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ABSTRACT

The alaS gene encoding the alanyl-tRNA synthetase
(AlaRS) from Thermus thermophilus HB8 was cloned
and sequenced. The gene comprises 2646 bp, corres-
ponding to 882 amino acids, 45% of which are identical

to the enzyme from  Escherichia coli . The T.thermophilus
AlaRS was overproduced in  E.coli, purified and char-
acterized. It has high thermal stability up to [B5°C, with
a temperature optimum of aminoacylation activity at
[60°C, and will be valuable for crystallization. The
purified enzyme appears as a dimer with a specific
activity of 220 U/mg and  k4t/Ky values of 118 000/s/M
for alanine and 114 000/s/M for ATP. By genetic
engineering a 53 kDa fragment of AlaRS comprising
the N-terminal 470 amino acids (AlaN470) was also
overproduced and purified. It is as stable as entire
AlaRS and sufficient for specific aminoacylation of
intact tRNA A2 as well as acceptor stem microhelices
with a G3-U70, but not U3-A70, 13-U70 or C3-U70,
base pair. The reduced binding strength of such
microhelices to AlaN470 enabled, due to the resulting
fast exchange of the microhelices between free and
complexed states, preliminary NMR analyses of the
binding mode and intermolecular recognition.

INTRODUCTION

DDBJ/EMBL/Genbank accession no. Y08363

and to determine the functions of the various enzyme regions (see
3 for a review). The N-terminal 368 amino acid€Estherichia
coli AlaRS comprise the active site domain, where the three
sequence motifs characteristic of class Il aaRSs are found. This
module is sufficient for alanylatiod). It is believed to interact
with the G1-C72 base pair of tRKA by approaching the
acceptor stem from the major groove sifle A retroviral-like
zinc binding motif situated between motifs 2 and 3 contributes to
tRNA recognition by this module&(7). An additional module
(amino acids 385-461), however, is needed for specific interaction
of this enzyme with tRNAI2 by minor groove interactions at its
conserved acceptor helix base pair G3—BJ0This base pair is
the major determinant for the identity of tRNA Amino acids
699-808 resemble a module which is believed to be responsible
for oligomerization oE.coli AlaRS. This domain is different in
the monomeric eukaryotic enzymes. At least two other modules
with unknown function are found in the known AlaRSs.
Truncated tRNA model molecules, consisting of the acceptor
stem of tRNA2 from E.coli, are recognized by AlaRS as
substrates and efficiently aminoacylated with alanine, provided
the proper base pair is present at the critical 3—70 posifiok (
has become a crucial question whether a helical distortion
produced by the G3-U70 base paii)(or a functional group on
it (11) is required for recognition of the RNA by AlaRS. In
addition to elucidation of the three-dimensional structure of the
AlaRS—RNAVa complex by X-ray crystallographic analysis,

Alanyl-tRNA synthetase (AlaRS), which belongs to class Il of thé\”vIR st_udles' In p_artlcular are promising to clarity the mode of
aminoacyl-tRNA synthetases (aaRSsjs one of the few aaRSs nteraction with this acceptor helix base pair. o
whose three-dimensional structure has not been solved to datdn this work we report cloning, sequence determination and
Since the known aaRSs are composed of several different dom@ierexpression of tr@aSgene fromrhermus thermophiliend
modules in various combinationg)( a knowledge of each purification of AlaRS anq its blqlog|cally active monomeric
individual aaRS contributes to our understanding of the evolutidf@gment. The sequence information and the availability of large
of the genetic code. Also, the modules used for tRNA binding arfinounts of this thermostable enzyme are valuable for further
recognition and their modes of interaction are surprisingly varie@tructural investigations, since crystallization of AlaRS from
In this respect AlaRS is particularly interesting, since thénesophilic organisms has not been successful to date, for
organization of this enzyme in domains and their functions are ngoknown reasons. In preliminary NMR experiments the N-terminal
yet fully understood. 53 kDa fragment of AlaRS (AlaN470) has proved particularly
Several experimental approaches have been used to identifseful for studying its interactions with the acceptor stem of
common structural features of AlaRSs from different organism&RNAA2 microhelices.
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MATERIALS AND METHODS of 5-300 mM imidazole in 50 ml buffer Al. The fractions
. , . containing apparently homogeneous AlaRS or AlaN470 were
Bacterial strains and plasmids pooled, dialyzed againsk2. | buffer A and finally against 100 ml

Thermus thermophilu$iB8 (ATCC 27634) was grown as Puffer A+ 50% glycerol and stored at <20
previously reported 1@). Escherichia colistrains DH10BM _ . .
(Gibco BRL, Bethesda, MD) and BL21(DE3)pLys (Novagen,Cyanogen bromide cleavage and protein sequencing

Germany:13) were grown in Luria Bertani (LB) nutrient medium oy cyanogen bromide cleavaga &Qprotein were dialyzed against
(14) or Terrific broth (TB;15). For cloning and sequencing water and dried in a vacuum centrifuge. An estimated 100-fold
plasmid pUC18 16) and for expression plasmid PET-28C molar excess of cyanogen bromide dissolved in 70% (v/v)

(Novagen, Germany:;3) were used. trifluoroacetic acid over AlaRS methionines was added and
incubated at room temperature for 12 h. After adding 0.5 ml water
Purification of AlaRS from T.thermophilus the peptide solution was lyophilized; this was repeated twice. The

] o ) peptides were separated by SDS-PAGE and blotted onto
The first purification steps of AlaRS frori.thermophilus  polyvinylidene difluoride (PVDF) membrane (Schleicher & Schill
involving anion exchange chromatography on Q-Sepharose-fikmpH, Dassel, Germany). The N-terminal amino acid sequences

and gel permeation chromatography on Sephacryl S200 HR wefgre determined with an ABI 473A protein sequenator as
performed essentially as previously described for purification Qfreviously describedLf).

overproduced elongation factor Tu frofthermophilus(17).

