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ABSTRACT. In class 1 aminoacyl-tRNA synthetases, methionyl-tRNA synthetases (MetRS) are homodimers
or monomers depending on the presence or absence of a domain appended at the C-side of the polypeptide
chain. Beyond this C-domain, all MetRS display a highly conserved catalytic core with a Rossmann fold,
the two halves of which are linked by a connective peptide (CP). Three-dimensional folding of CP and
its putative zinc content have served as a basis to propose a division of the MetRS family into four
subgroups. All subgroups but one, which is predicted to display two zincs per MetRS polypeptide, have
been characterized. In the present study, the 3D structure of MetRSHyootoccus abyssiould be

solved at 2.9 A resolution. The data obtained and atomic absorption spectroscopic measurements establish
the presence of two metal ions per polypeptide chain. This finding brings strong support to the above
classification. In the crystal, the C-terminal dimerization domain is disordered. This observation is thought
to reflect marked flexibility of the two core moieties with respect to the C-domains in the dimer. Gel shift
experiments were performed with the isolated C-terminal dimerization domain and a core monomeric
MetRS, both derived from the. abyssienzyme. Complex formation between the C-domain and the core
enzyme could not be evidenced. Moreover, association of tfleNA the core enzyme is enhanced in the
presence of the C-domain. Together, these experiments suggest positive control in trans by the C-domain
on recognition of tRNA by the core moiety of MetRS.

Enzymes belonging to the aminoacyl-tRNA synthetase At a functional level, the existence of dimeric MetRS is
(aaRS) family catalyze the esterification of amino acids on intriguing. Indeed, it was early demonstrated that dimeric
their specific tRNAs. aaRS are divided into two classes Escherichia coliBacillus stearothermophilygindThermus
depending on the structure of their catalytic center?). thermophilusVetRS could each be converted by C-terminal
Class 1 synthetases are characterized by a catalytic centetruncation into a monomeric minimal core of nearly 550
built around a Rossmann fold harboring the two signature residues. The obtained monomers retain activity in the
sequences HIGH and KMSKS, while class 2 enzymes exhibit reaction of aminoacylation of tRN#&' (4—6). The 3D
a central antiparallefs-sheet containing three conserved structures of such shortened units derived friéntoli and
sequence stretches. T. thermophilusMetRS (MetRSec and MetRStt, respectively)

In class 1, methionyl-tRNA synthetase (MetRS¥ have been solved/( 8). Four distinct domains are encoun-
particular since depending on the living species from which tered: a Rossmann fold, a connective polypeptide (CP)
it is isolated, this enzyme behaves as a monomer or as dinking the two halves of the Rossmann fold, the KMSKS
homodimer 8). Dimer formation of MetRS is always related domain, and am-helix bundle responsible for the binding
to the presence, at the C-side of the core enzyme, of anof the anticodon of tRNA®,

appended domain. Interestingly, some organisms express The dimerization domain of methionyl-tRNA synthetase
paralogues of this dimerization domain. Such paralogues are from Pyrococcus abysgMetRSpa) could be recently isolated
for example, Trbp11l (tRNA-binding protein) #fquifex  and crystallized13). This domain (MetRS-C12K) shows an
aeolicus (9), the cold-shock protein CsaA fromacillus OB-fold such as that found in several proteins having RNA
subtilis (10), yeast Arc1p [aminoacyl-tRNA cofactor protein  pinding propertiesq, 14—16). Indeed, when present at the
(11)], and the mammalian cytokine endothelial monocyte c-end of the enzyme, MetRS-C12K improves tRY§A
activating polypeptide Il [EMAP I1 {2)]. affinity (17). To possibly explain this behavior, data on the
relative 3D locations of the dimerization domain and of the
TT.C. was a recipient of a doctoral fellowship from the Association remainder of the enzyme have to be obtained.

pour la Recherche sur le Cancer. . . . .
+ PDB accession number 1RQG. In the case ofE. coli MetRS, a tightly bound zinc ion

* Corresponding author. Tel:+33 1 69334885. Fax:+33 1 was shown to play a role in the folding of the CP region
69§i?6%13-£t-_mal|2 ﬁ/lm??as@b()t?r/\ns'p?lt)g?u?mqufhfr{ VetRS (18). The functional importance of this zinc has been
reviations: MetRS, methionyl- synthetase; MetRSpa, piqhli o ; :
MetRS fromPyrococcus abyssMetRSec, MetRS fronEscherichia ?_Ejhllghttedd_by SlteddtILeCted TlftatgenteSIS e;(pl\(/la“{gesh& (h
coli; MetRStt, MetRS fromThermus thermophilysSDS-PAGE, €se studies an € crystal structure of Metrsec have

sodium dodecyl sulfatepolyacrylamide gel electrophoresis. suggested that, to participate to catalysis, the zinc binding
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motif 1 motif 2 This suggests that, in each MetRS protomer, the core enzyme
- — — and the dimerization domain are articulated around a flexible
A ) linker region. Finally, it is demonstrated that the isolated
. m - MetRS-C12K domain can form a complex with tRNA and
motif 4 motif 3 a monomeric truncated MetRS equivalent to the core enzyme
motif 1 motif 2 region. This observation suggests a role of the C-domain in
— - the adjustment of the tRNA conformation toward tight
B recognition by the core moiety of MetRS.
]
motif 4 motif 3 MATERIALS AND METHODS
motif 1

