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The Synthetic/Editing Active Site of an Aminoacyl-tRNA Synthetase: Evidence for
Binding of Thiols in the Editing Subsite
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ABSTRACT. The active site of methionyl-tRNA synthetase (MetRS) possesses two functions: synthetic,
which provides Met-tRNA for protein synthesis, and editing, which rejects inadvertently misactivated
homocysteine. During editing, the side chain -SH group of homocysteine reacts with its activated carboxyl
group forming a cyclic thioester, homocysteine thiolactone. As shown here, the side chain -SH and the
activated carboxyl groups do not need to be present on the same molecule for the editing to occur. Thioester
formation occurs when a thiol and activated methionine, in the form of Met-tRNA, are incubated with
MetRS. Depending on the structure of thiols, methionine thioesters may undergo secondary acyl transfer
reactions tais amino, hydroxy, or carboxyl groups which yield methionine dipeptides, esters, or anhydrides,
respectively. At saturating thiol concentrations, formation of some thiol derivatives of methionine is as
fast as formation of homocysteine thiolactone. Thiol specificity of the reaction and noncompetitive
inhibition by the cognate methionine, as well as structdumction studies of active site MetRS mutants,

all indicate that there is a specific -SH binding subsite, distinct from the methionine binding subsite, in
the synthetic/editing active site of MetRS.

Editing reactions are an essential component of biological carboxyl group of Hcy-AMP to give homocysteine thiolac-
information transfer processes, including translation. The tone (Jakubowski & Fersht, 1981).

editing in amino acid selection for protein synthesis by A fundamental question is how the structure of the active
aminoacyl-tRNA synthetases, the first proofreading processsjte determines the accuracy of the aminoacylation reaction.
discovered in the flow of genetic information (Norris & Berg,  are the synthetic and editing sites physically separated or
1964), prevents attachment of incorrect amino acids to tRNA zre they subsites of a single active site? What are the
(reviewed in Jakubowski & Goldman, 1992; Jakubowski, structural elements of the active site that prevent a cognate

1994a). A major selectivity problem for aminoacyl-tRNA  gypstrate from being edited and a noncognate substrate from
synthetases is with thio-amino acids such as homocysteinecommeting the synthetic pathway? We have begun to
and cysteine. Homocysteine is misactivated by MétfR#d answer these questions with MetRS (Kim et al., 1993), a
& Jones, 1977; Fersht & Dingwall, 1979; Smith & Cohen, ¢|ass | aminoacyl-tRNA synthetase whose crystallographic
1981; Jakubowski & Fersht 1981), lleRS (Jakubowski & strycture is known (Brunie et al., 1990). Our molecular
Fersht, 1981), and LeuRS (Englisch et al., 1986) at frequen-model proposes that a single active site of MetRS partitions
cies exceeding the frequency of tranaslational eriars  an amino acid substrate between synthetic and editing
vivo (reviewed in Parker, 1989; Jakubowski & Goldman, pathways. Hydrophobic and hydrogen bonding interactions
1992). Two other synthetases, ValRS (Jakubowski, 1980; gjrect the cognate methionine through the synthetic pathway
Jakubowski & Fersht, 1981) and LysRS (H. Jakubowski, and prevent it from entering the editing pathway. Some of
unpublished), misactivate homocysteine less efficiently. these interactions are missing in the case of the noncognate
Cysteine is also misactivated by lleRS (Jakubowski & Fersht, homocysteine, which therefore enters the editing pathway
1981), ValRS (Jakubowski, 1980; Jakubowski & Fersht, (Kim etal., 1993). The chemistry of homocysteine editing,
1981), and LysRS (H. Jakubowski, unpublished). Misacti- jnyolving thioester bond formation, requires the existence
vated thio-amino acids are efficiently edited vitro of a subsite (-SH subsite) that specifically binds the side chain
(Jakubowski, 1980; Jakubowski & Fersht, 1981; Englisch sH group of homocysteine in the active site. The existence
etal., 1986). Editing of homocysteine has also been shownoef sych an -SH subsite is documented in this paper.
to occurin vivo (Jakubowski, 1990, 1991, 1993a, 1995a;
Jakubowski & Goldman, 1993; Gao et al., 1994). The side MATERIALS AND METHODS
chain thiol group of homocysteine directly participates in
the editing reaction by a nucleophilic attack on the activated Plasmids and Host StrainA plasmid containing the full
length gene foEscherichia coliMetRS was obtained from
T This research was supported by grants from the American CancerS' Blanquet (Breva-et al., 1989)'- Plasmids e-nCOding mutant
Society (NP-904) and the National Science Foundation (MCB- MetRSs We,re obtained as preV|ous_Iy descrlbeq (G,hOSh_ et
9513127). al., 1991; Kim et al., 1993). Plasmids were maintained in
*Phone: (201) 982-4679; Fax: (201) 982-3644; E-mail: jakubows@ E. coli strain JM101 and used as a source of MetRS. Cells
umdn;.edu. for enzyme purification were obtained from overnight
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thetases similarly abbreviated; DTNB, 5,5'-dithiobis(2-nitrobenzoate). at 37 °C in LB medium containing 10@g/mL ampicillin.
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Binding of Thiols in the Editing Subsite of MetRS

Methionyl-tRNA SynthetasesvietRSs were purified to
homogeneity from the overproducing strains as described in
(Gao et al., 1994). Full length MetRS676 dimer (Brevet et
al., 1989) was used for most experiments. Truncated, but
active MetRS547 monomer (Ghosh et al., 1991; Gao et al.,
1994) and its derivatives (Kim et al., 1993) were used in
experiments described in Table 2.

