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The fidelity of protein synthesis depends on specific tRNA amino-
acylation by aminoacyl-tRNA synthetase enzymes, which in turn
depends on the recognition of the identity of particular nucleotides
and structural features in the substrate tRNA. These features
generally reside within the acceptor helix, the anticodon stem-
loop, and in some systems the variable pocket of the tRNA. In the
alanine system, fidelity is ensured by a G-U wobble base pair
located at the third position within the acceptor helix of alanine
tRNA. We have investigated the activity of mutant alanine tRNAs
to explore the mechanism of enzyme recognition. Here we show
that the mismatched pair C-C is an excellent substitute for G-U in
alanine-tRNA-knockout cells. A structural investigation by NMR
spectroscopy of the C-C RNA acceptor end reveals that the two
cytosines are intercalated into the helix, and that C-C exists in
multiple conformations. Structural heterogeneity also is present in
the wild-type G-U RNA, whereas inactive Watson—Crick helices are
structurally rigid. The correlation between functional and struc-
tural data suggests that the G-U pair provides a distinctive structure
and a point of deformability that allow the tRNA acceptor end to
fit into the active site of the alanyl-tRNA synthetase. Fidelity is
ensured because noncognate and inactive mutant tRNAs are bound
in the active site in an incorrect conformation that reduces enzy-
matic activity.

minoacylation of Escherichia coli tRNAA? by its cognate

alanyl-tRNA synthetase (AlaRS) enzyme depends on a G-U
wobble base pair® in the acceptor helix (Fig. 1); this feature is
critical for aminoacylation and can confer partial alanine accep-
tance on other noncognate tRNAs (1, 2). The features that allow
its recognition are likely to include direct interactions with
distinctive atomic groups and indirect recognition of the struc-
tural and dynamic information encoded in the sequence of the
G-U pair and its immediate context. The G-U wobble base pair
provides specific recognition signals in numerous RNAs, ranging
from ribosomal RNA and splicing regulatory signals (3) to RNA
enzymes (4). A detailed understanding of recognition mecha-
nisms of the G-U pair is still lacking. Therefore, tRNAAR
provides not only an important system to understand how fidelity
in protein synthesis is ensured, but also a paradigm to dissect the
features that allow such a widespread role for the G-U pair as a
distinctive recognition tag.

Here we report the remarkable observation that replacing the
G-U wobble pair with a C-C mispair preserves tRNAA? amino-
acylation in vivo. An acceptor minihelix RNA containing the
C-C substitution has been analyzed by high-resolution NMR
spectroscopy and compared with wild-type G-U RNA and
inactive G-C and A-U mutant RNAs. The data demonstrate that
the two cytosines are intercalated within the acceptor helix, and
that C-C exists in multiple conformations in equilibrium on the
pus-ms time scale. The structure at and around G-U and C-C is
significantly more mobile than that of Watson—Crick base pair
substitution mutants. The correlation between structural and
functional data suggests that the G-U pair provides a distinctive
structure and a point of deformability that allow the tRNA
acceptor end and AlaRS to adopt a structure that is optimal for
catalysis by induced fit.
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Methods

Aminoacyl-tRNA Determination. E. coli K45sIAArelA knockout cells
(5) expressing the indicated tRNAA gene from plasmid pGFIB
were grown in 2X YT medium containing 100 pg/ml ampicillin,
20 pg/ml chloramphenicol, and 25 ug/ml kanamycin at 33°C to
mid-log phase (0.6 ODssp; =2 X 108 cells/ml), RNA was isolated
under acidic conditions, and the relative level of aminoacyl-
tRNA and deacyl-tRNA was determined by two independent
analyses. First, for direct analysis of aminoacyl-tRNAA, half of
an RNA sample was left untreated and the other half was treated
with Tris base to strip aminoacyl-tRNAs (0.5 M Tris, pH 9.0, 30
min, 37°C). RNA samples (0.05 OD4) were fractionated on a
6.5% polyacrylamide, 8 M urea gel (pH 5.2) at 4°C, transferred
to Nytran Plus membrane, crosslinked, and hybridized at 35°C
with 32P-labeled DNA probe complementary to position 28 to 45
of tRNAAZ, Second, for direct analysis of deacyl-RNAA2, half of
an RNA sample was left untreated and the other half was
subjected to periodate oxidation and beta elimination (40 mM
NalOy, 90 min, 0°C then 330 mM rhamnose, 30 min, 0°C followed
by ethanol precipitation then resuspension in 1 M lysine, 60 min,
45°C followed by ethanol precipitation) to remove the terminal
nucleoside of deacyl-tRNA. RNA samples (0.05 ODy49) were
fractionated on an 8% polyacrylamide urea DNA sequencing gel
(pH 8.3) at ~80°C (Amersham Pharmacia) and subjected to a
Northern blot analysis as above. The gel profiles were quanti-
tated by using a Molecular Dynamics Storm 860 instrument and
IMAGEQUANT 4.1 software (5, 6).