Production and Purification of P. abyssi Methionyl-tRNA
SynthetaselhemetSgene ofP. abyssivas previously cloned
between theNcd and Sadl sites of pET15blpa to yield
pET15bMetpal3). This plasmid produces both the expected
full-length MetRS plus its C-terminal domain. Translation

motif 1 of the C-domain starts at the ATG codon at position 616 in
the ORF. To increase the expression level of native MetRSpa,
D an AGGAGG Shine-Dalgarno sequence internal to tmetS
N reading frame and located upstream from the ATG at position
motif 4 616 was changed into AAGAAG by site-directed mutagen-
FiGure 1. Schematic structural organization of the zinc binding esis. The two nucleotide changes do not modify the amino

regions of MetRS from various origins as deduced from structural g¢jg sequence of MetRSpa. The resulting plasmid was called
and sequence alignment§).( A maximum of two structural ET15bSDMetpa

knuckles can be formed. The proximal knuckle is formed by motifs P pa.

1 and 4, and the distal knuckle is formed by motifs 2 and 3. Filled  E. coli BL21(De3) (Novagen Inc.) competent cells were

boxes represent motifs containing putative zinc binding ligands transformed with pET15bSDMetpa plasmid for protein
whereas open boxes represent motifs unable to bind zinc. Fam'lyproduction. Transformed cells were cultured overnight at 37

A contains two knuckles with two putative zinc ions. Family B ¢ . . . )
contains two knuckles, but only the distal knuckle can accommodate *C N 1 L of 2> TY medium supplemented with 5@-mL

the metal. Family C contains one knuckle with one zinc ion, and a@mpicillin plus 1 mM isopropyl thiogalactopyranoside (IPTG).

motif 4

family D contains one knuckle devoid of metal. Cells were harvested by centrifugation. The pellet was
resuspended in buffer A containing 10 mM IS-(norpholi-
motif should move with respect to the active sii& 19). no)propanesulfonic acid (MOPS), pH 6.7, 10 mM 2-mer-
Moreover, several lysines at the vicinity of the metal were captoethanol, 50 mM NaCl, and 0.1 mM phenylmethane-
shown to react with a'3oxidized tRNA'®t derivative @0). sulfonyl fluoride (PMSF) and disrupted by sonication. The

This result indicates an involvement of the zinc regiofcof  cell extract was centrifuged (20 min, 20@Q0 °C). The
coli MetRS in the binding of the acceptor stem of tRNA. supernatant was heated (20 min,°8), and the precipitated
Actually, MetRS from various sources differ in their zinc material was removed by centrifugation. Nucleic acids were
content. Sequence analyses of MetRS could be made on therecipitated with streptomycin (3% wi/v). After precipitation
basis of the structural alignment of MetRSec and MetRStt. with ammonium sulfate (80% saturation), proteins were
Four families were recognized according to the structural resuspended in buffer A, dialyzed, and loaded on a Q-Hiload
organization of the CP domaiif)((Figure 1). Moreover, each  column (16x 100 mm, Amersham Biosciences) equilibrated
family is predicted to harbor a fixed number of zinc ions. inthe same buffer. MetRSpa was eluted with a linear gradient
Representatives of three families have been charactefized ( of 0.05-0.6 M NaCl (2 mL/min; 0.55 M/h) in buffer A.
8, 21, 22). Yeast cytoplasmic MetRS belongs to a fourth Fractions containing MetRS were pooled, dialyzed against
family. However, this enzyme was reported to contain one buffer A, and loaded on a S-Sepharose column X140
zinc instead of two as predicted by the sequence comparisonsnm; Amersham Biosciences) equilibrated in buffer A. The
(22). In this context, it is of interest to analyze another enzyme was eluted with a linear gradient of G086 M
putative member of the fourth MetRS family to check the NaCl in buffer A (1 mL/min; 0.95 M/h). Pooled fractions
validity of the classification. were loaded at 0.4 mL/min on a Superdex 200 Hiload column
MetRS from P. abyssiis a suitable target to address (16 x 600 mm, Amersham Biosciences) equilibrated with
unsolved questions regarding the properties of MetRS. Under10 mM MOPS, pH 6.7, 10 mM 2-mercaptoethanol, and 500
its native form, this enzyme is homodimeric. Its C-terminal MM NaCl. The purified protein (3 mg) was dialyzed against
dimerization domain (MetRS-C12K), of known 3D structure, buffer A and concentrated to about 7 mg-* using a
is available for biochemical studied3). Moreover, this ~ Vivaspin 30000 MWCO concentrator.
enzyme is predicted to belong to the family of MetRS  For the preparation of the M606 enzyme, the TTA codon
harboring two knuckles with two zinc atoms. The present for L607 was replaced by a stop TGA codon by using site-
work describes the biochemical characterization and crystal-directed mutagenesis. The truncated enzyme expressed in
lization of dimeric MetRSpa. A 3D model of the proteinis E. coli BL21(De3) was purified as described above for the
drawn from X-ray analysis of the crystals. Two zinc ions full-length enzyme. At the last stage of its purification on
per protomer are evidenced, therefore validating the proposedthe molecular sieving Superdex 200 column, the M606
existence of MetRS polypeptides carrying two structural zinc enzyme (5«M) eluted as a single sharp peak at a volume of
ions. In the 3D model, the dimerization domain is disordered. 72.8 mL, which markedly differs from the elution volume



