
Biochemistry 1986, 25, 1891-1897 1891 

Hoben, P., Royal, N., Cheung, A., Yamao, F., Biemann, K., 
& Soll, D. (1982) J .  Biol. Chem. 257, 11644-11650. 

Jakes, R., & Fersht, A. R. (1975) Biochemistry 14, 

Leatherbarrow, R. J., Fersht, A. R., & Winter, G.  (1985) 

Lowe, D. M., Fersht, A. R., Wilkinson, A. J., Carter, P., & 

Maniatis, T., Fritsch, E. F., & Sambrook, J. (1982) Molecular 
A Laboratory Manual, Cold Spring Harbor 

3 344-3 350. 

Proc. Natl. Acad. Sci. U.S.A. 82, 7840-7844. 

Winter, G. (1985) Biochemistry 24, 5106-5109. 

Cloning: 
Laboratory, Cold Spring Harbor, NY. 

Marmur, J .  (1961) J .  Mol. Biol. 3, 208-218. 
Messing, J., & Vieira, J .  (1982) Gene 19, 269-276. 
Rubin, J., & Blow, D. M. (1981) J .  Mol. Biol. 145, 489-500. 
Sanger, F., Nicklen, S., & Coulson, A. R. (1977) Proc. Natl. 

Staden, R. (1980) Nucleic Acids Res. 8, 817-825. 
Vieira, J., & Messing, J .  (1982) Gene 19, 259-268. 

Acad. Sci. U.S.A. 74, 5463-5467. 

Walter, P., Gangloff, J., Bonnet, J., Boulanger, Y., Ebel, J.-P., 
& Fasiolo, F. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 

Webster, T., Tsai, H., Kula, M., Mackie, G. A., & Schimmel, 
P. (1984) Science (Washington, D.C.) 226, 1315-1317. 

Wilkinson, A. J., Fersht, A. R., Blow, D. M., & Winter, G. 
(1983) Biochemistry 22, 3581-3586. 

Wilkinson, A. J., Fersht, A. R., Blow, D. M., Carter, P., & 
Winter, G.  (1984) Nature (London) 307, 187-188. 

Winter, G. P., & Hartley, B. S. (1977) FEBS Lett 80, 

Winter, G., Koch, G. L. E., Hartley, B. S., & Barker, D. G. 

Winter, G., Fersht, A. R., Wilkinson, A. J., Zoller, M., & 

Zelwer, C., Risler, J .  L., & Brunie, S. (1982) J .  Mol. Biol. 

2437-2441. 

340-342. 

(1983) Eur. J .  Biochem. 132, 383-387. 

Smith, M. (1982) Nature (London) 299, 756-758. 

155, 63-8 1. 

Internal Thermodynamics of Position 5 1 Mutants and Natural Variants of 
Tyrosyl- tRNA S ynt het aset 

Calvin K. Hot and Alan R. Fersht* 
Department of Chemistry, Imperial College of Science and Technology, London SW7 2AY, U.K. 

Received September 26, 1985; Revised Manuscript Received December 5, 1985 

ABSTRACT: Natural  variation and evolution impose structural changes on an enzyme that  can affect the 
energetics of catalysis. The  energy profile of reaction could, in theory, be altered in three distinct ways: 
uniform binding changes, differential binding changes, and catalysis of elementary steps. Residue threonine-5 1 
of tyrosyl-tRNA synthetase from Bacillus stearothermophilus is subject to natural variation, being replaced 
by alanine and proline in the enzymes from Bacillus caldotenax and Escherichia coli, respectively. The  
consequences of this variation on the energetics of formation of tyrosyl adenylate have been investigated 
by constructing free energy profiles for wild-type and mutant enzymes constructed by introducing these 
amino acids into the B. stearothermophilus enzyme. Mutation of Thr-51 to alanine, proline, and cysteine 
by site-directed mutagenesis improves the stabilization of the transition state in the formation of tyrosyl 
adenylate. Most marked is the mutation Thr-51 - Pro-51 which stabilizes the transition state by 2.2 kcal/mol 
and accelerates the forward rate 20-fold to a level near that of the enzyme from E .  coli. However, the 
improved transition-state binding is accompanied by an even greater stabilization of tyrosyl adenylate. This 
reduces the rate of pyrophosphorolysis of tyrosyl adenylate and/or  weakens the binding of pyrophosphate 
in the reverse reaction, shifting the equilibrium between enzyme-bound reactants greatly in favor of the 
enzyme-intermediate complex. The  more stable mutant enzyme-tyrosyl adenylate complexes have lower 
rates of aminoacylation, suggesting that mutations which stabilize the intermediate slow down the subsequent 
transfer of tyrosine from tyrosyl adenylate to tRNA. In contrast, the natural variants have apparently evolved 
additional mechanisms to bind the transition state preferentially without further stabilizing tyrosyl adenylate. 
The free energy profiles reveal all three classes of energetic changes on mutation. 

