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ABSTRACT

Cross-relaxation effects are demonstrated between the imino protons
and other protons in yeast tRNAPhe and Hy0. A detailed examination has been
made of the observed relaxation rate of the proton resonance at 11.8 ppm
from DSS as a function of the D,0 content in the solvent. This result, as
well as the size and number of observed nuclear Overhauser effects, suggests
that dipolar magnetization transfer between solvent H,0, amino, imino, and
other tRNA protons may dominate the relaxation processes of the imino pro-
tons at low temperature. At higher temperatures the observed relaxation
rate is dominated by chemical exchange.

The selective nuclear Overhauser effects are shown to be an important
aid in resonance assignments. By these means we were able to identify two
protons from the wobble base pair GU4 at 11.8 ppm and 10.4 ppm.

INTRODUCTION

Transfer of saturation between H,0 and the low field protons in yeast
tRNAPD® jindicated that the relaxation of these protons is dominated by a
mechanism involving water protons.1 There exists an ambiguity in a transfer
of saturation experiment because it cannot distinguish between a dipolar
cross-relaxation mechanism and a chemical exchange mechanism.z’3 We have ex-
amined the observed relaxationbrates (Rlobs) for the imino protons in tRNAphe
as a function of the !H/2H ratio in the solvent. In principle, this should
allow one to distinguish between the two mechanisms3-5, and our results sug-
gest that magnetic cross-relaxation dominates the observed relaxation rates
of the imino protons at low temperatures. Cross-relaxation is further dem-

onstrated by direct transfer of saturation between peaks in the region

6.2 - 9.0 ppm and 11.5 - 15 ppm.
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We previously reported that we had observed no nuclear Overhauser ef-
fects (NOEs) between the imino and other protons in yeast tRNAPhe 1 povever,
in a more sensitive re-examination we have found definite NOEs between these
protons. The NOEs are a manifestation of the cross-relaxation phenomena and
can be directly used in conformational analysis and peak assignments. A
specific NOE allowed us to identify the low field proton resonances of the

GU4 wobble base pair.

MATERIALS AND METHODS

Yeast tRNAPM® yas purchased from Boehringer Mannheim and used without
further purification (lot #1077326) or was purified as previously described}
A1l tRNAPh® accepted at least 1.5 mmoles phe per A258 units tRNA.

The NMR samples were prepared by dissolving 5 mgs of tRNA in 190 ul of
a buffer solution containing 10 mM EDTA, 0.1 M NaCl, 10 mM cacodylate (pH 7.0)
and either 5% or 60% D20. A micro NMR tube with a cylindrical cavity was
used to obtain the spectra (Wilmad no. 508-CP). Chemical shifts were meas-
ured relative to solvent H,0 and converted to DSS reference by correcting
for the Hz0 to DSS chemical shift using the appropriate calibration curve.

All data were obtained in the same way as described previously;1 a long
(0.1 - 0.3 sec) weak monochromatic preirradiation pulse of frequency (F2)
was followed by a special observation pulse which flips the imino and/or
aromatic and amino protons without flipping solvent protons. For rate meas-
urements a delay t was programmed between preirradiation and observation
pulses, and Fy was placed at the resonance in question. After Fourier trans-
formation, the peaks were integrated and fit to an exponential recovery ver-
sus T with a first order recovery rate Ry pq- For NOE measurements, t was
set to be a few milliseconds and the preirradiation pulse was 0.1 to 0.5 secs.
A spectrum obtained with F, set on a resolved or partly resolved line was sub-

tracted from one with F, set on a blank part of the spectrum. In the broad-
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band saturation transfer experiment, F, was frequency-modulated between 6.2

and 9.0 ppm about 25 times in 0.5 sec.

RESULTS

A. Relaxation and effects of solvent deuteration, broad-band saturation and
solvent saturation. :

An examination was made of the effecf of Qarying the isotopic composi-
tion of solvent on the observed relaxation rates for the imino proton at 11.8
ppn in yeast tRNAphe. The data for the rate measurements and the broad-band
saturation were taken on the samples whose spectra are shown in Figure 1 (a
and b), respectively.

