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ABSTRACT  We have monitored the exchange of imino and
amino protons by NMR after quick transfer of yeast tRNAA®P in
2H,0 solvent. When the concentration of exchange-catalyzing
buffer is not too high, one imino proton exchanges considerably
more slowly than any other (e.g., 100 hr versus 4 hr for the sec-
ond-slowest imino proton at 18°C in 15 mM Mg). This provides
excellent conditions for identification, by the nuclear Overhauser
effect, of the slowest exchanging proton, which we show to be the
imino proton of the U-8-A-14 reverse Hoogsteen tertiary-struc-
ture base pair; other slowly exchanging protons are identified as
imino protons from A-U-11 and G-W-13. In preliminary experi-
ments, we find that the exchange of these protons.is catalyzed by
cacodylate or Tris buffer. The lifetimes of two other imino pro-
tons, ca. 10 min at 28°C, are buffer independent. Slowly exchang-
ing amino protons have also been observed. Correlation with the
exchange of the uracil-8 imino proton suggests that they may be
from adenine-14.

tRNA molecules have a number of protons in slow exchange
with solvent, whose lifetimes range between seconds and hours
(1-4). Among these, one finds imino protons whose exchange,
normally very fast in the free bases, has been slowed down be-
cause of hydrogen bonding or shielding from solvent (2). Con-
ditions that affect the dynamic behavior of the molecule will
influence the number as well as the rates of exchange of slowly
exchanging protons. Several studies of proton exchange be-
havior of tRNAs have been carried out and a considerable amount
of information has been obtained, mostly by the 'H-H solvent
replacement technique developed by Englander et al. (1, 2, 5).
Recently, a method has been described that combines the res-
olution of tRNA proton NMR with "H-2H solvent replacement
(6). It provides the possibility of identifying the protons whose
rates are being studied, therefore rendering the hydrogen ex-
change studies much more meaningful.

In the proton NMR spectra of tRNAs in H;0, imino protons
resonate between —8 and —16 ppm (7). In particular, this re-
gion contains a single resonance from each A-U or G-C Watson-
Crick base pair and two (or possibly three) from each G-U or
G-¥ pair (¥, pseudouracil). If solvent is quickly changed from
H,0 to *H,0, the imino proton resonances will progressively
disappear through exchange. This has been observed in crude
tRNA as well as in yeast tRNA™™ (6), and similar experiments
have been carried out with some proteins (8). The yeast tRNA™"
study reported the existence of about five very slowly exchang-
ing imino protons, whose identity could not be confirmed, be-
cause good spectral assignments have only recently become
available (9, 10). For yeast tRNA*P also, a large part of the im-
ino proton spectrum has now been assigned through a com-
bination of transfer of saturation techniques with specific deu-
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teration of the bases (11, 12). In this paper, we report the
observation and identification of very slowly exchanging imino
protons in yeast tRNA*P. Many are found in a single region of
the molecule. A careful study by the nuclear Overhauser effect
(NOE) and selective deuteration shows that the slowest ex-
changing imino proton is that of the tertiary base pair U-8-A-
14. The exchange of this proton is buffer catalyzed.

MATERIALS AND METHODS

Preparation of Samples. Fully protonated yeast tRNA*P was
prepared as described (13) and its amino acid acceptance was
1,450 pmol/Agg unit. The Cg-deuterated tRNA was obtained
from a side fraction of the benzoyl-DEAE-cellulose step de-
scribed by Sanchez et al. (14). Integrity of tRNA was routinely
checked by electrophoresis (12% polyacrylamide, 40 cm length).
Samples of 100 Aggp units of tRNA were treated with Chelex
100 in 0.1 M NaCl/10 mM Na cacodylate, pH 7.0, to remove
all traces of divalent metal ions (15). The samples were then
extensively dialyzed against 1 mM Na cacodylate (pH 7.8) and
then against 0.5 mM Na cacodylate (pH 7.8); pH was checked
and adjusted with NaOH if necessary. Chelex beads were al-
ways present in the dialysate. After dialysis, samples were ly-
ophilized in conic glass tubes; resuspension in ever-decreasing
volumes of H;O and lyophilization resulted in a very small lump
at the bottom of the tube.

