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An Essential Residue in the Flexible Peptide Linking the Two Idiosynchratic
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ABSTRACT. Tyrosyl-tRNA synthetase (TyrRS) froBacillus stearothermophilusomprises three sequential
domains: an N-terminal catalytic domain, arhelical domain with unknown function, and a C-terminal

tRNA binding domain (residues 32@119). The properties of the polypeptide segment that links the
o-helical and C-terminal domains, were analyzed by measuring the effects of sequence changes on the
aminoacylation of tRNA" with tyrosine. Mutations F323A (Phe323 into Ala), S324A, and G325A showed

that the side chain of Phe323 was essential but not those of Ser324 and Gly325. Insertions of Gly residues
between Leu322 and Phe323 and the point mutation L322P showed that the position and precise orientation
of Phe323 relative to the-helical domain were important. Insertions of Gly residues between Gly325
and Asp326 and deletion of residues 3339 showed that the length and flexibility of the sequence
downstream from Gly325 were unimportant but that this sequence could not be deleted. Mutations F323A,
-L, -Y, and -W showed that the essential property of Phe323 was its aromaticity. The Phe323 side chain
contributed to the stability of the initial complex between TyrRS and tRNfor 2.0 + 0.2 kcatmol™?

and to the stability of their transition state complex for £8.1 kcatmol~2, even though it is located far

from the catalytic site. The results indicate that the disorder of the C-terminal domain in the crystals of
TyrRS is due to the flexibility of the peptide that links it to the helical domain. They identified Phe323

as an essential residue for the recognition of tRNA

Tyrosyl-tRNA synthetase (TyrRSgatalyzes the charging
of tRNA™ in a two-step reaction. Tyrosine is first activated
with ATP to give tyrosyl adenylate (Tyr-AMP) and then
transferred to the acceptor end of tRNA The crystal
structure of TyrRS fromBacillus stearothermophilusas
been solved at 2.3 A resolutior)( It is a homodimeric
protein (Figure 1). Each subunit comprises two sequential
domains: a well-ordered N-terminal domain (residue819),
followed by an apparently disordered C-terminal domain
(residues 326419). The N-terminal domain contains the
binding site for Tyr-AMP and the interface of dimerization. ggure 1: Schematic organization of the TyrRS domains. The
It can be divided into two topological subdomains: @ N-terminal domain (residues—1319) can be divided into an/j
subdomain (residues-1220), which contains a six-stranded subdomain, which contains the binding site of Tyr-AMP (schema-
B-sheet and whose fold is characteristic of the class Itti)zegnas ﬁeﬁgksﬂiggg naqgfnt?r%;?éiggcg gflgi)m%e'ﬂzagotnér;?ilmed
aminoacyl-tRNA synthetases (aaRs), followed byaheli- @ S G0 0t Ko e g of tRNA. is folded in
cal subdomain (residues 24819), whose function is  gojytion but apparently disordered in the crystals.
unknown (, 2). The N-terminal domain has the same crystal
structure in the full-length protein and as a recombinant terminal domain is necessary for tRNA binding and charging
truncated protein (N-terminal fragmen8)(The N-terminal (4.
fragment forms Tyr-AMP with normal kinetics. The C- Biophysical studies in solution have shown that the isolated
C-terminal domain (C-terminal fragment) is folded in a stable
* Corresponding author. Tel: 33-1-45 68 83 79. Fax: 33-1-40 61 defined three-dimensional structurs, ). Its secondary
30 43. E-mail: hbedouel@pasteur.fr. structure has been determined by NMR methods. It contains
* Present address: partement d'Ingeierie et d'Etude des Prates, 3 flexible N-terminal end of 10 residues, followed by three
CEA Saclay, 91191 Gif sur-Yvette, France. - .
1 Abbreviations: IPTG, isopropyi-p-thiogalactoside; NMR, nuclear o-helices and Touﬁ'sne_mds 0). Sequence Compa”.sons have
magnetic resonance; PMSF, phenylmethanesulfonyl fluoride; TyrRS, Shown that this domain belongs to a large family of RNA
tyrosyl-tRNA synthetase; TyrR$Sa derivative of TyrRS fronBacillus binding domains §). The structures of two representative

stearothermophilugarrying the mutation A321C and a C-terminal ; ; ;
extension Leu-Glu-His TyrRS(A1), a derivative of TyrRS fron. members of this family, the heat shock protein Hsp15 and

stearothermophilusarrying a deletion of residues 31817; Tyr-AMP, the ribgsomal prptein S4, have be.en. solvee-11). The
tyrosyl adenylate. C-terminal domain of TyrRS has similar structures in the
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full-length protein and as an isolated fragmegjt One can
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3, coding for the octapeptide N-Leu-Glu-Ri€. We used

therefore assume that the apparent disorder of the C-terminaktrain TG2, in which the derivatives of thgrS gene were

domain in the crystals of the full-length TyrRS is due to the
flexibility of the polypeptide segment that links the N- and

not expressed, as a cellular host for all of the intermediate
genetic constructions. We used strain BL21(DE3) as a

C-terminal domains and that TyrRS has not evolved strong cellular host to express the derivatives of t{ieS gene that
noncovalent interactions between its catalytic and anticodonwere carried by plasmid pVG1 and its derivatives.

binding domains, contrary to the other synthetag&s (

Construction of the MutationsOligonucleotide site-

Protein engineering experiments have shown that the directed mutagenesis2@ and the insertion of double-

acceptor arm of tRNA" interacts with the N-terminal

stranded DNA cassettes within or between restriction sites

domain of one TyrRS subunit whereas its anticodon arm (g) were performed as described. Long restriction fragments

interacts with the C-terminal domain of the other subunit
(12, 13). Residues of TyrRS that interact with tRRPAhave
been identified by mutagenesis3 14). In addition, residue
Glul52 prevents interactions of TyrRS with noncognate
tRNAs without being involved in the recognition of tRNY
(15, 16).

