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ABSTRACT: The dimeric tyrosyl-tRNA synthetase from 
Bacillus stearothermophilus which binds (tightly) only one 
tyrosyl adenylate or tyrosine per dimer is shown from kinet- 
ic, equilibrium dialysis, and gel filtration methods to have a 
second active site. ATP and tyrosine bind strongly and syn- 
ergistically to the tyrosyl-tRNA synthetase tyrosyl adenyl- 
ate complex, [E - Tyr-AMP], to give the complex [E 6 Tyr- 
-AMP,ATP,Tyr] . This complex probably slowly forms an 
[E 0 (Tyr-AMP)z] complex which hydrolyses rapidly and 
does not accumulate. Similarly, .the monomeric valyl-en- 
zyme is shown to have two active sites. An [E a Val-AM- 
P,ATP,Val] complex is formed which probably slowly gives 
an unstable [E - Val-AMP)2] complex. In view of this and 
the recent demonstrations that several aminoacyl-tRNA 

T h e  tyrosyl-tRNA synthetase from Bacillus stearother- 
mophilus exhibits half-of-the-sites reactivity in apparently 
forming only one tyrosyl adenylate and binding only one ty- 
rosine per enzyme dimer (Bosshard et al., 1975; Fersht et 
al., 1975). In this paper we investigate the role of the sec- 
ond site using as a probe the stimulation of the hydrolysis of 
the enzyme-aminoacyl adenylate complex by tyrosine and 
ATP. We shall show that the complex binds strongly and 
synergistically both ligands and that an evanescent enzyme - 
(Tyr-AMP)Z complex is slowly formed and rapidly hydro- 

lyzed. Also, once formed, both sites are approximately 
equally reactive toward hydrolysis. 

Valyl-tRNA synthetase from B. stearothermophilus is a 
monomer of molecular weight 1 10,000, fractionally larger 
than the dimeric tyrosyl-enzyme of molecular weight 
95,000. Koch and coworkers (Hartley, 1973; Koch et al., 
1974) have proved that this enzyme, along with certain oth- 
ers, including the leucyl-enzyme (MW 1 10,000 monomer), 
is composed of two repeating sequences which presumably 
arise from gene duplication and fusion. Subsequently it has 
been shown by other groups that the isoleucyl (MW 
11 2,000, monomer), and the leucyl (MW 105,000, mono- 
mer) activating enzymes from Escherichia coli are also 
composed of two identical repeating sequences (Kula, 1973; 
Waterson and Konigsberg, 1974). In view of this we have 
also investigated the binding properties of the valyl-tRNA 
synthetase-valyl adenylate complex and we have found that 
this monomeric enzyme also has a second site which binds 
valine and ATP, and probably also forms an evanescent en- 
zyme - ( V ~ ~ W A M P ) ~  complex. 
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synthetases are composed of repeating sequences it is sug- 
gested that all of these enzymes have a t  least two active 
sites. The second site is difficult to detect by normal steady- 
state kinetic measurements and binding assays as these en- 
zymes exhibit negative cooperativity of substrate binding 
and half-of-the-sites reactivity. A mechanism based on in- 
teracting sites is proposed that could account for these ob- 
servations: changes in binding energy at one site may be 
coupled with catalysis at  the other to give large rate en- 
hancements. However, this cannot account for the high 
specificity in the acylation of t R N 4 ,  a “verification” proce- 
dure seems essential. The proposed mechanism is quite gen- 
eral for catalysis and could be a reason why so many nonre- 
gulatory enzymes have subunits. 

The following experiments are described in the Experi- 
mental Section: the enzyme-bound aminoacyl adenylates 
are prepared from 14C-labeled amino acids and, after sepa- 
rating from free ATP and amino acid, their hydrolysis rates 
are determined; the binding of amino acid and/or ATP is 
measured by the stimulation of hydrolysis rate; the hydroly- 
sis rates in the presence of added ATP and amino acid are 
also measured indirectly from the rate of consumption of 
ATP as the enzyme released on hydrolysis of the aminoacyl 
adenylate is free to recycle and form more aminoacyl ade- 
nylate; finally the binding of the amino acid and ATP to the 
enzyme-bound aminoacyl adenylate is measured directly by 
equilibrium dialysis and equilibrium gel filtration. 

Experimental Section 
Materials and apparatus and the activating enzymes (all 

from B. stearothermophilus) are described by Fersht et al. 
(1975a). 

Methods and Kinetics Procedures. Unless otherwise 
stated all kinetic measurements were performed at 25 f 
0.1’ in Tris-C1 buffers (pH 7.78, ionic strength 0.1, 0.144 
M) and 10 mM MgC12. The aminoacyl-tRNA synthetases, 
which had been stored at -20’ in 50% glycerol-water in 
Tris-C1 buffers, mercaptoethanol, and PhCH2S02F’ (phen- 
ylmethanesulfonyl fluoride) were prepared for kinetic pur- 
poses by desalting on a G-25 (fine) Sephadex column equil- 
ibrated with 0.144 M Tris-C1 (pH 7.78), 10 mM MgC12, 10 
mM mercaptoethanol, and IOw4 M PhCH2S02F. 

