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Mechanism of tRNA-Aminoacyl-tRNA Synthetase Recognition:

Influence of Aminoalkyladenylates®

Gerhard Krauss,*! Stephen M. Coutts,§ Detlev Riesner,” and Guenter Maass

ABSTRACT: The influence of aminoacyl-5’-AMP on the rec-
ognition process between tRNAFP (yeast) and phenylala-
nyl-tRNA synthetase (yeast) has been studied using an ana-
logue of the aminoacyladenylate, phenylalaninyl-5-AMP
(Phe-ol-AMP). The complex formation between tRNA and
synthetase in the presence of Phe-ol-AMP has been followed
by fluorescence titrations and fast kinetic techniques. Previous
investigations had shown that the mechanism of interaction
between tRNAPhe and its cognate synthetase includes a re-
combination step between the two macromolecules that is al-
most controlled by diffusion and a fast conformational change
of the complex (Krauss, G., Riesner, D., & Maass, G. (1976)
Eur. J. Biochem. 68, 81). A two-step reaction scheme is also
valid in the presence of Phe-ol-AMP. Rate constants and the
distribution of fluorescence change and reaction enthalpy
between the two reaction steps have been determined at dif-

The recognition of tRNA molecules by their cognate ami-
noacyl-tRNA synthetases has been observed by various tech-
niques (for reviews, see S6ll & Schimmel, 1974; Kisselev &
Favorova, 1974). One approach has been to apply physical
techniques to study the mechanism of complex formation. It
has been suggested earlier that the interaction between tRNAs
and their cognate aminoacyl-tRNA synthetases comprised
more than one reaction step (Yarus & Berg, 1969; Eigen,
1964). By employing fast kinetic methods it was later shown
for three enzyme systems that the specific interaction between
tRNAs and their cognate enzymes involved a recombination
step followed by a fast conformational change (Riesner et al.,
1976; Krauss et al., 1976). The recombination step is nearly
controlled by diffusion and the conformational change of the
complex occurs in less than 1 ms.

A comparison of the binding mechanism of cognate, non-
cognate, and modified tRNAs in the phenylalanine specific
system from yeast allowed more insight into the biological
meaning of the two-step binding process. The specificity of
interaction between the tRNAs and phenylalanyl-tRNA
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ferent temperatures. At 5 °C the following rate constants are
obtained: k1> =3 X 107 M~ s ky; =195 k3 =10s71,
k3 = 70s~!. The recombination step, however, in the presence
of the inhibitor is no longer diffusion controlled. The confor-
mational change is slowed down by more than an order of
magnitude and thus comes close to being the rate-limiting step
of the overall aminoacylation process. The 3’-terminal aden-
osine of tRNAFhe {5 involved in the rearrangement of the
tRNA within the ternary complex since no slow conforma-
tional change is observed when tRINAPhe [acking the 3'-ter-
minal adenosine is used as a substrate. It is concluded that the
observed reactions are related to the process of aminoacylation
by providing optimal orientation of the reactants for the
transfer of the activated amino acids to the 3’-terminal ribose
of the tRNA.

synthetase (PRS) is expressed in both the recombination step
and the conformational change, since the latter is not observed
in nonspecific binding of tRNATY" to PRS (Krauss et al.,
1976). Furthermore, it was shown (Krauss et al., 1977) that
the integrity of the 3/-terminal CCA end is a prerequisite for
the occurrence of the conformational change. The conforma-
tional change was interpreted as a rearrangement of both the
tRNA and the synthetase, providing proper alignment of the
3’-terminal adenosine with the active site of the enzyme.

For studies of individual binding equilibria, e.g., the binding
of tRNA and the amino acid to the enzyme, fast kinetic tech-
niques such as stopped-flow or T-jump are particularly well
suited. If one wants to look at more complicated reactions, e.g.,
catalysis, then steady-state analyses or quenched flow tech-
niques (Fersht & Jakes, 1975) are the methods of choice.
However, different approaches have to be employed if one
wants to obtain information about conformational changes
which directly precede or follow the catalytic steps. For ex-
ample, if a suitable competitive inhibitor may be found, the
reaction steps near the catalytic conversion of substrate to
product can be studied by fast kinetic techniques. Suitable
specific and competitive inhibitors of aminoacyl-tRNA syn-
thetase have been described in the literature (Cassio et al.,
1967), and one, phenylalaninyl-5-AMP (Phe-ol-AMP), has
been employed in the present study to investigate the confor-
mational changes in or proximal to the tRNA binding site of
PRS having its amino acid and ATP binding sites occupied.
Aminoalkyladenylate inhibitors are siructurally very similar
to proposed intermediates in the activation of amino acids by
ATP and it was therefore our hope that additional interme-
diates on the pathway of aminoacylation of tRNAPhe could be

! Abbreviations used: DTE, dithioerythritol; EDTA, ethylenediam-
inetetraacetic acid; PRS, phenylalanyl-tRNA synthetase; T-jump, tem-
perature jump; Phe-ol-AMP, phenylalaninyl-S'-AMP; tRNA¢ePhe,
tRNAPhe |acking the 3'-terminal adenosine.
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detected by occupation of the amino acid activating site of PRS
with Phe-ol-AMP. This approach showed additional promise
in light of experiments with tRNA "¢, which indicated that
the CCA end of the tRNA adapted itself to the active site of
the enzyme (Krauss et al., 1977). We report here studies of
complex formation between tRNAP"® and PRS in the presence
of Phe-ol-AMP and compare the results with data obtained
in the absence of the competitive inhibitor.