Exchange Experiment. One hundred Ay units of material
lyophilized as described above was suspended in 8 ul of H,O
buffer containing 0.1 M NaCl, 15 mM MgCl,, 10 mM Na ca-
codylate, pH 7.0. At this stage, the mixture was paste-like. At
4°C, 150 ul of *H,0 buffer of identical composition was added
and the solution was stirred vigorously with a pipette. This time
was defined as ¢t = 0. The sample was then placed in a NMR
microcell (Wilmad 508 CP) and kept on ice until introduced in
the spectrometer, which was pretuned with a similar sample.
A spectrum could be obtained within 5 min of ¢ = 0. The pD
of the sample was 6.2, as determined from the chemical shift
of the cacodylate methyl. (This is the midpoint of a separate
titration of this species in 2H;0, the pD being the uncorrected
value measured with a pH meter.) The final cacodylate con-
centration was calculated to be 14 mM.

NMR Methods. Spectra were measured at 276 MHz in a
home-built Fourier transform spectrometer (16). The origin of
the chemical shifts was 2,2-dimethylsilapentane-5-sulfonate,
whose frequency is computed from that of the lock signal pro-
vided by 2H,0. The water signal was minimized by the use of
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a (62 ,;107,6%;903;7,90%,) sequence (17) with 6° = 5.7° and 7 =
125 us at the resonant frequency of water. This sequence of
strong pulses provides second-order suppression of Hy,O ex-
citation without base-line distortion. The repetition time was
0.25s. In the NOE experiment, a selective inversion of the line
at —13.9 ppm was carried out before the observation pulse. This
was achieved by preirradiation, still at the HyO resonant fre-
quency, using a (6y;7;6%,), DANTE sequence (18), with 6° =
3°, 7= 200 us, and n = 30. The phase alternation enables us
to selectively invert a line that is offset from the irradiation fre-
quency. The time between the end of the preirradiation se-
quence and the beginning of the observation pulse was 35 ms.

Thus, selective suppression of water and selective inversion
of one spectral line were obtained using only strong pulses at
a single radio-frequency.

RESULTS

Slowly Exchanging Protons. The results of an exchange ex-
periment carried out with yeast tRNA*P at 28°C are shown in
Fig. 1. Several imino protons still remain 10 min after transfer
from H,0 to 2H;0. Of these, only peaks B and I, are still pres-
ent 40 min later and peak B can still be detected after 19 hr.

The lifetimes of the slowly exchanging protons are given in
Table 1, together with proposed assignments. Peaks A, I, and
L correspond to positions of proton resonances that have been
unambiguously assigned by Roy and Redfield (11) and Roy et
al. (12) using NOE techniques (Fig. 1). Peak B is at the position
(—13.9 ppm) similarly assigned (11) to U-8-A-14. (We have re-
peated and confirmed the measurements leading to these as-
signments.)

Assignment of the Slowest Exchanging Proton. Among the
slowly exchanging imino protons, peak B, assigned to U-8-A-14,
has a uniquely long lifetime. We found it surprising that the
slowest exchanging proton should be in a tertiary base pair.
Considering also the possibility of saturation spillover to sev-

L 1 1 l 1 1 d 1

-6 -5 -4 -183 -2 -1 -10 -9
ppm ‘

Fic. 1. Exchange experiment at 28°C. Traces: A, spectrum in H;0
(6,000 scans); B, 10 min after solvent change (900 scans); C, 38.5 min
after solvent change (900 scans); D, 19 hr after solvent change (4,500
scans). Spectra were broadened by 8 Hz and normalized for the number
of scans. Solution conditions were 0.1 M NaCl/14 mM Na cacodylate/

15 mM MgCly, pD 6.2/tRNA, ca. 1 mM. Peak identifiers correspond to
those used in ref. 12.
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Table 1. Slowly exchanging imino protons in yeast tRNA**

Lifetime (min)

Position,

Peak ppm Assignment 28°C* 18°C* 18°Ct
A -14.7 A-U-11 30 35 NS
B -13.9 U-8-A-14 630 6,080 200
E -12.96 ? 15 65 60
F -12.75 ? 10 65 60
I, -11.36 G¥-13 35 260 NS
L -10.38 G¥-13 10 20 NS

