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We report the cloning and complete nucleotide sequence of the Campylobacterjejuni lysyl-tRNA synthetase
gene (lysS). The C. jejuni lysS gene sequence shows high homology to the two Escherichia coli lysyl-tRNA
synthetase genes, lysS and IysU. The Campylobacter lysyl-tRNA synthetase protein (LysRS) shows 47.9 and
46.6% sequence identity to the E. coli enzymes encoded by the lysS and lysU genes, respectively. The LysRS
encoded by the C. jejuni gene is a polypeptide of 501 amino acids with a deduced molecular weight of 57,867.
The enzyme is active in E. coli. The gene is expressed from its own promoter, and the transcription start site
has been mapped. The carboxyl-terminal codon of the C. jejuni lysS gene overlaps by 1 bp with the Met
initiation codon of the glyA gene, which has been shown to have a promoter which is functional in E. coli
(V. L. Chan and H. L. Bingham, Gene 101:51-58, 1991). C. jejuni, unlike E. coli, has only one lysyl-tRNA
synthetase gene.

Aminoacyl-tRNA synthetases play a key role in protein
synthesis by catalyzing the covalent attachment of amino
acids to the 3' end of their cognate tRNAs. In Escherichia
coli, with the exception of lysine, each amino acid is
catalyzed by a single aminoacyl-tRNA synthetase (10).
There are two distinct lysyl-tRNA synthetases in E. coli
encoded by two widely separated genes, lysS (32) and lysU
(8). These two genes have been cloned and sequenced
recently and were shown to be highly homologous, with 86%
of their amino acid sequences identical (6, 21). The lysS gene
is expressed constitutively (14, 15), while lysU can be
induced by culturing cells under various selective condi-
tions, including growth in the presence of L-leucine, L-ala-
nine, or glycyl-L-leucine, growth with D-fructose as the
carbon source, and growth at high temperature (14, 16).
Campylobacter jejuni is now recognized worldwide as a

major causative agent of bacterial diarrhea and enteritis in
children and adults. The mechanism(s) of pathogenesis of
this organism is still to be resolved. The genomes of two
different strains of C. jejuni were recently analyzed by field
inversion gel electrophoresis or pulsed-field gel electropho-
resis and were shown to be about 1,900 kb (18) and 1,700 kb
(5, 26). To date, only a few C. jejuni chromosomal genes
have been cloned (4, 17, 20, 25), and even fewer have been
sequenced (3, 27).

In this report, we describe the cloning and the complete
nucleotide sequence of the lysyl-tRNA synthetase (lysS)
gene of C. jejuni. This study also demonstrates that the C.
jejuni chromosome, unlike that of E. coli, contains a single
copy of the lysyl-tRNA synthetase gene.

MATERIALS AND METHODS

Materials. Restriction endonucleases were purchased
from Boehringer, Mannheim, Germany; GIBCO-Bethesda
Research Laboratories, Burlington, Ontario, Canada; and
Pharmacia, Uppsala, Sweden. [35S]methionine was from
ICN Biomedicals, Irvine, Calif. [3H]lysine was from Amer-
sham, Oakville, Ontario, Canada, and [32P]dATP was from
Dupont-NEN, Mississauga, Canada. Amino acids, vitamins,
E. coli strain W transfer RNA, glycyl-DL-leucine, and ATP
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were obtained from Sigma. Sequencing was done with the
Sequenase DNA sequencing kit from U.S. Biochemical,
Cleveland, Ohio.

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1. Transfor-
mation of bacteria with plasmids was by the CaCl2-RbCl
procedure (22). A GIBCO-Bethesda Research Laboratories
electroporator was used to introduce pKO-1 and pK0-1L into
MH318 by using the manufacturer's standard protocol.
Media. E. coli and C. jejuni strains were grown and

maintained as described by Chan et al. (4). For the enzyme
assay, E. coli strains were grown in minimal medium sup-
plemented with amino acids, vitamins, and bases (SMM)
(11). L-Leucine, a requirement for C600, was added at a
concentration of 40 ,g/ml, and glucose (0.036%) was used as
the carbon source. Glycyl-DL-leucine (3 mM) was added
when necessary for the induction of lysyl-tRNA synthetase.
The antibiotics ampicillin and chloramphenicol were added
to the media, when necessary, at a concentration of 100 and
30 ,ug/ml, respectively. C. jejuni was grown in campylobac-
ter defined medium (CDM) (31).
DNA sequence determination. Sequence analysis was per-

formed by the dideoxy-chain termination method (28, 30).
The 1.6-kb HindIlI fragment of pCP3b was cloned into
pUC19 in both orientations (pUT1.6 and pUT1.6r) and
sequenced from nested deletions obtained with exonuclease
III and S1 nuclease (13).

Analysis of plasmid-encoded proteins. Minicell-producing
E. coli DS410 was transformed with pKO-1 and pK0-1L.
Minicells from the resulting strains together with minicells
from the parent DS410 were purified, labelled, and analyzed
as described in Chan and Bingham (3).