Experimental Section

Materials

Phenylalanyl-tRNA synthetase from commercial baker’s
yeast was purified and characterized as outlined previously
(Krauss et al., 1976). The preparation of pure tRNAPh¢ from
crude baker’s yeast tRNA was according to Litt (1968).
tRNA¢¢Pe was prepared according to Sprinzl & Cramer
(1975) and characterized as given in Krauss et al. (1977). All
reagents and solvents were of the highest purity available from
commercial sources.

L-Phenylalaninol was a product of Fluka AG (Buchs,
Switzerland). Triisopropylbenzenesulfonyl chloride was ob-
tained from Aldrich Chemicals (Milwaukee, Wis.) and was
recrystallized from dry petroleum ether (bp 30-60 °C). P-L
Biochemicals (Milwaukee, Wis.) furnished 5’-adenosine mo-
nophosphate. Pyridine was distilied first over ninhydrin and
then over barium oxide and was stored under nitrogen, over
Linde molecular sieve, type 4a.

Methods

The Synthesis of Phenylalaninyl-5'-AMP. N-tert-Butyl-
oxycarbonyl-L-phenylalaninol was synthesized according to
Sandrin & Boissonnas (1966).

N6.0? 03 -Triacetyl-5-AMP was synthesized by modifi-
cation of the method of Rammler & Khorana (1962). The acid
form of 5'-AMP (2.0 g, 6 mmol) was dissolved in a minimum
of 50% pyridine and passed through a 3 X 2 ¢cm column of
Dowex 50-X4 (pyridinium form). The column was washed
with water and the combined effluents were evaporated to
dryness at 30 °C. The residue was rendered anhydrous by
coevaporation with dry pyridine (10 mL) three times at 30 °C.
The dry residue was suspended in 100 mL of anhydrous pyri-
dine and treated with 40 mL of acetic anhydride. After stirring
for 48 hin the dark at room temperature, the pale yellow so-
lution was stripped in vacuo at 30 °C to a thick oil, to which
100 mL of 50% pyridine was added. After 2 h at room tem-
perature, the water-pyridine solution was evaporated in vacuo
at 30 °C, and the resulting viscous oil was rendered anhydrous
by coevaporation with dry pyridine (three times). The dry
residue was dissolved in 4 mL of anhydrous pyridine and
dropped into 360 mL of rapidly stirred ether (under nitrogen).
The precipitate was collected by centrifugation, washed three
times with ether, and dried in vacuo over P,Os. The product
was stored over desiccant at —18 °C and was isolated with a
yield of 92% (3.55 g). Thin-layer chromatography on cellulose
sheets (cthanol/1 M ammonium acetate; 5/2) revealed a major
UV absorbing spot with an Ry of 0.40, corresponding to tria-
cetyl-5-AMP, and a minor spot with an Ry of 0.77, corre-
sponding to an acetyl adduct of pyridine (Rammler & Kho-
rana, 1962). Phenylalaninyl-5-AMP was synthesized by a
modification of the method of Sandrin & Boissonnas (1966).
Dry N°,0%,0%-triacetyl-5-AMP (117 mg, 0.19 mmol) was
placed in a flask with a threefold excess of dry N-tert-butyl-
oxycarbonyl-L-phenylalaninol (145 mg, 0.6 mmol) and dis-
solved in 2 mL of anhydrous pyridine. The pyridine was re-
moved in vacuo at 30 °C and the procedure repeated twice
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more. The dry residue was finally dissolved in 1.0 mL of an-
hydrous pyridine, and triisopropylbenzenesulfony! chloride
(95 mg, 0.31 mmol) was added. The flask was fitted with a
drying tube, the contents mixed, and then left at room tem-
perature in the dark for 24 h. The solution was then concen-
trated to a gum in vacuo at 30 °C and dried under a stream of
nitrogen. The residue was triturated twice with petroleum ether
(boiling point range 30-60 °C), and once with diethyl ether.
The acetyl groups were deblocked with ammonium hydroxide,
the NVe-rert-butyloxycarbonylphenylataninyl-5S-AMP  was
purified by ether precipitation from methanol, and the amino
blocking group was removed by trifluoroacetic acid as de-
scribed by Sandrin & Boissonnas (1966). The final product
of Phe-ol-AMP, after purification over a column of silica gel,
was obtained in 82% yield (76 mg. 0.16 mmol), and gave a
single spot (both UV and ninhydrin positive) upon thin-layer
chromatography on silica gel (acetone/water: 8/2), with an
Ry of 0.48. The UV spectrum (Amax, 260 nm: Apin, 228 nm)
was identical with that reported by Sandrin & Boissonnas
(1966).