Preparation of fH]Met-tRNA"et and [°S]Met-tRNA
Aminoacylation mixtures (0.2 mL) contained 50 mM HEPES,
pH 7.4, 10 mM MgC}4, 0.1 mM EDTA, 2.5 mM ATP, 10
uM tRNA™et (Subriden RNA), 14.5M [3H]methionine
(1.25 mCi/mL, 86 Ci/mmol) or 5@M [35S]methionine (0.50
mCi/mL, 10 Ci/mmol) (Amersham), and 0/ MetRS.
After 5 min at 37°C the charged tRNA was purified by
phenol extraction and recovered by precipitation with ethanol.
The precipitate was washed several times with 70% ethanol
to remove traces of free radiolabeled methionine, dissolved
in 0.2 mL of glass-distilled water, and stored -a20 °C.
Alternatively, radiolabeled Met-tRNA was prepared using
10 mg/mL unfractionatedE. coli tRNA (Schwartz Mann)
(10 mg/mL tRNA contains &M tRNAMet + tRNAMet),

Enzymatic Deacylation of Radiolabeled Methionyl-tRNA.
The reactions were carried out at 37 in 0.1 M K-HEPES,
pH 7.4, 10 mM MgC}, and 0.2 mM EDTA. In one set of
experiments, the disappearance of radiolabeled Met-tRNA
was monitored by trichloroacetic acid precipitation. In
another set of experiments in which all forms of radiolabeled
methionine were followed, the aliquots were analyzed by
TLC.

TLC Analysis. TLC separations were carried out on
cellulose plates from Kodak using butanol/acetic acid/
water (4:1:1 v/v) as solvent (Jakubowski & Fersht, 1981;
Jakubowski, 1993b, 1994b, 1995b). An authentic methionine

(Sigma) standard was cochromatographed with samples and

visualized by staining with ninhydrin. TLC plates were
autoradiographed using Reflection (NEN) autoradiography
film. Exposure times were -13 days and 4 weeks for
experiments with £S]methionine and®H]methionine, re-
spectively. Quantitation of spots from TLC separations in
some experiments was carried out using a Molecular
Dynamics phosphorimager.

RESULTS

Thiol-Dependent Enzymatic Deacylation of Met-tRNA:
Kinetic Indices. At pH 7.4, 37°C, [*S]Met-tRNAVet in a
complex with MetRS is relatively stablégg ~ 60 min).
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Ficure 1: The rate constants for enzymatic deacylation of Met-
tRNA™Met g5 a function of thiol concentration. Reactions were carried
out at 37°C in mixtures containing 0.xM [35S]Met-tRNAMet,
0.1 M K-HEPES, pH 7.4, 10 mM MgG| 0.2 mM EDTA, 5-250
mM indicated thiol, and 0.06M MetRS (panel A) or uM MetRS
(panel B). Panel A:L-Cysteine ©), cysteamine %), and dithio-
threitol (@). Panel B: 3-Mercaptopropionate®), N-acetyl+-
cysteine k), andp,L.-homocysteine®). The rate constantk, were
calculated from reaction half-lives; 5, according tok = In2/tgs.

presented in Table 1 indicate that the -SH group is the major
determinant of catalytic efficiency of cysteine. The carboxyl

group of cysteine is not required for the reaction: cysteine
derivatives in which the carboxyl group has been removed

However, addition of thiols (10 mM) such as cysteine, (cysteamine), methylated (cyst_ei_ne methyl ester), or amid:_jlted
cysteamine, Cys-Gly, 2-mercaptoethanol, or dithiothreitol (CYS-Gly) were almost as efficient substrates as cysteine.
resulted in essentially complete deacylation #S[Met- ~ 1h€ amino group of cysteine, although not absolutely
tRNAMet within <1 min. Serine and homoserine did not required, is important. Cysteine derivatives in which the
accelerate deacylation of Met-tRNA. Systematic measure- @Mino group has been removed (3-mercaptopropionate) or
ments of steady state kinetics of thiol-dependent deacylationsacetylated N-acetyl+-cysteine) stimulated the reaction less
of [S]Met-tRNAMet showed that the reactions exhibited eff|C|ent'Iy tha}n cysteine by 6(?‘— or 17-fold, respectively.
saturation kinetics with respect to thiol concentration for all Glutathione, in which both amino and carboxyl groups of
thiols tested (Figure 1). Kinetic indices are summarized in cysteine are blocked, was 200-fold less efficient than
Table 1. cysteine. These observations indicate that the effects of thiols
Up to 200-fold variation in catalytic efficiencies was &€ not merely due to reactivation_ of es_sential sulfhydryl
observed between different thiols. The reaction was the 9r0UPS on the enzyme and that thiols bind to the MetRS
fastest with cysteine and cysteamikgi= 1.12 s*and 1.23  Met-tRNA"* complex.
s1, respectively, were essentially identical to the value of TheKp, values for thiols in the thiol-dependent enzymatic
keat = 1.2 st for editing of homocysteine by MetRS deacylation of Met-tRNA are high, from 18 mM to 100 mM
(Jakubowski & Fersht, 1981; Kim et al., 1993). The data (Table 1), suggesting relatively weak binding of thiols to
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Table 1: Kinetic Indices for Thiol-Dependent Enzymatic
Deacylation of Met-tRNA

