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ABSTRACT An important step in initiation of protein
synthesis in Escherichia col is the specific formylation of the
initiator methionyl-tRNA (Met-tRNA) by Met-tRNA trans-
formylase. The deterinants for formylation are clustered
mostly in the acceptor stem of the initiator tRNA. Here we use
NMR spectroscopy to characterize the conformation of two
RNA microhelces, which correspond to the acceptor stem of
mutants of E. coUi initator tRNA and which differ only at the
position corresponding to the "discriminator base" in tRNAs.
One of the mutant tRNAs is an extremely poor substrate for
Met-tRNA trausformylase, whereas the other one is a much
better substrate. We show that one microhelix forms a struc-
hire in which its 3'-ACCA sequence extends the tacklng of the
acceptor stem. The other microhelix forms a structure in which
its 3'-UCCA sequence folds back such that the 3'-terminal A22
is in dose proximity to GI. These results highiight the impor-
tance of the discriminator base in determining tRNA confor-
mation at the 3' end. They also suggest a correlation between
tRNA structure at the 3' end and its recognition by Met-tRNA
trandormylase.

Protein synthesis in Escherichia coli is initiated with formyl-
methionyl-tRNA (tMet-tRNA). A crucial step in this process
is the specific formylation ofmethionine attached to tRNAfmet
by Met-tRNA transformylase (EC 2.1.2.9) (1, 2). We showed
previously that the major determinants for formylation are
clustered in the acceptor stem of tRNA (3). One of these
determinants is a mismatch (as found in tRNAfmet) or a weak
base pair at the end of the acceptor stem. tRNAs carrying the
wild-type ClxA72 or virtually any other mismatch are good
substrates, whereas those carrying stable base pairs such as
ClG72 or GlFC72 are extremely poor substrates (4-6). These
results suggest a requirement for nucleotides 1 and 72 to be
unpaired during formylation.
The strong negative effect of ClG72 or G1C72 base pairs

on formylation can be compensated for by an additional
mutation of A73, the discriminator base, which precedes the
CCA sequence common to all tRNAs, to a pyrimidine such
as U73 (4). For example, in contrast to the ClG72 mutant,
which is a very poor substrate (V 1/K aPP down by a factor
of495 compared to wild-type tRNA), the ClG72/U73 mutant
is almost as good a substrate as wild-type tRNA (V./KIPP
down only by a factor of 3.7). Similarly, compared to the
G1*C72 mutant, the G1'C72/U73 mutant is a better substrate
for Met-tRNA transformylase (V./KIPP down by a factor of
60, while the factor is 1035 for the G1-C72 mutant). On the
basis of these results, we proposed that the discriminator
base influences the stability of the terminal base pair in the
acceptor stem and/or structure oftRNA at the 3' end (4, 6).

In this paper, we use NMR spectroscopy (7) to study the
effect of the discriminator base (8) on tRNA conformation at

the 3' end. Two RNA oligonucleotides that correspond to
variants of the acceptor stem of initiator tRNAfmet were
designed for NMR study (Fig. 1A). These oligonucleotides
contain the seven base pairs of the acceptor stem, in which
the nucleotides corresponding to C1 and A72 in the tRNA are
changed to a G-C base pair and the bottom of the acceptor
stem is capped by a stable -UUCG- tetraloop (9). The two
variants differ only at the position corresponding to the
discriminator base in tRNA. The A19 variant corresponds to
atRNA mutant that is essentially not formylated, and the U19
variant corresponds to a tRNA that is formylated, although
at a lower rate than the wild-type tRNA (6). Comparison of
the conformations of the two variants demonstrates the
crucial role of the discriminator base in influencing tRNA
structure. In the A19 variant, the 3'-ACCA sequence extends
the helical configuration of the stem. In the U19 variant, the
3'-UCCA sequence folds back toward the 5' end of the
molecule.

