
INFECTION AND IMMUNITY, Jan. 1991, p. 65-72
0019-9567/91/010065-08$02.00/0
Copyright © 1991, American Society for Microbiology

Molecular Cloning, Sequencing, and Identification of a

Metalloprotease Gene from Listeria monocytogenes That Is Species
Specific and Physically Linked to the Listeriolysin Gene

EUGEN DOMANN, MICHAELA LEIMEISTER-WACHTER, WERNER GOEBEL,
AND TRINAD CHAKRABORTY*

Institut fur Genetik und Mikrobiologie der Universitat Wurzburg,
8700 Wurzburg, Federal Republic of Germany

Received 11 July 1990/Accepted 16 October 1990

The entire nucleotide sequence of an open reading frame located immediately downstream of the listeriolysin
gene from a virulent Listeria monocytogenes serotype 1/2a strain was determined. The product of the open
reading frame was 510 amino acids with a predicted molecular weight of 57,400. The deduced amino acid
sequence of this open reading frame is highly similar to that of a family of secreted metalloproteases produced
by various members of the genus BaciUus, of which thermolysin is the prototype. Immunoblots performed with
specific antisera raised against thermolysin from Bacilus stearothermophilus allowed the detection of a 60-kDa
polypeptide, corresponding to the pro-form of the protease, in culture supernatants of L. monocytogenes
strains. In maxicell experiments, Escherichia coli recombinants harboring this open reading frame also
specifically directed production of a 60-kDa protein. Protease activity was low to undetectable in both Listeria
strains and E. coli recombinants. This is due to lack of processing of the inactive pro-form of the protease to
its mature active form in both species. We have designated this gene mpl for metalloprotease of L.
monocytogenes. The gene was present only in pathogenic L. monocytogenes strains, in which it was physically
linked to the listeriolysin gene.

Listeria monocytogenes is a motile gram-positive micro-
organism with a wide distribution in nature, having been
isolated from soil, water, vegetation, and many animal
species (30). It is an opportunistic intracellular pathogen
responsible for a disease that in its severest form is a

meningitis (17). Outbreaks of listeriosis have been traced to
the consumption of food, mainly, dairy produce and vegeta-
bles (11). The fetus, the newborn, the old, and the immuno-
compromised individual are the main victims of this disease
(17).

Relatively little is known of virulence factors that contrib-
ute to the pathogenesis of listerial infection. The secreted
hemolysin, listeriolysin, is currently the only gene product
that has been unequivocally assigned a role as a virulence
factor (reviewed in reference 7). Yet, it is clear that, to cause
disease, the intruding bacterium must have other factors that
assist and promote evasion from immune defenses. These
include factors for adhesion and invasion of the eucaryotic
cell, survival and growth within the host cell, and cell-to-cell
spread as well as factors that influence the regulation of the
host immune response (5, 7).

In the course of our genetic studies on the listeriolysin
gene of an L. monocytogenes serotype 1/2a strain, EGD, we
found that sequences located downstream of the listeriolysin
gene were unique to the pathogenic species L. monocyto-
genes (14). More recently, partial DNA sequencing of this
region from an L. monocytogenes serotype 1/2c strain,
L028, indicated the presence of the start of an open reading
frame (ORF), denoted ORF D, apparently coding for a
secreted protein (19). Transcriptional mapping of the RNA
start site of this ORF revealed the presence of sequence
elements in its promoter region that were in common with
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the promoter region of the lisA gene. This led to the
suggestion that, in L. monocytogenes, the expression of this
ORF is responsive to the same environmental stimuli and
regulated in a manner similar to the listeriolysin gene (19).

In this study, we present the entire nucleotide sequence of
an ORF located immediately downstream of the lisA gene
from the virulent L. monocytogenes serotype 1/2a strain
EGD. We report that the deduced amino acid sequence of
this ORF is highly similar to that of members of a family of
secreted metalloproteases produced by various members of
the species Bacillus. We have designated this gene mpl for
metalloprotease of L. monocytogenes.

MATERIALS AND METHODS

Bacterial strains and plasmids. L. monocytogenes serotype
1/2a strains EGD and NCTC 7973 and L. innocua strain
NCTC 11288 have been described previously (14). Esche-
richia coli strain DH5a (endAl hsdRJ7 supE44 thi-J recAl
gyrA96 relAI) was used for cloning and transformation (14).
Maxicell analysis of plasmid-encoded polypeptides was per-
formed with strain CSH26AF6 [ara thi A(lac-pro) A(recA-
srlF6) rpsL]. The plasmid cloning vector pUC18 has been
described previously (14). Restriction analyses and plasmid
constructions were done by standard techniques as outlined
by Maniatis et al. (16).
Media and reagents. Listeria spp. were cultured in brain