Fractions with AlaRS activity were pooled and the protei ;

precipitated by addition of solid ammonium sulfate to 70()/:!?ecomb|nant DNA technology

saturation. The precipitate was dissolved in a minimal volume &tandard recombinant DNA methods were performed according
buffer P10 (10 mM potassium phosphate, pH 7.0). The solutida the protocols of Ausubet al (20) and Sambrookt al (15).

was dialyzed againstx22 | buffer P10, centrifuged and the PCR was carried out in 2 mM MgCR00uM dNTPs,100uM
particle-free supernatant loaded on a hydroxyapatite colurmm (20primers, 2ug T.thermophilusgenomic DNA partially digested

1 cm, particle size 18m, flow rate 1 ml/min; Merck, Germany) with SadllA as template, 2.5 U Tag DNA polymerase (Fermentas
equilibrated with buffer P10. After the flow-through was eluted)-td, Vilnius, Lithuania) in 10 mM Tris—HClI, pH 8.8, 50 mM KCl
the column was developed with a linear gradient of 10-200 mMnder the following conditions (in a volume of 1@® 5 min at
potassium phosphate in 120 ml buffer P10. The fraction85°C; 30 cycles of 1 minat 9&, 50 s at 40C and 1 min at 7;
containing AlaRS were pooled, precipitated as above, dissolv&min at 72C.

in a minimal volume of buffer A [50 mM Tris—HCI, pH 7.5, 10 mM
MgCly, 1 mM 2-mercaptoethanol, 20M PMSF and 5% (v/v)
glycerol] and dialyzed againsk2 | buffer A. The supernatant The determined amino acid sequences (data not shown) were
after centrifugation was loaded on a heparin—Sepharose CL-&Bed to design degenerate oligodeoxyribonucleotides taking into
column (10x 1 cm, flow rate 1 ml/min; Pharmacia Biotech, account the peculiar codon usage.tfermophilusOligodeoxy-
Freiburg, Germany). The column was developed with a lineaibonucleotides Ala 1 [ATGAAGCG(CG)AC(CG)GC(CG)GA-
gradient of 0-125 mM KCI in 100 ml buffer A. The fractions GATCCG(CG)GAGAAGTT] and Ala 2 [CCCTTCTTGAAGA-
containing AlaRS were pooled and the protein precipitated &8CTC(CG)CGCTCGAA(CG)GCCAT] were successfully used in
above. For use, the AlaRS precipitate was dissolved in &CR to amplify a product of 1.3 kb. This fragment was used as
appropriate buffer and dialyzed. As assessed by SDS—PAG& probe to identify a 9 kbBpH fragment in a partial genomic

Plasmid constructions

AlaRS wadB5% pure. DNA library constructed in pUC18. The corresponding plasmids
were designated pUCAIaRS Sph9-1 and pUCAIaRS Sph 9-3 (insert
Purification of AlaRS from overproducing E.coli in opposite orientation). ThalaS gene was further subcloned,

resulting in plasmids pUCAIaRS 4H1 (pUC18 with a 4 kbp
The overproducing bacterig,coli BL21(DE3)pLys with one of Sph-HindIll fragment comprising the'$ortion of thealaS
the T7 promoter plasmids, were grown at@0n LB or TBin  gene) and pUCAIaRS 3.4H1 (pUC18 with a 3.4 Iipdlil
the presence of 4@/ml kanamycin and 3tg/ml chloramphenicol.  fragment comprising thé-portion of thealaSgene), which were
Fermentation of bacteria and the first purifications steps of AlaRSed to determine the nucleotide sequence alld$gene region.
or AlaN470, involving heat treatment at €5 and anion For overexpression of AlaRS and AlaN470 the vector pET-28c,
exchange chromatography on Q-Sepharose-FF, were performeldich allows purification of N-terminally histidine-tagged fusion
essentially as previously described for purification of overproducegtoteins (20 additional amino acids at the N-terminus MGSSHH-
phenylalanyl-tRNA synthetase froftthermophilug18). AlaRS ~ HHHHSSGLVPRGSH), was used. Add restriction site
and AlaN470 was selectively precipitated with 45 and 50%verlapping the start codon afaSwas introduced by PCR into
saturated (Ni2SOy, respectively, and loaded on a hydroxyapatatiter 415 bp DNA fragment comprising nucleotides 1-404 aili®
column as described. Collected fractions with AlaRS activitygene using primers AlaRSNde (TAATCAAACATATGCGCA-
were dissolved in buffer A. Imidazole was added to a finaCGGCGGAGATCC) and Ala P2 (GCCTCGTCGTCGTCCTCA-
concentration of 5 mM. A Ni-HiTrdp Chelating affinity column AAGACCGTGACC). The amplification product was hydrolyzed
(volume 5 ml, flow rate 1 ml/min; Pharmacia Biotech, Freiburgwith Ndd andHindlIl (internal restriction site) and ligated with
Germany) was equilibrated with buffer Al (buffer A + 5 mM expression vector pET-28c. A 4 Kindlll fragment comprising
imidazole) and saturated by addition of 2.5 ml 100 mM NiSO the 3-portion of thealaS gene was linked using the internal
The protein solution was loaded on this column. After elution dflindlll site. Escherichia colBL21(DE3)pLys was transformed
the flow-through, the column was developed with a linear gradiemtith the resulting expression plasmid (pETAlaRS1). To obtain an
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expression plasmid for AlaN470, a stop codon (at AlaRS aminbhermal denaturation analysis

ac 'd position 47.1) and an adjacﬁfttd?l restriction site were The protein solutions (1.5 and 31 for AlaRS and AlaN470,
simultaneously introduced into theaS gene by site-directed fivelv) in 50 mM HEPES. bH 7.5. 10 mM Mac0 mM
mutagenesis2(l) using oligodeoxyribonucleotide Ala Eco/am respectively) in 50 m , PH 7.5, 10 mM MgC0 m
(GCCTCGAGGGCGTTCTAGCCCAAGAATTCCGTGGCCC- KCl were heoated in a spectrophotometer (Hewlett Packard model
CCC). TheEcaRI site was used to identify the mutated clones3492A) in T'C steps with a linear temperature gradient from 20
The changed nucleotide sequence in the ltirgsuplasmid to 90°C. The wv spectrain the range 240-350 nm were recorded
(PETAlaRS471am), as confirmed by sequencing, r€aGECEA- after equilibration of the probe at each temperature for 3 min.
CGGAATTC TTGG’GCTAGAAC-S' (ECCRI site ar;d stop codon Protein unfolding was determined by following the change in the
in bold). This plasmid expresses the 470 N-terminal amino acids 3pSCrbance difference at two wavelenglitszz4—2g9.

