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ABSTRACT

In Escherichia coli, two distinct lysyl-tRNA synthetase
species are encoded by two genes: the constitutive
lysS gene and the thermoinducible IysU gene. These
two genes have been isolated and sequenced. Their
nucleotide and deduced amino acid sequences show
79% and 88% identity, respectively. Codon usage
analysis indicates the lysS product being more
efficiently translated than the IysU one. In addition, the
lysS sequence exactly coincides with the sequence of
herC, a gene which is part of the prfB-herC operon. In
contrast to the recent proposal of Gampel and
Tzagoloff (1989, Proc. NatI. Acad. Sci. USA 86,
6023 - 6027), the IysU sequence is distinct from the
open reading frame located adjacent to frdA, although
large homologies are shared by these two genes.

INTRODUCTION

In Escherichia coli, lysine is an exceptional amino acid since it
is activated and transfered to tRNALYs by two distinct forms of
lysyl-tRNA synthetase (LysRS) (1,2). The reason for the
occurrence of two LysRS isospecies is presently unsolved. One
LysRS species is expressed from lysU, a gene which appears
to be inducible under some extreme physiological conditions. In
particular, the lysU gene is assigned as a member of the heat
shock regulon (3). In addition, lysU can be induced under certain
nutritional conditions like the presence of dipeptides (1, 4, 5),
while it remains almost silent during normal growth conditions
(1). Also, lysU was shown to be induced in various mutants like,
for instance, those deficient in S-adenosylmethionine synthetase
activity (1, 6). The other LysRS species, encoded by lysS, appears
to be not submitted to the above regulations (1,2).

In this study, as a first step in the deciphering of the lysS and
lysU gene functions, we report the cloning, sequencing and
comparisons of these two genes. This work sheds some light on
recent speculations by Gampel and Tzagoloff (7), based on the
search of homologies between yeast aminoacyl-tRNA synthetase
sequences and E. coli DNA sequences. In particular, it firmly
establishes that the lysS gene coincides with the herC sequence
(8) and denies that the reading frame adjacent to the frdA gene
(9) could be the structural gene of the heat-inducible LysRS.

EMBL accession no. X16542

MATERIALS AND METHODS
Strains, phages and plasmids
Plasmids pBluescript KS and SK were from Stratagene (San
Diego, USA). Phages Ml3mpl8 and Ml3mpl9 (10) and
plasmids pBluescript were produced in strain JMIOITR
(A(lac,pro) supE thi-J recA56 srl300:: TnlO F'(traD36 proAB
lacIq lacZAM15))(1 1).

Enzymes and substrates
DNA restriction and modification enzymes were purchased from
either Boehringer (Mannheim, West Germany), Bethesda
Research Laboratory (Rockville, Maryland, USA), Pharmacia
Fine Chemicals (Uppsala, Sweden) or Appligene (Strasbourg,
France). [-y-32P]ATP (29.6 TBq/mmol) and [a-35S]dATP (37
TBq/mmol) were from Amersham (U.K.), [14C]lysine (12
GBq/mmol) was from the Commissariat 'a l'Energie Atomique
(Saclay, France). Pure unfractionated E. coli tRNA was from
the pilot facilities of the Institut des Substances Naturelles (Centre
National de la Recherche Scientifique, Gif-sur-Yvette, France).
Initial velocities of tRNA aminoacylation were measured
according to Brevet et al. (12).

Recombinant DNA techniques
General genetic and cloning techniques were as previously
described (13-16). Southern blot analysis was performed
according to Maniatis et al. (14), or by using the unblot method
of Wallace and Miyada (17). DNA probes were labeled by
phosphorylating oligonucleotides in the presence of [Ly-32P]ATP
(14).

LysRS purification and N-terminal sequencing of purified
LysRS
The purifications of the LysRS samples used for the N-terminal
sequencing have been already described. The LysRS encoded
by lysU was purified from strain JMlO1TR transformed by the
plasmid pXLysCla3 harboring lysU. This strain overproduces
LysRS activity 25-fold (12). The obtained LysRS sample
unambiguously provided a unique N-terminal sequence. This
excluded a contamination by the lysS gene product greater than
5 %, a value in agreement with the above overproduction factor.
The lysS-encoded LysRS was purified from strain EM20031
(rpsL, dsdC3, F32(dsdC+)) (18). The peak of LysRS activity
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Figure 1: Restriction map of plasmid pXLysCla3 containing the lsU gene, and of plasmids pXLysKSI and pXLysSK2 containing the Iv.sS gene. Hatched boxes
indicate the locations of the two genes. Arrows indicate transcription directions from the cloned genes and from the lactose promoter carried by pBluescript.

eluting at the highest phosphate concentration through
hydroxylapatite chromatography was chosen for further
purification and N-terminal sequencing. The identity between the
chemically determined N-terminal sequence and that deduced
from the lysS sequence, as shown under Results, a posteriori
valids the choice made on the hydroxylapatite profile.
For N-terminal sequencing, one nanomole of purified LysRS

was submitted to automated gas phase sequencing in an Applied
Biosystems model 470 A sequencer (19).

Construction and screening of M13 libraries

Chromosomal DNA from E. coli strain JMlOlTR was digested
by BamHI and HindlII enzymes. The resulting DNA fragments
were separated by high performance size exclusion
chromatography (20). Aliquots of the different fractions were
electrophoresed on a 1% agarose gel and hybridized to a

radioactive oligonucleotide probe. The DNA fragments from the
fraction that gave the strongest hybridization signal were ligated
to Ml3mpl8 or M13mpl9 DNAs and used to transform strain
JMlOlTR. For each construction, 500 lysates were prepared as

follows: strain JMlOlTR was infected with isolated Ml 3 plaques
and grown overnight in 200 Al of 2 xTY medium, in
microtitration plates. Plates were centrifuged and the supematants
filtered through nitrocellulose filters. Filters were dried at 80'C
under vacuum for two hours and, then, hybridized overnight with
the radioactive oligonucleotide probe. Filters were washed with
2 x SSC (14) at room temperature, and autoradiographed for two
hours.

