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Conformational Transitions in tRINAASP (Brewer’s Yeast).
Thermodynamic, Kinetic, and Enzymatic Measurements on
Oligonucleotide Fragments and the Intact Molecule®

Stephen M. Coutts,** Jean Gangloff,S and Guy Dirheimers$

ABSTRACT: Melting curve measurements have been made on
the rT-y arm, the CCA and pU halves, and the intact molecule
of tRNAASP (yeast). The major findings may be summarized
as follows. (1) The rT-y arm melts with a T, of 79° and has a
AH for helix formation of —62 + 4 kcal/mol in 0.03 M sodium
ion, in agreement with its cloverleaf model, which contains five
G-C base pairs; relaxation kinetic measurements on this arm
have yielded activation enthalpies of 3 + 6 and 64 £ 6 kcal/
mol for helix recombination and dissociation, respectively. (2)
The pU half-molecule lacks helical structure in both 5 mM
magnesium and 500 mM sodium ion, i.e. the isolated dihy-
drouridine helix does not exist under these conditions. (3) In 5
mM magnesium ion, the two halves recombine to form a struc-
ture which can be charged by the cognate synthetase; the mag-

A detailed knowledge of the tertiary structure and confor-
mational dynamics of tRNA is a prerequisite to understanding
its role in protein biosynthesis. The techniques of X-ray crys-
tallography are being applied by several research groups to de-
termine the structure of tRNA (Blake et al., 1970; Cramer et
al., 1970; Brown et al., 1972), and the results at 4-A resolution
of one of these investigations have been published (Kim ez al/.,
1973). However, tRNA is a flexible molecule, capable of as-
suming many conformations, and the function of the different
conformations in protein biosynthesis may not be clear on the
basis of crystallographic data alone. It is the purpose of this
paper to examine a number of conformational transitions in
tRNAASP (yeast) in order to define more fully how the mole-
cule behaves in free solution. The thermodynamic and kinetic
properties of several specific tRNA species have been studied
in detail (Roemer et al., 1970b; Riesner et al., 1970; Cole et
al., 1972; Kearns et al., 1971), and some generalizations may
be ventured on the basis of the published data. Conditions may
be found (usually through variation of the ionic strength)
under which a helix-coil transition, which can be called with
virtual certainty the melting of the tertiary structure, occurs
before the main body of transitions arising from the melting of
the secondary structure, e.g. that suggested by the cloverleaf
model. The order of the subsequent melting of the arms of the

T From the Gesellschaft fuer Molekularbiologische Forschung,
mBH, 3301 Stoeckheim/Braunschweig, West Germany, and the Univ-
ersité Louis Pasteur, Strasbourg, France. Received January 21, 1974.
This work was supported by grants from The Deutsche Forschungs
Gemeinschaft, SFB 75, the Stiftung Volkswagenwerk, the Centre Na-
tional de la Recherche Scientifique, L.A. NO. 119, and the Commissar-
iat de 'Energic Atomique, Service de Biologic.

T Present address: Department of Biochemical Sciences. Princeton
University, Princeton, N. J. 08540.

§ Present address: Institut de Biologie Moleculaire et Cellulaire, du
CNRS. Strasbourg, France.

3938

BIOCHEMISTRY, VOL. 13, NO. 19,

1974

nitude of the enthalpy change observed upon melting the mixed
halves implies that either the dihydrouridine helix or the terti-
ary structure or both form as a consequence of helix formation
in the anticodon and acceptor stems. (4) Temperature-jump
measurements have been utilized in resolving the melting pro-
file of the intact LIRNAAP in 0.5 M sodium ion; evidence is pre-
sented which supports the hypothesis that the first step in the
thermal denaturation (with a T, of 51°) is composed of the si-
multaneous melting of the tertiary structure, dihydrouridine
helix, and acceptor stem, implying that the tertiary structure is
able to stabilize the dihydrouridine helix far above its T,,. The
final two steps in the thermal denaturation of the molecule are
the melting of the anticodon (T, of 61°) and rT-y arm (7, >
90°), respectively.

cloverleaf is found to depend upon their G-C content and upon
rather complex interdependencies known as “coupling” be-
tween the various helix-coil transitions. Conversely, conditions
may be found where the tertiary structural transition is more
stable than some of the secondary structural elements. In this
case it acts as a structure stabilizer or determinant, meaning
that until the tertiary structure melts it locks some less stable
structural elements in helix form which then melt simulta-
neously with it. The interplay between secondary and tertiary
structural elements is thus of intrinsic interest and is quite like-
ly to be an individual characteristic of each tRNA molecule,
e.g., dependent upon the sequence.

The starting point of almost all enzymatic, thermodynamic,
and kinetic investigations of tRNA is the universally accepted
cloverleaf structure (Zachau, 1969). However, when onc¢ con-
siders the four to five separate arms of the cloverleaf, plus the
existence of a tertiary structure, and possible false structures
(Fresco et al., 1966, Adams et al., 1967) one sces that the
melting curves and kinetics of intact tRNA molecules may be
very complex. There are ways of resolving this complexity by
using different physical methods on the intact tRNA. An alter-
nate approach is to investigate fragments of tRNA and to use
the data to interpret the more complex information obtained
with the intact molecule (Roemer et al., 1969; Ricsner et al.,
1973); we have used this approach in our present study. Data
are presented on the thermal denaturation curves of the fol-
lowing fragments of tRNAAP (brewer’s yeast): the rT-y arm.!

! Abreviations used are: rT-y arm, the fragment formed by residuces
46-64 of tIRNAASP (brewer's yeast); pU and CCA half-molecules, two
fragments obtained by cutting tRNAA in the anticodon loop, and
composed of residues 1-34 and 33-75, respectively: Ass0 unit. the
amount of RNA which when dissolved in 1.0 mi of buffer and mca-
sured with a 1-cm light path has an absorbance of 1.0 at 260 nm.



CONFORMATIONAL TRANSITIONS IN tRNAAsp

CCA and pU halves, and a mixture of the two halves. Physical
measurements on fragments of defined sequence can also yield
information on the parameters involved in helix-coil transition
(Coutts, 1971; Riesner and Roemer, 1973). Thus, we have ex-
amined the G-C rich rT-y arm in detail. The physical chemical
study on the recombination of the two halves is complemented
by the measurement of their biological activity with the cog-
nate synthetase, and confirms earlier work with combined frag-
ments of specific tRNA molecules (Wintermeyer ez al., 1969;
Schmidt et al., 1970). Finally, we have utilized the data ob-
tained with the fragments to complement the physical mea-
surements on the intact molecule, and have proposed a mecha-
nism for the thermal denaturation of tRNAAsSP (brewer’s
yeast).

Materials and Methods

Purification of tRNAAP and [ts Fragments. The method of
Keith er al. (1971) was used for the preparation of pure
tRNAASP from brewer’s yeast. The isolation of the component
rT-¢y arm and the pU and CCA half-molecules has been pre-
viously published (Gangloff er al., 1972a,b). The sequence
analysis of the 3’-terminal half shows that 33% of the mole-
cules did not have the complete CCA terminus.

The aspartyl-tRNA synthetase used in the aminoacylation
of the reassociated half-molecules was obtained by a previously
described method (Gangloff and Dirheimer, 1973a).

