Biochemistry2002,41, 13003-13011 13003

Structure and Function of the C-Terminal Domain of Methionyl-tRNA Synthétase
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ABSTRACT. The minimal polypeptide supporting full methionyl-tRNA synthetase (MetRS) activity is
composed of four domains: a catalytic Rossmann fold, a connective peptide, a KMSKS domain, and a
C-terminala helix bundle domain. The minimal MetRS behaves as a monomer. In several species, MetRS
is a homodimer because of a C-terminal domain appended to the core polypeptide. Upon truncation of
this C-terminal domain, subunits dissociate irreversibly. Here, the C-terminal domain of dimeric MetRS
from Pyrococcus abyssias isolated and studied. It displays nonspecific tRNA-binding properties and
has a crystalline structure closely resembling that of Trbp111, a dimeric tRNA-binding protein found in
many bacteria and archaea. The obtained 3D model was used to direct mutations against dimerization of
Escherichia coliMetRS. Comparison of the resulting mutants to native and C-truncated MetRS shows
that the presence of the appended C-domain improves ¥RN#ding affinity. However, dimer formation

is required to evidence the gain in affinity.

Methionyl-tRNA synthetase (MetRS) is a ubiquitous | |
enzyme responsible for the specific aminoacylation of

core monomer (34 %)

methionine transfer RNAs. Depending on the species from [3%%] NN lang monomer | (2 %)
which it is isolated, MetRS behaves either as a monomer or

a dimer. The reason for these two molecular states for a sameZZ | N-terminal extension (5 %)
enzyme activity is intriguing. Indeed, it was early demon- | B oo e
strated that dimericEscherichia coli MetRS could be

converted by C-terminal truncation into a minimal core of | -:| ong monomer Il (11 %)
nearly 550 residues keeping activity for both the activation

of methionine and the aminoacylation of tRN#A(1). The Arctp
truncated polypeptide can no more dimerize. Such shortened

units derived fronE. coliandThermus thermophilugletRS LTI -+

have been extensively studied, and in particular, the 3D -:| EMAP I
structures of both enzymes were determin2d3). The

enzyme is made of four domains: a catalytic Rossmann fold, Il

a connective peptide inserted between the two halves of therigure 1: Structural organization of MetRS proteins and alignment
Rossmann fold, a KMSKS domain characteristic of class 1 of their C-terminal extensions with paralogous proteins. The open
aaRS 4-6), and a C-terminal. helix bundle domain, boxes represent the core structural unit of MetRS, whereas the dark

: " : boxes correspond to the C-terminal dimerization domain of MetRS.
requns!ble for the recognition of th_e CAU anticodon of The light gray box schematizes the added domain in Arclp, p43,
methionine tRNAs. These four domains form the structural gpmap |1, and long monomer 1, which prevents dimerization. Other

core of MetRS and are systematically encountered in all unrelated domains have specific patterns. The numbers in paren-
MetRS sequenced so far (Figure 1). Thirty-four percent of theses indicate the percentage of related oligomeric states according
known MetRS consist solely of this main unit and behave 0 @ sample of 65 examined MetRS sequences. Bacterial MetRS

: . belong either to the core monomeric or to the homodimeric type.
0,
as monomers. The other MetRS (66%) contain domalnsln archaea, euryarchaeotal enzymes are monomeric, whereas

appended to this minimal core and either form homodimers crenarchaeotal enzymes are homodimeric. In eukaryotes, fungal
(48%) or remain long monomers (18%; Figure 1). MetRS present an N-terminal extension, whereas in viridiplantae

Dimer formation of MetRS is always related to the and metazoa, these enzymes are long monomers. The 3D structure
h : fth f (gf the core monomer of MetRS is known in the caseE .afoli (2)
presence, at the C-side of the core enzyme, of an appendedng T, thermophilus(3). The 3D structures of human EMAP i

(14, 15) andA. aeolicusTrbpl11 (12) have also been determined.

T Coordinates have been deposited at the Protein Data Bank with

accession number 1IMKH. . . .
* Corresponding author. Tel:+33 1 69334885, Fax:+33 1 domain. Interestingly, some organisms express paralogs of

