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Conformational Changes of Transfer Ribonucleic Acid. 
Comparison of the Early Melting Transition of Two 
Tyrosine-Specific Transfer Ribonucleic Acids 

S. K. Yang and D. M. Crothers* 

ABSTRACT: The early melting transitions of tRNA? and 
tRNA:? (both from Escherichia coli) show remarkably 
different kinetic properties, and both contrast with tRNAfMet 
(E .  coli) as reported by Cole and Crothers (Biochemistry 
11,4368 (1972)). In tRNATY‘ the early transition is dominated 
by a single relaxation time, which is much slower than the two 
relaxation times of tRNAfMet. Furthermore, the reaction 
that leads to formation of the “native” (low temperature) 
structure has appreciable activation energy (-20 kcal/mole) 
in contrast to the negligible activation energy for the same 
process in tRNAfMet. The dependence of the rate constants 
on salt concentration was studied, with the conclusion that 
addition of salt stabilizes the “native” structure mainly be- 
cause it slows down the rate of melting (at constant tempera- 
ture). The melting curve of tRNAT7 has a transition not 
evident in tRNA?. This “extra” melting step occurs after 
the early transition, and we conclude that tRNAT7 can 
form a bonded structure not possible for tRNATY‘. Further- 
more, tRNA::‘ exhibits two relaxation times in the early 
transition. The temperature dependence of these two relaxa- 
tion effects indicates that the slower process in reforming the 
native structure has appreciable activation energy (>20 kcal/ 
mole), while the faster process has negligible activation en- 

A biochemical problem of considerable current interest is 
the functional significance of different tRNA molecules that 
accept the same amino acid. A good example in which the 
two tRNAs have the same anticodon is provided by the species 
tRNAFY‘ and tRNA? (both from Escherichia coli), which 
differ by two nucleotides in a nonbonded region of the clover- 
leaf structure (Figure 1). One way these two molecules could 
differ is in conformational properties, if the base changes 
provide to one species a bonded structure not available to the 
other. We shall show that this is the case for tRNA? and 
tRNA?, if conditions are appropriately adjusted. 

Also of interest is the contrast between the melting prop- 
erties of tRNATyr and other tRNAs, especially tRNAfMet 
(E .  coli) whose melting kinetics we reported in detail in the 
previous paper in this series (Cole and Crothers, 1972). In 
particular, we find invalid for tRNATyr the conclusion reached 
for tRNAfMet that no appreciable noncloverleaf bonding is 
present in zone XI of the phase diagram (Cole et al., 1972), 
which is the conformation present after melting of the tertiary 
structure. Fortunately, it turns out that the nature of this 
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ergy. The following model accounts for these observations: 
tRNA:Y‘ and tRNAT7 differ by two nucleotides in the 
variable-length sequence region. In tRNA? four nucleotides 
from that region are complementary to the T+C loop, and 
bond accordingly after the tertiary structure is melted. This 
“incorrect” structure blocks formation of the “native” struc- 
ture and must first be melted, accounting for the slow rate and 
appreciable activation energy. In tRNA? the same se- 
quence region is instead complementary to the anticodon 
loop. This “incorrect” structure (again formed after melting 
of the tertiary structure) is more stable in tRNA?‘ than 
in tRNA?, accounting for the distinct “extra” transition 
in tRNA?. The bonding between the anticodon loop and 
the variable-length region blocks only one of the two regions 
of interaction in the tertiary structure of tRNAzY‘. We find 
no evidence that the tertiary structure itself is different for the 
two tRNAs. We suggest the possibility that these conforma- 
tional differences may be functionally important. If the ter- 
tiary structure of tRNA is modified or dissociated during its 
function, the two tyrosine-specific tRNAs would have differ- 
ent conformations available, corresponding to the two differ- 
ent “incorrect” structures. Thus the variable-length region 
could affect function by modulating tRNA conformation. 

residual noncloverleaf bonding is clearly different for tRNA?‘ 
and tRNA?. This allows us to conclude that it must in- 
volve the sequence region which is different in the two, and 
leads to a simple model for the source of the bonding. 