T.thermophiluAlaRS (AlaN470).
P ( ) Chemical RNA synthesis, purification and NMR

Activity test sample preparation

The specific activities of AlaRS and AlaN470 were determine . g

byafiﬁ)ter binding assay in 100 mM sodium cacodylate, pH 7 ynthesized on a Gene Assembler Plus (Pharmacia Biotech,

10 mM KCI, 8 mM MgSQ, 2 mM rATP, 5 mM 2-mercapto efh anol “Freiburg, Germany) using the H-phosphonate method as described
: 9o, ' P + previously £4). RNA synthons were produced as specifig).(

20 uM [14Clalanine (120 Ci/mol; Amersham Buchler, Braunsch e . 9
! : . The oligoribonucleotides were purified by HPLC on a Nucleogen-
weig, Germany), 70uM T.thermophilustRNAPUK (isolated DE AEgsoo-7 column (Machergy—NageIB,/ Germany) 9

according to the protocol of Zubayk) at 60°C in a volume of For the NMR measurements the oligoribonucleotid®@26 mM

60 pl. The protein concentration was determined by the BioRaa . . :
: g . rand concentration for one-dimensional studi#s3 mM for
(Hercules, CA) assay. One unit (U) of AlaRS activity was define e NOESY experiments) were dissolved in 0.5 pIB,0 (9:1

the tRNA in 1 min at 60C. For determination ofthetemperatureV/V) with 100 mM NaCl, 4 mM MgGl 10 mM sodium

dependence of the specific enzyme activity the sample wBEOSPhate, pH 7. The strands were annealed by heatingdo 80
equilibrated at the respective temperature for 5 min before trg [3 ma agdzstquw f:;ﬁolllgg FIO roorp tem5per?fture.tAppE;%>gmater
reaction was started by addition of the enzyme. Prior to use tf deijnas a i;ltlen:rfal ﬁr-]e-rﬁli?s?lesnh;tngfe-rseuncoena e (DSS) was
tRNA was preincubated at 80 for 5 min and then added to the '

assay. To determine the aminoacylation of microhelices derived

from the tRNAYa acceptor stem, the chemically synthesized\ MR Spectroscopy

oligoribonucleotides (see below) were annealed by heating jqI NMR spectra were acquired on a DRX 500 spectrometer
80°C for 3 min and slow cooling to room temperature. TheBruker), equipped with an Aspect Station computer, at a proton
resulting duplices at a concentration of|B0 were assayed at resonance of 500 MHz. For the one-dimensional measurements

%he oligoribonucleotides (7mer and 11mer strands) were chemically

as the amount of enzyme needed to attach 1 Afi@jbjanine to

40°C with 30 nM enzyme in a total volume of [D the 1-3-3-1 pulse sequenc) was used to suppress the strong
water signal. The NOESY spectra were recorded using a 1-1
Size exclusion chromatography ‘jump—return’ sequence2{) for the last (read) pulse with the

excitation maximum in the imino regionll2.8 p.p.m.). Eight
YHBusand data points indnd 512 ¢ increments were used in the
hase-sensitive mode, giving 40801000 two-dimensional
MR spectra after Fourier transformation. NOESY spectra were

The molecular masses of proteins were determined by size exclu
chromatography on Superde200 HR 10/30 (Pharmacia Biotech,
Freiburg, Germany) by comparison with standard protein

(BioRad, Hercules, CA): thyroglobulin, 670 kDa; bovinea : . : : ; . .

, i ! ) .~ apodized byv2-shifted squared sine functions in both dimensions.
V'g|°b|UIt')n’|. 15187 Egai chlckenbol\/alpuminésﬁfD kD:I" eqtume ata processing and spectra analysis were performed on Hewlett-
myoglobulin, a, Cyanocobalamin, L. a. AQUOLS Olpackard 9755 or INDIGO2 (Silicon Graphics) workstations using
100pg purified protein were analyzed by developing the columig,o '\ pEE program package developed by F.Herrmann (Symbiose
with 50 mM Tris—HCI, pH 7.5, 10 mM Mggil 150 mM KCl. Software, Bayreuth, Germany). The spectral width was 10 kHz,

] the mixing time 300 ms.
ATP/pyrophosphate exchange reaction

The reaction mixture (30l contained 100 mM Tris—HCI, pH RESULTS
7.5, 10 mM MgQ}, 2 mM KF, 2 mM f2P]pyrophosphate (0.5 mCi/
mmol; DuPont NEN, Bad Homburg, Germany). ATP and alanin
concentrations were in the range 40-600 and 1004800 To obtain sufficient amounts of AlaRS for crystallization and NMR
respectively. After preincubation for 3 min at°®&Dthe reaction studies via overexpression, as well as to enable mutagenesis, we
was started by addition of 10 nM enzyme. Aliquots gfil@ere  first cloned the gene encoding AlaR&S from T.thermophilus
withdrawn at 2, 4, 6, 8 and 12 min and the reaction was stoppé&tbout 300ug AlaRS were purified fronT.thermophiluscells

by addition of 70ul 10% perchloric acid containing 300 mM using standard chromatographic procedures. The enzyme was
sodium pyrophosphate. Aliquots of 1(of this solution were identified by its specific alanylation activity on tRRK from
filtered through activated carbon paper (Schleicher & Schulll.thermophilus To gain sequence information, the N-terminal
Dassel, Germany). After washing with 5 ml water and 5 méamino acid sequences of the protein and of cyanogen bromide
ethanol the filter was dried and the radioactivity of the absorbddagments were determined (data not shown). This was used to
ATP was counted. Kinetic data were analyzed using the Eadiglesign gene probes, which were successfully used to clone the
Hofstee and Lineweaver—Burk plo3}. alaSgene on a 9 kBpHh fragment. After subcloning the relevant

gloning and sequencing of thalaSgene
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region, the nucleotide sequence of 4019 bp coverirgjdsgene

database (accession no. Y08363). dla&gene comprises 2646

was determined on both strands and deposited in the EMBIp, corresponding to 882 amino acids of the encoded AlaRS.