T e  evolution of rates and specificity of enzyme-catalyzed 
reactions has been the subject of several theoretical studies 
(Fersht, 1974; Crowley, 1975; Cornish-Bowden, 1976; Albery 
& Knowles, 1976). It has been proposed that enzymes 
maximize rates by binding transition states strongly and 
substrates weakly (Pauling, 1946) and by avoiding disadvan- 
tageous accumulation of intermediates (Fersht, 1974). For 
enzymes following Michaelis-Menten kinetics, this is achieved 
by improving the specificity constant ( kca t /KM)  while main- 
taining the Michaelis constant ( K M )  above the physiological 
concentration of substrate (Fersht, 1974). In an analysis of 
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enzymes following Briggs-Haldane kinetics, improvements in 
rate are envisioned to proceed through three major types of 
structural changes that alter the free energies of enzyme-bound 
complexes until the rate becomes diffusion controlled (Albery 
& Knowles, 1976). These steps have been designated “uniform 
binding”, “differential binding”, and “catalysis of the ele- 
mentary steps” according to their distinctive effects on the free 
energy profile of the catalyzed reaction. 

Much of the supportive experimental evidence has centered 
on the kinetic constants of present-day enzymes. The hy- 
potheses that K M  values tend to match in vivo levels of sub- 
strates and that kca,/KM increases to values expected for 
macromolecular diffusion are supported by the kinetic prop- 
erties of several glycolytic enzymes (Fersht, 1985, pp 327-331). 
The free energy profile for one of these enzymes, triose- 
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phosphate isomerase, has all the characteristics proposed for 
enzymes that have attained “catalytic perfection” (Albery & 
Knowles, 1976). Because information is obtained only for the 
highly refined products of enzyme evolution, this kind of 
analysis provides little empirical evidence concerning the 
changes in kinetic constants that occur during the process itself. 

As a method for generating potential past forms of an en- 
zyme, site-directed mutagenesis offers a way of testing pro- 
posals concerning the evolution of rates and specificity. With 
knowledge of the three-dimensional structure of the enzyme, 
mutants with large kinetic changes can be systematically 
generated. The application of site-directed mutagenesis to the 
study of enzyme evolution is being explored with the tyro- 
syl-tRNA synthetase from Bacillus stearothermophilus. The 
enzyme catalyzes the synthesis of tyrosyl adenylate from 
tyrosine and ATP, and the transfer of tyrosine from the en- 
zyme-bound adenylate to tRNATy‘ (Fersht & Jakes, 1975b). 
Tyrosyl-tRNA synthetase is particularly suitable for this type 
of study because both reactions can be monitored in the 
pre-steady-state phase by stopped-flow and pulsed-quenched 
flow techniques (Fersht et al., 1975; Fersht & Jakes, 1975b). 
These methods provide all the kinetic parameters necessary 
to construct the free energy profile for the entire enzyme- 
catalyzed reaction. 

Two complementary approaches are being taken. First, 
favorable enzyme-substrate interactions can be deleted to 
create “less-evolved” enzymes, and the contribution of the 
missing side chains to the energetics of the reaction can be 
quantitated [“reverse evolution” (Wells & Fersht, 1986)]. 
Second, favorable contacts with the transition state can be 
introduced to assess the effects of adding improved interactions 
(Wilkinson et al., 1984). Since this type of mutation is more 
difficult to deduce by inspection, we are also investigating the 
kinetic properties of species variants of tyrosyl-tRNA 
synthetase that have improved rates. 

This study focuses on the tyrosyl adenylate synthesis reaction 
catalyzed by tyrosyl-tRNA synthetases with mutations gen- 
erated at threonine-5 1. This position is of interest because (i) 
the crystal structure of the enzyme-bound tyrosyl adenylate 
suggests that the hydrogen bond between the threonine -OH 
group and the oxygen in the ribose ring of ATP is not optimal 
and therefore can be improved (Fersht et al., 1985), (ii) of 
the nine polar side chains which are sufficiently close to polar 
groups of tyrosyl adenylate for hydrogen bonding to be pos- 
sible, Thr-51 is the only nonconserved residue among the 
tyrosyl-tRNA synthetases from three species of bacteria, and 
(iii) position 51 appears to be highly variable, being replaced 
by alanine in the enzyme from Bacillus caldotenax [99% 
homologous (Jones et al., 1986)] and by proline in the enzyme 
from Escherichia coli [56% homologous (Winter et al., 1983)l. 
Both of these natural variants are more active than the 
wild-type B. stearothermophilus enzyme in the partial reaction 
of synthesis of tyrosyl adenylate and in the overall amino- 
acylation reaction (Jones et al., 1986; D. Lowe and A. R.  
Fersht, unpublished results). Accordingly, the mutants 
TyrTS(Ala-51)’ and TyrTS(Pro-5 1) and the native enzymes 
from B. caldotenax and E .  coli were investigated. Results are 
also presented for the mutant TyrTS(Cys-51) in which the 
hydrogen bond between the mutant -SH group and the ring 
oxygen in the ribose moiety of the transition state appears to 
be optimized (Fersht et al., 1985). 

