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Abstract

Listeriamonocytogenesis a facultativeintracellularbacteriumwhich is ableto induce
its own uptake into normallynon-phagocytic mammaliancells. This internalizationpro-
cessis mediatedby the internalinsInlA andInlB, which belongto a growing family of
leucine-richrepeat(LRR) proteins.

In the presentstudy, a new geneclusterof L. monocytogenesEGD containingthree
internalingeneswas identifiedandcharacterized.Thesegenes,termedinlG, inlH and
inlE, encodeproteinsof 490, 548 and499 aminoacids,respectively, which belongto
the classof large, surface-boundinternalins. Sequenceof the proteinsInlG, InlH and
InlE revealedthepresenceof thecharacteristicfeaturesof theinternalinproteinfamily: a
signalsequence,two regionsof repeats(LRRsandB repeats),aninter-repeatregion,and
a putative cell wall anchorsequencecontainingthesortingmotif LPXTG. InlG contains
four LRR unitsof 22 aminoacids,two B repeatsof 70 and49 aminoacids,andthecell
wall anchorsequenceLPKTS at theC-terminus.InlH andInlE possessbothsevenLRRs
andtheanchorsequencesLPTAG andLPITG, respectively. WhereasInlH hasalsotwo
B repeatsof 70 and49 aminoacids,InlE hasonly oneB repeatof 47 aminoacids,andin
additiona third domain,termedregionD, which is composedof two repeatsof 20amino
acidseachwith highsimilaritiesto theB repeats.

TheinlGHE geneclusteris flankedby twohouse-keepinggenesencodingproteinsho-
mologousto the6-phospho-

�
-glucosidaseandthesuccinyl-diaminopimelatedesucciny-

laseof E. coli. A similar internalingenecluster, inlC2DE, localizedto thesameposition
on the chromosomewasrecentlydescribedin a different isolate(Dramsiet al., 1997).
Sequencecomparisonof the two geneclustersindicatesthat inlG is an additionalnew
internalingene,whereasinlH is generatedby a sitespecificin-framedeletionremoving
the3’-terminalendof inlC2 andthe5’-terminalpartof inlD. Thesitesof recombination
are locatedin the almostidenticalfirst B repeatsof inlC2 and inlD. The third geneof
the inlGHE cluster, inlE, is nearlyidenticalto thepreviously reportedinlE gene(Dramsi
et al., 1997).PCRanalysisrevealedthepresenceof thenew genesinlG andinlH in most
L. monocytogenesserotypes.In contrast,the inlC2DE could not be detectedin any of
thestrainstested,suggestingthatthis clusteris specificfor thestrainusedin theprevious
study. The occurrenceof the inlGHE geneclusterwasalsoexaminedin six L. mono-
cytogenesclinical isolates,which wererecentlyisolatedfrom food or patientssuffering
from septicaemiaor gastroenteritis.Four from theseisolatesshow to possessthe inlGHE
cluster, but variationswithin thesequencesof thesegeneswereevident.

The promoteractivity of eachof the genesinlG, inlH and inlE wasdeterminedby
measuringthefluorescencemediatedby GFP-basedexpressionplasmids.The inlG gene
hasthe mostactive promoter, but lower activities werealsodetectedwith the inlH and
inlE promoters.Transcriptionof thethreeinl genesseemsto beindependentof thetran-
scriptionalregulatorPrfA andnot inducedafterashift from therich growth mediumBHI
into theminimumessentialmediumMEM. In addition,thegenesinlG, inlH andinlE are
not expressedintracellularlyin Caco-2cellsnor after contactof the bacteriato HepG-2
cells.

To investigatetherole of the inlGHE geneclusterin virulenceof L. monocytogenes,
an inlGHE in-framedeletionmutantwasconstructed.Deletionwasachievedby double



cross-overusinga pLSV1-basedknock-outplasmidwhich led to thefusionof the5’ end
of inlG to the3’ endof inlE, resultingin theexcisionof the interveningsequencefrom
thechromosome.Whentestedin themousemodel,the � inlGHE mutantexhibitedafter
oral infectionasignificantreductionin bacterialcountsin liverandspleenin comparison
to thewild typestrain,which arguesfor an importantrole of the inlGHE geneclusterin
virulence.

In vitro studiesusingGFP-basedexpressionplasmidsrevealedthat the intracellular
growth andcell-to-cellspreadingof the � inlGHE strainin Caco-2monolayerswerenot
impaired.However, invasivenessof thismutantinto non-phagocytic cellsof thecell lines
Caco-2andTIB73 wasincreasedby afactorof 2 to 3,whereastheadherenceandinvasion
ratesinto professionalphagocytesof thecell linesJ774andP388weresimilar to thatof
the wild typestrain. To examinewhetherdeletionof thesinglegenesfrom the inlGHE
geneclusterhasthesamestimulatoryeffect on invasivenessasdeletionof thecomplete
genecluster, the singledeletionmutants� inlG, � inlH and � inlE wereconstructedby
doublecross-over. Thesemutantswere subsequentlyrevertedto the wild type by in-
troducinga copy of the correspondingintact geneinto the chromosomeusingknock-in
plasmids.

To determinea putative contribution of theproteinsInlG, InlH andInlE in combina-
tion with otherinternalinsto theentryof L. monocytogenesinto mammaliancells,the inl
deletionmutants� inlA/GHE, � inlB/GHE, � inlC/GHE, � inlA/B/GHE, � inlB/C/GHE,� inlA/C and � inlA/C/GHE wereconstructedin thepresentstudy. Cellular invasionas-
saysperformedwithin the frameof a doctoralthesisby B. Bergmannusing thesemu-
tantsrevealedthat InlA- but not InlB-mediatedinternalizationof L. monocytogenesinto
non-phagocytic cellsadditionallyrequirestheinternalinsInlB, InlC, InlG, InlH andInlE
(Bergmann,Raffelsbaueretal., manuscriptsubmmited).

Usingthesemi-quantitativeRT-PCRtechnique,transcriptionof thethreegenesinlG,
inlH and inlE wasdetected.Reactionsusingprimersderived from inlG yieldedhigher
amountsof product,suggestingthat this geneis transcribedat higherefficiency thanthe
othertwo genes.Deletionof singlegenesfrom the inlGHE clusterdid not seemto af-
fect transcriptionof theremaininggenes,asRT-PCRsperformedwith thesingledeletion
mutantsyieldedthesameamountof productthanthewild typestrain.

Transcriptionof theinlA, inlB andinlC genesin thelogarithmicgrowth phasewasex-
aminedin differentinl deletionmutantsby RT-PCR.Deletionof inlGHE enhancestran-
scriptionof thegenesinlA andinlB but notof inlC. Thisenhancementis not transient,but
canbe detectedat differenttime pointsof thebacterialgrowth curve. In addition,dele-
tion of inlA increasestranscriptionof inlB andvice-versa.An inductionof transcription
of thesegenescould be observed in the internalinmutantstrainslacking inlGHE, inlA
and/orinlB. In contrast,the amountsof inlA and inlB transcriptsin the singlemutants� inlG, � inlH and � inlE weresimilar to thosefrom thewild typestrain.

Infectionof Caco-2andJ774cellswith L. monocytogenesEGDdoesnotseemto elicit
cell deathby apoptosis.In J774cellsno significantalterationin theamountof histone-
associatedDNA fragmentswasobservedbetweenstrainsEGDand � inlGHE, whichwas
onlyslightly increasedin comparisonto thenon-infectedcontrolcells.However, infection
of Caco-2cellswith two L. monocytogenesclinical isolatesleadsto a two- to three-fold
increasein the level of DNA fragmentsin comparisonto strainEGD. A correlationbe-
tweentheability to induceapoptosisandthebacterialinvasivenesswasobservedfor the
strainstested,includingthe � inlGHE mutant.



Zusammenfassung

Listeria monocytogenesist ein fakultativ intrazellul̈aresBakterium,dasseineAufnahme
in normalerweisenicht-phagocytischeSäugerzellenselbstinduzierenkann. DieserIn-
ternalisierungsprozesswird durchdie InternalineInlA und InlB vermittelt, die zu einer
wachsendenFamilie vonLeucin-reichenRepeatProteinengeḧoren.

In der vorliegendenArbeit wurdeein neuesGenclustermit drei Internalingenenidenti-
fiziert undcharakterisiert.Dieseals inlG, inlH und inlE bezeichnetenGenecodierenfür
Proteinemit 490, 548 bzw. 499 Aminos̈auren,die zur Klasseder großen,Oberfl̈achen-
gebundenenInternalinengeḧoren.Die SequenzderProteineInlG, InlH undInlE zeigtdie
charakteristischenMerkmalederProteinfamiliederInternaline:eineSignalsequenz,zwei
Repeat-Regionen(LRRsundB-Repeats),eineInter-Repeat-Region sowie einemögliche
Zellwandankersequenzmit demMotiv LPXTG. InlG entḧalt vier LRRsvonje 22Amino-
säuren,zwei B-Repeatsvon 70 und 49 Aminos̈aurenund die Zellwandankersequenz
LPKTSamC-Terminus.InlH undInlE besitzenbeidesiebenLRRsunddieAnkersequen-
zenLPTAGbzw. LPITG.WährendInlH auchzweiB-Repeatsvon70und49Aminos̈auren
entḧalt, hatInlE lediglicheinB-Repeatvon47Aminos̈auren.Zus̈atzlichbesitztInlE eine
dritte, alsRegion D bezeichneteDomäne,die auszwei Repeatsvon je 20 Aminos̈auren
mit hoherÄhnlichkeit zudenB-Repeatsbesteht.

DasinlGHE-Genclusterwird vonzweiHaushaltsgenenflankiert,die für Proteinemit Ho-
mologiezu der6-Phospho-

�
-Glucosidasebzw. Succinyl-Diaminopimelat-Desuccinylase

von E. coli kodieren. Ein weiteresInternalin-Gencluster, inlC2DE, dasan der gleichen
Positionauf demChromosomlokalisiert ist, wurdekürzlich in einemanderenL. mono-
cytogenesIsolat identifiziert (Dramsiet al., 1997). Sequenzvergleicheder beidenGen-
clusterszeigten,daßinlG ein zus̈atzliches,neuesInternalin-Genist, währendinlH durch
einein-frameDeletiondes3’-Endesvon inlC2 unddes5’-Teils von inlD entstandenist.
Die RekombinationerfolgtezwischendennahezugleichenerstenB-Repeatsvon inlC2
und inlD. Dasdritte GendesClusters,inlE, ist fast identischmit demvorherigeniden-
tifizierten inlE-Gen(Dramsiet al., 1997). DurchPCR-Analysewurdendie neuenGene
inlG und inlH in denmeistenL. monocytogenesSerotypennachgewiesen.Im Gegensatz
konntedasinlC2DE-Genclusterin keinemdergetestetenSẗammedetektiertwerden.Das
VorkommendesinlGHE-Genclusterswurdeauchin sechsL. monocytogenesklinischen
Isolatenuntersucht,die kürzlich ausNahrungsmittelnoderSepsis-und Gastroenteritis-
Patientenisoliert wurden.Vier von diesenIsolatenbesitzendasinlGHE-Gencluster, aber
SequenzvariationeninnerhalbdiesesClusterswurdenoffensichtlich.

DiePromotoraktivitätderGeneinlG, inlH undinlE wurdemit Hilfe vonGFP-Expressions-
plasmidenuntersucht. Das inlG-Gen hat den aktivstenPromotor, abergeringereAk-
tivitätenwurdenauchbei den inlH - und inlE-Promotorengemessen.Die Transkription
der drei GenescheintPrfA-unabḧangigund durchein MEM-Shift nicht induzierbarzu
sein. Die Expressionder GeneinlG, inlH und inlE wird wederintrazellul̈ar in Caco-2-
ZellennochdurchKontaktmit HepG-2-Zelleninduziert.

Um die Rolle desinlGHE-Genclustersin der Virulenz von L. monocytogeneszu unter-
suchen,wurdeeine inlGHE in-frameDeletionsmutantehergestellt. Die Deletionwurde
durchdoublecross-over unterVerwendungeinespLSV1-basiertenKnock-out-Plasmids
herbeigef̈uhrt. Dabeiwurdedas5’-Endevon inlG mit dem3’-Endevon inlE in-framefu-
sioniert,unddie dazwischenliegendeSequenzausdemChromosomausgeschnitten.Im
Mausmodellzeigtedie � inlGHE-MutantenachoralerInfektioneinesignifikanteReduk-
tion der Bakterienzahlin der Leberund Milz, die auf einewichtige Rolle desinlGHE-



Genclustersin derVirulenzhindeutet.

In vitro-Studienmit GFP-Expressionsplasmidenzeigten,daßdie intrazellul̈areReplika-
tion und Zell-zu-Zell-Spreadingder � inlGHE-Mutantenicht beeintr̈achtigtsind. Den-
nochist die Invasionsf̈ahigkeit der Mutantein nicht-phagocytischeZellen der Zellinien
Caco-2undTIB73 um denFaktorzwei bis drei erḧoht,währenddie AdhärenzundInva-
sion in professionellePhagocytenderZellinien J774undP388ähnlichsindwie die des
Wildtyps. Um zuuntersuchen,ob dieDeletionvon EinzelgenendesinlGHE-Genclusters
einenähnlichenstimulatorischenEffekt auf die Invasivität aus̈ubt wie die Deletiondes
komplettenGenclusters,wurdendieEinzelmutanten� inlG, � inlH und � inlE durchdou-
ble cross-over hergestellt.DieseMutantenwurdenanschließendzumWildtyp revertiert,
indemeineKopiedesentsprechendenintaktenGensmit Hilfe von Knock-in-Plasmiden
eingef̈uhrtwurde.

Um einenmöglichenEinfluß der ProteineInlG, InlH und InlE in Kombinationmit an-
derenInternalinenauf die Aufnahmevon L. monocytogenesin Säugerzellenzu unter-
suchen,wurdendie Internalindeletionsmutanten� inlA/GHE, � inlB/GHE, � inlC/GHE,� inlA/B/GHE, � inlB/C/GHE, � inlA/C und � inlA/C/GHE hergestellt.Zellinvasionsex-
perimente,die im Rahmender Doktorarbeitvon B. Bergmannmit Verwendungdieser
Mutantendurchgef̈uhrt wurden,zeigten,daßdie InlA- abernicht InlB-vermittelteInter-
nalisierungvonL. monocytogenesin nicht-phagocytischeZellenzus̈atzlichdieInternaline
InlB, InlC, InlG, InlH undInlE ben̈otigt (Bergmann,Raffelsbaueret al., manuscriptsub-
mmited).

Mit Hilfe dersemi-quantitativenRT-PCR-TechnikwurdedieTranskriptionderGeneinlG,
inlH und inlE nachgewiesen.Reaktionenmit von inlG abgeleitetenOligonukleotidener-
gabenhöhereMengenanProdukten,wasauf einesẗarkereTranskriptiondesinlG-Gens
im Vergleich zu inlH und inlE hindeutet. Deletion der einzelnenGenedes inlGHE-
Genclustersscheintdie TranskriptionderrestlichenGenenicht zu beeinflussen,denndie
mit Einzeldeletionsmutantendurchgef̈uhrtenRT-PCRsergabeneinevergleichbareMenge
anProduktwie die mit demWildtyp.

Die TranskriptionderGeneinlA, inlB und inlC ausverschiedenenInternalindeletionsmu-
tantenin der logarithmischenWachstumsphasewurdedurchRT-PCRuntersucht.Dele-
tion von inlGHE erḧoht die TranskriptionderGeneinlA und inlB, abernicht inlC. Diese
Erhöhungist nicht vorübergehend,sondernkannzu verschiedenenZeitpunktenderbak-
teriellenWachstumskurve nachgewiesenwerden.Zus̈atzlich führt die Deletionvon inlA
zu einerErhöhungderTranskriptionvon inlB undumgekehrt. Eine InduktionderTran-
skription dieserGenekonnte in den inlGHE-, inlA- und/oderinlB-Deletionsmutanten
festgestelltwerden. Im Gegensatz,die Mengenan inlA- und inlB-Transkriptenin den
Einzelmutanten� inlG, � inlH und � inlE warenähnlichwie die desWildtyps.

InfektionvonCaco-2-undJ774-Zellenmit L. monocytogenesEGDinduziertkeinenZell-
tod durchApoptose.In J774-Zellenkonntekein signifikanterUnterschiedin derMenge
an Histon-assoziiertenDNA-Fragmentenzwischenden SẗammenEGD und � inlGHE
nachgewiesenwerden,und im Vergleich zu nicht-infiziertenKontrollzellenwar diese
Mengenur leicht erḧoht. Im Gegensatzdazuführt die Infektion von Caco-2-Zellenmit
zweiL. monocytogenesklinischenIsolatenzueinerzwei-bisdreifachenErhöhungin der
MengeanDNA-Fragmentenim VergleichzumStammEGD.EineKorrelationzwischen
der Fähigkeit, Apoptosezu induzieren,und der Invasivität der Bakterienkonntefür die
getestetenSẗamme,einschließlichder � inlGHE Mutante,festgestelltwerden.



Contents

List of Figures iii

List of Tables vii

1 Intr oduction 1

2 Results 11
2.1 Identificationof new internalingenesof ListeriamonocytogenesEGD . . 12

2.1.1 Thenew internalingeneclusterinlGHE . . . . . . . . . . . . . . 12
2.1.2 Molecularcloningof the inlGHE genecluster . . . . . . . . . . . 15

2.2 ThegenesinlG andinlH arepresentin mostL. monocytogenesserotypes. 16
2.3 Sequenceof thenew internalinsInlG, InlH andInlE . . . . . . . . . . . . 16
2.4 Theinternalinfamily consistsof highly conservedproteins . . . . . . . . 20
2.5 Transcriptionalstudiesof thegenesinlG, inlH andinlE . . . . . . . . . . 21
2.6 Constructionof anin-frameinlGHE deletionmutant . . . . . . . . . . . 26
2.7 Characterizationof theL. monocytogenes� inlGHE mutant. . . . . . . . 26

2.7.1 Deletionof the inlGHE geneclusterreducesvirulence . . . . . . 26
2.7.2 In vitro studiesusingthe � inlGHE mutant . . . . . . . . . . . . 29

2.8 Constructionof new � inlGHE mutantstrains . . . . . . . . . . . . . . . 32
2.9 TheL. monocytogenessinglemutants� inlG, � inlH and � inlE . . . . . 34
2.10 TheL. monocytogenesrevertantstrainsinlG � , inlH � andinlE � . . . . . . 36
2.11 TheL. monocytogenesinl combinationmutants . . . . . . . . . . . . . . 40
2.12 Deletionof inlGHE enhancesadhesionto Caco-2cells . . . . . . . . . . 51
2.13 Transcriptionalstudiesof thegenesinlA, inlB andinlC by RT-PCR . . . . 52

2.13.1 Deletionof inlGHE altersexpressionof the inlA andinlB genes . 52
2.14 Transcriptionalstudiesof the inlGHE geneclusterby RT-PCR . . . . . . 57

2.14.1 Deletionof singlegenesfrom the inlGHE clusterdoesnot influ-
encetranscriptionof theremaininggenes . . . . . . . . . . . . . 57

2.15 Transcriptionof thegenesinlG, inlH andinlE is notactivatedby HepG-2
cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.16 Identificationof the inlF geneof L. monocytogenesEGD . . . . . . . . . 63
2.17 The inlGHE geneclusterin L. monocytogenesclinical isolates . . . . . . 63
2.18 L. monocytogenesclinical isolatesandcell death. . . . . . . . . . . . . . 67

3 Discussion 71

i



ii Contents

4 Material 87
4.1 Bacterialstrainsandplasmids . . . . . . . . . . . . . . . . . . . . . . . 87
4.2 Mediafor bacterialgrowth andantibiotics . . . . . . . . . . . . . . . . . 88
4.3 Mammaliancell linesandmediafor cell culture . . . . . . . . . . . . . . 88
4.4 Enzymes,chemicals,plasticmaterial,commercialkits andinstruments. . 93
4.5 Oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5 Methods 99
5.1 Geneticmethods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.1.1 Preparationof DNA . . . . . . . . . . . . . . . . . . . . . . . . 99
5.1.2 PolymeraseChainReaction(PCR). . . . . . . . . . . . . . . . . 100
5.1.3 Generaltechniquesof molecularcloning . . . . . . . . . . . . . 101

5.2 Constructionof L. monocytogenesinternalindeletionmutants. . . . . . . 102
5.2.1 Constructionof inlGHE deletionmutants . . . . . . . . . . . . . 102
5.2.2 Constructionof inlG, inlH andinlE singlemutantsandrevertants 103

5.3 Transcriptionalstudies . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.3.1 Determinationof promoteractivity basedon a GFP expression

system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.3.2 Isolationof L. monocytogenesRNA andRT-PCRs . . . . . . . . 104

5.4 Methodsfor bacteriaandcell culture . . . . . . . . . . . . . . . . . . . . 105
5.4.1 Mediaandgrowth conditionsof bacterialstrains . . . . . . . . . 105
5.4.2 Cell culture,cellularinvasionandintracellulargrowth assays. . . 106
5.4.3 Quantificationof GFPfluorescenceof intracellularbacteria. . . . 107
5.4.4 Fluorescencemicroscopicstudies . . . . . . . . . . . . . . . . . 107
5.4.5 Detectionof apoptosisin Caco-2andJ774cells infectedwith L.

monocytogenes . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.5 Othermethods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5.1 In vivostudies . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.5.2 Computersequenceanalysis . . . . . . . . . . . . . . . . . . . . 108

A Strain collection 111

B Nucleotidesequences 115
B.1 Nucleotidesequenceof the inlGHE geneclusterandits flankinggenes. . 115
B.2 Nucleotidesequencesof themutantandrevertantstrains . . . . . . . . . 122
B.3 Nucleotidesequenceof the inlF geneof L. monocytogenesEGD . . . . . 150

C Sequencealignment of internalins 151

D Abbreviations 155

E Publications 157

F Curriculum Vitæ 159

G Lebenslauf 161



List of Figures

1.1 Overview of thecourseof humanlisteriosis . . . . . . . . . . . . . . . . 3
1.2 The inlAB operonandits derivedproteins . . . . . . . . . . . . . . . . . 5
1.3 Theintracellularreplicationcycleof L. monocytogenes . . . . . . . . . . 7
1.4 ThePrfA-dependentvirulencegeneclusterof L. monocytogenes . . . . . 8

2.1 Geneticorganizationof the inlGHE geneclusterof L. monocytogenes . . 13
2.2 Sequencecomparisonof thegenesinlC2, inlD andinlH . . . . . . . . . . 14
2.3 Detectionof thegenesinlG andinlH in differentL. monocytogenesserotypes17
2.4 Amino acidsequencesof thenew internalinsInlG, InlH andInlE . . . . . 18
2.5 Comparisonof thestructureof thelargeinternalinsof L. monocytogenes. 20
2.6 Multiple sequencealignmentof theinternalinsInlG, InlH andInlE . . . . 22
2.7 Constructionof the GFPexpressionplasmidsPinlG-gfp, PinlH -gfp and

PinlE-gfp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.8 PCRanalysisof L. monocytogenesclonesharboringGFPexpressionplas-

mids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.9 Fluorescenceintensitiesof L. monocytogenesstrainscarrying GFP ex-

pressionplasmids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.10 Strategy usedfor constructionof the in-framedeletionmutantL. mono-

cytogenes� inlGHE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.11 Invasion,intracellularreplicationandcell-to-cell spreadingof L. mono-

cytogeneswild typeand � inlGHE mutantin Caco-2cells . . . . . . . . . 30
2.12 FACS analysisof J774cells infectedwith L. monocytogeneswild type

and � inlGHE mutant . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.13 Uptake of theL. monocytogeneswild typeand � inlGHE mutantby dif-

ferentmammaliancells . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.14 Constructionof new L. monocytogenes� inlGHE mutantstrains . . . . . 33
2.15 Internalizationof L. monocytogenesstrainswild type, � inlGHE and � inlGI

into Caco-2andTIB73 cells . . . . . . . . . . . . . . . . . . . . . . . . 35
2.16 Strategy usedfor constructionof the deletionmutantL. monocytogenes� inlG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.17 Constructionof theL. monocytogenessinglemutantstrains� inlGI, � inlGII,� inlH and � inlE (singlecross-overmutants) . . . . . . . . . . . . . . . 38
2.18 Constructionof theL. monocytogenessinglemutantstrains� inlGI, � inlGII,� inlH and � inlE (doublecross-overmutants). . . . . . . . . . . . . . . 39
2.19 Geneticorganizationof the inlGHE geneclusterof L. monocytogenesin

thewild type, � inlG, � inlH , � inlE and � inlGHE mutantstrains . . . . 40

iii



iv List of Figures

2.20 Strategy usedfor constructionof the L. monocytogenesrevertantstrain
inlG � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.21 Constructionof theL. monocytogenesrevertantstrainsinlG � , inlH � and
inlE � (singlecross-overmutants). . . . . . . . . . . . . . . . . . . . . . 42

2.22 Constructionof the L. monocytogenesrevertant strains inlG � (double
cross-overmutants) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.23 Constructionof theL. monocytogenesrevertantstrainsinlH � and inlE �
(doublecross-overmutants). . . . . . . . . . . . . . . . . . . . . . . . . 44

2.24 Constructionof L. monocytogenesinl combinationmutantstrains(single
cross-overmutants) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.25 Constructionof L. monocytogenesinl combinationmutantstrains(double
cross-overmutants) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.26 Constructionof L. monocytogenesinl combinationmutantstrains(double
cross-overmutants) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.27 Schematicrepresentationof thegenesinlA, inlB andinlC in thewild type
anddeletionmutants� inlA, � inlB, � inlA/B and � inlC . . . . . . . . . . 49

2.28 PCRanalysisusingRNA isolatedfromdifferentL. monocytogenesstrains
afterDNA digestion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.29 PCRsusingprimersderived from inlA, inlB and inlC to testfor optimal
dilutionsof cDNAs from L. monocytogeneswild type . . . . . . . . . . . 54

2.30 Comparisonbysemi-quantitativeRT-PCRsof thetranscriptionof thegenes
inlA, inlB, inlC andsodin theL. monocytogeneswild typeandinternalin
deletionmutants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.31 PCR analysisusing RNA isolatedfrom L. monocytogenesstrainswild
type and � inlGHE in the early-, mid- andlate-logarithmicphasesafter
DNA digestion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.32 Comparisonbysemi-quantitativeRT-PCRsof thetranscriptionof thegenes
inlA, inlB, inlC andsod in the L. monocytogenesstrainswild type and� inlGHE in theearly-,mid- andlate-logphasesof bacterialgrowth . . . 56

2.33 PCRanalysisusingRNA isolatedfrom the L. monocytogeneswild type
andthemutantstrains� inlG, � inlH and � inlE afterDNA digestion. . . 57

2.34 PCRsusingprimersderivedfrom inlG, inlH andinlE to testfor optimal
dilutionsof cDNAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.35 Transcriptionof the genesinlG, inlH , inlE andsod in the L. monocyto-
genesstrainswild type, � inlG, � inlH and � inlE in thelogarithmicphase 59

2.36 RT-PCRsto detectapolycistronictranscriptionof the inlGHE genecluster 60
2.37 PCRanalysisof clonesof theL. monocytogenes� inlA/B straincontain-

ing theGFPexpressionplasmidsPinlG-gfp, PinlH -gfpandPinlE-gfp . . . 61
2.38 Adhesionand invasionof L. monocytogenesstrainsharboringthe GFP

reporterplasmidPinlH -gfp into HepG-2cells . . . . . . . . . . . . . . . 62
2.39 Nucleotidesequencecomparisonof inlF derivedfrom two L. monocyto-

genesEGD strains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.40 PCRsto detectthegenesinlG, inlH , inlE andiap in differentL. monocy-

togenesclinical isolates. . . . . . . . . . . . . . . . . . . . . . . . . . . 66



List of Figures v

2.41 Analysisof cell deathby apoptosisinducedby infection of Caco-2and
J774cellswith differentL. monocytogenesisolates . . . . . . . . . . . . 69



vi List of Figures



List of Tables

2.1 Comparisonof thesequenceof theinternalinsof L. monocytogenesEGD 21
2.2 In vivostudieswith L. monocytogenesstrains� inlGHE andwild type . . 29
2.3 Invasionof L. monocytogenessingleinl mutantandrevertantstrainsinto

HepG-2andhumanbrainmicrovascularendothelialcells . . . . . . . . . 45
2.4 Invasionof L. monocytogenesinl combinationmutantsinto humanbrain

microvascularendothelialcells . . . . . . . . . . . . . . . . . . . . . . . 50
2.5 Invasionof L. monocytogenesinl combinationmutantsinto Caco-2cells . 50
2.6 Adhesionand invasionof L. monocytogenesinl deletion mutantsinto

Caco-2cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1 Bacterialwild typestrainsusedin this study . . . . . . . . . . . . . . . . 88
4.2 Bacterialmutantstrains . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.3 BacterialstrainscontainingGFPexpressionplasmids . . . . . . . . . . . 90
4.4 E. coli recombinantstrains . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5 Plasmidsusedin this study . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.6 Plasmids(Continuation) . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.7 Mediafor bacterialgrowth . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.8 Antibiotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.9 DNA molecularweightstandards. . . . . . . . . . . . . . . . . . . . . . 94
4.10 Commercialkits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.11 Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.12 Oligonucleotidesusedin this study . . . . . . . . . . . . . . . . . . . . . 96
4.13 Oligonucleotides(Continuation) . . . . . . . . . . . . . . . . . . . . . . 97

5.1 StandardPCRwith Taq DNA polymerase . . . . . . . . . . . . . . . . . 100
5.2 Standardprogramfor directPCRs . . . . . . . . . . . . . . . . . . . . . 100
5.3 StandardinversePCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.4 Standardprogramfor inversePCRs . . . . . . . . . . . . . . . . . . . . 101

A.1 L. monocytogenesstrains . . . . . . . . . . . . . . . . . . . . . . . . . . 111
A.2 L. monocytogenesstrains(continuation) . . . . . . . . . . . . . . . . . . 112
A.3 L. monocytogenesstrains(continuation) . . . . . . . . . . . . . . . . . . 113
A.4 L. monocytogenesstrainscontaininigGFPexpressionplasmids. . . . . . 113
A.5 E. coli recombinantstrains . . . . . . . . . . . . . . . . . . . . . . . . . 114

vii



viii List of Tables



CHAPTER 1

Intr oduction

Listeriamonocytogenesis aGram-positive,food-bornepathogenicbacteriumresponsible
for seriouslocalizedandgeneralizedinfectionssuchasmeningitis,meningoencephali-
tis, abortion,stillbirth, septicaemiaandoccasionallygastroenteritis(GrayandKillinger,
1966; Lorber, 1996). Humansinfectedby L. monocytogenesaremainly immunocom-
promisedpeoplelike AIDS andcancerpatients,pregnantwomen,neonatesandelderly
people(reviewedby Schuchatet al., 1991).Theseinfectionsleadto relatively high mor-
tality rates,reaching30%in adultsandover60%in neonates.Theincidenceof listeriosis
seemsto increaseworldwide,with thenumberof casesrising especiallyin industrialized
countries(Schuchatet al., 1991). This reflectsthegrowth of thesusceptiblepopulation
due to the appearanceof AIDS and the useof immunosuppressive medicationsin the
treatmentof malignancy andthemanagementof organtransplantations,togetherwith the
increasein consumeof typesof foodsin which L. monocytogenesis ableto survive and
grow.

Wide spreadin the nature,L. monocytogenesis found in soil, water, plants,silage
and also in humanand animal feces(reviewed by Farberand Peterkin,1991). It has
beenisolatedfrom domesticatedanimalssuchascattle,sheep,goatandpoultry, but less
frequentlyfrom wild animals.Thenaturalhabitatof thebacteriais decomposingmaterial,
in which they live assaprophytes.L. monocytogenesis ableto grow in a wide rangeof
temperaturesbetween1 and45� C, reachingan optimumgrowth between30 and37� C
(Schuchatet al., 1991). It is motile whengrown in temperaturesbetween20 and25� C,
but non-motileat37� C asresultof therepressionof flagellinsynthesis.

L. monocytogenesis well equippedto survive in theenvironmentandalsoto resistto
usualfoodprocessingtechnologies,sinceit tolerateshighconcentrationsof salt,relatively
low pH valuesand low temperatures(Vazquez-Bolandet al., 2001). The bacteriaare
evenableto replicateat refrigerationtemperatures,whichmakesL. monocytogenesarisk
microorganismfor the food industry. The foodsmostfrequentlyimplicatedin casesof
humanlisteriosisaredairy productsincludingmilk, soft cheeses,pât́es,sausages,meats,
smokedfish,raw vegetables,saladsandavarietyof industrialready-to-eatproducts.From
beginningof the1980sonwardsa seriesof epidemicfood-borneoutbreaksof listeriosis
in humansin North AmericaandEuropehasbeenreportedwhich awoke the interestof
governmentsand food manufacturersin this pathogenicbacterium. Basedon somatic
(O) andflagellar(H) antigens,L. monocytogenesis divided into 12 differentserotypes,
from which only three,namelyserotypes1/2a,1/2band4b, accountfor morethan90%
of humanand animal casesof listeriosis(Schuchatet al., 1991). Whereasserovar 4b
predominatesin Europe,infectionsin theUSA andCanadaseemto becausedequallyby
serovars1/2a,1/2band4b.

L. monocytogenesbelongsto a genuswhich currently includesfive other species:

1



2 1. Introduction

L. ivanovii, L. innocua, L. seeligeri, L. welshimeriand L. grayi. From thesespecies
only L. monocytogenesandL. ivanovii arepotentialpathogens(Vazquez-Bolandet al.,
2001). WhereasL. monocytogenesis ableto infect bothhumansandanimals,infections
causedby L. ivanovii aremostly limited to animalsandhumancasesarerare. Listeriae
areGram-positive,rod-shaped,facultativelyanaerobic,non-sporulating,catalasepositive,
oxidasenegative bacteriaof low G+C contentcloselyrelatedto Bacillus, Streptococcus
andStaphylococcus.

For many years,L. monocytogenesreceived attentionasmodelpathogento studyT
cell-mediatedimmunityandmostof theavailableknowledgeof listeriosiscomesfrom im-
munologicalstudiesperformedin thepastdecadesusingthemousemodel(Mackaness,
1962). An overview of the courseof humanlisteriosisis shown in Fig. 1.1. Infection
causedby L. monocytogenesbeginswith ingestionof contaminatedfood (Schlechet al.,
1983;FarberandPeterkin,1991).After translocationof thegutepithelium,which seems
to occurequallyvia enterocytesor M cells (Pronet al., 1998),bacteriaaretakenup by
thephagocytic cellsunderlyingthePeyer’s patches,whereanearlybacterialreplication
occurs(Raczet al., 1972). Within thesecells L. monocytogenesis transportedvia the
lymph andtheblood to thespleenandliver. In the latterorgan,mostof thebacteriaare
killed at an early stageof infection by residentmacrophages(Kupffer cells), thougha
small fractionof thebacteriareachesthehepatocytes,wherethey induceapoptosiswith
concomitantreleaseof chemoattractantswhich leadsto aninflux of neutrophils(Conlan
andNorth, 1991;Rogerset al., 1996). Thesephagocytic cells ingestbacteriaandapop-
totic hepatocytesandpromotea rapidclearanceof theinfection. However, in thecaseof
immunocompromisedpatients,bacteriareplicateunrestrictedlyafteruptake into hepato-
cytes,from which they disseminateto brainandplacenta(Rosenet al., 1989). Infection
of the centralnervoussystemandthe fetusby L. monocytogenesis dueto the capacity
of this bacteriumto crossthe blood-brainandthe placentalbarriers. Infection of these
two organsoccurseitherby inductionof bacterialuptakedirectly from thebloodinto en-
dothelialcells or by heterologbacterialspreadingfrom infectedmacrophages.Thus,a
fundamentalaspectof thepathogenicityof L. monocytogenesis its ability to invadeand
replicatein phagocytic andnon-phagocytic cells.

In most infectedtissues,L. monocytogeneshasan intracellularlocation. Entry into
non-phagocytic cells may allow traversalof tissue-specificbarriers,suchasthe intesti-
nal, blood-brainandplacentalbarriers,andin additionpromotesurvival of thepathogen
by providing accessto a nutrient-richenvironmentwhich is protectedfrom host anti-
body or complement(CossartandLecuit, 1998). Intracellularpathogenshave evolved
differentstrategiesto inducetheir own uptake into mammaliancellswhich arenormally
non-phagocytic. This entry processrequiresthe participationof both bacterialandhost
cell surfacecomponents.In thecaseof SalmonellaandShigella, invasionis a multifac-
torial process(NhieuandSansonetti,1999)which involvesthetranslocationof different
bacterialfactorsdirectly into thehostcell by specifictransportsystems.In contrast,en-
try of YersiniaandListeria into non-phagocytic cellsimpliesdirectinteractionbetweena
bacterialligandanda mammalianreceptor(Finlay andCossart,1997;KuhnandGoebel,
2000). For Yersinia, invasionis mediatedby the outermembraneprotein Invasinupon
bindingto

���
integrin receptors(Isberg andLeong,1990).A similar strategy wasdevel-

opedby L. monocytogenesto entermammaliancells.
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Figure1.1: Overview of thecourseof humanlisteriosis.

To date,the role of two surfaceproteinsinvolved in bacterialinvasionof L. mono-
cytogenesinto non-phagocytic cellshasbeenelucidatedin detail at themolecularlevel,
namelyinternalin(InlA) andInlB (recentlyreviewedby KuhnandGoebel,2000).These
proteinswereidentifiedby screeningalibrary of transposonmutantsof L. monocytogenes
for defective internalizationinto epithelialcells in vitro, hencethenameinternalin(Gail-
lardetal., 1991).Transposoninsertionoccurredin achromosomalregioncontainingtwo
highly homologousgenes,termedinlA andinlB. Thesegenesarelocatedadjacentto each
otherandconstitutethe inlAB operon.

InlA mediatesinternalizationof L. monocytogenesinto cellsof thehumanenterocyte-
like epithelialcell line Caco-2by binding to E-cadherin,a calcium-dependentcell-cell
adhesionmoleculelocalizedat thebasolateralsideof polarizedepithelialcells (Gaillard
et al., 1991;Mengaudet al., 1996;HermistonandGordon,1995). However, an apical
invasionof polarizedCaco-2cellswasalsoobservedinvolving formationof cellularmi-
crovilli which interactwith thebacteria(Karunasagaret al., 1994). InlA-mediatedentry
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of L. monocytogenesoccursvia thezippermechanism,which is alsousedby Yersinia to
invadenon-phagocytic cells(Mengaudetal., 1996;SwansonandBaer, 1995).In contrast
to the trigger mechanismusedby Salmonellaand Shigella (Swansonand Baer, 1995;
Franciset al., 1993),in thezippermechanismbacteriaareprogressively engulfedby the
hostcells in pocket-like structureswithout membraneruffling. Expressionof humanE-
cadherinin transfectedmousefibroblastsrendersthesecells permissive for invasionof
L. monocytogenes(Mengaudet al., 1996). Also, the normally non-invasive speciesL.
innocuatransformedwith the inlA geneandInlA-coatedlatex beadsareinvasivefor cells
expressingE-cadherin(Gaillardet al., 1991;Mengaudet al., 1996;Lecuit et al., 1997).
For a long time therole of InlA in vivo wasunclear, sincean inlAB mutantwasshown to
reachthemesentericlymphnodesandtheliverasrapidlyasthewild typestrainafteroral
inoculationof mice (Dramsiet al., 1995). However, a recentwork reportedthatmurine
E-cadherindoesnot interactwith InlA, excluding the mouseasa model for addressing
theInlA function in vivo (Lecuit et al., 2001).

In contrastto InlA, whosehostcell spectrumis mostly restrictedto epithelialcells,
InlB promotesinvasioninto a wide variety of cell types in vitro, suchashepatocytes,
endothelialcellsandalsosomeepithelialcells (Dramsiet al., 1995; Ireton et al., 1996;
Paridaet al., 1998;Greiffenberg et al., 1998).InlB-mediatedentryinto mammaliancells
stimulatestyrosinephosphorylationof hostcell adaptorproteinssuchasGab1,Cbl and
Shc,activationof thephosphoinositide(PI) 3-kinasep85-p110andrearrangementsin the
actincytoskeleton(Iretonet al., 1996;Iretonet al., 1999).Two differentmoleculeswere
recentlydescribedashostcell receptorsof InlB, namelygC1q-R,theubiquitousreceptor
of the globular part of the complementcomponentC1q (Braun et al., 2000) andMet,
a receptortyrosinekinasewhoseonly known ligand was the hepatocyte growth factor
HGF, also known as scatterfactor (Shenet al., 2000). Interactionof InlB with both
receptorswasshown to mediateinternalizationof L. monocytogenesinto non-phagocytic
mammaliancells, which alsooccursvia the zippermechanism.As shown for InlA, L.
innocuaexpressinginlB and InlB-coatedlatex beadsare also invasive for mammalian
cells(Braunetal., 1998),suggestingthateachof theseproteinsis sufficient for entryinto
permissive cells. While the importanceof InlA in virulenceof L. monocytogenescould
notbedemonstratedin themousemodel,InlB wasshown to playanimportantrole in the
hepaticphaseof murinelisteriosisby mediatingbacterialinvasionand/orreplicationin
hepatocytesin vivo (Dramsiet al., 1995;Gaillardetal., 1996;Gregoryet al., 1997).

InlA is a800aminoacidlargesurface-boundprotein.As shown in Fig.1.2,its primary
structurecontainsa signalpeptide,two repeatregionstermedA andB, anda carboxy-
terminalregion with a putativecell wall anchorsequence(Gaillardet al., 1991).Region
A consistsof 14successiveleucine-richrepeats(LRRs)of 22aminoacidseach.RegionB
is madeof threerepeatsof 70,70and49aminoacids,respectively. TheC-terminalregion
of InlA containsthe pentapeptideLPTTG, followed by a stretchof hydrophobicamino
acidsspanningthecell membraneandashorttail of positively chargedresidues(Gaillard
etal., 1991;Lebrunetal., 1996).ThepentapeptideLPTTGcorrespondsto theconsensus
sequenceLPXTG (whereX is any amino acid) found in protein A of Staphylococcus
aureusandothersurfaceproteinsof Gram-positive cocci (Fischettiet al., 1990). This
sequenceis requiredfor anchoringof surfaceproteinsto thecell wall via covalentlinkage
betweenthecarboxylicgroupof thethreonineof thepentapeptideandafreeaminogroup
of thepeptidoglycan(reviewedby NavarreandSchneewind, 1999).
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Figure1.2: The inlAB operonandits derivedproteinsinternalin(InlA) andInlB, based
on Gaillardet al. (1991),Dramsiet al. (1993)andBraunet al. (1997). Promotersare
indicatedasP3,P2 andP1. Codingregionsof the genesareshown asarrows. Putative
transcriptionalterminatorsarerepresentedasstem-loopstructures( ). SPandIR indicate
signalpeptideandinter-repeatregion, respectively.

InlB is a630aminoacidsurfaceproteinwhich hassix LRRssimilar to thoseof InlA,
but only onerepeatof 56aminoacidsin regionB (Fig.1.2). Interestingly, InlB is notonly
associatedwith thebacterialcell surfacebut alsofound in culturesupernatants,indicat-
ing thata fractionof this proteinis secretedor releasedfrom thebacterialcell (Lingnau
et al., 1995;Braunet al., 1997;Jonquiereset al., 1999). The looseassociationof InlB
to the bacterialsurfaceis mediatedby the GW modules,which arethreerepeatsof 80
aminoacidsbeginning with the dipeptideglycine-tryptophanlocatedat the 232 amino
acidC-terminusof InlB (Braunet al., 1997;Jonquiereset al., 1999). TheGW modules
bind to lipoteichoicacidsof thecell membrane,thusmediatingassociationof InlB to the
bacterialsurface(Jonquieresetal., 1999).Therefore,InlB showsamechanismof protein
associationdifferentfrom theLPXTG anchormotif.

LRR is a motif typical for thesuperfamily of leucine-richrepeatproteinswith a de-
fined periodicity of spacedleucineor isoleucineresiduesdisplayingthe characteristic
consensussequence- L - - L - L - - N - L - D I - - L - - L -, whereas- representsany
aminoacid(KobeandDeisenhofer, 1994).LRRscorrespondto

�
–� structuralunitscon-

sistingof ashort
�

-strandandanopposingantiparallel� -helix connectedto eachotherby
coils (Marino et al., 2000). Thesestructuresresult in a non-globular, horseshoe-shaped
molecule. LRR domainsare found mostly in eukaryotesin a variety of proteinswith
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differentfunctionsandcellular locationssuchasadhesive proteins,componentsof sig-
nal transductioncascades,proteoglycansof theextracellularmatrixandproductsof plant
diseaseresistancegenes.Thefew examplesof LRRproteinsin prokaryotesinclude,in ad-
dition to thelisterial internalins,thevirulencefactorsYopM of Yersiniapestis(Leungand
Straley, 1989),IpaH of Shigella flexneri (Hartmanet al., 1990)andSspHof Salmonella
typhimurium(Miao et al., 1999). Themembersof theLRR proteinsuperfamily have in
commontheir involvementin protein-proteininteractions,in whichbindingof proteinsto
their ligandsseemsto bemediatedby theLRR region. Indeed,it wasshown thattheLRR
region of bothInlA andInlB is necessaryto promotebacterialentryinto non-phagocytic
mammaliancells by interactingwith the correspondingcellular receptors(Lecuit et al.,
1997;Braunet al., 1999).

The internalingenesinlA and inlB belongto a growing family of relatedvirulence-
associatedgeneswhich is known asthe listerial internalinmultigenefamily. Members
of this family have beenidentifiedso far in L. monocytogenesandL. ivanovii, theother
pathogenicspeciesof thegenusListeria (Gaillardet al., 1991;Engelbrechtet al., 1996;
Domannet al., 1997;Dramsiet al., 1997;Raffelsbaueret al., 1998;Engelbrechtet al.,
1998a;Engelbrechtet al., 1998b;Dominguez-Bernal,2001). Recentstudieshave indi-
catedthattherearetwo classesof internalins:thoserepresentingrelatively largeproteins
( �	��
 KDa) which are mainly cell surface-associated,and thosethat areconsiderably
smaller( ���
 KDa) andsecretedby the bacterialcell. Both classessharehighly ho-
mologousLRR unitsof varyingnumbers,possessin additionLRR-flankingsequencesof
considerablesimilaritiesandN-terminalsignalsequences.Themaindifferencebetween
largeandsmall internalinsis theabsencein the latteronesof theC-terminalpartof the
moleculescomprisingtheB regionandthecell wall anchor. Dueto thelackof sequences
that cananchorthe proteinsto the bacterialcell surface,theseinternalinsarefoundex-
clusively in theculturesupernatant.While InlC is theonly small internalincharacterized
sofar in L. monocytogenes(Engelbrechtetal., 1996),four membersof thisclassof inter-
nalins,namelyi-InlC, i-InlD, i-InlE andi-InlF, werepreviously describedin L. ivanovii
(Engelbrechtet al., 1998a;Engelbrechtet al., 1998b). In addition,six new small inter-
nalin genes(i-inlG, i-inlH , i-inlI , i-inlJ, i-inlK andi-inlL) wererecentlydetectedin this
Listeriaspecies(Dominguez-Bernal,2001).Thefunctionof thesmallinternalinsremains
unclearbut in vivostudiesusingthemousemodelshow thatthey representimportantvir-
ulencefactors(Engelbrechtet al., 1996;Engelbrechtetal., 1998b).

In additionto InlA andInlB, two otherproteins,p60andActA, seemto beinvolvedin
internalizationof L. monocytogenesinto mammaliancells. Theproteinp60,encodedby
the iap (invasionassociatedprotein)gene,seemsto mediateentryof L. monocytogenes
into murinefibroblastsof thecell line 3T6 (KuhnandGoebel,1989).P60hasalsoa sec-
ondfunctionasmureinhydrolaseinvolvedin septumseparationduringbacterialcell divi-
sion(Wuenscheret al., 1993).ActA is responsiblefor actin-basedbacterialmotility and
cell-to-cell spread(Domannet al., 1992;Kockset al., 1992). This large surface-bound
proteinalsoplaysa role in adhesionandinvasionof L. monocytogenesinto mammalian
cellsby bindingto heparansulfateproteoglycansonthecell surface(Alvarez-Dominguez
et al., 1997).

After internalizationbacteriaundergoacharacteristicintracellularreplicationcycleas
shown in Fig. 1.3comprisinglysis of thephagosomalmembrane,replication,intracellu-



7

lar movementandspreadto adjacentcells (Tilney andPortnoy, 1989). Following entry
bacteriafirst residefor approx.30min within themembrane-boundphagosomalvacuole,
which is subsequentlylysedallowing the microorganismsto escapeinto thecytoplasm.
Bacteriathat remainin the phagosomearekilled anddigested.Oncefree in the cyto-
plasm,listeriaebegin to replicatewith a doublingtime of approx.1h andconcomitantly
inducethenucleationof hostactinfilamentswhichform acloudaroundthebacterialcell.
Thesefilamentsarerearrangedwithin 2 h into polar comet-like tails consistingof short
actinfilamentsandotheractinbindingproteins.Formationof theseactintailsatonepole
of thebacteriais thepropulsive forcethatbacteriauseto move throughthecytoplasmat
a speedof approx. 
����� m/s. Whenmoving bacteriacontactthehostcell plasmamem-
brane,they inducetheformationof pseudopode-like structureswith thebacteriumat the
tip andtheactintail behind.Contactbetweenthesebacterium-containingprotrusionsand
neighboringcellsresultsin thephagocytosisof theprotrusion.In thenewly infectedcell,
thebacteriumis surroundedby two plasmamembraneswhich mustbelysedto initiate a
new cycleof replicationandmovement.

