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ABSTRACT: Aminoacylation of tRNA by aminoacyl-tRNA synthetases is the essential reaction that matches
protein amino acids with the trinucleotide sequences specified in mRNA. Direct electrostatic interactions
made by tRNA synthetases with discriminating functional groups on the tRNA bases have long been
known to determine aminoacylation specificity. However, structural and biochemical studies have revealed
a second “indirect readout” mechanism that makes an important contribution as well. In indirect readout,
the sequence-dependent conformations of tRNA are recognized through protein contacts with the sugar-
phosphate backbone and with nonspecific portions of the bases. This mechanism appears to function in
single-stranded regions, in canonical A-type duplex segments, and in the complex tertiary core portion of
the tRNA. Operation of the indirect mechanism is not exclusive of the direct mechanism, and both are
further mediated by induced-fit rearrangements, in which enzyme and tRNA undergo precise conformational
changes after formation of an initial encounter complex. The examples of indirect readout in tRNA
synthetase complexes extend the concept beyond its traditional application to DNA duplexes and serve as
models for the operation of this mechanism in more complex systems such as the ribosome.

Protein-nucleic acid complexes are central to all cellular
processes involving genome maintenance, replication, and
information transfer. To select among nucleic acid sequences,
proteins may directly read the information content by forming
specific hydrogen bonds with unique functional groups on
the nucleic acid bases (1). However, proteins also discrimi-
nate among nucleic acids by making contacts with the sugar-
phosphate backbone or with nonspecific portions of the bases
(2, 3). For duplex DNA, this “indirect readout” is validated
by extensive experimental and theoretical investigations,
which describe correlations between the sequence of the
bases and the detailed conformation of the sugar-phosphate
backbone (reviewed in ref4). The sequence-dependent
backbone effects arise from differences in thermodynamic
base stacking propensities among the individual bases and
base pair steps, and from local differences in mechanical
properties of the duplex due to steric overlap of bases in
adjacent steps. Together, these forces give rise to two
phenomena: (i) sequence-dependent differences in the
distribution of equilibrium unliganded conformations of the
nucleic acid and (ii) differences in the energetic cost of
deforming the equilibrium conformation into the particular

structure that is needed for productive protein binding and
chemical transformation.

While both of these phenomena are crucial in determining
the quantitative measures of selectivity, the latter is of
particular importance because most protein-nucleic acid
complexes form by induced-fit rearrangements of the un-
bound conformations of each partner (5). Because of this,
indirect readout can operate to modulate the first-order
rearrangements that occur after formation of an initial
encounter complex, thus modulating the overall association
kinetics and through this the binding affinity. Further,
interactions of a protein with a noncognate nucleic acid may
generate conformational changes different from those pro-
duced in the specific complex (6). This provides a mechanism
by which induced fit can contribute to catalytic specificity,
by driving the noncognate protein-nucleic acid complex into
a low-energy ground state complex in which the active site
is not fully assembled (7). The rate of the catalytic step in
such a distorted noncognate complex is thereby slowed.

In this review, we shall employ the term indirect readout
broadly, to encompass all forms of sequence discrimination
among similarly structured nucleic acids that do not involve
direct contacts of the protein with specific moieties of the
nucleotide bases. The concept is thus extended from its
traditional application to DNA duplexes to include protein-
RNA complexes in which recognition occurs in double-
stranded A-helices, in single-stranded loops and segments,
and in more complex globular regions. Examples are drawn
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from the aminoacyl-tRNA1 synthetases and closely related
proteins, especially in systems where detailed X-ray struc-
tures of the enzyme-tRNA complexes are available, because
these represent a set of well-studied model systems allowing
for a common conceptual framework. It is important to
recognize that all the tRNA synthetases read their cognate
tRNA sequences by direct readout as well, often at portions
of the tRNA molecule directly proximal to where indirect
effects are proposed to operate. The mechanisms are not
mutually exclusive but operate together to ensure the very
high levels of specificity required to maintain fidelity in
protein synthesis.

Indirect Readout of DNA Duplexes: Model Systems for
Binding and Catalysis

The concept of indirect readout first emerged from
crystallographic analyses of repressor-operator complexes.
It was discovered that when thetrp repressor binds to its
operator DNA sequence, the protein makes no contacts with
base-specific moieties on the heterocyclic rings (2). Extensive
interactions with the sugar-phosphate backbone of the
nucleic acid were observed instead of the direct contacts.
Further, the site-specific binding affinities of 434 repressor
and Cro proteins were shown to depend on portions of their
binding site sequences not directly contacted by the proteins
(3). Because genetic and biochemical studies had established
significant DNA binding sequence specificity for each of
these proteins, it was necessary to postulate that the sequence
of the nucleic acid allowed the duplex to adopt a particular
conformation and that this conformation represented an
indirect means by which the base sequence could be
distinguished. The structure of thetrp repressor complex
further suggested that water-mediated contacts bridging the
protein and nucleic acid contribute to the indirect readout
mechanism (2). The role of indirect readout in transcription
regulation, the major area in which this concept has so far
been applied, has been recently reviewed (4).

Type II restriction endonucleases also provide model
protein-DNA systems in which the underlying thermody-
namic basis for indirect readout is particularly clear. For
example, EcoRV endonuclease cleaves the DNA duplex 5′-
GATATC-3′ at the center TA step, leaving blunt ends with
5′-phosphates. In theEcoRV-DNA complex, direct protein
readout at the center TA step is limited to hydrophobic
contacts with the exocyclic 5-methyl groups of the thymine
bases (8). Using base-analogue studies, it was shown that
the contribution of indirect readout to the overall enzyme
discrimination against a noncognate CG pair at the center
step is between 6 and 10 kcal/mol, greater than the
contribution of 5 kcal/mol made by direct readout (9). The
basis for the discrimination by indirect readout lies in the
observation that the bases at the center TA step are partially
unstacked by a 50° roll into the major groove, to permit
formation of a productive Michaelis complex. Thermody-
namic studies show that a TA step is the most easily
unstacked dinucleotide step in duplex DNA (4); thus, the
greater energetic cost associated with unstacking CG provides

a basis for discrimination at the binding step. Greater
discrimination occurs at the catalytic step, because even the
small disruptions observed in the active site structures of
EcoRV-DNA base-analogue complexes are sufficient to
disrupt formation of the divalent metal binding sites required
for catalysis (9).

