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ABSTRACT. Aminoacyl-tRNA synthetases contain one or three?Migns in their catalytic sites. In addition

to their role in ATP binding, these ions are presumed to play a role in catalysis by increasing the
electropositivity of then-phosphate and stabilizing the pentavalent transition state. In the class Il aaRS,
two highly conserved carboxylate residues have been shown to participate withidwg in binding and
coordination. It is shown here that these carboxylate residues are absolutely required for the activity of
Saccharomyces carsiae aspartyl-tRNA synthetase. Mutants of these residues exhibit pleiotropic effects
on the kinetic parameters suggesting an effect at an early stage of the aminoacylation reaction, such as
the binding of ATP, M@", aspartic acid, or the amino acid activation. Despite genetic selections in an
APSknockout yeast strain, we were unable to select a single active mutant of these carboxylate residues.
Nevertheless, we isolated an intragenic suppressor from a combinatorial library. The active mutant showed
a second substitution close to the first one, and exhibited a significant increase of the tRNA aminoacylation
rate. Structural analysis suggests that the acceptor stem of the tRNA might be repositioned to give a more
productive enzyme:tRNA complex. Thus, the initial defect of the activation reaction was compensated by
a significant increase of the aminoacylation rate that led to cellular complementation.

Aminoacyl-tRNA synthetases (aaR%¥e key players in proceeds through an in-line nucleophilic displacement mech-
one of the early steps of the translation of the genetic anism with the formation of a pentacoordinate phosphorus
information. These enzymes catalyze the formation of transition state. The second step, or transfer of the amino
aminoacyl-tRNAs in a two-step reaction, starting by the acid to the tRNA, proceeds through the formation of a
activation of the amino acid by ATP in the presence of tetrahedral intermediate formed during the nucleophilic attack
magnesium ions followed by the transfer of the amino acid on the carbonyl carbon of the adenylate by the oxygen of
moiety to the tRNA. Each aaRS is specific to one amino the 2- or 3-OH of the Ade76 2—4). In addition to the three
acid and to one or several tRNA isoacceptors. AaRS substrates, aaRS bind magnesium as cofacto" Nns
constitute one of the most documented examples where thecontribute to ATP binding and presumably play a role in
same catalytic reaction is performed on two different the stabilization of the pentavalent transition state by
structural platforms, each of them being characterized by theinteracting with the highly charged-phosphate. They may
exclusive motifs and biochemical feature.(The class | also play a role in the release of the pyrophosphate moiety
and class Il aaRS aminoacylate tHeOH and the 30H of of ATP, and more generally, they are involved in tRNA
the 3-terminal ribose, respectively. Although the strategy structure stabilization.
for the specific amino acid and tRNA recognition is unique  Aspartyl-tRNA synthetase (AspRS) is one of the 10 class
to each synthetase, the mechanisms of the two catalytic step$l aaRS. Of the 20 aminoacyl-tRNA synthetases, AspRS is
are essentially conserved among the 20 aaRS. The first stefprobably the one with the greatest amount of available
of the aminoacylation reaction, the activation of amino acid, structural data. Up to now, the aspartic system is the only
one for which at least one example of three-dimensional (3D)

" This work was supported by the Centre Natiznal d; la Recherche structure in each kingdom has been described. The first
5;';”&'%?5&n%'}gg?éigtsljfggnug}orgeﬁxrmgg‘rﬁ a(ing?eSufsgt;gt”;rsneor determined class Il aaR$ in complex with the cognate tRNA
Inhibitors of tRNA Recognizing Proteirns). was from the eukaryotéSaccharomyces cersiae (5).
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7, 8) as well as two heterologous complexes that contribute acceptor stem binding and gives a more productive enzyme:
to the understanding of the tRNA binding mechanism and tRNA complex. A significant increase of the aminoacylation
the specificity 8, 9). Surprisingly, crystals of the apoenzyme rate was therefore observed, which led to cell growth.
were only obtained recently, and simultaneous resolution of

the yeast andtscherichia coliAspRS free of any substrate EXPERIMENTAL PROCEDURES

was obtainedX0, 11). The scope of these structures was to  Bacterial, Yeast Strains, and Shuttle Vectors. E. TaIL
provide a reference structure, unperturbed by ligand binding, (F~ ara A(lac-proAB) hsdR @ m¢") rpsL(Stf) [¢80,

to ascertain the structural changes caused by ligand interacdlacA(lacZ)M15]) was used as a recipient for cloning
tions (11). All together, these data provide a thorough view proceduresE. coli TAP56 (eu thi hsdR rpsL supBlacU169

on the substrates binding and on the catalytic mechanismsgalKa,y (Akil cI857AbioA)) was the host strain of pTG908
The aspartyl-adenylate molecule lies at the bottom of the harboring theAPSgene. It was kindly provided by D. L.
catalytic domain, stretched on the antiparafiedheet and  Court (15).

held in place by a network of interactions belonging  The AspRS disrupted haploid strein cereisiae YALG4
principally to class Il motifs 2 and 3 and to an ASpRS (aura3-52 lys2-8012™trp1-A63 his3A200 leu2A1 ade2-
invariant LXQ(S/A)PQXXKQ sequence preceding motif 2, A450 ade3A1483 aps::HISBwas used to select the active
more involved in the aspartate moiety bindirgy 9, 12). In and inactive APS genes 16). YAL3 is a derivative of
contrast to the linear shape of the aspartyl-adenylate mol-YALG4 transformed by pAL3 (see below).

