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Catalytic Mechanism of Phenylalanyl-tRNA Synthetase of Escherichia coZi 
K 10. Conformational Change and tRNAPhe Phenylalanylation Are 
Concerted? 
Mireille Baltzingert and Eggehard Holler* 

ABSTRACT: Catalytic phenylalanylation of tRNAPhc and the 
reverse reaction, AMP-dependent deacylation of PhetRNAPhC, 
have been measured by steady-state and pre-steady-state 
techniques, including rapid sampling and fluorescence 
stopped-flow methods. (1) Stoichiometry of adenylate syn- 
thesis under steady-state phenylalanylation of tRNAPhc in- 
dicates half-of-the-sites reactivity. (2) Identity of values of 
rate constants under pre-steady- and steady-state conditions 
demonstrates that the ratelimiting steps in catalysis are bond 
making for phenylalanylation and bond breaking for AMP- 
dependent deacylation, respectively. (3) Values of catalytic 
rate constants are the same as those for the conformational 
change of the Phe site directed enzyme*PhetRNAPhC complex 
[Baltzinger, M., & Holler, E. (1982) Biochemistry (preceding 

%e catalysis of tRNA aminoacylation by aminoacyl-tRNA 
synthetases involves, in a minimum mechanism, an activation 
of the amino acid by synthesis of an adenylate and a subse- 
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paper in this issue)]. (4) A model is developed that accounts 
for the observed concert of chemical and geometrical reactions 
as well as for experimental evidence that nascent PhetRNAPh” 
may not be the same as in solution. In this model, nascent 
PhetRNAPhC is thought to be the tetrahedral intermediate that 
is formed by nucleophilic attack of the adenylate by the tRNA. 
It awaits the conformational change in order to break down 
into Phe-tRNAPhc and AMP. The model can serve as a 
unifying basis for an interpretation of discrimination against 
noncognate amino acids and tRNAs and also gives an ex- 
planation why severe product inhibition is not observed 
[Giintner, C., & Holler, E. (1979) Biochemistry 18, 
2028-20381. 

quent transfer of the activated amino acid to the tRNA. We 
have reported on the mechanism of aminoacyl adenylate 
synthesis (Holler & Calvin, 1972; Pimmer & Holler, 1979). 
The present paper deals with the mechanism of phenyl- 
alanylation of tRNAPhe, catalyzed by Escherichia coli phe- 
nylalanyl-tRNA synthetase. The particular mechanism is 
considered to be representative for at least a group of amin- 
oacyl-tRNA synthetases. The reaction under study is inter- 
esting with respect to the question of other (covalent) inter- 
mediates (Thiebe, 1975; Kovaleva et al., 1978; Remy & Ebel, 
1976) and with regard to rejection of misactivated noncognate 
amino acids (Fersht, 1977). Problems of thermodynamics and 
kinetics of product release have also been connected with this 
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EDTA, and 0.2 mM dithioerythritol. Deacylation was stopped 
by mixing with a solution of 30 A260 units of unfractionated 
tRNA, 20 mM Phe, and 0.1 M sodium acetate buffer, pH 4. 
The mixture was added in portions of 140-200 pL of 0.15 
mg/mL cetyltrimethylammonium bromide in water. After 
5 min, the suspension of precipitated nucleic acids was 
transferred into a 1-mL plastic tube and cleared by centrifu- 
gation (4 min, Eppendorf centrifuge 3200). A 200-pL sample 
of the supernatant was counted in water-mixable scintillation 
cocktail (Scintillator 299, Packard). In the presence of PP,, 
adenylate is rapidly turned into ATP and Phe by pyro- 
phosphorolysis (50-100 s-l; Pimmer & Holler, 1979) and will 
not accumulate in the deacylation experiments. 

Stopped-Flow Measurements. Kinetics were observed via 
the fluorescence of added TNS ("TNS method") or the protein 
intrinsic fluorescence [see Baltzinger & Holler (1982)l. The 
Durrum-Gibson stopped-flow spectrophotometer equipped with 
a fluorescence attachment has been described (Bartmann et 
al., 1975a). 

Enzyme-phenylalanyl adenylate was prepared in situ by 
incubation of enzyme, ATP, Phe, and inorganic pyro- 
phosphatase (1-10 pg/mL) in one syringe of the stopped-flow 
apparatus. Enzyme-phenylalanyl adenylate complex free of 
reactants was prepared by passing the reaction mixture of 
Sephadex G50 coarse as described (Rainey et al., 1977). In 
one experiment, in situ prepared enzymeadenylate was sep- 
arated kinetically from reactive Phe by including L-phenyl- 
alaninol in the tRNA solution. This compound is a competitive 
inhibitor (Ki = 4 pM, at saturating ATP; Holler et al., 1975). 
The various methods gave identical results. 

Data Processing for Single-Turnover Reactions. In an ideal 
situation, a single-turnover reaction follows the simple 
mechanism 

k k2 
E + S & ES - E + P 

k-i 

where E denotes enzyme, S substrate, ES enzyme-substrate 
complex, and P product. Typically, the enzyme is regenerated 
during the reaction. In many cases, values of kl  and k-l are 
high compared with k2, and the complex may be treated at 
preequilibrium with the subsequent reaction. If the concen- 
tration of active sites, [E],, is in very large excess over the 
concentration of substrate, [E], >> [SI,, the time dependence 
of product formation is single exponential and follows a rate 
constant kobd = k2[E],/(k-,/k1 + [E],). For enzyme con- 
centrations high compared with the dissociation constant, 
k - , / k l ,  of the enzyme-substrate complex, kobd equals k,. 

Our data processing was based on the above consideration. 
It deserves the following comments in the case of the deac- 
ylation of Phe-tRNAPhe. (1) Phenylalanyl-tRNA synthetase 
contains two active sites per molecule of enzyme (Bartmann 
et al., 1975a,b); thus, concentrations of active sites were twice 
those of the enzyme. (2) For practical reasons (limited 
amounts of material, low background, nuclease or phosphatase 
activities in the enzyme preparation, etc.), the concentration 
of enzyme was similar to that of Phe-tRNAPhe. Under this 
condition, one will find on derivating an expression for kohd 
that kinetics will no longer be single exponential because of 
the occurrence of a square term in the concentration of the 
enzyme-substrate complex. (3) The above difficulties can be 
overcome, in part, by evaluation of the late portion of the time 
dependence of product formation. According to the above 
mechanism, the enzyme regenerates while substrate is con- 
sumed. Thus, during the course of the reaction, the situation 
approaches the ideal case where enzyme is in large excess over 
substrate. This is indicated by an approach to a single-ex- 

part of the catalytic reaction (Giintner & Holler, 1979; Holler, 
1976, 1980). 

In the accompanying paper (Baltzinger & Holler, 1982), 
we have presented evidence for a conformational change of 
the nascent enzyme-aminoacyl-tRNA complex to be rate de- 
termining for the enzymatic phenylalanylation of tRNAPhe. 
In the present paper, we demonstrate that this conformational 
change is also rate determining for the reverse reaction, 
AMP-dependent deacylation of Phe-tRNAPhe. We demon- 
strate that esterification and deacylation are in concert with 
the conformational change in both directions. The concept, 
which we have derived from kinetics of partial reactions and 
under steady-state conditions, was verified by measurement 
of transients in the direction of synthesis and AMP-dependent 
deacylation of Phe-tRNAPhe. 