Comparative analysis of the homologousHincII-DNA
complex further illustrates how underlying thermodynamic
differences in base pair stacking are exploited as a basis for
achieving selectivity by indirect readout (10). HincII per-
forms blunt-ended cleavage of the degenerate 5′-GTYRAC-
3′ sequences at the center YR step. However, the center YR
step opens by roll into the major groove by only 25° rather
than the value of 50° observed in theEcoRV complex, and
this opening is accompanied by an unusual deformation
involving cross-strand stacking of the center step purines.
The basis for the degenerate cleavage at all center step YR
sequences, as compared with the exclusive TA specificity
of EcoRV, could be explained in terms of compensating
thermodynamic properties of the bases. A CG step incurs
the greatest penalty in unstacking among the four YR steps,
while guanine most favors stacking among the individual
bases (11). Hence, it appears that the greater free energy
cost of unstacking CG center steps in theHincII recognition
site can be compensated by the improved cross-strand
stacking of the guanines, consistent with the observed
degeneracy.

These correlations, of course, arepost hocrationalizations
from the observed X-ray structures that are consistent with
experimental and theoretical determinations of base stacking
energies. That such correlations are possible, however,
suggests that differences among base stacking energies
indeed do contribute to indirect readout in protein-nucleic
acid complexes and that the thermodynamic scales of base
stacking propensities derived from experimental and theoreti-
cal considerations may be more or less accurate. It has been
suggested instead that calculations of base stacking energies
are of little use in quantifying indirect readout in any
particular system, because the energies involved are relatively
small and because of stereochemical constraints imposed by
the sugar-phosphate backbone (4). However, the experi-
mental observations in the type II restriction endonucleases
suggest that careful structure-function analyses of modified
DNAs bound to protein, and systematic comparisons among
homologous systems, may provide approaches to bridging
the gap between the extensive thermodynamic and compu-
tational studies of isolated DNA duplexes and the properties
of particular protein-DNA complexes.

Aminoacyl-tRNA Synthetase-tRNA Complexes

We consider now the operation of these fundamental
principles in the context of the aminoacyl-tRNA synthetase
family. These enzymes perform the essential decoding step
in translation by matching amino acids with tRNA molecules
possessing the appropriate anticodon triplet sequences (re-
viewed in ref 12). The 22 known aminoacyl-tRNA syn-
thetases [including enzymes that catalyze phosphoserylation
(Sep) of tRNACys and pyrrolysylation (Pyl) of an unusual
UAG-decoding tRNA in certain archaebacteria] perform the
aminoacylation reaction in a two-step Mg2+-dependent
pathway:

1 Abbreviations: aaRS, aminoacyl-tRNA synthetases; tRNA, transfer
RNA; aa, amino acid; aa-tRNA, aminoacyl-tRNA; ATP, adenosine
triphosphate; AMP, adenosine monophosphate; DHFR, dihydrofolate
reductase;Ψ, pseudouridine; m2A, 2-methyladenine.
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ATP is used to activate the amino acid for transfer to either
the 2′-OH or 3′-OH group at the conserved 3′-terminal A76
nucleotide of the tRNA. The ester linkage of the aa-tRNA
then provides much of the energy required for peptide bond
formation on the ribosome. Very strong specificity is
manifested for both amino acid and tRNA:kcat/Km for
noncognate aminoacylation is generally decreased byg105-
fold, with specificity manifested at both the binding and
catalytic steps (12-14).

The tRNA synthetases are divided into two classes based
on the structures of their active site domains. All class I
enzymes (specific for Arg, Cys, Ile, Leu, Met, Val, Glu, Gln,
Lys-I, Tyr, and Trp) possess a Rossmann dinucleotide fold
that binds ATP, the amino acid, and the acceptor end of the
tRNA and provides the site of catalysis for the two-step
reaction. In class II enzymes (specific for Ala, Asp, Asn,
Gly, His, Lys-II, Phe, Pro, Ser, Thr, Pyl, and Sep), these
functions are provided by a mixedR/â-fold featuring an
antiparallelâ-sheet. All 22 enzymes possess idiosyncratic
additional domains that provide specificity in tRNA recogni-
tion. Crystal structures are available for the 20 canonical
enzymes (12, 15-18) as well as for the noncanonical PylRS
(19) and SepRS (20, 21), with a majority also determined
as complexes bound to cognate tRNA.

It is observed generally that the L-shaped tRNA molecule
binds across multiple domains of its cognate synthetase such
that the single-stranded 3′-acceptor end of the molecule is
properly positioned in the active site. The horizontal arm of
the compact L-shaped structure of tRNA is formed by a
coaxial stack of the acceptor and T stems, while the
perpendicular vertical arm is formed from a coaxial stack
of the dihydrouridine (D) and anticodon stems. The two
helical arms are joined by the D, T, and V (variable) loops
to form the highly compact and globular core (22, 23) (Figure
1a,b). The overall orientation of tRNA binding is generally
a class-specific feature. Most class I enzymes are monomeric,
and the tRNA binds such that the minor groove of the
acceptor stem interacts with the active site domain of the
synthetase (Figure 1c). In contrast, class II tRNA synthetases
are primarily dimeric and approach the tRNA acceptor stem
from the major groove side (Figure 1d). However, in the
dimeric class I enzymes (TyrRS and TrpRS), the tRNA binds
across the subunits with its acceptor stem oriented in a
manner resembling that of class II complexes.

Indirect Readout in Double-Helical tRNA Stems

Most tRNAs contain 20 or 21 canonical Watson-Crick
and G-U base pairs distributed among the acceptor, D,
anticodon, and T stems (Figure 1a). However, the D and T
stems form part of the complex tertiary core of the tRNA,
and their detailed helical parameters are likely to be
significantly influenced by surrounding portions of the chain
(see below). In contrast, the acceptor and anticodon stems
exist as isolated, canonical A-helical duplexes. With a few
exceptions, these regions do not possess asymmetric internal
loops or mismatched base pairs. Nearly all cocrystal struc-
tures of aminoacyl-tRNA synthetase-tRNA complexes
reveal protein interactions with the acceptor stem, and many

also feature anticodon stem contacts. Mutagenesis studies
involving replacements of tRNA base pairs in the acceptor
stem have shown that tRNA synthetases often discriminate
among tRNAs by contacting this portion of the molecule
(13). However, interactions with the anticodon stem are only
rarely used as a means of discriminating among tRNAs.