ATP -pyrophosphate exchange kinetics catalyzed by crude
yeast aminoacyl-tRNA synthetase preparations, measured
according to the method of Simlot & Pfaender (1973) at
constant and saturating levels of ATP while varying the phe-
nylalanine concentration, yielded an inhibition constant of §
X 1077 M. A value of 2.3 X 107% M was obtained for the same
compound by Cassio et al. (1967), using an E. coli synthetase
preparation. Experiments were performed in 0.03 M potassium
phosphate (pH 7.2}, 0.5 mM EDTA, 10 mM MgCl,, 0.5 mM
dithioerythritol, and 0.2 M KCl if not otherwise stated.

Titrations. Binding constants for complex formation be-
tween tRNAPP and the PRS-Phe-ol-AMP complex were ob-
tained from fluorescence titrations using the Y-base fluores-
cence of tRNAPPe a5 indicator. Evaluation of the titration data
was performed as outlined in Krauss et al. (1977). The stoi-
chiometry of the (IRNA-synthetase complexes was determined
from the heights of the boundaries in sedimentation velocity
runs in an analytical ultracentrifuge as described earlier
(Krauss et al., 1975).

Fast Kinetic Measurements. The Y-base fluorescence of
tRNAPR was monitored in T-jump and stopped-flow experi-
ments. The T-jump measurements were carried out and eval-
uated as described by Coutts et al. (1975) and Riesner et al.
(1976). The magnitudes of the temperature risc were between
3 and 5 °C. The dependence upon concentration of the mea-
sured relaxation times was analyzed in terms of a two-step
scheme:

ki k23
E + (RNA == (E .- {RNA)* = (E-tRNA) (D)
ko

where
k12 ka3
Kn=
Ko ki
and the binding constant from equilibrium measurements is
expressed as:

Kussou= Kl(l +KH) (2)

Reaction 1 requires the presence of two relaxation times, the
concentration dependence of which is given by Eigen & de
Mayer (1963):

et a)

i 2
% [1 - \/1 _ Mapaxn — 041:“21)1 3)

(o) + 0aa)?
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where o] = —k12(Cirna + CE)y 12 = kai, a21 = k12(CirNa
+ CE) - k32, ) = —(k2l + k23 + k32), and where CE and
Cirna are the concentrations of free binding sites on the en-
zyme and free tRNA, respectively. The rate constants were
evaluated by their dependence upon concentration according
to eq 3, as outlined in detail by Riesner et al. (1976). Rapid
mixing experiments were carried out in a stopped-flow spec-
trofluorimeter of high sensitivity as described by Pingoud et
al. (1975). Ternary complex experiments were carried out by
mixing the binary complex of PRS and Phe-ol-AMP with
tRNAPhe Advantage was taken of the dependence upon ionic
strength of the tRNA-synthetase interaction in dissociation
experiments. A solution containing the ternary complex of
tRNAPR.PRS.Phe-ol-AMP without added KCl was mixed
with buffer containing 0.4 M KCl to yield a final concentration
of 0.2 M KCl. Initial rates of aminoacylation were determined
under conditions of Giégé et al. (1974).

Results

1. Equilibria

Binding of Phe-ol-AMP to the Synthetase. The influence
of Phe-o0l-AMP on the aminoacylation reaction was followed
by measuring steady-state kinetics at various concentrations
of the amino acid. Phe-ol-AMP behaves as a competitive in-
hibitor. The inhibition constant was determined to be 2 X 1077
M, indicating a high affinity of Phe-ol-AMP to the active site
of the enzyme. Measurement of the inhibition constant using
ATP-pyrophosphate exchange yielded a similar value of 5 X
10~7 M. Under the ionic strength conditions used in the kinetic
experiments, the inhibition constant of Phe-ol-AMP increases
by a factor of 2 to 3. The inhibitory effect of Phe-ol-AMP is
thus comparable to that of other aminoalkyladenylates tested
with pure synthetase (Cassio et al., 1967; Blanquet et al.,
1972).

It was not possible to derive binding parameters for the in-
teraction between PRS and Phe-ol-AMP from fluorescence
titrations since Phe-ol-AMP does not affect the tryptophan
fluorescence of the enzyme. However, it was recently reported
that two aminoacyladenylates are formed by PRS during ca-
talysis (Fasiolo et al., 1977), so we have assumed that PRS also
binds two molecules of Phe-ol-AMP. In the tRNA binding
studies reported here the concentrations of Phe-ol-AMP were
in the range between 100 and 500 uM, thus always providing
a large excess of inhibitor over PRS. Saturation of both sites
of the enzyme was ensured by the high concentration of Phe-
ol-AMP employed, together with its high affinity constant.