The effect of varying the 14/2H ratio in the solvent upon Rlobs for the
proton at 11.8 ppm is presenéed in Figure 2. Similar results were obtained
for the resonance at 14.35 ppm. The rate is sensitive to D,0 content only
at low temperatures. At temperatures below about 21°C, it appears propor-
tional to the D,0 content. At high temperatures Rlobs is the same, within
experimental error, for both high and low D0 levels.

We believe that the high temperature rate data represent chemical ex-
change as we proposed previously.1 Chemical exchange would be consistent
with the strong temperature dependence and isotopic independence of the ob-
served rate.

At low temperatures the data are consistent with a model in which one
or more protons cross-relax with the 11.8 proton. Since the efficiency of
cross-relaxation between two nuclei depends upon their respective spin and
magnetic moment, protium-deuterium cross-relaxation will be exceedingly small;
therefore, only nearby protons will contribute to relaxation while deuterons
will not. Thus, if relaxation involves exchangeable protons, it will proceed
more slowly in a more deuterated solvent.

This picture can be enlarged by the broad-band saturation experiment

of Figure 3. Here we investigate the effect of partially saturating the
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Figure 1. 270 MHz downfield spectra for the yeast t:RNAphe used in this study:
(a) 10 mM EDTA, 5% D,0; (b) 10 mM EDTA, 10 mM MgCl,, 5% D,0. Each spectrum
was the accumulation of 4000 FIDs and required 10 minutes. 1In all figures,
center band gliches are marked by x.

region between 6.2 and 9.0 ppm. This region was directly saturated by about
50%; however, the presumably aromatic-rich region around 8 ppm, Figure 3 (c),
was saturated to a larger extent than the amino-rich region (~6.8 ppm). This
is expected because amino protons could have relatively shorter relaxation
times. There is about a 56% magnetic transfer of saturation to the region
below 11.5 ppm. Thus, there is nearly complete transfer of saturation be-
tween these two regions.

The absence of saturation transfer to the 9.0 - 11.0 ppm region (~15%)

indicates that the direct broad-band saturation was confined to the region
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Figure 2. Recovery rate R;,;q, for the resonance at 11.8 ppm, versus recip-
rocal temperature for samples containing identical buffer components except
for D,0 content which was 5% (triangles) and 60% (circles).

applied (6.2 - 9.0 ppm). In a separate run, we also verified that H30 was

saturated by about 15%.

Another observation suggested the importance of magnetic processes in

the low temperature relaxation: in tRNA (unpublished results) and other mac-

romoleculesz, saturating the solvent water protons produces a large intensity

decrease for carbon protons as well as for exchangeable protons.

B. Selective nuclear Overhauser effects.

When a proton is saturated by preirradiation, its saturation can be
transferred to its nearest neighbor protons by magnetic dipole coupling;

this is the NOE.6 It is strongly distance-dependent, being proportional to
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Figure 3. Broadband saturation for tRNAPP® in 10 mM MgCl,, 10 mM EDTA, 5%
D,0 at 20°C: (a) normal spectrum, no preirradiation; (b) same spectrum as
(a) except the gain was reduced to shown the aromatic - amino region; (c)
difference spectrum of a control minus partial saturation of 6.2 to 9.0 ppm
region, same gain as (b); (d) same difference spectrum as (c) except the
gain was increased to that of (a) to distinctly show the transfer of satu-
ration to the region below about 11.5 ppm. Each spectrum is the result of
4800 FIDs.

the inverse sixth power of the distance. Some selected difference spectra
showing the NOE are given in Figure 4. 1In general, the percent of satura-

