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The kinctics of the melfing transitions of trNaFhe (yeast) were follawed by the fluorescence of the Y-base and of
formycin substituted for the 3"-terminal adenine, As judged from differential UV absorbance melting curves the formycin
label had virtually no influence on the conformation of the tRNA. A temperature jump apparatus was modifiad to allow
the simultaneous observation of transmission and fluorescence intensities by two independent optical channels. The
design of a temperature jump cell with an all quartz center piece is given. The cell is resistant to temperatures up to 90°C;
it provides high optical sensitivity, low stray Hght intensity and the possibility of measuring fluorescence polarization. The
Tjump experiments allowed to discriminate between fast unspecific fluorescence quenching (7 < 5 gsec) and slow co-
operative conformational changes. ¥n the centzal part of the temperature range of UV-melting (midpoint temperature
30°C in 0.01 M Na® and 39°C in 0.03 M Na*, pH 6.8) two resolvable relaxation processes were observed. The corszsponding
relaxation times were 20 msec and 800 msec at 30°C in 0.01 M Na*, and 4 msec and 120 msec 2t 39°C in 0.03 M Na¥. The
¥-base fluorescence shows both of the relaxation effects, which almest cancel in equilibrium fluorescence melting, because
their amplitudes have opposite signs. From this finding the existence of some residual tertiary structure is inferred which
pexsists after the unfolding of the wmain part of tertiarr ciructure durirg early melting (midpoint tempersatura 24°C in
0.03 M Na*). In the fluorescence siar..} of the for:ycin also £ two selaxation effects appear. Both of them are connected
with a decrease of the fluorescence intensity. From the results a coupled opening of the anticodon and aceeptor branches
is concluded.

Enzymes: phenylalanyl-tRNA synthetase, PRS (EC 6.1.1.—20); ATP (CTP) tRNA nucleotidy! transferase, NT (EC 2.7.7.-20);
alkaline phosphatase (EC 3.1.3.1).

Abbreviations: tRNAFREC,,C, A, is native phenylalanine specific tRNA from yeast; tRNAFREC,  C... is native phenyl-
alanine tRNA with the 3'-terminal adenosine-5'-phosphate removed; tRNAPheC.MC-,SF,s is phenylalanine tRNA with for-
mycin substituted for the 3'-terminal adenosine in position 76; FIP is formycin-5'-triphosphate, where the structure of
formycin is 7-amino-3 (8-D-ribofuranosyl) pyrazolo (4.3-d) pyrimidine; Ay unit is that quantity of material which, when
dissolved in 1.0 m! of solvent has an absorbance of 1.0 at Anm for 2 1.0 cm pathlength at 20°C; EDTA is ethylenediamine

tetraacetic acid.
1. Infroduction tRNA’s and their biological relevance have been ex-
tensively reviewed [1,2]. In phenylalanine specific
General aspects of conformational transitions in tRNA from yeast, five individual conformational
transitions have been 1¢solved and their thermodyna-
* Present address: Dept. of Biochemical Sciences, Princeton T and kmle“c‘?eha“w’l partially ;h?mﬁe.m;d E] :
University, Princeton N.J. 08540, U.S.A. ransition 1 or “early melting”, as defined in fig. 8,
** Present address: Max-Planck Institut fiir Biophysikalische represents the unfolding of the tertiary structure

Chemiz, D-34 Gottingen, Germany. {4.,5]. Transition 4 and 5 can be assigned to the dis-
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sociation of the rT- and hU-stems, respectively (figs.

1 and 8). Thus far, however, there has been only in-
direct proof that the melting of the acceptor- and
anticodon stems occurs in the temperature range of
transitions 2 and 3 (i.e., the temperature range of
transition 2 and 2D in earlier notation), which have
nearly identical midpoint temperatures. Therefore,

it was desirable to apply methods whick: make it
possible to follow each transition separately. Consid-
erable progress has been recently achieved in the as-
signment of NMR signals to defined base-pairs [6];
another approach is the use of fluorescence labels
{7—:2]. In this paper we have utilized the fluorescence
of the Y-base to follow the denaturation of the anti-
codon branch of tRNAR® (veast). Additionally the
3'-terminal adenosine has been replaced by its fluores-
cent analog formycin to enable a direct observation
of the unfolding of the acceptor branch.

We have found that fast kinetic techniques are a
valuable tool in analysing the signals of the fluorescent
labels, since the techniques allow a discrimination of
slow co-operative conformational changes from fast
and unspe:ific quenching of fluorescence. In our
kinetic measurements we have empioyed a fluorescence
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Fig. 1. Clover Ieaf model of yeast tRNAFRE according to
Raj Bhandary et al. [7].

temperature jump apparatus which has been modified
to allow the simultancous observation of two different
fluorescence labels and the absorption signal.

2. Materials and methods
2.1. Chemicals

Tritiated ATP and phenylalanine were purchased
from the Radiochemical Center, Amersham, England,
while unlabelled ATP and CTP were products of
Boehringer, Mannheim, Germany. Formycin-5'-
triphosphate was a kind gift of Drs. Jovin, Max Planck
Institute of Biophysical Chemistry, Goettingen, Gar-
many, and Ward, Rockefeller University, New York,
NY, USA. The crude barium salt of FTP was purified
over DEAE cellulose, which was developed with a
gradient of triethylammonium bicarbonate (0.01
— 0.3 M), pH 7.5. DEAE cellulose (DE 52) was from
H. Reeve Angel & Co., London, England, and Sephadex
was purchased from Pharmacia, Frankfurt, Germany.
All other chemicals were of the highest grade com-
mercially available, and were purchased from Merck,
Darmstadt, Germany.