MATERIALS AND METHODS
RNA Synthesis and Purffiction. Two oligoribonucleotides,

5'-pGGCGGGGUUCGCCCCGCCACCA (referred to as the
A19 variant) and 5'-pGGCGGGGUUCGCCCCGCCUCCA
(U19 variant), were synthesized in milligram quantities in
vitro by using T7 RNA polymerase (10). The reaction was
primed by GMP and the product was purified by electropho-
resis on denaturing polyacrylamide gels (11). Homogeneity of
the 3' end was verified in pilot reactions by complete Ti
RNase digestion and homochromatography (12) of 32p-
labeled RNA product. Homogeneity of the 5' end was
verified by T2 RNase digestion followed by two-dimensional
thin-layer chromatography. Purified RNA was precipitated
and dialyzed against 50 mM NaCl/10mM sodium phosphate,
pH 6.5/0.1 mM EDTA. All NMR experiments were per-
formed in this buffer. Both variants formed monomolecular
structures at millimolar concentrations as demonstrated by
gel filtration chromatography using a Bio-Sil SEC 125 column
(Bio-Rad).
NMR Spectroscopy. NMR experiments were performed on

a Varian VXR-500 or Unity+ 500.MHz spectrometer. To
compare the effects of temperature on conformation, some
experiments were performed at 100C, 250C, 370C, and 50(C.
Exchangeable proton resonances were assigned by using
one-dimensional or two-dimensional nuclear Overhauser en-
hancement (NOE) experiments. H20 resonance was sup-
pressed by using binomial (13) or shaped-pulse (14) suppres-
sion methods. Nonexchangeable proton resonances were
assigned by using a combination of NOE spectroscopy
(NOESY), double-quantum filtered correlated spectroscopy

Abbreviations: NOE, nuclear Overhauser enhancement; NOESY,
NOE spectroscopy; DQF-COSY, double-quantum filtered corre-
lated spectroscopy.
tPresent address: Department of Chemistry and Biochemistry, Uni-
versity of California, Santa Cruz, CA 95064.
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FIG. 1. (A) Sequence and secondary structure of the two oligonucleotides corresponding to variants of the acceptor stem of E. coli initiator
tRNAfmet. The 1i18 base pair, corresponding to nucleotides 1 and 72 in the tRNA, is GlC18 in both variants. The discriminator base 19,
corresponding to position 73 in tRNA, is either an adenine (A19 variant) or a uracil (U19 variant). The numbering of the base pairs corresponds
to the imino proton resonances in B and C. (B and C) Imino proton spectrum of the A19 variant (B) and U19 variant (C) in 50 mM NaCl/10
mM sodium phosphate/0.1 mM EDTA, pH 6.5 at 25°C.

(DQF-COSY), and total correlated spectroscopy (TOCSY)
experiments (15). Structural constraints were obtained from
NOESY experiments performed at 50-, 150-, or 400-ms
mixing times. Coupling constants for ribose protons were
obtained from DQF-COSY experiments.

RESULTS
Design of Oligonucleotides for Study. Our goal was to use

NMR analyses to compare the structure of oligonucleotides
that differ only at the position corresponding to the discrim-
inator base (8) in tRNAs and that had a clear effect on
function of the corresponding tRNA. Transcription by T7
RNA polymerase is currently the method of choice for
producing RNAs of the size and amount required. However,
this enzyme has a strong preference for initiating RNA chains
with a G nucleotide (10). Therefore, the oligonucleotides
selected for NMR analyses (Fig. 1A) corresponded to the
G1C72 and GlC72/U73 mutants of E. coli initiator tRNA
rather than the C1-G2 and the ClG72/U73 mutants.

Exchangeable Proton Spectra. Imino and most amino pro-
tons of the two variants (Fig. 1 B and C) were assigned by
one-dimensional and two-dimensional NOE experiments.
The imino proton spectra of both variants show the presence
of 7 G-C base pairs as expected for the helical portion of
hairpin structure. Resonance number 8 at 10.5 ppm (not
included in Fig. 1B) corresponds to the imino proton ofa G-U
base pair as expected in aUUCG tetraloop (9). A sharp imino
resonance of the first base pair GlC18 is present in the
spectra of both variants at 15°C (data not shown) and at 25°C
(Fig. 1 B and C). However, the GlC18 imino proton for the
A19 variant resonates at 0.6 ppm upfield from its chemical
shift in the U19 variant. These chemical shift differences
reflect a difference in local environment due to the presence
of A19.
The temperature dependence of the imino proton spectra

(data not shown) also reveals differences between the two
variants. The GlC18 imino proton resonance of the U19
variant is considerably broadened at 37°C and is not observed
at 50°C. In contrast, the GlC18 resonance of the A19 variant
remains sharp at 37°C and is broadened only at 50°C. The
differences between the two variants are restricted to the
Gi C18 base pair, since the G2-C17 base pair resonance
broadens at a similar temperature for both mutants.

Nonexchangeable Proton Spectra. Spectral assignments for
the nonexchangeable proton resonance were made according

to methods previously reported (7, 16). All base protons, and
ribose Hi', H2', H3', and part ofH4', H5'/H5" were assigned
for both molecules.