69333013. E-mail: yves@botrytis.polytechnique.fr. this dimerization domain (Figure 1). Such paralogs are, for
! Abbreviations: SDSPAGE, sodium dodecyl sulfate polyacryl-  example, Trop111(tRNA-binding protein) ofAquifex aeoli-

amide gel electrophoresis; PCR, polymerase chain reaction; EDTA, _ ; i
ethylenediamine tetraacetic acid; EMAP II, endothelial monocyte cus (7), the cold-shock protein CsaA froi. subtilis (8),

activating polypeptide II; Arclp, aminoacyl-tRNA cofactor protein; Y€ast Ar(?lp (amir]oacyl-tRNA.cofactor proteﬁ)? an_d the
Trbp, tRNA-binding protein. mammalian cytokine endothelial monocyte activating poly-
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peptide Il (EMAP 11,10). Both Arclp and EMAP Il interfere

with the function of aminoacyl-tRNA synthetases in a trans- ,

acting manner. Arclp binds the N-terminal extension of g‘ < 84 kDa
monomeric MetRS of yeast, thereby increasing the affinity === |

of the synthetase for tRNAYJ. In mammals, a high S

molecular weight complex assembles nine aaRS with non- s
synthetase components. Cleavage of p43, one of these
nonsynthetase components, by an apoptotic protease produce

EMAP 11 (11).
The 3D structures ofA. aeolicusTrbpl1l (@2), of T. . . .GRAATAGGAGGSGAAAGAATGTACGTCAAGTTTGAT
thermophilusCsaA (3), and of human EMAP 1114, 15) Moy v kK F D

were determined. In all cases, an OB-fold forms the core of
the structure. However, Trbp111 dimerizes, while EMAP I ‘4_ 12 kDa

is monomeric. The monomeric state of EMAP Il can be J

explained by a C-terminal extension (Figure 1), which masks Ficure 2: SDS-PAGE analysis of a heated extract of overproduc-
the dimerization regionl). Interestingly, an EMAP Il-like  ing E. coli cells carrying the pET15bMet-pa plasmid. The bands
structure is found at the C-termini of long monomeric 1l corresponding to full-lengtR. abyssMetRS (84 kDA) and to the

) o . isolated C-terminal domain (12 kDa) are flagged by arrows. The
MetRS (Figure 1), thereby explaining that these proteins v, gther visible bands are also present in a nonoverproducing

cannot dimerize. control extract and therefore correspond to thermost&bleoli

Biochemical characterizations show general tRNA-binding proteins. In the left part of the figure, the sequence around the
properties for both Trbp111 and EMAP IT,(16). Specificity ~ ntérnal ATG codon corresponding to the start of MetREL.2K

o . L is shown. The ShineDalgarno sequence is underlined.

of the binding appears rather broad, with recognition of the
L shape of tRNA. It has been suggested that Trbpl1l has
the activity of a tRNA chaperone. Upon gene fusion, this
activity would have been incorporated in MetRS, as well as

C12K. At this stage, the possibility that MetRE12K is
expressed irPyrococcus abyssiemains open. Indeed, it
in some other aminoacyl-tRNA synthetases such as PheRSngggé)g L:g dgﬁgcl,nigrm;tmhgnStQ;;%DZI%ZQUOJEZ sa?[qftﬁlznge
and human TyrRS?O. ) ] S end of theP. abyssil6S rRNA (8). It might therefore
Here, we studied the C-terminal domain of dimeric MetRS represent a translation start signal in this specié. (To
from the archaeoRyrococcus abyssits three-dimensional | ,ndertake the characterization of MetRS12K, the protein
structure was determined. This structure was used to direct, 55 purified from overproducing cells. Mass spectrometry
mutations against the dimerizationBf coli MetRS. Study  measurements were performed, and confirmed the identity
of the mutants indicates that the appended C-terminal domainpetween the purified protein (12 04146 2.8 Da) and the
is a cis—a_ct?ng element providing the enzyme Wit.h a better 5 predicted from the gene sequence (12041.2 Da).
tRNA affinity. However, to gain the increase in tRNA Moreover, as shown by molecular sieving, MetRS12K
affinity, subunits of the enzyme must associate. (30 M) behaves as a dimer in solution.

