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ABSTRACT High-resolution 300-MHz proton nuclear
magnetic resonance spectra of the hydrogen-bonded pro-
tons in three different purified tRNA molecules are pre-
sented. The resonances in the region between -11 and
-15 ppm from 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS) are assigned to the ring NH protons of specific base
pairs by two approaches. First, intrinsic positions of -14.8
ppm and -13.7 ppm are taken for the AU and GC ring NH
protons, respectively, and the spectra are calculated by in-
cluding ring current shifts from the nearest neighbors.
The spectra calculated in this way on the basis of the
cloverleaf are in good agreement with the observed. Second,
fragments of yeast tRNAPhe were obtained, which helped
in assignments of the spectrum of intact molecules. The
close agreement strongly supports the cloverleaf model.
Tertiary structural features were determined in a few

cases where the ring currents at the terminal base pairs
of helical regions depended upon stacking of the helices.
In this way, we were able to show that in Escherichia colt
tRNAGlu the CCA stem forms a continuous helix with
the TVt-C stem, which is in accord with the preliminary
x-ray structure of yeast tRNAPhe, suggesting that this
stacking is observed in solution and may be a general
property of different tRNA molecules. Similar reasoning
suggests that in E. coli tRNAfMet G-27 is stacked upon
the dihydrouridine helix.

In order to understand in detail how tRNA functions in pro-
tein synthesis, the structure of tRNA in solution must be
determined. The present note summarizes results of our re-
cent high-resolution proton nuclear magnetic resonance
(NMR) investigations (1-4) of tRNA in which we deter-
mined that the cloverleaf model is an accurate description of
the hydrogen-bonded secondary structure of several purified
tRNAs, including yeast tRNAPhe, Escherichia coli tRNAGlU,
and E. coli tRNAfMet. In addition, we obtained information
about certain important tertiary structural features of each
molecule. In this paper we emphasize these structural aspects
to show how the NMR measurements in solution comple-
ment and supplement the crystal structure presently emerg-
ing from the x-ray studies (5).
The groundwork for the present study was developed in

previous studies of the NMR spectra of tRNA molecules in
solution where we showed that resonances observed in the
region between -11 and -15 ppm from 2,2-dimethyl-2-

Abbreviations: NMR, nuclear magnetic resonance; DSS, 2,2-
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silapentane-5-sulfonate (DSS) (referred to as the low-field
region) could be ascribed to hydrogen-bonded ring NH protons
in Watson-Crick base pairs (1-4). Since each base pair
contains only one ring NH proton (i.e., U3H or GH),
each proton resonance detected in the low-field region cor-
responds to one hydrogen-bonded base pair in the molecule.
From studies of various model systems, as well as tRNA
molecules and their fragments as discussed below, we have
deduced that the standard positions are (AU)0 = -14.8
ppm, (GC)0 = -13.7 ppm, and (AV)' = -13.5 ppm.
The major factor responsible for shifting the low-field AU
and GC resonances from their standard positions appears
to be ring current fields from adjacent bases (3). Since these
shifts depend upon the positions of the nearest neighbors,
if the secondary structure of a polynucleotide were known,
to predict spectra one only needs the standard positions of
the resonances for AU and GC base pairs and the spatial
dependence of the ring current shift values of the four bases.
The ring current shifts were based partly on calculations by
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FIG. 1. The 300-MHz proton NMR spectrum of yeast
tRNAPhe at pH 7.0, in 0.01 Mg2+-O.1 M NaCl-[tRNA] about 50
mg/ml, and temperature about 35°. The cloverleaf form of the pri-
mary sequence (7) is shown as well as the calculated spectrum
and its assignments to particular base pairs (3).
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Giessner-Prettre and Pullman (6) and partly on a preliminary
best fit to all the available NMR spectra upon the assump-
tion of regular helical regions. Consequently, we have a set
of intrinsic positions and ring current shifts needed to pre-
dict the spectra of the hydrogen-bonded ring NH protons.
We now discuss the assignment of the three different tRNA
spectra mentioned above, showing what the NMR spectra
tell us about the secondary and tertiary structure of these
molecules in solution.