Structure of the Stem-Loop Region. The 7-bp stem regions
of both variants adopt A-form helical conformations as
shown by the standard set of intemucleotide NOE connec-
tivities observed in this region (Fig. 2 A and B). The ribose
sugars in the helices adopt primarily 3'-endo conformations
as indicated by the absence of i'-2' coupling in DQF-COSY
(data not shown). In both variants, residues 8-li, UUCG,
form a tetraloop structure as indicated by nonstandard struc-
tural constraints in the loop region: presence of G11 in syn
conformation, U9 and C10 sugars in 2'-endo conformation,
and strong NOEs between C10 aromatic protons and U8 and
U9 sugar protons (7).

Structure of the 3' Terminus. The two variants adopt
different conformations at their 3' ends.
A19 variant. The 3' end of the A19 variant maintains a

stacked conformation throughout the ACCA sequence. In-
ternucleotide NOEs that are consistent with A-form stacking
are observed from C18 through A22 (Fig. 2A). In particular,
strong H8/H6 to n - 1 H2' NOEs are observed even at
NOESY mixing times of 50 ms. NOEs are observed between
Al9(H2) and both Gl(Hl') and C20(Hl'); these NOEs are
also expected from A-form stacking geometry. No NOEs are
observed from A22 (H8). Only A22 and C21 have observable
H1'-H2' cross-peaks in a DQF-COSY experiment, consis-
tent with the presence of C2'-endo conformation (data not
shown). These data further support the A-form stacking of
the 3' end of the A19 variant.
U19 variant. The 3' end of the U19 variant does not adopt

an extended stacked conformation. The first indication for
this comes from DQF-COSY data at 25°C, which show that
the riboses of A22-U19 all adopt large fractions of 2'-endo
conformation (data not shown). Strong H6-{n - 1)H2' NOEs
are observed between C20 and U19 and U19 and C18. These
NOEs are consistent with the stacking of these nucleotides.
However, a break in the internucleotide NOE connectivity is
observed between C20 and C21. Although spectral overlap at
25°C prevents an unambiguous statement, no C21(H6)-
C20(H1') NOE is observed at either 10°C or 37°C. The
C21(H6) to C20(H2') NOE is very weak. Stacking NOEs are
observed between A22 and C21.
Long-range NOEs suggest a distorted and folded-back

structure for the 3' end of the U19 variant. Most importantly,
two NOEs are observed between A22 and G1, which indicate
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that the 3' end is folded back such that the 5'- and 3'-terminal
nucleotides are in close proximity. The observed NOEs
[A22(H2)-G1(H1') (Fig. 2B) and A22(H1')-G1(H1') (Fig.
2C)] are consistent with stacking of A22 on G1. In addition,
nonstandard NOEs are observed from the A22(H2) to
C21(H4') and C20(H2').
NMR spectra obtained at 100C, 250C, and 370C indicate that

the conformations at the 3' end of both structures are not
drastically affected by changes in temperature in this range.
The A19 variant adopts the same stacked conformation over
this temperature range. For the U19 variant, the long-range
NOEs that indicate the fold-back conformation of the 3' end
are observed at all temperatures. However, minor changes in
conformation are observed. At 10TC, only A22 and C21
riboses adopt majority 2'-endo conformations, whereas at
250C A22 through U19 riboses adopt 2'-endo conformations.
Several weak NOEs, A22(H8) to C21(H1'), A22(H2) to
C20(H2'), and A22(H2) to C21(H4'), which are present at
10TC and 250C, are not observed at 37TC.

DISCUSSION

Effect of Discriminator Base on tRNA Structure at the 3'
End. Our results show that the nature of the discriminator
base determines the conformation of the 3' end of the tRNA,
assuming that conformations of tRNA acceptor stem micro-
helices (17) reflect the conformation of the full-length tRNAs
(Fig. 3). We characterized the conformation of two RNA
oligonucleotides which correspond to the acceptor stem of
mutants of tRNAfmet and which differ only in the discrimi-
nator base. An A at the discriminator position yields a

structure in which the 3'-ACCA sequence continues the
A-form stacking of the acceptor stem, as seen in the x-ray
structure of yeast tRNAPhe (18, 19). A U at the discriminator
position disrupts the continuous stacking of the 3' end. For
the latter oligonucleotide, the NMR data strongly support a
conformation in which the 3' end is folded back such that A22
(corresponding to A76 in tRNA) and G1 are in close prox-
imity. It is possible that a weak base pair is formed between
A22 and U19, forming a structure similar to the stable UUCG
or GNRA tetraloops (9, 20). The main result is that the
identity of the discriminator base affects the structure of the
3' terminus of the acceptor stem.
The NMR data suggest different populations of the two

