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ABSTRACT: A few aminoacyl-tRNA synthetases are characterized by their ability to tightly bind a zinc 
atom. In the case of Escherichia coli methionyl-tRNA synthetase, a peptide of 21 residues (138- 163) 
having a stable 3-D structure in solution is responsible for zinc binding [Fourmy, D., Meinnel, T., 
Mechulam, Y., & Blanquet, S. (1993) J.  Mol. Biol. 231, 1066- 1077; Fourmy, D., Dardel, F., & Blanquet, 
S. (1993) J.  Mol. Biol. 231, 1078-10891. This peptide, which belongs to a region connecting the two 
halves of the nucleotide-binding domain of methionyl-tRNA synthetase, is likely to form a modular domain 
close to the active center of the enzyme. In this study, two residues of the zinc-binding module, Asp138 
and Arg139, are shown to contribute to the stabilization of the transition state of the reaction leading to 
the activation of methionine. Moreover, another residue, Phe135, located at the surface of the zinc- 
binding domain, is found to possibly guide the tRNA acceptor stem toward the active site of the enzyme 
during catalysis. The available data indicate an important functional role for the zinc-binding module of 
methionyl-tRNA synthetase, as well as for other modules connecting conserved secondary structure elements 
in the aminoacyl-tRNA synthetase family. The relation between the occurrence of such variable peptide 
modules and the expression of both substrate specificity and catalytic efficiency is discussed. 

The catalytic specificity and efficiency of aminoacyl-tRNA 
synthetases (aaRS)' are key features of the translation 
process. The structure-function studies of this class of 
enzymes have benefited from the combination of genetic, 
biochemical, and structural approaches [see Meinnel et al. 
(1995), for a recent review]. Despite the apparent lack of 
resemblance between these isofunctional enzymes, the 
identification of short stretches of conserved sequences 
combined with the resolution of several aaRS structures led 
to the partition of aaRS into two classes thought to reflect 
the occurrence of two distinct ancestors (Eriani et al., 1990). 
One key feature distinguishing the members of the two 
classes is the structural arrangement of their catalytic center 
domain. This domain is indeed built around either a 
Rossmann fold (Rossmann et al., 1974) for class 1 aaRS or 
an anti parallel /3 sheet for class 2 aaRS. Taking into account 
such constant arrangements, the evolution of aaRS within 
each class to express specificity toward cognate amino acid 
and tRNA remains an intriguing problem. Within the 
catalytic domain, idiosyncratic peptide insertions were 
observed between conserved secondary structure elements 
(Cusack et al., 1991; Eriani et al., 1990; Starzyk et al., 1987). 
It is tempting to believe that such inserted peptides are 
involved in the expression of the specificity of each aaRS 
toward its amino acid and the acceptor arm of its cognate 
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tRNA [see for instance Rould et al. (1989)l. Moreover, aaRS 
are modular enzymes, with one or two domains in addition 
to the catalytic center domain. These additional domains, 
the structures of which vary with the aaRS species under 
consideration, appear responsible for the specific recognition 
of tRNA regions distant from the acceptor stem, usually the 
anticodon loop [see Mechulam et al. (1995) for a review]. 

Another feature distinguishing a few aaRS from the other 
aaRS species is the occurrence of tightly bound zinc. In 
such cases, a part or all of the zinc ligands is (are) found in 
the above idiosyncratic insertions, inside the catalytic domain. 
The only exception to this behavior is Escherichia coli IleRS, 
for which one of the two zinc-binding sites was mapped 
outside of the catalytic center domain (Landro & Schimmel, 
1994). This second zinc-binding region was nevertheless 
proposed to interact with the active site (Landro et al., 1994). 
Although in all studied cases the presence of the zinc ion 
was required for enzyme activity, the precise role of this 
metal has still to be described. 

Methionyl-tRNA synthetase from E. coli, a homodimeric 
class 1 enzyme, contains one tightly bound zinc ion per 
protomer (Mayaux & Blanquet, 1981; Posorske et al., 1979). 
Protein denaturation is required to remove this metal (May- 
aux et al., 1982), which is tetracoordinated by four cysteine 
residues (Cys 145, 148, 158, and 161) belonging to a Cys- 
Xz-Cys-Xg-Cys-Xz-Cys sequence (Cys motif; Fourmy et al., 
1993b; Landro & Schimmel, 1993). This sequence re- 
sembles the zinc-binding sites of various nucleic acid binding 
proteins (Berg, 1990). In MetRS, the zinc motif is carried 
by connective polypeptide 1, an idiosyncratic insertion 
between the two halves of the Rossmann fold (Starzyk et 
al., 1987; see Figure 1). Mutation into Ala of either Cys in 
the above motif resulted in MetRS species from which the 
metal could be removed without denaturation. The study 
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FIGURE 1: Comparison of the connective polypeptides 1 of three class 1 aaRS. The molecules are drawn such that the Rossman folds have 
the same orientations. In the three cases, the connective polypeptide I is drawn in green. A, E. coli MetRS (Brunie et al., 1990). The 
positioning of the zinc-binding peptide (NMR structure, red line) within the crystallographic structure of MetRS is tentative and is based 
on the structural alignment previously described (Fourmy et al., 1993a). The yellow sphere represents the zinc ion. The residues of this 
peptide studied here, D138, R139, F140, F145, and K147, are drawn in blue. Only the active site domain of MetRS (residues 1-360) is 
shown. The thin green line represents the region of connective polypeptide 1 currently being revised. The ATP molecule is shown with the 
ball-and-stick representation. B, E. coli GlnRS active site domain (Rould et al., 1989). C, B. stenrothermophilus TyrsRS active site domain 
(Brick et al., 1989). The figure was drawn using the Molscript program (Kraulis, 1991). 