As for DNA-protein complexes, indirect readout of the
information in tRNA acceptor stems may be most readily
inferred when crystal structures of a tRNA synthetase
complex do not reveal direct hydrogen bonding contacts at
particular base pairs, yet mutagenesis studies indicate that
the identity of the base pairs is important to aminoacylation
efficiency. Clear examples of this phenomenon, however,
are not common. One case in which indirect readout does
appear by these criteria is the aspartyl-tRNA synthetase
(AspRS) system inEscherichia coli(24). The dimericE.
coli AspRS binds two tRNAs, with each tRNAAsp confined
to interactions with one monomeric enzyme subunit. The
acceptor stem of the tRNA interacts with the enzyme
primarily through water-mediated interactions: the well-
resolved structure reveals more than 20 water-mediated
hydrogen bonds in this region, although only three of these
represent direct protein-water-RNA contacts (24). In
contrast, the crystal structure of the yeast AspRS-tRNAAsp

complex does not reveal a large number of acceptor stem
contacts: only the extremity of the acceptor arm from
nucleotide A72 to A76 is in contact with the tRNA synthetase
(25). In accordance with these findings, mutational analysis
shows that the most important recognition nucleotides for
both E. coli and yeast AspRS are located in the anticodon
loop and at the discriminator nucleotide (position 73), rather
than in the acceptor stem (26, 27).

The evidence for indirect readout of the acceptor stem
sequence byE. coli AspRS arises from studies of the
heterologous complex formed between the dimericE. coli
AspRS and two yeast tRNAAsp molecules (28). The crystal
structure of this heterologous complex showed that one yeast
tRNA was bound to theE. coli enzyme only through
anticodon loop contacts, while the second yeast tRNAAsp

adopted an orientation similar to that of the cognateE. coli
tRNA, maintaining a significant number of water-mediated
contacts across the acceptor stem. Most importantly,E. coli
AspRS aminoacylates yeast tRNAAsp 4000-fold less ef-
ficiently than the cognateE. coli tRNAAsp, as judged by
relativekcat/Km values. However, replacement of the U1-A72
and C2-G71 base pairs of yeast tRNAAsp with the G1-C72
and G2-C71 base pairs found in theE. coli tRNA, respec-
tively, improved aminoacylation byE. coli AspRS by 150-
fold (28). Thus, the base pairs at the extreme end of the
acceptor arm are crucial to tRNA recognition byE. coli
AspRS even though they are mainly contacted via water-
mediated interactions with the sugar-phosphate backbone
in both the native bacterial and heterologous tRNA com-
plexes. The structural information for both homologous and
heterologous complexes, together with the mutational data
showing partial reconstitution of activity, provides very
strong evidence demonstrating acceptor stem recognition by
indirect readout. It is interesting to note thatE. coli tRNAAsp

possesses a G4-U69 wobble base pair, while the yeast
tRNAAsp possesses a similar wobble pair, but at a different
position (U5-G68). Because the G-U wobble pair introduces
a distinct stereochemical signature into the backbone of the

aaRS+ aa+ ATP T aaRS‚aa-AMP + PPi

aaRS‚aa-AMP + tRNA T aaRS‚aa-tRNA + AMP
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acceptor stem (29), it seems possible that replacement of
sequences at these additional positions might reconstitute
activity more fully. Although these experiments have not yet
been conducted, they offer the potential to provide a clearer
demonstration of the operation of indirect readout in this
system (Figure 2).

The E. coli aspartylation system also offers perhaps the
best-described example of how indirect readout in the
acceptor stem is mediated by means of induced fit transitions.
Binding of the tRNAAsp acceptor stem through the network
of water molecules mentioned above results in closing of
the tRNA hinge angle from 110° to 95° (25), and this tertiary
change is accompanied by a set of global domain reorienta-
tions in the protein (30). The structural changes converge in
the active site, where they trigger the movement of a
“flipping loop” which adopts a conformation allowing
productive binding of the acceptor end of cognate but not
noncognate tRNA substrates (Figure 2a,b).

A second well-studied example of acceptor stem recogni-
tion is the alanylation system, where extensive studies over
many years have established that the G3-U70 base pair in
tRNAAla is a major determinant for aminoacylation byE.
coli AlaRS (31-33). This single base pair has been
implicated in both direct and indirect readout. The NMR
structure of the G3-U70 base pair in the acceptor helix of
tRNAAla shows that the pair adopts the expected wobble
geometry (29), in which the G base shifts toward the minor
groove while the U base shifts toward the major groove. The
proposal for direct readout of the G3-U70 base pair by AlaRS
is based on extensive studies of base-analogue substitutions
at moieties in the major and minor grooves, as studied in a
chemically synthesized acceptor stem of tRNAAla. These
base-analogue studies show that the exocyclic 2-amino
group of G3 in the minor groove of the base pair is essential
for aminoacylation (34, 35). Elimination of this functional
group or committing it to an intrahelical hydrogen bond

FIGURE 1: (a) Secondary and (b) tertiary structure of yeast tRNAAsp (PDB entry 2TRA). The elements of the structure are color-coded, as
follows: red, acceptor stem (nucleotides 1-7 and 66-72) and single-stranded acceptor end (nucleotides 73-76); orange, T stem (nucleotides
49-53 and 61-65); yellow, T loop (nucleotides 54-60); slate, D stem (nucleotides 10-13 and 22-25); green, D loop (nucleotides 14-
21); gray, variable loop (nucleotides 44-48); black, connector segments (nucleotides 8, 9, and 26); cyan, anticodon stem (nucleotides
27-31 and 39-43); and dark blue, anticodon loop (nucleotides 32-38). (c) Depiction of the structure of theE. coli glutaminyl-tRNA
synthetase-tRNAGln-AMP ternary complex (PDB entry 1GTS), an example of a class I tRNA synthetase. The catalytic Rossmann fold of
the enzyme is colored cyan, and the AMP ligand is shown in a space-filling representation (green). (d) Depiction of the structure of the
dimeric yeast aspartyl-tRNA synthetase-tRNAAsp-ATP ternary complex (PDB entry 1ASZ), an example of a class II tRNA synthetase.
The ATP in each subunit is shown in a space-filling representation (green).
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inactivates aminoacylation. The exocyclic amino group
conferred alanylation activity regardless of the nature of the
base pair in which it resided, suggesting a direct readout
mechanism.

In contrast, genetic studies using amber suppressors ofE.
coli tRNAAla show that certain substitutions of the G3-U70
base pair that do not retain the exocyclic 2-amino group in
the minor groove are recognized by AlaRS in vivo. Examples
of functional substitutions include the G-A, A-C, C-A, and
C-C base pairs, none of which exhibits a minor groove
configuration resembling that of the G-U base pair (36, 37).
A NMR analysis of the tRNAAla acceptor helix containing
the active C3-C70 base pair revealed structural irregularities,
with some features shared by the wild-type G3-U70 pair (37).
In this indirect readout model, AlaRS optimally aminoacy-
lates acceptor stems of a particular conformation, which it
recognizes by means of contacts to the sugar-phosphate
backbone. Support for the backbone recognition hypothesis

also arises from the study of deoxy sugar analogues, which
shows that a number of 2′-OH groups in and around the G3-
U70 base pair individually contribute between 1 and 2 kcal/
mol to the stabilization of the transition state for aminoa-
cylation (38). Together, the genetic and deoxy sugar analogue
studies suggest that indirect readout also makes an important
contribution to conferring recognition of the G3-U70 pair
in the acceptor stem of tRNAAla by E. coli AlaRS.