Binding of tRNAP" 1o the Complex between PRS and
Phe-0l-AMP. Equilibrium data for the interaction between
tRNAPe and the complex between Phe-ol-AMP and PRS
were determined from ultracentrifugation experiments and
fluorescence titrations. The results are presented in Table 1,
together with data obtained in the absence of Phe-ol-AMP.
The presence of Phe-ol-AMP does not change the stoichiom-
etry of the tRNA-synthetase complex; the strength of binding,
however, is increased by a factor of two to three. Since there
was no experimental indication that the binding sites for
tRNAPPe become nonequivalent upon addition of Phe-ol-
AMP, the tRNA-binding sites were considered to be equiva-
lent. Also under aminoacylation conditions the 2:1 stoichi-
ometry of the tRNA-synthetase interaction is preserved as can
be seen clearly in sedimentation velocity runs in the analytical
ultracentrifuge of a solution containing 0.8 uM PRS, 3 uM
tRNAPre 5 X 107% M phenylalanine, 5 X 1074 M ATP, and
2 X 10=* M pyrophosphate. This result is in contrast to ob-
servations of Fasiolo et al. (1977) who report a 1:1 complex
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TABLE I: Equilibrium Parameters for Complex Formation between
tRNAPhe and Phenylalanyl-tRNA Synthetase in the Presence and
Absence of Phe-ol-AMP.#

Fluo- Bind-
res- ing
cence con-
change  stant’ tRINAbound/
Conditions (%) (M1 enzyme®
5% 10=5M Phe-ol- —-25 2+0.5x%108 2
AMP, at 5°C
5% 1073 M Phe-ol- -25 1.54+0.5X%X 106 2
AMP, at 25 °C
No Phe-ol-AMP ~25 8+2X10° 2

added, at 25 °C

a Determined in 0.03 M potassium phosphate, pH 7.2,0.2 M KCl,
10 mM MgCl,, 1 mM EDTA, 0.5 mM dithioerythritol. & Obtained
from fluorescence titrations. ¢ Data from sedimentation experiments
in the analytical ultracentrifuge according to Krauss et al., 1975.

under similar conditions. We ascribe the discrepancy to the
different methods used for the determination of the stoichi-
ometry. The advantage of the ultracentrifugation technique
as compared with the nitrocellulose filter technique used by
Fasiolo et al. (1977) has been discussed by us in an earlier
paper (Krauss et al., 1977).

2. Kinetics

General Outline of the Experiments. We have shown pre-
viously (Riesner et al.,, 1976) that the interaction between
tRNAs and their cognate aminoacyl-tRNA synthetases is
characterized by a two-step reaction scheme. This mechanism
was deduced from an investigation of the concentration de-
pendence of the relaxation times in T-jump experiments. A
leveling off of the relaxation times at high concentrations of
the reactants was indicative of a conformational change fol-
lowing the recombination step. Other binding mechanisms
compatible with the saturation behavior of the relaxation times
were excluded by analyzing the amplitudes of the observed
effects. In the present work we have applied a similar analysis.
Additionally we have performed stopped-flow experiments in
order to corroborate the T-jump data in such cases where re-
laxation effects were small or negligible. If possible, one of the
reactants in the stopped-flow experiments was present in large
excess so that the reaction time obeyed the same formalism as
the relaxation time in the T-jump experiments. In all kinetic
experiments, 0.2 M KCl! was present; the reasons for selecting
this ionic strength have been outlined earlier (Krauss et al.,
1976). Due to the high excess of Phe-ol-AMP over synthetase
in the T-jump experiments, a possible shift of the PRS-Phe-
ol-AMP binding equilibrium upon the increase of the tem-
perature could be excluded.

The kinetics of complex formation between tRNAFh¢ and
PRS in the presence of Phe-ol-AMP reveal the existence of a
fast and a slow process, which can be observed separately in
either stopped-flow or T-jump experiments. The observation
of two processes in the presence of Phe-ol-AMP implies that
at least two steps are involved. Compared with the earlier ex-
periments in the absence of Phe-ol-AMP (Krauss et al., 1976},
the conformational change is slower by a factor of 20 to 50. The
characteristic features of the processes will be dealt with sep-
arately below.