of such mutated enzymes led to the conclusion that the zinc 
ion, through its coordination by the four Cys, contributes to 
the correct folding of a part of the region surrounding the 
catalytic center of MetRS (Fourmy et al., 1993b). Because 
the 3-D model of the corresponding region i n  the MetRS 
crystallographic structure is currently being revised, the 
structure of a MetRS peptide encompassing the above Cys 
motif and capable of binding zinc was studied by using NMR 
(Fourmy et al., 1993a). Its 3-D structure is made of a series 
of four tight turns constrained by the zinc ion, thus 
resembling the metal-binding site of rubredoxin and of gag 
retroviral proteins. A model for the zinc-binding region of 
MetRS, which tentatively placed the zinc atom in the vicinity 
of the active site of MetRS, was derived from a partial 
alignment of the NMR and crystallographic (Brunie et al., 
1990) structures (Fourmy et al., 1993a). From the whole 
data, it was suggested that the zinc ion might contribute to 
the spatial positioning of residues important for the catalysis. 

The aim of the present study is to characterize such 
important residues implied by the above hypothesis. For this 
purpose, the M547 fully active monomeric form of the E. 
coli MetRS (Mellot et al., 1989) was used as a template to 
direct mutations of residues selected on the basis of the 

available structural data. Functional analysis of the produced 
mutants enables conclusions to be drawn on the contribution 
of zinc to the activity and specificity of MetRS. 

MATERIALS AND METHODS 

(A)  Site-Directed Mutagenesis and Purification of MetRS 
Variants. Mutant genes encoding variants of the M547 form 
of MetRS were generated through oligonucleotide site- 
directed mutagenesis, as described elsewhere (Mellot et al., 
1989). These genes were introduced in the pBSM547+ 
vector (Fourmy et a!., 1993b) under the control of the lac 
promoter. Production of the M547 variants in the presence 
of IPTG (0.3 mM) was in JMlOlTr cells (Hire1 et al., 1988). 

MetRS variants were prepared homogeneous as described 
(Meinnel et al., 1991) by two chromatographic steps, first 
on Superose-6 molecular sieves (Pharmacia; 1.6 x 50 cm) 
and second on a Q-Hiload anion exchanger (Pharmacia; 1.6 
x 10 cm; 2.5 mL/min; 100 mM of KCl/h). Enzyme 
concentrations were calculated using the molar extinction 
coefficient at 280 nm of the trypsin-modified MetRS (1.72 
cm2/mg; Cassio & Waller, 197 1). Phenylmethylsulfonyl 
fluoride M) was systematically added to the buffers 
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during the purification to prevent proteolysis of native 
dimeric MetRS of chromosomal origin. 

( B )  Atomic Absorption Spectroscopy. Zinc atomic absor- 
bancies were measured at 213.9 nm in the peak height mode 
during 5 s after 0.1 mL injections, using a Varian AA775 
spectrophotometer equipped with an air-acetylene burner 
(Mayaux & Blanquet, 1981). Prior to analysis, MetRS 
variants were dialyzed overnight at 4 "C (Visking dialysis 
tubing, 12 000- 14 000 Da cutoff) against buffer A [20 mM 
Tris-HC1 (pH 7 . 3 ,  10 mM 2-mercaptoethanol, 100 mM 
KCl, 0.1 mM EDTA]. Standard solutions containing various 
zinc concentrations (5-50 pM) were prepared by dilution 
of a 15.3 mM ZnClz solution in buffer A (Merck, Darmstadt, 
Germany). 

(C)  Isotopic [32P]PPi-ATP Exchange and tRNA Aminoa- 
cylation Activity Measurements. Methionine-dependent [32P]- 
PPI-ATP exchange activity was measured at 25 "C in 
standard buffer: 20 mM Tris-HC1 (pH 7.6), 7 mM MgC12, 
10 mM 2-mercaptoethanol, 0.1 mM EDTA, containing 2 mM 
[32P]PPi, 2 mM ATP, and 2 mM methionine (Blanquet et 
al., 1974). For K,  measurements, ATP or methionine was 
varied from 0.05 to 2 mM or from 0.002 to 4 mM, 
respectively. 