Southern analysis of genomic DNA. C. jejuni and E. coli
DNA was digested to completion with restriction enzymes.
The fragments were separated by gel electrophoresis, trans-
ferred to GeneScreen, and probed with a labelled probe by
standard procedures (22). The restriction enzymes used
were HindlIl and EcoRV for C. jejuni and EcoRV for E. coli.
The 1.6-kb Hindlll fragment of pCP3b (Fig. 1) was labelled
and used as the probe.

Preparation of cell extracts. Crude cell extracts were
prepared as described by Chan et al. (4), with a few changes.
The strains were grown in SMM supplemented with leucine
and with the addition of ampicillin and glycyl-DL-leucine
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TABLE 1. Bacterial strains and plasmids

Strain or Genotype or relevant Source or
plasmid characteristic reference

Strains
C. jejuni Serotype 0:3 J. L. Penner
TGH9011

E. coli
C600 supE44 hsdR thi-I thr-J This laboratory

leuB6
JM101 supE thi A(lac-proAB) F' This laboratory

(traD36 proA+ B+
lacIqlacZ lAM15)

MH318 lysS(KmLYS) A(adi mel Hirshfield (11)
lysU cadA) Apr Cvrr

DS410 lac Strr minA minB 7
Plasmids
pCP3b pBR322 recombinant clone 4
pKO-1 23
pK0-1L pKO-1 derivative This work

containing RsaI
fragment of pCP3b

pKK232-8 pBR322 derivative 2
containing promoterless
CAT gene

pKK232-8L pKK232-8 derivative This work
containing RsaI
fragment of pCP3b

pUC19 Apr lacax peptide multiple 33
cloning site

pUT1.6 pUC19 containing 1.6-kb This work
Hindlll fragment of
pCP3b

pUT1.6r pUC19 containing 1.6-kb This work
Hindlll fragment of
pCP3b in reverse
orientation

where necessary. Overnight cultures were diluted 40-fold
into fresh SMM or into SMM with 3 mM glycyl-DL-leucine
and grown in a 37°C shaker bath for 5 h. Heat-induced
cultures were grown under the same conditions for 3 h; the
flasks were then shifted to a 46°C shaker bath for an
additional 2 h. C. jejuni cultures were grown overnight in
CDM at 37°C in an incubator with 5% CO2. Cultures were
then diluted threefold and grown for 5 h at 37°C in the CO2
incubator, or, in the case of heat-induced cultures, shifted
after 3 h to a 46°C CO2 incubator. Cells were then pelleted,
washed twice with 0.85% NaCl, and redispersed in 2 ml of
standard assay buffer (SAB), consisting of 200 mM Tris HCl
(pH 8.6) and 20 mM magnesium acetate. The cells were
disrupted with a French press, and the resulting extract was
centrifuged for 30 min at 4°C in an Eppendorf centrifuge. The
supernatant was removed and used for enzyme assays and
Bio-Rad protein determination.
Lysyl-tRNA synthetase assay. The activity of lysyl-tRNA

synthetase was measured by its ability to charge tRNA with
L-[3H]lysine. The incubation mixture patterned after the
assay of Hassani et al. (11), with changes, consisted of the
following in a volume of 200 ,ul: 44 ,uM Tris-acetate (pH 8.6),
4.4 ,uM magnesium acetate, 0.64 puM ATP, 0.00005 puM
L-[3H]lysine (100 puCi/mol), 0.00005 pIM L-lysine, 1.0 puM
KCI, and 0.4 mg of E. coli tRNA. Routinely, 2 to 5 ,ug of
crude extract was added, and the reaction was performed at
25°C for 15 min. Aliquots (100 ,ul) were spotted onto 3MM
Whatman disks, washed three times with 10 ml of ice-cold

pCP3b

R R HRS E H R RHS R

LysRS SHMT

I kb

FIG. 1. Restriction map of recombinant plasmid pCP3b. Thin
line indicates pBR322 DNA sequence. The rectangle represents C.
jejuni DNA sequence, and the hatched and filled areas represent the
encoding sequences of lysS and glyA, respectively. Abbreviations:
E, EcoRV; R, RsaI; H, HindlIl; S, SalI; SHMT, serine hydroxy-
methyltransferase; LysRS, lysyl-tRNA synthetase.

