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ABSTRACT: Yeast methionyl-tRNA synthetase (MetRS) and glutamyl-tRNA synthetase (GIURS) possess
N-terminal extensions that bind the cofactor Arclp in trans. The strength of GIARS p interaction is

high enough to allow copurification of the two macromolecules in a 1:1 ratio, in contrast to MetRS.
Deletion analysis from the C-terminal end of the GIURS appendix combined with previous N-terminal
deletions of GIURS allows restriction of the Arclp binding site to the-11IT0 amino acid region of
GIuRS. This region has been shown to correspond to a novel prgiedtein interaction domain present

in both GIURS and Arclp but not in MetRS [Galani, K., Grosshans, H., Deinert, K., Hurt, E. C., and
Simos, G. (2001EMBO J 20, 6889-6898]. The GIURS apoenzyme fails to show significant kinetics of
tRNA aminoacylation and charges unfractionated yeast tRNA at a level 10-fold reduced compared to
Arclp-bound GIURS. Th&y values for tRNAM measured in the ATPPR exchange were similar for

the two forms of GIURS, wheredsg; is increased 2-fold in the presence of Arclp. Band-shift analysis
revealed a 100-fold increase in tRNA binding affinity when Arclp is bound to GIURS. This increase
requires the RNA binding properties of the full-length Arclp since Arclp N domain leavestbé
GIuRS for tRNA unchanged. Transcripts of yeast tR¥Avere poor substrates for measuring tRNA
aminoacylation and could not be used to clarify whether Arc1p has a specific effect on the tRNA charging
reaction.

The primary and universal function of aminoacyl-tRNA multisynthetase complex (MSCH) It has also been shown
synthetases (AARSS]s to attach a specific amino acid to a that the N-terminal appended domains of yeast GInRS (
cognate tRNA according to the rules of the genetic code. 8) and AspRSY) appeared also to have general RNA binding
The “core catalytic domains” of the 20 different aminoacyl- properties and can represent cis-acting factors.
tRNA synthetases are conserved, interact with the two Yeast AARSs also possess N-terminal extensions, yet they
branches of the L-shaped tRNA, and can be divided into are not organized in a MSC. Because GInRS, MetRS, and
two classes. Class | and class Il are distinguished by the GIuURS have appendices of about 200 amino acids dispens-
structures of their nucleotide binding fold, which interacts able for activity, their role has long been obscure. A search
with the tRNA acceptor arm, whereas a more idiosyncratic for components that genetically interact with the yeast tRNA
RNA binding domain is responsible for the interaction with export factor Los1p has identified Arclp (the yeast homo-
the anticodon armil( 2). In mammalian AARSSs, peptide logue of p43) that associates with MetRS and GIuRS via
appendices are added to the catalytic core and are involvedheir N-terminal sequencesl@ 11). Arclp has a dual
in protein—protein interactions within a unique high molec- function: the 100 N-terminal amino acids make protein
ular weight complex comprising eight AARSs and three protein interactions with GIURS and MetREL(12), whereas
noncatalytic proteins, p43, p38, and pB§.(As an example,  the C-terminal part of the molecule contains a novel RNA
the N-terminal appendix of GInRS is required to keep ArgRS binding domain that recognizes specifically tRNA with
and p43 within the complex4]. More generally, these limited discrimination between different tRNA specid$),(
eukaryotic-specific appendices are of variable nature (i.e., 11). Kinetic and structural studies in the MetRS system
lysine-rich and leucine-rich domains, GST-like domains) and allowed the conclusion that Arc1p facilitates the binding of
mediate interactions with the components of the complex tRNAMet to the synthetaselQ, 11), whereas the specificity
(5) including p38, which is essential for the stability of the of tRNAMet aminoacylation resides uniquely on interactions
between tRNA and MetRS18—16). A current model for
T This work was supported by grants from the CNRS and from the the ternary Arclp-MetRS-tRNAMet complex suggests that

ASfc(J:Ciation IDO(;J_V la Reﬁher{_?gi;;glgfscflnggrééRI:C)- 23388 60 Arclp interacts with the top corner of the tRNA molecule
- lSOErSnF;?I’,‘ ":”g;;glgéibmc Ustrasbg fr. axt (10, 11) whereas the synthetase makes a precise molecular
* Institut de Biologie Moleculaire et Cellulaire du CNRS. fit with the inner side of the L-shaped tRNA (15).
§ University of Thessaly. GIuRS is one of the three class | AARSs, which require

1 Abbreviations: MetRS, methionyl-tRNA synthetase; GIURS, ; ; i
glutamyl-tRNA synthetase; GInRS, glutaminyl-tRNA synthetase; AARS, the cognate tRNA to activate the amino acid in the presence

aminoacyl-tRNA synthetase; GST, gluthatione-S-transferase; PCR, of ATP and_ MQC#- The resulting gnzyme—bound amino_ac)"'
polymerase chain reaction. adenylate is believed to react in a second step with the
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2-hydroxyl group of the tRNA terminal adenosine to yield
the energy-rich aminoacyl-tRNA. The two other enzymes
are glutaminyl- and arginyl-tRNA synthetases. It was long
recognized that the tRNA activating function requires the
integrity of the 3 terminus of the tRNA 17, 18). More
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Protein Purification Yeast cells (RS453) were transformed
either with p423GALI-GUS1 alone or with both
p423GALL-GUS1land pVTU2-ARC1plasmids to ensure
copurification of the His GIURS—Arclp complex. Cultures
(5 L) of the transformed yeast cells were grown in semi-

recently, crystal studies of various substrate-bound GIuRSssynthetic galactose complete (SGC) minus His and SGC

indicated that the interaction of three tRNAregions with

His minus Ura medium to afsg between 2 and 2.5. The

GIuRS triggers a conformational change around the nucle- cells were collected by centrifugation (28 g) and resuspended

otide-binding site allowing ATP to be in the reactive
configuration 9).

