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Study of Transfer Ribonucleic Acid Unfolding by Dynamic Nuclear 
Magnetic Resonance+ 

Paul D. Johnstont and Alfred G. Redfield* 

ABSTRACT: Nuclear magnetic resonance (NMR) measure- 
ments of proton exchange were performed on yeast tRNAPhc, 
and in much less detail on Escherichia coli tRNAMet, over 
a range of Mg2+ concentrations and temperatures, at neutral 
pH and 0.1 M NaCl. The resonances studied were those of 
ring nitrogen protons, resonating between 10 and 15 ppm 
downfield from sodium 3-(trimethylsily1)- 1 -propanesulfonate, 
which partake in hydrogen bonding between bases of secondary 
and tertiary pairs. Methods include saturation-recovery, line 
width, and real-time observation after a change to deuterated 
solvent. The relevant theory is briefly reviewed. We believe 
that most of the higher temperature rates reflect major un- 
folding of the molecule. For E. coli tRNAM", the temperature 
dependence of the rate for the U8-Al4 resonance maps well 

A knowledge of the modes of flexibility of transfer ribo- 
nucleic acid (tRNA) is interesting in itself and is relevant to 
other RNA classes. The rates of exchange with solvent of 
labile protons within tRNA are likely to reflect such flexibility. 
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onto previous optical T-jump studies for a transition assigned 
to tertiary melting. For yeast tRNAPhc, exchange rates of 
several resolved protons could be studied from 30 to 45 OC 
in zero Mg2+ concentration and had activation energies on the 
order of 40 kcal/mol. Initially, the tertiary structure melts, 
followed shortly by the acceptor stem. At high Mg2+ con- 
centration, relatively few exchange rates are measurable below 
the general cooperative melt at about 60 OC; these are at- 
tributed to tertiary changes. Real-time observations suggest 
a change in the exchange mechanism at room temperature 
with a lower activation energy. The results are compared with 
those obtained by other methods directed toward assaying 
ribonucleic acid dynamics. 

Nuclear magnetic resonance (NMR) provides a potentially 
powerful way to study exchange rates, provided that resonances 
can be identified. The present paper summarizes our mea- 
surements of such rates as a function of temperature and 
magnesium concentration, and their interpretation in light of 
recent studies directed toward identification (Johnston & 
Redfield, 1981). 

Physical studies of tRNA have been reviewed by Crothers 
& Cole (1978) and Crothers (1979). There is good evidence 
that in the presence of 0.1 M NaC1, as used in our work, the 
structure of tRNA approximates the native, active form 
whether magnesium is present or not. In the presence of 
magnesium, the native structure is stable to fairly high tem- 
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peratures (-60 “C) and melts almost entirely in one step, 
whereas in zero magnesium concentration, melting starts at 
a lower temperature and appears to occur as a sequence of 
several steps (Privalov & Filimonov, 1978). It is generally 
assumed that the tertiary structure melts first, followed by 
independent melting of the four secondary helixes (Stein & 
Crothers, 1976). 

X-ray diffraction studies indicate several magnesium binding 
sites, but do not indicate their strength. Binding studies show 
the expected 20-25 loosely bound Mg2+ ions and a few tightly 
bound ions, the number depending on conditions and the 
tRNA species (Schimmel & Redfield, 1980). At moderate 
salt concentration and low temperature, Mg2+ binding does 
not appear to be cooperative. Phosphorus NMR studies in- 
dicate that the strong binding sites (for Mn2+) are not localized 
and that bound divalent ions move rapidly about the backbone 
(GuEron & Leroy, 1980). Proton NMR studies are generally 
consistent with these conclusions and are ambiguous con- 
cerning localization of binding. We presented proton spectra 
for various Mg2+ concentrations [see Johnston & Redfield 
(1 98 l)]. The present study is primarily concerned with zero, 
and rather high, Mg2+ content per tRNA. The effects of 
polyamines will be presented elsewhere (J. S. Tropp and A. 
G. Redfield, unpublished experiments). 

NMR studies of exchange rates in zero Mg2+ concentration 
are of some use in developing or confirming hypotheses con- 
cerning resonance identification [see Johnston & Redfield 
(1977, 1978, 1979, 1981), Kearns & Bolton (1978), Romer 
& Varadi (1977), Robillard & Reid (1979), and Hilbers 
(1979)l. When identifications have been made, they can then 
be used to clarify melting phenomena observed by other 
methods. In particular, low-temperature NMR rate data can 
be mapped onto high-temperature optical relaxation data 
(Crothers et al., 1974; Hilbers et al., 1976) by use of tem- 
peraturedependent studies and by assuming a single activation 
energy. In these previous studies, only a single NMR tem- 
perature point could be correlated with the extrapolated optical 
data, whereas in the present work, we could also correlate 
independently measured activation energies. 

Studies of the exchange rate as a function of Mg2+ con- 
centration are also useful for identification since they pick out 
resonances which are magnesium sensitive, in either spectral 
position or rate, and these are expected to arise from protons 
near ion binding positions (Bolton & Kearns, 1977). In ad- 
dition, information on the number of tightly bound Mg2+ ions 
is obtained. 

Measurements in the presence of high magnesium concen- 
tration are most likely to be relevant for tRNA function. 
Unfortunately, only a small number of protons show kinetics 
that can be measured by our more powerful direct methods 
below the cooperative melt, or before degradation of the sample 
becomes a problem. Most of the rates below the melting 
temperature are in a range between 0.005 and 5 s-l, which is 
inaccessible to NMR measurements at this time. 

Other than our own work, and a recent study by Hurd & 
Reid (1980), prior work has always used line widths and other 
purely spectral changes to study kinetics. Line-width mea- 
surement is difficult and covers only a narrow range of rates. 
We have introduced two methods for these studies in tRNA 
which extend the range of rates and permit better determi- 
nations of their activation energies. Preliminary descriptions 
have been published (Johnston & Redfield, 1977,1978,1979). 

Materials and Methods 
Escherichia coli tRNAMet was the generous gift of Dr. 

Brian Reid and had been purified from crude tRNA by 
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chromatography on BD-cellulose, DEAE-Sephadex A50, and 
Sepharose 4B (Reid et al., 1977). Amino acid acceptance was 
1.75 n m ~ l / A ~ ~ ~  unit. It was dialyzed against 2 X 6 L of 10 
mM EDTA, pH 4.0, and then 2 X 6 L of glass-distilled water 
and lyophilized. Both buffers contained 0.1 M sodium thio- 
sulfate. tRNA (140 units) was dissolved in 200 pL of a buffer 
containing 10 mM EDTA, 0.1 M NaCl, and 10 mM sodium 
cacodylate, pH 7, and run in a semimicro NMR tube (Wdmad 
508-CP) that had been acid washed. The NMR buffer con- 
tained 5% D 2 0  that had been treated with Chelex, and it was 
Millipore filtered before use. 