3D Structure of Methionyl-tRNA Synthetase

Table 1: Native Data Used in the Structure Determination of
MetRSpé

X-ray source

ESRF-ID14-EH1

wavelength (A) 0.934
unique reflections 20834
resolution (A) 2.9
completeness (%) 99 (99.8)
redundancy 5.4
Reyn(1) (%) 8.7 (35.8)
RifreeR (%) 24.3/29.6
rms deviation

bonds (A) 0.008

angles (deg) 15
meanB values (&)

protein atoms 56

water 44
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ethanol, and 0.1 mM EDTA. Fluorescence showed a linear
increase up to a plateau level of 125%. Concentration of
active sites in MetRSpa was deduced from the total
concentration of added methioninyl adenylate at which the
plateau was reached.

Zinc atomic absorbancies were followed at a wavelength
of 213.9 A, using a Varian SpectrAA220 spectrophotometer
as described30). Prior to metal analysis, MetRSpa was
extensively dialyzed against a buffer containing 10 mM
potassium phosphate, pH 7.1, 10 mM 2-mercaptoethanol, 150
mM KCI, and either 0.1 mM EDTA or &M ZnCl,.

Enzyme Actity MeasurementsMethionine-dependent
[®?P]PR—ATP exchange activity was measured in standard
buffer (20 mM Tris-HCI, 7 mM MgCJ, 10 mM 2-mercap-

2The data set was collected at 100 K with a single crystal. The values tqethanol. 0.1 mM EDTA pH 7.6) containing 2 mNRP]-

in parentheses correspond to the highest shell of resolution{2.98
A) F\’Sym(|) = th|2i|[|]hk|D— |hkl,i|/thIZi|Ihkl‘, wherei is the number of
reflection hkl.

of native dimeric MetRSpa (64.8 mL). This shows that M606
behaves as a monomer.
Crystallization and X-ray Analysidnitial crystallization

screening experiments were carried out at 297 K by the

hanging-drop vapor diffusion technique using the com-
mercially available Crystal Screen | and Crystal Screen I

kits (Hampton Research). Small crystals could be observed

after 48 h under two conditions containing PEG 20000.
Optimized crystallization conditions were defined as 0.1 M
Mes, pH 6.5, 3.5% PEG 6000, and 2% dioxane. Small

crystals could be observed after less than 2 h, and growth
continued during about 2 weeks. Crystals belong to space

groupl4;22 with unit cell parameters= b= 113.2 A,c=
287.0 A, ando. = B =y = 90°.

For data collection, crystals were transferred in three steps

PR, 2 mM ATP, and 2 mML-methionine 29). Amino-
acylation assays3() were performed in the same standard
buffer plus 150 mM KCl, in the presence of 2 mM ATP, 50

uM L-[**C]methionine (Amersham; 1.6 TBg/mol), and either

5.2uM E. coli tRNAMetor 7 uM P. abyssitRNAMet. Both
tRNAs were produced itE. coli from synthetic genes and
purified, as describe®@). Methionine acceptances of these
two tRNAs were 1250 pmol pekeo unit and 800 pmol per
Ao UNit, respectively.

Gel Shift Assay for tRNA Bindinghe gel shift assay was
performed as described in r&#. Electrophoresis was on
native gels containing 10% acrylamide in 50 mM Tris
borate, pH 8.3, 5 mM MgG] and 0.0001% Triton X-100.
Samples (1QuL) in 50 mM Tris—borate, pH 8.3, 5 mM
MgCl,, and 0.001% Triton X-100 were incubated for 20 min
at 4 °C. Before being loaded onto the gel, the sample was
supplemented with gL of 40% saccharose. The gels were
run at 100 V for 3 h at £C.

into mother liquor solutions containing increasing concentra- RESULTS AND DISCUSSION

tions of PEG 400 (from 10% to 30%) and flash-cooled in a
nitrogen gas cryostream at 100 K. Data to 2.9 A resolution
were collected from a single crystal at the ID14-EH1
beamline of the European Synchrotron Radiation Facility
(Grenoble) using an ADSC Quantum 4 CCD detector.
Diffraction images were integrated using MOSFLRB( and
data reduced using the CCP4 suigd)((Table 1).