Preparation and Hydrolysis of Enzyme-Bound Aminoa- 
cy1 Adenylates. Stock solutions of enzyme-aminoacyl ade- 

’ Abbreviation used is: PhCH2S02F, phenylmethanesulfonyl fluo- 
ride. 
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nylate complexes were prepared daily and stored on ice. A 
solution (0.2 ml) of 7 p M  tyrosyl-tRNA synthetase, 20 mM 
MgC12, 50 pM ATP, and 8.8 p~ [14C]tyrosine (141 Ci/ 
mol) in 228 mM Tris-C1 (pH 7.78) containing 5 units of in- 
organic pyrophosphatase was desalted on either a 1 X I O  
cm or 1 X 25 cm G-25 (fine) Sephadex column equilibrated 
with the same buffer and MgC12 and containing 10 mM 
mercaptoethanol and M PhCH2S02F a t  4” or room 
temperature. 

Stock solutions of valyl-tRNA synthetase-valyl adenyl- 
ate were prepared as above using 40 ,UM valine (73 Ci/mol) 
except that the complex, due to its instability, was always 
desalted at 4’ using a 1 X 10 cm column. 

The rates of hydrolysis of the complexes were monitored 
by adding 100 p1 of complex to an equal volume of an aque- 
ous solution of amino acid and/or ATP (adjusted to pH 
7.8); 20 yl aliquots were periodically taken, added to a 2.5- 
cm Schleicher and Schiill BA 85 nitrocellulose filter washed 
with 3.0 ml of buffer, and dried, and the residual enzyme- 
adenylate complex was retained on the filter assayed in a 
toluene-based scintillant as described by Fersht et al. 
(1975a). 

Exchange of [ 3 H ]  Tyrosine into Tyrosyl-tRNA Synthe- 
tase- [ Tyr-AMP. A solution (200 yl) of tyrosyl- 
tRNA synthetase-[14C]Tyr-AMP (0.76 p ~ )  prepared as 
above was added to an equal volume of 2.16 P M  [3H]tyros- 
ine (80 Ci/mol) and 140 I .~M ATP; 20-pl aliquots were peri- 
odically taken and the rate of decrease of enzyme-bound 
[I4C]adenylate and concomitant increase in l3H]adenylate 
assayed by nitrocellulose filtration as above. 

Hydrolysis of A T P  due to Aminoacyl Adenylate Forma- 
tion. A stock solution of the enzyme (0.1 ml) prepared as 
above was added to an equal volume of [ T - ~ ~ P I A T P ,  cog- 
nate amino acid, with or without 1 unit of inorganic pyro- 
phosphatase in the same buffer, and MgCl2 concentration. 
Aliquots were periodically taken and the residual ATP con- 
centration was assayed by retention on charcoal and moni- 
toring with a gas-flow counter or by chromatography on 
PEI sheets as described by Fersht et al. (1975a). Possible 
formation of orthophosphate in the absence of pyrophos- 
phatase was checked by chromatography on PEI sheets. 
Some experiments were performed using [I4C]ATP (6 Ci/ 
mol) and separating the A M P  from ADP and ATP by de- 
veloping on PEI sheets with 1.0 h formic acid (Randerath 
and Randerath, 1964). 

ATPase Activity of Tyrosyl-tRNA Synthetase in the 
Absence of Amino Acid Position of Cleavage of ATP.  A 
solution (0.2 ml) of 1.3 y~ tyrosyl-tRNA synthetase, 50 
P M  [y3?P]ATP (10 Ci/mol), and 10 mM MgCl2 in pH 
7.78 Tris-CI (0.144 M) was incubated at 25’. Periodically 
parallel aliquots of 10 yI were taken. One was spotted di- 
rectly onto the origin of a PEI strip and the [y-32P]orth~- 
phosphate separated from the [y-”P]ATP and pyrophos- 
phate as described by Fersht et a/ .  (1975a). The other was 
incubated for a few seconds with inorganic pyrophosphatase 
to hydrolyze any pyrophosphate formed and chromato- 
graphed as above. 

The initial rates of hydrolysis of ATP a t  varying concen- 
trations were similarly monitored under the above condi- 
tions but using [I4C]ATP to give [I4C]AMP or by measur- 
ing the residual [y3’P]ATP by adsorption on charcoal as 
described earlier. Similar experiments a t  a fixed concentra- 
tion of ATP were performed with the valyl-enzyme. 

Active Site Titration. The tyrosyl-enzyme was routinely 
assayed by adding 20 y1 of enzyme (-2 FM)  to 50 pl of 8 

p M  [‘4C]tyrosine (140 Ci/mol), 50 p M  ATP in 144 m M  
Tris-C1 (pH 7.8), and 10 mM MgC12. After incubating for 1 
min 50 p1 was filtered through a presoaked nitrocellulose 
filter washed with 3.0 ml of 10 mM MgClz/Tris-CI, dried, 
and monitored on a scintillation counter as above. The spe- 
cific activity of the tyrosine was determined under the same 
conditions. The observed stoichiometry of the binding of 
aminoacyl adenylate was multiplied by 1.1 to normalize to 
that observed by the ATP burst procedure (Fersht et al., 
1975a). 

Binding of Amino Acids Determined f r o m  Equilibrium 
Dialysis. Ten cells, constructed to the design of Englund et 
al. (1969), were mounted in a thermostated housing a t  25O. 
One chamber of each cell contained aminoacyl-tRNA syn- 
thetase and 1 unit/ml of yeast inorganic pyrophosphatase in 
pH 7.78 Tris, 10 mM MgC12, 10 mM mercaptoethanol, and 
5 X M PhCH2S02F. The other chamber contained the 
same buffer and concentration of pyrophosphatase varying 
concentrations of cognate 14C-labeled amino acid with or 
without ATP. The two chambers were separated by a Sar- 
torius membrane (SM 11539). After equilibration for 2 hr 
triplicate aliquots of 5 p1 were taken and the amino acid 
was assayed with the scintillation counter. 