DNA sequencing
The dideoxy chain termination method was used to determine
the nucleotide sequence of both strands of the lysS and lysU genes.

Sequencing was performed on single- or double-stranded DNA
(21, 22).
Computer analyses of amino acid and nucleic acid sequences

were carried out using the DNAid program on a Macintosh
computer (23) and the data bases and facilities of the Centre Inter-
Universitaire de Traitement de l'Information (CITI2, Paris).

RESULTS
Subeloning of the lysU gene
Plasmid pLC4-5 of the Clarke and Carbon library (24), known
to carry /ysU (25), was used to subclone this gene. For this
purpose, pLC4-5 was digested by Clal and the resulting fragments
were ligated with pBluescript( + )KS DNA. After transformation
of strain JMIOITR with the ligation mixture, clones
overproducing tRNALYS aminoacylation activity were analysed.
Each of them carried a plasmid with a common 7 kbp Clal insert.
One of the above plasmids, pXLysCla3, was selected for

further studies. Its restriction sites were mapped (Figure 1), and
various deletions were made, in order to precisely localize the
[ysU gene. After EcoRV, EcoRI, PstI, Sall or Sacd complete
digestion and recircularization, plasmids were assayed for LysRS
overproduction. Only the plasmids with Sacd, EcoRV or Sall
deletions, still caused an increased LysRS activity. Therefore,
it could be concluded that IvsU was located between the EcoRV(2)
and SalI(l) sites of pXLysCla3.
By comparison to the complete restriction map of the E. coli

chromosome (26), the restriction pattern of pXLysCla3 was found
to correspond to a unique region of the E. coli physical map,
at the kbp 4430. This position is close to the previously reported
location of [ysU, at 92 min on the E. coli linkage map (25).

Cloning of the lysS gene

Firstly, the N-terminal sequence of purified LysRS (see Materials
and Methods) was used to design an oligonucleotide probe.
Sequential Edman degradation indicated the sequence

SEQHAQGADAVVDLNNELKTRREKLANL, different from
that of the /ysU product (which is shown further below). Using
all the possible codon combinations for the six consecutive amino
acids EQHAQG, a 64-fold degenerated 17-bases long
oligonucleotide was synthesized.

Then, Southern blot analyses were performed by hybridizing
this oligonucleotide probe to E. coli chromosomal DNA
previously digested by combinations of BamHI, EcoRI, EcoRV,
Hindlll, KpnI, PvuII and Sall enzymes. From the lengths of the
hybridizing DNA fragments, the N-terminus of lysS could be

pXLysCla3
1000 bp

I
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M S E 0 E T R G A N E A I D F N D E L R N R R E K L A A L R 30
ATG TCT GAA CAA GAA ACA CGG GGA GCC AAT GAG GCT ATT GAT TTT AAC GAT GAA CTG AGA AAT CGC CGC GAA AAA CTG GCG GCA CTA CGT
ATG TCT GA.A CAA CAC GCA CAG GGC GCT GAC GCG GTA GTC GAT CTT AAC AAT GAA CTG AAA ACG CGT CGT GAG AAG CTG GCG AAC CTG CGC 90
M S E Q H A Q G A D A V V D L N N E L K T R R E K L A N L R

Q Q G V A F P N D F R R D H T S D Q L H E E F 0 A K 0 N Q E 60
CAG CAA GGT GTG GCG TTT CCC AAT GAT TTT CGC CGC GAC CAT ACC TCT GAC CAG TTG CAC GAA GAG TTT GAT GCG AAG GAT AAC CAG GAA
GAG CAG GGG ATT 0CC TTC CCG AAC OAT TTC COT CGC OAT CAT ACC TCT GAC CAA TTG CAC GCA GAA TTC GAC GGC AAA GAG AAC GAA GAA 180
E Q G I A F P N D F R R D H T S D 0 L H A E F D G K E N E E

L E S L N I E V S V A G R N M T R R I N G K A S F V T L Q D 90
CTG GAA TCC TTA AAC ATT GAA GTC TCG OTT OCT GGC CGA ATG ATG ACC COT COT ATC ATG 000 AAA 0CC TCC TTT GTA ACG TTG CAG OAT
CTG GAA GCG CTG AAC ATC GAA GTC 0CC OTT OCT GGC CGC ATG ATG ACC COT COT ATT ATG GOT AAA GCG TCT TTC OTT ACC CTG CAG GAC 270
L E A L N I E V A V A 0 R N M T R R I M 0 K A S F V T L 0 0

V 0 0 R I 0 L Y V A R D S L P E 0 V Y N D Q F K K W D L 0 0 120
GTC GOT GGC COT ATT CAA CTG TAC OTT GCA AOA OAT AGC CTG CCA GAA GOT OTT TAT AAC OAT CAG TTT AAA AAA TOO OAT CTG GOT GAC
OTT GGC GOT CGC ATT CAG CTG TAC OTT 0CC COT GAC OAT CTC CCG GAA GGC OTT TAT AAC GAG CAG TTC AAA AAA TGG GAC CTC GGC GAC 360
V G 0 R I Q L Y V A R D D L P E 0 V Y N E Q F K K N D L G 0