Fast Processes. Just one relaxation time is observed in
temperature jumps of the ternary complex at 25 °C. This
process is observable only in the presence of synthetase and
Phe-ol-AMP and therefore is ascribed to the binding of tRNA
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FIGURE |: Binding of tRNAPhe (o the complex between Phe-ol-AMP and
phenylalanyl-tRNA synthetase at 25 °C, stopped-flow and T-jump data.
Dependence of the reciprocal relaxation times on the sum of the concen-
tration of free reactants. The error bars indicate the experimental error
obtained for approximately five experiments with the same solution. (O)
Reciprocal relaxation times measured in T-jump experiments. (&) Re-
ciprocal time constants obtained from stopped-flow association experi-
ments under conditions of excess enzyme binding sites. At C; + Co = 4
uM, a fast (upper filled triangle) and a slow process (lower filled triangle)
can be observed. At C; 4+ Cy = 7 uM, only the slow process is detected
whereas the fast one is hidden in the dead time of the stopped-flow appa-
ratus. The lower drawn line shows the concentration independent behavior
of the slow process. (@) Reciprocal time constant from a stopped-flow
dissociation experiment. Cy, concentration of free tRNAPhe; 5, concen-
tration of free tRNA binding sites on the Phe-ol-AMP-PRS complex.
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FIGURE 2: Oscilloscope trace of a stopped-flow association experiment
with tRNAPhe and phenylalanyl-tRNA synthetase in the presence of
Phe-ol-AMP at 5 °C. A fast fluorescence change is followed by a slow one.
A simulated exponential with 1 /+ = 14557 " is superimposed over the fast
effect. Concentrations after mixing: 0.62 pM tRNAPhe 1,25 4M phe-
nylalanyl-tRNA synthctase in 0.03 M potassium phosphate, 10 mM
MgCly. 0.2 M KCI. | mM EDTA, 0.5 mM dithioerythritol, and 5 X 10~*
M Phe-ol- AMP. Oscilloscope settings: 100 mV /unit: time base of the first
8 units is S ms/unit: that of the last 2 units is 50 ms/unit. 100 gs rise time:
total signal, 3.5 V.

to the complex between PRS and Phe-ol-AMP, The reciprocal
of the relaxation time, 1 /7, is linearly dependent on the sum
of the concentrations of free tRNA and enzyme (Figure 1).
However, due to the small amplitudes, the concentration de-
pendence of the 1/7 values could not be followed up to the
concentration range where saturation of the 1/ values was
achieved in the absence of Phe-0l-AMP (Krauss et al., 1976).
From the equilibrivm measurements it was known that the
binding of tRNAP" {0 the complex between PRS and Phe-
ol-AMP leads to a quenching of the Y-base fluorescence. The
increase of fluorescence observed in the T-jump experiments
indicates a dissociation of the tRNA from the ternary complex
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FIGURE 3: Binding of IRN AP {5 the complex between Phe-ol-AMP and
phenvialanyl-tRNA synthetase at § °C. (A) T-jump data: dependence
of the reciprocal relaxation times (O) on the sum of the free reactants. The
drawn lines represent the theorctical curves of 1/7; and 1/7; as obtained
for the rate constants in Table 11. (@) Reciprocal time constant of a
stopped-flow dissociation experiment. (B) Same data as in A, together with
data from stopped-flow association experiments (A) performed in the
presence of excess enzyme binding sites. Other conditions as in Figure
1.

and a negative AH value of the observed binding process.

A fast process can be resolved in stopped-flow association
experiments at 25 °C. It is accompanied by a quenching of the
Y-base fluorescence and its time constants are in agreement
with the T-jump data (Figure 1).

At 5°C a fast process in the time range of 1 ms is observed
in the T-jumps which is detectable in both the presence and the
absence of the synthetase and Phe-ol-AMP. This effect orig-
inates from the binding of Mg?* to the tRNA (unpublished
results) and does not indicate an interaction between tRNA
and synthetase; it is not observed in this time range at 25 °C.
Due to this effect it was not possible to resolve another fast
process equivalent to the fast effect observed at high temper-
atures. However, good resolution of the fast process is achieved
in stopped-flow experiments at S °C (Figure 2). This process
becomes faster with increasing concentrations of free reactants
(Figure 3B), but is much slower than that observed at 25
°C.

Slow Processes. In stopped-flow association experiments
at 25 °C a slow, concentration independent, process with a time
constant of about 30 57! is observable and is associated with
a small quenching of the Y-base fluorescence. Under the same
conditions no slow effect could be detected in the T-jump ex-
periments. In a stopped-flow dissociation experiment a time
constant of about 110 s~ is measured, which is in agreement
with the T-jump data (Figure 1). At 5 °C the situation in the
T-jump experiments changes remarkably. A slow process is
observable (Figure 4) and its 1/7 value increases with in-
creasing concentrations, reaching saturation over a narrow
concentration range at a 1/r value of 80 57! (Figure 3). In
contrast to the measurements at 25 °C, the T-jump effects at
5 °C are associated with a quenching of the Y-base fluores-
cence. From this observation it follows that the reaction en-
thalpy of the observed process has a positive sign. The reaction
enthalpy at 5 °C is calculated from the fluorescence amplitudes
to be +8 + 4 kcal/mol. In the stopped-flow association ex-
periments at 5 °C (i.e.. mixing tRNAPh with the binary
complex of PRS and Phe-ol-AMP), a slow process independent
of concentration is also observed with a time constant of about
40 s~! (Figure 2). It is clearly separated from the fast pro-
cess.