2.2. Transfer RNA

Phenylalanine specific and unfractionated tRNA
from yeast were obtained from Boehringer, Mannheim.
An extinction coefficient of 5.7 X 105 em—! M—1 was
used to calculate the concentration of tRNAFRe i
0.1 M Na*solutions.

2.3. Enzymes

Alkaline phosphatase (E.colf), code BAPF, was ob-
tained from Worthington Biochemical Corporation,
Freehold, NJ, USA, and was used without further
purification. Phenylalanyl-tRNA synthetase from yeast
was donated by Dr. Krauss, from this laboratory, and
had a specific activity of 1600 units/mg (1 unit cor-
responds to the charging of 1 nmole of phenylalanine
to tRNAFRE per minute at 37°C). ATP (CTP) nucleo-
tidyl transferase was isolated from yeast using a proce-
dure similar to that of Steinbach et al. [13]. Active
fractions were stored at —30°C in 50% glycerol, and
had a specific activity of ca. 700 units/mg, where a unit
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is defined as the incorporation of 1 nmole of AMP into
unfractionated iRNA per minute at 37°C.

2.4 Enzyme assays

Fhe solution used to assay nucleotidyl transferase
contained in 100 p1: 40 mM glycine-NaOH, pH 9.0,
8 mM MgS0Oy, 0.4 mM CTP, 0.42 mM 3HATP
(20 mCifmmole) and 0.1 mg of unfractionated tRNA.
The amount of enzyme added was generally from 2 to
6 pg. Samples of 15 pl were withdrawn every 2 minutes,
pipetted onto Whatman 3 MM filter paper, quenched
in 5% trichloroacetic acid and washed according to
Mans and Novelli [14] . The aminoacyiation of tRNAFhe
and its derivatives was checked by incubating the tRNA
in 100 4 of: 50 mM Tris-HCL pH 7.4, 10 mM ATP.
15 mM MgS0y, 0.1 mM dithiothreitol, 0.1 mM 3HPhe
(50 mCi/mmole) and 6 ug of phenylalany] tRNA
synthetase. Reactions were run at 37°C and aliquots
were withdrawn after 5, 10 and 15 minutes and treated
according to Mans and Novelli.

2.5. Synthesis of tRNAFC ,,CosF g5

2.5.1. tRNAPRC14Cy5A 75

Five mg of tRNAFhe were extracted with phenol,
and the aqueous phase chromatographed over G-25
Sephadex, which was eluted with quartz distilled
water. The peak fractions were evaporated to dryness,

Table 1
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and the residue dissolved in 5 ml of a solution which
contained 50 mM glycine-NaOH, pH 9.0, 10 mM MgSO,,
2 mM ATP, 2 mM CTP and 160 ug of nucleotidyl trans-
ferase. This was done to insure the intact 3’ sequence
of the complete tRNA sample. After 15 minutes at
37°C the solution was extracted with phenol and ether
and the tRNA precipitated with alcohol and potas-
sium acetate from the aqueous phase. Residual ATP
was stripped from the tRNA by binding the tRNA to

a 1 X 7 em column of DEAE cellulose and washing with
0.3 M NaCl in 0.02 M sodium acetate buffer, pH 5.1.
The tRNA was recovered by eluting the column with
1.0 M NaCl in the ace:ate buffer. The active peak was
desalted over G-25 Sephadex. Assays with phenylalany!
tRNA synthetase and nucleotidyl transferase showed
that tRNAFREC.,,Cq5A ¢ could be charged with 1
molecule of phenylalanine, and incorporated about
0.15 niolecule of AMP per molecule of tRNA (table 1).

2.5.2. IRNAPheC 724C75

107 A 440 units (C.19 gmole) of tRNAPheC'[.;C-,sA']s
were oxidized with performic acid =.id the terminal
residue removed with aniline as described by Fraenkel—
Conrat and Steinschneider {15]. The aniline used in
these experiments was distilled over zinc dust, in
vacuo, with a nitrogen bleed, shortly before use. A
1.5 hour incubation with alkaline phosphatase
(125 ) in 1.0 ml of Q.02 M Tris-HCL, 1 mM MgSO,,
pH 7.8 at 37°C was carried out to cleave the terminal

Coutrol experiments to check the completeness of the Whitfield degradation and the incorporation of formycin monophosphate

into position 76 of tRNAFTE (yeast)

Sample Incubation Phe/tRNA incorporated AMP/tRNA incorporated

time (min) by phenylalanyl tRNA by nucleotidyl

synthetase (PRS) transferase (NT)

tRNAFheC  C A, 5 112 0.13

10 1.22 0.14

15 .23 0.17
RNAFRC C, 5 0.00 (2.55)3) 0.98

10 0.01 (8.958) 1.07

20 0.03 (0.90) 1.02
wNaFReC C  Fog 7 0.56 B) 0.13

14 1.03 0.14

21 0.96 0.18

2) Values in parentheses refex to assays carried out in the combined presence of 6 pg each of PRS and NT at pH 8.0.
b) Aminocacylation assays run on tRNAFRSC, ., ., employed a fivefold higher amount of PRS (30 #g) thar: was used on the

native tRNAFAE
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3’ phosphate residue, and was followed Ly extraction
with phenol and chromatography of the aqueous
phase over G-25 Sephadex. The yield of tRNAFReC,,Cq5
was 93 A,gq units (87%). Assays carried out on this
product with nuclectidy! transferase and phenylalanyl
tRNA syanthetase demonstrated that 1 AMP and no
phenylalanine could be enzymatically incorporated
into the 3’ terminus. When tRNAFRC,,C ¢ was in-
cubated simultaneously with nucleotidyl transferase
(NT) and phenylalany!t tRNA synthetase at pH 8,
virtually all of the tRNA could be charged with
phenylalanine (tabie 1).