Aminoacylation of the reassociated halves was carried out
in 1.0 ml of a reaction mixture containing 0.5 Ayeg unit! of
each half of the tRNAASP (which had been heated previously
for 5 min at 20° in 0.01 M sodium cacodylate, 0.15 M KCI, 5
mM MgCl,, and 0.5 mM EDTA (pH 7)), 100 umol of Tris-
HC! (pH 7.0), 30 pumol of KClI, 10 umol of ATP-Nay, 10 gmol
of MgCl,, 100 ug of bovine serum albumin, 2 umol of reduced
glutathione, 0.1 pmol of L-{'*C]aspartic acid (50 pCi/umol),
and 5 pug of aspartyl-tRNA synthetase. The aminoacylation
was followed as a function of time by taking aliquots of 80 ul
from the reaction mixture at given time intervals and pipetting
them onto Whatmann No. 3MM paper disks, which were
treated according to Mans and Novelli (1961).

Nucleotide Sample Preparation. Oligonucleotide and tRNA
samples were stored as precipitates in alcohol at —18° until
used. They were phenolized, chromatographed over Sephadex
G-25, and concentrated as described by Coutts (1971).

Melting curve measurements were carried out by a modified
differential absorption technique (Roemer et al., 1970a), in
which the absorbance difference between two independently
thermostated cuvets, whose temperature difference is from 2 to
4°, is measured, yielding A4/AT. The maximum of the transi-
tion peaks (Tm’s) observed with this method is equivalent to
the point of inflection on the usual integral melting curve. By
measuring the absorbance change, AA4, at two or more wave-
lengths for each temperature interval, AT, one may calculate
difference spectrum ratios A4A;/AAX,. These difference spec-
trum ratios are very sensitive to the base composition of the he-
lical region undergoing transition (Coutts, 1971) and are thus
a diagnostic aid in identifying the secondary structures which
are melting. In addition, as a necessary consequence of the *“all
or none” model for oligonucleotide melting, the difference
spectrum ratios must remain constant in order for the peak in
the melting curve to be homogeneous, i.e. composed of just one
transition (Riesner and Roemer, 1973). If the difference spec-
trum ratios are not constant in a peak, it contains two or more
transitions.

Samples were heated at 70° for 2 min before each meliting
curve measurement. Possible degradation occurring during the
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FIGURE I: The cloverleaf model of tRNAASP (yeast) according to
Gangloff er al. (1971). Fragments were isolated from T digests as de-
scribed in the text. The isolated rT-y arm contained residues 46-64.
The cleavage to split the molecule into the CCA and pU half-molecules
took place between the U and G at positions 35 and 34 of the anticodon
loop.

measurement of the melting curve was checked by cooling the
samples back to the temperature of the initial absorbance read-
ing (normally 20°) and comparing the total absorbance with
that of the starting solution. It was found experimentally that
initial and final absorbancies agreed to within 1%, except when
magnesium was present and the samples were measured for
long periods above 80°, in which cases differences as high as
3-49% were observed. Such measurements were always repeat-
ed. Melting curves measured in the presence of EDTA were
corrected for the hyperchromicity of EDTA itself.

Kinetic Measurements. Temperature-jump measurements
and corrections for the heating rise time were made as de-
scribed by Coutts (1971). Three oscilliscopes were connected in
parallel for the measurements on the intact tRNA molecule as
described by Riesner er al., (1970). Temperature-jump data
were used to correct melting curves for single-strand stacking
according to Roemer et al. (1969). Oscilliscope traces were di-
gitalized and analyzed by computer.

Results

The sequence of tRNAASP (brewer’s yeast) is pictured in
Figure 1. The bonds which were cleaved enzymatically to pro-
vide the rT-y arm and CCA and pU halves are indicated by ar-
rows.

rT-¢ Arm. A differential melting curve of the rT-J arm,
measured in a buffer containing a low amount of salt, showed
two well-resolved transitions, instead of the single transition
expected. As Figure 2a demonstrates, two peaks of approxi-
mately equal hyperchromicity which have T, values of 32 and
78.5° are obtained. This result was repeated several times with
different preparations and at different ionic strengths. The
peak with a Ty, of 32°, which we shall call A, has virtually the
same difference spectrum ratios (AA4260 am/AA280 nm) as the
peak with a T, of 78.5° (B). The fact that these ratios are con-
stant throughout each peak and have values of about 0.6 indi-
cates that single “‘all or none” transitions compose each peak,
and that both of these transitions involve the melting of helices
containing G-C base pairs only (¢f. Coutts, 1971; Cox, 1970).
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FIGURE 2: (a) The differential melting curve of the rT-¢ arm of
IRNAAP in 0.01 M sodium cacodylate, 0.02 M sodium chloride, and 1
mM EDTA (pH 6.8). The 4360 nm of the solution at 20° was 2.0, which
was equivalent to Aago nm of 0.93; difference spectrum ratios: (O- -0)
AAdago nm/AAzg() ams (A-A) AAdago nm/2°, (b) The differential melting
curve of transition A in 0.01 M sodium cacodylate, 1.0 M sodium chlo-
ride, and 1 mM EDTA (pH 6.8). The absorbance of the solution at 280
nm and 20° was 1.24: (A-A) AAdago am/2°: (O--0O) difference spec-
trum ratios AAZ(,() nm/AAng nn-

The 7T, and temperature-jump kinetics of A showed a depen-
dence upon concentration; those of transition B did not. In ad-
dition, as shown in Figure 3, the dependencies upon ionic
strength of the two transitions differ considerably. Effect A has
dT,/d log [Na*] equal to 23 + 3°, while effect B has a value
of 12 £ 3°; the latter value is normal for a hairpin helix the
size of the rT-y arm (Scheffler er al., 1968). Although the
melting curves for the rT-y arm exhibit two peaks, the disc
electrophoretic patterns in 7 M urea for the same sample con-
tained just one band. Similarly, an attempt to separate the
components responsible for the two effects by chromatography
over DEAE-cellulose in 7 M urea at pH 7.5 yielded only one
chromatographic peak which, after the removal of urca and
salt by successive chromatographic steps over DEAE-cellulose
and Sephadex G-25 (fine), gave a melting curve identical with
the previous one.

Thus, although the melting curve shows heterogeneity. sev-
eral analytical methods indicate that the rT-y arm preparation
is homogeneous. Apparently a double-stranded helix contain-
ing five G-C pairs remains helical in 7 M urea when there is
enough salt in the gradient to raise the T, above room temper-
ature. Another example of this behavior is the isolated double-
stranded acceptor stem of tRNATY® (Escherichia coli), which
contains five contiguous G-C base pairs, and which also re-
mains undissociated in 7 M urea when chromatographed over
DEAE-cellulose (D. Riesner, personal communication).

The independence of the temperature-jump kinetics from
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FIGURE 3: The dependence of the transition midpoints of transitions A
and B of the rT-¢ arm upon the ionic strength. Sodium chloride was
added to a solution of 0.01 M sodium cacodylate-1 mM EDTA (pH
6.8) to achieve the desired ionic strengths. The absorbance at 260 nm
and 20° of the solution used for T,» was 1.7: (O-0) Ty points for
transition A: (3- -0) T, points for transition B.

concentration, the difference spectrum ratios of 0.55 and the
moderate dependence of T,, upon sodium ion concentration
(12°) are all consistent with the assignment of transition B to
the helix-coil transition of the rT-¢ arm as written in the clo-
verleaf structure (Figure 1). In addition, the high 7,, (80°) in
30 mM sodium ion is similar to that of another oligonucleotide,
the extra arm of tRNAS¢™ (yeast) (Coutts. 1971), which con-
tains three-four G-C base pairs and is typical of the stability
displayed by hairpin helices (Scheffler er af., 1968: Uhlenbeck
et al., 1973). The data of Gralla and Crothers (1973) can be
used to calculate the stability of the helix in | M sodium ion,
yielding the value of 100° for T,,. Extrapolation of the ionic
strength dependence curve for the T, values of transition B
(Figure 3) to | M sodium ion gives 97 £ 2°, which is in excel-
lent agreement with the calculated value. However, Gralla and
Crothers’ enthalpy value for G-C base pairing (12.7 kcal/mol)
disagrees substantially with the value obtained from the pres-
ent study (vide infra), indicating that their data may not repre-
sent the best fit of the entropic and enthalpic parameters.