5% trichloroacetic acid-0.05% Casamino Acids and twice
with 10 ml of 95% ethanol, dried, and counted in a liquid
scintillation system.
Primer extension mapping of the transcription start site of

the lysS mRNA. RNA was isolated from late-exponential-
phase cultures of JM101 and of JM101 containing pCP3b by
the hot phenol method (1). Oligonucleotide lys-1, 5' TTC
TATTCTTTGCTGCTCTAAAATATTATC, is complemen-
tary to nucleotides 208 to 237, and its 3' end is 6 nucleotides
down from the start codon of the lysS gene. This oligonu-
cleotide was end labelled and mixed with 25 ,ug of each
RNA. The mixture was hybridized and extended as de-
scribed by Chan and Bingham (3). For analysis, 2 ,ul of the
newly synthesized DNA (previously suspended in 4 RI of
H20 and 4 ,ul of formamide loading buffer) was loaded onto
a 6% polyacrylamide sequencing gel alongside dideoxy se-
quencing ladders of the upstream flanking region of the lysS
gene generated with the oligonucleotide lys-1 used as the
primer.

Nucleotide sequence accession number. The nucleotide
sequence data given in Fig. 2 are accessible in the EMBL,
GenBank, and DDBJ nucleotide sequence data bases under
accession number M63448.

RESULTS

Nucleotide sequence of lysS. The recombinant plasmid
pCP3b (Fig. 1) was isolated from a genomic library of C.
jejuni by its ability to complement an E. coli glyA mutant (4).
The library was constructed with partial Sau3A fragments of
C. jejuni inserted at the unique BamHI site of pBR322. The
glyA gene encodes serine hydroxymethyltransferase, and
the complete encoding sequence was shown to be within the
2.3-kb HindIII fragment (Fig. 1). The start codon (Met) of
the glyA gene overlaps a continuous open reading frame
(ORF) by 1 base. With the aim of identifying the gene
product of this ORF, we sequenced the adjacent 1.6-kb
HindIII fragment 5' upstream of the glyA gene. The com-
plete ORF (1,503 nucleotides) with the deduced amino acid
sequence, 201 bp of the 5' flanking sequence, and 155 bp of
the 3' flanking sequence is shown in Fig. 2. The ORF
encodes a polypeptide of 501 amino acids, initiated by a Met
and terminated by two in-frame chain-terminating codons,
TGA and TAG. Twelve nucleotides upstream from the
proposed start codon, sequence AAAGG (nucleotides 186 to
190), which is identical to the typical Shine-Dalgarno se-
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120GATCATGGCGACCQQCCCGTCCTGTGGATCATATGATATGTAAAAATTGCGGAAAAATTATAGAGTTTGAAAATCC _ =:AG QT T

TTTAAACTACAGGGCATTTGATGCAGCTTTATGGTGTTTGTGGTGArTTGAATAATCAAAGCAAGA__ATATGTTTGATAATATTTTGGACAG ATA _AA
M F D N I L B Q Q R I E K

GCTAAAGAGTTAAAzAAAATTAGGGATTAATCCTTATCCTCATTA=TcTTTAGAAGATAAGGATAAATGCTATAGTTTGAGAAGTAAzAGAGAT
A K E L K K L G I N P Y P H F L E K E H S L K T F K D K F S Y I L B Q V E K R D

GAAAGTGTCAATGCTGTTGTTGCAGGACGTTTGAAA mTGCGTATAGCTGGGAAATCAATTTTTGCAAACATTGAAGATGAGGATACAAATTTACAAATTTATTTTAGTAAAGATAGC
E S V N A V V A G R L K L L R I A G K S I F A N I E D D T N L Q I Y F S K D S

GTAGGCGAAGAGCTTTATACGATTTTAAAAAGAATTTAGAGGTGGGTGATATTGTTTTGGTTAAAGGTTTTCCTTTTGTAACTAAAACAGGTGAATTTAGTTTGCATCAGGATA
V G E B L Y T I L K K N L E V G D I V L V K G F P F V T K T G E F S L H A S B V

AAACTCGCTACAAAAGCTATTGTTCCTTTACCTGAAAAATATCATGGATTAACAGATATTGAGCAAAGATATCGTAAACGTTATGTTGATATGATAATGAATGTCGAAGTTAGAAAAGAT
K L A T K A I V P L P E K Y H G L T D I B Q R Y R K R Y V D M I M N V E V R K D

TTTTTAGTGCGTTCTAAAGTGGTGAGTTAATCCGTCATTTTTTTGAAAATAAAAGGilTTGATAGAAACTCCTATGATGCATCCGATTGCAGGTGGAGCAAACGCTAAGCCTTTT
F L V R S K V V S L I R H F F E N K G F L- E V E T P M M H P I A G G A N A K P F

GTAACTTTTCATAATTCTTAGGCGTAGAAAGATTTTTAAGAATTGCTCCAGAACTTTATCTTAAAAGACTTATAGTAGGTGGTTTTAGGCGGTTTTTGAAATCAATCGTTGTTTTAGA
V T F H N S L G V E R F L R I A P E L Y L K R L I V G G F B A V F E I N R C F R

AACGAAGGTATGGATTAACTCATAATCCCGAATTTACAACTATAGAATTTTATTGGGCC TATCAATATAAGATTAATGGATTAACGAG mGAA TACTTTTGGAT
N E G M D L T H N P E F T T I E F Y W A Y H N Y K D L M D L T E E L F A L L L D