2.5.3. tRNAFHEC14C s F 75

60 A9¢q units (140 nmoles) of tRNAFREC,,Cy5
and 26 A g5 units of FTP (2.6 pmoles) were dissolved
in 0.90 m! of 1.0M glycine-NaOH, pH 9.0, containing
10 mM MgSO,4. NT (300 ug) was added and the solution
was incubated at 35°C for 3 hours, after which it was
extracted twiczs with 0 5 ml of phenol. Non-covalently
bound FTP was separated from the tRNA by chromato-
graphy over a 1 X 2 column of DEAE Sephadex A-25.
The aqueous layer from the phenol extraction was
loaded onto the column, which was equilibrated with
0.02 M sodium acetate buffer, pH 5.1. Phenol remain-
ing in the aqueous phase appeared in the breakthrough
and water wash. FTP was eluted by washing with
0.3 M sodium chloride in 0.02 M sodium acetate,
pH 5.1, and tRNAFheC,,C,5F4, was obtained by elu-
tion with 1.0 M NaCl. The tRNA peak was treated with
0.03 mmole of EDTA and desalted overa t X60cm
Sephadex G-25 fine column which was developed with
quartz distilled water. The yield for this step was
48 4444 tnits (80%). Control experiments with
nucleotidyl transferase and phenylalanyl tRNA syn-
thetase demonstrated that tne 3'-terminal sequence
was intact and could accept phenylalanine.

Particular attention had to be paid to the amount
of nucleotidyl transferase used in the synthesis, since
high ratios of nucleotidy! transferase to tRNA have
been shown to catalyse anomalously high levels of
AMP incorporation [16]. Thus, the small amounts
of AMP incorporated into tRNAFR¢CCA and
tRNAFNeCCF probably reflect anomalous incorpora-
tion on complete termini.

2.6, Sumple preparation

tRNAFhe (yeast) was phenolized and chromato-

S.M, Coutts et al.[Conformational changes in tRNA
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grapiied on Sephadex G-25 fine at pH 7--8 in the
following systems: vvice in 0.1 M NaCl, 001 M
NaEDTA; once in ¢.02 M NaCl, 0.2 mM NaEDTA

and finally in triply distilled water. This treatment
effectively removed Mg™ and other divalent ions. As
judged by the absence of any effect of EDTA on the
melting profiles, the stock solution contained less than
one Mg**-ion per tRNA molecule [17]. After diluting
the concentrated Mg*™ free tRNA solution before
each experiment the samples were neated to 70°C for
5 min in order to break down aggregates. The measure-
ments were carried out under two ionic conditions:
Medium A: 0.01 M Na¥cacodylate; 0.02 M NaCl and
0.001 M NaEDTA at pH 6.8; Medium B: 0.01 M Na*.
cacodylate, 0.001 M NaEDTA at pH 6.8. tRNA con-
centration was between 2 and 6 gM.

2, 7. Equilibrivvm measuremenis

Differential absorbance melting curves were measured
in a Zeiss PMQ II spectrophotometer equipped with two
separately thermostated cuvette holders [18]. The
temperature dependence of the absorbance of the buffer
was substracted from the absorbance changes of the
tRNA solutions. AA4(260)/(2°C) values were normalized
to a total absorbance of 1 (20°C). Peak 1 was separated
from the overlapping main melting effect according to

3.5[1.6 — A4(260)/A4(280)]
1.9 AA(260)/A4(280)  °

(cf. eq. (2} of [18] where A4;(260)/A4(280)=3.5
and Ad,(260)/AA4,(280) = 1.6).

Fluorescence spectra were recorded with a Schoeffel
RRS 1000 fluorimeter. Fluorescence melting curves
were obtained in a Zeiss ZFM4C fivorimeter equipped
with two separately thermostated celtholders similar
to the setup in the absorbance melting apparatus. The
fluorescence intensity (F) was determined relative to
the same solution kept at 20 £0.2°C. The melting
curve was plotted in the differential form (1/F) X
(AF/AT) for easy comparison with the T-jump ampli-
tudes.

AA4(260) = AA(260)

2.8. Temperature-jump measurements

Fast kinetic measurements were carried out using
a fluorescence temperature-jump apparatus [19,20].
This instrument was modified in order to follow
simultaneously the transmission inteasity and the
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Fig. 2. Dual-wavelength fluorescence temperature-jump apparatus. The absorption wavelength is A ;. The light path starts at the
teft side and passes through the sample cell, dichroic mirtor and bandpass filter F,, onto the absorption detector. The fluores-
cence excitation wavelenath is A, . The light path starts at the upper right carner and is turned onto the samp'e cell by the
dichroic mirror. 10% of energy passes onto the reference detector. The emission wavelengths are A3 and A4. Both emission detec-
tors with bandpass and/or cut-off filters Fy 5 and Fp4 are in paralle], Detector signals are balanced by the appropriate yeference

signals.

fluorescence intensity by indepiadent optical channels.
Therefore, it was possible to measure the changes of
absorbance of the tRNAFRC at wavelength A; = 280 nm
and to excite the fluorescence of the Y-base and of
formycin, simultaneously at A5 {304 <25 <313 nm).
The experimental setup is shown in fig. 2. The light
sources are 200 watt mercury lamps. The grating
monachromators (Schoeffel Instruments, G 250)

have an aperture ratio of 1:3.5 and a dispersion of

3.3 /. The dichroic mirtor that superimposes

the fluorescence excitation light to part of the absorp-
tion light path exhibits a reflectivity of 90% at 304
and 313 nn and also a transmittance of 80% at 280 nm
(Schott u. Gen. Mainz, Germany). Filter F,; in front
of the absorption detector is a high-efficiency reflec-
tance filter Schott UV-R 280. The overall attenuation
of the excitation light at the absorption detector
cathede is <1073, The crosstalk factors at the refer-
ence detectors are <2%. Filters Fy3, F, 4 in the emis-
sion light path are Schott KV 399 for emission wave-
length A3 2 399 nm with the Y-base and Schott

WG 320 + UG 11 for Ay = 350 nm with formycin. The
detectors are photomultipliers with dynode switching
cireuits {20,21] . i.e.. EMI 9781 B for absorption and

references and EMI 9558 QA for emission. Changes
in the fluorescence of the Y-base and formycin as a
result of absorbance changes at 280 nm were found
to be negligible.