Materials and Methods 
Chemicals. ~-['~C]Phenylalanine was a product of Am- 

ersham Buchler. 6-(p-Toluidinyl)naphthalene-2-sulfonate 
(TNS)' was obtained from Serva (Heidelberg) and L- 
phenylalaninol from Fluka (Buchs). ATP, AMP, and 
tRNAPhe (Phe acceptance 1200-1400 pmol/Az6, unit) were 
purchased from Boehringer (Mannheim). All other chemicals 
were analytical grade and obtained from Merck (Darmstadt). 

Enzymes. L-Phenylalanyl-tRNA synthetase (EC 6.1.1.20) 
from E.coli K10 was prepared as described by Hanke et al. 
(1974). The specific activity was 53000 nmol mg-' h-' and 
1.9 active sites per enzyme ( M ,  270000). Inorganic pyro- 
phosphatase (EC 3.6.1.1) from yeast was purchased from 
Boehringer (Mannheim) in the form of a 1 mg/mL (200 
units/mg) suspension in 3.2 M ammonium sulfate. 

Aminoacyl-tRNAPhe was prepared as described by Bart- 
mann et al. (1974). 

Buffers. Routine buffer was 50 mM Tris-HCl buffer (pH 
7.5; 25 "C), 10 mM MgCl,, 0.1 mM EDTA, and 0.2 mM 
dithioerythritol unless noted otherwise. 

Steady-State Aminoacylation of tRNA. Unless stated 
otherwise, phenylalanylation of tRNAPhe was followed by the 
method of Kosakowski & Bock (1 970) by measuring initial 
rates. 

Steady-state AMP-dependent deacylation of [ I 4 c ]  Phe- 
tRNAPhe was observed by the method described (Holler et al., 
1981). 

Quench-Flow Kinetic Experiments. 14C phenylalanylation 
of tRNAPhe and AMP-dependent deacylation of [ 14C]Phe- 
tRNAPhe (PPi present) were measured at short time scales by 
employment of the quench-flow apparatus described previously 
(Kern & Gangloff, 1981). Phenylalanylation with in situ 
synthesized enzyme. [I4C] Phew AMP was carried out as fol- 
lows. Enzyme, ATP, [14C] Phe, and inorganic pyrophosphatase 
(5 pg/mL) were incubated for 1-5 min in one syringe and then 
mixed with a solution of tRNAPhe in a 1:l (v/v) ratio. 

After incubation (10400 ms), the reaction was stopped by 
mixing with an equal volume of 20% trichloroacetic acid 
containing 20 mM Phe. The precipitate was filtered over 
Whatman GF/C disks and counted for radioactivity. Reaction 
solutions, in particular those containing dithioerythritol or 
reduced glutathione, were freshly prepared. 

In the case of AMP-dependent deacylation, a solution of 
[14C]Phe-tRNAPhe (100 pCi/pmol) was mixed with a solution 
of enzyme. Solutions contained 50 mM Tris-HC1 (pH 7.5; 
25 "C), 10 mM MgC12, 10 mM AMP, 1 mM PPi, 0.1 mM 

' Abbreviations: EDTA, (ethy1enedinitrilo)tetraacetic acid: Tris, 2- 
amino-2-(hydroxymethyl)- 1,3-propanediol; Bicine, N,N-bis(2-hydroxy- 
ethy1)glycine: TNS, 6-@-toluidinyl)naphthalene-2-sulfonate. 
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Table I: Kinetic Constants for AMP-Dependent Deacylation of ['4C]Phe-tRNAPhe a 

condition kcat (s-' ) Km (PM) 
steady state 

3.5 pM r4C]Phe-tRNAPhe, 2 mM PPi, [AMP] varied (Figure 1A) 
10 mM AMP, 2 mM PPi, [f4C]F%e-tRNAPhe] varied (Figure 1B) 
10 mM AMP, 2 mM PPi, 0.45 pM tRNAPhe, [ ['4C]Phe-tRNAPhe] vaned (Figure 1B) 
10 mM AMP, 2 mM PPi, 5.5 pM tRNAPhe, (r4qPhe-tRNAPhe] varied (Figure 1B) 

2.5 pM enzyme, 2.2 fiM ['4C]Phe-tRNAPhe, 10 mM AMP, 1 mM PPi (quench-flow experiment) 
a Tris-HCl(50 mM) (pH 7.5; 25 "C), 10 mM (free) MgCl,, 0.1 mM EDTA, and 0.65 mM dithioerythritol. 

10 f 0.5 (0.35 f 0.03) X lo3 
10 f 0.5 0.4 f 0.1 

7 f  1 0.6 k 0.1 
4 i 0.4 2 f 0.5 

nd 
nd =not determined. 

single turnover 
12 .+ 1 

ponential product formation. We found the method suitable 
for both the quench-flow measurements and the stopped-flow 
experiments in the presence of TNS. Single exponentials were 
observed after 50% and 60-70% product, respectively, had been 
liberated. The quality of the fits corresponded to standard 
deviations for the rate constant of 10% and 20% or better, 
respectively. 

We emphasize that the method is an approach, especially 
with regard to the mechanism, which is more complicated than 
the one given above. It includes the formation of the en- 
zyme-adenylate intermediate. Fortunately, because of rapid 
phosphorolysis, the intermediate does not substantially accu- 
mulate and thus occupies only a fraction of enzyme under the 
conditions used for computation of the rate constants. 

Results 
Conformational Change Is Rate Limiting for Synthesis and 

AMP-Dependent Deacylation of Phe-tRNAphe. We have 
previously reported that association between phenylalanyl- 
tRNA synthetase and Phe-tRNAPhC involved a conformational 
change (Baltzinger & Holler, 1982). The reverse of this 
conformational change was noticed to be the rate-determining 
reaction during phenylalanylation of tRNAPhc. We arrived 
at  this conclusion from a comparison of kinetic constants of 
formation of the enzyme.Phe-tRNAmc complex and of tRNA 
phenylalanylation at  steady state. In the following section, 
we measured the rate constant of enzymatic AMP-dependent 
deacylation and compared them with the rate constants pre- 
viously obtained for the kinetics of complex formation. We 
verified by competition experiments with tRNAPhc that the 
Michaelis-Menten complex is not consistent with tRNA site 
directed but with Phe site directed binding of Phe-tRNAPhC. 

The concentration dependence of steady-state rates of 
AMP-dependent deacylation of Phe-tRNAphe, with AMP or 
Phe-tRNAPhC as the varied substrate, is shown in terms of 
Eadie (1942) plots in Figure 1. Kinetic constants are listed 
in Table I. The rate constant is 10 f 0.5 s-l and the Mi- 
chaelis-Menten constant 0.4 f 0.1 pM for Phe-tRNAPbC as 
the varied substrate. This is to be compared with rate constant 
kfK,(obsd) = 13 f 4 s-l and K,(obsd) = 0.4 pM for association 
of enzyme and Phe-tRNAne (Baltzinger & Holler, 1982). kf 
refers to the bimolecular rate constant of association in the 
Phe site directed mode and Kl(obsd) to an apparent dissoci- 
ation the value of which resembles an averaged dissociation 
constant for binding of Phe-tRNAPbC at the tRNA-specific site 
of the enzyme, and for binding in the collisional complex of 
the Phe site directed mode [for details, see Baltzinger & Holler 
(1982)]. These values of the compared reactions are the same 
within experimental accuracy and state that the conformational 
change of the enzyme.Phe-tRNAPhC complex is also rate lim- 
iting for the AMP-dependent deacylation. 

