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Yeast Phenylalanine Transfer Ribonucleic Acid. Conformational
Changes as a Consequence of Aminoacylation, Removal of the Y

Base, and Codon-Anticodon Interaction’
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ABSTRACT: The assignments of the resonances of the methyl
and methylene groups belonging to the residues dihydro-
uridine-16 and -17 (Cs and Cq), dimethylguanosine-26, N-
2-methylguanosine-10, and 7-methylguanosine-46 of yeast
tRNAPh at low temperature are reported. Observing the
high-field proton NMR spectral region at different temper-
atures, the effects of aminoacylation, removal of the Y base,
and codon—-anticodon interaction on the tertiary structure of
yeast tRNAP™ were investigated. The following are the results
of this study. (1) The two dihydrouridine residues of tRNAFhe
have different environments in aqueous solution: dihydro-
uridine-16 is more shiclded than dihydrouridine-17. (2) The
ribothymidine residue from the fragment (47-76) of yeast
tRNAPM and from a tRNA with a partially disrupted structure
exhibits multiple conformations arising from different stacking
modes between the ribothymidine-54 and the guanosine-53

Tw three-dimensional structure of tRNA based on X-ray
crystallography of yeast tRNAP* (Jack et al., 1976; Quigley
et al.,, 1975) indicates that the G-T-¥-C-R sequence in the
T-¥-C loop takes part in either secondary or tertiary hydrogen
bonding and/or undergoes stacking with bases from the D loop.
Therefore, it is not available for interaction with other
molecules (Pongs et al., 1973). However, the experiments of
Richter et al. (1973, 1974) and of Sprinzl et al. (1976) indicate
that the T-¥-C-G sequence of tRNA is involved in the in-
teraction with the 50S ribosomal subunit during the elongation
process. Such interaction would imply a disengagement of the
T-¥-C loop from the D loop during the ribosomal binding
process.

It has been shown by equilibrium dialysis experiments
(Schwarz et al., 1974, 1976; Schwarz & Gassen, 1977; Méller
et al., 1978) that the codon-anticodon interaction triggers the
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residue. (3) Upon aminoacylation the type of guanosine-53
interaction with ribothymidine-54 in the tRNAP" changes.
(4) Removal of the Y base from the anticodon loop of yeast
tRNAPe weakens the thermal stability of the tertiary in-
teractions. (5) The interaction of two complementary anti-
codons in the absence of proteins and of ribosomes results in
stabilization of the tertiary structure. Codon-anticodon in-
teraction dependent rearrangement of the tertiary structure
of yeast tRNAP™ was not observed. The spin-lattice relaxation
times of the methyl and methylene groups of the minor nu-
cleosides in yeast tRNAP' demonstrate that the minor nu-
cleosides undergo rotational reorientation (r.) in the nano-
second range. The observed differences in these 7. values
indicate a similarity of structure of tRNAFh® in solution and
in crystalline form.

conformational change in tRNA, exposing the T-¥-C-G
sequence for binding to the oligonucleotide C-G-A-A and that
the 30S ribosomes and EF-Tu-GTP are not necessary for this
process. Further evidence for the above mechanism comes
from base-specific chemical modification (Wagner & Garret,
1978) and also from fluorescence measurements using
tRNAPh containing an ethidium probe in the D loop (Rob-
ertson et al., 1977). On the other hand, the studies of Chin
& Kidson (1971) and Dvorak et al. (1976) have suggested that
aminoacylation induces unmasking of the sequence T-¥-C-G.
In order to obtain physical evidence for such a conformational
opening in the tRNA molecule as a result of codon-anticodon
interaction and of aminoacylation, we have utilized the
high-field NMR spectral region, which contains resonances
from the minor nucleosides to monitor the structural changes
in tRNA.

We have investigated the effect of complex formation
between Escherichia coli tRNAC™® and yeast tRNAFPP on the
proton NMR resonances of their respective minor nucleosides
in the high-field region of the spectrum. These two tRNAs
have complementary anticodons which lead to formation of
a tight complex via anticodon—anticodon interaction (Eisinger,
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1971; Grosjean et al., 1976). This interaction between two
anticodons can be used as a model for the codon-anticodon
interaction during ribosomal translation.

Materials and Methods

tRNA Samples and tRNA Fragments. Highly purified
tRNAPh and tRNA,S were obtained from baker’s yeast by
a previously published procedure (Schneider et al., 1972).
tRNAS® from E, coli was prepared according to Nishimura’s
procedure (Nishimura, 1971). tRNAP" lacking the Y base
was prepared by the method of Thiebe & Zachau (1968) and
was then purified by chromatography on benzoylated
DEAE-cellulose. The amino acid acceptor activity of tRNA
molecules was measured by the method of Sprinzl & Cramer
(1973). The acceptor activities of yeast tRNAPP, yeast
tRNAPP(-Y), yeast tRNAS, and E. coli tRNAS™ were
1666, 1410, 1100, and 1585 pmol/ Ay unit of tRNA, re-
spectively. E. coli tRNA A was prepared according to Kruse
et al. (1978) and accepted 1600 pmol of arginine per 4,4 unit
of tRNA. Thermus thermophilus tRNA™¢ (Watanabe et
al., 1978) had an acceptor activity of 1615 pmol of methionine
per Ay unit of tRNA. '“C-Labeled amino acid of a specific
activity of 50 mCi/mmol was purchased from Schwarz/Mann,
Orangeburg, NY.

The dodecanucleotide fragment A-Cm-U-Gm-A-A-Y-A-
¥-m*C-U-Gp from yeast tRNAFP" was prepared as described
by Maelicke et al. (1973). The fragment (47-76) of yeast
tRNAP' was prepared as described by Wintermeyer &
Zachau (1970). Analysis of the nucleoside composition of the
tRNA samples, of the tRNAP™ fragment (47-76), and of the
dodecanucleotide fragment was performed on a nucleoside
analyzer described by Uziel et al. (1968). The purity of the
tRNAP fragment (47-76) was further examined by gel
electrophoresis in 7 M urea (Sprinzl et al., 1975). As a result
of alkaline treatment, the 1-methyladenosine in the tRNAPhe
(47-76) fragment was partially converted to 6-N-methyl-
adenosine which can be identified in the nucleoside analysis
of the fragment,