Binding of A T P  Determined f r o m  Equilibrium Gel Fil- 
tration. A solution of enzyme (95 p1 of either 8.6 p~ tyro- 
syl- or 2.7 p~ valyl-tRNA synthetase) incubated in 10 mM 
MgC12, 144 mM Tris (pH 7.8), 1 unit/ml of inorganic pyro- 
phosphatase, [14C]ATP (either 20 p ~ ,  5 Ci/mol; or 51 p M ,  
12 Ci/mol); and either 120 pM tyrosine or 500 p M  valine 
was added to 1 ml of G-25 (fine) Sephadex packed in a 1- 
ml tuberculin syringe and equilibrated with the same buff- 
ered solution. Individual drops of eluent were collected in 
scintillation vials and the ATP was assayed. In some experi- 
ments [3H]H20 was added to check the drop size (43.9 4). 
Results 

In the absence of added ligands the aminoacyl adenylates 
hydrolyze to give free enzyme, amino acid, and AMP, but 
in the presence of added cognate amino acid and ATP (and 
inorganic pyrophosphatase) as the labeled complex hydro- 
lyses fresh unlabeled complex is formed by the enzyme 
which had been released. This is illustrated in Figure 1 
which shows the time course of 3H label exchanging into ty- 
rosyl-tRNA synthetase-[I4C]Tyr-AMP after the addition 
of excess [3H]Tyr and ATP. 

( I  ) Direct Determination of Hydrolysis Rates of En- 
zyme-Bound Aminoacyl Adenylates. (a) TYROSYL-TRNA 
SYNTHETASE. The complex of tyrosyl-tRNA synthetase- 
[ 14C]tyrosyl adenylate collected from the G-25 column gen- 
erally had 0.9-1.0 bound tyrosyl adenylates as judged by its 
specific radioactivity and the absorbance of the enzyme. On 
filtering through the nitrocellulose filters 97-100% of the 
counts were retained. In the absence of added ligands the 
complex slowly hydrolyzed a t  25’ with rate constant 5.7 f 
0.1 X sec-I. On the addition of excess tyrosine and 
ATP the hydrolysis rate constant increased to 45.4 f 1.2 X 
1 O-’ sec-’. The rate constant followed saturation kinetics 
with respect to tyrosine, the K M  being 4.0 f 0.3 PM.  The 
K M for ATP was very low, -0.09 p M .  Tyrosine by itself 
stimulated hydrolysis, K s  = 144 f 14 p M ,  k,,, = 17.5 f 
0.5 X lop5  sec-l a t  0.4 p M  enzyme. ATP by itself had little 
effect. In all cases excellent first-order decay curves were 
observed (see Figure 2). 

In the absence of added ligands or the presence of satu- 
rating concentrations of tyrosine and ATP the rate con- 
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FIGURE 1: Exchange of [3H]Tyr into tyrosyl-tRNA synthetase- 
[I4C]Tyr-AMP on mixing 0.76 ~ L M  enzyme (0.8 mol of [I4C]- 
Tyr-AMP/mol) with an  equal volume of 2.16 ~ L M  [3H]Tyr and 
140 ~ L M  ATP. Under the reaction conditions the total concentra- 
tion of adenylate did not decrease during the time course as suffi- 
cient A T P  was available to regenerate the complex. The labels dis- 
tributed statistically (solid curves are calculated from the data in 
Table I). 

'"I 5 

0 . 5 1 ,  , , I , 1 
0 20 40 60 a0 

Time( minutes) 
FIGURE 2: Loss of [I4C]Tyr from tyrosyl-tRNA ~ynthetase-[ '~C]- 
Tyr-AMP. Conditions as in text. (0) No added ligands: (0) added ty- 
rosine (saturating); (0)  added tyrosine and ATP (both saturating). 

stants were independent of the concentration enzyme-ami- 
noacyl adenylate. However, the stimulation by tyrosine in- 
creased at  lower concentrations of the complex. Presumably 
tyrosine increases the dissociation constant of the complex. 

The data and experimental conditions are illustrated and 
summarized in Figures 2 and 3 and Table I. 

The important conclusion is that the complex binds addi- 
tional tyrosine and ATP. 

(b) VALYL-TRNA SYNTHETASE. The complex isolated 
by gel filtration had 0.8-0.9 bound valyl adenylates as 
judged by the specific radioactivity. Filtration of a solution 
at room temperature through the nitrocellulose filter led to 
only a 5540% retention of counts. Prior chilling of the 
complex and washing with cold buffer gave increased reten- 
tions of 90% or greater. The lower accuracy of the kinetic 
determinations and only a smaller stimulation of hydrolysis 
rate by added ligands rendered this system less suitable for 
detailed study than the tyrosyl-enzyme. The following was 
observed; over a 20-fold range of enzyme-valyl adenylate 

FIGURE 3: Binding of tyrosine to tyrosyl-tRNA ~ynthetase-[ '~C]- 
Tyr-AMP. Reciprocal plots for the binding of tyrosine (0 )  and tyro- 
sine in the presence of added ATP (0) as reflected in increased hydrol- 
ysis rates. The results are corrected for the spontaneous hydrolysis ( k o  
= 5.7 X sec-l). The concentration scale for tyrosine alone (0) is 
expanded by a factor of 10. 