conformers in the two variants. For the A19 variant, at no
temperature do we see any long-range NOEs indicative ofthe
fold-back structure. In contrast, for the U19 variant, the
presence of the A22 to G1 NOEs indicates a significant
population of the fold-back structure. Although the energy
differences may be small, there is a clear difference in the
stability of the fold-back conformation relative to the ex-
tended conformation in the two variants.
The NMR data show differences in the chemical shift and

in the temperature dependence of the G1 C18 imino proton
spectra of the two variants (Fig. 1 B and C). The G1-C18
imino proton resonance of the U19 variant broadens at lower
temperature (370C) than that of the A19 variant. This indi-
cates a difference in the kinetics of imino proton exchange for
the two variants (21). However, the stability of the terminal
G1C18 base pair cannot be determined from the exchange-
able proton kinetic behavior. The NMR evidence, including
NOE data from exchangeable and nonexchangeable protons,
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FIG. 3. Schematic representation that summarizes the conforma-
tions of the A19 variant (A) and the U19 variant (B) as determined by
NMR spectroscopy at 25°(. Bases are indicated by rectangles and
ribose sugars by pentagons. Ribose, base H8/H6, adenine H2, and
imino protons are represented by dots within pentagons, on the
outside ofa base, on the inside of adenines, or within hydrogen bonds,
respectively. Base-pairhydrogen bonding is shown by a series of short
vertical lines between bases. Observed internucleotide NOEs are
indicated by broken lines. The discriminator base position is high-
lighted by thicker boxes. Shaded riboses have a majority C2'-endo
conformation, and hatched riboses have mixed C2'-endo-C3'-endo
conformations. All other sugars adopt C3'-endo conformations.

suggests that the GlC18 base pair is present in both variants
at least at temperatures up to 250C. Therefore, while opening
of the G1 C18 base pair could favor the fold-back conforma-
tion seen with the U19 variant (see below), it is not essential
for its formation.

X-ray crystallographic studies indicate that tRNAfmet also
has afold-back conformation, which may be "similar" to that
of the U19 variant, although the position of the 3'-terminal
A76 is not fixed in the crystal structure (22). In addition,
results of electron paramagnetic resonance studies on spin-
labeled tRNAfmet (23), studies of the RNA ligase-catalyzed
intramolecular joining of 3'-OH of tRNAfmet to the 5'-
phosphate leading to its circularization (24), and fluorescence
energy transfer studies (25) are in general consistent with a
fold-back structure for the tRNA. The acceptor stem of
tRNA~fet differs from the A19 variant only in that the former
has a ClxA72 mismatch (26), whereas the latter has a G-C
base pair at the corresponding position. Thus, the C1xA72
mismatch in tRNAAfmet favors the formation of a fold-back
structure even when the discriminator base is A. Therefore,
either lack of a 1-72 base pair or presence of U73 favors the
fold-back conformation for tRNA.

Correlation Between Structure of Oligonucleotides and
Function oftRNA. Propensities to form distinct structures can
be used by proteins to distinguish among tRNAs (27), and
different proteins may use different structural features for
discrimination. As noted above, the fold-back structure ob-
served for the U19 variant may be "similar" to that observed
for tRNAfmet. Therefore, the fold-back structure could have
a role in tRNA function. If so, it is more likely to be in
recognition of tRNANet by Met-tRNA transformylase than
by methionyl-tRNA synthetase (MetRS). The G1lC72/U73
mutant tRNA corresponding to the U19 variant is z16-fold
better as substrate for Met-tRNA transformylase than the