The similarities of the values imply that the Phe site directed 
Michaelis-Menten complex competes with the tRNA site 
directed complex of Phe-tRNAPhC [see also Guntner & Holler 
(1979)]. We have previously shown that tRNAPhc, which 

1 I I I I 

0 5 10 15 20 
ho/[Elol / [AMP] 1s-1 mM-1) 

I I 

(vo /I E&) /[me4 RNA%] Is-1 pM-1) 

FIGURE 1 : AMP-dependent deacylation of [ 14C]Phe-tRNAPhC under 
steady-state conditions. Inhibition by tRNA": (A) [AMP] varied, 
3.5 pM Phe-tRNAPhe; (B) [Phe-tRNAPhC] varied, 10 mM AMP, 
tRNAP" absent (0) or present at 0.45 (e) or 5.5 pM (X). Conditions 
were 50 mM Tris-HC1 (pH 7.5; 25 "C), 12 mM total MgCI2, 2 mM 
PPi, 0.1 mM EDTA, and 0.65 mM dithioerythritol. Lines represent 
best fits to experimental points and are used to determine the kinetic 
constants in Table I. Initial rates were measured by drawing 15-20-fiL 
aliquots at various times. Deacylation was terminated by mixing these 
aliquots each with 120 pL of carrier tRNA (50 units/mL) and 
0.25 M sodium acetate (pH 5.0), and subsequently with 120 pL of 
cetyltrimethylammonium bromide (4 mg/mL). The mixture was 
cleared from precipitated nucleic acid by centrifugation, and 200 p L  
of the supernatant was counted for radioactivity in Scintillator 299 
(Packard). 

cannot bind in the Phe site directed mode, is noncompetitive 
with Phe-tRNAPhC (Giintner & Holler, 1979; Holler, 1980). 
This mechanism should hold, and the values of the observable 
kinetic parameters should be predictable for deacylation in the 
presence of added tRNAPhc. The results in Figure 1B and in 
Table I show the catalytic rate constant and the Michaelis- 
Menten constant being affected by added tRNAPhc. A cal- 
culation is carried out in the Appendix that demonstrates the 
correctness of the proposed kinetic mechanism (Scheme I) by 
employing recently determined values and by comparing 
calculated with experimental values. The terminology in 
Scheme I is the same as in the preceding paper (Baltzinger 
& Holler, 1982). 

tRNA Phenylalanylation and AMP-Dependent Deacylation 
of Phe-tRNAPhe Are in Concert with the Conformational 
Change. The similarity of values for the rate constants of the 
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Scheme I 

B A L T Z I N G E R  A N D  H O L L E R  

"f AMP PPi 

L 

E + Phe-tRNAPhe 

enzyme.Phe-tRNAPhe complex and for the catalytic rate 
constants shows that a conformational change is rate deter- 
mining. It does not, however, exclude the possibility that the 
conformational change and the chemical reaction are kinet- 
ically distinct. If they are not concerted, rapid sampling should 
reveal a burst of Phe-tRNAPhe prior to steady-state phenyl- 
alanylation (Fersht, 1977) or a burst of tRNAPhe prior to 
steady-state deacylation. With the technique of single-turnover 
measurements, observable rate constants should have higher 
values than those obtained at steady state. 

For tRNA phenylalanylation, in situ synthesized enzyme. 
[14C]Phe-AMP [1.15 pM enzyme, 16.5 mM MgATP, 80 
pM [I4C]Phe (50 pCi/pmol), and 10-20 units/mL inorganic 
pyrophosphatase] was mixed in a quench-flow apparatus with 
a solution containing 9.9 pM tRNAPhe. The mixing ratio was 
1:l (v/v). Both solutions contained 50 mM Tris-HC1 (pH 7.5; 
25 "C), 10 mM free MgCl,, 0.1 mM EDTA, and 6.6 mM 
reduced glutathione. Prolonged incubation of adenylate with 
dithioerythritol gave erroneously high backgrounds of acid- 
precipitable radioactivity; this was not observed with freshly 
reduced glutathione. A burst was not observed. Production 
of [14C]Phe-tRNAPhe was linear with time. The rate constant, 
in terms of the slope of the line with the best fit to the ex- 
perimental points, was 4.4 f 0.2 s-l and compares readily with 
k,, = 3.8 f 0.3 s-l of steady-state phenylalanylation (Holler, 
1980). In the case of AMP-dependent deacylation of Phe- 
tRNAPhe, a quench-flow experiment was performed under 
conditions of excess active sites over [I4C]Phe-tRNAPhe (see 
Materials and Methods and Table I). The rate constant of 
the single-exponential appearance of [14C]Phe, 12 f 1 s-I, was 
in good agreement with k,,, = 10 f 0.5 s-l from steady-state 
deacylation (Table I). The results indicate that chemical 
synthesis and deacylation of Phe-tRNAPhe were concerted with 
the conformational change. 

Stoichiometry of Phenylalanine Transferring Sites. Part 
of an exact description of reaction kinetics is the knowledge 
of the number of functioning active sites per molecule of en- 
zyme. In this section, we determined how many of the two 
active sites per molecule of enzyme (Hanke et al., 1974; Fayat 
et al., 1974; Bartmann et al., 1975b) could transfer phenyl- 
alanine during pre-steady-state and steady-state conditions. 
Consider, for instance, two active sites per molecule of enzyme, 
which are equivalent and independent. Catalytic rate constants 
at conditions of excess of enzyme over substrate (single- 
turnover experiment) would have smaller values that those 
measured at high excess of substrate over enzyme (steady-state 
experiment). Because the values were the same under both 
conditions (Table I), we would already conclude that pheny- 
lalanyl-tRNA synthetase had only a single transferring site. 
Stoichiometry measurements were performed under steady- 
state conditions of tRNAPhe phenylalanylation (Table 11). 
En~yme.['~ClPhe-AMP was synthesized in situ by the re- 
action of 69 pM [14C]Phe (509 pCi/pmol), 2.6 mM ATP, and 
1.7 pM enzyme in 100 pL of buffer (50 mM Tris-HC1, pH 
7.5 at 22 OC, 10 mM free MgC12, 0.1 mM EDTA, 1.4 mM 

Table 11: Stoichiometry of Enzyme*['4C]Phenylalanyl Adenylate 
Complexes during Steady-State Phenylalanylation of tRNAPhe 

stoichiometry, % o f  total 
tRNAPhe [E*Phe-kMP1 / F E 1 O  

[ATP] [Phe] phenyl- exptl calcdC 
(mM) OcM) alanylated (mol/mol) (mol/mol) 
2.0 53 Ob 1.5 2.0d 
0.15 5 5 0.36 0.34 

4.9 0.32 
5.9 0.45 

13.8 0.61 
12.1 0.64 

39 0.13 

89 1.9 

0.20 20 10.4 0.49 0.63 

2.0 53 8.5 0.82 0.85 

2.0 53 93 1.8 2.0 

a For conditions, see Materials and Methods. tRNAPhe not 
present. 