The appearance of a slow process in the T-jump experiments
at low temperatures only indicates that the process has a
temperature dependent reaction enthalpy. To follow this point
in more detail, the temperature dependence of the 1/7 values



MECHANISM OF TRNA-SYNTHETASE RECOGNITION

Fluorescence ——m=

I S VY R

(R T O

FIGURE 4: Oscilloscope trace of a temperature-jump experiment with
tRNAPPe and phenylalanyl-tRNA synthetase in the presence of Phe-ol-
AMP, 1.0 uM tRNAPhe 1.0 4M phenylalanyl-tRNA synthetase, and 50
M Phe-ol-AMP in 0.03 M potassium phosphate (pH 7.2), 0.2 M KCl,
10 mM MgCl,;, | mM EDTA, 0.5 mM dithiocerythritol, at 5 °C. Oscillo-
scope settings: 10 ms/unit, 10 mV /unit, rise time 50 us; total signal, 4 V,
300 mV compensated. The simulated exponential with 1/7 = 58 7! is
superimposed.
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of the slow process and of its associated amplitudes was ex-
amined in the temperature range between 5and 20 °C. As is
shown in Figure 5 the amplitude of the slow relaxation time
decreases with increasing temperature and vanishes at a
temperature around 15 °C. Evidently the reaction enthalpy
of the slow process increases with decreasing temperature and
reaches a relatively high positive value at 5 °C. In the absence
of Phe-0l-AMP a similar temperature dependence of the re-
action enthalpy is not observed. Temperature dependent re-
action enthalpies in reactions involving synthetases have been
reported for the binding of isoleucine to isoleucyl-tRNA syn-
thetase from E. coli (Hinz et al., 1976). The interpretation of
the temperature dependence of reaction enthalpies, however,
is difficult. The relaxation time of the slow process is only
slightly dependent on the temperature indicating that the slow
process at low temperature is not identical with the fast process
at high temperatures.

Evaluation of the Rate Parameters. The combined T-jump
and stopped-flow data show that the mechanism of the complex
formation between tRNAPh and PRS in the presence of
Phe-ol-AMP includes at least two steps:

tRNAPhe + (PRS-Phe-ol-AMP)

k
—= (tRNAPhe.PRS-Phe-ol-AMP)*
k21

k
—= (tRNAPH.PRS-Phe-ol-AMP)
ki
where tindicates a ternary complex with a conformation dif-
ferent from the final complex. In this reaction scheme the
fluorescence change and reaction enthalpy of the first step will
be denoted as AF |, and AH 3, respectively, and those of the
second step as AF,3 and AH >3, respectively. The two-step re-
action mechanism is valid both at high and low temperatures.
However, some remarkable differences in the binding process
show up when going from 5 to 25 °C. Therefore, the evaluation
of the kinetic data at the different temperatures will be dealt
with separately.
At 25 °C a fast, concentration dependent process was de-
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FIGURE 5: Binding of tRNAPhe tg the complex between Phe-ol-AMP and
phenylalanyl-tRNA synthetase; temperature dependence of amplitudes
and relaxation times of the slow effect in T-jump experiments. (@) Am-
plitude; (©) slow relaxation time. The error bars indicate the experimental
errors obtained for about five experiments with the same solution.

TABLE II: Rate Constants for the Binding of tRNAPhe to
Phenylalanyl-tRNA Synthetase in the Presence of Phe-ol-AMP.

Mean
K assoc error
Temp Rate constants (M factor®
5°Ca  ky,=3X107M"1s! 2 X 108 1.8
ko3 = 10s™!
ky =19 s
ki = 705!
25°Ch k1, =75X 107 M-tg) 1.6 X 106 1.6
ki3 = 105!
ko =70 s~!
k32= 205!

4 From the data in Figure 3. # From the data in Figure 1. ¢ For
determination of the mean error factors see Riesner et al., 1976.

tected in the T-jump experiments. In the stopped-flow exper-
iments, however, a slow, concentration independent process
was observed in addition to the fast effect. Since the fast pro-
cess is clearly separated from the slow process, the time con-
stant can be evaluated using an approximation of eq 3 (see
Materials section). If the recombination step is fast compared
with the conformational change, the relaxation times are given
by (Eigen & de Mayer, 1963):

1
— = k12(Ce + Cirna) + k2 4)

and

L=k +—2 g
- e ke (5)

where k| = k12(Cg + Cirna) and where Ce and Cirna are
the concentrations of free binding sites on the enzyme and free
tRNA, respectively.

According to eq 4 the values for k|, and k2; may be obtained
from the slope and intercept of a plot of the fast relaxation
process vs. the concentrations of free reactants (Figure 1).
With the concentrations of reactants employed here, the ratio
kiy/(ky1y + k7)) is approximately 1; the slow process therefore
provides k3, + k3. The individual values for k33 and k3 can
be calculated by using the equilibrium constant

Kassoe = (k12/k21)(1 + k33/k33) (6)

which is obtained from fluorescence titrations. The four rate
constants are listed in Table II.