heart infusion broth (Difco Laboratories, Detroit, Mich.) at
37°C. E. coli strains were grown in LB at 37°C. LM plates
consisted of L broth with 1% agar and 3% skim milk.
Ampicillin (Sigma Chemical Co., St. Louis, Mo.) was used
at a final concentration of 100 ,ug/ml. Restriction endonu-
cleases and ligase were purchased from Boehringer Mann-
heim GmbH, Mannheim, Federal Republic of Germany, and
were used as suggested by the manufacturer. Avian myelo-
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blastosis virus reverse transcriptase and T7 DNA polymer-
ase were from Pharmacia, Freiburg, Federal Republic of
Germany. The peroxidase-conjugated anti-rabbit immuno-
globulin (DAKO Laboratories, Hamburg, Federal Republic
of Germany) was used at a 1:1,000 dilution. All other salts
and ancillary agents were purchased from Merck, Darm-
stadt, Federal Republic of Germany.
DNA sequence analysis. The DNA sequence of the cloned

L. monocytogenes DNA was determined from double-
stranded plasmid templates by dideoxy-chain termination
(22). Double-stranded templates were denatured, and the
sequencing reactions were carried out with T7 DNA poly-
merase as suggested by the commercial supplier in the
product literature. Sequencing reactions were primed from
vector and custom-made oligonucleotide primers.
[ot-32P]dATP (800 Ci/mmol) was purchased from Amersham
Buchler. The labeled reaction mixtures were separated by
electrophoresis on urea-6% polyacrylamide gels, the gels
were dried down, and the sequence was read from X-ray film
autoradiograms. The sequence data were analyzed by using
the University of Wisconsin Computer Group software (8).
Primer extension analysis. A synthetic oligonucleotide of

25 nucleotides from a region upstream of the mpl gene was 5'
labeled and used as primer (see Fig. 1). Labeled primer (2
pmol) was annealed to 10 ,ug of cellular RNA in 6 ,u of a

solution containing 50 mM Tris hydrochloride (pH 8.3), 60
mM NaCl, 10 mM dithiothreitol, and 1 mM EDTA. Subse-
quently, 9 ,ul of reaction mixture was added, resulting in a

solution containing 0.5 ,ul of avian myeloblastosis virus
reverse transcriptase (Pharmacia), 50 mM Tris hydrochlo-
ride (pH 8.3), 60 mM NaCl, 10 mM dithiothreitol, 6 mM
magnesium acetate, and 0.5 mM concentrations of each of
the four deoxynucleoside triphosphates. The samples were

incubated at 42°C for 90 min, vacuum dried, and resus-

pended in 10 pAl of formamide dye mixture. Aliquots, 3 ,ul,
were then heated at 95°C for 30 s and immediately loaded
onto 6% polyacrylamide-urea sequencing gels for electro-
phoresis. Dideoxy sequencing reactions (22), using the same

primer and an appropriate plasmid DNA template, were run

in parallel to allow determination of the endpoints of the
extension products.
PAGE. Sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was performed with a 12.5% sep-

arating gel, using 10 RI of trichloracetic acid-concentrated
supernatants (1 ml) of Listeria strains in sample buffer.
Polypeptides were visualized by staining the gel with
Coomassie blue R-250.

Analysis of plasmid-coded translational products in a

maxicell system has been described previously (6). Labeling
of polypeptides was carried out in methionine assay medium
(Difco) containing [35S]methionine (Amersham-Buchler).
Samples were analyzed as described above, dried, and used
to expose Fuji RX X-ray film. For immunoblot reactions
(27), proteins were transferred to nitrocellulose paper, re-

acted with rabbit anti-thermolysin antiserum (28) at a 1:1,000
dilution, and stained with horseradish peroxidase-conju-
gated second antibody, as described previously (14).

Southern hybridization. Bacterial chromosomal DNA was

isolated as described in reference 14. Total genomic DNA
was cleaved by SphI endonuclease digestion and electro-
phoresed overnight at 30 V on 0.7% agarose. The DNA was

transferred to nitrocellulose sheets by the method of South-
ern (24). DNA probes were isolated, purified, and labeled
with [ -32P]dATP by the random priming technique of Fein-
berg and Vogelstein (10). The lisA probe consisted of a

651-bp Hindlll fragment internal to the gene. A 673-bp

HindIII-BamHI probe from within the mpl gene was used for
detection of the presence of this gene. Hybridization condi-
tions for the detection of the various listerial genes were as
described in reference 14.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper have been submitted to
EMBL and assigned the accession number X54619.