We also developed a new temperature-jump cell
that works at temperatures up to 90°C {(fig. 3). The
electrodes are constructed of platinum. A channel
bored in the upper electrode houses a thermometeg
probe. The centerpiece is a cube constructed of
pofished fused silica plates which are homogeneously
fused with thin black intermediate layers (Hellma,
Millheim, Germany). Two hollow half-spheres at
the upper and lower sides match the electrodes. The
sample cavity is 7 X 7mm X 11 rom height, the total
volume being less than 2 ml. Two lenses outside the
cube together with lenses in the cell holder (fig. 2)
form the emission optics. Their aperture ratio is
1:0.75, each providing 4 very high emission sensitivity.
Stray light and intrinsic fluorescence are very low.
Measurements of fluorsscence polarization can also
be performed.

The numerical analysis was carried out using an
analog simulation technique. Slides of the oscilloscope
traces of the temperature jump experiments were taken
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and afterwards projected on an oscilloscope screen;
on the same screen the simulated time course calcu-
r:':'li'J lated by an analog computer was displayed. The fol-
lowing expression for the time dependence of the
E[ intensity I(¢) was fit to the experimental curves:

H()=Agexp(—tfrp) + Agexp(—tlip + Bt +C.

5

T g A T The first two contributions describe two relaxation
E processes with the relaxation times 7y and 7y and the

relaxation amplitudes Ay and 4. The term B¢ takes
into account a nearly linear increasing base line due
to cooling effects in the temperature jump cell (cf.
upper trace in fig. 6) and the parameter C fits the
time-independent part of the intensity.

3. Results

3. 1. Equilibrium measurements

Fig. 3. Sample cell. Upper: vertical cross section, left half ab-
sorption/excitation light path, right half emission light path. 3.1.1. Fluorescence emission spectrunt of tRNAP#¢CCF
Lower: horizontal cross section. (1) Cell body, (2) grounded The fluorescence spectrum of tRN APReCCF in

ade, (3 ity, (4) fused sili tte, (S . eatx . .
:ﬁ?:;ione[e(mga’&gl;;gaég; e‘;ectto de":a cuvette, (5) medivm A agrees within experimental error with the

AA(260) A Al260)
2°C AA{2e0)
0020
0015
00104
Q0051
G y 3 -
10 20 30 L0 50 50 70
T [°c]

Fig. 4. Differential aielting curves of native and modifi=d tRNAE“’(yeast) in 0.01 M Na cacndylate, 0.02 M Na(d, 0.001 M Nz
EDTA, pH 6.8.
tR}‘APheCnuC«)s Agzg: AA(260)/(A2°C), ——; 2A4(260)/AA(280), ———; peak 1, -; from Romer et al. [3].
tRNAFIPC_ C.o: A4(260)/(2°C), —8—; AA(260)/AA(280), ~0—; peak 1, ——.
RNAFTISC Co ¥, 0 AAQ60)(2°0), —a—; AA(260)/A4(280), —5—; peak 1, .
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Fig. §. Temperatuse dependence of the relative chaunges of the
fmorescence intensity, (L{F) (AF/AT), of FTP and -
RNAFIEC, €., F g produced by temperature differcnces,
AT =T, — T,, n equilibrium and temperature-jump experi-
meanis. Solution conditions: 0.01 M Na cacadylate, 0.02 M Na(l,
0.001 M Na EDTA, pH 6.8. Settings of the Zeiss fluorimeten:
excitation, 305 nm; emission, 335 nm; slidwidths, 2 mm. T,
avertage tcm[xemtu:e (T, + T,) 1. Equilibcium measurements:
ETP, 4 tRNA C74C75F‘161 3; Tjump measunrcments with
tRNASHEC, C o Fyg, 0.

rasults of Ward et al. [11] obtained on a mixture of
tRNA’s from rabbit liver.

3.1.2. Melting curves

Fig.4 shows the effect of the removal of the termi-
nal A and its substitution by F on the melting bahav-
iour of tRNAFE® (yeast). A slight decrease of the total
tiypochromicity and a slight shift of some part of the
main melting peak (T, = 40°C) is caused by the re-
moval and reinfoiced by the substitution of the ter-
minal adenosine by formycin. Peak 1 {T, =24 £ 1°C)
remains virtually unchanged. The tempearature depen-
denca of the fluorescence intensity of tRNAFRECCEF
is quite different from the results of Ward et a1, J11)
with mixed tRNA from rabbit liver, but agrees with
the data of Maclicke et zl. [12]. First, neither in the
absence nor in the presence of Mg™ is the fluorescence
intensity highee at 80°C than at 20°C. Furthermore, a
detailed investigation in the absence of Mg™ showed,
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Fig.6. Qsciltoscope traces of a single temperatrejemp with
aMAPHECCR monitored in the fluorascence intensity of the
¥Y-base and of the Formycin and recozded with twa different
time expansions. Buffer conditions: 0.01 M Na cacodylate,
.02 M NaCl, 0.001 M Na EDTA, pH 6.8. Initial temperatuze
34°C; final temperatute 37°C. 10 mVjdivision; the total signal
1efers o 3V, 260 mV of the unresolvable fast intensity decsease
of the -base are compensated.

(a) Time expansion 10 msac/division; ¢.2 msec noise Tilter;
formycin intensity upper trace, Y-base intensity lower trace.