tRNAFPr.C.C-A(3’NH,), terminating with 3’-deoxy-3’-
aminoadenosine, was prepared as described by Sprinzl et al.
(1977). Preparative phenylalanylation of this tRNA with
homogeneous yeast phenylalanyl-tRNA synthetase was
performed according to Sprinzl & Cramer (1973) to an extent
of 1480 pmol of phenylalanine per A,s unit of tRNA.
Phe-tRNAPr.C-C-A(3'NH,) was isolated from the reaction
mixture by chromatography on Sephadex A-25 and desalted
by gel filtration through Bio-Gel P-2 (Sprinzl et al,, 1977).
This procedure is identical with that applied for the isolation
of unmodified yeast tRNAPr-C-C-A from bulk yeast tRNA
(Schneider et al., 1972). Since the isolation and workup
procedure of nonaminoacylated tRNAFh and Phe-
tRNAPP.C-C-A(3'NH,) are identical, a direct comparison
of both structures by NMR measurements is possible and
artefacts due to purification of tRNA can be excluded. As
shown by RPC 5 column chromatography (Roe ¢t al., 1973)
and polyacrylamide gel electrophoresis (Sp-nzl et al., 1975),
the Phe-tRNAPh.C-C-A (3'NH,) contained less than 10%
uncharged species and had an intact polynucleotide chain.

Preparation of NMR Samples. The NMR samples were
prepared by extensive dialysis (at 4 °C), first against 10 mM
EDTA, 100 mM KCl, and 10 mM potassium phosphate, pH
6.6, and then against 100 mM KCl, 10 mM MgCl,, and 10
mM potassium phosphate, pH 6.6. The samples (0.3 mL)
were then lyophilized, dissolved in 99.9% D,0 (Merck,
Darmstadt, West Germany), again lyophilized, redissolved in
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0.3 mL of 99.9% D,O, and transferred to a Wilmed 5-mm
NMR tube. ‘

In order to eliminate paramagnetic impurities, we first
dialyzed extensively the yeast tRNAP™ sample for T, mea-
surement against 100 mM EDTA, 200 mM KCl, and 10 mM
potassium phosphate, pH 6.6, followed by a repeat of the above
mentioned procedure. In the case of E. coli tRNASY the
sample was heated at 45 °C for 30 min in NMR buffer and
was then quenched in ice, prior to NMR experiment, in order
to convert any denatured tRNA to the native conformer
(Eisinger & Gross, 1975). The yeast tRNAPP sample lacking
Mg?* was prepared by multiple dialysis, first against 100 mM
EDTA, 200 mM KCl, and 10 mM potassium phosphate, pH
6.6, and then extensively against 200 mM KCl and 10 mM
potassium phosphate, pH 6.6. Atomic absorption measure-
ment of this sample shows 1 mol of Mg?* per mol of tRNA.

Proton NMR Spectroscopy. Proton NMR spectra were
recorded by using the Fourier transform (90° pulse; 2.7-s
acquisition time; 5-s pulse delay; Quadrature phase detection)
procedure on a Bruker WH-270-MHz spectrometer located
at the Max-Planck-Institute for Biophysical Chemistry,
Gottingen. Temperatures were measured before and after each
run by using the chemical shift difference between the
methylene and the hydroxyl protons of ethylene glycol (van
Geet, 1968). The field was locked to D,O in the solvent.
Chemical shifts are reported with respect to DSS (4,4-di-
methyl-4-silapentane-1-sulfonate). All proton NMR mea-
surements were performed in D,O with 100 mM KCI, 10 mM
MgCl,, and 10 mM potassium phosphate buffer, pH 6.6,
unless otherwise indicated. The negative signs of all chemical
shifts are omitted except in the figures.

Results

Assignments of the Methyl and Methylene Resonances in
the Intact Yeast tRNA™ at Low Temperature. The 270-MHz
Fourier transform high-field NMR spectrum of yeast tRNAF*
was measured at different temperatures (Figure 1). The
dependence of the chemical shifts on the temperature and the
assignments of the resonances are given in Figure 2. The
assignment of the resonances above the melting temperatures
(95 °C) is identical with that of Kan et al. (1977). Below the
melting temperatures (e.g., 60 °C spectrum in Figure 1), the
peak assignments are as follows.

(1) Cs and Cg Methylene Groups of the Nucleosides D-16
and D-17 and Methyl Groups of the Nucleosides m*G-10 and
m,*G-26. A comparison of Cs and C¢ methylene resonances
from the dihydrouridines at the positions 16, 17, and 20 in the
D loop of several tRNAs (Table I) allows one to assign these
resonances in yeast tRNAP (Figure 1). In the spectrum of
T. thermophilus tRNA™e¢t (Davanloo et al., 1979) which
contains only one D residue at position 20, two resonances,
at 3.0 and 2.84 ppm, were observed at low temperature, which
at the melting temperature move to 3.46 and 2.64 ppm, re-
spectively. These two resonances were assigned to the Cq (3.0
ppm) and C; (2.84 ppm) methylene groups of the D residue.
A similar behavior was observed for the C¢ and C; methylene
groups of the D-16 and D-20:1 residues of yeast tRNA,S,
but in this tRNA the D-16(Cs) and D-16(C) resonances are
overlapped by the D-20:1(C;) and D-20:1(Cq) resonances,
respectively. This might imply that the residues D-16, D-20,
and D-20:1 have similar environments. In analogy to the above
tRNAs, in yeast tRNAP" the peaks at 2.74 and 3.0 ppm were
assigned to D-16,17(Cs) and D-16(Cy), respectively. The peak
at 2.77 ppm was assigned to the m*G-10 resonance. This peak
overlaps the left edge of the triplet peak (2.74 ppm) belonging
to the D-16,17(C;). Furthermore, we will demonstrate in the



PROTON NMR OF MINOR NUCLEOSIDES IN TRNAPhe

VOL, 18, NO. 15, 1979 3191

Table [: Comparison of the C, and C, Methylene Chemical Shifts (ppm; DSS) from the Dihydrouracil Residues of Several tRNAs at the
Different Positions of the D Loop in the Temperature Range of 50-90 °C%

chemical shifts (ppm)

D-16 D-17 D-20
tRNA temp °C) C, . C, C, C, C,
Phe (yeast)? I PR > S S
Val, (. coli)® 50 A 270
Met (T, thermophilus)? ;8 3 26 %:22
Arg, (E. coli)® ;8 ;2‘; 52‘71
Ser, (yeast):d % 349 T6d 345 264

¢ The numbering of nucleotides in each tRNA sequence is according to tRNAPhe from yeast (Gauss et al., 1979). b Solution condition:

100 mM KCl, 10 mM Mg?*, and 10 mM potassium phosphate, pH 6.6.
Schmidt (1978). Solution condition: 250 mM NaCl, 10 mM sodium phosphate, and 0.4 mol of Mg?* per mol of tRNA.

from D-16, D-20, and D-20:1 are superimposed.