30 pM, KATP = 260 pM. 

dithioerythritol, and 0.4 pg/mL inorganic pyrophosphatase) 
for 5 min. An aliquot of 10 pL was layered onto a parafilm 
plastic sheet and rapidly mixed with 3 pL of a solution of 
tRNAPhe (139 pM in the same buffer). After 2-5 s, the 
reaction was terminated by addition of 7 p L  of 0.5 M HCl 
containing 10 mM L-phenylalanine. Controls without tRNA 
were performed by mixing 10-pL aliquots of the enzyme. 
adenylate reaction mixture with 10 pL of 0.5 M HCl-10 mM 
Phe solution. The amount of [ ''C]phenylalanyl adenylate was 
determined according to Jakubowski et al. (1977). Aliquots 
of 1 pL were applied to cellulose thin-layer sheets (Eastman 
13254) and developed in butanol-acetic acid-water (4:l:l by 
volume) at 4 "C. The results are summarized in Table 11. In 
the absence of tRNAPhe, 1.5 mol of adenylate was measured 
per mol of enzyme, which stands in close agreement with 2 
mol of adenylate per mol of enzyme (Bartmann et al., 
1975a,b). Under conditions of steady-state phenylalanylation, 
less than stoichiometric amounts of adenylate were observed. 
Under otherwise identical conditions, only half of the adenylate 
which had been measured in the absence of tRNAPhe was 
found (compare the first and fourth lines in Table 11). The 
results indicate that under steady-state conditions only a single 
active site is functioning. We have confirmed this by com- 
parison with calculated stoichiometry values (Table II), and 
by the following chase experiment. Adenylate (1.5 mol/mol 
of enzyme) was mixed with a solution of tRNAPhc (30 pM final 
concentration) containing unlabeled Phe (7 mM final con- 
centration). The amount of acid-precipitable radioactivity 
corresponded to 0.83 mol of [I4C]Phe-tRNAPhe, equivalent to 
approximately 50% transfer. The remaining fraction of the 
adenylate must have been hydrolyzed since other compounds 
besides [I4C]Phe could not be found by thin-layer chroma- 
tography (not shown). Phe-tRNAPhe in place of tRNAPhe did 
not diminish the amount of adenylate (Table 11, last line) and 

Calculated on the basis of a single active site and eq 9. 
k,, = 5 C1, kint = 50 s - ' ,  %RNA = 1.0 (32 pM tRNAPhe), Kphe = 

For saturation of two active sites. 
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FIGURE 2 Rcaclim during catalysis observed by fluorescence. (Upper 
panels) Protein intrinsic fluorescence intensity: (lower panels TNS 

mixed in a stopped-flow apparatus. All solutions contained 50 mM 
Tris-HCl (pH 7.5; 25 "C), IO mM MgCI,, 0.1 mM EDTA, 0.2-0.6 
mM dithioerythritol, ATP, Phe. and respectively 5 pM TNS. (Upper 
panels) 0.12 p M  enzyme. 0.52 pM tRNApb', 0.2 mM ATP, and 5 
mM, (lower panels) 0.094 pM enzyme. 0.054 pM tRNA", 0.2 mM 
ATP, and 19 pM Phe. The signal-to-noisc ratio in the upper example 
is not representative. Accuracy was higher in most other cases. Note 
that the scale is 100 mV per division in the first upper photograph 
and 50 mV per division in the two other upper photographs. The 
assignment of the reactions is carried out in the text. 

was not stimulatory for hydrolysis. We conclude from all of 
these results that only a single active site was functioning in 
the synthesis of adenylate and in transferring phenylalanine 
to tRNA under pre-steady-state and steady-state conditions 
of tRNA aminoacylation (half-of-the-sites reactivity). 

Verification of Kinetics of Partial Reactions to Be Valid 
for the Ouerall Catalytic Reaction. Single-turnover and burst 
experiments as well as the measurement of the enzymePhe- 
tRNAP' complex formation were considered as being partial 
reactions of the catalytic mechanism. We wanted to verify 
that the conclusions derived from these reactions were also 
valid under conditions where the complete sequence of reac- 
tions could be observed. Our approach was to observe various 
transients by the stopped-flow technique, measure their rate 
constants, and compare them with the results from the partial 
reactions. 

( A )  tRNA Phenylalanylation. Kinetics of association of 
tRNA" with enzymeadenylate, of consumption of adenylate 
and its resynthesis, and of tRNAPbe phenylalanylation have 
been established by complementary fluorescence techniques 
as will be outlined in this section. One technique followed the 
fluorescence of enzyme-bound TNS [details in Kosakowski 
& Holler (1973). Bartmann et al. (1975a). Gtintner & Holler 
(1979). Pimmer & Holler (1979). Holler (1980). and Holler 
et al. (1981)l. Note that by this technique only the reaction 
at one of the two active sites of the enzyme is observed 
(Pimmer & Holler, 1979; Holler, 1980). The other technique 
employed protein intrinsic fluorescence (Farelly et al., 1971; 
Bartmann et al., 1975b; Baltzinger & Holler, 1982). An 
example of the application of the two techniques is given in 
Figure 2. In situ synthesized enzymeadenylate was rapidly 
mixed with a solution of tRNAP'. In the case of the protein 
intrinsic fluorescence (upper panels), we observed a fast in- 
tensity decrease (2-10 ms), an intermediate increase (2C-200 
ms), and a slow second increase (200 ms-3 s). In the case 
of the TNS method (lower panels), a fast reaction was not 
observed. An increase was followed by a decrease, the times 

fluorescence (TNS method). Solutions of enzyme and tRNA P L  were 

of which corresponded to the intermediate and slow reactions, 
respectively. The reactions have been assigned to binding of 
tRNA", to consumption and simultaneous resynthesis of 
adenylate (while approaching steady state), and to overall 
phenylalanylation of tRNAPbc, respectively. 

The fast intensity decrease (upper panels) was identified 
with binding of tRNAPhc for the following reasons. ( I )  An 
intensity decrease as a result of enzymetRNAPhe complex 
formation (Kd = 0.12 pM) has been reported (Bartmann et 
al., 1975a). (2) The intensity decay followed a single-expo- 
nential time dependence (after a proper subtraction of the 
contribution from the intermediate reaction, where necessary). 
Observed rate constants were linear with respect to concen- 
tration of tRNA" according to koW = kfl + km[tRNAP"] 
with rate constants k, = 100 * IO pM-' s d  (association) and 
k, = 40 z t  4 s-' (dissociation). Such kinetics resembled those 
of an apparent bimolecular recombination (Bernasconi, 1976) 
and have been reported in the case of other aminoacyl-tRNA 
synthetases (Krauss et al., 1973, 1979). The value of the 
calculated dissociation constant Kd(calcd) = k=/k, = 0.4 p M  
is not in good agreement with the above value of Bartmann 
et al. (1975b). (3) Neither noncognate tRNAs, like tRNALY. 
or tRNATY', nor lysyl-tRNA synthetase or bovine serum al- 
bumin gave any results. The reaction was prevented by 0.5 
M NaCI. In the absence of adenylate, the reaction was too 
fast to be measured. 