’ Abbreviations: TyrTS, tyrosyl-tRNA synthetase; TyrTS(Xxx-Nn), 
mutant tyrosyl-tRNA synthetase (Bacillus stearothermophilus) with 
amino acid Xxx at position Nn; Tris, tris(hydroxymethy1)aminomethane; 
PP,, inorganic pyrophosphate. 

Scheme 1 
E.A 

k’ E.T.A k3 -E.T-A.PP- k-PP E.T-A E. 
kpp.C P P I  

MATERIALS A N D  METHODS 
Purification of Tyrosyl-tRNA Synthetases. Mutant pro- 

teins were expressed from mutant M I  3mp93 phage templates 
constructed as described previously (Carter et al., 1984). 
Mutant enzymes from B. stearothermophilus and the enzyme 
from B. caldotenax were purified to electrophoretic homo- 
geneity as described by Wells and Fersht (1986). The enzyme 
from E .  coli had been purified according to Atkinson et al. 
(1979). TyrTS(Pro-51) and E .  coli TyrTS were stored at -20 
OC in 50% glycerol buffer containing 144 mM Tris-HCI (pH 
7.8), I O  mM 2-mercaptoethanol, and 0.1 m M  phenyl- 
methanesulfonyl fluoride (PMSF). The glycerol was removed 
before assaying by desalting on a 1 X 10 cm Sephadex G-25 
(fine) column equilibrated with 144 m M  Tris-HCI (pH 7.8), 
I O  m M  2-mercaptoethanol, 10 m M  MgCI,, and 0.1 mM 
PMSF (standard buffer). TyrTS(Cys-51) was stored in small 
aliquots a t  -70 O C  in the same buffer, except that 0.1 mM 
dithioerythritol replaced 2-mercaptoethanol. Because of the 
possible oxidation of Cys-51, the enzyme was assayed in the 
presence of 1 mM dithioerythritol. The other enzymes were 
stored in small aliquots at -70 OC in standard buffer after rapid 
freezing in liquid nitrogen. 

Stopped-Flow Fluorescence and Equilibrium Dialysis. The 
pre-steady-state formation and pyrophosphorolysis of the en- 
zyme-bound tyrosyl adenylate were monitored by changes in 
protein fluorescence in a stopped-flow fluorometer as described 
by Wells and Fersht (1986). The dissociation constant for the 
enzyme-tyrosine complexes (K,) was determined by equilib- 
rium dialysis (Fersht et al., 1975). 

RESULTS 

Forward Reaction: Rate of Tyrosyl Adenylate Formation 
and Binding of ATP.  Upon mixing of tbe enzyme-tyrosine 
complex with ATP, there is an exponential decrease in protein 
fluorescence (ca. 6%) corresponding to the formation of the 
enzyme-bound tyrosyl adenylate (Fersht et al., 1975). The 
observed rate constant is dependent on ATP concentration and 
follows Michaelis-Menten kinetics. The associated k,,, and 
KM equal k3 (rate of tyrosyl adenylate formation) and K,’ 
(dissociation constant of ATP), respectively (see Scheme I ) .  
Saturation kinetics appear to hold for TyrTS(Pro-51), but the 
rate constants (>400 s-’) a t  ATP concentrations which ap- 
proach saturation (>2 mM) are too high to be determined 
reliably. The same phenomenon has been previously observed 
for E.  coli TyrTS (k,,, - 1300 s-I; K, - 18 mM; Fersht & 
Jakes, 1975b). What is clear is that the mutation Thr-51 - 
Pro-51 accelerates the forward reaction by at least 1 order of 
magnitude above that of the wild-type B. stearothermophilus 
enzyme, and the rate is near that for the E. coli enzyme (Table 

Previous steady-state measurements have shown that Pro-5 1 
causes a 15-fold decrease in KM(ATP) in the ATP-[32P]PP, 
exchange reaction (Wilkinson et al., 1984). Mutants dis- 
playing low steady-state KM(ATP) values do not necessarily 
bind ATP strongly since the KM reflects the apparent disso- 
ciation constants for all enzyme-bound complexes (Fersht, 
1985, p 104). This is now shown to be the case for TyrTS- 

1). 
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Table I :  Rate and Dissociation Constants for the Formation of 
Enzyme-Bound Tyrosyl Adenylateo 

Table 11: Pyrophosphorolysis of Enzyme-Bound Tyrosyl Adenylate 
Complexeso 

wild-typeb [TyrTS(Thr-51)] 38 4.7 8090 12 
TyrTS(Ala-5 I )  75 4.7 15960 12 
TyrTS(Pro-5 -700 -2 295000. 14 
TyrTS(Cys-5 I )  41 0.34 122060 22 
B. caldotenax TyrTS 35 1.9 18580 24 
E .  coli TyrTSd -1300 - I8  73000e 24 

wild-typeb 16.6 0.61 27210 2.29 
TyrTS(Ala-51) 10.5 0.98 10710 7.14 
TyrTS(Pro-5 1 )  13.8 0.63 21 900 -50 
TyrTS(Cys-5 1 ) 17.4 0.89 19550 2.39 
B. caldotenax TyrTS 45.5 0.33 137 880 0.78 
E .  coli TyrTS 74.9 0.14 535000 - 1 7  