TABLE I: Rate and Dissociation Constants for the Hydrolysis 
of Tyrosyl-t RNA Synthetase-[ 4CITyr -AMP Complexes. a 

- 
Dissociation Constants 

khydrolysis 
(W) 

Complex Tyrosine ATP (sec-1 X 105) 

[E.[lC]Tyr-AMP]' 5 . 7  f 0.1 
rE.['4C]Tyr-AMPl 4.0 i 0.3'  -0.09' 45.2 f 1.2'9' 

=25', pH 7.78 (144 mM Tris, I.( = O.l), 5 m mercapto- 
ethanol, 5 X 10-5 M PhCH2S02F, 10 rn MgC12, and 5 units 
of inorganic pyrophosphatase/ml. Determined by retention 
of enzyme complex on nitrocellulose filters. ' 0.4 PM com- 
plex. ' 0.16 PM complex. Calculated from the other three 
dissociation constants. 

concentration (0.2-4 PM) the isolated complex hydrolyzed 
with rate constant 1.23 X sec-'; on addition of valine 
(500 PM) the rate constant doubled to 2.4 X sec-'; 
ATP by itself had little effect but the addition of both 80 
p M  ATP and 833 pM valine increased the rate constant to 6 
X sec-I. Again the stimulation by amino acid in- 
creased at  low concentrations of the enzyme-aminoacyl 
adenylate. 

( 2 )  Indirect Determination of Hydrolysis Rates of En- 
zyme-Bound Aminoacyl Adenylates. (a) BLANK REAC- 
TION. The enzyme preparations had weak ATPase activi- 
ties due to the presence of trace amounts of impurities 
(Fersht et al., 1975b). The preparation of tyrosyl-tRNA 
synthetase hydrolyzed ATP to ADP and Pi (without any 
production of pyrophosphate) with a K M  of 2.2 f 0.4 ~ L M  
and k,,, of 4 f 1 X IOd4 sec-', based on the total enzyme 
concentration. Similar activity was observed with the valyl 
ligase. As we wished to measure accurately the rate of hy- 
drolysis of ATP by the aminoacyl-tRNA synthetase due to 
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TABLE II : Hydrolysis of Valyl-tRNA Synthetase-[’4C]Val- 
AMP Isolated by Gel Filtration.a 

Enzyme (FM) Valine (PM) ATP (PM) k (sed-’ x 104) 

4 14 0 0 1 23 
0 3  0 0 1 26 
0 2  0 208 1 2  
0 2  500 0 2 4  
0 78 1000 47 5 0  
0 78 1000 47 5 4  
0 3  833 80 6 0  

a Conditions as in Table I. 

aminoacyl adenylate formation control experiments were 
performed to determine the contribution of the ATPase ac- 
tivity. ( I )  The enzyme preparation was incubated with ATP 
and amino acid in the absence of pyrophosphatase and the 
rate of orthophosphate release measured. (2) The enzyme 
was incubated with ATP and pyrophosphatase in the ab- 
sence of amino acid, and either the [I4C]AMP from 
[‘‘C]ATP or the 32P produced from [ Y - ~ ~ P I A T P  was mea- 
sured. The results are summarized in Table 111. 

(b) ATP HYDROLYSIS DUE TO AMINOACYL ADENYL- 
ATE FORMATION. In the presence of inorganic pyrophos- 
phatase and tyrosine (1.25 mM) the tyrosyl activating en- 
zyme hydrolyzed ATP to AMP via aminoacyl adenylate 
formation with a turnover number of 9.5 f 1.2 X 
sec-I. This was found by dividing the initial rate of hydroly- 
sis of ATP by the enzyme contentration, allowing I .  1 active 
sites/mol (Fersht et al., 1975a). The initial rate measure- 
ments were made using the three different techniques: ad- 
sorption of [y-32P]ATP on charcoal; separation of either 
[32P]orthophosphate from [ Y - ~ ~ P I A T P  or [I4C]AMP from 
[ I4C]ATP by thin-layer chromatography. The different 
kinds of “blank” hydrolytic reactions were measured under 
the same conditions, omitting either amino acid and/or in- 
organic pyrophosphatase, and subtracted from the overall 
hqdrolqtic rates (see Table 111). There is reasonable agree- 
ment among the different methods showing clearly that the 
overall turnover number for the hydrolysis of ATP via ami- 

*Ol------ 1.8 

0 2 4 6 8 1 0 1 2 1 4  

FIGURE 4: Binding of tyrosine to tyrosyl-tRNA synthetase- 
Tyr-AMP studied by equilibrium dialysis. 13 PM enzyme, 8-130 PM 
[‘4C]tyrosine, 144 m M  Tris (pH 7.78). 10 mM MgC12, and 1 unit of in- 
organic pyrophosphate/rnl. (0) 6 mM ATP added; (0)  no added ATP, 
(A) results from Fersht et al. (1975b); v, number of moles of [I4C]ty- 
rosine bound/mole of enzyme. 