(®) Time expansion 100 wmisec/division, 2.5 miec nolse
filter; formycin intensity with the lower final level, Y-base in-
tensity with the upper final level.

that in the temparature interval between 20 and TO°C
the fluorescence intensity decreases with increasing
temperature (fig. 5), with the exception of the interval
between 40°C and 50°C wheye a small increase was
obsewved. Because of the considerable scattering of
the experdmental values in fig. 5 the interpolated lines
give only the salient features such as the minimum and
the maximum in the changes of fluorescence intensity
of tRNAFRCCCE, The appearance of the maximum and
1hie minimum is also strongly supported by the tem-
perature-jurap aplitudes. The decrease of the fluores-
cence intensity of FTP with increasing temperature is
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qualitatively similar as with the nucleoside formycin.
Quantitatively this quenching is only about half as
efticient in FTP as in the nucleoside. However, it is
still much stronger than in tRNAF®CCF.

3.2, Temperature-jump studies

Temperature-jump experiments were carried out
in the standard media given in section 2.6. Under
both conditions, there is a particular temperature
range (see below) wh:re besides a fast and unresolved
(faster than 5 psec) effect two well resolved relaxation
effects were obser ed: a faster one (relaxation time
71 and amplitude Ay) in the range of 10 msec, and a
slower one (7, App) in the range of 160 msec. An
oscill~gram is shown in fig. 6. Both relaxatiun effects
can be observed by monitoring either the formycin cr
Y-bzase fluorescence, or the UV absorbance. The re-
Iaxation times evaluated independently from the three
observation methods are identical within the limits of
error.

3.2.1. Amplitudes
Both relaxation effects were followed over a wide

Table 2
Relaxation times of tRNAFHECCF in 0.01 M sodium-
cacodylate, S X 107 M EDTA, pH 6.8

T T I

CO) (msec) (msec)

a)

257 65 (= 8) 1.550 (= 150)
29.3 30 3) 1.150 (+ 150)
29.7 20(x4) 800 (+ 100)
32.5 8¢z

32.9 7¢:1) 440 (+ 50)
37.0 100 (= 20)
b) 0.02 M Na(1 added

32.7 23.5(=3) 475 (£ 40)
36.2 100(= 1) 205 (= 10)
37.7 59 (0.5 165 (= 8)
385 5.5 0.8) 150 (+ 10)
41.2 85(5)
41.8 3.0(=0.3) 85 (x5)
445 24 (£ 2)
453 1.6 (=0.2) 25(=3)
45.6 2.2(x04) 17 (£ 2)

temperatere range (table 2). The dependences of the
amplitudes upon temperature are shown in fig. 7.
Above 38°C under conditions of fig. 7a and above
45°C under conditions of fig. 7b the total amplitude
corresponds to the unresolved effect. Whereas the
fluorescence intensity of the formycin label decreases
during both resolved relaxation effects, the fast re-
solved decrease of the Y-base fluorescence is fol-
lowed by a slow increase (figs. 6 and 7). The tempera-
tures where the maxima of the amplitudes were ob-
served are very similar for all methods of observation.
They coincide with peak 2 determined eariier in the
TJV-absorbance melting curve under the same condi-
tions {3]. The total amplitudes correspond to the
values of the differential melting curve determined
from the equilibrium measurements (fig. 5). In . *dition
to the two relaxation processes we cannot exclude a
small contribution from an effect in the 100 gsec
range (7q), which may be responsible for the initial
curvature of the oscilloscope trace of the formycin
fleorescence (fig. 6). This effect is too small to be
evaluated quantitatively.

The signs of the relaxation amplitudes 4; and Ay
and their ratio A/d; are independent of the wave-
length of observation demonstrating that the intensity
changes are not due to a spectral shift of the emission
band.

3.2.2. Relaxation times

The relaxation times of both resolvable effects are
listed in table 2 for different temperatures and at two
ionic strengths. Each valu= represents an average value
obtained from measurements monitoring the formycin
and Y-base fluorescence and the UV absorbance. As
mentioned above, the use of the different modes of
observation resulted in identical relaxation times within
tke limits of error. It will be described in detail in the
discussion, how it is not possible, without restrictive
assumptions, to derive a set of rate constants from two
or more simultaneously observed relaxation times. The
relaxation times have beer found to be independent of
tRNA concentration. 7-jumps obtained of the Y-base
fluorescence of tRNAFICCA and tRNAPRSCCF under
otherwise identical conditions yielded very similar
amplitudes and relaxaticn times. This result shows
that the fluorescence of the Y-base is not significantly

affected by energy transfer from the formycin fluores-
cence.
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Fig. 7. Dependence of the temperature-jump amplitudes upon temperature. (a) tRNAFPCCCF in 0.01 M Nz cacodylate, 107%M Na
EDTA, pH 6.8; (b) 0.02 M NaCl added. The absorbance measurements were carvied out with tRNAPRSCCA.

4._ Discussion
4.1. Methodological aspects

In earlier fast kinetic studies on fragments and intact
tRNA’s from various species we have discussed the pos-
sibility of distinguishing between fast, uncooperative
stacking equilibria and cooperative helix—coil transi-
tions. The measurement of the relaxation amplitudes
as a function of temperature allows a direct determina-
tion of the melting profiles of the individual processes.
Thus, the amplitude of the single strand stacking
equilibrium could be determined directly and its con-
tribution could be separated from the double helix—

coil transitions [22—24]. Later on, the same method
has been used extensively in the study of synthetic
oligonucleotides |25,26).