As described in the Introduction section, MetRS12K
belongs to a family of tRNA-binding proteins, includirg
Production and Characterization of the Dimerization aeolicusTrbpl11 {7), a part of the C-terminal domain &f.
Domain of MetRSThe metSgene encoding MetRS from  cerevisiae Arclp (9), and the N-domain of the EMAP I
the hyperthermophilic archae@tyrococcus abyssias PCR-  cytokine (L0, 16. Trbplll and Arclp bind tRNAs with
amplified and cloned between tiécd and Sadl sites of dissociation constants in the 10 nM range ¢), whereas
pET15blpa. In the resulting construction, the region encoding EMAP I binds tRNAs with an apparerdy of 20 uM (16).
the His tag is removed. When expresseéiroli this vector ~ tRNA-binding properties of MetRSC12K were studied by
leads to the production of two thermostable proteins. The the gel-shift method. Assuming a stoichiometry of one tRNA
heaviest protein has a molecular weight of 84 KDa, corre- molecule per dimer, experiments using purifiéd coli
sponding to that oP. abyssMetRS (722 residues), whereas tRNAMe or tRNA,Y@ (0.5 M) showed that MetRSC12K
the lightest one has an apparent molecular weight of 12 KDacan bind either of the two tRNAs with an equilibrium
and is preponderant (Figure 2). To characterize this polypep-constant smaller than 08V (data not shown).
tide, N-terminal sequencing was performed after excision Crystal Structure of MetRSC12K. Hexagonal crystals of
of the protein from the gel. The sequence MYVKFD was MetRS-C12K were obtained by using 20% PEG8000 as
obtained. It corresponds to an internal sequend abyssi precipitating agent in the presence of 50 mM potassium
MetRS, starting at residue 616. Examination ofiietSgene phosphate. Crystals belong to space grBG@g21, with cell
in this region shows that the ATG codon at position 616 is parametersa =b = 38.3 A,c = 161.6 A. Cryoprotection of
preceded 14 bases upstream by a putative AGGAGG Shinethe crystals could be achieved by soaking in a solution
Dalgarno sequencé?) (Figure 2). The polypeptide predicted containing 10% ethylene glycol, 20% PEG8000, and 50 mM
to be produced from this ATG codon has a molecular weight KH,PQ,. A complete datasetot2 A of resolution was
of 12.4 KDa, in good agreement with the one observed uponrecorded at 100 K at the ESRF ID14-EH1 beamline. The
SDS-PAGE analysis. This strongly indicates that the structure was solved by molecular replacement by using
observed protein is produced from the ATG codon internal residues 16895 in the human EMAP Il structureld) as a
to metSand recognized as translation start signal byEhe  starting model. The structure, containing one monomer per
coli ribosome. The protein was therefore called MetRS asymmetric unit, was refinea@t2 A resolution withR and

RESULTS AND DISCUSSION
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Ficure 3: Structure of the dimeric MetRSC12K domain. Top: representation of the 3D structure of the domain drawn with éjor (

One monomer is colored in dark gray and the other monomer in light gray. Bottom: scheme of the topology showing secondary structure

elements.

free-R values of 27.5% and 28.9%, respectively. The overall
structure shows B value of 69 &, reflected at the level of
the value of 49 A deduced from the Wilson plot of the
diffraction data. This highB value is mainly due to two
mobile loops (L1 and L2 in Figure 3), corresponding to
residues 2528 and 72-75, which have inaccurately deter-
mined positions (no density is observed for residue 74).

CsaAis 1.2 A for 101 pairs of @ atoms. The model of the
MetRS-C12K dimer can be superimposed on that of EMAP
Il (14, 15) with an rmsd of 1.4 A for 99 compared C alpha
atoms. This superimposition involves C alpha atoms from
both MetRS-C12K monomers, since the C-terminal exten-
sion of EMAP Il aligns with the second monomer of
MetRS-C12K. Such a superimposition reflects the previous

Taking into account the small size of the protein, the presenceobservation that the C-terminal domain of monomeric EMAP

of the two poorly ordered loops made it difficult to refine
the structure to loweR values.

In the crystal, the structure of MetR€£12K is homo-
dimeric, with the dimer axis corresponding to a crystallo-
graphic axis. As shown in Figure 3, the structure of the
subunit is mainly composed @ strands. Only two shox
helices are foundal at the N-terminus of the protein and
o2 betweer3 andp4. The structure defined by strandls,
52,33, f4, andf7 is reminiscent of that of an OB-fol@(),
capped by the2 helix.al, 58, 49, ands10 ensure the dimer
interface. Finally, it is remarkable that the interface of
MetRS-C12K forms two symmetricab barrel-like struc-
tures (Figure 4). Therefore, on the whole, the MetlRA.2K
dimer appears to result from the association of founarrels.
The structure of MetRSC12K is highly similar to those of
Trbpl11 fromA. aeolicus(12) and CsaA fromT. thermo-
philus (13). The rms deviation between MetRE€12K and

Il is related by degenerate 2-fold symmetry to the OB-fold
domain, in such a way that the domain interface in EMAP
I mimics the dimer interface of Trbpl11-like proteirs).

In the case oA. aeolicusTrbpl11, binding of tRNA was
studied by engineering site-directed mutari®) (The most
important residues map in two loops. The first loop (L1)
lies betweerl ands2, while the second loop (L2) connects
p5to 6. In MetRS-C12K, as in Trbpll1, these two loops
are face-to-face and form a clamp protruding out of the barrel
(Figure 3). Most of the residues found important for tRNA
binding in the case of Trbpl11 are conserved in MetRS
C12K. These residues are K30 (L1), N66 and S78 (L2), and
M81 (N-terminus of57).