Aminoacylation assays for the determination of the K,  of 
methionine (Lawrence et al., 1973) were performed in the 
same standard buffer plus 150 mM KC1, 2 mM ATP, 0.5- 
50 pM [I4C]-~-methionine (1.8 TBq/mol; Dositek, France), 
and an amount of a crude tRNA extract of t R N A p  
overproducing cells such that the final concentration of 
methionine accepting tRNA in the assay was 8 p M  (Meinnel 
et al., 1988, 1991); this tRNA extract accepted 600 pmol of 
methionine per A260 unit. For the determination of the K,  
of t R N A p ,  the concentration of [I4C]-~-methionine was 24 
p M  and the concentration of tRNAr" was varied between 
0.5 and 20 pM. Prior to the reaction, stock solutions of 
enzymes in 10 mM potassium phosphate (pH 7.3), 10 mM 
2-mercaptoethanol, and 55% (v/v) glycerol were diluted in 
20 mM Tris-HC1 (pH 7.6), 10 mM 2-mercaptoethanol, 0.1 
mM EDTA, containing 200 pg  of bovine serum albumine/ 
mL. All enzymatic assays (100 pL final volume) were 
initiated by the addition of 25 p L  of enzyme dilution. 

( D )  Fluorescence at Equilibrium. Variations of the 
intrinsic fluorescence of MetRS upon titration with substrates 
were followed as described (Blanquet et al., 1973, 1974; 
Fayat et al., 1977), at 25 "C, in buffer containing 20 mM 
Tris-HC1 (pH 7.6), 10 mM 2-mercaptoethanol, 2 mM 
MgC12, and 0.1 mM EDTA. Titrations were achieved by 
successively adding to the 800 pL enzyme solution 5 pL 
aliquots of the studied substrate at increasing concentrations. 
From this, both the fluorescence upon saturation by the 
substrate and the dissociation constant could be determined. 
In the case of titration with tRNA,""' [1500 pmol of 
methionine acceptance per A260 unit, prepared as described 
in Meinnel et al. (1993)], an optimal MgC12 concentration 
of 8 mM was used. In the case of titration of the MetRS 
variants studied with methionine or methioninol in the 
presence or in the abence of synergistic partners, the relative 
enhancements of intrinsic enzyme fluorescence upon satura- 
tion by the substrate (12%-27% depending on the enzyme 
variant considered and the substrates used) were lower than 
in the case of authentic M547 enzyme (30%-58%, depend- 
ing on the substrate). Therefore, an enzyme concentration 
of 4 p M  (instead of 0.8 p M  for M547) was used in the 
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titrations in order to increase the signal to noise ratio of the 
fluorescence signal. 

( E )  Pre-Steady-State Studies. When the enzyme is mixed 
with combinations of methionine, ATP, and PPi in the 
presence of magnesium ions, the protein fluorescence varies 
exponentially (Blanquet et al., 1972; Hyafil et al., 1976). 
Fluorescence measurements at the pre-steady-state were 
performed using a stopped-flow apparatus described in Hyafil 
et al. (1976) in 20 mM Tris-HC1 (pH 7.6) containing 0.1 
mM EDTA, 10 mM 2-mercaptoethanol, and 2 mM MgC12. 
The formation of methionyl adenylate was started by mixing 
(1: 1 v/v) an enzyme solution (2 pM) containing methionine 
(4 mM) and buffering pyrophosphate (10 pM) with another 
solution containing methionine (4 mM), pyrophosphate (10 
pM), and various concentrations of the stoichiometric ATP- 
Mg2+ complex. For the reverse reaction, the preformed 
enzyme:methionyl adenylate complex, obtained by incubat- 
ing the enzyme in the presence of 4 mM methionine and an 
appropriate concentration of ATP-Mg2' (see Table 5 ) ,  was 
mixed ( l : l ,  v/v) with a solution containing the same 
concentrations of methionine and ATP-Mg2+ plus various 
amounts of stoichiometric PPi-Mg2+ complex. 

Kinetic parameters (kf and kb)  and equilibrium parameters 
(KA-~"~' ,  KmetATP, and KP$'"'-*"~) of the methionine activa- 
tion reaction (Scheme 1) are those defined in Hyafil et al. 
(1976). Their values were drawn from fits of the measured 
rate constants to the theoretical equation (Hyafil et al., 1976; 
Schmitt et al., 1994) using the MC-Fit program (Dardel, 
1994). 

RESULTS 

( A )  Residues Asp138 and Arg139, Located Upstream from 
the Cys Mot$ Are Important f o r  MetRS Activity. The 
tentative model positioning the zinc-binding peptide inside 
the catalytic core of MetRS is shown on Figure 1. It 
indicates that D138, R139, K142, K147, and K149 may have 
side chains located at the border of the active site crevice. 
These residues were therefore selected for further analysis. 
F135 was also selected because an aromatic residue (Tyr) is 
conserved at the corresponding position in the sequence of 
Saccharomyces cerevisiae MetRS (Figure 2A). Finally, 
F140, which is involved in the hydrophobic core of the Zn- 
binding peptide isolated from MetRS (Fourmy et al., 1993a), 
was also included in our analysis. 

The genes of the MetRS variants corresponding to the 
F135L, D138A, R139A, F140L, K142Q, K147A, and K149A 
substitutions (Figure 2B) were constructed by site-directed 
mutagenesis of the metG547 gene. Their products were 
purified to homogeneity, and kinetic parameters for the [32P]- 
PPI-ATP exchange and tRNA aminoacylation reactions 
were measured (Tables 1 and 2). 