Western Blot Analysis. Cultures grown to 0.85-1.0 ODsgs were
harvested, and the cells were broken with lysozyme-EDTA at
4°C. The lysate was clarified by centrifugation, and the super-
natant was diluted to 1 mg/ml by Bradford assay with BSA as
standard. Serial dilutions were separated by SDS-6% PAGE,
transblotted to nitrocellulose membrane, probed with rabbit
polyclonal AlaRS antibody and goat anti-rabbit IgG alkaline
phosphatase conjugate, and color-developed with an alkaline
phosphatase conjugate substrate. The dilution end-point of
AlaRS in independent assays of the same mutant tRNA is
reproducible to within 2-fold (7).

Knockout Cell Analysis. E. coli K45sIAArelA knockout cells lack
both tRNAAR (GGC anticodon) isoacceptor genes and one of
three tRNAA®R (UGC anticodon) isoacceptor genes. Knockout
cells grow in glucose minimal medium only when active tRNAA=
(GGC anticodon) is produced from a plasmid, although they
grow in LB rich medium without the tRNA (5). Competent
K45s1AArelA cells were prepared after growing in LB broth to 0.4
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Fig.1. Diagram of tRNAAR and its tetraloop acceptor minihelix RNA showing
the location of the G-U wobble base pair and the C-C substitution at the third
position. The standard residue numbers of nucleotide at the third position are
3 and 70 (e.g., G3 and U70). Brackets flanking the anticodon indicate end-
points of the Northern blot hybridization probe.

ODssg. The cells were transformed with plasmid pGFIB pro-
ducing the indicated tRNA and grown in LB broth at 37°C for
1 hr. An aliquot (100 ul) of the transformation mix was spread
on glucose minimal medium plus ampicillin plates and incubated
at 34°C for 2 days. One transformant colony was picked with a
loop into 1 ml of minimal medium, vortexed vigorously, miro-
centrifuged, and resuspended in 1 ml of minimal medium. Agar
plates containing ampicillin and either glucose minimal or LB
medium were spotted with 3 ul of serial dilutions of the cell
suspension and then incubated at 34°C for 44 hr.

NMR Spectroscopy. The 22-mer acceptor end minihelix (Fig. 1)
and each of three mutants were synthesized by in vitro transcrip-
tion using T7 RNA polymerase and purified by using denaturing
gel electrophoreses as described (8). The concentrations of
samples for NMR spectroscopy were 1-1.5 mM in 10 mM
phosphate buffer at pH 6—6.5. NMR spectra were acquired with
Bruker AMX-500 or DMX-600 spectrometers and processed by
using Felix 2.30 (Micron Separations). Acquisition and process-
ing parameters were essentially as reported in other publications
from our laboratory (9). Two-dimensional nuclear Overhauser
and exchange spectroscopy (NOESY) spectra in H,O were
recorded by using both Watergate (10) and 11 solvent suppres-
sion at a mixing time of 150 ms at 4°C to reduce the rate of
exchange with solvent of imino and amino resonances. Spectra
in D,O were acquired at 27°C; additional spectra at long mixing
time (300 ms) also were recorded at different temperatures
(17°C and 37°C) to facilitate identification of partially over-
lapped cross-peaks. A NOESY-build-up series (mixing times 75,
150, and 300 ms) was recorded to allow reliable quantification of
cross-relaxation rates for the C-C RNA. Total correlation spec-
troscopy spectra were recorded with a mixing time of 80 ms.
Spectral assignments for all base and anomeric protons and most
sugar H2', H3’, and H4' resonances were obtained by using
standard methods (11).
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Fig.2. Steady-state level of alanyl-tRNAA2, Total low molecular weight RNA