AAACTTAATTTAGGAAAAACAATAGAATTTGATGGAAAAATGATAAATTTTTCCAAACCTTTTGAAAGAATAACCTATAAAGACGCACTTTGTAAGTATGGTGGTTTAGATAGGGATTTA
K L N L G K T I E F D G K M I N F S K P F BR I T Y K D A L C K Y G G L D R D L

ATCGAAGATAAGGAAAAAATTCTTACTAAATTAAAAGCAGATGGTTTTGAAGCGAATGAAAAGCTTGAACTTGGACATTTGCAAGCTGAACTTTTTGACAATTATGTGGAAGAAAAATTG
I E D K E K I L T K L K A D G F E A N E K L E L G H L Q A E L F D N Y V E E K L

ATCAATCCTACTTTTGTGATTGATTTTCCTATTCTAAGTCCTTTATCAAGACGTAGCGATGAGGATTCTCAGATTGCTGAGAGATTTGAGTTGTTTATTTGCGGAAGAGAATTGGCA
I N P T F V I D F P I S I S P L S R R S D E D S Q I A E R F E L F I C G R E L A

AATGGTTTAATGAGCTTAATGATCCTCTTGATCAATATGAGAGATTTTTAAAACAAATTGAAGCTAAAAATGCAGGCGATGAAGAGGCTTGTGAAATGGATGAAGATTTTGTAAATGCT
N G F N E L N D P L D Q Y E R F L K Q I B A K N A G D E E A C E H D E D F V N A

TTGGGTTATGGAATGCCTCCAACGGCAGGGCAGGGCATAGGTATAGATAGACTTGTTATGCTTTGAAATA=AATCCQTTCGTGATGTGATATTGTTTCCTGCAATGCGTCCQTTA
L G Y G M P P T A G Q G I G I D R L V M L L T N K K S I R D V I L F P A X R P L

AAATCAGAACTAAAGGAGAAAGAATB mAGAAATGTTTGATAAAGAAATTTTGATAACAAACAAAGAGTTAGAGCGTCAATGCGAAGGTCTTGAAATGATAGCGAGTGAAAATT
X S E L R E R E *
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1800

TCACTTTACCTGAAGTAATGGAAGTTATGGGAAGTATCTTGACGAACAAATACGCAGAAG

FIG. 2. Nucleotide sequence of the C. jejuni lysS gene and deduced amino acid sequence. The putative ribosome-binding sequence
(Shine-Dalgarno sequence), -10 and -35 consensus sequences, and stop codons are underlined. Inverted repeats are indicated by arrows,
and the transcription start sites are marked with a bent arrow. The amino acid sequence, as deduced from the nucleotide sequence of the lysS
gene, is given below the nucleotide sequence in single-letter code.

quence (AGGAGG) at 3 of the 6 nucleotides, was observed.
At nucleotides 123 to 128, a sequence (TAAACT) which
matches 4 of the 6 nucleotides of the Pribnow box
(TATAAT) can be observed. Seventeen nucleotides up-
stream of the putative Pribnow box is TTGATT (nucleotides
100 to 105), which shares 4 of 6 nucleotides with the -35
consensus sequence (TTGACA) of the E. coli and Bacillus
subtilis housekeeping genes (12).
Comparison of LysRS of E. coli, Saccharomyces cerevisiae,

and C. jejuni. The LysRS amino acid sequence, encoded by
the E. coli lysS gene, shows 47.9% identity to the translated
product of the ORF immediately upstream of the glyA gene
(Fig. 2). This C. jejuni ORF amino acid sequence also shows
homology to the E. coli lysU gene product, with 46.6%
identity. LysRS belongs to the class II aminoacyl-tRNA
synthetases, which are characterized by the presence of
three conserved motifs (9). The three motifs (amino acids
184 to 202 [I], 267 to 276 [II], and 456 to 488 [III]) can be seen
with the LysRS of C. jejuni (Fig. 3). The characteristic
signature HIGH sequence of class I aminoacyl-tRNA syn-
thetases (10) is absent. These observations suggest that the
ORF upstream of the glyA of C. jejuni encodes LysRS, and
the gene is therefore designated lysS. The alignment of the
four LysRS sequences also identifies two other conserved
regions besides the three motifs that are found in all class II
aminoacyl-tRNA synthetases. One of these sequences is
located upstream of motif I at amino acids 153 to 166 of the
C. jejuni LysRS, and the other highly conserved sequence is
located between motifs I and II at amino acids 206 to 242.

The codon usage of the lysS gene is similar to that of the glyA
gene and shows distinct preference for synonymous codons
that are rich in A or T (Table 1). The predicted unmodified
molecular weight of the C. jejuni LysRS is 57,867, and it has
a pI of pH 6.04.