NS, not seen (lifetime, <10 min).
*In 14 mM Na cacodylate, pD 6.2/0.1 M NaCl/15 mM MgCl,.
*In 14 mM Na cacodylate, pD 6.2/0.1 M NaCl.

eral peaks located near —13.9 ppm, we decided that the as-
signment should be strengthened as much as possible. In the
case of a slowly exchanging proton, we have the possibility of
carrying out NOE experiments in ?H,0. Because only one im-
ino peak remains, spillover is then excluded and any observed
NOEs must originate from the slow exchanging proton.

Original assignment of the —13.9-ppm peak to U-8-A-14 (11,
12). 1f one assumes for yeast tRNA**P a structure similar to that
of yeast tRNA™™, two reverse Hoogsteen base pairs are ex-
pected to form: U-8-A-14 and T-54-A-58. Reverse Hoogsteen
base pairs give a NOE from the imino proton to adenine C(8),
whereas the NOE in a Watson—Crick base pair is to C(2). Using
tRNA deuterated on the C(2) of adenine (12) and tRNA deu-
terated on the C(8) of purines (11), two reverse Hoogsteen base
pair imino protons were indeed found, and each was assigned.
The assignment of the —13.9-ppm peak to U-8-A-14 was based
on the following: (i) a sharp NOE to —7.8 ppm, which vanishes
on C(8) deuteration (this proves the reverse Hoogsteen struc-
ture) and (ii) small (inter-base-pair) NOEs from —13.9 to —10.3
and —11.54 ppm, characteristic of a G-U or G-¥ base pair. Of
the four such base pairs in the molecule, only one is close to a
reverse Hoogsteen base pair, namely G¥-13, close to U-8-A-
14.

NOE experiments in *H;0. We first carried out an experi-
ment with tRNA fully protonated on C(8). The result of irra-
diation at —13.9 ppm is shown in Fig. 2 (trace A). Prior to the
experiment, the sample was incubated for 24 hr at 15°C, after
solvent replacement, to allow exchange of all imino protons ex-
cept that at —13.9 ppm. There is a sharp NOE at —7.8 ppm
and a broad one at —8.8 ppm, in agreement with the earlier
measurements in H,O. (Another broad peak is observed at —7.9
ppm. This is discussed below.)

All NOEs decreased in intensity together with the —13.9 ppm
peak (lifetime, =3 days at 20°C). As is to be expected in 2H,0,
there were no NOE:s to the (exchanged) imino protons of G-¥-
13 at —10.3 ppm. These results confirm that the NOEs at —7.8
ppm and —8.8 ppm arise from irradiation of one and the same
proton at —13.9 ppm and thus support the earlier assignment
to U-8:A-14. In consequence they show that U-8:A-14 must
contain the slowest exchanging proton. Another observation that
supports the U-8-A-14 assignment is the persistence of the slow
exchange at 18°C in the absence of magnesium (lifetime, 200
min). Under these conditions, the nearby resonance of A-U-7
is melted (12), so that A-U-7 is excluded as a candidate for the
slow exchanger.

Lastly, we have carried out the 2H,O version of the NOE
experiment with C(8)-deuterated tRNA. The results are shown
in Fig. 2 (trace B). The NOE to the narrow peak at —7.8 ppm
has nearly vanished, whereas the broad peaks at —7.9 and —8.8
ppm appear unchanged. This agrees with the earlier experi-
ment in H,O and thus supports the earlier conclusion that the
—13.9-ppm peak is from a reverse Hoogsteen base pair (a bet-
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Fi6. 2. NOE experiment at 20°C in 2H;0. Solution conditions were
as in Fig. 1. The figures show differences between spectra (data not
shown) obtained by preirradiating alternately at —16.13 ppm and —13.9
ppm. Traces: A, fully protonated tRNA; B, tRNA deuterated on C(8) of
purines. The narrow peak at —7.8 ppm in trace A is absent in trace B.

ter signal/noise ratio would help).