Figure1.3: The intracellularreplicationcycle of Listeria monocytogenes(adaptedfrom
Tilney andPortnoy, 1989).

Theeventsof thelisterial intracellularreplicationcyclearemainlymediatedby prod-
uctsof six genes,namelyprfA, plcA, hly, mpl, actAandplcB, whicharegroupedtogether
on a 10 kb region of the chromosomebuilding the so-calledPrfA-dependentvirulence
geneclusterof L. monocytogenesshown in Fig. 1.4 (for a review see Portnoy et al.,
1992).This cluster, which comprisesin additionthreesmallORFsof unknown function
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downstreamof plcB, is flanked by two house-keepinggenes:the prs geneencodinga
phosphoribosyl-pyrophosphatesynthetaseat the5’ sideandtheldh genecodingfor a lac-
tatedehydrogenaseat the3’ side.Thevirulencegeneclusteris alsopresentin L. ivanovii
(Gouinet al., 1994;Lampidiset al., 1994),theanimalpathogenicListeria specieswhich
displaysasimilar intracellularreplicationcycleasL. monocytogenes(Tilney andPortnoy,
1989;Karunasagaretal., 1993).Theproductsof thevirulencegenesarelisteriolysin,the
phospholipasesPlcA andPlcB,a metalloprotease,thesurfaceproteinActA andthetran-
scriptionalactivatorPrfA.

PrfA
inlAB-Operon,inlC���

kDa

� ��
P� P� �

P�
prfA plcA hly mpl actA YplcB X Z

��� kDa � � kDa � ��! � � kDa " # !$��� kDa � �$!�� " kDa

#&%'� kb#&%'" kb � % � kb

� %'� kb

� %'� kb �&% � kb

� %)( kb

Figure 1.4: The PrfA-dependentvirulencegeneclusterof L. monocytogenes, adapted
from Engelbrecht(1999).

ListeriolysinO (LLO) is apore-formingcytolysinencodedby thehly genewhichme-
diateslysisof thephagosomalmembrane,enablingthebacteriato escapefrom thephago-
someinto thecytoplasm(Tilney andPortnoy, 1989).Dueto its action,L. monocytogenes
producescharacteristiczonesof lysis whengrown on bloodagarplates.Hemolysiswas
shown to be essentialfor virulence,sinceall pathogenicclinical isolatesarehemolytic
andnon-hemolyticstrainsareavirulent. Listeriolysinis a secretedproteinof 58-60KDa.
It is sulfhydryl-activatedandbelongsto a family of pore-formingcytolysins for which
streptolysinO of Streptococcuspyogenesis the prototype(Cossartet al., 1989). These
cytolysinsareinhibitedby low concentrationsof cholesterolandoxygenandactivatedby
reducingagents.Theoptimalactivity of listeriolysin is foundat pH 5.5,which is in line
with its functionin theacidifiedphagosome(Alouf andGeoffroy, 1991).Whentestedin
cellular in vitro assays,non-hemolyticL. monocytogenesmutantsareasinvasive asthe
wild type strain, indicating that listeriolysin is not requiredfor the listerial uptake into
non-phagocytic cells (Kuhnet al., 1988). However, thesemutantsarenot ableto repli-
catewithin severalnon-phagocytic andphagocytic mammaliancells(Portnoy etal., 1988;
Kuhnetal., 1988).Thehly geneis transcribedmonocistronicallyfrom promoterslocated
in the intergenicregion betweenhly andplcA. Apart from its role in promotingescape
from thevacuole,LLO is alsoableto induceeukaryoticcell deathby apoptosis(Guzḿan
et al., 1996),stimulateMAP kinases(Tanget al., 1996)andcontribute to inductionof
expressionof cell-adhesionmoleculesin infectedendothelialcells(Drevetts,1997).
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Lysisof thephagosomalmembraneinvolvesalsotheparticipationof PlcA, a34KDa
phosphatidylinositol-specificphospholipase(PI-PLC)encodedby theplcAgene(Camilli
et al., 1993). PlcA hasa broadpH spectrumrangingfrom 5.5 to 7.0. The plcA gene
is transcribedtogetherwith theprfA geneinto a bicistronictranscript.Deletionof plcA
affectstheability of L. monocytogenesto escapefrom thephagosome,but resultsonly in a
slightdecreasein virulence.PlcA seemsto actsynergeticallywith listeriolysinwithin the
acidifiedphagosomalvacuoleof thehostcell to mediatelysis of thevacuolarmembrane.
However, PlcA aloneis notableto promotebacterialrelease.

In additionto PlcA (PI-PLC),L. monocytogenesproducesa secondphospholipaseC
encodedby the plcB genewhich specificallyhydrolyzesphosphatidylcholine(lecithin).
This lecithinase,termedPlcB or PC-PLCfor phosphatidylcholin-specificphospholipase
C, is a zinc-dependentenzymewith pH optimumbetween6 and7. ThegeneplcB is part
of anoperonwhich includesin additionthegenesmpl, actAandthethreesmallORFsX,
Y andZ. ThededucedPlcBproteinhasamolecularweightof 32KDa andis inactiveuntil
its maturationinto a29KDa activeenzymewhichis accomplishedby themetalloprotease
encodedby thempl gene(Poyart et al., 1993). Interestingly, plcB mutantsareunableto
lysethedoublemembraneof thevacuolewhich is formedduringcell-to-cellspreadof L.
monocytogenes, but they arefully invasiveandreplicateandmovewithin thehostcell as
efficiently asthewild typestrain(Vazquez-Bolandet al., 1992;Raveneauetal., 1992).

As mentionedabove,L. monocytogenesis ableto inducenucleationof hostactinfila-
mentsandformationof actintails which areusedby thebacteriato move in thehostcell
cytosol. Theseprocessesaremediatedby the actA geneproduct(Domannet al., 1992;
Kockset al., 1992). ActA is a proline-richproteinof 610 aminoacidsanchoredin the
bacterialsurfaceby a hydrophobicregion at theC-terminuswhich actsasmembranean-
chor. Mutationsin actA result in the lossof virulence,in the lack of intracellularactin
polymerizationandin the inability of intracellularmovement. Insidethe hostcells, the
actA mutantforms microcolonieslocatednearthe nucleus(Domannet al., 1992). The
internalproline-richrepeatsareessentialfor theactinnucleationactivity of ActA (Pistor
et al., 1994). Varioushostcell proteinswerefoundassociatedwith theactin tails, such
asprofilin, VASP, theArp2/Arp3complex, � -actinin,tropomyosin,vinculin andtalin (re-
viewedby IretonandCossart,1997).VASPwasshown to bindpurifiedActA andprofilin
in vitro, thusestablishingthelink betweenActA andthecytoskeleton(Chakrabortyetal.,
1995).Phosphorylationof ActA within hostcellsseemsto beanimportantstepin mod-
ulationof theintracellularactivity of ActA (Brundageet al., 1993).Actin tail formation
andcell-to-cell spreadhasalsobeenreportedin L. ivanovii by an ActA-relatedprotein
(Kreft et al., 1995b;Karunasagaret al., 1993)andin Shigella flexneri by IcsA, anActA-
analogproteinencodedby the icsA gene,which is also calledvirG (Bernardiniet al.,
1989).

Thegenesof thevirulencegeneclusterareregulatedby the transcriptionalactivator
PrfA, a cytoplasmicproteinof 27 KDa encodedby the prfA (positive regulatoryfactor
A) gene,which is part of the virulencegenecluster(Leimeister-Wächteret al., 1990).
A prfA-like geneis alsopresentin L. ivanovii, whereit regulatesvirulencegenessim-
ilar to thoseof L. monocytogenes(Lampidis et al., 1994). PrfA is a memberof the
Crp/Fnrfamily of prokaryotictranscriptionalregulatorswhichhavebeendetectedmainly
in Gram-negative bacteria(Lampidiset al., 1994; Kreft et al., 1995a),andsharescon-
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served functionaldomainswith Crp. In its C-terminalpart, PrfA containsa conserved
helix-turn-helixmotif alsopresentin othermembersof theCrp/Fnrfamily. In addition,
PrfA carriesa leucinezipperanda secondhelix-turn-helixmotif at its N-terminus.The
prfA geneis transcribedbothmonocistronicallyandbicistronicallytogetherwith theplcA
gene(Freitaget al., 1993).PrfA regulatesits own transcriptionandthatof theothervir-
ulencegenesby a very complex mechanism.Undersomecultureconditions,PrfA can
bepresentbut inactive,whichsuggeststheinvolvementof acofactoror post-translational
modificationsfor fully activity (Renzoniet al., 1997). Recentevidencesindicatetheex-
istenceof sucha PrfA-activating factor, termedPaf (Böckmannet al., 1996; Dickneite
et al., 1998)and that PrfA is upregulatedduring interactionof L. monocytogeneswith
mammaliancellsandeukaryoticcell extracts(Renzoniet al., 1999).PrfA activatestran-
scriptionof mostvirulencegenesby bindingto a14-bppalindromicconsensussequence,
termed“PrfA-box”, which is centeredataboutposition *,+-
 from thetranscriptionalstart
site(Freitaget al., 1993;Sheehanet al., 1995).Mismatcheswithin this sequencereduce
bindingaffinity andtranscriptionactivation. Transcriptionof virulencegenesis alsoin-
fluencedby temperatureandnutrients. It wasshown that expressionof PrfA-regulated
genesis low whenbacteriaaregrown in rich culturemediasuchasBHI (brain-heartinfu-
sion),but canbeinducedwhenbacteriaareshiftedfrom thisbrothinto MEM, aminimum
essentialmedium(Sokolovic et al., 1993;Bohneet al., 1994).

As shown in Fig. 1.2, the inlAB operonis transcribedinto two transcripts:a 5,000-nt
long transcriptwhichspansboth inlA andinlB genesandasmaller2,900-ntonethatcov-
ersonly inlA (Dramsietal., 1995).Transcriptionof thesegenesis only in partcontrolled
by PrfA andis ratherrepressedin MEM (Dramsietal., 1993;Lingnauetal., 1995;Bohne
et al., 1996). In contrast,thesmall internalingenesseemto beunderstrict PrfA control
andareup-regulatedafteraMEM shift, similarly to theotherknown PrfA-dependentvir-
ulencegenes(Engelbrechtet al., 1996;Engelbrechtet al., 1998b).Furthermore,thereis
evidencethatexpressionof thesmallinternalingenesmaybeinducedduringintracellular
replicationof thebacteria,in contrastto the large internalinswhich arebetterexpressed
extracellularly(Engelbrechtet al., 1996;Dramsiet al., 1993;Dickneiteetal., 1998).

Aims of this study

In a previouswork (Raffelsbauer, 1997)a genelocuscontaininginternalin-relatedgenes
was detectedon the chromosomeof L. monocytogenesEGD. The aims of the present
studywereto identify andcharacterizetheseinternalingenesin detail, determinetheir
nucleotidesequences,studytheir occurrencein otherL. monocytogenesserotypes,char-
acterizetheirexpressionpatternsand,in collaborationwith B. Bergmann(doctoralthesis
in progress),studytheir function in vitro and in vivo by constructingisogenicin-frame
deletionmutantslacking thesegenesindividually or in combinationwith other known
internalingenes.
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Results

Invasionof thepathogenicfacultativeintracellularbacteriumListeriamonocytogenesinto
non-phagocytic mammaliancells in vitro wasshown to dependon the internalinsInlA
and InlB (Gaillard et al., 1991; Dramsiet al., 1995). However, deletionof the inlAB
geneclusterdid not reveala significanteffect on thebacterialvirulencein mice(Dramsi
et al., 1997;Dramsiet al., 1995),suggestingthatthepresenceof theseproteinsin vivo is
notessentialfor pathogenesisor might becircumventedby othervirulencefactors.Early
studiesrevealedby Southernblot hybridizationthe presenceof other relatedinternalin
genesonthechromosomeof L. monocytogenesin additionto theinlA andinlB genesand
indicatedtheexistenceof an internalinmultigenefamily (Gaillardet al., 1991). Later, a
third memberof this family, termedinlC, wasidentifiedusingdifferentstrategies(Engel-
brechtet al., 1996;Domannet al., 1997).InlC seemsto beanimportantvirulencefactor
of L. monocytogenes, sincetheabsenceof this proteinleadsto an increasedLD .0/ in the
mousemodel(Engelbrechtetal., 1996).

Previously, achromosomalfragmenttermedlisM51 showing 60%identity to theinlA
genewasdetectedin the clinical isolateL. monocytogenesJBL 1231(serotype4b) ap-
plying asubtracterprobehybridizationmethodto recoverL. monocytogenes-specificvir-
ulencesequences(Chenet al., 1993). In a previousstudy(Raffelsbauer, 1997),a DNA
fragmentwasamplifiedfrom thechromosomeof L. monocytogenesEGD by polymerase
chain reaction(PCR) using oligonucleotidesderived from the lisM51 sequence1. Nu-
cleotidesequencingof this PCRproductrevealed92% identity to the fragmentderived
from L. monocytogenesJBL 1231, indicatingthe presenceof this chromosomalregion
in strainEGD, which belongsto the serotype1/2a. However, no productwasobtained
by performingthesamePCRusingchromosomalDNA isolatedfrom thecloselyrelated,
otherpathogenicListeria speciesL. ivanovii strainATCC 19119. The lisM51 sequence
amplified from L. monocytogenesEGD containedan openreadingframe (ORF) with
high identity to inlA andrepresentedthereforea putativenew internalingene,which was
termedinlY. Using oligonucleotidesderived from this gene,successive inversePCRs
wereperformedin both5’ and3’ directions.Nucleotidesequencingof theobtainedPCR
productsdetectedthe presenceof further internalingeneslocatedup- anddownstream
from inlY, whichweredesignatedasinlX andinlZ, respectively (Raffelsbauer, 1997).

1Thenucleotidesequenceof lisM51 wasdepositedin thedatabaseGenEMBLundertheaccessionnum-
berL16018.

11
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2.1 Identification and characterization of new internalin
genesof Listeria monocytogenes EGD

In thepresentstudy, thechromosomallocuscontainingtheputativenew internalingenes
detectedpreviously (Raffelsbauer, 1997)wasexaminedin moredetail. In orderto verify
andcompletethe existing nucleotidesequencedata,a chromosomalregion of 6,786bp
comprisingtheentiregenelocusandits flankinggeneswasamplifiedby PCRusingchro-
mosomalDNA isolatedfrom L. monocytogenesEGD. This region wasdivided into five
overlappingfragments,which wereamplifiedin threeindependentreactionseach. The
obtainedPCRproductswereclonedinto thevectorpUC18andindividually sequenced,
yielding nucleotidesequencedataof approx.21 kb in length. The completenucleotide
sequenceof the inlGHE geneclusterandits flankinggenesis shown in App. B.1 andis
availablein theEMBL nucleicaciddatabaseundertheaccessionnumberAJ007319.

2.1.1 The new internalin genecluster inlGHE

As shown in Fig. 2.1,thechromosomalregionof L. monocytogenesEGDcharacterizedin
thepresentstudycarriesageneclustercontainingthreenew internalingenes.Thiscluster
is flankedby two listerial house-keepinggenescodingfor proteinswith homologyto the
6-phospho-

�
-glucosidaseandthesuccinyl-diaminopimelatedesuccinylase(69%and26%

identity to theenzymesof E. coli, respectively). ThesegenesweretermedascBanddapE
in analogyto thecorrespondingE. coli genes.While this studywasin progressa similar
geneclusterwasreportedalsoshowing threenew internalingenes,termedinlC2, inlD
and inlE, which wereflanked by the samehouse-keepinggenes(Dramsiet al., 1997).
The sequencesof two (inlC2 and inlD) of the threereportedinl geneswere,however,
differentfrom thoseidentifiedhere. A comparisonof thecompletesequenceof the two
geneclustersrevealedinterestingfindings: first, thereis anotherORFdownstreamfrom
theascBgeneencodingInlG, a new largeinternalindifferentfrom thehithertodescribed
large internalins. Secondly, the inl geneclusteridentifiedin the presentstudydoesnot
containthepreviously reportedinlC2 andinlD genesbut insteada new one,inlH , which
is apparentlygeneratedby an in-framedeletionremoving the 3’-terminal part of inlC2
andthe 5’-terminal part of inlD. The deletionseemsto be generatedby recombination
betweenthealmostidenticalfirst repeatunitsof theB region of inlC2 andinlD. A com-
parisonof the new inlGHE geneclusterto the inlC2DE locusshowing the deletionsite
andanaminoacidsequencealignmentof theproteinsInlC2, InlD andInlH aredepicted
in Fig. 2.2.

The hereidentifiedgenesinlG, inlH and inlE arepreceededby potentialribosome
binding sites(AAGGAG) located8, 7 and 8 bp upstreamfrom the start codonATG,
respectively. Putativetranscriptionterminatorsweredetected11,11and9 bpdownstream
from thestopcodonsTAA, suggestinga monocistronictranscriptionof thegenesof the
inlGHE cluster. Intergenicregionswereof 137 and207bp betweeninlG and inlH and
betweeninlH and inlE, respectively. Intergenicregionsbetweenthe inlGHE clusterand
theflankinggenesascBanddapEwereof 273and134bp, respectively.

Most virulencegenesof L. monocytogenes, including internalingenes,areregulated
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Figure2.1: Geneticorganizationof the inlGHE geneclusterof L. monocytogenes. The
strategy usedfor molecularcloning andnucleotidesequencingof the genesinlG, inlH
andinlE, andtheflankinghouse-keepinggenesascBanddapEis shown. Codingregions
of thefivegenesaredepictedasarrows. Putativetranscriptionalterminatorsareindicated
asstem-loopstructures( ). Targetsitesof restrictionenzymesusedto preparetemplate
DNA for inversePCRsare indicated. Usedoligonucleotidesand obtainedPCR prod-
uctsareshown. The FigurealsocontainsPCRproductsalreadyshown in Raffelsbauer
(1997).TheDNA fragmentamplifiedwith theprimerslism51-3andlism51-4(top) cor-
respondsto the lisM51 sequence.All PCRproductswereclonedinto thevectorpUC18
andsequenced.Thenucleotidesequenceof theinlGHE genecluster, includingthe3’ end
of ascBand the dapE gene,wasdepositedin the EMBL databaseunderthe accession
numberAJ007319.Figurein scale.
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A
BESTFIT of: inlGHE check: 5678 from: 1 to: 6786
to: inlC2DE check: 1127 from: 1 to: 5746

LOCUS LMU77368 5746 bp DNA BCT 29-AUG-1997
DEFINITION Listeria monocytogenes internalin (inlC2), inlD,

and inlE genes, complete cds.
ACCESSION U77368
NID g2347103

Gap Weight: 50 Average Match: 10.000
Length Weight: 3 Average Mismatch: -9.000

Quality: 32118 Length: 5746
Ratio: 8.379 Gaps: 3

Percent Similarity: 99.556 Percent Identity: 99.556
Match display thresholds for the alignment(s):

| = IDENTITY
: = 5
. = 1

. . . . .
3008 CAATCAGTCACTTTCAAAAATACAACAGTTCCGTTTAGTGGGACAGTTAC 3057

||||||||||||||||||||||||||||||||||||||||||||||||||
1201 CAATCAGTCACTTTCAAAAATACAACAGTTCCGTTTAGTGGGACAGTTAC 1250

. . . . .
3058 ACAACCATTAACAGAAGCTTACACTGCGGTTTTTGACGTGGACGGGAAGC 3107

||||||||||||||||||||||||||||||||||||||||||||||||||
1251 ACAACCATTAACAGAAGCTTACACTGCGGTTTTTGACGTGGACGGGAAGC 1300

. . . . .
3108 AAACAAGTGTGACAGTCGGCGCGAATGAATTAATTAAAGAACCAACGGCC 3157

||||||||||||||||||||||||||||||||||||||||||||||||||
1301 AAACAAGTGTGACAGTCGGCGCGAATGAATTAATTAAAGAACCAACGGCC 1350

. . . . .
3158 CCGACGAAAGAAGGT................................... 3172

|||||||||||||||
1351 CCGACGAAAGAAGGTTACACATTCACAGGCTGGTATGATGCAAAAACTGG 1400

.

.

.
. . . . .

3173 ..........................TACACTTTCACAGGCTGGTATGAT 3196
||||||||||||||||||||||||

3251 AACCAATAGCACCAACCAAAGAAGGCTACACTTTCACAGGCTGGTATGAT 3300
. . . . .

3197 GCGAAAACTGGCGGAACTAAATGGGATTTTGCGACAGATAAAATGCCAGC 3246
|||||||||||||||| |||||||||||||||||||||||||||||||||

3301 GCGAAAACTGGCGGAAATAAATGGGATTTTGCGACAGATAAAATGCCAGC 3350
. . . . .

3247 AGAGGACATCACATTATACGCGCAGTTTACGATTAATAGTTACACAGCCA 3296
||||||||||||||||||||||||||||||||||||||||||||||||||

3351 AGAGGACATCACATTATACGCGCAGTTTACGATTAATAGTTACACAGCCA 3400
. . . . .

3297 CATTTGATATTGATGGTAAATTAACGACTCAAAAAGTCACTTATCAAAGC 3346
||||||||||||||||||||||||||||||||||||||||||||||||||

3401 CATTTGATATTGATGGTAAATTAACGACTCAAAAAGTCACTTATCAAAGC 3450
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Figure2.2: A. Nucleotidesequencecomparisonof thegeneclustersinlGHE (upperline)
and inlC2DE (underline) createdby the programBestFit (GeneticsComputerGroup,
University of Wisconsin). Pipesindicateidenticalnucleotides.Dots representgapsin-
sertedto maximizethealignment.Nucleotidepositionswithin thesequencesarelistedat
bothmargins.Threedotsin themiddlerepresenta jump in thealignmentdueto thedele-
tion of the3’ terminalendof inlC2 andthe5’ portionof inlD comparedto thenew inlH
gene.B. Multiple alignmentof theaminoacidsequencesof theproteinsInlC2, InlH and
InlD generatedusingtheprogrampileup(HUSAR,GermanCancerResearchCenter).As
indicatedby grey boxes,theaminoacidsequenceof InlH is identicalto thatof InlC2 in
thefirst two-thirdsof themoleculeandidenticalto thatof InlD at theC-terminus(except
for oneaminoacid in bothcases).Numbersabove thesequenceindicatethepositionof
thecorrespondingaminoacids.
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by thetranscriptionalactivatorproteinPrfA (Bohneetal., 1996;Engelbrechtetal., 1996).
A computationalsearchwithin theinlGHE geneclusterfor promoter-likesequencescon-
taining the PrfA binding site TTAACANNTGTTAA wasperformedusing the program
findpatternsprovidedby theGCGsoftwarepackage(GeneticsComputerGroup,Univer-
sity of Wisconsin).ThesequencesTTAACANNTGTTAA(N) i 125,135j ATG andTTAA-
CANNTGTTAA(N) i 20,30j TAANAT(N) i 100,110j ATG wereusedaspatterns,whereas
N is any nucleotideandthenumbersin parenthesisrepresentan interval of thequantity
of thepreviousnucleotide(N). Thissearchyielded111finds,but only threeof themwere
locatedin intergenic regions. A sequencewas found which containsfour mismatches
comparedto theperfectPrfA-box andis centered62 basepairsupstreamfrom thestart
codonof inlH . This distanceis very shortandalsothe putative imperfectPribnow box
is locatedvery closeto the startcodon( *lk�k basepairs). Therefore,it is unlikely that
thissequenceservesastranscriptionstartfor theinlH gene.Anothersequencecontaining
threemismatchescomparedto theperfectpalindromeandcenteredatposition *nm�m�m from
thestartcodonof inlE wasalsodetected.This sequenceis locatedat position *,+-
 rela-
tive to a putative Pribnow box detectedat position *nmo
 . A third sequencewasfoundat
position *lp�
 from thestartcodonof thedapEgenewhichalsocontainsfour mismatches
in comparisonto theidealPrfA box. However, this sequenceis centeredat position *q�

relative to aputative imperfectPribnow box.

2.1.2 Molecular cloning of the inlGHE genecluster

Molecularcloning of the inlGHE geneclusterandits flanking geneswasperformedas
summarizedin Fig. 2.1. A 979-bpDNA fragmentof inlH wasamplifiedby directPCR
from thechromosomeof L. monocytogenesEGDusingtheoligonucleotideslism51-3and
lism51-4derived from the sequencelisM51 (GenEMBL,acc.numberL16018). To ex-
tendthesequencedownstreamof thisDNA fragment,inversePCRswereperformedusing
Sau3A- andEcoRI-cleavedandreligatedDNA astemplateandtheprimerpairslisminv-
4/lisminv-52 andlisminv-1/lisminv-5, respectively. The sequenceupstreamof inlH was
obtainedby inversePCRsusing as templateTaqI, AluI and RsaI digestedDNA and
theprimercombinationslisminv-1/lisminv-5, lisminv-6/lisminv-2 andlisminv-6/lisminv-
7, respectively. The PCRproductobtainedwith TaqI-digestedDNA wascleaved with
BamHI. Only the fragmentbetweenthe TaqI and BamHI restrictionsiteswas cloned
andsequenced.Theregion downstreamof inlE containingthedapEgenewasextended
by successive inversePCRsusingthe restrictionenzymesRsaI, Sau3A, AluI, DraI and
RsaI and the primer pairs lisminv-9/lisminv-10, lisminv-4/lisminv-10, delxy-6/lisminv-
11, delxy-6/lisminv-11 and delxy-6/lisminv-11, respectively. The completeDNA re-
gion containingthe genesascB, inlG, inlH , inlE and dapE was then divided into five
overlappingfragmentswhich wereamplifiedby directPCRsusingtheprimercombina-
tions pGluco-2/inlX-3,lisli-15/lisminv-6, lism51-27/inlY-2, inlY-1/delxy-6andlisminv-
10/orfZ-2.Threeindependentreactionswereperformedperprimercombination,andthe
obtainedPCRproductswereclonedinto thevectorpUC18andsequenced.

2Primerslisminv-4 andlisminv-5 hybridizedto both inlH andinlE genes.
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2.2 The genesinlG and inlH arepresentin mostL. mono-
cytogenes serotypes

In orderto testwhetherinlG is specificfor strainEGDor is alsopresentin otherL. mono-
cytogenesstrains,PCRswereperformedusing inlG-specificprimersandchromosomal
DNA derived from several L. monocytogenesisolatesbelongingto differentserotypes.
As shown in Fig. 2.3,mostL. monocytogenesstrainstestedyieldedPCRproductsof the
expectedsize,which is 1,001bp (Scheinpflug,1998). A similar PCRproductwasnot
obtainedwith chromosomalDNA isolatedfrom theavirulent, closelyrelatedspeciesL.
innocua, suggestingthe occurrenceof inlG in L. monocytogenesbut not in L. innocua.
Usinganotherprimerpair thatspecificallyprobesfor thepresenceof inlC2 and inlD or
inlH , which canbe distinguishedaccordingto the lengthof the PCRproductobtained
(2,706or 794 bp, respectively), inlH wasdetectedin mostL. monocytogenesserotypes
tested(Fig. 2.3). Note that in theserotype1/2bnot the inlG but the inlH genecouldbe
detected,whereasin serotype4cPCRwith inlH -specificprimersfailedto giveaproduct,
but theinlG geneis present.Only serotype4dwasnegativefor both inlG andinlH . Inter-
estingly, theinlC2DEclustercouldnotbedetectedin any of thestrainstested,suggesting
thatthis clustermightbespecificfor theEGD strainusedin Dramsiet al. (1997).

A schematiccomparisonof the inlGHE and inlC2DE geneclustersshowing thehy-
bridizationsitesof theusedprimersandtheexpectedPCRproductsof thereactionsper-
formedis depictedin Fig. 2.3B.Thechosenreactionconditionsfor amplificationof inlC2
and inlD or inlH allow the synthesisof productsof 3 kb in length. PCRswere per-
formedusingchromosomalDNA which waspreviously testedby performingPCRswith
serotype-specificprimers(datanotshown). Theobtainedproductsshowedexpectedsizes
andsimilar amounts(Scheinpflug,1998). Therefore,differencesin the amountof the
PCRproductsobtainedwith inl-specificprimersmight reflectpossiblesequencevaria-
tionswithin thehybridizationsitesof theusedprimers.

2.3 Sequenceof the new internalins InlG, InlH and InlE

TheproteinsInlG, InlH andInlE displayall featurescharacteristicfor thelarge,cell wall-
boundinternalins,whoseprototypeis representedby InlA: a signalsequenceof 35 or
33 aminoacids,two repeatregions(region A andregion B) anda C-terminalcell wall
anchor. Theaminoacidsequencesof thesethreeinternalinsareshown in Fig. 2.4. The
principal featuresof the proteinssuchassignalpeptides,putative cleavagesitesof the
signalpeptidase1, regionsA, B andD, andcell wall anchormotivesarehighlighted.

As shown in Fig. 2.4,thenew inlG geneencodesaproteinof 490aminoacids,which
containsin region A four consecutive leucine-richrepeat(LRR) unitsof 22 aminoacids,
basedupona definition3 adaptedfrom KobeandDeisenhofer(1994). Region B is com-
posedof two repeatsof 70and49aminoacids,whicharesimilar to theB repeatsnumber

3To determinethenumberof leucine-richrepeats(LRRs),theconsensussequence- L - - L - L - - N - L
- D I - - L - - L - wasapplied,in which leucineandisoleucineresiduesareregardedasinterchangeableand
- representsany aminoacid. Variationswithin this sequence,e.g. exchangeof (iso)leucineby valinewere
tolerated.



2.3. Sequenceof thenew internalinsInlG, InlH andInlE 17

A1
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Figure2.3: A. Detectionof thegenesinlG (A1) andinlH (A2) in differentL. monocyto-
genesserotypesby PCRusingtheprimerpairspGluco-1/Xspez-1andYC2spez-2/PinlZd,
respectively. Thehybridizationsitesof theprimersandlengthof theexpectedPCRprod-
uctsareshown in B. Lanes:1 – 13, L. monocytogenesserotypes1/2astrainEGD (lane
1); 1/2astrainNCTC 7973(2); 1/2 b (3); 1/2 c (4); 1/2 c strainLO28 (5); 3a(6); 3b (7);
3c (8); 4a(9); 4b (10); 4c (11); 4d (12) and4e(13); M, DNA molecularweightstandard.
B. Schematiccomparisonof the inlGHE and inlC2DE geneclusters.The inlH geneis
representedaschimericgenegeneratedby fusionof inlC2 andinlD. PCRsperformedto
testfor thepresenceof inlG andinlH (or alternatively inlC2 andinlD) areindicated.



18 2. Results
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InlE (499 amino acids)

MKRNKTALRILVTLAVVLAITFWVGMSSKEVQAAVIEHPTPINEIFT

Figure 2.4: Amino acid sequencesof the new internalinsInlG, InlH and InlE. Signal
sequencesareunderlined.Putativesignalpeptidase1 cleavagesitesaremarkedbyvertical
arrows. Regions A, B and D are indicated. Amino acidsof the leucine-richrepeats
correspondingto the consensussequence- L - - L - L - - N - L - D I - - L - - L - and
conserved aminoacidsof the regionsB andD (comparedto the region B of InlA) are
indicatedby grey boxes. The cell wall anchormotifs LPKTS, LPTAG andLPITG are
boxed.



2.3. Sequenceof thenew internalinsInlG, InlH andInlE 19

2 and3 of InlA, respectively. At theC-terminus,InlG possessesa putative cell wall an-
chorsimilar to thatof InlA with themotif LPKTS, followedby a region of hydrophobic
aminoacidsanda tail of positively chargedresidues.Surprisingly, thismotif differsfrom
theconsensussequenceLPXTG by theexchangeof glycineby serine.ThededucedInlG
proteinshows50%identity (57%similarity) to InlA. However, InlG is muchsmallerthan
InlA (490 aminoacidscomparedto 800). This differencein size is mostly due to the
lack in InlG of 10 LRR units in region A andonerepeatof 70 aminoacidsin region B
comparedto the InlA protein. A computer-basedsequencealignmentof both proteins
revealedthat theLRRsof InlG correspondto theInlA repeatsnumber1, 4, 5+9 and10,
whereas5+9representsaLRR unit generatedby thefusionof InlA repeatsnumber5 and
9 with theconcomitantdeletionof therepeats6, 7 and8 (App. C). This finding suggests
thatdifferentinternalinsmayariseby varyingthenumberof LRRsandB repeats,whereas
the inter-repeatregion aswell astheN- andC-terminalpartof theproteinsarebasically
conserved.

The inlH genecodesfor aproteinof 548aminoacidswith sevenLRR unitsin region
A and,like InlG, two repeatsof 70and49aminoacidsin regionB. TheA repeatsof InlH
aresimilar to theLRRsnumber1, 2, 3, 4, 5+9,10 and11 of InlA (App. C). Theputative
cell wall anchorof this proteincontainsthe motif LPTAG. Although the deducedInlH
proteinhasthesamelengthasthepreviouslydescribedInlC2 (Dramsietal., 1997),these
proteinsarenot identical.As shown in Fig. 2.2A, theaminoacidsequencesof InlC2 and
InlH arethesamein thefirst two-thirdsof themolecules(exceptfor oneaminoacid),but
differ considerablyat the C-terminus.Surprisingly, in this region the sequenceof InlH
is identicalto thatof InlD (alsoexceptfor oneaminoacid),althoughtheoverall identity
betweenthe entireproteinsis only 65%. It is worthwhile noting that all threeproteins,
InlC2, InlD andInlH, displaythesamecell wall anchormotif LPTAG, in whichthreonine
is exchangedby alaninecomparedto theconsensuspentapeptideLPXTG.

The inlE genecharacterizedin this studyrevealed99.6%identity to the previously
describedinlE gene(Dramsiet al., 1997). Sequencealignmentshows that the two pro-
teinsareidenticalexceptfor threeaminoacids(exchangeof K by T, I by N andE by K at
positions115,440and472,respectively, relativeto InlE of theinlC2DEgenecluster).As
shown in Fig. 2.4, thededucedInlE proteinis composedof 499aminoacids.Like InlH,
InlE containssevenLRR unitsin regionA whichdisplaythesamesimilarity to theLRRs
of InlA asthatshown by therepeatsof InlH (App. C). InlE is anchoredto thecell wall by
thepentapeptideLPITG, which perfectlyfits theconsensusmotif LPXTG. Interestingly,
comparedto theotherinternalinsInlE possessesa smallerregion B with only onerepeat
of 47 aminoacidsandadditionallya third region of two repeatscomposedof 20 amino
acidseach,designatedasregion D. Computer-basedaminoacidsequencealignmentsre-
vealedthat region D shows similarity to theB repeatsandmight be thereforegenerated
by deletioneventswithin thesehomologousrepeats.
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2.4 The internalin family consistsof highly conservedpro-
teins

Thestructureof theinternalinsis highly conserved.As shown in Fig. 2.5,all largemem-
bersof thisproteinfamily arecomposedof similarstructuralelements:asignalsequence,
a leucine-richrepeatregion (LRR or A region) consistingof 4 to 14 LRR units, a con-
servedinter-repeatregion,aregionB containing1 to 4 repeats,andacell wall anchorwith
thepentapeptideLPXTG asconsensussequence.InlB is theonly large internalinwhich
lacksthis anchorsequenceandis linkedto thebacterialsurfacevia theGW modulesof
theC repeats(Braunetal., 1997).

cell wall anchorB  repeatssignal sequence interrepeat region

D  repeats

C  repeats

Large Internalins

leucine-rich repeats (LRR)

InlE

InlF

InlG

InlH

InlC2

InlD

InlB

InlA

LPTAG

LPITG

LPKTG

LPTTG

LPKTS

LPTAG

LPTAG

Figure2.5: Comparisonof thestructureof thelargeinternalinsof L. monocytogenesEGD
basedonmultiplealignmentof theaminoacidsequencesgeneratedby theprogrampileup
(HUSAR, GermanCancerResearchCenter). The structuralelementssignalsequence,
leucine-richrepeats(LRR), inter-repeatregion, B repeats,C repeats(of InlB), D repeats
(of InlE) andcell wall anchorare indicated. LRR units weredeterminedapplying the
definition adaptedfrom (KobeandDeisenhofer, 1994)anddisplayedconsecutively ac-
cordingto theirnumber. All otherstructuresareorganizedbasedonaminoacidsequence
similarities.Dashedlinesindicateinsertedgaps.

A pairwisecomparisonof theaminoacidsequenceof theinternalinsperformedwith
theprogramBestFitprovidedin theGeneticsComputerGroupsoftwarepackageis shown
in Table2.1. This studyrevealedthattheproteinsInlC2, InlD, InlE, InlG andInlH show
themostpronouncedhomologyamongtheinternalins.Thepercentsimilaritiesvary from
98%betweenInlC2 andInlH to 58%betweenInlG andInlD. Amongtheproteinsderived
from the inlGHE genecluster, similarity washighestbetweenInlH andInlE (68%).This
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strikingconservationwasalsoobservedpreviouslyattheDNA level (Raffelsbauer, 1997).
Thehigh identity betweenthegenesof the inlGHE cluster, especiallybetweeninlH and
inlE, suggeststhatthis clustermayhavearisenby geneduplication.High similarity rates
werealsodetectedbetweenthe proteinsInlC2, InlD andInlE (Dramsiet al., 1997). In
general,theproteinsInlC2 to InlH seemto bemorerelatedto InlA thanto InlB. Interest-
ingly, InlB is themostdivergentmemberof theinternalinfamily andthesmall internalin
InlC is moresimilar to InlB thanto InlA. Fig. 2.6 shows anaminoacidsequencealign-
mentof the proteinsInlG, InlH andInlE. In addition,a sequencealignmentof all large
internalinsof L. monocytogenesEGD is includedin App. C.

Table2.1: Comparisonof theaminoacid sequencesof internalinsof L. monocytogenes
EGD.

Similarity of aminoacidsequencesin percenta

Inl protein(size) InlG InlH InlEb InlC2 InlD InlA InlB
InlH (548aa) 63 (555)
InlEb (499aa) 59 (417) 68 (549)
InlC2 (548aa) 59 (411) 98 (548) 74 (411)
InlD (567aa) 58 (416) 72 (571) 62 (436) 75 (572)
InlA (800aa) 57 (378) 59 (426) 50 (348) 71 (800) 69(799)
InlB (630aa) 47 (322) 49 (421) 50 (408) 53 (611) 55(637) 60 (835)
InlC (297aa) 47 (294) 49 (331) 49 (340) 59 (343) 61(369) 64 (493) 64 (318)

aSimilarities were calculatedbasedon alignmentsof the amino acid sequencesperformedwith the
programBestFitprovided in the softwarepackageof the GeneticsComputerGroupof the University of
Wisconsin.The lengthin aminoacidsof the sequencesalignedis given in parentheses.Gapsinsertedto
maximizealignmentswereconsideredin thelength.Comparisonsof Inl proteinsnot involving InlG, InlH
or InlE wereobtainedfrom Dramsiet al. (1997).

bThesequenceof theInlE proteinaspublishedin Raffelsbaueret al. (1998)wasusedfor comparison.

2.5 Transcriptional studies of the genesinlG, inlH and
inlE using a GFP-basedexpressionsystem

The previous report (Dramsiet al., 1997)showed a very weakexpressionof the three
genes,inlC2, inlD and inlE. Therefore,a moresensitive GFP-basedexpressionsystem
describedin Bubertetal. (1999)wasusedto testfor transcriptionof thegenesinlG, inlH
and inlE. As depictedin Fig. 2.7, a Listeria-E. coli shuttlevectorwasconstructedby
fusingthevectorspUC18andpBCE-16.ThecreatedplasmidpLSV16gfp (Bubertet al.,
1999)carriesthecDNA gfp-mut2encodingthegreenfluorescentproteinGFP(Cormack
et al., 1996).

In thepresentstudy, theexpectedregulatoryregionsupstreamof thethreegenesinlG,
inlH and inlE wereamplifiedby PCRusingprimerswhich carry XbaI restrictionsites.
ThesePCRproductswereclonedinto thereporterplasmidpLSV16gfpvia XbaI, yielding
the plasmidsPinlG-gfp, PinlH -gfp andPinlE-gfp, respectively (Fig. 2.7). The putative
promoterregionsof the inl geneswerelinkedto thepromoterlessgfpcDNA flankedby a
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Figure2.6: Multiple alignmentof the aminoacid sequencesof the proteinsInlG, InlH
andInlE generatedusingtheprogramspileupandprettyboxof theHUSARresourcefrom
theGermanCancerResearchCenter. Identicalandsimilar aminoacidsareindicatedby
blackandgrey boxes,respectively. Numbersat the right margin indicatethepositionof
thecorrespondingaminoacids.Insertedgapsarerepresentedby dots.
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ribosomebindingsite(AGGAG). Correctcloningwasconfirmedby sequenceanalysisof
the plasmids.GFP-mediatedfluorescencecould be seenmacroscopicallyin E. coli due
to the high copy numberof theplasmidsin this strain. In L. monocytogenes, wherethe
copy numberof the plasmidsis approximately30 per bacterium,no fluorescencecould
bevisualizedmacroscopically.

The plasmidsPinlG-gfp, PinlH -gfp and PinlE-gfp were introducedeither into the
strainL. monocytogeneswild type or into an isogenic v prfA mutant(Böckmannet al.,
1996)by electroporation.In addition,wild typestrainscarryingtheGFPplasmidswere
complementedwith additionalcopiesof prfA encodedon the plasmidpERL3502(Lei-
meister-Wächteret al., 1990). Cloneswereselectedby tetracycline (for pLSV16gfp de-
rived plasmids)or erythromycin(for pERL3502)resistanceandscreenedby PCR.As
shown in Fig. 2.8, PCRscreeningusingappropriateprimersyieldedDNA fragmentsof
the expectedsizes,demonstratingthat the selectedclonesharboredthe corresponding
plasmids.

Thepromoteractivity of eachof thegenesinlG, inlH and inlE of L. monocytogenes
grown in BHI to the logarithmicphasewasdeterminedby measuringtheGFP-mediated
fluorescenceas describedin detail in section5.3.1. The GFP plasmidscontainingthe
promotersof the L. monocytogenesgenesinlA, actA andhly describedin Bubertet al.
(1999)wereusedin thisstudyfor comparison.As shown in Fig. 2.9A theDNA fragment
containingthe regulatoryregion of inlG yieldedthe highestGFPexpression,while the
two otherregulatorysites,theintergenicregionsbetweeninlG andinlH andbetweeninlH
and inlE, resultedin a significantlylower expression.In front of all threeinl genes,and
especiallyupstreamof inlG, thereareseveral putative promotersequenceswhich could
serveasstartsitesfor transcriptionof eachof thesegenes.In addition,theDNA sequences
of theintergenicregionsbetweeninlG andinlH , andbetweeninlH andinlE alsocontain
putative transcriptionalterminators(seeFig. 2.1),suggestingthemonocistronicnatureof
thethreeinl genetranscripts.

Severalvirulencegenesof L. monocytogenesincluding inlA, inlB andinlC areregu-
latedby thetranscriptionalactivatorproteinPrfA (Bohneet al., 1996;Engelbrechtet al.,
1996).A searchfor the14-bpdyad-symmetricsequencetermedPrfA-box,which is rec-
ognizedby this regulator, failed to detecttheconserved target sequenceTTAACANNT-
GTTAA. Accordingly, GFPexpressionin noneof thethreeconstructsPinlG-gfp, PinlH -
gfpandPinlE-gfpwasaffectedin theprfA-negativemutantor in thestraincomplemented
with additionalcopiesof prfA. Thesedatasuggestthat transcriptionof the genesinlG,
inlH andinlE is not dependenton PrfA. To furtherexcludea putativeactivationof these
genesby PrfA, aMEM shift experimentwasperformed.Thisshift from therich medium
BHI into MEM (minimum essentialmedium)leadsto the transcriptionalactivation of
mostPrfA-regulatedgenes(Bohneet al., 1994;Bohneet al., 1996).Again no activation
of the inl genescould be detected(Fig. 2.9A), confirmingthe independenceof the new
genesinlG, inlH andinlE on PrfA. Interestingly, transcriptionof inlE wasreducedin thev prfA mutant,but not increasedin theprfA complementedstrainnoraftertheMEM shift.

To examineexpressionof the genesinlG, inlH and inlE underintracellularcondi-
tions, the wild type strainsharboringthe GFPconstructswereusedin cellular invasion
assayswith theepithelialcell line Caco-2.As shown in Fig. 2.9Bnoneof theconstructs
yieldedasignificantexpressionof GFP, suggestingthattranscriptionof thethreeinl genes
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Figure2.7: Constructionof theGFPexpressionplasmidsPinlG-gfp, PinlH -gfpandPinlE-
gfp. ThecDNA gfp-mut2(Cormacket al., 1996)encodingthegreenfluorescentprotein
wasclonedinto thevectorpUC18,whichwasthenfusedto thevectorpBCE-16,yielding
the shuttlevectorpLSV16gfp (Bubertet al., 1999). The promoterregionsof the genes
inlG, inlH and inlE were amplified by PCR and clonedinto pLSV16gfp via the XbaI
restrictionsite linkedto thepromoterlessgfp cDNA flankedby a ribosomebindingsite,
yielding theplasmidsPinlG-gfp, PinlH -gfpandPinlE-gfp, respectively.
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Figure2.8: PCRanalysisof L. monocytogenesclonescarryingGFPexpressionplasmids.
A. PCRscreeningto detecttheplasmidsPinlG-gfp(lanes1-4),PinlH -gfp(5-8)andPinlE-
gfp (9-12) in thewild typestrain.B. PCRscreeningto detectcloneswith wild typeprfA
(lanes1-3)andmutantprfA (lanes4-6)carryingtheplasmidsPinlG-gfp (1 and4), PinlH -
gfp (2 and5) andPinlE-gfp (3 and6). C. PCRscreeningof strainscomplementedwith
additionalcopiesof prfA carriedon the plasmidpERL3502,harboringin addition the
plasmidsPinlG-gfp (C1),PinlH -gfp (C2) andPinlE-gfp (C3).
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is not activatedduring intracellularreplicationin thesecells, in contrastto otherknown
PrfA-regulatedvirulencegenes(Bubertet al., 1999). ExperimentsusingGFP-basedex-
pressionplasmidswereperformedtogetherwith Dr. A. BubertandDr. A. Simm from
theUniversityof Würzburg, Germany. Thecorrespondingdata,which werepublishedin
Raffelsbaueret al. (1998),arecitedherewith their kind permission.

2.6 Construction of an in-frame inlGHE deletionmutant

Thepreviousstudydid not revealany effect of inlC2, inlD and inlE on thevirulenceof
L. monocytogenes(Dramsiet al., 1997). In orderto assessa putative contribution of the
newly identifiedgenesinlG andinlH to thebacterialvirulence,anin-framedeletionmu-
tantwhichhadlost thegenesinlG, inlH andinlE wasconstructedasdescribedin Raffels-
bauer(1997).A schematicrepresentationof thestrategy usedto constructthis mutantis
shown in Fig. 2.10. In brief, deletionwasachievedby doublecross-overusinga pLSV1-
basedknock-outvector termedpLSVv inlGHE. To constructthis plasmid,shortDNA
fragments(GA andEB) wereamplifiedfrom the5’ regionsof the inlG anddapEgenes,
respectively, ligatedvia aPspA1 restrictionsiteandclonedinto thevectorpLSV1,which
carriedin additionan erythromycinresistancegene(EmR) anda temperature-sensitive
Gram-positiveorigin of replication(Orits). Integrationof theknock-outvectorin thechro-
mosomewasinducedby incubatingbacteriaat42� C in thepresenceof erythromycin.Ho-
mologousrecombinationat the5’ end(betweenfragmentsGA andGA’) wasselectedby
PCRscreeningwith appropriateprimers. A secondcross-over eventbetweenfragments
EB andEB’ led to theexcisionof thegenesinlG, inlH and inlE from thechromosome,
togetherwith theinterveningvectorsequence.By this deletionthefirst 56 bp of thecod-
ing region of inlG werefusedin-frameto thelast34 bp of inlE, yielding a mutantinlGE
fusiongenewhich is preceededby the inlG promoterandencodesa 29-aminoacidslong
residualpeptide. The correctin-framedeletionwasconfirmedby PCRandnucleotide
sequenceanalysisof theshortenedPCRproduct,asshown in App. B.2. Furtherdetails
on theconstructionof the v inlGHE mutantaregivenin section5.2.1.

2.7 Characterization of the L. monocytogenes � inlGHE
mutant

To investigatea putative contribution of the inlGHE geneclusterto the virulenceof L.
monocytogenesthe v inlGHE mutantwasexaminedin vivo in the mousemodeland in
vitro usingdifferentcell lines.