In the present work, we studied the structural and
functional properties of the polypeptide segment, which is
located at the junction between the N- and C-terminal
domains of TyrRS. We increased its length and flexibility
by introducing Gly residues; we rigidified it by introducing

were separated from short ones60 base pairs) with a
QIAquick Spin column (QlAgen). All the genetic construc-
tions were derived from plasmid pVG1. AfcdRV restric-
tion site was created at the level of codons 3287 (GAC-
ATT) of thetyrS(Bsml, His6gallele by mutagenesis of pvVG1
with oligonucleotide 5TGT CAA ATT GGC GAT ATC
GCC GCT AAA GA 3 (the mutant codons are in italics).
We called the resultant plasmid pCG1. Ailll site was
created at the level of codons 33840 (TTC-AAA) of tyrS-
(Bsml, His6)by mutagenesis of pVG1 with oligonucleotide
5 TGA CGG TAC ATCCTT AAGCCC TTG CTC AAT

a Pro residue; we determined the importance of its sequences| resulting in plasmid pCG2. The other mutations were

by mutating some of its residues into Ala; finally, we
dissected the functional role of Phe323 by making multiple
mutations of this residue. The functional effects of the

constructed by the insertion of double-stranded DNA cas-
settes within théBsni site of pVG1, between thBsni and
EcadRV sites of pCG1, or between thigsm and Aflll sites

mutations were tested by tRNA charging assays. The resultsof pcG2 (Table 1). The presence of the mutations was

strongly suggest that Phe323 belongs to tadelical
subdomain of TyrRS, that it is involved in the specific
recognition of the anticodon arm of tRNA and that the
o-helical subdomain is linked to the ordered C-terminal
domain by a flexible peptide segment.

MATERIALS AND METHODS

Sequence Analysighe sequences of the TyrRSs from
various organisms were retrieved by using the DBGET
database (http://www.genome.ad.jp/dbget-bin/www_bfind-
?protein-today) 17) and by entering the key word “tyrosyl
tRNA synthetase” into the search box in “bfind” mode. The

verified by DNA sequencing.

Preparations of ProteinsStrain BL21(DE3, pVG1) and
its mutant derivatives were grown overnight iR ‘2T broth
with ampicillin. The cell suspension was diluted in the same
medium to a startind\soonm = 0.10-0.15 and grown under
the same conditions. The cells were induced with IPTG at
Asoonm = 0.7, further grown during 4 h, and then harvested
by centrifugation. Soluble cellular extracts were prepared as
describedZ1), except that an additional step was added. The
extracts were heated during 30 min at ¥8to precipitate
the endogenouk. coli TyrRS and then centrifuged for 10
min at 1400 to eliminate the protein precipitate. They were

sequences were aligned with the Clustal W program (versionused immediately for active site titrations and tRNA charging

1.74) @8).

Media and BuffersThe LB, 2YT, and minimal media have
been describedl@). Ampicillin was used at 10Qg/mL and
isopropylS-p-thiogalactoside (IPTG) at 0.1 mM. The cultures
were grown at 37°C. The following buffers were used:
buffer A, 20 mM Tris-HCI, pH 7.9, and 0.5 M NacCl; buffer
B, 50 mM Tris-HCI, pH 7.5, 10 mM 2-mercaptoethanol, and
0.1 mM phenylmethanesulfonyl fluoride (PMSF); buffer C,
100 mM Tris-HCI, 44 mM Tris (pH 7.78), 10 mM 2-mer-
captoethanol, and 0.1 mM PMSF; standard buffer, 10 mM
MgCl; (free) in buffer C. Additional MgGl was added to

assays. The recombinant TyrRSs were purified essentially
as describedd). In particular, the cell pellet from a 500 mL
culture was resuspended in 20 mL of 5 mM imidazole in
buffer A, and the bacterial cells were disrupted by sonication.
The proteins were separated on a column of nickel chelation
resin (2 mL, His-bind, Novagen), and 1 mL fractions were
collected during the elution with imidazole. The fractions
were analyzed by electrophoresis through polyacrylamide
gels. The fractions with>95% purity were pooled and
dialyzed fa 4 h against 0.1 mM tetrasodium pyrophosphate
in buffer B to remove any enzyme-bound Tyr-AMP, for 4 h

the standard buffer where necessary to compensate for itsagainst buffer B, and then overnight against buffer C. The

complexing with ATP.