€ The chemical shift data are taken from the report by Kastrup &
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FIGURE 1: The 270-MHz proton NMR spectra, in the high-field
region, of 0.55 mM yeast tRNAP" at various temperatures.
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FIGURE 2: Plot of the chemical shift as a function of temperature
for the resonances in Figure 1.

spectra as a result of appreciable differences in the T values
of these resonances. The peak at 2.43 ppm was then assigned
to m,?G-26. This peak superimposes the resonance from the
D-16,17(Cs) at 80 °C, and on a further rise in temperature
to 95 °C it moved to 2.91 ppm with a downfield shift of 0.48
ppm upon unfolding.

Kan et al. (1977) have assigned the peak at 3.0 ppm to the
Cs methylene protons of D-16,17. We have observed that at
40 °C, beside the peak at 3.0 ppm, a broad peak at 3.4 ppm
appears and its intensity increases until 70 °C. At 75 °C, the
peaks at 3.4 and 3.0 ppm moved downfield and superimposed
the Gm-34 resonance. At 95 °C, these resonances appear as
a resolved triplet at 3.49 ppm. This observation leads us to
speculate that in native intact tRNAP" the C; methylene
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protons of D-16 and D-17 have different environments, one
methylene being highly shielded (Aé from 40 to 95 °C = 0.49
ppm) and the other being less shielded (A6 from 40 to 95 °C
= 0.09 ppm). The peak at 3.4 ppm (at 40 °C) is tentatively
assigned to the C¢ methylene of nucleoside D-17. In support
of this assignment, we have investigated the high-field proton
NMR spectrum of E. coli tRNA A% which contains a D-17
residue. In the region of 3~4 ppm, we have observed only one
resolved triplet peak at 3.64 ppm, which was assigned to the
C, methylene group of D-17. However, while the D-17(Cy)
methylene group in tRNAA™® experiences an upfield shift of
0.21 ppm upon unfolding, the D-17(C;) resonance in yeast
tRNAPP yndergoes a slight downfield shift (0.09 ppm).

(2) Methy! Groups of the Nucleosides Cm-32 and Gm-34.
At 20 °C Cm-32 and Gm-34 resonances superimpose the Y-37
(2COOCH;). As the temperature is increased they shift
upfield and at 60 °C are well separated. In a temperature
range from 20 to 95 °C, we observed that in the presence of
Mg?* the Cm-32 and Gm-34 resonances shifted upfield by 0.25
and 0.36 ppm, respectively. This effect was not observed in
the absence of Mg?* (Robillard et al., 1977), indicating that
in the presence of Mg?* the nucleosides Cm and Gm in the
anticodon loop are strongly stacked and that the Mg?* plays
an important role in the stabilization of the anticodon con-
formation. In the crystal structure of yeast tRNAP*, a strong
Mg?* binding site was identified in the anticodon loop (Quigley
et al,, 1978).

(3) Methyl Groups of the Nucleosides m'G-46 and m' A-58.
In E. coli tRNA™¢t Jacking m'A-58, we observed a peak at
3.79 ppm at low temperature which moved to 3.98 ppm at the
melting temperature (Davanloo et al., 1979). This peak was
assigned to the m’G-46. It is therefore conceivable that in
yeast tRNAPP the m’G-46 resonance superimposes the res-
onance of m'A-58 (3.77 ppm) in a temperature range of 20-70
°C. At the melting temperature, the m’G-46 is shifted to 3.99
ppm, which represents a downfield shift of 0.22 ppm upon
unfolding.

(4) Methyl Groups of the Nucleosides nm*C-40 and m>C-49.
The assignment of m°C-40 and m*C-49 at the low temperature
is still not resolved. All other assignments are in accordance
with the previously reported work (Kan et al., 1977; Robillard
et al., 1977).

'H Spin—Lattice Relaxation Time Measurement of the
Methyl and Methylene Groups in Yeast tRNA" . H
spin—lattice relaxation times (7,) of methyl and methylene
groups in yeast tRNAP" were determined from partially
relaxed Fourier transform (PRFT) spectra (Vold et al., 1968;
Allerhand et al., 1971), obtained by means of the 180° ~ 1t -
90° pulse sequence (Abragam, 1967). T, values were eval-
uated from the measurements of the peak heights from sets
of PRFT spectra at different ¢ by using the well-known ex-
pression (Abragam, 1967) shown in eq 1, where /, and /; are

In (y— 1) = In 2Iy - — (1
T,

the peak heights at time ¢ and at equilibrium, respectively. The

plots of log (I, — I,) vs. t for the methyl and methylene groups

of yeast tRNAPR are shown in Figure 3. A straight line is

obtained, which implies a single relaxation time for the methyl

and methylene groups. The T, values which were evaluated

by using least-squares analysis of all the data are given in Table
1L

For the methyl and methylene protons of minor nucleosides

in tRNA, the main cause of relaxation should be intramo-

lecular dipolar interaction with protons within the same

nucleoside unit. By making the assumption that a proton on
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FIGURE 3: Semilogarithmic plots of ({y ~ ;) vs. t (see e%l) for the
methyl and methylene groups of 0.55 mM yeast tRNAP in D,0
containing 200 mM KCl and 10 mM Mg?* in 10 mM potassium
phosphate buffer, pH 6.6, at T = 30 °C.

Table II: 'H Spin-Lattice Relaxation Time Measurement of the
Methyl and Methylene Groups of 0.55 mM Yeast tRNAPRe i D,O
with 10 mM Mg?*, 200 mM KCl, and 10 mM Potassium

Phosphate, pH 6.6, at 30 °C

minor nucleoside 7,9 (s) 7 (NS)
m2G-26 3.23 7.5
T-54 2.95 7.0
m°C’s 2.57 6.2
Y-37(C,,-CH;) 1.84 4.7
D-16,17(C;-methylene) 1.31 5.7
m?*G-10 2.97 7.0

¢ The T, values of the methyl groups of the minor nucleosides
which have a chemical shift between 3 and 3.9 ppm are not eval-
uated because of uncertainty in the base line, since these resonan-
ces are close to the steep slope of the ribose proton envelope.

a methyl group is relaxed only by those protons on the same
carbon, then we can describe the relaxation time by eq 2

1 3 u'h? L. 4 2
= — T
NTig 10 /5 “\ 14 wr? 1+ dwylir?