2.7.1 Deletionof the inlGHE genecluster reducesvirulence

C57BL/6micewereinfectedorally with �n�Q����� bacteriaof thestrainsL. monocytogenesv inlGHE or wild type.Thecolony formingunitsin liverandspleenwerethendetermined
1 and5 dayspost-infection.As shown in Table2.2 thereis a reductionof approximately
3 and2.5 � ��� �V� units in bacterialcountsin liver andspleen,respectively, of the mutant
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Figure2.9: Fluorescenceintensitiesin arbitraryunits (a. u.) of L. monocytogeneswild
type(WT), WT complementedwith additionalcopiesof prfA (PrfA ��� ) andstrain v prfA
(PrfA � ), all carrying the plasmid-encodedgfp cDNA undercontrol of the inlG, inlH ,
inlE, inlA, actAandhly promoters,respectively. A. L. monocytogenesstrainsweregrown
in BHI to the logarithmicphase.Fluorescencewasdeterminedasdescribedin detail in
section5.3.1. For the MEM shift experiments,bacteriaweregrown to the log phasein
BHI andthenshiftedfor 1 h into MEM. B. Fluorescenceintensitiesof bacteriagrown
in Caco-2cells. Cellswereinfectedwith L. monocytogenesstrainstransformedwith the
indicatedGFPplasmidsat a MOI of 50 bacteriapercell. Thetime pointspost-infection
areindicated.Fluorescencelevelsof strainsin measurementsA andB cannotbedirectly
comparedbecausedifferentnumbersof bacteriaanddifferentblankswereused. Note
that thePactAandPhly constructswereusedascontrol for MEM shift experimentsandv prfA strains,respectively, in additionto BHI-grown wild typestrains.
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Figure2.10:Strategy usedfor constructionof thein-framedeletionmutantL. monocyto-
genesv inlGHE by doublecross-over. To constructtheknock-outvectorpLSVv inlGHE
shortfragments(GA andEB) wereamplifiedfrom the 5’ regionsof the inlG anddapE
genes,respectively, ligatedvia aPspA1 restrictionsiteandclonedinto thevectorpLSV1,
which carried in addition an erythromycinresistancegene(EmR) and a temperature-
sensitive Gram-positive origin of replication(Orits). Integrationof the knock-outvec-
tor in the chromosomewas inducedby incubatingbacteriaat 42� C in the presenceof
erythromycin.Homologousrecombinationat the5’ endvia fragmentsGA andGA’ was
selectedby PCRscreeningwith appropriateprimers.Excisionof thegenesinlG, inlH and
inlE from thechromosome,togetherwith the interveningvectorsequencewasachieved
by homologousrecombinationvia fragmentsEB andEB’ andconfirmedby PCR.The
resulting v inlGHE deletionmutantcarriesa truncatedinlGE chimericgeneencodinga
29-aminoacidsresidualpeptide. The in-framedeletionwasverified by nucleotidese-
quenceanalysisasshown in App. B.2.
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comparedto the wild type strainon day 1 after infection. This significantreductionof
viable bacteriacountsin liver and spleensuggeststhat the inlGHE deletionmutant is
impairedin theproficiententryand/orreplicationin thesetwo organsandarguesfor an
importantroleof theinlGHE geneclusterin virulence.Thisexperimentwasperformedby
Dr. J.HessandProf.Dr. S.H. E. Kaufmannfrom theMax-Planck-Institutefor Infection
Biology, Berlin, Germany.

Table2.2: Oral infectionof micewith L. monocytogenesstrainsv inlGHE andwild type.
Datacitedwith kind permissionof Dr. J.HessandProf.Dr. S.H. E. Kaufmann(Raffels-
baueret al., 1998).

Bacterial Day � ��� �V� CFU (mean� SD) ina

strain p. i. livers spleens
L. monocytogenes 1 ��������� ������� �%������� �������v inlGHE 5 �b�=�����T�����k� �%�������d�b��� �
L. monocytogenes 1 � ������� ������� �%���-��� ����� �
Wild type 5 ¡��������T�����-� ¡b�������d�b��¡k�

aDeterminationof colony forming units (CFU) at day 1 and5 p. i. in liversandspleensof C57BL/6
miceinfectedorally with ¢¤£¦¥¨§ª© bacteria.Themeans« SD pertime point of five animalsarepresented.
CFU resultsof both groupswerestatisticallydifferenton day 1 andday 5 asanalyzedby unpairedt test
(¬®¯§�° §²± ).

2.7.2 In vitro studiesusing the ³ inlGHE mutant

In orderto examinethereductionof virulenceobservedwith theL. monocytogenesEGDv inlGHE mutantin themousemodelin moredetailandto determinewhetherthemutant
is impairedin theability to invadeinto or grow in mammaliancells,thisstrainwastested
in vitro for uptake andreplicationin the humanenterocyte-like cell line Caco-2,which
is routinely usedfor the analysisof invasion,intracellularreplicationand intercellular
spreadingof L. monocytogenes. Theintracellulargrowth of thebacteriawasstudiedusing
theplasmidPactA-gfp, in whichexpressionof GFPis undercontrolof theactApromoter,
a listerial promoteractivatedin thehostcell cytosol(Dietrich et al., 1998).As shown in
Fig. 2.11,in thenon-phagocytic cell line Caco-2no significantdifferencein intracellular
replicationandcell-to-cell spreadingbetweenthe wild type and the mutantstrain was
observed 18 h post-infectionusing the GFP expressionvector PactA-gfp. This result
indicatesthat the v inlGHE mutantreplicateswithin Caco-2cells as efficiently as the
wild type strain. Note that the invasionrateof the bacteriawasnot determinedin this
assay.

Next, invasionandreplicationof the v inlGHE mutantwereexaminedusingthemurine
professionalphagocytic cell line J774.In contrastto theobservationobtainedwith thecell
line Caco-2,in themacrophage-likeJ774cellsthenumberof gfp expressingmutantbac-
teriavisualized18h post-infectionwassignificantlylowerthanthatof thewild typestrain
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A B

C D

Figure 2.11: A–D. Invasion, intracellular replication and cell-to-cell spreadingof L.
monocytogeneswild type (A, B) and v inlGHE mutant (C, D) in Caco-2cells. Both
strainswerepreviously transformedwith the PactA-gfp plasmidandusedin a MOI of
20 bacteriapercell for thesemicroscopicalstudies.(A, C) combinedphasecontrastand
fluorescencepictures,and(B, D) fluorescencepicturesof thesameregionsof themono-
layersdocumented18 h post infection. Picturesshown with kind permissionof Dr. A.
Bubert(Raffelsbaueretal., 1998).
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(datanot shown). A FACSanalysisof the intracellularreplicationof the v inlGHE mu-
tantcontainingtheplasmidPactA-gfp in thesecellsconfirmedthatthetotal fluorescence
intensitiesof themutantwerelowerthanthatof theparentalstrainatdifferenttimepoints
post-infection(Fig. 2.12). This moredetailedstudyalsorevealedthat thenumberof in-
fectedcellswassimilar for bothstrains,suggestingthat themutantwastakenup by the
J774cellsasefficiently asthewild type. However, thefluorescenceintensityemittedby
themutantin eachof theinfectedcellswasstronglyreduced,resultingin thelower total
fluorescenceobservedwith this strain. Theability of the v inlGHE mutantto adhereto
andinvadeinto phagocytic cellsof thecell linesJ774andP388wasthenexaminedin ad-
hesionandcellular invasionassaysandwasindeedsimilar to thatof thewild typestrain.
Fig. 2.13showstheability of the v inlGHE mutantto invadeP388cellsin comparisonto
wild typestrain.
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Figure2.12: FACSanalysisof J774cells infectedwith L. monocytogeneswild typeandv inlGHE mutantstrainscontainingtheGFPexpressionplasmidPactA-gfp. Graphsshow
the numberof fluorescencepositive, i. e. infectedcells (area)andthe total fluorescence
intensity (F.I.), which is the productof the areaandthe meanof fluorescenceper cell.
20,000cells wereanalyzedper sample. Fluorescenceintensitiesaregiven in arbitrary
units(a.u.). Experimentwasperformedin triplicate.Barsrepresentstandarddeviations.

Internalizationof L. monocytogenesinto non-phagocytic cells dependson the inter-
nalinsInlA andInlB (Gaillardet al., 1991;Dramsiet al., 1995).To examinewhetherthe
identifiedinternalinsInlG, InlH andInlE areinvolvedin thisentryprocess,the v inlGHE
mutantwastestedfor internalizationinto thehumanenterocyte-likeCaco-2andthemurine
hepatocyte-like TIB73 cells. As shown in Fig. 2.13,the invasionrateof themutantinto
thesecell lineswastwo- to three-foldhigherthanthatof thewild typestrain. A similar
increaseof invasivenessin the absenceof inlGHE wasalsoobservedwith humanbrain
microvascularendothelialcells (Greiffenberg, 2000). The above datathussuggestthat
InlG, InlH andInlE do not triggeruptake into non-phagocytic mammaliancellsdirectly,



32 2. Results

but seemto negatively interferewith InlA- and/orInlB-mediatedbacterialinternalization.
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Figure2.13:Uptakeof theL. monocytogenesstrainsv inlGHE andwild typeby different
mammaliancells. Entry of the mutantstrain is given asthe rateof invasionrelative to
thatof thewild typestrain,which wassetto 100. Thecell linesusedwereP388(murine
macrophage-like), Caco-2(humanenterocyte-like) andTIB73 (murinehepatocyte-like).
Experimentswereperformedin triplicate.Barsrepresentstandarddeviations.

2.8 Construction of new � inlGHE mutant strains

To rule out additionalmutationson thechromosomeof the v inlGHE mutantthatcould
eventuallyaffect bacterialuptake, threenew v inlGHE mutantstrains(termedS57,S58
andS59)wereconstructedusingthesamestrategy appliedfor theconstructionof thefirstv inlGHE mutant(S14)shown in Fig. 2.10anddescribedin detail in section5.2.1. By
doublecross-overusingtheknock-outplasmidpLSVv inlGHE, mostof theinlGHE gene
clusterwasremoved. Integrationof pLSVv inlGHE into the chromosomeanddeletion
of the genesby homologousrecombinationwere confirmedby PCR screening,which
yieldedproductsasdepictedin Fig. 2.14.By thisdeletionthefirst 56bpof thecodingre-
gionof inlG werefusedin frameto thelast34bpof inlE, yieldingamutantinlGE fusion
genewhich is preceededby the inlG promoterandencodesa 29-aminoacidslong resid-
ual peptide. The correctin-framedeletionswereconfirmedby DNA sequenceanalysis
of the shortenedPCRproducts.The nucleotidesequencesof the constructedv inlGHE
mutantstrainsareshown in App. B.2. Whentestedin cellular invasionassays,thenewv inlGHE mutantstrainS57alsoshowedincreasedinvasionratesin non-phagocytic cells
similar to thoseobservedwith thefirst v inlGHE mutantS14(B. Bergmann,unpublished
data).Theseresultsindicatethattheincreaseof invasivenessis specificallycausedby the
deletionof the inlGHE geneclusterfrom theL. monocytogenesEGDchromosome.
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Figure2.14:Constructionof new L. monocytogenesv inlGHE mutantstrains.PCRanal-
ysis to isolatesingle and doublecross-over mutants. A. Integration of the knock-out
plasmidpLSVv inlGHE into the chromosomewasdetectedby PCRusing the primers
pGluco-1andORFZ-1,which hybridizedto theascBgeneof thewild typesequenceand
to thehomologousfragmentEB of theknock-outplasmid,respectively. Thesizeof the
expectedPCRproductis 703bp. Integrationwasperformedin two independentexper-
iments(A1 andA2). From eachexperiment,one singlecross-over clone wasusedto
constructa doublecross-over mutant. B. Deletionof the inlGHE geneclusterwasde-
tectedby PCRwith the primersPinlXu anddelxy-7, which hybridizedto the ascBand
dapEgenesof thewild typesequence,respectively. Deletionof the inlGHE genecluster
yieldeda PCRproductof 728bp insteadof a 5,602-bplong DNA fragmentof thewild
type.Lanes1, 2 and3 correspondto theL. monocytogenesv inlGHE mutantstrainsS57,
S58andS59,respectively. PCRproductsshown in B weresequenced(App. B.2). M is
theDNA molecularweightstandard.
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2.9 Construction and characterization of the L. monocy-
togenes singlemutants � inlG, � inlH and � inlE

In order to test whetherdeletionof a single genefrom the inlGHE geneclusterhasa
similarstimulatoryeffectoninvasivenessof L. monocytogenesasthedeletionof thecom-
pletegenecluster, singlein-framedeletionmutantslackingeitherinlG, inlH or inlE were
constructedin the presentstudy. First, a v inlG mutantwas constructedapplying the
samestrategy usedto constructthe v inlGHE mutantusingthepLSV1-basedknock-out
plasmidpLSVv inlGI. This mutantwasconstructedin duplicateandtheobtainedstrains
weretermedv inlGI-1 (S38)and v inlGI-2 (S37). As depictedin Fig. 2.15,whentested
in cellular invasionassays,both inlG deletionmutantstrainsshoweda reductionin inva-
sivenessinto thetwo non-phagocytic cell linesCaco-2andTIB73. Theinvasionratesof
thesemutantsvaryfrom 20%to 50%comparedto thatof thewild typestrain.Nucleotide
sequenceanalysisrevealedthatdeletionof theinlG genein thesestrainswasnot in frame.
Duringtheconstructionof plasmidpLSVv inlGI, digestionof fragmentsGA andGB with
theenzymePspA1 causedthedeletionof onenucleotidein therestrictionsite,leadingto
a frameshift. The resultingInlG peptidederived from the performedinlG deletionon
thechromosomewas10aminoacidsshorterthandesired.To ruleout thatthisshorterbut
muchmorehydrophobicpeptideaffectsproteinsecretionandthattheframeshift mutation
alterstheexpressionof thefollowing genes,asecondv inlG mutant,termedv inlGII, was
constructedusinganew knock-outplasmidpLSVv inlGII. In addition,thesinglemutantsv inlH and v inlE wereconstructed.

A schematicrepresentationof thestrategy usedto constructthesinglemutantsv inlG
(I and II) is shown in Fig. 2.16. The mutants v inlH and v inlE were constructedus-
ing the samemethod. In brief, deletionof the genesinlG, inlH and inlE wasachieved
by doublecross-over usingthe pLSV1-basedknock-outplasmidspLSVv inlG (I or II),
pLSVv inlH and pLSVv inlE containingthe homologyfragmentsGAGB, HAHB and
EAEB, respectively, which wereusedto deletethecorrespondinggenesby homologous
recombination.To constructeachof theseplasmids,shortDNA fragmentswereampli-
fied from the 5’ and 3’ regions of the geneto be deleted,ligated to eachother via a
PspA1 restrictionsite, PCRamplified,digestedandclonedinto pLSV1 asdescribedin
detail in section5.2.2.This shuttlevectorcarriesanerythromycinresistancegene(EmR)
anda temperature-sensitiveGram-positiveorigin of replication(Orits). Integrationof the
knock-outplasmidsinto thechromosomewasinducedby incubatingbacteriaat 42� C in
thepresenceof erythromycin.Homologousrecombinationat the5’ endvia fragmentsA
andA’ wasdetectedby PCRscreeningwith appropriateprimersasshown in Fig. 2.17.
Thesecondcross-overvia fragmentsB andB’ leadingto theexcisionof mostof thewild
typegenefrom thechromosome,togetherwith the interveningvectorsequencewasac-
complishedby subculturingthebacteriain theabsenceof antibiotics.Deletionof thewild
typegeneswasscreenedby PCRasdepictedin Fig.2.18,andconfirmedby nucleotidese-
quenceanalysisof theobtainedPCRproducts.Thenucleotidesequencesof theresulting
singlemutantsareincludedin App. B.2. Deletionswerein frameexceptfor v inlGI. The
mutantsv inlGI, v inlGII, v inlH and v inlE carrytruncatedgenesencoding22-,32-,47-
and49-aminoacidsresidualpeptides,respectively. All singlemutantswereconstructed
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Figure2.15: Internalizationof L. monocytogenesstrainswild type, v inlGHE and v inlGI
into humanenterocyte-likeCaco-2cells(A) andmurinehepatocyte-likeTIB73 cells(B).
Cells were infectedfor 1 h at a MOI of 20 or 30 bacteriaper Caco-2or TIB73 cell,
respectively. Invasivenessof the mutantstrainsis given asthe rateof invasionrelative
to that of the wild type strain,which wasset to 100. Experimentswereperformedin
triplicate.Barsrepresentstandarddeviations.
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in duplicate.Both selectedclonesof eachsinglemutantweregeneticallycharacterized.
Theseclonesweredesignatedasfollows: v inlGI: strainsS37andS38; v inlGII: strains
S53andS54; v inlH : strainsS41andS42;and v inlE: strainsS39andS40.A schematic
representationshowing thegeneticorganizationof theinlGHE geneclusterin thedeletion
mutantsv inlG, v inlH , v inlE and v inlGHE comparedto thewild typestrainis depicted
in Fig. 2.19.

Thesingledeletionmutantsv inlGII, v inlH and v inlE weretestedfor internalization
byHepG-2cells.TheseexperimentswereperformedbyB. BergmannfromtheUniversity
of Würzburg, Germany (Bergmann,Raffelsbaueret al., manuscriptsubmitted). These
cellular invasionassays,which arecited herewith the kind permissionof B. Bergmann
(ongoingdoctoralthesis),revealedthat, similarly to the v inlGHE mutant,eachof the
singlemutantstestedwasalsotwo- to three-foldmoreinvasive thanthewild typestrain
(Table2.3). Thus,usingthe internalinmutantsconstructedin thepresentstudyit could
beshown thateitherdeletionof thecompleteinlGHE geneclusteror of thesinglegenes
inlG, inlH andinlE increasesinvasivenessof L. monocytogenesinto non-phagocytic cells,
suggestingthattheinternalinsInlG, InlH andInlE mayform a functionalcomplex.

2.10 Construction and characterization of the L. mono-
cytogenes revertant strains inlG � , inlH � and inlE �

In orderto confirmthat the increasedinvasivenessof themutantsdefective in thegenes
inlG, inlH or inlE is causedby thedesireddeletionsandnot by additionalmutations,the
singlemutantsv inlG (I andII), v inlH and v inlE wererestoredby insertinga copy of
the respective intactgeneinto theregion of thepreviouschromosomaldeletionby dou-
ble cross-over, therebyreverting the mutantsto the wild type genotype.Reversionwas
achievedusingagainthevectorpLSV1 asshown in Fig. 2.20anddescribedin detail in
section5.2.2.In brief, thegenesinlG, inlH andinlE wereamplifiedfrom thechromosome
of L. monocytogeneswild typeusingtheprimerpairsmutrevG-1/lisminv-1,delH-1/delH-
4anddelE-1/delxy-6b,whichwerepreviouslyusedto generatethehomologousfragments
GAGB, HAHB and EAEB applied to constructthe deletion mutants v inlGII, v inlH
and v inlE, respectively. The wild type geneswere clonedinto the vectorpLSV1 via
EcoRI (inlG) or BamHI (inlH and inlE) restrictionsites,yielding theknock-inplasmids
pLSVinlG, pLSVinlH andpLSVinlE. Integrationof theseplasmidsinto thechromosome
by homologousrecombinationat the 5’ side, i. e. via fragmentsGA/GA’, HA/HA’ and
EA/EA’, wasdetectedby PCRwith appropriateprimersasshown in Fig. 2.21. Restora-
tion of thewild typegeneafterexcisionof thetruncatedgeneandthevectorsequenceby
homologousrecombinationvia fragmentsGB/GB’, HB/HB’ andEB/EB’ wasscreened
by PCRusingdifferentprimercombinations,which yieldedproductsspanningthecom-
pletegeneat onceandadditionallyin smalleroverlappingfragments,asdepictedin Fig.
2.22and2.23. AppropriatePCRproductsweresequencedandthenucleotidesequences
in the recombinationregionswereidentical to thoseof the wild type strain(App. B.2).
Bacterialstrainsusedfor reversionwereS38( v inlGI), S54( v inlGII), S41( v inlH ) and
S40( v inlE). Thetruncatedgeneof bothmutantstrainsv inlGI and v inlGII wasreplaced
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Figure 2.16: Strategy usedfor constructionof the deletionmutantsL. monocytogenesv inlGI and v inlGII by doublecross-over. To constructtheknock-outvectorpLSVv inlG
shortfragments(GA andGB) wereamplifiedfrom the5’ and3’ regionsof theinlG gene,
ligatedvia aPspA1 restrictionsiteandclonedinto thevectorpLSV1,whichcarriedin ad-
dition anerythromycinresistancegene(EmR) anda temperature-sensitiveGram-positive
origin of replication(Orits). Integrationof theknock-outvectorin thechromosomewas
inducedby incubatingthe bacteriaat 42� C in the presenceof erythromycin. Homolo-
gousrecombinationat the5’ end(betweenfragmentsGA andGA’) wasdetectedby PCR
screeningwith appropriateprimers. A secondcross-over event betweenfragmentsGB
andGB’ led to the excision of most of the inlG genefrom the chromosome,together
with theinterveningvectorsequence.Theresultingv inlGI and v inlGII deletionmutants
carry truncatedinlG genesencoding22- and32-aminoacidsresidualpeptides,respec-
tively. Thedeletionswereconfirmedby nucleotidesequenceanalysisasshown in App.
B.2.
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Figure2.17:Constructionof theL. monocytogenessinglemutantstrainsv inlGI, v inlGII,v inlH and v inlE. PCR analysisto isolate single cross-over mutants. Integration
of the knock-outplasmidspLSVv inlGI (A), pLSVv inlGII (B), pLSVv inlH (C) and
pLSVv inlE (D) into the chromosomewas detectedby PCR using the primer pairs
pGluco-1/PinlYd,pGluco-1/inlX-1,Xvorw-6/delHseq-2andinlYseq-1/delxy-5,respec-
tively. The sizesof theexpectedPCRproductsare671bp ( v inlGI), 599bp ( v inlGII),
630bp( v inlH ) and490bp( v inlE). Two independentsinglecross-overcloneswereused
to constructdoublecross-overmutants.
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Figure2.18:Constructionof theL. monocytogenessinglemutantstrainsv inlGI, v inlGII,v inlH and v inlE. PCRanalysisto isolatedoublecross-over mutants. Deletionof the
genesinlG (A andB), inlH (C) andinlE (D) wasdetectedby PCRwith theprimerpairs
pGluco-1/inlYC2spez-1(v inlGI), PinlXu/lism51-24( v inlGII), PinlYu/delE-2 ( v inlH )
and inlYseq-1/delxy-7( v inlE). As expected,the lengthof the obtainedPCRproducts
is 866,647,727and836bp insteadof 2234,2021,2230and2187derivedfrom thewild
typesequencesof inlG, inlH or inlE, respectively. Mutantswereconstructedin duplicate.
PCRproductsof selectedclonesweresequenced(App. B.2).
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Figure2.19:Geneticorganizationof the inlGHE geneclusterof L. monocytogenesin the
wild type(A), v inlG (B), v inlH (C), v inlE (D) and v inlGHE (E) mutantstrains.Genes
aredepictedasarrows. Deletionsarerepresentedby dashedlines. Lengthof thecoding
regionsareindicatedin basepairs(bp). Figurein scale.

by anintactcopy of the inlG gene.Reversionof the v inlE mutantwasperformedin two
differentapproachesusingstrainS40in bothcases.Revertantstrainswereconstructedin
duplicateanddesignatedasS61(inlGI

P
), S62andS63(inlGII

P
), S79andS80(inlH

P
),

S60andS70(inlE
P
).

The revertantstrainsinlGII
P
, inlH

P
and inlE

P
were testedfor internalizationinto

themicrovascularendothelialcell line HBMEC. Thesecellularinvasionassayswereper-
formedin a doctoralthesisby B. Bergmannfrom theUniversityof Würzburg, Germany
(Bergmann,Raffelsbaueret al., manuscriptsubmitted). As shown in Table2.3, the re-
vertantstrainstestedyielded invasionrateswhich aresignificantly lower thanthoseof
thesinglemutants.Thus,reversionof the v inlGII, v inlH and v inlE mutantsby double
cross-over with thecorrespondingwild typegenesresultedin a decreaseof invasiveness
to alevel whichis comparableto thatof thewild typestrain,confirmingthattheenhanced
invasionratesobservedwith thesinglemutantsarespecificallycausedby thedeletionof
theinternalingenesandcanbereversedby restoringthewild typegenotype.

2.11 Construction and characterization of L. monocyto-
genes inl combination mutants

It waspreviouslyshown thatdeletionof inlA or inlB reducesor evenabolishestheability
of L. monocytogenesto invademammaliancells in vitro (reviewedby KuhnandGoebel,
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Figure2.20:Strategy usedfor constructionof theL. monocytogenesrevertantstraininlG
P

by doublecross-over usingtheknock-invectorpLSVinlG. InlG wasamplifiedfrom the
chromosomeof L. monocytogeneswild typeusingtheprimersmutrevG-1andlisminv-1.
Theamplifiedintactgene,which includesat the5’ and3’ endsthehomologyfragments
GA andGB usedto constructthe v inlG mutant,wasclonedinto thevectorpLSV1 via
EcoRI restrictionsites. Integrationof theknock-in vectorinto thechromosomewasin-
ducedby incubatingbacteriaat 42� C in thepresenceof erythromycin.Homologousre-
combinationat the5’ end(betweenfragmentsGA andGA’) wasdetectedby PCRscreen-
ing with appropriateprimers. The secondcross-over betweenfragmentsGB andGB’
resultedin the excision of the truncatedinlG geneandthe interveningvectorsequence
from the chromosome,restoringthe wild type inlG gene. Reversionwasconfirmedby
PCRandnucleotidesequenceanalysisasshown in Fig. 2.22andApp. B.2.
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Figure2.21: Constructionof the L. monocytogenesrevertantstrainsinlG
P
, inlH

P
and

inlE
P
. PCRanalysisto isolatesinglecross-overmutants.Integrationof theknock-inplas-

midspLSVinlG into the v inlGI (A) and v inlGII (B), of pLSVinlH into v inlH (C) andof
pLSVinlE into v inlE (D andE) chromosomewasdetectedby PCRusingtheprimerpairs
PinlXu/RTG7Bdown (inlG), PinlYu/inlYC2spez-1(inlH ) andinlYseq-1/inlZseq-3(inlE),
respectively. Notethatboth inlG deletionmutantsv inlGI and v inlGII wererevertedand
thatreversionof the v inlE mutantwasperformedin two differentapproaches.
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Figure2.22: Constructionof theL. monocytogenesrevertantstrainsinlG
P
. PCRanaly-

sis to isolatedoublecross-over mutants.Reversionof v inlGI and v inlGII by inserting
a copy of the correspondinggeneinto the chromosomewasverified by PCRscreening
usingprimersthatyieldedproductsspanningthecompletegeneatonce(A andB) andad-
ditionally in smalleroverlappingfragments(C, D andE). Thelong PCRproductsshown
in A andB, which indicatethepresenceof thewild type inlG gene,wereobtainedwith
the primerpairsPinlXu/inlYC2spez-1andRTG1up/inlX-1, yielding DNA fragmentsof
2,098bp and1,541bp, respectively. Lanes1, 2 and3 correspondto therevertantstrains
S61,S62,S63,respectively. As control, thesamereactionswereperformedusingDNA
from thesinglemutant v inlGII (A andB, lane4).



44 2. Results

A
1 2 3 4 5 M

B
1 2 3 4 5 M

– ��� �0� kb
– �0� �0� kb

– �0� �0� kb

– ��� �9� kb

– ��� �0� kb

– ��� �0� kb

C1
1 2 3 M

C2
1 2 M

– �0� �0� kb

– �0� �0� kb

– ��� �9� kb

– ��� �0� kb

– ��� �0� kb

Figure 2.23: Constructionof the L. monocytogenesrevertantstrainsinlH
P

and inlE
P
.

PCRanalysisto isolatedoublecross-overmutants.Reversionof thesinglemutantsv inlH
(A) and v inlE (B andC) by insertinga copy of thecorrespondinggeneinto thechromo-
somewasverified by PCRscreeningusingprimersthat yieldedproductsspanningthe
completegenein small overlappingfragments(A.1-3, B.1-3, C1.1-3)or at once(A.4,
B.4-5,C2.1).ThelongPCRproductsindicatingthepresenceof thewild typegeneswere
obtainedwith theprimerpairsPinlYu/delE-2(inlH ; A.4) andinlYseq-2/lism51-14(inlE;
B.5, C2.1),yielding DNA fragmentsof 2,230and1,618bp, respectively. As control,the
samereactionswereperformedusingDNA from the singlemutantsv inlH and v inlE
(A.5, C2.2).Revertantsshown in A, B andC correspondto thestrainsS80,S70andS60,
respectively.
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Table 2.3: Invasion of L. monocytogenesstrainswild type, single deletion mutantsv inlGII, v inlH and v inlE, andthe correspondingrevertantsinlGII
P
, inlH

P
and inlE

P
into HepG-2cellsandhumanbrainmicrovascularendothelialcells(HBMEC). Datacited
with kind permissionof B. Bergmann(B. Bergmann,doctoralthesisandBergmann,Raf-
felsbaueret al., manuscriptsubmitted).

HepG-2cells HBMEC
Bacterialstrain Invasionrate Bacterialstrain Invasionrate
Wild type �o����� ��� Wild type �o����� ��¡v inlGHE ¡������ ¡�� v inlGHE ������� ¡ �v inlGII ¡������ ¡�� v inlGII ������� ���v inlH ¡-����� ¡�� v inlH ���k��� ¡�¡v inlE ������� ��¡ v inlE ���k��� ���

inlGII
P ������� ���

inlH
P �����T���

inlE
P �����T���

2000). Surprisingly, deletionof the inlGHE geneclusterleadsratherto an increasein
invasivenessof L. monocytogenesinto severalnon-phagocytic cell lines,suggestingthat
theseinternalins,unlike InlA andInlB, do not directly actasinvasinsfor internalization
into mammaliancells,but seemto negatively interferewith thisentryprocess.In orderto
testwhetherandhow deletionof inlGHE in combinationwith otherinternalingenesaf-
fectsinvasivenessof L. monocytogenes, in thepresentstudythe inlGHE geneclusterwas
removedfrom mutantswhichalreadycarrieddeletionsin thegenesinlA, inlB and/orinlC,
thuscreatingthe inl combinationmutantstrainsv inlA/GHE, v inlB/GHE, v inlC/GHE,v inlA/B/GHE and v inlB/C/GHE. Deletionof inlGHE wasachieved using the knock-
out plasmidpLSVv inlGHE, which wasalsoappliedto constructthe v inlGHE mutant
strainsasshown in Fig. 2.10 anddescribedin detail in section5.2. In addition,using
the pLSVv inlC knock-outplasmid,the inlC genewasdeletedfrom the strains v inlA
and v inlA/GHE, thuscreatingthestrainsv inlA/C and v inlA/C/GHE. PLSVv inlC was
constructedin thepresentstudyby cloningthetruncatedinlC genewhich wasamplified
fromthe v inlC mutant(Engelbrechtetal., 1996)into thepLSV1vector. Integrationof the
knock-outplasmidsanddeletionof thegeneswereconfirmedby PCRscreening.Theob-
tainedPCRproductsareshown in Fig.2.24,2.25and2.26.Thecorrectin-framedeletions
wereverifiedby PCRandDNA sequenceanalysis.Thechromosomalregionscompris-
ing thedeletionswereamplifiedby PCR,clonedinto thevectorpUC18andsequenced.
Nucleotidesequencesof the constructedinl combinationdeletionmutantsareshown in
App. B.2. Internalincombinationmutantswereconstructedin duplicateanddesignated
as follows: v inlA/GHE (S27andS28), v inlB/GHE (S67andS68), v inlC/GHE (S29
andS30), v inlA/B/GHE (S34andS35), v inlB/C/GHE (S36), v inlA/C (S71andS73)
and v inlA/C/GHE (S75andS76).A schematicrepresentationshowing thegeneticorga-
nizationof thegenesinlA, inlB andinlC in thedeletionmutantsv inlA, v inlB, v inlA/B
and v inlC comparedto thewild typestrainis depictedin Fig. 2.27.
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Figure 2.24: Constructionof L. monocytogenesinl combinationmutantstrains. PCR
analysisappliedto isolatesinglecross-overmutants.Integrationof theknock-outplasmid
pLSVv inlGHE into thechromosomeof the inl deletionmutantsv inlA (A), v inlB (B),v inlC (C), v inlA/B (D) and v inlB/C (E). Integrationwasdetectedby PCRusing the
primerpairspGluco-1/ORFZ-1,yielding aPCRproductof 703bp.
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Figure2.25:Constructionof L. monocytogenesinl combinationmutantstrains.PCRanal-
ysis to isolatedoublecross-over mutants.Constructionof themutantsv inlA/GHE (A),v inlB/GHE (B), v inlC/GHE (C), v inlA/B/GHE (D, lanes1 and2) and v inlB/C/GHE
(D, lane 3). Deletion of the inlGHE genecluster was detectedby PCR using the
primers PinlXu and delxy-7, which yielded a shortenedPCR product of 728 bp in-
stead of 5,602 bp from the wild type sequence. PCR products shown were se-
quenced.Nucleotidesequencesof theinl combinationmutantsv inlA/GHE, v inlB/GHE,v inlC/GHE, v inlA/B/GHE, v inlB/C/GHE areshown in App. B.2.



48 2. Results

A
1 2 3 4 5 M

B
1 2 3 4 5 M

– �0� �0� kb

– �0� �0� kb

– ��� �9� kb

– ��� �0� kb

– ��� �0� kb

C
1 2 3 4 5 M

– �0� �0� kb

– �0� �0� kb

– ��� �9� kb

– ��� �0� kb

– ��� �0� kb

D
1 2 3 4 M

E
1 2 M

– �0� �0� kb

– �0� �0� kb

– ��� �9� kb

– ��� �0� kb

– ��� �0� kb

Figure 2.26: Constructionof L. monocytogenesinl combinationmutantstrains. PCR
analysisto isolatesingleanddoublecross-over mutants.A-C. Integrationof theknock-
out plasmidpLSVv inlC into the chromosomeof the inl deletionmutants v inlA (A),v inlA/GHE (B) and v inlGHE (C). Integrationwasdetectedby PCRusingtheprimerpair
InlC-3/delCseq-2,yielding a PCRproductof 362 bp. D-E. Constructionof the double
cross-over mutants v inlA/C (D) and v inlA/C/GHE (E). Deletion of inlC wasverified
with theprimersInlC-3 andInlC-4. Theobtainedproductwas578bp long, in contrastto
the1,229bp long fragmentderivedfrom thewild typesequence.PCRproductsshown in
D andE weresequenced.Nucleotidesequencesof the inl combinationmutantsv inlA/C
and v inlA/C/GHE areshown in App. B.2.
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Figure2.27: Schematicrepresentationof the genesinlA, inlB and inlC in the deletion
mutantsv inlA, v inlB, v inlA/B and v inlC comparedto thewild typestrain. Genesare
depictedas arrows. Deletionsare representedby dashedlines. Length of the coding
regionsareindicatedin basepairs(bp). Figurein scale.

To determineaputativecontributionof theinternalinsInlG, InlH andInlE to theentry
of L. monocytogenesinto mammaliancells,the inl combinationmutantslacking the inl-
GHE geneclusterconstructedin thepresentwork weretestedtogetherwith thewild type
strain,the v inlGHE mutantandthecorrespondingparentalmutantstrainsv inlA, v inlB,v inlC, v inlA/B, v inlB/C and v inlA/C for their capacityto invadethe non-phagocytic
cell linesHBMEC andCaco-2.Thesecellular invasionassayswereperformedin a doc-
toral thesisby B. Bergmannfrom theUniversityof Würzburg, Germany (Bergmann,Raf-
felsbaueret al., manuscriptsubmitted). As shown in Table2.4 all mutantslacking the
inlB genewere impairedto invadecells of the HBMEC cell line, confirmingprevious
studieswhichshowedthatinternalizationof L. monocytogenesinto HBMEC dependsex-
clusively on InlB (Greiffenberg et al., 1998). Deletionof inl genesotherthan inlB does
not affect invasionability, asmutantslacking inlA, inlC and/orinlGHE arestill invasive
for HBMEC, showing that this InlB-mediatedinvasiondoesnot requireadditionalinter-
nalins. Interestingly, deletionof inlGHE aloneor in combinationwith other inl genes
leadsto a two- to three-foldincreasein invasivenessinto HBMEC in all mutantscon-
structed,exceptin strain v inlC/GHE. Thesedataindicatethat the presenceof inlGHE
inhibits InlB-mediatedinvasionandsuggestthat theseinternalinsmight competefor the
samereceptoron thecell surface(Bergmann,Raffelsbaueret al., manuscriptsubmitted).

Entryof L. monocytogenesinto Caco-2cellswasshown to requiremainly InlA (Gail-
lard etal., 1991;Dramsiet al., 1995;Mengaudetal., 1996),but alsoto someextentInlB
(Lingnauet al., 1995). As shown in Table2.5, this previousobservationwasconfirmed,
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sincedeletionof inlA or inlB reducesinvasivenessto a very low level, anddeletionof
both genestogetherimpairs L. monocytogenesto enterCaco-2cells at all (Bergmann,
Raffelsbaueret al., manuscriptsubmitted). In the absenceof inlB, the additionaldele-
tion of inlGHE or especiallyof inlC leadsto a significantreductionin invasiveness.The
mutantsv inlB/C and v inlB/C/GHE arenearlynon-invasive for Caco-2cells, although
thesestrainscarry an intact inlA gene. However, invasivenessof thesemutantsis re-
storedin thepresenceof inlB, asthemutantsv inlC and v inlC/GHE show invasionrates
similar to thoseof thewild typestrain.Takentogether, thesedataindicatethat theInlA-
mediatedinvasioninto Caco-2cells requiresthe function of InlB, InlC, InlG, InlH and
InlE (Bergmann,Raffelsbaueret al., manuscriptsubmitted).

Table2.4: Invasionof L. monocytogenesinternalindeletionmutantsinto humanbrainmi-
crovascularendothelialcells(HBMEC). Datacitedwith kind permissionof B. Bergmann
(B. Bergmann,doctoralthesisandBergmann,Raffelsbaueret al., manuscriptsubmitted).

Bacterialstrain Invasionrate Bacterialstrain Invasionrate
Wild type �o��� � �¸¡ v inlGHE ������� ���v inlA ��� � � v inlA/GHE �¸� � � ¡ �v inlC �����T��� v inlC/GHE ����� ��¡v inlA/C �-��� �o� v inlA/C/GHE ���k��� ¡��v inlB 0 v inlB/GHE 0v inlA/B 0 v inlA/B/GHE 0v inlB/C 0 v inlB/C/GHE 0

Table2.5: Invasionof L. monocytogenesinternalindeletionmutantsinto Caco-2cells.
Data cited with kind permissionof B. Bergmann(B. Bergmann,doctoral thesisand
Bergmann,Raffelsbaueret al., manuscriptsubmitted).

Bacterialstrain Invasionrate Bacterialstrain Invasionrate
Wild type �o��� � ��¡ v inlGHE ¡ �o��� �v inlA �o��� � v inlA/GHE ����� ���v inlC ��� � � v inlC/GHE ����� �¸�v inlA/C ��� � � v inlA/C/GHE ��¡�� �v inlB ¡�� � � v inlB/GHE ��� � �v inlA/B 0 v inlA/B/GHE 0v inlB/C ��� � v inlB/C/GHE ���T�
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2.12 Deletion of inlGHE enhancesadhesionof L. mono-
cytogenes to differ entiatedCaco-2cells

To examinewhethertheenhancedinvasivenessobservedwith theinlGHE deletionmutant
is causedby an increasein the ability of this mutantto adhereto mammaliancells,ad-
hesionassayswereperformedusingconfluentmonolayersof Caco-2cellswhichshowed
fully differentiatedcell morphology. Theseexperimentswereperformedby Prof. Dr. I.
Karunasagarat theUniversityof Würzburg, Germany. As listedin Table2.6,thenumber
of v inlGHE mutantbacteriawhich adheredto theseCaco-2cellswasthree-to four-fold
higherthanthatof thewild typestrain.A similar increasewasalsoobservedin theinva-
sivenessof theadherentmutantbacteria,leadingto atotal invasionratewhichwasconsid-
erablyhigherthanthatof thewild type.Whereasadherenceof the v inlB mutantwasnot
affected,thenumbersof adherentv inlA and v inlC bacteriawereconsiderablyreduced
(approx.20% and60%, respectively, comparedto the parentalstrain), suggestingthat
thesegenesareinvolvedin adhesionto Caco-2cells. Interestingly, relative to thenumber
of adherentbacteria,all threeinl mutantsshowedinvasionrateswhichweresimilarto that
of thewild type, indicatingthatdeletionof thegenesinlA, inlB andinlC doesnot affect
invasioninto confluent,differentiatedCaco-2cells. In addition,the v inlA/C mutantcon-
structedin the presentwork wasnearly impairedto adhereto thesecells (Karunasagar,
personalcommunication),suggestingthatboth InlA andInlC proteinsmayact together
to mediateefficientadhesion(KarunasagarandRaffelsbauer, unpublisheddata).

Table2.6: Adhesionandinvasionof L. monocytogenesinternalindeletionmutantsinto
Caco-2cells(confluentmonolayers).Adherenceratewascalculatedrelativeto theinocu-
lum. Invasionratewasdeterminedrelative to thenumberof adherentbacteria.Datacited
with kind permissionof Dr. I. Karunasagar(KarunasagarandRaffelsbauer, unpublished
data).

L. monocytogenes Adherencerate Invasionrateof
strain adherentbacteria
Wild type 0.30 1.9v inlGHE 1.10 8.2v inlA 0.05 1.8v inlB 0.28 1.9v inlC 0.19 1.8

Theresultsobtainedby platingout adherentviablebacteriawereconfirmedby scan-
ning electronmicroscopy, sincemorebacteriaof the v inlGHE mutantthanof the wild
type strainwereseenfirmly attachedto the apicalsideof the Caco-2monolayer(data
not shown). In contrast,only few bacteriaof the v inlA and v inlA/C mutantscould be
seen,suggestingthatInlA, eitheraloneor togetherwith InlC, mediatesadhesionto differ-
entiatedCaco-2cells (KarunasagarandRaffelsbauer, unpublisheddata). In general,no
significantdifferencein thewaybacteriaadheredto cellswasobservedbetweentheinter-
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nalinmutantsandthewild typestrain.Thesescanningelectronmicroscopicstudieswere
performedby Prof.Dr. I. Karunasagarin a cooperationwork with Prof.Dr. G. Krohneat
theUniversityof Würzburg, Germany.

2.13 Transcriptional studiesof the genesinlA, inlB and
inlC using the semi-quantitativeRT-PCR technique

In orderto investigatewhetherthealteredinvasivenessof the inl deletionmutantsstud-
ied above is causedby a modifiedexpressionof the internalingenes,which in turn may
influencethe bacterialuptake into non-phagocytic cells, transcriptionof the inlA, inlB
and inlC genesin thesemutantsin comparisonto thewild typestrainwasstudiedusing
a semi-quantitative RT-PCRassay. L. monocytogenesstrainsweregrown in BHI to the
logarithmicphaseandRNA wasisolatedasrecentlydescribed(Dietrich et al., 2000).To
comparedifferentpreparations,equivalentnumbersof bacteriaandequalquantitiesof
total RNA wereusedfor reversetranscription(RT). To guaranteethesameRT efficiency
for all genestested,theinlA, inlB andinlC geneswerereversetranscribedtogetherin one
RT reaction. In addition,the sodgene,which encodesthe superoxidedismutaseandis
constitutively expressedunderextracellulargrowth conditions,wasusedasinternalstan-
dard. For RT-PCRs,gene-specificprimersweredesignedafter computeranalysisof the
nucleotidesequences.The specificity of the primerswasverified in control PCRsus-
ing chromosomalDNA astemplate,which yieldedsinglePCRproductsof theexpected
sizes. All RNA preparationswere free of DNA, asshown by PCRperformedprior to
the reversetranscription(Fig. 2.28). IsolatedRNAs werereversetranscribedusingthe
moloney murine leukemiavirus reversetranscriptaseand �¸· g total RNA astemplate.
ThegeneratedcDNAs weredilutedin exponentialstepsfrom 1:2 to 1:2048anddifferent
dilutionsweretestedfor optimalPCRconditionsasshown in Fig. 2.29. For subsequent
amplificationsby PCRthehighestdilutionsof thecDNAs which still yieldedvisible in-
saturatedPCR productswere used. Sincethe genestestedare transcribedat different
levels,theoptimaldilutionswere1:32for inlA andinlC, 1:8 for inlB and1:1024for sod.
At leastthreeindependentPCRswereperformedpersample.

2.13.1 Deletionof inlGHE alters expressionof the inlA and inlB genes

TheRT-PCRtechniqueappliedin thisstudydemonstratedthattherearedifferencesin the
level of transcriptsbetweenthe internalinmutantsandthewild type strain. Deletionof
inlGHE andinlB eitheraloneor in combinationwith eachotherinducestranscriptionof
the inlA gene.As shown in Fig. 2.30,higheramountsof the inlA transcriptcouldbede-
tectedin themutantstrainslacking inlGHE and/orinlB comparedto thewild typestrain.
On theotherhand,deletionof singlegenesfrom the inlGHE geneclusterapparentlydid
not affect transcriptionof inlA. A similar effect wasobservedwhentranscriptionof inlB
was examined. The levels of the inlB transcriptwere higher in the v inlGHE, v inlA,v inlA/GHE, v inlA/C and v inlA/C/GHE mutantstrainsthanin the wild type. Interest-
ingly, no increaseof this transcriptcouldbedetectedin the v inlC and v inlC/GHE mu-
tants.Again, theamountsof the inlB transcriptin thesinglemutantsv inlG, v inlH and
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Figure2.28: PCRanalysisusingRNA isolatedfrom differentL. monocytogenesstrains
afterdigestionof DNA with RNase-freeDNaseprior to reversetranscription.PCRwas
performedusingprimersthe SOD-N andSOD-Cderived from the sod gene. Noneof
the aliquotsyieldeda PCRproduct,indicatingthat DNA wascompletelydigested.As
positivecontrol,chromosomalDNA isolatedfrom L. monocytogenesEGDwild typewas
used(lane7).

v inlE, andin therevertantstraininlG
P

weresimilar to thatof thewild type. In contrast
to theinlA andinlB genes,nosignificantdifferencein thetranscriptionpatternof theinlC
genewasobservedbetweentheinternalindeletionmutantsandthewild type. Similarly,
thecontrolRT-PCRsusingthesodprimersyieldedthesameamountof PCRproductsin
thestrainstested,indicatingthatsimilar quantitiesof total RNA wereusedin this assay.
Therefore,differencesobserved in the amountof PCRproductsobtainedwith the inlA
and inlB specificprimersarecausedby differentlevelsof transcriptsof theseinternalin
genesin themutantstrainsin comparisonto thewild type.

Next it wasexaminedwhetherthe increasedtranscriptionof thegenesinlA and inlB
observedin the v inlGHE mutantduringthemid-log phasecouldalsobedetectedat dif-
ferenttime pointsof thegrowth curve. The v inlGHE mutantandwild typestrainswere
grown in BHI to the optical densities0.5, 1.0 and1.4 at 550 nm, which correspondto
the early-,mid- andlate-logarithmicphases,respectively. At thesetime points,equiva-
lentnumbersof bacteriawereharvested.To removeremainingDNA, RNA aliquotswere
treatedwith RNase-freeDNaseandthecompleteDNA digestionwasconfirmedby PCR
using samplesof the RNA aliquotsprior to the reversetranscriptionas template(Fig.
2.31). IsolatedRNAs werereversetranscribedusing �¸· g total RNA astemplate,and
for subsequentPCRamplificationscDNAs wereusedin the dilutions describedabove.
As shown in Fig. 2.32,higher levels of both inlA and inlB transcriptsweredetectedin
the v inlGHE mutantat all threetime pointschosen,indicatingthat the enhancedtran-
scription of thesegenesis not transientbut continuousalong the logarithmicphaseof
bacterialgrowth. Again, no differencein transcriptionof inlC or the standardgenesod
wasobserved. Interestingly, aslight increasein transcriptionof inlC in thelatelog phase
comparedto theearlylog phasecouldbedetectedin bothstrains.
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Figure2.29:PCRsusingprimersderivedfrom inlA (A, lanes1-12),inlB (B, 1-3)andinlC
(B, 4-6) to testfor optimaldilutionsof cDNAs from L. monocytogeneswild type. RNA
wasisolatedatopticaldensitiesof 0.5(A, 1-4),1.0(A, 5-8;B, 1-6)and1.4(A, 9-12)and
reversetranscribedasdescribedin section5.3.2. A. ThecDNAs werediluted1:8 (1, 5,
9), 1:16 (2, 6, 10), 1:32 (3, 7, 11) and1:64 (4, 8, 12). B. The cDNAs wereusedin the
dilutions1:8 (1, 4), 1:16(2, 5) and1:32(3, 6).
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Figure2.30: Comparisonby semi-quantitativeRT-PCRsof thetranscriptionof thegenes
inlA, inlB, inlC andsodin theL. monocytogeneswild typeandinternalindeletionmutant
strains. Bacteriaweregrown in BHI to the mid-log phase.The cDNAs wereprepared
from � · g total RNA andusedin subsequentamplificationsby PCRin thefollowing di-
lutions: 1:32 for inlA and inlC, 1:8 for inlB and1:1024for sod. PCRproductsof inlA
(515 bp), inlB (525 bp), inlC (532 bp) andsod (471 bp) wereobtainedwith the primer
pairsRTA1up/RTA2down, RTB1up/RTB2down, RTC1up/RTC2down andSOD-N/SOD-
C, respectively. TheDNA fragmentswereamplifiedfrom the5’ endof thecodingregion
of the correspondinggenes.20 from �o��� · l total volumeof eachPCRwereloadedon
agarosegels. Gelsphotographedwith the sameintensitywerematchedby comparing
eithersinglebandsof theDNA molecularweightstandardor PCRproductsfrom thewild
type. Lanes:ControlPCRwith chromosomalDNA (lane1), RT-PCRsof L. monocyto-
genesstrainswild type (lane2), v inlGHE (3), v inlA (4), v inlA/GHE (5), v inlB (6),v inlB/GHE (7), v inlC (8), v inlC/GHE (9), v inlA/B (10), v inlA/B/GHE (11), v inlB/C
(12), v inlB/C/GHE (13), v inlA/C (14), v inlA/C/GHE (15),wild type(16), v inlG (17),v inlH (18), v inlE (19)andinlG

P
(20).
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Figure2.31: PCRanalysisusingRNA isolatedfrom L. monocytogenesstrainswild type
(lanes1, 3 and 5) and v inlGHE (2, 4 and 6) in the early-, mid- and late-logarithmic
phases,respectively, afterdigestionof DNA with RNase-freeDNaseprior to reversetran-
scription.PCRwasperformedusingtheprimersSOD-NandSOD-Cderivedfrom thesod
gene.Noneof thealiquotsyieldeda PCRproduct,indicatingthatDNA wascompletely
digested.As positive control,chromosomalDNA of thewild typestrainwasused(lane
7).
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Figure2.32:Comparisonby semi-quantitativeRT-PCRsof thetranscriptionof thegenes
inlA, inlB, inlC and sod in the L. monocytogenesstrainswild type (lanes1, 3 and 5)
and v inlGHE (lanes2, 4 and6) in the early (1 and2), mid (3 and4) and late (5 and
6) logarithmicphasesof bacterialgrowth. The cDNAs werepreparedandamplifiedas
describedabove. 20 from �o��� · l total volumeof eachPCRwereloadedon agarosegels.
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2.14 Transcriptional studiesof the inlGHE genecluster
using the semi-quantitativeRT-PCR technique

Thetranscriptionalstudiesof the inlGHE geneclusterperformedusingtheGFPexpres-
sion plasmidsasreportershowed that the inlG promoteris the mostactive promoterof
this cluster, but lower activities of the inlH and inlE promoterswerealsodetected(Fig.
2.9). However, thesestudiesdid not examinewhetherinlH andinlE aretranscribedonly
by their own promotersor additionallyaspolycistronictranscriptsstartingfrom the inlG
promoter. Therefore,transcriptionof inlG, inlH and inlE wasagaindeterminedby the
semi-quantitative RT-PCRassay(Altrock, 1997; Bubertet al., 1999)usingRNA from
BHI grown L. monocytogeneswild type and v inlG, v inlH and v inlE mutantstrains,
with the sodgeneasinternalcontrol. Again, RNA samplesweredigestedwith RNase-
freeDNaseto avoid DNA contaminationsandthecompletedigestionwasverifiedby PCR
asshown in Fig. 2.33.IsolatedRNAs werereversetranscribedusingthemoloney murine
leukemiavirus reversetranscriptaseand �o� · g total RNA astemplate.Diluted cDNAs
weretestedby PCRto determineoptimaldilution for eachgene(Fig. 2.34). For subse-
quentPCRamplifications,cDNAs wereusedin thedilutions1:16for thegenesinlG, inlH
andinlE and1:1024for sod.
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Figure2.33:PCRanalysisusingRNA isolatedfrom theL. monocytogeneswild type(lane
2) and the mutantstrains v inlG (4), v inlH (6) and v inlE (8) after digestionof DNA
with DNaseprior to reversetranscription.PCRswereperformedusingtheprimerpairs
RTG1up/RTG7Bdown or RTH4Bup/RTH6down (for v inlG). Noneof theRNA samples
yieldedaPCRproduct,indicatingthatDNA wascompletelydigested.Aspositivecontrol,
chromosomalDNA from thewild typestrainwasused(lanes1, 3, 5 and7).