was isolated from knockout cells producing the indicated form of tRNAAI2
under acidic conditions to preserve aminoayl-tRNA. (A) Direct identification of
aminoacyl-tRNA and deacyl-tRNA by fractionation on an acidic polyacryl-
amide gel and detected by Northern blot analysis. HO™ indicates deacylation
by Tris base. The arrowhead indicates alanyl-tRNAA2. The percent aminoacy!-
tRNAA2 (100 X aminoacyl-tRNAA”/{aminoacyl-tRNAA2 + deacyl-tRNAAI})
shown is the average and standard error of three determinations, except the
G-C sample is based on one measurement. (B) Direct identification of deacyl-
tRNAA2 by 3' nucleoside resection (giving N-1 length chains) and resolution
from full-length (N-length chains) tRNAA”2 on a DNA sequencing gel. 10,7 /8
indicates treatment with periodate and B elimination. The arrowhead indi-
cates N-1 tRNAA2, The percent deacyl-tRNAA2 [100 X (N-1/{N-1 + N})] shown
is the average and standard error of four determinations (two for G-C).

Structural Modeling. Experimental NOE-based distance con-
straints were used to model the conformation of the C-C
minihelix. Because spectral assignments were essentially identi-
cal between C-C and G-U RNAs, with the exception of the third
position and the two base pairs flanking it, the list used to
calculate the structure of the G-U containing acceptor end
minihelix sequence (9) was used to prepare an equivalent
constraint set for the C-C mutant. The model of the C-C
acceptor end minihelix was calculated as in any formal structure
determination from our group by using a constraint set that was
identical to that used for the G-U structure, with the exceptions
of the C-C site and the immediately surrounding base pairs.
Experimental NOE-based distance constraints for the C-C mis-
pair and its neighboring base pairs were extracted from NOESY
data recorded at different mixing times as described (9). NOESY
data recorded at different temperatures allowed the resolution
of partially overlapped cross-peaks and the identification of most
sugar H2', H3’, and H4' resonances. Structure calculation
methods and constraint statistics were very similar to those
already reported for the G-U structure (9).

Results

We have investigated how fidelity in protein synthesis is ensured
in the alanine system by studying the activity of mutant tRNAs
in vivo. Extensive analyses revealed that C-A and G-A mispairs
could partially substitute for G-U in amber suppressor tRNA and
knockout tRNA systems (5, 12, 13). In the present work, we first
assessed the aminoacylation efficiency of other mutant tRNAs.
The steady-state concentration of cellular aminoacyl-tRNA and
deacyl-tRNA reflects the balance between rates of tRNA ami-
noacylation and turnover during protein synthesis. We assay the
steady-state level of alanyl-tRNAA! in tRNAA®R knockout cells
by a Northern blot analysis of a polyacrylamide gel. The ami-
noacyl bond is relatively stable in the acidic conditions of analysis
and protonation of the amino acid causes aminoacyl-tRNA to
migrate more slowly than deacyl-tRNA during gel electrophore-
sis. The Northern hybridization probe covers the GGC antico-
don of tRNAA® and thus hybridizes this tRNAA® isoacceptor in
large preference to other cellular tRNAs. Fig. 24 shows that the
steady-state level of alanyl-C-C tRNAA® was 46.8 = 2.1% in
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Fig. 3. Western blot analysis of AlaRS in cells expressing the indicated
tRNAA2, Each crude extract (1.0 mg/ml) shows a dilution end-point of 1/64.
The arrow marks the position of AlaRS determined in other blots.

comparison with 78.8 * 0.8% for alanyl-G-U tRNAA", The
identity of alanyl-tRNAA® was confirmed by its sensitivity to
mild alkaline hydrolysis (Fig. 2). The reduced separation be-
tween aminoacyl and deacyl forms of C-C tRNAA® relative to
G-U tRNAA s a property of the mismatch and also is observed
in the amber suppressor tRNA (13). The use of periodate
oxidation to remove the 3’ terminal adenosine distinctive of
deacyl tRNAAR provided an independent assessment of the
fractions of chains present as aminoacyl-tRNAA? (Fig. 2B).

Aminoacylation measurements in the knockout system may be
more reliable than analogous measurements in the amber sup-
pressor system where aminoacyl-tRNA turnover is lower because
of a reduced abundance of UAG codons in messenger RNAs.
However, the levels of alanyl-tRNAA2 observed in the amber
suppressor system for C-C tRNAAR (59.1 = 6.1%) and G-U
tRNAAR (82.1 + 4.8%) (5, 13) are not statistically different at
the 95% confidence interval from the values reported here for
the knockout system. Attempts to determine alanyl-tRNAAR
levels for C-A and G-A tRNAs in the knockout system have been
hampered by severe tRNA aggregation during gel electrophore-
sis, but aggregation is not observed for these tRNAs in the amber
suppressor system. Previous analysis showed that amber sup-
pressor C-C tRNAA accepts glutamine and alanine in vivo (12).
The partial glutamine acceptance results from the U in the
middle anticodon position (CUA) of amber suppressor tRNA
and is curtailed by the GGC anticodon of tRNAA, Cell viability
considerations make it very likely that G-U tRNAA® and C-C
tRNAA2 molecules are specifically acylated with alanine, al-
though this assumption is not established by the Northern blot
analysis (see below).