“Experiments performed at 25 ‘C, pH 7.78 (144 mM Tris-HCI, I O  
mM MgCl,, and 14 mM 2-mercaptoethanol). Constants are defined in 
Scheme I. Values of k ,  are extrapolated to saturating concentrations 
of ATP and tyrosine. K,‘ is the dissociation constant of ATP from the 
E.Tyr.ATP complex determined from stopped-flow fluorescence. K, is 
the dissociation constant of tyrosine from the E-Tyr complex deter- 
mined by equilibrium dialysis. Standard errors are typically *5% for 
k 3  and &IO’% for dissociation constants. bValues for wild-type enzyme 
are from Wells and Fersht (1986). ‘Values for k ,  and K,’ were de- 
termined at below saturating concentrations of ATP. dValues for k,, 
Ka’, and K, are from Jakes and Fersht (1975a.b). ‘Determined from 
the slope of rate vs.  [ATP] at low substrate concentration. 

(Ala-5 1 )  and TyrTS(Pro-5 1). The dissociation constant for 
ATP in these mutants is not significantly different from the 
wild-type B. stearothermophilus enzyme (Table I) .  K,’ for 
TyrTS(Pro-5 1) is an approximate measurement (for reasons 
discussed above), but it is clear that the large decrease in the 
steady-state K,(ATP) is not paralleled by a similar large drop 
in Kar. Rather, the reduction in K ,  arises from stronger 
binding of the tyrosyl adenylate intermediate (see below). 

For both TyrTS(A1a-51) and B. caldotenax TyrTS, the 
specificity constant (k3/K,’) is elevated by 2-fold. The increase 
in the mutant arises from a 2-fold improvement in rate with 
no effect on ATP binding, whereas in the natural variant it 
results from stronger ATP binding with no change in rate. The 
1 5-fold increase in specificity constant for TyrTS(Cys-5 1) is 
solely due to stronger binding of ATP (Table I) .  

Binding of Tj’rosine by Equilibrium Dialysis. Tyrosine 
binding is not significantly affected in TyrTS(A1a-5 1) and 
TyrTS(Pro-5 I ) ,  indicating that the effects of the mutations 
are localized to the ATP binding site. K, values for the other 
enzymes are greater by 2-fold (Table I). For B. caldotenax 
TyrTS (which differs from the wild-type B. stearothermo- 
philus enzyme by four amino acids: His-48 - Asn-48 and 
Thr-5 1 - Ala-5 1 occur in the ATP binding pocket; Met-55 - Leu-55 and Ala-297 - Thr-297 are distant from the active 
site; Jones et al., 1986), the effect on tyrosine binding is 
probably solely due to the asparagine a t  position 48. Similar 
increases in Kt have been observed for position 48 mutants of 
the B. stearothermophilus enzyme (Lowe et al., 1985). 

Reuerse Reaction: Pyrophosphorolysis of Enzyme-Tyrosyl 
Adenylate Complexes and Binding of Pyrophosphate. Upon 
mixing of the enzyme-tyrosyl adenylate complex (isolated by 
gel filtration) with pyrophosphate, there is an increase in 
protein fluorescence as the complex reacts with pyrophosphate 
to re-form the enzyme-tyrosine-ATP ternary complex (Fersht 
et al., 1975). The observed rate constant for this process is 
pyrophosphate dependent and followed saturation kinetics for 
all enzymes studied with the associated k,,, and K,  equaling 
k-, (rate of pyrophosphorolysis) and Kpp (dissociation constant 
for pyrophosphate), respectively (see Scheme I).  

It is seen from Table I1 that the specificity constants for 
the reverse reaction ( k -3 /Kpp)  for all three mutants are lower 
than that for wild-type enzyme. The decrease reflects a 
combination of effects from slightly lower rates and/or weaker 
binding of pyrophosphate. TyrTS(A1a-5 1) had the lowest 
specificity constant (2.5-fold decrease). In contrast, the values 
for the same constant are severalfold greater for the B. cal- 

“Conditions as in Table I. bValues for wild-type enzyme are from 
Wells and Fersht (1986). k-, is the rate of the attack of pyrophosphate 
on the enzyme-tyrosyl adenylate complex, and K,, is the dissociation 
constant of pyrophosphate from the E.Tyr-AMP.PP, complex deter- 
mined from stopped-flow fluorescence. 

dotenax (Sfold) and E .  coli (20-fold) variants. This arises 
from both faster rates of pyrophosphorolysis and stronger 
binding of pyrophosphate. Thus, improved kinetic constants 
for pyrophosphorolysis is a distinguishing feature of the natural 
variants. 