V/Tyr ( M . ’ X ~ O - ~ )  

noacyl adenylate formation is in the range 7-13 X loh4 
sec-I rather than the value of 4.52 f 0.12 X sec-’ ob- 
served for the loss of [‘4C]tyrosyl adenylate from the en- 
zyme complex which had been isolated by gel filtration and 
hydrolyzed under the same conditions. Similarly, it is seen 
in Tables I1 and 111 that whereas the rate constant for the 
loss of [14C]valyl adenylate from valyl-tRNA synthetase- 
[14C]valyl adenylate is 5.2 f 0.2 X sec-’, the turnover 
number for ATP hydrolysis via valyl adenylate hydrolysis 
under the same conditions (47 PM ATP, 1 mM Val, 0.78 
FM enzyme) is 9.5 f 0.4 x 

Direct Determination by Equilibrium Dialysis of the 
Binding of Amino Acid to the Aminoacyl Adenylate Com- 
plex.  Enzyme bound aminoacyl adenylate was formed in 
situ by dialyzing cognate amino acid and ATP into the 
chamber containing aminoacyl-tRNA synthetase and inor- 
ganic pyrophosphatase (cf. Berthelot and Yaniv, 1970). 

sec-’ M-I. 

rum 111: Overall Rate of Aminoacyl Adenylate Hydrolysis Determined from Depletion of ATP.” 

koverall-blank 
ATP (PM) koverallb (sec-’ X lo4) Method‘ kblankd (sec-1 x lo4) MethodC (sec-l X lo4) 

12 
12 
48 
48 

47 
47 

(a) Tyrosyl-tRNA Synthetasee 
13.3 A 4 .1  A(1) 
11.4 B 4 . 1  B(1) 
13.4 B 4 . 9  B(2) 
15.4 C 2 . 4  C(1) 

(b) Valyl-tRNA Synthetasef 
11.6 B 1 . 6  B(1) 
10.7 C 1 . 8  C(2) 

9 . 2  
7 .3  
8 . 5  

13 

10.0 
8 . 9  

a Conditions as in Table I, all determinations in duplicate. Overall turnover number for the depletion of ATP in the presence 
of enzyme, cognate, amino acid, ATP, and inorganic pyrophosphatase. The turnover number is defined as equal to the initial 
reaction rate divided by the concentration of enzyme and number of active sites/mole (1.1 for tyrosyl, 1.0 for valyl). Determined 
by: A = adsorption of [y-32P]ATP on charcoal; B = separation of [32P]orthophosphate from [?-3*P]ATP on PEI sheets; C = 
separation of [I4C]AMP from [‘4C]ATP on PEI sheets. Hydrolysis of ATP in either absence of pyrophosphatase (1) or absence 
of amino acid (2) using methods A, B, and C. e 1.2-1.4 PM. ’ 0.78 FM.  
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TABLE IV: Binding of Valine to the Valyl-tRNA Synthetase 
in the Presence and Absence of ATP.' 

moles of Valine Bound/mole of Enzyme 

[Valine] ( p ~ )  No ATP 6 mM ATP 

820 (0.52 f 0.50) 1.52 + 0.36 
400 0.81 & 0.10 2.23 f 0.18 
200 0.85 =k 0.08 .1,37 i 0.19 
115 0.54 =k 0.10 1.47 + 0.10 
50 0.57 =k 0.02 1.42 i. 0.04 

' 25", pH 7.78, 144 mM Tris, 10 mM MgC12, 8 FM enzyme, 
and 1 unit of inorganic pyrophosphatase/ml. 

Under these conditions there is additional binding of the 
amino acid to the complex. Whereas, in the absence of ATP 
only 0.9-0.95 mol of tyrosine bind to 1 mol of the tyrosyl- 
tRNA synthetase dimer about 1.6 mol bind in the presence 
of ATP (see Figure 4). Similarly it is seen in Table IV that 
whereas under saturating conditions of valine in the absence 
of ATP ( K s  - 10 PM; Bosshard et al., 1975) only 0.6-0.8 
mol of valine bind/mol of enzyme; 1.4-2 bind in the pres- 
ence of ATP. As under the reaction conditions both en- 
zymes form about 1 mol of enzyme-bound aminoacyl ade- 
nylate/mol there must be unreacted amino acid bound at  a 
second site. 

Some of the measurements on the valyl-tRNA synthetase 
entailed only small differences in ligand concentration be- 
tween either side of the dialysis membrane due to the rela- 
tively low enzyme concentration used (Table IV). These 
measurements are considered reliable since (a) the repro- 
ducibility of sampling is high (standard error is f0.2%), (b) 
the control experiments omitting ATP were performed in 
parallel and the trend in ratio between the two sets of exper- 
iments is clear, and (c) these experiments have now been 
performed using the valyl-tRNA synthetase from E. coli at 
ten times the enzyme concentration of this study with simi- 
lar results (unpublished data). 

Under the reaction conditions less than 3% of the ATP 
should have hydrolyzed during the course of the experi- 
ments. 

Direct Determination by Equilibrium Gel Filtration of 
the Binding of ATP to the Aminoacyl Adenylate Complex. 
In order to avoid complications arising from ATP hydroly- 
sis during the course of equilibrium dialysis, the method of 
Hummel and Dreyer (1962) was used to measure the bind- 
ing of ATP to the aminoacyl adenylate complexes. The 
complexes were formed in situ as in the equilibrium dialysis 
experiments. The amounts of [14C]ATP carried by the pro- 
tein through the Sephadex column and the subsequent 
"trough" were determined by assaying the individual drops 
of eluent (see Figure 5). (In the absence of protein the drop 
size was remarkably constant, the standard deviation being 
less than 0.5%. However, the presence of protein diminished 
the drop size; 2.7 PM valyl-tRNA synthetase caused a de- 
crease of l% or less and 8.6 PM tyrosyl-tRNA synthetase 
about 3%.) In the presence of 20 PM unbound ATP, the ty- 
rosyl-tRNA synthetase carried 1.9 mol of ATP/mol of en- 
zyme (area under peak = 1.93 mol of ATP/mol; area under 
trough = 1.86 mol of ATP/mol) while the valyl-tRNA syn- 
thetase carried 1.1 (peak = 1.2; trough = 1.0) (see Figure 
5 ) .  An experiment using 51 PM ATP and 2.5 PM valyl- 