I I 0 A R 0 T L F K T Q T 0 E L S I N C T E L R L L T K A L 150
ATT ATC GOT 0CC CGC GOT ACG CTG TTT AAG ACG CAA ACG GOT GAG CTT TCC ATT CAC TOT ACT GAG CTG CGC CTG CTG ACT AAA GCA CTA
ATC CTC GGC GCG AAA GOT AAG CTG TTC AAA ACC AAA ACC GGC GAA CTG TCT ATC CAC TGC ACC GAG TTG COT CTG CTG ACC AAA GCA CTG 450

I L 0 A K 0 K L F K T K T 0 E L S I N C T E L R L L T K A L

R P L P D K F N 0 L Q 0 Q E V R Y R Q R Y L D L I A N D K S 180
COT CCT TTA CCA OAT AAA TTC CAT GOT CTG CAG OAT CAG GAA GTC COT TAT COT CAA COT TAT CTG GAC CTC ATC OCT AAC OAT AAA TCC
COT CCG CTG CCG OAT AAA TTC CAC GGC TTG CAG OAT CAG GAA GCG CGC TAT COT CAG COT TAT CTC OAT CTC ATC TCC AAC OAT GAA TCC 540
R P L P D K F N 0 L Q D 0 E A R Y R Q R Y L D L I S N D E S

R Q T F V V R S K I L A A I R Q F N V A R 0 F M K V E T P N 210
COT CAA ACG TTT OTT GTC COT TCA AAA ATT CTG 0CC OCT ATC COT CAA TTC ATG GTC GCG CGC GGC TTT ATG GAA GTA GAA ACC CCG ATG
CGC AAC ACC TTT AAA GTG CGC TCG CAG ATC CTC TCT GOT ATT CGC CAG TTC ATG GTG AAC CGC GGC TTT ATG GAA OTT GAA ACG CCG ATG 630
R N T F K V R S 0 I L S 0 I R Q F M V N R 0 F M K V K T P M

N 0 V I P 0 0 A S A R P F I T H H N A L D L D M Y L R I A P 240
ATG CAG GTA ATT CCA GOT 000 GCA TCT OCT CGC CCG TTT ATT ACC CAT CAT AAT OCT CTG OAT TTA OAT ATG TAT CTG COT ATC GCG CCG
ATG CAG GTG ATC CCT GOC GOT 0CC OCT GCG COT CCG TTT ATC ACC CAC CAT AAC GCG CTG OAT CTC GAC ATG TAC CTG COT ATC GCG CCG 720
M Q V I P 0 0 A A A R P F I T H H N A L D L D M Y L R I A P

E L Y L K R L V V 0 0 F K R V F K I N R N F R N K 0 I S V R 270
GAG CTG TAT CTG AAA COT CTG OTT GTA GGC GGT TTT GAA COG GTA TTC GAA ATC AAC COT AAC TTC COT AAT GAA GOT ATT TCT OTT CGC
GAA CTG TAC CTC AAG COT CTG GTG OTT GOT GGC TTC GAO COT GTA TTC GAA ATC AAC COT AAC TTC COT AAC GAA GOT ATT TCC GTA COT 810
K L Y L K R L V V 0 0 F K R V F K I N R N F R N E 0 I S V R

H N P E F T N M K L Y M A Y A D Y N D L I K L T K S L F R T 300
CAT AAT CCT GAO TTC ACA ATG ATG GAA CTC TAC ATG GCG TAT GCG OAT TAC CAC OAT TTG ATT GAA CTG ACA GAO TCA CTG TTC CGC ACC
CAT AAC CCA GAO TTC ACC ATG ATG GAA CTC TAC ATG GCT TAC GCA OAT TAC AAA OAT CTG ATC GAG CTG ACC GAA TCG CTG TTC COT ACT 900
H N P E F T N N E L Y N A Y A D Y K D L I E L T E S L F R T

L A 0 K V L 0 T T K V T Y 0 K H V F D F 0 K P F K K L T M R 330
CTG GCA CAA GAO OTT CTG GOT ACC ACT AAA GTC ACT TAT GGC GAG CAT GTG TTT OAT TTC GOC AAA CCG TTT GAA AAA CTC ACC ATG CGC
CTG GCA CAG OAT ATT CTC GOT AAG ACG GAA GTG ACC TAC GGC GAC GTG ACG CTG OAC TTC GOT AAA CCG TTC GAA AAA CTG ACC ATG COT 990
L A Q 0 I L 0 K T K V T Y 0 D V T L 0 F 0 K P F E K L T M R

E A I K K Y R P K T 0 M A D L D N F D A A K A L A E S I 0 I 360
GAA GCA ATC AAA AAA TAT COT CCA GAA ACC OAT ATG 0CC OAC CTG OAT AAT TTT OAT OCT OCT AAA GCA TTA OCT GAA TCT ATC GOT ATT
GAA GCG ATC AAG AAA TAT CGC CCG GAA ACC GAC ATG GCG OAT CTG OAC AAC TTC OAC TCT GCG AAA GCA ATT OCT GAA TCT ATC GGC ATC 1080
K A I K K Y R P E T D N A 0 L D N F 0 S A K A I A E S I 0 I

T V E K S W 0 L 0 R I V T K I F D K V A E A H L I Q P T F I 390
ACG GTA GAG AAA AGC TOG 000 TTG GGA COT ATT GTC ACA GAG ATC TTT OAT GAA GTG GCA GAA GCA CAT CTG ATT CAG CCA ACC TTT ATT
CAC OTT GAG AAG AGC TOO GOT CTG GGC COT ATC OTT ACC GAG ATC TTC GAA GAA GTG GCA GAA GCA CAT CTG ATT CAG CCG ACC TTC ATT 1170
8 V K K S W 0 L 0 R I V T K I F K K V A E A H L I Q P T F I