Structure Determination and Refinemeiihe structure
was solved by molecular replacement [AMORE program
(25)] by using as a starting mod@l. thermophilusMetRS
[PDB code 1A8H 8)], from which the zinc binding region
(residues 114165) has been removed. The structure was
refined by cycles of manual model building using 26)Y
and conjugate gradient minimization using CNeS)( Final

Production and Characterization of Dimeric MetRS from
P. abyssi.The metSgene encoding MetRS from the hyper-
thermophilic archaeoR. abysshas been previously cloned
in the T7-based expression vector petl5bld8).( The
resulting plasmid led to the expression of two polypeptides.
One is dimeric MetRSpa, while the other exactly corresponds
to the C-terminal dimerization domain (MetRS-C12K3).

The unexpected high-level expression of the latter domain
results from the presence of a ShirlRalgarno sequence
upstream to an internal ATG corresponding to the 616th
codon inmetS To favor overexpression of full-length MetRS
and prevent that of the C-domain, this Shitigalgarno
sequence was mutated without modifying the amino acid

Rand freeR factors are 24.3% and 29.6%, respectively, for sequence of the protein (see Materials and Methods). As
all data to 2.9 A resolution. The final model shows good expected, the mutations increased the production of native
geometry (Table 1) and contains 606 residues out of the 722MetRS and canceled that of the C-terminal dimerization
composing the MetRSpa protein, 51 water molecules, and 2domain (Figure 2). MetRSpa was purified to homogeneity
zinc ions. The meaB-value of 56 & is consistent with the  (see Materials and Methods). According to molecular sieving
deduced value from the Wilson plot (74)%and reflects the  and native polyacrylamide gel analysis, it behaves as a dimer.
presence of a disordered part within the structure. Only highly Activities of the purified enzyme in the tRNA aminoacylation
ordered structural waters were added. and the $?2P]JPR—ATP isotopic exchange reactions were
Fluorescence at Equilibrium and Atomic Absorption measured (Table 2). The rate of tif#éPFJPR—ATP isotopic
SpectroscopyVariations of the intrinsic fluorescence of exchange increases by a factor of 34 upon raising the
MetRSpa (1uM) upon titration with methioninyl adenylate  temperature of the assay from 25 to 8D. MetRSpa can
[laboratory stocksZ8)] were followed as describe@$9), at transfer methionine on either initiator tRN&! from E. coli
54 °C, in 20 mM Tris-HCI (pH 7.6), 10 mM 2-mercapto- or initiator tRNAMe from P. abyssproduced irE. coli. The
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A B Table 3: Zinc Content in MetRS Protomers

| L ' M547 1.0£0.1 0.8+0.2
g M676 1.1+ 0.1 0.8+ 0.2
f MetRSpa 2.6 0.2 1.9+0.1

- —

e aM547 and M676 are the truncated monomeric and the native
dimeric forms of E. coli MetRS, respectively. Zinc content was
measured by atomic absorption spectroscopy after dialysis against a
buffer containing either 0.1 mM EDTA or &M ZnCl,. The calculated
numbers of zinc ions per each protomer are indicated. In all cases,
experimentally measured absorption molar coefficients were used for

| - enzyme concentration calculations (8% and this study).
12 kDa — -

signal, a concentration of active sites could be deduced. This
FiGURE 2: SDS-PAGE analysis of MetRSpa. Panel A shows the €Xperiment was performed at 5@. By assuming two active
consequence of the presence of the internal SHigarno sites per dimer, an absorbance coefficient at 280 nm of 15.75
sequence on overexpression of full-length MetRSPofabyssi x 10* L-mol~t-:cm™! was calculated and used in the rest of
Heated cell extracts were loaded on a 12.5% SBBGE gel.  thjs study. This coefficient differs from the theoretical

Proteins were stained with Coomassie Blue. Léit: coli BL21 - :
transformed with pet15bmpa. RighE. coliBL21 transformed with value calculated using the DNAid program [11.8310°

pet15bSDmpa carrying the modifiedetSgene. Panel B shows L-mol~*-cm™ (33)]- The reason_for th!S discrepancy is likely
that the protein has remained intact in the crystals. Left: purified to reflect the folding of aromatic residues in the MetRS 3D

MetRSpa. Right: protein from washed and dissolved crystals.  structure. Indeed, a similar discrepancy occurs between the
measured (10.5% 10* L-mol~t-cm™) and the calculated