2.14.1 Deletion of singlegenesfr om the inlGHE genecluster did not
alter transcription of the remaining inl genes

Transcriptionof the inlGHE geneclusterwasexaminedin detail. As shown in Fig. 2.35,
RT-PCRsusingwild typeRNA andprimersderivedfrom thecodingregion of inlG, inlH
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Figure2.34: PCRsusingprimersderived from inlG (lanes1 and4), inlH (2 and5) and
inlE (3 and6) to testfor optimaldilutionsof cDNAs. RNA wasisolatedfrom L. monocy-
togeneswild typeatopticaldensityof 180Klett unitsandreversetranscribedasdescribed
above. ThecDNAs usedfor PCRswerediluted1:8 (1-3)and1:32(4-6).

and inlE yieldedproductsof the expectedsizes,demonstratingthat all threegenesare
expressed,albeitat low efficiency comparedto sod. Reactionswith primersderivedfrom
inlG yielded higher amountsof product,confirming previous datawhich showed that
transcriptionof this geneis strongerthanthatof inlH or inlE (seeFig. 2.9A). Transcrip-
tion of thegenesof the inlGHE clusterwasnext examinedin thesinglemutantsv inlG,v inlH and v inlE. The RT-PCRsshown in Fig. 2.35 demonstratedthat the inlG gene
wastranscribedin themutantsv inlH and v inlE asefficiently asin thewild typestrain,
showing thatdeletionof inlH or inlE doesnot influencetranscriptionof inlG. Similarly,
transcriptionof inlH in thestrainsv inlG and v inlE, andof inlE in thestrainsv inlG andv inlH yieldedthesamelevel of transcriptsasin thewild typestrain,demonstratingthat
noalterationin geneexpressionresultedfrom thedeletionevents.

Next, aputativepolycistronictranscriptionof theinlGHE geneclusterwasexamined.
As shown in Fig. 2.36, basicallyno productwasobtainedby RT-PCRsusingdifferent
primer pairswhich shoulddetectpossibleinlG-inlH , inlH -inlE or inlG-inlH -inlE poly-
cistronictranscripts,excepta faint but reproduciblebandobtainedwith primersto detect
an inlG-inlH bicistronictranscript.Thus,thesedatasuggestthat the inlG, inlH andinlE
genesaretranscribedmainly asmonocistronictranscripts.This is supportedby the oc-
currenceof promoter- andterminator-likestructuresup-anddownstreamof eachof these
geneswhich argue for their monocistronictranscription. However, the possibility that
thesegenesaretranscribedpolycistronicallyat levelsbelow thosedetectableby the ap-
pliedRT-PCRmethodcannotbeexcluded.
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Figure 2.35: RT-PCRs. Transcriptionof the genesinlG, inlH , inlE and sod in the L.
monocytogenesstrainswild type (lane 2), v inlG (3), v inlH (4) and v inlE (5) in the
logarithmicphase.The cDNAs werepreparedfrom �o� · g total RNA andusedin sub-
sequentamplificationsby PCRin thedilutions 1:16 for inlG, inlH and inlE and1:1024
for sod. PCR productsof inlG (432 bp), inlH (709 bp), inlE (606 bp) and sod (471
bp) were obtainedwith the primer pairs RTG1up/RTG7Bdown, RTH3up/RTH5down,
RTE3Aup/RTE3Ddown andSOD-N/SOD-C,respectively. TheDNA fragmentsweream-
plified from the5’ endof thecodingregion of thecorrespondinggenes.30 from ����� · l
total volumeof eachPCRwereloadedon agarosegels.Lane1: ControlPCRwith chro-
mosomalDNA.
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Figure2.36: RT-PCRsto detecta polycistronictranscriptionof the inlGHE genecluster
in form from inlG-inlH , inlH -inlE and inlG-inlH -inlE transcriptsusingcDNA from the
L. monocytogeneswild type strain in the dilutions 1:2 (lanes2 and5) and1:4 (lane3
and 6). The cDNAs were preparedfrom �o� · g total RNA. PCRsof inlG-inlH (971
bp), inlH -inlE (932 bp) and inlG-inlH -inlE (2,298bp) wereperformedwith the primer
pairsinlX-2/RTH5down, inlYseq-1/inlZseq-3andXvorw-6/PinlZ,respectively. 30 from�o��� · l total volumeof eachPCRwereloadedonagarosegels.Lane1: ControlPCRwith
chromosomalDNA.
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2.15 Transcription of the genesinlG, inlH and inlE is not
activatedby HepG-2cells

Transcriptionof thegenesinlG, inlH andinlE is veryweakwhenL. monocytogenesgrows
extracellularlyin rich culturemedia(BHI). Therefore,it wasexaminedwhetherexpres-
sion of thesegenesis inducedafter contactof the bacteriawith mammaliancells. For
thisassayL. monocytogenesstrainswild typeand v inlA/B mutantcontainingtheGFPre-
porterplasmidsPinlG-gfp, PinlH -gfpandPinlE-gfpwereused.Plasmidswereintroduced
into L. monocytogenesby electroporation.Cloneswereselectedby tetracyclineresistance
andscreenedby PCRasshown in Fig. 2.37.
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Figure2.37: PCRanalysisof clonesof theL. monocytogenesv inlA/B straincontaining
theGFPexpressionplasmidsPinlG-gfp (lanes1-5), PinlH -gfp (6-10)andPinlE-gfp (11-
15). PCRscreeningwasperformedwith theprimerpairsdelseq-1/gfp230,inlX-2/gfp230
anddelE-1/gfp230.

As describedin detailin section2.7,theplasmidsPinlG-gfp, PinlH -gfpandPinlE-gfp
carrytheputativepromoterregionsof eitherinlG, inlH or inlE fusedto thepromoterless
gfp cDNA encodingthegreenfluorescentproteinGFP. Thepromoteractivity of eachof
thesegenesmeasuredastheGFP-mediatedfluorescencewasmonitoredby fluorescence
microscopy while thebacteriawereincubatedin thepresenceof thehumanhepatocyte-
like HepG-2cells. Internalizationof bacteriaby thesecells can be mediatedby both
internalinsInlA andInlB. Bacteriawerepreparedfor infectionandappliedto thecellsas
describedin detail in section5.4.4. As shown in Fig. 2.38for L. monocytogenesstrains
carryingtheplasmidPinlH -gfp, virtually no fluorescencewasdetectedduringanincuba-
tion periodof 5 h post-infection,neitherin the v inlA/B mutant,which wasseenextra-
cellularly adheredto thecells,nor in thewild typestrain. Similar resultswereobtained
with strainscontainingthetwo otherplasmidsPinlG-gfpandPinlE-gfp (datanotshown).
Theseresultsindicatethatexpressionof inlG, inlH andinlE is notactivatedby contactor
internalizationof thebacteriainto mammalianhostcellsof thecell line HepG-2.Similar
resultswereobtainedby FACS-analysisof Caco-2cells infectedwith the L. monocyto-
geneswild typestraincarryingthesameGFPexpressionplasmidsusedhere(Fig. 2.9B).



62 2. Results

×ÙØÛÚÝÜßÞàÜâáäãàåÜçæéèêÞàèìë í+Þïîið æ�ñ^òóõôö�÷Ýøäùûúéüþý ÿ �

�������
	��������������	���� ��	���� � ��	��"! �$#&%
� ')( *

Figure2.38: Adhesionandinvasionof L. monocytogenesstrainsharboringthe GFPre-
porter plasmidPinlH -gfp into HepG-2cells. No fluorescencecould be detectedin an
incubationperiodof 5 h post-infection(Fluorescencepicturesnot shown). Photographs
show phase-contrastmicroscopy imagesof HepG-2monolayerscontainingbacteriaof the
strainswild type(upperpanel)and v inlA/B (lower panel)transformedwith theplasmid
PinlH -gfp. Similarresultswereobtainedwith strainscontainingtheotherGFPexpression
plasmidsPinlG-gfpandPinlE-gfp.
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2.16 Identification of the inlF geneof L. monocytogenes
EGD

In a previous study(Dramsiet al., 1997),a new inl genewas identified in L. monocy-
togenesin additionto the inlAB, inlC2DE and inlGHE geneclusters.This gene,termed
inlF , encodesalargeinternalinof 821aminoacidssimilar to InlA. Nucleotidesequencing
of thechromosomalregion surroundinginlF revealedthatthis geneis not clusteredwith
furtherinternalingenes.Upstreamof inlF thereexistsanORFwith no similaritiesto se-
quencesin thedatabases,while downstreamof inlF anORFwasdetectedwhich encodes
a proteinsimilar to the phosphoenolpyruvatesynthaseof E. coli. Similarly to the other
large internalingenes,inlF is maximallyexpressedduring theearlyexponentialgrowth
phaseunderextracellularconditions.Deletionof inlF did notaffectentryof L. monocyto-
genesinto non-phagocytic cells in vitro. Also, virulenceof the inlF deletionmutantwas
notalteredin themousemodel(Dramsiet al., 1997).

Sincethe geneclusterinlC2DE identifiedpreviously (Dramsiet al., 1997)wasnot
detectedin otherL. monocytogenesstrains(seeFig. 2.3),theoccurrenceof the inlF gene
in otherstrainsthanthat usedin Dramsiet al. (1997)wastestedin the presentstudy.
Oligonucleotidesderived from the publishedinlF sequencewere usedto amplify the
completeinlF geneby PCRfrom L. monocytogenesstrainsEGD,NCTC7973andLO28.
Noneof thereactionsperformedwith inlF-specificprimersyieldedproducts,but control
PCRswith theL. monocytogenes-specificprimersMonoA andMonoB resultedin bands
of theexpectedsizes.To investigatewhetherthe inlF geneis absentin thestrainstested,
further internalprimersweredesignedthatallowedamplificationof inlF in two overlap-
ping fragments,termedinlF1 andinlF2. Again inlF1 could not be amplified,while the
secondPCRgave a product,which washowever smallerthanexpected.ThePCRprod-
uct inlF2 from strainEGD, which wasobtainedwith theprimersinlF-2 andinlF-6, was
clonedinto thevectorpUC18andsequenced.Thenucleotidesequenceof thisDNA frag-
mentrevealeda high identity to theexisting inlF sequence.To extendthesequencefrom
thestrainEGD, inversePCRswereperformedin bothup- anddownstreamdirectionsas
previously described(Raffelsbauer, 1997)usingAluI-, DraI- andRsaI-cleaved chromo-
somalDNA andthe primer pair inlFinv-1/inlFinv-2. The PCRproductsobtainedwere
clonedinto pUC18andsequenced.By thisprocedure,achromosomalregionof 1,201bp
wasamplifiedwhich containedanORFencodinganinternalin-likeprotein.As shown in
Fig.2.39,thesequenceof theDNA regionamplifiedwasnearlyidenticalto thepreviously
determinedinlF sequence(Dramsiet al., 1997),showing thatthis geneis alsopresentin
strainEGD. Thecompletenucleotidesequenceof thefragmentof the inlF genefrom L.
monocytogenesEGD amplifiedin thisstudyis shown in App. B.3.

2.17 The inlGHE genecluster in L. monocytogenes clini-
cal isolates

The L. monocytogenesEGD strainusedin this study, provided by S. H. E. Kaufmann
(University of Ulm, Germany), belongsto the serotype1/2a. This strain causessep-
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BESTFIT of: inlF (EGD) check: 5078 from: 1 to: 1201
to: inlF.seq check: 1679 from: 1 to: 2466

Gap Weight: 50 Average Match: 10.000
Length Weight: 3 Average Mismatch: -9.000

Quality: 11953 Length: 1201
Ratio: 9.953 Gaps: 0

Percent Similarity: 99.750 Percent Identity: 99.750

Match display thresholds for the alignment(s):
| = IDENTITY

. . . . .
1 AGCTGGCTTGACAAAATTGGACAATATAGCAGCATATTCGAATAAAATCA 50

||||||||||||||||||||||||||||||||||||||||||||||||||
684 AGCTGGCTTGACAAAATTGGACAATATAGCAGCATATTCGAATAAAATCA 733

. . . . .
51 CTGATATTACTCCTGTGACCAATTTAACAAGACTCCAGTATTTGGATTTA 100

||||||||||||||||||||||||||||||||||||||||||||||||||
734 CTGATATTACTCCTGTGACCAATTTAACAAGACTCCAGTATTTGGATTTA 783

. . . . .
101 GGTAGTAATGAAATCACTGATTTAAGTCCTGTGGCTAATCTGCAAAAATT 150

||||||||||||||||||||||||||||||||||||||||||||||||||
784 GGTAGTAATGAAATCACTGATTTAAGTCCTGTGGCTAATCTGCAAAAATT 833

201 AAGATTTAACAAATTTAACTTCGTTGGGTTTACAAAACAATAAAATTAGT 250
||||||||||||||||||||||||||||||||||||||||||||||||||

884 AAGATTTAACAAATTTAACTTCGTTGGGTTTACAAAACAATAAAATTAGT 933
. . . . .

251 GATATATCCGTTTTGAAAAATCTAACCCATGTGACTTATTTGCAGCTGGG 300
||||||||||||||||||||||||||||||||||||||||||||| ||||

934 GATATATCCGTTTTGAAAAATCTAACCCATGTGACTTATTTGCAGTTGGG 983
. . . . .

301 GTATAACCAAATAGTGGATGTGAAAATAATCGGAGGACTAACTAATTTAA 350
||||||||||||||||||||||||||||||||||||||||||||||||||

984 GTATAACCAAATAGTGGATGTGAAAATAATCGGAGGACTAACTAATTTAA 1033
. . . . .

351 CAAGTTTGCAGTTAACACAAAACCATATTACTGACATAAGTCCTTTAGCC 400
||||||||||||||||||||||||||||||||||||||||||||||||||

1034 CAAGTTTGCAGTTAACACAAAACCATATTACTGACATAAGTCCTTTAGCC 1083
. . . . .

401 AACTTAACCAAAATACAATACTCTGACTTCTCTAATCAGATGATAACAAA 450
||||||||||||||||||||||||||||||||||||||||||||||||||

1084 AACTTAACCAAAATACAATACTCTGACTTCTCTAATCAGATGATAACAAA 1133

.

.

.
. . . . .

801 ATGGTTGGTACGACGCAGAAACAGGCGGAACAAAATGGGACTTCACAACC 850
||||||||||||||||||||||||||||||||||||||||||||||||||

1484 ATGGTTGGTACGACGCAGAAACAGGCGGAACAAAATGGGACTTCACAACC 1533
. . . . .

851 GGGCAAATGCCTGCAAATGACCTCACACTATATGCCCATTTTTCCGTAAA 900
||||||||||||||||||||||||||||||||||||||||||||||||||

1534 GGGCAAATGCCTGCAAATGACCTCACACTATATGCCCATTTTTCCGTAAA 1583

901 TAGCTACCAAGCAAATTTTGATATAGACGGTGTGGTAACGAATGAAGCGG 950
||||||||||||||||||||||||||||||||||||||||||||||||||

1584 TAGCTACCAAGCAAATTTTGATATAGACGGTGTGGTAACGAATGAAGCGG 1633
. . . . .

951 TAGTATACGATACCTTACTCAATGAACCGACCACTCCAACCAAACAAGGC 1000
||||||||||| ||||||||||||||||||||||||||||||||||||||

1634 TAGTATACGATGCCTTACTCAATGAACCGACCACTCCAACCAAACAAGGC 1683
. . . . .

1001 TATACATTTGATGGCTGGTATGACGCAGAAACAGGCGGTAATAAGTGGGA 1050
||||||||||||||||||||||||||||||||||||||||||||||||||

1684 TATACATTTGATGGCTGGTATGACGCAGAAACAGGCGGTAATAAGTGGGA 1733
. . . . .

1051 TTTCAAAACAATGAAAATGCCCGCGAATGATGTTGCTTTTTATGCACATT 1100
||||||||||||||||||||||||||||||||||||||||||||||||||

1734 TTTCAAAACAATGAAAATGCCCGCGAATGATGTTGCTTTTTATGCACATT 1783
. . . . .

1101 TTACTATCAACAACTATCAAGCAAATTTTGATATAGATGGTGAGGTAAAG 1150
||||||||||||||||||||||||||||||||||||||||||||||||||

1784 TTACTATCAACAACTATCAAGCAAATTTTGATATAGATGGTGAGGTAAAG 1833
. . . . .

1151 AATGAAACGATAGCATACGATACCTTACTCAATGAACCGACCACTCCAAC 1200
||||||||||||||||||||||||||||||||||||||||||||||||||

1834 AATGAAACGATAGCATACGATACCTTACTCAATGAACCGACCACTCCAAC 1883

Figure2.39: Nucleotidesequencecomparisonof the inlF geneamplifiedfrom theEGD
strainusedin this study (upperline) and the by Dramsiet al. (1997)determinedinlF
sequence(underline) createdby the programBestFit (GeneticsComputerGroup,Uni-
versityof Wisconsin).Pipesindicateidenticalnucleotides.Nucleotidepositionswithin
thesequencesarelistedat bothmargins.
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ticaemiaand infectionsof the centralnervous systemlike meningitisand meningoen-
cephalitis. OtherL. monocytogenesstrainswerehowever describedwhich cancausea
localizeddiseasein form of gastroenteritis.Threeof thesestrainswereusedin thepresent
studyto investigatetheoccurrenceof Inl proteinsandputativevariationsin theinternalin
equipmentin comparisonto thestrainEGD. Thefollowing L. monocytogenesgastroen-
teritis isolateswereused:Strain1724,aclinical isolatefrom Denmark(1995),belongsto
serotype4b (Heitmannet al., 1997).Strain35264,alsoa clinical isolate(Germany), was
ascribedto theserotype1/2a(H. Hof, Universityof Mannheim,Germany). Strain1727
wasisolatedfrom milk in theUSA (1995)andbelongsto theserotype1/2b(Daltonetal.,
1997).In addition,threeothersepsiscausingL. monocytogenesisolateswereused.Strain
579wasisolatedin theUSA (1985)from cheese(Linnanet al., 1988). Strains535and
536areclinical isolatesfrom thebloodof patientsfrom Switzerland(1983-1987)(Bille,
1998).All threesepsisstrainsbelongto theserotype4b.

In thepresentstudythequestionwasraisedwhethertheL. monocytogenesgastroen-
teritis strainsare impairedto spreadthroughthe organismdue to the lack of somein-
ternalins,resultingin a form of listeriosiswhich is restrictedto the region of the entry
portal,thegastrointestinaltract. Therefore,theoccurrenceof the inlGHE geneclusterin
thegastroenteritisstrainscomparedto thesepsisisolatesdescribedabove wasexamined
by PCR.As control,strainEGDwasused.

As shown in Fig. 2.40,PCRsusingoligonucleotidesthatspecificallydetecttheoccur-
renceof theinlG geneunequivocallyshowedthatthisgeneis presentin thegastroenteritis
strains1724,35264and1727.Strain35264yieldedtwo- to four-fold higheramountsof
PCRproductthanthecontrolstrainEGD.FaintDNA bandswerealsodetectedin thesep-
sisstrains535(A1) and579(A2), whereasstrain536wasnegative in bothPCRassays.
PCRswith inlH specificprimersshoweddivergentresults.As depictedin Fig.2.40,in the
first assay(B1) theinlH genecouldbedetectedonly in thegastroenteritisstrain35264.In
contrast,thesamePCRyieldedin theremainingstrainsseveralbandsof lowerintensities.
Theseresultswereconfirmedby asecondPCRperformedwith anotherprimerpair (data
notshown). However, athird assay(B2) revealedthepresenceof inlH in thestrains1724,
35264and535. In all threeassaysthecontrol strainEGD yieldedspecificproducts.In
accordancewith thedataobtainedwith inlG andinlH specificprimers,the inlE genewas
detectedin thestrains1724,35264and535. As shown in Fig. 2.40C,faint DNA bands
werealsoobtainedwith theremainingstrains579,1727and536. ThecontrolPCRwith
L. monocytogenesspecificprimersderivedfrom the iap geneyieldedin all strainstested
productsin theexpectedsize(2.40D).Theabovedatademonstratethatat leasttwo of the
threegastroenteritisstrainstestedshow to possessthe inlGHE genecluster. However, the
genesinlG, inlH or inlE couldnot beclearlydetectedin thesepsisstrains579and536.
Takentogether, theseresultsgiveevidenceof variationswithin thesequencesof thegenes
from theinlGHE geneclusteramongtheL. monocytogenesisolatestestedandsuggestthe
occurrenceof differentequipmentsof internalinsin thesestrains.
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Figure2.40:PCRsto detectthegenesinlG (A1 andA2), inlH (B1 andB2), inlE (C) and
iap (D) in theL. monocytogenesisolates1724(1), 579(2), 35264(3), 1727(4), 535(5),
536(6) andEGD (7). Strains1, 3 and4 causegastroenteritis,whereasstrains2, 5 and6
causesepsis.StrainEGD (7) wasusedascontrol. PCRswereperformedwith following
primer pairs. Lengthof the obtainedPCRproductis indicated. A1. pGluco-1/inlX-3
(inlG; 664 bp). A2. pGluco-1/inlXspez-1(inlG; 1,001bp). B1. inlX-2/inlYC2spez-1
(inlH ; 397bp). B2. inlYC2spez-2/PinlZd(inlH ; 794bp). C. lism51-26/ORFZ-1(inlE;
412bp). D. MonoA/MonoB(iap, 370bp).
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2.18 L. monocytogenes clinical isolatesand cell death

Theability of theL. monocytogenesclinical isolatesdescribedabove to invadeandgrow
in mammaliancells in vitro was examinedin detail somewhere else (Wagneret al.,
manuscriptin preparation). This study revealeddifferencesin adhesion,invasiveness
andintracellularreplicationin the cell lines Caco-2,TIB73, J774andP388amongthe
strainstested,which couldat leastpartially explain thedistinctbehaviors of thesestrains
during a humanlisteriosis. In the presentstudy, the fateof cells infectedwith theseL.
monocytogenesstrainswasinvestigated.In particular, the aspectscell viability andcell
deathwereexamined.

Inductionof cell death(necrosisor apoptosis)by infection with L. monocytogenes
hasbeenpreviously observed in lymphocytes,dendritic cells andhepatocyte-like cells
(Merrick et al., 1997;BarsigandKaufmann,1997;Guzḿanet al., 1996;Rogerset al.,
1996).ThepresentstudyinvestigatedwhetherthedistinctL. monocytogenesclinical iso-
latesdescribedaboveaffect cell viability by inducingapoptosisor necrosisin cellsof the
epithelialcell line Caco-2andthemacrophage-likecell line J774.TheL. monocytogenes
isolatesusedherediffer from eachotherby causinga localized(gastroenteritis)or agen-
eralized(septicaemia)form of listeriosisin vivo. Inductionof cell deathwith releaseof
thebacteriato theextracellularenvironmentcouldimpair bacterialreplicationandprop-
agation.In addition,cell deathby necrosisbut not by apoptosiselicits an inflammatory
response.

Necrosisandapoptosishave distinctmorphologicalandbiochemicalhallmarks.One
biochemicalfeaturethat characterizescell deathby apoptosisis theactivationof anen-
dogenousendonucleasethat cleavesgenomicDNA at the region betweennucleosomes
(Wyllie, 1980; Duke, 1983), thus generatingmono- and oligonucleosomalDNA frag-
mentswhich can be detectedin the cytoplasmof dying cells hoursbeforemembrane
breakdown. Here, inductionof apoptosisdue to infection with L. monocytogeneswas
studiedby photometricallydeterminingthe amountsof histone-associatedDNA frag-
mentspresentin the cytoplasmof infectedCaco-2andJ774cells usingthe Cell Death
DetectionELISA +-,&.0/ Kit (Roche)asdescribedin detail in section5.4.5. Furthermore,
evidencesof cell disintegrationcausedeitherby necrosisor asa latereventof theapop-
totic process(secondarynecrosis)wereobtainedby simultaneousanalysisof theculture
supernatant.Theseexperimentswereperformedtogetherwith Dr. M. Wagnerat theUni-
versityof Würzburg, Germany.

As summarizedin Fig. 2.41, no significant differencesin the amountof histone-
associatedDNA fragmentswere observed betweenstrain EGD and non-infectedcells
(NC), suggestingthat infection of Caco-2andJ774cells with this straindoesnot elicit
apoptosis.However, considerabledifferencesweredetectedamongthedistinctL. mono-
cytogenesisolatesconcerningtheir ability to inducecell deathin comparisonto strain
EGD. As shown in Fig. 2.41A, a two- to three-fold increasein the level of histone-
associatedDNA fragmentsin comparisonto strainEGD wasdetectedin the cytosol of
Caco-2cellsinfectedwith thestrains535and1724,suggestingthattheseisolatesinduce
apoptosisin this epithelial cell line. The photometricdeterminationof the DNA frag-
mentsin thesesamplesyieldedoptical densitiesof nearly2.0, which aresimilar to the
valuesobtainedwhentheapoptosis-inducingsubstancecampothecinwasusedin control
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experiments.In contrast,very few nucleosomescouldbefoundin theculturesupernatant
(datanot shown), indicatingthatno significantchangesin cell membraneintegrity were
measurableat lest at the time point of analysis.High amountsof DNA fragments(1.6-
fold increasein comparisonto EGD)werealsodetectedin thecytoplasmof cellsinfected
with strain1727,whereasstrain579apparentlydid not have any effect on cell viability.
Infection of Caco-2cells with the v inlGHE mutantled to a two-fold increasein DNA
fragmentation,which correlatesto the increasedinvasivenessof themutantinto this cell
line. In contrast,infectionwith the v inlC mutantshowsareducedamountof nucleosomes
(45%comparedto strainEGD).A correlationbetweentheamountof DNA fragmentsde-
tectedin the presentstudyandthe bacterialinvasiveness(Wagneret al., manuscriptin
preparation)wasalsoobserved for the L. monocytogenesclinical isolatestested. Inter-
estingly, thewild typestrainEGD failedto elicit anincreasedDNA fragmentationunder
theconditionsusedin comparisonto non-infectedcells.This resultis in accordancewith
microscopicalstudiesusingthedyesHoechst33342andpropidiumiodidewhichshowed
that infection of Caco-2cells with strainEGD led to an intensive spreadingof the bac-
teria without signsof significantcell death,in contrastto strain1724,which causeda
pronouncedcell destruction(Wagneret al., manuscriptin preparation).In J774cellsno
significantalterationin theamountof DNA fragmentswasobservedbetweenstrainsEGD
and v inlGHE, whichwasonly slight increasedin comparisonto thenon-infectedcontrol
cells.However, strainsv inlC, 1727,1724,579and535show agrowing increasein DNA
fragmentation.In thiscase,nodirectcorrelationbetweeninductionof cell deathandbac-
terial invasivenesscouldbeobserved. However, strainswith high levelsof nucleosomes
wereshown to spreadmoreefficiently in J774cells.
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Figure2.41: Analysisof cell deathby apoptosisinducedby infection with differentL.
monocytogenesisolates. Quantitative photometricdeterminationof histone-associated
DNA fragmentsafter infectionof Caco-2(A) andJ774(B) cellswith L. monocytogenes
strains535,579,1724,1727,EGD, v inlC and v inlGHE. NC andPCrepresenttheneg-
ativecontrolusingnon-infectedcellsandthepositivecontrolsuppliedby thekit, respec-
tively. Cellswereinfectedfor 1 h at aMOI of 20 (Caco-2)or 0.5(J774)bacteriapercell.
After an incubationtime of 9 h (Caco-2)or 6 h (J774),contentsof histone-associated
DNA fragmentsweredeterminedphotometricallyusingthe enzyme-immunoassayCell
DeathDetectionELISA +-,þ.0/ (Roche). Graphpresentsmeans� standarddeviationsof
four independentsamplesperstrainfrom onerepresentativeexperiment.
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CHAPTER 3

Discussion

In thepresentstudythreenew genesof Listeriamonocytogenesbelongingto theinternalin
multigenefamily were identified and characterized(Raffelsbaueret al., 1998). These
genes,termedinlG, inlH andinlE, encodeproteinsof 490,548and499aminoacids,re-
spectively, which show all featurescharacteristicfor thelarge internalins.InlA andInlB
werethefirst membersof this family to bedescribed(Gaillardetal., 1991).Botharesur-
faceproteinsrequiredfor invasionof L. monocytogenesinto mammaliancells(reviewed
by KuhnandGoebel,2000).InlA mediatesentryinto theenterocyte-likecell line Caco-2
(Gaillard et al., 1991), whereasInlB triggersinvasioninto several other cell lines, in-
cludingendothelialcells,hepatocytesandsomeepithelialcellslines(Greiffenberg et al.,
1998;Paridaetal., 1998;Iretonetal., 1996;Dramsietal., 1995;Lingnauetal., 1995).A
third memberof this family, termedInlC or IrpA, wasidentifiedlater(Engelbrechtet al.,
1996;Domannet al., 1997). InlC is a small extracellularproteinof unknown function,
but seemsto be importantfor virulenceof L. monocytogenes, sincethe absenceof this
proteinleadsto anincreasedLD �0� in themousemodel(Engelbrechtet al., 1996).

As reportedin Raffelsbaueret al. (1998), the internalinsInlG, InlH and InlE dis-
play all featurescharacteristicfor thelarge,cell wall-boundinternalins,whoseprototype
is representedby InlA: a 33 to 35-aminoacidssignalsequencecharacteristicfor Gram-
positivebacteriashowing a typical signalpeptidase1 cleavagesite,a leucine-richrepeat
(LRR) region or region A, a conserved inter-repeatregion, a further repeatregion con-
taining the B repeats,anda putative cell wall anchorat the C-terminuswhich fixesthe
proteinson thebacterialcell surface.

The leucine-richrepeats,which arecharacteristicfor thesuperfamily of leucine-rich
repeat(LRR) proteins,arebuilt by consecutive repeatunits of regularly spacedleucine
or isoleucineresiduesdisplayinga characteristicconsensussequence(KobeandDeisen-
hofer, 1994;KobeandDeisenhofer, 1995).LRRscorrespondto ÿ –� structuralunitscon-
sistingof ashort ÿ -strandandanopposingantiparallel� -helix connectedto eachotherby
coils (Marino et al., 2000). Thesestructuresresultsin a non-globular, horseshoe-shaped
molecule,wherethe ÿ -strandsform theconcave andthe � -helicestheconvex faceof the
molecule. The LRR region of internalinsconsistsof varying numbersof LRR units of
22 aminoacidseach.Thenumberof theseunitsrangesfrom four in InlG and14 in InlA
(Raffelsbaueret al., 1998). Interestingly, in the internalinsInlB, InlC2, InlD, InlE, InlG
and InlH the LRRs number5 and9 were fusedto eachother, leadingto the complete
deletionof therepeats6, 7 and8, andreducingthenumberof LRRsin unitsof four. This
deletionwasonly partially observed in the larger internalin InlF (821 aminoacids). In
addition,repeats2, 3 and11 wereabsentin InlG (4 LRRs),but presentin InlH andInlE
(both7 LRRs),whereasrepeatsnumber12,13and14aremissingin all threeinternalins.
Suchinternaldeletionof LRR unitsmayariseby homologousrecombinationbetweenthe
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highly similar nucleotidesequencesencodingtheserepeats.Thesevariationsin thenum-
berof repeatsby intragenicrecombinationmaygeneratenew proteins.A similarexample
of internaldeletionof LRRswasalsoobservedin i-InlE, a small internalinof L. ivanovii
which hasonly two repeatsin contrastto theremainingsmall internalinswith five LRRs
(Engelbrechtetal., 1998b).Therefore,it is temptingto speculatethattheinternalinmulti-
genefamily arisedby geneduplicationfollowedby homologousrecombination,leading
to deletionsandvariationsin thestructureof thesehighly similarproteins.A comparable
mechanismwaspreviouslysuggestedfor theevolutionof eukaryoticLRR proteins,which
comprisesunequalcross-oversandduplicationsof genefragmentscorrespondingto pro-
totypic leucine-richbuilding blocks(KobeandDeisenhofer, 1994). Interestingly, InlA is
mostlyconserved in a wide varietyof L. monocytogenesstrains(Poyart et al., 1996). It
wasshown thattheregion A of InlA derivedfrom 68 L. monocytogeneswild typestrains
displaysaDNA polymorphismwhicharisesexclusively from pointmutations,indicating
that the geneticheterogeneityexhibited by theserepeatsis not causedby intragenicre-
combinations.The conservationof InlA, which pointsto the importanceof this protein
dueto its function,andtheintragenicrecombinationbetweenLRRsobservedin otherInl
proteinssuggestthatInlA maybeaprototypefrom whichtheinternalinmultigenefamily
arises.

LRR proteinsaremostly involvedin protein-proteininteractionsandacteitherasad-
hesive proteins,like the small proteoglycansbiglycan,fibromodulinanddecorin,or as
receptorsin signal transductioncascadeslike CD14 andgonadotropinreceptors(Kobe
andDeisenhofer, 1994;KobeandDeisenhofer, 1995). Theseproteinbinding functions
seemto beperformedby theLRR structures.Indeed,it wasrecentlyshown thattheLRR
regionsof InlA andInlB areessentialfor interactionswith mammaliancellsby binding
to thecorrespondingreceptors(Lecuit et al., 1997;Braunet al., 1999).TheLRR region
of InlB, whosex-ray crystalstructurewasrecentlydetermined(Marino et al., 1999),is
necessaryandsufficient for theactivationof phosphoinositide3-kinase,rearrangementof
theactincytoskeletonandinvasionof permissivecells in vitro (Braunetal., 1999).Simi-
larly, theLRR regionof InlA is necessaryto mediateinvasionin mammaliancell in vitro
but requiresthepresenceof the inter-repeatregion for this activity (Lecuit et al., 1997).
The specificityof theseinteractionswasdemonstratedwith E-cadherin,the cellular re-
ceptorof InlA. Substitutionof onesingleaminoacidat position16 (which is proline in
the humanE-cadherin)abrogatesinteraction(Lecuit et al., 1999). Therefore,it will be
interestingto studythefunctionof thesmallerLRR regionsof thenewly identifiedInlG,
InlH andInlE andelucidatewhetherandhow variationsin sequenceandsizeof theLRR
regionsinfluencetheability of internalinsto interactwith mammaliancells.

Whereastheroleof theLRR regionsof InlA andInlB is well characterized,very little
is known aboutregion B. InlA hasthreeB repeatsof 70, 70 and49 aminoacids,respec-
tively (Gaillardet al., 1991). In InlG andInlH thefirst B repeatis missing.Surprisingly,
comparedto all otherlarge internalins,InlE possessesa smallerregion B with only one
repeatof 47 aminoacids,andadditionallya third region of two repeatscomposedof 20
aminoacidseach,designatedasregionD, which is similar to theB repeats(Raffelsbauer
et al., 1998).This maybeanotherexampleof intragenicrecombinationbetweenhomol-
ogousrepeatsof the internalins.Interestingly, InlB hasalsoonly oneB repeatconsisted
of 56 aminoacids,andin additiona third repeatregion termedregion C (Dramsiet al.,
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1997). Whereasthe function of the B andD repeatsremainsunknown, it wasrecently
shownthattheregionC is involvedin theanchorageof InlB to thebacterialsurface(Braun
et al., 1997;Jonquiereset al., 1999).It is interestingto notethat,whenevera third repeat
region (region C of InlB or region D of InlE) is present,region B is shorterandconsists
of only onerepeat.It is alsointriguing thatthesimilarity of InlE is higherto InlB thanto
InlA (in contrastto InlG andInlH), but InlE is anchoredto thebacterialsurfacesimilarly
to InlA via a LPXTG motif andnot by a repeatregion asInlB (Raffelsbaueret al., 1998;
Braunetal., 1997).

ExceptInlC, L. monocytogenesinternalinsaresurface-boundproteins.Theinternalin
cell wall anchorconsistsof a pentapeptidewith theconsensussequenceLPXTG, which
is followedby aregionof about20hydrophobicaminoacidsspanningthecell membrane
anda shorttail of positively chargedresidueswhich actasstoptransfersignal(Gaillard
et al., 1991;Lebrunet al., 1996). This signatureis characteristicfor surfaceproteinsof
Gram-positivecoccisuchasproteinA of StaphylococcusaureusandM-proteinof Strep-
tococcuspyogenes(reviewed by NavarreandSchneewind, 1999). Anchoringseemsto
occurby acovalentlinkagebetweenthecarboxylgroupof thethreoninefrom theLPXTG
motif anda freeaminogroupof thepeptidoglycan(Schneewind etal., 1995;Navarreand
Schneewind, 1994). Sortase,theenzymeresponsiblefor surfaceproteinanchoring,was
recentlypurified from S.aureusandits activity andmechanismcharacterized(Ton-That
et al., 1999;Mazmanianet al., 1999).Sortaseis a transpeptidasewhich cleavesthepro-
tein betweenthreonineandglycineof theLPXTG motif andlinks theN-terminalpartof
theproteinto thepeptidoglycanof thecell wall by anamidelinkagebetweenthecarboxyl
groupof threonineanda free aminogroupof oneof the glycinesfrom the pentaglycine
crossbridgeof S.aureus(Schneewind et al., 1995;Mazmanianet al., 1999). In caseof
InlA of L. monocytogenes, linkageis establishedbetweenthecarboxylgroupof threonine
andafreeaminogroupof themeso-diaminopimelicacidcrossbridgeof thepeptidoglycan
(Dharet al., 2000).

Similarly to InlA, all new threeinternalinsInlG, InlH andInlE possessthecell wall
anchorLPXTG motif at the C-terminalpart of the molecule,which probablyattaches
theseproteinsto thebacterialcell surface(Raffelsbaueretal., 1998).Interestingly, InlE is
theonly oneof theseinternalinswhosepentapeptideLPITG correspondsto theconsensus
motif. In InlG andInlH thecorrespondingpentapeptidesLPKTSandLPTAG differ from
theconsensussequenceby theexchangeof glycineby serineat position5 andthreonine
by alanineat position 4, respectively. Sinceantibodiesagainsttheseproteinsare not
available,it couldnot beverifiedwhetherthesesubstitutionsaffect proteinassociationat
thecell surface.However, it is worthwhilenotingthatbothInlC2 andInlD have thesame
pentapeptideasInlH (Raffelsbaueret al., 1998;Dramsiet al., 1997).

Smallamountsof InlA weredetectedin thesupernatant,but thisextracellularfraction
maybederivedfromproteolyticcleavageof surface-boundInlA. In contrast,InlB is found
in the supernatantin much larger amounts,which indicatesa looseranchorageof this
proteinto thebacterialsurface(Dramsiet al., 1993;Lingnauet al., 1995). Indeed,InlB
exists in secretedandsurface-boundforms. Both formscantriggersignalingin thehost
cells,but eliciting differentevents. While surface-boundInlB triggersinternalizationof
L. monocytogeneswithout causingsignificantmorphologicalchangesin thecell surface,
solubleInlB promotesmembraneruffling of the cell, a processobserved in the trigger
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mechanismof entry commonlyusedby Salmonellaand Shigella (Braun et al., 1999;
Iretonet al., 1999;Braunet al., 1998;SwansonandBaer, 1995). InlB is theonly large
internalin that displaysa mechanismof protein associationdifferent from the LPXTG
anchormotif. The protein is attachedto the bacterialcell surfaceby a 232-aminoacid
region locatedat the C-terminalpart of the molecule. This cell surfaceanchorregion,
previouslycalledregionC, is organizedin 3 repeatsof 80aminoacidsbeginningwith the
sequenceGW, i. e.glycine-tryptophan(Braunetal., 1997;Jonquieresetal., 1999).These
GW repeatsor modulesrepresenta novel anchormotif which is alsopresentin Ami, a
newly identifiedsurface-associatedbacteriolysinof L. monocytogenes, andin lysostaphin,
a bacteriocinof S.simulans(Braunet al., 1997). Interestingly, whenexogenouslyadded
to the medium,purified InlB canassociateto the bacterialsurfaceof L. monocytogenes
andevenof otherGram-positivebacteriasuchasBacillusandStaphylococcusspp.(Braun
et al., 1997). This associationof InlB at the bacterialsurfaceuseslipoteichoicacidsof
thecell membraneasligands(Jonquiereset al., 1999).

ThegenesinlG, inlH andinlE areclusteredtogetherin thesameorientationin a5 kb
longregionof thechromosomeandareflankedby twohousekeepinggenesencodingpro-
teinswith homologyto the 6-phospho-ÿ -glucosidaseandthe succinyl-diaminopimelate
desuccinylaseof E. coli (Raffelsbaueret al., 1998). In thesamepositionon thechromo-
someof anotherL. monocytogenesEGDstrainasimilargeneclusterwasidentifiedwhich
alsocontainsthreeinl genes,inlC2, inlD and inlE (Dramsiet al., 1997). The compari-
sonof both geneclusters,inlGHE and inlC2DE, revealssomeinterestingnew aspects.
Firstly, the inl geneclusteridentifiedin thepresentstudybeginswith inlG, a novel gene
encodinga large internalinwhich wasapparentlynot recognizedin the previous study.
Secondly, thereis anothernew inl genein thisgenecluster, termedinlH . Thisgeneseems
to begeneratedby homologousrecombinationbetweentwo identicalrepeatsequencesin
the B regionsof inlC2 and inlD, respectively. Thesetwo genesarelocatedadjacentto
eachotherin thepreviously describedinlC2DE cluster. Thenewly generatedinlH gene
henceencodesa chimeric internalinconsistingof the N-terminalpart of InlC2 andthe
C-terminalpart of InlD. The inlG geneis mostlikely alsopresentin the inlC2DE gene
clustersincethesequencedepositedin theGenBankdatabaseshowsthe3’-terminalend
of inlG. FurthermorePCRanalysisusingchromosomalDNA derivedfrom L. monocyto-
genesisolatesof many of theknown serotypesdetectedthepresenceof inlG andinlH in
moststrainstested(Raffelsbaueret al., 1998).In contrast,the inlC2DE clustercouldnot
bedetectedin any of thestrainstested,suggestingthat this clustermight bespecificfor
the EGD strainusedin the previous study(Dramsiet al., 1997). In addition,the inlC2
andinlD genesseemto bealsoabsentin therecentlysequencedL. monocytogenesstrain
EGDe,whereasthe remaininginternalingenesinlA, inlB, inlE, inlF , inlG and inlH are
present(TheEuropeanListeriaGenomeConsortium).

TheproteinsInlC2, InlD, InlE, InlG andInlH show themostpronouncedhomology
amongthe internalinfamily. Thepercentsimilaritiesvary from 98%betweenInlC2 and
InlH to 58%betweenInlG andInlD. Amongtheproteinsderivedfrom the inlGHE gene
cluster, similarity washighestbetweenInlH andInlE (68%). This striking conservation
wasalsoobserved previously at the DNA level (Raffelsbauer, 1997). The high identity
betweenthegenesof the inlGHE cluster, especiallybetweeninlH andinlE, suggeststhat
thisclustermayhavearisenby geneduplication.High similarity rateswerealsodetected
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betweentheproteinsInlC2, InlD andInlE (Dramsiet al., 1997). In general,theproteins
InlC2 to InlH seemto bemorerelatedto InlA thanto InlB. Interestingly, InlB is themost
divergentmemberof theinternalinfamily andthesmallinternalinInlC is moresimilar to
InlB thanto InlA.

Multigene families are very commonin eukaryotes.However, few exampleswere
found so far in prokaryotes.The identificationof inlG and inlH brings the numberof
membersof the internalinmultigenefamily in L. monocytogenesto a total of nine, but
the resultsobtainedin this studyindicatetheoccurrenceof strain-specificityconcerning
internalins. Interestingly, over 40 differentgenesencodingproteinswith signalpeptide
andLPXTG motif weredetectedin the L. monocytogenesstrainEGDe(The European
Listeria GenomeConsortium).Most of theseproteinscontainLRRs, therebyhighly in-
creasingthenumberof membersof theinternalinmultigenefamily. Thefunctionof these
proteinsis yet unknown. Therefore,it will bemostimportantto furtherstudythepossi-
blevariability in thestructureandexpressionof internalinsandinternalin-relatedproteins
andtheir impacton invasionof differentcell typesandon in vivovirulencein appropriate
animalmodels.

The generationof inlH by a deletioneventwhich leadsto an in-framefusion of the
5’-portion of inlC2 with the3’-terminalpartof inlD is thefirst evidencefor thevariabil-
ity of internalingenesin L. monocytogenesby intergenicrecombination.Thegeneration
of variablesurfaceproteinsdue to homologousrecombinationof multiple genecopies
hasbeenpreviously demonstratedfor theanti-phagocytic M-proteinsof pyogenicstrep-
tococci (Fischetti,1989; Podbielskiet al., 1994; HaanesandCleary, 1989)andfor the
Opaproteinsof thepathogenicspeciesNeisseriagonorrhoeaeandN. meningitidis(Mal-
orny et al., 1998;Kupschet al., 1993). The Opaproteinsareinvolved in adherenceto
differentcellssuchasto humanleucocytesandepithelialcells,dependingon thetypeof
Opaproteinsexpressed(Kupschet al., 1993).Furthermore,it wasshown thatexpression
of thesegenescanbe turnedon andoff independently. A similar cell tropismwasalso
postulatedfor the listerial internalinmultigenefamily (Dramsiet al., 1995). However,
this is apparentlynot thecase,sincesomeinternalinsseemto interactwith eachotherand
the presenceof the interactingpartnersis requiredfor efficient internalizationinto host
cells(Bergmann,Raffelsbaueret al., manuscriptsubmmited).

In additionto L. monocytogenes, anotherinternalinmultigenefamily is alsopresent
in L. ivanovii, the otherpathogenicspeciesof the genusListeria. Most of theseinter-
nalinsbelongto the classof small internalins. Characteristicfor this group is the lack
of the the C-terminalpart of the moleculescomprisingthe B region and the cell wall
anchor. Due to the absenceof sequencesthat canfix the proteinsto the bacterialcell
surface, theseinternalinsare much smaller (

� ���
KDa) and found exclusively in the

culturesupernatant.WhereasInlC is theonly small internalincharacterizedso far in L.
monocytogenes(Engelbrechtet al., 1996; Domannet al., 1997), four membersof this
classof internalins,namelyi-InlC, i-InlD, i-InlE and i-InlF, werepreviously described
in L. ivanovii (Engelbrechtet al., 1998a;Engelbrechtet al., 1998b). In addition, six
new small internalingenes,termedi-inlG, i-inlH , i-inlI , i-inlJ, i-inlK andi-inlL, andtwo
inlB-relatedgenes,designatedasi-inlB andi-inlB2, wererecentlydetectedin thisListeria
species(Dominguez-Bernal,2001).Thefunctionof thesmallinternalinsremainsunclear,
but in vivo studiesusingthemousemodelshow that they representimportantvirulence
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factors(Engelbrechtet al., 1996;Engelbrechtetal., 1998b).
Interestingly, L. monocytogenesandL. ivanovii, thetwo pathogenicListeria species,

possessboth the PrfA-regulatedvirulencegeneclusterwhich enablesthema proficient
intracellularlife cycle (Tilney and Portnoy, 1989; Karunasagaret al., 1993; Lampidis
et al., 1994; Gouin et al., 1994). However, thesebacteriadiffer considerablyin their
internalinequipment.All inl genesof L. monocytogenescharacterizedsofarbelongto the
groupof large,surface-boundinternalins,with exceptionof inlC. In contrast,moresmall,
secretedinternalinsarepresentin L. ivanovii andthereis no evidencefor thepresenceof
largeinternalinsin this species,exceptthetwo inlB-relatedgenesdetectedrecently. This
variationin the internalinequipmentmayberesponsiblefor thedifferencesobserved in
hostrangeandpathogenesisof theseListeriaspecies.