Although Arclp was shown to stimulate the aminoacyla-
tion activity of yeast GIURS 1(2), the exact influence of

in 24 mL of breaking buffer (50 mM Tris-HCI (pH 8), 100
mM NaCl, 10 mMpa-mercaptoethanol, 10% glycerol, 1 mM
PMSF, and 1ug/mL of a mixture of serine protease
inhibitors, Pefablock (Pephafarm AG Basel)). Cells were

Arc1p on the kinetic properties of GIURS has so far not been broken in the presence of 140 g of glass beads for 3
investigated. In contrast to MetRS, GIURS by itself has the min with cooling in between. The whole mixture was cleared

potential to form a stable complex with its cognate tRNA
that can be isolated by gel filtratiori?). This suggests a
more complex picture for the Arclp-mediated stimulation
of the yeast tRNA glutamylation than just a role in increasing
the GIURS binding affinity for tRNA".

EXPERIMENTAL PROCEDURES

Yeast Strains, Media, and PlasmidEhe yeast strain

by centrifugation at 4000 rpm for 5 min to remove cell debris
and glass beads. Ribosomes were removed by ultracentrifu-
gation at 100 00§ for 1 h (45 000 rpm in a Ti 50 Beckman
rotor); then the pH of the supernatant was adjusted to 8, and
the supernatant was loaded onto a nickel nitrilotriacetic acid
resin (Qiagen, Hilden, Germany; bed volure2.5 mL).
After extensive washing with breaking buffer supplemented
with 5 mM imidazole (26-25 mL), elution was done by
raising the concentration of imidazole to 250 mM. Fractions

RS453, auxotrophic for Ade2, Ura3, Leu2, and Trpl, has jth A,g, ,mvalues above 0.5 were pooled, dialyzed against

been previously described@. The following recombinant
plasmids were used: \Bri—ProtA—GIuRS, Ropi—ProtA—
GIURSAN1(A9—85), Riopi— ProtA—GIURSAN2(A9—-131),
and Riopi—ProtA—GIURSAN3(A9—191) (10). Yeast cells

DEAE buffer (50 mM Tris-HCI (pH 8), 10% glycerol, 1 mM

dithiothreitol) and loaded onto a TSK DEAE-5PW column
(0.5 cm x 7.5 cm) equilibrated in the same buffer. The
proteins were eluted with a KCI gradient from 0 to 250 mM,

were grown in rich yeast extract peptone dextrose (YPD) ang the purity of the HisGIURS and His GIURS-Arclp
medium or synthetic semisynthetic dextrose complete (SDC) complex was checked by SB$olyacrylamide gel electro-
medium containing the necessary amino acids and nutrients yhoresis. The pooled material was concentrated by dialysis

For counter selection of cells containifgRA3 plasmids,
5-fluoorotic acid (5-FOA, Toronto Research Chem.) was
used at Jug/mL.

Construction of Plasmids Expressing HSIURS and
Arclp.The GIURS ORFGUS) was subcloned from plasmid
pPPX-ProtA—GIuRS (@0) into plasmid p423GALL 20)
using aPst site at the 5end that was ligated into the vector
EcaRl site after being made compatible by fill-in aixdhad
at the 3 end. The GIuRS was tagged N-terminally with the
MRGSH; sequence using oligonucleotide AAAA ACTAGT
ATG AGA GGA TCG CAT CAC CAT CAC CAT CAC
followed by 9 codons of the GIuURS ORF including the
methionine codon. This primer createdSaé site (under-
lined) at the 5end after amplification of the 600 first

nucleotides of the GIURS ORF encompassing the internal

against 50 mM Tris-HCI (pH 8), 50% glycerol, 1 mM
dithiothreitol buffer and stored at20 °C.

ATP—-PPi Exchange and tRNA Aminoacylation Adtes
of Hiss-GIuRS and HisGIURS-Arclp. The ATP-pyro-
phosphate exchange was carried out atG7in 144 mM
Tris-HCI (pH 7.8), 10 mM MgC4, 1 mM [?2 P]PPi (175
cpm/nmol), 2 mM glutamic acid, and 12V tRNACV with
100 nM GIuRS or 75 nM GluRSArc1p complex. Labeled
ATP was adsorbed onto charcoal and washed with water,
and the radioactivity was monitored by scintillation counting.
Aminoacylation was carried out as described inl@fising
75 nM GIURS or GIuRSArclp complex. The tRNA used
in both reactions was a counter-current fraction containing
5—10% of aminoacylatable tRNA.

Construction and Expression of GIuRS Deletion Mutants.

BanHl site. The polymerase chain reaction (PCR) product A 210-bp amino-terminal fragment of GIuRS wititd and

bearing the His-tag was digested wiiipé and BanHl to
replace a corresponding restriction fragment in p423GALL
GIuRS. Sequencing of the full-lengtBUS1gene revealed

Sal restriction sites was generated by PCR and ligated into
plasmid pGG75241) to create a glutathione-S-transferase
N-ter-GIURS (GSTGIuRS) fusion protein. The correspond-

the presence of two point mutations downstream of the ijng DNA fragment was subsequently cloned into plasmid

BanHI site. The undesired mutations were removed by
replacing the internaBantHl—Sal fragment with the cor-

pAS2 (Dr. S. J. Elledge, Houston, TX) containing the GAL4-
binding domain. Digestion witlBanHI and Sal followed

responding genomic fragment isolated from a recombinant py religation of the pAS2 recombinant plasmid yielded an

cos-yeast DNA clone (SCC7LORFS, a gift from Dr. Van-
denbol, Belgium).

Plasmid pUN106-ARC1 (10 was used as a template for
PCR reaction to producARC1flanked byNcd and Xhd

N-ter-GIuURS 1171 fragment. An N-ter-GluRS -1110
fragment was further generated by using appropriate primers
and the polymerase chain reactioARC1 fused to the
activator domain of GAL-4 was done in plasmid pACTII.

restriction sites allowing its cloning into the yeast expression The two types of plasmids thus generated, together with a

vector pVTU2 (2, URA3 Papn) and pACTII (¢, LEU2,
Papn, GAL4-AD, Dr. S. J. Elledge, Houston). In both cases,
untagged Arclp was produced.

number of control constructs, were transformed into the
Saccharomyces carisiae host strain Y19042) carrying the
GAL1—-lacZ gene fusion to assay Gal4p activation@AL1
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transcription. The activity of thg-galactosidase reporter was
assayed initially by colony color, using the chromogenic
substrate 5-bromo-4-chloro-3-indolgtp-galactosidase (X-
gal) and further confirmed using thiegalactosidase assay.