Two alternatives present themselves for the identity of tran-
sition A: either the arm dimerizes, or the hairpin loop has been
cut in roughly 50% of the molecules. Two facts arguc against
the existence of dimers. If dimers were responsible for effect A,
the only additional base pairs besides the ten G-C pairs of the
cloverleaf which could be formed would be A-U. This is not the
case, as is seen from the difference spectrum ratios. which
would change from 0.55 to 0.9 with the addition of just onc A-
U base pair to five G-C (Coutts, 1971). In addition. the expect-
ed enthalpy (and hyperchromic) change upon the melting of
dimers containing no additional basc pairs would be close to
zero, since the hairpin products would have the same number
of base pairs. The observed enthalpy change of —78 kcal/mol
negates this alternative. Thus, on the basis of 1he physical evi-
dence above, the rT- arm is susceptible to clecavage sometime
in the course of its isolation, perhaps being cut at the G residue
at position 52 which has its 3" end adjoining the nonhelicat
loop. A working hypothesis in the analysis of the thermody-
namic and kinetic data for the rT-y arm was that transition A
represented the helix-coil transition of the arm with a cut
somewhere in the loop. The second transition (B) was assumed
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to represent the intact arm. Thus, the following equilibria were
considered
k!
R

kot
D

H’ (transition A) 1)

kg
C =
3

D

H (transition B) 2)

where H’ is the nicked helix, H the intact helix, and C,, C,,
and C are the randomly coiled products of the helix-coil transi-
tion. The rate constants for helix dissociation and recombina-
tion are kp and kg, respectively. In order to make the kinetics
of the first transition fast enough for convenient measurement
with the temperature-jump apparatus, they were measured
using a buffer containing 1 M sodium chloride. The melting
curve for effect A in the 1 M sodium ion is shown in Figure 2b.
At this ionic strength, transition A has a Tp, of approximately
58°, depending upon the nucleotide concentration. The kinetics
of the second transition were measured in 0.02 M sodium chlo-
ride-10 mM sodium cacodylate (pH 6.8); these low salt condi-
tions were necessary to slow down the reaction so that it was
still measurable, and yet still provide enough salt so that the
heating rise time of the temperature jump was appreciably
faster than the relaxation time for the oligonucleotide. The re-
laxation kinetic equations for the equilibria in eq 1 and 2 are
given in eq 3 and 4, respectively, where 7 is the relaxation time.

1/7 = kg((Cy] + [C]) + Bp (bimolecular) (3)

1/7 = kg + kp {monomolecular) 4)

In the bimolecular case the concentrations of the reactants
must be known in order to evaluate the rate constants. Al-

though the concentration of the nicked arm was not known, the’

equilibrium and rate constants for transition A could be ana-
lyzed as a product of total nucleotide concentration to yield
reaction and activation enthalpies, according to eq 5 and 6 and

K[H], = @ - 6)/6% = (rp/kp)[H], (5)

wltll, = 3 (5 9>/ : : (6)
4

1 -6
)

standard van't Hoff and Arrhenius treatments. [H]g is the
total helix concentration (or total concentration of one half), 6
is the extent of reaction, which is obtained by integration of the
melting curve, and 7 is the relaxation time. Equations 5 and 6
are derived in the Appendix to this paper. van’t Hoff and Ar-
rhenius plots for transitions A and B are displayed in Figure 4,
and the thermodynamic and kinetic parameters obtained from
these plots are given in Table I.

Isolated pU and CCA Halves. Two conditions were chosen
for the examination of the differential melting curves of the
separated and combined pU and CCA halves of tRNAAsP, One
set of conditions consisted of a buffer containing 10 mm sodi-
um cacodylate and 5 mM magnesium chloride (pH 6.8), which
approximated the conditions under which the enzymatic charg-
ing of the half-molecules was measured. Thermodynamic and
kinetic data obtained in the presence of magnesium, however,
can be complicated by the binding equilibria of magnesium
with the oligonucleotides. Thus, the second set of conditions
employed a magnesium-free buffer containing 10 mM sodium
cacodylate, ] mM EDTA, and 0.5 M sodium chloride (pH 6.8).

The melting curves of the isolated half-molecules were quali-
tatively similar under both sets of conditions (Figure 5). The
CCA half-molecule shows no transition other than the melting
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FIGURE 4: (a) van’t Hoff and Arrhenius plots for transition A of the
rT-¢ arm. The buffer was 0.01 M sodium cacodylate, 1.0 M sodium
chloride, and 1 mMm EDTA (pH 6.8): (O-0) logarithm of the product
of the equilibrium constant and the total nucleotide concentration, log
(K[H]o); (®-0) logarithm of the product of the rate constant for re-
combination and the total nucleotide concentration, log (kr[H]o);
(O-0) logarithm of the rate constant for dissociation, log kp. (b) van’t
Hoff and Arrhenius plots for transition B in 0.01 M sodium cacodylate,
0.02 M sodium chloride, and | mM EDTA (pH 6.8): (0-0) logarithm
of the equilibrium constant, log K, (®-0®) logarithm of the rate con-
stant for recombination, log kg; (O-0) logarithm of the rate constant
for dissociation, log kp.

of the rT-y arm at high temperatures. If the rT-¢ helix in the
CCA half behaves the same as in the isolated rT-¢ arm, it
should have a T, of 93 £ 2° in 0.51 M sodium jon (Figure 3).
Although the melting curve for the CCA half-molecule could
not be measured beyond 93° in Figure 5b, the observed hyper-
chromicity, difference spectrum ratios, and peak position are
consistent with the rT-y helix having identical melting charac-
teristics in both the isolated arm and the half-molecule. In con-
trast, the hyperchromic change in the pU half was so broad
and apparently noncooperative that temperature-jump experi-
ments were carried out on the samples in 0.5 M sodium ion to
see whether or not a slow relaxation time, indicative of a helix-
coil transition, could be found. The only relaxation effect which
could be found over the entire temperature range (20-60°) is
normally associated with fast changes in the stacking equilibria
of bases in single strands (Riesner and Roemer, 1973).

Mixed Halves. Figure 6 compares the melting behavior of
the intact tRNAASP with mixtures of equal A260n0m (20°)
amounts of the half-molecules. The recombination of the two
halves gives rise to a new peak in the melting curve which has
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TABLE 1: Thermodynamic and Kinetic Parameters for Helix-Coil Transitions in Fragments and Intact Molecules of tRNAAsp

(Brewer’s Yeast).?