T E Y P A K V S P L A R R N D V N P K I T 0 R F K F F I 0 0 420
ACG GAA TAT CCG GCA GAA GTG TCC CCG CTG GCA CGC COT AAT OAT OTT AAC CCG GAA ATC ACC GAC COT TTT GAA TTC TTC ATC GGT GGT
ACT GAA TAT CCG GCA GAA OTT TCT CCG CTG GCG COT COT AAC OAC OTT AAC CCG GAA ATC ACA GAC CGC TTT GAO TTC TTC ATT GOT GGT 1260
T K Y P A K S P L A R R N D V N P K I T D R F V K F F I 0 0

R K I 0 N 0 F S K L N 0 A K 0 0 A K R F Q K 0 V N R K A A 0 450
COT GAA ATC GOT AAT GOT TTT AGC GAA TTA AAC GAC GCA GAA OAT CAG OCT GAA COT TTC CAG GAA CAG OTT AAT COT AAA OCT GCA GGT
COT GAA ATC GOT AAC GOC TTT AGC GAO CTG AAT GAC GCG GAA OAT CAG GCG CAA CGC TTC CTG OAT CAG OTT 0CC GCG AAA-GAC GCA GGT 1350
R K I 0 N 0 F S K L N 0 A K D Q A 0 R F L 0 0 V A A K D A 0

D D K A M F Y 0 K D Y V T A L K Y 0 L P P T A 0 L 0 I 0 I 0 480
GAC GAC GAA 0CC ATG TTC TAT OAC GAA OAT TAC -GTG ACT GCG CTG GAA TAT GOT CTG CCG CCA ACC OCT GGT CTG GOT ATT GOT ATC GAC
GAC GAC GMA GCG ATG TTC TAC OAT GAA OAT TAC GTC ACC GCA CTG GAA CAT GGC TTA CCG CCG ACA GCA GGT CTG GGA ATT GOT ATC GAC 1441
O 0 K A N F Y 0 K 0 Y V T A L K H 0 L P P T A 0 L 0 I 0 I 0

R M I M L F T N S H T I R D V I L F P A M R P 0 K 505
CGA ATG ATT ATG CTG TTT ACT AAC AGC CAT ACT ATT CGC GAC OTT ATT CTC TTC CCG GCG ATG CGC CCA CAG AMA TMA
COT ATG GTA ATG CTG TTC ACC MAC AGC CAT ACC ATC CGC OAC OTT ATT CTG TTC CCG GCG ATG COT CCG GTA MAA TMA 1518
R M V N L F T N S H T I R 0 V I L F P A M R P V K

Figure 2: Nucleotide and deduced amino acid sequences of the lysU (upper lines) and lysS (lower lines) structural genes.

located on the E. coli physical map at the kbp 3050 (26). This isolated from E. coli chromosomal DNA and inserted into
position is in good agreement with the genetic mapping of lysS M13mpl9, using the strategy described in Materials and
at 62.1 min on the linkage map (27). Methods. Strong hybridization signals were obtained with three
The hvbridizing HindEl-BamHiI fragment (3.5 kbp) was further out of 500 recombinants. One positive clone served to prepare
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LysUEC 41ErnKRGNADFDWR--------------------2----------1

LysSEC IMSEIQAGIADAVVDLNNEILK----------------------------------------21

LysSC IMSIQWD NV KWAAA E GVAUL R D EA TG E MV SK SELK K RI K QR Q V AK K AAK K A AA Q P A 1

AspSCC M j Q D E N I V K A V E E S A E P A Q V I L G E D - G K P L S K K A L K K L Q K E Q K K Q R K K F £ R A L Q L F A PF R E 59

AspSCmn M[ARSRV-
AspRT [JSANASRKGQEK-------------------------

LysUEC----------- NE A -QGAFNRDHS 'EMA N 5

LysSEC ------------------TIRERKKANIL Rt--KEQG I AF 2NDFRRDHNTSDWQLHAEUD G -KVNE 9

LysSC S KK K TDL F AD L D P SQY FE TUSR QDIQ ELR K THEP N PYPHNKHJVS I S N PEF L AK Y AN L K KG2107

AspSCc ARE KK A A AKITA K DNY- .1---GK L PL'Q SRD- ------- - - S DRTGG KRNVKK]V IL IFAK I103

AspSCm---------------C L QT I TR R DF7 D P E AN----------A IK K KF L FRNLD~T ST R -L

AspRT P RE I VD A A DY A KE RY------G V SS MDIQSQKE----------K PD RV LV RV KDIL TV Q K

LysUEC ErESLNIWSVAGRMMM7R-RIMGF1-ASFVTQFfV R~1R~Y F-1A WPE[1V1NDrnF f771 16

LysSEC EELALNIvAVAGRM MTWR-R IMG -KAS[FTLQQDMGVR IQLIYLV ARDLDPE: GMWVIYNK MKK WI I016

LysSC T P - - K KE V] SI A G R I H A K - R K S G S L K F YV L N G DEL JQ L]M S Q L Q J C D P D S Y K K D H D L L 1_71

AspRTG~~ S-I
LF RVHNE K-R QQG LAFL LR Q SL

L~D V EWTI KN V 6WSAspSCmc L ss G KVLN IEQVNT KRNVG1K N LI GFDLL R[ES N DDIQLI,D NK±FL- ------88

LysUKC -- --DLGDD IGRTLFTQT-. GELS IN11LR1LLT1K1A-L1RPL PTDKFHI- -- - --i5

LysEKI~DTL ------GELS ICcWTKLRIL LTIK]A LIRPLLP DK F H
- 1-

LysSC - - - -K GIDIV E GKYVG RTQPKKGG EGEVM SVFV S R VQLL TP CLLJHML P A H F 2- - -- --2222

AspSCcAGSLNjIIVVIGI VDPDSTQLI rDWK IYTISEKTPEAL PI ILLFDASRSFA 216

AspECm L KGIF TWE[f TV QWV GII - SL K R K L SNEKDIAD V L KE DIT VDNA S NKK K AQIMQDIF KL SAI146
AspRT AA N IN KESK D ID V K LGJ I V Rr1V NQIKIGISCIT QQID VEK LH~V Q K DIYV D S L K P Q1IAINA 6