RESULTS

The DNA sequence of a region of L. monocytogenes
chromosomal DNA from strain EGD, located between the
HindlIl restriction endonuclease site situated immediately
downstream from the lisA gene to the HaeIII restriction
endonuclease site 2 kb away, was determined (Fig. 1). The
nucleotide sequence revealed the presence of a large ORF of
1,533 nucleotides (nucleotides 2092 to 3624) located 329
nucleotides 3' to the UAA stop codon of the listeriolysin
gene. It was preceded by a putative ribosome binding site
located seven nucleotides upstream of its initiation codon
ATG. The reading frame encoded a protein of 510 amino acid
residues with a calculated molecular weight of 57,400 and pl
of 6.64. Sequences of a dyad symmetry that resemble a
rho-independent terminator (21) were located 33 nucleotides
downstream of the termination codon.
The first 72 nucleotides of the ORF encode a 24-amino-

acid peptide that has all of the features of a procaryotic
signal peptide sequence. It has an overall helical structure
that is predicted to be transmembranous, positively charged
amino acid immediately following the initiator methionine
and a central hydrophobic core followed by more polar
amino acids. This result suggested that the product of this
ORF is, like listeriolysin, a secreted polypeptide in L.
monocytogenes.
Homology with bacterial neutral proteases. Analysis of the

predicted polypeptide sequence of the ORF for homology to
other sequences in the GenBank data base, using the FASTP
algorithm of Lipman and Pearson (15), revealed strong
similarities to secreted bacterial zinc metalloproteases from
Bacillus spp. (13, 23, 25, 29). The similarities were substan-
tial (Fig. 2), especially in the region corresponding to the
mature forms of these proteases, and highly conserved with
respect to residues forming the catalytic center of these
enzymes (Fig. 8 of reference 12). The Bacillus proteases are
all preproenzymes and possess a putative signal peptide at
the N-terminal end of their full-length ORFs. Mature prote-
ase is produced by cleavage of an N-terminal pro-sequence
and is approximately 60% of the total length predicted from
their full-length ORFs. A comparison of the sequences
available for the mature form of these enzymes suggests
amino acid Glu-200 as the site at which the scissile bond is
cleaved to give the mature form of the protease. In the case
of the listerial protease, this would result in a mature protein
of 35,000 Da. The ORF encoding this polypeptide has been
designated mpl, denoting metalloprotease of L. monocyto-
genes.

Transcription start site of the mpl gene. The transcription
start site of the mpl gene was mapped by primer extension,
using avian myeloblast reverse transcriptase of RNAs ex-
tracted from L. monocytogenes EGD (Fig. 3). Two start
sites for transcripts were detected, a minor transcript start-
ing 149 nucleotides and a major transcript starting 150
nucleotides, respectively, upstream of the initiation ATG
codon of the mpl gene. At the spatial regions corresponding
to the -10 and -35 regions of either transcript, there is good
fit at the -10 region but poor homology at the -35 region
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GENE mpl IN L. MONOCYTOGENES

TMMAShATwLACAGCAtaGGACTAGAATAAAGCTATAAAGCAAGCATATAATATTG 60

CGTTTCA AGAAGCGAAT CGCCAATATTAT CGAGAGGGGT 120

AACGGTATTTGGCATTATTAGGTTAAAAAATGTAGAAGGAGAGTGAAACCCATG -- 174
NET-lisA-

~ GAATAAAACCGCTTCACACCAT1815
---END
HindIII
AGlCTGTT_GACTCTTATTTT 1875

= _ _M z nGAkTATATCC1935
-35 -10

ATAAGrATATCCCAAAGTTTAAGCCACCTATAGTTTCTACTGCAAAACGTATAATAGT 1995
+1 3'

TCCCACATATACTAAAAAACGTGTCCTTAACTCTCTCTGTCAGATTAGTTGTAGGCG1 2055
=-GGTIGATATIGAI?rl'TTGCCAGG-5'

_ _C1zAG?1IACGAATrAAAAAGGA~GGAAATGAAAAGTAAACTTATTTGTATC 2115
RBS MSTh1ExL uflIl- S

ATCATGGTAATAGCTTTTCAGGCTCATTTCACTATGACGGTAAAAGCAGATTcTGTcG 2175
Ilex,tVaXnlIAlaPheGLn&lsaisPhbThxxt ThrValLraAJnapgorva1.1y 28

. HindlIl.
GAAGAAAAAcTTcAAAATAATAcAcAAGccAAAAAGACCCcTGGCGATTTAAAAaCTTT 2235
alualuLyasLualnassaThrzoluAlaLyaLysThrProAlaAspL.uLysaaLeu 46

CCAGATTCCTGCGAAGLA_ 2295
Pr@ApsercysaluAlaLyslspPheTyrLy rsIPheLyslleLeU&laaptTlrLYu 6s
GATAAGCTAGGCGTTACGCATTATACGCTCGCGCTAAGTTCTGGTGGTiCTSGACCGAT 2355
aspLysLeuGlyValThnEisTyrThrLuAlaLeuBerSerGlyG3lyraL. A a6

AATGATGAAATCAAGGTCCACGTCACACCGGATAATAAAATCACTTTCATAAATGGAGAT 2415
Asu"apluIleLyuValEisValThrProAspAsp ysLl.!hrPheIlosSalylp 108

TTGCAGCAAGGACAGCTTAGGATTACTAATCAAATAAAAATTACAGAAAAAAATGCTATC 2475
Leua3lnlnalyGlnLraArgZleThrAsnGlnIleLysllThrGluLysssa&sXle 126