Regarding the maximal rates of the [32P]PPi-ATP ex- 
change and tRNA aminoacylation reactions, the studied 
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E.coli 133GMFLPDRFVKGTCPKCKSPDQYGDNCEVCGA 
S .  cerevisiae 3zsNSYLADRWEGECPXCHYDDARGWCDKCGA 

B 
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R139A 
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FIGURE 2:  A, Alignment of the sequences of the Cys motifs of E. 
coli (Dardel et al., 1984) and Saccharomyces cereuisiae (Walter et 
al., 1983) methionyl-tRNA synthetases. Conserved residues are 
indicated in bold-faced characters. The numbering refers to the 
positions in the corresponding MetRS sequences. B, The different 
substitutions realised in the present study are indicated. The four 
cysteines binding the zinc ion are bold-faced. 

Table 1: Michaelian Parameters of the [32P]PPi-ATP Isotopic 
Exchange Reaction Catalyzed by the MetRS Variants” 

K, (met) Vm/[Etl K,, ATP Vm/[Etl 
CuM) (S - I )  (mM) (S - I )  

M547 2 2 i 2  5 0 i 2  0.30 f 0.03 50 f 5 
F135L 7.5 f 0.8 43 f 3 0.42 i 0.05 56 f 5 
D138A 190 i 20 0.45 f 0.03 1.0 i 0.2 ’ 0.7 k 0.1 
D138N 1 I O  iz I O  1.7 i 0.1 0.66 i 0.09 2.4 i 0.3 
R139A 30 i 3 0.012 i 0.001 0.31 f 0.04 0.012 f 0.001 
R139K 88 f 7 0.050 i 0.004 0.90 i 0.15 0.063 f 0.007 
F140L 1 8 0 f 2 0  3 0 f 2  0.7 i 0.1 35 f 4 
K142Q 3 4 f 3  3 8 i 2  0.6 f 0.1 46 i 5 
K147A 3 5 f 4  6 0 i 3  0.30 f 0.04 60 i 5 
K149A 3 0 f 4  6 4 f 3  0.34 i 0.03 70 f 6 

‘I The values were determined from standard assays, using homo- 
geneous enzymes. K, of methionine and of ATP and associated 
maximal rates (V,) values, as well as standard errors, were derived 
from iterative nonlinear least-squares fits of the Michaelis-Menten 
equation to the measured initial rate values (Dardel, 1994). 

mutants could be classified into three groups. First, the 
D138A and R139A variants showed, as compared to the wild 
type M547, a decrease of 2 and 3 orders of magnitude, 
respectively, of their V,  values in both the exchange and 
the tRNA aminoacylation reactions. The K,  values of 
methionine with the D138A variant in both the [32P]PPi- 
ATP exchange and the tRNA aminoacylation reactions were 
significantly higher than those measured with the M547 
enzyme. In addition, the K,  value of t R N A p  in the 
aminoacylation reaction catalyzed by D138A was 3-fold 
lower than that recorded with the M547 control. Second, 
in the case of the F135L variant, the V,  value of the 
aminoacylation reaction was slowed down by a factor of 15 
with a concomitant increase of the K,  value of t R N A y  by 
a factor greater than 20. In contrast, the parameters of the 
[32P]PPi-ATP exchange reaction were only slightly modi- 
fied. Therefore, the substitution of Phe135 by Leu specif- 
ically affected the aminoacylation step. Third, modifications 
of Phe 140, Lys 142, Lys 147, or Lys 149 only slightly 
affected the [32P]PPi-ATP exchange and aminoacylation 

Table 2: 
Reaction Catalyzed by MetRS Variants” 

Michaelian Parameters of the t R N A P  Aminoacylation 

Km(met) V,/[Et] x IO3 K,  tRNA?“ V,,,/[Et] x IO3 
luW S-1 luM) S- ’  

M547 6.5 i 1.2 3400 f 400 
F135L 0.5 f 0.2 45 i 3 
D138A 5 0 f  17 37 i I O  
D138N 21 f 5  210 f 30 
R139A 10.4 i 1.6 0.85 f 0.08 
R139K 3 0 i 7  3.7 i 0.7 
F140L 2 3 i 5  1700f240  
K142Q 5.0 f 0.5 3500 f 300 
K147A 6.7 f 1.3 2500 i 300 
K149A 7.7 i 0.9 3200 f 200 

2.3 f 0.1 
50 f 20 
<0.5 
< O S  

< O S  
1.4 f 0.4 

0.9 i 0.1 
5.7 Ik 1.1 
4.9 f 0.6 
3.5 f 0.6 

3300 i 100 
240 f 60 
22 i 2 

120 f 10 
0.69 f 0.06 
1.7 i 0.15 

700 i 40 
3800 f 300 
4300 i 600 
4400 i 400 

The values were determined from standard assays using homoge- 
neous enzymes. K ,  of methionine and associated maximal aminoa- 
cylation rates (V,) values, as well as standard errors, were derived from 
iterative nonlinear least-squares fits of the Michaelis-Menten equation 
to the measured initial rate values. 

reaction parameters. The results concerning the K142Q 
variant agreed with those previously reported for a K142A 
variant (Ghosh et al., 1991). 

The D138N and R139K variants were also constructed 
and purified to homogeneity for determination of their 
Michaelis-Menten parameters. As shown in Tables 1 and 
2, the effects of these substitutions were very close to those 
caused by the substitution of D 138 into alanine, thereby 
indicating the importance of the negative charge carried by 
Asp138. 