2448 BIOCHEMISTRY

Aminoacylation experiments performed under the same
conditions as the T-jump measurements provide a rate constant
for charging of 2 s~! at 25 °C. This value comes close to the
smallest rate constant (k»;) evaluated from the T-jump
data.

The plot in Figure 1 also includes the result of a stopped-flow
dissociation experiment, where the dissociation of the tRNA
from the ternary complex in a solution containing 1 uM PRS,
2 uM1IRNAPP and 100 uM Phe-ol-AMP was followed. The
reaction observed occurs with a time constant of 110 s~1, This
value is faster than the individual values of k>, and k3, because
under these conditions both dissociation and association con-
tribute to the reaction time. The rate constants obtained from
the T-jump experiments are consistent with this interpreta-
tion.

From the combined T-jump and stopped-flow data at 25 °C,
an cstimate of the relative distribution of reaction enthalpy and
fluorescence change during each of the two steps of the binding
process can be obtained. As is indicated from the sign of the
fluorescence change of the fast effect in the T-jumps, the re-
action enthalpy AH i, of the first step is negative. Furthermore
the recombination step includes most of the fluorescence
quenching. With respect to the conformational change, the
following combinations of reaction enthalpy AH»4 and fluo-
rescence changes AF»; are possible: (a) AF>; = 0and AH 33
=0 (b) ..\Fz} =( and ._\f{23 = 0, (C) AF23 = 0 and ._\Hzg >
0, AH >, <0:(d) AF,3; = 0and AH>; = 0. The small and slow
fluorescence quenching in the stopped-flow association ex-
periments at 25 °C implies a negative AF value of the con-
formational change. In order to arrive at this conclusion one
has to remember that in our stopped-flow association experi-
ments the enzyme was in excess over the tRNA and its absolute
concentration was at least a factor of 4 higher than the recip-
rocal binding constant. Consequently, all tRNA present was
complexed during the initial recombination and the subsequent
conformational transition could not lead to an additional
binding of tRNA. [t follows that the possibilities b and d can
be excluded. If case a were true a slow effect in the T-jump
should have shown up because of the coupling of the two steps.
Thus case ¢ alone can explain the lack of the slow effect in the
T-jump. In this case the AH of the slow effect is compensated
by the AH of the fast effect. The experimental results therefore
scem to correspond best 10 a reaction scheme where the reac-
tion enthalpics of the two steps have opposite signs and are of
approximate equal magnitude.

AL 5 °C aslow relaxation process is observable in the T-jump
experiments that saturates at higher concentrations. The
concentration dependence of the 1/7 values is evaluated ac-
cording to a two-step reaction scheme. The rate constants as
determined from the computer fitting procedure are depicted
in Table I1. Due to the relatively small uncertainty of the 1/7
values measured at low temperature the four rate constants
are obtained from a regression analysis independent of equi-
librium data. The value for K¢ evaluated from the kinetic
data agrees very well with the value obtained from the fluo-
rescence titrations. The knowledge of the four rate constants
permits the calculation of the concentration dependence of the
relaxation time of the fast process; the fast effect could not be
measured in the T-jump experiments because of the interfer-
ence with the Mg2* binding to tRNAPhe (sce above). The fast,
concentration dependent process of the stopped-flow associa-
tion experiments fits approximately the concentration de-
pendence of the fast 1/7 value predicted from the computer
fit (Figure 3). The rate of the concentration independent
process in the stopped-flow association experiments at 5 °C
is lower than that corresponding to the 1/7 values in the sat-
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uration region of the plot of the T-jump data (Figure 3). A
simulation of the stopped-flow experimients in an analoguce
computer with the rate constants evaluated from the T-jump
experiments yielded a time constant of 60 s™! for the slow
process. The difference between this value and the experi-
mentally measurced value of 30 s7! is ascribed to the uncer-
tainty in the evaluation of the rate constants from the T-jump
data.

[t is noteworthy that the equilibrium between the interme-
diate and the final complex in the reaction scheme in Table 11
is more on the side of the intermediate complex. The strong
interdependence between the two processes is manifested in
the rather sharp curvature in the plot in Figure 2, where the
transition from a concentration dependent to 4 concentration
independent behavior occurs over a small concentration range
of free reactants.

Binding of tRNA¢¢?"<. Previously published experiments
have shown that the terminal A of tRNAPP is involved in a
conformational change of the tRNA-synthetase complex
(Krauss et al., 1977). To examine whether or not this holds also
in the presence of Phe-ol-AMP, we have performed stopped-
flow experiments by mixing tRNA¢ PP with the complex
between PRS and Phe-ol-AMP at a low temperature. In these
experiments, no slow, concentration independent process could
be observed. Evidently the terminal A is also involved in the
conformational change of the reaction scheme in Table 1.
Discussion

The results reported in this paper indicate that both the ki-
netic and equilibrium parameters of the binding of tIRNAPhe
to PRS are changed in the presence of the analogue of the
aminoacyladenylate, phenylalaninyl-5-AMP. The strength
of the tRNA binding to the synthetase is increased in the
presence of the Phe-ol-AMP by a factor of 2-3. It suggests that
the Phe-ol-AMP bound to the enzyme provides by itself ad-
ditional contact points for the tRNA or induces structural
changes in the enzyme to provide stronger binding of the
tRNA. With ATP or phenylalanine alone a similar effect is
not observed (Krauss et al.. 1973): cvidently both phenylala-
nin¢c and ATP need to be present in the active site to bring
about the increase of the binding constant for the tRNA.