kcat Km (Ki) kcal/Km
thiol (min~1) (M) (min~t M~
none 0.010
none, no enzyme 0.017
L-cysteine (250 mM) 69 0.05 1380
cysteamine (15250 mM) 74 0.10 740
3-mercaptopropionate 0.74  0.035(0.17) 21
(10250 mM)
D,L-homocysteine 23 0.10 230
(10250 mM)
L-cysteine methyl 1060
ester (20 mM)
N-acetylt-cysteine 5.7 0.068 (0.065) 83
(15—-250 mM)
L-Cys-Gly (5-10 mM) 1380
glutathione (16-20 mM) 6.8
thioglycolate (10 mM) 150
dithiothreitol (1-250 mM)  17.2 0.018 (0.12) 960
2-mercaptoethanol (1 mM) 460

@ Reactions were carried out at 3¢ in mixtures contained 0,6M
[*H]Met-tRNA™Met 0.025-1 uM MetRS, 0.1 M K-HEPES, pH 7.4, 10
mM MgCl,, and 0.2 mM EDTA. Rate constants for reactions in the
presence of indicated (in parentheses) concentrations of tkjelgre
calculated from reaction half-livesys, according tok = In(2)/to s,
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FiGure 2: TLC analysis of products of enzymatic deacylation of
Met-tRNAMet. Reactions were carried out at 3€ for 5 min in
mixtures containing 0.&M [3°S]Met-tRNA, 1uM MetRS, 0.1 M
K-HEPES, pH 7.4, 10 mM MgG) 0.2 mM EDTA, and no thiols
(lane 1) or 20 mM cysteine (lane 2), cysteamine (lane 3), cysteine
methyl ester (lane 4), 3-mercaptopropionate (lane\sjcetyl+-
cysteine (lane 6)Smethyl+i-cysteine (lane 7), methionine (lane
8), b,.-homocysteine (lane 9), 2-mercaptoethanol (lane 10), and
dithiothreitol (lane 11). The position of an authentic methionine
standard on the TLC plate is indicate@®J|Met-tRNAVet, where
present, stays at the origin.

Met —

Met-tRNA—

of Smethyli-cysteine (lane 7) were not different from

correcting for enzyme concentration where necessary. These ratecontrol (lane 1). More radiolabeled methionine was formed

constants were used to calculgg Km, andk./Km values for indicated
thiols according tk = keat — Kink/S, whereSis thiol concentration. In
cases where inhibition was observéq,values were obtained from
slopes ofk vs KS plots at highest thiol concentrations.

MetRS. For comparison, the, value for homocysteine is

5 mM in both the synthetic reaction (measured in the
homocysteine-dependent ATIPR exchange reaction;
Jakubowski & Fersht, 1981) and the editing reaction
(measured in the homocysteine-dependent Apfrophos-
phatase reaction; not shown).

in the presence of exogenous unlabeled methionine (lane 8)
than in its absence (lane 1). Radiolabeled methionine
(somewhat obscured in lane 9, Figure 2, but clearly visible

in lanes 6, Figure 3) was also one of the products of the

D,L-homocysteine-dependent deacylation.

To determine identity of these products, several tests were
performed. Some of these analyses are shown in Figure 3.
Products formed in the presence of cysteine (lane 2) were
not sensitive to NaOH treatment (compare lanes 2 in Figure
3A and 3B). Similar lack of sensitivity to NaOH treatment

Comparison of Enzymatic and Nonenzymatic Deacylation Was exhibited by products formed in the presence of

of Met-tRNA"et. To prove that stimulation of the enzymatic

cysteamine (lanes 4 in Figure 3A and 3B) abdl-

deacylation by cysteine is mediated by MetRS, effects of homocysteine (lanes 6 in Figure 3A and 3B), Cys-Gly, and

cysteine on a nonenzymatic deacylation of Met-tR¥¢A

cysteine methyl ester (not shown). On the other hand,

were also determined. The slow rate of nonenzymatic products formed in the presence of 3-mercaptopropionate

deacylationk = 0.017 min?, Table 1) was not affected by
20 or 125 mM cysteine,L-homocysteine, and dithiothreitol.