(Gutowsky & Woessner, 1956), where vy is the proton
magnetogyric ratio (2.67 X 10% rad s G™'), r is the inter-
nuclear distance for the protons of a methyl group (1.78 A),
wq is the NMR resonance frequency (27 X 270 X 108 rad/s),
and N is the number of nuclei relaxing each proton (N = 2
for a CH; group). In the case of a methyl group, one has to
consider two types of motion: first, the spinning of the methyl
group about the bond linking it to the adjacent atom in the
molecule (correlation time 7y,) and, secondly, the rotational
reorientation of the spinning axis (correlation time 7.). Then,
T, is given by eq 3
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1 - i‘yHAhZ (l) Te + 3701 +
NT, 10 ¢ 4 1+ wlr 1+ ag’r,?
T 37,
- 2.2 l2 2 (3)
1 + dwy’r, 1 + 4wy,
(Woessner, 1962) where
11,34
T Tc TMe

In the case of the methyl group attached to a ring chro-
mophore (Burke & Chan, 1970), the equation 7, << 7. is valid
(for rapid spinning of the methyl group), and eq 3 is reduced
to

1

NT,

1
NTir

=1
4

In Figure 4, we show the log—log plot of NT; vs. .. The
dashed curve gives NT, which is calculated from eq 2 in the
absence of spinning motion. The solid curve gives NT| which
is calculated from eq 3 for the case when the methyl group
is spinning very fast (7 < 7).

In general, two real solutions (referred as “‘slow” and “fast”
solutions) for 7, can be calculated for each value of T, from
eq 3. We have chosen the slow solution for 7. based on the
observed NMR line width of the methyl group resonance (full
width at the half-height for T-54 at 30 °C is about 12 Hz).
We have computed the 7., the correlation time for rotational
reorientation of the spinning axis, from our measured T, value
using the solid curve in Figure 4. The results are given in Table
IT (in the case of the Cs methylene protons of D-16,17, 7 is
computed by using the dashed curve in the absence of spinning
motion).

Studies of the Methyl Resonances from the Fragment
(47-76) of Yeast tRNAP*, The temperature dependence of
the high-field NMR of the fragment (47-76) of yeast tRNAFh
in 10 mM Mg?*, 100 mM KCl, and 10 mM potassium
phosphate is presented in Figure 5. The methyl resonance
of ribothymidine in the fragment passes through several
different magnetic environments as the temperature is in-
creased from 20 to 80 °C. At 20 °C two broad peaks (at 1.05
and 1.28 ppm) arising from this methyl group can be seen
(Figure 5). On raising the temperature to 35 °C, we found
that the peak at 1.05 ppm decreases in area, while the peak
at 1.28 ppm becomes sharper and its area increases. At 45
°C a new peak at 1.32 ppm appears, and the peaks at 1.05
and 1.28 ppm decrease in area significantly. On raising the
temperature further to 55 °C, the peaks at 1.05 and 1.28 ppm
broaden, while the peak at 1.32 ppm reaches its maximum
amplitude. Above 65 °C one peak can be seen which shifts
downfield as the temperature is increased further.

As a result of the partial conversion of m!A into mSA during
the preparation of the Phe fragment (47-76) (RajBhandary
et al., 1968), two resonances at 3.87 and 2.96 ppm were
observed which on the basis of the spectra of the corresponding
nucleosides were assigned to the minor nucleosides m!'A and
mSA, respectively. No temperature dependence of these
resonances was observed. The peak at 1.76 ppm, belonging
to the nucleoside m3C, exhibits a downfield shift of 0.23 ppm
through the temperature range of 10-80 °C.

Comparison of the High-Field Spectral Region of
tRNAPk.C-C, tRNAPr.C-C-A(3’NH,), and Phe-tRN A k.
C-C-A(3’NH,) with That of tRNAP.C-C-A. In order to

VOL. 18, NO. 15, 1979 3193

1000

00E

-

NT; [sec]
=

il il ST | | T
107 10 1070 107 1078 107 107
T [sec)

FIGURE 4: Log-log plot of NT against 7 for wg = 270 MHz. The
dashed curve (---) gives NT values in the absence of the spinning
motion (7T values are calculated from eq 2). The solid curve is for
the case of fast methyl rotation (7, << 7).
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FIGURE 5: The 270-MHz proton NMR spectra of the methyl proton
resonances from the minor nucleosides of the yeast tRNAFt® (47-76)

fragment at various temperatures (fragment concentration was 30
Azso units/0.3 mL)

investigate the effect of aminoacylation on the high-field
resonances of tRNAP"™, we measured the proton NMR
spectrum of Phe-tRNAP*-.C-C-A(3'NH,). The selection of
this modified tRNA was determined by the fact that the amino
acid residue is bound to the 3'-terminal A-76 through an amide
bond, which cannot hydrolyze under the conditions of the
measurement. The lability of the ester bond by which the
phenylalanine is attached to native Phe-tRNAP.C-C-A does
not allow experiments in the wide temperature range which
would be necessary for our comparative investigations. To
exclude the possibility that the modification of the terminal
adenosine residue and not its aminoacylation is responsible for
any changes in the high-field NMR spectrum, we also screened
the precursors of Phe-tRNAPM.C-C-A(3'NH,), i.e.,
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FIGURE 6: Comparison between proton NMR spectra, in the high-field
region, of (a) Phe-tRNAP*.C-C-A(3'NH,) in 100 mM KCl, 10 mM
Mg?*, and 10 mM potassium phosphate at pH 6.6 in D,0; (b) yeast
tRNAP™ in 200 mM KCI, no Mg?*, and 10 mM potassium phosphate
at pH 6.6 in D,O; and (c) yeast tRNAP in the same buffer as
described for (a).

tRNAPP.C-C and tRNAFPP.C-C-A(3'NH,). The high-field
NMR spectra of these species are identical with that of the
native tRNAF-C-C-A in the temperature range from 30 to
90 °C (data are not shown).