In this paper we have applied the same principle
to the fluorescence measurements observed with a
modified fluorescence Tjump apparatus. For example,
the dependence of the fluorescence intensity of the
Y-base on temperature is determined mainly by a fast,
unspecific fluorescence quenching. On the other hand,
the T-jump amplitude data in fig. 7 clearly exhibit two
resolvable processes besides the fast and unspecific
effect. In addition, it is remarkable that the relaxation
signal obtained by monitoring the Y-base exhibits two
resolvable phases with opposite signs. At infinite time
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the two amplitudes (47, Ag) compensate each other
almost completely. This explains why equilibrium
measurements on the Y-base fluorescence are relatively
insensitive to these cooperative changes. The Y-base
fluorescence is particularly well suited to demonstrate
the advantage of the T-jump technique in determining
thermodynamic data of tRNA melting as compared
with conventional melting techniques. 7-jump studies
combine the higher resolution of the differential
technique and the advantage of a higher signal to

noise ratio with a separation of the individual processes
on the time axis.

4.2. Does the formycin label influence the structure
of the IRNA-molecule?

As judged by the UV-melting profiles of
tRNAFReCCA, tRNAFNECC and tRNAPRCCF, modifi-
cation of the 3'-e1-d induces no major changes in tRNA
conformation. The only changes observed in the melting
profiles of the modified molecules are a sfight stabiliza-
tion of the main melting peak and a small loss of the
total hypochromicity (fig. 4). Most important, however,
the unfolding of tertiary structure in peak 1 is virtually
unchanged. Furthermore, the relaxation processes
monitored by the Y-base fluorescence are not changed
by substituting the terminal adenosine by formycin.
Also, the finding that tRNAPRCCCE can be fully ami-
noacylated shows that the conformation of the tRNA
is virtually unchanged by the fluorescence label [11,
12}.

4.3. Relaxation amplitudes mornitored by the fluores-
cence labels

Fluorescence labels in tRNA may be used to monitor
conformational changes in the cloverleaf branch where
the label is incorporated, or the unfolding of the ter-
tiary structure. It is known that transition 1 in the UV-
absorbance melting curve of tRNATM® represents un-
folding of the tertiary structure [4,5]. In the tempera-
ture range of this transition no resolved relaxation ef-
fect was observed in the flnorescence intensity of the
Y.-base ag well as that of the formyecin. This shows that
the CCA end and the anticodon loop are not involved
in the main part of the tertiary structure (c.f. section
4.5). A similar result with respect to the CCA end
was obtained by comparison of the fluorescence of

formycin incorporated in oligonucleotides and in
native and denatured tRNA [12,27]. Our conclusions
are compatible with results obtained by a variety of
methods such as enzymatic digestions, chemical
modifications, oligonucleotide binding, thermodynamic
and spectroscopic studies and X-ray analysis.

It has been shown that of the hU and T stem each
gives raise to a well resolved relaxation in the upper
part of the melting curve [2]. Since in this tempera-
ture range no resolved fluorescence relaxation has been
observed it can be concluded that the disruption of
these stems does not affect the fluorescence intensity
of either the Y-base or the formycin.

The absence of fluorescence changes in the previous-
ly assigned parts of the melting curves as well as the
appearance of fluorescence changes in the temperature
range of effects 2 and 3 (fig. 8) Ieads to the assignment
of effects 2 and 3 to the dissociation of the acceptor-
and anticodon stems. Since in the fluorescence and UV
absorbance measuremen.s the relaxation times and the
temperature range of the amplitudes agree quantitative-
Iy it is evident that identical processes have been ob-
served. The amplitudes of the two resolved relaxation
effects monitored by the fluorescence intensity of the
Y:base have opposite signs and almost cancel each
other throughout the temperature interval where they
can be observed (fig. 7). It follows that the superim-
position of the two relaxation effects causes no net
decrease of the fluorescence intensity over the tem-
perature range of the corresponding cooperative transi-
tions. This result cannot be due to energy transfer
between formycin and the Y-base because it is found
in tRNAFRECCA as well as in tRNAPRCCF. It can be
understood, however, on the basis of structural changes
of tRNAFRECCA. From studies on tRNA fragments
it is known that the dissociation of the anticodon stem
results in a decrease of the fluorescence intensity of the
Y-base [S]. Therefore, the absence of a net decrease
during the melting of the total tRNA molecule shows
that the melting of the anticodon stem is not the
only process giving rige to the fluorescence changes
of the Y-base. This assumption is difEcult to visualize
without postulating some kind of conformational
element not included in the ordinary cloverleaf model.
Hence, we speculzte that even after the unfolding of
tertiary structure in peak 1 there is some residual
tertiary structure present. Then the dissociation of
this structure would increase the fluorescence of the
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Y-base by about the same amount as the dissociation
of the anticodon stem lowers the fluorescence. The
persistence of some Kind of conformational element
in addition to the cloverleaf branches even after the
unfolding of tertiary structure in peak 1 has also been
inferxed from studies on the influence of arganic sol-
vents on the melting behaviour of tRNAFRe [78] .

Yz discussing the relaxation amplitudes as observed
by the fluorescence of the terminal formycin two
general {flnorescence properties of the formyein fabel
have 10 be considered {11,12]. First, the normal
guenching of fluorescence produced by raising the
tesniperature and second, a conformational quenching
as a consequence of the incorporation of formycin
into oligo- and polynucleatides. The resolved celaxation
effects reported in this paper are connected with a de-
crease of the fluorescance intensity (fig. 7}, and they
may be interpreted s asising from an increase in the
conformational quenching. From this arpument one
would expact that a release of conformational quench-
ing would then lead to an increase of flnorescence in-
tensity. This is indeed ohserved in the appearance of 2
positive unresolved relaxation shifted to higher tenm-
peratures as compared to the resolved relaxation ef-
fects. Finally at temperatures higher than 50°C the
fast unsesolved relaxation hecomes negative and also
quantitatively very similar to the normal temperature
guenching as observed in FTP.