ecule, the ATP molecule adopts the class ll-specific U-shaped Plasmid pAL3 was constructed by cloning the 3.8-kbp
conformation, with the pyrophosphate moiety of the molecule DNA fragment encodingAPS(17) into pALR10 (pUN50-
bent toward the adenine ring,(12—14). The superimposi-  ADEJ); the resulting plasmid is UtaAde3", APS". Plasmid

tion of the catalytic sites of the different ASpRS complexes pEG93 is a yeast centromeric vector derived of pBR322 in
shows the strict conservation of the position and conforma- which theTRP1marker, theARS-CENand theAPSgenes
tion of the aspartyl-adenylate. Moreover, the ATP and were cloned in the&Sal, Clal, and BanHlI restriction sites,
aspartic acid substrates individually have been shown to berespectively. pRS31APScontains theAPSgene between
superimposed on their corresponding counterparts in thethe Sal —Smad sites of pRS31418), the resulting vector is
aspartyl-adenylate complek3); this also remains true even  Trp*, APSF. Plasmid pGALS1313PS(LEU2, ADE3 Kar®,

in the presence of the tRNA2). This suggests that only ~ GALSeperatoAPS is a derivative of pRS315 carrying a
subtle changes in enzyme residues and ligands are respontruncated form of the GAL1 promoter in front of thePS
sible for the stabilization of the transition states of both gene (9). This promoter allows a tight control of th&PS
activation and acylation reactions. Nevertheless, the class llexpression, with a total repression in the presence of glucose
active site is not a static partner of the aminoacylation and moderate expression in the presence of the natural
reaction, and several peptides of the active site display highinducer galactosel@). To easily isolate this vector from yeast
mobility as suggested by the different conformations adopted strains harboring other vectors carrying fhiactamase gene,

in the different complexes. Two mobile loops called “flipping  thebla gene was replaced by a kanamycin resistance cassette
loop” and “histidine loop” have been defined. The position from pBSL15 @0). An additional markeADE3was inserted

of these loops depend of the nature of the substrates boundo confer a red coloration to traxle2yeast strains1). The

to the enzyme, but both are involved in maintaining the bacterial and yeast strains were grown and transformed
aspartic acid or adenylate bound in its proper conformation according to standard procedur@®)(

(for a discussion see refsand12). Oligonucleotide Directed Site-Specific MutageneSiggo-

In the present work, we investigate the functional impor- nucleotides were synthesized by Genset (Paris, France) and
tance of two acidic residues that are invariably found into IBA-NAPS (Gdtingen, Germany). Oligonucleotides for
the catalytic site of all AspRS sequences. These residuessaturating mutagenesis were the following: D471F472. 5
participate in the stabilization of the U-shaped conformation TCACCCCTCATGAANNNNNMTACGAGTTACAAT-
of ATP by their interactions with the Mg ions. In class Il 3, E4781479: 5TGTGCACCGGACAANNNNNNTCAC-
synthetases, three hexacoordinatec?Migns stabilize the ~ CCCTCATGA-3 whereN represents an equimolar mixture
bent conformation of ATP. One is located betweendhe  of the four deoxynucleotides. The oligonucleotides used for
and g-phosphates of ATP, and the other two are on both the selection of suppressors corresponded to the gene
sides of the3- and y-phosphates. The hexacoordination of segment encoding peptide N468 to Q484. All the positions
the Mg?" ions is completed with water molecules and several contained 90% of the native nucleotide and 10% of an
well-conserved residues such as the two acidic residuesequimolar mixture of the four deoxynucleotides.
examined here. In a previous study, we have shown that Mutagenesis was performed according toZ8fwith the
conservative changes or Ala substitutions of these acidic uracil-containing single-stranded DNA from pRS3ARSas

residues drastically reduced the enzyme activify Here, template or pPRS31APSpaa71,0N471 or EGa78) ThE resulting
we extend this investigation with degenerated libraries of libraries each contained about 20 000 clones. The mutated
AspRS mutants that were screened in vivo in ARS AspRS genes were subclonedSest —MIul DNA fragments

knockout strain. In the first step, we showed, by saturation into the E. coli expression vector pTG908PS(24).
mutagenesis, that the two acidic residues could not be Phenotypic Selection of APS Genes Based on Plasmid
substituted without giving a lethal phenotype. In the second Shuffle AssaysTwo in vivo assays were used to analyze
step, we statistically degenerated the peptidic region sur-the effect of mutatedPSon the yeast cell growth. The first
rounding the acidic residues to isolate active suppressors ofwas a colored assay based on the change of the color of
the lethal mutations. This way, we were able to suppress colonies 21). The second was a positive selection assay
the lethal effect by a distal mutation that modifies the tRNA based on the resistance to 5-FOA (5-fluoro-orotic a@8).(
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In the colored assay, the YALS strain was transformed
with the mutated pRS31APSvectors and plated on minimal
medium supplemented with adenine (limiting concentration
of 2 ug mL™%), with histidine (20ug mL™%), with uracil (20
ug mL™Y), with lysine (20ug mL™?), and with leucine (60
ug mL™1). A concentration of 50 ng of DNA was found to
be optimal to obtain about 200 isolated colonies per 88-mm-
diameter Petri dishes. After a 72 h incubation at’@0 the
red nonsectored coloration (Sectvas observed in case of
inactive APS(16).