motif 1

K. RN Y VHESATIFILD [TiAAIANNe
K. SK: F VKEJSPVWFFD (s TiAAgANTe
H . SK V VASISSRYJZIT JslyTABITN e
E . GK R L SLIZED mySHagT Fle

Y. ...DSTLT ASETIRIQRT
FrIGDROKWT ATNVR
o A SKS TAETRQ
1 A R TAETNE
motif 2

46 WNQ IjgdN TIDPSHPMAK L QSC R KQ. DI DV’
50 JNQ T)@?G TVDPASDFYT LI YNGR K] E DS’
44 pNQ '\ G ... LDKRN Y. TT R KHNisll, El T

42 P G .AKPIFGGRE WRIVTTClOES Ihvie. . . 13T El TS

el
nooo

26 ! SWE YO ePIFTYIC KMALE QE . .FGIPIE] 3 FGGIMEA
= 100 W] JENeFIKERY] TYSWTIIEWEYV . . YGIPKD FEGQUEK
8¢ [FGDYF JT QFAWE: SE KWFALPKE ki TESIND .
87 [FGDYF: ;T LWAWE! EH . .LKLDPG! i FEDBD .

D

144 AGLEADIRSCK QIMON. DT PGN.. ..... MEDWF [JEMeD. . . ..
148 LGLEPDW2AR E! N . P DD PGN.. ..... AKDAF [EMeD. . . . .
138 ...... 2AY ENQNEKEVEIP RERMIRINDN KGAPYASGRF RMEG. . .. .
134 ... 2AY E DL P EE RFGED ....... P ITHGP

181 .. ..& GRDAAHL. .V NQDDPNVLIJT FHOMA R
185 GRNAASL. .V NMDDPDV. FIIQIPI R
176 wWel GP..PGS..P EEDGDRYTHT IRVFILOIINR
170 E42RGP.AYE TPDETGP. .N TGSGDREFWVHAL FINOV4R R

225 EA....DGIL KEgB KKST)syy VSV KMS. T b PYFEAT
~ 229 EQ....DGSL Kiz2h;AKHTIY AL VSV WMeDVRS T b PLFERT
222 QA....DGTM Eg#:KPSVisgy ATAAV JRGHVNS g D TLIQAV
- 217 QGPIPGPGIL Kid®5QKNTI|epy JVAAT IMeDVED! T I PIIQEV

271 QKGTGARPYT GKVGAEDADG IDMA..Y)NJ, FNSHARTITVA LABEGRPDNT
275 QEITSVRPYS GNFGENDKDG IDTA..Y)NYL N VRTLTFA LAjsleGVPNUE
268 AKVTGA.... ... T....DL SNKS..LEMI JSETRSCAFL IAlleVMPSUE
267 ARMSGR.... ...PY..EGK TSVS..HUI 5N:VRAVVAA LSWEATFSNT

319 QYU BUAWVIYAHEK LNASRG. A DVVVQSL GDAFPELKKD
323 QUYL BHcARlYARKY MNYPIG S PTLISQV QDIFPELAKD
305 MYgayLail ERAVIHGN. . MLGAKE Y XQ#VGPLIDVM GSAGEDLKRQ
306 QUEAUIEGILL EMALEHGY .. LLGLSD H PLVAELL GDFYPEMREN

368 PDMVKDIINE B3V S RILDR.. KIQSLGDSKT
373 PAFLFEILDE oA RLFEKYA SAASKTESK
353 QAQVEQVLKT pA2E: ALLD. .E ELAKL .|

354 LPAVEKQIRL I#2E] KRLD. .A LLSGLKPGEV

KLA.QLKSQG
QESYEASKRG

. .VFEN TVATVMALRR
. .GSAN VEGTILKLHD

LDIYAIEELR ARGLEVTDDS PKYNYHLDSS

446 .. YNAMIR VDSASEFKG . . ... ...... .. . .DHLE LNGKVTALFV
452 GAQVLEELYA ERGATEFLGHE .......... ..M... NALE AEAEVLALLA
53 kD fragment

512 EKMFVEEVS. TGQECGVWSs JRECElE (I viEe LVK VDDSSEDKTE
509 GTNFVDEITE PGKKYGIIjf SFYAE®GG D“G\TVA ....IDDAAE
476 DGKAVDAI.N AGQEA LD 3FYAER GG WKIEELKG ANFSFAVE. .

486 GDQSLLEA.G PGTEVQVVIAY R edsdee] [IGYFELLEW PGGRARVE. .

561 FTVKNAQVRG GYVIEITGTI. Yedi#¥feDQVv WLF JNEPRIIR PIM: 1T, |
554 FNVENVQLYN GFV. GSLE HGRL;VGIKI TASEEELRSE PL 1T |
523 ...DTQK.YG QATJUIGKLA ‘GELHVGIAV QADWSEARBIA RIR 1S, |
533 ...TTRKTER GIF: RVE HEWIRMYEERV RAVA. HER DTE /T, |

610 ILNFLMRS . EADQ! PDRiAAINY TAKGAMSTQQ IKI ET
605 ILNFLNKE' DVDQ)! PEKIAdgNY SHKKAVSNEE LKEKWDI
569 LMHAFRNMAROY THVSH] DKViAdgny SHNEAMKPEE IRA L
579 LLHALNRA ,PHVRQ. PDRIAJGNY THPEPLKPEE LER L

659 MIEAAKAVYT QDCHSANNSA TQOGLRA P . .DR\#AY VSIGVPVSEL
>~ 655 QIKENLQVFY KEIR#DIENSS IDGVRA P. . DR\gdY VSVGKPIEEL
619 LIRRNLPIET NIMDPEAMNIA KGAM. . ERNp4Y LSMG......
629 WIMADFPVTW RYMPMEEEMIK EGAM. .. EWgAY VRVE......