50 t 
I I I 

0 10 20 30 
Drop Number 

FIGURE 5 :  Binding of ATP to aminoacyl-tRNA synthetase aminoacyl 
adenylates studied by equilibrium gel filtration. 8.6 p~ tyrosyl-tRNA 
synthetase (0 )  or 2.7 p~ valyl-tRNA synthetase (0) was incubated 
with 20 p M  [14C]ATP, cognate amino acid, 10 mM MgC12, 144 m M  
Tris, and inorganic pyrophosphatase and gel filtered in the same buff- 
er. 

tRNA synthetase, with [3H]H20 added to the buffer as an 
internal marker to calibrate the drop size, gave a value of 
about 1.5 for the stoichiometry (peak = 1.56, trough 1.47). 
This shows directly that ATP binds to the tyrosyl-tRNA 
synthetase tyrosyl adenylate complex with a dissociation 
constant of much less than 20 PM, and also binds to the 
valyl complex with a dissociation constant of around 50 wM. 

Discussion 
( a )  Both the Monomeric Valyl-tRNA Synthetase and 

Dimeric Tyrosyl-tRNA Synthetase have Two Sets of Bind- 
ing Sites. Although the tyrosyl-tRNA synthetase from B. 
stearothermophilus binds only 1 mol of tyrosine and only 
one tyrosyl adenylate per mol of enzyme there is a second 
set of binding sites for ATP and tyrosine which becomes ac- 
cessible when the first is occupied with tyrosyl adenylate. 
The evidence for this is that the binding of these ligands to 
the tyrosyl adenylate complex may be detected either by the 
stimulation of the hydrolysis rate of the tyrosyl adenylate or 
by equilibrium dialysis and gel filtration procedures. Tyro- 
sine increases the hydrolysis rate of the complex, either by 
direct activation or increasing the dissociation rate con- 
stant, binding with a K ,  of 144 PM. This dissociation con- 
stant decreased on the addition of ATP to 4 PM. The appar- 
ent dissociation constant of ATP from the [E-Tyr-MP, 
Tyr] complex is about 0.09 PM, compared with a K M of 3.9 
mM for the formation of tyrosyl adenylate (Fersht et al., 
1975b). The much tighter binding of ATP shows that this 
stimulation is not an artefact associated with the reaction of 
tyrosine and ATP with the free enzyme. Under conditions 
where the active site titration procedure shows that only one 
tyrosyl adenylate is bound per mole, equilibrium dialysis 
studies of the binding of tyrosine in the presence of ATP in- 
dicate two tyrosine moieties are bound'. Also, equilibrium 
gel filtration shows that an additional mole of ATP is bound 
as well (Figures 4 and 5). Similar kinetic and binding mea- 
surements demonstrate that the monomeric valyl-tRNA 
synthetase binds simultaneously 1 mol each of valyl adenyl- 
ate, ATP, and valine. 

This study in conjunction with the structural evidence 
that the valyl-tRNA synthetase is composed of two fused 
repeating sequences (Koch et al., 1974) suggests that the 
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two activating enzymes are similar in many ways. The di- 
versity of this class of enzymes may not be as great as the 
subunit characteristics would indicate. 

The following evidence suggests that the two binding 
sites on each enzyme are architecturally similar. However, 
i t  is based on a discrepancy of a factor of 2 in reaction rates 
and some caution must be borne in mind. 

(6)  The Second Sites Appear to have Weak Catalytic 
Activity. This is inferred from an apparent contradiction 
that arises when the rate constants for the hydrolysis of the 
enzyme-bound aminoacyl adenylates are determined by two 
different methods. On adding enzyme bound I4C-labeled 
adenylate (E - [I4C]AA-AMP) to a solution of amino acid 
and ATP there is a loss of enzyme-bound radioactivity as 
the complex hydrolyzes. There is a simultaneous loss of 
ATP as the newly released enzyme forms (unlabeled) ami- 
noacyl adenylate from the ATP and amino acid. 

If there were only one active site, eq 1 should hold (where 
PP = pyrophosphate, which is hydrolyzed by pyrophospha- 
tase to orthophosphate). 

ATP + AA 
k l  

EaAA-AMP 2 E + AA + AMP (1) 

In eq 1, where k 1 > k2, it is easily shown that 

d[ATP]/dt = kZ[E.AA-AMP] (2 1 
and also 

d[E*AA-AMP]/dt = k,[E*AA-AMP] 

Under conditions of saturating binding of tyrosine and 
ATP to the tyrosyl-tRNA ~ y n t h e t a s e - [ ~ ~ C ]  tyrosyl adenyl- 
ate complex, k2 is directly determined from the Joss of 
[I4C]adenylate to be 4.54 f 0.12 X sec-I. But when 
determined from the rate of hydrolysis of ATP and eq 2 a 
value of 9.5 f 1.2 X sec-’ is obtained, approximately 
twice the expected value. Similarly when k 2 for the hydrol- 
ysis of the valyl complex is determined directly a value of 
5.2 f 0.2 X sec-l is found. but application of eq 2 
gives 9.5 f 0.4 X sec-’ under the same conditions. 