AS
Transition AH (kcal/mol) (cal deg! mol~!) AERg (kcal/mol) AEp (keal/mol) Ty (°C) [Na*] (m)
A (rT-y arm) —78 =6 —~18 = 6 60 = 6 S8 %=1 1.01
B (rT-y arm) —62 + 4 —44 = 5 36 64 £ 6 79.5 = 1 0.032
I (intact tRNAAsP) —-101 = 5 —78 4+ 5 —-53 + 10 48 + 10 51.4 £ 1 0.51
II (intact tRNAA=p) —71 £ 20 —54 £ 10 —11 =10 60 £ 10 61.0 =2 0.51
Recombination of —141 = 10 62.9 % 1 0.017

CCA and pU halves

¢ Measurements were made at pH 6.8 in 0.01 m sodium cacodylate buffer with 1 mm EDTA and varying amounts of sodium

chloride. * Contained 5 mM magnesium ion and no EDTA.

more hyperchromicity than the curves of the isolated half-mol-
ecules in Figure 5. This constitutes a physical proof that new
helical structure(s) arise from the recombination of the two
halves. That these helical structures are similar to those found
in the native tRNA can be seen in the enzymatic charging ex-
periments with the mixed halves (vide infra). It is noteworthy
that in contrast to the isolated half-molecules, the recombined
half-molecules are much more stable in the presence of 5 mm
magnesium ion than in 500 mM sodium ion, with a difference
in Ty, values of the recombination peaks of about 20°.

|

T ) §(AA260/20“03

20 b 40 50 0 7 80 9
T,%C

FIGURE 5: (a)Differential melting curves for the pU and CCA halves
of tIRNAAP in 0.01 M sodium cacodylate-5 mM magnesium chioride
(pH 6.8): (A-A) Ad260 nm/2°, CCA half; (0-0) pU half; (v-v) dif-
ference spectrum ratios Adz60 nm/AA280 nm for CCA half; (O-0) dif-
ference spectrum ratios for pU half. The absorbance of both solutions
at 260 nm and 20° was 1.0. (b) Differential melting curves for the pU
and CCA halves of tRNAA in 0.01 M sodium cacodylate, 0.5 M sodi-
um chloride, and | mM EDTA (pH 6.8). Symbols are the same as in
Figure 5a.
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Figure 6a also demonstrates that the difference spectrum ra-
tios of the recombination peak measured in 5 mM magnesium
ion are constant, having a value of ca. 1.8. We conclude that in
the presence of magnesium ion, but not in the presence of sodi-
um ion, the recombination may proceed in an “all or none”
manner, and that eq | may be used as a model for the reaction.
A van’t Hoff plot according to eq 5 of the data in Figure 6a
yields a AH for helix formation of =141 £ 10 kcal/mol. This is
a lower limit of the AH involved, since if the *all or none" as-
sumption is not completely fulfilled, the total AH value would
be even higher.

Aminoacylation of the Reassociated Halves. Figure 7 shows
the kinetics of aspartic acid attachment to the two reassociated
halves of tRNAASP. It can be seen that the aminoacylation
reaction reaches a plateau after about 30 min. Taking into ac-
count the fact that only 66% of 3’-terminal halves have an in-
tact CCA end, this plateau corresponds to 61% charging as
compared to intact tRNAAP By increasing the concentration
of aspartic acid it is possible to obtain a total charging of all
reassociated halves having their 3’-terminal ends intact (Gan-
gloff and Dirheimer, [973b.)

Melting Behavior of Intact i1RNAP. The differential melt-
ing curve of tRNAAP in 0.5 M sodium chioride is presented in
Figure 6b and is characterized by a large peak with a T, of
53° followed by a long sloping shoulder on the high tempera-
ture side. As evidenced by the continually changing difference
spectrum ratios (shown in Figure 9), several transitions are em-
braced by the apparently heterogeneous melting curve. The
amplitude of the signal from a temperature-jump experiment is
equivalent to the change in absorbance per small temperature
interval measured in a differential melting curve. Therefore, a
resolution of this mixture of transitions was attempted with the
use of relaxation kinetics, since a dynamic (e.g., kinetic) mea-
surement may permit the resolution of the individual transi-
tions according to the time interval in which they take place
(Riesner et al., 1970: Cole and Crothers, 1972),

If one assumes the simple two-state “"all or none™ model of
eq 2 for the reaction mechanism of the melting of the structur-
al elements of a tRNA molecule, and that there is no coupling
between the transitions, then the differential melting curve as-
sociated with a single kinetic transition may be calculated ac-
cording to eq 7. where A4,*(T) is the amplitude of the relaxa-

AATY/AT = (BAD/ATAXT)/ A *(T) (D

tion effect 7, A*(T) is the total relaxation amplitude,
AA(T)/AT is the value of the equilibrium differential melting
curve, and A,.(T)/AT is the value of the differential melting
curve associated with the relaxation effect 7. all values being at
temperature T, the final temperature of the temperature jump.
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FIGURE 6: (a) Differential melting curves of a mixture of the
CCAand pU halves and of the intact tRNAASP, in 0.01 M sodium caco-
dylate-5 mM magnesium chloride (pH 6.8): (A-A) AA260 nm/2° of a
mixture of 0.5 A0 nm(20°) units each of the pU and CCA halves;
(0-0) difference spectrum ratios A4260 nm/A280 nm for the recombina-
tion peak; (O-0) AA260 nm/2° of tRNAASP, The absorbance of the
tRNAAP solution at 20° and 260 nm was 1.0. (b) Differential melting
curves of a mixture of the CCA and pU halves, and of the intact
tRNAASP in 0.01 M sodium cacodylate, 0.5 M sodium chloride, and 1
mM EDTA (pH 6.8): (A-A) AAae0nm/2° of a mixture of 0.5
A260 nm(20°) units each of the CCA and pU halves; (0-0) difference
spectrum ratios AA4360 nm/AA280 am for the recombination peak; (O-
0) AA 260 nm/2° of IRNAASP, The absorbance of the tRNAASP solution
at 260 nm and 20° was 1.0.

The temperature-dependent equilibrium constants associated
with the transitions resolved by relaxation measurements were
evaluated from plots of A4,(7)/AT vs. T according to Riesner
et al. (1970), as were the calculations of the transitions’ ther-
modynamic and activation parameters.

Initial kinetic experiments with tRNAAsSP in 0.5 M sodium
chloride indicated that around 55° three distinct relaxation ef-
fects could be seen, which we shall call I, 11, and 111, and which
correspond to relaxation times of 200 msec, 200 usec, and S
usec, respectively. Effect [11 was equivalent to the heating rise
time of the instrument and its origin was therefore ascribed to
the perturbation of the single-strand stacking equilibrium.
Thus, only effects 1 and Il arise from helix-coil transitions.
The corrected amplitudes A4,/AT at 260 nm for effects I, I1,
and Il are plotted in Figure 8, together with the difference
spectrum ratios. The curves in Figure 8 are compared to the
melting curve of the intact tRNAASP in Figure 9. The total
area under the differential melting curve up to 70° corresponds

BIOCHEMISTRY, VOL. 13, NO. |9,

-
L9
O

®/ aminoacylation
1N
o
1

204

J

FIGURE 7: The per cent aminoacylation of the recombined half-mole-
cules of tRNAAP as a function of incubation time with enzyme. Equal
A260 amounts of isolated CCA and pU halves were mixed and annealed
as described in the text, before being treated with purified aspartyl-
tRNA synthetase.
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to the sum of the amplitudes arising from the three kinetic ef-
fects. The points in these plots represent an average calculated
with data taken from three to four temperature jumps at a
given temperature.

The difference spectrum ratios remain constant throughout
the transition in effect I, where A4,1(260 nm)/AA,1(280 nm)
has a value of ca. 2.7, and throughout effect I, where the value
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FIGURE 8: (a-c) Corrected relaxation amplitudes for effects I, 11, and
11, respectively, of tRNAA*P in 0.01 M sodium cacodylate, 0.5 M sodi-
um chloride, and | mM EDTA (pH 6.8): (v-¥) 14,260 nm /3. (0-0)
difference spectrum ratios AA4,200 "m /A 4,280 am The vajues are nor-
malized to an absorbance at 260 nm and 20° of 1.0 for tRNAAsP,
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FIGURE 9: A comparison of the relaxation amplitudes for effects [, 11,
and 11 with the differential melting curve of tRNAMP, in 0.01 M sodi-
um cacodylate. 0.5 M sodium chloride, and | mM EDTA (pH 6.8):
(0-0) Adapp nin/2° for tIRNANP (9-9) 24,260 mm /20 for effect I
(O-0) effect 1I; (0-0) effect I11: (a-a) difference spectrum ratios
AA20 nm/—\AZKO nm for tRNAMP,

is ca. 1.3. Integration of the melting curve for effect I in Figure
8a leads to values of K which are plotted as a function of tem-
perature in Figure 10. Included in Figure 10 are values for kg
and kp. The thermodynamic and activation parameters gained
from Figure 10 are listed in Table I.