4.4 Coupling

Since the CCA- and anticodon branches melt out
in the same temperature rangg, information about
their mutual interaction may be obtained from the
corresponding relaxation data. If these is no interac-
tion between the two branches the two melting
processes are simply superimposed both in the equili-
brium and temperaturejump measurements. This
means that each relaxation is clearly correlated to
just one of the processes and Is monitored by the
fluorescence label seasitive to this process only.
Quite a different relaxation behaviour has to be ex-
pected if the anticodon and acceptor branches are
coupled in the sense that the presence of one double
helical stam stabilizes the other one. For example,
some interactions between the two cloverleaf branches
can actually be predicted by ring-closure arguments
[29,30] . Melting of the acceptor stem opens the central

ring of the molecule and therefore destabilizes the anti-
cadon branch. An estimate of this effect, however, is
very difficult, pasticularly since the influence of the
residual tertiary structure postulated above can hardly
be assessed. Experimentally, coupling should clearly
show up in the relaxation behaviour, Each of the relaxa-
tion processes observed in a coupled system is no longer
directly correlated to the individual reaction steps but
to linear combinations of the extents of reaction of
these steps [19]. As a consequence, all relaxation
processes will show up in the signal of a label whose
spectroscopic properties are influenced by one raaction
step only.

In our particular case a coupled opening of the ac-
ceptor- and anticodon branches accounts well for the
experimental finding that the two relaxation times of
our system are observed on both of the fluorescence
Iabels. An uncoupled melting of the two cloverleaf
branches, on the other hand, would be compatible
with the measured relaxation curves only if additional
assumpuons were made, €.8., that cach of the two
labels on distant parts of the molecule would have 1o
be directly sensitive to conformational changes in the
envirommment of the other one. For the ¥Y-base we had
to postulate (vide supra) that it does not only monitor
the anticodon branch but also some residual tertiary
structure probably melting concomitantly with the
acceptor stem. However this does not necessadly
anply assimilar seasitivity of the formycin label to
the distuption of the anticodon stem. On the contrwy,
such an additional complication is not warranted,
since the relaxation monitored by the fluorescence
of the tenninal formycin is readily explained by the
expected coupling of the acceptor and anticodon
stems.

For a more quantitative discussion of the coupied
mechanism we have to introduce several approximation
It has been mentioned that a third relaxation time was
observed in the corresponding temperature range. This
affect, however, has a very small amplitude and it was
not possible to decide whether or not it is dus to dif-
ferent intermediate states during the denaturation of
the acceptor and anticodon branches or is simply a
relic of the other denaturation steps. Therefore, the
third relaxation effect is not included in the analysis
below.

Althoogh the fluorescence amplitudes have been
useful in the qualitative interpretation of the different
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melting steps, they hardly allow one to calculate con-
centration changes without additional assumptions, be-
cause the quantume-yields involved and their strong
dependences upon temperature are not known. For a
quantitative treatment the relaxation amplitudes
measured in UV absorbance together with the relaxa-
tion times and their temperature dependences are used.
Since just two relaxation times are observed, only
one intermediate needs to be considered. The knowledge
of two relaxation times and their amplitudes allows the
determination of the rate constants of a meckanism
no niore complicated than the following:

klZ k23
17X 5—X;.
1%, “2%, 3

This scheme implies that two of the three structural
elements, i.e., residual tertiary structure, acceptor

and anticodon branch, have to be included in one step.
Dissociation of residual tertiary structure and the anti-
codon branch in on= step can be ruled out because
their almost equal but opposite influence on the Y-base
would cancel each other throughout the relaxation
process, which would be incompatible witii the relaxa-
tion effects observed.

Since the physico-chemical parameters of the residual
tertiary structure are not known, we tried to fit the ex-
perimental data to the reaction scheme without taking
into account this structure.

Thus, two alternative intermediates remain: either
the acceptor branch opens up first with the anticodon
branch being still closed or vice versa. The mathemati-
cal procedure used in this analysis is described in the
appendix. The values of the hypochromicities and
reaction enthalpies needed for the calculation are taken
from the literature [2]. From these calculations it {urns
out that the assumed intermediates do not lead to a
self consistent fit of the temperature dependence of
the data. This result supports the conclusion derived
from the fiuorescence amplitudes, that some additional
non-cloverleaf conformation is involved in the melting
processes of the acceptor and anticodon branches.

4.5. Synopsis and comparison with previous results

Fig. 8 which shows the five meiting transitions in
tRNAPFP® (yeast) summarizes the results of this and
previcus papers. Peak 1 has been assigned to tertiary
structure melting. The results of this paper lead to the

AAI260) Aar2eoi
e 1 4am
00 mem pat o traen WY ororeh
of tertazry entenetn brareh,
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Fig. 8. Summary of the five conformational transitions of
tRNAPRE (yeast) in 0.01 M Na cacodylate, 0.001 M Na EDTA,
0.02 M NaCl, pH 6.8.

conclusion that some form of tertiary structure is also
involved in peaks 2 and 3. The most obvious proper-
ties, however, which one would expect for tertiary
structure are observed in peak 1:

(a) it contains steric constraints for the intercala-
tion of ethidiumbromide into the cloverleaf stems,
i.e., its presence abolishes abou! half of the strong
binding sites for the dye [4] ;

(b) the dependence of its T, upon ionic strength
is stronger than in all known double-helices [2];

(c) it provides five strong binding sites for Mg?*
[17]; and

(d) it plays the role of a structural lock: it provides
thermodynamic stability, and its recombination con-
stitutes the rate limiting step for the formation of
the native conformation [2—5].

The participation of some form of the tertiary struc-
ture in effects 2 and 3 has been inferred only indirectly.
Therefore we call it residual tertiary structure as
opposed to the main part of tertiary structure involved
in peak 1.