In the 5-FOA assay, the cells were subjected to a drop gas7g

test on minimal medium containing 5-FOA (4 1073 M)
(Toronto Research Chemicals, Canada), adenineudo0
mL~1), histidine (20ug mL™%), uracil (25x4g mL™Y), lysine
(20 ug mL™1), and leucine (6@g mL™1). In case of inactive
APS pAL3 cannot leave the cell andRA3 eventually
metabolizes the 5-FOA into 5-FUMP (5-fluoro-UMP), which
is toxic for the cell.

By these two methods, we were able to identify the yeast
cells that contain activAPSgenes from those that contained
inactive APSgenes.

Selection of APS Genes with the GALS Promoiére

Ador et al.

Table 1: Growth Phenotypes in the AspRS-Knockout Strainland
for the Aminoacylation and ATP-PPi Exchange Reaction

growth aminoacylation ATP-PPi exchange Ky

pheno- keat KmATP  Keat KnAsp tRNAASP
type st uM st mM 108M
wild-type viable 0.83 30 27 25 3.0
DE471 lethal 0.007 1750 6.1 19.6 2.7
DN471 lethal 0 nd 1.3 435 nd
DA471 lethal 0 nd 0 nd 5.0
EDA478 lethal 0 nd 0 nd 3.0
EQ478 lethal 0 nd 0 nd nd
lethal 0 nd 0 nd nd

2The growth phenotype was determined on 5-FOA-containing
medium. Aminoacylation and ATP-PPi exchange data are from.ref
nd, not determined.

from the CEA (Saclay, France). F&, measurements, the
substrate concentrations varied from 0.25 t&2 values.
TheK, of AspRS for f2P]-labeled tRNASP was determined
by the nitrocellulose filtration method with various enzyme
concentrations extending from 10to 106 M (28).

RESULTS

GALS promoter is an upstream activating sequence-truncated

GAL1 promoter that is totally repressed on glucose medium.
This efficient repression allowed us to build a conditional
strain for APS When cloned behind the GALS promoter,
the APSgene was controlled by glucose/galactose growth
conditions (9). Consequently, a yeast strain disrupted for
APS(aps::HIS3, rescued by &AL SoperatorAPS is able to
grow in galactose-containing medium while it is unable to
grow in glucose-containing medium. This conditional strain
allowed us to assay large libraries of degeneraté8present
in a pRS314-type vector. This system of positive selection
was particularly powerful for the detection of active sup-
pressors oAPS

In the first step, YAL3 strain (YALG4, pAL3) was
transformed by pGALS1318PS and the resident pAL3
vector was shuffled on 5-FOA and galactose-containing
medium. The resulting YALG4-pGALS131APSstrain was

Mutation of the Two Acidic Residues Inaeties AspRS
and Leads to Cell LethalityD471 and E478 have been
previously mutated4). Despite conservative changes, the
six mutant enzymes (DA471, DN471, DQ471, EAA478,
EDA478, EQ478) were inactive or exhibited less than 1% of
aminoacylation activity. Decreases of the amino acid activa-
tion and increases of thi, for ATP and aspartate were
concomitantly observed (Table 1). Thus, these effects
contribute to show the importance of the two acidic residues
for the enzyme activity. The quasi invariance of these
residues in class Il synthetases reinforces the idea of a
conservative function for these couple of interactions between
the Mg?" ions and the protein residues.

Consecutively to this first in vitro approach, we cloned
six mutants in the shuttle plasmid pEG93 and assay the in
vivo activity of the mutated genes by a shuffle test on 5-FOA

ready to be transformed by the libraries of mutated pRS314- in the yeast strain YAL3. Of the six mutants, none were able
APS Transformants were plated on glucose-containing mediato grow on 5-FOA, which means that none of the mutated
to switch off the expression oAPS from the rescuing AspRS were active enough to substitute for the native AspRS
pGALS1315APS Clones that were growing contained active encoded by the rescuing plasmid (Table 1). Cell death

AspRS encoded by pRS3IPS Then, the plasmids were
extracted from the yeast cells, and the mutations were
identified by DNA sequencing.

AspRS @erexpression and PurificatiofRlasmid pTG908
was used to overexpress the yeast AspRZEincoli. It
contains theA P_ promoter, which allows high level

followed the metabolism of 5-FOA by the productWRA3
present on the rescuing plasmid.