We next considered the possibility that AlaRS is up-regulated
in a tRNA-sequence-dependent manner such that cells express-
ing C-C tRNAA contain increased amounts of enzyme. If this
occurred, aminoacylation of C-C tRNAA® could result from
changes in AlaRS protein levels rather than from the intrinsic
substrate quality of the mutant tRNA. To address this possibility,
we used a Western blot analysis of AlaRS to determine cellular
levels of the protein. Fig. 3 shows that AlaRS protein was present
in similar levels in separate cell cultures expressing G-U tRNAAR
and C-C tRNAA, This result confirms that the observed level
of alanyl-C-C tRNAA reflects the molecule’s substantial sub-
strate quality rather than enzyme overproduction compensating
for impaired tRNA acceptor capacity. The final functional test
of tRNAA relied on the availability of E. coli tRNA”2 knockout
cells (5). Fig. 4 shows that C-C tRNAA2 supported growth of
knockout cells nearly as well as G*U tRNAA®, In view of the
cell’s demand for proteins with accurate primary sequences, the
result also confirms the alanine acceptor specificity of C-C
tRNAA, Fig, 4 also shows that C-C tRNAA2 performed better
in this assay than did tRNAA® with C-A or G-A substitutions, the
other known G-U mimics. The negative controls where cells did
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Fig.4. Growth properties of tRNAA knockout cells expressing tRNAA2 with
G-U or the indicated substitution. Knockout cells do not grow on minimal
medium unless active tRNAA2 is produced from a plasmid. Agar plates con-
taining (A) glucose minimal medium or (B) LB rich medium were spotted with
serial dilutions of cultures expressing the indicated tRNAA, As the growth
patchesin A developed, cells expressing G-U tRNA grew better than those with
C-C tRNA, but this difference is more subtle after 44 hr (shown above) when
growth also becomes apparent for cells expressing G-A and C-A tRNAs. The
sectorin A corresponding to the plasmid without a tRNA gene insert shows the
dilution key. The speckles in B are occluded air bubbles.

not grow are tRNAs with U-U, A-C, and G-C substitutions and
the plasmid without a tRNA gene insert.

The results presented above emphasize the ability of C-C to
mimic G-U. To investigate how the C-C pair can functionally
substitute for the G-U pair, we used NMR spectroscopy to
compare the structure of acceptor end minihelices containing

Chang et al.
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(A) Region of the NOESY spectrum of the C-C minihelix containing signals from base and anomeric RNA resonances. Data were collected at 27°Cin 10

mM phosphate buffer (pH 6-6.5) and 300-ms mixing time. Resonances belonging to nucleotides at the 5’ end of the minihelix are connected by a thin line to
explicitly show sequential NOE connectives that were used to obtain spectral assignments. The broad base H5-H6 resonance of cytosine C3 is indicated by an
arrow. The resonance of C70 overlaps other resonances at this temperature. However, the broad H5-H6 resonances of C70 was observed at a lower temperature.
(B) Schematic diagram of NOE connectivities patterns observed for G-U, C-C, and G-C minihelices. Hydrogen bonding between base pairs is indicated by gray

rectangles.