Most LRR proteinsarefound in eukaryotes,but therearealsoa few otherexamples
in bacteria.In additionto thegenusListeria, threeotherpathogenicbacteriacontainLRR
proteins: YopM of Yersinia pestis(LeungandStraley, 1989), IpaH of Shigella flexneri
(Hartmanet al., 1990)andSspHof Salmonellatyphimurium(Miao et al., 1999). YopM
inhibits plateletaggregationby binding thrombin,which normallybindsto theGPIb re-
ceptor, anotherLRR protein(LeungandStraley, 1989; Leunget al., 1990). The func-
tion of IpaH is unknown, but this proteinis an immunodominantantigenduring shigel-
losis. SspH1and SspH2were recently identified as importantvirulencefactorsof S.
typhimuriumin thecalf infectionmodel,althoughtheir functioncouldnot beexactly de-
termined(Miao et al., 1999). Interestingly, the ipaH geneis found in multiple copies
on the chromosomeandvirulenceplasmidof S.flexneri (Buysseet al., 1987;Hartman
et al., 1990),andmight thereforeconstituteanotherfamily of LRR proteinsin this fac-
ultative intracellularpathogenwhoseintracellularreplicationcycle resemblesthat of L.
monocytogenes.

In the presentstudy, two differentmethodswereusedto investigatetranscriptionof
thegenesinlG, inlH andinlE. First,aGFPbasedreportersystemwasappliedto measure
promoteractivity. The regulatoryregionsupstreamof thesegeneswerefusedto gfp in
thereporterplasmidpLSV16-gfpandtheGFP-mediatedfluorescenceemittedby listeriae
grown extra- or intracellularlywasdeterminedusinga fluorimeteror a fluorescenceac-
tivatedcell sorter(Raffelsbaueret al., 1998). To comparethe activity of the promoters
of the inlGHE geneclusterto thatof othergenes,thevirulencegenesinlA, actA, andhly
wereused. In a subsequentstudy, the semi-quantitative RT-PCRtechniquewasusedto
measurethesteady-stateamountsof transcriptsof differentinl genessynthesizedextracel-
lularly in varioustime-pointsof thegrowth curve. Theisolatedtotal RNA wassubjected
to RT-PCRsusingappropriatedilutions of cDNA underinsaturatedconditionsin order
to revealevenslight differencesin theamountof transcripts.Furthermore,to ensurethat
equivalentamountsof totalRNA wereapplied,theconstitutively expressedsodgenewas
usedasinternalstandard.While the RT-PCRtechniquemeasuresthe steady-statelevel
of transcripts,theGFP-mediatedfluorescencedeterminesthepromoteractivity averaged
over a periodof time. Both proceduresprovide a measureof up-regulationof transcrip-
tion. The RT-PCRtechniquealsoallows detectionof down-regulationof transcription.
However, it is difficult to measurea down-regulationusingthe GFPmethoddueto the
stabilityof GFP, which in additionis distributedto thedaughtercellsduringcell division.

Both methodsappliedto studytranscriptionof thegenesinlG, inlH andinlE yielded
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comparableresults.All threegenesaretranscribed,albeitat low levelscomparedto other
virulencegenes(Raffelsbaueret al., 1998andthis study). Therefore,they arenot pseu-
dogenes.As revealedby bothGFPexpressionandRT-PCR,the inlG promoteris under
extracellulargrowth conditionsthemostactive promoterof the inlGHE clusterandtran-
scription of the two remaininggenesinlH and inlE is significantly lower. In front of
all threeinl genes,andespeciallyupstreamof inlG, thereareseveral putative promoter
sequenceswhich could serve asstart sitesfor transcriptionof eachof thesegenes. In
addition,the DNA sequencesof the intergenicregionsbetweeninlG and inlH , andbe-
tween inlH and inlE also containputative rho-independenttranscriptionalterminators,
suggestingthemonocistronicnatureof thethreeinl genetranscripts.RT-PCRsto detecta
polycistronicexpressionof theclusterfailedto givesignificantproducts,exceptafaintbut
reproduciblebandderivedfrom an inlG-inlH bicistronictranscript.However, onecannot
excludeapotentialpolycistronictranscriptionof inlH andinlE from the inlG promoterat
levelsbelow thosedetectableby theappliedmethod.An exampleof polycistronictran-
scriptionof inl genesprovidesthe inlAB genecluster. The genesinlA and inlB form an
operon,whosetranscriptionstartsfrom four promoterslocatedupstreamfrom inlA and
resultsin monocistronicinlA or bicistronic inlAB transcripts(Dramsiet al., 1995;Ling-
nauet al., 1995;Bohneet al., 1996).However, an inlB monocistronictranscriptstarting
in front of inlB wasalsoreported(Lingnauet al., 1995).

Transcriptionof the inlAB operonis only in partunderthecontrolof PrfA, sinceonly
oneof the four promotersin front of inlA is regulatedby this transcriptionalactivator
which regulatesexpressionof mostvirulencegenes(Lingnauet al., 1995;Bohneet al.,
1996). ThePrfA-regulatedpromoterof the inlAB operonshows in its PrfA-bindingsite
(PrfA box) two mismatchescomparedto theconsensussequenceTTAACANNTGTTAA.
It waspreviouslysuggestedthatmismatcheswithin PrfA bindingsitesreducetheaffinity
of this transcriptionalregulatorto thepromoter(FreitagandPortnoy, 1994).Thereis no
evidencefor a conservedPrfA-box in front of any of thegenesinlG, inlH and inlE, and
expressionof GFPunderthe control of the expressionsitesof thesegenesoccurswith
thesameintensityin aprfA deletionmutantandin astraincomplementedwith additional
copiesof prfA asin thewild type.Thesedatasuggestthattranscriptionof thegenesinlG,
inlH andinlE is not dependenton PrfA. Nevertheless,a putativePrfA bindingsitecould
bedetectedin thepromoterregion of inlE which shows threemismatchesin comparison
to theperfectPrfA box.

In contrastto thenew large internalingenes,transcriptionof inlC is fully dependent
onPrfA (Engelbrechtetal., 1996).TheinlC genehasonly onepromoterwhich is strictly
PrfA-dependent,sinceexpressionof InlC is notdetectablein theprfA deletionmutantand
is increasedin a straincomplementedwith additionalcopiesof PrfA (Engelbrechtet al.,
1996). A similar PrfA-dependenttranscriptionalregulationis alsoobservedin theother
small internalingenesdescribedfrom L. ivanovii (Engelbrechtet al., 1998a;Engelbrecht
et al., 1998b)andin the virulencegeneshly, plcA, actA andplcB (Leimeister-Wächter
et al., 1990; Bohneet al., 1994; Bohneet al., 1996). The productsof thesegenesare
requiredfor the intracellularreplicationcycle (reviewed by Cossartand Lecuit, 1998;
GoebelandKuhn, 2000). The releaseof the bacteriafrom the hostcell phagosomeis
mediatedby the productsof hly (LLO) andplcA (PlcA). LLO (listeriolysin O), a pore-
forming hemolysin,is activatedin acid environmentssuchas the phagosome.PlcA is
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a phosphatidylinositol-specificphospholipaseC also involved in lysis of the phagoso-
mal membrane(Camilli et al., 1993). Intracellularmovementin thehostcell cytoplasm
andcell-to-cellspreadis mediatedby ActA, a listerial surfaceproteinwhich recruitsand
polymerizescellularactin,allowing listeriaeto move(Domannet al., 1992;Kockset al.,
1992). In addition to ActA, spreadingfrom cell to cell alsorequiresLLO andPlcB, a
secondphospholipaseC with lecithinaseactivity (Geddeet al., 2000; Vazquez-Boland
et al., 1992). The later proteinsare responsiblefor the lysis of the doublemembrane
which involvesthespreadingbacteria.Recentstudiesshowedthat transcriptionof these
genesis inducedwithin thehostcells(Bubertet al., 1999;Moor et al., 1999),which is in
agreementwith their functionin theintracellularreplicationcycle. Furthermore,it could
beshown that this inductionis differentialanddependenton thetime post-infectionand
thelocationof thebacteriawithin thehostcells. Consequently, thepromotersof hly and
plcA are predominantlyinducedwithin the phagosomalcompartment,whereasthat of
actA is activatedin thehostcell cytosol(Bubertetal., 1999).A similar inductionof gene
transcriptionunderintracellularconditionsor whenbacteriaareincubatedin thepresence
of mammaliancells could not be detectedwith the genesinlG, inlH and inlE usingthe
sensitiveGFPbasedexpressionsystem(Raffelsbaueretal., 1998andthisstudy),suggest-
ing that transcriptionof thesegenesoccurspredominantlyextracellularly, in contrastto
otherknown PrfA-regulatedvirulencegenes(Bubertet al., 1999).Similarly to thegenes
inlG, inlH andinlE, the inlAB operonis only poorly transcribedwithin macrophage-like
andepithelialcells (Bubertet al., 1999). In bothcell typestranscriptionwaslower than
underextracellulargrowth conditionsin rich culturemedia. This is in agreementwith
theassumptionthat the inlA andinlB geneproductsarenot requiredduring intracellular
bacterialgrowth. In contrast,transcriptionof inlC is inducedintracellularly(Engelbrecht
et al., 1996). Using a semi-quantitative RT-PCRassay, an inductionof transcriptionof
inlC wasdetectedwithin J774macrophagesandreacheda maximumapprox.5 to 6 h
post-infection,at time-pointwhenbacteriabegin to spreadfrom cell to cell. However,
the inlC mutantwasnot affectedin theability to spread,neitherin homologmonolayers
of epithelial Caco-2cells or J774macrophages(Engelbrechtet al., 1996), nor in het-
erologousplaqueassaysusingmacrophagesandseveral non-phagocytic cells astargets
(Greiffenberg et al., 1998).

Expressionlevels of PrfA-regulatedgenesare rather low when bacteriaare grown
in rich culturemedia. Only the geneshly andplcA, which arerequiredat early stages
of thebacterialintracellularcycle,areexpressedextracellularlyin considerableamounts.
However, transcriptionof prfA andmostPrfA-regulatedgenescanbeinduceduponashift
from rich into minimal essentialmediumMEM (Bohneet al., 1994;Bohneet al., 1996).
In thismedium,transcriptionof theactA–plcBoperonis inducedmostefficiently, whereas
thatof hly is only slightly induced.Interestingly, transcriptionof inlA is ratherrepressed
afterthisshift (Bohneetal., 1996),while thatof inlC andtheothersmallinternalingenes
of L. ivanovii is inducedundertheseconditions(Engelbrechtet al., 1996; Engelbrecht
et al., 1998b). Recentstudiesshowed that in MEM PrfA is convertedinto a form that
hasa higheraffinity to thePrfA-bindingsitesof PrfA-regulatedgenes(Böckmannet al.,
1996).TheinlG, inlH andinlE genesarenotactivatedafterashift into MEM, which is in
line with their PrfA-independence(Raffelsbaueret al., 1998).A downregulationof gene
expressionsimilarto thatobservedwith InlA in Northernblotscouldnotbeobservedwith
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theGFPexpressionsystem,probablydueto thehighstabilityof GFP.
Therole of the internalinsInlA andInlB in mediatinginvasionof L. monocytogenes

into mammaliancells in vitro hasbeenunequivocally demonstrated(reviewed by Kuhn
andGoebel,2000). However, the importanceof theseinvasinsin bacterialvirulencein
vivohasbeenunderdebatefor many years.It waspreviouslyshown thatoral infectionof
BALB/c micewith anin-frameinlAB deletionmutantresultsin similarnumbersof viable
bacteriaof themutantcomparedto thewild typein liver, spleenandlymphnodes(Dramsi
etal., 1995).SinceInlA isnecessaryfor invasionof epithelialCaco-2cells(Gaillardetal.,
1991),theseresultsquestionedtherole of this internalinin vivo andsuggestedeitherthe
existenceof generedundancy or alternative ways to passthe intestinalepitheliumand
infect underlyingcells and tissues. This wasconfirmedlater as the inlAB mutantwas
shown to translocatefrom the gut lumento deeperorgansasefficiently asthe parental
strainafterinoculationof ligatedintestinalloops(Pronetal., 1998).In thepreviousstudy
(Dramsiet al., 1995),a reductionof colony forming units (CFU) of the inlAB mutant
comparedto thewild typein liveron day3 post-infectionwasdetected,whicharguesfor
aroleof theinlAB genelocusin hepatocyteinvasionin vivo. Similarresultswereobtained
with an inlAB transposonmutant,which wascompletelyeliminatedfrom liver on day4
p. i. (Gaillard et al., 1996). SincethesestudiesusedinlAB doublemutants,they could
not determinethe in vivo role of InlA andInlB separately. Anotherstudyusingsingle
mutantsreportedthat both inlA and inlB mutantsare strongly attenuatedfor virulence
in the mousemodel,sincethey yieldedreducednumbersof viable bacteriain liver and
spleen1,3 and6 daysafterintraperitonealinjection(Lingnauetal., 1995).Thesefindings
werehowevernotconfirmedby subsequentinvestigationswhichshowedthattheabsence
of theinlAB geneproductsdid notaffect theability of L. monocytogenesto invadehepatic
cellsandcolonizethe liver of infectedanimals(Gregory et al., 1996). Thecontroversial
dataconcerningtherole of InlA in vivo wererecentlyelucidatedby studieswhich show
thatmurineE-cadherin,in contrastto humanandguineapig E-cadherins,doesnot interact
with InlA (Lecuit et al., 1999; Lecuit et al., 2001). Furthermore,in guineapigs and
transgenicmice expressinghumanE-cadherin,InlA was found to mediateinvasionof
enterocytesandcrossingthe intestinalbarrier, revealing the importanceof this protein
in vivo andexcluding the mouseasmodelorganismfor studyingthe function of InlA
(Lecuit et al., 2001). Whetherthemousemodelis appropriateto studytherole of other
internalins,whosereceptorsareunknown, requiresfurtherinvestigations.

No decreaseof virulencein BALB/c miceafteri. v. inoculationwasreportedfor mu-
tantslackingthe inlC2DE genecluster(Dramsiet al., 1997). In addition,theLD ��� of an
inl mutantlacking inlA to inlF wassimilar to thatof inlAB, which wasonly slightly in-
creasedin comparisonto thewild typestrain.TheseresultssuggestthatthegenesinlC2,
inlD, inlE andinlF do not play a role in bacterialvirulence.Whenthenumberof viable
bacteriain liver andspleenwasdetermined3 daysafter i. v. injectionof strainslacking
inlC2DE eitheraloneor in combinationor inlA-inlE or inlA-inlF , no differencescould
bedetectedbetweenthesemutantsandtheparentalstrain(Dramsiet al., 1997). This is
intriguingsincenoneof thetwo latermutantsshowedadecreasein bacterialcountsin the
liver similar to thatwhich hadbeenobservedpreviously with the inlAB mutant(Dramsi
et al., 1995).

In contrastto the inlC2DE mutant, the � inlGHE mutantshowed a significant re-
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ductionof up to 3 log units of viable bacteriain liver andspleenafter oral infection of
C57BL/6micein comparisonto theisogenicwild typestrain(Raffelsbaueret al., 1998).
This notablereductionof bacterialcountsin liver andspleensuggeststhat the inlGHE
deletionmutantis impairedin theproficiententryand/orreplicationin thesetwo organs
andarguesfor animportantrole of the inlGHE geneclusterin virulence.Similar reduc-
tions in virulencewerealsoobservedwith strainsdefective in thesmall internalinsinlC
of L. monocytogenesandi-inlE andi-inlF of L. ivanovii (Engelbrechtetal., 1996;Engel-
brechtet al., 1998b).Wheninjectedintravenouslyin mice,theLD ��� of the inlC deletion
mutantwasincreasedby 1.5 log units,indicatingthatInlC contributesto virulencein the
mousemodel(Engelbrechtet al., 1996).Thiscontribution wasevenmorepronouncedin
mutantslackingi-inlE, i-inlF or i-inlFE, which failedto kill C57BL/6miceevenat high
i. v. infectiousdosesof 	 ��
 bacteriapermouse.

It waspreviously reportedthatInlA is necessaryfor entryinto Caco-2cells(Gaillard
et al., 1991; Dramsiet al., 1995),while InlB is requiredfor entry into othercell lines,
including theepithelialcell linesHeLa,CHO andVero(Iretonet al., 1996),thehepato-
cytic cell lines HepG-2andTIB73 (Dramsiet al., 1995),andespeciallytheendothelial
cell linesHBMEC andHUVEC (Greiffenberg etal., 1998;Paridaetal., 1998).However,
anotherreportshowedthatbothInlA andInlB arerequiredfor invasioninto theepithelial
cell linesCaco-2,HeLa,PtK2 andHEp-2(Lingnauet al., 1995). In addition,in orderto
mediateentryinto HepG-2cells,InlB needsthesupportivefunctionof InlA (Dramsietal.,
1995). Deletionof the inlAB operonabolishestheability of L. monocytogenesto invade
non-phagocytic cells,suggestingthat InlA andInlB aretheonly invasinsof this faculta-
tive intracellularbacterium.Indeed,previousstudiesshowedthatlatex beadscoatedwith
purified InlA or InlB proteinsand non-invasive bacteriaexpressingtheseproteinscan
invadeseveralcell types,indicatingthat theseinternalinsaresufficient to promoteinter-
nalizationof L. monocytogenesinto non-phagocytic cells(Gaillardetal., 1991;Mengaud
et al., 1996;Lecuit et al., 1997;Braunet al., 1998).However, therateof internalization
in thesestudies,whendetermined,wasvery low anddifficult to compareto thesituation
usingL. monocytogeneswild type. Whentestedin cellular invasionassaysusingthecell
lines Caco-2,TIB73, HepG-2andS180the invasionratesof inlC2DE singleandtriple
mutantswerenot reducedcomparedto thewild type,indicatingthattheseinternalinsare
not requiredfor entryin thesecell lines(Dramsiet al., 1997).

To study whetherthe internalinsInlG, InlH and InlE are also involved in invasion
of L. monocytogenesEGD into mammaliancells, mutantscarrying chromosomalin-
framedeletionsin the inlGHE geneclusterand in other inl geneswereconstructedin
thepresentstudy. Constructionof the inl mutantswasperformedusingthemutagenesis
vectorpLSV1 (Wuenscheret al., 1991),which hasbeensuccessfullyusedin our labo-
ratory to constructseveralmutants(Engelbrechtet al., 1996;Engelbrechtet al., 1998b).
TheshuttlevectorpLSV1 carriesa genefor erythromycinresistanceanda temperature-
sensitive origin for Gram-positive bacteria. The strategy usedfor deletionis basedon
homologousrecombinationandappliestheuseof erythromycinasselective marker and
incubationof bacteriaatanon-permissivetemperatureof 42� C. Theuseof thesemutants
in cellular invasionassaysperformedin a doctoralthesisby B. Bergmanncould reveal
that, in contrastto InlA and InlB, the internalinsInlG, InlH and InlE are not invasins
by themselves. Deletion of the completeinlGHE geneclusteror of the single genes
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inlG, inlH andinlE leadsto anincreasein invasivenessof L. monocytogenesinto all non-
phagocytic cellstested,indicatingthattheproductsof thesegenesdonottriggerbut rather
inhibit internalizationof thebacteriainto non-phagocytic mammaliancells(thisstudyand
Bergmann,Raffelsbaueretal., manuscriptsubmmited).Theincreasein invasivenesswas
abolishedwhenthesinglemutantswererevertedto thewild typegenotypeby insertinga
copy of the respective wild typegenesinto thechromosome,demonstratingthat theen-
hancedinvasivenesswasspecificallycausedby thedeletionof thecorrespondinginl gene
(Bergmann,Raffelsbaueret al., manuscriptsubmmited).

Theincreasein invasivenessobservedwith the � inlGHE mutantseemsto bespecific
for non-phagocytic cells,sincethis mutantwasinternalizedinto professionalphagocytes
of thecell line P388asefficiently asthewild typein cellularinvasionassaysin vitro in the
absenceof serum.Undertheseconditionsuptakeof L. monocytogenesby phagocyteswas
shown to depend,atleastto alow extent,ontheinvasionfactorsInlA, p60andActA (Hess
et al., 1995;Sawyer et al., 1996;Alvarez-Dominguezet al., 1997),andadditionallyon
lipoteichoicacid,whichwasshown to bindto themacrophagescavengerreceptor(Green-
berg et al., 1996). Thesedatasuggestthat in theabsenceof opsoninsL. monocytogenes
usesapathway to enterprofessionalphagocyteswhich involvesin partthesameinvasins
requiredfor entry into non-phagocytic cells. Interestingly, in thepresenceof serum,up-
take of opsonizedL. monocytogenesby macrophagesis mediatedby the complement
receptor3 (CR3)of thecomplementcomponentC3(DrevettsandCampbell,1991)andis
mostlyindependentof internalins.ThisC3-CR3interactionleadsto anefficientkilling of
intracellularlisteriaeby themacrophages.BesidesC3 the complementcomponentC1q
wasalsoshown to beinvolvedin phagocytosisof L. monocytogenesby macrophagesand
this C1q-C1qRpathwayseemsto berelevant in vivo (Alvarez-Dominguezet al., 1993).

It waspreviously shown thatthe inlB mutantis ableto adhereto theendothelialcells
HBMEC asefficiently asthe wild type strain,suggestingthat InlB is not necessaryfor
adherenceof L. monocytogenesto thesecells (Greiffenberg et al., 2000). Also the ap-
athogennon-invasivespeciesL. innocuais ableto adhereto HBMEC (Greiffenberg etal.,
2000).Sincethisbacteriumseemsto lackinternalins,it waspostulatedthatadhesionof L.
monocytogenesat leastto HBMEC doesnot requireinternalins.Indeed,severalbacterial
surfaceproteinsotherthaninternalinshavebeenpreviouslyidentifiedwhicharenecessary
for adhesionof L. monocytogenesto mammaliancells,suchasp60,ActA, Ami, p104,also
calledLAP, anddifferentfibronectinbindingproteins(KuhnandGoebel,1989;Alvarez-
Dominguezet al., 1997; Milohanic et al., 2000; Pandiripally et al., 1999; Gilot et al.,
1999). It is interestingthat two of theseadhesins,namelyp60 andAmi, areautolysins
(Wuenscheret al., 1993;Braunet al., 1997;Milohanic et al., 2001).Expressionof LAP
(Listeria adhesionprotein) is low during the exponentialbut high during the stationary
growth phaseof bacteriagrown at 37 or 42� C, but not at 25� C, suggestinga modula-
tion of theLAP expressionby thegrowth temperature(Santiagoet al., 1999). Although
this expressionvariesdependingon thetemperatureandgrowth phase,enhancedexpres-
sion doesnot result in increasedinvasiveness,probablybecausea few LAP molecules
are sufficient to mediateadherenceto Caco-2cells. Surprisingly, the inlGHE mutant
shows a three-to four-fold enhancedability to adhereto confluentCaco-2monolayers,
in contrastto the inlA mutant,which adheresonly poorly to thesedifferentiatedCaco-2
cells (KarunasagarandRaffelsbauer, unpublisheddata). A dependenceof adherenceto
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Caco-2cells on InlA hasbeenobserved before(Gaillard et al., 1991),suggestingthat
InlA not only mediatesinternalizationbut alsoadhesionto thesecells. The efficiency
of internalizationof L. monocytogenesinto Caco-2cells was shown to dependon the
stateof polarizationanddifferentiationof thecells,decreasingsubstantiallywhenCaco-2
monolayersgrown beyondconfluency areused(GaillardandFinlay, 1996). It waspre-
viously reportedthat invasionof L. monocytogenesinto polarized,differentiatedCaco-2
cells from theapicalsideinvolvestheinteractionof cellularmicrovilli with thebacterial
surface(Karunasagaret al., 1994). This processseemsto be lessefficient thaninvasion
of non-differentiatedCaco-2cells,which occursvia thezippermechanismandpredomi-
nantlyat thebasolateralside(Mengaudet al., 1996).This is in line with theobservation
thatE-cadherin,the receptorfor InlA, is locatedat this sideof thecell (Mengaudet al.,
1996;HermistonandGordon,1995).TheInlA-dependentadherenceof L. monocytogenes
to differentiatedCaco-2cells seemsto be supportedby InlC, sincethe � inlA/C mutant
wasnearlyimpairedto adhereto thesecells(KarunasagarandRaffelsbauer, unpublished
data).

Theexistenceof an inlAB-independentinvasionpathway hasbeenpostulated.A pre-
viousreportshowedthatfibroblastsof thecell linesWI-38 andHEL 299arepermissive
for inlA and inlB deletionmutants,suggestingthat thereexist other factorswhich can
mediateinvasionof L. monocytogenesinto non-phagocytic cells(Lingnauetal., 1995).It
wasalsodemonstratedthataproteinotherthaninternalinsis involvedin adhesionandin-
vasionof L. monocytogenesinto fibroblastsof thecell line 3T6(KuhnandGoebel,1989).
This protein, termedp60, is encodedby the iap (invasionassociatedprotein)geneand
hasin additiona secondfunction asa mureinhydrolaseinvolved in septumseparation
(Wuenscheret al., 1993). Expressionof the iap geneis independentof PrfA andregu-
latedat the posttranslationallevel by a still unknown mechanism(Köhler et al., 1991).
Spontaneousp60 mutantswhich producereducedlevels of this protein form long cell
chainswhich arenon-invasive (KuhnandGoebel,1989). It is however unclearwhether
p60mediatesadherenceandinvasionby bindingto aspecificcellularreceptoror whether
this stronglybasicproteinsimply neutralizesnegative chargeson the hostcell surface,
therebyallowing a betterbacterialadhesion.P60is a secretedproteinmostly found in
theculturesupernatant,but a smallportionof theproteinis alsopresenton thebacterial
cell surface(Ruhlandet al., 1993). It wasrecentlyshown that secretedp60specifically
bindsto thecell membraneof Caco-2cells in a uniform distribution (Park et al., 2000).
This suggeststheexistenceof specifichostcell receptorsfor p60. This interactionmay
elicit a cellularsignalthattriggersinternalizationof L. monocytogenesinto Caco-2cells.
Whethercell-boundp60 is alsoableto bind to mammaliancells is yet unknown. Inter-
estingly, p60mutantswereshown to adherenormally to Caco-2cellsandto be invasive
afterdisruptionof thebacterialcell chainsby ultrasonication(Bubertet al., 1992),sug-
gestingthatp60is notnecessaryfor efficientbacterialadherenceandthatthemechanism
of actionof this proteinmight bemorecomplex andinvolve interactionswith hostcells.
A previouswork suggestedthatalsoActA mayplay a role in adhesionandinvasioninto
mammaliancells (Alvarez-Dominguezet al., 1997). ActA is responsiblefor therecruit-
mentandpolymerizationof actin filamentsthat enablelisteriaeto move in the cytosol
andspreadfrom cell to cell (Domannetal., 1992;Kocksetal., 1992).This largesurface-
boundproteinseemsin additionto mediateadhesionof L. monocytogenesto mammalian
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cellsby binding to heparansulfateproteoglycan(Alvarez-Dominguezet al., 1997). Re-
cently, it wasshown thatanactAdeletionmutantis impairedto invadeendothelialcells
of the HBMEC line (Greiffenberg, 2000). The involvementof a proteinencodedby a
PrfA-regulatedgenefrom thevirulencegeneclusterin listerial invasionwaspreviously
postulatedbasedontheobservationthataL. monocytogenesmutantlackingboththeprfA
operonandthe inlA geneshows reducedinvasivenessin mammaliancells (Kuhn et al.,
1997;Engelbrechtet al., 1996).

Thehypothesisthat the internalinsInlG, InlH and/orInlE arefurther invasinsof the
inlAB-independentinvasionpathway of L. monocytogenescouldnot beconfirmed,since
deletionof thecompleteinlGHE geneclusteror of thesinglegenesratherstimulatesin-
ternalizationof L. monocytogenesby variousnon-phagocytic cell typesmore thantwo
fold (this studyandBergmann,Raffelsbaueret al., manuscriptsubmmited).Using the
inl combinationmutantsconstructedin thepresentstudyit couldbeshown thattheInlB-
mediatedentry of L. monocytogenesinto mammaliancells doesnot requireother inter-
nalins(Bergmann,Raffelsbaueret al., manuscriptsubmmited).In contrast,InlA aloneis
unableto triggerefficient internalizationinto Caco-2cellsandneedsthesupportof InlB,
InlC, InlG, InlH and InlE. This observation shows that internalizationof L. monocyto-
genesinto non-phagocytic mammaliancells is morecomplex thanpreviously assumed
andrequirestheparticipationof smallandlargeinternalins.

Theexpressionof inlA andinlB is only in partdependentonPrfA andthereis evidence
that the two PrfA-independentpromotersin front of inlA play major rolesin expression
of bothgenesunderextracellularconditions(Lingnauet al., 1995;Dramsiet al., 1993).
In addition,expressionof the inlAB operonis alsomodulatedby thegrowth stateandby
the temperature,beingmaximalduring the logarithmicphaseandat 37� C. The PrfA-
independenttranscriptionof the threenew genesinlG, inlH and inlE arguesfor their
predominantexpressionunderextracellularconditions(Raffelsbaueret al., 1998). The
absenceof expressionof thesegeneswhenthebacteriagrow within hostcells is in line
with this assumption.Furthermore,thegenesinlG, inlH and inlE arenot activatedafter
bacterialcontactto cells of the HepG-2cell line, whoseinternalizationis dependenton
bothInlA andInlB proteins.Whetherthesegenesareexpressedin vivo is unknown. Up
to now, in vivo expressionof listerial virulencefactorshasbeendemonstratedonly for
listeriolysin,InlC, InlB andActA (Grenninglohet al., 1997). Transcriptionof thegenes
inlC2, inlD and inlE of BHI grown bacteriawasshown to occurat anearlystageof the
exponentialgrowth phaseandseemsto be transientlyandlessefficient thanthat of the
inlAB operon(Dramsiet al., 1997). Similarly, the intensityof transcriptionof thegenes
from the inlGHE geneclusteris lower thanthatof the inlA andinlB genes(Raffelsbauer
et al., 1998andthis study).

The presentstudyshows thatdeletionof the inlGHE geneclusterinducestranscrip-
tion of theinlA andinlB genes,but notof inlC (Bergmann,Raffelsbaueretal., manuscript
submmited).In addition,deletionof inlA enhancestranscriptionof inlB andvice-versa.
A reductionof expressionof inlA in thepresenceof theinlB genewaspreviouslydemon-
stratedin a L. innocuastraincarryingplasmidscontainingeither inlAB or inlA (Dramsi
et al., 1993).Theenhancedlevel of inlA andinlB transcriptsis not solelyresponsiblefor
theincreasein invasivenessof theinlGHE mutant,sincethesinglemutantsinlG, inlH and
inlE alsoshow increasedinvasionratesalthoughtranscriptionof the inlA andinlB genes
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in thesemutantsis not altered(Bergmann,Raffelsbaueret al., manuscriptsubmmited).
This suggeststhe existenceof a mechanismthat regulatestranscriptionof the large inl
genes.An up-regulationrequiresdeletionof all threeinternalins,whereasdeletionof one
singlegenesufficesto enhancetheinvasionability.

Recently, it was shown that expressionof the genesinlA, inlB and actA is modu-
latedby ClpC,anATPaseinvolvedin virulenceof L. monocytogenesby promotingearly
bacterialescapefrom thephagosomalcompartmentof macrophages(Nair et al., 2000).
The reducedexpressionof theseinvasionfactorsin the clpC mutantimpairedbacteria
to adhereto and invademurinehepatocytes in vivo and in vitro. This ClpC-dependent
modulationoccursat thetranscriptionallevel, sinceRNA slotblot analysisusingtheclpC
mutantrevealeda reductionof transcriptionof inlA, inlB andactA, but not prfA. There-
fore,expressionof virulencegenesin L. monocytogenesseemsto beregulatedby amore
complex mechanismandinvolved new alternative transcriptionalregulatorsin addition
to PrfA. The participationof Clp chaperonesin themodulationof virulencefactorshas
beenpreviously proposed.This is thecasefor ClpP, a subunit of theClp proteasewhich
modulatesexpressionof Ail, a cell surfaceproteininvolved in adhesionandinvasionof
Yersinia enterocolitica (Pedersonet al., 1997). Recentlyanotherchaperone,SicA, be-
longing to the type III secretionsystemof Salmonellatyphimuriumwas shown to act
togetherwith InvF in theactivationof expressionof theSalmonellainvasionproteinSigD
(DarwinandMiller, 2000).

No effect on virulencewasobservedwhenmicewereinfectedi. v. with mutantshar-
boringsingleor combinationaldeletionsin inlC2, inlD andinlE (Dramsiet al., 1997).In
contrast,thepresentstudyrevealedthatdeletionof the inlGHE geneclustersignificantly
reducesvirulenceof L. monocytogenesin themousemodelafteroral infection(Raffels-
baueret al., 1998). The positioningof the strongestpromoterupstreamfrom inlG may
explain thedifferenceregardingthecontribution of this geneclusterto virulence.Since
bothstudiesdiffer in the routeof infection, it is alsothinkablethat the internalinsInlG,
InlH andInlE arenecessaryfor efficientpassageof thegutepithelium.However, thehigh
ability of the inlGHE mutantto invadeCaco-2epithelialcellscontradictsthishypothesis.
Using the GFPexpressionvector it could be shown that the inlGHE mutantis able to
replicateandspreadin epithelialCaco-2monolayersasefficiently asthewild typestrain
(Raffelsbaueret al., 1998), indicating that deletionof theseinternalinsdoesnot affect
replicationandspreadingof listeriaebetweenhostcellsof thesametype. However, the
ability of the inlGHE mutantto spreadbetweendifferentcell typeswasnot investigated.
Onemayspeculatethat this geneclustermaybe involvedin heterologousspreadingbe-
tweendifferent cell typesduring infection in vivo, suchas betweenmacrophagesand
hepatocytes,endothelialcellsor others.A critical point duringsystemiclisteriosisis the
ability of L. monocytogenesto surviveandreplicatein phagocytic cells,in which thebac-
teriaaretransportedvia lymph andblood to distinctorgans(Raczet al., 1972). Indeed,
it wasrecentlydemonstratedthatinfectedphagocyteshave a majorrole in dissemination
of L. monocytogenesduringinfectionin miceby representingamoreefficientpathwayof
infectionof organssuchasliverandbrainthanthedirectinvasionof blood-bornebacteria
into hepatocytesor endothelialcells(Drevets,1999;Drevetsetal., 2001).Thefirst report
shows that inoculaof L. monocytogenesinfectedmacrophagesleadto highernumberof
viablebacteriain liverthaninfectionwith broth-grown bacteria.Thepresentstudyshows
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that the inlGHE mutantis takenup by phagocytic cells in vitro asefficiently asthewild
type.However, a long-termsurvival andreplicationof this mutantin thesecellshavenot
beenyet demonstrated.It is temptingto speculatethatthemutantis impairedto replicate
within thesephagocytes.Thiscouldexplain thereducedvirulenceobservedwith themu-
tantin themousemodel.However, amorerapideliminationof themutantbacteriain liver
andspleenby cellsof the immunesystemcannotberuledout formally. Takentogether,
the enhancedinvasivenessof the inlGHE mutantinto non-phagocytic cells in vitro and
thereducedvirulenceobservedin themousemodelsuggesta morecomplex functionof
the internalinsInlG, InlH andInlE, which mayalsoinvolve additionallisterial virulence
factorsincludingotherinternalinsandtranscriptionalregulators.

Most L. monocytogenesstrains,suchastheEGD strainusedhere,causesepticaemia
and infectionsof the centralnervous systemlike meningitisand meningoencephalitis.
However, L. monocytogenesisolateshave beenreportedwhich causea localizeddisease
in form of gastroenteritis(Heitmannetal., 1997;Daltonetal., 1997).In thepresentstudy
thequestionwasraisedwhetherL. monocytogenesgastroenteritisstrainsareimpairedto
spreadthroughthe organismdueto the lack of someinternalins,resultingin a form of
listeriosiswhich is restrictedto the region of the entry portal, i. e. the gastrointestinal
tract. In orderto studya putative involvementof the internalinsInlG, InlH andInlE in
theearly bacterialspreadingprocessin vivo, theoccurrenceof the inlGHE genecluster
wasinvestigatedin threegastroenteritisstrains. In addition,strainEGD andthreeother
L. monocytogenesclinical isolateswhich causesepsiswereusedfor comparison.The
presentstudyrevealedthatat leasttwo of the threegastroenteritisstrainstestedpossess
the inlGHE genecluster, excluding a correlationbetweenthis geneclusterandthe gas-
troenteritisform of disease.However, thegenesinlG, inlH or inlE couldnot beclearly
detectedin two sepsisstrains. Theseresultsgive evidenceof variationswithin the se-
quencesof the genesfrom the inlGHE geneclusteramongdistinct L. monocytogenes
isolatesandsuggesttheoccurrenceof differentequipmentsof internalinsin thesestrains.

Eukaryoticcell deathoccurseitherby apoptosisor necrosis.Somebacterialpathogens
wereshownto beableto inducehostcell death(reviewedby Mossetal., 1999;Weinrauch
andZychlinsky, 1999). Activationor preventionof cell deathmaybea critical factorin
the outcomeof an infection. Programmedcell deathhasbeenobserved asresponseto
infectionby a largenumberof animalandplantpathogens.It hasbeenreportedthat in-
fectionof differentcell typeswith L. monocytogenesmayelicit cell deathby apoptosisor
necrosis.Mostof thesestudieswereperformedwith professionalphagocytes.L. monocy-
togenesinfectioninducesapoptosisin vivo in mouselymphocytesderivedfrom thespleen
andlymph nodes(Merrick et al., 1997)andin murinebut not in humandendriticcells
in vitro (Guzḿanet al., 1996;Kolb-Mäureret al., 2000). Interestingly, listeriaeinfected
murinebonemarrow-derivedmacrophagesundergorathernecroticcell death(Barsigand
Kaufmann,1997). Infectionwith L. monocytogenesalsodid not causeapoptosisof J774
macrophages(Zychlinsky et al., 1992). In contrast,Shigella flexneri hasbeenshown to
kill murinemacrophagesby inducingapoptosis(Zychlinsky et al., 1992). Inductionof
programmedcell deathis dependenton the Shigella proteinIpaB, which directly binds
andactivatestheinterleukin-1ÿ -convertingenzymeICE, alsocalledcaspase-1(Zychlin-
sky et al., 1994; Chenet al., 1996). A mechanisticcognateof IpaB hasnot yet been
identified in L. monocytogenes(BarsigandKaufmann,1997). Interestingly, S. flexneri
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fails to inducecell deathin epithelialcells,asthis cell type representsa habitatfor this
enterobacterium(Mantis et al., 1996). Thus,bacterialpathogensnot only usedifferent
strategiesto kill mammaliancells by apoptosisor necrosis,but they arealsoableto do
this in acell type-specificway.

Whereasinductionof cell deathin phagocytesby L. monocytogeneshasbeenstudied
to someextent,verylittle is known aboutcell viability of non-phagocytic cellsafterinfec-
tionwith thisintracellularbacterium.Up to now, inductionof apoptosisin non-phagocytic
cellsby L. monocytogeneshasbeenreportedonly for hepatocytes,themajor replication
site of the bacteriain vivo (Rogerset al., 1996). It hasbeenpostulatedthat suppres-
sion of the cell deathpathway may facilitatethe proliferationof intracellularpathogens
(WeinrauchandZychlinsky, 1999). Thus,inductionof cell deathmay inhibit pathogen
dissemination.Thereforeit wassupposedthat a localizedL. monocytogenesinfection
in form of gastroenteritisobserved with someisolatesmay be due to cell deathat the
portal of entry (the gastrointestinaltract), which impairs the bacteriato proliferateand
disseminateto distantorgans.

In the presentstudy, the ability of differentL. monocytogenesclinical isolatesand
internalinmutantstrainsto inducecell deathin epithelialCaco-2andmacrophage-like
J774cellswasinvestigatedby detectionof DNA fragmentation,which is oneof thehall-
marksthatcharacterizesapoptosis(Wyllie, 1980;Duke,1983).This studyclearlyshows
thatL. monocytogenesstrainEGD doesnot induceapoptosisin bothcell linesunderthe
conditionsused. This result is in accordancewith previous reports(Zychlinsky et al.,
1992)andwith microscopicalstudiesusingthe dyesHoechst33342andpropidiumio-
didewhich showed that infection of Caco-2cells with strainEGD leadsto an intensive
spreadingof thebacteriawithoutsignsof significantcell death(Wagneretal., manuscript
in preparation).In contrast,considerabledifferencesweredetectedamongthedistinctL.
monocytogenesclinical isolatesconcerningtheir ability to inducecell deathin compari-
sonto strainEGD.Both gastroenteritisandsepsiscausingL. monocytogenesisolatesare
ableto induceapoptosis,albeit to differentextents.In Caco-2cells,thehighestlevelsof
DNA fragmentsweredetectedwith the isolates535 (sepsisstrain)and1724(gastroen-
teritis strain).Thesecondgastroenteritisstrain1727is alsoableto induceapoptosis,but
at a lower intensity. Sepsisstrains535,579andEGD differ considerablyin their ability
to inducecell death.Whereasisolate535 is ableto efficiently kill cells throughapopto-
sis,579behavesratherlike strainEGD anddoesnot differ significantlyfrom uninfected
controlcells.Therefore,effectoncell viability alonecannotexplainalocalizationof bac-
teriaduringthegastrointestinalform of listeriosis,at leastnotusingtheepithelialcell line
Caco-2asmodel.A correlationcouldbeobservedbetweentheamountof DNA fragments
detectedin Caco-2cellsandthebacterialinvasivenessof thestrainstested(Wagneretal.,
manuscriptin preparation),indicatingthatinductionof apoptosisin thesecellsis propor-
tional to thenumberof internalizedbacteria,asreportedin a recentstudy(Valentiet al.,
1999). Interestingly, the two-fold increasein DNA fragmentationmeasuredin Caco-2
cells infectedwith the � inlGHE mutantalsocorrelateswith the two-fold enhancedin-
vasivenessobserved with this mutantin this cell line. Whetherthe differencesin DNA
fragmentationobserved betweenthe strainstestedandthe control strainEGD areonly
thereflectof differentinvasionabilitiesor arecausedby interactionswith specificfactors
requiresfurtherinvestigations.



CHAPTER 4

Material

This Chapterdescribesthe materialspecificallyusedin the presentstudy, suchasbac-
terial strains,plasmids,cell lines, commercialkits andoligonucleotides.For chemicals
andsolutionsof moregeneralusein standardgenetic,biochemicalandcell biological
proceduresnot listedhereseethegivenreferencesor standardprotocols.

4.1 Bacterial strains and plasmids

Bacterial strainsusedin the presentstudy are listed in Tables4.1, 4.2, 4.3 and 4.4.
Most Listeria monocytogenesstrainsusedwereobtainedfrom the AmericanType Cul-
tureCollection(ATCC;Rockville,Md., USA), from theNationalCollectionof TypeCul-
tures(NCTC; London,England)or from theSpecialListeria CultureCollection(SLCC;
Würzburg, Germany). L. monocytogenesEGDwasprovidedby S.H. E. Kaufmann,Uni-
versity of Ulm, Germany. L. monocytogenesL99 was obtainedfrom T. Chakraborty,
Instituteof Medical Microbiology, University of Gießen,Germany. L. monocytogenes
strain35264(H) wasprovided by H. Hof, Institute of Medical Microbiology andHy-
giene,University of Mannheim,Germany. L. innocuaserotype6b wastaken from our
institute’sculturecollection.OtherL. monocytogeneswild typestrainsusedaredescribed
in thegivenreferences(Table4.1).All L. monocytogenesinternalindeletionmutantsused
wereconstructedin thepresentstudystartingfrom thewild typestrainL. monocytogenes
EGD asdescribedin section5.2,exceptthemutants� inlA, � inlB, � inlC, � inlA/B and
� inlB/C, which were constructedwhereelseaccordingto the given references(Table
4.2).BacterialstrainsharboringGFPexpressionvectorswereconstructedasdescribedin
section5.3.1or in Bubertet al. (1999)(Table4.3). Escherichia coli DH5� wasobtained
from BethesdaRes.Labs,Bethesda,MD, USA, andusedascloninghostfor nucleotide
sequenceanalysisandconstructionof knock-outandknock-inplasmids(Table4.4).Bac-
terial strainswerekept in own culturecollectionat �� � � C. Designationof eachstrain
in this collectionis representedby thenumberin parenthesesbeginningwith eitherS, G
or C. A list of thesestrainsis includedin App. A. Vectorsandplasmidsusedhereare
listed in Tables4.5 and4.6. In general,plasmidswerederived from thevectorspUC18
(PharmaciaBiotech),pLSV1 (Wuenscheret al., 1991),pLSV16gfp (Bubertet al., 1999)
or pERL3(Leimeister-Wächteret al., 1990).For clearnessreasons,plasmidsconstructed
for nucleotidesequencedeterminationarenot includedin theseTables.
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Table4.1: Bacterialwild typestrainsusedin this study.
Species Strain Serotype Sourceof reference
Listeria monocytogenes EGD wild type(S1) 1/2a S.H. E. Kaufmann
L. monocytogenes NCTC7973(S3) 1/2a NCTC
L. monocytogenes SLCC2755(S4) 1/2b SLCC
L. monocytogenes NCTC5348(S5) 1/2c NCTC
L. monocytogenes NCTC5105(S6) 3a NCTC
L. monocytogenes SLCC5543(S7) 3b SLCC
L. monocytogenes SLCC2479(S8) 3c SLCC
L. monocytogenes L99 (S9) 4a T. Chakraborty
L. monocytogenes SLCC4013(S10) 4b SLCC
L. monocytogenes ATCC19116(S11) 4c ATCC
L. monocytogenes ATCC19117(S12) 4d ATCC
L. monocytogenes ATCC19118(S13) 4e ATCC
L. ivanovii ATCC19119 5 ATCC
L. innocua 6b institute’s collection
L. monocytogenes 1724 4b (Heitmannetal., 1997)
L. monocytogenes 579 4b (Linnanetal., 1988)
L. monocytogenes 35264(H) 1/2a H. Hof
L. monocytogenes 1727 1/2b (Daltonetal., 1997)
L. monocytogenes 535 4b (Bille, 1998)
L. monocytogenes 536 4b (Bille, 1998)

4.2 Media for bacterial growth and antibiotics

Mediausedfor bacterialgrowth areshown in Table4.7. Listeria spp.strainsweregrown
aerobicallyin brain-heart-infusionbroth (BHI; Difco Laboratories,Detroit Mich. USA;
Life Technologies,Karlsruhe,Germany; ScharlauMicrobiology, Barcelona,Spain). E.
coli strainsweregrown in 2 � YT broth. Agar platesweremadeby adding1.5%agarto
themedia,i. e. 15 g agarin 1 liter broth. For the growth of bacterialstrainscontaining
plasmids,antibioticswere addedto the mediaas shown in Table 4.8. More detailed
informationaboutbacterialgrowth conditionsis givenin section5.4.1.

4.3 Mammalian cell lines and media for cell cultur e

In this studyfollowing mammaliancell lineswereused:

Caco-2cells: ATCCHTB-37,humancolonepithelialcells(Adenocarcinoma),subclone
1.

J774cells: ATCCTIB-67, murinemacrophages.

P388cells: ATCCTIB-63, murinemacrophages.

TIB73 cells: ATCCTIB-73, murinehepatocytes.

HepG-2cells: ATCC HB 8065,humanhepatocytes.
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Table4.2: Bacterialmutantstrains.