Because of its cooperativity and large difference spectrum
ratios, effect | coincides with the major peak of the intact
tRNAA melting curve at 260 nm. Melting curves of the intact
molecule were measured at different ionic strengths to deter-
mine the dependence upon ionic strength of effect I, which was
found to be d7,!/d log [Na*] = 17 £ 3°.

Discussion

Measurements were performed on the fragments of
tRNAAP with a twofold purpose: to obtain thermodynamic
and kinetic data on the isolated rT-y and dihydrouridine arms
to aid in the interpretation of the melting of the intact mole-
cule, and to present physical evidence for the reconstitution of
the two half-molecules.

Physical Parameters of the Isolated rT-y Arm. The rT-y
arm of tRNAMP contains, on the basis of its cloverleaf struc-
ture (Figure 1), five G-C base pairs, with one of the cytosines
methylated on the number five carbon. Several pieces of evi-
dence have been presented which indicate that the second tran-
sition, B, in the melting curve of the oligonucleotide represents
the helix to coil transition of the base pairs suggested in the
cloverleaf model.

The enthalpy change for helix-coil transition B can be rea-
sonably interpreted as arising from four nearest neighbor inter-
actions; the formation of the first base pair, or the nucleation of
the helix, involves hydrogen bond formation only and no stack-
ing, and consequently should have an enthalpy change close to
zero. Thus, the change in enthalpy for the addition of a G-C
base pair to an existing helix in the rT-¢ arm of tRNAAsP
would be —62/4 = —15.5 £ 1 kecal/mol, in good agreement
with other estimates (Riesner and Roemer, 1973). This value is
far larger than Podder’s (1972) estimate of —6.3 kcal/mol
measured with oligo(G) and poly(C). The T\, of this system is
below 30°, however, and residual single-strand stacking would
substantially decrease the apparent AH. The small activation
energy of 3 £ 6 kcal/mol for helix formation of transition B is
BIOCHEMISTRY. VvOL. 13, NO. 19,
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FIGURE 10: van't Hoff and Arrhenius plots for effect 1 of intact
tRNAAP in 0.01 M sodium cacodylate, 0.5 M sodium chloride, and 1
mM EDTA (pH 6.8): (0-0) logarithm of the equilibrium constant, K.
(O-0) logarithm of the rate constant for recombination, Akr; (A-A)
logarithm of the rate constant for dissociation, kp.

consistent with the existence of an equilibrium of at least one
base pair which precedes the rate determining step. Negative
or zero activation energies for helix formation have been ob-
served with a variety of other oligonucleotide systems (Riesner
and Roemer, 1973).

The identity of the helix-coil transition in effect A is not
completely clear, although the dependence upon concentration
of its T and relaxation kinetics is consistent with the assign-
ment of a bimolecular helix-coil transition (as a result of a cut
in the loop of the rT-y arm). The lower T\, of transition A is
apparently a reflection of the dependence upon concentration
of its helix-coil transition relative to the monomolecular, con-
centration independent transition of B, and may thus be a mea-
sure of the increased stability a hairpin molecule (with a loop
size 6 or larger) has over the corresponding double-stranded
helix. A possible explanation for the greater AH of the bimole-
cular reaction (—78 kcal/mol) at 60° compared with the
monomolecular reaction (—62 kcal/mol) at 80° would be that
transition B shows incomplete ““all or none™ behavior, i.e. at its
T transition B might have ca. 4.5 base pairs instead of S.

Melting of the CCA Half. Figure 5 demonstrates that the
CCA half undergoes no helix—coil transition below 60° under
the conditions tested (500 mM sodium ion and 5 mM magne-
sium ion); the peaks at 80° in 5 mM magnesium ion and at ca.
95° in 500 mM sodium ion correspond to the melting of the
rT-¢ helix. The flat differential melting curve below 60° in
Figure 5 indicates that no additional base pairing exists in the
CCA half-molecule other than in the rT-y arm. Thus, under
the conditions we examined, the CCA half can be regarded as
the rT-¢ arm with long oligonucleotide tails on the 3" and &
ends.

No Double Helical Structure in the Isolated Dihydrouridine
Arm. The pU half-molecule exhibited a shift in 7y, of about
10° between 500 mM sodium ion and 5 mM magnesium ion,
but the melting curves in both cases were broad and noncoo-
perative. The fact that there was a continuous variation in the
difference spectrum ratios throughout most of the peak indi-
cates that it was not homogeneous under both conditions. i.e.
two or more transitions are hidden under the peak. Tempera-
ture-jump experiments with the pU half in 500 mM sodium ion
showed the complete lack of any cooperative effect which was
slower than the heating rise time of the apparatus. The relaxa-
tion times as fast as the heating rise times which were seen in
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these experiments are generally attributed to the melting of
single-stranded, stacked conformations (Riesner and Roemer,
1973). These data constitute evidence that the separated pU
half is a random coil in a solution containing 500 mM sodium
ion, and that under these conditions, the dihydrouridine arm
does not exist as suggested by the cloverleaf model. This con-
clusion may be logically extended to the 5 mM magnesium con-
ditions, owing to the similarity in the shape of the melting pro-
files and in the difference spectrum ratios under both condi-
tions. This result is not surprising, in view of the rather weak
nature of the four hypothesized base pairs (two A-U, one G-U,
and one G-y). The dihydrouridine arm of tRNAAsP differs con-
siderably from that of tRNAPYe (yeast), which contains three
G-C and one A:U base pairs and has a T, of 70° in 0.11 M so-
dium ion (Roemer et al., 1969).

Recombination of the Half-Molecules. Figure 6, in conjuc-
tion with Figure 5, provides evidence that there is a recombina-
tion between the pU and CCA halves in the presence of either
500 mM sodium or 5 mM magnesium ion. In the presence of
magnesium a cooperative transition with difference spectrum
ratios AA4260 nm/AA280 nm Of 1.8 and a AH value of —141 kcal/
mol is produced by the recombination of the two halves. The
acceptor and anticodon stems must certainly be reconstituted
in the mixture of the halves; both have a high G-C content
(Figure 1), which should make helix formation favorable.