Carried out on a spectrum containing a single imino proton,
the experiments in 2H,0 support and strengthen the earlier as-
signment of the —13.9-ppm peak to U-8-A-14, and they show
that U-8-A-14 is the slow exchanger. They demonstrate the use
of the NOE in 2H,O for the assignment of an imino proton res-
onance.

Slowly Exchanging Amino Protons. According to Teitelbaum
and Englander (19), exchange of the amino protons of adenine
or cytosine requires attack of one of the amino protons by a
general base and simultaneous protonation at the imido posi-
tion [N(1) of adenine, N(3) of cytosine]. Since these imido po-
sitions are hydrogen bonded in Watson—Crick base pairs and
cannot then be protonated (19), we were induced to search for
slowly exchanging amino protons. A difference spectrum from
an exchange experiment carried out at 35°C is shown in Fig.
3. The lifetime of the (reverse-Hoogsteen) U-8-A-14 imino pro-
ton at —13.9 ppm is 10 min. Some protons in the amino region
exchange even more slowly (300~1,000 min). Remarkably, two
of these, at —7.9 and —8.8 ppm, correspond to the broad NOEs
from the U-8-A-14 imino (Fig. 2), suggesting that they may be
amino protons from adenine-14.

At first sight this is surprising: in the reverse-Hoogsteen U-
8:A-14, the N(1) imido position of adenine is not blocked by
hydrogen bonding to uracil-8, and one would therefore expect
the adenine-14 amino protons to exchange quickly. But the re-
cent refinement of crystallographic data (D. Moras, personal
communication) shows that, in contradistinction to yeast tRNA™,
adenine-21 of yeast tRNA**® is placed so that it might block ac-
cess to the amino group of adenine-14. Both amino protons of
adenine-14 would then be inaccessible to a general base, and
their exchange would thus be inhibited.

Lastly, it should be pointed out that amino protons could be
broader in a proton than in a deuteron environment. This could
explain why the —7.9 line was not seen in the original H;0 ex-
periment.

Buffer Effects. The effect of buffer on the exchange rate is
a clue to the mechanism of exchange (19). In preliminary stud-
ies, we found that the exchange rates of the unidentified imino
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Fic. 3. Amino proton exchange experiment at 35°C. The spectrum
shown is the difference between spectra accumulated at early (180-400
min) and late (900-1,120 min) times after solvent exchange. The initial
waiting time results in disappearance of most amino protons and all
imino protons except that of A-U-8 at —13.9 ppm, whose intensity cor-
responds to 0.2 proton (the lifetime, measured independently, is 150 min).
The amino proton lifetimes are in the range of 300 min (at —9.5 ppm)
to 1,000 min (at —7.9 ppm) under the same conditions. Two peaks occur
at the same positions (—7.9 and —8.8 ppm) as the broad NOEs of Fig.
2 (trace B). They may correspond to the amino protons of adenine-14.
Conditions were 0.1 M NaCl/10 mM Na cacodylate/15 mM MgCl,/tRNA,
ca. 1 mM; recurrence time, 1.2 s.

protons at —12.96 and —12.75 ppm (Fig. 1) are not sensitive
to the concentration of Tris or cacodylate buffer. In contrast,
the exchange rates of the imino protons of U-G-10, A-U-11, G-¥-
13 and U-8-A-14 are increased by these buffers. Furthermore,
slow exchange of the imino proton of U-G-10 at —11.8 ppm is
observed when the cacodylate buffer concentration is reduced
to 0.1 mM. The lifetime of the imino proton of U-8:A-14, ex-
trapolated to infinite buffer concentration, is only 5 min at 20°C.

DISCUSSION

Existence of a Region of Slowly Exchanging Protons. If one
considers the tertiary structure of yeast tRNA*®P (using yeast
tRNAP as a model; Fig. 4), it appears that the assigned slowly

A V] 70
A GCCC G UCGCGGAGCCA
GGGGmMSC AGUGCCU
c 1 % 5
Ves ’
D
20C

1
m' G Yeast tRNAphe

U
Yeast tRNAASP

Fic. 4. Nucleotide sequence of yeast tRNAA*® [presented as in Kim
et al. gZhO)] and tertiary representation of the D-stem region in yeast
tRNA™™,
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exchanging protons are found in a single domain of stacked base
pairs and triplets. The U-8-A-14 base pair, which forms the so-
called “augmentation” of the D stem, stacks on the first base
pair of the D stem, G-W-13, which is also a slowly exchanging
one, and is itself stacked on the next base pair of the D stem
A-U-12. A-U-12, which is not slowly exchanging, stacks on A+U-
11 (which is), itself stacked on U-G-10 (marginally slow; see be-
low), the last base pair of the D stem.