Work on the AlaRS system, although extensive, nonethe-
less reflects experimental difficulties in resolving the con-
tribution of indirect readout that are prevalent in studies of
all tRNA synthetase complexes. First, the use of in vivo
genetic studies, while representing a powerful approach to
appreciating the physiological significance of particular
interactions, is inherently limited because in some cases a
substantially impaired aminoacylation activity due to a
mutated tRNA or synthetase may still sustain cellular
viability. While these studies may allow determination of
the fraction of tRNA that is aminoacylated in vivo or the
degree of incorporation of an amino acid at a particular
position in a target protein such as DHFR (31, 39), such
information is at best only suggestive of a particular
recognition mechanism. Second, many of the chemical
modification studies in the AlaRS system were necessarily
(at the time) performed using short “minihelix” substrates
comprising only the acceptor-T stem portion of the tRNA;
these molecules are much poorer substrates than intact tRNA,
and their use may lead to overestimation of the contributions
of individual recognition determinants. For example, while
the G3-U70 base pair of tRNAAla confers alanylation
properties upon noncognate minihelix substrates, such trans-
plantation studies have not been performed in the context
of full-length tRNAs. Finally, the AlaRS system lacks a high-
resolution X-ray structure of the enzyme-tRNA complex
to ground the extensive functional studies within a stereo-
chemical context. Even in the many systems where high-
resolution structures of the enzyme-tRNA complex are
available (such as the aspartylation system described above),
systematic structural studies of mutated complexes exhibiting
altered recognition properties have not been performed. X-ray
structures of modified complexes possessing altered specific-
ity are essential, however, in elucidating how direct and
indirect readout can jointly operate to allow proper relative
juxtaposition of the reactive moieties of ATP, amino acid,
and tRNA substrates in the pre-transition state complex on
the enzyme. TheEcoRV restriction endonuclease system
provides a well-characterized example demonstrating how
altered sugar-phosphate binding interactions in modified
complexes can be correlated to the changes in binding affinity
and single-turnover kinetics induced by the modifications
(9).

Indirect Readout in Single-Stranded Regions

The secondary structure of tRNA includes seven distinct
segments that are not present in canonical duplex stems: the
T, D, variable, and anticodon loops; the four-nucleotide
unpaired 3′-end terminating with the conserved CCA se-
quence; and the very short connectors bridging the accep-
tor-D stems and the D-anticodon stems (Figure 1a,b). Most
of these segments, however, form part of the complex tertiary
core. Only the 3′-acceptor nucleotides and the anticodon loop,
at opposite ends of the L-shaped molecule, possess structures

FIGURE 2: Active site structure ofE. coli AspRS. (a) Crystal
structure ofE. coli AspRS bound to yeast tRNAAsp in a heterologous
complex. The active site is in an unproductive conformation.
Hydrogen bonds are depicted with green dots. (b) Crystal structure
of E. coli AspRS bound to the cognateE. coli tRNAAsp. Note that
the flipping loop (blue) adopts a closed conformation in panel a,
as tRNA A76 (orange) points away from the aspartyl adenylate
substrate (left). In contrast, the flipping loop adopts an open
conformation in panel b, and tRNA A76 (orange) appears properly
juxtaposed with aspartyl adenylate. The following coordinates were
used: noncognateE. coli AspRS-yeast tRNAAsp (PDB entry 1IL2)
and cognateE. coli AspRS-E. coli tRNAAsp (PDB entry 1C0A).
Adapted from ref28.
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that are not interdependent with other parts of the tRNA.
Both of these are used as recognition sites by most tRNA
synthetases (13). tRNA selectivity by indirect readout at these
positions was first recognized in the crystal structure of the
E. coli glutaminyl-tRNA synthetase (GlnRS)-tRNAGln com-
plex (40). Although the details differ, similar principles
operate for anticodon loop and acceptor end binding in many
of the other systems.

The crystal structure of the GlnRS-tRNAGln complex
shows that the tRNAGln anticodon loop adopts a conformation
in which all three anticodon bases are unstacked to bind in
complementary pockets formed by the C-terminalâ-barrels
of the enzyme (40, 41). The anticodon stem of tRNAGln

bound to GlnRS is also extended by two non-Watson-Crick
base pairs: 2′-O-methyl-U32:Ψ38 and m2A37:U33. Only
one direct hydrogen bond links each of the two pairs, but a
network of ordered water molecules assists in stabilizing the
base-pairing configuration. The two new base pairs exhibit
A-form geometry and stack well with the anticodon stem.
Comparison of the anticodon loop structure of bound
tRNAGln with that of other unliganded tRNAs (23, 42)
strongly suggests that the loop has been deformed from its
unbound structure in an induced fit transition concomitant
with protein binding (see below).

The discriminating Watson-Crick functional groups of
all three anticodon nucleotides (C34, U35, and G36) are
specifically recognized by direct hydrogen bonds with protein
groups (41). In contrast, discriminating moieties of the U32:
Ψ38 and m2A37:U33 pairs are directly recognized only by
a pair of hydrogen bonds donated by the side chain amide
of Asn370 to exocyclic O2 ofΨ38 and N1 of m2A37.
Further, the unusual U32:Ψ38 and m2A37:U33 pairs par-
ticipate in a water-mediated base-phosphate interaction
network that constrains the conformation of the nucleic acid
backbone for extensive contacts with the protein at residues
m2A37 andΨ38. These observations suggest that the U32:
Ψ38 and m2A37:U33 pairs promote tRNAGln anticodon
discrimination primarily by facilitating the adoption of the
required anticodon loop structure at a lower free energy cost
than other nucleotides. This provides a basis for tRNA
selection by indirect readout (Figure 3a).