Materials and Methods 

Buffers. Samples for kinetic and equilibrium measurements 
were dissolved in PCEP buffer (Cole et al., 1972), at Na+ con- 
centrations of 0.12 M 0.174 M, and 0.5 M. 

tRNA Samples. tRNATyr was prepared as described pre- 
viously (Yang, 1972; Cole et a/., 1972). Following chroma- 
tography on benzoylated DEAE-cellulose (pH 5, ethanol 
gradient, and again at pH 7.5, NaCl gradient), the tyrosine- 
specific fractions were pooled. tRNATYr and tRNA? were 
separated on a DEAE-Sephadex A50 column (2 X 170 cm), 
using a linear NaCl gradient from 0.4 M to 0.47 M, with 0.01 
M MgC12, 0.05 NdN3, and 0.02 M Tris-HC1, pH 7.5. The first 
peak (tRNATy‘) was rechromatographed for better purity. 
The acceptor activities were 1550-1650 pmoles/A260 unit for 
tRNA? and 1620 pmoles/dzso unit for tRNA;r,Y’. 

Melting curves were measured as described previously 
(Cole et al., 1972). 

Temperature-jump measurements were also done as de- 
scribed previously (Yang, 1972; Cole and Crothers, 1972). 
Precautions were taken to limit the extent of photochemical 
degradation, and results were checked frequently with fresh 
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PIGURE 1: Primary structure of E. coli tRNA? and tRNAa' 
determined hyGocdmaneta1. (1968)andRajBandaryetd.(1969). 

samples to insure that measurements were reproducible. Ex- 
posure to the temperature jump itself caused no detectable 
degradation of tRNA. 

Results 

Relaxation Kinetics of fhe Early Melting Transition of 
tRNA? Contrasts Sharply with the Resulfs on tRNAJMaL. 
We investigated the melting kinetics of tRNA? at three 
different salt concentrations: 0.12 PCEP, 0.174 PCEP, and 
0.5 PCEP. Technical dficulties limit the range of measure- 

tRNA?'  

N o + =  0.174 M 

h = 286 nm 

A T  - 4 . 6 - C  

1,. 31 .I * C  

"JRE 2: Relaxation signal of tRNA:" measured in 0.174 PCEP 
at 266 nm. The temperature jump was 4.6" and the final tempera- 
ture was 31.1 '_ The concentration of tRNA?' was 0.909 Amm"/ 
ml. Changes in light intensity A I  are measured in millivolts; the total 
intensity is 5 V. 
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FIGURE 3: Semi-logarithmic plot ofthe relaxation effect in Figure 2. 

ment in each case, since the relaxation becomes too slow to 
measure (-1 sec) in the temperature-jump apparatus at  low 
temperature and lower salt concentration (0.12 M and 0.17 M 
Na+), whereas at higher salt (0.5 M Na+) the dimerization 
process (Yang et al., 1972) is a serious complication in the 
high-temperature range. In the latter case, samples could be 
held at  high temperature only for a period short enough to 
make dimerization negligible. Relaxation times were mea- 
sured at both 335 and 266 nm, and identical decay times were 
found within 10% error; relaxation times were independent of 
tRNA concentration. The major observations of tRNA?, 
which clearly differ from those for tRNAfMnt reported by 
Cole and Crothers (1972), are summarized in the following 
paragraphs. 