These observations show that exchangeable protons in the
augmented D-stem domain are remarkably protected against
proton exchange. However, to go beyond this qualitative state-
ment, one must investigate the mechanism of this protection.
If proton exchange in the open state is faster than return to the
base-paired state, the measured exchange rate is equal to the
base-pair opening rate (the inverse of the base-pair lifetime).
If the converse is true—i.e., if return to the base-paired state
occurs faster than proton exchange in the open state—the ob-
served exchange rate is smaller than the opening rate (19). Since
the exchange rates of the unidentified imino protons at —12.96
and —12.75 ppm (Fig. 1) are not sensitive to buffer, they likely
reflect base-pair opening. In contrast, the exchange rates of the
imino protons of U-G-10, A-U-11, G*¥-13, and U-8-A-14 are
limited by chemical exchange.

The Slowest Exchanging Proton. Whereas an isolated uri-
dine exchanges its imino proton with solvent in a small fraction
of a second, the imino proton of U-8-A-14 exchanges in 10 hr
at 28°C and 100 hr at 18°C in 14 mM cacodylate buffer/15 mM
Mg. Such times are 20 times as large as those for the second-
slowest imino proton of yeast tRNA*P,

The dependence on buffer concentration shows that the ob-
served exchange rate is much smaller than the rate of base-pair
opening;: 0.2/min at 20°C. Hence, when the base pair is open,
it usually closes back before the proton has time to exchange.

We cannot currently explain this phenomenon, but we note
for comparison that, in yeast tRNAPP, U-8-A-14 exchanges rap-
idly (6). Two features may contribute to this difference: one is
the absence of base 47 in yeast tRNA*P, This may improve the
stacking of U-8:A-14 on A-15-U-48. The other is the position of
adenine-21, which was invoked above to explain the slowly ex-
changing amino protons at —7.9 and —8.8 ppm, to which the
uracil-8 imino proton is NOE connected.

The buffer effect on the lifetime of the uracil-8 imino proton
offers a means to explore the properties of the U-8-A-14 base
pair.

Comparison with Other tRNAs. Comparative studies of the
slowly exchanging protons will be reported elsewhere. We
mentioned above that in yeast tRNA™® U-8:A-14 is not a slowly
exchanging proton. In this tRNA species, a very slowly ex-
changing proton falls at a position assigned to G-C-11 (6, 9, 10);
two slow but shorter lived spectral peaks are assigned to G-C-
13 and m*G-C-10 (10). Thus, in this tRNA also, exchange of some
D-stem imino protons is slow. In this structural region, the two
tRNAs differ with respect to the position of adenine-21, as noted,

Proc. Natl. Acad. Sci. USA 80 (1983) 4333

and also regarding G-26-A-44. In yeast tRNA™ this base pair
is m%G-26:A-44, and it is twisted because of the two methyl
groups (20).

Recently, Heerschap et al. (9) have observed the NOEs as-
sociated with U-8:A-14 and with some protons of the D stem
of yeast tRNA™™ in 5 mM Mg?* at 45°C, whereas NOEs of
protons from other parts of the molecule have vanished under
these conditions. We would expect a connection between per-
sistence of the NOE and slow proton exchange, whether the
latter is due to a long base-pair lifetime or to fast closure of the
open structure.

Imino protons as long-lived as the ones described in this study
have not been reported in the classic hydrogen—tritium ex-
change studies of nucleic acids. A possible explanation is that
they could have been overlooked due to the experimental pro-
tocol (too short a preincubation in *H for example). Such pro-
tons could exist not only in tRNAs but also in other RNAs with
a highly complex tertiary structure such as ribosomal RNAs.
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