Expression and purification of the glutathione-S-trans-
ferase-GIURS(1-210) fragment was done as described for
GST-MetRS @1).

Synthesis of tRN# Transcripts.Plasmids carrying the
yeast minor and major tRN&' genes under the control of
T7 polymerase promoter were constructed by ligating 10
overlapping oligonucleotides into pUC18. To match the rules
of T7 RNA polymerase activity, we replaced U1 of the minor
tRNACU by G to yield GI-A72. We also created the variant
with a G1-C72 pair in the minor and major species. Runoff
transcripts obtained from 1Q@dy of plasmid DNA digested
with BsiNI were purified by polyacrylamide gel electro-
phoresis under denaturating conditions, visualized by UV
shadowing, and electroeluted using standard procedures.

Labeling and Purification of 5[32PJtRNAC Transcript.
One microgram of purified tRN&Y transcript with the G+
A72 pair was dephosphorylated at theehid with shrimp
alkaline phosphatase (MBI Fermentas), precipitated with

Graindorge et al.
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Ficure 1. Copuirification of N-terminally tagged GIURS and MetRS
with untagged Arclp from overexpressing yeast strains. The
recipient yeast strain RS453 was cotransformed with plasmid-borne
recombinant MetRS or GIuRS and untagged Arclp. Crude extract
from 2 L of cell cultures was applied on 1 mL of the affinity
column, and the recombinant MetRS or GIuRS was eluted either
with glutathione or with imidazole. The panels show SEFRAGE
analysis of fractions eluted from glutathionagarose columns
(GST—MetRS) and from nickel nitrilotriacetic acid columns (His

ethanol after phenol extraction, and subsequently incubatedGIuRS). Copurification of Arc1p was assessed by comigration with

with T4 polynucleotide kinase (10 units, NEB Biolabs) for
30 min at 37°C in the presence of 50Ci of [y-32P]ATP.

purified recombinant His-tagged Arclp.

The labeled transcript was purified by electrophoresis on a Arc1p till 4 M MgCl, concentration is reached@. This

10% denaturing polyacrylamide gel, identified by autorad-
iography, excised, and eluted by diffusion &@in a buffer

containing 50 mM sodium acetate, 200 mM NaCl, 20 mM
EDTA, and 0.1% SDS until 90% of the radioactivity had

may be attributed to a conserved proteprotein interaction
domain present in both GIURS and Arclp but not in MetRS
(23). Figure 1 (lane 3) shows that Arclp copurifies with
tagged His-GIURS with an apparent stoichiometry of 1:1;

been extracted. Prior to gel-shift assays, the transcripts wergh€ differences in the intensity of the bands between the two

renaturated by incubation at 7Q for 4 min in 5 mM MgC}
followed by cooling at room temperature for 15 min.
tRNA Binding AssaysThe renatured labeled tRNA
transcript (less than 10 nM, 5000 cpm per lane) was
incubated in a 1@L reaction volume in the presence of His-
GIuRS, Arclp, or His-GIuRSArclp complex at various
concentrations for 15 min at 4C in the following buffer:
100 mM Tris-HCI (pH 6.8), 30 mM KCI, 12 mM MgC},
0.1 mM EDTA. Upon RNA/protein association & of 20%

sucrose solution containing tracer dyes was added prior
loading on a 6% native polyacrylamide gel prepared and run

at 3 W in 50 mMTris-base, 50 mM glycine buffer for 1 h
in the cold room. After electrophoresis, the gel was dried

and exposed for autoradiography, quantified using a phos-

phoimager (Molecular Dynamics, Sunnyvale, CA), or both.
Miscellaneous Procedurefrotein concentrations were

determined using the protein assay from Bio-Rad. Western

blotting using affinity-purified anti-Arc1lp polyclonal anti-
bodies (0) was done according to standard protocols.

RESULTS

proteins may result from the difference in thé; values
(42 kDa for Arclp and 89 kDa for GIURS). Copurification
of Arclp with GST-tagged-MetRS clearly results in a
substoichiometric complex with Arclp (Figure 1, lane 2),
in accordance with our expectations.

The C-Terminal Half of the GIuRS N-Terminal Domain
Is Required for Arclp BindingThe ability of protein
A—GIuRS deletion mutants to bind Arclp has been tested
previously, thus leading to a map of the Arclp binding site
in the GIURS N-terminal domain28). To establish an
independent proof of this protetrprotein interaction and to
map it more precisely, we used t@AL4based two-hybrid
system 24, 25).

The results show that neither activation domain (AD)
Arclp nor binding domain (BD}GIUuRS interact with the
complementary GAL4 domain. There was also no nonspe-
cific interaction of BD-GIURS with AD—Snf4p. Only the
double transformants expressing ABrclp and BD-
GIURS(%-210) or the proteins Snf4p and Snflp, which were
taken as positive control, gave deep blue colonies with X-gal,
suggesting strong interactions. The interaction of the trun-
cated GIuRS(%+170) with Arclp was significantly reduced

Arclp Copurifies with GIURS When Coexpressed in Yeast.compared to the full-length N-terminal domain of GIURS,

In a previous work, the GIuRSArclp complex was
reconstituted in vitro from its individual components that
were purified independently as tagged proteitiy.(Separa-
tion of the complex was done by gel filtration using fast
protein liquid chromatography. To obtain the GluR&c1p
complex, we took advantage of the high binding affinity

while no interaction could be detected for the GIURS(1
110) deletion since in the latter case thegalactosidase
activity is indistinguishable from background levels (Figure
2A).