707 LDDPSGPAGS L T
703 LANPANEEWT K T
660 ....DF.... .. T
670 ....GSPLEG L C

NOKALRK AESLKKCLSV MEAKVKAQTA . .PNKDVQRE I EALAT
753 AFEAQRL AEQFAADLDA ADKLPFSPIK . .EKK LK VELGQ

RNSSHAGA % PPN AGIRRIUA V'
TGDIKY ISGTA KeTikir Ak
SRTGDIGL IS3SGTA AleiBiErE

RTGEIGA PAVCH GIYRR TIA V

TATVH. ... iiiii e . . .AD SD EVAHL
TRFAR. ... iiiiins cimimians oan

...Gs LN AER

805 AVIPQWQKDE LRETLKSLKK VMDD.LDRAS KADVQKRVLE KTKQFIDSNP
796 LSISVITKNE LKQKFNKIEK AVKD.EVKSR AKKENKQTLD EVKTFLQTNE
721 LKGDSNNLAD KVRSVLERTR QLEK.ELQQL KEQAAAQE.S ANLSSKAIDV
737 LEVGEAALEE RLEKLLAELK EKER.EVESL KARLVQAALG GGGGASLEEK

845 NAPYLVKFID ISPN. ITE AINYMKSNDS VKDKSIYLLA GNDPEGRVAH
769 NGVKLLVSEL SGVE. RT MVDDLKN... .. QLGSTIIV LATVVEGKVS
786 GGLRWTVAEL PGLD. LRQ AADDLVA... .. RGADVALV LSGGQ....A

902 LCQVPQNAAN RGLKASEWVQ QVSGLI 3G DVSHEAT NVGCLQER

895 GCYISNAALA KGIDGSALAK KVSSIT WA GNVHeGM KPAATIKDI

814 LIAGVSKDVT DRVKAGELIG MVAQQVEEIG PDMAOAG ‘DAAALP‘:
A B

827 VLKLSPKAQG MGLEAGALFR ALAEKAGERG G. Qlele] DPRKAR

854 NQPLVILEME SGAS%;NE ALKLFKMHSP ..QTSAMLFT VDNEAGKITC

952 LQLATSFAQL RLGDVKN*
945 VDDLESLFKE KLSI*...
864 LASVKGWVSA KLQ*....
877 LPGLLP*... ........

The protein is similar to the other known AlaRSs, e.g. 45% of
the amino acids are identical in the corresponding enzyme of
E.coli (Fig. 1). Sequence similarities are particularly pronounced
not only around the three signature motifs of class Il aaRSs but
also around amino acids 400—411 (with respeEtt@rmophilus
AlaRS), as well as in a domaif.thermophilusamino acids
500-716) of unknown function. The zinc binding motif reported
for E.coli AlaRS .coliamino acids 179-192) was not found at
a homologous position of.thermophilusAlaRS ). Cys666
(numbered including the N-terminal methionine) in the C-terminal
region, which is important for aminoacylation activityeatoli
AlaRS @98), is also present in thethermophilusnzyme.

Overproduction in E.coli and purification of T.thermophilus
AlaRS and its N-terminal 53 kDa fragment (AlaN470)

For overproduction of AlaRS fromthermophilusand AlaN470

in E.coli we used pET-28c as the expression vector. This
appended a histidine tag and a thrombin cleavage site at the
N-terminus of the protein, thus facilitating purification Nald
restriction site overlapping the start codoalaSwas introduced

by means of PCR, thalaS gene was put together from two
neighboring restriction fragments and inserted into the vector
(resulting in pETAIaRS1). For production of AlaN470, comprising
the first 470 amino acids of AlaRS, codon 471 ofdlaSgene

was replaced by an amber stop codon by site-directed mutagenesis
(PETAlaRS471am). Both the entire AlaRS and AlaN470 were
overproduced i&.coliand purified by heat treatment of the crude
cellular extract and chromatographies on Q-Sepharose, hydroxyapa-
tite and imnobilized nickel (Tablel). The proteins, apparently
homogeneous on Coomassie Blue stained SDS gels (data not
shown), were used for subsequent investigations.

Characterization of the overproduced enzymes

Thermal denaturation of AlaRS and AlaN470 was determined
following the change in UV absorption upon heating of the
protein solutions (Fig2). Both AlaRS and AlaN470 are stable up
to [65°C. Complete denaturation occurred®%°C, which was

due to irreversible precipitation of the proteins. Slight differences in
the denaturation kinetics can be attributed to a lack of cooperativity
in monomeric AlaN470. Maximum aminoacylation was determined
at [B0°C. It has, however, to be kept in mind that spontaneous
deacylation of aminoacyl-tRNA at high temperatures may
disguise a lower temperature optimum.

Figure 1. Alignment of theT.thermophilusAlaRS amino acid sequenci)(

with those ofHomo sapiengHs; EMBL accession no. D320503accharo-

myces cerevisiaésg U18672) ande.coli (Ec, J01581). In all four sequences
identical amino acids are displayed on a black background. The three signature
motifs of class Il aaRSs are indicated by black bars above the sequences. The
proposed retroviral-like metal binding motif of tBecoli AlaRS (6) is marked

by a grey box, the region required for recognition of the G3—U70 base pair (8)
is in an open box. The extent of the 53 kDa fragment of thermophilus
AlaRS (AlaN470) is indicated by an arrow and Cys666 inBlweli AlaRS,

which is important for aminoacylation (28), is underlayed in grey.
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Table 1. Purification of the overproduced AlaRS and AlaN470 from 189 and 160 g respectizatploBL21(DE3)/pLys + pET AlaRS (pET AlaRS471am)

Protein (mg) Total activity (U)  Specific activity (U/mg) Purification factor  Yield (%)

AlaRS

Crude extract 12 936 122 892 9.5 100
Crude extract after heat treatmentv(6% 3620 111 858 30.9 3.3 91
Precipitation with (NH)>SO4 (45% saturation) 986 78 584 79.7 8.4 64
Q-Sepharose 311 45 095 145 15.3 37
Hydroxyapatite 156 25 740 165 17.4 21
Ni-HiTrap Chelating 87 19 140 220 23.2 16
AlaN470