Search for Actie Variants of the Two Acidic Residues.
To extend our initial analyses, we had two main goals. The
first one was to look for amino acid substitution of residues
D471 and E478 which could lead to an active AspRS. The

expression of native and mutated genes of AspRS after heassecond one was to discover double mutants which could

induction @6, 27). The mutatedAPSalleles were introduced
into the vector pTG908 by replacement of the 1.85-kbp DNA
fragmentSad—MIlul of p TGO908APS The strain TAP56 was

compensate the previously observed lethal effdgtahd
which might recover the catalytic activity. Therefore, we
searched for viable variants of residues 471 and 478 in an

transformed with these constructions, grown, and induced exhaustively mutated library and tried to isolate compensa-

according to refl5. Purification of the AspRS proteins was
performed in one fractionation step by HPLC on a hydroxy-
apatite column (Progel TSK HA-1000) according to 28f
Measurement of Kinetic Parameters)RNAA? amino-
acylation, ATP-PPi exchange reaction and determination of
keat and K, values were performed as described previously
(29). Total yeast tRNA were obtained from Boehringer

tory mutations of the initial mutation.

We used a positive selection of active AsSpRS based on
the galactose-inducible AspRS yeast strain. For this, we used
an APSknockout strain (YAL3) rescued by an AspRS
expressed from pGALS131APSon galactose containing
medium. Two combinatorial libraries of pRS3BRS
mutated at saturation of the 47472 and 478479 residues,

Mannheim (Germany) and{C]L-aspartic acid was obtained were screened in the knockout strain on glucose-containing
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med_lum. Glucose Strongly represses the GALS promoter, Table 2: Sequences of the Selected Revertants, of the Original
leading to a progressive decrease and arrest of ASpRS| ethal Mutant, and of the Native Protéin

expression from pGALS131BPS Thus, the yeast growth

becomes strictly dependent on the AspRS activity resulting Yéﬁﬁaﬁyﬁﬁeﬁiﬁffﬁg Zelection %ﬁ?i gitt tt:g
from pRS314APS In the two libraries, the acidic residues  wild-type revertants B1Fa72 gAt ttc (14)
were mutated together with the adjacent residues (D471 with Bm'lzm gAtCttT (‘é)
F472 anq E478 WIFh 1479, rgslpectl\_/ely)_. S mutated revertants ﬁLfvzz gﬁt ttttGC El))
The adjacent residues exhibited significant variation in the Dl arr QAL tA (4)
different AspRS sequences, and thus they might vary and Da7il 472 gAC Ctc [€))
serve as internal control for the efficiency of mutagenesis. DanGazz gACGGc  (4)
We also made the assumption that the mutation of these Bjﬁ%gj gﬁ ggg E%
residues may induce some structural changes able to DarSur gAt tCc 1)
compensate for the lethal effect. Several thousands of Ds7.Ca72 gAC tGc (1)
mutated plasmids were screened on the glucose-containing Da71Y a7z gAt tAc )

plates. In the first attempt, we isolated hundreds of colonies DarWazz  QALIGG @
containing the native sequence. This was explained by the aThe amino_ acid residues that differ from the nati\_/e sequence are
low efficiency of the Kunkel mutagenesis that was performed in pold underlined. DNA sequences follow. Nucleotides in capitals

tive t late OAPS (DRS314APS. Th i indicate the changes compared to the lethal template used to prepare
c_)n a native emp ate (p ! S. e resuiting the library. Number between brackets referred to the number of clones
library was biased toward the wild-type sequence. TO selected.
circumvent this problem, we prepared in a second attempt,
two "br?‘“es. derived from lethal mutants APS One Ilbra_r)_/ Table 3: Sequences of the Selected Revertants, of the Original
was built with a lethal DA471 mutant, to screen positions | aihal Mutant. and of the Native Protéin

471-472, and the other on the EG478 mutel®)( to screen

the positions 478479. In other words, the clones isolated }g'tlﬁ;yﬁseefﬁg?fﬁgielecﬂon %ZZ ggg g{g
from these two templates were true revertants or second site- wild-type revertants FBdaro gAa atc (8)
revertants (pseudo-revertants) of the lethal mutations located Eazglare gAa atT (1)
at the 471 and 478 positions. To verify that the colony growth Eazdlaro gAG atc ®3)
resulted from the shuffle of the pGALS1328*Splasmid, mutated revertants E:Eg‘” gﬁgz%z %
we also checked the coloration of the colonies. We used the Eaiséﬁi gAa TCT (1)
property of theADE3 marker that gives a red coloration in Es76S479 gAaTCc (5)
anade2 background. The expected colony phenotype for Eareu70 gAa TCA (2
an active revertant of the lethal mutations encoded by E‘;;Z%“;z gﬁg ;i:cc EB
PRS314APSpaa71 or EcareyWas red with white sectors. It EsNaze  gAGaAT (1)
resulted from the progressive loss of the pGALS13F5 Es7eNazo gAa aAc )
plasmid that occurred when the cell growth was sustained Es7al 470 gAaaCc 4)
by the AspRS originating from pRS314PS The red-white 5373;479 gﬁg _argc ((22))
sectored phenotype guaranteed the correct shuffling of the EveFae  gAaTec @
original pGALS1315APS plasmid. Following the colony Ea7aY 479 gAa TAC 1)
isolation, total DNA was extracted from the yeast cells and Ea7Y 479 gAG TAc (1)
the plasmid DNA from pRS314PS was isolated after 273-?479 gﬁg 8{2 ((12))
transformation oE. coli cells. Phenotypes were confirmed Ere aAGeAc (D
by a second cycle of transformation and selection in the EszeHa7o gAa CAc 1)
(YAL3, pGALS1315AP9 strain. Then, the mutations were E47dM 479 gAa atG 1)
identified by DNA sequencing. E‘;ﬁm 922 (T;%i g))
We screened about 1500 plasmids in both libraries. As ErrOre gAG CAA (1)
most of the plasmids did not give a viable phenotype, we Es7eParo gAa CCc [N