LysUKC--I ---- LQ D0 hV[RYRQRNYFL D LI A[1D KF~QT [FVVV ~KWL A AI[R]Q 1M VARIFMKVF 2-f 21

LySSKC --------LQID QKIAIRYRQIRYLDLDISNDKERNTIFKVV]SQD]LOGIRQIFIVNNGFMKVFF-II21

AspSCC EAEAAG LPVVNLDTLYLRjLRTVTNQAIFRIQAGVCELFREYLATKFTE___HT-274
A-pSCm Y PPE2K -------F,RYL 0L- RE]PKYQDIFLYKKR KSIS K KNRN S FN NFIFTEK V F 1 F-M] 191

AspRT KEG KKD G NRA T V N D T[]L D NR LTT~~-RNTST RSQ AI N[FHL SGICHL RE TLSNKI FVK ITQITPF- K 2222

IX ~~~~~~~~~~~~~~~~MSKET A SW QP S AS IPNLLRAIM A IR RFF A LNGSLV TC- 4

LysUEC MQV
12 GGASARPF ITN- - - -F AF LDMY L[GNIAPE L Y LKRLVVG GFEKNVFEK INR7NFANEK 265

LysSEC MN V IFP-Al1GG ATANP F ITHN- - - - DNA M
D DMY-MR~GI APEK L F LKNL GLFKNVFKIN]R

LysI NV A I
GAG KPF I

T
N

- - - -YL~Di.pF D
K AF -

L

N SA P KL Q Q L VVI I L
R V Y KE 1UI FNV FR 328

AspSCc L LIAGP5KIGSSKIKAY-fT F N K VAIFK NVFKI
A VECF 04

E 2

327

AspSCm IF K AT PKEG Ak_I EF LVP T RTK R SD G KP S F Y AILID Q SP Q KQ LMNA SIGVN K YYQMA~ ff 5

AspNT515A AS KID A N V FT VS . ~~~YF KS NAY- L]AQ SP Q L]KQMNC ICIA I F K K [771_ C G P V F N E2275

GX S IA T VT DINHL VPFEWR F VG12 REQ INMNE W -[MTSIPEKYNMKRLLEAGCGP IL CSFR RN~_K 102

LysUKE[C S N PEKF TMN71LY NAYA -[T7jI [ELRFiSf T L---------AQQ V LIT T KVT Y711G 314

LysSEC I SV -RHNNPEKF TMNMME L YMNAYFA -DYKDLI ULITEK]L]F]RTL---------AQDIIL GKTIFVT0FG 314
AspSCc NSNTHRTHiEFTGLDEMAFKEEHI+K D TSEF.~V FI---------F ELKRSF1

AspSCm DENR NRNLD EKFTQV DLIIKMNAF2ND-NYEKVMVKII[KT SG W K K R L TL

AspX K
NTHIENY

GL DI NMP N Y
-

YHI

N K
I A D T LV Q I-F---- KGLQ

B I
- - - -

5
22

GX E M G NRNPH K F T N LETW H

I NYR MlNE V
D

DPL Q Q V LIIC FAA K
S KS Y

Q Q A

i.ysUKC-K-- N-E V FDI[G1KP7FEf1KLTREN AlIK K--[-71-R PETDIMHADL INFD FAI[AKAL AE1SIn -76-
IysSEC ----I----VTLIFDGKPIFWfJKLTMRIKAIKIK-I -- -WJR PETD]nAILDNFIDIAfKA[7IA2SIH3 61

7'ysSC P D P A I P A K K L K L N S NIP] W K N I N fJIWE LEIKI V F N V K F P 5 1 D I L N T A K T G K F1K KffLVIN4 F 4

AspSCc N KEIEKLV NR iV~ PKY-I -I NVNL W .1 [L R - -A- fA~ [GKEjIGDI F K

As)Slrm K K ENDGT V S I FRNMT FEQI AM T S YG IDI KPD1L NRA PD1LK I I N LGE F NA FSHLN I K KTF P V F[]VIF 3368
AspRT T KEI T VNK-F . E]CZ]P F K FLFEP T-- LNLK C KA LAmLN---- FF1 6