either G-U or C-C mispairs. Acceptor stem helices containing
G-C or A-U base pairs also were studied to provide comparison
with inactive variants. An exhaustive investigation of the struc-
ture of the wild-type (G-U) acceptor end minihelix already has
been reported (9). The NMR data were used in that study to
determine the structure for the wild-type acceptor end RNA
oligonucleotide to high precision. Assignments of the base,
anomeric, and sugar (H2', H3', and H4') regions of the NMR
spectra of the active (C-C) and inactive (G-C and A-U) mutant
RNAs were obtained by analyzing NOESY and total correlation
spectroscopy spectra by using standard procedures (11). With
the exception of position three and the base pairs that immedi-
ately surround that site, NMR spectral assignments were essen-
tially identical for each of the four RNAs examined. This result
suggests very strongly that the structure of the acceptor end
minihelix is unperturbed by the substitutions outside of the
substitution site itself and its immediate surroundings. Even at
position three, we observed NOE connectivities very similar to
those expected for a fully base-paired helix not only for the
inactive G-C and A-U variants (as expected) and for G-U RNA
(as previously reported) (9), but also for the C-C RNA (Fig. 5).
This result demonstrates that the Watson—Crick base pairs on
either side of the C-C substitution are in the same conformation
as in the wild-type G-U minihelix and the inactive Watson—Crick
paired RNAs, and that both C3 and C70 are intercalated within
the double helix. Unfortunately, we were unable to obtain direct
experimental evidence supporting the formation of a non-
Watson—Crick base pair between C3 and C70 under the condi-
tions of the NMR experiments (pH 6-6.5). When the pH was
lowered to stabilize possible protonated C-C paired structures,
we detected large changes in the NMR spectra suggestive of a
global change in RNA conformation. A similar observation was
reported in the study of a DNA duplex containing the C-C
mismatch (14).

Chang et al.

The similarities in the patterns of NOE interactions between
C-C and G-U minihelices as well as inactive G-C and A-U
variants (Fig. 5B) reveal that the two structures are very similar
to each other and to A-form RNA. To obtain further insight into
the structure at and around the C-C mispair, we modeled the
structure of the C-C minihelix. With the exception of positions
two, three, and four, we used the same set of NOE distance
constraints used in the calculation of the G-U structure (9). The
constraints involving base pairs two, three, and four were
obtained experimentally as described in Methods, and the com-
putational procedure was not different from a formal structure
determination. No assumption was introduced that would bias in
any way the result of the calculation. Despite the absence of
base-pairing constraints for the C-C RNA, the global structure
of the acceptor end minihelix was not perturbed to any signif-
icant extent by the substitution. However, significant local
structural differences were present between the G-U and C-C
structures and also between each of the mutant structures and
A-form RNA.

A striking result was the observation of conformational ex-
change at and near the C-C mispair. Conformational exchange
in the ps-ms time scale results in very substantial broadening of
the resonances corresponding to the base protons of both C
residues (Fig. 54). Broadening is not likely to result from
protonation exchange involving C3 and/or C70 in the physio-
logical pH range. The base resonances of C3 remained signifi-
cantly broader than other pyrimidine resonances between pH
6-6.5 (Fig. 54) and pH 8 (not shown). Similar observations also
were reported in the study of a C-C DNA duplex (14) and
provide clear indication that the two bases are experiencing
conformational exchange between distinct conformers. In con-
trast, we found no evidence of conformational exchange for the
Watson-Crick-paired, inactive mutants (data not shown). The
analysis of multidimensional data on isotopically labeled RNA
recorded on the wild-type G-U minihelix had allowed us to
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View of the C-C mispair in a model structure calculated by using the experimental NMR constraints and comparison with corresponding structures of

the active wild-type minihelix (G-U) and inactive (G-C) mutant. Arrows point to the major groove side of each structure. Shown are the nucleotide pairings at
position three and the backbones of positions 2-5. Although we found no direct evidence for hydrogen bonding of the C-C mispair, the hydrogen bond indicated
in the figure was observed in several structures calculated by using the experimental constraints. Other hydrogen bonding schemes are consistent with the
experimental data and were observed in other calculated structures, but all structures had the amino group of both C residues in the major groove.

conclude that the conformation of the phosphodiester backbone
of G3 was in exchange between distinctive conformations (9).
The functional implications of these observations are described
below.

Discussion

The G-U base pair within the acceptor helix marks tRNAA® for
aminoacylation by its cognate AlaRS enzyme. The G-U pair
presents a distinctive array of hydrogen bond donors and accep-
tors in the major and minor grooves that could be specifically
recognized by complementary functionalities in AlaRS (direct
recognition). Alternatively, or in addition, unusual structural
features of the G-U pair may influence AlaRS binding to the
acceptor helix and/or position the 3’ terminal nucleotide of
tRNAAR in the enzyme active site for catalysis (indirect recog-
nition). It will remain impossible to fully understand recognition
until the structures of the tRNAAR-AlaRS complex and of
several functional mutants become available. Nevertheless, the
structural and functional data presented here point toward the
importance of indirect recognition.