Bacterial Strains and Parental PlasmidBhe Escherichia
coli K12 strains TG2, BL21(DE3)19), and RZ1032 Z0)
and plasmid pVG18) have been described. pVGL1 carries a
mutant allele of thayrS gene fromB. stearothermophilus,
tyrS(Bsml, His6)under control of a promoter for the RNA

purified enzyme aliquots were snap frozen in liquid nitrogen
and stored at-70 °C. Previous studies have shown that the
endogeneous TyrRS of the producing cells does not copurify
with the recombinant TyrRS fronB. stearothermophilus
when the purification is performed as described above. This
conclusion was based on the composition in amino acids of

polymerase of phage T7. This allele contains a change ofthe purified TyrRSs, obtained by chemical analysis, on their

GCG (Ala) into TGC (Cys) at codon position 321 of the
tyrS gene, which introduces Bsni restriction site; it also
contains a 3terminal extension,’"SCTC GAG (CAC) TGA

mass spectrag), and on the lack of tRNA" charging by
purified preparations of inactive mutant TyrRSs (V. Guez,
unpublished).
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Table 1: DNA Cassettes Used for the Construction of the Mutations

mutation DNA cassette ends$ site?

Y2 +5 TGggaggceC 3 Bsmi, Bsni +Std
—5' cctccCAGG 3

Y3 +5 TGggcggaggeC'3 Bsmi, Bsni +Std
—5' cctccgecCAGG 3

Y4 +5' ttttctcaggeC 3 Bsmi, Bsni +Std
—5' cctgagaaaaGG 3

Y5 +5' ttttctcaggaggcC'3 Bsmi, Bsni +Std
—5' cctectgagaaaaGG 3

Y6 +5' ttttctcaggcggaggeC' 3 Bsmi, Bsni +Std
—5' ccteegectgagaaaaGG 3

Y7 +5 TCTTTTCCGGAQQcGAT 3 Bsni, EcoRV +Bs[El
—5 ATCgccTCCGGAAAAGAGG 3

Y8 +5 TCTTTTCCGGAQgtggcGAT 3 Bsni, EcoRV +Bs[El
—5" ATCgccaccTCCGGAAAAGAGG 3

Y9 +5 TCTTTTCCGGAQggcggtggcGAT'3 Bsmi, EcoRV +BsfEl
—5' ATCgccaccgccTCCGGAAAAGAGG'3

Y10 +5 TCTTTAGCGGCGACATTGCCAATT 3 Bsni, Aflll - Aflll
—5 TTAAAATTGGCAATGTCGCCGCTAAAGAGG 3

L322P +5' cgTTTAGCGGCGAT 3 Bsm, EcoRV none
—5 ATCGCCGCTAAACggG 3

F323A +5' TCgcgAGCGGCGAT 3 Bsmi, EcoRV +Nrul
—5 ATCGCCGCTcgcGAGG 3

F323L +5' TCttaAGCGGCGAT 3 Bsm, EcoRV +Afll
—5 ATCGCCGCTtaaGAGG 3

F323Y +5' TCtatAGCGGCGAT 3 Bsm, EcoRV +Sfd
—5 ATCGCCGCTataGAGG '3

F323wW +5' TCtggAGCGGCGAT 3 Bsm, EcoRV +Bpnl
—5 ATCGCCGCTccaGAGG'3

S324A +5 TCTTTgccGGCGAT 3 Bsnmi, EcoRV +Nad
—5 ATCGCCggcAAAGAGG 3

G325A +5 TCTTTAGCQCctGAT 3 Bsmi, EcoRV none

—5 ATCagcGCTAAAGAGG 3

a Sequences of the sensk)(and antisense~) strands of the cassette; the nucleotides added or modified by the cassette are in lower case letters.
b Restriction sites at the ends of the cassétRestriction site addedH) or removed ) by the mutation.

Active Site Titration.The concentration of TyrRS was mixture contained 0.1 mg of bovine serum albumin/mL, 10
measured by active site titration at 25 in standard buffer, mM ATP-Mg?", 20 uM [*“C]tyrosine, and 10 units/mL
essentially as described). For pure preparations of TyrRS, inorganic pyrophosphatasg, coli tRNA™", and enzyme in
the reaction mixture (200L) contained 2QuM [*“C]Tyr, 2 a total volume of 12%L. PureE. coli tRNA™" was used at
mM ATP-Mg?", 10 units/mL inorganic pyrophosphatase concentrations between 0.1 and 6M. Every minute during
(from baker’s yeast, Sigma), and 0-28.5uM pure enzyme. the first 4 min, 25uL portions of the reaction were spotted
Aliquots were spotted onto nitrocellulose filters at 1, 3, 5, onto Whatman 3MM paper disks, and after 10 s, the disks
10, and 20 min and then washed with 25 mL of ice-cold, were immersed into 5% (w/v) trichloroacetic acid, then
five times diluted standard buffer. For soluble extracts of washed, and counted as describ&g).(For soluble extracts
TyrRS producing cells, the reaction mixture (GQ) con- of TyrRS producing cells, pure tRNA was replaced by 5
tained 20uM [YC]Tyr, 10 mM ATPMg?*, and 32uL of mg/mL crude E. coli tRNA (corresponding to 1.&M
soluble extract. It was incubated for 2 min in the presence tRNA™"). The Ky of the wild-type TyrRS in the charging
of 1 mM sodium pyrophosphate to displace unlabeled Tyr- reaction is 2.2 mM for ATP and 2.6M for tyrosine @2,
AMP from TyrRS. Pyrophosphate was then hydrolyzed with 23). The charging capacity of tRNA was determined with
pyrophosphatase (10 units/mL) to initiate the formation of 100 nM parental TyrRS. PurE. coli tRNA™" (Subriden
14C-labeled Tyr-AMP. Aliquots were spotted onto nitrocel- RNA) was at 23 nmol of tyrosine acceptance/mg. Cride
lulose filters after 5 and 30 min and washed as describedcoli tRNA (a gift from John Smith, Cambridge, U.K.) was
above. at 356 pmol of tyrosine acceptance/mg. The kinetic param-