Species Strain Serotype Source
L. monocytogenes EGD � inlGHE (S14) 1/2a Thisstudy
L. monocytogenes EGD � inlGHE (S57) 1/2a Thisstudy
L. monocytogenes EGD � inlGHE (S58) 1/2a Thisstudy
L. monocytogenes EGD � inlGHE (S59) 1/2a Thisstudy
L. monocytogenes EGD � inlGI (S37) 1/2a Thisstudy
L. monocytogenes EGD � inlGI (S38) 1/2a Thisstudy
L. monocytogenes EGD � inlGII (S53) 1/2a Thisstudy
L. monocytogenes EGD � inlGII (S54) 1/2a Thisstudy
L. monocytogenes EGD � inlH (S41) 1/2a Thisstudy
L. monocytogenes EGD � inlH (S42) 1/2a Thisstudy
L. monocytogenes EGD � inlE (S39) 1/2a Thisstudy
L. monocytogenes EGD � inlE (S40) 1/2a Thisstudy
L. monocytogenes EGD inlGI � (S61) 1/2a Thisstudy
L. monocytogenes EGD inlGII � (S62) 1/2a Thisstudy
L. monocytogenes EGD inlGII � (S63) 1/2a Thisstudy
L. monocytogenes EGD inlH � (S79) 1/2a Thisstudy
L. monocytogenes EGD inlH � (S80) 1/2a Thisstudy
L. monocytogenes EGD inlE � (S60) 1/2a Thisstudy
L. monocytogenes EGD inlE � (S69) 1/2a Thisstudy
L. monocytogenes EGD inlE � (S70) 1/2a Thisstudy
L. monocytogenes EGD � inlA (S18andS64) 1/2a (Greiffenberg et al., 1997)
L. monocytogenes EGD � inlB (S65) 1/2a (Greiffenberg et al., 1997)
L. monocytogenes EGD � inlC (S19andS66) 1/2a (Engelbrechtetal., 1996)
L. monocytogenes EGD � inlA/B (S20) 1/2a (Greiffenberg et al., 1997)
L. monocytogenes EGD � inlB/C (S22) 1/2a (Greiffenberg et al., 1997)
L. monocytogenes EGD � inlA/C (S71) 1/2a Thisstudy
L. monocytogenes EGD � inlA/C (S73) 1/2a Thisstudy
L. monocytogenes EGD � inlA/GHE (S27) 1/2a Thisstudy
L. monocytogenes EGD � inlA/GHE (S28) 1/2a Thisstudy
L. monocytogenes EGD � inlB/GHE (S67) 1/2a Thisstudy
L. monocytogenes EGD � inlB/GHE (S68) 1/2a Thisstudy
L. monocytogenes EGD � inlC/GHE (S29) 1/2a Thisstudy
L. monocytogenes EGD � inlC/GHE (S30) 1/2a Thisstudy
L. monocytogenes EGD � inlA/B/GHE (S34) 1/2a Thisstudy
L. monocytogenes EGD � inlA/B/GHE (S35) 1/2a Thisstudy
L. monocytogenes EGD � inlB/C/GHE (S36) 1/2a Thisstudy
L. monocytogenes EGD � inlA/C/GHE (S75) 1/2a Thisstudy
L. monocytogenes EGD � inlA/C/GHE (S76) 1/2a Thisstudy
L. monocytogenes EGD � prfA (S15) 1/2a (Böckmannetal., 1996)
L. monocytogenes EGD wild type � pERL3501(S16) 1/2a (Leimeister-W. et al., 1990)
L. monocytogenes EGD � prfA � pERL3502(S17) 1/2a



90 4. Material

Table4.3: BacterialstrainscontainingGFPexpressionplasmids.
Species Strain Source
L. monocytogenes EGDwild type � PinlG-gfp (G1) Thisstudy
L. monocytogenes EGDwild type � PinlH-gfp (G4) Thisstudy
L. monocytogenes EGDwild type � PinlE-gfp (G7) Thisstudy
L. monocytogenes EGD � inlA/B � PinlG-gfp (G22) Thisstudy
L. monocytogenes EGD � inlA/B � PinlH-gfp (G23) Thisstudy
L. monocytogenes EGD � inlA/B � PinlE-gfp (G24) Thisstudy
L. monocytogenes EGD � prfA � PinlG-gfp (G2) Thisstudy
L. monocytogenes EGD � prfA � PinlH-gfp (G5) Thisstudy
L. monocytogenes EGD � prfA � PinlE-gfp (G8) Thisstudy
L. monocytogenes EGDwild type � pERL3502 � PinlG-gfp (G3) Thisstudy
L. monocytogenes EGDwild type � pERL3502 � PinlH-gfp (G6) Thisstudy
L. monocytogenes EGDwild type � pERL3502 � PinlE-gfp (G9) Thisstudy
L. monocytogenes EGDwild type � pLSV16without gfp (G20) Thisstudy
L. monocytogenes EGD � inlGHE (S14) � pLSV16withoutgfp (G21) Thisstudy
L. monocytogenes EGD � inlGHE (S14) � PactA-gfp Thisstudy
L. monocytogenes EGDwild type � PinlA-gfp (G13) (Bubertet al., 1999)
L. monocytogenes EGDwild type � PinlC-gfp (G19) (Bubertet al., 1999)
L. monocytogenes EGDwild type � PactA-gfp (G10) (Bubertet al., 1999)
L. monocytogenes EGDwild type � Phly-gfp (G16) (Bubertet al., 1999)
L. monocytogenes EGD � prfA � PinlA-gfp (G14) (Bubertet al., 1999)
L. monocytogenes EGD � prfA � Phly-gfp (G17) (Bubertet al., 1999)
L. monocytogenes EGDwild type � pERL3502 � PinlA-gfp (G15) (Bubertet al., 1999)
L. monocytogenes EGDwild type � pERL3502 � PactA-gfp (G12) (Bubertet al., 1999)

Table4.4: E. coli recombinantstrains.
Species Strain Sourceof reference
Escherichia coli DH5� BethesdaRes.Labs
E. coli DH5��� pLSV� inlGHE (Raffelsbauer, 1997)
E. coli DH5��� pUC18� inlGI (G35) Thisstudy
E. coli DH5��� pLSV� inlGI (G36) Thisstudy
E. coli DH5��� pUC18� inlGII (C4) Thisstudy
E. coli DH5��� pLSV� inlGII (C5) Thisstudy
E. coli DH5��� pUC18inlG (C6) Thisstudy
E. coli DH5��� pLSVinlG (C7) Thisstudy
E. coli DH5��� pUC18� inlH (C8) Thisstudy
E. coli DH5��� pLSV� inlH (C9) Thisstudy
E. coli DH5��� pUC18� inlE (C10) Thisstudy
E. coli DH5��� pLSV� inlE (C11) Thisstudy
E. coli DH5��� pLSVinlH (C12-C14) Thisstudy
E. coli DH5��� pLSVinlE (C15) Thisstudy
E. coli DH5��� PinlG-gfp (G32) Thisstudy
E. coli DH5��� PinlH-gfp (G33) Thisstudy
E. coli DH5��� PinlE-gfp (G34) Thisstudy
E. coli DH5��� pLSV1(G37) (Wuenscheret al., 1991)
E. coli DH5��� pERL3502(G38) (Leimeister-W. etal., 1990)



4.3. Mammaliancell linesandmediafor cell culture 91

Table4.5: Plasmidsusedin this study.
Plasmid Properties Source
pLSV1 Shuttle vector, 6.3 kb, ColE1-Origin, temperature-

sensitive origin (Orits) from pEI94, erythromycinresis-
tancegene(erythromycinR)

(Wuenscher
et al., 1991)

pLSV� inlGHE pLSV1 basedknock-out plasmid containing fragment
GAEB for deletionof the inlGHE geneclusterby homol-
ogousrecombination

(Raffelsbauer,
1997)

pLSV� inlGI pLSV1 basedknock-out plasmid containing fragment
GAGB (not in-frame)for deletionof the inlG geneby ho-
mologousrecombination

This study

pLSV� inlGII pLSV1 basedknock-out plasmid containing fragment
GAGB (in-frame)for deletionof the inlG geneby homol-
ogousrecombination

This study

pLSVinlG pLSV1 basedknock-inplasmidcontainingthe inlG gene
for reversionof the � inlG mutantby homologousrecom-
bination

This study

pLSV� inlH pLSV1 basedknock-out plasmid containing fragment
HAHB for deletionof the inlH geneby homologousre-
combination

This study

pLSVinlH pLSV1 basedknock-inplasmidcontainingthe inlH gene
for reversionof the � inlH mutantby homologousrecom-
bination

This study

pLSV� inlE pLSV1 basedknock-out plasmid containing fragment
EAEB for deletionof the inlE geneby homologousre-
combination

This study

pLSVinlE pLSV1 basedknock-in plasmidcontainingthe inlE gene
for reversionof the � inlE mutantby homologousrecom-
bination

This study

pUC18 Cloningvector, 2,686bp,lacZ� , ColE1-Origin,ampicillin
resistancegene(ampicillinR)

Pharmacia
Biotech

pUC18� inlGI pUC18basedplasmidcontainingfragmentGAGB (notin-
frame)for deletionof the inlG gene

This study

pUC18� inlGII pUC18 basedplasmid containingfragmentGAGB (in-
frame)for deletionof the inlG gene

This study

pUC18inlG pUC18basedplasmidcontainingthe inlG genefor rever-
sionof the � inlG mutant

This study

pUC18� inlH pUC18 basedplasmid containing fragment HAHB for
deletionof the inlH gene

This study

pUC18� inlE pUC18 basedplasmid containing fragment EAEB for
deletionof the inlE gene

This study
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Table4.6: Plasmids(Continuation).
Plasmid Properties Source
pLSV16gfp ShuttlevectorcontainingthegfpcDNA encoding

thegreenfluorescentproteinGFP, fusionproduct
of the vectorspUC18andpBCE-1,ampicillinR,
tetracyclinR

(Bubertetal., 1999)

PinlG-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of the inlG promoter

This study

PinlH-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of the inlH promoter

This study

PinlE-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of the inlE promoter

This study

PactA-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of theactApromoter

(Bubertetal., 1999)

PinlA-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of the inlA promoter

(Bubertetal., 1999)

PinlC-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of the inlC promoter

(Bubertetal., 1999)

Phly-gfp pLSV16gfpbasedplasmidwith gfpundercontrol
of thehly promoter

(Bubertetal., 1999)

pLSV16 Shuttle vector without gfp, fusion product of
pUC18andpBCE-1,ampicillinR, tetracyclinR

(Bubertetal., 1999)

pERL3 Shuttlevector, erythromycinR, kanamycinR (Hartmanetal., 1990)
pERL3501 pERL3derivedplasmidcontainingtheprfA gene

from L. monocytogenesNCTC7973
(Leimeister-W. etal., 1990)

pERL3502 pERL3 derived plasmidcontainingthe prfA and
plcAgenesfrom L. monocytogenesNCTC7973

(Leimeister-W. etal., 1990)

Table4.7: Mediafor bacterialgrowth.

Name Components Quantity
BHI BHI

� � g
(brain-heart-infusionbroth) ad 	�� ����� ml H � Odeion.

2 � YT broth TryptoneoderPeptone 	�� g
Yeastextract 	 � g
NaCl 	 � g

ad 	�� ����� ml H � Odeion.
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Table4.8: Antibiotics.

Name Conc.of stocksolution Final Conc. Application
ampicillin 	 ��� mg� ml in H � Oster. 	 ����� g� ml E. coli
erythromycin 	 ��� mg� ml in 70%EtOH � ����� g� ml E. coli
erythromycin � mg� ml in 70%EtOH � � g� ml Listeriaspp.
tetracycline 	 � mg� ml in 70%EtOH 4 or �! "� � g� ml Listeriaspp.

Eukaryoticcell lineswerecultivatedin RPMI 1640mediumsupplementedwith 10%
heat-inactivatedfetal calf serum(FCS) accordingto standardprocedures.Media and
chemicalsfor cell culturewereobtainedfrom Life TechnologiesGmbH(Karlsruhe,Ger-
many).

4.4 Enzymes,chemicals,plasticmaterial, commercial kits
and instruments

Enzymesusedin thisstudywerepurchasedfromAmershamPharmaciaBiotech(Freiburg,
Germany), Life TechnologiesGmbH (Karlsruhe,Germany), Promega(Madison,USA),
New EnglandBiolabs(Schwalbach,Germany), Q-Biogene(Heidelberg,Germany), Roche
DiagnosticsGmbH (Mannheim,Germany) and Stratagene(Heidelberg, Germany; La
Jolla,USA, andCedarCreek,USA). UsedDNA molecularweight standardsweresup-
pliedby Life TechnologiesGmbH(Karlsruhe,Germany) andStratagene(La Jolla,USA).
Sizesof single DNA bandsare shown in Table 4.9. Chemicalswere obtainedfrom
Aldrich Chemie(Steinheim,Germany), Carl Roth GmbH (Karlsruhe,Germany), Difco
(Augsburg,Germany), Fluka(Neu-Ulm,Germany), Life TechnologiesGmbH(Karlsruhe,
Germany), Merck (Darmstadt,Germany), Oxoid (Wesel, Germany), Riedel de Haen
(Seelze,Germany), RocheDiagnosticsGmbH(Mannheim,Germany), Serva(Heidelberg,
Germany) and Sigma(Deisenhofen,Germany). Plasticmaterialsuchas plates,tubes,
flasks, dishesand pipetteswere purchasedfrom BectonDickinson (Heidelberg, Ger-
many), Greiner(Frickenhausen,Germany), Noras(Würzburg, Germany), Nunc (Wies-
baden,Germany) andSarstedt(Nümbrecht,Germany). Commercialkits andinstruments
usedarelistedin Tables4.10and4.11,respectively.

4.5 Oligonucleotides

Oligonucleotidesusedin this study, listedin Tables4.12and4.13,werepurchasedfrom
MWG-BiotechGmbH(Ebersbeg,Germany) orARK ScientificGmbHBiosystems(Darm-
stadt,Germany). Nucleotidesequenceis givenin the �$#&% � # direction.Restrictionsite,
if any, is indicated.
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Table4.9: DNA molecularweightstandards.

Name 	 kb Ladder(Life Technologies) kb DNA Ladder(Stratagene)
Sizeof band 	('!�)'*	�� bp 	��+� � � bp 	('!� �,��� bp 	�� �,��� bp

	�	��-	-.�� bp 	�� � 	�� bp 	 � � �,��� bp �,� � bp
	 � �-	-� � bp �*	��/��� � � bp .0� �,��� bp � ��� bp
.0�-	-�/' bp

� .,� bp �0� �,��� bp ',� � bp
�0�-	1��� bp

� ��� bp �!� �,��� bp
�!�-	�',� bp '�.�� bp �0� �,��� bp
�0�-	 � � bp ',' � bp �!� �,��� bp
�!� � . � bp ' ��� bp �2� �,��� bp
�2� � ��' bp 	���� bp

� � �,��� bp� � � ��� bp 	1�3' bp '!� �,��� bp
'!� �,� � bp 	��)� ��� bp

Table4.10:Commercialkits usedin this study.

Application Name Manufacturer
Purification of DNA
fragments

GFX PCR DNA and gel
bandpurificationkit

Amersham Pharmacia
Biotech(Freiburg, Germany)

QIAquick PCR Purifica-
tion Kit

QIAGEN (Hilden,Germany)

NucleoTrap Extraction
Kit

Macherey-Nagel(Düren,Ger-
many)

Isolation of Plasmid-
DNA (Miniprep)

QIAprepSpinPlasmidKit QIAGEN (Hilden,Germany)

Quantum Prep Plasmid
MiniprepKit

BIO-RAD (München, Ger-
many)

Isolation of Plasmid-
DNA (Midiprep)

NucleoBond PC100Kit Macherey-Nagel(Düren,Ger-
many)

Nucleotide sequenc-
ing

ABI PRISM Dye and
dRhodamine Terminator
Cycle SequencingReady
ReactionKits

Perkin Elmer (Weiterstadt,
Germany)

Isolation of bacterial
RNA

E.Z.N.A Bacterial RNA
Kit

PEQLAB Biotechnologie
GmbH(Erlangen,Germany)

Synthesis of first-
strandcDNA

ProSTAR First-StrandRT-
PCRKit

Stratagene (Cedar Creek,
USA)

Detectionof apoptosis Cell Death Detection
ELISAPLUSKit

Roche Diagnostics GmbH
(Mannheim,Germany)



4.5. Oligonucleotides 95

Table4.11: Instrumentsusedin this study.

Name Manufacturer
Autoclaves Webeco,MünchenerMedizinMechanik
Balances LaborAlliance,Sartorius,Mettler
Centrifuges Beckmann,Heraeus
Centrifugesfor cell culture Heraeus,Sorvall
Cleanbenches Nuaire,Gelaire,Envirco
ELISA Reader BioRad
Electrophoresischambers cti
Energy suppliers Bio-Rad,Desaga
FACSEpicsElite ESPcell sorter Coulter
FastPrepFP120Shaker BIO101-SavantInstruments
Fluorescencemicroscope Leica
Fluorimeter SPEX
Incubators Heraeus,Salvis
Incubatorfor cell culture NuncCellstar
Klett photometer Summerson
Magneticstirrer Gerhardt
Micropipettes Gilson,Eppendorf
Microwave AEG
Photometers Zeiss,PharmaciaBiotech
pH meter WTW pH 523
Shakers InforsAG
Sonifier BransonSonic
SpeedVAC concentrator Eppendorf
Stoves Heraeus
Tablecentrifuges Eppendorf,Heraeus,Hettich
Thermoblocks Liebisch,Eppendorf
Thermocyclers bio-med,PerkinElmer, TechneProgene
UV photoapparatus CybertechCS1Mitsubishi
UV light Desaga
Vortex Heidolph,Boskamp
Waterbath Memmert
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Table4.12:Oligonucleotidesusedin this study.
Name Sequence( 4 #*5761# ) Restrictionsite
lism51-1 ACGACAAGTCAAGGTGCGG
lism51-2 GTAGCAGGTGCAATAGGCG
lism51-3 CTAGTTTTAATGGTACCTGCTATTCTCGG KpnI
lism51-4 CTGTTCCACTGCAGGGAACCGTTG PstI
lism51-11 CCCATTTAGTTCCACCCG
lism51-14 TCTCTATAAAGGCAAACTCC
lisli-15 CAAGTCATGGGCTGCAGGCTCAGGCAGAGAG PstI
lism51-24 CTGCGTGATGCTCTCTGCCC
lism51-27 GAGAGGGATTCTGCAGAAACGGTGG PstI
lisminv-1 CCACACCTTGGATCCTCGTTACATATAGG BamHI
lisminv-2 CGCAGCCAACTGCAGTTAATGTGATTTTCCC PstI
lisminv-4 ATAAGATTAGGGTACCTAGCAAGTGGCG KpnI
lisminv-5 GTTAGTTATACTTGGTACCAATCAGTCACTTTC KpnI
lisminv-6 CCTTGGCTTGTGGTACCATATAGGCTAAGCC KpnI
lisminv-7 CTACTTTATCTGCAGTTGGGACTGGAGTAAC PstI
lisminv-8 TTATCTATCCTGCAGTCCCATTTATTCCCG PstI
lisminv-9 CAATTTATCTGCAGTAATCGGTAACTTGATG PstI
lisminv-10 TAAGAAGGAGGTACCCTTTATAGAGAACGG KpnI
lisminv-11 GAAACTATACTGCAGCGGCGCAACGG PstI
delxy-2 CCCACAAGGATCCAATTCTGCAATCG BamHI
delxy-3 AACTAATTCCCGGGATAGCTGTCAC PspA1
delxy-4 CGGAATTGGCCCGGGTTTATTCCGC PspA1
delxy-5 GATTGGTTTATTTTGTTTGACG
delxy-6 CGTTACTGGTACCAATTTCGCTTAC KpnI
delxy-6b CGTTACTGGATCCAATTTCGCTTAC BamHI
delxy-7 TATGCCCTGCAGATGCCAAAACC PstI
delxy-8 ACATCTTTCGTGTAGAAGGG
delxy-9 TTTATTCCGCAAAAAACGTC
delseq-1 AACCAATTCTGCAATCGCTG
inlX-1 CCAAGTTCCGTCTTCACCTC
inlX-2 TTAGGAACGCTTTTCATCGG
inlX-3 AGTTATCTGGTACCAATCTGTTTGCG KpnI
orfZ-1 AATCAATATTTACCAAGTCC
orfZ-2 GTACTAAACTGCAGTAAAAGCAAG PstI
pGluco-1 AGTAAGTGCCTCCACAAGCG
pGluco-2 GTAAGTGCCTGCAGAAGCGAAATGTCC PstI
inlY-1 CATTTGATACTGCAGGTAAATTAACGAC PstI
inlY-2 GCTTTGATAGGTACCTTTTTGAGTCG KpnI
Xspez-1 GTAAAACCGTTAAATCAGTC
YC2spez-2 GGGAAGCAAACAAGTGTGAC
PinlXu GGTGAAGATCTAGATTAATAGGTAGAGTAC XbaI
PinlXd TTTATCGTCTCTAGATAATTTGACTGAG XbaI
PinlYu ACTAAACTTCTAGAAACAAGTGATGATTC XbaI
PinlYd ATAATCCCTCTAGATTTATTTAAATTAG XbaI
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Table4.13:Oligonucleotides(Continuation).
Name Sequence( 4 #35761# ) Restrictionsite
PinlZu CGGGGTTTTCTAGATAGGAACAGCGACGC XbaI
PinlZd CTATCTCCTCTAGAAAGTAATTCTGC XbaI
PinlZ CCTTTATAAAGTAATTCTGC
mutrevG-1 TTTACGCGAATTCCCACAAGAAACC
delG-1 GCTTTTCATCCCGGGTGCAATACTAATC
delH-1 TCATCGGAGGATCCATACTAATCTTACG
delH-2 CCTCCACACCCGGGCTTGTCGTTAC
delH-3 GATTTTTATCCCGGGTTTCTTGCTAGG
delH-4 AGTGACTAGGATCCTTAATGCTGTTTTG
delE-1 TAGGAACAGGGATCCTAATTCTCCGC
delE-2 TTAATAGGGCCCGGGTGTTCAATCACC
InlC-1b AAACATCTCGGATCCTTGCTAACATATAAG
InlC-2b TTTGTCAAGAATTCATTAAGACTTAC
InlC-3 ATAGCAGACAACAAGGAAGG
InlC-4 ATAGTTTCTTCATCTCTTGG
delCseq-2 CTTCATCTGTATAAACTGGC
Xvorw-6 CATTTGTAGGATGGTATGAT
inlYseq-1 CCCAAGTAATTCAGGAGGC
inlYseq-2 AGAATTACTTTATAAAGGAG
inlZseq-3 CACTTACTTGAGTACTTCCG
lism51-14 TCTCTATAAAGGCAAACTCC
RTG7Bdown AATGTTAACTGTGTCAATCC
RTH5down GACAATAAATAAGTTTGAAG
RTE3Ddown CAATAGATAAGTTGGGTAAT
RTA2down CTAGTTAAACCTGAAAGCGC
RTB2down AGTTAAACGTGAAAGAACCG
RTC2down TTACCATGCAAATCTAATAC
SOD-C GTTCCCAAACATCTAAGCC
RTG1up ACAGAGAAAAACCTCAGTAC
RTH3up AATGCAATTAAAATAGCGGC
RTE3Aup ATAATGTAAAAACACTGCTC
RTA1up ATATTAGTATTTGGCAGCGG
RTB1up TGTTTAATCTCAGGTTTAGC
RTC1up TGTTAATTGTAGGTCTGTGC
SOD-N CTTATGATGCTTTGGAGCCG
inlF-2 GCAGTTGGGGTACCACCAAATAGTGG KpnI
inlF-6 GCCTGTTTCTGCAGCATACCAGCCATC PstI
inlFinv-1 TAAGTTGGCTGCAGGACTTATGTCAG PstI
inlFinv-2 ATGTAGAAGGTACCACAAGTGAAGTAG KpnI
MonoA CAAACTGCTAACACAGCTACT
MonoB GCACTTGAATTGCTGTTATTG
gfp75 CAAGAATTGGGACAA
gfp230 TGCTGTTTCATATGATCTGG
Reverse CAGGAAACAGCTATGAC
Universal GTAAAACGACGGCCAGT
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CHAPTER 5

Methods

ThisChapterdescribesmethodsandstrategiesusedin thepresentstudy. In particular, ex-
perimentsconcerningthemolecularcloningof the inlGHE genecluster, constructionof
L. monocytogenesinternalindeletionmutants,transcriptionalstudiesusinga GFPbased
expressionsystemanda semi-quantitative RT-PCRtechnique,cellular invasionandin-
tracellulargrowth assays,fluorescencemicroscopy, detectionof cell death,and in vivo
studiesusing the mousemodelaredescribedin detail. For moregeneralgenetic,bio-
chemicalandcell biologicalmethodsseethegivenreferencesor standardprotocols.

5.1 Geneticmethods

5.1.1 Preparation of DNA

ChromosomalDNA was isolatedfrom Listeria spp. as describedin detail in Raffels-
bauer(1997). Bacteriaharvestedfrom 14 ml overnightcultureweretreatedwith 20 mg
lysozyme(Merck) in a 20% sucrosebuffer andlysedwith 1% SDS.The chromosomal
DNA wasextractedto purity with phenol/chloroformandprecipitatedwith ethanol. In
somecases,chromosomalDNA was isolatedfrom L. monocytogenesby using 0.5 ml
DNAzol Reagent(Life Technologies)asrecommendedby the manufacturerafter treat-
mentof bacteriaharvestedfrom 3 ml overnightculturewith 1 mg lysozymefor 30min at
37� C.

L. monocytogenesDNA waspreparedfor inversePCRsusinga methodadaptedfrom
Ochmanet al. (1990) as describedin Raffelsbauer(1997). ChromosomalDNA was
completelydigestedwith therestrictionenzymesAluI, DraI, EcoRI, EcoRV, RsaI, Sau3A
or TaqI. ThedigestedDNA wasthenreligatedwith T4 DNA ligase(Life Technologies)to
createcircularDNA molecules,whichwereusedin inversePCRsasdescribedin 5.1.2.

For screeningof L. monocytogenesstrainsby PCR,genomicandplasmidDNA was
isolatedas follows: bacteriawere scrapedfrom agarplatesand resuspendedin � �8�

l
polymerasebuffer (Q-Biogene).Approx. 0.2mg lysozyme(Merck) wasaddedandbac-
terial suspensionswereincubated15 min at 37� C. After additionof 	(� � g proteinaseK
(Merck),sampleswereincubatedfor further10 to 20 min at 55� C andthenfor 10 min at
105� C. Cell debriswerepelletedby centrifugation.

For PCRscreening,plasmidDNA wasisolatedfrom Escherichia coli by incubating
bacteriain � �9�

l dH� O for 10 min at 110� C. For restrictionandnucleotidesequence
analysis,E. coli plasmidDNA wasisolatedby usingthecommercialkits QIAprepspin
plasmidkit (QIAGEN), theQuantumPrepPlasmidMiniprep kit (Bio-RadLaboratories
GmbH,München,Germany) or theNucleoBondPC100kit (Macherey-Nagel)asrecom-

99
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mendedby themanufacturers.

5.1.2 PolymeraseChain Reaction(PCR)

Chromosomaland plasmid DNA of L. monocytogeneswas amplified by Polymerase
ChainReaction(PCR)accordingtostandardprocedures(Saikietal., 1988;Ochmanetal.,
1990)usingTaq DNA polymerase(Q-Biogene,Heidelberg, Germany), theExpandHigh
Fidelity PCRsystemenzymemix (RocheDiagnosticsGmbH,Mannheim,Germany) or
DeepVentDNA polymerase(New EnglandBiolabs,Schwalbach,Germany). Reactions
wereperformedasdescribedin detail in Raffelsbauer(1997). A StandardPCRandpro-
gramusedwith theTaq DNA polymeraseareshown in Tables5.1 and5.2, respectively.
Oligonucleotidesusedin this studyto amplify DNA by PCRarelisted in Chap.Mate-
rial, Tables4.12and4.13. For cloningpurposes,restrictionsiteswereinsertedin some
oligonucleotides.

Component& Concentration Volume

dH� Oster. �,�!�)� � l
	 � � Taq PolymeraseBuffer 	 � � ��� l
25 mM MgCl � �0�)� � l
20 mM dNTPs 	�� ��� l
Primera ( 	 � g� � l) 	�� ��� l
Primerb ( 	 � g� � l) 	�� ��� l
chromosomalDNA (

� �)'� � �:� � g� � l) '!� ��� l
Taq DNA Polymerase( � U � � l) 	�� ��� l

	 �,� � ��� l

Table5.1: StandardPCRwith TaqDNA polymerase

Step Event Duration Temperature Cycles

1. First stepdelay 3 min 94� C
2. Denaturationof dsDNA 1 min 94� C
3. Annealingof primers 1 min 55� C �,� �
4. Elongation 1 min 72� C
5. Laststepdelay 3 min 72� C

Table5.2: Standardprogramfor directPCRs.

To amplify DNA fragmentswith unknownsequencelocatedup-anddownstreamfrom
DNA regionswhosesequenceswereavailable, inversePCRswereperformedasprevi-
ously described(Raffelsbauer, 1997; Ochmanet al., 1990). Tables5.3 and5.4 show a
standardreactionandprogramfor inversePCRs.
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Component& Concentration Volume

dH� Oster. ���!�)� � l
	 � � TaqPolymeraseBuffer 	 � � �;� l
25mM MgCl � �!�)� � l
20mM dNTPs 	,� �;� l
Primera ( 	 � g� � l) 	,�)� � l
Primerb ( 	 � g� � l) 	,�)� � l
religatedDNA 	 � � �;� l
TaqDNA Polymerase( � U � � l) 	,� �;� l

	 ��� � �;� l

Table5.3: StandardinversePCR

Step Event Duration Temperature Cycles

1. First stepdelay 3 min 94� C
2. Denaturationof dsDNA 55sec 94� C
3. Annealingof primers 1 min 57� C ���<�
4. Elongation 1 min 30 sec 72� C
5. Laststepdelay 3 min 72� C

Table5.4: Standardprogramfor inversePCRs.

5.1.3 General techniquesof molecular cloning

Molecularcloning wasperformedasdescribedpreviously in Raffelsbauer(1997)or in
standardprotocols(Sambrooket al., 1989) or as recommendedby the manufacturers
of the enzymesandcommercialkits used. PCRproductswere purified directly or af-
ter electrophoreticseparationon agarosegelsusing the QIAquick PCRpurificationkit
(QIAGEN, Hilden, Germany), theGFX PCRDNA andgel bandpurificationkit (Amer-
shamPharmaciaBiotech)or theNucleoTrapextractionkit (Macherey-Nagel,Düren,Ger-
many) asrecommendedby themanufacturers.After purification,theobtainedPCRprod-
uctsweredigestedwith appropriaterestrictionenzymesandthenligatedinto thechosen
cloningvectorwith T4 DNA ligase(Life Technologies).DNA restriction,treatmentwith
alkalinephosphataseand ligation wereperformedaccordingto standardproceduresas
describedin detail in Raffelsbauer(1997).

E. coli DH5= wasusedascloninghostfor construction,analysisandamplificationof
all plasmidsusedin this work. Plasmidswereintroducedinto E. coli by transformation
afterMgSO> treatmentandinto L. monocytogenesby electroporationusingamethodde-
scribedpreviously by Alexanderet al. (1990)andoptimizedby Bambach(1993). The
nucleotidesequenceof obtainedPCRproductswasdeterminedby sequencingeitherthe
purifiedproductsdirectly or aftercloninginto thevectorusingtheABI PRISM dyeor
thedRhodamineterminatorcycle sequencingreadyreactionkits (PerkinElmer, Weiter-
stadt,Germany) accordingto protocolssuppliedby themanufacturer.



102 5. Methods

5.2 Construction of L. monocytogenes internalin deletion
mutants

5.2.1 Construction of inlGHE deletionmutants

TheL. monocytogenesmutantstrainslistedin Table4.2carryinganin-framedeletionin
theinlGHE genelocuswereconstructedfrom theparentalstrainsL. monocytogenesEGD
wild type, � inlA, � inlB, � inlC, � inlA/B and � inlB/C by doublecross-over basedon a
proceduredescribedin Raffelsbauer(1997)usingthetemperature-sensitiveshuttlevector
pLSV1 (Wuenscheret al., 1991). The appliedstrategy is representedin Fig. 2.10. In
brief, DNA fragmentsGA (291 bp) andEB (364 bp), homologousto the 5’ regionsof
the inlG anddapEgenesrespectively, wereamplifiedfrom L. monocytogeneswild type
chromosomalDNA by PCRusingtheprimerpairsdelxy-2/delxy-3anddelxy-4/delxy-6b,
respectively. After restrictionusingthePCR-insertedPspA1 sites,fragmentsGA andEB
weresticky-ligatedto yield fragmentGAEB (632bp). Theprecipitatedligation reaction
wasusedas templateDNA in a new PCRwith the externalprimersdelxy-2/delxy-6b.
The thusamplifiedfragmentGAEB wasclonedinto pUC18via the insertedBamHI re-
striction sites,andthenreclonedinto pLSV1 via BamHI. This shuttlevectorcarriesan
erythromycinresistancegene(EmR), aGram-negativeandatemperature-sensitiveGram-
positiveorigin of replication(Orits). Theresultingknock-outvectorpLSV� inlGHE was
screenedby restrictionanalysisandnucleotidesequencingbeforebeingintroducedinto
therecipientL. monocytogenesstrainsby electroporationaspreviously described(Bam-
bach,1993; Alexanderet al., 1990). Screeningof erythromycinresistantcloneswas
performedby PCRusingtheprimerpair delxy-8/ORFZ-1.Integrationof thevectorinto
the chromosomeby homologousrecombinationwas inducedby incubatingbacteriaat
42� C in thepresenceof erythromycin( � � g� ml). Obtainedcloneswerescreenedby PCR
usingthe primerspGluco-1andORFZ-1,which selectedintegrationat the 5’ side(via
fragmentGA). The secondcross-over (via fragmentEB) leadingto the excision of the
vectorandwild typesequencefrom thechromosomewasaccomplishedby subculturinga
selectedintegrationstrain10 to 20 timesin BHI at 30� C in theabsenceof erythromycin.
Appropriatedilutions of this strainwereplatedonto BHI agarandcloneswerepicked
ontoBHI plateswith andwithout erythromycin.Sensitivecloneswereanalyzedby PCR
screeningfor thedeletionof inlGHE usingtheprimersPinlXu anddelxy-7,whichgener-
ateashortenedPCRproductof 728bpinsteadof the5.6-kbwild typesequence.Obtained
PCRproductswereclonedinto pUC18andsequenced.Thecorrectin-framedeletionson
thechromosomewereverifiedby nucleotidesequenceanalysisof thePCRproducts.By
thedeletionof inlGHE, thefirst 56bpof thecodingregionof inlG werefusedin-frameto
thelast34bpof inlE. TheresultinginlGE fusiongeneis preceededby the inlG promoter
andencodesa shortpeptideof 29aminoacids.

All remainingmutantstrainswereobtainedby usinga similar strategy appliedfor
the constructionof the � inlGHE deletionmutantsdescribedabove. The mutantstrains
L. monocytogenes � inlA/C and L. monocytogenes � inlA/C/GHE were constructedby
deletingthe inlC genefrom the L. monocytogenesmutants� inlA and � inlA/GHE, re-
spectively. A 243-bplong truncatedinlC genecarriedby the strainL. monocytogenes
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� inlC (Engelbrechtet al., 1996) was amplified by PCR using the primer pairs InlC-
1b/InlC-2bandclonedinto pLSV1via therestrictionsitesBamHI andEcoRI, whichwere
insertedin theprimers.Correctcloningwasconfirmedby sequencingtheinsertof there-
sultingvectorpLSV� inlC. Selectionof positive clonesafterelectroporationandvector
integrationinto thechromosomewasachievedby PCRscreeningusingtheprimerpairs
InlC-1b/InlC-2bandInlC-3/delCseq-2,respectively. Erythromycinsensitivedeletionmu-
tantswereisolatedby PCRscreeningwith theprimersInlC-3 andInlC-4, whichgenerate
a578-bplongproductcontainingthetruncatedinlC gene(243bp). Sequencingof theob-
tainedPCRproductsrevealedthesamenucleotidesequenceasin theL. monocytogenes
� inlC mutantstrain.

5.2.2 Construction of inlG, inlH and inlE singlemutants and rever-
tants

ThesingledeletionmutantsL. monocytogenes� inlG, � inlH and � inlE wereconstructed
by deletingthe correspondinggenesfrom the strainL. monocytogenesEGD wild type.
To generatehomologyfragmentsfor deletionof inlG (GA andGB), inlH (HA andHB)
andinlE (EA andEB), following primerpairswereused:GA (mutrevG-1/delxy-3),GB
(delG-1/lisminv-1), HA (delH-1/delH-2),HB (delH-3/delH-4),EA (delE-1/delE-2)and
EB (delxy-4/delxy-6b). Thesefragmentswerecut with PspA1 and ligatedto yield the
fragmentsGAGB, HAHB andEAEB, which wereamplifiedin subsequentPCRsusing
thecorrespondingexternalprimers.Theobtainedfragmentswereclonedinto pLSV1 via
EcoRI (GAGB) or BamHI (HAHB andEAEB) restrictionsites,resultingin theknock-out
plasmidspLSV� inlG, pLSV� inlH andpLSV� inlE, respectively.

To constructpLSV1-basedknock-in vectorsin orderto complementthe singlemu-
tantsL. monocytogenes� inlG, � inlH and � inlE with a copy of thecorrespondinggene
integratedinto thechromosomeandthusrevert thesemutantsto thewild typegenotype,
the genesinlG, inlH and inlE were amplified from L. monocytogeneswild type chro-
mosomalDNA usingthesameexternalprimersusedfor theconstructionof thedeletion
strains,i. e. mutrevG-1/lisminv-1 for inlG, delH-1/delH-4for inlH anddelE-1/delxy-6b
for inlE. The obtainedproductswere clonedinto pLSV1 via EcoRI (inlG) or BamHI
(inlH and inlE) restrictionsites,yielding the knock-in plasmidspLSVinlG, pLSVinlH
andpLSVinlE. Thecorrectconstructionof all mutagenesisvectorsdescribedabove was
confirmedby nucleotidesequenceanalysis.Selectionof positiveclonesafterelectropora-
tion, chromosomalintegrationof thevectorandallelic exchangeonthechromosomewas
performedusingerythromycinasselectionmarker andby PCRscreeningwith appropri-
ateprimers.Thecorrectin-framedeletionsandreversionswereconfirmedby nucleotide
sequenceanalysisof theobtainedPCRproducts.TheDNA sequencesof theconstructed
inl deletionandreversionmutantsarelistedin App. B.2.
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5.3 Transcriptional studies

5.3.1 Determination of promoter activity basedon a GFP expression
system

A schematicrepresentationof theconstructionof theGFPexpressionplasmidsPinlG-gfp,
PinlH -gfpandPinlE-gfp is shown in Fig.2.7.Briefly, theputativepromoterregionsof the
genesinlG, inlH andinlE wereamplifiedby PCRusingtheprimerpairsPinlXu/PinlXd,
PinlYu/PinlYdandPinlZu/PinlZd,respectively. TheobtainedPCRproductswerecleaved
with therestrictionenzymeXbaI andclonedinto theshuttlevectorpLSV16-gfp (Bubert
et al., 1999)via the XbaI restrictionsite. The plasmidpLSV16-gfp is a fusion product
of pUC18andpBC16-1whichcarriesin additionto theampicillin andtetracycline resis-
tancegenesthegeneencodingthegreenfluorescentproteinGFP(Cormacket al., 1996),
flankedby aribosomebindingsite(AGGAG) at the5’ end(Bubertetal., 1999).Thethus
constructedplasmidsPinlG-gfp, PinlH -gfpandPinlE-gfpwereamplifiedin E. coli DH5=
cells.Nucleotidesequenceanalysisof theinsertsof theseplasmidsrevealedwild typenu-
cleotidesequences.Theplasmidswerethenintroducedinto L. monocytogenesEGDwild
type strainandinto an isogenicprfA deletionmutant(Böckmannet al., 1996)by elec-
troporationaspreviously described(Bambach,1993;Alexanderet al., 1990).EGD wild
typestrainsharboringGFPconstructswerecomplementedwith additionalcopiesof PrfA
by introducingthewild typeprfA geneclonedinto thevectorpERL3 50-2 (Leimeister-
Wächteret al., 1990).Obtainedcloneswereselectedwith correspondingantibioticsand
screenedby PCR.Primerpairsusedto detectplasmidsweredelseq-1/gfp75(PinlG-gfp),
inlX-2/gfp75 (PinlH -gfp), PinlZu/gfp75(PinlE-gfp) andPrfA1/PrfA2 (pERL350-2). To
detectchromosomalwild typeor mutantprfA primersCO2andprs3wereused.Bacterial
strainscontainingGFPbasedexpressionvectorsusedin this work arelistedin Table4.3.

Thepromoteractivities basedon GFPexpressionweredeterminedasfollows: over-
night cultureswerediluted in freshBHI mediumandgrown at 37� C in the presenceof
tetracycline ( � � g� ml) to an optical densityof 1.2 at 550nm. Two ml samplesof each
culturewerecentrifuged(12,000 � g, 1 min, roomtemperature),thecellswerewashed
twice with PBS,resuspendedin ' ml PBSandthendiluted1:100in PBS.Fluorescence
wasmeasuredin a SPEXfluorimeterwith a fixedexcitationwavelengthof 480nm anda
fixedemissionwavelengthof 508nmusingthestrainsL. monocytogenesEGDwild type,
� prfA or wild typecomplementedwith prfA asblankvalues.For theMEM shift, bacteria
weregrown asdescribedabove,washedwith PBSandresuspendedin ' ml of prewarmed
MEM. Bacteriawerethenincubatedat 37� C in 5% CO� for 1 h. After this incubation,
bacterialcellswerecentrifuged,washedanddiluted1:100in PBSasdescribedabove.

5.3.2 Isolation of L. monocytogenes RNA and semi-quantitative RT-
PCRs

For transcriptionalstudiesof thegenesinlG, inlH and inlE, RNA wasisolatedbasically
usingamethoddevelopedby Oelmüller etal. (1990)anddescribedin Altrock (1997).To
studytranscriptionof thegenesinlA, inlB andinlC, L. monocytogenescellswerelysedus-
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ing afastmethodrecentlydescribedby Dietrichetal. (2000)andRNA wasisolatedusing
theE.Z.N.A. BacterialRNA Kit (PEQLAB BiotechnologieGmbH,Erlangen,Germany)
accordingto instructionsof thesupplierwith following modifications:L. monocytogenes
wild typeandinternalinmutantstrainsweregrown to anopticaldensityof 1.0at600nm.
3 ml of eachculturewerecentrifugedandbacteriawerestoredat ?� � � C for 2 h. Bac-
terial pelletswereresuspendedin ' ���@� l of BRL buffer (PEQLAB). 1 ml of lysis buffer
TRK (PEQLAB) containing2% A -mercaptoethanolwasadded. Cell suspensionswere
transferredto FastRNA BLUE Tubes(BIO 101Inc., Carlsbad,CA, USA) andprocessed
for 2 � 45 secat speed6.5 in a FastPrepFP120Shaker (BIO 101–Savant Instruments,
Holbrook,NY, USA). The tubeswerecentrifugedfor 1 min at 8,000 � g and4� C. Su-
pernatantsweretransferredto Eppendorftubes,0.8 vol of ethanolwasaddedandsolu-
tionswereappliedto a HiBind column(PEQLAB).TheRNA wasboundto thecolumn,
washed,driedandelutedin 2 �B	 ���C� l RNase-freeH � O asrecommendby themanufac-
turer. RNA aliquotswerestoredat �� � � C. To analyzetranscriptionof the genesinlA,
inlB andinlC alongthegrowth curve,L. monocytogenesstrainswild typeand � inlGHE
weregrown to opticaldensitiesof 0.5,1.0and1.4at 550nm. At eachtime point appro-
priatevolumesof thebacterialculturescorrespondingto 2 � 10



cellswereharvestedby

centrifugationandRNA wasisolatedapplyingtheabove describedmethod. To remove
remainingDNA, RNA aliquotsweretreatedwith RNase-freeDNase(AmershamPhar-
maciaBiotech)andthecompleteDNA digestionwasconfirmedby PCRusingsamplesof
theRNA aliquotsprior to thereversetranscriptionastemplate.TheRNA concentration
of eachaliquot wasdeterminedby measuringthe optical densityat 260nm in threein-
dependentsamplesandcalculatingthemean.Reversetranscription(RT) wasperformed
with theProSTAR First-StrandRT-PCRKit (Stratagene,CedarCreek,TX, USA) accord-
ing to theinstructionsof thesupplierusingtheMoloney Murine LeukemiaVirus reverse
transcriptaseand � � g totalRNA astemplate(exceptRT of theinlG, inlH andinlE genes,
for which 	 �D� g total RNA wereused). For synthesisof 1st-strandcDNA the oligonu-
cleotidesRTG7Bdown, RTH5down, RTE3Ddown, RTA2down, RTB2down, RTC2down
andSOD-Cwereused(for sequenceseeTable4.13).For subsequentamplificationof the
cDNA by PCR,the oligonucleotidesRTG1up,RTH3up, RTE3Aup, RTA1up, RTB1up,
RTC1upandSOD-Nandtheaforementionedprimerswereused.Oligonucleotidesspe-
cific for the inlG, inlH , inlE, inlA, inlB and inlC genesweredesignedafter nucleotide
sequenceanalysisusing programsof the HUSAR resource(GermanCancerResearch
Center, Heidelberg, Germany). The specificityof the designedprimerswasverified in
controlPCRsusingchromosomalDNA astemplate.

5.4 Methods for bacteria and cell cultur e

5.4.1 Media and growth conditions of bacterial strains

Bacterialstrainsandplasmidsusedin this studyarelisted in Tables4.1 to 4.6. Listeria
spp.strainsweregrown aerobicallyin brain-heart-infusionbroth(BHI; Difco Laborato-
ries,Detroit Mich. USA; Life Technologies,Karlsruhe,Germany; ScharlauMicrobiol-
ogy, Barcelona,Spain)at37� C,exceptstrainscontainingpLSV1(Wuenscheretal., 1991)
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vectorderivatives,which weregrown at either30� C or 42� C in thepresenceof � � g� ml
erythromycin. For the growth of L. monocytogenesstrainscontainingpLSV16gfp (Bu-
bert et al., 1999) derived plasmids,tetracycline was addedto a final concentrationof
� �

g� ml to liquid mediaor �! "� � g� ml to solid media. L. monocytogenesstrainscon-
taining the vectorpERL350-2(Leimeister-Wächteret al., 1990)were incubatedin the
presenceof � � g� ml erythromycin.Escherichia coli strainsweregrown in 2 � YT broth
at 37� C. For strainscontainingpUC18(AmershamPharmaciaBiotech,Freiburg, Ger-
many) or pLSV16gfp, themediaweresupplementedwith 	 ���@� g� ml ampicillin. E. coli
strainscontainingpERL350-2or pLSV1 vectorderivativesweregrown in the presence
of � ���E� g� ml erythromycin. To keepthe bacterialstrains,overnightculturesweredi-
luted1:1 in a solutioncontaining50%glyceroland2.9%NaCl andstoredat ?� � � C. To
preparebacteriaaliquotsfor infectionassaysandto isolateRNA overnightculturesof L.
monocytogenesstrainswerediluted 1:25 in freshBHI andgrown to the desiredoptical
densities. The shift to minimum essentialmedium(MEM; Life Technologies,Paisley,
Scotland)wasperformedasdescribedin section5.3.1.

5.4.2 Cell cultur e,cellular invasionand intracellular growth assays

All cells usedin this studywerecultivatedat 37� C in a humid atmosphereof 5 % CO�
accordingto standardmethods. Cells of the cell lines Caco-2,J774,P388andTIB73
wereculturedin RPMI 1640medium(Life Technologies)supplementedwith 10%heat-
inactivatedfetal calf serum(FCS;Life Technologies).For thecultureof HepG-2cells,a
completeHepG-2mediumwasused.Beforeandafterinfectionassays,cellswerewashed
with 1 � phosphate-bufferedsaline(PBS)complementedwith 1 � CaCl� and1 � MgCl � .
Bacteriausedfor infectionweregrown to themid-log phase(180Klett units),harvested
by centrifugation,washedtwice with PBSandthenstoredin aliquotsin PBSwith 20%
glycerol(v/v) at ?� � � C. Thenumberof bacteria(CFU)perml wasdeterminedby plating
onBHI platesserialdilutionsof thebacteriaaliquotsin PBS.For cellularadhesion,inva-
sionandintracellulargrowth assays,cellsweresplit 48h prior to infectionandseededinto
60 mm-diametertissuecultureplates.Thecell densitiesimmediatelyprior to theassays
wereapproximately10F cellsperplate(semi-confluentmonolayer)To reachthedesired
multiplicity of infection(MOI) appropriatevolumesof thebacteriaaliquotswerediluted
in RPMI 1640mediumandthebacterialsuspensions(2 ml perplate)wereaddedto each
monolayer. Cellswereinfectedin FCS-freemediumfor 1 h (J774andP388cells for 45
min) at variableMOIs of 10 (for J774andP388cells),20 (for Caco-2andHepG-2cells)
and30 (for TIB73 cells) bacteriaper cell. After infection the monolayerswerewashed
threetimeswith PBSandoverlaidwith completemediacontaining� ��� g� ml gentamicin
(Serva,Heidelberg, Germany) to kill extracellularbacteria.After 1 h of incubationmono-
layerswereagainwashedwith PBSandcellswerelysedby additionof ice-colddistilled
waterandsonicationfor 3 � 1 secwith a Bransonsonifier. Thenumberof intracellular
bacteriawasdeterminedby platingappropriateserialdilutionsof thecell lysateson BHI
plates.
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5.4.3 Quantification of GFP fluorescenceof intracellular bacteria

Caco-2andJ774cellswereseeded48 h prior to infectionin 60 mm-diametertissuecul-
ture plates,washedwith PBS,andinfectedwith listeriaeat a MOI of 50 (Caco-2cells)
or 10 (J774cells) bacteriaper cell in FCS-freeRPMI 1640medium. Bacteriausedfor
infectionweregrown to themid-logphase(180Klett units),washedwith PBS,andstored
in PBSwith 15%glycerol at �� � � C. The numbersof CFU per ml weredeterminedby
10-foldserialdilutionsof thebacteriain PBSandplatingontoBHI agarplatescontaining
�! "� �

g� ml tetracycline. For infection, frozenaliquotswere thawed andappliedto the
culturedmammaliancells. After 60 min (Caco-2cells)or 45 min (J774cells) incubation
to allow optimaluptakeof thebacteria,theplateswerewashedthreetimeswith PBSand
overlaid with supplementedRPMI mediumcontaining '�� � g� ml gentamicinto kill ex-
tracellularbacteriaandto prevent reinfection.To determineGFP-mediatedfluorescence
intensitiesof bacteriagrown in mammaliancellsat varioustime pointsof infection, the
gentamicincontainingRPMI mediumwasremoved from the infectedhostcells. Cells
weretrypsinizedandtransferredinto a plastictube. GFPfluorescenceof bacteriain live
infectedcellswasmeasuredby flow cytometryusinganEpicsElite ESPcell sorter(Coul-
ter, Krefeld, Germany) usingthe 488 nm line of an argon ion laser. Quantificationwas
achievedby usingthegreenlight channel(525/ 10nmbandpassfilter), while theredlight
channel(630 / 20 nm bandpassfilter) wasusedto excludedeadcells following staining
with propidiumiodide(PI, ' � g� ml). A thresholdof 0.1%wassetto discriminatebetween
GFP-positiveand-negativecellsusingcontrolcellsinfectedwith L. monocytogeneswith-
out carrying the gfp gene. Analyzing 20,000cells per infection, the total fluorescence
valuewascalculatedby multiplying thenumberof fluorescentcellswith themeanfluo-
rescenceof theGFP-positive/PI-negativecells. Then,thenumberof bacteriain thesame
samplevolumeasanalyzedby flow cytometry(approx.