After dialysis against a buffer containing the chelating 
agent EDTA (0.1 mM, see Materials and Methods), all 
enzyme variants retained zinc in a 1 : 1 stoichiometry. It could 
therefore be excluded that the observed variations of the 
kinetic parameters resulted from a measurable weakening 
of the binding of zinc. In addition, this result indicated that 
the introduced mutations caused no major structural change 
of the zinc-binding site. 

( B )  Mutations Upstream f r o m  the Zinc-Binding Motif Do 
Not Preclude Substrate Binding. In order to probe further 
the characteristics of the above MetRS mutants, their ability 
to accommodate substrates was evaluated. The strength of 
positive coupling between the methionine (met) and ATP 
sites was also examined because of its importance in the 
formation of the E:met:ATP-Mg2+ reactive complex (Blan- 
quet et al., 1975; Fayat et al., 1977). This coupling is 
believed to compensate for the repulsion expected from the 
negative charges carried by the carboxylate of methionine 
and the a-phosphoryl group of ATP and thereby to drive 
the substrates toward the transition state (Hyafil et al., 1976). 
The free energy of coupling between the two sites can indeed 
be made measurable upon the suppression of one of these 
two negative charges when following the effect of the 
occupation of the methionine site on ATP-Mg2’ binding 
and vice versa. For instance, methioninol can be used in 
the place of methionine, or a combination of adenosine plus 
PPi-Mg2+ can mimic the ATP-Mg2+ molecule devoid of 
the a-phosphate charge. 

The results of spectrophotofluorimetric titrations (Tables 
3 and 4) showed that the affinity constants of all the studied 
mutants toward methionine or methioninol remained com- 
parable to those measured with the M547 control enzyme 
within factors never exceeding 5. 

The binding of methionine was further studied in the 
presence of adenosine or of adenosine plus PPi-Mg*+, 
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thionine, ATP, tRNA). Moreover, although no direct proof 
insured that the mutant and wild type enzymes are isomor- 
phic, the above results indicated that no major structural 
change of the active site occurred upon the introduced 
mutations. On another hand, these enzymes were deeply 
affected at the level of the intensity of the coupling developed 
between the pyrophosphate site and the methionine and 
adenosine sites upon the formation of the E:Met:Ado:PPi- 
Mg2+ complex. Since the latter complex is thought to mimic 
the transition state complex (Blanquet et al., 1975; Hyafil et 
al., 1976), it was of interest to study directly the stabilization 
of the transition state in the methionine activation reaction 
sustained by the D138 or R139 variants. 

(C)  Residues Asp138 and Arg139 Are Involved in Me- 
thionyl Adenylate Formation. The rates of interconversion 
between the E:Met:ATP-Mg2+ and E:methionyl adenylate: 
PPi-Mg2+ complexes (kf and kb as defined in Scheme 1) 
were determined by using the fluorescence-monitored stopped- 
flow technique (Hyafil et al., 1976). With the D138A and 
R139A variants, the rates of formation of methionyl adeny- 
late were slowed down by 2 and 4 orders of magnitude, 
respectively, as compared to wild type M547 enzyme (Table 
5). In contrast, in each case, the affinity of ATP-Mg2+ for 
the E:Met complex was not modified (Table 5). 

In the cases of the D138A and D138N variants, the rates 
of reversion of methionyl adenylate by PPi-Mg2+ were 
decreased by factors of 20 and 3, respectively, and the affinity 
of PPi-Mg2+ for the E:methionyl adenylate complex was 
slightly reduced. In the case of the R139A mutant, saturation 
of the enzyme:adenylate complex by PPi-Mg2' was not 
possible, indicating that the pyrophosphate affinity was 
reduced by at least 2 orders of magnitude. This precluded 
the determination of kb but not that of kdKppMet-AMP, which 
was reduced by 4 orders of magnitude as compared to M547. 
Interestingly, the affinity constant of PPi-Mg2+ for the 
E:methionyl adenylate complex corresponding to the R139K 
variant remained measurable. Its value was lowered by a 
factor of 10 as compared to the situation with the M547 
enzyme. The kb rate was, in this case, slowed down 100- 
fold. 

Table 3: Equilibrium Parameters of the Binding of Methionine to 
the Variants of Methionyl-tRNA Synthetase" 

r, l a d o  l a d o P P  
Amet Lmet met 

( U M ) ~  K",d,q(UM)' (kcal/mol) K",d,qpp(UM), (kcallmoly 
M547 55 f.5 11 f 2  1.0 0.2 f 0.1 2.4 
F135L 13 f 2 1.8 f 0.2 1.2 0.05 f 0 . 0 2  2.1 
D138A 1 9 0 4 6 0  5 5 f 2 0  0.7 40 f 8 0.2 
D138N 1 8 0 f 5 0  4 7 f 2 0  0.8 9.0 f 1.5 1 .o 
R139A 8 6 f  15 3 2 f  I O  0.6 31 f 5  0.0 
R139K 80&20  1 8 i 3  0.9 16 f 2 0.1 
F140L 1 4 0 f 3 0  3 5 f 7  0.8 2.2 f 0.2 1.6 
K142Q 35 k 5 4.1 zt 0.7 1.3 0.4 f 0.1 1.4 
K147A 8 6 %  10 1 4 f 2  1.1 0.4 f 0.1 2.1 
K149A 5 5  f 6 8.6 f 1.0 1.1 0.4 f 0.1 1.8 