In the tRNA acceptor stem, operation of indirect readout
is distinguished by the fact that the terminus of the tRNA
acceptor stem is a site with increased flexibility and
distortability upon protein interaction. These properties are
evident in the GlnRS-tRNAGln complex and may be
exploited to provide selective recognition by indirect readout.
At the 3′-acceptor end of tRNAGln, the crystal structure shows
that the U1-A72 base pair at the far end of the acceptor stem
is completely disrupted and that the 3′-GCCA sequence
forms a hairpin loop that positions the ribose sugar of A76
in the active site, adjacent to theR-phosphate of ATP (40).
This conformation is stabilized by extensive protein interac-
tions as well as by an intramolecular hydrogen bond donated
by the exocyclic NH2 group of G73 to the A72 phosphate
(Figure 3b). The requirement for disruption of the 1-72 base
pair provides discrimination against tRNAs possessing either
a G1-C72 or a C1-G72 base pair, as the additional Watson-
Crick hydrogen bond renders these pairs more difficult to
break (43, 44). Similarly, only G73 can provide the 2-NH2
moiety for formation of the intramolecular hydrogen bond
within the RNA hairpin, allowing selectivity against tRNAs

possessing any other base at this position. No specific protein
interactions are made with U1, A72, or G73, yet biochemical
and genetic studies show that mutations at these positions
in the tRNA have significant effects on aminoacylation
efficiency both in vivo and in vitro (43-45). Thus, these
three nucleotides exert their effects on selectivity by facilitat-
ing adoption of the required 3′-hairpin structure at a lower
free energy cost than other nucleotides (40).

The acceptor stem termini in tRNA are also the sites of
5′- and 3′-endonucleolytic processing and of the amino acid
editing reaction. Site-specific cleavage by the ribozyme
RNase P removes the 5′-extension of all precursor tRNAs
to produce a 7 bpacceptor stem in nearly all mature species.
However, an exception occurs in tRNAHis, where the mature
tRNA possesses an additional guanosine residue (G-1) at the
5′-terminus (46). In bacteria, archaea, and eukaryotic or-
ganelles, the G-1 nucleotide may form a base pair with C73,
while in the eukaryotic cytoplasm, tRNAHis species possess
A73 at the discriminator position, leading to a G-1-A73
mismatch.

Although a cocrystal structure of HisRS bound to tRNAHis

is not yet available, biochemical evidence in two systems
shows that the G-1-C73 pair is important to tRNA selectivity.
In the E. coli histidine system, mutations of the G-1-C73

FIGURE 3: Indirect readout of single-stranded RNA byE. coli
glutaminyl-tRNA synthetase (PDB entry 1GTR). (a) Interactions
with the anticodon loop of tRNAGln. Green spheres depict key water
molecules stabilizing the conformation of the anticodon loop and
its interaction with protein. Hydrogen bonds between noncanonical
U33-A37 and U32-U38 base pairs are shown as blue dashes; other
hydrogen bonds are shown in red. (b) Hairpinning of the tRNA
3′-end into the active site. Intramolecular and intermolecular
hydrogen bonds are depicted with red dashes. The ATP is colored
red at bottom left. A hydrogen bond between the tRNA A76 2′-
hydroxyl group and theR-phosphate of ATP assists in the mutual
positioning of substrate moieties for catalysis. For clarity, only a
small number of the interactions made are shown.
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pair decreased the steady state rate of histidylation (47), while
short acceptor stem microhelix substrates derived from
tRNAAla and tRNAGly were efficiently histidylated upon
introduction of the G-1-C73 pair (48, 49). Further, the C73U
mutation alone reduces the rate of the aminoacyl transfer
step by∼1000-fold in single-turnover kinetics (50), sug-
gesting the possibility that C73 might be directly read by
HisRS. Evidence for indirect readout of the G-1-C73 base
pair comes from a study that investigated removal of the
5′-phosphate moiety from G-1, which reduced the rate of
histidylation by more than 500-fold (51). Similarly, Saccha-
romyces cereVisiaeHisRS also recognizes the 5′-phosphate
of tRNAHis; in this case, the rate of histidylation is reduced
by 130-fold when the phosphate is removed (52). These
comparative studies are of particular interest since they
demonstrate that discrimination by indirect readout has been
conserved across different domains in Nature.

Some tRNA synthetases possess editing mechanisms for
removing incorrectly activated amino acids or misacylated
tRNAs. In the latter event, known as post-transfer editing,
the 3′-end of the misacylated tRNA dissociates from the
synthetic active site and translocates across the surface of
the enzyme to bind in a spatially separate editing domain
that hydrolyzes the aminoacyl ester bond (53). In class I
tRNA synthetases [such as IleRS (54, 55), LeuRS (16, 56),
and ValRS (57)], the CCA sequence adopts a hairpin

conformation to bind properly in the synthetic site but
extends approximately along the acceptor stem helical axis
to enter the editing site (Figure 4a). In near-mirror-image
contrast, the CCA single strand in class II tRNA synthetases
[such as ThrRS (58)] continues along the acceptor stem
helical axis to enter the synthetic site but bends to enter the
editing site. These differences, of course, reflect the distinct
structural organization of class I versus class II enzymes.

The shuttling of the misacylated single-stranded tRNA 3′-
end across the enzyme may be guided by interactions of
specific amino acids with the sugar-phosphate backbone,
the nucleotide bases, or both. Details of this complex
conformational rearrangement are largely unknown, but some
insight into the process has been recently provided by crystal
structures of an archaeal class I LeuRS-tRNALeu complex
that reveal two conformations of the CCA terminus (16). In
both conformations, the 3′-terminus of the tRNA is bound
in the aminoacylation site (Figure 4b). Both conformations
also reveal direct readout discrimination of the A73 nucle-
otide located immediately 5′ to the 3′-CCA terminus,
consistent with biochemical studies that established this
nucleotide as being crucial to tRNA identity in this system
(59, 60). However, the complexes differ in the precise
acceptor end conformation, the global orientation of the
editing domain, and the positioning of the upstream acceptor
stem of the tRNA. Remarkably, the CCA end in the two

FIGURE 4: (a) Depiction of the cocrystal structure ofThermus thermophilusLeuRS bound to tRNALeu in the post-transfer editing conformation
(left) and depiction of the cocrystal structure ofPyrococcus horikoshiiLeuRS bound to tRNALeu in the aminoacylation conformation (right).
In each drawing, the post-transfer editing domain is colored blue. (b) Detailed conformations of the acceptor 3′-end of tRNALeu in the
aminoacylation and post-transfer editing complexes: blue, trajectory of the 3′-end in theT. thermophiluspost-transfer editing complex
(PDB entry 2BYT); red, trajectory of the 3′-end in theP. horikoshiiaminoacylation complex (PDB entry 1WZ2); and green, a second
3′-end trajectory in theP. horikoshiiaminoacylation complex, corresponding to a conformation that may represent an intermediate along
the pathway from the functionally relevant aminoacylation complex toward the post-transfer editing complex. Adapted from ref16.
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complexes appears to be marking a trajectory toward the
editing domain, with a key conformational change altering
the base stacking and phosphodiester backbone conformation
at the junction between nucleotides A73 and C74 (Figure
4b).