The Process Is Dominated bv a Sinale Relaxation Time. In I 

the case of tRNAfMet, two relaxations in the millisecond time 
range were responsible for most of the kinetic signal. For 
tRNATY' the comparable effect is, to a first approximation, 
a single relaxation with a time constant that varies from one 
to hundreds of milliseconds depending on temperature and 
salt concentration. Figures 2 and 3 show a typical relaxation 
signal and semi-logarithmic plot of the data. This relaxation 
effect when measured at  266 nm constitutes 2&70% of the 
total optical change, and 50-80z of that measured at 335 
nm, varying with salt concentration and temperature. 
In spite of the single dominant relaxation effect, it is clear 

that other processes are also occurring in this temperature 
range. On the very fast time scale there is a relaxation of 
roughly 30 psec, which is too small and rapid to measure ac- 
curately, as well as an even faster optical change. Approxi- 
mately 30 p e c  is the time range expected for relaxation in the 
early melting of the dihydrouridine helix, but we have no 
further evidence to substantiate this assignment. As we will 
see later, other factors point to the existence of still another 
small relaxation in the millisecond time range, and we will 



TABLE I : Activation Energies (kcal/mole) for the Recombina- 
tion and Dissociation of tRNAFYr Tertiary Structure in 
Neutral Solutions of Three Na+ Concentrations.n 

0 . 5  PCEP -24 45 
0.174 PCEP 57 
0.12 PCEP 62 

a See Materials and Methods for the description of the 
buffer system. 

subsequently show that it can be extracted from the 
data. 

The Dominant Relaxation Is Much Slower than for  
tRNAfMei ,  and Has a Different Temperature Dependence. 
Figure 4 shows the temperature dependence of r at three salt 
concentrations. At comparable ionic conditions, the relaxa- 
tion is 40 times slower at the midpoint than the slower of the 
two effects in tRNAfMet at its midpoint (the temperature of 
maximum amplitude). Furthermore, for tRNAFY' the re- 
laxation time is not independent of temperature at the lowest 
temperatures that it can be measured, again in contrast to 
tRNAfMet. 

Assuming a single dominant relaxation effect, the melting 
transition may be approximated by 

kD 
N I1 

where N is the "native" (low temperature) form, and I1 the 
product of the early melting transition. For this mechanism, 

At the beginning of the transition, kR >> kD, and 1/r = kR, 
while at the end of melting kD >> kR and 1/r = kD. Hence 
the Arrhenius activation energies Each, 

can be estimated from the initial and final slopes of a plot of 
log r us. l / T ,  as in Figure 4. Table I lists activation parameters 
determined in this way. The recombination activation energy 
EactR can be estimated only roughly, but it is clear that there 
is a substantia[ positioe actioation energy for reforming the 
native structure from form I I .  

Dependence of the Kinetic Parameters on Salt Concentration. 
The variation with salt concentration of rm, the value of r at 
Tm, can be used to estimate the dependence of kR and kD on 
Na+ concentration at constant temperature. We note that at 
T,, kR = kD (since the equilibrium constant is one), and let 
k, be the value of kR or k D  at that point. The differential of 
k, may be expressed in terms of the variables [Na+] (sodium 
ion concentration) and Tm 

d In k, = (-) b In k, d(l /Tm) + 
3 (1/Tm) [~a'] 

( In km ) d In [Na+] (4) 
b In [Na+] 

1 0 ~ ~  
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FIGURE 4: Relaxation times of tRNA? determined at 266 (open 
circles, triangles, and squares) and 335 nm (filled circles and tri- 
angles) in 0.12,O. 174, and 0.5 PCEP buffers are plotted cs. reciprocal 
temperatures. T,  values of the thermal transitions are indicated by 
arrows on the temperature axis. The temperature jump was 4.6" and 
Tf is the final temperature after the temperature jump. 

Hence 

( In km ) (5) 
b In [Na+l T 

Using eq 2 and 3 and rearranging yields 

and a corresponding equation for kR. Both terms on the right 
of eq 6 are experimentally accessible; Figure 5 shows the 
relevant plot. Using 57 kcal/mole for the activation energy of 
kD, we obtain 