The dissociation constants of methionine (met) were derived from 
spectrophotofluorimetric titrations of each variant studied. K,,, is the 
dissociation constant of the enzyme:methionine complex. Kte: is the 
apparent dissociation constant of methionine when measured in the 
presence of 9.4 mM adenosine. c",",9 = RT Lo~(K,,,/K$). e p::pp is 
the apparent dissociation constant of methionine when measured in the 
presence of both 9.4 mM adenosine and 2 mM PPi-MgC12. f c;," = 
RT L O ~ ( K $ / K $ ~ ~ ) .  

Table 4: Equilibrium Parameters of the Binding of Methioninol and 
tRNAmMe' to the Variants of Methionyl-tRNA Synthetase" 

M547 
F135L 
D138A 
D138N 
R139A 
R139K 
F 140L 
K 142Q 
K 147A 
K 149A 

500 f 40 
70 f 5 

2200 f 600 
2100 f 600 
1150 f 200 
1300 f 200 
1450 f 200 
2 0 0 f  10 
560 f 35 
450 f 40 

K Z k W  
2.7 k 0.2 
1.3 f 0.7 

130 f 20 
6 0 f  10 

1 1 0 f 2 0  
70 f 15 
20 f 6 
2.6f 0.6 
4.8 f 1.2 
3.7 f 0.9 

KRNA 
Cm,,,,(kcal/mol)d @M)' ATP 

3.1 1.4 f 0.4 
2.4 
1.6 
2.1 
1.4 
1.7 
2.5 
2.6 
2.8 
2.8 

1.4 f 0.8 
0.7 f 0.1 
0.55 f 0.08 
2.5 f 2.0 
1.2 f 0.7 
1.4 f 0.9 
1 .o f 0.2 
2.1 f 0.3 
2.1 i 0.3 

fl The dissociation constants of methioninol (metol) or of tRNAmMe' 
(tRNA) were derived from spectrophotofluorimetric titrations of each 
variant studied. K,,,,I is the dissociation constant of the enzyme: 
methioninol complex. K Z L l  is the apparent dissociation constant of 
methioninol when measured in the presence of 8 mM ATP-MgZC. 

CZLl = RT Log(K,,,, , ,~/K~~,). e K t ~ ~ ~  is the dissociation constant of 
the eEnzyme:tRNAMe[, complex. 

whereas the binding of methioninol was determined in the 
presence of ATP-Mg2+ (Tables 3 and 4). When the 
pyrophosphate moiety of the ATP molecule was involved 
(i.e., effect of PPi-Mg2+ on the binding constant of 
methionine in the presence of adenosine or effect of ATP- 
Mg2+ on the binding constant of methioninol), the positive 
couplings between the ligand-binding sites of the mutant 
enzymes decreased in strength as compared to the case of 
M547. Indeed, the gain of coupling normally observed when 
comparing the combination of methionine and adenosine with 
that of methionine and adenosine plus PPi-Mg2+ almost 
disappeared with the variants at positions 138 and 139. 

Finally, measurement of the values of the dissociation 
constants of the complexes formed by the mutant enzymes 
with tRNAmMet showed that none was modified by a factor 
greater than 3, even in the case of the F135L enzyme, which 
was, however, affected in the efficiency of the tRNA 
aminoacylation reaction (Table 4). 

It was therefore clear that the disfunction of the enzymes 
modified at position 138 or 139 was not the consequence of 
an inability to bind one among the three substrates (me- 

DISCUSSION 

( A )  The Sequence Upstream from the Cys Motif Is 
Essential for  MetRS Activity. The mutations introduced at 
positions 138 and 139 strongly impair the rate of methionyl 
adenylate formation while slightly affecting the ability to 
form the ternary complex E:Met:ATP-Mg2+. Therefore 
residues D138 and R139, located upstream from the Cys 
motif, appear to participate to the stabilization of the 
transition state of the activation reaction. Figure 3 compares 
the energetic profiles of the amino acid activation reactions 
catalyzed by the D138A, D138N, R139A, and R139K 
variants to the case of wild type M547. 

The large loss of affinity of PPi-Mg2- for the R139A: 
methionyl adenylate complex supports the involvement of 
an electrostatic interaction between the guanidinium of R139 
and the pyrophosphate moiety of ATP during the reaction. 
Accordingly, when a lysine residue is introduced at position 
139 (R139K mutant), increases of the PPi-Mg2+ affinity 
and of the rate of methionyl adenylate synthesis are observed, 
as compared to the R139A variant. However, catalytic 
properties identical to those of the wild type enzyme are not 
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Table 5: Parameters of the Reaction of Formation of Methionyl Adenylate Catalyzed by the Variants of MetRS" 