Phe-tRNAP.C-C-A(3'NH,) shows a distinct difference
in the region where the ribothymidine resonance should appear
compared to the above nonaminoacylated species. All non-
aminoacylated tRNAs exhibit a two-state transition upon
melting in the presence of Mg?*. This is reflected in ribo-
thymidine resonance peaks at 1.0 (low temperature) and 1.72
ppm (high temperature). The Phe-tRNA™-C-C-A(3'NH,)
spectrum, on the other hand, contains an additional resonance
at 1.3 ppm at intermediate temperatures (Figure 6a). This
resonance is assigned to the ribothymidine residue of Phe-
tRNAPr.C-C-A(3'NH,) on the basis of following observa-
tions. (a) The spectrum of the (47-76) fragment of tRNAFRe
(Figure 5) consists of peaks at 1.28 and 1.32 ppm in this region
of the spectrum which could be assigned to the 5-methyl group
of ribothymidine. (b) tRNAP*.C-C-A studied in the absence
of Mg?* (Figure 6b) exhibits a ribothymidine resonance at 1.3
ppm in its high-field spectrum. This resonance appears only
at intermediate temperatures. E. coli tRNAV?, measured in
the absence of Mg?* (Kastrup & Schmidt, 1978), also shows
resonances in this region which were assigned to ribothymidine.
(¢) The resonance of ribothymidine at 1.3 ppm is present in
the spectrum only at a certain temperature and is a component
of transitions reflected in 1.0-, 1.3-, and 1.72-ppm resonances
of the same residue. By raising the temperature, we found
that the intensity of the 1.0-ppm resonance decreases con-
comitantly with the appearance of the 1.3-ppm resonance. At
temperatures above the melting temperature, the 1.3-ppm
resonance disappears and only the 1.72-ppm signal of ribo-
thymidine remains in the spectrum.

We conclude from the above observations that the resonance
at 1,3 ppm is due to ribothymidine which is in a conformation
or in an environment different from that in which it occurs
in the native tRNAFP.C-C-A in the presence of Mg?* ions.
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FIGURE 7: Effect of the removal of Y base and effect of the yeast
tRNAPY.E, coli tRNAS® complex formation on the melting tem-
perature of (a) T-54; (b) D-16(Cq); and (¢) m,2G-26. (@) Yeast
tRN AP (0.55 mM); (¥) yeast tRNAP(~Y) (0.55 mM); (O) yeast
tRNAPY.E, coli tRNASY complex (each 0.57 mM). Structures of
the veast tRNAFP.E. coli IRNAS"Y complex (anticodon regions) are
shown above [U* is mam’s?U-34(NCH,)].

The conformation of ribothymidine ascribed to the native
tRNAPP and reflected in the 1.0-ppm resonance is not ex-
clusively determined by the native tertiary structure of
tRNAPP, This can be concluded from the observation that
the (47-76) tRNAP™ fragment also has a resonance typical
for the native tRNAPh (Figures 1 and 6c) at 1.0 ppm (Figure
5). However, the resonance at 1.3 ppm is characteristic only
of molecules where the tertiary structure is disrupted such as
the (47-76) fragment of tRNAFP (Figure 5) or the intact
tRNAP™ species under conditions where the tertiary structure
may be melted out (Riesner et al., 1973) (Figure 6b). On the
basis of our control experiments and the analysis of Phe-
tRNAF.C-C-A(3’NH,), we can exclude damage to the
integrity of the polynucleotide chain of this tRNA during its
preparation. Therefore, we conclude that the appearance of
the 1.3-ppm ribothymidine resonance in the spectrum of this
tRNA (Figure 6a) is due to its aminoacylation. The non-
aminoacylated species does not show this resonance under
identical conditions.

Effect of the Removal of the Y Base on the Proton NMR
Spectrum of Minor Nucleosides in Yeast tRNAP*. The
high-field NMR spectrum of yeast tRNAP™(-Y) was mea-
sured at different temperatures. The major changes compared
to native tRNAP are as follows. (a) Among the minor
nucleosides in the anticodon loop, the temperature dependence
of the Gm-34 peak is most affected when the Y base is re-
moved. The Gm-34 resonance in the tRNAP(-Y) at 50 °C
has been shifted to a higher field by 0.2 ppm compared to
native tRNAPP  The excision of Y base has, on the other
hand, very little effect on the temperature dependence of the
chemical shift of the Cm-32 resonance. This observation may
indicate that the Gm-34 in the native tRNAP" participates
in the stack involving the Y-37 and comprising the anticodon
and its 3’ neighbors. Hence, as a result of the excision of the
Y base, this stacking interaction is disrupted. (b) m*C-49 and
m3C-40 resonances are superimposed at low temperatures
(below 40 °C) and are less shielded in tRNAF(-Y) than in
native tRNAP. (¢) The resonances of T-54, m,*G-26, and
D-16(Cy) in tRNAPr(-Y) show temperature-induced tran-
sitions lower by 3, 5, and 3 °C, respectively, than in the native
tRNAPh (Figure 7). In general, the thermal denaturation
of tRNAFre(~Y) takes place at a lower temperature than that
of tRNAPhe,

Effect on the Proton NMR Spectra of the Complex For-
mation between tRNAs with Complementary Anticodons. (1)
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FIGURE 8: Temperature dependence of high-field 270-MHz proton
NMR spectra of the yeast tRNAPHE. coli tRNAS"Y complex, each
0.57 mM.

Assignments of the Resonances of E. coli tRNA, tRNAGMH
from E. coli contains S-methyluridine (T-54), 2-methyl-
adenosine (m?A), and 5-(/V-methylaminomethyl)-2-thiouridine
(mam3s2U-34) in its sequence (Gauss et al., 1979). The
relatively simple spectrum of E. coli tRNAS" at 50 °C (Figure
8) therefore contains only three major peaks in the region
between 0 and 4 ppm from DSS. In analogy with the as-
signment of tRNAP (Figure 1) and tRNAV?! (Kastrup &
Schmidt, 1978), the peak at 1.0 ppm arises from the methyl
protons of T-54. The peaks at 2.33, 4.0, and 2.68 ppm, which
are not sensitive to temperature variations between 20 and 95
°C, were assigned to m?A-37 and to the CH, and N-CH,
resonances of mam?®s?U-34, respectively. These assignments
are based on the spectra of the free nucleosides in D,O.

(2) E. coli tRNA.Yeast tRNA™ Complex. At equimolar
concentrations, a complex of these two tRNAs species is
formed due to complementarity of their anticodons (Grosjean
et al,, 1976). At the concentration of 0.57 mM of each tRNA
in the NMR experiment, the expected melting of the
tRNAPPLRNAS™E complex should be around 77 °C by using
the temperature-jump data provided by Grosjean et al. (1976).

The 270-MHz spectrum of the complex at various tem-
peratures is shown in Figure 8. Compared to the spectrum
of the individual tRN As, the methyl and methylene resonances
of all minor nucleosides show a strong broadening upon
complex formation between E. coli tRNAPY and yeast
tRNAPPe, Ag expected, the resonances originating from the
anticodon nucleosides or their neighbors are influenced most
strongly.