Minicell analyses. Minicells were used to determine
whether the putative C. jejuni lysS gene can be expressed in
E. coli. The 2.1-kb RsaI fragment of pCP3b (Fig. 1), which
contains the complete LysRS-encoding region and the 5' and
3' flanking sequences, was cloned into the SmaI site of
pKO-1 (22) to produce pKO-1L. These plasmids were intro-
duced into the E. coli minicell-producing strain DS410 (7) by
transformation. As shown in Fig. 4, minicells containing
pKO-1 synthesized two polypeptides of 42 and 31 kDa. In
contrast, minicells containing pKO-1L produced three poly-
peptides, two identical to that of pKO-1 plus a new polypep-
tide of about 56.5 kDa. The 31-kDa protein is the unproc-
essed ,-lactamase, and the 42-kDa polypeptide is probably
the galactose kinase. The 42-kDa polypeptide was synthe-
sized at a very low level in pKO-1 minicells compared with
that in pKO-1L. These findings suggest the presence of an
active promoter(s) in the 2.1-kb RsaI C. jejuni DNA frag-
ment that functions in the E. coli cells. This notion was
further examined by inserting this fragment immediately
upstream of the chloramphenicol acetyltransferase (CAT)-
encoding sequence in pKK 232-8 (2). The CAT gene was
activated in this recombinant plasmid (pKK 232-8L) because
JM101 cells transformed by pKK232-8L were resistant to
chloramphenicol and ampicillin while the cells transformed

VOL. 174, 1992



1SQQDNVKAAAZGVANLHDEATGE3(VSKSELSKRIXQRQVEAXAKKQPXPA

CJL 1 M fdnileqqriekaklLXklginpyphflek.rslktF kDkfSyiL Z qvl krdlsvN aV
I I

ECS 1 XSBQhaqGAdavvDlNnLXtRRNA IAFPNDFnRD=HTSDQLHaNFDgK EE.ELEaLMIN Va
III 11 I I1 1111111 11 IIIIIIIIIIIIIIII IIII IIII M11111

ECU 1 MSEQeTrGAneaiDfNdNLrnRREFLRqQGvAPNDFRRDHTSDQLHeZFDAK dNqELNuLNIZ VS
I 11 I I 1111 11 1 11

SCC 58 SkkkT dlfadlDpsqyfetRurqiqeLRkthepnP yphkfHvS iunpEFlAKyahlkkgltLpgSkVS

mseq-t-qa-a-id-n-elktrrekla-lr-qgeafpndfrrdhtSdqlh-Zfdak--nkelwlslnie-V.

CJL 60 VAGRlkllRIaG KaslF anieD dtnlQiYfukDsvglelYtiklknlevGDIvlvKG fpFvTKTG
MIii 11 11 1 11 1 1 1 1 111 11 1 1111

ECS 70 VAGGRNfTRRING XASF VTLQD VGGRIQLYVARDdLPGCVYNeQFXKWDLGDIlGAKG kLPXKTTG
11111111111 1111111 IIIIIIIIIIII111111 IIIIIIIIII 11I1 111111

ECU 70 VAGRP4MTRRIMG KASF VTLQD VGGRIQLYVARDsLPEGVYNDQFXKWDLGDIiGArG T LFPTqTG
III 1 1 111 1II I 11 11 1

SCC 126 iAGRihakResGsKlkFyVlhgDgveVqlmsQLqdycDpdsyekdhDllxrgDivgveGyvGrTqpklCXgg.G

vAGRmmtrRimG-KasF-vtlqD---vggriQlyvarDslpegvyndqfukwdlgdi-gakG-t-lfktktG

CJL 125

ECS 135

ECU 135

SCC 198

EfSlHasEvkLaTKAivPLPeKyHGL mNRvRvRvDnvEvRkdFlVRSkvvS lRhFfeNJGFlEV
IIIIi Il11 11Il II'i'.-l:l.l-.I:l:lSVflIIll iiI 111 i11 1111 11
* LSIHCTELRLLTKALRPLPDKFIIGL9 OY QLD *NDBSRnTFkVRSqILSg rRQFMVNRCM V
IlllllIttIllltlllllIlIII1111111111111111111:11 11111 111111 111111
N LSIHCTELRLLTTXALRPLPD 3PHGLDRYRQRYLDL aDkSRq4TFVRSkILaa lRQFNVaRG!MFV
I I 111 111 1lI0l.l-.IIil-l l.ll:l 11 11 1
1 vSvfvsrvqLLTpcLhmLPadhfGf mlNRLDLRkdaRnrFitRSeI ry RrFldqRkFiV

ElSihctelrLlTkalrpLPdkfhGl DE-RTIq5YD1 4NdeuRntF-vRSkilu RqFmvnrgFaSV

CJL 197 FTP h..pIa.aVPnATTrfLR L iVG awEINRcFRNWad11tHwpETti

ECS 207 ETPI4VIP+QIRU_I_Y aRVFNINRNFRNZGISVRHIIPEFTXI

ECU 207 ETP1t IVIPR%7IT3LDLYLRIAPEYlVV[GGRVFINRNFRNMGISVRHtPEFTIQ
IIIII1 II - I III;l} :0ll::l0:iS4lifIIIIIIIIIIIIIIIIIIIIIlI[111111 111

