
torical tRNA synthetase is thought to be represented by the
domain of the contemporary enzyme that contains the cata-
lytic site. This domain has insertions that enable docking of the
39-end of the tRNA substrate at the active site. A second
domain of synthetases, which is believed to be a later addition,
interacts with more distal sites in the tRNA structure, includ-
ing (in many instances) the anticodon.

The diverse artificial substrates studied so far raise the
possibility that aminoacylation of RNAs other than tRNAs
may be found in contemporary cellular systems. The large

plant viral RNAs that are aminoacylated with specific amino
acids are a prominent class of novel substrates (3, 23, 32).
Here the 39-end of the viral RNA recreates a tRNA-like
structure through the formation of a pseudoknot that reca-
pitulates the minihelix domain. Another novel structure is
10Sa RNA (33, 34), which has a complex secondary structure
(35) that is charged with alanine (the 10Sa RNA contains the
G3:U70 base pair that is essential for aminoacylation with
alanine). This RNA is both an amino acid acceptor and an
mRNA (36). We suspect that many more natural examples of
novel RNAs that can be aminoacylated will be discovered.
These may give the best insights yet into the development of
early systems of aminoacylation, especially if they can be
related to the tRNA structure in some way. The challenge is
to find them.
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FIG. 1. The diversity of RNA oligonucleotide substrates for
aminoacylation. (Top) The tRNA cloverleaf secondary structure
(Left) that folds into an L-shape (Right). The minihelix domain is
shaded in red, and the second domain containing the template
reading head is shown in blue. (Middle) The variety of oligonucleo-
tide substrates for aminoacylation. All substrates terminate at the
39-end in the single-stranded NCCA tetra nucleotide, where the
identity of N depends on the specific aminoacylation system. The
four nucleotides (N4) of the loop of the tetraloop structure are
specifically chosen to impart stability to the short (4 bp) helix joined
to that loop (37). (Bottom) The pseudo-knotted RNA circle de-
scribed by Felden and Giegé (9).
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