LvsUEC V ]EKSWGI TFL fG IIVTEK I F ~ V AEKAHNL Q-TIPT F IT K-[T A KVSPL- ~ 71 1

LyS C P P P L T NWAIRIMN L I K L V Gj E L K I T C - - - U N P T F I F G fPlNQ S P L - K F S NR P7F 1 - L C FNFFV 431

AspSCc T[ETNEKFDKDLFRDLKYDPFYTN_P_ K- SISN 1 472

AspSCm SA--(130 aa) - K K K K L A Y YEKDKIR[EC ST N NP F TMNV KL K I---- F-Y KLEKTIP KK CL IRH YD1L 47_

AspRT T PN K K L LLI L KrqK Y - TDIF YV LDIKF P LAEAR FF FYTMP PI FN N F K IS N S Y N 418

LysUEC T]IGIG_[ E[R NGIF S L AEI AEKK QFI V NRNKAAG D NEA F DEKDYIVIAL81YGLP P 1A G 71 476,

LysSEC F]I rI REIG NGIF EKL NDIAEKIIA IN ]L7 VAAKD AGD DIEA]MF YDED YjV IAL PIC12p A G IGI 476

LysSC F]V A T KEKI C NAY TEKL NDIP F 9R A Ei ARQU DQGDD AQIL VDKE FC N AL EY IP PTG1 GWGf 5 1

AspSCc FMREN[E]K IILT1S AQDIN I NI AL LQ MNKAHNGIL SP KE DPG1L-- KiFlj7jCDII SF CCPPNA GGG7] 26

AspSCmn VVNjjVEKEL I IG; STRNKNI PRNL DFnD I K I I L KI - - - -WrqN AYFELIFGIHN- L L N MFIN PPH Ao -,T 6A 62

AspRT rN KR KIEIL SGIAQIRIH P12- --- IL L TER ALHNHNDIDILE KKI -- -K A l D! FNID A iPP A CG [W 417

LysUKC IGIDRNMI[LFTfNSNTIRDV ILFPAMRPQ]K---------------------------
LysSEC IGIDRMVIMLFT]NSHTIRDVILFPAMRIPIVK--------------------------- -50 (88%)

LysSC CGIDIIRLAMN[VL1IT S MNTIRNEK VFL~L F P T L KPD1V LRN KV KKKKKEE N---------------- 591 (41%)

AspSC1c IDL RV VM YLIDL K N INNRJ ASLF PR-ID2KRNLRNP------------------------ 55 (23%)

AspSCmn IGFINNC A NMI CEKTEKS I NIR DV I AF P K SI GTIAD11VV K SP 5 V IPK S I I K P F N I K F S N S K K 6658 (20%

AspRT NIGL TLKRRVMTPN-LRLFPLI L NV-N I T SN-F P N - D IP-- 501 (21%

GX (3%7

Figure 3: Protein sequence alignment of the IysU gene product (LysUEC), the lysS gene product (LysSEC), the LysRS of S. cerevisiae (LysSC) (40). the cytoplasmic
AspRS of S. cerevisiae (AspSCc) (62), the miitochondrial AspRS of S. cerevisiae (AspSCm) (7), the cytoplasmic AspRS of rat (AspRT) (38) and the putative protein
GX, an open reading frame located beside the E. coli frdA gene (9). Only the 152 amino-terminal residues of the putative protein GX are known. For clarity, a

stretch of 130 amino acids from S. cerevisiae m-itochondrial AspRS sequence has been deleted in the figure (amino acids 371 -500). The residues which are conserved
in at least three sequences including one E. coli LysRS sequence are boxed. The numbers on the right of the figure indicate the distances from the N-termnini. Identity
rates of each examined amninoacyl-tRNA synthetase with the lysU encoded LysRS are given as percentages at the end of each sequence. Sequences have been aligned
with the CLUSTAL program (63) and further adjusted by hand to maximize the number of conserved residues among the 7 compared sequences.

the Hindlll-BamHl fragment for insertion between the or the corresponding control pBluescript plasmids. These
corresponding sites of pBluescript(-)KS and pBluescript( + )SK. measurements were performed at the stationary stage of growth,
Resulting plasmids were quoted pXLysKS 1 and pXLysSK2, in the presence or absence of IPTG. Independent of IPTG,
respectively (Figure 1). LysRS activity was measured in extracts plasmid pXLysSK2 caused a 4-fold overproduction of LysRS,
of strain JMlOlTR transformed by either each of these plasmids if compared to the control plasmid. In contrast, plasmid
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Table 1: Codon usage in the lysS and lysU genes.

The codon usages in the lysS and lysU genes are given as fractions of each codon within its redundancy family. They are compared with the average codon usage

in either strongly expressed genes (SEG) or weakly expressed genes (WEG) (30). Numbers are boxed when the usage of the corresponding codon coincides in (a)
both lysS and the strongly expressed genes (SEG), and (b) both lysU and the weakly expressed genes (WEG).

U C ] A 6

lysS lysU SEG WEG lysS lysU SEG WEG lysS lysU SEG WEG lysS lysU SEG WEG

pXLysKS1 caused 50-fold and 100-fold overproduction, in the
absence or presence of IPTG, respectively. These values clearly
established the presence of an open reading frame coding for an
active LysRS on the cloned 3.5 kbp HindI]I-BamHI fragment.

Sequencing of the lysU and lysS genes

The nucleotide sequences of lysS and lysU genes, along with the
corresponding deduced amino acid sequences are shown in
Figure 2.
The 20 N-terminal residues of the lysU product, as predicted

by the DNA sequence, could be confirmed by chemical
sequencing of a homogeneous LysRS sample purified from a lysU
overexpressing strain. The N-terminal sequence
SEQETRGANEAIDFNDELRN starts with a serine, as in the case
of the lysS product. The lack in the two mature products of the
N-terminal methionine was not surprising in view of recent data
on the rules of N-methionine excision (28 and references therein).

Translations of the DNA sequences of lysS and lysU reveal
that each LysRS contains only one cysteine and two tryptophan
residues. Such very low amounts of cysteine and tryptophan agree
with previous amino acid analysis of E. coli LysRS (29). For
the other amino acids, the agreement is also rather good, since
the difference between chemically determined and DNA predicted

compositions (from lysS or lysU sequences) never exceeds 12%.
The lysS DNA sequence is found identical to herC, a gene

defined by a suppressor mutation that restores replication of a
ColEl plasmid mutant (8). In fact, the herC gene was already
suspected by Gampel and Tzagoloff to be lysS, on the basis of
homologies between its product and yeast cytoplasmic LysRS
(7). Based on the same type of sequence similarities, the above
authors also proposed that another E. coli locus, close to frdA
(9), could be lysU. The lysU primary structure solved in the
present work excludes such a hypothesis, although 32 % identity
can be recognized between lysU as well as lysS products and the
sequenced part of the putative product of the unidentified gene
(Figure 3).