SCC 270 ETPO tnVIa 3GlAk l? D. RIAPElffif¢ ldRVyEIgR9FRmEGIdmtHNPEFTtc

ETPv 142GA =AriThMIA1lTPlYlRW *rVfEInRnFRNEGisvrHNPEFTwo
B II

CJL 269 EfYwAYhnYKDLmdLTNeLFalLdlklnLGKTiefdG kminFdtPFEriT ykdA lcKY ggldrdlie
I 11 1111 1i 111 I 1111 1 I 1111 1 I 11

ECS 279 ELYXhYADYKDLIELTNSLF RTLAQdilGKTeVTYGdvtlDFGKPFEKLTMR RAI KIYRPZ TDMADL
111111111 111111111 11111 1111111 111111II ilHM111111111111HIM

ECU 279 ELYMAYADYhDLIELTESLF RTLAQEvLGtTkVTYG hvfDFGKPFEKLTMR EAI KIYRPE TDMADL
I 111111 111 II 11 1 1 1 1

SCC 342 EfYqAYADvyDLmdmTIlmF *emvkEitGuyiikYhpdpaDpaKelElnfsRpwkrlnmieelgkvfnvkf

ElYmAYadykDLielTNS1F-rtlaqeilGktivtyg----dfgqpfzkltmr--eai-kkyrp.-tdmadl

CJL 336 D klKiltklkadGfeanZK leLGhlqaNlF dnyvEekLInPTFvidfPisiSPLuRRsDedsq
111 11 11 1 111111M 111

ECS 346 DNFD AKA iAN 8IGIhV EX SWGLGRIVTNIF e*V ANAHLIQPTFITEYPANVSPLARRNDVNPE
1111 111I 111111111111111IIIII 1111111111111111

ECU 346 DNFD sAKA AN SIGItV UK SWGLGRIVTEIFD zV AEAHLIQPTFITNYPANVSPI.ARRNDVNPE
II I I I I 1111 1111

SCC 413 psgDqglhtAetgEflkkIlVdnKlecpppltnarlDklVgelEdtcInPTFIfghPq.SPIAkyjrdqPg
dnfd--aka-tao-sigi-v-eC-*wlgrivteifd-ev--aahl IqPTFit-yPaevSPLarrndvnpe

CJL 399

ECS 410

ECU 410

SCC 485

1aeRFl1FIcGRNlaNG FnlLNDpDQyeRFLkQieAEnhGDOAceDDfVnALg 2PPI IGqGIGIDR
11111111 III iii 11 III 11I111 111111 1111111111

ITDRFEFFIGGRhIGNGFSI LlAINDQAqRFLdQVaAXdADDEAMFYD DYVTALi GLPPTAGLGIGIDR
1111111111111111111111111111 11 II I111111111111111111IIIII1111111
ITDR ZFFIGGRhIGICGFS 0NDARFqQVnrKa DDEAMFYD ID IA1LPPTLGCIIDRIIIt 111 I111 11 I 11 11111 I 111 111111 1 1111
1cdR ZvFvatkZIcNaytELNDpfDQraRFFeQarqXdqGDDEAqlvDZtfcnkI ILPPTgGwGcGIDR

itdRFIfFiggrligNgfuELNDaeDQaeRF1eQv-axdaGDdzAmfyDZdyvtA 31PPTaGlGiGIDR

CJL 471 lVNl1TNkckIRDVILF PAIRPlXs.lkeke
11111 1111111 1 1111 1

ECS 482 NVMLPTNSHTIRDVILF ANRPvX
IIIIIIIIIIIIIII 1 11111

ECU 482 HiNLFTNSHTIRDVILF ANRPqX
1111 11

SCC 557 laMflTdSnTIReVlLFptlk ivlRevkkeen

lvNlfTnuhtIRdViLF---- mRp-k----e--

III

FIG. 3. Amino acid sequence homology between LysRS of E. coli, S. cerevisiae, and C. jejuni. The amino acid sequence is given in
single-letter code. The C. jejuni LysRS (CJL) sequence is derived from the nucleotide sequence given in Fig. 2. The E. coli LysRS encoded
by lysS (ECS) and lysU (ECU) are from Leveque et al. (21). The yeast LysRS sequence (SCC) is from Mirande and Waller (24). The three
conserved motifs (I, II, and III) for class II aminoacyl-tRNA synthetase are shown as open boxes. Two highly conserved sequences (A and
B) observed for lysyl-tRNA synthetases are shown as shaded boxes.
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FIG. 4. Minicell analysis of plasmid-encoded proteins. Plasmid-
encoded proteins in minicell-producing E. coli DS410 were labelled
with [35S]methionine and analyzed as described in our earlier study
(3). The minicells were lysed, and proteins, denatured by boiling,
were resolved in 11% polyacrylamide gels. After electrophoresis,
the gels were strained, destained, dried, and subjected to autoradi-
ography. Lanes: 1, labelled minicells without plasmid; 2, minicells
with pKO-1; 3, minicells with pKO-1L. The apparent sizes of
standard proteins (in kilodaltons) are indicated by arrowheads on
the right margin.