Kinetic ProceduresThe kinetic assays were performed eters at steady statéu(tRNA™") andk.., were determined
at 25°C in standard buffer, essentially as describ2g).( by fitting the Michaelis-Menten equation to the experimental
The pyrophosphate exchange reaction was performed in 2values of the initial rate, using Kaleidagraph (Synergy
mM ATP-Mg?*, 50 uM tyrosine, and 2 mM¥$P]pyrophos- Software).
phate. The concentration of TyrRS active sites in the reaction
was equal to 100 nM. Th&y of the wild-type TyrRS in RESULTS
this reaction is 0.9 mM for ATP and 24M for tyrosine Sequence of the Linking Peptide in Bacterial TyrR8s.

(22). aligned the available sequences of bacterial TyrRSs (Figure

The initial rate of tRNAY" charging with f*C]tyrosine was 2). The alignment showed a well-conserved segment, up-
measured as follows. For pure preparations of TyrRS andstream from residue position 324 in TyrRS frdnstearo-
its derivatives, the enzyme was diluted in standard buffer thermophilugall of the numberings refer to this organism).
containing 0.1 mg of bovine serum albumin/mL. The reaction In particular, Phe323 was conserved in 83% of the sequences.
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3 3 3 3 3 3 3 3 3 3

1 2 2 3 3 4 4 5 5 6

5 8 5 9 5 0 5 8 5 0
AQUAE RKENUNEKTFSQRE----FPEDARPL------ UKLNEKKLR------ AUDFLUKIG 339
THEMA AQEHFUKUFQKKE-~-~-IPDENPU-=----- VEISQEKN--=----- IUDLLUETIG 343
CANJE AKSEFDRIHSQNA----LPSDMRE--=-=~--- FEIQGKIH------ LAKALUECG 348
HELPY AKEQFSKVUFSANL----LPEILSE------- SDFDEGUG--=---- ILDULKQIG 358
HREIN AEQEFINRFQKGA----NMPDEMPE------- FTFSGEMNG---~-- LATLLKERG 343
THIFE AHIAFLARFQRHE----TPEDLPLQ----- AIKLSEAPR------ LSQLLUQUH 351
BACSU2 AEHSFKTUFQENS----LPEDIPAV----- NUKGEKTIA------ MIBLLUKLEK 362
DEIRA AEARFRSVUAKGG ---- - IPDNIPAUSUPASELNEQGHYUS -----~ MARKLUULAG 354
SYNY3 AQKTAEDIVTQGKAG--NTDSUPEFS----LAEITFPUK=-=---- LAYLLSASG 349
BRCCA ARIRISEALFS-GODIANLTRARAEIEQGFKD--UPSFUHEG---GDUPLUELLUSRAG 361
[BHCST AIRISERLFS-GDIANLTAREIEQGFKD--UPSFUHEG---GDUPLUELLUSAG 361|
BACSU1 AINISQARLFS-GNIKELSAQDUKUGFKD--UPSHEUDST--QELSLUDULUQSK 364
ECOLI AKRITECLFS-GSLSALSERDFEQLAQDG-VUPMUENEK-~---GADLMQARLUDSE 366
MYCLE VEHASRALFGQGELARLDEATLATALRE--TUURELKPG--NPDGIUDLLURSG 368
MYCTU VEHASRALFGRGELARLDEATLAAALRE--TTUARELKPG--SPDGIUDLLURASG 365
CHLPN ALSUTRSMHP-GNLSSLSEKDFHELFAG--GMGASLDKSEVULGKRUWULDLFLULG 364
CHLTR AQRATESFFA-SKGKSITEAELVURLUES--GUGUKUARADLIGKRULDIVUVELG 354
MYCGE AQQRSELIFS-=------ NQPD--------- LDIKLUKTS----TNLIDYLUETK 351
MYCPN AQAKSARIFA------- FQPD~--=--=--=--- TETKTURAG----TRLUDUVUIUDLG 341
BORBU UQERSFAAFR------- GSGDODRSNIPFFK-FSFSSLKEE----I1ILLUDLMLDSK 349
TREPA ALQGARAAFG------- GCGDKCALPTFE-LTQCTLQUG----1KUTDLFUQUG 355
RICPR ALETAVUKIFE-~-~-~---- QGDIDENLHTFI-LAPEILQSG----ISAYNLFYNAN 354
UREUR ALHISEULFN-GSISTLNQEELEIRAIKS--LPATKLDKD---EIKIIDLLNLAN 355
SACCEm SEALSNIIFGRYDG-TLSAAKLUYUDLCKK--ARILQYADR---EIDLIKLICKL- 433
Consensus App spshFp 15-32 residues Lh=LLUphs

Ficure 2: Sequence alignment of bacterial TyrRSs in the region of the linking peptide. The sequences were retrieved and aligned as
described under Materials and Methods. The sequenceBrastearothermophilus boxed. The numbering of the top line corresponds to

the sequence from this organism. A 66% consensus is given in the bottom line. p, s, h, denbte polar, small, hydrophobic, and
negatively charged residues, respectively. Note the presence of the conserved Phe323 residue. Abbreviations: AQldRBeolicus