M547 D 138A D138N R 139A R139K 

(mM) 1.0 f 0.2 0.3 f 0.1 0.45 f 0. 15 2.4 f 1 2.6 f 0.5 
kr (s-') 350 f 50 0.9 f 0. I 7.7 f 0.9 0.016 f 0.003 0.26 f 0.03 

kI/KATpMC' (S-I M-') X 10-l 350 f 120 3.0 f 1.3 1 7 f 8  0.007 z t  0.0040 0. 10 f 0.03 
k h  (S-I) 180 f 20 9.4 f 1.2 65 f 5 nm 1.6 f 0.4 
KppMcl-AMP (mM) 0.06 f 0.02 0. I7 f 0.03 0.22 f 0.02 '5 0.6 f 0.3 
ktJK PP bkI -AMf' (~ - l  M-1) x 10-3 3000 f 1330 55 f 17 295 f 50 0.080 f 0.007 2.7 f 2 

( I  In the case of the backward reaction, the methionyl adenylate was preformed in the presence of 0.1 mM ATP-Mp" for the MS47 enlyme. 
50 ,uM ATP for the D138A and D138N enzymes, and 0.5 mM ATP-Mg'+ for the RI  39A and R139K enzymes. 

n 

/ I  I I  
I I  I I  

r" 
v 4 2  
I 

I 

0 
D 13XA 111 38N R I39A R 139K 

FIGURE 3: Difference free energy diagram for the M547 variants 
studied. The difference free energies (AAG,,pp) for each step of the 
methionine activation reaction was calculated by substracting the 
free energy of the M547 enzyme complex from the free energy of 
the indicated mutant enzyme complex ("E' refers to "enzyme"). 
Filled bars, E:Met complex; open bars, E:Met:ATP-Mg'+ ground 
state complex; dark grey bars. E:Met:ATP-Mg'+ transition state 
complex; light grey bars, E:methionyl adenylate complex. 

restored (Figure 3). The role of R139 would therefore 
resemble that of the basic residues of the KMSKS region of 
MetRS which stabilize the transition state complex through 
interactions with the phosphate chain of the ATP molecule 
(Mechulam et al., 1991; Schmitt et al., 1994). 

The D138 residue also is involved in the stabilisation of 
the transition state of the reaction, although its substitution 
has less consequence than that of R 139. Notably, the affinity 
of PPi-Mg" for the D 138A:methionyl adenylate complex 
was only slightly modified, while methionine affinity was 
significantly decreased. One possible explanation is that, 
provided it is close to the active site crevice (see below), 
the negatively charged side chain of DI 38 interacts with the 
amino group of the methionine substrate. 

( B )  Zinc Ion Has a Structural Role. The NMR structure 
of the isolated zinc-binding site of MetRS (peptide 138- 
163) is composed of four consecutive tight turns (Fourmy 
et al., 1993a). The second and fourth turns carry the four 
cysteines, through which the zinc atom is ligated. Residues 
D 138 and R I39 are located immediately upstream from the 
first turn, which involves residues 142- 144. As previously 
mentioned (Fourmy et al., I993a), the corresponding region 
of the MetRS crystallographic structure (Brunie et al., 1990) 
is currently being revised. However, the tentative grafting 
of the NMR structure of the isolated zinc-binding peptide 
onto the available crystallographic structure of the whole 
enzyme suggests that D138 and R139 might be close to the 
active site crevice (Figure 1). Such a location would account 
fo direct involvement of these residues in catalysis. In 
addition, the removal of zinc can be predicted to cause a 
displacement of the D138 and R139 residues because the 
four tight turns stabilized by this metal would be opened. 
Indeed, the behavior in the catalysis of the variants at position 
138 and 139 is quite similar to that of the variants of the 

Cys motif, in which either cysteine was substituted by an 
alanine (Fourmy et al., 1993b). 

A structural role of zinc in MetRS is also supported by 
the consequence of the conservative substitution of F140 into 
leucine. Such a modification of the hydrophobic core close 
to the tetracoordination site of the zinc atom causes a 
moderate but significant perturbation of the catalytic param- 
eters. 

(C)  Zinc-Biizdiizg Peptide I s  Iizuolued in the Aininocicyla- 
tiorz of tRNA. The specificity of tRNA aminoacylation by 
MetRS is dominated by the binding of the anticodon of tRNA 
to a region of the enzyme surrounding the Trp461 residue 
(Ghosh et al., 1990; Meinnel et al., 1991; Schmitt et al., 
1993). However, base 73 and base pairs 2-7 1 and 3-70 
in the acceptor stem of tRNAs'" were also found to be 
important for full aminoacylation efficiency (Meinnel et al., 
1993). Mutations of the latter nucleotides in tRNA,.Mcf led 
to tRNA species being less rapidly methionylated but 
retaining full affinity for MetRS. From this, it was concluded 
that the acceptor stem of tRNAs"" participates in the 
productive positioning of the 3'-terminal adenosine of tRNA 
with respect to the catalytic center of MetRS. Reciprocally, 
enzyme residues involved in such positioning are also likely 
to be found. I n  the present study, mutation of F135 into 
leucine strongly modifies both the K,,,value of and 
the VI,, value of the aminoacylation reaction without signifi- 
cantly altering the affinity of the variant enzyme for tRNA. 
In turn. mutations of D138 into alanine or asparagine lead 
to a significant increase of the affinity of thereby 
indicating that the D138 side chain lies in the vicinity of the 
tRNA acceptor arm. Therefore, a short sequence upstream 
from the zinc-binding peptide of E. coli MetRS and compris- 
ing F13S and Dl38 appears involved in the orientation of 
the 3' end of tRNA during methionine transfer. In  the case 
of D 138, this might occur through electrostatic repulsion of 
the phosphate backbone of tRNA. 