by pKK232-8 were only resistant to ampicillin (data not
shown). Similarly, the 1.6-kb HindlIl fragment (Fig. 1),
which contains the putative promoter of the lysS gene but
not that of glyA, was able to activate the CAT gene (data not
shown).
Complementation of the lys mutations in MH318. E. coli

MH318 (11) is unable to grow in SMM without lysine
because of a lysU deletion and a lysS mutation that alters the
Km of the enzyme for lysine. This Lys auxotrophic lesion
can be complemented by transformation with the C. jejuni
lysS-containing plasmid pKO-1L. This finding again suggests
that the C. jejuni lysS gene was expressed in E. coli and,
furthermore, that the Campylobacter LysRS was able to
synthesize the required levels of aminoacylated lysyl-tRNA
for growth.

Lysyl-tRNA synthetase activity. E. coli MH318 has been
shown to contain about a 1% level of wild-type LysRS
activity (11), but in our assays the level was undetectable
(Table 1). In our assays, E. coli C600, which was used as the
wild-type cells, was shown to contain a specific activity of
0.11 U. When C600 was grown in the presence of 3 mM
glycyl-DL-leucine, the specific activity was increased 2.4-
fold, but LysRS activity was not elevated in heat-induced
cells. MH318 cells transformed by pKO-1L were shown to
have a specific activity of 0.38, which is 3.5-fold higher than
that of C600. This finding supports the conclusion of the
complementation experiment that the RsaI fragment in
pKO-1L contains a functional lysS gene. Because the lys
gene of C. jejuni is unlike the E. coli lysU gene in that it was
not inducible by glycyl-DL-leucine or by heat, it is designated
lysS. The level of LysRS in the C. jejuni extract was only
about 12% of that of E. coli C600 (see footnote b of Table 2).

Southern blot analysis. To determine whether there is

TABLE 2. Lysyl-tRNA synthetase activity

Strain Plasmid Conditions'a Sp act Relative(pmol/min/,ug) activityb

C600 37°C' 0.11 ± 0.04 1
C600 GLY-LEUd 0.26 ± 0.06 2.4
C600 46oCe 0.12 ± 0.04 1.1
MH318 370C 0
MH318 GLY-LEU 0
MH318 460C 0
MH318 pKO-1L 370C 0.38 ± 0.10 3.5
MH318 pKO-lL GLY-LEU 0.41 ± 0.07 3.7
MH318 pKO-1L 460C 0.29 ± 0.04 2.6

"GLY-LEU, glycyl-DL-leucine.
b LysRS activities of extracts of C. jejuni grown at 37°C and at 37°C with 2

h at 46°C were 0.013 and 0.009, respectively.
LysRS activity in SMM at 37°C.

d LysRS activity in SMM containing 3 mM glycyl-DL-leucine.
LysRS activity in SMM at 46°C for 2 h.

another LysRS-encoding gene in C. jejuni, as there is in E.
coli, Southern blot analysis was performed, with the 1.6-kb
HindIII fragment of pCP3b used as the lysS probe. C. jejuni
DNA cleaved by EcoRV or HindlIl and E. coli DNA
digested by EcoRV were separated in an agarose gel and
transferred onto a GeneScreen membrane. The lysS probe
hybridized with two C. jejuni EcoRV fragments of 11.2 and
6.4 kb (Fig. 5). This result is to be expected if there is only
a single copy of the lysS gene, which has a unique EcoRV
site within the lysS probe. The 1.6-kb HindlIl fragment of
pCP3b contains 1.3 kb of C. jejuni DNA and 0.32 kb of
pBR322 sequence. This probe hybridized with a single
1.4-kb Hindlll fragment of C. jejuni DNA, thus again
indicating a single gene copy of the lysS gene. Two EcoRV
DNA fragments (7.5 and 5.1 kb) of E. coli weakly hybridized
with the campylobacter lysS probe. Since the E. coli lysS

2 3

11.2b .
6.4kb

1.4kb

FIG. 5. Southern blot analysis of chromosomal DNA of C. jejuni
(lanes 1 and 2) and E. coli (lane 3). The DNA was digested with
EcoRV (lanes 1 and 3) or Hindlll (lane 2). The fragments were
separated by gel electrophoresis, transferred to GeneScreen, and
probed with a radiolabelled 1.6-kb Hindlll fragment of pCP3b (Fig.
1) as described by Maniatis et al. (22). The C. jejuni DNA fragments
that hybridized with the probe are marked by arrowheads, and the
sizes are given on the left margin.
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FIG. 6. Primer extension mapping of the transcription start site
of the lysS mRNA. Lane 1 shows the JM101 mRNA extension,
which is negative, and lane 2 shows the primer extension products of
JM101 containing pCP3b. Lanes C, T, A, G are the chain-terminated
products showing the complementary sequence of the transcription
start site area. The nucleotides corresponding to the transcription
start sites are indicated with asterisks.

and lysU genes do not contain an EcoRV site, the two
EcoRV hybridizing bands likely represent these two genes.