A very broad peak at 1.83 ppm in the 30 °C spectrum
(Figure 8) which gradually shifts downfield with increasing
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mam?’s2U-34(NCHj,) proton resonance and (b) Y-37(C,;-CH,) proton
resonance in the tRNAPtRNAS" complex.

temperature belongs to the C,;-CH; resonance of Y-37 of
tRNAPRe At 85 °C this resonance appears as a sharp peak
at 2.0 ppm, corresponding to the chemical shift of the Y-
37(C,,-CHj;) resonance in free tRNAF". Hence, the upfield
shift of about 0.25 ppm for Y-37(C,;-CH;) can be used to
monitor the tRNAC“tRNAP" complex formation. The
temperature-dependent changes in the position of this methyl
group resonance in the complex as compared to that in the
free tRNAP™ are shown in the Figure 9b.

The N-methyl resonance of mam?®2U-34 of tRNAS™ moves
downfield by 0.09 ppm upon complex formation and super-
imposes the Cs methylene proton resonances of D-16,17 of
yeast tRNAPr, The plot of A(Sgee — Bcomplex) VS. temperature
for the mam®s?U-34 proton resonance is shown in Figure 9a.
While the mam®?U-34 in the complex exhibits a narrow
cooperative transition with the 7., around 78 °C, the Y-
37(C,,-CH,;) shows a broad transition with the T, around 73
°C (Figure 9a,b).

The resonance of the m?A-37(C,-CH;) which is visible as
a sharp peak in the 50 °C spectrum of free tRNASM com-
pletely disappears from the spectrum of the tRNAFr.tRNACM
complex. This could be due either to superimposition of some
other resonance or to strong broadening which makes the
identification impossible. This resonance reappears in the 86
°C spectrum of the tRNAP*.tRNAS" complex. This behavior
indicates the involvement of the m?A residue in the interaction
between the tRNAs and in addition a sharp monomer complex
transition.

Due to the high density of the peaks in the region between
4 and 3.5 ppm and to a strong broadening at low temperature,
it is difficult to perform an unambiguous assignment of
resonances originating from other minor nucleosides in the
anticodon loop of tRNA. However, the peak at 3.74 ppm in
the 50 °C spectrum of the complex (Figure 8), which moves
by 0.16 ppm upfield as the temperature increases, probably
belongs to one of the (COOCH;) methyl groups of Y-37. This
assignment is based on the observation that in the 69 °C
spectrum of the complex this peak is at 3.66 ppm, a position
where the Y-37(COOCH3;) resonance appears in the spectrum
of free tRNAP from yeast.

Broadening of the peaks upon complex formation was also
observed for the methyl and methylene resonances of the minor
nucleosides from parts of the tRNA other than the anticodon.
For these minor nucleosides, however, no significant change
in the chemical shift upon complex formation was detected.
The resonance of the T-54 methyl group is shifted by only
0.015 ppm upfield, but the peak is much broader in the
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complex at 50 °C as compared to the corresponding spectrum
of free tRNA%™ or tRNAP (Figure 8).

The temperature vs. chemical shift dependence of some
resonances is given in Figure 7. The melting of T-¥-C regions
of the tRNAPRtRNAS" complex is reflected in a very sharp
cooperative transition at 78 °C. The melting, as monitored
by the change of the chemical shift of T-54 of yeast tRNAFhe,
takes place at a temperature 5 °C higher in the complex than
in the free tRNAP" (Figure 7a). Similarly, a higher thermal
stability of the complex is reflected in the D-16(C4) chemical
shift temperature dependence. Whereas in the case of the free
tRNAP" 3 sharp transition occurs at 73 °C, melting in the
complex is observed only at 78 °C (Figure 7b). No difference
was observed between the melting of free tRNAP™ and the
melting of tRNAP.tRNAC™ when the temperature depen-
dence of the m,2G-26 resonance was monitored. However,
in this case the melting in free tRN AP already occurs at a
higher temperature compared to the T-54 or D-16 resonances
(Figure 7¢).

(3) tRNAC™tRN A" Anticodon Fragmenr Complex. Since
the high-field spectral region of the tRNACSEtRNAP* complex
was complicated by the strong broadening and overlapping of
resonances at low temperature, we attempted to study the
binding of the tRNA anticodon fragment (A-Cm-U-Gm-
A-A-Y-A-¥-m°C-U-Gp) to E. coli tRNAS®, Furthermore,
the temperature-jump results of Grosjean et al. (1976) on the
tRNAPP.{RNAS"™ complex show that the constraint of the
anticodon sequence into a hairpin loop accounts for a factor
of 50 increase in the stability of the anticodon—anticodon
complex. Hence, it would be of interest to observe the im-
portance of loop closure on the stabilization of the tRNA-
tRNA complex by NMR.

The temperature dependences of the high-field NMR
spectra of the tRNASUtRNAP' anticodon fragment are
presented in Figure 10A. At 22 °C, the T-54 resonance in
the complex is broadened but its resonance position remains
unchanged. The m*C peak in the complex experiences an
upfield shift of 0.09 ppm compared to that seen in the free
anticodon fragment. This observation indicates that the m°C
base is in an almost fully stacked conformation in the complex
and that the strong stacking of the short anticodon—anticodon
double helix is transmitted to the base m’C which is four
positions away. The C;,-CHj;, N;-CH;, and COOCH]; res-
onances of the Y base move by 0.1, 0.08, and 0.02 ppm upfield,
respectively, upon complex formation. The resonance due to
the mam®s?U-34(NCH,) clearly shifts downfield by 0.13 ppm.
Figure 10B shows the melting of the tRNACGMtRNAPhe an-
ticodon fragment complex as a function of temperature as
monitored by changes in the chemical shift of resonances from
mam’s?U-34(NCH;) and Y-37(C,;-CH;). The NMR melting
temperature of about 60 °C for the complex was estimated
from the plots in Figure 10B. This is about 18 °C lower than
the tRNAGRtRNAPR complex (Figure 9).

In the spectrum of the complex at 22 °C (Figure 10A), a
broad resonance at 1.5 ppm appears which moves under the
peak at 1.69 ppm at 42 °C. At 58 °C it superimposes the peak
at 1.95 ppm and at 66 °C appears as a broad peak at 2.21
ppm. Finally, at 73 °C, this resonance moves to 2.3 ppm which
is the resonance position for the nucleoside m?A-37. If one
tentatively assigned the peak at 1.5 ppm to the nucleoside m?A
in the tRNASUtRNAP" anticodon fragment complex, it would
imply an upfield shift of 0.8 ppm upon complexation. Since
the nucleoside m?A is positioned on the 3’ side of the anticodon
at the end of the double helix, a large upfield shift upon
complexation might be expected due to strong base stacking
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10A.
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of this nucleoside on the short codon—anticodon double helix
(Martin et al,, 1971; Grosjean et al., 1976).