tion transferred ranges between 20% and 30%.
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Figure 4. Selective NOE difference spectra for tRNAPh® in 10 mM EDTA, 5%
D,0 at 21°C. The arrows indicate the frequency of Fy: (a) normal spectrum,
no F,; (b) F, applied at 10.93 ppm for 0.4 sec; (c) F, applied at 10.4 ppm
for 0.3 sec; (d) F, applied at 11.8 ppm for 0.3 sec; %e) F, applied 14.35
ppm for 0.4 sec. Each difference spectrum was plotted at a different gain.
Four NOE runs of this quality require a total of 16 hours accumulation time.
The control spectrum for the difference spectra has F, set at 11.2 ppm.
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There have been predictions in the literature that selective NOEs would
be unobservable in larger biopolymers because spin-diffusion would spread
any selective excitation to many neighboring spins. The reverse seems to be
true; selective proton-proton NOEs are easier to observe in larger molecules
because of the dominance of mutual proton flips over other processes. The
trick in observing these NOEs is to choose irradiation conditions correctly.
The preirradiation should be applied for roughly the time required for a
single mutual spin flip between typical near neighbors (about 0.3 sec for
tRNAphe), and the power should not completely saturate the directly irradiated
resonance (about 80% is typical). These are the same conditions to which one
is led by the desire to make NMR runs as short as possible and to optimize
the selectivity of the preirradiation.

Of greatest interest 1is the observed 217 transfer from the proton at
11.8 ppm to a proton at 10.4 ppm, Figure 4 (d), which involves proton reso-
nances of nearly equal linewidths. The reverse experiment, Figure 4 (c),
(i.e., transfer from 10.4 ppm to 11.8 ppm) reinforces the observation. We
have verified that there are no other proton pairs related by observable NOEs
with both protons resonating in the 9-15 ppm region. A survey of base pair
interactions, as seen in the crystal structure of yeast tRNAPhe 7'9, suggests
only two base pairs for which two exchangeable protons would be spatially
close to each other (within about 3 K) and would both resonate in the 10 to
12 ppm region. One possibility is the tertiary base pair G15-C48, where
transfer of saturation would take place between G15 N;H and G15 N,H. The
other possible interaction is the wobble base pair GU4; here transfer of sat-
uration would take place between G4 N;H and U69 N;H protons (see Figure 5).

When the proton at 14.35 ppm is preirradiated, Figure 4 (e), there is
a 30% NOE observable at 7.73 ppm. The linewidth of the proton at 7.73 ppm
is half that of the proton at 14.35 ppm. The difference in linewidth can

be explained if one assumes that the proton at 7.73 ppm is a carbon proton.
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The linewidth of the 14.35 ppm proton is presumably due to !N relaxation
broadening. This assertion is further substantiated by the fact that all the
NOEs observed from lines in the region 14.5 to 13.2 ppm to protons resonating
in the aromatic-amino region are as sharp as in Figure 4 (e). On the other
hand, protons resonating between 13.2 and 11.5 ppm show relatively small and
broad NOEs to this region (unpublished results). The former are likely to be
AU base pairs and their narrow NOE presumably originates from the adenine C,
proton. The latter are GC base pairs; the amino protons of such pairs are
likely to have short T, values because they relax each other. Therefore,
they should be less affected by the imino proton saturation even though they
are slightly closer to the imino proton than is the C, adenine proton of an
AU base pair.

The NOE shown in Figure 4 (b) is a 26% transfer of saturation from the
proton resonating at 10.93 ppm to a proton resonating at 7.35 ppm. The line-
width of the proton at 7.35 ppm is about the same as the linewidth of the
proton at 10.93 ppm, suggesting both are nitrogen protons. There are sever-
al possible intetactions7'9 that could generate resonances in this region.
The two most likely candidates are the tertiary base pair G15-C48 or the

G18-y55-0P58 interaction.

DISCUSSION

This paper has addressed the mechanism of relaxation for the observed
T; values of the low field imino protons in yeast tRNAPM®,  In our earlier
paper1 we reported two general classes of rates observed: those showing
strong temperature dependence and those showing little or no temperature de-
pendence. All rates were thought to be exchange dominated because of the
nearly complete transfer of saturation from H,0 protons to the imino protons.

As discussed above, we still believe this to be true for the strongly temper-—

ature-dependent rates.
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The absence of temperature dependence for the low temperature rates
suggested a low-energy exchange mechanism. However, present data indicate
that chemical exchange does not contribute significantly to these rates. In
fact, within experimental error, the rates decreased by an amount equal to
the percent H,0 replaced by D,0, which is expected for a magnetically con-
trolled mechanism. In addition, such a process should show the small tem-
perature dependence observed.