To evaluate further the strength of the interaction between
GIuRS N-terminal domain and Arclp, the ability of im-

between Arclp and GIURS. Indeed, MetRS dissociates frommobilized GIURS N-terminal domain to retain Arclp was

Arclp & 1 M MgCl,, whereas GIURS remains bound to

tested. Immobilization of the GIuURS N-terminal domain onto
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A) GAL4 Two Hybrid system

Binding domain Activation domain B-gal

plasmid plasmid activity Sequence of the yeast GIURS N-t extension
1
SNF4 SNF1 230 MIELFSKVKESIEGIKMPSTLTINGKAPIVAYAELIAAR
ARC1 o 40 IVNALAPNSIAIKLVDDEKAPAAKLDDATEDVFNEITSE
110
i i FARIFDNGDEEQVAKWVNLAQKELVIKNFAKL
SNF4 GlIuRS 1-210 45
ARCA GluRS 1-210 250 170
ARC1 GIURS 1-170 100 EMDPIFGEAHDFLSKSLLELEKSANV
210
ARCA GIuRS 1-110 50 GEKKETHFANFEIDL
B) e UL I N 1 2
kDa
66 - — Arcip
GST-GIuRS
45 - s e | w—— Arc1p 1-210

36 -

29 -

FiGure 2: Interaction of the GIURS N-terminal domain with Arclp. Panel A presents two-hybrid analysis of GIURS N-terminal domain

with Arclp. f-galactosidase activities of cell lysates of strain Y190 transformed with pairwise combinations of the two-hybrid vectors were
determined. Th&NFgenes were taken as positives controls, whefdS 1fused to the activator domain or the p&iINF4-GUS1(GIuRS)

were taken as negative controls. Optinfafjalactosidase activity was obtained with the entire N-terminal extension of yeast GIuURS and
reaches background levels when 100 amino acid residues are deleted from the C-terminal end. Panel B shows copurification of overexpressed
GIuRS N-terminal domain with Arclp. Yeast strain RS453 was transformed with plasmid-borne GIURS N-terminal den24id) (@nd

Arclp. Lanes 2 and 3 show SB®AGE analysis of fractions eluted from the glutathiomagarose columns. Position of the Arc1p band

was assessed by Western blotting (lane 4). Panel C shows zooming of the Coomassie gel staining indicating the position of Arclp and
GIuRS N-terminal domain proteins.

glutathione-agarose was chosen because of the high affinity (Figure 3A). One possibility for this drop in plateau is that
of the tag for its ligand leading to coelution of only a few kg for tRNA glutamylation is reduced so that the equilibrium
nonspecific proteins. The yeast strain RS453 was cotrans-between rates of enzymatic tRNA acylation and chemical
formed with multicopy plasmids encoding the GSGIURS- hydrolysis of aminoacylated tRNA is affecte@).
(1—210) construct and untagged Arclp. Under conditions Influence of Arclp on the Kinetic Parameters of tFNA
where copurification of Arclp with full-length GIuRS results in the Aminoacylation and ATPPPi Exchange Reactions.
in a 1:1 ratio (Figure 1), the amount of Arc1p bound to the Initial rates of tRNA“ aminoacylation were measured using
GIuRS N-terminal appendix is clearly substoichiometric a yeast tRNA counter-current fraction, which was further
(Figure 2B). This result suggests that GIuRS N-terminal purified on a Delta Pak C4 column (Waters, WAT011794)
domain has reduced affinity for Arclp or that the two to yield a charging level of 15%. In the absence of Arclp,
proteins are overproduced at different levels, making the initial rates were obtained by adding pyrophosphate to the
amounts of Arclp available for the interaction with GIURS reaction mixture, but they were too low to accurately
N-terminal domain limiting. Indeed, using pull-down experi- extrapolate kinetic constants from the experimental data
ments with GIURS N-terminal domain expressed from a (Figure 3B). With a counter-current fraction containing 5%
centromeric plasmid revealed the presence of quasi-stoichio-of tRNACS"Y, the concentration of tRNA" could be raised to
metric amounts of Arc1pl(). 6 uM, but the rates of tRNa aminoacylation remained too
tRNAG" Aminoacylation with Free and Arclp-Bound low (data not shown). In the presence of the GluR28c1p
GIuRS.Purified yeast tRNA" is not available, and com-  complex, the initial rates were significantly increased (Figure
mercial unfractionated yeast tRNA behaved as a poor 3C), and a plot of velocity versus tRNeA concentration
substrate for yeast GIuRS, exhibiting a plateau charging level (Figure 3D) yielded &, value for tRNA" of 0.45uM and
of less than 0.1% (data not shown). The plateau level could a k., of 0.016 s. In terms of turn-over numbers, this,
be significantly increased using freshly prepared total yeastvalue is very low and does not match protein synthesis rates,
tRNA. Plateau levels of 1.4% were measured in the presencewhich are about 18 or more. However, when the activity
100 nM of GIURS-Arclp complex (Figure 3A), knowing  of GIURS is measured in the AFHPPi exchange reaction
that levels of 5% are usually obtained with a given species (Figure 4A,B) k..:values above 13 are obtained indicating
of tRNA. Therefore, we suspect that the low activity of tRNA that the intrinsic activity of GIURS is similar to other
aminoacylation measured with the commercial tRNA is aminoacyl-tRNA synthetases (i.e., arginyl-tRNA synthetase,
attributable to the tRNA and particularly to a modified base 27). The tRNA-dependent activation of glutamic acid offers
that may be partially degraded (see beloagcherichia coli a means to measure independently Khefor GIURS in the
tRNACN is not a substrate for yeast GIuR&rc1p complex presence and absence of Arclp (Figure 4A,B). Lineweaver
(Figure 3A), indicating the absence of heterologous amino- Burk plots derived from the initial rates versus tRNA
acylation. concentration yielded &, value for tRNACY that is
When the measurement of the aminoacylation plateau wasunchanged in the presence of Arclp, whelgass increased
repeated with 200 nM free GIuRS, the value was only 0.15% 2-fold (Figure 4C).
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(14CIGIANA tRNA charging levels [14C]Glu-tF|1NA
10] pmol His-GIuRS-Arcp (100 nM) . 51 pmo
. (1.4%) 4 His-GIURS (75 nM)
6 * 3
4 2
UM tRNA
) His-GIURS (200 nM) 1 125
(0.15 )% 4
& E. coli RNAGIU I S = =—— 0.08
0 10 20 30 40 50 60 min. 0 1 2 3 4 min.
14C]GluARNA i
[5 ]pmol UM ARNA V (pmol/min)
125 1 GluRS-Arclp (75 nM) ]
His-GIuRS-Arc1p (75 nM) ' 0.8
0.62 :
0.31 0.6
0.16 0.4
0.08
0.2 His-GIURS (75 nM)
—
- 0
0 1 2 3 4 min. 0 02 04 06 08 1 12 1.4 [tRNAGU]uM