Discussion

The improvement in the resolution of the high-field NMR
spectra and the complete assignment of the methyl and
methylene resonances of native yeast tRNAF" provide a
possibility of studying the structure of this tRNA in solution.
In particular, information on the non-base-paired loop regions,
which cannot be investigated by low-field NMR spectroscopy,
can be obtained by monitoring the resonances of the methyl
and methylene protons of the minor nucleosides.

In the present study we observed differences between the
chemical shifts of the Cq protons of the D-16 and D-17 residues
of tRNAPre an observation which was not made in similar
previous NMR investigations (Kan et al., 1977; Robillard et
al., 1977). In the X-ray crystal structure of tRNAPh from
yeast (Holbrook et al., 1978), both D-16 and D-17 residues
are free, without direct interaction with other parts of the
molecule. Our NMR data suggest, however, that one of the
D residues experiences a shielding effect from a neighboring
base or through a tertiary interaction. By a comparative study
using other tRNA species containing dihydrouridine residues,
we suggest that it is the D-16 residue which is involved in some
kind of higher structure. It is possible that the residue 16,
being present in all tRNA species, participates in such an
interaction whereas the residue 17, being part of one of the
variable regions, is generally not involved in tertiary inter-
actions. The shielding of the residue D-20 in tRNAM¢ from
T. thermophilus and of the residue D-20 as well as D-20:1
in tRNASe" from yeast (Aé ~ 0.5 ppm) also suggests an
involvement of these residues in the ordered structure.

At the present time we have not succeeded in interpreting
the high-field NMR data in order to determine the structure
of the anticodon loop in solution. This is due mostly to the
limitation that NMR signals of the minor nucleosides present
in the anticodon loop of tRNAF! gverlap in the region of 3—4
ppm. The resolution in this region, especially at low tem-
perature, is insufficient to permit an interpretation of the
anticodon loop structure. Indirect evidence on the stacking
pattern of the anticodon loop of tRNAF in solution was
obtained, however, by NMR measurement of tRNAPr¢(-Y),
The stacking of the anticodon to the 3’ part of the anticodon
loop, as apparent from the X-ray structure of tRNAFhe
(Quigley et al., 1978) probably also takes place in the intact
tRNAP" in solution. This can be deduced from the large
changes observed in the Gm-34 resonance of tRNAPhe(-Y)
as compared to native tRNAP™, These may be interpreted
as caused by a disruption of the stacking of the anticodon to
its 3’ neighbors in the anticodon loop. No changes were
observed in the resonance of Cm-32 after removal of the Y
base, implying that this residue is not influenced by the
disturbance in the anticodon.

Komorowski & Allerhand (1972) determined the correlation
time for the overall rotational reorientation of the folded tRNA
molecule on the basis of 3C relaxation values as being about
30 ns. Our calculated 7 values of the minor nucleosides are
shorter than that of the folded tRNA structure. This suggests
that the minor nucleosides have a considerable degree of
rotational freedom and are not immobilized in the tRNA
structure. There are, however, differences in the correlation
times for the minor nucleosides located in the different regions
of tRNA. Whereas the side chain of the Y-37 base in the
anticodon loop is less immobilized, the 7 values of the bases
involved in the tertiary structure core, T-54, m,2G-26, and
m?G-10, show a stronger immobilization. An intermediate
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7. for the two overlapping peaks of m°C-40 and m*C-49
probably reflects an average 7. value of the more immobilized
m>3C-49 and the less immobilized m3C-40. These findings are
in good agreement with the interpretation of the X-ray data
of yeast tRNAF" by Holbrook et al. (1978), which suggest
a higher radius of vibration of the residues at the two ends
of the L-shaped molecule as compared to the nucleosides in
the center of the tertiary structure. Exceptions from this rule
are the minor nucleosides D-16 and D-17. The Cs methylene
groups of these residues exhibit a short 7, of 5.7 ns. This
indicates a high degree of rotational freedom of at least one
of the dihydrouridine residues.

Several resonances in the region between 1.0 and 1.8 ppm
were ascribed to the methyl group of the T-54 residue (Kastrup
& Schmidt, 1978; Kan et al., 1977; Robillard et al., 1977).
In the present study we performed a more careful investigation
of this phenomenon which indicates multiple conformations
of T-54 in tRNA, Under conditions where the tRNAP" js
in its native form, i.e., at low temperature and in the presence
of more than 50 mol of Mg?* per mol of tRNA, only a single
resonance for T-54 was observed at 1.0 ppm. Under these
conditions the tRNA melts in a cooperative manner at about
75 °C. This transition is reflected by a broadening of NMR
signals and the appearance of a T-54 resonance at 1.56 ppm.
When the temperature is raised to 95 °C this resonance moves
further, to 1.72 ppm, which is characteristic of unstructured
tRNAP, No further T-54 resonances could be detected below
the T, in the range 1.0-1.8 ppm, indicating that in a native
tRNAPh only a single conformation of T-54 is present. By
lowering the concentration of the Mg?* to about 1 mol of Mg?*
or less per mol of tRNA, we found that the NMR melting of
tRNAPPe exhibits several transitions, and at a temperature
around the first transition an intermediate conformation of
T-54 can be observed which is reflected by a resonance at 1.3
ppm. Kastrup & Schmidt (1978) have recently investigated
the thermal denaturation of tRNA;Y¥ from E. coli by
high-field proton NMR. Under conditions where 0.4 mol of
Mg?* per mol of tRNAV2! was present, they observed several
intermediate T-54 signals in a temperature range between 20
and 85 °C. It is therefore likely that the appearance of
multiple T-54 resonances during the thermal denaturation of
tRNA in the absence of Mg?* or at very low Mg?* concen-
trations is related to the structure of tRNA during its se-
quential melting (Crothers et al., 1974; Riesner et al., 1973).

In order to obtain information about the possible confor-
mations of T-54 which give rise to the 1.0 and 1.3 ppm
resonances in the yeast tRNA™*® spectrum, we measured the
fragment (47-76) of tRNAPt, This fragment is only able to
form the hairpin structure of the T-¥-C arm and is obviously
lacking the tertiary interactions (Romer et al., 1969). At low
temperature (20-45 °C), this fragment gives rise to a T-54
resonance at 1.0 ppm together with other T-54 resonances at
1.28 and 1.32 ppm. This implies that the stabilization of the
T-54 conformation as reflected by the 1.0-ppm resonance is
adequately accomplished by the secondary structure. Con-
sequently, we conclude that the major source of shielding of
T-54 arises from the structural features of the T-¥-C loop and
stem and not from the tertiary structural interaction. The
different stacking modes of the T-54 over the G-53-C-61 base
pair which is stabilized by a three-dimensional interaction are
likely candidates for the source of the multiple resonances of
T-54 (Figure 4).