The exact mechanism of relaxation is likely to be quite complicated and
cannot be rigorously defined by the data presented here. The nearly complete
transfer of saturation from H,0 to the imino region and the aromatic-amino
region indicates the importance of H,0 protons in the relaxation of tRNA pro-
tons. The equally efficient transfer of saturation from the predominately
aromatic protons to imino protons shows the extent to which saturation can be
transferred through the macromolecule. In addition, the size of the NOEs and
the isotopic sensitivity of the rates at low temperatures also points to the
importance of a coupled dipolar relaxation mechanism. Thus, the data taken

as a whole suggest that general spin magnetization diffusionl?

makes an im-
portant contribution to the observed rates, and this may explain why those
protons showing temperature-independent rates have similar values (4-10 sec'll}

The protons in the region between 9 to 11 ppm show a somewhat different
behavior. The lack of saturation transfer from the aromatic-amino region to,
particularly, the resonances centered around 9.7 ppm and 10.5 ppm and the
lack of specific NOEs from this region may indicate that exchange is impor-
tant for most of these protons even at 20°C. Further experiments should elu-
cidate this point.

An isotope effect, such as we observe at low temperature (Figure 2) could
be due to the mass difference rather than the spin difference between 14 and
24, However, the rate we observe is the off-rate for a proton independent of

14/24 ratio. Thus, it would not show a primary mass isotope effect. We can-
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not rule out the possibility that the effect shown in Figure 2 is non-magnet-
ic (e.g., viscosity change, small change in pH, or intramolecular exchange),
but the weight of evidence favors the explanation outlined above.

The selective NOEs can be useful in conformational analysis and in the
assignment of the observed resonances. The effects, Figure 3 (c,d), relating
a line at 11.8 ppm with one at 10.4 ppm show the usefulness of these observa-
tions. As we mentioned in Results, only two base pairs are capable of pro-
ducing two resonances simultaneously in the region between 10.4 and 12.0 ppm
arising from spatially neighboring protons. These two interactions are the
tertiary reverse Watson-Crick G15-C48 and the secondary wobble base pair GU4.
The wobble pairing would produce two resonances, both ofvwhich would be an
H-bonded imino proton between the NH of one base (GN;H or UN;H) and the car-
bonyl group of the opposite base (see Figure 5). The G15-C48 interaction is
a less likely assignment. The 11.8 ppm resonance could come from an imino
proton (GN;H) H-bonded to the carbonyl group of C48. The other proton from
the H-bond between the amino group of G15 (GN,H) and the ring nitrogen of C48
(N3) would have to resonate at 10.4 ppm. This amino proton resonates at

about 6.3 ppm in waterl1

and should be shifted upfield by its neighboring
bases, U59 and U8-Al4. Thus, a downfield shift of more than 4 ppm due to its
H-bonded interaction with C48 (see Figure 5) would be required to move it to
10.4 ppm. A shift of this magnitude seems unlikely. Therefore, the most
reasonable assignment is the wobble base pair GU4.

This assignment is further substantiated by the observation of an analo-
gous NOE in E. coli tRNA;f™t (unpublished observation in collaboration with
B.R. Reid). 1In that molecule we observe a definite NOE connecting a reso-
nance at 12.44 ppm with one at 11.59 ppm, clearly too far downfield to ex-

fmet this NOE is very

pect an amino proton. Therefore, for E. coli tRNA,
likely due to GU5l. Using the ring current shift parameters of Arter and

Schmidtlz, and assuming a normal RNA-11 helix in the vicinity of the GU base
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Figure 5. Base pairs discussed in the text, from reference 17.

pairs, we have calculated the chemical shift difference of the GN;H in E. coli
tRNAlfmet and yeast tRNAPN® to be 0.72 ppm, whereas we observe 1.19 ppm. In
the same way, we calculated the difference in the UN H protons to be 0.46 ppm
and observe 0.64 ppm.