�,�����
l) wasdeterminedby lysing

the mammaliancells andplatting out appropriatedilutions of the cell lysatesonto BHI
agarplatescontaining �! "� � g� ml tetracycline. Thefluorescenceintensityperbacterium
wascalculatedfrom thetotal fluorescencevalueandthenumberof viablebacteria.

5.4.4 Fluorescencemicroscopicstudies

TheGFPexpressionvectorsPinlG-gfp, PinlH -gfpandPinlE-gfpdescribedin section5.3.1
containingtheputative promoterregion of inlG, inlH andinlE, respectively fusedto the
geneencodingthe greenfluorescentprotein (GFP; Cormacket al., 1996) clonedinto
theshuttlevectorpLSV16gfp (Bubertet al., 1999)wereintroducedinto theL. monocy-
togeneswild type and the � inlA/B mutantstrainsby electroporation(Bambach,1993;
Alexanderet al., 1990).Positive cloneswereselectedwith tetracycline ( �! "� � g� ml) and
screenedby PCRusingtheprimerpairsdelseq-1/gfp230(for PinlG-gfp), inlX-2/gfp230
(for PinlH -gfp) anddelE-1/gfp230(for PinlE-gfp). 24 h prior to infectionHepG-2cells
weresplit andseededinto 24-well tissuecultureplatesat a densityof 2 � 10� cellsper
well. Overnightculturesof both L. monocytogenesstrainscontainingthe GFPexpres-
sion vectorswerediluted 1:25 in freshBHI supplementedwith tetracycline andgrown
to anoptical densityof 180Klett units. 2 ml samplesof eachculturewerecentrifuged,
washedtwice with PBS,resuspendedin PBSanddiluted in Minimal EssentialMedium
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(MEM; Life Technologies).An appropriatevolumeof thebacteriasuspensionswasgiven
to eachwell (containingapprox.3 � 10� cells) to reacha multiplicity of infectionof 20
bacteriapercell. Eachstrainwasappliedto threeindependentwells. Thecultureswere
incubatedfor 1 h to allow thebacteriato invadethecells. After infectionthecell mono-
layerswerecarefullywashedtwicewith PBS,overlaidwith MEM supplementedwith 10
% FCSand incubatedfor further 5 h at 37� C. During this time the GFPfluorescence
activity of the bacteriaincubatedwith andwithout cells wasmonitoredusinga fluores-
cencemicroscope(Leica). Caco-2cellswereinfectedwith L. monocytogeneswild type
and � inlGHE strainstransformedwith theGFPexpressionplasmidPactA-gfp (Dietrich
et al., 1998)in a MOI of 20bacteriapercell. GFP-mediatedfluorescencewasmonitored
18h post-infectionusingafluorescencemicroscope.

5.4.5 Detectionof apoptosisin Caco-2and J774cellsinfectedwith L.
monocytogenes

Caco-2andJ774cells wereseededin 96-well tissueculturedishesat a densityof 10
>

cells/well in a total volumeof ' ����� l of RPMI 1640medium(Life Technologies)sup-
plementedwith 10%heat-inactivatedFCS,andincubatedunder5 % CO� atmosphereat
37� C for 48 h. Cellswereinfectedat a MOI of 20 (Caco-2)and0.5 (J774)bacteriaper
cell for 1 h in FCS-freemedium.After infectioncompletemediumcontaininggentamicin
( '�� � g� ml) wasaddedto the culturesto kill extracellularbacteria. Quantitative deter-
minationof histone-associatedDNA fragmentswasperformedby usingthephotometric
enzyme-immunoassayCell DeathDetectionELISAPLUS(RocheDiagnostics)according
to theinstructionsof themanufacturer.

5.5 Other methods

5.5.1 In vivo studies

C57BL/6micewerekeptunderspecific-pathogen-freeconditionsin isolatorsandfedau-
toclavedfoodandwateradlibitum atthecentralanimalfacilitiesof theUniversityClinics
of Ulm. In agivenexperimentmicewereageandsex matched.Fivemicepergroupwere
orally infectedwith '��G	 ��H bacteriaof L. monocytogenesEGD or L. monocytogenes
� inlGHE. At day 1 and5 post infection colony forming units (CFU) of infectedmice
were determinedby plating serial dilutions of organ homogenateson tryptic soy agar
(Life Technologies).

5.5.2 Computer sequenceanalysis

For computationalanalysesof nucleotideandpeptidesequencedatatheprogrampackage
CloneManager(Scientific& EducationalSoftware),theprogrampackageof theGenetics
ComputerGroup(GCG)of theUniversityof Wisconsin,USA, or theHUSAR resource
providedby theGermanCancerResearchCenter, Heidelberg, Germany, wereused.The
CloneManagerwasappliedto managenucleotidesequencesandto searchfor restriction
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sites. To searchfor homologoussequencesin the databasethe fastaprogramwasused
(GCG).Peptidesequenceswerededucedwith thetranslateprogram(GCG).For sequence
alignmentsandcalculationof percentidentity andsimilarity, thebestfitprogram(GCG)
wasused.Multiple sequencealignmentswereperformedwith the programspileup and
prettybox(HUSAR). To designoligonucleotidesspecificfor the inlA, inlB, inlC, inlG,
inlH and inlE genes,sequenceswereanalyzedusingtheprogramspileupandprettybox
(HUSAR) or findpatterns(GCG).
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APPENDIX A

Strain collection
TableA.1: Listeriamonocytogenesstrains.

No. Strain Characteristics Reference
S1 EGDwild typea serotype1/2a S.H. E. Kaufmann
S2 EGD serotype1/2a
S3 NCTC7973 serotype1/2a NCTC
S4 SLCC2755 serotype1/2b SLCC
S5 NCTC5348 serotype1/2c NCTC
S6 NCTC5105 serotype3a NCTC
S7 SLCC5543 serotype3b SLCC
S8 SLCC2479 serotype3c SLCC
S9 L99 serotype4a T. Chakraborty
S10 SLCC4013 serotype4b SLCC
S11 ATCC19116 serotype4c ATCC
S12 ATCC19117 serotype4d ATCC
S13 ATCC19118 serotype4e ATCC
S14 EGD � inlGHE first inlGHE mutant Raffelsbaueret al., 1998
S15 EGD � prfA mutantA42 Böckmannet al., 1996
S16 EGDWT � pERL3501 Em resistant Leimeister-W. etal., 1990
S17 EGD � prfA � pERL3502 Em resistant
S18 EGD � inlA Greiffenberg etal., 1997
S19 EGD � inlC Engelbrechtetal., 1996
S20 EGD � inlA/B Greiffenberg etal., 1997
S21 EGD � inlB Greiffenberg etal., 1997
S22 EGD � inlB/C Greiffenberg etal., 1997
S23 EGD � inlA/GHE mutantA2 Thisstudy
S24 EGD � inlA/GHE mutantA3 Thisstudy
S25 EGD � inlC/GHE mutantC11 Thisstudy
S26 EGD � inlC/GHE mutantC12 Thisstudy
S27 EGD � inlA/GHE mutantA2 Thisstudy
S28 EGD � inlA/GHE mutantA3 Thisstudy
S29 EGD � inlC/GHE mutantC11 Thisstudy
S30 EGD � inlC/GHE mutantC12 Thisstudy
S31 EGD � inlA/B/GHE mutantAB12 Thisstudy
S32 EGD � inlA/B/GHE mutantAB14 Thisstudy
S33 EGD � inlB/C/GHE mutantBC16 Thisstudy
S34 EGD � inlA/B/GHE mutantAB12 Thisstudy
S35 EGD � inlA/B/GHE mutantAB14 Thisstudy
S36 EGD � inlB/C/GHE mutantBC16 Thisstudy

aWild typestrainusedfor constructionof all inl deletionmutants.

111



112 A. Straincollection

TableA.2: Listeriamonocytogenesstrains(continuation).

No. Strain Characteristics Reference
S37 EGD � inlGI a mutantFG12 This study
S38 EGD � inlGI a mutantFG2 This study
S39 EGD � inlE mutant � inlE 2-1 This study
S40 EGD � inlE mutant � inlE 6-4 This study
S41 EGD � inlH mutant � inlH 3-2 This study
S42 EGD � inlH mutant � inlH 3-4 This study
S43 EGD WT � pLSV� inlH clone5, Em resistant,30� C This study
S44 EGD scomb pLSV� inlH clone3, Em resistant,42� C This study
S45 EGD scompLSV� inlH clone5, Em resistant,42� C This study
S46 EGD WT � pLSV� inlE cloneEP1-6,Em resistant,30� C This study
S47 EGD WT � pLSV� inlE cloneEP3-3,Em resistant,30� C This study
S48 EGD scompLSV� inlE clone6, Em resistant,42� C This study
S49 EGD scompLSV� inlE clone2, Em resistant,42� C This study
S50 EGD WT � pLSV� inlGII clone4, Em resistant,30� C This study
S51 EGD scompLSV� inlGII clone4, Em resistant,42� C This study
S52 EGD scompLSV� inlGII clone5, Em resistant,42� C This study
S53 EGD � inlGII c mutant � inlG 4-3 This study
S54 EGD � inlGII c mutant � inlG 5-3 This study
S55 EGD WT � pLSV� inlGHE clone1, Em resistant,30� C This study
S56 EGD WT � pLSV� inlGHE clone4, Em resistant,30� C This study
S57 EGD � inlGHE new mutant � inlGHE 1-2/8 This study
S58 EGD � inlGHE new mutant � inlGHE 4-3/33 This study
S59 EGD � inlGHE new mutant � inlGHE 4-3/55 This study
S60 EGD inlE � d revertantE3-4/11 This study
S61 EGD inlGI � e revertantB4-4/3 This study
S62 EGD inlGII � f revertantC2-2/34 This study
S63 EGD inlGII � f revertantC2-2/38 This study
S64 EGD � inlA obtainedfrom M. Kuhn Greiffenberg et al., 1997
S65 EGD � inlB obtainedfrom M. Kuhn Greiffenberg et al., 1997
S66 EGD � inlC obtainedfrom M. Kuhn Engelbrechtet al., 1996
S67 EGD � inlB/GHE mutantB4-4/6 This study
S68 EGD � inlB/GHE mutantB4-6/11 This study
S69 EGD inlE � d revertantE4-1/1 This study
S70 EGD inlE � d revertantE4-2/4 This study
S71 EGD � inlA/C mutantAC3-6 This study
S72 EGD � inlA/C mutantAC4-7 This study
S73 EGD � inlA/C mutantAC4-8 This study
S74 EGD � inlA/C mutantAC4-10 This study
S75 EGD � inlA/GHE/C mutantAGC3-5 This study
S76 EGD � inlA/GHE/C mutantAGC4-14 This study
S77 EGD inlH � g revertantHD6-1/5 This study
S78 EGD inlH � g revertantHD6-5/0 This study
S79 EGD inlH � g revertantH17 This study
S80 EGD inlH � g revertantH19 This study

aDeletionof inlG not in frame.
bTheabbreviation“scom” meanssinglecross-overmutant.
cDeletionof inlG in frame.
dStraininlE I wasconstructedby complementingmutantstrain J inlE (S40)with inlE.
eStraininlGI I wasconstructedby complementingmutantstrain J inlGI (S38)with inlG.
fStraininlGII I wasconstructedby complementingmutantstrain J inlGII (S54)with inlG.
gStraininlH I wasconstructedby complementingmutantstrain J inlH (S41)with inlH .
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TableA.3: Listeriamonocytogenesstrains(continuation).

No. Strain Characteristics Reference
A2 EGD � inlA � pLSV� inlGHE Em resistant,30� C This study
C2 EGD � inlC � pLSV� inlGHE Em resistant,30� C This study
G2 EGDWT � pLSV� inlGI Em resistant,30� C This study
AB1 EGD � inlA/B � pLSV� inlGHE Em resistant,30� C This study
BC4 EGD � inlB/C � pLSV� inlGHE Em resistant,30� C This study
SCA2 EGD � inlA scompLSV� inlGHE Em resistant,42� C This study
SCG1 EGDWT scompLSV� inlGI Em resistant,42� C This study
SCC3 EGD � inlC scompLSV� inlGHE Em resistant,42� C This study
SCAB2 EGD � inlA/B scompLSV� inlGHE Em resistant,42� C This study
SCBC2 EGD � inlB/C scompLSV� inlGHE Em resistant,42� C This study

TableA.4: ListeriamonocytogenesstrainscontaininigGFPexpressionplasmids.

No. Strain Characteristics Reference
G1 EGD WT � PinlG-gfp Tc resistant Thisstudy
G2 EGD � prfA � PinlG-gfp Tc resistant Thisstudy
G3 EGD WT � pERL3502 � PinlG-gfp Em andTc resistant Thisstudy
G4 EGD WT � PinlH-gfp Tc resistant Thisstudy
G5 EGD � prfA � PinlH-gfp Tc resistant Thisstudy
G6 EGD WT � pERL3502 � PinlH-gfp Em andTc resistant Thisstudy
G7 EGD WT � PinlE-gfp Tc resistant Thisstudy
G8 EGD � prfA � PinlE-gfp Tc resistant Thisstudy
G9 EGD WT � pERL3502 � PinlE-gfp Em andTc resistant Thisstudy
G10 EGD WT � PactA-gfp Tc resistant Bubertetal., 1999
G12 EGD WT � pERL3502 � PactA-gfp Em andTc resistant Bubertetal., 1999
G13 EGD WT � PinlA-gfp Tc resistant Bubertetal., 1999
G14 EGD � prfA � PinlA-gfp Tc resistant Bubertetal., 1999
G15 EGD WT � pERL3502 � PinlA-gfp Em andTc resistant Bubertetal., 1999
G16 EGD WT � Phly-gfp Tc resistant Bubertetal., 1999
G17 EGD � prfA � Phly-gfp Tc resistant Bubertetal., 1999
G19 EGD WT � PinlC-gfp Tc resistant Bubertetal., 1999
G20 EGD WT � pLSV16without gfp Tc resistant Thisstudy
G21 EGD � inlGHE (S14) � pLSV16without gfp Tc resistant Thisstudy
G22 EGD � inlA/B � PinlG-gfp Tc resistant Thisstudy
G23 EGD � inlA/B � PinlH-gfp Tc resistant Thisstudy
G24 EGD � inlA/B � PinlE-gfp Tc resistant Thisstudy
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TableA.5: E. coli recombinantstrains.

No. Strain Characteristics Reference
C1 DH5�K� pCYB2::inlG cloneG0-1 Amp resistant Impactsystem
C2 DH5�K� pCYB2::inlG cloneG0-9 Amp resistant Impactsystem
C3 DH5�K� pCYB2::inlG cloneG1-18 Amp resistant Impactsystem
C4 DH5�K� pUC18� inlGII Amp resistant Thisstudy
C5 DH5�K� pLSV� inlGII Em resistant Thisstudy
C6 DH5�K� pUC18inlG Amp resistant Thisstudy
C7 DH5�K� pLSVinlG Em resistant Thisstudy
C8 DH5�K� pUC18� inlH Amp resistant Thisstudy
C9 DH5�K� pLSV� inlH Em resistant Thisstudy
C10 DH5�K� pUC18� inlE Amp resistant Thisstudy
C11 DH5�K� pLSV� inlE Em resistant Thisstudy
C12 DH5�K� pLSVinlH cloneH2 Em resistant Thisstudy
C13 DH5�K� pLSVinlH cloneH3 Em resistant Thisstudy
C14 DH5�K� pLSVinlH cloneH13 Em resistant Thisstudy
C15 DH5�K� pLSVinlE Em resistant Thisstudy
G32 DH5�K� PinlG-gfp Amp andTc resistant Thisstudy
G33 DH5�K� PinlH-gfp Amp andTc resistant Thisstudy
G34 DH5�K� PinlE-gfp Amp andTc resistant Thisstudy
G35 DH5�K� pUC18� inlGI Amp resistant Thisstudy
G36 DH5�K� pLSV� inlGI Em resistant Thisstudy
G37 DH5�K� pLSV1 Em resistant Wünscheretal., 1991
G38 DH5�K� pERL3502 Em resistant Leimeister-W. etal., 1990



APPENDIX B

Nucleotidesequences

B.1 Nucleotidesequenceof the inlGHE genecluster and
its flanking genes

RBS = putativeribosomebindingsite
start = startcodon
stop = stopcodon
* = endof theprotein

1 TCGACCTAGT AAGTGCCTCC ACAAGCGAAA TGTCCAAACG TTACGGCTTC ATCTACGTAG
D L V S A S T S E M S K R Y G F I Y V

61 ACCAAGATGA CTGGGGCAAA GGAACATTAG AACGCTCCCG CAAAGATTCA TTCTTCTGGT
D Q D D W G K G T L E R S R K D S F F W

121 ATAAAAAAGT AATTGAAACA AATGGTGAAG ATTTAGAT

stop
ascBL MON P
TA ATAGGTAGAG TACAGCCCCG

Y K K V I E T N G E D L D *

181 CTTTGGCGGG GCTGTTTTTT TACGCTACTT CCCACAAGAA ACCAATTCTG CAATCGCTGA

241 ACGAAAAAGT TCAATTAATT GTCACATCTT TCGTGTAGAA GGGTCTAATG CGAGAAAAAA

301 TGGCGGGCAT CTTCTGTTAT AATTATTCAT CAAAGACTAG TAATATTTTA CGCCAAGTCA

361 TCCAAGATAG TGCAGATCCA AGGTGTATTT AATGATGAAT TATCTACTCA GTCAAATTAT

421

RBSL MON P
AAGGAGACGA TAAA

start
inlGL:M�NQP
ATGAAA CAGAGAAAAA CCTCAGTACT ACATGTTTTA CTTGTAGTGA
M K Q R K T S V L H V L L V V

481 CAGCTATCTT GGGAATTAGT TTATGGGTAA ATGCAAGTCA TGGGATGAAA GCTCAGGCAG
T A I L G I S L W V N A S H G M K A Q A

541 AGAGTATTGC GCAACCAGCG CCAATTAACG AAATTTTCAC GGATCCAGCA TTAGCGGACG
E S I A Q P A P I N E I F T D P A L A D

601 AGGTGAAGAC GGAACTTGGA AAAACTAGTG TCACTGATGA AGTTACGCAA ACAGATTTGA
E V K T E L G K T S V T D E V T Q T D L

661 ATCAGATAAC TAAACTTGAA GCAGACGACA AAGGAATAAA TTCAATAGAG GGAATACAAT
N Q I T K L E A D D K G I N S I E G I Q

721 ATTTAACTAA TTTGAATATG TTGGGTGTAT CTTCCAATCA GATTACTAAT ATTACACCTC

115
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Y L T N L N M L G V S S N Q I T N I T P

781 TTGCCAATCT TACTAATTTA GATTCTTTAT ATTTAGGAGA TAATAAAATT AGTGATGTGA
L A N L T N L D S L Y L G D N K I S D V

841 CGCCACTTTC AGGATTGACA CAGTTAACAT TCGTACAATT ATCTATCAAT CAAATAAAAG
T P L S G L T Q L T F V Q L S I N Q I K

901 ATGTGACACC TCTTGCTAAT CTAACGAAAT TAAATTATTT AGATTTACGA GAAAATCAAA
D V T P L A N L T K L N Y L D L R E N Q

961 TAAGTGATGC AAGTCCTTTA GTTAATATGA CTGATTTAAC GGTTTTACAT TTAGAAAAAC
I S D A S P L V N M T D L T V L H L E K

1021 AACAAATAAC AGCCGCGCCA GTCGTATATC AAACTAATTT AGTTGCACCA GATATTTTGA
Q Q I T A A P V V Y Q T N L V A P D I L

1081 AAAATGCTTA TGGTGAAGTA GTACCACCAA CAACGATTAG TAATAACGGA ACCTTTGCTA
K N A Y G E V V P P T T I S N N G T F A

1141 GTCCAAATAT CACTTGGAAC TTAGATAGTT TCACGAGTGA GGTTAGTTAT GATTTTAATC
S P N I T W N L D S F T S E V S Y D F N

1201 AAAAAATCAC ACTAGGTGAT AATGGGAAGG TAACTTTTGC AGGAACTGTT GTTCAACCGA
Q K I T L G D N G K V T F A G T V V Q P

1261 TAGTAGAAGC GCCCGTGAAT TACATTACTA CATTTGATGT GGATGGAACG ACGACGACAG
I V E A P V N Y I T T F D V D G T T T T

1321 AAAACGTGGT AGTGGATACA TTAATAACCG AACCTGCTGA ACCGACAAAA GAAGGTTATA
E N V V V D T L I T E P A E P T K E G Y

1381 CTTTTTCTGG TTGGTATGAT GCGGAAACTG GTGGGAATGA ATGGGATTTT GCAGTAGATA
T F S G W Y D A E T G G N E W D F A V D

1441 AAATGCCGGC TACGAATATG ACACTTTACG CACAGTTCAC GATAAACAGC TACACAGCGA
K M P A T N M T L Y A Q F T I N S Y T A

1501 CATTTGATGT GGATGGTGAA ACAACTAATC AAAAAGTAGA TTACCAAGCT CTGCTACAAG
T F D V D G E T T N Q K V D Y Q A L L Q

1561 AACCGACTGC TCCGACGAAA GATGGCTACA CATTTGTAGG ATGGTATGAT GCAAAAACGG
E P T A P T K D G Y T F V G W Y D A K T

1621 GTGGAACTGA ATGGGATTTC GCAACTAGCA AAATGCCAAC TAGTGATATA ACTTTATATG
G G T E W D F A T S K M P T S D I T L Y

1681 CTAGATTTAC TAAAAATCCT AGCTCAGACA ATTCTCAAAC AGCTCCCGGA AAAGATGATA
A R F T K N P S S D N S Q T A P G K D D

1741 AAAACGACAA AGATAAACTA ACAATTAAAG CTAACGACAG CGCAGATGCG ACGAGTACTA
K N D K D K L T I K A N D S A D A T S T

1801 AACTTCCAAA AACAAGTGAT GATTCAAGTA TGATTCCTAC TATTTTAGGA ACGCTTTTCA
K L P K T S D D S S M I P T I L G T L F

1861 TCGGAGGTGC AATACTAATC TTACGAAAAA AAACTACTAA CATT

stop
inlGLQM�NQP
TAAGAT AAAGTAGATT

I G G A I L I L R K K T T N I *
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1921 TGGTTTCTAT TTTCAGTAGA GACCAAATTT TTTTGTTAAT TTGGTCTAAA AAAGGGTATC

1981 TATTATTAAT GACTTATTTA GAAGAATAAT TAGTGAATCT AATTTAAATA A

RBSL MON P
AAGGAGAGG

2041 GATT

start
inlHL:MON:P
ATGAAA AAACGGTGGA ATTCAGTATT CAAACTAGTT TTAATGGTAA CTGCTATTCT
M K K R W N S V F K L V L M V T A I

2101 CGGGCTTAGC CTATATGTAA CGACAAGCCA AGGTGTGGAG GTTCGGGCAG AGAGCATCAC
L G L S L Y V T T S Q G V E V R A E S I

2161 GCAGCCAACC GCAATTAATG TGATTTTCCC TGATCCAGCT CTTGCGAATG CAATTAAAAT
T Q P T A I N V I F P D P A L A N A I K

2221 AGCGGCTGGA AAATCTAATG TAACAGATAC TGTCACGCAA GCGGATTTAG ATGGAATAAC
I A A G K S N V T D T V T Q A D L D G I

2281 TACTTTATCA GCATTTGGGA CTGGAGTAAC AACGATAGAA GGAGTGCAGT ACTTAAATAA
T T L S A F G T G V T T I E G V Q Y L N

2341 TTTGATAGGG TTAGAACTTA AAGATAACCA AATAACTGAT TTAACTCCTC TTAAAAATTT
N L I G L E L K D N Q I T D L T P L K N

2401 AACGAAAATA ACAGAACTTG AATTATCTGG AAACCCGTTA AAAAATGTGA GCGCGATTGC
L T K I T E L E L S G N P L K N V S A I

2461 TGGGTTACAA AGCATAAAAA CGCTAGACCT AACTTCTACG CAAATTACAG ATGTGACCCC
A G L Q S I K T L D L T S T Q I T D V T

2521 ACTTGCAGGT CTTTCCAATT TGCAGGTATT ATATTTGGAT CTCAATCAAA TAACCAATAT
P L A G L S N L Q V L Y L D L N Q I T N

2581 AAGCCCGCTT GCAGGACTAA CTAATTTACA ATACTTATCA ATCGGAAATG CCCAAGTAAG
I S P L A G L T N L Q Y L S I G N A Q V

2641 TGATTTAACC CCACTTGCTA ATTTATCTAA ACTAACTACT TTAAAAGCTG ATGATAATAA
S D L T P L A N L S K L T T L K A D D N

2701 AATAAGTGAT ATTTCGCCAC TTGCTAGTTT ACCTAATCTT ATAGAAGTTC ATTTGAAAAA
K I S D I S P L A S L P N L I E V H L K

2761 TAATCAAATT AGTGATGTTA GCCCACTTGC GAATACTTCA AACTTATTTA TTGTCACTTT
N N Q I S D V S P L A N T S N L F I V T

2821 AACGAATCAA ACAATTACCA ACCAACCTGT GTTTTATCAA AATAATCTTG TCGTCCCTAA
L T N Q T I T N Q P V F Y Q N N L V V P

2881 TGTAGTAAAA GGTCCTTCTG GCGCGCCTAT TGCACCCGCT ACTATTAGTG ACAATGGAAC
N V V K G P S G A P I A P A T I S D N G

2941 ATACGCAAGC CCAAATTTAA CATGGAATTT AACTAGTTTT ATTAATAATG TTAGTTATAC
T Y A S P N L T W N L T S F I N N V S Y

3001 TTTTAACCAA TCAGTCACTT TCAAAAATAC AACAGTTCCG TTTAGTGGGA CAGTTACACA
T F N Q S V T F K N T T V P F S G T V T
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3061 ACCATTAACA GAAGCTTACA CTGCGGTTTT TGACGTGGAC GGGAAGCAAA CAAGTGTGAC
Q P L T E A Y T A V F D V D G K Q T S V

3121 AGTCGGCGCG AATGAATTAA TTAAAGAACC AACGGCCCCG ACGAAAGAAG GTTACACTTT
T V G A N E L I K E P T A P T K E G Y T

3181 CACAGGCTGG TATGATGCGA AAACTGGCGG AACTAAATGG GATTTTGCGA CAGATAAAAT
F T G W Y D A K T G G T K W D F A T D K

3241 GCCAGCAGAG GACATCACAT TATACGCGCA GTTTACGATT AATAGTTACA CAGCCACATT
M P A E D I T L Y A Q F T I N S Y T A T

3301 TGATATTGAT GGTAAATTAA CGACTCAAAA AGTCACTTAT CAAAGCTTGC TAGAAGAACC
F D I D G K L T T Q K V T Y Q S L L E E

3361 AGTAGCGCCA ACGAAGGATG GCTATACGTT CACAGGTTGG TATGATGCTA AAACGGGTGG
P V A P T K D G Y T F T G W Y D A K T G

3421 AACTAAATGG GATTTTGCGA CAGGGAAAAT GCCAGCGGGA AATATAACAC TATACGCCCA
G T K W D F A T G K M P A G N I T L Y A

3481 GTTCACTAAA AATGACAACC CGAATCCCGA TGATCCAACT ACCAATACCC CAACAGGAAA
Q F T K N D N P N P D D P T T N T P T G

3541 TGGTGATGGT ACAAGTAACC CAAGTAATTC AGGAGGCAAT ACCACACTTC CAACAGCTGG
N G D G T S N P S N S G G N T T L P T A

3601 TGACGAAAAT ACCATGCTTC CGATTTTTAT CGGGGTTTTC TTGCTAGGAA CAGCGACGCT
G D E N T M L P I F I G V F L L G T A T

3661 AATTCTCCGC AAAACAATCA AAGTAAAA

stop
inlHL M�N P
TA ACAACAAAAA AAGCTGAGGT CTATAGTTTT

L I L R K T I K V K *

3721 TCTATAGGCT TCAGCTTTTT TATTAGTAGA TAAATTCATC TAAACGTCAC AACTAAATCG

3781 TTAACAAGTC TAATTTTAGT GATTAAACGA AATCCTACTA CGCTATAATA TAGTGACTTA

3841 ACTACGAGAA CATACAAATT TCTAAAAAGC AGAATTACTT TATA

RBSL M�N P
AAGGAG ATAGTTTA

start
inlEL:MON:P
AT

3901 GAAAAGAAAC AAAACAGCAT TAAGAATCTT AGTCACTTTA GCTGTAGTAT TGGCAATTAC
M K R N K T A L R I L V T L A V V L A I

3961 TTTTTGGGTA GGGATGAGCT CAAAAGAAGT ACAAGCAGCG GTGATTGAAC ACCCAACCCC
T F W V G M S S K E V Q A A V I E H P T

4021 TATTAACGAA ATTTTTACTG ATCCAGTGCT TACTGATAAT GTAAAAACAC TGCTCGGAAA
P I N E I F T D P V L T D N V K T L L G

4081 AGCGGATGTA ACAGACGAAG TTACGCAAAC CGACTTAGAT AGTGTAACTC ATTTATCAGC
K A D V T D E V T Q T D L D S V T H L S

4141 AAAATCAGCA GGAATAACAA CAATAGAAGG ATTGCAGTAT CTAACTAATT TATCGGAATT
A K S A G I T T I E G L Q Y L T N L S E
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4201 AGAATTAATA GATAATCAAG TAACCGATTT AAATCCTCTT ACTAATTTAA CGAAAATAAC
L E L I D N Q V T D L N P L T N L T K I

4261 AGAACTTAGA TTATCTGGAA ATCCGTTAAA AGATGTGAGC GCGCTTGCTG GATTAAAAAA
T E L R L S G N P L K D V S A L A G L K

4321 TCTAAAAACG ATGGATCTTA TTTATACAGA TATTACGGAT GTGACACCAC TTGCAGGACT
N L K T M D L I Y T D I T D V T P L A G

4381 TTCCAATTTA CAGGTGTTAA ATTTAGATAT CAATCAAATA ACTGATATAA CTCCACTTGC
L S N L Q V L N L D I N Q I T D I T P L

4441 AGGACTATCT AATTTACAAT TTTTATCGTT CGGAAGTACT CAAGTAAGTG ATTTGACGCC
A G L S N L Q F L S F G S T Q V S D L T

4501 ACTTGCTAAT TTATCTAAAC TAACCACACT AAACGCTATG AATAGTAAAG TAAGCGATGT
P L A N L S K L T T L N A M N S K V S D

4561 TTCTCCACTT ACTGGTTTAT CTAATCTCAC AGAAGTTTAT TTGGAAGAGA ATCAAATTAG
V S P L T G L S N L T E V Y L E E N Q I

4621 TGATGTGAGT CCGCTTGCAA AATTACCCAA CTTATCTATT GTTACTTTAA CGAATCAAAC
S D V S P L A K L P N L S I V T L T N Q

4681 AATCACCAAC CAACCCGTAT TTTATCAAAA TAAACCTATC GTTCCTAATG TAGTAACTGG
T I T N Q P V F Y Q N K P I V P N V V T

4741 CCTTTCTGGT GAGCTTATTG CACCGGATAC TATTAGCGAC AATGGAACAT ACACTAGTCC
G L S G E L I A P D T I S D N G T Y T S

4801 CAATTTAACG TGGGATTTAA ACAGCTTCAT TAATAGTGTT AGTTACACAT TTAACCAATC
P N L T W D L N S F I N S V S Y T F N Q

4861 AGTCACTTTC AAAAATACAA CGGCTCCTTT TAGTGGAACA GTTACACAAC CATTAACAGA
S V T F K N T T A P F S G T V T Q P L T

4921 AGTTTACGCT GTAGTTTTTG ATGTGGACGG AGAGCAAACA AGTGCGATGG TAGGTGTGAA
E V Y A V V F D V D G E Q T S A M V G V

4981 TGAATTAATT AACGAACCAA CTGCTCCAGC CAAGGAAGGT TATATATTCG ATGGATGGTA
N E L I N E P T A P A K E G Y I F D G W

5041 TGACGCAAAA ACAGACGGGA ATAAATGGGA CTTTGGGATA GATAAAATGC CTGCTAGTGA
Y D A K T D G N K W D F G I D K M P A S

5101 TATAACTTTA TATGCTAAGT TCACTGAGAA CGAAGAACCA AATGCTAGTA GTCCAATTAA
D I T L Y A K F T E N E E P N A S S P I

5161 TGTGGAACCA AATGACAATA ATTCAGACAA TGCAGAACCA AATGCTAGTA GTTCAAATAA
N V E P N D N N S D N A E P N A S S S N

5221 TGTACAAGAA AATGGAACTA ACGAAGGAAT AAATAATCTG AACAGTTCAG GTGAAGATAA
N V Q E N G T N E G I N N L N S S G E D

5281 AGTCAACATC AAGTTACCGA TTACTGGAGA TAAATTGAAT GTGCTTCCTA TTTTTGTAGG
K V N I K L P I T G D K L N V L P I F V

5341 AGCAGTTCTT ATCGGAATTG GCTTAGTTTT ATTCCGCAAA AAACGTCAAA CAAAA

stop
inlEL:MON:P
TAAAC
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G A V L I G I G L V L F R K K R Q T K *

5401 CAATCAATGG CTTGGCTTCT GTAAATCATG CAGAGACTAA GCCATTTTTT ATTTGGTAAT

5461 TATAAGAAGG AGTTTGCCTT TATAGAGAAC GGGAAAACAT AGAGTGGAAT TCATAGAAAG

5521 AGGGCGTGAA AT

start
dapEL:MON:P
ATGGACCA ACAAAAAAAG ATTCAAATTT TAAAGGACTT GGTAAATATT
M D Q Q K K I Q I L K D L V N I

5581 GATTCGACTA ATGGGCATGA AGAACAAGTT GCGAACTATT TGCAAAAGTT GTTAGCTGAA
D S T N G H E E Q V A N Y L Q K L L A E

5641 CATGGTATTG AGTCCGAAAA GGTACAATAC GACCTAGACA GAGCTAGCCT AGTAAGCGAA
H G I E S E K V Q Y D L D R A S L V S E

5701 ATTGGTTCCA GTAACGAGAA GGTTTTGGCA TTTTCAGGGC ATATGGATGT AGTTGATGCG
I G S S N E K V L A F S G H M D V V D A

5761 GGTGATGTAT CTAAGTGGAA GTTCCCACCT TTTGAAGCGA CAGAGCATGA AGGGAAACTA
G D V S K W K F P P F E A T E H E G K L

5821 TACGGACGCG GCGCAACGGA TATGAAGTCA GGTCTAGCGG CGATGGTTAT TGCAATGATT
Y G R G A T D M K S G L A A M V I A M I

5881 GAACTTCATG AAGAAAAACA AAAACTAAAC GGCAAGATCA GATTATTAGC AACAGTTGGG
E L H E E K Q K L N G K I R L L A T V G

5941 GAAGAAATCG GTGAACTTGG AGCAGAACAA CTAACACAAA AAGGTTACGC AGATGATTTA
E E I G E L G A E Q L T Q K G Y A D D L

6001 GATGGTTTAA TCATCGGCGA ACCGAGTGGA CACAGAATCG TTTATGCGCA TAAAGGTTCC
D G L I I G E P S G H R I V Y A H K G S

6061 ATTAATTATA CCGTTAAATC CACTGGTAAA AATGCCCATA GTTCGATGCC GGAATTTGGT
I N Y T V K S T G K N A H S S M P E F G

6121 GTGAATGCGA TTGATAACTT GCTGCTATTT TATAATGAAG TAGAAAAATT CGTGAAATCA
V N A I D N L L L F Y N E V E K F V K S

6181 ATTGATGCTA CTAACGAAAT ATTAGGCGAT TTTATTCATA ATGTCACCGT AATTGATGGT
I D A T N E I L G D F I H N V T V I D G

6241 GGAAATCAAG TCAATAGTAT CCCTGAAAAA GCACAACTGC AAGGGAATAT TCGCTCGATT
G N Q V N S I P E K A Q L Q G N I R S I

6301 CCAGAAATGG ATAATGAAAC AGTGAAACAA GTGCTAGTGA AGATTATCAA TAAGTTAAAC
P E M D N E T V K Q V L V K I I N K L N

6361 AAACAGGAAA ATGTGAATCT GGAATTAATA TTTGATTATG ATAAACAACC AGTATTTAGT
K Q E N V N L E L I F D Y D K Q P V F S

6421 GATAAAAATT CGGATTTAGT CCACATTGCT AAGAGCGTAG CAAGCGACAT TGTCAAAGAA
D K N S D L V H I A K S V A S D I V K E

6481 GAAATCCCAT TACTCGGTAT TTCCGGAACA ACCGATGCAG CAGAATTTAC CAAAGCTAAG
E I P L L G I S G T T D A A E F T K A K
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6541 AAAGAGTTCC CAGTGATTAT TTTTGGACCA GGAAACGAAA CCCCTCACCA AGTAAACGAA
K E F P V I I F G P G N E T P H Q V N E

6601 AATGTTTCTA TAGGAAATTA TTTGGAGATG GTAGATGTTT ACAAACGGAT TGCCACCGAG
N V S I G N Y L E M V D V Y K R I A T E

6661 TTTTTATCT

stop
dapEL MON P
T GATGAAACTT TAACTTTACT TATTTCCCGA TATAAAATAA GTAATTAAAT

F L S *

6721 AGAAGTCTAG TATTTGTTTG TAAACAGGTG CTAGGCTTTT TTCTTGCTTT TAATACAGTT

6781 TAGTAC
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B.2 Nucleotidesequencesof the mutant and revertant
strains

Nucleotidesequenceof L. monocytogenes R inlGHE (S14)

Lengthof theDNA fragmentsequenced:811bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AAACGTTACG GCTTCATCTA CGTAGACCAA GATGACTGGG GCAAAGGAAC ATTAGAACGC

61 TCCCGCAAAG ATTCATTCTT CTGGTATAAA AAAGTAATTG AAACAAATGG TGAAGATTTA

121 GATTAATAGG TAGAGTACAG CCCCGCTTTG GCGGGGCTGT TTTTTTACGC TACTTCCCAC

181 AAGAAACCAA TTCTGCAATC GCTGAACGAA AAAGTTCAAT TAATTGTCAC ATCTTTCGTG

241 TAGAAGGGTC TAATGCGAGA AAAAATGGCG GGCATCTTCT GTTATAATTA TTCATCAAAG

301 ACTAGTAATA TTTTACGCCA AGTCATCCAA GATAGTGCAG ATCCAAGGTG TATTTAATGA

361 TGAATTATCT ACTCAGTCAA ATTATAAGGA GACGATAAAA TGAAACAGAG AAAAACCTCA
M K Q R K T S

421 GTACTACATG TTTTACTTGT AGTGACAGCT ATCCCGGGTT TATTCCGCAA AAAACGTCAA
V L H V L L V V T A I P G L F R K K R Q

481 ACAAAATAAA CCAATCAATG GCTTGGCTTC TGTAAATCAT GCAGAGACTA AGCCATTTTT
T K *

541 TATTTGGTAA TTATAAGAAG GAGTTTGCCT TTATAGAGAA CGGGAAAACA TAGAGTGGAA

601 TTCATAGAAA GAGGGCGTGA AATATGGACC AACAAAAAAA GATTCAAATT TTAAAGGACT

661 TGGTAAATAT TGATTCGACT AATGGGCATG AAGAACAAGT TGCGAACTAT TTGCAAAAGT

721 TGTTAGCTGA ACATGGTATT GAGTCCGAAA AGGTACAATA CGACCTAGAC AGAGCTAGCC

781 TAGTAAGCGA AATTGGTTCC AGTAACGAGA A
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Nucleotidesequenceof L. monocytogenes R inlGHE 1-2/8(S57)

Lengthof theDNA fragmentsequenced:416bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 TCAATTAATT GTCACATCTT TCGTGTAGAA GGGTCTAATG CGAGAAAAAA TGGCGGGCAT

61 CTTCTGTTAT AATTATTCAT CAAAGACTAG TAATATTTTA CGCCAAGTCA TCCAAGATAG

121 TGCAGATCCA AGGTGTATTT AATGATGAAT TATCTACTCA GTCAAATTAT AAGGAGACGA

181 TAAAATGAAA CAGAGAAAAA CCTCAGTACT ACATGTTTTA CTTGTAGTGA CAGCTATCCC
M K Q R K T S V L H V L L V V T A I

241 GGGTTTATTC CGCAAAAAAC GTCAAACAAA ATAAACCAAT CAATGGCTTG GCTTCTGTAA
P G L F R K K R Q T K *

301 ATCATGCAGA GACTAAGCCA TTTTTTATTT GGTAATTATA AGAAGGAGTT TGCCTTTATA

361 GAGAACGGGA AAACATAGAG TGGAATTCAT AGAAAGAGGG CGTGAAATAT GGACCA



124 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes R inlGHE 4-3/33(S58)

Lengthof theDNA fragmentsequenced:422bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA GAAAAAATGG CGGGCATCTT

61 CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC CAAGTCATCC AAGATAGTGC

121 AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC AAATTATAAG GAGACGATAA

181 AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT GTAGTGACAG CTATCCCGGG
M K Q R K T S V L H V L L V V T A I P

241 TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA TGGCTTGGCT TCTGTAAATC
G L F R K K R Q T K *

301 ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA AGGAGTTTGC CTTTATAGAG

361 AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT GAAATATGGA CCAACAAAAA

421 AA
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Nucleotidesequenceof L. monocytogenes R inlGHE 4-3/55(S59)

Lengthof theDNA fragmentsequenced:423bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA GAAAAAATGG CGGGCATCTT

61 CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC CAAGTCATCC AAGATAGTGC

121 AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC AAATTATAAG GAGACGATAA

181 AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT GTAGTGACAG CTATCCCGGG
M K Q R K T S V L H V L L V V T A I P

241 TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA TGGCTTGGCT TCTGTAAATC
G L F R K K R Q T K *

301 ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA AGGAGTTTGC CTTTATAGAG

361 AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT GAAATATGGA CCAACAAAAA

421 AAG



126 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes R inlGI, FG2 (S38)

Lengthof theDNA fragmentsequenced:631bp. Deletionof the inlG genenot in frame.
Resultingmutantgenecodesfor a22-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCGGGT GCAATACTAA TCTTACGAAA AAAAACTACT AACATTTAAG
V V T A I R V Q Y *

361 ATAAAGTAGA TTTGGTTTCT ATTTTCAGTA GAGACCAAAT TTTTTTGTTA ATTTGGTCTA

421 AAAAAGGGTA TCTATTATTA ATGACTTATT TAGAAGAATA ATTAGTGAAT CTAATTTAAA

481 TAAAAGGAGA GGGATTATGA AAAAACGGTG GAATTCAGTA TTCAAACTAG TTTTAATGGT

541 AACTGCTATT CTCGGGCTTA GCCTATATGT AACGACAAGC CAAGGTGTGG AGGTTCGGGC

601 AGAGAGCATC ACGCAGCCAA CCGCAATTAA T
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Nucleotidesequenceof L. monocytogenes R inlGI, FG12 (S37)

Lengthof theDNA fragmentsequenced:631bp. Deletionof the inlG genenot in frame.
Resultingmutantgenecodesfor a 22-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCGGGT GCAATACTAA TCTTACGAAA AAAAACTACT AACATTTAAG
V V T A I R V Q Y *

361 ATAAAGTAGA TTTGGTTTCT ATTTTCAGTA GAGACCAAAT CTTTTTGTTA ATTTGGTCTA

421 AAAAAGGGTA TCTACTATTA ATGACTTATT TAGAAGAATA ATCAGTGAAT CTAATTTAAA

481 TAAAAGGAGA GGGATTATGA AAAAACGGTG GAATTCAGTA TTCAAACTAG TTTTAATGGT

541 AACTGCTATT CTCGGGCTTA GCCTATATGT AACGACAAGC CAAGGTGTGG AGGTTCGGGC

601 AGAGAGCATC ACGCAGCCAA CCGCAATTAA T



128 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes R inlGII, G4-3 (S53)

Lengthof the DNA fragmentsequenced:627bp. In-framedeletionof most inlG gene.
Resultingmutantgenecodesfor a32-aminoacidresidualpeptide.

1 TCTAGATTAA TAGGTAGAGT ACAGCCCCGC TTTGGCGGGG CTGTTTTTTT ACGCTACTTC

61 CCACAAGAAA CCAATTCTGC AATCGCTGAA CGAAAAAGTT CAATTAATTG TCACATCTTT

121 CGTGTAGAAG GGTCTAATGC GAGAAAAAAT GGCGGGCATC TTCTGTTATA ATTATTCATC

181 AAAGACTAGT AATATTTTAC GCCAAGTCAT CCAAGATAGT GCAGATCCAA GGTGTATTTA

241 ATGATGAATT ATCTACTCAG TCAAATTATA AGGAGACGAT AAAATGAAAC AGAGAAAAAC
M K Q R K

301 CTCAGTACTA CATGTTTTAC TTGTAGTGAC AGCTATCCCG GGTGCAATAC TAATCTTACG
T S V L H V L L V V T A I P G A I L I L

361 AAAAAAAACT ACTAACATTT AAGATAAAGT AGATTTGGTT TCTATTTTCA GTAGAGACCA
R K K T T N I *

421 AATTTTTTTG TTAATTTGGT CTAAAAAAGG GTATCTATTA TTAATGACTT ATTTAGAAGA

481 ATAATTAGTG AATCTAATTT AAATAAAAGG AGAGGGATTA TGAAAAAACG GTGGAATTCA

541 GTATTCAAAC TAGTTTTAAT GGGTAACTGC TATTCTCGGG CTTAGCCTAT ATGTAACGAC

601 AAGCCAAGGT GTGGAGGTTC GGGCAGA
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Nucleotidesequenceof L. monocytogenes R inlGII, G5-3 (S54)

Lengthof the DNA fragmentsequenced:606bp. In-framedeletionof most inlG gene.
Resultingmutantgenecodesfor a 32-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TGCAATACTA ATCTTACGAA AAAAAACTAC TAACATTTAA
V V T A I P G A I L I L R K K T T N I *

361 GATAAAGTAG ATTTGGTTTC TATTTTCAGT AGAGACCAAA TTTTTTTGTT AATTTGGTCT

421 AAAAAAGGGT ATCTATTATT AATGACTTAT TTAGAAGAAT AATTAGTGAA TCTAATTTAA

481 ATAAAAGGAG AGGGATTATG AAAAAACGGT GGAATTCAGT ATTCAAACTA GTTTTAATGG

541 TAACTGCTAT TCTCGGGCTT AGCCTATATG TAACGACAAG CCAAGGTGTG GAGGTTCGGG

601 CAGAGA



130 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes R inlH, H3-2 (S41)

Lengthof the DNA fragmentsequenced:671bp. In-framedeletionof most inlH gene.
Resultingmutantgenecodesfor a47-aminoacidresidualpeptide.

1 AAGTATGATT CCTACTATTT TAGGAACGCT TTTCATCGGA GGTGCAATAC TAATCTTACG

61 AAAAAAAACT ACTAACATTT AAGATAAAGT AGATTTGGTT TCTATTTTCA GTAGAGACCA

121 AATTTTTTTG TTAATTTGGT CTAAAAAAGG GTATCTATTA TTAATGACTT ATTTAGAAGA

181 ATAATTAGTG AATCTAATTT AAATAAAAGG AGAGGGATTA TGAAAAAACG GTGGAATTCA
M K K R W N S

241 GTATTCAAAC TAGTTTTAAT GGTAACTGCT ATTCTCGGGC TTAGCCTATA TGTAACGACA
V F K L V L M V T A I L G L S L Y V T T

301 AGCCCGGGTT TCTTGCTAGG AACAGCGACG CTAATTCTCC GCAAAACAAT CAAAGTAAAA
S P G F L L G T A T L I L R K T I K V K

361 TAACAACAAA AAAAGCTGAG GTCTATAGTT TTTCTATAGG CTTCAGCTTT TTTATTAGTA
*

421 GATAAATTCA TCTAAACGTC ACAACTAAAT CGTTAACAAG TCTAATTTTA GTGATTAAAC

481 GAAATCCTAC TACGCTATAA TATAGTGACT TAACTACGAG AACATACAAA TTTCTAAAAA

541 GCAGAATTAC TTTATAAAGG AGATAGTTTA ATGAAAAGAA ACAAAACAGC ATTAAGAATC

601 TTAGTCACTT TAGCTGTAGT ATTGGCAATT ACTTTTTGGG TAGGGATGAG CTCAAAAGAA

661 GTACAAGCAG C
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Nucleotidesequenceof L. monocytogenes R inlH, H3-4 (S42)

Lengthof theDNA fragmentsequenced:671bp. In-framedeletionof most inlH gene.
Resultingmutantgenecodesfor a 47-aminoacidresidualpeptide.