Yeast tRNAPhe samples were prepared as described in 
Johnston & Redfield (1981). All buffers were 0.1 M NaCl 
and 10 mM cacodylate, pH 7, and tRNA concentrations were 
approximately 1 mM. All samples were dialyzed against the 
stated buffer in a flow-dialysis microcell. One sample was not 
sufficiently rigorously dialyzed and contained about 20 mol 
of total MgC12 per mol of tRNA, as estimated by comparison 
of its NMR spectrum with those of samples containing known 
Mg2+ concentrations. We refer to this sample as having about 
20 mM total MgC12 content. A sample which was dialyzed 
against 15 mM MgC12 probably contained more than 30 mol 
of MgC12 per mol of tRNA and will be referred to as the high 
Mg sample. Rate measurements were also performed at  37 
OC on a sample which was titrated from 0 to 30 mol of 
MgC12/tRNA in the presence of 10 mM EDTA, and a series 
of spectra were obtained on a Mg-free sample to which was 
added 7 mM EDTA and 15 mM MgC12. 

NMR spectra were obtained as described in Johnston & 
Redfield (1981). Temperature accuracy is estimated to be 
f 2  OC. The transverse relaxation rate, or its inverse ( T J ,  was 
estimated from the full line width at half-maximum multiplied 
by a. Apparent longitudinal relaxation rates (henceforth, we 
call this the “relaxation rate” and denote its inverse by T , )  
were measured by a selective saturation-recovery sequence: 
A long (usually - 100 ms) weak preirradiation at a frequency 
f2 was followed by a delay 7 and then the 214 observation 
pulse. The amplitude of the preirradiation was adjusted to 
saturate only one or a few lines, as determined empirically by 
observation of the spectrum with 7 small. A 2-ms homogeneity 
spoil pulse followed thefi irradiation, to destroy the H20 signal 
that the f2 pulse stimulates, and was always followed by a 3-ms 
spoil-recovery interval to allow the homogeneity to recover. 
In later runs, the radio frequency (rf) signal at f? was mixed 
with an audio frequency at fa to produce irradiation at two 
separated lines at frequenciesfi f fa, so that relaxation times 
of both lines could be measured in a single run. An example 
is given in Figure 1 ,  which also shows the labels we use for 
lines of the spectrum of yeast tRNAPhc, identical with those 
used in Johnston & Redfield (1981). 

It is possible to saturate the entire spectrum with a broad- 
band frequency-modulated preirradiation that does not saturate 
the water resonance, and thereby measure the relaxation time 
of all lines simultaneously. We generally use the selective, 
rather than the broad-band, saturation-recovery sequence 
because it permits better resolution of relaxation of individual 
lines. 

The relaxation rates are expected to contain two contribu- 
tions, one due to interactions with other spins and the other 
to chemical kinetics: 

The magnetic contribution TIM-’ arises from cross-relaxation 
of energy with neighboring protons, from where it is dissipated 
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15 14 13 12 1 1  10 9 
pprn Downfield from DSS 

FIGURE 1: Pinpoint saturation-recover run (partial data) for peaks 
A + B and G of 1 mM yeast tRNAde in the presence of 10 mM 
EDTA and 30 mM MgC12, 37 O C .  Irradiation is at the points marked 
by arrows (bottom) by use. of a radio frequency mixed with an audio 
frequency as described in the text. Delays after irradiation are marked 
on the spectra. Sample volume is 200 rL, and time required is about 
4 h, for six time points. The spectral lines referred to in the text are 
marked on the top spectrum (see also Figure 4). 

by further cross-relaxation with further spins. The magnetic 
contribution to the line width, T2M-1, is from magnetic dipolar 
broadening by neighboring spins, either other protons or I5N 
in the case of ring nitrogen protons. Both TIM and T2M are 
expected to vary weakly with temperature, so R1 and T2K-1 
are derived from the observed rates by subtracting from them 
the values of TI-] and Tyl at  20 OC, where the kinetic rates 
are negligible and the observed rates are nearly temperature 
independent. 

The quantity R1 in eq l a  is assumed to be the solvent ex- 
change rate. We will call measurement of exchange by se- 
lective saturation, and the use of eq la  to correct for magnetic 
relaxation, the saturation-recovery method of rate measure- 
ment. In this method, in effect, the spins “recover” from 
presaturation by being replaced with solvent spins which were 
not saturated. 

In most cases, the extra kinetic line-width contribution, 
TZK-’, is also expected to equal R1, and we call this the line- 
width method of rate measurement. Later, we will briefly 
discuss when T2K-1 is not equal to R1. The line-width method 
is limited by the signal-to-noise ratio and spectral overlap to 
rates between about 100 and 200 s-’. This means that the 
temperature must often be so high that the tRNA has ap- 
preciably unfolded. 

We have also estimated R1 at low temperature by rapidly 
changing the solvent from H20  to D 2 0  and observing those 
resonances of imino protons which exchange in more than a 
few minutes (Johnston et al., 1979). We call this the real-time 
method. It is limited to the relatively few protons (about five) 
which exchange slowly enough to remain after a few minutes. 

Theory 
We outline the results of NMR theory (Crothers et al., 

1974) relevant to this study directed toward the nonspecialist 
reader. Experts will recognize some assumptions and over- 
simplifications introduced for the sake of brevity and reada- 
bility; we will mention some of these where they may be im- 
portant or questionable. 

The simplest model for proton exchange (Englander & 
Englander, 1978; Hilbers, 1979) is symbolized by the reaction 
scheme 

kx 
closed & open - solvent 

kc, 

Here “closed” represents the native form of tRNA, “open” 
is unfolded tRNA, and k, is the rate of solvent exchange from 
the open species. This scheme is clearly an oversimplification 
since different parts of the molecule open at  different rates. 
Also, it is by no means clear that there is only one “open” state; 
perhaps at low temperature, the dominant pathway involves 
some partially open state. It is also conceivable that proton 
exchange occurs directly from the “closed” state. However, 
lacking more information, we will use this scheme as a working 
model and assume that in the “open” state the imino proton 
is exposed to solvent and that the closed-open reactions are 
the ones observed by optical and calorimetric methods. 

Our interpretation of our data can be stated very simply: 
Except where we explicitly say otherwise, we believe the rate 
R1 is nearly equal to k,,. This is predicted by eq 2 if k, >> 
kcl, so that k, is rate limiting, for the saturation-recovery and 
real-time methods. These methods are equivalent to tritium- 
exchange measurements, provided, in the case of the satura- 
tion-recovery method, that the subtraction of can be 
made reliably. Estimates of k,, for ring nitrogen protons on 
free bases at pH 7, are in the range of 105-106 s-l at  20 OC, 
and these rates are presumably higher at  the temperatures 
where we make most of our measurements. Estimates for kcl 
are generally less than lo3 s-l except for the highest tem- 
perature transitions. 

One case where R1 may not equal k,, is for real-time 
measurements below room temperature (Johnston et al., 1979). 
In that case, the relatively low activation energy suggests a 
change in mechanism, perhaps involving direct solvent ex- 
change via diffusion from the closed state, or opening of single 
base pairs. 