Crude extract 11 500 8 625 0.8 100
Crude extract after heat treatment{6% 1992 7 946 3.9 5.3 92
Precipitation with (NH)>SO, (50% saturation) 715 5999 8.4 11.2 69
Q-Sepharose 160 3118 24.5 32.6 45
Hydroxyapatite 99 2914 29.4 39.2 34
Ni-HiTrapd Chelating 68 2078 30.6 40.8 24

+ 100% _ E 7 - 4
@ 2 26+
g = g /
a T80% 3 w51 /
o b 5 *
@ o o
|~ : g 4 0/
e E 1 60% 2 3
E g o 5 S /

< >
§ 5 g £,1 ot
33 2 >
23 +40% £ g
k-] £ S 14
2 g £ g 8 § @ E
>
= 2 Y 4
% +20% B <0om i t t t 1
[ s 0 2 4 8 10 12
Time [min]
- F 0%
20 30 40 50 60 70 80 90
Temperature [°C] Figure 3. Aminoacylation activity at 40C of AlaN470 (30 nM) using tRNA2

acceptor stem helices as substratequ{@pwith G3—-U70 @), C3—-A70 @),

Figure 2. Thermal denaturation and temperature dependence of aminoacylation3-A70 (J) and I3-U70©) base pairs. The values refer to the total activity

activities of AlaRS [J and M, respectively) and AlaN470(( and @, in a 70yl assay.

respectively). Denaturation is followed by the relative difference in absorbance

(AA274-286m, left ordinate), where 1 means the lowest difference determined,

corresponding to the native state of the protein. The temperature dependence isAlaN470 specifically alanylated the acceptor stem microhelix

expressed as the relat_ive aminoacylation ac_tiyity (right ordi_ngte), with 100_0/0With a G3-U70 base pair (See inset of th:)ositions relative
corresponding to the r_ughest detectable specific enzyme activity (see Materlal&) entire tRNﬁeIa), though the estimated catalytic efficiency may
and Methods for details). . - .
be at least two orders of magnitude lower compared with that with
the native components (Fi§). However, no detectable aminoacyl-
_ ation activity of microhelices with U3—A70, 13—-U70 or C3—-A70
The molecular masses of AlaRS and AlaN470 were determingghse pairs” was found, indicating specific recognition of this
by size exclusion chromatography (data not shown). Thgitical wobble base pair even by the truncated enzyme, as reported
experimentally determined mass of purified AlaRS (205 kDajor the corresponding molecule Bfcoli (8).
agrees fairly well with the two-fold mass calculated from the
sequence (195 kDa), which clearly demonstrates that it is a dim - : Ala :
In contrast, AlaN470 has an apparent mass of 48 kDa, correspondgtg%ﬁ%tlgg ﬁfMAFLaSNFfGZQrXV;EhOL@NA acceptor helix
to that calculated for the monomeric fragment (53 kDa).
Thekea{Km values for entire dimeric AlaRS determined by theln Figure 4a that part of the imino resonance region of the
ATP/pyrophosphate exchange reaction were . 18F/s/M for  acceptor stem duplex is displayed which contains the signals due
alanine and 1.14 1P/s/M for ATP. The respective values for to base pairs 2 (G2—-C7112.51 p.p.m.) and 1 (G1-C72, 12.07
monomeric AlaN470 were 4.58 1(P and 2.33x 1(P/s/M.  p.p.m.), the uracil of base 3 (G3-U70, 11.98 p.p.m.) and the
Specific activities for aminoacylation of tRIGK from T.thermo-  guanine of the same wobble base pair (10.77 p.p.m.). The same
philusat 60 C were 220 and 31 U/mg for AlaRS dimer and forspectral region is shown in Figude after addition of B mg
AlaN470, respectively. AlaN470 (yielding a concentration 6D.11 mM) to a 0.26 mM



2742 Nucleic Acids Research, 1997, Vol. 25, No. 14

G2 Gl U70 G3

A y N i [
®) A \ ) [crzne; 3
\AJ\'W/ \V“’\w V/ ! ' '

#) e=[c72 NH/]

/\ {\ J\ b) oom @0 12.5 17.n 1.5 (i o
@ Ay WJ \| § d CE

\ ] \ | [ | \ \ [ pm
128 126 124 122 120 118 116 114 112 110 108 |

Figure 4. Part of the imino resonance region of the proton NMR spectra of the
tRNAAIR gcceptor stem duplex at a temperature of 31@)sad¢ceptor duplex
(0.26 mM) without protein; i) acceptor duplex witi’B mg AlaN470
(corresponding to a concentratioridf11 mM). The sample solutions contained
100 mM NaCl, 4 mM MgGl 10 mM sodium phosphate, pH 7. The assignment @
is indicated in the upper trace. The inset displays the sequence of the acceptor 9 i 4 |
stem duplex of tRNA2,

P S S—

1
acceptor helix RNA solution. A small but nevertheless distinct fora

and specific increase in the linewidths is observed, indicatin%_ o

weak binding of the RNA to the protein. The imino signal igure 5. Part of the JR-NOESY spectra (mixing time 300 ms) of the fRNA
iginating from base pair 2 is broadenecEB)Hz (from[nz to acceptor stem d_uplex (concentratl?m3 mM) at a temperature of 303 K.

originating . ! p b a) Acceptor helix wihout protein; If) acceptor helix after addition of 2.3 mg

(17 Hz), the linewidths of the imino resonances due to G3-U7@|aN470 (concentratiofin.09 mM). In both cases the solution contained 100

base pair 3 are increased/Hz (U imino peak; the linewidths mM NaCl, 4 mM MgCp, 10 mM sodium phosphate, pH 6.5. The resonance

of the partially overlapping resonances in the complex of U70 angesitions of the G1 and G3 imino protons (horizontal axis) and the C72 and G3