RESULTS
Yeast tRNAPhe

We computed the positions expected of all hydrogen-bonded
ring NH proton resonances in yeast tRNAPhO, assuming
the cloverleaf model for the known sequence (7). These re-
sults are compared with the observed spectrum in Fig. 1.
Although the calculated and observed spectra agree rather
well, there were uncertainties in some assignments. In order
to help resolve these uncertainties, we prepared and examined
the NMR spectra of different fragments of tRNAPhe. The
spectrum of the 5' half shown in Fig: 2 consists of three sharp
resonances and one very broad resonance extending from
about -12.5 ppm to -11.5 ppm. The positions of the three
sharp resonances agree very well with the ring current cal-
culations for GC-10, GC-11, and UA-12, but the broad res-
onance arising from GC-13 is anomalous. This resonance
is predicted to be at -11.5 ppm, providing A-14 is stacked
upon C-13 as in a regular helix so that it exerts its full ring
current shift of +1.3 ppm. However, if A-14 is not stacked
upon C-13, then its ring current shift of the GC-13 ring NH
could vanish. Since the broad GC-13 resonance did not be-
come narrow at lower temperatures, we suggest that its
breadth is due to very slow interconversion between several
conformations of the dihydro-U loop that produce a set of
different environments for GC-13. The behavior of this res-
onance illustrates that resonances associated with terminal
base pairs of a helix may be sensitive to the conformation
of neighboring bases beyond that helical region. As will be
seen below, this is one way in which the NMR spectra can
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FIG. 2. Proton NMR spectrum at 300 MIJz of the 5' half of a

molecule of yeast tRNAPhe (see insert) at 400 and 270. The cal-
culated positions of resonances associated with specific base
pairs are indicated by the numbered boxes.
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FIG. 3. Proton NMR spectrum at 300 MHz of the 3' three-

quarters of a molecule of yeast tRNAPhe (top), the 3' half of a
molecule (middle), and the anticodon half molecule (bottom),
along with the predicted spectra for the two halves.

provide information about the tertiary structure of tRNA
in solution.
The spectrum of the anticodon half-molecule (Fig. 3) at

about 500 contains three peaks with relative areas of 1: 2: 1,
while on cooling an additional resonance appears around
-13.3 ppm. The temperature-dependent resonance is as-
signed to A;V-31 because of its location at the end of the helix
and because the other resonance positions agree so well with
the calculations. It is from this assignment that an intrinsic
position of -13.5 ppm was obtained for an AV pair.
The spectrum of the 3' half is not as well resolved, but

it is evident from internal and external intensity comparisons
and comparison with the calculated spectrum that between
four and six resonances are present, in agreement with the
five expected on the basis of the primary sequence of this
fragment.
The NMR spectrum of the 3' three-quarters of a molecule

is shown at the top of Fig. 3; allowing for small shifts (usually
less than 0.2 ppm), it is the sum of the NMR spectra of its
component parts, i.e., the anticodon hairpin and the 3' half.
The spectrum of the 3' three-quarter fragment should have
an intensity corresponding to 10 protons. Assuming that
the resonances near - 13.2 ppm correspond to three protons,
then the peak at -13.9 ppm corresponds to one proton and
the resonances around -12.3 ppm correspond to six protons
for a total integrated intensity of 10. The resonances between
-10 and -11 ppm, which appear in the 3' three-quarter
molecule and the intact tRNA, have not been definitely
assigned, but similar peaks are observed in the intact tRNAs;
they probably are due to slowly exchanging, nonhydrogen-
bonded, ring NH protons of inaccessible bases.
The spectrum of the intact molecule should include all

the resonances seen in the fragments as well as those from
the aminoacid acceptor stem. It is assumed that the GU4
base pair does not contribute a resonance in the low-field
region since the previous evidence supporting GU base pairing
(8) is in doubt (9). Therefore, we expect from the cloverleaf
model a total of 20 resonances in the low-field region of the
spectrum of tRNAPhe. However, because of the GU mismatch
the helix might be destabilized in this region, and an analysis
(4) of the NMR spectrum suggested that possibly the neigh-
boring base pair AU-5 is opened, which would give 19 base
pairs. 19 Resonances would be consistent with the observa-
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FIG. 4. 300-MHz spectrum of E. coli tRNAfMet under the
same conditions as Fig. 1.