Design of a Long Monomeric MetR%o investigate the
role of the C-terminal domain in the context of MetRS, we
wished to design mutations impairing the dimerization
process. Our goal was to construct long monomets. abli
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Ficure 4: Dimer interface of MetRSC12K. Top: schematic view of the MetRE12K dimer showing the internglbarrel-like structure

made upon dimerization. The secondary structure elements involved in the formation of this barrel are shown in dark gray for one monomer
and in black for the other monomer. Only the bottom barrel is labeled; the symmetrical one is less visible, at the top of the view. For the
sake of clarity, thg89—A and9-B strands were prolonged by 4 residues at their C-termini.

FiGure 5: Stereo representation of the dimer interface modified by site-directed mutagenesis. The side chain interactions involving the
conserved residues Tyr52 and Arg60 of one monomer and Asp96 of the other monomer are shgistrdims interactions betwegt0

and$38 are shown with dashed lines. The arrows indicate the position of the cleavage leading to the M665 variant. Only the relevant side
chains are drawn.

MetRS to investigate the roles in enzyme activity of the of Y52 and R60 of the other monomer (Figure 5). Y52 is
C-terminal domain by itself on the one hand and of the strictly conserved in all dimeric Trbp111-like domains, while
dimerization of MetRS on the other hand. In MetRG12K, R60 and D97 only show conservative replacements at these
the dimer interface mainly results from antiparafiestrand positions (K or E, respectively). Interestingly, none of these
interactions. In addition, the twol helices are packed residues is found in the monomeric EMAP ll-like domains.
together, and the N-termini are in contact through hydrogen Because the dimer interaction primarily involves main
bonds involving the carbonyl group of M1 of one monomer chain atom contacts, mutations that cause dissociation of the
and the side chain of N67 of the other mononyestrand dimer may be difficult to obtain. However, taking into
interactions involve thef10 C-terminal strand of one account the interface contacts, we decided to construct two
monomer, which contacts thg8 strand of the other E. coli MetRS variants: the first one corresponds to the
monomer. In addition, the two symmetrical extended peptides mutation into A of D666, the residue corresponding to D97
after f9 (residues 9597) also make main chain atom in MetRS-C12K (D666A mutant). In the second one, the
contacts (Figure 5). A notable exception is D97, whose side 410 strand and the extended peptide at its N-terminus were
chain establishes electrostatic contacts with the side chaingemoved by inserting a stop codon at position 666 (M665
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mutant enzymes clearly behave as monomers on a native
gel, although a faint band corresponding to the dimer is
detectable in the case of D666A. Interestingly, when 10mM
MgCl, is added to the gel buffer, the migration pattern of
T - the D666A enzyme shifts toward that of the dimeric form,

- whereas M665 shows multiple bands indicative of an
equilibrium between the monomeric and the dimeric forms
(Figure 7C). Taking into account this salt-dependence, it
appeared necessary to define the oligomeric state of the two
mutants under the conditions routinely used for the bio-
chemical characterization of MetRS. To achieve this, the
retentions of the wild-type and mutant proteins on a HPLC
molecular sieving column were compared (Figure 6). Two
conditions were chosen: the first one corresponds to that
used in the tRNA aminoacylation assay, i.e., 150 mM KCI
plus 7 mM MgC} (21), and the second one is that used in
the fluorescence-monitored tRNA-binding assay (10 mM
MgCl,) (22). The results showed that, in either buffer, the
mutants are monomeric, provided that their concentration is
kept lower than 0.JuM. Therefore, the two mutants must
be monomeric under the conditions of the aminoacylation
assay, where the catalyst is added at a concentration on the
order of 0.3 nM. Although accurate dimer dissociation
constants cannot be deduced from the chromatographic data,
they could be estimated on the order ofi¥ for the two
mutant proteins. As noted above, using PAGE analysis, the
truncated M655 mutant appeared less prone to dimerization
than the point mutant D666A. The whole data indicate that
a mixture of monomers and dimers should form under the
conditions of the tRNA-binding assay, when the enzyme
concentration is in the micromolar range.

Biochemical Characterization of the Mutant Enzynidse
kinetic parameters of the two mutants were measured and
compared to those of the dimeric M676 and minimal
monomeric M547 enzymes (Table 2). Regarding the amino-
acylation reaction, both mutant enzymes, monomeric in the
assay, showed an increase in the Km of tRI¢AHowever,
as compared to that with wild-type M676, the increase did

0.02 0.09 0.9 5 not exceed a factor of 2. To facilitate comparisons, khe
protein concentration (uM) constants in Table 2 were systematically calculated for one

Ficure 6: Panel A: SDSPAGE analysis of MetRS variants. Lane protomer. Their values are slightly increased in the cases of