(compare lanes 3 in Figure 3A and 3B) yielded methionine
upon NaOH treatment. Similar sensitivity to NaOH treat-

However, these thiols at high concentrations reacted non-ment was exhibited by products formed in the presence of

enzymatically with Met-tRNA® to a small extent (see
below).

Identification of Products of Thiol-Dependent Deacylations
of Met-tRNA. [35S]Met-tRNAYet was enzymatically deacy-

N-acetyli-cysteine, dithiothreitol, and 2-mercaptoethanol
(not shown). A product formed in the absence of thiols
(compare lanes 1 in Figure 3A and 3B) was also sensitive
to NaOH treatment. All products of thiol-dependent deacy-

lated in the absence and presence of various thiols aslations that were sensitive to NaOH treatment were also

described in the legend to Figure 2. Reaction mixtures werefound to be sensitive to hydroxylamine treatment, yielding
analyzed by TLC, and the products were visualized by methionine hydroxamate (not shown). These results suggest

autoradiography.

In the presence of cysteine (lane 2),that products of deacylation reactions formed in the absence

cysteine methyl ester (lane 4), 3-mercaptopropionate (laneof thiols and in the presence of 3-mercaptopropionate,

5), 2-mercaptoethanol (lane 10), and dithiothreitol (lane 11),

N-acetyl+-cysteine, dithiothreitol, and 2-mercaptoethanol are

a distinct major product, well separated from the methionine thioesters of methionine. Products of cysteine-, Cys-Gly-,
standard, was formed in each reaction. Products formed inCysteine methyl ester-, cysteamine-, anc-homocysteine-

the presence of cysteamine (laneldkcetylt-cysteine (lane

dependent deacylations are not thioesters.

6), andp,L-homocysteine (lane 9) were less well separated Tests for the presence of the -SH group were also
from the methionine standard. Further analyses, including performed. A product formed in the presence of cysteine
separation of these products on silica gel TLC plates, provedwas sensitive to DTNB treatment (compare lanes 2 in Figure
that no methionine was formed in reactions with cysteamine 3C and 3A). Similar sensitivity to DTNB was exhibited by

and N-acetyl+-cysteine (not shown). Different mobilities

products formed in the presence of cysteamine (compare

of these new products (lanes 2, 4, 5, 10, and 11) suggestanes 4 in Figure 3C and 3Ap,L.-homocysteine (lanes 6 in
that they are formed as a result of a reaction between a thiolFigure 3C and 3A), Cys-Gly, and cysteine methyl ester (not

and Met-tRNA. Reaction products formed in the presence shown).

The slower migrating product formed in the
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Ficure 3: TLC analysis of products of enzymatic deacylation of Met-tRf¢A sensitivity to NaOH and DTNB. Reactions were carried

out at 37°C for 15 min in mixtures containing 0,6M [3°S]Met-tRNA, 1M MetRS, 0.1 M K-HEPES, pH 7.4, 10 mM Mggl10.2 mM

EDTA, and 20 mM cysteine (lane 2), 3-mercaptopropionate (lane 3), cysteamine (l&hmddhylL-cysteine (lane 5)p,L.-homocysteine

(lane 6), methionine (lane 7), cysteine and methionine (lane 8)panrbdomocysteine and methionine (lane 9) or no additions (lane 1).
Reaction mixtures were subjected to TLC without any further treatment (panel A) or after 20-min treatment with 180 mM NaOH (panel
B) or 35 mM 5,53-dithiobis(2-nitrobenzoate) (DTNB) (pH 7.4) (panel C). The position of an authentic methionine standard on the TLC
plate is indicated.3pS]Met-tRNAVet present in some reaction mixtures stays at the origin.