and, with 24 kcal/mole for the activation energy of kR, 

Hence the early melting transition is increased in temperature 
by higher salt concentration because the rate of dissociation of 
the natioe structure is slowed (at constant temperature). The 
rate of reforming the native structure is nearly independent of 
salt concentration (at constant temperature). 
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Comparison of &VATY" and &VALyr. The results re- 
ported so far indicate that reformation of the native structure 
of t R N A p  from form 11 occurs against an appreciable ac- 
tivation energy harrier, and is considerably slower than the 
'corresponding reaction of tRNAfMWt. It therefore seems likely 
that there is some "incorrect" structure in form 11: presumably 
noncloverleaf bonding that is incompatible with the native 
structure. In the absence of further information, however, one 
could only guess at the nature of that bonding. We were for- 
tunate, therefore, to find that the incorrect structure is defi- 
nitely different in tRNAzyr, and hence probably involves 
the sequence region where the two tRNAs differ. This greatly 
simplifies the problem of developing a structural model for 
the phenomenon. 

The huilibrium Melfing Curue of tRNALy' Shows a Transi- 
tion Not fiuident in tXNATy'. Figure 6 shows comparisons 
of melting curves of tRNA? and tRNATq' at 260 and 
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FIGURE 6: Melting curves of tRNA? and tRNA:? in 0.12 PCEP 
atZ@J(rightaxis)and 335nm(leftaxis). 
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FIGURE 7: Oscilloscope traces of the relaxation signal at 266 nm 
which is present for tRNAF and absent for tRNA? at identical 
conditions. Both are measured in 0.12 PCEP and have the same 
final temperatures (48"). 

335 nm. At both wavelengths tRNALyr shows indications 
of a transition centered around -44", a transition not evi- 
dently present in tRNA?. 

This extra transition may be domonstrated kinetically. 
Figure 7 shows a comparison of identical temperature-jump 
experiments on the two tRNAs, taken in the region of the 
"extra" transition. tRNA&?' has a well-defined relaxation 
with a decay time of about 5 msec, while the kinetic curve for 
tRNA? is nearly flat on the same time scale. (Both tRNAs 
show a very fast optical change at the wavelength of measure- 
ment, 266 nm.) We conclude that afrer the early melting 
transition, tRNAgw can form a bonded structure not possible 
for [RNA?. 

The relaxation kinetics of the early melting transition is 
very different for tRNALyr than for tRNAFYr. If the ''extra'' 
structure formed by tRNA? is in some way not compatible 
with the native tertiary structure, one expects an appreciable 
activation energy for reforming that structure, and possibly 
a totally different relaxation pattern than found for tRNATY'. 
Figure 8 demonstrates that this is the case. tRNAgy' exhibits 
two relaxation times in the early transition, in contrast to the 
predominantly single relaxation for tRNATY" under identical 
conditions. 

At this stage in the experiments we reasoned that, since 
tRNATY' has appreciable activation energy for reforming the 
native structure, it must also show, at some temperature, a 
kinetic effect due to melting of the incorrect structure. That 
is, there must be some relaxation signal analogous to that in 
Figure 7 for the "extra" transition in tRNA?. Close ex- 
amination of the data revealed the effect labeled TL in Figure 
8. It is reproducibly present and comparable in time scale and 
amplitude to the signal for tRNA;m in Figure 7. The reason 
we did not detect it immediately is that it occurs in the same 
temperature range as the optically more significant dominant 
relaxation effect. We are therefore now able to report multiple 
relaxation times for both tRNA& although Figure 8 makes 
evident that the distribution of relaxation amplitudes between 
fast and slow effects is very different for the two tRNAs. 

The Slower of the Two tRNA? Relaxation Times Is 
Strongly Temperature Dependent at Low Temperature, while 
fhe Faster Is Not. Figure 9 shows data a t  0.5 M Na+ for both 
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tRNATYr and tRNA?. The relaxation rZ1 for tRNA;r,Y' 
is considerably slower than the dominant tRNATY' relaxa- 
tion (n), and has a larger temperature dependence below the 
T, for the early transition. This indicates that the activation 
energy for structure formation by the mechanism r2' in 
tRNA:?' probably has a larger activation energy than the 
analogous reaction in tRNA?', although we were not able 
to estimate EactR for rz' because of the small signal amplitude 
and very slow rate. These properties of r2' are what one would 
expectonthebasisof the more stable extra structure in tRNA?: 
its bonding blocks formation of the natiue tertiary structure, 
slowing that reaction by increasing its activation energy. 