The line-width method also measures R1, provided that kcl 
5 27rVOp -All, whereAl is the NMR frequency of the line in 
question for the closed states andf, is that either for the open 
state or for H20,  depending on considerations which we need 
not discuss. The frequency shift& -f, is likely to be at least 
1 ppm, or 270 Hz, for most exchangeable protons except 
possibly those on unpaired bases, and this condition is generally 
obeyed. 

By adding exchange catalysts which are expected to affect 
k,  and not k,, one can attempt to establish whether kq is rate 
limiting or not. This has been done by others for various cases 
(Mandal et al., 1979), including tRNA at high temperature 
(Hurd & Reid, 1980), and the result has been that R1 is indeed 
opening limited for all double helixes studied so far, for ring 
N protons. 

Finally, we consider line intensities. Spectral lines will 
become relatively indistinct in the spectrum when R ,  becomes 
a few times the magnetic line width TZM-l. Thus, for practical 
purposes, they will seem to disappear. We call this kind of 
disappearance an NMR melt. 

Spectral lines will also disappear when the equilibrium 
constant K = kcl/kOp becomes appreciably less than one, even 
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I I 
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FIGURE 2: Low-field NMR spectra of E. coli tRNAwd in zero MgC12 
concentration as a function of temperature. Buffer was 0.1 M NaCl, 
10 mM EDTA, and 10 mM sodium cacodylate, pH 7.0. 

1 

O ' I  

t 

\ 
Stem 

'4 Anticodon Stem 

3 3  3 2  31 3 0  2 9  2 8  2 7  

( I / T ) x 1 0 3  ( O K - ' )  

7 

Io+ E 
FIGURE 3: Mapping of E. coli tRNA"" saturation-recover rates 
for peak A (corrected by subtracting a magnetic rate of 10 s- ) onto 
optical temperature-jump data of Crothers et al. (1974). (0) This 
research; (0) T-jump data assigned to tertiary and D-stem unfolding; 
(A) T-jump data assigned to anticodon unfolding; (m) NMR point 
from Crothers et al. obtained by line broadening of peak A. 

if there is not important kinetic broadening. We believe this 
occurs for a few resonances, and we will call such a disap- 
pearance an equilibrium intensity loss. 

I , I 

15 14 13 12 1 1  IO 9 
ppm Downfield f rom DSS 

FIGURE 4: Temperature de ndence of the resolved low-field proton 

was dialyzed against a buffer containing 10 mM EDTA, 0.1 M NaCl, 
and 10 mM sodium cacodylate (pH 7). The spectra from 23 to 33 
OC are the result of 10000 free induction decays while those taken 
at 36 "C and above are the result of 16 000 free induction decays. 
All spectra are plotted to correct for the differences in these numbers. 
The specific activity of the yeast tRNAPh" was 1.8 nmol of Phe/AU8 
unit of tRNA, and the NMR sample contained 105 A258 units of 
tRNAPh" in 180 pL of buffer. Peaks A, B, and N are marked in the 
bottom spectrum; see Figure 1 (top) far other spectral lines. 

resonances of yeast tRNA P r  in the absence of MgC12. The tRNAPbc 

Results 
E.  coli t R N p f .  Early events in the thermal melting of 

this species in zero MgClz concentration are shown in Figure 
2. Reversibility of the melt was established by running a 
spectrum at the end of this series after returning to low tem- 
perature. We report on limited kinetic data from this sample 
for peak A which has been reliably assigned to the NH-N 
proton of the reverse Hoogsteen tertiary interaction sU8-Al4 
(Daniel & Cohn, 1975; Wong et al., 1975; Robillard & Reid, 
1979). It appears from Figure 2 that this peak decreases in 
intensity by more than 50% before any broadening is observed, 
implying an equilibrium intensity loss. 

This conclusion was confirmed by saturation-recovery 
measurements on peaks A, between 4 and 47 OC. From 4 to 
31 "C, the observed rate is 10 f 1 s-I, and we assume that 
this is due to magnetic cross-relaxation, This rate was sub- 
tracted from rates observed from 34 to 47 OC, and the inverse 
of the result was plotted in Figure 3, as a proton exchange time. 
Also plotted in Figure 3 are exchange time and optical re- 
laxation time data reported for two transitions of the same 
tRNA obtained under similar conditions (Crothers et al., 
1974). Note that the coordinates in Figure 3 are essentially 
reversed relative to those we use in later figures, to conform 
to the presentation of Crothers et al. 

Yeast tRNAPhe. Spectra obtained at zero, and moderate, 
MgClz concentration are shown for various temperatures in 
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15 14 13 12 I I  IO 9 
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FIGURE 5: Temperature dependence of the NMR spectra of yeast 
tRNAPhe in the presence of low MgC12 concentration. The 
tRNA/MgC12/EDTA ratio is 1:15:7. Temperatures are marked. 

---LA-- 

23-29' ? 

I I I I I 

15 14 13 12 II IO 9 
ppm Downfield from DSS 

FIGURE 6: Selected difference spectra, between spectra of Figure 2 
and others obtained in the same run, for yeast tRNAPhc in zero MgCI, 
concentration. For reference, 23 and 5 1 "C spectra are included. All 
plots are at the same gain. 

Figures 4 and 5 .  Selected difference spectra are shown in 
Figures 6 and 7. 

35-40° 

30- 35' 

I I I 1 I 

15 14 13 12 I 1  IO 9 
ppm Downfield from DSS 

FIGURE 7: Selected difference spectra, between spectra of Figure 3 
and others obtained in the same run, for yeast tRNAWD in 15 mol 
of added MgCl, per mol of tRNA, and 7 mM EDTA. For reference, 
end spectra are also included. 

X 

t 1 3 2  ( I / T ) x 1 0 3  3 3  

FIGURE 8: Exchange rates for protons having resolved or partially 
resolved resonances in yeast tRNAmc at zero MgCll concentration. 
(0) Peak A, secondary AU, possibly UA6; (X) peak B, probably 
U8-Al4; (+) peak C, possibly AU5; (W) peak G, possibly G19-C56; 
(A) peak L, U69 of the pair GU4; ('I) peak M, unassigned. Lines 
connecting data points are for the reader's convenience. 

Spectral data at various temperatures were also taken on 
the high MgC12 sample (dialyzed against 15 mM MgC12), and 
on the moderate MgC12 sample containing 1 mM EDTA and 
a probable Mg/tRNA ratio of about 20:l (see Materials and 
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Table I: Exchange Rates for Composite Imino Resonances 
of Yeast tRNAPhe in Zero Mgz+ Concentration' 

temp ("C) 
tentative 

peak assignment6 30 36 42 

I -  

- 
' y  01 
v) 

a - 
0.01 

V O L .  2 0 ,  NO.  1 4 ,  1 9 8 1  4001 

I "\, 

I 

Not 

\ 
- Accessible 

by NMR \ 
'\ - 

~ 

D AU52,UA12/AU7 + / l o  +/20 35/gone 
E m'G46-G22 20 30 gone 
F 11,29,50 +/15 +/35 7/120 
H GClO t I 10 
I ?/GC1 t / 5 0  +/gone - 
J secondary GC t 5/20 10/45 
K CG13/G15C48 +/20 +/20 7/gone 

I 7 

tRNA (1 mM) in 0.2-mL volume with 10 mM cacodylate, pH 
7, 10  mM EDTA, and 0.1 M NaCI. Saturation-recovery rates in 
s-', corrected for magnetic relaxation by subtracting 5 s-'. (+) 
means data taken but rate not significantly different from zero 
(<5 s-') .  (-) means no data taken. Slash means biphasic relax- 
ation with the indicated rates. 
for discussion. 