Here we show that tRNAA with a C-C mispair is functionally
very similar to G-U tRNAA®2, Previous data had shown that
tRNAA2 with C-A and G-A substitutions are substantially
functional, whereas G-C, A-U, and U-G substitutions are inactive
(5, 12, 13). The new results show that C-C is the best mimic of
G-U (Fig. 4). The NMR data demonstrate that each of two
cytosines at the third position is intercalated in the double helix
and that base-stacking interactions within each strand typical of
double-stranded nucleic acids are preserved throughout the
mutant acceptor stem. An important observation concerns the
glycosidic bond angle, which was found in the anticonformation
for both nucleotides. Taken together, these results demonstrate
unambiguously that the exocyclic amino group of each cytosine
is in the major groove of the acceptor helix (Fig. 6). The exocyclic
amino group of the guanosine within the G-U pair of tRNAAR
was shown to be critical for aminoacylation; the requirement for
this amino group was proposed to result from just its direct
recognition by AlaRS (15, 16). However, our data show that the
G-U wobble pair and its C-C mimic do not project common
atomic groups into the major or minor groove of double-helical
RNA that could guide direct recognition by AlaRS (Fig. 6). This
is also likely to be true for the other functional substitutions, C-A
and G-A, but remains to be proven rigorously. Therefore, the
present data provide strong support for the notion that indirect
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recognition of the structure of the acceptor end is an important
element in how AlaRS aminoacylates the correct tRNA and
discriminates against noncognate substrates.

Indirect recognition would require a mechanism to transmit
the structural information encoded within the G-U pair to the
enzyme active site. Discrimination in the alanine system occurs
both at the level of Ky, and ke (17), suggesting that the
conformation of the enzyme active site is affected by the identity
of the bound tRNA. Recognition of the distinctive structural
features of the active tRNAs could be important to accommo-
date the 3’ terminal nucleotide of the tRNA in the enzyme’s
active site. Supporting indirect recognition is the observation of
structural differences between active G-U or C-C containing
RNAs and inactive Watson—Crick containing RNAs at and
around the third position of the acceptor helix. Although small,
these structural differences could have significant functional
consequences because they are amplified at a distance. For
example, the substitution of U-G for G-U reverses the helical
twist with respect to the flanking base pairs and causes a 2-A
displacement in an RNA double helix just 5 bp from the wobble
pair (18). Therefore, one role of the G-U pair that U-G and other
inactive substitutions cannot mimic is to provide a tRNA con-
formation that is most favorable for binding and positioning the
tRNA acceptor end in the enzyme catalytic site.

Another mechanism by which indirect recognition could
operate is through induced fit. The observation that the structure
of the active C-C RNA is more flexible than those of inactive G-C
and A-U RNAs suggests that helix deformability may be required
to allow for induced fit between AlaRS and the tRNA acceptor
end. We detected conformational exchange on a time scale of
ps-ms for the C-C mispair. Similar conclusions had been reached
in NMR and molecular dynamics studies of a DNA duplex
containing a C-C mispair, where conformational flexibility was
attributed to the ability of C-C to form several base-pairing
interactions of comparable energy (14). Here, conformational
flexibility of the C-C mispair indicates that this site could be
easily deformed by AlaRS in a process of mutual conformational
adaptation. Consistent with this suggestion, the conformations
of the backbone surrounding G3 and A73 of the wild-type G-U
RNA also were found to be flexible (9). Different backbone
conformations and base stacking arrangements also have been
observed in structures of G-U pairs from different sequence
contexts, as well in different crystal forms of yeast tRNAPhe
(19-24). Taken together, these observations suggest very

Chang et al.



strongly that the structure at and around a G-U pair is “soft” and
easily adaptable to its chemical and structural environment.
Discrimination against rigid, inactive mutants could result from
steric or electrostatic clashes that could not be relieved by
induced fit and would lead to a conformation of the enzyme
active site that is suboptimal for catalysis.

A role for RNA conformational flexibility in acceptor-end
recognition has been proposed for tRNASe* based on biochem-
ical data (25) and for tRNAA from the comparison of NMR
properties of G-U and C-A acceptor-end RNAs (26). In addition,
changes in the structure of the acceptor helix are known to affect
the catalytic efficiency of several class II aminoacyl-tRNA
synthetases (27) to which the alanine system belongs, those of
aspartic acid (28, 29) (D. Moras, personal communication) and
serine (25, 30). Further, the observation of a conformational
change in the tRNA acceptor helix in the glutamine system (31),
a class I aminoacyl-tRNA synthetase (27), suggests that confor-
mational adaptation between the acceptor end and the enzyme
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catalytic domain may be a common feature of the tRNA-enzyme
interaction.
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