The intermediate reaction was assigned to consumption and 
simultaneous resynthesis of adenylate because of the following 
reasons. (1) Reaction rates were of the same time scale as 
those measured previously for adenylate synthesis in the ab- 
sence of tRNA (Pimmer & Holler, 1979). They varied with 
changing concentrations of Phe and ATP as was expected for 
adenylate synthesis (Figure 4). (2) They also depended on 
the concentration of tRNAPh', as was in accord with the 
consumption of adenylate during phenylalanylation of 
tRNA". It should be noted that this consumption had been 
not considered in previous work (Pimmer & Holler, 1979). 
(3) The intermediate reaction 'fused" with the slow reaction 
at conditions of single turnover when adenylate could be 
consumed but not resynthesized (Figure 3B). (4) With the 
TNS method, the intensity in Figure 2 (lower panels) reached 
a steady-state level which was dependent of the concentrations 
of all substrates (Figure 5) .  In other reactions (not shown) 
and the TNS method, we started by mixing enzyme, Phe, 
ATP, and tRNA". The same steady-state level as above was 
obtained in this case by an intensity decrease. 

Intensity changes were easily understood in the case of the 
TNS method from a competition between TNS and adenylate. 
In the case of protein intrinsic fluorescence, this mechanism 
was not known. The intensity decrease accompanying ade- 
nylate synthesis was absolutely dependent on the presence of 
tRNA". Phe-tRNA&, which itself causes an intensity de- 
crease (Baltzinger & Holler, 1982). could not replace 
tRNA". This explained the occurrence of the observed single 
exponential in Figure 3A in the presence of limiting tRNAPk. 

The slow reaction was assigned to phenylalanylation of 
tRNAPbc on the basis of the following observations. ( I )  At 
conditions of excess tRNA" over enzyme using the TNS 
method, the intensity decrease followed a linear time depen- 
dence before it leveled off at chemical equilibrium (not shown). 
The duration of the linear portion was long in the presence 
of high concentrations of tRNAme. In the case of the protein 
intrinsic fluorescence, this portion was never linear. This 
probably reflected binding of product Phe-tRNAPhe and the 
lack of a fluorescence change in the absence of tRNAPhc. (2) 
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Table 111: Kinetic Parameters of tRNAPhe Phenylalanyhtion at VariousConditions“ 
obsd parametersb 

dissociation adenylate synthesis, phenylalanylation, 
condition constant 01M) kint (s-‘ ) k,, (s.1) 

pre steady state (quench flow) nd 4.4 2 0.2 
single turnover (as in Figure 3, stopped flow, fluorescence) 
pre steady state (intermediate reaction of Figure 2) 

[he]  variede 30 6 9 +  10 6 t 3  
[ATP] varied! 5 mM Phe 200 50: 10 5 + 3  
[ATP] varied, 20 pM Phe 200 25 2 8 5 t 3  

[ATP] varied# 500 

steady state (aminoacylation assay)‘ nd 3.8 t 0.3 

nd 4-6 

MintermlAFadenylate 

[me] variedh 40 
* Tris-HCI (50 mM), pH 7.5 (21-25 oC),10 mM MgCI,, 0.1 mM EDTA, and 0.2 mM dithioerytiuitol. In most cases, inorganic pymphos- 

phatase had been added (see fmures and text). 
(1980). nd =not determined. e Figure 4A. Figure 4B. * Figure 5B. Figure 5C. 

Determination of parameters from Figures 4 and 5 on the basis of eq 5,7,  and 8. e Holler 

- - 100 ms/div x 

H 50 ms/div. 
FIGURE 3: Single turnover of tRNAPh‘ phenylalanylation observed 
via protein intrinsic fluorescence. (A) Equal amcentrations of tRNAm 
and enzyme active sites. A solution containing 0.5 pM enzyme was 
mixed in a I:l (v/v) ratio with a solution containing I.OpM tRNA”. 
Both solutions were 5 mM in Phe and 1 mM in ATP. (B) Limiting 
amounts of adenylate. One solution contained 0.1 mM ATP, 0.13 
mM Phe, and 0.2 rM enzyme and the other IO mM L-phenylalaninol 
(inhibitor) and 1 pM tRNAn’. Buffer was 50 mM Tris-HCI (pH 
7.5: 25 “C). IO mM MgCI,, 0.1 mM EDTA, and 0.2 mM dithio- 
erythritol. The fast intensity decrease reflects formation of the en- 
zyme.tRNA”= complex 

In the case of the protein intrinsic fluorescence. and either 
limiting adenylate or limiting tRNA”, the slow reaction fused 
with the intermediate reaction to a single-exponential time 
dependence (Figure 3). Rate constants were 4-6 sd, provided 
that concentrations of enzyme and tRNA” exceeded the value 
of the enzyme.tRNAPhC dissociation constant (0.12 jtM; 
Bartmann et al., 1975a); otherwise, reactions were slower. 
With the TNS method, a single-exponential intensity increase 
was seen for limiting adenylate (not shown). With limiting 
tRNA”, the intensity first increased due to consumption and 
resynthesis of adenylate and then decreased exponentially due 
to phenylalanylation of all the tRNAPhe (Figure 2, lower 
panels). Rate constants of the single-turnover experiments 
are included in Table 111. 

Kinetics and amplitudes were analyzed in order to obtain 
a quantitative description. Kinetic equations have been derived 
on the basis of the following minimal reaction scheme: 

Phe-tRNA + AMP PP, 

E.PhenrAMP Eo +- E.PhenrAMP (1) 

tRNAPDC Phe + ATF 

with EsPhe-AMP the enzymeadenylate complex, Eo the 
enzyme (complexes) with free binding sites for Phe (and TNS, 
respectively), k,o the first-order rate constant of phenyl- 
alanylation of tRNA”, and kh, the first-order rate constant 
of adenylate synthesis. Reverse reactions have been neglected 
because PPi was hydrolyzed by added inorganic pyro- 
phosphatase and AMP concentrations were small (c<Km- 
(AMP) = 0.35 mM, Table I). All reactions except synthesis 
and consumption of adenylate were assumed rapid and, where 
necessary, at preequilibrium. Substrates were thought to bind 
randomly (Santi et al., 1971). and coupling between sites was 
neglected (Bartmann et al., 1975a; Holler, 1980). Toconsider 
other assumptions, we refer to Pimmer & Holler (1979) and 
Holler (1980). 

In the case of the TNS method, intensity (F) was propor- 
tional to [E.TNS], and for [TNS] >> it was proportional 
to Eo. Similar considerations would be necessary in the case 
of the protein intrinsic fluorescence. The starting equation 
is 

d[Eol/dr = ~&.P~~-AMPI&RNA - kintIEoIs~~$s,e 
(2) 

Concentration terms are 

&RNA = [ tRNAPbCI /&~~  + LtRNA-11 

SAP = [ATPI/(KATP + [ATPI} 

% = [Phel / lK~b~ + [Phell 

(3) 

KAP. and Kpa, are dissociation constants of the re- 
spective complexes (total enzyme [E], << [ATP], [Phe], and 
[tRNA”]). The mass conservation equation is used in an 
approximation form. 