1, wild-type MetRS dimer; lane 2, M665; lane3, D666A; lane 4, One protomer of D666A or of one protomer Qf M_665’ as
M547 truncated monomer. Panel B: native PAGE analysis of compared to one protomer of M676. The gainskin at
MetRS variants. Electrophoresis of the purified proteing«6) saturating tRNA remain small, yet significant. Surprisingly,
was performed on a-415% polyacrylamide gradient gel. Lane 1, for the two mutants, the rate of the ATRPPi exchange
M665; lane 2, D666A; lane 3, wild-type MetRS dimer; lane 4, . d db f £2 wh |

M547 truncated monomer. Panel C: chromatographic analysis of rea(?t'on was reduced by a actor of 2, w ereaskghlga ues
MetRS variants. MetRS variants were injected at different con- are identical for M676 and M54 @nd Table 1). This might
centrations onto a TSK4000SWXL molecular sieving column indicate that, in the presence of the C-terminal domain,
(TOSOHAAS 7.5x 3000 mm) operated at 0.5 mL/minin 20 MM dimerization influences the conformation of the active site.

Tris. pH 7.6, 7 mM MgCJ, 150 mM KCI. and 10 mM 2-mercapto- - . . )
ethanol. The retention times are indicated: filled bars M547, open This effect is not reversed upon saturation of the tRNA

bars M676, gray bars D666A, hatched bars M665. The indicated Pinding site, since the ATPPPi exchange rates were not
concentrations are those in the eluted peaks. Similar results weresignificantly changed in the presence qQild tRNA* (data
obtained in 20 mM Tris, pH 7.6, 10 mM Mggl not shown).

In a second set of experiments, the role of the C-terminal
mutant). The two variants could be overproduced as stabledomain in tRNA binding was studied. Saturation of MetRS
proteins inE. coli cells. They were purified to homogeneity, by tRNAMet causes an important quenching of the intrinsic
as judged by SDSPAGE analysis (Figure 6). The thermal enzyme fluorescenc@8). This quenching is by 60% in the
stabilities of the mutant enzymes were kept intact, as case of the M547 monomer and by 37% in the case of the
compared to that of the wild-type dimeric enzyme (half-life M676 dimer. This difference can be explained by the
time of 16 min at 51°C). The oligomeric states of D666A  anticooperative binding of a single tRNA molecule per dimer
and M665 were studied by using native PAGE analysis and under the used conditions. Moreover, the dissociation
molecular sieving methods. As shown in Figure 6, the two constant of tRNA®t from the strong site in the M676 dimer
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FiIGURE 7: Binding of tRNAMet to MetRS variants. Panel A: gel shift assay of M676 associated to radioactively labeleg"fRNAe

enzyme was incubated at increasing concentrations-42u:M) with 15 nM 5-32P-tRNAMet and electrophoresed on a native acrylamide

gel. The curve on the right corresponds to a plot of the intensity of the shifted band as a function of enzyme concentration. It is fitted
according to a simple binding equilibrium. Panel B: same experiment as that in panel A, with the M665 mutant. Panel C: same experiment
as that in panel B, with the M665 mutant, but silver stained. This staining allows visualization of the proteins and shows the equilibrium
between the monomeric and dimeric forms of M665 under the exact conditions of the gel shift assay. Migrations of M676 and M547 are
indicated by arrows.

Table 1: Native Data Used in Structure Determination of Table 2: Michaelis-Menten Parameters of the Aminoacylation
MetRS-C12K? Reaction and of the [32P]PPi-ATP Isotopic Exchange Catalyzed by
data set native Ec-MetRS Variants
[ lation [32P]PPi-ATP tRNA
X-ray source ID14eh1 amlnoacyM . ; i
unique reflections 9286 of tRNAMet isotopic exchange  binding
resolution (A) 2 K (@M)  keat(s™) K (M) k(s Ky (uM)
completeness %'?1%?'9) M676 4.4+05 28  20£3 42 0.20£0.05
Rym(1) (%)3/ 52 (20'8) M547  5.8+0.7 3.6 22+ 3 47 24+ 04
A : . D666A 6.4+ 0.7 31 29+ 4 23 0.40+ 0.05
RifreeR (%) 27.5/28.9 M665 87+10 4.4 344 28  0.80+0.2
rms deviatiations bonds (A) 0.0086 : . . . .
angles (deg) 1.53 a2The values were determined by using homogeneous enzyme in
meanB values (&) protein atoms 68.6 standard assays as described in Materials and Methods. Parameters and
water 59.5 standard errors were derived from iterative nonlinear least-squares fits

of the Michaelis-Menten equation to the measured valleg.values

aEach data set was collected at 100 K with a single crystal. The
9 y were calculated for one enzyme protomer. In the case of -AHP

values in parentheses correspond to the highest shell of resolution’ - h is that of hioni dat2
(2.06-2.01 A). Note that the relatively low completeness is due to the 'SOIOPIC €xc angem is that of methionine measured at 2 mM A¥P
2.02-2.01 A shell; completeness is 92.1% in the 2.Q702 A shell. ~ M9”". Ka values were measured by spectrofluorometric fitrations of
b Rym (1) = [S Sl OrlD— Iniai V[ Shia 3illnil], wherei is the number the enzyme, assuming one t_RNA-_blndlng site per M547 monomer and
of reflection hkl. one tRNA-binding site per dimer in the other cases.