In order to overcome this apparent contradiction, both 
sites on the enzymes must be catalytically active in order to 
give a factor of 2 .  An intermediate E(AA-AMP)2 must be 
formed where there is a 50% probability of a particular, 
e.g., I4C-labeled, bound aminoacyl adenylate hydrolyzing 
quickly. Equation 1 must be enlarged to include two sites. 
For example, eq 3 fits the experimental observations. 

In eq 3 k2, k2’. k2”, and k$” are the apparent rate con- 
stants for the hydrolysis of the complexes as indicated and 
k 1 ’  < k2”. k2”‘ as only one aminoacyl adenylate accumu- 
lates. 

The initial rate of hydrolysis of ATP in the steady state, 
under saturating concentrations of ATP and AA, is given 
by 

and 

-[’ d t  A A , A T P  
d [“CIAA-AMP] == 

[ ‘‘C]AA AMP 
[E A A , A T P  

where the last bracketed term in ( 5 )  represents the proba- 
bility of the complex hydrolyzing to lose 14C. 

I f  k 2’’ - k2”’ and k 1’ - k2’. then to a first approxima- 
tion d[ATP]/dt = k,’[complex] and d[complex]/dt = 
I/rk 1 ’  [complex]. k 1’ is then 9.5 X sec-I for both li- 
gases. As k2” I- k2”’ it is likely that the E(Tyr-AMP)z 
complex is symmetrical and the valyl complex involves an 
approximate symmetry. 

It is not suggested that both sites are catalytically active 
during tRNA charging but rather that the second site is an 
“effector” site with some residual activity. However, this 
weak activity does provide some evidence that the two sets 
of sites on the valyl-enzyme are structurally similar. 

(2) General Implications. Irrespective of whether or not 
the rate and equilibrium measurements on the enzyme- 
bound aminoacyl adenylates have any physiological rele- 
vance in themselves, the conclusion derived from them, that 
a monomeric enzyme has two active sites, is of mechanistic 
importance. The valyl-tRNA synthetase seems typical of 
the mononieric activating enzymes in terms of molecular 
weight (-1 10,000; see Loftfield, 1972 for a review), and, as 
mentioned in the introduction, repeating sequences. It is 
therefore likely that all of the activating enzymes have at  
least two active sites. This is contrary to the currently ac- 
cepted view that the monomeric enzymes of this class have 
only one active site. 

The isoleucyl, valyl, and leucyl enzymes from E.  coli, 
like the valyl-enzyme from B.  stearothermophilus, appear 
to bind only one amino acid and one aminoacyl adenylate 
(Norris and Berg, 1964; Berthelot and Yaniv, 1970; Yaniv 
and Gros, 1969; Bosshard et al., 1975; Fersht et al.,  
197%). The existence of the second site is hidden by “half- 
of-the-sites” reactivity in the last case and presumably for 
the other three. The current ideas on the specificity and 
reaction mechanism must be rqexamined in the light of this. 

h y d r o l y s i s  E-AA-AMP 

h y d r o l y s i s  

+ p p  5 \ 
h y d r o l y s i s  

+ P P  
k,”’ \ 

\ hgd r o ly s is 

E*[ I4C]AA-AMP 
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It has been difficult to account for the high specificity of 
the aminoacyl-tRNA synthetases for the amino acid in the 
esterification of tRNA (Loftfield and Eigner, 1966). 
Whereas an amino acid larger than the natural substrate 
clearly may be excluded by steric hinderance from binding 
productively at the active site, a smaller amino acid will al- 
ways bind to some extent although making fewer interac- 
tions with the enzyme. In this case either the binding of the 
smaller unnatural substrate will be weaker due to the miss- 
ing interactions or the catalysis will be weaker if these inter- 
actions are important in causing strain, induced fit, or over- 
coming nonproductive binding. Pauling ( 1958) has calcu- 
lated that a methylene group can contribute a t  the most a 
factor of 20 (1.8 kcal) to the binding energy. Also there is a 
considerable body of experimental data showing that a 
methylene group contributes 0.64 kcal (factor of 5) to hy- 
drophobic bonding (see, for example, Gitler and Ochoa-So- 
lano, 1968; Oakenfull and Fenwick, 1973). But the isoleu- 
cyl-enzyme from E.  coli will not transfer valine to the 
tRNA, despite the valine being shorter than isoleucine by 
only one methylene group (Bergmann et al.,  1961; Loftfield 
and Eigner, 1966). Loftfield (1963) has shown that the fi- 
delity of charging in general is better than 1 error in 3000, 
which was the limit of detection of his technique. Various 
“verification” mechanisms have been demonstrated and 
suggested. Baldwin and Berg (966) showed that the isoleu- 
cyl-tRNA synthetase valyl adenylate will not transfer the 
valine to isoleucyl-tRNA but is preferentially hydrolyzed. 
There are reports that misacylated tRNAs are deacylated 
by the synthetases (Yarus, 1972, 1973; Yarus and Mertes, 
1973; Eldred and Schimmel, 1972; Ebel et al., 1973). 

We have attempted to find a mechanism that could in- 
crease specificity through interacting active sites. The fol- 
lowing accounts for the observations of half-of-the-sites re- 
activity and negative cooperativity and could explain ap: 
parent high specificities in the pyrophosphate exchange 
reaction. 