determined this n_umber on galactose-containing plates. FOrty-aThe amino acid residues that differ from the native sequence are
two clones containing active revertants were isolated startingin bold underlined. DNA sequences follow. Nucleotides in capitals
from the APSpaary) library and 54 from thé\P Sgcarg)library indicate the changes compared to the lethal template used to prepare
(Tables 2 and 3). Twenty-one and 12 clones respectivelythe library. Number between brackets referred to the number of clones
were true revertants of the two lethal mutations; they selected.

contained the native DNA sequence or a silent mutation. In

the APSpasry) library, the other 21 clones contained rever- cell growth. In APSecazg) library, the other 42 mutants
sions of the Ala lethal mutation in the original aspartate exhibited, in all cases, a reversion of the lethal G478 mutation
residue. However, residue 472 exhibited changes in Gly, Leu, in the original E478 residue. The mutants were characterized
Ser, Cys, Tyr, and Trp. Whereas D471 is strictly conserved by variations of the adjacent F479 residue. Although the
in all AspRS sequences, residue 472 is frequently changedAspRS sequences exhibited few variations of this residue
to Leu, Met, lle, or Val. Here, we show that small polar and a marked hydrophobic character (lle, Leu, Val, and Met
residues can also be used at this level of the protein. residues are only found), we observed 12 different residues
However, we do not know if the catalytic performances of with distinct chemical properties (Tables 2 and 3). Here also,
the mutants are affected by the mutations, we only expectwe do not know if the catalytic properties were affected by
that they are maintained above the threshold necessary fothese mutations.




7032 Biochemistry, Vol. 43, No. 22, 2004 Ador et al.

Se_arCh fpr Intragenic SUppressor_S of the M_Utants of the Table 4: Sequences of the Active AspRS Variants that Were
Acidic Residuedn a new attempt to isolate active suppres- selected in the DN471- and EG478-Degenerated Libraries
sors of 471 and 478 lethal mutations, we built two new
. . . >>>fstrand >>>> tun >>>>fstrand>>>>
libraries derived from the lethal templates DN471 and Nass Sssa Yoo Dirs Fars Firs Mins Res Gars Esrr Esrs Lo Lo St Guso s Qi
EG478. Two oligonucleotides complementary to the gene g, = “_ -
segment encoding residues 46834 were synthesized with Fano
a 10% mixture of the four nucleotides at each position. To Est  Yam
prevent the selection of nonmutata®Sfrom the template, laz2
the libraries were built starting from the lethal DN471 and Vir @
EGA478 templates. Two libraries of pRS%P'SDN471 or EG478) |(-:472 @
of about 40 000 clones each, were built. The sequences of a |4:2” Sus
set of randomly chosen mutants were determined by DNA Vin i
sequence analysis. The results showed that the libraries had Caz |l
no bias for mutations at particular locations. The libraries Loz Tars
were screened in the yeast (YAL3, pGALS134BS§ on Ca R
glucose-containing medium. Growing colonies with white Car Gars
sectors were isolated. After the phenotypes were confirmed r“” @
by retransformation of the (YAL3, pGALS131&P9 strain, Vi
the DNA were sequenced. Fifty-eight clones were isolated Lis @
from the DN471 library, and 50 from the DG478 library. Can
Thirty-four clones from the DN471 library exhibited native Yars lana
sequences with reversions to the original D471 residue. Vas  Tars
Twenty-five clones from the EG478 library exhibited rever- {‘74
sions to the original Glu residue. The other clones selected L‘::
in the two libraries displayed one or two mutations in L Dis
addition to the acidic residue reversion (Table 4). Thus, the Ky
single or double mutations selected can be considered as Tars
silent mutations or as mutations with effects compatible with Muzs ©)]
the cell life. Interestingly, one double mutant DE4HY473 Wazs
was selected in the DN471 library (Table 4). As DE471 is Sers
a mutation with a lethal effect, FY473 can be considered as
an intragenic suppressor of the DE471 mutation. FY473 was Karr
also found in three other clones exhibiting a true D471 Aar Sun
reversion. Two were single mutants FY473, and one was a Varg
double mutant FY478MI474. To understand the suppres- Lo
sion phenomenon of the DE4FEY473 mutant, we over- Faro
expressed the mutated gendeircoli and purified the protein. E"g