tions; they were assigned as shown in Fig. 1. Several con-

clusions follow: First, spectra computed from the cloverleaf
model fit the observed spectra both in total number of base
pairs and in their dependence upon the primary structure;
second, there is better agreement between the calculated
positions and with those observed in the fragments than with
those observed in the intact molecule, suggesting perhaps
that there are larger deviations in the latter from the regular
A' RNA helices assumed for the calculations.
The NMR spectra provide no evidence for additional

tertiary-structure Watson-Crick base pairs in yeast tRNAPh,
beyond the cloverleaf, as reported previously (2). While one

additional GC pair could be hidden in our spectra, providing
there were compensating losses from the cloverleaf, there is
no support for those models of tertiary structure that predict
several additional Watson-Crick pairs (10). Similar and
supplementary information is obtained from the other two
tRNA molecules.

E. coli tRNAfMSet

The spectrum of tRNAfMet is shown in Fig. 4 along with the
line positions calculated from the primary sequence given
by S. K. Dube et al. (11). This molecule contains only two
AU pairs in the cloverleaf structure, and these are predicted
to give resonances at -14.0 (AU-11) and -14.6 to -13.4
(AU-28), depending upon the orientation of- A45 relative to
AU-28. Several resonances are found at very low field between
-15 and -14 ppm with a total integrated intensity of one

proton, and these are assigned to AU-28. By analogy with
the behavior of GC-13 in the dihydro-U loop of yeast tRNAPhO,
we suggest that the splitting of AU-28 is caused by different
orientations of the nonhelical region, probably by A45 taking
different conformations relative to the anticodon helix.

Because of the high GC content, most of the resonances

are grouped together in the region around -12.7 ppm, and
while the calculated lines account well for the intensity dis-
tribution, it is difficult to be confident of the assignment of any

particular resonance. However, the isolated peak of intensity
two at -11.5 ppm can be assigned to GC-10 and GC-29, since
both of these are calculated to occur at -11.7 ppm and no
other GC pairs in the molecule can be shifted so far upfield.
Since GC-29 is subjected to an upfield shift by an A residue
and a G residue, the identical shifts suggest that the nonpaired
G-27 is stacked above GC-10. We had previously done an
approximate integration of the spectrum of tRNAfMet and
found 22 i 3 protons. From the 300-MHz spectrum (Fig.
4), upon the assumption that the peak at -11.5 ppm cor-
responds to two protons, we obtain a value of 18 i 2 protons,
which agrees very well with the 19 expected from the clover-
leaf model (neglecting the GU-51 pair) and also is consistent
with the previous determination.

E. coli tRNAGlu

The 300-MHz spectrum of the ring NH hydrogen-bonded
protons of E. coli tRNAGlu is presented in Fig. 5 along with
the predicted positions of the resonances based on the se-
quence determined by Munninger and Chan'g 12). The res-
onances in the region from -15 to -13.3 ppm with an in-
tegrated relative intensity of four protons correspond to the
four AU base pairs, two of which are predicted to occur at
-14.5 ppm and two at -13.5 ppm. The remaining 16 GC
resonances are predicted to occur in the region between - 13.3
ppm and -12.0 ppm, and the intensity in this region does
in fact correspond to 16 protons on the assumption that the
four lower-field resonances correspond to a total of four pro-
tons. Thus, once again the NMR spectra in the -12 to -15
ppm region correspond almost exactly to the total number
and type of base pairs expected from the cloverleaf model.
Both AU-2 and AU-11 are predicted to have the same posi-
tion, at -14.5 ppm, whereas we observe two lines at -14.7
ppm and -14.3 ppm that correspond to these protons. While
the calculated positions correspond quite well with the aver-
age of the experimental positions, the splitting is not ex-
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FIG. 5. 300-MHz spectrum of E. coli tRNAGlU under the
same conditions as Fig. 1. The arrow indicates that resonances