M547 MetRS 24). In the cases of the M665 and D666A
(0.2uM) is 12-fold lower than that from the single binding mutants, the quenchings upon tRNA saturation were by 40%
site on the M547 truncated monomé&y(value of 2.4uM; and 37%, respectively. Such amplitudes rather argue in favor
23 and Table 2). Affinity co-electrophoresis experiments of a half of the site-binding behavior of the mutants in the
showed a similar enhancement of the affinity of a tRNFA titration assay. Nevertheless, dissociation constants of the
acceptor microhelix to the M676 as compared to that of the two mutant enzyme:tRNA complexes were increased as
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compared to that with the wild-type dimer (Table 2), showing as proposed by Nomanbhoy et aF). The size of the linker
that perturbation of the dimer interface had affected the peptide (20 residues) between the MetRS core and dimer-
strength of the tRNA binding. ization domain is sufficient to allow such a complex.

Finally, formations of the enzyme:tRNA complexes were |t has been previously proposed that the anticooperative
also studied by using a gel-shift assay for M676 and for the binding of two tRNAs to dimeric MetRS might serve to
most affected mutant M665. In these experiments enzymecouple the working conditions of the enzyme to the
concentrations were varied in the range-2uM. Forthe  concentration of free tRNX¢! (25). Indeed, at high tRNA
M676:tRNA complex, &Kq value of 0.6+ 0.2uM could be  concentration, occupation of the second weak binding site
deduced (Figure 7). This value agrees well with that obtained would stimulate tRNA dissociation from the strong binding
using affinity co-electrophoresi24). With the M665 variant,  sjte. However, under the conditions of the tRNA amino-
the tRNA-binding curve displayed a sigmoidal shape, with acylation assay, the advantage in catalytic turnover of native
a sharp transition at an enzyme concentration ofid2  MetRS as compared to the monomeric minimal core enzyme
This may indicate that tRNA preferen_tlally binds the dimeric  §oes not exceed a factor of 1.81( Table 1). With the
form of the enzyme. The oligomeric state of the mutant gaijys stearothermophilugletRS, the kinetic consequences

enzyme in the gel shift assay was assessed by silver stainingy ihe anticooperative behavior are more apparent, with the
of the.prot_elns. As_ can be observgd in panel C of F|_gure 7, occurrence of two sets d¢., and V,, values upon varying
the migration profile shows a multiple band pattern indica- the tRNA substrate2g).

tive of an equilibrium between the monomeric and the . . : . .
dimeric forms. Upon increasing the enzyme concentration, | N€ case of. cereisiae MetRS is particular, since this
the amount of the dimeric form increases. Since the auto- MONOMeric enzyme associates with the Arclp protein. This
radiography shows a single shifted band, one can conclude@SSociation confers on MetRS a much higher affinity for
that the enzyme:tRNA complex preferentially forms with the tRNA. However, itis notable that Arc1p, which contains an
dimeric protein. The sharp transition of the curve could EMAP ll-like C-terminal domain (Figure 1), is monomeric.
therefore be explained by similar equilibrium constants for In addition to this domain, Arclp possesses an N-terminal

dimer formation from M665 protomers and for tRNA binding domain important for MetRS binding and a central domain
by dimers of this mutant. also involved in tRNA bindingZ9). It can be imagined that

the central domain compensates for the absence of dimer-
ization of this tRNA-binding protein.

Actually, nonessential appended tRNA-binding domains
are also found in other aminoacyl-tRNA synthetases, such
as yeast AspRS3() or mammalian LysRS31—33). In most

CONCLUDING REMARKS

The data presented in this work establish that the C-
terminal domain appended to dimeric MetRS provides the 4 . .
enzyme with additional tRNA-binding affinity, through cases, the catalytic 'parameter.s'of the tRNA aminoacylation
general tRNA-binding properties. Therefore, this domain is r€action are only slightly modified upon removal of these

indeed a structural and functional homologue of the Trbp111 @PPended domains (see the cases of plant or human MetRS,
protein. 34 and 35, or of mammalian LysRS31—-33). In contrast,

the N-terminal appended domain of yeast AspRS and the
interaction of yeast MetRS with Arclp are associated to
larger decreases ¢f,, values for tRNA 9, 30). Therefore,

the understanding of the biological roles of these supple-
mentary domains deserves further in vivo functional studies,