: : : mino protons (vertical axis) are marked. Upper indices nb and b denote the
G1 have been derived from graphlcal deconvolution of the su mino protons which are not involved (non-bound) and involved (bound)

peak) and 9 Hz (G, frofil0 to 19 Hz) respectively, whereas the respectively in Watson-Crick base pairing. Crosspeaks which are distinctly

base pair 1 line is broadenediy? Hz (from23 to[B5 Hz). NO  weakened upon addition of AlaN470 are circled.

assertions can be made concerning base pairs 4—7. Due to rapid

imino proton exchange caused by fraying of terminal base pairs ) . )

6 and 7, the corresponding imino resonances of U6 and U66 &¥@ton) are drastically weakened. This can be explained by an

not observable at 310 K. Moreover, there is severe overlap of thterease in the linewidths of both the G1 imino and the C72 amino

imino resonances of G4 and G6818.4 p.p.m. (base pairs 4 and 'éSonances, which in turn can be attributed to an enhanced

5, respectively), which prevents a reliable assessment of the effé&ehange rate of these labile protons with the solvent molecule

of enzyme addition in terms of linewidth and chemical shif{H20) protons. o

changes. Nevertheless, slight linewidth increases of both signals artnterestingly, the crosspeak between G3 imino proton resonance

probable and compatible with the observed overall lineshap810-8 p-p.m.) and the G3 amino proton sigrid.§ p.p.m.)

Obviously, the degree of broadening is quite specific for thEémains unaffected upon addition of AlaN470 to the RNA

individual imino resonances, pointing to a specific mode O$'0Iut|on. Th_e mere observation of this crosspeak seems remarkable,

interaction between the acceptor duplex and AlaN470. since G amino protons cannot _usually be observed in proton NMR
This assumption is corroborated by a comparison of thePectra due to their comparatively fast exchange rates.

NOESY spectra of the acceptor helix alone (FHg) and a

complex of the same RNAI(.3 mM) with[D.09 mM AlaN470 DISCUSSION

(i.,e. a molar RNA:protein ratio ofil4:1). In the NOESY .

spectrum of the complex (Figh) the two crosspeaks between theAdVSE;%ge and properties of thermostable AlaRS and

G1 imino resonance and the amino signals of the base paired d*)%

(at(B.1 p.p.m. for the proton involved in the Watson—Crick bas@hough AlaRS is one of the most interesting and biochemically

pairing, at[5.8 p.p.m. for the non-hydrogen bonded amincextensively characterized aaRSs, structural data have not been



Nucleic Acids Research, 1997, Vol. 25, No. 12743

available to date. The reason is probably the low stability of this The AlaRS fromT.thermophiluswas found to be a dimer.
enzyme from mesophilic organisms, which renders difficult botfiRecently it was shown that this also applies t&theli AlaRS (2).
crystallization and production of the homogeneous, highlyn an earlier publication it appeared as a tetraf)eAGsociation
concentrated solutions that are needed for NMR studies. Numeraid=.coli AlaRS dimers to form larger species seems to occur only
examples of stable, well crystallizing proteins frdiimermophilus ~ at lower temperatures. For the thermostahkhermophilus
prompted us to clone its gene and overproduce AlaRS from thfdaRS, however, even at room temperature, which#®C
extreme thermophilic organism. Indeed, the protein proved rathBglow its optimum, no such association was found. Thus, the
stable and could be purified without major complicationsthermophile AlaRS resembles the homodimeric structure of most
Fortunately, the genetically engineered N-terminal 53 kDa fragmeff the other prokaryotic class Il aaRSs.
of AlaRS (AlaN470), which is sufficient for specific aminoacylation - The observed non-aminoacylation by AlaN470 of the C3-A70
of cognate tRNA'2, proved as stable as the entire enzyme an@icceptor stem dupler vitro is at variance with results obtained
could also be purified in greater amounts. This protein is, due ¥§th the E.coli AlaRS (L0), where alanylation of mutant
its reduced size, particularly valuable for NMR investigations. SUppressor tRNA? containing a C3-A70 mismatch pair was
Primary sequence alignment of thénermophilus\laRS with ~ foundin viva The differing behavior might be associated with the
other known AlaRSs revealed, as expected, a high degree $ongly reduced binding astrength of the acceptor helix as
similarity around the three characteristic motifs of class Il aaRSEOMPared with intact tRNAR. The weakened interaction might
However, a retroviral-like zinc binding motif (CoXC—Xg—H— prevent Ind_uced adaptann_(flne a_djustment) of the_ AlaRS
Xo—H) located between motifs 2 and 3 in Eheoli AlaRS 9) contact region to the recognition region of the RNA (mlsmatph
was not found at the homologous position oftteermophilus pair), for which tight binding of the RNA could be an essential

AlaRS (amino acids 173-186), a property shared with the knov\mer(_aquisitt_a, in particular if th_e recognition element has been
eukaryotic AlaRSs. Only one amino acid, namely the secor{HOd'f'ed with respect to the wild-type sequence.

cysteine (Cys176), of this zinc binding motif is present in the

T.thermophilusAlaRS, while the first cysteine is replaced by a

serine. The two histidines completing the motif in Eheoli NMR analyses

enzyme are not found in tiiethermophilugounterpart, whose o ) o

sequence is rather different in that region. Itis, therefore, unlikefp our preliminary NMR investigations presented here the
that theT.thermophilusAlaRS binds a metal atom in this region. acceptor helix of tRNA® from E.coli, comprising 7 bp and the

For the T.thermophilusAlaRS as well as for the eukaryotic Single-stranded ACCA'@erminus (inset of Fig), was used to
AlaRSs a protein-bound metal may not be a requirement f§fudy the interaction with AlaN470. Interaction between the
tRNA recognition, in contrast to the correspondiBgoli tR_NA mlcrohehx gnq AlaN470 is d|$t|nctly wgaker as compared
enzyme, as demonstrated by mutagenesis and binding studiédth the native, original molecule, smce_both interaction partners
(6,7). However, a cysteine (Cys666) that is not involved in zin@@ve been truncated. For NMR analysis this was advantageous,
binding in theE.coli AlaRS @8) is present at the homologous since the expected reduced association constant gave rise to a fas
position in theT.thermophilugnzyme (amino acid 682). Though €xchange of the RNA between the free and complexed forms,
located outside the N-terminal fragment (461N), which iéhus resulpng in well-resolved NMR spectra of the RNA. In the
sufficient for specific aminoacylation, this residue was shown t§ase of a tightly bound complex, however, the ‘?ﬁeCt'Ve molecular
contribute to the catalytic efficiency Bfcoli AlaRS. The whole weight of 50 kDa would have rendered a detailed NMR analysis