GAAAGCATTTGAAGCCATCGGTCAGAGTGAAGCTCATGTGAAAAGTTATGTCGGAAAC 2535
3LuLys11aPhGluA1aZ1g1yGln5erG1uAlaEi3ValLyaSrTyrVala1yksus 146

cCAGTGAAAGAAAAAGAAATCATCCTCAATTCCAGAACAAAAcGCTTAGTTTATAATATA 2595
ProValLysaluLys1lu1lel-LeUASflerBrg?hrLysArqLeVuValTrS3Ile 166

AAATTGATTTTGCTGAGCCGGAAGTTGCGAGTTGGATTGTTCAAGTGGACGTAGAAACC 2655
LysaLuIlePheAlalGuProGluValAlaBrTrpIOVa1G1DV6ASpValSlu?hZr 1s6

GGCGCAATTTTAAAAAAGCAAAATATGCTTTCCGAGGTAGAACGGGCTGATACCCACAAA 2715
3lyAlal.L.uLysLysG1DAsDnetL.uSrGluVal0luargAlLaapThZEisLys 206

GATTTTCAAGCGCTTGGTAAAGGAGCCAACCGATTGCTCCAGAGGCCACTACATGtTTATG 2775

AAAATTAATGACCTATTTTACTTAGTGGATAGAACTCATAAAGGACTCATAAGAACTTTT
LysalZl&sapL.uPhoTyrLuValAspArgThrEisLyualyL.uIleArg?ThPh.
GATTTAAAACATAATACCGACACTTCGTTTGGGAAAGTGGTATCAAATAAAACGAATATG
AupL.uLyaEisAunThrkspThrSerPheglyLysValValSBrasuLy ? ruJt

BaullI . .
TTTACOG&CCAGAATTTAGTTCCGCAGTGGATGCTCATTTTTACGCAAGTGAAGTGTAC
PhThrlspProluPheSerS*rAlaValAspAlaNisPhSyrAlaSergluValYr

GAATACTATAAAAATGTCCACCAA
GluTyrzyrLyasuaValEal.laualuser:LuAapGlyLysGlyGlyGluIlesp

BalI .
TCGT=TTCCTTATGGCTTGAATTGCAATAATGCCTTTGGGAT6C0A&G&AATTCT
3-rPhhValEisTyrGlyL.uAsnCysAunlnAAlaPheTrplspGlyGlaGluI1Leu

EiuOluLeu!hrElu*alVAlIllnTyr ezAl8alyaouoluTyrrluGlyaSe-

GGTGCGCTAAACGAGTCGTTCGCCGATG==GTT AATG CATTGG
OlyAlaL.ukanalu.rPh.AlaAspvalPh.GlyYylPheXsAlSaPro@salEsIp

NruI
TTGAITGGTGAGGATGTCTGTGTGCGTGGG!CGCGAGATGGGCGAATAAGAAGC&1¶AAA
LuIXleglyaluAspValCyuValArgalyaerArgAspOlyArgZSXAr8erSlXLey
GATCCTGACAAATATAATCAAGCGGCTCATATGAAAGATTACGAATCGCTTCCACTCACA
AspProAspLysTyrAsa0LnalaAlai6MOtLy8AspTYrGLUB61LerU1T@LeUYr
GAGGAAGGCGACTGGGGCGGAGTTCATTATAATAGTGGTATCCCGAATAAAGCAGCCTAT
alualualy16pTrpGlyGlyValEismyrAsnS.rGlyXSIProanLy3lmala?Tyr

AATACTATCACTAAACTTGGAAAGAAAAAACAGAACAGCTATTTTCGCGCCTTAAAG
asaThrxl-ThrLySL.uG1yLyUGluLy?hrGluG5LouTyrPheArgA1aLeuLys
TACTATTTAACGAAAAAATCCCAGTTTACCGATGCGAAAAAAGCGCTTCAACAAGCAGCG
TyYyrLouThrLy.Ly6erI1lnfPh6ThrAspAaLy3LyAa-LLualGa1Gal6ala

.HindIII
AAAGATTTATATGGTGAAGATGCTTCTAAAAAGTGCTGAGCTTGAAGGGCAGTTGG
LysBpL.uTyrGlyGluASpA&1SarLysUySValAlaGluA1lTrZPlualaValely
GTTAACTGATTAACAAATGTTAGAGAAAAATTAATTCTCCA&ATGATATTCTTAAA
ValAauEND

TrCATQTATTTTATA rrAGCTAATTAAGAAGATAACAACTGCTAATCCAATT
HaeIII

TTTAACGGAACAAATTAGTGAAAATGAAGGCC

3135
348

3195
366

3255

3315
401

3375
426

when compared with consensus procaryotic promoter re-
gions (18). Both the lisA and the mpl genes are transcribed
by independent promoters from the same strand on the
chromosome of L. monocytogenes (Fig. 4).