A simple calculation of the expected enthalpy change of the
anticodon and acceptor stems at 60°, based on nearest neigh-
bor enthalpies from the literature (Riesner and Roemer, 1973),
yields =106 + 20 kcal/mol, if the G-U base pair is evaluated as
an A.U. The difference between the observed and calculated
enthalpy change is beyond experimental error, and we conclude
that the recombination peak represents more than helix forma-
tion in the anticodon and acceptor stems. This conclusion is
corroborated by the difference spectrum ratios in the peak,
which indicate that over 40% of the base pairs participating in
the transition are A-U. The anticodon and acceptor stems con-
tain just 16% A-U and 16% G-U: it may be estimated from
melting curves of poly(G,A)-poly(U) that the extinction
change at 260 nm melting a G-U base pair located next to an
A-U base pair is roughly twice that at 280 nm (A. Lomant and
J. Fresco, personal communication). The comparable ratio for
A-U is much larger (Coutts, 1971). Thus, on the basis of the
enthalpy change and the difference spectrum ratios we specu-
late that when the half-molecules recombine in the presence of
magnesium, either the tertiary structure or the dihydrouridine
helix or both also form. This seems reasonable since the con-
straints produced by the formation of the anticodon and accep-
tor stem helices might promote the formation of the helix in the
dihydrouridine arm. Indeed, the dihydrouridine arm’s helix
might be a requirement for the ability to form a tertiary struc-
ture (Kim er al., 1973). The ability of magnesium ion to stabi-
lize the recombination of the two halves much more efficiently
than sodium ion may be an indication of the involvement of the
tertiary structure; tertiary structural transitions of tRNA have
greater sensitivity to magnesium ion concentration than do
normal helical transitions (Riesner and Roemer, 1973).

Finally, the ability of the aspartate tRNA synthetase to
charge the half-molecules implies the existence of a tertiary
structure under these conditions. The possible equilibria and
conformational states of tRNAAsP which these data suggest are
drawn diagrammatically in Figure 11. In the presence of mag-
nesium, the intermediate states of Figure 11 are probably not
occupied, since the recombination apparently proceeds in an
“all or none” manner under these conditions.

The most important points to be learned from the data ob-
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FIGURE 11: A reaction scheme showing possible equilibria involved in
the recombination of the CCA and pU halves of tRNAA (yeast) in §
mM magnesium chloride (the model for the tertiary structure of the re-
combined and intact tRNAASP was taken from Kim ez al., 1973).
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tained with the half-molecules are that one-half, the pU, lacks
secondary structure when separated from the CCA half, and
that the isolated CCA half-molecule has the very stable rT-¢
helix as its sole secondary structure. Spectroscopic, thermody-
namic, and enzymatic evidence have demonstrated that the pU
and CCA halves recombine to form a native, chargeable struc-
ture, in accordance with earlier work on the recombination of
fragments of tRNA (Roemer et al., 1969; Bayev et al., 1967).

The extreme stability of the rT-y helix and the instability of
the dihydrouridine helix permit us to understand their relative
electrophoretic mobility on polyacrylamide gels (12%, pH 7):
the longer half (CCA) migrates faster on the gel than the
shorter half (pU) (Gangloff and Dirheimer, 1973b). This unex-
pected result can be explained if we assume that the CCA half
has a more compact spatial configuration than the pU halif.

Physical Measurements on the Intact tIRNAAP. The time
resolution of the temperature-jump method has been utilized to
separate three overlapping effects in the melting curve of
tRNAAP (yeast) below 70° in 500 mM sodium chloride; Fig-
ure 8 shows plots of the temperature-dependent amplitudes for
each effect. We have summarized the kinetic data for effects |
and I1 of the intact tRNAASP and for transition B of the isolat-
ed rT-y arm in Table I1.

This study attempts to correlate each transition with a struc-
tural element or elements in the cloverleaf model and the
three-dimensional structure of the tRNAAsSP molecule. Of the
three transitions observed with relaxation kinetics, the fastest,
111, reflects the temperature perturbation of the single-strand
stacking equilibrium. In addition, because of the extreme sta-
bility of the rT-y helix, e.g., the high likelihood that all other
secondary structures will melt before it, and the similarity of
its melting behavior in the isolated arm and CCA half-mole-
cules, we conclude that the rT-y helix has a T, ~ 90° in the
intact tRNAASP moleclule, and therefore need not be consid-
ered for any of the helix-coil transitions measured below 70°.
Thus, there are four structural elements, the tertiary structure,
and the anticodon, dihydrouridine, and acceptor stem helices,
which can be assigned to the two remaining transitions (1 and
I1) below 70°. It is worth noting that the isolated dihydrourid-
ine helix is unstable, and that if it has any secondary structure
at all in the intact tRNAASP_ it is likely to be the most unstable
of all the structural elements suggested by the cloverleaf
model.

Transitions I and Il lend themselves to thermodynamic in-
terpretation, since they can be described as “all or none” reac-
tions. The analysis of effect I must take into account several
pieces of data. (a) The constant difference spectrum ratios
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TABLE 11: A Summary of the Relaxation Times for Effects I
and 1I of the Intact tRNAA*" and for Transition B of the
rT-y Arm.?

T(OC) 71 (msec) 711 (msec) Ty anw (msec)
43 .4 198 (2)

436 227 (8)

463 228 (2)

46.7 277 (2)

47 0 318 (2)

471 277 (2)

50.4 400 (2)

510 476 (2)

51.3 535 (4)

514 538 (6)

53.6 512 (3) 0.436 (3)

54.5 457 (4)

58.5 418 (3) 0.437 (5)

63 .6 0.0902 (2)
65.0 0.160 (3)

66.1 0.0672 (2)
70.7 0.0693 (2)
73.0 0.0557 (2)
75.8 0.0444 (3)
79 .6 0.0236 (3)
81.6 0.0201 (3)

® The numbers in parentheses refer to the number of ob-
servations used in calculating the relaxation time.

have a value AA4260 nm/AA280 nm Of 2.7 £ 0.3. (b) The hyper-
chromicity at 260 nm for the transition is about 72% of the
total hyperchromicity under 70° which arises from cooperative
helix-coil transitions, /.e. the per cent hyperchromicity of ef-
fects [ and I1. (c) Effect I has an enthalpy change for helix for-
mation of —101 £ 5 kcal/mol, and activation energies of =33
+ 10 and 48 x 10 kcal/mol for helix formation and dissocia-
tion, respectively (Table I and Figure 10).

Effect Il has the following characteristics: (a) constant dif-
ference spectrum ratios of 1.3; (b) 28% hyperchromicity of co-
operative helix-coil transitions under 70°; (¢) a AH for helix
formation of =71 kcal/mol and activation energies of —11 and
+60 kcal/mol for helix formation and dissociation, respectively
(Table I and Figure 10).

A Mechanism of the Thermal Denaturation of tRNAAD.
We wish to propose a mechanism for the melting of tRNAA
in 300 mM sodium ion which is consistent with the body of daia
obtained with the fragments and intact tRNA. Effect I repre-
sents the strongly coupled, e.g. simultancous melting of the ter-
tiary structure, dihydrouridine helix and acceptor arm. Effect
IT represents the melting of the anticodon helix. Finally, effect
11 arises from the perturbation of the single-strand stacking
equilibrium with some contribution from the rT-y helix at tem-
peratures above 70°. This mechanism is pictured in Figure 12.
and is justified in the following manner.

(a) DIFFERENCE SPECTRUM RATIOS. The tRNAA mole-
cule contains just four A-U base pairs in its cloverleaf struc-
ture. Although the inclusion of G-U base pairs in a helix under-
going transition would tend to raise its values of Adqp nin/
AA 530 am (estimated value for G-U is 1.9), the difference spec-
trum ratios are most sensitive to the presence of A-U. which
has virtually no extinction change at 280 nm while going from
the helix to the coil state. Thus, it is surprising that the differ-
3946
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FIGURE 12: A proposed mechanism for the thermal denaturation of
intact tRNAMP. The numerals | and [ refer to effects observed with
relaxation kinetics.
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ence spectrum ratios of effect I indicate that the structures
undergoing transition are composed of approximately 60% A-U
base pairs. Obvious candidates for this transition are the only
two arms which contain A-U, the dihydrouridine helix (50%
A-U, e.g two A-U and two G-U) and the acceptor arm (30%
A-U, e.g. two A-U, four G.C and one G-U). Indeed, the distri-
bution of A-U base pairs in the intact tRNA molecule is such
that the surprisingly high difference spectrum ratios in I con-
stitute a proof that the dihydrouridine helix is undergoing tran-
sition in this effect. In analogy with the tertiary structure of
tRNAPhe (yeast), which has difference spectrum ratios of ca.
3.5 (Riesner and Roemer, 1973), the tertiary structure of
tRNAAP may also be considered as a candidate for cffect 1.