Comparison of lysS and lysU genes and of their products
The lysU and lysS gene products share 88% homology, i.e. only
differ by 59 amino acids out of 505. There is no change in number
or place for tryptophan, methionine, cysteine and proline
residues. The molecular weights and the isoelectric points, as

calculated from the sequences, are 57.8 kDa and 5.39,
respectively, for the lysU gene product, and 57.4 kDa and 5.31,
respectively, for the lysS gene product. These values agree with
the migration positions of these two proteins on 2D-
electrophoresis gels (1).
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When comparing the lysS and lysU structural genes, 268 codons
(among 505) are different. Such a difference contrasts with the
high level of identity between the protein primary structures. The
codon usages in the lysU and lysS genes were compared to those
for highly and weakly expressed E. coli genes (30). For proline,
asparagine, aspartic acid, tyrosine, phenylalanine, glutamine and
isoleucine, the codons preferentially used in lysS indicate an
abundant protein (Table 1). On the contrary, the codons used
for the same set of amino acids in lysU indicate a weakly
translated protein.
A quantitative measurement of the bias in codon usage can be

given by the average number of tRNA discriminations per
elongation cycle (31). In the case of lysS, this number is equal
to 28, a value which corresponds to a protein of medium
abundance, whereas, in the case of IysU, it reaches 32, a value
corresponding to a weakly expressed protein. Another
independent criterium of gene translation is the C/U index, a ratio
which describes the choice between C and U among codons
beginning with AA, AU, UA, UU, GG, GC, CG and CC
(32 -35). This index is normally high for abundant proteins. The
C/U index for lysS (67%) is greater than that for lysU (53%),
suggesting well a higher translation efficiency of the former, in
agreement with in vivo studies (1,36).

Homology with other genes
As shown in the present study, herC exactly coincides with lysS,
and lysS is strongly identical to lysU. Recently, primary structure
homologies were noted between the herC gene product (i.e. lysS
product, from our work) and yeast cytoplasmic LysRS (7). When
E. coli and yeast LysRS are further compared, it may be noted
that the yeast LysRS mainly differs from the two E. coli enzyme
species by the occurrence of an N-terminal extension of about
55 amino acids. This observation remarkably supports the
suggestion made by Cirakoglu and Waller (37), on the basis of
limited proteolysis studies, that the yeast LysRS was composed
of two domains: one C-domain of Mr 65 kDa, homologous to
the prokaryotic enzymes, and one additional positively charged
N-domain of Mr = 8 kDa, capable of causing the association of
the yeast enzyme to polyanionic carriers.

Homology between yeast cytoplasmic LysRS and yeast
cytoplasmic and mitochondrial AspRSs has been noted by Gampel
and Tzagoloff (7). The presently determined /ysU structure
enlarges the validity of this homology to both the E. coli species
of LysRS (Figure 3). The homology between the two families
of AspRSs and LysRSs, specific of an acid and a basic amino
acid, respectively, is further reinforced by the examination of
the rat and the human cytoplasmic AspRS sequences (38, 39).
These sequences are also strongly identical to the E. coli and
yeast LysRS sequences (40) (Figure 3). More precisely, 21 %,
21 % and 19% identity can be calculated between the rat (or
human) cytoplasmic AspRS sequence and the lysS gene product
sequence, the lysU gene product sequence and the yeast LysRS
sequence, respectively, while the identity rates between rat (or
human) AspRS and the cytoplasmic and mitochondrial forms of
yeast AspRS are 58% and 20%, respectively.

In addition to the above extended identity between LysRS and
AspRS families, restricted regions of similitude could also be
noted between E. coli LysRSs, yeast cytoplasmic and
mitochondrial PheRS (41, 42), E. coli PheRS (43), E. coli AlaRS
(44) and E. coli HisRS (45) (Figure 4). The functional unicity
of the reactions catalyzed by all aminoacyl-tRNA synthetases may
explain the presence in the above proteins of similar amino acid

LysUEC
LysSEC
LysSC
AspSCc
AspRT
AspHum
AspSCm
pheSSCc
PheSSCm
PheSEC
AlaEC
HisEC

470 P P T AGL G I G I D R

470 P P T A G L G I G I D R

545 P P T G W GaG I D R

520 P P H AG G G I G L E R

464 P P H A G G G I G L E R

463 P P H A G G G I G L E R

596 P P H A G F AIG D R

454 L R V LG WGLL E R

329 T I G W A F G L G L D R

290 Y S G F A F GMGj E R

234 K_ S V D T M G L E R

302 TP A V F A M G L E R

M I F T N T H T I R
M V MLF T N S H T I R

L A M L T D S N T I R

V V MZF Y L D L K N I R

V T M LjF L G L H NV R

V TL F L G L H N V R
M C A M I C E T E S IR

P T M I K Y K V Q NIR

I A M L L F EI PD I R

L T M L R Y G V T DLR

I A A V L Q H V N S N Y

L V LW V Q A V N P E F

Figure 4: Amino acid sequence identity between E. coli LysRSs and other available
sequenced aminoacyl-tRNA synthetases. The numbers on the left and the right
of the sequences refer to the first and the last listed residues relative to the N-
terminus of the corresponding synthetase. Solid boxes indicate both identical amino
acids and conservative substitutions. Abbreviations and references: LysUEC, E.
coli /vsU gene product; LysSEC, E. coli /vsS gene product; LysSC, S. cerev'isiae
cytoplasmic LysRS (40); AspSCc. S. cerev'is.ie cytoplasmic AspRS (62); AspSCm,
S. cerevisiae mitochondrial AspRS (7); AspRT, rat cytoplasmic AspRS (38);
AspHum, human cytoplasmic AspRS (39), PheSSC, small subunit of the S.
cerevisiae cytoplasmic PheRS (41); PheSSCmn small subunit of the S. cerevisiae
mitochondrial PheRS (42); PheSEC. small subunit of the E. (cli PheRS (43);
AlaEC E. coli AlaRS (44). HisEC. E. coli HisRS (45).

stretches. Noteworthy, the peptide of human AspRS shown in
Figure 4, includes a motif proposed to indicate the ATP site on

the synthetase sequence (39).