The FY473 Mutation Partially Restores the DE471 Cata- iy
Iytic Effect.Kinetic analysis was performed on the mutated M:Z
protein and was compared to the DE471 mutant and to the S
native AspRS (Table 5). Mutant DE471 was strongly Tagn
impaired in its catalytic properties. Aminoacylation was Hagt
decreased by 2 orders of magnitude, and the amino acid«s Sa Yo D1 Faz Fas Mizs Rars Garo Earr B liro. Liwo Sier Guamg Ases Ques
activation rate was 5-fold reduced. Significant drops of ATP 2 0One mutant per line. Only mutated residues are indicated. Numbers
and aspartate affinities were also observed. The pseudo-between brackets refer to the number of clones selected when superior
revertant DE472FY473 exhibited a significant restoration  © one. On the top and the bottom, the native sequence is indicated in
of the aminoacylation activity compared to original DE471 S%fgf;gr}gegm% residues were not found mutated. The suppressor
mutant. The charging rate reached one-fifth of the original :
wild type activity, which probably explained the growth - -
phenotype. The 2-fold decrease of the amino acid activation TaPle 5: Growth Phenotypes and Catalytic Properties of the
rate compared to the DE471 activity was unexpected. Mutated AspRS Proteins

However, it is compatible with the fact that the rate-limiting aminoacylation ATP-PPi exchange

step of the global reaction is the charging step, and significant growth Km Km Kg

rate decreases of the first step of amino acid activation can pheno- ke ATP ke aspartate tRN'g\AS"

occur without affecting the global aminoacylation stép ( ype s M s mM__ 107°M
wild-type viable 0.83 30 27 2.5 3.0

DISCUSSION DE471 lethal 0.007 1750 6.1  19.6 2.7
DE471-FY473 viable 0.147 2000 3.4 8.3 3.0

Two Acidic Residues Occupy Strategic Positions in the
ATP Binding Site and Are Functionally Irreplaceablie the
class Il synthetases, the ATP molecule adopts a specificconformation is stabilized by hydrogen bonds involving
U-shaped conformation, with the pyrophosphate moiety of several class Il conserved residues belonging to motifs 2 and
the molecule bent toward the adenine ridg13). The bent 3. They-phosphoryl group is held by several hydrogen bonds
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Ficure 1: (A) Overview of the active site of one AspRS monomer showing the ATP molecule, the amino acid substrate (Asp), the two
acidic residues (D471, E478), and the three magnesium ions (shown as olive spheres) The three signature motifs characteristic of class Il
AaRS motifs are shown in green (motif 1), red (motif 2), and blue (motif 3). The flipping loop (in gray) and the histidine loop (in magenta)
are also displayed (Figures 1 and 2 were drawn with PyXB))( (B) View of the Mg" binding site of yeast AspRS. The ATP molecule

is shown in its bent conformation as well as the three typical class A"Nns (shown as green spheres). The two acidic residues are
shown as well as R453 and S481 two other key residues of tié bigding site. The three Mg ions and the Asp molecule are from the
structure ofP. kodakaraensi&OD AspRS (2).

involving the NH groups of the class Il invariant Arg residue structures, it becomes apparent that two acidic groups are
of motif 3, while the binding of thex-phosphoryl group  extremely conserved at this level of the active site. Early
involves the invariant Arg residue from motif 2. In addition, work on yeast AspRS showed, by site-directed experimenta-
the bent conformation is stabilized by three hexacoordinatedtion, that these two amino acids play a crucial role in ATP
magnesium ions, one of them bridging titeohosphate and  and amino acid binding as well as amino acid activation and
p-phosphate and the two others interacting withkghos- tRNA charging 4, 16). Since ATP and aspartate binding
phate andy-phosphate 2, 13, 30, 31). Magnesium ions  are linked, incorrect binding of ATP may explain the effect
contribute to the withdrawal of electrons from the phosphate on the aspartate binding. Thus, the mutation of the acidic
groups, but their contribution to the reaction is also structural. residues indirectly affects the ATP binding through the?Mg
They stabilize the U-shaped conformation, bind the N7 atom ions binding. Mutagenesis showed that conservative changes
of adenine, and maintain tifiephosphate group in an optimal  have a strong negative impact on the activity. The enzyme
position for the in-line attack on the-phosphate by the  did not tolerate changes of the side chain length or substitu-
amino acid carboxylate group, and facilitate the release of tion of the acidic group by an amido group. Removal of the

the pyrophosphate group. On the basis of?Mfyinctional side chain by Ala mutagenesis also produced an inactive
requirement studies, it has been postulated that the presencenzyme (Table 1). Altogether, these results further suggest
of three Md@" ions is distinctive of class Il synthetas&2). if not confirm that these two acidic residues play an essential

However, histidyl-tRNA synthetase is an exception to this role in the accurate positioning of the Rtgions and

rule and contains only two divalent ions, while a specific indirectly of the ATP molecule.

additional Arg residue plays the role of the missinga¥g Despite this body of data, we examined whether these
ion (14, 33, 34). Differences in the binding strength of the acidic residues can be replaced by others that might produce
Mg?* have also been detected. The Mdhat bridges the  a rearrangement of the Mgbinding site and give an active