Detection and identification of the product of the mpl gene.
To identify the gene product encoded by the cloned mpl gene
in E. coli, plasmid pLM47-300 containing only the reading
frame corresponding to the mpl gene was transformed into
the maxicell strain CSH26AF6. Polypeptides encoded by
plasmid pLM47-300 and the vector plasmid pUC18 were
detected by radioactive labeling with [35S]methionine. A
unique 60-kDa polypeptide was expressed in the strain
carrying pLM47-300 (Fig. 5). Synthesis of all other identifi-
able proteins detected are directed by the vector plasmid.
The detection of a 60-kDa form of the protease would be
expected if no processing to the mature form were to occur.
Indeed, we found that the recombinant plasmids pLM47,
47-210, and 47-300 harboring the mpl gene expressed very
low proteolytic activities, showing small zones of clearing on
LB-skim milk agar plates only after prolonged incubation (48
h) at 37°C. This activity was absent in the same E. coli strain
harboring the disrupted version of the mpl gene on plasmid
pLM47-200.

Detection and expression of protease activity in Listeria spp.
To date, no proteolytic activity has ever been reported for
the species L. monocytogenes. When strain EGD was
streaked on LB-skim milk agar plates, no proteolytic activity
could be detected even after incubation at 37°C for several
days. From several serotype 1/2a strains that were assayed
for proteolytic activity, we found that only colonies of the
type strain NCTC 7973 showed small zones of clearing after
overnight incubation on skim milk agar plates at 37°C.
The reason for the absence of activity in L. monocyto-

genes EGD became apparent when trichloroacetic acid-
precipitated culture supernatants were subject to SDS-
PAGE, blotted onto nitrocellulose filters, and developed
with antiserum raised against purified thermolysin of Bacil-
lus stearothermophilus (Fig. 6). A polypeptide of 60-kDa
size was specifically recognized by the antiserum in the
supernatant fluids of L. monocytogenes serotype 1/2a strains
EGD and NCTC 7973; no reaction with the antiserum was

detected with supernatant fluids of L. innocua. It appears
that, while the mpl gene is transcribed (Fig. 3) and expressed
under standard laboratory conditions used for culturing
Listeria spp., only the inactive proform of the protease is
produced. The detection of small quantities of a 35-kDa
polypeptide in the supematants of strain NCTC 7973, absent
in the supernatant fluids of strain EGD, would account for
the proteolytic activity observed with this strain. These
results also confirm that a 60-kDa polypeptide secreted by

FIG. 1. Nucleotide sequence and deduced amino acid sequence
3 435 of the L. monocytogenes metalloprotease gene, including upstream

and downstream flanking sequences. The coordinates of the nucle-
3495 otide sequence used here are a continuation of the numbering

system used for the DNA sequence of the listeriolysin gene of this
3555 strain (9). The initiation and the termination codons of the lisA gene

are indicated, with dashed lines representing regions from the
365 previously published sequence. The promoter region and the tran-

scriptional start sites are indicated as -35, -10, and +1, respec-
3675 tively. The oligonucleotide sequence used for primer extension

analysis is indicated. The ribosome binding site (RBS), the putative
3735 signal peptide, and transcriptional terminator are underlined and

indicated in that order from the 5' start to the 3' end of the sequence
3767 presented.
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30
Lao ..M S K L I C WI MV I A F Q A H F T M T V K[ SDV[GV
Bsu H G L G K K L S V R V A A S F M S L S I S L P G V QAA EG
Bst M N K R A ; L G AfG L A F G L . . . L A A P I GIS A K
Ban M G L G K S V A V A A S F M S L T I S L P G V Q A A E N
Bce

60
Lao E] E K L Q N Q A KKTPA. . DMK[A-L PDIS C EA
Bsu H Q L K E N Q N F L S [K|PIQ S E S PlN D K A V
Bst [JS I V W N E . . . .QW SFVS GSLNGG E Q[I
Bam P Q L K E N Lf N F V PJg H S L V Q S E(iP S V S D K . A I
Bce . . . . .

90
Lao DMFYI. F S]ILU
Bsu MJQFLKXN IF DPSKSVKL V E S TTDALG
Bst L E E L V Y Q Y V D R G T F R L G G R A R D R L A L I G
Ban [j] Q Y L . . . . . . . N G K V F K G N P S E R Lff]L I [
Bce

120
Lmo M]K[DRK rLE G V Y T L A L S S GMGY L T D N[1 E I K V[ ]
Bsu Y K H F R Y A P V V N G V P I K D S V I V H VDK S D N V
Bst K T[DE [LGH[M R F E Q R H H GIP V Y G T ML AA Fill
Bam QHTIDDLGIY KMF R Y V P V V N V P V K D S Q V I IHJ

150
Lmo [EJT P D[X]KrnT F|I N G . . . T Q . [(oG QMR I T[8]Q I F]
Bsu Y A V N G E L H N Q S A AKT jS Q KV S S E K A L A L A
Bst V K D GE LIMA L S G S L I P N LDG[P RjK K A K T V T
Bam U D KSrN V YAL N . . . E LN N D V S A K TAL ]SKri
Bce