BACCA, Bacillus caldotenaxBACST, B. stearothermophilyBACSU1 and BACSU2, products of thgrS andtyrZ genes fronmBacillus

subtilis, respectively; BORBUBorrelia burgdorferi CAMJE, Campylobacter jejuniCHLPN, Chlamydophila pneumonia€€cHLTR,
Chlamydia trachomatiDEIRA, Deinococcus radioduran&COLL, E. coli; HAEIN, Haemophilus influenza¢lELPY, Helicobacter pylor

MYCLE, Mycobacterium lepraeMYCGE, Mycoplasma genitaliumMYCPN, Mycoplasma pneumoniaedMYCTU, Mycobacterium
tuberculosisRICPR,Rickettsia prowazekiSACCEm,Saccharomyces cerisiae (mitochondrial); SYNY3Synechocystisp. (PCC 6803);

THEMA, Thermotoga maritimaTHIFE, Thiobacillus ferrooxidansTREPA, Treponema pallidumUREUR, Ureaplasma urealyticum

The segment between positions 325 and 353 was highlydisordered after residue Ser319, and yet this sequence
variable in sequence and length. The alignement showedremains conserved, among the bacterial TyrRSs, down to
another very conserved segment, downstream from positionPhe323. To determine the functional importance of the length
354. This segment corresponds to the beginning of a domainand flexibility of segment Glu326Phe323, we constructed
which is present in a numerous family of RNA binding mutations Y2 and Y3, which inserted two or three Gly
proteins (see introduction). residues, respectively, between Leu322 and Phe323 and the
Construction and Production of the Mutant TyrRFs. point mutation L322P. The andy dihedral angles of a
test the functional importance of the residues identified by Gly residue can occupy most of the Ramachandran plane
sequence analysis, we constructed mutations at the correand therefore allow the polypeptide chain a large confor-
sponding positions in TyrRS frorB. stearothermophilus mational freedom. In contrast, those of Pro take defined
All of the mutant TyrRS derived from the same parental values and constrain conformatio2&f. We found that Y2,
enzyme, which was encoded by plasmid pVG1, was called Y3, and L322P decreased the specific activity of TyrRS* in
TyrRS* and carried mutation A321C and a C-terminal the charging of tRNA" with tyrosine 11-, 50-, and 50-fold,
extension Leu-Glu-His Mutation A321C, which results from  respectively (Table 2). Thus, the length and conformation
the introduction of @sni site in thetyrSgene, and the eight-  of segment Glu326Phe323 were important for the function
residue extension, which facilitates the purification of TyrRS, of TyrRS.
affect only weakly its activity of tRNA" charging with Phe323, Ser324, and Gly325 belong to the border between
tyrosine (see belowf, 24). The yields of the TyrRS*  the conserved and variable segments of the linker peptide.
derivatives, measured by titration of their active sites in To define precisely this border and the role of these three
soluble extracts of producing cells, were high and varied residues, we changed them into Ala. Mutation F323A
between 0.14 and 2.7 times that of the parental TyrRS*. We decreased the specific activity of TyrRS* in tRNAcharging
observed that the yield of the TyrRS* derivatives was roughly 90-fold, whereas S324A and G325A only slightly increased
a decreasing function of their specific activity. This observa- it, 2- and 5-fold, respectively (Table 2). Thus, the side chain
tion can be explained by the fact that TyrRS is toxic when of Phe323 was essential for charging, but thegroup
overproduced irE. coli (21). of Ser324 and the lack of a side chain in position 325 were
Activity of the TyrRS Detiatives in the Charging of tRNA.  not important. We then constructed mutations F323W,
The structure of TyrRS frorB. stearothermophilusecomes F323Y, and F323L, in addition to F323A, to analyze which
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Table 2: Activity in Charging of tRNA 2-50%‘ e —
specific - b
mutation sequence charige activity® (s™) 2'0003‘ * .

parent C321-1L.322-F323-S324-G325-D326 20.3 .

EcoRV none 25+11 T ]

Aflll G338-L-K340 2.1+ 0.5 ‘>’

Y2 L322-GGL-F323 0.18t 0.03

Y3 L322-GGGL-F323 0.04- 0.01

Y4 G325-LFSG-D326 1203

Y5 G325-GLFSG-D326 1.#0.1

Y6 G325-GGLFSG-D326 1803

Y7 G325-G-D326 1.04: 0.07

Y8 G325-GG-D326 1.3%#0.2 Tyr

Y9 G325-GGG-D326 2.&0.1 (tRNATT M)