See Johnston & Redfield (1981) 

Table 11: Exchange Rates of Imino Protons of Yeast tRNAPhe 
at 37 "C as a Function of the Total Mg/tRNA Ratio' 

Mg/tRNA tentative 
peak assignment 0 1 4 10 30 

A UA6 20 20 
B U8-Al4 15 10 lo ' 
G G19-C56 35 5 + + t  
L U69 10 10 5 5 5  
M 30 15 10 t t 
N $55N1 70 20 10 15 
0 - - 200 20 2o 
P G4,m:G26 - - 1 0 5 5  
Q 30 25 15 
R 25 60 30 25 

' Initial conditions were about 1 mM tRNA, 10 mM EDTA, 0.1 
M NaC1, and 10 mM sodium cacodylate. Concentrated MgC1, 
was added successively to yield final 6% dilution. Other condi- 
tions and notations were as described in Table I. 

Methods). No important temperature-dependent spectral 
differences were found between these samples and that used 
to obtain Figures 5 and 7. 

Relaxation rates in zero Mg concentration are plotted in 
Figure 8 for several resolved resonances; those for overlapping 
resonances are summarized in Table I. 

All saturation-recovery measurements leveled off around 
room temperature at a magnetic rate of 4-9 s-l. To correct 
for this magnetic contribution, we have subtracted 5 s-l from 
all yeast tRNAPh" rates in this paper to obtain R,, as discussed 
above. The maximum error in this procedure is likely to be 
5 s-1. 

We have studied saturation-recovery rates at moderate and 
high MgCl, concentrations up to 50 OC. For almost every peak 
in the spectrum, the observed rates are nearly temperature 
independent in the presence of MgC12 up to 50 OC, suggesting 
that magnetic relaxation dominates and that the solvent ex- 
change rate is less than 5 s-l for most imino protons. Ex- 
ceptions to this are peaks A or B, C, and L and components 
of E and F. Rates for these peaks are summarized in Figure 
9, which also shows limits for exchange of typical imino protons 
inferred from line width, saturation-recovery, and real-time 
measurements and rates for the most slowly exchanging pro- 
tons observed by the real-time method. The only clear dif- 
ference between rates for moderate and high MgCl, concen- 
trations is that exchange for a component of peak E is much 
slower at high MgC12 concentration than at moderate MgCl, 
concentration. Table I1 shows the results of saturation-re- 
covery measurements as a function of MgCl, concentration, 

0.001 

IO+ 1 
 IO-^ 

- 31 3 3  3 5  

( I / T ) x 1 0 3  

FIGURE 9: Exchange rates for various ring nitrogen protons of yeast 
tRNAm in the presence of magnesium. For comparison, dashed lines 
indicate results in zero magnesium concentration: (A) typical tertiary 
proton (see Figure 8), activation energy 65 kcal/mol; (B) poly(rA-rU) 
ring N protons as reported by Mandal et al. (1979). Data obtained 
in samples dialyzed against 15 mM MgC12 are denoted by solid 
symbols; other points were obtained with approximately 20 mM total 
MgCI2. (M) Typical secondary GC, from line width; (V) UA12 and 
(0) most stable secondary GC (in unfractionated tRNA), by real-time 
observation. Saturation-recovery measurements: (0) peak A-B, 
US-AI4 and possibly UA6; (A and A) component of peak E, possibly 
m'G46; (+) peak L, U69 of the pair GU64; (0) component of peak 
F, possibly A3.3 1. 

in the presence of 10 mM EDTA at 37 OC. Two spectra from 
this titration were also shown in Johnston & Redfield (1981). 
Interpretation. (a) E. coli tRNA"*. The data of Crothers 

et al. (1974) shown in Figure 3 measure the relaxation time 
T,  where, for a two-state model, T;, is kW + kd. These workers 
assumed that kcl is much less strongly temperature dependent 
than kop, and thereby estimated a melting temperature of 47 
OC where k,, = kcl, and an activation energy of 50 kcal/mol 
for k ,  for tertiary melting. The solid line marked "tertiary" 
is extrapolated from the optical data for the tertiary transition 
by using this activation energy. Extrapolated opening times 
obtained in the same way for other optical transitions are also 
shown. 

The exchange rate for the ring N proton of uracil monomer 
was estimated by us from the NMR line width under the same 
buffer conditions to be 5 X lo3 s-l at 25 OC (unpublished 
experiments). This rate should increase with temperature. 
Since it considerably exceeds the inverse of the optical re- 
laxation time (Figure 3), exchange will not be rate limiting, 
and within the framework of eq 2 the plotted NMR 7 is then 
expected to be the inverse of k,. It is seen that the NMR 
rates agree well with the expected opening time kW-l extrap 
olated by Crothers et al. (1974) from above the melting tem- 
perature. Thus, our data are consistent with the optical data 
and its interpretation, based on eq 2, and the assumption that 
the NMR rate measures k, rather than some other kinetic 
process. 

In fact, the NMR rates are nearly consistent with extrap- 
olation from another optical transition with a melting tem- 
perature of 70 OC (Figure 3). However, as indicated in Figure 
2, the transtion reported by resonance A has a melting tem- 
perature much lower than this since the integrated intensity 
of this resonance decreases above 40 OC. Since this appears 
to be an equilibrium intensity loss, the NMR intensity variation 
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Thus, the disappearance of GCl is probably a purely kinetic 
effect, with a relatively rapid k,,, so that the equilibrium 
constant K = k,,/k,, for GC1 remains small up to at least 40 
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FIGURE 10: Schematic summary of unfolding events observed by 
means of NMR. The numbers in parentheses are approximate ex- 
change rates for the different peaks. The horizontal lines indicate 
the range over which lines are reasonably observable, and the dashed 
ends indicate the temperature at which a line becomes unobservably 
broadened by solvent exchange (R,  6 200 8). The assignments are 
not firm in many cases, as is described in the text. Peak labels in 
parentheses denote composite peaks for which identification is es- 
pecially speculative. Data obtained with magnesium are for less than 
saturating Mgz+ concentration, about 20 ions per tRNA (about 20 
mM total MgClz content), except as indicated. 
indicates that the melting temperature is 45 OC, in excellent 
agreement with the optical estimate by Crothers et al. of 47 
OC for the transition they assign to tertiary unfolding. 