In the three-dimensional structure of yeast tRNAFhe
(Holbrook et al., 1978), the T-54 is stacked between the
G-53:C-61 and the ¥-55.G-18 base pairs and is itself base-
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FIGURE 11: The probable hydrophobic stacking interaction of the T-54
residue (marked by arrow) in (a) intact yeast tRNAP" according to
Rich & RajBhandary (1976); (b) yeast tRNAFP™ in which the
m'A-58-T-54 hydrogen bond is disrupted; (c) the (47-76) fragment
of tRNAP" and yeast tRNAF in which the base-pair interactions
between the D loop and the T-¥-C loop are disrupted; and (d) the
case of (c) but with the additional disruption of the m'A-58-T-54 base
pair.

paired with m'A-58 (Figure 11a). On the basis of the ring
current values (Giessner-Prettre et al., 1976), the 0.7-ppm
upfield shift observed for the T-54 both in the intact tRNAPhe
and in the fragment (47-76) of tRNAP" must originate from
stacking on the G-53-C-61 base pair. In the intact tRNA the
relative orientation of the T-54 base is stabilized by tertiary
interactions between the dihydrouridine and the T-¥-C loops,
resulting in a particular conformation of the T-54 (Figure 11a).
In the free T-¥-C loop, after melting of the tertiary structure,
and in the fragment (47-76) of tRNAP the T-54 probably
changes its stacking interaction with the base pair G-53-C-61
(Figure 11c¢,d), thus explaining the multiple resonances for
T-54.

Our observation that in the aminoacylated Phe-
tRNAP.C-C-A(3'NH,), in the presence of an excess of MgZ™,
T-54 can adopt a less-stable conformation as reflected by the
appearance of the 1.3-ppm resonance might suggest that the
aminoacylation produces a rearrangement in the tertiary
structure of tRNAP"  This structural change influences the
stacking interaction of T-54 with the G-53.C-61 base pair
(Figure 11b). Since Phe-tRNAP"*.C-C-A(3'NH,) is not able
to bind oligonucleotides which are complementary to the
T-¥-C loop (Pongs et al., 1976), a disruption of the tertiary
structure of this tRNA is not likely. On the other hand, the
recent work of Potts et al. (1977) indicates that there is a
change in the shape of the tRNA molecule upon amino-
acylation which can only be detected at defined Mg?* con-
centrations.

With regard to the correlation between the magnesium ions
binding and the aminoacylation of tRNA, Ninio et al. (1972),
using small-angle X-ray scattering, have reported that ami-
noacylation causes the tRNA molecule to undergo small
structural changes which affect the distribution of the charged
groups on the outer surface of the molecule and hence the
Mg?* binding., Furthermore, Cohn et al. (1969) have reported
that the number of manganese binding sites changed on
aminoacylation. It is possible that changes in the Mg?* binding

DAVANLOO, SPRINZL, AND CRAMER

sites in the vicinity of the T-¥-C loop (Ninio et al., 1972) may
influence the conformation of the T-54 residue. The present
evidence for the structure of aminoacyl-tRNA [Potts et al.
(1977) and references cited therein] suggests that a subtle
conformational change of the tRNA takes place upon ami-
noacylation without a large rearrangement of the tertiary
structure. Our investigation indicates that such a confor-
mational change affects the T-54 residue.

The fact that a structural modification of the tRNA can
influence the resonances of the residues far distant from the
point of modification was demonstrated by the high-field
NMR spectrum of tRNAPE(—Y) and of the tRNAP.tRNACH
complex. The temperature-induced melting of the
tRNAPr(-Y), as monitored by the changes in the chemical
shift of D-16(Cy), T-54, and m,*G-26 resonances, occurs at
a lower temperature as compared to native tRNAFP, This
indicates that a structural disturbance in the anticodon loop
may result in long-range effects in the remote parts of the
molecule. Whereas by excision of the Y base the thermal
stability in the T-¥-C, D-16, and m,%G-26 regions is decreased,
an opposite effect was observed in the case of the
tRNAPRtRNAS™ complex. Here the thermal unfolding, as
monitored by T-54 and D-16(C) resonances, takes place at
a higher temperature as compared to free tRNAP,

Thus, an involvement of the anticodon of tRNAP® in a
base-pairing interaction induces a significant stabilization of
the tRNAP™ structure against thermal unfolding, and, fur-
thermore, no conformational changes in T-54 could be detected
upon the tRNAPFGRNASN complex formation. Our study
therefore contradicts the hypothesis that the codon—anticodon
interaction may trigger an unfolding of the tertiary structure
of tRNA and induce accessibility of the T-¥-C region
(Schwarz et al., 1976; Schwarz & Gassen, 1977, Wagner &
Garrett, 1978). This may, however, be due to the limitations
of our model system involving tRNA species with comple-
mentary anticodons. On the other hand, it is also likely that
other components involved in the ribosomal decoding process
as well as the proper codon are necessary to induce the
conformational change needed for the proper binding of the
aminoacyl-tRNA to the ribosomal A site (Sprinzl et al., 1976).

Very recently, a report appeared (Geerdes et al., 1978)
concerning an NMR study of the interaction of the anticodon
of yeast tRNAP" with the oligonucleotide UpUpCpA. The
low-field proton spectra of the yeast tRNAP" indicated, in
good agreement with our results, no loss of hydrogen-bonded
proton resonances. This implies that the hydrogen bonds
between the D and the T-¥-C loops which are necessary for
stabilization of the tertiary structure of tRNAP" remain intact
after the binding of this oligonucleotide to the anticodon.

A preliminary NMR study in the high- and low-field spectra
of Phe-tRNAPr.C-.C-A(3’NH,) has been performed by Kan
et al. (1976). These authors observed that two resonances in
the low-field spectrum were changed upon aminoacylation of
tRNAPr.C-C-A(3'NH,) but no differences in the high-field
spectrum could be identified. This may be due to the lower
resolution of the high-field NMR spectrum at low temper-
atures (as compared to the present study) or to impurities in
the sample of aminoacylated tRNAP' masking that part of
the NMR spectrum where the T-54 resonance occurs.

The observed differences in the low-field part of the
spectrum described by Kan et al. (1976) indicated a con-
formational change of tRNA-C-C-A(3'NH,) upon amino-
acylation, which is in good agreement with our present study.
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