The difference spectrum ratios of effect Il of ca. 1.3 corre-
spond to 70% G-C in structure undergoing helix--coil transition.
This is consistent with the assignment of the anticodon arm,
which has 80% G-C.

(b) HYPERCHROMICITY. The hyperchromic contribution of
the various structural elements of the cloverleal may be calcu-
lated using the following AE360 ;mor A-L, 4.0 X 10% G.C, 2.1
X 103 (D. Henley and J. Fresco, personal communication): and
G-U, 1.6 X 103 (A. Lomant and J. Fresco, personal communi-
cation). At 260 nm, the dihydrouridine, acceptor, and antico-
don helices would constitute roughly 30, 45, and 25%. respec-
tively, of the hyperchromicity under 70°. In the first approxi-
mation, the tertiary structure can be neglected, since the terti-
ary structures of tRNAPh (yeast), tRNAYY (£ coli), and
tRNAAY 41] show small hyperchromic changes upon melting
(Riesner and Roemer, 1973). The observed 72% contribution
of effect I agrees well with the sum of the dihydrouridine and
acceptor helices, e.g. 30 + 45 = 75%, as does the hyperchromi-
city calculated for the anticodon helix (25%) with that ob-
served for effect 11 (28%).

(¢) KINETICS AND THERMODYNAMICS. The activation en-
ergy for helix formation in transition 1. —53 kcal/mol, is nega-
tive and unusually large, and indicates that a preequilibrium of
several base pairs is involved in helix formation, which is cquiv-
alent to saying that one or more structural elements or helices
must first form before the rate determining step in the forma-
tion of ordered structure in transition I can take place. Using
the nearest neighbor enthalpies of Roemer er al. (1969} at 50°,
enthalpy changes for the dihydrouridine. acceptor. and antico-
don arms are calculated to be approximately —23. —56. und
—40 kcal/mol, respectively. The calculated enthalpy change
for the acceptor arm equals the activation energy for helix for-
mation in l, which includes the activation enthalpy of the rute
limiting conformational element (0 — (—20) kcal/mol). Since
it may be that ring closure (connecting the 5" and 3’ ends in
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helix) takes place before the tertiary structure can form, our
mechanism predicts that the acceptor arm’s helix is first consti-
tuted in a preequilibrium step before the dihydrouridine helix
and tertiary structure close in the rate determining step.

The enthalpy change of —101 kcal/mol for the helix to coil
transition I indicates that two or more structural (cloverleaf)
elements are involved in the transition. According to our mech-
anism, the AH for transition I represents the sum of the enthal-
py changes for the melting of the dihydrouridine and acceptor
helices plus the tertiary structure, e.g. AH| = =79 + AH\¢r sre
kcal/mol. The enthalpy change for the melting of the tertiary
structure of tRNAASP cannot be calculated; literature values
for other tRNA molecules range from —33 to —45 kcal/mol
(Riesner and Roemer, 1973). Thus, by difference, the AH
value we obtain for the tertiary structure is —22 kcal/mol,
which seems reasonable when compared to the values above.

It is interesting to compare effect I, in 500 mM sodium ion,
with the recombination peak measured for the two half-mole-
cules in 5 mM magnesium ion. According to our analysis both
peaks have the same structural elements (dihydrouridine and
acceptor arms, tertiary structure) undergoing transition, with
the recombination peak containing the anticodon helix in addi-
tion. The difference in enthalpy changes between the two tran-
sitions, whose T, values differ by 10°, is 40 kcal/mol, which
agrees well with the calculated value for the anticodon helix at
60°, —43 kcal/mol.

The enthalpy change for effect 1 is higher than that calcu-
lated for the anticodon helix, i.e. —71 kcal/mol observed vs.
—43 kcal/mol calculated. This difference in AH can be in part
attributed to the difficulty in making the temperature-jump
measurements and consequently in the high error associated
with the values, and in part to the lack of quantitative data for
G-U base pairs. Differences of this magnitude between caicu-
lated and observed enthalpy values for some tRNA transitions
have been observed before (Riesner and Roemer, 1973). The
activation energies of —11 and +60 kcal/mol for helix recom-
bination and dissociation of effect II, respectively, are typical
for short single helices (Riesner and Roemer, 1973).

The predicted 7, for the anticodon helix in 1 M sodium ion,
according to Gralla and Crothers (1973), is 87°. Assuming a
value of ca. 20° for dT,/d log [Na*] for the helix, this would
be 80° in 0.5 M sodium ion. The observed value of 61° for ef-
fect I1 is much lower; this may be due to some electrostatic de-
stabilization from the intact neighboring rT-y arm, and to the
inaccuracy of the quantitative data on interior G-U base pairs.

Obviously, the thermodynamic data cannot be treated in an
exact, quantitative manner. However, the spectral and thermo-
dynamic data observed with both the fragments and intact
molecule of tRNAAP support the simultaneous opening of the
tertiary structure, dihydrouridine, and accepter helices in the
first melting step of the intact molecule, followed by the antico-
don helix and finally by the thermal denaturation of the rT-y
arm.

Does IRNAAP Have the Same Conformation as 0.5 M So-
dium and 5 mM Magnesium Ions? Although a definitive an-
swer cannot be given to this question because the enzymatic
assay of tRNAASP cannot be carried out at high ionic strength,
a number of studies on simple polynucleotides and oligonucleo-
tides have shown that the electrostatic effect of magnesium ion
can be mimicked by higher concentrations of sodium ion (Ries-
ner and Roemer, 1973). The special case of tertiary structure
is more difficult to analyze, since it is known to be very sensi-
tive to the presence of divalent cations. Phase diagrams of
tRNA™et (E. coli) proposed by Cole er al. (1972) show no
special magnesium region; the tertiary structure of tRNAPhe
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(yeast), however, has an absolute requirement for divalent cat-
ion (D. Riesner, personal communication). The spectral and
thermodynamic data above imply that the tertiary structure of
tRNAASP (yeast) is present in 0.5 M sodium ion, although more
evidence would be needed to provide unambiguous proof.

How Does tRNAAP (Yeast) Differ from Other tRNA Mole-
cules? The unusual feature of our model for the thermal dena-
turation of tRNAASP is the stabilization of the dihydrouridine
helix far above its 7, in 500 mM sodium ion by the intact mol-
ecule. The mechanism implies that the tertiary structure is re-
sponsible for this stabilization. The instability of the dihy-
drouridine helix has been noted for two other tRNA species.
Oligonucleotide binding experiments (Uhlenbeck er al., 1972)
and high-resolution nuclear magnetic resonance (nmr) mea-
surements (Wong et al., 1973) on the native and denatured
forms of tRNA;Leu (yeast) have demonstrated that the dihy-
drouridine helix melts as the native conformer is converted (by
removing magnesium or lowering the ionic strength) to the de-
natured, /.e. as the native tertiary structure melts, so does the
dihydrouridine helix. Cole and Crothers (1972) have also hy-
pothesized that the cloverleaf form of tRNA™et (£ coli)
which is obtained from an early melting transition in 0.17 M
sodium ion may lack its dihydrouridine helix. On the basis of
melting curves and temperature-jump experiments, these au-
thors concluded that the tertiary structure and dihydrouridine
helix could melt simultaneously but independently. Although
some tRNA species such as tRNAPhe (yeast) have a rather sta-
ble dihydrouridine helix (Riesner et al., 1973), the helix is the
shortest of the main arms of the cloverleaf model and its rela-
tive instability may be a general feature of most tRNAs.
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Appendix