presence of 3-mercaptopropionate was sensitive to DTNB reacts with Met-tRNA in the absence of MetRS. In fact,
(compare lanes 3 in Figure 3C and 3A) and iodoacetate (notthe product seen in lane 1 (Figure 3A) was also formed in
shown) treatments. However, the faster migrating product the absence of MetRS when glycerol was included in the
formed in the presence of 3-mercaptopropionate was notreaction mixture (not shown). Thus, the product of thiol-
sensitive to DTNB (compare lanes 3 in Figure 3C and 3A) independent enzymatic deacylation of Met-tRNA is con-
nor to iodoacetate (not shown). Similar lack of sensitivity cluded to be an ester of methionine and glycerol. It has been
to DTNB and iodoacetate was exhibited by products of confirmed that intact, fully chargeable tRN& was always
N-acetylt-cysteine- and 2-mercaptoethanol-dependent deacy-recovered from reaction mixtures.
lations (not shown). Thus, products of thiol-dependent Enzymatic deacylation of Met-tRNA, under conditions
enzymatic deacylations of Met-tRNA formed in the presence including the presence of dithiothreitol and glycerol, has
of cysteine, cysteine methyl ester, cysteamine, Cys-Gly, andyielded a thioester of methionine thought to 8enethyl-
D,L.-homocysteine are methionine derivatives containing free homocysteine thiolactone (Jakubowski, 1993a). In the light
-SH groups. Taken together, sensitivity to thiol reagents and of the data presented above, that product was most likely a
lack of sensitivity to NaOH suggest that these products are (thio)ester of methionine and dithiothreitol.
the corresponding amides of methionine. Products formed Nonenzymatic Reactions of Met-tR#\Awith Thiols. To
in the presence of 3-mercaptopropion&tecetyli-cysteine,  determine whether cysteine and other thiols can react
and 2-mercaptoethanol do not contain free -SH groups, butnonenzymatically with Met-tRNEet, [35S]Met-tRNAVet was
are sensitive to NaOH and hydroxylamine, which suggestesincubated with 125 mM thiol at pH 7.4, 3T, for 1 h, and
that they are corresponding thioesters of methionine. the products were analyzed by TLC and quantitated by
With some thiols, such as 3-mercaptopropionate (lane 5, phosphorimaging. Reactions in the presence of cysteine,
Figure 2; lane 3, Figure 3A) and 2-mercaptoethanol (lane homocysteine, and dithiothreitol yielded about 2% of Met-
10, Figure 2), two new products were formed. Based on Cys, Met-Hcy, and Met-dithiothreitol, respectively, in ad-
the tests described above, faster migrating products aredition to the major product methionine (not shown).
corresponding thioesters of methionine. In both cases, the Coupling relative amounts of Met-X and methionine
second, slower migrating product, in addition to being formed during deacylation with an overall first order rate
NaOH-sensitive, was also iodoacetate-sensitive. Thus, theconstant for deacylatiork(= 0.017 mir?; Table 1), one
slower migrating products are concluded to be a mixed can estimate that rate constants for the reactions of Met-
anhydride of methionine and 3-mercaptopropionic acid, and tRNAMet with cysteine, homocysteine, and dithiothreitol were
a 2-mercaptoethanol ester of methionine, respectively. about 0.0003 mint (at 125 mM thiol). Thus, nonenzymatic
As shown in control lanes of Figure 2 (lane 1) and Figure reactions of Met-tRNA®t with thiols are up to 19times
3A (lane 1), a product different from methionine formed also slower than the enzymatic reactions (see Table 1).
during thiol-independent deacylation of Met-tRNA. This Thiols Inhibit tRNA't Aminoacylation. Possible effects
product was sensitive to NaOH (compare lanes 1 in Figure of thiols on aminoacylation reaction were also tested. Thiols
3B and 3A) and resistant to thiol reagents, DTNB (compare such as cysteine, dithiothreitol, and 2-mercaptoethanol
lanes 1 in Figure 3C and 3A) and iodoacetate (not shown). somewhat inhibited the rate of tRN& aminoacylation: 25
Formation of this product was largely inhibited by exogenous 56% inhibition was observed in the presence of 1250
methionine (compare lanes 7 and 1 in Figure 3A). BecausemM thiol. p,.-Homocysteine was more inhibitory, with 78
MetRS preparations are stored routinely in 50% glycerol, 84% inhibition observed at 12250 mM of the thiol. These
up to 2.5% glycerol can be present in reaction mixtures inhibitory effects are most likely due to competition between
containing MetRS. At this concentration, glycerol slowly a thiol and tRNA! for the Met-AMP intermediate (see
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Ficure 4: Methionine is a noncompetitive inhibitor of cysteine-
dependent enzymatic deacylation of Met-tRNA. Incubation mixtures
contained 0.5«M [3H]Met-tRNAM™et 0.05 uM MetRS, 0.05 M
K-HEPES, pH 7.4, 10 mM MgGJ 0.2 mM EDTA, 16-250 mM
L-cysteine, and 0@), 0.05 @), or 0.1 ©) mM methionine. Rate
constantsk, were calculated from reaction half-livags, according

to k = In(2)/to.s. These rate constants were plotied[Cys]. The
slopes ofk vs K[Cys] plots giveK, values for cysteine.

below). In addition, homocysteine, a honcognate substrate
of MetRS, inhibits tRNAt aminoacylation by competing
with methionine for the synthetic subsite.

Reactions of Thiols with MetR@et-AMP. Thiols also
reacted with enzyme-bound Met-AMP. Reactions were
carried out in mixtures containing MetR$S]Met-AMP
(preparedn situ by incubating 1uM MetRS, 5uM [3S]-
Met, 2 mM ATP, and 5 units/mL inorganic pyrophosphatase)
and 20 mM thiol, and products were analyzed by TLC. With
dithiothreitol and 3-mercaptopropionate, corresponding me-
thionine thioesters were formed. With cysteine amd-
homocysteine, dipeptides Met-Cys and Met-Hcy, respec-
tively, were formed. However, reactions of thiols with
MetRS[3°S]Met-AMP were much slower than with MetRS
[®°S]Met-tRNA. For example, at 20 mM cysteine rate
constants for the enzymatic thiolysis of Met-AMP and Met-
tRNA were about 1 mint and 30 min?, respectively.