G1/C72 mutant tRNA corresponding to the A19 variant (6).
In contrast, the tRNAs corresponding to the A19 and U19
variants exhibit essentially identical Vmaxl1m values for
aminoacylation by MetRS (C. P. Lee and U.L.R., unpub-
lished observations; see also ref. 4). Thus, the Met-tRNA
transformylase may discriminate among substrates on the
basis of the fold-back conformation, while MetRS probably
does not.
The V./KIPP for formylation of the G1lC72/U73 mutant

initiator tRNA is 60-fold lower than that of tRNAfmet (6). In
contrast the Vma./KIPP for the C1l372/U73 mutant initiator
tRNA is only 3.7-fold lower than that for tRNAfmet (4). A C-G
base pair at the end of an RNA helix is considered less stable
than a G-C base pair (28, 29). In addition, the C in the C<G
base pair in a tRNA corresponding to the U19 variant, but not
the A19 variant, is more reactive to single-strand-specific
reagents such as sodium bisulfite (6). Therefore, the best
substrate for Met-tRNA transformylase could be a tRNA in
which the 1-72 base pair is broken and the A76 is folded back
towards the acceptor stem. It will be interesting to perform
NMR analyses on sets of oligonucleotides, similar to the A19
and U19 variants, which have ClG18 base pair instead of the
G1lC18 base pair to see (i) whether a ClG18 base pair is
present and (ii) whether the UCCA sequence is folded back
in the U19 variant.
The fold-back conformation could also contribute to dis-

crimination of the initiator tRNA from elongator tRNAs by
other proteins such as the elongation factor EF-Tu and
peptidyl-tRNA hydrolase (4, 6, 30-33). These proteins and
Met-tRNA transformylase all interact with tRNAs that have
either an amino acid or a peptide moiety attached to the 3' end
oftRNA. It is, therefore, important to determine whether the
fold-back conformation is maintained in an RNA that has an
amino acid orpeptide attached to the 3' end. It is also possible
that the fold-back conformation has a role in protein synthe-
sis at a step subsequent to synthesis of fMet-tRNA (1, 2).
A fold-back conformation of a different type was observed

in the crystal structure ofthe complex ofE. coli tRNAGhn with
glutaminyl-tRNA synthetase (GlnRS) (34). In this structure,
the UlA72 base pair of tRNAGln is broken and the 3' end
folds back to the minor groove side of the acceptor stem,
making a hairpin turn such that A76 is closer to C71. This
structure is stabilized by G73's forming a specific hydrogen
bond with phosphate 72. While the structure of tRNAGln is
not known, the fold-back conformation of tRNAG1n is prob-
ably formed only upon binding to GlnRS. In contrast to the
fold-back conformation of tRNA01 in the tRNAG1O-GnRS
complex, the U19 variant that we have studied forms a
structure in which the 3' end folds back towards the major
groove side of the acceptor stem such that A76 in the
corresponding tRNA would be closer to G1. These differ-
ences in conformation between the 3' ends ofE. coli tRNAG"n
in the tRNA0GGlnRS complex and the U19 variant and the
role of G73 in stabilizing the tRNAGhn conformation could
explain the opposite effects of A73 -* G73 mutation on
recognition of E. coli initiator tRNA by Met-tRNA trans-
formylase and by GlnRS (4, 35).

If the presence of U in the discriminator position leads to
a fold-back structure ofthe type we have observed, this raises
the question of whether such a structure contributes in any
way towards aminoacylation of tRNAs that contain U73.
This will depend in part upon how close the fold-back and the
extended conformations are energetically to the conforma-
tion of tRNA required for aminoacylation. Cysteine and
glycine tRNAs of E. coli and glutamine tRNAs of eukaryotic
cytoplasm contain U73 (36). The first four base pairs in the
acceptor stem of E. coli tRNACYs are, in fact, identical to
those of the U19 variant studied here. Therefore, E. coli
tRNACYS could have a fold-back structure at the 3' end.
Mutations ofU73 in E. coli tRNACYS to any of the other three
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nucleotides lower V./KaPP in aminoacylation by factors of
3200 for C73, 13,000 for A73, and >13,000 for G73 (37). Such
large effects on aminoacylation suggest that U73 is a site of
direct contact for cysteinyl-tRNA synthetase (CysRS). How-
ever, part of the effect of these mutations could also be due
to a preference of CysRS for tRNA with a fold-back struc-
ture. It is interesting that U73 is strictly conserved in
tRNACYs of eubacteria, archaebacteria, and eukaryotic cy-
toplasm.

In conclusion, the results ofNMR analyses of oligonucle-
otides corresponding to the acceptor stem have further
highlighted the role of the discriminator base in influencing
tRNA conformation at the 3' end (6). Many proteins, includ-
ing aminoacyl-tRNA synthetases and RNA enzymes such as
the Ml RNA component of RNase P, utilize the acceptor
stem and 3' end of tRNA for binding discrimination (3, 4, 6,
30, 33, 34, 38-44). Therefore, it is important to consider in all
ofthese cases the contribution of3'-terminal conformation on
specific recognition of tRNAs.
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