Tab_le 2: |n|t|a| Velocities Q.) of MetRSpa in tRNA (896 X 104 L.mo'*lncmfl) absorbance coefficients of
Aminoacylation and Isotopic Exchang®R]PR—ATP Reactions MetRSec 17)
Measured at Various Temperatures )

The zinc content of MetRSpa was determined by atomic

" 21 . . . .
_ ”h'Ae(tl(T s . u (s absorption spectroscopy after dialysis against a buffer
oy Do CONRNAME P, abysSIRNAM isotopic exchange  cqntaining either 0.1 mM EDTA or 6M ZnCl,. Monomeric
T(*C) aminoacylation aminoacylation [*PIPR-ATP M547 and dimeric M676E. coli MetRS were used as
25 <0.1 <0.1 0.10+ 0.01 i i~hi ;
o 104 0.2 4.0+ 0.3 0.60£ 0.03 controls. As shown in Table 3, a stoichiometry of two zinc

60 49402 184+ 05 3.4+ 0.2 i(;?nls pe;) ;;rrotomedr _?L.MetRISpa V\é?s hfounhd wha’;}ever the
1alysis buffer used. This result establishes that each protomer
@ Rates were determined in the presence of 12.5 nM dimeric MetRSpa Y b

at 42 and 60C or in the presence of 250 nM dimeric MetRSpa at 25 tightly binds two Z”:]_C 'O,ns a”‘?' confirms the prediction of
°C. tRNA concentrations used were 5 for E. coli tRNAMet and the proposed classification (Figure 1).
7 uM for P. abyssitRNAMet, Notably, although monomeric yeast cytoplasmic MetRS
can also be predicted to possess two zinc ions, only one

tRNA aminoacylation rate increases by a factor greater thantightly bound zinc atom was detected in this enzyme by
150 upon changing the temperature from 25 t0°60 X-ray fluorescence spectrometi3d). In view of the present

Determination of Zinc Associated to MetR&tructural results, the possibility that yeast cytoplasmic MetRS carries
alignment as well as sequence analyses of MetRS froma second weaker zinc binding site deserves consideration.
various sources allowed us to propose a partition of MetRS Interestingly, all archaeal and eukaryal cytoplasmic MetRS
enzymes into four families according to the structural belong to the family with two zinc ions. Taking into
organization of their zinc binding domaif)((Figure 1). The consideration the structural role of the zinc ion evidenced
MetRSpa polypeptide can be predicted to belong to a family in the case of MetRSed ), it is likely that the presence of
with two knuckle structures, each liganding one zinc atom two zinc ions reinforces the stability of these MetRS.
(Figure 1A). The two knuckles display clusters of cysteines  Crystal Structure of MetRSpa. (A) Structure Solution.
(C127, C173, C176, D130 and C143, C146, C156, C159) I-centered tetragonal crystals of MetRSpa were obtained by
for the coordination of the metal. Notably, no MetRS using 5% PEG 6000 as the precipitating agent in the presence
possessing two zinc ions per protomer could yet be evidencedof 2% dioxane and 0.1 M MesNaOH, pH 6.5 at 24C.
experimentally. Crystals belong to space grot$22 with cell parametera

To measure the zinc content of MetRSpa, we needed to= b= 113.2 A ancc = 287 A. Cryoprotection of the crystals
determine accurately the molar absorbance coefficient of thiscould be obtained, though in an irreproducible manner, by
enzyme. To achieve this, the active sites allowing methionyl short-time soaking in mother liquor containing increasing
adenylate formation were titrated. We took advantage of the concentrations of PEG 400 from 10% to 30%. A complete
early observation that methioninyl adenylate (an analogue data set to 2.9 A resolution was recorded at 100 K at the
of methionyl adenylate) bindg. coli MetRS with a very ESRF ID14-EH1 beamline. The structure was solved by
high affinity while causing an increase of the intrinsic protein molecular replacement by using the coordinates of the
fluorescence by 40%2Q). As in the case of thé. coli monomericT. thermophilusMetRS @) deprived of its zinc
enzyme, addition of methioninyl adenylate to MetRSpa binding domain as the starting model. After manual adjust-
promotes an increase of the intrinsic fluorescence up to ament and refinement, a 3D model corresponding to residues
saturation level of 125%. Therefore, by titrating the enzyme 1—606 of MetRSpa could be traced in the electronic density.
with methioninyl adenylate and following the fluorescence Unfortunately, despite the fact that its 3D structure is already
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Ficure 3: Structure of the £606 portion ofP. abyssimethionyl-tRNA synthetase. The Rossmann fold (residued7land 251336) is

in dark gray, the CP domain (residues-9%0) is in light gray with the positions of the two zinc atoms indicated, the KMSKS domain
(residues 33%396 and 548-562) is in gray, and the anticodon binding domain (residues-3@B) is in black. The three additional helices

at the C-terminal extremity (residues 56@01) are in middle gray. Some relevant side chains of residues discussed in the text are shown.
This figure as well as Figures-% was drawn using Seto#4).