Ficure 3: tRNACYU aminoacylation by GIURS and GluR®\rclp complex. Panel A shows the plateau level of glutamtRNA
aminoacylation using unfractionated yeast tRNA. Picomole$*afifjlutamate incorporated into total tRNA were measured in the presence

of 200 nM His-GIuRS or 100 nM His-GluRSArc1lp complex. The unfractionated tRNA was prepared as described in Experimental
Procedures. Kinetics of tRNA aminoacylation were also followed in the presence of 100 nM His-GAuBS and commercial total

tRNA or pureE. coli tRNASY (2 uM). The concentration of'fC]glutamate and tRNA in the assay were, respectivelyy85(300 cpm/

pmol) and 6.4uM. The calculated plateau of tRNA aminoacylation was 1.4% in the presence of His-GlR$p complex and 0.15%

for His-GIURS. Panels B and C show the kinetics of tRAAaminoacylation with His-GIURS and His-GIuR®rclp, respectively. The
tRNACU concentrations were calculated from the known maximum level of glutamate incorporated into tRNA (the tRNA used in these
experiments was a partially purified counter-current fraction containing 15% SRNA“C]Glutamate was used at a concentration of 35.7

uM and had a specific activity of 190 cpm/pmol. Panel D shows plots of velocity versus $R@ncentration.

[32P] ATP-PPi [32P] ATP-PPi uM tRNA
mol mol 6
8000y ° His-GIURS (100 nM) o His-GIURS-Arctp (100 nl) 3
7000 7000 : 3
6000 6000
M tRNA

5000 K 5000 1
4000 2 4000
3000 1 3000 0.5
2000 ok 2000 0.25
1000 035 1000

0 4 8 12 16 min. 0 4 8 12 16 min,

C.

1/V (min.pmol-1)
0.025

0.02

0.015

0.01
Km = 1uM
0.005 keatt = 4.4 51 (GIURS)
/ < keaty = 2.3 571 (GIURS/Arc1p)

-2 -1 0 1 2 3 1/[tRNA] uM-1

Ficure 4: Influence of Arclp on yeast GIURS ATHPPi exchange activity. The AFHPR exchange was followed in the presence of 100
nM free (A) and Arclp-complexed GIURS (B). The tRNA used here is a counter-current fraction containing 5%"tRB{cific
concentrations of tRNAU were calculated as indicated in Figure 3. Glutamic acid was 5 mM, and the specific activity 8Pfpgfophosphate
was 1.2 cpm/pmol. The concentration of ATP and ®&e 2 mM. The enzyme activity was expressed as pmoleZRjf [ncorporated into
ATP. Panel C presents double-reciprocal plots of velocity versus fRNancentration calculated for His-GIuRS and His-GluR8c1p.

Aminoacylation of Yeast tRNA Transcripts.Modified but in a few cases, they behave as positive determinants for
bases are not usually implicated in tRNA aminoacylation, entry into the transition state of tRNA aminoacylati@8)
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G G
G<«U A>C G<«U A>»C
c G c G
c G c G
G C G C
AU AU
U U U A
A C ucC A U uC
cAj LU ecccco A CcAp LU ecccc A
c UGUG cecaa G G YGUG CsGGGG
UyC g ©
G Ucac, A°a G UCAC, ACa
Cy U G%g Cph ¥ cfg
c a c G
AU AU
cC G G
G C G C
U c U C
U
Ucych *vyc®
minor major
. o,
G1C72:0.8 % G1C72:0.8 %

G1A72:25%

Ficure 5: Cloverleaf structures of yeast tRI¥A Cloverleaf structures of minor and major tRRAspecies are shown on the left and
right, respectively. In the case of major tRRA the native tRNA sequence is indicated whereas for the minor species the nuleotide
composition is deduced from the gene sequence. The 8RNrAnscripts used in this study bear a G1 to facilitate their in vitro transcription.
The compensatory base changes have been performed for both tRNAs yieldin@7& Watsor-Crick base pairs. Minor tRN& was

also produced as a GI72 variant because this variant is closer to the native-H12 base pair in terms of spatial organization of
chemical groups. The plateau level of aminoacylation for each tRN#anscript is indicated. )= mcnPs?U (5-methoxycarbonylmethyl-
2-thiouridine); W = pseudouridine; €= 5-methylcytidine.

A. B. C.
19 3800 49 3600 nM His-GIuRS-Arc1p His-GIuRS

- i |

- e - - HM

Fraction of tRNAS!Y bound
S = o o Lnoy ~ oo o &
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His-GluRS-Arc1p Kd = 30 nM His-GIuRS Kd = 3.6 uM

_—-

10 100 1000 10000
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FiGURE 6: Binding of tRNACUY transcript to GIURS and GluRSArc1p complex. Labeled in vitro transcribed minor tRRA(G1-A72)

was incubated with increasing concentrations of His-GitR&1p complex (A) or His-GIURS (B), and the resulting tRNArotein complex

was assayed by gel shift. The protein concentration range used in each case is indicated. The gels were submitted to phosphorimaging to
quantify the free and complexed fraction of tRRA The data obtained were plotted as the fraction of bound tRNA&rsus the logarithm

of protein concentrationQ). In the case of free GIURS, this value was deduced from the decrease of tRNA used in the assays. The dashed
line depicts the theoretical curve of tRNA binding for His-GIuRS.