[E], = [Eo] + [E-Phe-AMP] (4) 
The concentration of E-Phe has been neglected partly because 
at low Phe/K” little complex is formed. Furthermore, if the 
intermediate reaction is evaluated, the small amounts of 
turnover hardly affect high concentrations of Phe and of en- 
zymePhe complex. Errors due to high concentrations of the 
enzymePhe complex are avoided if reaction amplitudes are 
considered relative to reaction amplitudes observed in the case 
of adenylate synthesis upon rapid mixing of solutions con- 
taining enzyme, Phe, and ATP at the particular concentrations. 
Complexes of PhetRNA”’ are not considered for evaluation 
of the intermediate reaction because concentrations of Phe- 
tRNAnc are below values of the particular dissociation con- 
stants at that time. The complexes cannot be neglected in the 
case of singleturnover experiments, where concentrations of 
reactants are high. 



M E C H A N I S M  O F  P H E N Y L A L A N Y L - T R N A  S Y N T H E T A S E  V O L .  2 1 ,  N O .  1 0 ,  1 9 8 2  2473 

Table IV: Number of Reactions and Kinetic Constants for Rapid Mixing of Phe-tRNAPhe with AMP and PPi 
As Measured by the TNS Method" 

conditions of mixing (final concn) 
no. of rate constant reaction amplitude, 

reactions (S-I) M / M P h e + w b  

enzyme (0.15 pM) vs. Phe-tRNAPhe (0.78 pM) 1 1 3 1  2 -0.6 
enzyme (0.15 pM) vs. Phe-tRNAPhe (0.78 pM), 1 14 rt 2 -0.6 

1.2 mM PPi 

9 mM AMP 
enzyme (0.15 pM) vs. F%e-tRNAPhe (0.78 pM), 1 1 2 1  2 -1.0 

enzyme (0.75 pM) vs. Phe-tRNAPhe (0.71 pM), 2 40 I 5 -0.4 
1 mM PPi plus (AMP] (varied) 6rt  I d  t o . 1 c  

7.6-9.2e 

a Tris-HC1 buffer, pH 7.5 (25 "C), 10 mM MgCl,, 0.1 mM EDTA, 0.2-0.6 mM dithioerythritol, and 5 pM TNS. Relative change in 
fluorescence intensity (in comparison to Mphe-) by mixing solutions of enzyme and 5 mM Phe. The minus sign indicates a decrease in 
intensity, the plus sign an increase. Not corrected for the effect of liberated Phe in the presence of AMP. According to synergism, Phe 
binds quite strongly to the enzyme in the presence of 9 mM AMP (Kosakowski & Holler, 1973). The effect was determined in a control 
experiment. After correction, the reaction amplitude amounts to M/Mphe+,  = +0.4. 
Michaelis-Menten constant is K,(AMP) = 0.5 
in experimental error. e After correction for incomdete saturation. See text. 

The maximum rate constant is given. The 
0.15 mM. The rate constant of the fast reaction is independent of AMP concentration with- 

The observed first-order rate constant of the intermediate 
reaction is then obtained from a combination of eq 2 and 4: 

Expressions for the reaction amplitude have been derived by 
employing the steady-state condition 

and [E-Phe-AMP] = [E], - [EO] from eq 4: 

kobsd = ka$lRNA + kintSPh$ATP ( 5 )  

d[Eo]/dt = 0 ( 6 )  

(8) 

(9) 

Equation 5 has been employed in the case of Figure 4, eq 7 
in the case of Figure 5B,C, eq 8 in the case of Figure 5D, and 
eq 9 for calculation of the values in Table 11. Parameters were 
determined by curve fitting or in the usual way by employing 
linearization methods [e.g., see Bartmann et al. (1975a)l. The 
values of ka, were calculated for KaNA = 0.12 pM (Bartmann 
et al., 1975a). Dissociation constants obtained in Table I11 
agree with those previously determined (Bartmann et al., 
1975a; Pimmer & Holler, 1979). Values of rate constants of 
adenylate synthesis, kint, in Table I11 are lower than those 
measured in the absence of tRNAPhc. A similar result has been 
forwarded for the yeast enzyme (Fasiolo et al., 1981). In the 
case of varying [tRNAPhc], a stoichiometry of 1 mol of 
tRNAphe per mol of enzymeadenylate was obtained by the 
tangent method (Figure 5A). This finding supports the data 
in Table I1 and supports the idea of half-of-the-sites reactivity. 

(B) AMP-Dependent Deacylation of Phe-tRNApk. Kinetics 
of AMP-dependent deacylation were measured by the TNS 
method. We observed a complete extinction of the fluorescence 
intensity. Kinetics were identical with those for enzyme. 
Phe-tRNAPhe formation from free enzyme and Phe-tRNAPhe 
in the absence of AMP (Table IV). The extinction of the 
fluorescence in the presence of AMP and the kind of kinetics 
were in agreement with formation of adenylate and tRNAPhc 
by a mechanism in which the conformational change was rate 
limiting. In a further experiment, we mixed a solution of 
enzyme with a solution of Phe-tRNAPhe, containing AMP and 
PPi (Table IV). We saw a rapid intensity decrease and a 
subsequent recovery of intensity (Figure 6). Such a sequence 
was consistent with the intermediate synthesis of adenylate 
from Phe-tRNAPh" and AMP, followed by pyrophosphorolysis. 

kintSAT$Phe k d t R N A  = I -  -- - mintem 

AFPhc-AMP kobsd koM 

[EaPhe- AMP] ka$tRNA = I -  
[El, ka$tRNA + kintSAT&Phc 

Adenylate. synthesls k= 23tL s-1 
break down k =  623 5-1 

-7 - c o t  A 

0 0.05 01 2 3 c 5  
mM Phe 

--I Adenylate: 

synthesis 50210 5-1 "1 B 
\ ,break down 5 f 3 s-1 

- 
r 
L LO 

- I  , /I' 

synr nesis 
, break da 

1023 5-1 

O'A ' 2 ' ' L ' ' 6 ' ' 8 ' ' 10 ' 
mM ATP 

FIGURE 4: First-order rate constants of the intermediate reaction as 
a function of L-phenylalanine (A) and ATP concentrations (B). A 

0.1 mM ATP, and variable [Phe]. (B) Concentrations after mixing 
were 0.02-0.5 pM enzyme, 1.4 pM tRNAPhe, and 20 pM Phe (lower 
curve, TNS fluorescence) and 0.1-0.2 pM enzyme, 1.0 pM tRNAPhc, 
and 5 mM Phe (upper curve, intrinsic protein fluorescence). Solutions 
contained 50 mM Tris-HC1 (pH 7.5; 25 "C), 10 mM MgC12, 0.1 mM 
EDTA, 0.2 mM dithicerythritol, and 5 pM TNS (except for the upper 
curve). Curves are computed on the basis of eq 5 ,  setting ka$'tRN 
= 6 s-l, Kphc = 30 pM, and k in tSA~p  = 23 s-l (A), k,$tRNA = 5 s- , 
K ~ r p  = 200 pM, and k,&pb, = 10 s-l (B, lower curve), and ksdStRNA 
= 5 s-', KATP = 200 pM, and k,ntSPhc = 50 s-l (B, upper curve). 