180
Lmo I T E K NAE KAF E A I GlQSE A H K S Y VJ. . . [
Bsu F K A I G K S PDO V S N G A A K N S N K A E L K A I E T K
Bst V Q Q A EI .i .. EODVT E TVT K E R P T T EN1I1
Bam L S A N QL DHLH Y K|A I KSP E ALS N . .Q]T V ALN
Bce

210
Lmo P V(K]E K E I[E]L N S R . |T K. R L V N I K L I F A E P E
Bsu D G S Y R L A Y D V T I R Y V E P E P AI W E V L V D A E T
Bat G E R T R L V Y P T DG[EFA.RLAY E V N V R F L T P V P
Bam K N[K]A E L K A A A T K D G IKYR LIAEjD V T I R Y I rE P E
Bce

240
Lmo V[]S[R]I V Q V D V E T GAIL K K Q NIMLSE V ER A DofBsu GSILKQLNKQ E T G S G T TL G A T V P L N
Bst GNW VYIIDAT D G A I NK| I 1N R Q PG G G Q
Bam P[)NjE[VT ]A E TGKII L K K Q NIK V E H A A T T G rT
Bce . . . . . . . . . . . . . . . . . . . . . V T G T NK V GW

270
Lao HD F Q A L G]G A[E]R LMQ R PMHM[KINMK I N .
Bsu I S Y E G G K Y V L R D. . S K P T G T QI I T Y
Bst P V A G A S T V G V G R G V[KJG D Q K Y I N T T Y S S Y Y G
Barn G T T L K G K T V S L N I S S E S G K YF!JL R D0.....
Bce G [G V L G D T[]S L T Ti . . . . . . . . . . . . . SG

300
Lao r5 LF YLF V RT NH K 7GL I RMFT L K|H[ET DOflS FJgJK
Bsu IDLPJQ N R Q SRIL P G T V S--S T T K T FT 5 SQ R A At
Bst Y Y Y L Q D N T R G S[ I F T Y D G R N R T V L P . G S L W
Bam . L S K P T G T QmI Y N R YN PTBarn. SKPTTQjIIRT ~I_QNREYNLPMnTL
Bce SSYSY LQQ[N]N[]RGATAIFTYOAK. [a]R S[lL PGJT L

330
Lmo |V SN K TN N F-F TOD P EF SS A V D A H F Y AS E V YIEiY!I
Bsu D A H Y N L G K V Y DYFYL NFKRN S[ DNKG S K I V
Bst T D G D N QF T A S Y DAAAVDAHY Y A G V V Y DYY K
Bam S T QlFjJT S SQRA|AVDAH|YNLG K _Y|DY,
Bce W A D AOjVLEJN A A Y D A AIA V D A HI Y[Y[ AIG KTWLDIY Yl

360
Lao []N| H QMLE[OLM]GK G GELDW F [V H Y G L[]C N N A F
Bsu SS lvH GYG TQ Y N N A A W T-]QN I YGDG DG SF F S

Bst N V H G R[
a
S Y DG S N A A I R S T V H YGRG Y NN F W

Bam YQK FNNRNNS [Y N KKJIXVIiSIV HYiGISRY NNALA
Bce [ATFNRNLJ IND P L KJJTT VHLYL GSf]YlINN-AFl390
Lao CH]DJO E I LIY G D G0 K K N(fKMPFWC A K TMVIG H E L
Bsu PL S G S L DV T A H EN T H G V T Q E TNANLLLYE N Q P
Bst N G 1 VYGDG DG Q T F L P F S G G I DV V G H E L T
BamFWJICDQMMIY GD G G SFrS[MPL[GSNMDVTTAHEN
Bce JN S QN V|Y G D G DiG V TI;IT S LJG GI D V IIG H420
Lao ITHAVI YH ]GMEYEGUGQSGALNESFADVFG Y
Bsu GA L N ESF D VFGL FNNDTE DW D IGE DIT V.
Bst HAV T DY T A G L V Y E S GAINEAN S D I F GT L

Bar TtT]EMEN MLNNXLNNY EN N EIS
Bce IT H A VIT ENL]S N II QN EIS GAL N EIAISI4i50GT

450
Lao [flI A . [~N NH[ELII G E DIVC[R_SR]G R IIR J

Bsu . SQPALRSLSN PT K Y N Q P D N Y A N Y R N L P N T
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Ban T N S G IP N K A A . . . . . . . ..T .IN[T IT,[5JI r
Bce LiI] T N S. N L LLA N G GT H YGV IJVUG IIG

540
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FIG. 2. Sequence alignments of metalloproteases from Bacillus spp. and the Mpl protease of L. monocytogenes (Lmo). Alignments were
produced by using the Bestfit algorithm with a gap weight of 3.000 and length weight of 0.100 (8). Only amino acids identical to the Mpl
protease of L. monocytogenes are boxed. Percent amino acid identity of Mpl protease to B. subtilis metalloprotease (Bsu) is 41.8%; B.
stearothermphilus (Bst), 34.2%; B. amyloliquefaciens (Bam), 41.8%; and B. cereus (Bce), 38.3%.