Thus, for the first time there is direct experimental evidence to support
the existence of the wobble GU base pair in solution. It is interesting to
note that both resonances assigned to this base pair disappear with the bulk
of the tertiary resonances between 36° and 42°C. The recovery rate of the pro-
ton resonance at 11.8 ppm was one of the six that showed strong temperature

1 It was also one of the two proton resonances

dependence between 36° and 42°C.
which rate appeared to be sensitive to temperature at intermediate levels of
Mg++.1 These observations indicate the GU pair as a site of conformatioqal

flexibility in yeast tRNAPD® 1t is confirmed that GU base pairs can, in fact,

generate two proton resonances between 10 and 12 ppm which has been suggested
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before based on the number of GUs and the general intensity in this region!'g"l4
Also, the fact that one of the protons may resonate as far downfield as 12.44
ppm (E. coli tRNAlfmet) may explain why the intensity in the 10 to 11 ppm re-
gion does not correlate with the number of GU base pairs in the cloverleaf

for some tRNAs.ll

Furthermore, our results agree with the model studies of
Kallenback gglgl.IS, who found the N-H---0=C H-bonded proton to resonate at
11.8 ppm.

In addition, given the measured NOE (21%) and relaxation rate (7.7 sec”!,
21°C) a calculation was done for the distance between the two imino protons in
the GU4 base pair. Using equation (3) of Kalk and Berendsen10 for the cross-
relaxation rate and a value of (3 x 10~8 sec) for the rotational correlation

o
18, a distance of 3.2 A was calculated between GN;H and UN3H. This value

time
is in excellent agreement with the distance of 3.2 A calculated between these
two protons using the X-ray coordinates of Rich et al. (coordinates from Gary
Quigley, private communication).

Accompanying the dethiolation of S“U8-Al4 in E. coli tRNAs there is loss
of a resonance around 14.8 ppm with the appearance of a new resonance near
14.2-14.3 ppm.13’16 Our own high temperature exchange rate measurements on
yeast tRNAPhe suggested that the resonance at 14.35 ppm is one of the two
tertiary reversed Hoogsteen base pairs, either U8-Al4 or T54-m1A58.1 The NOE
mate to this line at 7.73 ppm is presumably, on the basis of its linewidth
as discussed above, the C8 proton of adenine (14 or 58, see Figure 5). How-
ever, this could conceivably be one of the adenine amino protons; its behavior
would have to be studied at lower H20/020 ratios in order to completely rule
out this possibility.

Using the dimension of a Watson-Crick AU base pairlg, where the AdC,H
and UN3H proton-proton distance is about 3 X (this is also about the distance
between AdCgH and UN H or TN;H protons in the reversed Hoogsteen base pair),

we have calculated a probable NOE value between these protons. For this cal-
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culation we used the relaxation rate (8 sec™!) for the non-exchangeable proton
resonance at 9.1 ppm with the assumption that all aromatic carbon protons
have nearly the same relaxation rates. We calculated a probable NOE (29%)
which is in excellent agreement with our observed NOE (30%).

Indirect observation of identified carbon proton resonances, via NOE,
should be interesting because these protons are much less sensitive than imino
protons to electrostatic effects. They are shifted almost entirely by ring
current shifts and, therefore, they may be more reliable conformational indi-
cators than the imino protons. Thus, they will be useful in comparisons of
different tRNAs, and for studies of buffer and cofactor influences on struc-
ture.

Finally, the relatively broad NOE-coupled peaks at 10.93 ppm and 7.35 pm
are presumably both nitrogen protons, and they could be either the H-bonded
amino-imino protons of the G15-C48 base pair or the H-bonded amino proton of
G18 and the imino proton of ¥55 or G18 derived from the G-18-¥55-OP58 inter-
action. At this time we cannot distinguish between these two possibilities.

We have observed several other specific NOEs in yeast tRNAPhe angd in E.-
coli tRNAlmet (in collaboration with B.R. Reid). Most of these are either
less interesting or less interpretable than those we report here, but it is
clear that such observations are feasible on any tRNA. The conclusions pre-
sented here are only a preliminary sample of the potential of such observa-

tions.
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ABBREVIATIONS

NOE, nuclear Overhauser effect; A, adenosine; C, cytidine; G, guanine; U,
uracil; ¥, pseudouridine; T, ribo thymine; DSS, 2,2-dimethyl-2-silapentane-
5-sulfonate; EDTA, ethylenediamine tetra acetic acid; FT-NMR, Fourier Trans-
form NMR; OP, double bonded phosphate oxygen; FID, free induction decay.
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