Y10 N329-F339 0.00% 0.005 \

L322P  C321-P-F323 0.04 0.02 0.040 g~

F323A L322-A-S324 0.02 0.005 0.035 F

F323L L322-L-S324 0.0x0.01 1 E

F323Y  L322-Y-S324 0.6:0.2 0.0307 3

F323W  L322-W-S324 1.9% 0.07 . 0.0257 E

S324A F323-A-G325 4621 "o 0 020_5 E

G325A  S324-A-D326 10.2 3.5 N ]

a Experimental conditions given in Materials and Methods;°25 0'0155 F
in standard pH 7.78 buffer, with 10 mM ATRIg?", 20 uM tyrosine, 0.0107 F
10 mM MgCl, and 5 mg/mL crudé&. colitRNA (356 pmol of tyrosine 0.005 E
acceptance/mg). Specific activities are quoted per mole of dimeric E -
enzyme, as measured by active site titratiofihe first row give the 0.000 F——————1
parental sequence. The other rows give the changes or insertions of 0 1 2 Tsr 4 5 6
residues between dashes; the flanking sequences remained identical to [tRNAY"] (uM)

the parental ones.Means and standard errors from three experiments. g gre 3: Representative Michaefidvienten plots for the charging
of E. coli tRNA™" by TyrRS* derivatives. Conditions are as in
Table 3. Symbols:®, wild-type TyrRS*; ®, F323W mutant®,

specific properties of the Phe323 side chain were essential F323Y mutanta, F323L mutanty, F323A mutant.
We found that the relative values of the specific activity were —
equal to 100 for Phe as in the parental TyrRS*, 99 for Trp, Table 3: Steady-State tRNA Charging Kinetics

30 for Tyr, 1.5 for Leu, and 1.1 for Ala (Table 2). Thus, the Keat Kwm KeatKn
aromaticity of the side chain in position 323 was necessary _mutation (s (M) (stmM™)
for charging. parental 1.9-0.2 0.284+ 0.03 6965+ 304
To test the functional importance of the segment which is Egggﬁ %8471 0.006 Klgi 16 g-ii 8-?
nonconserved and Iocgted downstream f_rom residue Gly325, 35ay 34404 80112 388.L 42
we constructed mutations Y4 to Y9, which inserted from 1 323w 1.9+ 0.2 0.9+ 0.2 22554+ 444

to 6 residues (in particular Gly) betweep Gly325 and Asp326. Experimental conditions given in Materials and Methods;°25
We also constructed Y10, which precisely deleted Leu330 i, standard pH 7.78 buffer, with 10 mM ATRg?*, 20 uM tyrosine,
Gly338. We found that insertions Y4Y9 decreased the 10 mM MgCh, and 0.16 uM purified E. coli tRNA™" (23 nmol of
specific activity of TyrRS* in tRNAY" charging less than tyrosine acceptance/mg). Rate constants are quoted per mole of dimeric
2-fold, whereas deletion Y10 decreased it 285-fold (Table enzyme, as measured by active _site titration. Results are means and
2). Therefore, the segment downstream from Gly325 could standard errors from thre_e experiments. ND, not determined because
! ! . the value ofKy was too high.
be lengthened and made more flexible without consequence
on the activity of TyrRS. In contrast, segment 3388, mutations of Phe323 did not affect the first step of the
which folds into helix H2", was indispensable irB. aminoacylation reaction under these experimental conditions.
stearothermophilugven though it is very variable between The kinetic parameters for the chargingf coli tRNA™"
organisms or even absent in some of them (Figure7R) (  were measured at saturating concentrations of tyrosine and
Mutation F339L, which resulted from the introduction of an ATP (Figure 3, Table 3). They were close but significantly
Aflll site in the tyrS gene, had no effect on the specific different for the parental enzyme used in this work, TyrRS*,
activity of TyrRS* in tRNA™" charging (Table 2). and for the wild-type enzyme, TyrRS: thHeu(tRNAT")
Kinetics of tRNA" Charging by the Phe323 MutanfEhe values were respectively equal to 0.280.03 and 1.4+
above results showed that residue Phe323 was involved in0.2uM ™2, thek.yvalues to 1.9+ 0.2 and 3.4 0.3 s'%, and
the charging of tRNA" by TyrRS. To obtain further thek./Ky valuesto 7.0t 0.3 and 2. 74 0.2uM~t s (this
information on its role, we performed steady-state kinetics work; 15).
experiments with purified preparations of the parental Mutations F323A and F323L increased the valuKgt
enzyme, TyrRS*, and of the four derivatives which carried (tRNA™") at least 28-fold. Therefore, the side chain of
mutations F323A, F323L, F323Y, and F323W. The specific Phe323 (more precisely the distal part of its aromatic ring)
activity of TyrRS* in the pyrophosphate exchange reaction contributed to the stability of the initial complex between
was measured at high concentrations of substrateg60  TyrRS and tRNAY'. Mutation F323Y increased the value
tyrosine, 2 mM ATP, and 2 mM pyrophosphate). It was equal of Ky 32-fold. Therefore, the hydrophobicity of the side
to 5 s! and not modified by the mutations. Thus, the chain in position 323 was important. Mutation F323W
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weakly increaseKy, by a factor of 3, whereas F323L In the structure, the electronic density disappears after
strongly increased it. Therefore, not only the hydrophobicity residue Ser319, at the C-terminal endoohelix H5 (1).
but also the aromaticity of the side chain in position 323 Secondary structure predictions suggest that helixddéld
were important. Thus, the stability of the initial complex extend down to and include residue Ala330); We found
depended on a precise interaction between the aromatic ringhat mutations S324A and G325A increased, 2- and 5-fold,
of Phe323 and tRNA". respectively, the specific activity of TyrRS* in the charging
Mutation F323A decreased the kinetic paramétgré1- of tRNA™" (Table 2). These mutations changed Ser and Gly
fold. Therefore, an interaction between the side chain of residues, which have high probabilities of being in loop
residue Phe323 and tRNA contributed to lowering the  structures, into an Ala residue, which has a high probability
activation energy of the initial complex between TyrRS and 0f being in ana-helical structure and stabilizes this type of
tRNATY". Mutations F323Y and F323W had very little effect secondary structureg, 32). Mutations S324A and G325A
onk.a. Therefore, the exchange of an aromatic side chain in might thus exert their effects by favoring the extension of
position 323 for any other one did not affect the activation helix H5 by one more turn, including residue Phe323. Our
energy. results suggest that the essential Phe323 residue belongs to
The specificity of the interaction between tRNAand the a-helical domain of TyrRS and that the peptide linking