known (13), the C-terminal domain could not be associated  Upon alignment of the sequence of MetRSpa with those
to any electronic density. However, the crystal packing of other dimeric MetRS, an obvious difference is the presence
should have allowed its placement. The integrity of the length of an insertion (residues 565606) between the C-end of
of the crystalline protein was verified by dissolution of the active core common to all MetRS and the N-end of the
crystals and analysis on SB®AGE. As shown in Figure  dimerization domain. This insertion is specific of MetRS
2, crystals of MetRSpa contain intact native protein. There- from organisms belonging to theyrococcussubgroup. In
fore, the absence of electronic density for the C-domain mustMetRSec, the C-terminus of the active core is made by the
be explained by abnormal mobility inside the crystal lattice. 15 helix, which protrudes out of thee-helix bundle domain
The structure of the-2606 part of MetRSpa is represented and contacts the KMSKS domain. Thé5 helix is absent
in Figure 3. As in the case d&. coli andT. thermophilus ~ from MetRStt. In MetRSpa, the inserted region makes three
MetRS, the enzyme displays four structural domains: the additional helicesp16, a17, andal18. Together withu 15,
Rossmann fold with the catalytic center, the connective they form two groups of antiparallel helices, wiil15—0.16
peptide (CP1) linking the two halves of the Rossmann fold perpendicular te17—al8. This group of foun-helices can
and carrying the zinc binding knuckles, the domain contain- be considered as a part of the KMSKS domain. Unfortu-
ing the KMSKS signature sequence, and ¢ghkelix bundle nately, no density accounts for residues beyafd. Likely,
responsible for the binding of the anticodon of tRNA. The residues 607615 form a flexible region, linking.18 to the
core of MetRSpa (excluding the zinc binding region) could C-terminal dimerization domain. This linker region is rich
be superimposed to those©f coliandT. thermophilusvith in K and E residues. Proteolytic cleavage in this region
rms values of 1.7 A for 481 € atoms aligned and 1.6 A for  generates the well-known active truncated monomeric form
406 Go. atoms aligned, respectively. of MetRS @—6).
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Ficure 4. Sequence alignment of the MetRS frdM abyssi E. coli, and T. thermophilushased on the 3D structures of these three
enzymes (residues—506; this work and ref§ and8). The secondary structure elements of MetRSpa are indicated below the aligned
sequences. For the dimerization domain (residues-8%58), the secondary structure elements are based on the 3D structure of the P12K
domain of MetRSpal(3). Numbering refers to the MetRSpa sequence. Residues strictly conserved in all proteins are boxed in black whereas
conservative replacements are simply boxed. Motifgl tomprising the two structural knuckles (Figure 1) are boxed in gray. This figure
was drawn using Alscript4f).
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Ficure 5: Views of the final F, — F. electronic density map contoured at ih the region of the two zinc ions. (A) View encompassing
the proximal knuckle. (B) View encompassing the distal knuckle.

(B) Active Site.In the case of th&. coli enzyme, amino proximal knuckle
acid binding was deeply studied thanks to the 3D structures
of complexes of the enzyme with methionine or with
analogues34, 35). Recognition of the amino acid is triggered
by an induced fit mechanism involving aromatic residues
such as Y15, F300, F304, W229, and W253. In addition,
Y15, D52, D296, and W253 play an important role in the
amino acid activation3b). The catalytic centers d&. coli
andP. abyssfree enzymes were superimposed. All important
residues are conserved and have similar positions (see Y12,
D50, D296, W254, F302, and F306 in Figure 4). The only
exception in MetRSpa is R227, which replaces W229 of ¢
MetRSec. Moreover, the side chain of W254, the counterpart
of W253 of MetRSec, is rotated by 90As a result, the
position of the side chain of F306 of MetRSpa is different
from that of the corresponding F304 in MetRSec. By analogy
with amino acid recognition by MetRSec, it can be proposed
that, in MetRSpa, binding of methionine triggers the fol-
lowing events: W254 flips first and is stabilized by Y12;
F302 would then stack on W254 and R227 on F306.

(C) Binding Sites for the Two Zinc lonsnother important
region involved in catalysis is the connective peptide
containing the zinc binding regiod 9, 36). The connective
peptide of MetRSpa has the same topology as that of
MetRSe_C. Two sub(_jomalns can be distinguished. Thg first Ficure 6: Comparison of the CP domains6f coli (gray) and of
one is tightly associated with the Rossmann fold (residues p_apyssidark) MetRS. The Rossmann folds of the two enzymes
98—126 and residues 17252). It is well-defined in the  were superimposed using @6). The CP domains deduced from
electronic density. The second domain corresponds to thethis superimposition are represented. The figure shows the different
zinc binding regon (resicues 12260). As inthe case of _ S1eTAlens o116 21 g ke i espectio e s
MetRSe(_:, this region comprises two k”UCk'?S- The proximal four motifs (m1 to r¥14) are indicated according to Fi%ure 2.
knuckle in MetRSpa corresponds to the zinc-free knuckle
in MetRSec. However, in MetRSpa, this knuckle clearly one member of the MetRS families displaying two structural
contains one metal ion liganded by three cysteines (C127,knuckles (Figure 2).