The determination of the reaction and activation enthalpies
of a bimolecular reaction when the concentration of the reac-
tants in unknown but equal is shown. Let the equilibrium of a
helix, H, with two randomly coiled oligonucleotides, C, and C»,
be represented by

k

R
Cl + C2 E H (I)
kD

where kg and kp are the recombination and dissociation rate
constants, respectively. The association constant K is

K = [H)/[C{][C;] = kn/kp (I

At low temperatures, the equilibrium is completely on the side
of the helix form, which has a concentration of [H],, which is
also the total concentration of C; and C,. As the temperature
is raised, a portion of the helix melts which is equal to the con-
centration of either C, or C,. Thus, the extent of reaction, 4,
may be defined as

6 = [G]/[H], (I
Then
K = ([H], - [C)V/I[C.} = U - 8)/6%[H], (IV)
Thus
K[H], = @ — 08)/6* = [Hlk/kp V)
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The quantity 8 and therefore K[H]o are experimentally acces-
sible from the differentiated melting curve by integration. Plot-
ting In (K[H]}o) against 1/T yields a straight line with a slope
of —AH/R. ie.

In (k{H],) = — AH/RT + AS/R + In[H];, (VD)

It can be shown (Roemer et al., 1969) that the relaxation rate
constant for a bimolecular process involving equal concentra-
tions of reactants is equal to

1/7 = (dkgkp[H], + RpH)'/2 (VID)
Substituting V into VII yields

/7 = 4k’ H] /K + kpt/K (VIm)
Rearranging

kg = 7@[H]/K + 1/KY (IX)

Multiplying each side by 1/[H]¢? gives

1/(kg[H]) = 2@/K[H], + 1/(K[H]))) X)

The values for K[H]o can be obtained according to eq V. Sub-
stitution and rearrangement yields

SR

The two variables on the rlght-hand side of eq X1 are experi-
mentally accessible. For a given temperature 7, 4 can be calcu-
lated from the melting curve and 7 is obtained from the tem-
perature-jump experiment. Similar to eq 6, a plot of In
(kr[H]o) against 1/T will yield a straight line with a slope of

—AER/R
— AE AS*
In (kglH])) = —2 + =—=—
(B} = —En o S
where AFR is the activation enthalpy for the recombination
reaction. Using 11 and III, an expression for kp may be de-
rived.

kelH], = + 1] (X1)

+ In [H], (XII)

kr[H]p

B =T e/

(XTm)

References

Adams, A., Lindahl, T., and Fresco, J. R. (1967), Proc. Nat.
Acad. Sci. U. S. 57, 1684.

Bayev, A. A.. Fodov, I., Mirzabekov, A. D., Axelrod, V. D.,
and Kazarinova, L. Y. (1967), Mol. Biol. I, 859.

Bilake, R. D, Fresco, J. R., and Langridge, R. (1970), Nature
(London) 225, 32.

Brown, R. S., Clark, B. F. C., Coulson, R. R., Finch, J. T.,
Klug. A., and Rhodes, D. (1972), Eur. J. Biochem. 31, , 130.

Cole. P. E., and Crothers, D. M. (1972), Biochemistry 11,
4368.

Cole, P. E., Yang, S. K.,
chemistry 11, 4358.

Coutts, S. M. (1971), Biochim. Biophys. Acta 232, 94.

Cox.R. A. (1970), Biochem. J. 120, 539.

and Crothers, D. M. (1972), Bio-

3948

BIOCHEMISTRY,

vOoL. 13, NOo. 19, 1974

COUTTS, GANGLOFF, AND DIRHEIMER

Cramer, F., von der Haar, F., Holmes, K. C., Saenger, W.,
Schlimme, E., and Schultz, G. E. (1970), J. Mol. Biol. 51,
523.

Fresco, J. R., Adams, A., Ascione, R., Henley, D. D., and
Lindahl, T. (1966), Cold Spring Harbor Symp. Quant. Biol.
31,527,

Gangloff, J., and Dirheimer, G. (1973a), Biochim. Biophys.
Acta 294, 263.

Gangloff, J., and Dirheimer, G. (1973b), Biochemie, submitted
for publication.

Gangloff, J., Keith, G., Ebel, J. P, and Dirheimer, G. (1971),
Nature(London), New Biol. 230, 125,

Gangloff, J., Keith, G., Ebel, J. P., and Dirheimer, G. (1972a),
Biochim. Biophys. Acta 259, 198.

Gangloff, J., Keith, G., Ebel, J. P., and Dirheimer, G. (1972b),
Biochim. Biophys. Acta 259, 210.

Gralla, J., and Crothers, D. M. (1973), J. Mol. Biol. 73, 497.

Kearns, D. R., Patel, D., Schulman, R. G., and Yamane, T.
(1971),J. Mol. Biol. 61, 265.

Keith, G., Gangloff, J., and Dirheimer, G. (1971), Biochimie
53,123

Kim, S. H., Quigley, G., Suddath, F. L.. McPherson, A., Sne-
den, D., Kim, J. J., Weinzierl, J., and Rich, A. (1973).
Science 179, 285.

Mans, R. J., and Novelli, G. D. (1961), Arch. Biochem. Bio-
phys. 94, 48.

Podder, S. K. (1972), Biopolymers 11, 1395.

Riesner, D., Maass, G., Thiebe, R., Philippsen, P.,
chau, H. G. (1973), Eur. J. Biochem. 36, 76.

Riesner, D., and Roemer, R. (1973), in Physico-Chemical
Properties of Nucleic Acids, Duchesne, J.. Ed., New York,
N. Y., Academic Press, p 237.

Riesner, D., Roemer, R., and Maass, G. (1970), Eur. J. Bio-
chem. 15, 85.

Roemer, R., Riesner, D., Coutts,
(1970a), Eur. J. Biochem. 15, 71.

Roemer, R., Riesner, D., and Maass. G. (1970b), FEBS (Fed.
Eur. Biochem. Soc.) Lett. 10, 352.

Roemer, R., Riesner, D., Maass, G., Wintermeyer, W., Thicbe,
R.. and Zachau, H. G. (1969), FEBS (Fed. Eur. Biochem.
Soc.) Lett. 5, 15.

Scheffler, 1. E., Elson, E. L.,
Mol. Biol. 36, 291.

Schmidt, J., Buchardt, B.,
Chem. 245, 5743.

Uhlenbeck, O. C., Borer, P. N., Dengler, B., and Tinoco. I.. Jr.
(1973). J. Mol. Biol. 73, 483.

Uhlenbeck, O. C., Chirikjian, J., and Fresco. J. R. (1972), Fed.
Proc., Fed. Amer. Soc. Exp. Biol. 31,422,

Wintermeyer, W., Thiebe, R., Zachau, H. G.. Riesner. D.,
Roemer, R., and Maass, G. (1969). FEBS (Fed. Eur. Bio-
chem. Soc.) Letr. 5, 23.

Wong, Y. P., Kearns, D. R, Schulman, R. G., Yamane, T..
Chang, S.. Chirikjian, J. G., and Fresco, J. R. (1973}, J.
Mol. Biol. 74, 403.

Zachau, H. G. (1969), Angew. Chem. 81, 717.

and Za-

S. M.,

and Maass, G.

and Baldwin, R. L. (1968). J.

and Reid, B. R. (1970). J. Biol.