the mutant TyrRSs, given by thes/Ky parameter, was the a-helical and C-terminal domains starts with residue
maximal when the side chain in position 323 was Phe and S€r324. The deletion of residues 32389 by mutation Y10

decreased 3-fold when it was Trp, 18-fold for Tyr, and about @Polished the charging activity of TyrRS. Therefore, the

1000-fold for Leu and Ala. linking peptide ends in this segment of the sequence.
Phe323 Interacts with the Anticodon Arm of tRMAAs
DISCUSSION recalled above, the TyrRA() derivative carries a deletion

of residues 318417 and yet is fully active for the formation

Reaction Step Affected by the Mutatiods priori, the of Tyr-AMP. Many heterodimers have been constructed
mutations of this study could affect either steps of the petween a truncated subunit of TyrRS( and a full-length
tyrosylation reaction, i.e., the activation of tyrosine with ATP  subunit of TyrRS (for a review, see re&§3). In some
or its transfer from Tyr-AMP to tRNA". We found that  heterodimers, the full-length subunit carried a point mutation
the specific activity of TyrRS* in the pyrophosphate that prevented the formation of Tyr-AMP. These het-
exchange assay was not modified by the mutations of residueerodimers were fully active for the charging of tRNA
Phe323 in reaction conditions which were similar to those From these experimental data, we have deduced that the
of the tRNA charging assay (see the Results section).acceptor arm of tRNA" interacts with the N-terminal
Moreover, TyrRSA1), a truncated version of TyrRS lacking domain of one subunit and its anticodon arm with the
residues 318417 and therefore Phe323, has the same kinetic C-terminal domain of the other subunitd). The same data
parameters as the full-length TyrRS in the reactions of show that Phe323, which is absent from TyrR$), is not
pyrophosphate exchange and Tyr-AMP synthe26; 27). involved in the recognition of the acceptor arm of tRNA
The presence of the cognate tRNA is not necessary for theand that, with the C-terminal domain, it participates in the
synthesis of the aminoacyl adenylate intermediate in the caserecognition of its anticodon arm.
of TyrRS, contrary to the case of glutaminyl-tRNA syn-  Role of then-Helical Domain.No functional residue had
thetase, for example. In fact, pre-steady-state kinetics havepeen identified in thex-helical domain of TyrRS up until
shown that the prior binding of tRNA decreases the rate  now, and its role has remained unknown. The polypeptide
of Tyr-AMP synthesis 27—29). Thus, we concluded that  |oop that links the C-terminal end of the/8 domain to the
the mutations of the present study affected the second stepN-terminal end of thex-helical domain (i.e., residues 221
of the tyrosylation reaction, i.e., the recognition of tRNA  247) contains several residues that are important for the
and the transfer of tyrosine from Tyr-AMP to the tRNA.  formation of Tyr-AMP and the initial binding of tRNA'

Position and Flexibility of the Linking PeptideThe (13, 34—36). Here, we showed that the C-terminal end of
changes of Leu322 into Pro and Phe323 into Ala by the point the a-helical domain was involved in the recognition of
mutations L322P and F323A and the insertions of a tri- or tRNA™", through Phe323. Thus, thehelical domain serves
tetrapeptide, rich in Gly, upstream from Phe323 by mutations to anchor the catalytic loop, composed of residues—221
Y2 and Y3 respectively, strongly decreased the specific 247, at the surface of TyrRS; it also serves as a spacer to
activity of TyrRS* in the charging of tRNA". Thus, the position Phe323 at a distance to the active site and to enable
side chain of Phe323, its orientation, and its precise position its interaction with the anticodon arm of tRN¥A
relative to the upstream sequences were essential for the Nature of the Interaction between Phe323 and tRRA
interaction of TyrRS with tRNA. In contrast, the changes Our results do not enable us to conclude whether residue
of Ser324 and Gly325 by mutations S324A and G325A and Phe323 forms direct bonds with the anticodon arm of
the insertion of one to three residues of Gly immediately tRNA™", whether it has a structural role and interacts with
downstream from Gly325, by mutations Y7, Y8, and Y9, tRNA™ indirectly, or whether it is involved in a conforma-
had little effect on the rate of charging. Thus, the nature of tional change of TyrRS, induced by the binding of tRNA
the residues located immediately downstream from Phe323,However, the comparison of our results with published data
their conformation, and their precise number were not critical gives some indications. Glu320 and the following residues
for the interaction of TyrRS with tRNA". The results are not visible in the electron density map of the full-length
suggested that the wild-type sequence itself is flexible and TyrRS (). Therefore, it seems unlikely that Phe323 forms
responsible for the disorder of the C-terminal domain in the stable interactions with other residues of TyrRS and has a
crystals of the full-length TyrRS. structural role. The mutations of Phe323 had effects on the
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Table 4: Gibb’s Free Energies of Complexes between Mutant
Enzymes and tRNA" Relative to the Parental Enzyme