Thiols Bind at a Distinct Site of MetRSTo determine
whether thiol and methionine binding sites coincide, effects
of methionine on cysteine- and homocysteine-dependent
enzymatic deacylation of Met-tRN&! were determined. As
shown in Figure 4, methionine was a noncompetitive
inhibitor of the cysteine-dependent reaction. The slopes of
the Eadie-Hofstee plots, corresponding ., values for

Jakubowski

Table 2: Cysteine-Dependent Met-tRNA Deacylase Activity of
Methionyl-tRNA Synthetasés

MetRS Km (M) Keat (Min™2) KealKm (Min~ M™1)
wild type 0.05 70 1400
D52A 0.10 0.13 1.2
R233A 0.2
R2330Q 0.11 0.023 0.2
W305A 0.035 20 570
Y15A 0.025 52 2080
Y15F 0.022 22 1000

2 Reaction mixtures contained OV [*°S]Met-tRNA, 5uM (for
D52A, R233A, and R233Q enzymes) or 0.2 (for wild type,
W305A, Y15A, and Y15F enzymes) indicated MetRS, 0.1 M K-
HEPES, pH 7.4, 10 mM MgGJ| 0.2 mM EDTA, and 16-250 mM
L-cysteine.

a major product. Although the results shown in Figure 3A
were obtained with the dimeric MetRS676, similar results
were also obtained with the monomeric MetRS547 enzyme.
These results indicate that exogenous methionine physically
displaces the3fS]Met residue from the methionine binding
subsite in the PS]Met-tRNA-MetRS complex, thus ren-
dering the radiolabeled methionine unavailable to react with
thiols.

Surprisingly, in the presence of excess exogenous me-
thionine, the charged tRNA in thé5g]Met-tRNA-MetRS
complex was deacylatefdster (k = 0.23 mirrl) than free
[3°S]Met-tRNA (k = 0.017 mirr%, Table 1). This suggests
that, even when théJS]Met residue in the3fS]Met-tRNA:
MetRS complex is displaced from the active site by exog-
enous methionine, the aminoacyl ester bond is still accessible
to hydrolysis by the enzyme. Because the charged tRNA in
the complex with MetRS is more stable in the absence of
exogenous methonine (Table 1) than in its presence, it is
concluded that the hydrolytic activity of MetRS toward
[®°S]Met-tRNA is suppressed wher#®§]Met residue in
the [°S]Met-tRNA-MetRS complex is bound in the active
site.

Substitutions of D52 and R233 in MetRS Affegt for
Cysteine-Dependent Deacylation of Met-tRNActive site
residues of MetRS that interact witlt-amino (D52) and
carboxyl (R233) groups of methionine (Ghosh et al., 1991)
and homocysteine (Kim et al., 1993) and contribute to
catalysis of the synthetic (Ghosh et al., 1991) and editing
reactions (Kim et al., 1993) were also found to be important
for catalysis of the thiol-dependent deacylation of Met-tRNA.
For example, D52A, R233A, and R233Q MetRSs were 1200-
to 7000-fold less catalytically efficient than wild type MetRS
in cysteine-dependent deacylation of Met-tRNA (Table 2).

cysteine, were essentially the same in the the absence angtor each substitution, most of the effect waskgy effects

presence of 0.05 or 0.1 mM methionine. Methionine was
also a noncompetitive inhibitor of the,L.-homocysteine-

on K, values for cysteine were relatively minor, about 2-fold
(Table 2). On the other hand, substitutions of residues W305

dependent deacylation reaction (not shown). In another setand Y15 that interact with the side chain of methionine

of experiments, inhibition of cysteine-dependent deacylation
by increasing concentrations of methionine was found to be
the same at 2 and 22 mM cysteine (not shown), Wtifor
methionine being 3%M. These data indicate that thiols
and methionine bind at separate sites of MetRS.

Products of cysteine- and,.-homocysteine-dependent
enzymatic deacylation in the presence of exogenous me-
thionine were also analyzed. As shown in Figure 3A,
methionine prevented formation oP§]Met-Cys (compare
lanes 8 and 2) and®S]Met-Hcy (compare lanes 9 and 6)
from [**S]Met-tRNA and a corresponding thiofeg]Met was

substrate affectekl./Kn for cysteine-dependent deacylation
only up to 2.5-fold. Thus, active site mutations examined
in this work have a relatively minor effect on binding of
cysteine by MetRS, which further supports the existence of
a distinct thiol (cysteine) binding subsite in the active site
of MetRS. As previously demonstrated, effects of these
mutations are limited to interactions with the amino acid
substrates (methionine and homocysteing); values for

ATP and tRNAMet were not affected (Ghosh et al., 1991;

Kim et al., 1993). The similarity of mutational effects on
the thiol-dependent deacylation of Met-tRNA (Table 2) and
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Ficure 5: Schematic drawing of the interactions between me-
thionine and MetRS. The interactions between methionine and R
indicated active site residues of MetRS are symbolized by a broken \
line. The roles of Asp52, Arg233 (Ghosh et al., 1991), Trp305 i S NH, v S NH,
(Ghosh et al., 1991; Fourmy et al., 1991), and Tyrl5 (Kim et al., |y /C\\ |y /C\\
1993) were deduced from site directed mutagenesis studies. X O X 0
Interactions with Trp305 and Tyrl5 are important for keeping —
methionine on the synthetic pathway (Kim et al., 1993). Misacti- Yfo fox
vated homocysteine, unable to interact with Trp305 and Tyrl5 as —— —
strongly as methionine does, cannot complete the synthetic pathway S
and enters the editing pathway (Kim et al., 1993).
on synthetic and editing functions of MetRS (Kim et al., NH 1\ ; NH
1993) indicates that these activities reside in a single active iii. \_ : vi. \— :
site. C\\O c\\o
0 ____°