(b)  Yeast tRNAPhe. We now present a partial description 
of the unfolding sequence of this species as the temperature 
is raised. This picture is consistent with an orderly unfolding 
sequence and with the assignments given in Johnston & 
Redfield (1981), but this consistency is not a strong indication 
of the correctness of our picture. Uncertainties in assignments 
were discussed in Johnston & Redfield (1 98 1). Measurements 
at  higher field should improve the quality of the relaxation 
data and revise some conclusions. Figure 10 summarizes the 
sequences of unfolding described in the following sections. 

Below 30 OC under our conditions, we have no indication 
of multiple conformers as has been inferred from fluorescence 
by Ehrenbexg et al. (1979) for modified yeast tRNAPhe in 0.1 
M KCl at  pH 7.5. If there is a second conformer present, we 
estimate its concentration as less than 20% of the dominant 
one. We cannot prove that rates which we measure at higher 
temperatues are not due to a fairly high-abundance (520%) 
second conformer for which exchange is rapid, but except for 
disappearance due to tertiary structure changes around 45 "C 
(equilibrium intensity loss) we do not interpret our results in 
this way. 

Unfolding Sequence with Zero Magnesium Concentration. 
The first event in thermal unfolding is a small change in the 
shape of the complex peak I + J and the appearance of a 
rapidly relaxing component in it (Table I and Figure 6, 23-29 
and 23-33 OC spectra). It appears that this involves a single 
proton which is undergoing an NMR melt at about 33 OC. 
The most straightforward candidate for this proton is that of 
GC1, for which low-temperature melting seems likely as an 
end-fraying effect; this is also reasonable because disruption 
of the GC1 base pair might lead to minimum perturbation of 
the rest of the structure and the spectrum. It seems likely that 
the CG2 imino resonance would be shifted several tenths of 
a part per million if GC1 were fully disrupted, and there is 
no sign of such a shift. Presumably, GCl remains stacked 
most of the time well beyond its apparent NMR melting point. 

At slightly higher temperatures, several resonances start to 
show observable exchange kinetics; we assume these are ter- 
tiary resonances and discuss them as groups of similar reso- 
nances with similar behavior. First are two resonances which 
are components of lines E and K. The imino proton of the 
m7G46-G22 tertiary interaction has been assigned rather 
solidly to peak E (Hurd & Reid, 1979), but the kinetic effect 
we see at this point could be due to another overlapping res- 
onance. Resonance K is assigned to G 15-C48 on the basis 
of paramagnetic ion broadening studies (B. Reid, unpublished 
experiments) and Mg-induced recovery of lost intensity at high 
temperature [see Johnston & Redfield (1971)], but this as- 
signment is tenuous. These resonances are unusual in that their 
exchange rates show weak temperature dependence, and they 
seem to disappear from the spectrum at a temperature where 
the rates are too small to produce much broadening (Le., <10 
Hz), suggesting an equilibrium intensity loss (as defined under 
Theory) produced by some conformation change at  about 40 
"C. This conclusion is highly tentative in view of the com- 
plexity of the lines in question; there is the possibility that a 
shift occurs which gives the appearance of an intensity loss. 

A second pair of resonances which show remarkably similar 
behavior are the two most downfield, A and B. Peak A is a 
secondary AU ring proton resonance, as shown by Sanchez 
et al. (1980), and was tentatively assigned in Johnston & 
Redfield (1981) to UA6, and peak B is from a reverse 
Hoogsteen base pair generally believed to be U8-Al4. These 
resonances show observable kinetic exchange at  30 OC, with 
a fairly high activation eiiergy (20-60 kcal/mol). The Ar- 
rhenius plot of rates for these protons is not a straight line, 
suggesting some change in mechanism, but this conclusion is 
tentative in view of possible experimental error. 

Peak G shows peculiar behavior in that its rate increases 
from unobservable to about 35 s-l from 30 to 36 OC, and then 
it changes relatively slowly between 36 and 42 OC to 100 s-l. 
It was assigned to the tertiary Watson-Crick pair G19-C56 
at the corner of the molecule which caps the composite ac- 
ceptor-T-stem helix. This is a tentative assignment, and A$3 1 
is another possible candidate for it. 

The mostly unidentified resonances between 12 and 9 ppm 
disappear somewhat before the secondary imino protons 
(Figure 4). Of these, only peaks L and M were studied by 
saturation-recovery, except at  37 OC. Peak L is assigned to 
U69 of the acceptor GU4 base pair, and M is unassigned. The 
acceptor melt will be discussed later. 

The remaining resonances in the 9-12-ppm region show 
exchange more rapid than that of peak L. G4 and m:G26 are 
in this region (both at 10.4 ppm) but cannot be distinguished 
from other peaks. 

It is striking that at the highest temperature studied, 40 O C ,  

several resonances which are attributed to important tertiary 
protons show similar rates, of the order of 100 s-'. This could 
be the rate for major unfolding of the tertiary structure at this 
temperature. 

In this connection, peak S ,  reliably assigned to the C8 proton 
of m'G46 on the basis of chemical modification (Hurd & Reid, 
1979) and NOE [see Johnston & Redfield (1981)], is of in- 
terest. This proton exchanges in several hours, so R1 = 0 for 
our time scale. At 45 OC, it is just beginning to broaden by 
about 8 Hz, corresponding to a kinetic contribution T~K-I of 
25 s-' to the transverse relaxation rate. If the parameter 2 r V ,  
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A, C, and D as proposed in Johnston & Redfield (1981). 
Similar early exchange due to CG2 and GC3 is not resolved 
for peaks I + J, where these resonances are expected, but such 
components might be obscured for these complicated lines. 
There is an intensity loss in this region at about 40 OC [see 
Johnston & Redfield (1981) for a discussion]. By 42 O C ,  there 
is a substantial difference between the acceptor rates and those 
for tertiary interactions, which are about twice as fast. 

This picture of acceptor unfolding is somewhat speculative, 
and that for the other stems is more so. At 43 OC, it appears 
that the D, T, and anticodon stems are intact and that their 
imino protons are exchanging at a rate of less than about 40 
s-l so that their resonances are not melted, whereas the ac- 
ceptor and tertiary imino protons are exchanging rapidly, and 
the associated structures are approaching disintegration. The 
next secondary feature to melt may be the D stem, signaled 
by saturation-recovery rates observed at 43 OC of about 10 
s-l for candidates for the three GC pairs and 34 s-I for AU12, 
of this stem. The highest temperature spectrum, at 51 "C, 
resembles the spectra of the T stem and the T$C-loop frag- 
ment reported previously (Lightfoot et al., 1973), so that this 
may be the last feature to melt at high temperature. However, 
there seems to be unexpectedly high intensity in peak H at 
the highest temperature which is not easily rationalized in 
terms of these assignments. 
Unfolding Sequence with MgCI2. As expected, magnesium 

raises the temperature at which major NMR changes occur, 
and it shifts most of them to a single cooperative transition, 
around 60 OC. However, some changes are discernible both 
below and above this temperature. 