strains of L. monocytogenes is in fact antigenically related to
the metalloproteases produced by many Bacillus spp., of
which thermolysin is a prototype (13).
The mpl gene is unique to the species L. monocytogenes and

is physically linked to the listeriolysin gene in these strains.
Genomic DNA of strains comprising several commonly
occurring serotypes of L. monocytogenes and the species L.
ivanovii, L. innocua, and L. seeligeri were isolated and
digested with the restriction endonuclease SphI. In the
serotype 1/2a EGD strain, all of the lisA gene and part of the
mpl gene are located on a common 3.86-kb SphI fragment
(14). Hence, if physical linkage of both genes also exists in
strains of other serovars, DNA probes harboring sequences
internal to each of these genes would be expected to hybrid-
ize to a common SphI DNA fragment. The results obtained
with two such DNA probes are depicted in Fig. 7A and B. In
all L. monocytogenes strains tested, physical linkage be-
tween the lisA and mpl genes was detected. The results also
demonstrated that, although the listeriolysin gene is present

in L. ivanovii and L. seeligeri, no sequences homologous to
the mpl gene are present in these strains. Hence, the mpl
gene is unique to the pathogenic species L. monocytogenes.

DISCUSSION

In this communication, we have reported on the molecular
cloning, sequencing, and identification of a gene located
immediately downstream of the listeriolysin gene in L.
monocytogenes serotype 1/2a strain EGD. The product of
the ORF was composed of 510 amino acids with a predicted
molecular weight of 57,400. The amino acid sequence of the
polypeptide showed strong similarities to those of other
secreted bacterial metalloproteases, especially those belong-
ing to the species Bacillus (13, 23, 25, 29). We have desig-
nated this gene mpl for metalloprotease of L. monocyto-
genes. No proteolytic activity has ever been described for
the species L. monocytogenes, and our results document for
the first time the presence of a metalloprotease gene in this
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FIG. 3. Mapping and detection of mpl transcripts in L. monocy-
togenes EGD by primer extension analysis. An a-32P-end-labeled,
25-oligonucleotide-long primer (Fig. 1) was used for reverse tran-
scription of the transcript. The DNA products were separated on an
6% polyacrylamide gel simultaneously with a dideoxy sequencing
reaction ladder, using the same DNA primer and plasmid pLM47 as
template to allow determination of the extension product. Lane 1
denotes the primer extension reaction done with total RNA from
strain EGD. Lanes denoted G, A, T, and C are tracts of the
sequencing reaction.

species. The gene is absent in all other species of the genus
Listeria.

Primer extension analysis of RNA extracted from L.
monocytogenes bacteria indicated the presence of two tran-
scriptional start sites located 149 and 150 nucleotides up-
stream of the initiator ATG codon. The longer RNA tran-
script is the major form produced in this strain (Fig. 3). A
previous analysis of the transcriptional start sites of the gene

1 2 kDa

- 69

- 46

* - 30

FIG. 5. Autoradiogram of 35S-labeled polypeptides encoded by
pUC18 (lane 1) and pLM47-300 (lane 2) in maxicells. The 60-kDa
polypeptide in lane 2 is the product of the mpl gene. Molecular mass
standards are indicated.

from an L. monocytogenes serotype 1/2c strain revealed a
single RNA start point for transcripts located 149 nucleo-
tides upstream of the mpl gene of that strain (19). The reason
for this discrepancy is not obvious, since the available DNA
sequences from this region of the chromosome for both
strains are identical.

H f H

I1I1
bt

H fUB N H H

I1I I I

gLM47

;7
pLM42-M

pLM47.30

FIG. 4. Partial restriction map of the region around the mpl gene of L. monocytogenes EGD. Thin black lines represent various lengths
of L. monocytogenes chromosomal DNA inserted into the plasmid pUC18 vector. Regions following the double slashed lines are not drawn
to scale. Solid blocks represent the DNA probes used in the detection of the lisA and mpl genes. The location of ORF U (19), lisA, and mpl
are shown by open boxes together with the direction of transcription of these genes. Restriction endonucleases are as follows: B, BalI; Ba,
BamHI; E, EcoRI; Ha, HaeIII; H, HindIII; N, NruI; S, SphI; Ss, SspI.
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FIG. 6. Immunodetection of Mpl protease in culture superna-
tants of Listeria spp., using rabbit anti-thermolysin antiserum. Lane
1, L. monocytogenes EGD; lane 2, L. monocytogenes NCTC 7973;
lane 3, L. innocua NCTC 11288; lane 4, purified thermolysin from B.
stearothermophilus.
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8