; : : - N ._impracticable, due to the greatly increased linewidths for the
region {I.thermophilus\laRS amino acids 500-716) where thISRNA moiety and the correspondingly poor spectral resolution.

cysteine is located shows a high degree of sequence similari i~ ) -

with other known AlaRSs, indicating its, albeit unknown, functionalrt:’:rggi ;Eeb epxg;nr:r;ﬁgy a?cl\(/alSt o?tgg ?nso?tliy%vlg,gl:; d %;ﬁg%mc’

|m£ortan_ce. td irated ific DNA binding bv th can be derived. The most pronounced effect in the imino and
previous réport demonstrated Specific Incing By tN&nino resonance regions of the proton NMR spectra is found for

E.coli AlaRS 0). It remained unclear which domain was e first hase pair (G1-C72), indicating a specific contact of this
responsible for this property. ThEthermophilusphenylalanyl-  gite \ith the protein. Thereby, the exchange rate of the

tRNA synthetase, which belongs to the same subclass (IIc) ghresponding labile imino and amino protons is enhanced in
aa_RSs, also specifically bln_ds DNA fragments located UpStre?tEBmparison with the non-complexed state. This might be due to
of its own genes (our unpublished results). A sequence comparisoiyidening or even disruption of the first base pair or specific
of the assumed DNA binding domain 5 of feubunit of this  contact with a side chain of the protein which is able to catalyze
enzyme §1) with regions of unknown function of the AlaRS, proton exchange upon interaction of the acceptor stem with
however, revealed no obvious similarities. The structural basis @8iaN470 in the major groove. Only slight effects upon the
this rather unusual and poorly understood common property gkchangeable proton resonances of the identity element base pair
both aaRSs has to be established. G3-U70 could be observed in the presence of AlaN470. In
A high degree of sequence similarity with other known AlaRSgarticular, the G3 amino—G3 imino crosspeak is not influenced by
was also found at amino acids 400-411, which is in the reﬁgion thaddition of AlaN470 to the acceptor helix solution. The presence
probably recognizes the critical G3-U70 base pair of tRNA  of this crosspeak is all the more noteworthy as the G3 amino
This region is supposed to form a module that folds back to thgoup is not involved in Watson—Crick base pairing and protrudes
catalytic center to ensure proper tRNA recognition by makinghto the minor groove. Although it should thus be even more
contacts with its acceptor stel).(The accumulated conserved easily accessible to solvent molecules than in the case where the
aromatic amino acids in this region may interact with the acceptdiH, group is involved in hydrogen bonding, the opposite is
stem nucleotides. found. In the present case a drastic reduction in amino proton
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exchange due to particular protection of this group is detected}
maybe by a tightly bound water molecule, as found in a crysta?
structure analysis of a G-U pair-containing mismatch duplex;
(33). The lack of major changes in the exchangeable proton

Jasin,M., Regan,L. and Schimmel,P. (1988)ure 306 441-446.
Davis,M.W.,, Buechter,D.D. and Schimmel,P. (19Bi¢ichemistry33,
9904-9911.

Miller, W.T. and Schimmel,P. (199Proc. Natl. Acad. Sci. USA9,
2032-2035.

resonances cannot be taken as evidence for a lack of any specificMiller, W.T. and Schimmel,P. (1998)ol. Microbiol., 6, 1259-1262.

interaction between the involved nucleotides and the protein and,
in particular, between the G3-Nigroup and functional groups
of the enzyme 9), since here only the exchangeable protong

Buechter,D.D. and Schimmel,P. (1986)chemistry34, 6014—6019.

9 Francklyn,C., Musier-Forsyth,K. and Schimmel,P. (1992) J. Biochem

206 315-321.
Gabiriel,K., Schneider,J. and McClain,W.H. (1986)ence271, 195-197.

resonances were analyzed. Nevertheless, a change in the hydragemusier-Forsyth,K., Usman,N., Scaringe,S., Doudna,J., Green,R. and

bonding pattern of the G3 amino group seems improbable in view
of the reported results. The linewidth (and, accordingly, linewidtA2
changes) of imino resonances are mainly determined by t
exchange rates of the corresponding imino protons with the
solvent (HO). The exchange rate can be affected by the
accessibility to exchange-catalyzing buffer iodg)( by the 15
presence of proper amino acid side chains of the protein or by
alterations of the hydrogen bond (base pair) geometry. This cag
be induced by interaction with the protein and in turn gives risgr

Schimmel,P. (1991%cience253 784-786.

Castenholz,R.W. (1968gcteriol. Rey 33, 476-504.

Studier,F.W., Rosenberg,A.H., Dunn,J.J. and Dubendorff,J.W. (1990)
Methods Enzymgl185 60-89.

Miller,J. (1972)Experiments in Molecular GenetidSold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

Sambrook,J., Fritsch,E.F. and Maniatis, T. (1988ecular Cloning: A
Laboratory Manual Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

Yanisch-Perron,C., Vieira,J. and Messing,J. (1885)e 33, 103-119.
Limmer,S., Reiser,C.0.A., Schirmer,N.K., Grillenbeck,N.W. and

to altered solvent accessibility. Consequently, from these analyses Sprinzl,M. (1992)Biochemistry31, 2970-2977.

no assertions about possible changes in the helical geometrylfn

particular in the vicinity of the G3-U70 identity element, uponq
interaction with AlaN470 can be deduced. It seems possible that
specific interactions between certain functional groups of the
G3-U70 base pair and the enzyme occur, which, however, do not
cause significant variations in the imino proton exchange ratesgf
the exchangeable protons of the identity element base pair. Mgie
detailed structural information can be expected from an analysis
of the non-exchangeable proton NMR spectra (in particulas
NOESY), which is presently underway. ”
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