Real-time observation of exchange is possible for several 
imino protons a t  low temperature in the presence of Mg2+, 
whereas it is not possible in the absence of Mg2+ because all 
imino exchange rates are too large (N. Figueroa, unpublished 
experiments on unfractionated tRNA). Some real-time data 
from Johnston et al. (1979) are included in Figure 9 to il- 
lustrate the low activation energy for exchange at these tem- 
peratures. Thus, as we already mentioned, exchange rates at 
these temperatures are likely to be determined by some process 
other than unfolding of a major part of the structure, which 
most likely governs the high-temperature rates. Since the bulk 
(>75%) of the secondary protons exchange in less than 5 min, 
this change in mechanism is nearly universal, but we do not 
have any useful proposal for what it might be. 

Real-time exchange measurements report especially stable 
regions of the molecule, but we have used this property in 
reverse to identify an extremely slowly exchanging resonance 
with the section of the molecule that we expect to be most 
stable, namely, UA12 in the D stem. However, one resonance 
that has been identified independently shows unusually slow 
exchange, namely, that at 12.9 ppm (peak G) assigned to 
G19-C!56 (Johnston et al., 1979). This assignment is not firm, 
being based on a ring-current calculation and on the moder- 
ately early melting of this resonance in zero Mg2+ concen- 
tration (rate 35 s-l at 35 "C). The least that can be said is 
that one of the less labile protons in zero Mg2+ concentration 
becomes one of the most stable in the presence of Mg2+, and 
G19-C56 is a reasonable identification for it. This base pair 
is at the corner of the molecule, and it caps the long stack of 
base pairs which combines the acceptor and T-stem helixes. 
It is presumably stabilized by a Mg2+ ion coordinated directly 
to the phosphate of GI9  and by hydrogen bonding via H 2 0  
to the bases G20, U59, and C60. Further stabilization is likely 
from the Mgz+ directly coordinated to the phosphates of G20 
and A21. 

-f,ll/kcl discussed under Theory is greater than 1, then 7'2K-1 
should equal k,. This yields a smaller value of kop than that 
reported by resonance E, and assigned to the imino proton of 
the same base. It is possible that the assignment of the ex- 
changing imino proton is wrong or that the process which 
allows the imino proton to exchange does not affect the C8 
proton line width and that the C8 proton reports some other 
process. Equally likely is the possibility that broadening of 
this resonance should be treated by using the rapid-exchange 
limit. This limit requires that the above parameter be less than 
1, and if so, the extra line width is predicted to be 

provided K = koP/kcl is small compared to unity. Equation 
3 is a special case of the standard line-width formula T2-I = 
(Aw2)7, where Aw = w - ( w )  is the deviation of the time- 
varying angular resonance frequency from its average, (a), 
the brackets detone time average, and T, is the correlation time 
for the frequency shift. In the present case, if K << 1, ( w )  
r 27r- and ( Aw2) is equal to the square of the shift in angular 
frequency upon unfolding times the fraction of time K spent 
unfolded. The correlation time T, is the mean time spent 
unfolded, which is kCc1. 

At 45 OC, k, might reasonably be 100 s-l as is found for 
several tertiary resonances, and TZK-l is estimated from the 
line width to be 25 s-l. Thus, eq 3 would require that 2rvOp 
-f,l~/kcl be about 0.5. A reasonable and consistent estimate 
for kCl is several hundred per second so foe - f,, would have 
to be less than about 100 Hz, which is possible. Under these 
rapid-exchange conditions, the line should shift as K ap- 
proaches unity, and its frequency should be the weighted av- 
erage f = cfCl + Kfop)/(l + K ) .  There does appear to be a 
slight upfield shift of peak S at 47 and 51 OC (Figure 4). A 
downfield shift might have been expected from the observed 
position of this resonance for m7G monomer dissolved in di- 
methyl sulfoxide (Hurd & Reid, 1979), but its position in 
unfolded tRNA may be affected by the fact that m7G is 
formally positively charged. If these assumptions involving 
fast exchange are valid, then the equilibrium for the transition 
being reported is somewhat above 50 OC. 

We now summarize transitions which we attribute to 
breakdown of secondary structure. The first of these is un- 
ambiguously signaled by the definite instability of the GU base 
pair which is in the acceptor stem, correlated with other ap- 
parent secondary changes which we also attribute to the ac- 
ceptor stem. It is unexpected that a relatively long helix like 
the acceptor (three AU and three GC pairs separated by GU4) 
would be less stable than the other, shorter, helixes. Perhaps 
the GU pair forms a weak link (Romaniuk et al., 1979) which 
effectively buffers the three AU pairs from the GC triple. 
Presumably, lack of a closed end also contributes to relative 
instability. The D stem may be relatively stable, despite its 
short length, because of its involvement in many tertiary in- 
teractions. 

The unfolding of the acceptor stem apparently occurs in 
several steps. First observable at 30 OC is relatively rapid 
opening of GC1, probably with even more rapid closing so that 
the base is closed most of the time and CG2 is not much 
destabilized, as we already proposed. At the same tempera- 
ture, the three AU pairs 5-7 start to open, but less rapidly. 

Components of peaks C and D, that we previously assigned 
to AU5 and AU7, show rates similar (within a factor of two) 
to those of peak A, assigned to UA6. These rates cannot be 
measured as accurately as those for peaks A and B because 
C and D are composite. These saturation-recovery data 
support the assignment of the three acceptor AU pairs to peaks 

T2M-I = [2rcfop - f c l ) l Z ~ / k , l  (3) 
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There is an inaccessible range of rates between the real-time 
and the other measurement methods that we use (0.01-10 s-'). 
Most of the downfield protons remain stable with exchange 
rates in this range all the way to 55 OC, and only a few show 
measurable exchange or broadening much below this tem- 
perature. We did not make studies above 50 OC with MgC12 
in much detail because of expected Mg-catalyzed hydrolysis 
of the sample. 

Two features seen below 50 OC are most likely isolated 
events. One is the disappearance of some intensity in the large 
resonance I + J, between 30 and 40 OC (see Figure 7, 35-50 
and 30-50 OC difference spectra). We tentatively assign this 
kinetic event to end fraying of GC1, as we did for the similar 
transition between 23 and 33 OC in zero Mg2+ concentration. 
It was observed only for the sample containing the least total 
MgC12 (tRNA/Mg/EDTA 1:15:7). The other feature is the 
relatively rapid exchange with low activation energy for a peak 
which is attributed very tentatively to the A$3 1 imino proton 
[part of peak F; see Johnston & Redfield (1979)l. We as- 
sumed that this peak was missing from spectra taken in zero 
Mg2+ concentration due to exchange broadening. It also ap- 
peared to be missing from the sample containing the least 
bound Mg2+ (1 5 mM total MgC12 concentration and 7 mM 
EDTA). In the other two MgClz-containing samples, in- 
creased exchange was observed for a component of peak F 
below 50 OC, and one proton's intensity is lost from this peak 
by 50 OC. 