Calculation of Energy Levels of Enzyme-Bound Interme- 
diates. The steps of the tyrosyl adenylate synthesis reaction 
and corresponding rate constants are described by Scheme I 
in which the dissociation constants are defined: Kt = k- , /k ,  
= [E][Tyr]/[E.Tyr], K,’ = k-,/k,’ = [E.Tyr][ATP]/[E. 
Tyr-ATP], etc. Gibbs’ free energy of each enzyme-bound 
complex can be calculated from the measured rate and binding 
constants (summarized in Tables I and 11) according to the 
thermodynamic equations (Wells & Fersht, 1986) 

(1) GE = 0 (reference state) 

(3) 

where R is the gas constant, Tis  the absolute temperature, 
k b  is Boltzmann’s constant, and h is Planck’s constant. The 
standard state is 1 M for ATP, tyrosine, and pyrophosphate 
and the reference state is the free enzyme. The net contri- 
bution of a mutated residue toward stabilizing each enzyme- 
bound complex along the reaction pathway is determined from 
the difference in Gibbs’ free energy (AGE.X) by subtracting 
the free energy of the mutant enzyme-)< complex from that 
of the corresponding complex with wild-type enzyme. Energy 
differences are readily visualized by comparing the free energy 
profiles for wild-type enzyme and mutant (or species variant) 
with the external (unbound) states superimposed (Figure 1). 
For cases in which the enzyme may contain major structural 
differences (e.g., E .  coli TyrTS), AG represents the global 
contribution of multiple mutations to the binding energy. 

Previous steady-state kinetic measurements have shown that 
Ala-51 and Pro-51 stabilize the activated complex by 0.38 and 
1.9 kcal/mol (Wilkinson et al., 1984). Our results confirm 
this (the corresponding differences in free energy calculated 
from pre-steady-state data are 0.41 and 2.17 kcal/mol) and 
also reveal that there is greater stabilization of the E-Tyr- 
AMP-PP, and E-Tyr-AMP complexes of both mutants (Table 
111). Ala-5 1 and Pro-5 1 stabilize the enzyme-tyrosyl ade- 
nylate complex by 0.96 and 2.30 kcal/mol, respectively. 
Ala-51 contributes no net stabilization to the E-TyreATP 
ternary complex, and Pro-5 1 stabilizes the ternary complex 
by -0.4 kcal/mol. The net effect of Pro-51 is an incremental 
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Table 111: Differences in  Free Energy between Bound Complexes of 
Mutant or Natural Variant Tyrosyl-tRNA Synthetases and 
Wild-Type Enzyme from B. stearothermophilusa 

AG (kcal mol-’) 

enzyme GE.Ty~.ATP G[E,Tyr,ATP]* GE.T,~-,4MP.PP, GE.Tyr-AMP 

TyrTS(A1a-5 1) 0 -0.41 -0.67 -0.96 
TyrTS(Pro-51) - -0.4 -2.17 -2.27 -2.30 

B. caldotenax -0.1 1 -0.08 +0.52 +0.88 
TyrTS 

E .  coli TyrTS +1.21 -0.89 -0.01 +0.88 
“These are the differences in energy levels between the broken and 

solid horizontal lines in Figure 1. The values for the natural variants 
(B .  caldotenax and E .  coli) are not readily interpretable in absolute 
terms because of the multitude of amino acid replacements, but the 
relative values for the different complexes show the differential stabi- 
lization effects of the structural changes. 

TyrTS(Cys-51) -1.19 -1.24 -1.21 -I .44 

Table IV: Comparison of Kinetic Constants for Activation of 
Tyrosine Determined by Steady-State (Pyrophosphate Exchange) and 
Pre-Steady-State Kinetics 

k,,, in steady state (s-l) 
enzyme observed“ calculatedb 

wild-type 8.4 9.5 

TyrTS(Cys-5 I )  12.0 9.3 

TyrTS(A1a-5 1) 8.8 6.4 
TyrTS(Pro-5 1) 12.4 10.3 

B. caldotenax TyrTS 16.2 18.5 
E .  coli TyrTS 71 66 

aValues of k,,,, determined from the ATP dependence of the 
ATP-[32P]PPi exchange reaction in the presence of 50 KM tyrosine and 
extrapolated to infinite concentration, are from Wilkinson et al. 
(1984). Fersht et al. (1985). Jones et al. (1986), and C. K. Ho and A. 
R.  Fersht (unpublished results). bCalculated from eq 8 using pre- 
stead)-state data from Tables I and 11. 

rise in binding energies as the reaction proceeds (Table 111; 
Figure 2). 

The predominant effect of Cys-5 1 is a 15-fold lowering of 
K,’ with no changes in the subsequent rate and binding con- 
stants (Tables I and 11). The net result is the uniform sta- 
bilization of all complexes in which enzyme is bound to the 
ATP moiety (Table IV; Figure 1 ) .  The bound tyrosyl ade- 
nylate is stabilized by 1.44 kcal/mol. 