_ -13

A palindromic sequence of 14 bp centered around the -40
regions of the promoters of genes detected within this region
of the serotype 1/2c strain has invited speculation that it is a
site at which DNA-binding proteins may act and given rise to
the notion that these genes are commonly regulated (19).
Such palindromic sequences are also present in the spatial
region corresponding to the -40 regions of the mpl and lisA
genes in strain EGD. We note, however, that a similar
palindrome starting from nucleotides 3625 to 3638 also
brackets the termination codon of the mpl gene. The role of
the palindromic sequences in mediating coordinate regula-
tion of these genes is not clear at this time; more studies will
be required to address their significance.
The amino terminal of the predicted polypeptide contained

a 24-amino-acid sequence with sequence features typical of a
signal peptide. That this protein is in fact secreted was
confirmed by the detection of a 60-kDa protein, cross-
reactive with antiserum to purified thermolysin from B.
stearothermophilus, in the supernatant fluids of L. monocy-

togenes strains. Little or no cross-reactive material was
detected in total cell lysates of these bacteria (data not
shown). The secreted bacterial metalloproteases are all
preproenzymes and processed after secretion of the inactive
pro-form to their respective active mature forms (13, 23, 25,
29). Amino acid sequence comparisons to the other metal-
loproteases suggest Glu-200 as the site of processing of the
proform of the Mpl protease, to give a mature active protein
of 35 kDa.
A secreted protease of 60,000 molecular weight would

correspond to the inactive pro-form of the Mpl protease.
This would explain why little or no protease activity was
found in the supernatant fluids of various L. monocytogenes
strains. It is apparent that, under the standard laboratory
conditions used for culturing Listeria spp., production of the
active form of the protease is not favored. Controlled
production of active protease from its inactive precursor

_ * _ - 3.8

_ - 2.6

FIG. 7. Autoradiograph of a Southern blot of chromosomal DNA
from different strains digested with restriction endonuclease SphI
and hybridized to (A) a 673-bp BamHI-HindIII fragment from the
mpl gene and (B) a 651-bp HindlIl fragment from the lisA gene.
Lane 1, L. monocytogenes EGD serotype 1/2a; lane 2, L. monocy-
togenes SLCC 2755 serotype 1/2b; lane 3, L. monocytogenes NCTC
5348 serotype 1/2c; lane 4, L. monocytogenes SLCC 4013 serotype
4b; lane 5, L. monocytogenes L99 serotype 4a; lane 6, L. innocua
NCTC 11288 serotype 6a; lane 7, L. monocytogenes SLCC 2487
serotype 7; lane 8, L. seeligeri SLCC 3954 serotype 1/2b; lane 9, L.
ivanovii ATCC 19119 serotype 5.

within the environment of the host would be a means of
effectively targeting it to its appropriate site of action. In the
only strain in which activity was present, small but detect-
able amounts of a 35-kDa polypeptide were detected in its
supernatant fluids (Fig. 6).
The low level of protease activity in E. coli recombinants

harboring the mpl gene was likely the result of a combination
of low expression of this gene in the recombinants used and
the absence of any significant level of processing of the
protease to its mature active form in E. coli. There is, in fact,
precedent for the poor expression of protease activity in E.
coli recombinants harboring cloned preproenzymes from
Bacillus species (26).

Recently, a unique amino acid sequence motif represent-
ing the core of one of the two zinc-binding sites in ther-
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FIG. 8. Comparison of the primary structures of zinc-dependent
metalloproteases from various bacteria and protozoa, using the
three residues (boxed) known to be required for hydrolytic activity.
The alignment was generated as described in reference 12.

molysin, (uncharged)-(uncharged)-histidine-glutamine-(un-
charged)-(uncharged)-histidine-(uncharged)-(hydrophobic),
has been shown to be common to zinc-dependent metallo-
proteases (12). This motif is also preserved in the Mpl
protease of L. monocytogenes. Using this signature, we
found that similar regions in elastase ofPseudomonas aerug-
inosa (2) and the PEP 1 protease of Legionella pneumophila
(3) are also conserved (Fig. 8). Both of these proteases are

also metalloproteases and possess broad substrate speci-
ficity (3, 31). In both microorganisms, proteases have been
implicated as virulence factors.
The role and significance of a metalloprotease in patho-

genic Listeria spp. are unknown. Species other than L.
monocytogenes are devoid of the gene, suggesting that it is
required for neither growth nor persistence in nonanimal
environments. Metalloproteases also form a part of the
repertoire of secreted proteins of four other human and
animal pathogens, namely, P. aeruginosa (31), Legionella
pneumophila (1), Serratia marcescens (20), and Leishmania
major (4), and it is possible that the adaptive significance is
related to different stages of the infectious process within the
animal host. Clearly, the scavenging function of protease
could be an important prerequisite to intracellular survival of
L. monocytogenes when considering its nutritional require-
ments. Alternatively, it could exert its effect by degrading
host cell proteins and hence influence the response of the
host in pathogenesis. Whatever the contribution of the
protease to the ability of these bacteria to cause disease, the
availability of the gene and its nucleotide sequence will
enable us to address fundamental questions concerning its
role and regulation during the pathogenesis of listerial infec-
tions in experimental animal models.
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