C173, C176) and one aspartate (D130) (Figure 5). The distal In MetRSec, two residues (D138, R139) belonging to the
knuckle of MetRSpa appears poorly defined in the electronic zinc binding region are involved in stabilization of the
density (mearB-value of 124 & for the distal site and 88 transition state, leading to methionyl adenylate formation
Az for the proximal site). However, with the help of the (19). However, in the solved 3D structures, these residues
MetRSec model, the main chain could be followed and are far away from the catalytic center. Therefore, movement
density for a second zinc ion was evidenced (Figure 5). This of the CP domain during the course of the reaction was
metal is liganded by four cysteines (C143, C146, C156, envisaged 1, 35). In Figure 6, the Rossmann folds of
C159). Together with atomic absorption data, these crystal-MetRSec and MetRSpa are superimposed. The whole zinc
lographic data confirm the prediction made from structural binding domain of MetRSpa is rotated toward the active site
alignment of MetRS sequences and show for the first time if compared to that of MetRSec or MetRStt. As a conse-
the presence of a zinc ion within the proximal knuckle of quence, in the zinc binding region of MetRSpa, D136 and
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Ficure 7: Four possible solutions for the biological dimer of MetRSpa (panet®A The reference molecule is shown in gray. The four
closest neighbors related to the reference molecule by a 2-fold axis were generated. The corresponding operatots‘arey( —z +

3/,) for panel A, & + 5, —y, —z + 3/,) for panel B, (x, —y, 2) for panel C, and-y + Y,, —x + 1/, —z + 1/,) for panel D. The deduced
molecule is represented in black on each panel.

R137, which correspond to D138 and R139 in MetRSec, its placement. However, dissolution of the crystal warranted
come closer to the methionyl adenylate binding pocket the presence of an intact dimeric enzyme. One possible
(Figure 3). The difference between the two synthetasesexplanation is that the dimerization domain does not obey
possibly reflects the capacity of the CP domain to move quite all of the symmetry operators of the22 space group. This
easily. Notably, the meaB-value (106 &) for the two zinc possibility was examined after P1 reindexation and com-
binding knuckles (residues 122.80) is significantly higher  parison of Rs, between equivalent reflections for each
than that associated to the rest of the structure (§2is symmetry operator. No obvious discrepancy could be
also argues in favor of mobility of this enzyme region. evidenced for any operator. Moreover, an electron density
(D) tRNA Anticodon Binding Domaiithere are very few  map was calculated with a 95% complete data set at 4.8 A
differences between the-helix bundle domain of MetRSpa  resolution indexed in P1. Again, no density could be assigned
and that of MetRSec or MetRStt. One additional turn occurs to the C12K domain. Finally, another explanation for the
at the N-terminus of tha10 helix of MetRSpa. Region 530, lack of electronic density associated to the C12K domain
which is helical in MetRSec and MetRStt, is elongated in must be a movement of this domain relative to the core
MetRSpa because of the deletion of two residues. W461, enzyme in the crystal.
N391, R395, and N452, the positive determinants of Inthe absence of data for the C12K domain, we analyzed
MetRSec 87—40) involved in recognition of the CAU the crystal packing in order to possibly identify the biological
anticodon, are spatially conserved in MetRSpa (W476, N402, dimer. Four neighbors related to the reference molecule by
R406, N467; Figure 3). Negative determinarig)(against a 2-fold axis are candidates (Figure 7). Molecule 4 is unlikely
non-methionine tRNAs are only partially conserved. D471 because it contacts the reference monomer through the
in MetRSpa corresponds to D456 of MetRSec. D449 of anticodon binding domain and masks the tRNA binding site
MetRSec is replaced by S464 in MetRSpa. (buried surface of 2061 . Molecules 2 and 3 have only
Dimerization DomainDuring the building of the model  few contacts with the reference monomer (buried surfaces
and the refinement procedure, no electronic density could of 565 and 1495 A respectively). Therefore, by combining
be evidenced beyond residue 606. Moreover, although theeither of these two molecules with the reference monomer,
3D structure of MetRS-C12K is known, no density allowed the interface ensuring dimerization should mainly result from
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Ficure 8: Formation of the ternary complex detected by gel electrophoresis. (A) Lanes: 1, MetRSpa; 2, M606; 3, M606 plus MetRS-
C12K (13); 4, MetRS-C12K. Each protein was at a concentration ofl0during the incubation prior to the electrophoresis. The gel was
stained with silver nitrate (Bio-Rad, Hercules, CA). In lanes 3 and 4, the band corresponding to free MetRS-C12K is absent, in agreement
with the basic isolectric point of this protein (9.3). (B) Left and right: Same as part A but in the presengevbP5 abyssitRNA;Met
overexpressed ift. coli. The gel was stained first with ethidium bromide (right part) and second with silver nitrate (left part). Under the
conditions of the experiment, the band corresponding to free tRNA has run out of the gel. Indeed, long running times were necessary to
ensure separation of high molecular weight species. On lane 2 (right part), no shifted M606 band is visible, thus indicating low affinity of
M606 for tRNA. With the addition of MetRS-C12K, a three-partner complex is formed (lane 3, right part). It was verified that, under the
same conditionsE. coli tRNA;V2' did not shift the position of MetRSpa on the gel (not shown).