Relative to the wild-type B. stearothermophilus enzyme, 
the binding energy in complexes of the B. caldotenax TyrTS 
decreases as the reaction proceeds. A similar trend occurs for 
E.  coli TyrTS except that the initial E-TyrSATP complex is 
destabilized by 1.21 kcal/mol. The net result is the desta- 
bilization of the enzyme-tyrosyl adenylate complex by 0.88 
kcal/mol for both enzymes (Table 111). 

Comparison of Steady-State and Pre-Steadystate Kinetic 
Parameters. The steady-state phase of the adenylate synthesis 
reaction is conventionally measured by the ATP-PP, isotope 
exchange method (Calendar & Berg, 1966). Because the 
exchange process occurs under equilibrium conditions, the 
steady-state kinetic parameters are functions of both the 
forward and reverse reactions. For the mechanism 

K ‘  k 
E-Tyr + ATP E-Tyr-ATP 5 E-Tyr-AMP + PPi 

k-3 
(7 )  

(where K,’ = [E.Tyr][ATP]/[E.Tyr.ATP]) it can be shown 
that, in the presence of a fixed concentration of PP in the 
pyrophosphate exchange assay and at saturating concentrations 
of tyrosine and ATP 

(8) k,,, = k,k-,’/(k, + k-3’) 

~ ~~~~ 

Table V: Comparison of the Free Energy of Enzyme-Tyrosyl 
Adenylate Complexes” and Rate of Aminoacylationb ~ - _ _ _ _ -  

k,,, 
ani i no- 

G,.,,, A M P  acylation 
enzyme (kcal mol-’) (a-’ )  

B. caldotenax TyrTS -5.1 1 6.9‘ 
E .  coli TyrTS -5.1 I 6.3d 

TyrTS(Ala-5 1 )  -6.95 4.0‘ 

TyrTS(Pro-5 1) -8.29 1.8‘ 

wild-type TyrTS (B .  stearothermophilus) -5.99 4.7e 

TyrTS(Cys-5 1 ) -7.43 2 . g  

“Standard state = 1 M Tyr, 1 M ATP, 1 M PP,, and free enzyme 
(GE = 0). *Steady-state rates determined at  25 OC, pH 7.78 (144 m M  
Tris-HCI, I O  mM MgCI2, 14 mM 2-mercaptoethanol, and 0.1 mM 
phenylmethanesulfonyl fluoride). From Jones et a1 ( 1  986). dFrom A. 
R.  Fersht, unpublished data. eFrom Wilkinson et al. (1984). /From 
Fersht et al. (1985). 

where 

k-3’ = k-,[PPi] /( [PPi] + Kpp) (9) 
When the pre-steady-state rate and dissociation constants 

are substituted into these equations, the calculated and ob- 
served steady-state kinetic parameters are in good agreement 
(Table IV). When the forward rate is fast (k, >> k-3) the 
relationships predict that the reverse reaction is rate limiting. 
TyrTS(Ala-51), TyrTS(Pro-5 l ) ,  and the E. coli enzyme 
confirm that the steady-state turnover number (k,,,) ap- 
proaches the rate of pyrophosphorolysis (k-3) (see Tables I1 
and IV). For cases in which both forward and reverse pro- 
cesses are partially rate limiting [TyrTS(Cys-5 l ) ,  B. caldo- 
tenax TyrTS] k,,, has the expected intermediate value. The 
excellent agreement between pre-steady-state and steady-state 
rates gives us greater confidence in the model and in the 
accuracy of the values obtained from stopped-flow fluores- 
cence. 

DISCUSSION 

Mutation of threonine-5 1 in the tyrosyl-tRNA synthetase 
from B. stearothermophilus to alanine, proline, and cysteine 
introduces favorable interactions with the transition state of 
the tyrosyl adenylate synthesis step, as is demonstrated by 
faster rates and/or stronger ATP binding in the forward re- 
action. Do these mutations therefore improve catalysis? 
Because both the activation and transfer reactions are partially 
rate limiting (Fersht & .Jakes, 1975b; Fersht & Kaethner, 
1976), selective pressure will be exerted on both steps to 
maximize the overall rate. Under physiological conditions the 
mutant enzymes exist mainly as the enzyme-tyrosyl adenylate 
complex (most of the tRNA in E.  coli is aniinoacylated and 
bound to elongation factor Tu; Mulvey & Fersht, 1977). 
Therefore, the rate of catalysis will depend on the rate of 
transfer of tyrosine from tyrosyl adenylate to tRNAr)‘ and 
the turnover of tyrosyl-tRNAT”. Although this study con- 
centrates on the first half-reaction and provides no information 
about the rates of transfer, steady-state aminoacylation rates 
have been measured for each of the enzymes (Wilkinson et 
al., 1984; Fersht et al., 1985; Jones et al., 1986). Comparing 
the k,,, values for aminoacylation with the free energy of the 
enzyme-tyrosyl adenylate complex (Table V) ,  we find that 
the more stable complexes have lower turnover numbers. For 
this reason the mutant enzymes are poorer physiological 
catalysts despite the improvement in transition-state binding. 