CONCLUSION

The lysS sequence presented in this work unambiguously
establishes its identity to herC. The latter gene was defined
through the mutation herC180, isolated as a host suppressor of
a cer-114 replication-deficient ColEl plasmid (8). The cer-114
mutation is a 1 bp substitution in the primer RNA II gene

abolishing initiation of plasmid DNA synthesis, probably by an

alteration of primer RNA LI conformation (8). The fact that herC
is /ysS points to a possible involvement of LysRS in some reaction
that affects RNA primer stability or conformation. The clover-
leaf structures that can be adopted by the primer RNA II in the
region of the cer-114 mutation (46, 47) could make this RNA
a possible ligand of LysRS.
herC (thus lysS) is cotranscribed downstream of priB, the gene

for peptide chain release factor 2 (RF2) (8). The role of this factor
is to promote polypeptide chain termination at UGA and UAA
codons (48). The expression of RF2 is particular since its
complete translation depends on a frameshift at a UGA codon
located at amino acid 26 from the amino terminus (49). It has
been suggested that this mechanism might be the basis of an

autotranslational control: excess of RF2 would favor termination
over frameshifting at the UGA codon, and, therefore, would

decrease RF2 expression. The location of lysS, 9 bp downstream
of the end of prJB, the absence of a promoter specific for herC
transcription (8) and the translation polarity usually observed in
polycistronic operons, contribute all to suggest a linked regulation

of lysS and prJB expression.

The lysU product sequence is similar (32% identity) but not

identical to the amino acid sequence deduced from the open reading

frame GX located beside the E. coli frdA gene (9). Several

possibilities can be envisaged to explain the presence of this open

reading frame: GX may encode (a) an uncharacterized protein

capable of interacting with either lysine, aspartic acid or tRNA,

493
493
568
543
487
486
619
477
352
313
257
325
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or (b) a not yet identified E. coli aminoacyl-tRNA synthetase. In
this context, it is noticeable that, to our knowledge, proS, cysS,
and asnS genes have not yet been isolated. However, their locations
on the E. coli linkage map appear markedly different from that
of the frdA locus (50).
The present work was undertaken to compare the twoE. coli

genes encoding two different species of LysRS: lysS and lysU.
The protein primary structures deduced from the DNA sequences
are 88% identical. Such a high degree of similarity was not a pnrori
expected, although common features had already been observed
in the tryptic maps of the two LysRS species (1).
The high identity between lysS and lysU genes strongly

indicates a common origin, possibly through duplication of an
ancestral gene or translocation from a related prokaryotic species.
InE. coli, sequence similarities between genes have already been
recognized. Usually, they correspond to proteins whose functions
are only slightly different, or whose substrates are identical:
chemoreceptors (tar, tap, tsr, trg) (51, 52), outer membrane
proteins (ompC, ompF, phoE) (53), cystathionine--y-synthase and
,B-cystathionase (metB, metC) (54), peptide chain releasing factors
1 and 2 (prfA, prfB) (49). In a few cases, however, the proteins
encoded by the homologous genes appear to have exacfly the same
function: EF-Tu is encoded by the tufA and tuJB genes (55, 56),
aspartokinase-homoserine dehydrogenase, by the thrA and metL
genes (57), and ornithine carbamoyltransferase, by the argF and
argI genes (58). The degree of identity and the differences in
codon usage in the latter example resemble the differences
observed here between the two LysRS genes. Indeed, the two
ornithine carbamoyl-transferase genes are 78% identical at the
nucleotide level and 86% identical at the amino acid sequence
level (58). The presence of two ISI elements flanking argF
suggested that this gene could result from the translocation of
the argI gene from a related species into E. coli (58). Such an
idea, however, leaves unsolved the functional advantage
conferred by the presence in the bacterium of two genes, instead
of one.

In the case of the lysS and lysU genes, a striking feature is
the unusual regulation of the lysU gene. As mentioned in the
introduction, the expression of this gene can be induced under
exceptional physiological conditions. This special behaviour of
lysU expression may reflect the need of the cell to accumulate
more LysRS activity to respond to extreme conditions, like a
temperature upshift. Another possibility is that the lysU product,
although very similar to the lysS one, has acquired specific, not
yet revealed, catalytic properties necessary to cell adaptation. In
this context, it may be useful to recall that aminoacyl-tRNA
synthetases are capable of sustaining unusual functions, beyond
the normal reaction of aminoacylation of the tRNAs involved
in translation. In particular, a recent work from this laboratory
has established that, in vivo, aminoacyl-tRNA synthetases
contribute to the synthesis of bis(5 '-nucleosidyl) tetraphosphates
(12). In eukaryotes, aminoacyl-tRNA synthetases are suspected
to participate in the regulation of the transport of certain amino
acids (59) and in the post-translational aminoacylation of proteins
(60, 61).

In conclusion, the present work opens the way to further studies
on (a) the regulation of the lysU expression versus the lysS one
and, (b), the physiological consequences of the inactivation of
each of these genes. Such comparisons will possibly help to solve
the question raised by the occurrence in E. coli of two apparently
very similar LysRS species.
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