The efficiency of the translocation step in LeuRS editing,
then, appears likely to be influenced by conformational
preferences of the CCA end as determined in part by stacking
energies between the bases at the 3′-end of the molecule.
Differences in the thermodynamic propensities of nucleotide
bases to stack upon each other may thus provide the basis
for variations in tRNA 3′-end translocation kinetics among
the tRNA synthetases that possess editing domains (4). Some
support for this notion arises from studies ofE. coli ValRS,
which is topologically similar to the archaeal LeuRS
complex. Mutation of A73 to G73 in tRNAVal substantially
reduced the level of overall editing (including both pre- and
post-transfer steps), while mutations to C73 and U73, perhaps
surprisingly, had little effect (61). In both of these systems
(and very likely in editing reactions generally), the tRNA
3′-end translocation is also coupled to induced fit transitions
in the enzymes: X-ray crystal structures show that tRNA
synthetase editing domains undergo significant global re-
orientation upon tRNA binding and translocation (54-58,
62). It is also relevant to note that thermodynamic and NMR
studies of a model system consisting of the acceptor stem
and the 3′-ACCA end of E. coli tRNAAla showed that the
single-stranded 3′-terminus significantly stabilizes the duplex,
in a sequence-dependent manner (63). While the effect of
the acceptor stem-proximal A73 nucleotide was greatest, all
four 3′-dangling nucleotides were found to influence the
flexibility and thermal melting transitions of the RNA. These
studies further demonstrate the importance of base stacking
interactions at the tRNA 3′-end.

Tertiary Core

The diversity of three-dimensional structure in RNA
molecules arises from the ability of the polynucleotide chain
to form complex, highly specific, and thermodynamically
stable intramolecular interactions (64-66). Packing of small
RNA secondary structural motifs often depends on the ability
of divalent metal ions such as Mg2+ to bridge phosphate
groups that are brought together in the tertiary core region,
particularly when independent coaxially stacked helical
domains are assembled together (67). However, stable tertiary
RNA motifs that do not depend on divalent metal ions for
stability are also known. Examples of these include double-
pseudoknotted structures such as the hepatitis delta virus and
glmSself-cleaving ribozymes (68, 69). Transfer RNA falls
into this latter category of stable globular RNAs that do not
require precisely bound divalent metal ions within the core
domain.

The two helical domains of tRNA are linked by the
interactions of the D and T hairpin loops (“hinge” region)
which together form a complex network of tertiary interac-
tions with each other and with adjacent portions of the
molecule (Figure 1;22, 23). A set of highly conserved
noncanonical base-base interactions forms an “augmented
D stem”, which stacks upon the D stem in the region closest
to the hinge, extending the D stem-anticodon stem domain.
For the majority of tRNAs possessing small variable loops

of four or five nucleotides (the class I type), the variable
loop also interacts in the major groove of the D and
augmented D stems, forming base triple and other interac-
tions. The innermost base pair of the augmented D stem
forms the conserved “Levitt” pair interaction between the
bases of nucleotide 15 in the D loop and nucleotide 48 in
the variable loop. The Levitt pair, in turn, stacks beneath
nucleotides 59 and 60 of the T loop, which are nestled
underneath the perpendicular stack of the T stem. The
number of bases in the T stem and T loop, and the
conformation of this portion of the molecule, are nearly
identical in all tRNAs (Figures 1 and 5).

Within this generally conserved structure of the tRNA
hinge domain, sequence variations among species allow the
sugar-phosphate backbones to adopt unique conformations.
Part of the structural variation arises directly from small
differences in the sizes of the variable and D loops. Even
where these loops are identical in size, the pattern of base
stacking interactions in the D and augmented D stems may
vary because of sequence differences, generating significant
diversity in the overall shape. For example, while tRNAGln

possesses a commonly found U8-A14-A21 base triple in the
augmented D stem [as first observed in the structure of
tRNAPhe(Figure 5a)], tRNACys possesses instead a U8-A14-
A46 triple at the topologically equivalent position. Although
the two tRNAs possess D loops of the same size, this
difference likely arises because U21, which possesses the
least propensity to stack among the four bases, flips out of
the tRNACys core to interact with solvent.

While a number of examples of this type of diversity exist,
the number of stacked bases, base pairs, and base triple layers
in the vertical arm of class I tRNAs, from nucleotide 60 of
the T loop to the 31-39 base pair at the end of the anticodon
stem, remains constant at 14 (Figure 5a). Thus, it is
meaningful to speak of topologically conserved backbone
groups and hence to consider recognition of the core domain
in class I tRNAs as an extension to the conceptual framework
of indirect readout. In the different tRNAs, topologically
equivalent backbone moieties occupy substantially different
relative positions in space, separated by several angstroms
or more, as may be easily seen by performing superpositions
of distinct portions of the cores among species (70) (Figure
5b). Noncognate tRNAs with distinctly structured core
domains may then be improperly bound on an enzyme
surface as compared with cognate species, leading to mis-
positioning of the reactive 3′-end acceptor in the active site.

The compactness of the tertiary core and the large number
of base stacking and electrostatic interactions that preserve
its shape generally make it difficult to distinguish particular
nucleotides as discrete identity determinants, because the
function of any nucleotide in recognition usually depends
on the tertiary structural context. A good example of this
phenomenon is the unusual G15-G48 Levitt pair unique to
tRNACys in E. coli, which is an important recognition element
for CysRS (71-74). Introduction of a G15-G48 base pair
into the tertiary core ofE. coli tRNAGln (which possesses
the canonical G15-C48 base pair at this position), together
with tRNACys identity determinants at the acceptor end and
anticodon, produced a tRNA that was reduced in cysteiny-
lation efficiency by 100-fold as compared with that of native
tRNACys (70). The crystal structure of the G15-G48 tRNAGln

variant bound to GlnRS revealed that the base of G48 could
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not be accommodated in the expected anti configuration
within the tRNAGln core but instead adopted the unusual syn
orientation. The tertiary context provided by the surrounding
nucleotides thus clearly determines the local conformation
at positions 15 and 48. That the tertiary context is what is
recognized is clear from the structures of the tRNA-bound
GlnRS and CysRS complexes, both of which reveal enzyme
interactions exclusively with the sugar-phosphate backbones
in the core region (15, 40).