Because the rate for the partial adenylate synthesis reaction 
is unchanged or improved in the mutant enzymes, the apparent 
explanation for slower charging is that the mutations reduce 
the subsequent rate of transfer of tyrosine from tyrosyl ade- 
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FIGURE 1: Gibbs’ free energy profiles for the formation of tyrosyl adenylate (as defined in Scheme I) by wild-type (energy levels in broken 
lines) and indicated mutant or natural variant (energy levels in solid lines) tyrosyl-tRNA synthetases, using standard states of 1 M for tyrosine, 
ATP, and pyrophosphate. Values for the free energy differences between mutant and wild-type enzyme-substrate complexes are given in Table 
111. 

nylate to tRNA. The ease of transfer will depend on the free 
energy difference between the enzyme-tyrosyl adenylate 
complex and the transition state of the transfer step. It seems 
probable that the mutants bind tyrosyl adenylate too strongly 
and create a thermodynamic pit out of which the intermediate 
must climb. On the other hand, the natural variants have 
evolved to bind the intermediate less strongly and to avoid 
thermodynamic traps. This difference illustrates the catalytic 
disadvantage of accumulating intermediates. 

Classification of Mutations. Albery and Knowles (1 976) 
have suggested that mutations that improve the rate of the 
catalyzed reaction can be grouped according to their effects 

on the free energies of enzyme-bound complexes. It was 
proposed that mutations that equally stabilize all bound com- 
plexes (uniform binding) are the easiest to achieve, since the 
stabilization can be mediated by many types of binding in- 
teractions and is nonspecific. Differential binding is harder 
to achieve in as much as the mutation must discriminate 
among several bound species that resemble one another. 
Lastly, mutations that preferentially stabilize the transition 
state of the highest remaining barrier (catalysis of the ele- 
mentary steps) are the most difficult; these require subtle 
interactions with features of the transition state not present 
in the ground-state complexes. Our analysis of the energetics 
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FIGURE 2: Illustration of the effects of the mutation Thr-5 1 - Pro-5 1 
on the Gibbs’ free energies of enzyme-bound complexes. Free energy 
differences are relative to those of the wild-type B. stearothermophilus 
enzyme. 

of the reaction catalyzed by mutants and natural variants of 
tyrosyl-tRNA synthetase provides the first experimental ev- 
idence for mutations in all three classes. 

Mutation of Thr-51 - Cy’s-51 uniformly lowers the free 
energy of all states in which the enzyme is bound to the ATP 
moiety by 1.2-1.4 kcal/mol and thus represents a uniform 
binding mutant. TyrTS(A1a-5 1) forms stronger interactions 
with ATP than does the wild-type enzyme when the nucleotide 
moiety is in the activated and intermediate complexes but 
exhibits no additional binding energy in the initial ETyr-ATP 
complex. Because the mutation distinguishes between the 
unreacted and reacted forms of ATP, TyrTS(A1a-51) is a 
differential binding mutant (Table 111; Figure 1). Because 
the rate of the chemical step of the reaction is also increased, 
there is also catalysis of the elementary step. Mutation of 
Thr-5 1 - Pro-5 1 also leads to mixed effects, but the changes 
are more dramatic. TyrTS(Pr0-5 1) stabilizes the initial ter- 
nary complex by -0.4 kcal/mol, but the greatest stabilizations 
occur in the [E=Tyr-ATP] *, E*Tyr-AMP*PPi, and E-Tyr-AMP 
complexes (2.2-2.3 kcal/mol). It is interesting that mutation 
of a single position which is far removed from the seat of 
reaction can lead to all three classes of binding energy changes. 
A pure catalysis of the elementary step effect has been dem- 
onstrated in other experiments from this laboratory (Leath- 
erbarrow et al., 1985). A site was located that binds the 
y-phosphate of ATP only when it is in the transition-state 
structure. Mutation of that site affects just the rate constant 
k3 and not the binding of tyrosine and ATP. 

The B. caldotenax and E. coli enzymes are not simply 
“position-5 1” mutants of the B. stearothermophilus TyrTS 
but are natural variants containing other mutations. Their 
free energy profiles may still be compared but are more dif- 
ficult to classify because of several mixed effects on the re- 
action energetics (Table 111). However, it is informative to 
note that (i) the forward and reverse rates (k3  and k-3) are 
faster in E. coli TyrTS than in the wild-type B. stearother- 
mophilus enzyme and (ii) the specificity constants for tyrosyl 
adenylate formation and pyrophosphorolysis ( k3/  K,’ and 
k-3/Kpp) for both E. coli TyrTS and B. caldotenax TyrTS are 
greater than those for the B. stearothermophilus enzyme 
(Tables I and 11). The former shows that transition-state 
stabilization is improved relative to the innermost bound species 
(E-TypATP and E*Tyr-AMP-PPi). The latter shows that it 
is also improved relative to the outermost bound species (EOTyr 
and EeTyr-AMP). Thus, irrespective of any mixed effects 
from uniform binding and differential binding, the natural 
variants stabilize the transition-state complex relative to any 
of the ground-state complexes (Figure 1). 