mutation AAG (kcalM™) AAGF (kcalM ™)
F323A 2.0+ 0.2 4.2+ 0.1
F323L ND 41+ 0.1
F323Y 21+ 0.1 1.7£0.1
F323W 0.7£0.1 0.7+ 0.1

aAG = —RTIn(Kyv); AAG = AG(par) — AG(mut); AG* = —RT
In[(kea/ Km)/(KT/N)]; AAGH = AGH(mut) — AG*(par); par, TyrRS*; mut,
mutant; R, gas constantT, temperaturek, Boltzmann constanth,
Planck constant. The standard error (SEYaxF (whereF is either G
or G¥) was calculated from the SE values afr(mut) and AF(par)
through the formula [SEXAF)]? = [SE(AF(par))F + [SE(AF(mut))].

charging of tRNAY" that depended on the exact nature of
the replacing side chain (Table 3). These differences of
effects were more consistent with precise interactions
between Phe323 and tRNthan with local conformational

Gaillard and Bedouelle

hypothesis could be tested by comparing the effects of
mutation F323A on the aminoacylations of the full-length
tRNA™" and of a miniheliX", mimicking the acceptor stem
(38). Alternatively, it could be tested by constructing double
mutant derivatives of TyrRS, carrying a mutation of residue
Phe323 and a mutation in the catalytic site of the enzyme,
and by comparing the effects of the double mutation with
those of the single mutations.

CONCLUSIONS

Our results revealed the presence of a functionally
important residue in a region of TyrRS that had not been
studied previously: the crystal structure of the N-terminal
domain stops after residue 319, and the C-terminal fragment
is only visible downstream from residue 330 in the NMR
structure {, 7). Residue Phe323, which is located at the
C-terminal end of thet-helical domain, thus extends the list
of the TyrRS residues that have been identified by mutagen-

changes of TyrRS. Some data are even consistent with thesgis and are involved in the recognition of tRNA Seven
appealing (but undemonstrated) hypothesis that Phe323 mightegjques of thevs domain participate in the recognition of

interact with the anticodon of tRNA. The C-terminal end

of a-helix H5 is close to the anticodon in the structural
model of the complex between TyrRS froBn stearother-
mophilusand tRNAY" (13, 14, 33). The base change U35G

in the anticodon of tRNA" and the amino acid change
F323A of TyrRS had effects on the charging Bf coli
tRNA™T" by TyrRS that were resemblar®@7 Table 3). The
respective variations of the kinetic parameters were indeed
the following: 15.6- and 28.2-fold increases fisk(tR-
NA™); 13.2- and 40.8-fold decreases kay; 208- and 1108-
fold decreases fok../Ku. It would be interesting to study
the charging of the mutant tRNA(U35G) by the mutant
TyrRS(F323A) and test the nonadditivity of the two muta-
tions, as expected for a direct interaction. However, the amino
acid change F323A had a more severe effect on charging
than the base change U35G, so that the role of the amino
acid residue Phe323 might not be simply to interact with
the nucleotide residue U35.

Energetics of the Interaction between Phe323 and tRNA
The effects of the Phe323 mutations on the free energy of
interaction between TyrRS and tRNAare given in Table
4. Mutation F323A destabilized the initial complex between
TyrRS and tRNAY" by 2.0+ 0.2 kcal/mol and their transition
state complex by 4.2 0.1 kcal/mol. Thus, the side chain
of Phe323 stabilized more the transition state complex
between TyrRS and tRNA than their initial complex, even
though it is located more than 65 A from the active site of
the synthetases]. Mutations F323A and F323L destabilized
the transition state complex by the same energy, 4.0 kcal/
mol. This result showed that the distal part of the aromatic
ring of Phe323 is involved in the stabilization of this
complex.

Mutations F323Y and F323W destabilized the initial
complex and the transition state complex between TyrRS
and tRNAY" by the same energy, 2.0 kcal/mol for F323Y
and 0.7 kcal/mol for F323W. How can we explain that
F323Y and F323W destabilized the two complexes by the
same energy, when F323A destabilized more the transition
state complex than the initial complex? Mutations F323Y
and F323W could have only local effects, whereas F323A
could have effects at a distance, communicated to the active
site through either the tRNA or the synthetase. This

the acceptor stem: Thrl7, Asn146, Lys151, Glul52, Trp196,
Arg207, and Lys208. Six residues of the C-terminal domain
participate in the interaction with either the anticodon arm
or the extra arm of tRNA™ Arg368, Arg371, Arg407,
Arg408, Lys410, and Lys41118-16). Therefore, the
recognition of the anticodon arm could recruit residues from
both the a-helical intermediate domain and the + S
C-terminal domain.

Numerous data have shown that TyrRS is exceptional
among the class | aminoacyl-tRNA synthetases since it
approaches its cognate tRNA by the side of the variable loop
and by the major groove of the acceptor stei8, (14, 33,
39-44). A preliminary crystal structure of the complex
between TyrRS and tRNA from Thermus thermophilusas
recently been presented at 3.5 A resolutié8)( This crystal
structure fully supports the above features of the complex
between TyrRS and tRNA and the conclusions of the
present study. In particular, the N- and C-terminal domains
of TyrRS do not make any noncovalent tertiary interaction
in the crystal structure, and the anticodon arm of tRNA
contacts both thet-helical and C-terminal domains.
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