The GU base pair of the acceptor stem also shows early 
imino exchange kinetics, less rapid than at zero Mg2+ con- 
centration but more rapid than for secondary base pairs in the 
presence of MgCl2. The activation energy for GU imino 
exchange is low, as can be estimated from saturation-recovery 
measurements at 40 and 34 OC, and it does not broaden no- 
ticeably until the cooperative melt, between 50 and 60 OC. 

Two other resonances show early exchange kinetics below 
50 OC, namely, resonance intensity at peak E, assigned to the 
m7G46-G22 interaction, and a component of peaks A and B, 
which coincide at high Mg2+ concentration. The rapidly ex- 
changing component of peaks A and B is most probably peak 
A because in the MgCl, titration study (Table 11) this peak 
shows the more rapid exchange kinetics, as compared to peak 
B, for equimolar MgC1, added. Resonance A was shown to 
be a secondary AU pair (Sanchez et al., 1980) and was as- 
signed in Johnston & Redfield (1981) to AU6. AU5 would 
have been a more natural assignment for peak A, and be more 
plausible as a less stable base pair, but it was assigned to peak 
C on the basis of a weak nuclear Overhauser effect. 

The relative instability of the m7G46-G22 interaction (part 
of peak E) may conceivably report relative motion of the two 
major stacks of the molecule. This kinetic process is the only 
one which is slowed dramatically when the sample is saturated 
with MgC12 (dialysis with 15 mM MgC12) as compared with 
smaller levels of MgC1, (Figure 9). 

The MgC12 titration study at 37 OC (Table 11) is consistent 
with these temperature studies. As we just mentioned, it 
indicates which of the two peaks A and B, that coincide at high 
Mg2+ concentration, is the rapidly exchanging one, namely, 
peak A. For a 1:l Mg/tRNA ratio, this peak exchanges twice 
as rapidly as peak B. In Johnston & Redfield (1981), we 
mentioned that spectral shifts occur for three ranges of MgClz 
concentration, namely, coalescence of peaks A and B 
(MgZ+/tRNA 2), appearance of a shoulder on the upfield 
side of peak D (MgZ+/tRNA = lo), and upfield movement 
of peak N (saturating Mg2+/tRNA). There are corresponding 
changes in kinetics: at 37 OC (Table 11), for example, lines 

that are missing from the spectrum for zero Mg2+ concen- 
tration reappear when Mg2+ is added in the ratio Mg2+/tRNA 
= 2 and also 10. A component of line E, tentatively identified 
as m7G46-G22, is sensitive to higher Mg2+ concentration, at 
higher temperature (Figure 9). 

The Mg-containing sample with the smallest bound M g Q  
(Mg/EDTA/tRNA 15:7:1) was not surveyed by saturation- 
recovery but was studied spectrally over a wide temperature 
range. Between 40 and 50 OC, it shows a spectral transition 
resembling that occurring below 40 OC in zero MgClz con- 
centration; compare the 40-50 OC difference spectrum of 
Figure 7 with the 29-43 OC spectrum of Figure 3 in Johnston 
& Redfield (1981). This similarity suggests that the acceptor 
stem melts slightly before the other stems, at least in moderate 
MgClZ concentration, as in zero MgClz concentration. 

The most interesting features of these spectral studies are 
evident at 61 and 66 OC (Figure 5). Prominently remaining 
are two peaks at the low-temperature positions of A + B and 
D. The most straightforward interpretation of this observation 
is to assign these resonances to U8-Al4 (peak B) and UA12 
(peak D) and to explain their stability by the persistence of 
Mg2+ in a highly favorable binding site at the sharp bend of 
the phosphate backbone at residue 10 (Kim, 1978). We 
suggest that this site and the D stem remain intact up to high 
temperature, stabilized by a Mgz+ ion. 

Another striking feature is the persistence of peak G (ten- 
tatively G19-C56) up to 61 OC as a sharp peak. This is 
consistent with the slow exchange found for this peak by 
real-time studies at lower temperatures, which we already 
discussed. 

Discussion 
This research has provided a more detailed picture than 

previous studies of thermal unfolding processes for any mac- 
romolecule. The measurements on E.  coli tRNAfMa correlate 
well with optical temperature-jump relaxation studies 
(Crothers et al., 1974) and suggest that the high-temperature 
behavior that we measure is the opening rate of major parts 
of the molecule, with activation energies above 40 kcal/mol. 
The optical measurements indicate that closing of the structure 
is slower than exchange from the free base, suggesting that 
solvent exchange from the unfolded structure will not be rate 
determining. Many of the resonances for yeast tRNAPhc 
shown in Figure 6 show exchange rates which extrapolate to 
the optically estimated tertiary closing rate of about 200 s-* 
(Urbanke et al., 1975) at 43-47 OC, which is approximately 
the temperature of the lowest major calorimetric melt seen 
under similar conditions for this tRNA (Privalov & Filimonov, 
1978). The low-temperature real-time measurements in the 
presence of magnesium suggest a change of exchange mech- 
anism since the activation energies of observably exchanging 
peaks are low, and those of protons that were not observed 
because of too rapid exchange must also be low (otherwise they 
would not exchange rapidly at room temperature). 

Our data generally complement calorimetric data on tRNA. 
In high magnesium concentration, we confirm the nearly co- 
operative melting around 60 "C that is seen calorimetrically, 
and we also see evidence for some structure extending to higher 
temperatures. The N M R  spectra suggest that in yeast 
tRNAPhc this structure is the D stem and U8-Al4 tertiary 
interaction. Below the transition at 60 O C ,  we see little ex- 
change, but one resonance which may be that of the imino 
proton of m'G46 reports some motion. In addition, the GU4 
base pair shows detectable instability below 60 "C. Thus, these 
could be sites of functionally important flexibility. The ex- 
treme stability of a few base pairs at rmm temperature in high 
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magnesium concentration may indicate unusual rigidity of 
some part of the molecule, probably around the D stem. 

We interpret the initial melting which we see in zero 
magnesium concentration as do others, in terms of melting of 
the tertiary structure. However, our interpretations of other 
later features of melting are different from those of previous 
workers. The most similar conditions used by previous workers 
were those of Privalov & Filimonov (1978), namely, 0.157 M 
Na+, compared to 0.13 M in this work. The sequence and 
temperatures of our NMR-deduced transitions agree quali- 
tatively with the results of their calorimetric measurements 
(five transitions between 41 and 79 "C) although we cannot 
estimate the highest temperature transition. The lowest tem- 
perature transition after the tertiary melt was interpreted by 
these workers as that of the D stem, whereas we believe it is 
the acceptor stem, based on melting of the GU interaction and 
the nearly simultaneous increase of rate for about three sec- 
ondary AU pairs. We assigned melting of the remaining three 
stems very tentatively in the order D stem, anticodon, and T 
stem, whereas Privalov and Filimonov assign the order of 
secondary melting as D stem, acceptor stem, T stem, and 
anticodon stem. The most important difference between these 
interpretations is in the acceptor stem, signalled in our work 
by the melting of GU4 and several AU pairs. The possibility 
must be considered that the GU pair is inherently unstable 
but that the rest of the acceptor remains intact so that use of 
GU stability as an assay for acceptor stability is misleading. 
However, in E.  coli tRNAVa', we find that in zero Mg2+ 
concentration GU49 (second pair from the open end of the 
T stem) is as thermally stable as a typical secondary pair 
(unpublished experiments), supporting our interpretation of 
the GU4 exchange data. 