Mechanistic Interpretation. Not enough mutants have been 
analyzed to allow us to decide which of the three classes of 
mutations are easier to achieve. Among ATP-binding mutants, 
however, those which stabilize transition-state and intermediate 

T h r 4 0  

J I l e 4 6  

A l a 5 0  
0 

‘ T h r 5  1 

FIGURE 3: Sketch of the transition state of the ATP moiety during 
the formation of tyrosyl adenylate illustrating hydrogen bonds made 
with the enzyme [from model building by extrapolation from the 
crystal structure of the enzyme-tyrosyl adenylate complex by 
Leatherbarrow et al. (1 985)l. 

complexes more than the E-ATPOTyr ternary complex [Gly-35, 
Ser-35, Gly-48 (Wells & Fersht, 1986), Ala-51, and Pro-51 
mutants] are apparently more prevalent than uniform binding 
mutants (Cys-5 1). This is probably because the mutations 
are specifically targeted at the active site to alter the interaction 
with the ribose ring of ATP, and the configuration of ribose 
in the transition state more closely resembles that in the en- 
zyme-tyrosyl adenylate complex than that in the unreacted 
ternary complex. This supports the proposal that ATP and 
enzyme move relative to one another during the reaction (Wells 
& Fersht, 1986). That TyrTS(Cys-51) is the exception implies 
that the optimal contact between the -SH group and ribose 
is maintained throughout the reaction or that a favorable 
interaction with unreacted ATP is exchanged for another 
equally favorable one with reacted ATP as the reaction pro- 
ceeds. This could be facilitated by the longer hydrogen bond 
between the mutant -SH and the ribose moiety and by freer 
rotation about the C,-C, bond upon deleting the y C H ,  group 
in mutating threonine to cysteine. 

Mechanistic Basis for  the Preferential Transition-State 
Stabilization by Natural Variants. The enzymes from E.  coli 
and B. caldotenax are more effective than the enzymes from 
B. stearothermophilus in selectively stabilizing the transition 
state of tyrosine and ATP without undue stabilization of the 
intermediate tyrosyl adenylate. Selective binding may, in 
principle, arise from either substrate destabilization and/or 
transition-state stabilization. One way to achieve this is by 
improving interactions with features in the transition-state 
configuration that are absent in the ground-state complexes. 
A likely target is the pyrophosphate moiety of ATP. That the 
E.  coli and B. caldotenax enzymes bind pyrophosphate more 
strongly in the reverse reaction supports this proposal. 

The enzymes from B. caldotenax and B. stearothermophilus 
differ by four amino acids, two of which are at the active site: 
His-48 - Asn-48 and Thr-51 - Ala-51 (the other two are 
distant) (Jones et al., 1986). Although neither of the side 
chains at  positions 48 and 51 interact directly with pyro- 
phosphate, both lie in a helix (residues 46-61) near the py- 
rophosphate binding pocket (Figure 3) (Leatherbarrow et al., 
1985). In the B. stearothermophilus enzyme neither mutation 
alone improves binding of pyrophosphate [unpublished data 
for TyrTS(Asn-48) from T. Wells and A. R. Fersht], so that 
the stronger pyrophosphate binding in the B. caldotenax en- 
zyme arises from the coupled interactions of Asn-48 and 
Ala-5 1. Improved pyrophosphorolysis therefore may result 
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FIGURE 4: Comparison of the amino acid sequence of positions 4C-5 1 
in the tyrosyl-tRNA synthetases from B. stenrorhermophilus (B.s t . ) ,  
E. caldotenax (B.c.), and E.  coli ( E x . ) .  Nonhomologous positions 
are boxed. Additiorally, residues 33-39 (not shown) are identical 
among the three species variants. 

from indirect effects on side chains that directly interact with 
pyrophosphate (e.g., His-45). 

Identifying analogous structural differences that account 
for improved pyrophosphorolysis and transition-state binding 
in E.  coli TyrTS is complicated by the lesser degree of hom- 
ology with the B. stearothermophilus enzyme. Although the 
mutation Thr-51 - Pro-51 in the B.  stearothermophilus en- 
zyme accelerates the forward rate to that of the E. coli enzyme, 
Pro-5 1 has little effect on the kinetic constants for the reverse 
reaction so that it alone cannot account for improved pyro- 
phosphorolysis in the E .  coli enzyme. Searching elsewhere 
around the active site, we find that all of the amino acids in 
the loop-helix segment which surrounds the pyrophosphate 
binding pocket (residues 33-49; see Figure 3) are conserved 
in the E. coli enzyme except for Ile-46, which is replaced by 
leucine (Figure 4). The contribution of this residue and of 
other nonhomologous amino acids toward pyrophosphate 
binding and preferential transition-state stabilization can be 
assessed in further heuristic rounds of mutagenesis. 

Registry No. TyrTS, 9023-45-4; ATP, 56-65-5; L-Thr, 72-19-5; 
L-Ala, 56-41 -7; r-Pro, 147-85-3; L-CYS, 52-90-4; L-Tyr, 60-1 8-4. 
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