Interestingly, in the case of the E. coli AlaRS, a class 2 
enzyme, residues located immediately upstream from the 
Cys/His zinc-binding motif were found to be important for 
the efficieilcy of tRNAA'" aminoacylation (Miller & Schim- 
mel, 1992). 

( D )  Zinc- Binding Peptide of ciaRS: An Additional Module 
in the Catalytic Donzcriiz Which Is Iinpsrtaizt for Aniino Acid 
Activation ciizdhr tRNA Aminoacylatiorz and Recognition. In 
the cases of all zinc containing aaRS characterized until now 
(AlaRS, IleRS, GluRS, MetRS, and ThrRS from E. coli, and 
MetRS and IleRS from Tlzerinirs thermophilus), the zinc- 
free apoenzyme or the enzyme species in which the Cys/ 
His motif could be deleted were shown to be inactive 
(Fourmy et al., 1993b; Landro & Schimmel, 1993; Liii et 
al., 1993; Miller et al., 1991a; Nureki et al., 1993; Starzyk 
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et al., 1987). Zinc appears therefore essential to the activity 
of those aaRS which contain this metal. 

In the case of MetRS, the zinc-binding site is likely to 
behave as a module in the 3-D structure with a conformation 
resembling that of the nucleocapsid protein NCp7 of HIV, 
another RNA-binding protein (Morellet et al., 1992). 

Notably, the superimposition of the MetRS and GlnRS 
structures (Perona et al., 1991) indicates that the zinc-binding 
peptide of MetRS is spatially equivalent to the tRNA acceptor 
arm binding domain of GlnRS (Figure 1). The crystal 
structure of the GlnRS:ATP:tRNAG1" complex revealed that 
parts of the acceptor binding domain, which is located inside 
the connective polypeptide 1 of the Rossmann fold, interact 
with the acceptor stem of tRNAG'" (Rould et al., 1989). 
Numerous basic residues of this acceptor binding domain 
(Arg133 and Arg192, for instance) guide the ribose- 
phosphate backbone of the tRNA toward the active site. In 
addition, the Argl30 and Glu131 residues carried by the 
acceptor binding domain of GlnRS are important for the 
specificity of the aminoacylation reaction (Weygand-Du- 
rasevic et al., 1993). In the case of the TyrRS from Bacillus 
stearothermophilus, an acidic residue of the connective 
polypeptide 1, Glu152, was found to be involved in the 
recognition of the acceptor stem of tRNATyr (Vidal-Cros & 
Bedouelle, 1992). These data strongly indicate that residues 
belonging to the connective polypeptide 1 might generally 
participate to the guiding of the acceptor stem of tRNA 
toward the catalytic center of class 1 aaRS. Following the 
same idea, the zinc-binding site of E. coli GluRS was mapped 
in a region corresponding to the GlnRS acceptor binding 
peptide involved in tRNA recognition, Le., in the connective 
polypeptide 1 (Breton et al., 1990). This correspondence 
suggests that the zinc-binding peptide of GluRS might be, 
like that of MetRS, in the vicinity of the active site and 
involved in tRNA aminoacylation. Finally, one of the two 
zinc ions complexed to IleRS is liganded by two residues 
belonging to connective polypeptide 1 (Landro et al., 1994). 

In the case of AlaRS, a class 2 enzyme, the zinc-binding 
motif is carried on a peptide inserted between motifs 2 and 
3 (Pouplana et al., 1993). This region is believed to be 
involved in tRNA recognition (Miller et al., 1991b; Miller 
& Schimmel, 1992). Interestingly, in the case of the class 
2 AspRS from Saccharomyces cereuisiae, a module inserted 
between motifs 2 and 3 is shown important for the recogni- 
tion of tRNAAsP (Cavarelli et al., 1993); this module does 
not, however, contain zinc. A similar but larger d p -  
structured connective polypeptide was also identified in 
AspRS of T. thermophilus (Poterszman et al., 1993). This 
polypeptide adopts a 3-D conformation analogous to that of 
a phosphate-binding protein and is believed to be involved 
in tRNA recognition (Delarue et al., 1994). 

In conclusion, the occurrence of variable connective 
polypeptides between two conserved secondary structure 
elements of the catalytic domain of aaRS may have been a 
way to introduce diversity among the active sites during 
evolution. These insertions appear to have occurred either 
between the two halves of the nucleotide binding fold of 
class 1 aaRS or between motifs 2 and 3 of the catalytic 
domain of class 2 enzymes. The appearance within such 
connective polypeptides of zinc-binding sites may have added 
constraints to the 3-D structure of the inserted elements a n d  
or increased their diversity. Clearly, these inserted elements 
nowadays strongly contribute through crucial residues to both 
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the amino acid activation reaction and the guiding of the 3' 
end of tRNA. 
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