The level of fluorescence intensity for the intermediate was 
dependent on the concentrations of reactants (not shown). 

The rapid intensity decrease followed a single-exponential 
time dependence over more than 80% of its amplitude. The 
rate constant, 40 s-l, was almost insensitive against a variation 
of [AMP]. We assigned the reaction to pyrophosphorolysis. 
A value of 80 s-l has been reported for the rate constant under 
somewhat different conditions (Pimmer & Holler, 1979). The 
finding of pyrophosphorolysis as being the fast reaction was 
consistent with general kinetics derived for a consecutive slow 
synthesis and rapid breakdown of an intermediate (Fersht, 

Concentrations after mixing were 0.10 pM enzyme, 1.0 pM tRNA $2 , 

P 
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mM me 

kob I m t ~ m l e l  Is11 

FIGURE 5: Amplitude of the intermediate reaction. A solution of in situ synthesized enzymeadenylate was mixed in a I:l (vlv) ratio with 
a solution of tRNA". The TNS method was used. The amplitude, Ma,-. was measured as the increase in fluorescence intensity from its 
initial to its maximum value (Figure 2). Reference M,,, was measured by mixing a solution of enzyme and Phe (actual concentration) 
with a solution of ATP and Phe in the absence of tRNA . Curves in panels B and Care drawn for dissociation constants of ATP and Phe, 
respectively, indicated in Table 111. Conditions were 50 mM Tris-HCI (pH 7.5; 25 "C), 10 mM MgC12, 0.1 mM EDTA, 0.2 mM dithioerythritol, 
5 pM TNS, 1-10 pg of inorganic pyrophosphatase, and 94 nM enzyme (final). (A) [tRNA"'] varied, IO pM Phe, and 0.5 mM ATP. (B) 
[ATP] varied, 19 pM Phe, and 0.54 pM tRNA". (C) [Phe] varied, 0.5 mM ATP. and 0.54 pM tRNA"'. (D) Relative amplitude as a 
function of the lint-order rate constant, k40.54 pM tRNA"). Note that intercept 1.0 cannot bc obtained because of the intensity decrease 
caused by formation of enzymePhe-tRNA at the end of the reaction (Baltzinger & Holler, 1982). 

200 ms/div 
FIGURE 6 AMP-dependent deacylation of PhetRNA" under 
p-steady-state mditions. Fluorescence intensity of TNS is measured 
after mixing of a solution containing 1.5 pM enzyme and a solution 
containing 1.42 pM Phe-tRNA", 2.06 mM pyrophosphate, and 0.55 
mM AMP in the stopped-flow apparatus. The fast intensity dsreax 
followed a kM = 40 s-l and the slow increase a k- = 2.3 s&. The 
fast reaction is almost insensitive to variation of the AMP concen- 
tration. 

1977). In such kinetics, the intermediate appears with a rate 
constant similar to that of its breakdown and disappears with 
kinetics similar to those of its formation. This mechanism was 
qualitatively true in the observed case, since the slow reaction 
in Figure 6 was dependent on the concentration of AMP. In 
accordance with this, the slow reaction became longer as the 
concentration of PhetRNA" increased in ex- over enzyme. 
Qualitatively, the slow reaction may be setn as the deacylation 
reaction of Phe-tRNAPbC yielding free enzyme, which can 
rebind TNS under concomitant increase in fluorescence in- 
tensity. Rate constants of this portion were evaluated as has 
been described under Materials and Methods (data processing 
for singletumover reactions). without further correction, they 
were evaluated for the concentration dependence on AMP. A 
plot according to Eadie (1942) was linear with K,(AMP) = 

0.5 i 0.15 mM and &&ax) = 6 i 1 s-l. As indicated 
under Materials and Methods, this value had to be corrected 
for incomplete saturation of Phe-tRNA" by enzyme, that is, 
[E], E K, if we identify K, with K.(PhetRNA") = 0.4 pM 
from the steady-state deacylation experiments (Table I). 
Setting [E], equal to the concentration of active sites, 2 X 0.75 
pM = 1.5 pM. we obtain a corrected kow(max) = 7.6 s-I. 
This must be a lower limit since the actual concentration of 
available enzyme is somewhat reduced by the Occurrence of 
the enzyme-adenylate intermediate. Another estimate takes 
into account antiwoperativity and half-of-thesites reactivity 
accounting for an available active-site concentration of, a t  
most, 0.75 pM and thus a corrected rate constant k,(max) 
= 9.2 s-I. At any rate, the estimated value is in the range of 
that of k,, for the steady-state deacylation (Table I). 

The above results for the transient kinetics (Figures 2-6; 
Tables 111 and IV) are quantitatively consistent with the results 
from radioactive presteady-state and steady-state experiments 
(Figure I ;  Tables I and 11) in the case of tRNA amino- 
acylation, and qualitatively consistent in the case of AMP- 
dependent deacylation of Phe-tRNAnC. We consider our 
mechanism and the assignment of the ratedetermining re- 
action validated by these findings. The results indicate also 
that other mechanisms which involve intermediates like 
aminoacyl enzymes (Thiebe, 1975) are not likely, a t  least in 
the case of E. coli phenylalanyl-tRNA synthetase. 

Discussion 
Rate-Detcnnining Reaction. We have compared the kinetics 

at pre-steady-state and at steady-state conditions in both di- 
rections of the catalytic reaction. Agreement of rate constants, 
the absence of burst phenomena, and the principle of micre  
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FIGURE 7: Proposed model of the catalytic pathway including the tetrahedral adenylatetRNA intermediate and Phe site directed binding. 
(A) Tetrahedral complex. (B) Collisional enzyme.Phe-tRNAPho complex. (C) Dead-end complex. Phe site directed bindin (complexes B 

specific binding site of the enzyme. In the tetrahedral intermediate, tRNAPL binds with the 2' carbon of the terminal adenosine (Sprinzl & 
Cramer, 1975). In the dead-end complex, the ester bond aligns with the 3' carbon [see Baltzinger & Holler (1982)l. Enzyme and tRNA 
are symbolized by heavy lines and by forks, respectively. 

and C) has been described in the accompanying paper (Baltzinger & Holler, 1982). The tetrahedral complex holds tRNAP P e in the tRNA 

scopic reversibility lead to the unambiguous conclusion that 
the formation of the PhetRNAPbC ester bond and its breaking, 
respectively, are rate determining. The overall reaction, as 
measured by transient kinetics in both directions, is in full 
agreement with this conclusion. The results of our kinetic 
analysis are in full support of the classical mechanism with 
the aminoacyl adenylate on the catalytic pathway. We have 
no evidence for an aminoacyl enzyme intermediate. Kinetics 
of enzyme.tRNAPhC complex formation, although slower in 
the presence of adenylate than in the case of free enzyme, are 
not rate limiting. Dissociation of the enzyme.Phe-tRNAPhC 
complex, as it may appear from kinetics of complex formation 
(Holler, 1976), is also not rate determining. 