E. coli CysRS recognizes the G15-G48 Levitt pair inE.
coli tRNACys by indirect readout in its natural context. The
structure of the CysRS-tRNACys complex showed that the
enzyme makes a number of interactions at the backbone

position of the Levitt pair. Hydrogen bonds are made at a
nonbridging phosphate oxygen of G15 and at the 2′-OH
group of A14 by the side chains of Asn351 and Glu354,
respectively. In addition, a water-mediated hydrogen bond
links the G15 phosphate with the side chains of Asp348 and
Lys12, which form an adjacent salt bridge (Figure 5c) (15).
To investigate the role of these interactions in indirect
readout, the catalytic efficiencies of variant CysRS enzymes
carrying mutations at position Asn351 or Glu354 were
examined using both wild-type (G15-G48) and altered (G15-
C48) tRNA substrates. Replacement of Glu354 with either
alanine or glutamine reduces the catalytic efficiency by
approximately 10-fold toward both wild-type and mutant

FIGURE 5: (a) Schematic drawing of the base stacking arrangement in yeast tRNAPhe. (b) Superposition of a portion of the structures ofE.
coli tRNACys andE. coli tRNAGln, each bound to the cognate tRNA synthetase. The superposition is performed by aligning all backbone
atoms in nucleotides 10-12 on the 5′-side of the D stem. The divergence in position of phosphate groups at nucleotides A14 and G15 is
more than 2 Å, providing a basis for differential shape-dependent interactions with the tRNA synthetases. The following coordinates were
used: GlnRS-tRNAGln complex (PDB entry 1GTR) and CysRS-tRNACys complex (PDB entry 1U0B). (c) Indirect readout in the tertiary
core ofE. coli tRNACys by CysRS. Dashed lines denote hydrogen bonds between CysRS and tRNA backbone groups at nucleotides 14 and
15. The red sphere depicts a bridging water molecule. Adapted from refs15 and70.
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tRNAs, with the majority of the effects at the level ofkcat.
Because the effect is identical toward both tRNA substrates,
it appears that the Glu354 contact with the A14 ribose is
not sensitive to any structural difference between these tRNA
species. By contrast, CysRS mutants at Asn351 were altered
in their relative preferences for wild-type versus mutant
backbones. For example, thekcat/Km of the N351A mutant
was reduced more than 30-fold compared to that of wild-
type G15:G48 tRNACys, but it retains catalytic efficiency
similar to that of the wild-type enzyme with the G15:C48
variant. Thus, Asn351 mutants preferred G15:G48 tRNACys

by only 6-fold, as compared with the 125-fold preference
for the wild-type tRNA by native CysRS. It appears then
that the Asn351-G15 phosphate contact mediates tRNA
recognition by indirect readout, while the Glu354-A14 ribose
contact does not. This combined mutational approach, in
which both enzyme and tRNA are altered, provides a general
methodology that can be used to explore which particular
backbone contacts are important to substrate selectivity (15).

Use of the tRNA core domain as a basis for sequence
discrimination is not limited to the tRNA synthetases. The
tRNA-dependent amidotransferases also provide an example
of tRNA selectivity via binding in this region. These enzymes
play an important role in aminoacyl-tRNA synthesis in
eukaryotic organelles, archaea, and most prokaryotes, all of
which lack the canonical GlnRS and/or AsnRS enzymes (75).
The synthesis of Gln-tRNAGln and Asn-tRNAAsn in these
cases is a two-step process, in which the nondiscriminating
glutamyl- and aspartyl-tRNA synthetases first catalyze misa-
cylating reactions that generate Glu-tRNAGln and Asp-
tRNAAsn, respectively. The tRNA-dependent amidotrans-
ferase then converts the carboxylate group of the acylated
noncognate amino acid to the corresponding amide, using
ammonia produced from hydrolysis of glutamine as the
source of nitrogen. The amidotransferase enzymes must
specifically recognize misacylated Glu-tRNAGln and Asp-
tRNAAsn while excluding the cognate Glu-tRNAGlu and Asp-
tRNAAsp species that are also synthesized by the nondis-
criminating tRNA synthetases.

The tRNA-dependent amidotransferases fall into two
families. The GatCAB enzymes are able to convert both Glu-
tRNAGln and Asp-tRNAAsn to the correctly acylated products,
while the GatDE subgroup is specific to the synthesis of Gln-
tRNAGln. A recently determined crystal structure of the
GatDE-tRNAGln complex fromMethanothermobacter ther-
moautotrophicussuggests that the enzyme discriminates
between Glu-tRNAGlu and Glu-tRNAGln by recognizing
differences in the shape of the tRNA core (76). The GatE
subunit of GatDE binds tRNAGln by forming a concave
surface complementary to the shape of the T stem-loop
motif and D loop. Close steric complementarity to the D
loop region of tRNAGln appears to form the basis for
exclusion of tRNAGlu, which in this archaeon possesses a D
loop that is three nucleotides larger. Enlargement of the
tRNAGln D loop to mimic that of tRNAGlu indeed eliminated
tRNA binding, providing experimental confirmation of the
importance of the overall shape (76). However, because the
protein domain that binds the D loop is not well-ordered in
the crystal structure, the extent to which recognition might
also be based on a direct readout of functional groups is not
yet known.

tRNA Discrimination by Shape Complementarity in tRNAs
with a Long Variable Loop

As noted above, discrimination among class I tRNA core
domains by tRNA synthetases and other enzymes can be
considered in the conceptual frame of indirect readout:
topologically equivalent backbone positions can be identified
within the overall tertiary structure and their detailed relative
orientations analyzed in terms of the sequence of the
molecule. In contrast, tRNAs, including tRNASer and tR-
NALeu, as well as tRNATyr in some organisms, possess a
much larger variable region consisting of a stem-loop motif
that projects from the hinge (Figure 6a). The recognition of
distinct globular shape in these class II tRNAs as a
mechanism for selectivity is related to indirect readout,
because usually most or all of the interactions are made with
the sugar-phosphate backbone. However, it is distinct in
the sense that the tertiary structures of the different tRNAs
are not conserved. Crystal structures of all three class II
tRNAs show that the orientation of the variable arm differs
with respect to the global structure of the hinge region,
depending on differences in the D and variable loop regions
(17). The resulting large variations in overall shape give rise
to recognition opportunities that are dependent more upon
the relative orientations of structural motifs in space than
upon the detailed sequence-dependent conformations of
motifs conserved among class I tRNAs.

Class II tRNAs generally possess insertions of several
nucleotides in the D loop as compared with class I species.
One of these nucleotides interacts with the inner portion of
the variable loop to stabilize a distinct conformation in each
case (Figure 6b). The different orientations of the variable
arm among the tRNAs thus depend on the identity of the
interacting D loop nucleotide, the number of other inserted
D loop nucleotides, and the number and identities of the
unpaired variable loop nucleotides that flank the 5′- and 3′-
sides of the stem-loop motif. For example, inserted D loop
nucleotide G20b forms a platform on which the innermost
A45-U48.1 base pair of the variable stem stacks in tRNASer,
while A20b of tRNATyr pairs with U48.2; the unpaired U48.1
serves as an inner platform in that tRNA (17, 77, 78).