The relaxation T I ' ,  and its lack of activation energy, were a 
surprise to us, however. The two-relaxation pattern is analo- 
gous to tRNAfMet (Cole and Crothers, 1972), and indicates 
again that the tertiary structure can melt in two steps. Since 
71 '  is fast and has little activation energy, it seems that the 
extra or incorrect structure in t R N A 2  blocks only one of the 
regions involved in tertiary structure formation. The results 
also indicate, by analogy, that the incorrect structure in 
tRNATYY blocks both of these regions. 

The Kinetics of Dissociating the Native Tertiary Structure Is 
Very Similar for the Two tRNAs. This is shown by Figure 10, 
comparing the measured relaxation times for tRNA?' and 
tRNA? above the T, in 0.12 M Na+. Only a single relaxa- 
tion time can be reliably measured in this range for tRNA?, 
while for tRNALY', rl' and r2' coalesce together to give a 
single relaxation, virtually identical with r for tRNATy'. At 
the end of the transition the two tRNAs diverge again because 
of the extra transition of tRNA?. Since the rate of disso- 
ciating the tertiary structure is the same in both cases, wejind 
no euidence that the tertiary structure is diferent in tRNA? 
and tRNA,:Y'. 

The Thermal Difference Spectrum of the Relaxation Signal 
indicates Melting of a Region Less G . C  Rich than the Total 
tRNA. Figure 11 shows the wavelength dependence of the 

3 

FIGURE 8: Semi-logarithmic analysis of the relaxation signals of tRNA? and tRNAFF in 0.5 PCEP at identical conditions. 

amplitude of the relaxation signal for the two tRNAs in a 
temperature region where both show only a single decay time. 
According to the parameters of Fresco et ai. (1963), the region 
melting is approximately 50 G . C pairs. Since the acceptor 

1 0 ~ ~  

[ N o ' ]  = 0.5 M 
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FIGURE 9: Relaxation times of tRNA? (O-O-O) and tRNA? 
(O-O-O) determined at 266 nm in 0.5 PCEP are plotted LS reciprocal 
temperatures. The temperature jump was 4 6" and Tf is the final 
temperature after temperature jump. The T,  value of the thermal 
transition is indicated by an arrow on the temperature axis 
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F I G U R E  10: Relaxation times of tRNA:"' (0-0--0 and 0-0-0) and 
tRNA:;)' (A-A-A and A-A-A) determined at 266 (open circles and 
triangles) and 335 nm (filled circles and triangles) in 0.12 PCEP are 
plotted cs. reciprocal temperatures. The temperature jump was 4.6' 
and Ti is the final temperature after the temperature jump. The T,,, 
value of the thermal transition is indicated by an arrow on the tem- 
perature axis. 

stem contains 1 A . U  and 6 G . C  pairs, the spectroscopic 
equivalent of 4 or 5 A . U  pairs from some other source would 
have to melt with the stem in order to explain the thermal 
difference spectrum. This seems impossible in view of the size 
of the optical change and the measured dissociation heat 
(Table I), and we conclude, as with tRNAfbret, that the ac- 
ceptor stem does not melt in the early transition. 

Discussion 

General Implications. We will not repeat in detail the argu- 
ments developed for tRNAfMet by Cole and Crothers (1972), 
leading to the general conclusion that the early melting transi- 
tion involves loss of tertiary structure, and possibly also 
melting of the dihydrouridine helix. The same statement ap- 
plies to tRNAT?'. The important feature of the present results 
is the difference between the early transition of tRNATY' and 

and the clear contrast with the kinetic behavior 
of tRNAfMet. For both of the tyrosine-specific tRNAs: the 
relatively slow rate of reforming the native structure from the 
partly melted intermediate, and the substantial activation en- 
ergy for this process, indicate that form I1 (the product of the 
early melting transition) contains some incorrect (nonclover- 
leaf) bonding that is not compatible with the native structure. 