DISCUSSION Ficure 6: A model for single site editing by MetRS. The active
In our previous structurefunction work, the molecular 5'“3 '55{9905%1 to ha‘l’je two p%”'a”ly OV‘:‘jr'apP'”g subsites, synthetic

: " : ; : .. and editing. Then-carbon, carboxyl, and amino groups, common
baS|s_ of the ed|t|_ng function and its relation to the sy_nthetlc to o-amino acids, bind to the overlapping region common to the
function of E. coli MetRS were analyzed. These studies led gynthetic and editing subsite. The side chain of an amino acid can

to a model of a single active site that partitions amino acid bind to nonoverlapping portions of either synthetic or editing
substrates between synthetic and editing pathways (Kim etsubsite. Thus, an amino acid binds in either the synthetic or editing

e : . - .. mode. Binding of the noncognate amino acid homocysteine in the
several specific active site mutations that affect synthetic editing mode is induced at some point of the synthetic pathway.

activity similarly affect editing activity. In particular, itwas  panel’A: {) The noncognate homocysteinyl adenylate is formed
shown that active site residues D52 and R233, which interactin the synthetic subsiteii] The side chain of homocysteine moves

with a-amino and carboxyl groups, respectively, of methio- to the editing subsite. Nucleophilic attack of the side chain thiolate

; ; i ivatinn ON activated carboxyl carbon yields homocysteine thiolactiine (
nm; SdL.IEStratfe (Figure St)’ \I,I]vere als? .esser.}pha.ll for aCtlvtat;ﬁn Panel B: {v) Methionyl-tRNA (or Met-AMP) is formed in the
and editing ot noncognateé homocysteine. IS suggeslts a%ynthetic subsite.v) An organic thiol, analogue of the side chain

the portion of the active site that bindsamino and carboxyl  of homocysteine, binds in the editng subsite. The thiol reacts with
groups of an amino acid substrate is shared by the syntheticMet-tRNA to form a thioester of methioninevij in a reaction
and editing subsites. The present work expands the modelmimicking editing of homocysteine. X is AMP (in panel A and B)
by documenting the presence of a subsite that binds the side’” (RNA (in panel B).

chain -SH group of homocysteine in the editing subsite of
MetRS. group 4 g Trp305 and Tyrl5 are located on opposite sides of the cavity

The synthetic pathway involves intermolecular reaction forming a pocket observed in the three-dimensional structure

of the activated carboxyl group of methionine with tie 2 Of MetRS (Brunie et al., 1990); methionine can be easily
hydroxyl of the terminal adenosine of tRNA. The editing docked in this pocket (Figure 2 in Kim et al., 1993).
pathway involves intramolecular reaction of the activated Homocysteine, missing the methyl group of methionine on
carboxyl group of homocysteine with the sulfur of its side itS Side chain, cannot interact with Trp305 and Tyr15 as
chain. Whether an amino acid completes the synthetic or Strongly as methionine does (Kim et al., 1993). Therefore,
editing pathway is determined by the competition for its the activated carboxyl of homocysteine reacts intramolecu-
activated carboxyl group between the side chain of the aminolarly with the sulfur of its side chain (Figure 6A) instead of
acid and the terminal adenosine of tRNA. Methionine the 3-terminal adenosine of tRNA. Since intramolecular
completes the synthetic pathway because, we believe, its sidéeactions are more favored than intermolecular reactions, this
chain is firmly bound in the active site by hydrophobic and explains why homocysteine is not transferred to tRNA but
hydrogen bonding interactions with Trp305 and Tyrl5 is cyclized to homocysteine thiolactone. As expected from
(Figure 5; see also Kim et al., 1993), respectively, preventing this model, methionine enters the editing pathway when its
the sulfur atom of methionine from competing with the 3  side chain cannot firmly bind to the active site, which is
terminal adenosine of tRNA for the carboxyl carbon of indeed the case with W305A, Y15F, and Y15A MetRSs
methionine. Consistent with these functions, side chains of (Kim et al., 1993).
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COOH COOH COOH Another class | synthetase, ArgRS, is also able to catalyze
H,N H,N HN synthesis of thioesters from thiols and the cognate charged
Os. —> Oy — o§| tRNA (Jakubowski, 1995b). Because ArgRS does not seem
SRS i C~s £ 5 to need editing function (Jakubowski, 1995b), its ability to
HzN—< X\ H,N H,N ¥ catalyze thiolysis of Arg-tRNA suggests that this syntheatse
R possesses aryptic editing function. However, there are
i ii. ii. significant differences in both catalytic efficiencies and thiol