An optical T-jump study at 0.02 M Na+ also led to as- 
signments of melting in the following order: tertiary structure 
followed by the acceptor and anticodon stems, then the T stem, 
and finally the D stem (Coutts et al., 1975). As expected, all 
transitions were shifted to lower temperature. This inter- 
pretation is close to ours, but the salt concentration was sig- 
nificantly lower than that used in our work. 

It appears that NMR can supply a more specific picture 
of melting than other techniques, insofar as resonances can 
be resolved and identified. We are progressing steadily in 
making assignments, and higher field magnets and nuclear 
Overhauser effect data will aid in resolution. However, it 
should be emphasized that NMR usually provides essentially 
a kinetic assay of stability. Optical and calorimetric data are 
still desirable to provide a solid underpinning for NMR in- 
ferences. Even then, ambiguity is a problem: In Figure 3, 
for example, the kinetic data fit the extrapolated T curve for 
the transition r4 nearly as well as for T ~ ,  and the agreement 
with T~ might appear fortuitous. 

We were able to correlate the NMR rates with T~ only 
because in this case there was an equilibrium intensity loss that 
correlated with an optically inferred conformation change. 
N M R  exchange measurements cannot really assay stability 
at high temperature where kinetics are rapid. Its main strength 
lies in the ability to see specific incipient changes at low tem- 
perature where the tRNA is intact and active. Spectroscopy 
of nonexchangeable nuclei is more useful at higher tempera- 
ture. 

An interesting study of tRNA thermal stability assayed by 
gentle chemical modification at moderate temperature was 
published by Rhodes (1977). Modification of bases by a 
carbodiimide reagent was assayed, by subsequent nuclease 
cleavage and two-dimensional chromatography, with and 
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without Mgz+. Since several hours were required for modi- 
fication, the opening of the structure was not rate limiting as 
it is likely to be for most of our measurements. However, 
arguments were presented to indicate that the reagent was 
assaying structural mobility in the native conformation, rather 
than reagent-induced changes. The observations were not 
given directly in terms of rates, so what follows is to some 
extent an interpretation of Rhodes' paper. 

In general, it appears that the variations in chemical re- 
activity are not as strongly dependent on temperature and 
Mg2+ concentration as are the NMR rates. Chemical reaction 
rates roughly doubled every 10 "C, and addition of Mg2+ 
required an increase in temperature of about 5 "C to achieve 
the same rate. The high-temperature NMR rates require very 
roughly half as big a change in temperature for the same rate 
change, and at least twice as big a change in temperature to 
compensate for Mg2+ concentration, compared to carbodiimide 
modification rates. On the other hand, the low-temperature 
NMR rates measured by the real-time method show tem- 
perature dependences about half as great as those of chemical 
modification rates. 

The study by Rhodes lacks some of the uncertainties of our 
work which result from resonance assignment problems. Both 
methods indicate that GU4 is unstable, but there is not a clear 
indication of the simultaneous instability of AU pairs 5,6, and 
7 which we infer. In both bases, m'G46 and G 1 5 4 4 8  appear 
unstable. The important tertiary interaction, G19-C56, is 
highly stable both with and without Mg2+, according to 
Rhodes. We assign this base pair to the resonance of a proton 
whose stability is unusually Mg dependent although it is one 
of the most stable tertiary resonances in zero Mg2+ concen- 
tration. Likewise, we conclude that the U8-Al4 interaction 
is highly Mg sensitive whereas according to chemical modi- 
fication it appears less so. These differences could result from 
misassignment of NMR lines (especially for G19-C56) but 
may instead reflect the different nature of the two measure- 
ments. 

It is of interest to compare our rate measurements with those 
of Mandal et al. (1979) on poly(rA-rU), obtained by stop- 
ped-flow spectrophotometry. Their estimate of the helix 
opening rate in zero MgC12 concentration falls on line B, 
Figure 9. It is reasonable that this rate would be a lower limit 
for tRNA secondary structure because helixes in tRNA are 
shorter than those studied by Mandal et al. (1979), and would 
be less stable. Their observations are consistent with our failure 
to observe real-time exchange at low temperatures in the ab- 
sence of Mg2+. The activation energy for real-time exchange 
of the most stable protons in unfractionated yeast tRNA 
(Johnston et al., 1979) in high magnesium concentration is 
somewhat less than the value of 17.6 kcal/mol for poly(rA-rU) 
found by Mandal et al. in zero magnesium concentration. 

Recently, Ramstein & Buckingham (1980) have presented 
new tritium exchange data for tRNA. They find that several 
protons in unfractionated E .  coli tRNA exchange in several 
hours and have also observed an interesting difference in ex- 
change behavior between E .  coli tRNATv and the UGA 
suppressor which differs in one base pair from it in the D stem. 
We have not been able to resolve such a large number of slowly 
exchanging downfield protons in our studies of various tRNA's, 
including unfractionated E.  coli tRNA in high magnesium 
concentration (N. Figueroa, unpublished experiments), al- 
though we find that several downfield protons exchange in 
roughly 1 h. It is likely that the protons observed by Ramstein 
and Buckingham are amino protons; this interpretation is 
suggested by the work of Mandal et al. We previously reported 
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slow exchange for amino protons (Johnston et al., 1979), but 
a good quantitative estimate was difficult because of the large 
overlapping signal from aromatic carbon protons. 

Our conclusions in zero MgC12 concentration for yeast 
tRNAPhe can be contrasted with those for E.  coli tRNAme' 
by Crothers and co-workers (Crothers et al., 1974; Stein & 
Crothers, 1976). In both cases, it is assumed that the tertiary 
structure unfolds, as seems reasonable and as is reported by 
the U8-Al4 resonance. In the fMet species, the D stem was 
assumed to melt at more or less the same time as that of the 
tertiary structure, whereas we conclude in yeast tRNAPhe that 
the acceptor melts first. There is no obvious reason why the 
D stem should differ in stability between the two species, but 
the acceptor stem is expected to be highly stable for E. coli 
tRNAmet since it contains six GC pairs. We cannot say with 
certainty that the D stem melts later than the acceptor because 
we lack sufficiently good NMR D-stem markers in yeast 
tRNAPhe, and because we are studying kinetics rather than 
equilibria. It seems most reasonable that the D stem would 
be destabilized by tertiary melting as assumed by Crothers 
et al., but it also seems reasonable that the yeast tRNAPhe 
acceptor stem, terminating with three AU pairs, would likewise 
be destabilized. 
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