In the particular case dE. coli tRNASY, 5-methylamino- bases was only established for the major species; that of the
methyl-2-thiouridine (mnig?U) at the wobble position  minor species is still unknown. We synthesized a-G&T2
(position 34) interacts positively with. coli glutamyl-tRNA variant for major and minor tRN&'species, as well as a

synthetaseZ9). Yeast major tRNA" with anticodon UUC G1-A72 variant for the minor species. The two yeast
has also an analogous modified uridine: 5-methoxycarbon-transcripts were poor substrates for yeast GIURS as the
ylmethyl-2-thiouridine (mcrPs?U) at position 34 (Figure 5).  maximum level of tRNA charging was only 2.5% (Figure
Thiouridine is known to be sensitive to oxidatio®0f and 5). This value was obtained for the minor tRRAG1—

its degradation may account for the lok, of tRNA A72 variant in the presence of GluR®rclp complex. The
glutamylation in yeast. Major identity elements Bf coli same transcript was further used for binding assays by gel-
tRNACUY are clustered in the augmented D helix, whereas shift mobility.

nucleotides in the acceptor stem (&Q72) and in the tRNA Binding to Yeast GIuRS and GluRScl1p Complex.

anticodon loop (positions 34 and 35) have a lesser but still Radiolabeled tRNA"Y transcript was incubated with increas-
important contribution in tRNAY recogntion 81). Both yeast ing amounts of either GIuRS (Figure 6B) or GluR&rc1p
tRNACU isoacceptors have B4A72 in the acceptor stem. complex (Figure 6A), and the fraction of tRNA that was
Since we failed to generate a yeast tRMAranscript with shifted in the presence of the protein was quantified using
U1—A72 based on a ribozyme strategy, the yeast tRNA  phosphorimaging. In these experiments, the protein is in large
transcripts synthesized by T7 RNA transcription may be excess over tRNA allowing assimilation of the protein added
affected by the nucleotide substitution at position 1 in to free protein and derivation an apparent dissociation
addition to the lack of modified bases. The set of modified constant Kq) from the value at which half of the tRNA is
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Ficure 7: Gel-shift assays showing the increase of GIURS tRNA ' “
binding in the presence of Arclp. His-GIuRS (2.81) and Arclp
(2.5uM) were incubated in the presence ¢femd-labeled tRNAY
either alone or after GIluRSArc1p complex formation. In the latter -
case, His-GIuRS and Arclp were preincubated for 15 min. prior
tRNAGWU addition. Complexed tRN& transcript with preformed HEBIES 7 & = & §
yeast His-GluRS Arclp (0.7uM) is shown as a control. Ao« s ...
tRNA _— N,

complexed to GIURS or GIuRSArc1p complex. Figure 6A  Fgupe 8: Arc N-terminal appendix does not influence tRRIA
shows that complex formation is resolved in a single signal binding to GIURS. Panel A shows a gel-shift assay usirgngi-
when Arclp-bound GIURS is used, whereas two or more labeled tRNAW transcript and Arclp N-terminal appendix alone
shifts of labeled tRNA were obtained in the presence of free ﬂ"ts;m;ﬂes)e%& ";:]Xéul_rﬁsoglﬂggasmg C%?\%epgaaﬁeo{)‘f:rfﬁmlp
GluRS (Figure 6B_)' These shifts probably correspond to N-terminal a?)%endix concentration igail%)iéated. Pa?nel B ShOF\)NS a
several conformations of free GIURS as deduced from ayestern blot using anti-Arc1p antibodies. The gel was performed
Coomassie gel staining of the protein (data not shown). Thein the same conditions as the gel-shift assays (see Experimental
respective binding profiles were plotted on a logarithmic Procedures) with the exception that the concentration of unlabeled
scale and yielded apparent dissociation constants of 30 nMtRNAS" was increased to 0/8V.. His-GIURS and Arc1p N-terminal

for the GIuRS-Arclp complex and 3.aM for free GIuRS appendix concentrations were 281 each.

(Figure 6C). To prove that Arclp is responsible for the
increase in tRNA binding affinity, we added recombinant
His-tagged Arclp to GIURS (Figure 7). Recombinant Arclp
purified from E. coli shows a heterogeneous pattern of
migration in the presence of tRNA, which we interpret as
the result of tRNA complexes with monomeric Arclp
(indicated by an arrow) and with higher order structures of
Arclp (dimeric or aggregated forms) corresponding to the
smeary band. These forms disappear in the presence oﬁ
GIuRS. Instead, we see an increase of the band correspondin%
to tRNA complexed with GIuRSArc1p and a concomitant
decrease of free tRNA. The tendency of the recombinant
Arclp to aggregate may not occur for the yeast Arclp, which
was shown to contain a biotinylated lysine residue in the
N-terminal domain §2). Stimulation of the GIuRS binding
affinity for tRNA requires full-length Arclp. The Arclp
N-terminal domain that was shown to form a heterocomplex
with GIURS in vivo and in vitro 11, 12) does not modify
the shift and level of radiolabeled tRNA transcript com-

plexed to free GIURS (Figure 8A). That the Arc1lp N-terminal . . .
domain effectively binds GIURS can be deduced from the Measuring the strength of the interaction between GIuRS

shift of the Arcip N-terminal appendix in the presence of 2nd @ transcript of yeast tRNA by gel shift-asssay allows

GIURS, and this shift is not altered by adding tRIAFigure us to estimate an appareiit of tRNA for GIURS in the
SBl;. 'S Shitt! y "9 AFigu micromolar range (3.&M). In the presence of Arclp, the

value of K4 drops to 30 nM. This difference in the
DISCUSSION dissociation constants may explain why free GIURS amino-
acylates poorly a partially purified yeast tRNAfraction,
Arclp is an accessory protein of yeast MetRS and GIURS because at 1:26 uM, the maximal tRNA" concetrations
that modulates their activity. In the case of MetRS, Arclp that we could use, the enzyme may not be saturated.
helps binding of tRNA®t to its cognate tRNA synthetase Unfortunately, the tRNAY transcript, which is a potent
by decreasing significantly (100-fold) tH€,, of tRNAMet substrate for complex formation with GIuUR@&rc1p, is still
(10). This result is in line with the property of Arclp being a poor substrate for tRNA aminoacylation and cannot be used
a general tRNA binding factor and offers a way to regulate to determineK,, of tRNA for free GIURS and to check
the activity of MetRS in vivo. Indeed, in the absence of whether Arclp influencek., for tRNA aminoacylation.