o- and -phosphate is stronger in SerRS and AsnRS (  enzyme. We considered as active enzymes those with activity
30), whereas the MiJ that bridges the8- andy-phosphate levels compatible to cell growth, and thus we used yeast
is stronger in AspRS1@). In the known structures of binary  genetics and genetic screens to isolate active AspRS. In the
complexes ATP:class Il synthetase two acidic residues arepresent work, we planned to screen all the possible substitu-
involved in the coordination of the Mg ions. They are  tions at these positions, and thus we designed a positive
located in two adjacent strands of the antipargfledheet selection based on the promoter GALS involved in the
and interact with two M§" ions. In yeast AspRS, these galactose metabolism. Compared to the plasmid-shuffling
residues are D471 and E478 (Figure 1). These two acidic method previously used ), the GALS procedure is based
residues are essentially conserved in all class Il synthetaseson the arrest of the cell growth following the shut down of
These residues were not identified as class Il signaturethe AspRS expression on glucose medium. Clones that
elements probably because the adjacent sequences are highlxpress active AspRS molecules in trans can easily be
variable. With the increasing number of available 3D isolated from a library simply by plating on the appropriate
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Ficure 2: (A) Overview of the AspRS active site showing the adenylate molecule and illustrating the hypothetical pathway of enzyme
reactivation for the DE47tFY473 pseudo-revertant. Mutation DE471 affects the ATP and aspartate binding and is followed by catalytic
effects on the activation and charging steps (pathway schematized by a red arrow). This inactivation can be reverted by a single FY473
change, and kinetic properties of the DE4FIY473 AspRS mutant reveal a partial recovery of the charging rate without improving the
binding of ATP and aspartate or the amino acid activation rate. Another pathway (schematized by a green arrow) may be used to balance
the modifications induced by the first mutation (DE471). The FY473 mutation may produce structural changes of the proteins that will
include the alteration of the salt bridge found in the wild type AspRS between E427 and R333, resulting in the conformational change of
the side chain of H334 leading to a slightly different productive position of the tRNA acceptor (not shown here for clarity). (B) The tRNA
acceptor end has been added. The red arrow schematizes the hypothetical pathway for enzyme inactivation, while the green arrow schematizes
the reactivation produced by the (DE47RY473) pseudo-revertant.

medium. The libraries expressing the mutated AspRS were FY473, an Intragenic Suppressor of DE471 Restores the
designed to randomly mutate the acidic residue and its Aminoacylation Actiity. It was previously shown that the
adjacent neighbor. The screening efficiency was significantly DE471 mutation inactivates AspRS Iy, and Ky, effects.
increased when using mutated templates of lethal AspRSThese pleiotropic effects suggest that mutation DE471 affects
genes. Thus, the clones that were able to grow necessarilythe first step of ATP and aspartate binding and is followed
reverted the lethal effect by one or several mutations. The by catalytic effects on the activation and charging steps. This
sequencing of about one hundred clones revealed a stricthas been confirmed by the analysis of several crystal
reversion toward the native D471 and E478 residues. Thus,structures of three AspRS!,(6, 12). Analysis of the 3D
despite the use of a partially degenerate library, the in vivo structures revealed that D471 is involved in two molecular
assay only selected reversions to the native acidic residueinteractions. On one side, this invariant acidic residue builds
However, they were accompanied by extensive changes atup two of the three Mg binding sites as it interacts by a
the adjacent nonconserved position, which greatly contribute water-mediated interaction with those cations in the ATP-
to the validation of the approach and verify the quality of bound conformation of AspR22). On the other side, D471
the libraries. At position 472, the hydrophopic Phe residue interacts with the so-called histidine loop, which is implicated
was replaced by other hydrophobic residues or by small polarin the aspartate and aspartyl-adenylate recogni@pnThe
residues. We suggest that the hydrophobic pocket found atsequence of this loop splits the AspRS family into two
that level of the protein could easily accept other hydrophobic classes: (i) the first one contains all eubacterial AspRS and
residues, as well as small polar residues. Residue 1479 alsds characterized by a His residue in first position of the
participates in the hydrophobic pocket stabilization. Although consensus sequence H(HARYT/S), and (ii) the second one
an hydrophobic residue is always found at that level in the contains all eukaryotic and archaebacterial AspRS and is
AspRS sequences, we selected a panel of 12 different aminacharacterized by an Arg or Lys residue in first position of
acids substitutions, comprising hydrophobic and small polar the consensus motif (R/K)PFYY. The crystal structures of
residues, but also bigger His, Asn, and GIn residues. Theyeast AspRS anB. kodakaraensiKOD AspRS have shown
fact that the protein environment can accommodate thesethat D471 interacts by a direct ionic interaction with the basic
residues supposes that the protein can tolerate some structuraksidue in position 1 of the consensus motif of the histidine
alterations at this level of the centrglsheet. The main  loop (K336 inP. kodakaraensi&OD AspRS and R453 in
function of the hydrophobic environment is to maintain the yeast AspRS, Figure 2). Such interaction is crucial as shown
last strands of thg-sheet. These elements are too distant to by the lethal effect observed with the RC453 mutation in
be involved in direct substrate binding. Rather, they connect the yeast AspRS 1¢). On the other hand, the crystal
several helices and loops that interact with the stgar structures oE. coliandT. thermophilusAspRS have shown
phosphate backbone of the tRNA acceptor arm. that the invariant aspartic acid corresponding to D471 is
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Ficure 3: (A) Overview of the active site of one AspRS monomer showing the location in space of the AspRS variants that were selected
in the DN471- and EG478-degenerated libraries. The mutated peptide is shown in pink (from residues 469 to 484). It belongs to two
antiparallel strands connected by a loop. The ATP molecule, the aspartate substrate, as well as the three typical ¢lasadl dg also

shown. The tRNA backbone is drawn with its phosphate chain traced with a thick orange line (the CCA end is only shown here). (B)
Simplified view of the mutated two strands with the wild-type residues. The main chain atoms have been omitted. S469, G482, and A483
are part of the aspartate substrate binding site floor and cannot be replaced without any drastic effect on the enzyme activity. Y470, F472,
M474, 1479, L480 are part of the hydrophobic core of the enzyme.