F 7. Pr d mechanism of tide bond formation specificities between thiolysis reactions catalyzed by ArgRS
C;iCIi.EUIE/EZEd. by N?ngsg_ For(rancat?onsof u?e t%?gesé@-r%ethio?\yl)? °" and MetRS, consistent with a functional role of the thiol-

L_Cys m)from Met-tRNA and_-cysteineois Ca’[a|yzed by MetRS. b|nd|ng subsite in the ed|t|ng function of MetRS. FIrSt,
Subsequent rearrangementiofo the dipeptide Met-Cysi{) may MetRS, is at least 10-fold more efficient than ArgRS in
occur spontaneously (Wieland & Pfleider, 1957). R is the side chain Cata|yzing the thi0|ysis of the aminoacy| ester bond in
of Met, X _qenotes tRNA. Similar transacylations will occur to other cognate aminoacyl-tRNA. For examples/Kn for cysteine
nucleophilic groups, such as hydroxy or carboxyl, if present, ith AraRS is 120 min M- (Jakub ki 1995b d. with
yielding corresponding ester or anhydride bonds. with Arg IS 12 min (Jakubowski, ) an "_N'F
MetRS, 1380 mint M1 (Table 1). Second, MetRS exibits

Another prediction of this model, substantiated by the data @ rather broad thiol specificity whereas the specificity of
described in the present paper, is that activated methionine AfgRS for thiols is more narrow. For example, MetRS
which binds mostly in the synthetic mode (Figure 6B), will Utilizes efficiently cysteine, cysteine methyl ester, Cys-Gly,
enter the editing pathway even with wild type MetRS if the Cysteamine, dithiothreitol, and 2-mercaptoethakalm for
subsite that binds the -SH group of the side chain of these th|0_|§ differ only by_afacto=F3.(TabIe 1). Ir) contrast,
homocysteine (Figure 6A.ii) is occupied by a thiol (Figure ArgR_S utilizes preferentially cysteine; other th|.ols, such as
6B.v). When misactivated homocysteine is bound in the CySteine methyl ester, Cys-Gly, and cysteamine, are 15
editing mode in the active site, its -SH group occupies a 30-fold less efficient than cysteine, whereas _d|_t|h|othre|tol
subsite (an -SH subsite) next to its carboxyl carbon (Figure 21d 2-mercaptoethanol are 5 ard00 less efficient than

6A.ii). In contrast, with activated cognate amino acid, for CyStéine (Jakubowski, 1995D). _ _ _
example, in the form of Met-tRNA, in the active site, the The present data point to a close chemical relationship

-SH subsite is empty (Figure 6B.iv) and can bind organic between aminoacylation and editing and are also relevant

thiols (analogues of the side chain of homocysteine, HSCH for understanding coevolution of aminoacylation and editing
R) (Figure 6B.v). This leads to MetRS-dependent reactions r€actions. Since aminoacyl-tRNA reacts with thiols to form

of thiols with enzyme-bound Met-tRNA to yield thioesters aminoacyl thioesters, then, by the principle of microscopic
Met-SCH-R (Figure 6B.vi), mimicking homocysteine thio- reversibility, tRNA must also react with aminoacyl thioesters
lactone formation (Figure '6A.iii). to form aminoacyl-tRNA. The existence of thioester chem-

d | . b hiol istry involving cognate amino acids in present-day amino-
As expected, MetRS catalyzes reactions between thiols .1 {rNA synthetases, documented in this work and else-
and Met-tRNA"t which yield methionine thioesters as

o . . where (Jakubowski, 1995b), opens up an interesting pos-
products. With thiols having other nucleophilic groups (such gpjjity that thioester chemistry may have been responsible

as amino, hydroxy, or carboxy) on a carbon next to the ¢, the origin of aminoacylation reactions, perhaps in the
carbon bearing the -SH group, subsequent facile transacy-jgester world” (de Duve, 1994), and may have been used
lation (Wieland & Pfleider, 1957) yields peptides (Figure 4 extensively by ancestral aminoacyl-tRNA synthetases.
7), esters, and anhydrides. For example, Cys-dependentryigesters of amino acids, which form spontaneously under
deacylation of Met-tRNA yields the dipeptide, Met-Cys  g:jgic conditions, may have been immediate substrates for
(lanes 2 in Figure 3A and 3B). A similar, but less efficient, 5ncesiral tRNA aminoacylation in the absence of ATP. With
reaction yv|th_ homocysteine yields the dlpept|de_ Met-Hey ihe emergence of ATP-dependent and more accurate ami-
(lanes 6 in Figure 3A and 3B). That these reactions o0ccur noacylation, thioester chemistry was primarily used to weed
between Met-tRNA, bound in the synthetic subsite, and an ot misactivated thio-amino acids, which constitutes a major

organic thiol, an analogue of the side chain of Hcy, bound gjting function of aminoacyl-tRNA synthetases in present-
in the editing subsite, indicates that the two subsites are yay piglogical systems.

intimately close on the surface of the enzyme, forming a
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