Several observations indicate that this incorrect bonding is 
stronger in tRNA?' than in tRNAFyr. The rate of re- 
forming the native structure in tRNA::' is slower than for 
tRNA:?', implying that a smaller fraction of the tRNA::' 
molecules are in a reactive state, assumed to be that with the 
incorrect structure broken. Furthermore, the activation en- 
ergy, which should reflect the heat required to break up the 
incorrect structure, appears to be larger for tRNA:?' than 
for tRNA:Y'. Finally, the breakup of the incorrect structure 
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F I G U R E  1 I : Difference spectra of' tRNA?' (0-0 -0) and tRNA:)' 
(0-0-0) in 0.1 74 PCEP. Oscilloscope traces of relaxation signals for 
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analyzed. The total amplitudes (in millivolts) corresponding to the 
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time measured at all wavelengths was 10 :+ I msec for tRNA?' and 
7 + 1 msec for tRNA::'. 
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in tRNA::' can be associated with the extra melting transi- 
tion observed for that species. The analogous reaction for 
tRNA?' must be assigned to a process at lower temperature, 
in the early transition; hence the incorrect structure for 
tRNA;?' is again concluded to be less stable than for 
tRNA?'. 

What Is the Structural Basis for  the Incorrect Bonding:' The 
experimental results narrow greatly the possibilities for the 
noncloverleaf bonding. It must involve the sequence region 
where the two tRNAs are different, and does not include the 
anticodon helix, the acceptor stem, or the T+C helix, since 
these melt in the high-temperature transition. The two tRNAs 
differ in the sequence region between the anticodon helix and 
T+C helix, sometimes called the extra arm, miniloop, or vari- 
able-length region. In the standard structure given in Figure 
1 this region is shown bonded in a helix of 3 base pairs, with 
an unbonded loop of three nucleotides. Recent experiments on 
model oligonucleotides (Gralla and Crothers, 1972) make 
clear that after the tertiary structure has melted, this helix is 
unstable and the entire miniloop should be available for 
bonding. Even in the native structure, this part of the mole- 
cule is not as strongly bonded as other cloverleaf helix regions, 
as shown by the measurements of oligonucleotide binding 
reported by Uhlenbeck (1972). 

The model we propose for the incorrect bonding, formed 
after loss of tertiary structure, is shown in Figure 12. The 
miniloop region bonds to 4 nucleotides in the anticodon loop 
in tRNA::', and to 4 nucleotides in the T$C loop in 
tRNATY'. The difference in stability could be explained in 
either of two ways: (1) because the four-base-pair helix in 
tRNA::' is stacked without interruption on the anticodon 
helix, while the four pairs in tRNATYr form a separate helix; 
or (2) because the anticodon loop has a special affinity for 
bonding oligonucleotides, a property not characteristic of the 
T#C loop. Uhlenbeck's (1972) experiments, as well as those 



E A R L Y  M E L T I N G  T R A N S I T I O N S  O F  T W O  T Y R O S I N E  t R N A s  

of Eisinger et al. (1971), indicate that the anticodon loop does 
have special bonding properties, but since the T+C loop is 
inaccessible in native tRNA there is no present information 
about its intrinsic affinity for complementary oligonucleotides. 