linked by a water-mediated interaction with the first con- between E427 and R333, resulting in the conformational
served histidine (H448 irt. coli AspRS and H442 irT. change of the side chain of H334. H334, a motif 2 residue
thermophilusAspRS) of the histidine loop. Moreover, the of the protein, interacts with the O2 atom of Cyt75 of the
analyses of all known AspRS sequences in both classes otRNA (Figure 2).
AspRS suggest that these two types of interactions can be Several substitutions of the H334 residue have been done
generalized to all eubacterial, eukaryotic, and archaebacterial(4, 16, 24). Bulky Lys, Tyr, or smaller Ala substitutions
AspRS. Altogether, these structural and phylogenetic datadrastically decrease the charging rate and can generate
explain why both ATP and aspartate binding are affected lethality. On the other hand, the Arg, Asn, and Gin
on DE471 mutation, as well as adenylate and aminoacyl- replacements exhibit moderate effects on the acylation
tRNA formation. reaction, demonstrating that a productive interaction with the
The experimental data presented in this work show that tRNA can occur with residues exhibiting different side chain
this inactivation can be reverted by a single FY473 change, lengths. These data also suggest that displacement of H334,
as kinetic properties of the pseudo-revertant DE¥FY473 as hypothesized in the double DE47RY473 mutant, may
displays a partial recovery of the charging rate without also generate an enzyme capable of tRNA charging.
changing significantly the binding of ATP and aspartate or A modification of the conformation of E427 may also
the amino acid activation rate. This result suggests that theinduce structural changes of three neighboring residues S423,
pseudo-revertant DE4#IFY473 leads to a rearrangement T424, and K428 located at the beginning of helix H6. These
of the atoms, which are suitable enough for a productive residues are involved in the correct positioning of the tRNA
reaction. The fact that only the charging rate was restored on the enzyme, interacting with the tRNA phosphate groups
by the reversion suggests that the FY473 mutation compen-of residues Ade72, Gua73.
sates for the structural defect induced by the DE471 mutation Selection of Actie Variants in Degenerated Libraries: A
by inducing a slightly different position of the tRNA acceptor Tool to Estimate the Essential Character of Amino Acid
end in the active site of the enzyme. The modifications ResiduesWe have used a strategy of selection of active
induced by the DE47tFY473 mutants may produce an AspRS molecules starting from lethal templates. For this,
alternate atomic configuration, which stabilizes the transition degenerated libraries were built and screened in an inducible
state of the second step of the aminoacylation reaction andAPS yeast strain. Most of the viable clones exhibit true
therefore explains the observed kinetic parameters. reversions of the lethal mutations, and additionally, silent
Examination of the crystal structure suggests a pathway, mutations, which reflect the natural variation observed at
which can be used to balance the modifications induced by these positions. In addition, one of these silent mutations
the first mutation (DE471) by a different position of the was also found to be a suppressor of the original lethal
tRNA acceptor end. The FY473 mutation may produce mutation. This was the case of FY473 substitution that was
structural changes of the proteins that will include the isolated as a single mutation and double mutant in the
alteration of the salt bridge found in the wild-type AspRS pseudo-revertant DE4#IFY473.
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Moreover, the distribution of silent mutations can be 8.
examined as new functional data in the light of the 3D
structure. Results of Table 4 show that only four positions
could not be mutated as single or double mutants, and thus 9.
are suspected to be essential and irreplaceable. These are
S469, E478, G482, and A483. Among these residues, three
were previously isolated as lethal mutations: SP469, EG478, 1g.
and AV483 (16). Interestingly, only residue 478 was studied
by site-directed mutagenesis, because of its interaction with
Mg?*. The study of the small S469, G482, and A483 residues
was omitted because they were not directly interacting with 11,
the substrates. This way, we show that the in vivo studies
can also reveal the importance of essential residues, which
participate in the enzyme architecture. S469, G482, and A483 1,
are part of the floor of the active site where the ATP molecule
sits (Figure 3). They cannot be replaced without any
deleterious effects on the enzyme activity, probably by the
steric effect generated by any other mutation. Sequences 13.
analysis show that E478 and G482 are strictly invariant in
all AspRS, whereas certain variations can be observed for
S469 and A483. Other residues such as Y470 and S481 were 14
only mutated once, in agreement with their structural function
and sequence conservation (YF470 and ST481).

However, one of the limitations of this approach consists
of the library quality and mutation dosage. The presence of
multiple mutants raises questions about the role of individual
mutations. An obvious advantage resides in the suppression 16
role that can play a second mutation on the first one. The
DE471+FY473 is a typical example. Nevertheless, too many
mutations can make the analysis complex and dilute crucial 17.
information resulting from single mutant analysis.
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