assigned to AU-7 and AU49 base pair would be calculated to
fall 0.7 ppm further downfield if they were not assumed to be
stacked upon each other in a regular helix.
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plained. Since the nearest neighbors are identical and since
our present calculation only includes nearest neighbor con-

tributions, it is clear that the difference of 0.4 ppm represents
a structural difference not included in the calculation. Per-
haps the pitch of the helix is different in the dihydro-U stem
that only contains three base pairs. This finding obviously
requires further investigation.
Valuable information about the tertiary structure of the

molecule is provided by the observation that the other two
AU resonances assigned to AU-7 and AU49 occur at -13.6
and -13.4 ppm, respectively. According to the ring current
shift calculations, both of these are predicted to occur at
-13.5 ppm only if it is assumed that the acceptor stem and
the TIC stem form a continuous helix so that A-66 is stacked
on U-65. Without this resulting shift both resonances would
be located at -14.2 ppm. Thus, the observation that res-

onances from AU-7 and AU-49 both occur within 0.1 ppm

of -13.5 ppm is consistent with the assumption that the
helical arms of the acceptor and TbC stems are arranged
in a continuous helix.

CONCLUSIONS

From our analysis of the NMR spectra of these and other
tRNA molecules, we can draw the following conclusions
about the structures of these molecules in solution. (i) The
secondary structures in solution of yeast tRNAPhe, E. coli
tRNAfMet, and E. coli tRNAGlu are well described by the
cloverleaf model. In all three cases, plus a few others dis-
cussed elsewhere (3), the total number of base pairs and the
AU/GC composition of the cloverleaf agree with those ob-
served. In these three cases we have also shown that the re-

solved resonances can be assigned by the calculations to
specific base pairs whose resonance positions are very sensi-
tive to their neighboring bases and the assumption that the
helical regions are all right handed (13). (ii) Because the
low-field resonances can be accounted for so well by the clover-
leaf model, we find no evidence for tertiary-structure Wat-
son-Crick base pairs such as are proposed in several models
(10); certainly there cannot be four or five additional pairs.
(iii) The acceptor stem and T;,C stem in tRNAGlu appear

to form a continuous helix in which AU-7 of the acceptor
stem is stacked on AU49 base pair at the terminus of the
TItC stem. (iv) In tRNAfMet, the G-27 residue located be-
tween the dihydro-U stem and the anticodon stem is stacked
on GC-10, and A45 of the minor loop is, in various confor-
mations of the molecule, differentially stacked on the AU-28
terminal base pair of the anticodon helix. (v) In yeast
tRNAPhe, the A-14 residue in the dihydro-U loop is stacked
in at least two different ways upon the terminal GC-13 base
pair of the dihydro-U arm.

Thus, the NMR spectra of these tRNA molecules provide
conclusive evidence about their secondary structure and
information about certain features of their tertiary structure
in solution. Recently Kim et al. have reported (5) substantial
progress in determining the crystal structure of yeast tRNAPhe

to 4 A. Although important questions remain as to the re-
lation between the structure of these molecules in solution
and the structure found in the crystalline state, the following
points are worth noting. The 4-A resolution picture indicates
that the acceptor stem and the TbC stem form a continuous
double helix. While the positions of the resonances in yeast
tRNAPhe did not permit us to investigate this particular
structural feature in tRNAPhe, we do find that these two
stems in E. coli tRNAGlu appear to form a continuous helix.
Furthermore, the x-ray structure suggests (5) that the di-
hydro-U stem forms a continous helix with the anticodon
stem, the purine between them being stacked on both. Evi-
dence for this stacking of G-27 on the dihydro-U stem of E.
coli tRNAfMet is presented above. These results suggest that
both stackings observed in the crystal structure of yeast
tRNAPhe may be common structural features of different
tRNAs and do appear to be responsible for the NMR spectra
in solution. The present work definitely has shown that these
molecules maintain a cloverleaf secondary structure in solu-
tion and that there is no evidence for the large number of
additional Watson-Crick base pairs postulated in certain
models of the tertiary structure. When higher resolution
x-ray data become available and as our assignments of the
NMR spectra improve it will be interesting to compare addi-
tional structural features of these molecules in solution and
in the crystalline state.
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