Another feature of interest in the results is the indication 
that the incorrect structure in t R N A p  blocks only one of 
the regions of interaction in the tertiary structure, while the 
incorrect structure in tRNATYr blocks them both. Since the 
anticodon loop is available for binding oligonucleotides in 
native tRNA (Uhlenbeck, 1972), it must be the involvement 
of the miniloop that inhibits formation of tertiary structure 
in tRNA?. We see two possible ways that bonding of the 
miniloop to the anticodon could block tertiary structure for- 
mation: (1) nucleotides in the miniloop are involved in base 
pairing in the tertiary structure, and hence the bond to the 
anticodon loop must be broken before the native structure 
can be formed, or (2) bonding of the miniloop to the anticodon 
is not sterically compatible with the native structure, even 
though the nucleotides in the miniloop are not actually in- 
volved in pairing in the native structure. We consider that the 
evidence is not yet sufficient to distinguish these two possi- 
bilities. 

Whereas bonding of the miniloop to the anticodon blocks 
one of the steps in the formation of tertiary structure, bonding 
of the miniloop to the T+C loop seems to inhibit both steps. 
This is consistent with the view that the T+C loop is actively 
involved in tertiary bonding, whereas the anticodon loop is 
not. One conclusion that these considerations imply is that 
bonding ofthe miniloop to the anticodon does not block tertiary 
structure formation that incolves the T+C loop. 

What Is the Detailed Kinetic Mechanism? The uncertainties 
discussed in connection with the kinetic mechanism of the 
early transition in tRNAfMet apply as well to the present 
cases. It is possible to write several mechanisms that satisfy 
the kinetic observations, and these cannot be distinguished 
unambiguously. There must again be (at least) two regions of 
the tertiary structure, but the order in which these can or must 
melt is uncertain. For the sake of consistency we present for- 
mal mechanisms that correspond to that given for tRNAfhret 
(Cole and Crothers, 1972): the two regions of the tertiary 
structure can melt separately, giving two reaction paths to 
produce a cloverleaf structure. In tRNATyr, however, the 
cloverleaf CL (with the dihydrouridine loop possibly melted) 
can react further to produce an incorrect structure Z 

tRNAsT" 
tRNAs?' 

In these reaction schemes, species in parentheses are steady- 
state intermediates, included to maintain the general reaction 
framework proposed for tRNAfhfet. The rate constants ki, 
k , ' ,  and ki" (or k-i, k-i, k-i") refer to formation (or disso- 
ciation) of bonded structure in region i of the molecule. The 
differencein the two tRNATyr mechanisms is that in t R N A p ,  
formation of region 2 of the tertiary structure (rate constants 
k2, k2' ,  and kz") is not blocked by the incorrect structure 
(structural region 4), whereas the incorrect structure in 
tRNA? (structural region 3) blocks both the tertiary struc- 
tural regions 1 and 2. 

I 

I 

t R N A ? '  tRNA:r 

FIGURE 12: Proposed incorrect bonding for tRNA?* and tRNA::' 
after the melting of tertiary structure. In each case, we show only 
the complementary sections of the sequence that  produce the in- 
correct bonding. 

The reaction scheme for tRNA?' predicts two detectable 
relaxation times : the dominant relaxation is conversion be- 
tween N and ZI, or, at higher temperatures, a mixture of Z I  
and CL. The other relaxation is the faster conversion of CL 
and ZI. The reaction scheme for tRNA? predicts three 
relaxations: the conversions between ZII,  Is, and N supply 
the two relaxations in the early transition; the reaction ZII  $ 
Iy is rapid and has little activation energy (involving region 2 
of the tertiary structure), while (I3 + Z I I )  N is slow and has 
a large activation energy because of k--d and k4'. The third 
relaxation, seen in the "extra" transition, is ZII e CL. Since 
we consider these mechanisms illustrative rather than de- 
finitive, algebraic expressions for the relaxation times will not 
be presented. 

Is the Conformational Difference between tRNA? and 
tRNA? Functionall)) SigniJicant? The answer to this ques- 
tion is, of course, not known at present. If the tertiary struc- 
ture of tRNA unfolds during its role in protein synthesis, 
then the two tRNAs have different conformational states 
available to them. In this way the variable-length region of 
tRNA could serve to modulate conformation in a functionally 
important way. Only those tRNAs that have more than a few 
nucleotides in that section of the sequence could function in 
this manner, however. 
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