Arclp, MetRS has &, for tRNA that seems “unphysi-
ologically” high (about 1Q«M), which is 10-100-fold higher
than that of a standard aminoacyl-tRNA synthetase. By
decreasing th&,, for tRNA, Arc1p allows MetRS to function
efficiently at low intracellular concentrations of tRIN&
Compared to MetRS, GIuRS binds more strongly to Arclp
than MetRS and has the potential to bind tRNA in the
bsence of Arclp1@). The strength of the interaction
etween GIURS and Arclp is such that untagged Arclp
opurifies with His-tagged GIURS in a 1:1 complex. Deletion
analysis of the GIuRS N-terminal appendix made from the
N-side (L2) or from the carboxy-end (the present study) gives
complementary results allowing restriction of the Arclp
binding site in the GIURS amino acid region HD70. It is
exactly in this region (amino acid residues-8670) where

a novel a proteifrprotein interaction domain has been
identified in the GIURS Z3). This domain also occurs in
Arclp (23), thus explaining the high affinity between the
two macromolecules.
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Despite this lack of clarification, the observation that the
plateau of aminoacylation is reduced 10-fold in the absence
of Arc is intriguing. Indeed, we know that for the establish-
ment of maximal plateaus of aminoacylation, maximal initial

rates of aminoacylation are required to overcome the 8.

chemical deacylation rate of charged tRN26).

The present study clearly shows that a major role of Arclp o.

is to stimulate binding for GIuRS as it does for MetRS. This
stimulation requires the full-length protein where the middle

and C-terminal regions are responsible for tRNA binding 19
and constitute a trans-acting RNA binding protein (TRBP)
(12). The heterodimer formed by the Arclp N-terminal
domain and GIuRSl(1 and this study) is unable to stimulate
tRNA binding for the synthetase indicating that the increase
in affinity is not just the result of a GIuURS conformational
change induced by Arclp binding. GIURS is a class | enzyme
that like MetRS interacts with the entire inner side of the
L-shaped tRNA structure3@). The association of Arclp with

either synthetase can therefore accommodate tRNA binding 13-

on both sides of the tRNA molecule as the TRBP domain is

believed to interact with the top corner of the tRNA. This 14

was as deduced from previous studi#€)(@nd also from a
structural model of tRNA binding toAquifex aeolicus
Trbplll 3 structure, a thermophile homologue of Arclp 45
TRBP domain 84).

It is surprising that yeast has maintained Arclp as a trans-
activator of GIURS and MetRS and that this role was not 44
taken over by an appended domain of these tRNA synthetases

during their evolutionary courses. This may be indicative of 17.

an additional function of Arclp as already suggested by its
probable involvement in the nuclear transport of tRNA and  1g
the tRNA-aminoacylation machineryl@ 35). It is also
plausible that the specific role played by Arclp for the yeast
MetRS and GIURS is closely linked to the evolutionary 4
history of these two aminoacyl-tRNA synthetases. For
Trbp111, which may be regarded as a precursor of Arclp,
Schimmel and co-workers36) proposed that this protein
could have participated in the establishment of the corner-
stone tRNA molecule3p).

ACKNOWLEDGMENT 21.

We are grateful for the excellent technical assistance of
G. Nussbaum. 22

REFERENCES

1. Delarue, M., and Moras, D. (1993) The aminoacyl-tRNA syn-  23.

thetase family: modules at worBioessays 15675-687.

2. Schimmel, P., and Ribas de Pouplana, L. (1995) Transfer RNA:
from minihelix to genetic codeCell 81, 983-986.

3. Mirande, M. (1991) Aminoacyl-tRNA synthetase family from
prokaryotes and eukaryotes: structural domains and their implica-
tions, Prog. Nucleic Acid Res. Mol. Biol. 4@5—142.

4. Kim, T., Park, S. G., Kim, J. E., Seol, W., Ko, Y. G., and Kim,
S. (2000) Catalytic peptide of human glutaminyl-tRNA synthetase
is essential for its assembly to the aminoacyl-tRNA synthetase g
complex,J. Biol. Chem. 27521768-21772.

5. Quevillon, S., Robinson, J. C., Berthonneau, E., Siatecka, M., and
Mirande, M. (1999) Macromolecular assemblage of aminoacyl-
tRNA synthetases: identification of protetprotein interactions 27
and characterization of a core proteih,Mol. Biol. 285 183—

195.

6.Kim, J. Y., Kang, Y. S,, Lee, J. W., Kim, H. J., Ahn, Y. H., Park,

H., Ko, Y. G., and Kim, S. (2002) p38 is essential for the assembly  28.

and stability of macromolecular tRNA synthetase complex:

7.

12.

20.

Biochemistry, Vol. 44, No. 4, 2008.351

implications for its physiological significanc@roc. Natl. Acad.

Sci. U.S.A. 997912-7916.

Whelihan, E. F., and Schimmel, P. (1997) Rescuing an essential
enzyme-RNA complex with a non-essential appended domain,
EMBO J. 16 2968-2974.

Chihade, J. W., and Schimmel, P. (1999) Assembly of a catalytic
unit for RNA microhelix aminoacylation using nonspecific RNA
binding domainsProc. Natl. Acad. Sci. U.S.A. 962316-12321.
Frugier, M., Moulinier, L., and Giege, R. (2000) A domain in the
N-terminal extension of class llb eukaryotic aminoacyl-tRNA
synthetases is important for tRNA binding\MBO J. 19 2371~
2380.

. Simos, G., Segref, A., Fasiolo, F., Hellmuth, K., Shevchenko, A.,

Mann, M., and Hurt, E. C. (1996) The yeast protein Arclp binds
to tRNA and functions as a cofactor for the methionyl- and
glutamyl-tRNA synthetase MBO J. 15 5437-5448.

. Simos, G., Sauer, A., Fasiolo, F., and Hurt, E. C. (1998) A

conserved domain within Arclp delivers tRNA to aminoacyl-
tRNA synthetasedViol. Cell 1, 235-242.

Deinert, K., Fasiolo, F., Hurt, E. C., and Simos, G. (2001) Arclp
organizes the yeast aminoacyl-tRNA synthetase complex and
stabilizes its interaction with the cognate tRNAs Biol. Chem.
276, 6000-6008.