Synthesis and AMP-Dependent Deacylation of Phe- 
tRNAphc Are in Concert with a Conformational Change. The 
kinetics of enzyme-Phe-tRNAPbc complex formation have been 
shown to involve a slow conformational change (Baltzinger 
& Holler, 1982). The rate constant of the rearrangement of 
the complex and the rate constants of the catalytic reactions 
have identical values (Table V). Nevertheless, the results of 
the pre-steady-state kinetic experiments demonstrate that the 
enzyme*Phe-tRNAPhC complex does not accumulate and, thus, 
cannot be on the catalytic pathway. This apparent paradox 
is resolved if we assume that nascent Phe-tRNAPhe in the 
complex is similar to but not identical with Phe-tRNAPhe of 
the association experiments. This idea has been put forward 
in the accompanying paper (Baltzinger & Holler, 1982). The 
fact that synthesis of Phe-tRNAWC does not show a burst in 
the quench-flow experiments indicates that the nascent bond 
between Phe and tRNAmc is labile under experimental con- 
ditions. We believe that the observed hydrolysis of phenyl- 
alanyl adenylate and the apparent half-of-the-sites reactivity 
(Table 11) are indicative of just this lability. Clearly, further 
work along this line is required. 

Proposal of a Catalytic Mechanism That Requires a 
Conformational Change. A mechanism (Figure 7) which 
fulfills the demands of all the results presented in this and the 
accompanying paper is presented as follows. (1) Adenylate 

Table V: Comparison of Rate Constants of Catalytic 
F'henylalanylation of tRNAPhe and of AMP-Dependent 
Deacylation with Rate Constants of Enzyme Phe-tRNAPhe 
Complex Formation" 

reaction 
rate constant 

(S- ' )  

Phe site directed enzymePhe-tRNAPhe 
association 1 3 i  2d 

phenylalanyla tion 3.8 2 0.3e 

AMPdependent deacylation 10 i 0.5e 

" Tris-HCl(50-100 mM), pH 7.5, 25 "C, 10 mM MgCl,, 0.1 mM 

dissociation 2-3 
cataly sisc 

4.4 2 0.2f 

1 2 i  I f  

EDTA, 0.2 mM dithioerythritol, or 6.6 mM reduced glutathione 
(phenylalanylation by quench flow). 
(1982). Radioactive work, this publication. First-order rate 
constants in terms of kt/K,(obsd) (association) and kb (dissocia- 
tion) as defined (Baltzinger & Holler, 1982). e Steady state. 

Baltzinger & Holler 

Measured by quench flow. 

and tRNAPhe form a reactive tetrahedral intermediate. The 
reaction is fast and reversible. (2) Bond angles and lengths 
at the carbonyl C are geometrically fixed by the interactions 
of the phenylalanyl, AMP, and tRNAPhc moieties with their 
respective binding sites of the enzyme. (3) The geometrical 
constraint is relieved, sp2 hybridization of the carbon orbitals, 
and thus formation of Phe-tRNAPhC becomes feasible by the 
release of the tRNAPhc moiety from the tRNA-binding site 
of the enzyme concomitantly with the observed conformational 
change. The tetrahedral intermediate is identical with "nascent 
Phe-tRNAmC". It would be acid labile and could not be found 
under our experimental conditions. The tetrahedral inter- 
mediate would not be detectable by the TNS method because 
there would be no change in occupancy of the Phe-binding site 
during its synthesis from adenylate. The formation of the 
tetrahedral bond might be the mechanism causing the observed 
intensity changes in the case of the protein intrinsic fluores- 
cence. 
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The following considerations are in further support of the 
proposed model. (1) We have evidence that Phe-tRNA% can 
interchange within the enzyme complex from the tRNA site 
directed into the Phe site directed binding mode under par- 
ticular experimental conditions (unpublished experiments). 
The rate of the interchange is fast (kow = 40 s-l). (2) We 
have shown that Phe-tRNAPhe is hydrolyzed independently 
of AMP if it binds to the tRNAPk-specific site of the enzyme 
(Giintner & Holler, 1979). We can explain recognition of a 
noncognate amino acid at the onset of hydrolytic proofreading 
(Fersht, 1977) by assuming that, contrary to the cause of a 
cognate amino acid, the noncognate aminoacyl moiety leaves 
the aminoacyl binding site at the time of the conformational 
change (conceivably because of less favorable interactions). 
The tRNAphe moiety remains bound (because of favorable 
interactions), and hydrolysis occurs. A similar mechanism 
might contribute to recognition of noncognate tRNA and 
subsequent hydrolysis because, as we have shown in the ac- 
companying paper (Baltzinger & Holler, 1982), noncognate 
tRNA moieties are not admitted in the Phe site directed 
binding mode. (3) On the basis of free-energy calculations, 
we understand that the product aminoacyl-tRNA, if it could 
bind with its respective moieties simultaneously to the corre- 
sponding substrate binding sites, would cause very severe 
product inhibition (Giintner & Holler, 1979). Our present 
model describes a possibility of how to bypass this binding 
mode. 

The task that remains is to furnish experimental support 
for the tetrhedral intermediate and to demonstrate that the 
proposed mechanism is also valid for other aminoacyl-tRNA 
synthetases. We have published several techniques in the 
present and previous publications that can well serve this 
purpose. 

Appendix 

Rate constants k,,,' and Michaelis-Menten constants 
Kmi(Phe-tRNA) of AMP-dependent deacylation of [14C] - 
Phe-tRNAPhC (Figure lB, Table I) in the presence of inhibitor 
tRNAPhe were calculated as follows: (1) k,,,' = kt- 
(calcd)K,Phc-tRNA(calcd) = 4.4 s-l. KFhe-tRNA represents K1- 
(obsd) in eq 4 of Baltzinger & Holler (1982). (2) kfl(ca1cd) 
= 2.15 pM-' S-I from eq 16 of Holler (1980), where kf (in the 
nomenclature of this reference) = k,,/K,(PhatRNA) in the 
absence of tRNAPhe (values from Table I, present publication) 
= 27 pM-' s-I, and p = kfi/kf = 0.0125 and Ki = 0.4 pM 
according to the values of Holler (1980, Table I and same 
nomenclature as used there). (3) KFhe-tRNA(calcd) = aK, = 
2 pM with Ki = 0.4 pM (Holler, 1980). (4) a = Kmi(Phe- 
tRNA)/K,(Phe-tRNA) (Table I) = 5.07 in analogy to eq 7 
of Kosakowski & Holler (1973). (5) Km(Phe-tRNA) = 0.4 
pM from Table I (present publication). (6) Kmi(Phe-tRNA) 
= 2 pM as calculated from eq 6 of Kosakowski & Holler 
(1973) with K2 (in their nomenclature) identical with K,- 
(Phe-tRNA) = 0.4 pM (Table I, present publication), KZ1 
(Kosakowski & Holler, 1973; their nomenclature) identical 
with KF = 2.88 pM (Holler, 1980; calculated from Table I 
in this nomenclature), and K1 (Kosakowski & Holler, 1973) 
= Ki = 0.4 (Holler, 1980) and [L,],, = [tRNAPhe] = 5.5 pM 

(Table I, present publication). In the case of 5.5 pM tRNAPhe, 
calculated values are k,/ = 4.4 and K,'(Phe-tRNA) = 2 
pM; in the case of 0.45 pM tRNAPhe, these constants are 9.5 
s-I and 0.7 pM, respectively. The calculated values should 
be compared with the experimental values of Table I. 
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