No experimental evidence could be found to indicate that
Phe-ol-AMP changes the equivalence of the two tRNA binding
sites. {n contrast, Blanquet et al. (1973) have reported that for
the methionine specific system from E. coli, the two tRNA
binding sites are detectable only in the presence of methion-
inyl-AMP. Evidently in this case the structural changes of the
tRNA -synthetase compiex induced by the analogue are much
more pronounced and cannot be compared directly with the
results reported in the present paper.

It is evident from stopped-flow and temperature-jump
studies that the binding of tRNATY (o PRS includes at least
two steps. This has been found in the presence of Phe-ol-AMP
(this work) as well as in the absence of the smaller substrates
{Krauss ¢t al., 1976). Both steps (the recombination and the
subsequent conformational change). however. are remarkably
slower when Phe-ol-AMP is present. It may be a question of
semantics whether the steps observed in both systems are the
same processes with different rates. or whether or not the fairly
slow process in the presence of Phe-ol-AMP is an additional
conformational transition. For the following reasons the second
point of view seems to be more reasonable: first, in the presence
of Phe-ol-AMP the recombination step is no longer controlled
by diffusion: its rate constant is about an order of magnitude
lower than the value that has been estimated for a diffusion-
controlled binding of the tRNA (Krauss et al., 1973). In the
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absence of Phe-ol-AMP, the observed recombination step could
be considered to be basically identical with the formation of
the encounter complex. The recombination step in the presence
of Phe-ol-AMP, however, is too slow in order to be diffusion
controlled. In addition to the formation of the encounter
complex it has to include an additional process. This process
cannot be observed separately and could correspond to the fast
conformational change observed in the absence of Phe-ol-
AMP.

The second result that distinguishes the present conforma-
tional change from that in the absence of Phe-ol-AMP relates
to the temperature dependence of the reaction enthalpy. The
reaction enthalpy of the conformational change is strongly
dependent upon temperature in the presence of Phe-ol-AMP
whereas a similar dependence could not be observed in ex-
periments in the absence of Phe-ol-AMP.

The slow conformational change which appears only in the
presence of Phe-ol-AMP indicates stricter requirements for
the binding of the tRNA and may express additional specificity
in the process of adaptation of the tRNA to the active site of
the enzyme. Thus we propose that this conformational change
is necessary to optimize the relative orientation of the reactants
in order to facilitate the transfer of the activated amino acid
to the tRNA. In this context, it should be mentioned that this
conformational change is only a factor of 3--5 faster than the
overall aminoacylation reaction.

The slow process found in the present work as a consequence
of the presence of Phe-0l-AMP has to be well distinguished
from reports of slow effects for tRN A -synthetase interactions
in other systems measured in the absence of small substrates.
Measurements of tRNATY" interaction with tyrosyl-tRNA
synthetase from E. coli showed a slow effect only for the
binding of the second tRNATY" (Riesner et al., 1976). A slow
effect was also reported for the Ser-specific system from yeast
(Rigler et al., 1976); this effect, however, is in contradiction
to stopped-flow experiments in the same and related systems
(Pingoud et al., 1973; Blanquet & Dessen, 1976).

In the present work with PRS we have found characteristic
differences in reaction enthalpy and fluorescence quenching
between the recombination step and conformational change.
The recombination step comprises a large part of the total
fluorescence quenching of the Y base, and the conformational
change results in an additional small quenching. Evidently the
conformational change leads to a limited rearrangement of the
tRNA within the ternary complex. This arrangement is still
large enough in order to be monitored by the fluorescence of
the Y base.

The occurrence of the slow conformational change in the
presence of Phe-ol-AMP is dependent on the integrity of the
CCA end of tRNAPPe, No slow conformational transition is
observable in the presence of tRNAccPhe. This observation is
in accordance with models suggested for the structure of
tRNA-synthetase complexes in which it was proposed that the
anticodon and the acceptor region are involved in the recog-
nition process (Krauss et al., 1976; Rich & Schimmel, 1977).
The fast conformational change reported earlier also requires
an intact CCA end of the tRNA (Krauss et al., 1977). It has
been suggested above that the fast conformational change
precedes the slow one. In this case the fast conformational
change would be a prerequisite for the slow conformational
change and the result with tRNA cPh¢ reported in the present
paper would be easily comprehensible. In any case, it may be
concluded that the 3’-terminal adenosine is also involved in the
slow conformational change, which indicates that we are
measuring physical effects which are connected with the pro-
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cess of aminoacylation, and which occur near the active site
of the enzyme.
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