Identification of the transcription start site of the lysS
mRNA. The 5' end of the lysS mRNA was determined by the
primer extension method. A 30-mer oligonucleotide (lys-1)
complementary to the LysRS RNA was end labelled and
hybridized to RNA isolated from JM101 and from JM101
containing the plasmid pCP3b. The oligonucleotide was

chosen from an area which displayed minimal homology
with the E. coli lysS and lysU genes. The size of the
extended product was determined on a sequencing gel.
Sequencing ladders of pCP3b which were established by
using the oligonucleotide lys-1 as a primer were used as size
markers. As can be seen from Fig. 6, the extended product
of JM101 containing pCP3b produced a doublet correspond-
ing in size to the nucleotides marked with asterisks. Tran-
scription of the lysS gene thus starts with a G or C located at
nucleotides 135 or 136, 7 or 8 nucleotides downstream of the
putative Pribnow box (Fig. 2).

DISCUSSION
This study reports the identification, cloning, and com-

plete sequence of the lysS gene of C. jejuni. Lysine is the
only amino acid in E. coli cells that has two aminoacyl-tRNA
synthetases to catalyze its attachment to the Lys transfer
RNAs. These two synthetases are encoded by two highly
homologous but physically well-separated genes, lysS and
lysU, which are mapped at 62.1 min (8) and 93.5 min (32),
respectively, in E. coli. In contrast, C. jejuni lysS appears to
be the only gene encoding LysRS, giving a polypeptide of
501 amino acids with a predicted molecular weight of 57,867.
The C. jejuni LysRS shows 47.9 and 46.6% identity to the E.
coli lysS- and lysU-encoded synthetase, respectively. The
high homology observed at the primary sequence level for
the C. jejuni and E. coli LysRS proteins appears to be
maintained at the quaternary structure level, since the C.
jejuni lysS gene could complement the E. coli lysS and lysU
mutations. Moreover, the C. jejuni LysRS was shown to be
active in the in vitro assays that used E. coli Lys transfer
RNA as a substrate.

The C. jejuni LysRS, like all the class II aminoacyl-tRNA
synthetases, contains the three characteristic conserved
motifs which have been proposed to cooperate in the forma-
tion of a functional domain involved in aminoacylation and
in forming specific secondary and tertiary structure(s) (9).
The alignment of LysRS from E. coli, C. jejuni, and S.
cerevisiae identified two other highly conserved sequences
besides the three motifs. These two sites, at amino acids 153
to 166 and 206 to 242, are likely involved in the formation of
the domain(s) for specifically recognizing Lys and lysyl-
tRNAs.
The C. jejuni lysS gene is located immediately upstream of

the glyA gene, with the carboxyl-terminal codon of lysS
overlapping 1 base of the Met initiation codon of glyA. The
overlapping of these two genes is intriguing and may be
selected for in evolution when efficient usage of limited DNA
sequence is required. It is pertinent to point out that the
genome of C. jejuni has been estimated to be about 1,700 to
1,900 kb (5, 18, 26), while the E. coli genome is about 4,550
kb (19, 29).
Our previous studies (3, 4) showed that the glyA gene of C.

jejuni has a functional promoter in E. coli cells, and the
transcription start site was mapped at an A nucleotide 35
residues upstream of the Met codon (ATG). The transcrip-
tion start site of glyA is thus located within the encoding
sequence of lysS. Upstream from the transcription start sites
of the lysS gene, a putative Pribnow box, and a -35
consensus nucleotide sequence of the E. coli housekeeping
genes (12) can be observed (Fig. 2). Unlike the glyA pro-
moter, the -35 consensus sequence is located 17 nucleotides
upstream from the Pribnow box, which is within the usual
distance of 17 to 18 nucleotides in E. coli promoters. The
expression of the lysS gene cloned into pKO-1 and the
activation of the CAT gene by the 1.6-kb HindIII fragment
cloned into pKK232-8 indicate the presence of an active
promoter in the flanking sequence. The lysS and glyA genes
could be potentially expressed independently or as a single
transcription unit. Could the synthesis of LysRS be affected
by the translation of the glyA gene? We are presently
analyzing the regulation of expression of these two genes
and examining the frequency of overlapping genes on the C.
jejuni genome.
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