Senger, B., Despons, L., Walter, P., and Fasiolo, F. (1992) The
anticodon triplet is not sufficient to confer methionine acceptance
to a transfer RNAProc. Natl. Acad. Sci. U.S.A. 880768-10771.
Despons, L., Senger, B., Fasiolo, F., and Walter, P. (1992) Binding
of the yeast tRNA(Met) anticodon by the cognate methionyl-tRNA
synthetase involves at least two independent peptide regions,
Mol. Biol. 225 897-907.

. Senger, B., Aphasizhev, R., Walter, P., and Fasiolo, F. (1995) The

presence of a D-stem but not a T-stem is essential for triggering
aminoacylation upon anticodon binding in yeast methionine tRNA,
J. Mol. Biol. 249 45-58.

. Aphasizhev, R., Senger, B., and Fasiolo, F. (1997) Importance of

structural features for tRNA(Met) identitRNA 3 489-497.

Mitra, K., and Mehler, A. H. (1966) The role of transfer ribonucleic
acid in the pyrophsphate exchange reaction of arginine-transfer
ribonucleic acid synthetasé, Biol. Chem. 2415161-5162.

.Lee, L. W., Ravel, J. M., and Shive, W. (1967) A general

involvement of acceptor ribonucleic acid in the initial activation
step of glutamic acid and glutamin&rch. Biochem. Biophys. 121
614—-618.

. Sekine, S., Nureki, O., Dubois, D. Y., Bernier, S., Chenevert, R.,

Lapointe, J., Vassylyev, D. G., and Yokoyama, S. (2003) ATP
binding by glutamyl-tRNA synthetase is switched to the productive
mode by tRNA bindingEMBO J. 22 676-688.

Mumberg, D., Muller, R., and Funk, M. (1994) Regulatable
promoters ofSaccharomyces cearisiae comparison of transcrip-
tional activity and their use for heterologous expressiunrleic.
Acids Res. 225767-5768.

Senger, B., Despons, L., Walter, P., Jakubowski, H., and Fasiolo,
F. (2001) Yeast cytoplasmic and mitochondrial methionyl-tRNA
synthetases: two structural frameworks for identical functions,
J. Mol. Biol. 311 205-216.

. Durfee, T., Becherer, K., Chen, P. L., Yeh, S. H., Yang, Y.,

Kilburn, A. E., Lee, W. H., and Elledge, S. J. (1993) The
retinoblastoma protein associates with the protein phosphatase type
1 catalytic subunitGenes De. 7, 555-569.

Galani, K., Grosshans, H., Deinert, K., Hurt, E. C., and Simos,
G. (2001) The intracellular location of two aminoacyl-tRNA
synthetases depends on complex formation with Aré&dBO

J. 20 6889-6898.

. Fields, S., and Song, O. (1989) A novel genetic system to detect

protein—protein interactionsNature 340 245-246.

. Chien, C. T., Bartel, P. L., Sternglanz, R., and Fields, S. (1991)

The two-hybrid system: a method to identify and clone genes
for proteins that interact with a protein of intereBtoc. Natl.
Acad. Sci. U.S.A. 889578-9582.

. Bonnet, J., and Ebel, J. P. (1972) Interpretation of incomplete

reactions in tRNA aminoacylation. Aminoacylation of yeast tRNA
Val Il with yeast valyl-tRNA synthetasekur. J. Biochem. 31
335-344.

. Guigou, L., Shalak, V., and Mirande, M. (2004) The tRNA-

interacting factor p43 associates with mammalian arginyl-tRNA
synthetase but does not modify its tRNA aminoacylation proper-
ties, Biochemistry 434592-4600.

Muramatsu, T., Nishikawa, K., Nemoto, F., Kuchino, Y., Nish-

imura, S., Miyazawa, T., and Yokoyama, S. (1988) Codon and



1352 Biochemistry, Vol. 44, No. 4, 2005

29.

30.

31.

32.

amino acid specificities of a transfer RNA are both converted by
a single post-transcriptional modificatidNature 336 179-181.
Sylvers, L. A., Rogers, K. C., Shimizu, M., Ohtsuka, E., and Soll,
D. (1993) A 2-thiouridine derivative in tRNAGIu is a positive
determinant for aminoacylation bi¢scherichia coliglutamyl-
tRNA synthetaseBiochemistry 323836-3841.

Kern, D., and Lapointe, J. (1979) Glutamyl transfer ribonucleic
acid synthetase oEscherichia coli Effect of alteration of the
5-(methylaminomethyl)-2-thiouridine in the anticodon of glutamic
acid transfer ribonucleic acid on the catalytic mechaniBin;
chemistry 185819-5826.

Sekine, S., Nureki, O., Sakamoto, K., Niimi, T., Tateno, M., Go,
M., Kohno, T., Brisson, A., Lapointe, J., and Yokoyama, S. (1996)
Major identity determinants in the “augmented D helix” of tRNA-
(Glu) from Escherichia coli J. Mol. Biol. 256 685-700.

Kim, H. S., Hoja, U., Stolz, J., Sauer, G., and Schweizer, E. (2004)
Identification of the tRNA-binding Protein Arclp as a Novel

33.

34.

35.

36.

Graindorge et al.

Target of in Vivo Biotinylation inSaccharomyces cerisiae, J.
Biol. Chem. 27942445-42452.

Sekine, S., Nureki, O., Shimada, A., Vassylyev, D. G., and
Yokoyama, S. (2001) Structural basis for anticodon recognition
by discriminating glutamyl-tRNA synthetasBlat. Struct. Biol.

8, 203-206.

Swairjo, M. A., Morales, A. J., Wang, C. C., Ortiz, A. R., and
Schimmel, P. (2000) Crystal structure of trbpl11l: a structure-
specific tRNA-binding proteinEMBO J. 19 62876298.
Grosshans, H., Hurt, E., and Simos, G. (2000) An aminoacylation-
dependent nuclear tRNA export pathway in ye&enes De.

14, 830-840.

Morales, A. J., Swairjo, M. A., and Schimmel, P. (1999) Structure-
specific tRNA-binding protein from the extreme thermophile
Aquifex aeolicusEMBO J. 18 3475-3483.

B1049024Z