E. coli MetRS mutants still containing the OB-folded
tRNA-binding domain but affected in their capacity to
dimerize were designed. Study of these mutants strongly
indicates that the enhancement of tRNA-binding affinity

conferred by the C-terminal domain is only expressed when o i
the enzyme is in the dimeric state. The requirement for a as well as structural characterization of the complexes with

dimeric form of the generic Trbp module to obtain full .tRNA' One idga Is that these dqmains can be also involved
tRNA-binding affinity agrees with the low tRNA-binding in autorggulatmn of the expression of t_he aaRS_ genes. Such
affinity exhibited by monomeric EMAP Il proteirk{ of 20 a genetic control has recently been ewdeqced in the case of
M, 16). Moreover, the requirement for a dimeric state is in Y82t aspartyl-tRNA synthetase (M. Frugier and R. Giege
keeping with the previous proposal that the tRNA-binding ASilomar Conference on Aminoacyl-tRNA Synthetases,
cleft in Trbp111 is formed by both the L1-L2 loops and the Pacific grove, CA, January 1318, 2002). In the case of
dimer interface 12). In such a model, only one tRNA site  MetRS, regulation of the expression of the corresponding
can be occupied at a time, in agreement with the experi- 9€n€ mlght benefit from the anticooperative behavior of the
mentally measured stoichiometry of one tRNA per Trbp111 dimeric form. Indeed, it was earlier proposed that MetRS
dimer (7). This view also explains the anticooperative Might down regulate the transcription of its own gene by
behavior observed fdE. coli dimeric MetRS upon binding ~ binding a tRNA-like structure at the’ ®nd of its mMRNA

two tRNA molecules 23, 25, 26). Indeed, it was early (36). A dimeric structure of MetRS might be important in
demonstrated that the enzyme binds a first tRNA molecule such a mechanism. Indeed, upon conditions of limiting free
with strong affinity, and a second one with a much lower tRNA where the weak tRNA site remains unoccupied, the
affinity. It can be imagined that only the first bound tRNA MetRS would strongly bind its mRNA. In contrast, in the
benefits from an access to the C-terminal domain. In this presence of an excess of free tRNA, dissociation of the
context, the question whether the strongly bound tRNA cross repressor MetRS from mRNA would be facilitated. Eventu-
bridges the MetRS subunits through other contacts remainsally, such a behavior would couple repressor binding and
open. Binding of the tRNA molecule might occur with the MetRS expression to the degree of aminoacylation of
enzyme on one side and MetRE12K on the opposite side, tRNAMet,
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MATERIALS AND METHODS Biology, Cambridge, U.K.). Data were processed further with
programs of the CCP4 packadg9).

Structure Determination and Refinemeiihe structure
was solved by molecular replacement by using human EMAP
Il (residues 16-95) as a starting model and the AMORE
program 40). The structure was refined by cycles of manual
model building using O41) and conjugate gradient mini-
mization using CNS 42). The final model contains 106
residues out of the 107 composing the MetRE.2K protein
ampicillin to an ORsp of 1. After induction with 1 mM and 16 water molecules. Residue R74 (loop L2) is disordered
IPTG, cells were further grown during 15 h at 3Z. Cells and has not been included in the model. In addition, the side
were harvested and resuspended in 30 mL of buffer A (10 chains of K4, K22, N26, D28, K29, K50, K53, E55, K72,
mM MOPS pH6.7, 10 mM 2-mercaptoethanol, 0.1 mM and R90 were disordered, and the corresponding residues
PMSF) and disrupted by ultrasonic disintegration. The crude were therefore modeled as alanines. The final working and
extract was centrifuged and the supernatant heated for 20free R-factors were 27.5% and 28.9%, respectively, for the

Expression and Purification of MetRS Variartsthe case
of Pyrococcus abyssihemetSgene was PCR-amplified and
cloned between thé&lcd and Sadl sites of pET15Ipa, a
modified version of pET15b (Novagen). For the purification
of MetRS-C12K, the resulting pET15bMet-pa was trans-
formed intoE. coliBL21-De3 cells. Cells were grown at 37
°C, in 1 L of 2xTY medium containing 5Qug/mL of

min at 80°C. After centrifugation, the supernatant was loaded
onto a Q-HiLoad ion exchange column (1:6 10 cm;
Amersham) equilibrated in buffer A containing 50 mM NacCl.
The protein was eluted stepwise Wit M NaCl. The
collected fractions were dialyzed against buffer A containing
50 mM NacCl. The protein was then loaded on an S-
Sepharose high-performance column (k14 cm; Amer-

data b 2 A resolution.