The scheme of five melting transitions is in fact
complete with respect to reaction enthalpy because
it accounts quantitatively for the overall heat of melt-
ing observed calorimetrically [31,32], although the
calorimetric data appear to disagree somewhat under
conditions of low ionic strength [31-—34] . Solution
conditions, in particular the concentration of mono-
and divalent salts, strongly influence the relative pasi-
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tions of the melting transitions on the temperature
scale. For example in the presence of Mg** very steep
melting profiles are observed, where the five transi-
tions are no lenger resolved as in fig. 8, but are super-
imposed to a greater extent and are coupled by the
influence of peak 1.

In contrast to the UV-absorption and fluorescence
detection, which was used in this work, NMR experi-
ments have indicated that the dissociation of ali
cloverleaf branches of tRNAFI® (yeast) occurs over a
very narrow temperature range {35]. If we extrapolate
our temperature jump results to the conditions of the
NMR experiments according to the method outlined
in ref. {36], the superimposition of the different
melting effects as observed by NMR is in fact expected.
The thermodynamic and kinetic properties of
tRNAPRe(yeast) are thus particularly unfavorakle for
the resolution of the melting transitions by the NMR
method.

Other tRNA molecules which have been investi-
gated in a comparably detailed manner [tRNAAR (yeast)
[18], tRNATY*(£. cali) [37,38]), tRNAMe(E, coli)
{36].and tRNAAP (yeast) [39] ] have also shown an
early melting effcct with similar thermodynamic
properties of those of peak 1 of tRNAFTe (yeast).

One may generalize that unfolding of the main

Appendix

In order to evaluate the rate constants of the mechanism

"12 k23

e X, X

part of tertiary structure is the first denaturation step
in all tRNA’s. It may not be possible in all cases, how-
ever, to find conditions where the tertiary structure

is unfolded and all of the branches of the clover leaf
are still double helical as in tRNAFR€(yeast). In
tRNAMEL(E coli) [38] and tRNAAD (yaast) [39]

the hU stem is too unstable to exist in the double helical
state after tertiary structure has unfolded. Also, the
order in which the different cloverleaf branches sub-
sequently melt out is not a common feature of all
tRNA molecules, but reflects rather the thermedyna-
mic properties of the nucleotide sequences, numbers
of possible base pairs and loop sizes of the particular
tRNA species.

Many theoretical attempts have been made to
predict the thermodynamics of a tRNA from its
nucleotide sequence. Most of the theoretical results
for tRNAFRE (yeast) [40] agree with our experimental
results.
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from two relaxation times (ry, Tyy) and two relaxation amplitudes (4}, Ay) four equations are needed. The formulas
for the sum and the product of the reciprocal relaxation times are taken from [19]:

1

1
1y 1 _ "
o Ny ikt vy (A2)
An overall degree of transition is defined in the following way:
T
(A5 + Ag) dT"
o) = - _(e2—€1)Cr+(e3—61)C5
=", (-GG Cy)
Tj (A + Ag)aT’

2]
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T; and Ty are temperatures above and below the transition range and ¢, &5, €3 and C}, €, C3 are the extinction
coefficients and the concentrations of molecules in the states X, X,, and X3, respectively. With
Ca/Cy = Kkyafkeyy  and  C3[Cr=FKa3/k3;

it follows, that

T
(A;+ Ay) dT’
Tj'; o _ [(ef — e2)/(ey — €3)) (kyalkyy) + (Ryafky) (Ra3lk32) a3
Ta 1+ (kyalkay) + (kyafkay) (ka3lksn) i )
[ g+ apar
Ty
The fourth equation is taken from the ratio of the amplitudes as derived in [2] :
A ez —-e)ky3t (e — €2) Rypt &y ~ L)
Ay (63 —€x) ka3 T k3p — U + (e — €2) Ky
k21[(l +k12/k21) + Ale/M23] + (k23 +k32 - I/T:) [] + (] +k32/k23)4f112/AH23] (A 4)

(kyp+kyy — Hrg) [(1 + Kyof%ay) © Ay [AH3 Y + ko3 [1 4 (1 +K3a/k3) AH, 5 /AH 3]

Besides the four temperature-dependent rate constants the equations contain two temperature-independent param-
eters, the ratio of the extinction differences (€; — €,)f(€, — €3) and the ratio of the reaction enthalpies A%, /A 3.
For a particular reaction model involving definite double helical regions (see table A.1) the temperature-independent

Table A.1
Inconsistency of simplified models and experimental results. Ratios of reaction enthalpies for tRNAFR® gbained from relaxation

experiments (AH,,/AH,3) are compared with theoretical data (AH 5 [AH3) g,

Model [y ~ €2l —€3)l (G PPYLL P P AH,[aH

%bs%é:g\jg 16 1.25 ~0.2
‘%‘"’3%0 =’~%b’g 0.65 0.8 0.1

parameters can be estimated by summing up the hypochromicities [2,41] and reaction enthalpies [2] of the corre-
sponding base pairs. These theoretical values (e; — €3)/(€3 — €3)yy, (AH o/ AH54)y, are used as a starting point for the
calculation of the four rate constants from egs.(A_1)—(A.4}. From the temperature dependence of the equilibrium
constants K =K, /ky; and K = ky3/k3; obtained in this way new reaction enthalpies AH |, and AH,3 were cal-
culated. The consistency of the experimental results and the theoretical model data for the reaction enthalpies and
absorbance changes was tested by comparing (AH;3/AH3),;, with AH5/AH 5. Evidently, the calculations rule out
the two models discussed in table A.1. Intermediates involving partially unfolded clover leaf branches were found

to be consistent with the experimental data. However, they are pot included in the table, since they do not account
for the essential features of the residual tertiary structure.
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