General Mechanism for  Enhancement of Specificity and 
Catalysis through Interacting Sites. The basis of the mech- 
anism is that the enzyme has (at least) two sets of binding 
sites. It is proposed that the substrates bind to the enzyme 
with negative cooperativity; that is, there is a steric interfer- 
ence to binding at  the second site once the first site is occu- 
pied. These unfavorable steric interactions are relieved 
when either one or both sites form products. The relief of 
strain may then increase the reaction rate by lowering the 
activation energy. In this way the binding energy of both 
sites is used for catalysis. Three variations of the mecha- 
nism are given. 

(a) CATALYSIS. In Scheme I, a “half-of-the-sites’’ case, 

SCHEME I: Half-of-the-Sites Mechanism. 

E P  * S  , Ks” - - Ks = w , K s ‘  = - E * S  E S * S  
E s2 - EPS 

the unfavorable interactions are relieved when one site 
reacts. The substrate binds strongly to the enzyme when one 
site is occupied by products. The dissociation constant Ks’ 
is much greater than Ks and Ks”. The maximum contribu- 

tion to catalysis of the increased binding energy of the sub- 
strate as the reaction progresses is given by KS’I”’’. 

In Scheme 11, the coupled case, both sites react simulta- 

SCHEME 11: Coupled Mechanism. 

neously. The unfavorable interactions are relieved on prod- 
uct formation. If the difference between K s  and Ks’ is due 
to the unfavorable interactions in ES2 then the maximum 
contribution to catalysis caused by the relief of the unfavor- 
able interactions is given by Ks’lKs.  

Scheme 111 involves an energetically unfavorable inter- 

SCHEME 111 : Half-of-the-Sites Sequential Mechanism. 
k l  k2 

E ES 4 E P  -+ EP’ 
K S  k-1 

s / p s .  K S q S  

kp4 
ES, EPS --P EP’S 

k2 < k-1 

mediate, EP. This would normally be present at a low con- 
centration so that the rate of production of EP’ is low (turn- 
over number = k2k Ilk 1 ). However, if a second molecule of 
S binds strongly to EP and very weakly to ES the equilibri- 
um will be displaced toward EP, increasing the reaction 
rate (to a maximum turnover number of k l ) .  The maxi- 
mum contribution to catalysis caused by the displacement 
of the equilibrium is a factor of k Ilk 2. 

(b) SPECIFICITY. Schemes I and I1 could account for 
such an observation that the isoleucyl-tRNA synthetase 
catalyzed pyrophosphate exchange reaction with isoleucine 
involves a 160-fold lower K M  than with valine (Loftfield 
and Eigner, 1966).2 The requirement of two molecules of 
substrate in the transition state gives a factor of (5-20)2 
since two additional methylene groups are involved. How- 
ever, in a mixture of valine and isoleucine the enzyme can 
discriminate against valine by a factor of only 5-20. This is 
because of the importance of the mixed complex enzyme- 
valine-isoleucine. Indeed, any model we construct falls 
down on this since the combination of the equilibrium con- 
stant between [E - Ile-Val] and [E - Ile2] and the relative 
rate constants for the reaction to give Val-AMP and 
Ile-AMP can never be greater than the binding energy of 
one methylene group. Until a satisfactory mechanism to the 
contrary has been demonstrated it must be concluded that a 
“verification” mechanism is required to account for the fi- 
delity of protein synthesis. However, the mechanism pre- 
sented is important for catalysis. 

Catalytic Advantages of Subunits. There are distinct 
catalytic advantages in the facility of using the binding en- 

It is probably not necessary to invoke any special mechanism to ac- 
count for the factor of 160 in the above case; W. P. Jencks (personal 
communication) suggests that the factor of 5-20 per methylene group 
is an underestimate. 
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ergy of the substrate more than once during the reaction. A 
single site enzyme may catalyze a reaction involving an un- 
favorable equilibrium by tight binding of the unstable inter- 
mediate. Tight binding requires that the enzyme has a 
structure complementary to that of the intermediate. For 
maximum catalysis the structure of the enzyme should be 
complementary to that of the substrate in the transition 
state (Fersht, 1974). The transition states for the formation 
and subsequent reaction of the intermediate may be incom- 
patible with tight binding. Similarly the tight binding of a 
high-energy product could lead to a very slow diffusion rate 
of the product from the enzyme. These difficulties are less- 
ened with oligomeric enzymes and Schemes I, 11, and 111 of 
the mechanism. The binding energy of additional substrate 
molecules rather than the product is used for catalysis. 

Monod et ul. (1965) have discussed the difficulties in ex- 
plaining why so many nonregulatory enzymes are oligomer- 
ic. The catalytic advantages we have suggested may be an 
important reason for the abundance of these enzymes. 

Lazdunski (Lazdunski et al., 197 1; Lazdunski, 1972) has 
proposed a different mechanism to account for half-of-the- 
sites enzymes. In this, a chemical step at one site is linked 
wi th  a different chemical step at  the other; the sites alter- 
nate in  activity and function, asymmetry always being 
maintained. This mechanism does not appear to hold for the 
reactions described here since a symmetrical [ E .  
(AA-AMP)?] complex is formed in  which both sites are 

equivalent 
The proposed mechanism may be tested experimentally 

by binding and kinetic studies. In  the following paper 
(Fersht rt al., 1975b) we present evidence that tyrosyl ade- 
nylate is formed by the tyrosyl-tRNA synthetase from B. 
stearothermophilus by this mechanism. 
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