the C12K domain (4792 A. The last candidate is monomer it may be imagined that this domain adapts the conformation
1, which makes contacts with the reference molecule by a or the electric charge of tRN%&! toward better recognition
surface of 3308 A For this pair of protomers, the 2-fold by the core enzyme. Finally, in dimeric MetRSpa, the
axis in the crystal crosses a cavity large enough to accom-C-domain is physically linked to the rest of the enzyme.
modate the C12K domain. Notably, hydrogen bonds occur Consequently, the dimerization domain should contribute to
between monomer 1 and the reference monomer. TheytRNA binding affinity both directly, by establishing contacts
involve in particular the region fromx16 to a18, far from with the polynucleotide, and indirectly, by adjusting the
the C12K region. To know whether such contacts might conformation of the polynucleotide. The formation of a
contribute to the dimerization of MetRSpa, a stop codon was complex where tRNA is sandwiched between M606 and
introduced in place of the Leu codon at position 607. This MetRS-C12K is reminiscent of the ternary complex obtained
mutation ensured deletion of the C12K domain. The resulting from the combination oE. coli monomeric lleRS, tRNJ,
M606 enzyme was purified. The enzyme is active in the and Trbplll 41). The latter protein, Trbpl11, is a close
ATP—[%*?P]PR isotopic exchange as well as in the tRNA homologue of the C-domain of dimeric MetR9) (
aminoacylation reaction. It behaves as a monomer on a Conclusion.This study indicates high flexibility of the
Superdex 200 molecular sieving column. We therefore assembly of the two domains composing each protomer of
disfavored the idea that intermolecular contacts such as thosenative MetRS: the core enzyme and the C12K domain. In
observed in the crystal lattice between the reference monomeithe dimer, the two modules corresponding to the two core
and molecule 1 can occur in solution. In truth, as noted enzymes are likely to not interact (réR and this study).
above, helicest16—0.18 that are involved in these contacts Moreover, the two core enzymes are likely to not be in
are not conserved in the MetRS family. They are specific contact with the C12K domain, except through a flexible
for the MetRS belonging to thByrococcusspecies. linker region. Possibly, in solution, they move freely around
Addition of the Isolated MetRS-C12K Reinforces the a pair of two strongly associated C12K domains. Relative
Binding of tRNA®t to Monomeric MetRSA possible role mobility between the two protomers Bf coli native MetRS
of the MetRS-C12K domain in tRNA binding was investi- has indeed been already indicated by small angle neutron
gated by using gel shift experiments. As shown in Figure 8 scattering studiesA@). For instance, the radius of gyration
(panel B, lane 4), MetRS-C12K alone induces a mobility of the dimer significantly varied as a function of ionic
shift of tRNAMet, A shift is also obtained with intact dimeric  conditions or of the addition of ligands. Upon the binding
MetRSpa (panel B, lane 1). In contrast, with truncated of one tRNA'¢t per dimer, a contraction of the enzyme was
monomeric M606, no shift is observed, indicating a lowered observed, whereas upon anticooperative binding of a second
affinity of tRNA;Met for the truncated enzyme (panel B, lane tRNA, the radius of gyration of the enzyme moiety increased
2). Such a behavior is in keeping with the stronger binding markedly @3). Possibly, new crystallization trials in the
of tRNAMet to native MetRSec if compared to its truncated presence of various ratios of enzyme to tRNA will help to
derivative (L7). When the experiment with truncated mon- overcome the problem of the high mobility of the C-terminal
omeric M606 enzyme was repeated in the presence of thedomain in MetRS crystals.
MetRS-C12K domain, a significant amount of a complex
involving M606, tRNA, and MetRS-C12K was observed ACKNOWLEDGMENT
(panel B, lane 3). However, in the absence of tRNA, M606  \We thank the staff of the LURE DW32 and ESRF-JSBG
plus C12K do not form a complex (panel A, compare lanes heamlines for assistance during data collection.
2 and 3). The latter behavior is in agreement with the view
that the MetRS-C12K domain and the core enzyme moieties REFERENCES
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