Activity MeasurementsMethionine-dependent?P]PPi-
ATP exchange activity was measured af@5n standard
buffer (20 mM Tris-HCI, 7 mM MgCJ, 10 mM 2-mercapto-
ethanol, 0.1 mM EDTA, pH 7.6) containing 2 mNPP]PPi,

2 mM ATP and 2 mM methionine4@). Aminoacylation
assays41) were performed in the same standard buffer plus

sham) equilibrated in the same buffer. Protein was eluted 150mM KClI, in the presence of 2 mM ATP, 50M

stepwise with 500 mM NaCl. The collected fractions (6 mL)

L-[**C]methionine (Amersham; 1.6 TBg/mol), and:® E.

were then directly loaded onto a Superdex 75 molecular coli tRNAMet., For K., measurements, the concentration of

sieving column (1.6x 60 cm, Amersham) equilibrated in
buffer A containing 500 mM NacCl. The resulting protein
was finally dialyzed against buffer A containing 25 mM NacCl
before storage at 4C. About 12 mg homogeneous protein
was obtained.

Variants of theE. coli MetRS were produced by site-
directed mutagenesis of the pBSM676 plasn8d) (using

tRNA was varied from 0.2 to 1GM.

Fluorescence at EquilibriumVariations of the intrinsic
fluorescence of MetRS variants upon titration with tRMNA
were followed as describe@?), at 25°C, in 20 mM Tris-
HCI (pH7.6), 10 mM 2-mercaptoethanol, 10 mM MgGind
0.1 mM EDTA. Saturation curves were obtained by varying
the total concentration of tRNAet (1250 pmol of methionine

PCR techniques. Mutated MetRS were produced and purifiedacceptance pekeo Unit, prepared from overproducing cells,

as previously describe®8).

Mass Spectrometry and N-Terminal Sequendingample
of MetRS-C12K protein (6Q«M) was dialyzed against water
and diluted to 6«M in 50% acetonitrile containing 0.1%

44) from 0.03 to 3.6uM. Dissociation constants were
determined from iterative nonlinear least-squares fits of the
theoretical equations to the experimental values, after cor-
rection for the inner filter effect2). Confidence limits and

formic acid. Mass spectrometry experiments were performedstandard errors were determined by 100 Monte Carlo

on an electrospray spectrometer (Quattro I, Micromass,

Manchester, U.K.).

For N-terminal sequencing, 12g of MetRS-C12K
protein was loaded on a 12% SBfolyacrylamide gel. After

simulations from the experimental deviations on individual
measurements4b).

Gel Shift Assay for tRNA Bindin@.he gel shift assays
were performed as described in eE. coli MetRS variants

electrophoresis, the protein was electrotransferred onto awere'insgubated at 4C at ir;tcreasing concentrations with 15
ProBlot membrane (Perkin-Elmer) and stained with amido "M 5-[*?P]-labeled tRNA"* (1200 pmole/Ago unit, purified

black. The band containing the MetRE12K protein was

as described in ref4), in a buffer containing 50 mM Tris

cut and submitted to six cycles of automatic Edman degrada-Porate (pH 8.3), 5 mM MgGJ and 0.001% Triton X-100.

tion (Applied Biosystems 473A sequencer).

Crystallization and Data Collectionnitial screening for
crystallization conditions of MetRSC12K protein was
performed at 4£C with the hanging drop technique using
protein at 6 mg/mL in storage buffer and commercial Crystal

The gel was run at 100 V for 3 h at*€. After migration,

the gel was dried onto a Nytran membrane and exposed on
an X-ray film. Autoradiographies were then analyzed using
the NIH-Image software. Silver staining was performed using
the Bio-Rad kit, as recommended by the supplier.

Screen solutions (Hampton Research). Hexagonal crystalsy cx NOWLEDGMENT

were obtained using condition 42 of SM1 (20% PEG8000,
50 mM K—phosphate). The size of the crystals could be
increased by using sitting drops at 2. For data collection,

The authors are grateful to Sophie Bourcier (Laboratoire
de Chimie des Meanismes Ractionnels, Ecole Polytech-

the crystals were soaked during 1 min in 24% PEG8000, 50 nique) for determination of the Mw of MetRSC12K by

mM KH,PQO, containing 10% ethyleneglycol as cryo-

mass spectrometry and to Jacques d’Alayer and Maryline

protectant, and flash cooled in liquid ethane. Data were Davi (Laboratoire de Microspien@age des Proiges, Institut
collected at 100K using a synchrotronic source at the ESRF Pasteur, Paris) for protein sequencing. Thibaltp@revas

(ID14-EH1 beamline). Diffraction images were analyzed
using Mosflm (A. G. W. Leslie, Laboratory of Molecular

a recipient of a doctoral fellowship from the Association pour
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