Cocrystal structures of SerRS, TyrRS, and LeuRS that
aminoacylate class II tRNAs show that the enzymes recog-
nize the unique core domain shape arising from the large
stem-loop variable region. In each case, structural elements
of the enzyme bind between the long variable arm and the
surrounding portion of the core domain (17, 77, 78). Because
these enzymes recognize the junction between the variable
arm and the core, they can be sensitive to differences in the
orientations of the variable arm among the three class II
tRNAs. Mutagenesis experiments have been performed that
support the notion of shape recognition for each of the three
enzymes. For example, studies of theE. coli, S. cereVisiae,
and human SerRS enzymes have shown that mutation of
variable stem-loop nucleotides in noncognate tRNATyr,
tRNALeu, or tRNAVal isoacceptors confers serylation activity
(79-82). Similarly, alterations in the number of unpaired
nucleotides at the 5′- and 3′-sides of the variable stem in
tRNATyr conferred enhanced serylation activity, while de-
creasing tyrosylation activity (79). Finally, alteration of
tertiary core nucleotides, including those within the variable
stem-loop motif, allowed efficient aminoacylation of both
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tRNASer and tRNATyr isoacceptors by LeuRS (59, 60).
However, identifying which elements of the tertiary tRNA
configuration are essential to synthetase selectivity and which
are not is not straightforward (17). Experiments combining
mutations in the enzyme and tRNA as described above for
CysRS, as well as the study of backbone-modified substrates,
should be informative with respect to further elucidating the
shape selection problem.

PerspectiVes

Some distinct perspectives emerge from organizing the
extensive literature addressing tRNA-aminoacyl-tRNA syn-
thetase interactions, within the context of how the sequence
information in the tRNA molecule is read by the enzymes.
With the exception of the three isoaccepting sets that possess
long variable arms, all tRNAs possess very similar tertiary
structures. The numbers of base pair (and base triple) stacks
in the vertical and horizontal arms are identical, while the
number of single-stranded nucleotides varies minimally only
in the D and small variable loops. The detailed tertiary
conformational differences among the molecules then arise
from sequence-dependent effects on the detailed positions
of the sugar-phosphate backbone moieties. This very high
degree of structural conservation permits an extension of the

indirect readout concept from its common application in
analyzing protein selectivity among double-helical nucleic
acids, to include as well the discrimination among homolo-
gous single-stranded and globally structured portions of the
molecules.

It is reasonable to identify indirect readout as a mechanism
for selectivity when a reliable set of X-ray structures reveals
local interactions with only the sugar-phosphate backbone
(or nonspecific portions of the bases), while mutational
studies show that the base sequence in this particular region
of the tRNA-enzyme interface influences binding or ca-
talysis. As described for theE. coli CysRS system, it also is
possible to elucidate specific sugar-phosphate contacts that
provide specificity via an analysis that combines mutations
in both the enzyme and tRNA. Indirect readout may also
(and probably does) function in localized structural contexts
where the enzyme makes direct contact with specific moieties
that distinguish the bases, although distinguishing the respec-
tive quantitative contributions of the two mechanisms is very
challenging (9). Further, while we have included the well-
studied examples of G-U wobble recognition in tRNAAla and
G-1-C73 recognition in tRNAHis as likely contexts where
indirect readout functions, it is clear that taking these systems
further will require X-ray structures of relevant functional

FIGURE 6: (a) Secondary structures ofT. thermophilustRNASer, tRNATyr, and tRNALeu, color-coded as in Figure 1. Nucleotides in the D
and variable loops create the detailed architecture of the junction connecting the variable arm with the core of the tRNA, giving rise to
distinct spatial orientations of the variable arm in each case. (b) Divergent stereodrawing depicting a superposition of the phosphate backbones
of the three tRNAs depicted in panel a, using base pairs in the bottom portion of the acceptor stem for the superposition. The following
coordinates were used: SerRS-tRNASer complex (PDB entry 1SER, TyrRS-tRNATyr complex (PDB entry 1H3E), and LeuRS-tRNALeu

complex (PDB entry 2BYT). Adapted from ref17.
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complexes to confirm the hypotheses based on functional
data.

To date, there is no tRNA synthetase complex in which
thorough and quantitative information describing how sugar-
phosphate backbone contacts provide specificity is available.
While a detailed catalog of the quantitative importance of
specific protein-RNA backbone contacts to binding and
catalysis is an important goal, understanding the role of
indirect readout in its biological context requires further that
the base sequence be mutated and the role of each specific
contact assessed again on the variant tRNA. X-ray structures
of the mutant complexes are also essential to understanding
how the pattern of protein-RNA contacts might change.
Carrying out such studies with the application of pre-steady
state kinetic techniques will be important in distinguishing
how indirect readout affects individual binding and catalytic
steps (75-78). Such information is much more readily
correlated with structural parameters than are the more
commonly made measurements of steady state catalytic
parameters.

The deeper understanding of tRNA synthetase-tRNA
selectivity that will emerge from such studies is a satisfying
and important acheivement in its own right. It might also
provide a basis for protein engineering of the complexes to
more practical ends and provide a model for studies on
complex systems such as the ribosome. Another set of model
protein-RNA systems that function by indirect readout
consists of the EF-Tu-tRNA complexes, where protein
discrimination across the cohelical tRNA acceptor and T
stems is achieved primarily by contacts with the sugar-
phosphate backbone (83). In these systems, a 103-fold
variation in tRNA binding affinity, achieved in significant
part by indirect readout, is compensated thermodynamically
by an inverse set of affinities for the amino acid portions of
the aminoacyl-tRNAs. On the ribosome, recent results
suggest that the noncanonical base pair formed between
nucleotides 32 and 38 in the anticodon loop may function
to tune the affinity of tRNA to the ribosomal A site (84,
85). If the different 32-38 pairs modulate affinity by
conferring conformational preferences to the anticodon loop,
which appears likely, this would demonstrate a role for
indirect readout directly in decoding. The importance of
tRNA conformational selection would appear even greater
in other aspects of ribosomal function, such as translocation.
As noted previously, it may be likely that no nucleotide
within a tRNA is entirely random but rather has been
selected, in combination with neighboring nucleotides, to
fulfill one or more of the molecule’s functions (86).
Increasingly, it appears that sequence-dependent modulation
of detailed backbone conformation is the underlying struc-
tural key that will fully unlock the biological role of transfer
RNA.
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