1 AAGTATGATT CCTACTATTT TAGGAACGCT TTTCATCGGA GGTGCAATAC TAATCTTACG

61 AAAAAAAACT ACTAACATTT AAGATAAAGT AGATTTGGTT TCTATTTTCA GTAGAGACCA

121 AATTTTTTTG TTAATTTGGT CTAAAAAAGG GTATCTATTA TTAATGACTT ATTTAGAAGA

181 ATAATTAGTG AATCTAATTT AAATAAAAGG AGAGGGATTA TGAAAAAACG GTGGAATTCA
M K K R W N S

241 GTATTCAAAC TAGTTTTAAT GGTAACTGCT ATTCTCGGGC TTAGCCTATA TGTAACGACA
V F K L V L M V T A I L G L S L Y V T T

301 AGCCCGGGTT TCTTGCTAGG AACAGCGACG CTAATTCTCC GCAAAACAAT CAAAGTAAAA
S P G F L L G T A T L I L R K T I K V K

361 TAACAACAAA AAAAGCTGAG GTCTATAGTT TTTCTATAGG CTTCAGCTTT TTTATTAGTA
*

421 GATAAATTCA TCTAAACGTC ACAACTAAAT CGTTAACAAG TCTAATTTTA GTGATTAAAC

481 GAAATCCTAC TACGCTATAA TATAGTGACT TAACTACGAG AACATACAAA TTTCTAAAAA

541 GCAGAATTAC TTTATAAAGG AGATAGTTTA ATGAAAAGAA ACAAAACAGC ATTAAGAATC

601 TTAGTCACTT TAGCTGTAGT ATTGGCAATT ACTTTTTGGG TAGGGATGAG CTCAAAAGAA

661 GTACAAGCAG C
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Nucleotidesequenceof L. monocytogenes R inlE, E2-1 (S39)

Lengthof the DNA fragmentsequenced:784bp. In-framedeletionof most inlE gene.
Resultingmutantgenecodesfor a49-aminoacidresidualpeptide.

1 CTTCCAACAG CTGGTGACGA AAATACCATG CTTCCGATTT TTATCGGGGT TTTCTTGCTA

61 GGAACAGCGA CGCTAATTCT CCGCAAAACA ATCAAAGTAA AATAACAACA AAAAAAGCTG

121 AGGTCTATAG TTTTTCTATA GGCTTCAGCT TTTTTATTAG TAGATAAATT CATCTAAACG

181 TCACAACTAA ATCGTTAACA AGTCTAATTT TAGTGATTAA ACGAAATCCT ACCACGCTAT

241 AATATAGTGA CTTAACTACG AGAACATACA AATTTCTAAA AAGCAGAATT ACTTTATAAA

301 GGAGATAGTT TAATGAAAAG AAACAAAACA GCATTAAGAA TCTTAGTCAC TTCAGCTGTA
M K R N K T A L R I L V T S A V

361 GTATTGGCAA TTACTTTTTG GGTAGGGATG AGCTCAAAAG AAGTACAAGC AGCGGTGATT
V L A I T F W V G M S S K E V Q A A V I

421 GAACACCCGG GTTTATTCCG CAAAAAACGT CAAACAAAAT AAACCAATCA ATGGCTTGGC
E H P G L F R K K R Q T K *

481 TTCTGTAAAT CATGCAGAGA CTAAGCCATT TTTTATTTGG TAATTATAAG AAGGAGTTTG

541 CCTTTATAGA GAACGGGAAA ACATGGAGTG GAATTCATAG AAAGAGGGCG TGAAATATGG

601 ACCAACAAAA AAAGATTCAA ATTTTAAAGG ACTTGGTAGA TATTGATTCG ACTAATGGGC

661 ATGAAGAACA AGTTGCGAAC TATTTGCAAA AGTTGTTAGC TGAACATGGT ATTGAGTCCG

721 AAAAGGTACA ATACGACCTA GACAGAGCTA GCCTAGTAAG CGAAATTGGT TCCAGTAACG

781 AGAA
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Nucleotidesequenceof L. monocytogenes R inlE, E6-4 (S40)

Lengthof the DNA fragmentsequenced:779 bp. In-framedeletionof most inlE gene.
Resultingmutantgenecodesfor a 49-aminoacidresidualpeptide.

1 AACAGCTGGT GACGAAAATA CCATGCTTCC GATTTTTATC GGGGTTTTCT TGCTAGGAAC

61 AGCGACGCTA ATTCTCCGCA AAACAATCAA AGTAAAATAA CAACAAAAAA AGCTGAGGTC

121 TATAGTTTTT CTATAGGCTT CAGCTTTTTT ATTAGTAGAT AAATTCATCT AAACGTCACA

181 ACTAAATCGT TAACAAGTCT AATTTTAGTG ATTAAACGAA ATCCTACTAC GCTATAATAT

241 AGTGACTTAA CTACGAGAAC ATACAAATTT CTAAAAAGCA GAATTACTTT ATAAAGGAGA

301 TAGTTTAATG AAAAGAAACA AAACAGCATT AAGAATCTTA GTCACTTTAG CTGTAGTATT
M K R N K T A L R I L V T L A V V

361 GGCAATTACT TTTTGGGTAG GGATGAGCTC AAAAGAAGTA CAAGCAGCGG TGATTGAACA
L A I T F W V G M S S K E V Q A A V I E

421 CCCGGGTTTA TTCCGCAAAA AACGTCAAAC AAAATAAACC AATCAATGGC TTGGCTTCTG
H P G L F R K K R Q T K *

481 TAAATCATGC AGAGACTAAG CCATTTTTTA TTTGGTAATT ATAAGAAGGA GTTTGCCTTT

541 ATAGAGAACG GGAAAACATG GAGTGGAATT CATAGAAAGA GGGCGTGAAA TATGGACCAA

601 CAAAAAAAGA TTCAAATTTT AAAGGACTTG GTAGATATTG ATTCGACTAA TGGGCATGAA

661 GAACAAGTTG CGAACTATTT GCAAAAGTTG TTAGCTGAAC ATGGTATTGA GTCCGAAAAG

721 GTACAATACG ACCTAGACAG AGCTAGCCTA GTAAGCGAAA TTGGTTCCAG TAACGAGAA



134 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes inlGII S , C2-2/34(S62)

Lengthof theDNA fragmentsequenced:758bp. Insertionof wild type inlG confirmed.

1 TTCAATTAAT TGTCACATCT TTCGTGTAGA AGGGTCTAAT GCGAGAAAAA ATGGCGGGCA

61 TCTTCTGTTA TAATTATTCA TCAAAGACTA GTAATATTTT ACGCCAAGTC ATCCAAGATA

121 GTGCAGATCC AAGGTGTATT TAATGATGAA TTATCTACTC AGTCAAATTA TAAGGAGACG

181 ATAAAATGAA ACAGAGAAAA ACCTCAGTAC TACATGTTTT ACTTGTAGTG ACAGCTATCT
M K Q R K T S V L H V L L V V T A I

241 TGGGAATTAG TTTATGGGTA AATGCAAGTC ATGGGATGAA AGCTCAGGCA GAGAGTATTG
L G I S L W V N A S H G M K A Q A E S I

301 CGCAACCAGC GCCAATTAAC GAAATTTTCA CGGATCCAGC ATTAGCGGAC GAGGTGAAGA
A Q P A P I N E I F T D P A L A D E V K

361 CGGNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN
T

421 NAATTAAAGC TAACGACAGC GCAGATGCGA CGAGTACTAA ACTTCCAAAA ACAAGTGATG
I K A N D S A D A T S T K L P K T S D

481 ATTCAAGTAT GATTCCTACT ATTTTAGGAA CGCTTTTCAT CGGAGGTGCA ATACTAATCT
D S S M I P T I L G T L F I G G A I L I

541 TACGAAAAAA AACTACTAAC ATTTAAGATA AAGTAGATTT GGTTTCTATT TTCAGTAGAG
L R K K T T N I *

601 ACCAAATTTT TTTGTTAATT TGGTCTAAAA AAGGGTATCT ATTATTAATG ACTTATTTAG

661 AAGAATAATT AGTGAATCTA ATTTAAATAA AAGGAGAGGG ATTATGAAAA AACGGTGGAA

721 TTCAGTATTC AAACTAGTTT TAATGGTAAC TGCTATTCTC GGGCTTAGCC TATATGTAAC

781 GACAAGCCAA GGTGTGGAGG TTCGGGCAGA GAGCAT
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Nucleotidesequenceof L. monocytogenes inlH S , H17 (S79)

Lengthof theDNA fragmentsequenced:823bp. Insertionof wild type inlH confirmed.

1 AACAAGTGAT GATTCAAGTA TGATTCCTAC TATTTTAGGA ACGCTTTTCA TCGGAGGTGC

61 AATACTAATC TTACGAAAAA AAACTACTAA CATTTAAGAT AAAGTAGATT TGGTTTCTAT

121 TTTCAGTAGA GACCAAATTT TTTTGTTAAT TTGGTCTAAA AAAGGGTATC TATTATTAAT

181 GACTTATTTA GAAGAATAAT TAGTGAATCT AATTTAAATA AAAGGAGAGG GATTATGAAA
M K

241 AAACGGTGGA ATTCAGTATT CAAACTAGTT TTAATGGTAA CTGCTATTCT CGGGCTTAGC
K R W N S V F K L V L M V T A I L G L S

301 CTATATGTAA CGACAAGCCA AGGTGTGGAG GTTCGGGCAG AGAGCATCAC GCAGCCAACC
L Y V T T S Q G V E V R A E S I T Q P T

361 GCAATTAATG TGATTTTCCC TGATCCAGCT CTTGCGAATG CANNNNNNNN NNNNNNNNNN
A I N V I F P D P A L A N A

421 NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN

481 AATACCCCAA CAGGAAATGG TGATGGTACA AGTAACCCAA GTAATTCAGG AGGCAATACC
N T P T G N G D G T S N P S N S G G N T

541 ACACTTCCAA CAGCTGGTGA CGAAAATACC ATGCTTCCGA TTTTTATCGG GGTTTTCTTG
T L P T A G D E N T M L P I F I G V F L

601 CTAGGAACAG CGACGCTAAT TCTCCGCAAA ACAATCAAAG TAAAATAACA ACAAAAAAAG
L G T A T L I L R K T I K V K *

661 CTGAGGTCTA TAGTTTTTCT ATAGGCTTCA GCTTTTTTAT TAGTAGATAA ATTCATCTAA

721 ACGTCACAAC TAAATCGTTA ACAAGTCTAA TTTTAGTGAT TAAACGAAAT CCTACTACGC

781 TATAATATAG TGACTTAACT ACGAGAACAT ACAAATTTCT AAAAAGCAGA ATTACTTTAT

841 AAAGGAGATA GTTTAATGAA AAGAAACAAA ACAGCATTAA GAATCTTAGT CACTTTAGCT

901 G



136 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes inlH S , H19 (S80)

Lengthof theDNA fragmentsequenced:763bp. Insertionof wild type inlH confirmed.

1 AACAAGTGAT GATTCAAGTA TGATTCCTAC TATTTTAGGA ACGCTTTTCA TCGGAGGTGC

61 AATACTAATC TTACGAAAAA AAACTACTAA CATTTAAGAT AAAGTAGATT TGGTTTCTAT

121 TTTCAGTAGA GACCAAATTT TTTTGTTAAT TTGGTCTAAA AAAGGGTATC TATTATTAAT

181 GACTTATTTA GAAGAATAAT TAGTGAATCT AATTTAAATA AAAGGAGAGG GATTATGAAA
M K

241 AAACGGTGGA ATTCAGTATT CAAACTAGTT TTAATGGTAA CTGCTATTCT CGGGCTTAGC
K R W N S V F K L V L M V T A I L G L S

301 CTATATGTAA CGACAAGCCA AGGTGTGGAG GTTCGGGCAG AGAGCATCAC GCAGCCAACC
L Y V T T S Q G V E V R A E S I T Q P T

361 GCAATTAATG TGATTTTCCC TGATCCAGCT CTTGCGAATG CANNNNNNNN NNNNNNNNNN
A I N V I F P D P A L A N A

421 NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN

481 ACACTTCCAA CAGCTGGTGA CGAAAATACC ATGCTTCCGA TTTTTATCGG GGTTTTCTTG
T L P T A G D E N T M L P I F I G V F L

541 CTAGGAACAG CGACGCTAAT TCTCCGCAAA ACAATCAAAG TAAAATAACA ACAAAAAAAG
L G T A T L I L R K T I K V K *

601 CTGAGGTCTA TAGTTTTTCT ATAGGCTTCA GCTTTTTTAT TAGTAGATAA ATTCATCTAA

661 ACGTCACAAC TAAATCGTTA ACAAGTCTAA TTTTAGTGAT TAAACGAAAT CCTACTACGC

721 TATAATATAG TGACTTAACT ACGAGAACAT ACAAATTTCT AAAAAGCAGA ATTACTTTAT

781 AAAGGAGATA GTTTAATGAA AAGAAACAAA ACAGCATTAA GAATCTTAGT CACTTTAGCT

841 G
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Nucleotidesequenceof L. monocytogenes inlE S , E4-2/4(S70)

Lengthof theDNA fragmentsequenced:1,172bp. Insertionof wild typeinlE confirmed.

1 CGGGGTTTTC TTGCTAGGAA CAGCGACGCT AATTCTCCGC AAAACAATCA AAGTAAAATA

61 ACAACAAAAA AAGCTGAGGT CTATAGTTTT TCTATAGGCT TCAGCTTTTT TATTAGTAGA

121 TAAATTCATC TAAACGTCAC AACTAAATCG TTAACAAGTC TAATTTTAGT GATTAAACGA

181 AATCCTACTA CGCTATAATA TAGTGACTTA ACTACGAGAA CATACAAATT TCTAAAAAGC

241 AGAATTACTT TATAAAGGAG ATAGTTTAAT GAAAAGAAAC AAAACAGCAT TAAGAATCTT
M K R N K T A L R I

301 AGTCACTTTA GCTGTAGTAT TGGCAATTAC TTTTTGGGTA GGGATGAGCT CAAAAGAAGT
L V T L A V V L A I T F W V G M S S K E

361 ACAAGCAGCG GTGATTGAAC ACCCAACCCC TATTAACGAA ATTTTTACTG ATCCAGTGCT
V Q A A V I E H P T P I N E I F T D P V

421 TACTGATAAT GTAAAAACAC TGCTCGGAAA AGCGGATGTA ACAGACGAAG TTACGCAAAC
L T D N V K T L L G K A D V T D E V T Q

481 CGACTTAGAT AGTGTAACTC ATTTATCAGC AAAATCAGCA GGAATAACAA CAATAGAAGG
T D L D S V T H L S A K S A G I T T I E

541 ATTGCAGTAT CTAACTAATT TATCGGAATT AGAATTAATA GATAATCAAG TAACCGATTT
G L Q Y L T N L S E L E L I D N Q V T D

601 AAATCCTCTT ACTAATTTAA CGNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN
L N P L T N L T

661 NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN

721 TAATTCAGAC AATGCAGAAC CAAATGCTAG TAGTTCAAAT AATGTACAAG AAAATGGAAC
N S D N A E P N A S S S N N V Q E N G

781 TAACGAAGGA ATAAATAATC TGAACAGTTC AGGTGAAGAT AAAGTCAACA TCAAGTTACC
T N E G I N N L N S S G E D K V N I K L

841 GATTACTGGA GATAAATTGA ATGTGCTTCC TATTTTTGTA GGAGCAGTTC TTATCGGAAT
P I T G D K L N V L P I F V G A V L I G

901 TGGCTTAGTT TTATTCCGCA AAAAACGTCA AACAAAATAA ACCAATCAAT GGCTTGGCTT
I G L V L F R K K R Q T K *

961 CTGTAAATCA TGCAGAGACT AAGCCATTTT TTATTTGGTA ATTATAAGAA GGAGTTTGCC

1021 TTTATAGAGA ACGGGAAAAC ATAGAGTGGA ATTCATAGAA AGAGGGCGTG AAATATGGAC

1081 CAACAAAAAA AGATTCAAAT TTTAAAGGAC TTGGTAAATA TTGATTCGAC TAATGGGCAT
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1141 GAAGAACAAG TTGCGAACTA TTTGCAAAAG TTGTTAGCTG AACATGGTAT TGAGTCCGAA

1201 AAGGTACAAT ACGACCTAGA CAGAGCTAGC CTAGTAAGCG AAATTGGTTC CAGTAACGAG

1261 AAGGTTTTGG CATTTTCAGG
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Nucleotidesequenceof L. monocytogenes R inlA/GHE, A3-11 (S28)

Lengthof theDNA fragmentsequenced:673bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAGG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A I P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlB/GHE, B4-4/6(S67)

Lengthof theDNA fragmentsequenced:673bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A I P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlB/GHE, B4-6/11(S68)

Lengthof theDNA fragmentsequenced:702bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 GATTAATAGG TAGAGTACAG CCCCGCTTTG GCGGGGCTGT TTTTTTACGC TACTTCCCAC

61 AAGAAACCAA TTCTGCAATC GCTGAACGAA AAAGTTCAAT TAATTGTCAC ATCTTTCGTG

121 TAGAAGGGTC TAATGCGAGA AAAAATGGCG GGCATCTTCT GTTATAATTA TTCATCAAAG

181 ACTAGTAATA TTTTACGCCA AGTCATCCAA GATAGTGCAG ATCCAAGGTG TATTTAATGA

241 TGAATTATCT ACTCAGTCAA ATTATAAGGA GACGATAAAA TGAAACAGAG AAAAACCTCA
M K Q R K T S

301 GTACTACATG TTTTACTTGT AGTGACAGCT ATCCCGGGTT TATTCCGCAA AAAACGTCAA
V L H V L L V V T A I P G L F R K K R Q

361 ACAAAATAAA CCAATCAATG GCTTGGCTTC TGTAAATCAT GCAGAGACTA AGCCATTTTT
T K *

421 TATTTGGTAA TTATAAGAAG GAGTTTGCCT TTATAGAGAA CGGGAAAACA TAGAGTGGAA

481 TTCATAGAAA GAGGGCGTGA AATATGGACC AACAAAAAAA GATTCAAATT TTAAAGGACT

541 TGGTAAATAT TGATTCGACT AATGGGCATG AAGAACAAGT TGCGAACTAT TTGCAAAAGT

601 TGTTAGCTGA ACATGGTATT GAGTCCGAAA AGGTACAATA CGACCTAGAC AGAGCTAGCC

661 TAGTAAGCGA AATTGGTTCC AGTAACGAGA AGGTTTTGGC AT
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Nucleotidesequenceof L. monocytogenes R inlC/GHE, C11-3(S29)

Lengthof theDNA fragmentsequenced:673bp. GenesinlG andinlE fusedin frameto
eachother. Resultingmutantgeneencodesa29-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTGTCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A V P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTCATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlA/B/GHE, AB12 (S34)

Lengthof theDNA fragmentsequenced:673bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A I P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlA/B/GHE, AB14 (S35)

Lengthof theDNA fragmentsequenced:673bp. Deletionof mostof the inlGHE gene
cluster. GenesinlG andinlE fusedin frameto eachother. Resultingmutantgeneencodes
a29-aminoacidresidualpeptide.

1 AGCCCCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A I P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGAAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlB/C/GHE, BC16 (S36)

Lengthof theDNA fragmentsequenced:673bp. GenesinlG andinlE fusedin frameto
eachother. Resultingmutantgeneencodesa29-aminoacidresidualpeptide.

1 AGCACCGCTT TGGCGGGGCT GTTTTTTTAC GCTACTTCCC ACAAGAAACC AATTCTGCAA

61 TCGCTGAACG AAAAAGTTCA ATTAATTGTC ACATCTTTCG TGTAGAAGGG TCTAATGCGA

121 GAAAAAATGG CGGGCATCTT CTGTTATAAT TATTCATCAA AGACTAGTAA TATTTTACGC

181 CAAGTCATCC AAGATAGTGC AGATCCAAGG TGTATTTAAT GATGAATTAT CTACTCAGTC

241 AAATTATAAG GAGACGATAA AATGAAACAG AGAAAAACCT CAGTACTACA TGTTTTACTT
M K Q R K T S V L H V L L

301 GTAGTGACAG CTATCCCGGG TTTATTCCGC AAAAAACGTC AAACAAAATA AACCAATCAA
V V T A I P G L F R K K R Q T K *

361 TGGCTTGGCT TCTGTAAATC ATGCAGAGAC TAAGCCATTT TTTATTTGGT AATTATAAGA

421 AGGAGTTTGC CTTTATAGAG AACGGGGAAA CATAGAGTGG AATTCATAGA AAGAGGGCGT

481 GAAATATGGA CCAACAAAAA AAGATTCAAA TTTTAAAGGA CTTGGTAAAT ATTGATTCGA

541 CTAATGGGCA TGAAGAACAA GTTGCGAACT ATTTGCAAAA GTTGTTAGCT GAACATGGTA

601 TTGAGTCCGA AAAGGTACAA TACGACCTAG ACAGAGCTAG CCTAGTAAGC GAAATTGGTT

661 CCAGTAACGA GAA
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Nucleotidesequenceof L. monocytogenes R inlA/C 3-6 (S71)

Lengthof theDNA fragmentsequenced:538bp. Nucleotidesequenceasexpected.In-
frame deletionof most inlC gene. Resultingmutantgenecodesfor a 80-aminoacid
peptide.

1 TAGAACATGT TTTGAAAAAT TTACTGATTT TCGATTATTA TTAACGCTTG TTAATTTAAA

61 CATCTCTTAT TTTTGCTAAC ATATAAGTAT ACAAAGGGAC ATAAAAAGGT TAACAGCGTT

121 TGTTAAATAG GAAGTATATG AAAATCCTCT TTTGTGTTTC TAAATTTATT TTTAAGGAGT

181 GGAGAATGTT GAAAAAAAAT AATTGGTTAC AAAATGCAGT AATAGCAATG CTAGTGTTAA
M L K K N N W L Q N A V I A M L V L

241 TTGTAGGTCT GTGCATTAAT ATGGGTTCTG GAACAAAAGT ACAACCCGGG AGTTATGTAG
I V G L C I N M G S G T K V Q P G S Y V

301 ATGGTTGTGT CCTGTGGGAA TTGCCAGTTT ATACAGATGA AGTAAGCTAT AAGTTTAGCG
D G C V L W E L P V Y T D E V S Y K F S

361 AATATATAAA CGTTGGGGAG ACTGAGGCTA TATTTGATGG AACAGTTACA CAACCTATCA
E Y I N V G E T E A I F D G T V T Q P I

421 AGAATTAGGA CTTGTGCACA CCTGTATACT TTGAGCTCTC GTATAATCAC GAGAGCTTTT
K N *

481 TAAATATGTA AGTCTTAATT ATCTCTTGAC AAAAAGAACG TTTATTCGTA TAAGGTTA
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Nucleotidesequenceof L. monocytogenes R inlA/C 4-8 (S73)

Lengthof theDNA fragmentsequenced:553 bp. In-framedeletionof most inlC gene.
Resultingmutantgenecodesfor a 80-aminoacidpeptide.

1 GGAAGGTAGA ACATGTTTTG AAAAATTTAC TGATTTTCGA TTATTATTAA CGCTTGTTAA

61 TTTAAACATC TCTTATTTTT GCTAACATAT AAGTATACAA AGGGACATAA AAAGGTTAAC

121 AGCGTTTGTT AAATAGGAAG TATATGAAAA TCCTCTTTTG TGTTTCTAAA TTTATTTTTA

181 AGGAGTGGAG AATGTTGAAA AAAAATAATT GGTTACAAAA TGCAGTAATA GCAATGCTAG
M L K K N N W L Q N A V I A M L

241 TGTTAATTGT AGGTCTGTGC ATTAATATGG GTTCTGGAAC AAAAGTACAA CCCGGGAGTT
V L I V G L C I N M G S G T K V Q P G S

301 ATGTAGATGG TTGTGTCCTG TGGGAATTGC CAGTTTATAC AGATGAAGTA AGCTATAAGT
Y V D G C V L W E L P V Y T D E V S Y K

361 TTAGCGAATA TATAAACGTT GGGGAGACTG AGGCTATATT TGATGGAACA GTTACACAAC
F S E Y I N V G E T E A I F D G T V T Q

421 CTATCAAGAA TTAGGACTTG TGCACACCTG TATACTTTGA GCTCTCGTAT AATCACGAGA
P I K N *

481 GCTTTTTAAA TATGTAAGTC TTAATTATCT CTTGACAAAA AGAACGTTTA TTCGTATAAG

541 GTTACCAAGA GAT



148 B. Nucleotidesequences

Nucleotidesequenceof L. monocytogenes R inlA/C/GHE 3-5 (S75)

Lengthof the DNA fragmentsequenced:538 bp. In-framedeletionof most inlC gene.
Resultingmutantgenecodesfor a80-aminoacidpeptide.

1 TAGAACATGT TTTGAAAAAT TTACTGATTT TCGATTATTA TTAACGCTTG TTAATTTAAA

61 CATCTCTTAT TTTTGCTAAC ATATAAGTAT ACAAAGGGAC ATAAAAAGGT TAACAGCGTT

121 TGTTAAATAG GAAGTATATG AAAATCCTCT TTTGTGTTTC TAAATTTATT TTTAAGGAGT

181 GGAGAATGTT GAAAAAAAAT AATTGGTTAC AAAATGCAGT AATAGCAATG CTAGTGTTAA
M L K K N N W L Q N A V I A M L V L

241 TTGTAGGTCT GTGCATTAAT ATGGGTTCTG GAACAAAAGT ACAACCCGGG AGTTATGTAG
I V G L C I N M G S G T K V Q P G S Y V

301 ATGGTTGTGT CCTGTGGGAA TTGCCAGTTT ATACAGATGA AGTAAGCTAT AAGTTTAGCG
D G C V L W E L P V Y T D E V S Y K F S

361 AATATATAAA CGTTGGGGAG ACTGAGGCTA TATTTGATGG AACAGTTACA CAACCTATCA
E Y I N V G E T E A I F D G T V T Q P I

421 AGAATTAGGA CTTGTGCACA CCTGTATACT TTGAGCTCTC GTATAATCAC GAGAGCTTTT
K N *

481 TAAATATGTA AGTCTTAATT ATCTCTTGAC AAAAAGAACG TTTATTCGTA TAAGGTTA
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Nucleotidesequenceof L. monocytogenes R inlA/C/GHE 4-14(S76)

Lengthof theDNA fragmentsequenced:559 bp. In-framedeletionof most inlC gene.
Resultingmutantgenecodesfor a 80-aminoacidpeptide.

1 CAACAAGGAA GGTAGAACAT GTTTTGAAAA ATTTACTGAT TTTCGATTAT TATTAACGCT

61 TGTTAATTTA AACATCTCTT ATTTTTGCTA ACATATAAGT ATACAAAGGG ACATAAAAAG

121 GTTAACAGCG TTTGTTAAAT AGGAAGTATA TGAAAATCCT CTTTTGTGTT TCTAAATTTA

181 TTTTTAAGGA GTGGAGAATG TTGAAAAAAA ATAATTGGTT ACAAAATGCA GTAATAGCAA
M L K K N N W L Q N A V I A

241 TGCTAGTGTT AATTGTAGGT CTGTGCATTA ATATGGGTTC TGGAACAAAA GTACAACCCG
M L V L I V G L C I N M G S G T K V Q P

301 GGAGTTATGT AGATGGTTGT GTCCTGTGGG AATTGCCAGT TTATACAGAT GAAGTAAGCT
G S Y V D G C V L W E L P V Y T D E V S

361 ATAAGTTTAG CGAATATATA AACGTTGGGG AGACTGAGGC TATATTTGAT GGAACAGTTG
Y K F S E Y I N V G E T E A I F D G T V

421 CACAACCTAT CAAGAATTAG GACTTGTGCA CACCTGTATA CTTTGAGCTC TCGTATAATC
A Q P I K N *

481 ACGAGAGCTT TTTAAATATG TAAGTCTTAA TTATCTCTTG ACAAAAAGAA CGTTTATTCG

541 TATAAGGTTA CCAAGAGAT
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B.3 Nucleotidesequenceof the inlF geneof L. monocyto-
genes EGD

1 AGCTGGCTTG ACAAAATTGG ACAATATAGC AGCATATTCG AATAAAATCA

51 CTGATATTAC TCCTGTGACC AATTTAACAA GACTCCAGTA TTTGGATTTA

101 GGTAGTAATG AAATCACTGA TTTAAGTCCT GTGGCTAATC TGCAAAAATT

151 AACCTCGCTA CATCTTGCAA ACAACCAGAT TACTAATATT AGTATGCTTG

201 AAGATTTAAC AAATTTAACT TCGTTGGGTT TACAAAACAA TAAAATTAGT

251 GATATATCCG TTTTGAAAAA TCTAACCCAT GTGACTTATT TGCAGCTGGG

301 GTATAACCAA ATAGTGGATG TGAAAATAAT CGGAGGACTA ACTAATTTAA

351 CAAGTTTGCA GTTAACACAA AACCATATTA CTGACATAAG TCCTTTAGCC

401 AACTTAACCA AAATACAATA CTCTGACTTC TCTAATCAGA TGATAACAAA

451 TCTAGAACGT AATTTTTCGA AGACACTCTC CGTTCCGAAC AATATAACTA

501 GCATAGATGG AACGCTAATT GCGCCTGAAA CGATTAGCAA TAATGGAACC

551 TACGACGCAC CGAACTTGAA GTGGTCTTTA CCGAACTATT TACCAGAAGT

601 TAAATATACG TTCAGCCAAA AAATACCGAT TGGGACAGGC ACAAGTAATT

651 ATAGTGGCTT CATAACACAA CCGTTAAAAG AATTACTAGA TTACAAAGTC

701 ACATTTAATG TAGAAGGTAA TACAAGTGAA GTAGAGACTG TAACAGAAGA

751 AAATCTCATT CCAGAACCTA CGAGCCCAAC CAAACAAGGT TATACATTTG

801 ATGGTTGGTA CGACGCAGAA ACAGGCGGAA CAAAATGGGA CTTCACAACC

851 GGGCAAATGC CTGCAAATGA CCTCACACTA TATGCCCATT TTTCCGTAAA

901 TAGCTACCAA GCAAATTTTG ATATAGACGG TGTGGTAACG AATGAAGCGG

951 TAGTATACGA TACCTTACTC AATGAACCGA CCACTCCAAC CAAACAAGGC

1001 TATACATTTG ATGGCTGGTA TGACGCAGAA ACAGGCGGTA ATAAGTGGGA

1051 TTTCAAAACA ATGAAAATGC CCGCGAATGA TGTTGCTTTT TATGCACATT

1101 TTACTATCAA CAACTATCAA GCAAATTTTG ATATAGATGG TGAGGTAAAG

1151 AATGAAACGA TAGCATACGA TACCTTACTC AATGAACCGA CCACTCCAAC

1201 C



APPENDIX C

Sequencealignment of internalins

1 50
InlC2 MKKRWNSVFK LVLMVTAILG LSLYVTTSQG VEV..RAESI TQPTAINVIF
InlH MKKRWNSVFK LVLMVTAILG LSLYVTTSQG VEV..RAESI TQPTAINVIF
InlD .MKRNKTALR ILVTLAVVMA ISFWVGTS.S KEV..QAAEI GQPTPINEIF
InlE .MKRNKTALR ILVTLAVVLA ITFWVGMS.S KEV..QAAVI EHPTPINEIF
InlG MKQRKTSVLH VLLVVTAILG ISLWVNASHG MKA..QAESI AQPAPINEIF
InlA MRKKRYVWLK SILVAILVFG SGVWINTSNG TNA..QAATI TQDTPINQIF
InlF .MKSKNNYFK QIITIMTVVS LLIMVLGIQG NNDVKAATQV APPASINQIF
InlB VKEKHNPRRK YCLISGLAII FSLWIIIGNG AKV..QAETI TVSTPIKQIF

51 100
InlC2 PDPALANAIK IAAGKSNVTD TVTQADLDGI TTLSAFGTGV TTIEGVQYLN
InlH PDPALANAIK IAAGKSNVTD TVTQADLDGI TTLSAFGTGV TTIEGVQYLN
InlD TDENLANAIK TTLSKPSTAS AVSQVELDSV RDVTAESSNI ASLEGVQYLN
InlE TDPVLTDNVK TLLGKADVTD EVTQTDLDSV THLSAKSAGI TTIEGLQYLT
InlG TDPALADEVK TELGKTSVTD EVTQTDLNQI TKLEADDKGI NSIEGIQYLT
InlA TDAALAEKMK TVLGKTNVTD TVSQTDLDQV TTLQADRLGI KSIDGLEYLN
InlF PDADLAEGIR AELQKSSVTD VVTKEELESI SQLSVYAKKI ASIEGLEYLT
InlB PDDAFAETIK DNLKKKSVTD AVTQNELNSI DQIIANNSDI KSVQGIQYLP

101 150
InlC2 NLIGLELKDN QITDLTPLKN LTKITELELS GNPLKNVSAI AGLQSIKTLD
InlH NLIGLELKDN QITDLTPLKN LTKITELELS GNPLKNVSAI AGLQSIKTLD
InlD NLDTLVLNNN KITDLNPLAG LTKLSILEAS NNQLSDISAL SNVTNLHQLR
InlE NLSELELIDN QVTDLNPLKN LTKITELRLS GNPLKDVSAL AGLKNLKTMD
InlG NLNMLGVSSN QITNITPLAN LT........ .......... ..........
InlA NLTQINFSNN QLTDITPLKD LTKLVDILMN NNQIADITPL ANLTNLTGLT
InlF NLKFLNLNGN QITDLSPLSN LTKLTEIYIG DNKISDISPL QNLTNVTDLY
InlB NVTKLFLNGN KLTDIKPLTN LKNLGWLFLD ENKIKDLSSL KDLKKLKSLS

151 200
InlC2 LTSTQITDVT PLAGLSNLQV LYLDLN.QIT NISPLAGLTN LQYLSIG...
InlH LTSTQITDVT PLAGLSNLQV LYLDLN.QIT NISPLAGLTN LQYLSIG...
InlD LDGNQIKQLN GVSNLINLET IELSNN.QIT AISPVSGLKN LVGLGID...
InlE LIYTDITDVT PLAGLSNLQV LNLDIN.QIT DITPLAGLSN LQFLSFG...
InlG .......... ......NLDS LYLGDN.KIS DVTPLSGLTQ LTFVQLS...
InlA LFNNQITDID PLKNLTNLNR LELSSN.TIS DISALSGLTN LQQLSFGNQV
InlF LVDNDISDLR PLANLTQMYS LRLGGNSNIS DLNPVRNMTR LNNLEVTGSI
InlB LEHNGISDIN GLVHLPQLES LYLGNN.KIT DITVLSRLTK LDTLSLE...

201 250

151
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InlC2 .......... .......... .......... .......... ..........
InlH .......... .......... .......... .......... ..........
InlD .......... .......... .......... .......... ..........
InlE .......... .......... .......... .......... ..........
InlG .......... .......... .......... .......... ..........
InlA TDLKPLANLT TLERLDISSN KVSDISVLAK LTNLESLIAT NNQISDITPL
InlF .......... .......... .......... .......... ...LKDLTPL
InlB .......... .......... .......... .......... ..........

251 300
InlC2 .......... .......... .......... ....NAQVSD LTPLANLSKL
InlH .......... .......... .......... ....NAQVSD LTPLANLSKL
InlD .......... .......... .......... ....NNKISD LSPISGLSKL
InlE .......... .......... .......... ....STQVSD LTPLANLSKL
InlG .......... .......... .......... ....INQIKD VTPLANLTKL
InlA GILTNLDELS LNGNQLKDIG TLASLTNLTD LDLANNQISN LAPLSGLTKL
InlF ADVTSLTRLT LSDNQIEDLS PLAGLTKLDN IAAYSNKITD ITPVTNLTRL
InlB .......... .......... .......... ....DNQISD IVPLAGLTKL

301 350
InlC2 TTLKADDNKI SDISPLASLP NLIEVHLKNN QISDVSPLA. ..........
InlH TTLKADDNKI SDISPLASLP NLIEVHLKNN QISDVSPLA. ..........
InlD NHLTADSNQI SDLRPLSNLA AMEVMRLDGN QISDVTPIAN LANLNYVFLA
InlE TTLNAMNSKV SDVSPLTGLS NLTEVYLEEN QISDVSPLAK L.........
InlG NYLDLRENQI SDASPLVNMT DLTVLHLEKQ Q......... ..........
InlA TELKLGANQI SNISPLAGLT ALTNLELNEN QLEDISPISN LKNLTYLTLY
InlF QYLDLGSNEI TDLSPVANLQ KLTSLHLANN QITNISMLED LTNLTSLGLQ
InlB QNLYLSKNHI SDLRALAGLK NLDVLEL... .......... ..........

351 400
InlC2 .......... ....NTSNLF I......... .......... ..........
InlH .......... ....NTSNLF I......... .......... ..........
InlD ENQISDISSL QPLFNSPNFF G......... .......... ..........
InlE .......... ......PNLS I......... .......... ..........
InlG .......... .......... .......... .......... ..........
InlA FNNISDISPV SSLTKLQRLF FYNNKVSDVS SLANLTNINW LSAGHNQISD
InlF NNKISDISVL KNLTHVTYLQ LGYNQIVDVK IIGGLTNLTS LQLTQNHITD
InlB .......... .......... .......... .......... ..........

401 450
InlC2 .......... ..VTLTNQTI TNQPVFYQNN LVVPNIVKGP SGAPIAPATI
InlH .......... ..VTLTNQTI TNQPVFYQNN LVVPNVVKGP SGAPIAPATI
InlD .......... ..ITLDNQKI TSEPVLYQQE LVVPNNIKDE MGALIAPATI
InlE .......... ..VTLTNQTI TNQPVFYQNK PIVPNVVTGL SGELIAPDTI
InlG .......... .........I TAAPVVYQTN LVAPDILKNA YGEVVPPTTI
InlA LTPLANLTRI TQLGLNDQAW TNAPVNYKAN VSIPNTVKNV TGALIAPATI
InlF ISPLANLTKI QYSDFSNQMI TNLERNFSKT LSVPNNITSI DGTLIAPETI
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InlB .......... .....FSQEC LNKPINHQSN LVVPNTVKNT DGSLVTPEII

451 500
InlC2 SDNGTYASPN LTWNLTSFIN NVSYTFNQSV TF.KNTTVPF SGTVTQPLTE
InlH SDNGTYASPN LTWNLTSFIN NVSYTFNQSV TF.KNTTVPF SGTVTQPLTE
InlD SDNGVYASPN INWNLPNYTN QVSYTFNKQL AY.....GSF SGTVTQPLHN
InlE SDNGTYTSPN LTWDLNSFIN SVSYTFNQSV TF.KNTTAPF SGTVTQPLTE
InlG SNNGTFASPN ITWNLDSFTS EVSYDFNQKI TLGDNGKVTF AGTVVQPIVE
InlA SDGGSYAEPD ITWNLPSYTN EVSYTFSQPV TIGKGTT.TF SGTVTQPLKA
InlF SNNGTYDAPN LKWSLPNYLP EVKYTFSQKI PIGTGTS.NY SGFITQPLKE
InlB SDDGDYEKPN VKWHLPEFTN EVSFIFYQPV TIGK.AKARF HGRVTQPLKE

501 550
InlC2 .......... .......... .......... .......... ..........
InlH .......... .......... .......... .......... ..........
InlD .......... .......... .......... .......... ..........
InlE .......... .......... .......... .......... ..........
InlG .......... .......... .......... .......... ..........
InlA IFNAKFHVDG KETTKEVEA. ..GNLLTEPA KPVKEGHTFV GWFDAQTGGT
InlF LLDYKVTFNV EGNTSEVETV TEENLIPEPT SPTKQGYTFD GWYDAETGGT
InlB V......... .......... .......... .......... ..........

551 600
InlC2 .......... .......... A...YTAVFD VDGKQTSVTV GANELIKEPT
InlH .......... .......... A...YTAVFD VDGKQTSVTV GANELIKEPT
InlD .......... .......... A...YTATFD VDGVKTNEAV EETKLLQEPI
InlE .......... .......... V...YAVVFD VDGEQTSAMV GVNELINEPT
InlG .......... .......... APVNYITTFD VDGTTTTENV VVDTLITEPA
InlA KWNFSTDKMP TNDINLYAQF SINSYTATFE NDGVTTSQTV DYQGLLQEPT
InlF KWDFTTGQMP ANDLTLYAHF SVNSYQANFD IDGVVTNEAV VYDALLNEPT
InlB .......... .......... ....YTVSYD VDGTVIKTKV EAGTRITAPK

601 650
InlC2 APTKEGYTFT GWYDAKTGGN KWDFGVDKMP AENITLYAQF TINSYTASFD
InlH APTKEGYTFT GWYDAKTGGT KWDFATDKMP AEDITLYAQF TINSYTATFD
InlD APTKEGYTFT GWYDAKTGGN KWDFATDKMP AEDITLYAQF TINSYTATFD
InlE APAKEGYIFD GWYDAKTDGN KWDFGIDKMP ASDITLYAKF TEN.......
InlG EPTKEGYTFS GWYDAETGGN EWDFAVDKMP ATNMTLYAQF TINSYTATFD
InlA PPTKEGYTFK GWYDAKTGGD KWDFATSKMP AKNITLYAQY SANSYTATFD
InlF TPTKQGYTFD GWYDAETGGN KWDFKTMKMP ANDVAFYAHF TINNYQANFD
InlB PPTKQGYVFK GWYTEKNGGH EWNFNTDYMS GNDFTLYAVF KAETTEKTVN

651 700
InlC2 N......... DGKLTTQKVT YQSLLEEPAA PTKTGYTFKG WYDAKTGGTK
InlH I......... DGKLTTQKVT YQSLLEEPVA PTKDGYTFTG WYDAKTGGTK
InlD I......... DGKLTTQKVT YQSLLEEPVA PTKDGYTFTG WYDAKTGGTK
InlE .......... .......... .....EEPNA S......... ..........
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InlG V......... DGETTNQKVD YQALLQEPTA PTKDGYTFVG WYDAKTGGTE
InlA V......... DGKSTTQAVD YQGLLKEPKA PTKAGYTFKG WYDEKTDGKK
InlF I......... DGEVKNETIA YDTLLNEPTT PTKQGYTFDG WYDAETGGTK
InlB LTRYVKYIRG NAGIYKLPRE DNSLKQGTLA SHRCKALTVD REARNGGKLW

701 750
InlC2 WDFATGKMPA GNITLYAQFT KNDSPNP... .......... ..........
InlH WDFATGKMPA GNITLYAQFT KNDNPNP... .......... ..........
InlD WDFATGKMPA GNITLYAQFT KNDNPNP... .......... ..........
InlE ........SP INVEPNDNNS DNAEPNA... .......... ..........
InlG WDFATSKMPT SDITLYARFT KNPSSDN... .......... ..........
InlA WDFATDKMPA NDITLYAQFT KNPVAPP... .......... ..........
InlF WDFKTKEMPA NDVTLYAHFT INNYQANFDI DGAVTEEVVN YDALIPEPTS
InlB YRLKNIGWTK AENLSLDRYD KMEYDKGVTA YARVRNASGN SVWTKPYNTA

751 800
InlC2 .......... .......... .......... .........N DPTPNTPTGN
InlH .......... .......... .......... .........D DPTTNTPTGN
InlD .......... .......... .......... .........D DPTTNTPTGN
InlE .......... .......... .......... .........S SSINVQENGT
InlG .......... .......... .......... .........S QTAPGKDDKN
InlA .......... .......... .......... .........T TGGNTPPTTN
InlF PSKTGFTLEG WYDAEVGGTK WDFKTMKMPA NDITLYAHFS KETPIIPSPD
InlB GAKHVNKLSV YQGKNMRILR EAKTPITTWY QFSIGGKVIG WVDTRALNTF

801 850
InlC2 G.DGTSNPSN .......... SGG...NTT. .......... ....LPTAGD
InlH G.DGTSNPSN .......... SGG...NTT. .......... ....LPTAGD
InlD G.DGTSNPSN .......... SGG...NTT. .......... ....LPTAGD
InlE N.EGINNLNS .......... SGEDKVNIK. .......... ....LPITGD
InlG DKDKLTIKAN .......... DSADATSTK. .......... ....LPKTSD
InlA NGGNTTPPSA NIPGSDTSNT STGNSASTTS TMNAYDPYNS KEASLPTTGD
InlF EGLDSDSTNG PITINEPSAT STPSQNNNIT VTAGENTTEL ATAKLPKTGD
InlB YKQSMEKPTR LTRYVSANKA GESYYKVPVA DNPVKRGTLA KYKNQKLIVD

851 883
InlC2 ENTMLPIFIG VFLLGTATLI LRKTIKVK*. ...
InlH ENTMLPIFIG VFLLGTATLI LRKTIKVK*. ...
InlD ENTMLPIFIG VFLLGTATLI LRKTIKVK*. ...
InlE ELNVLPIFVG AVLIGIGLVL FRKKRQTK*. ...
InlG DSSMIPTILG TLFIGGAILI LRKKTTNI*. ...
InlA SDNALYLLLG LLAVGTAMAL TKKARASK*. ...
InlF NAPWKTLFAG ILLSSSAFYI WRKKA*.... ...
InlB CQATIEGQLW YRIRTSSTFI GWTKAANLRA QK*
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Abbreviations

A . . . . . . . . . . . . adenine/adenosine,alanine
Amp . . . . . . . . . . . . . . . . . . . . . . . . ampicillin
App. . . . . . . . . . . . . . . . . . . . . . . . . . appendix
ATCC . AmericanTypeCultureCollection
ATP . . . . . . . . . . . . . adenosinetriphosphate
BHI . . . . . . . . . . . . . . . . brainheartinfusion
bp . . . . . . . . . . . . . . . . . . . . . . . . . . . basepairs
C . . . . . . . . . . . . cytosine/cytidine,carboxyl
CaClT . . . . . . . . . . . . . . . . . calciumchloride
cDNA . . . . . . . . . . . . complementaryDNA
CFU . . . . . . . . . . . . . . colony formingunits
Chap.. . . . . . . . . . . . . . . . . . . . . . . . . . chapterU
C . . . . . . . . . . . . . . . . . . . . . degreesCelsius

D . . . . . . . . . . . . . . . . . . . . . . . . . asparticacid
Da . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Dalton
deion. . . . . . . . . . . . . . . . . . . . . . . . deionized
DNA . . . . . . . . . . . . . deoxyribonucleicacid
DNase. . . . . . . . . . . . . . . deoxyribonuclease
dNTPs. deoxyribonucleosidetriphosphate
dsDNA . . . . . . . . . . . doublestrandedDNA
E. . . . . . . . . . . . . . . . . . . . . . . . . . Escherichia
ELISA . . . enzyme-linkedimmunosorbent
assay
Em . . . . . . . . . . . . . . . . . . . . . . erythromycin
EtOH . . . . . . . . . . . . . . . . . . . . . . . . . . ethanol
FACS . . . fluorescence-activatedcell sorter
FCS . . . . . . . . . . . . . . . . . . . . fetal calf serum
Fig. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . figure
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . gram
G . . . . . . . . . . . guanine/guanosine,glycine
gfp, GFP . . . . . . . greenfluorescentprotein
h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . hour
HBMEC . . . . . humanbrainmicrovascular
endothelialcells
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . isoleucine
inl . . . . . . . . . . . . . . . . . . . . . . . . . . . internalin
i. v. . . . . . . . . . . . . . . . . . . . . . . . . intravenous
K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . lysine

kb . . . . . . . . . . . . . . . . . . . . . . . . . . . kilo base
kDa . . . . . . . . . . . . . . . . . . . . . . . . kilo Dalton
KE . . . . . . . . . . Klett Einheiten,Klett units
Km . . . . . . . . . . . . . . . . . . . . . . . . kanamycin
l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . liter
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . leucine
L. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Listeria
LD V�W . . lethaldosefor 50%of theanimals
LRRs . . . . . . . . . . . . . . . leucine-richrepeats
M molar, DNA molecularweightstandard
MEM . . . . . . . . minimalessentialmedium
MgCl T . . . . . . . . . . . . . magnesiumchloride
MgSO> . . . . . . . . . . . . . . magnesiumsulfate
min . . . . . . . . . . . . . . . . . . . . . . . . . . . . minute
ml . . . . . . . . . . . . . . . . . . . . . . . . . . . milliliter
mm . . . . . . . . . . . . . . . . . . . . . . . . . millimeter
mM . . . . . . . . . . . . . . . . . . . . . . . . millimolar
mRNA . . . . . . . . . . . . . . . . messengerRNA
MOI . . . . . . . . . . . . multiplicity of infectionX l . . . . . . . . . . . . . . . . . . . . . . . . . . . microliterX g . . . . . . . . . . . . . . . . . . . . . . . . . microgram
N . . . . . asparagine,any nucleotide,amino
N. . . . . . . . . . . . . . . . . . . . . . . . . . . . Neisseria
NaCl . . . . . . . . . . . . . . . . . . sodiumchloride
NCTC . . . . . . NationalCollectionof Type
Culture
ng . . . . . . . . . . . . . . . . . . . . . . . . . . nanogram
nm . . . . . . . . . . . . . . . . . . . . . . . . . nanometer
OD . . . . . . . . . . . . . . . . . . . . . opticaldensity
ORF . . . . . . . . . . . . . . . . openreadingframe
P . . . . . . . . . . . . . . . . . . . . . promoter, proline
PBS . . . . . . . . . . phosphate-bufferedsaline
PCR . . . . . . . . . . polymerasechainreaction
p. i. . . . . . . . . . . . . . . . . . . . . . . post-infection
PI . . . . . . . . . . . . . . . . . . . . propidiumiodide
PC-PLC . . . . . phosphatidylcholin-specific
phospholipaseC
PI-PLC . . . . . phosphatidylinositol-specific
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phospholipaseC
R . . . . . . . . . . . . . . . . . . . . . . . . . . . resistance
RBS . . . . . . . . . . . . . . ribosomebindingsite
RNA . . . . . . . . . . . . . . . . . . . ribonucleicacid
RNase . . . . . . . . . . . . . . . . . . . . ribonuclease
RPM . . . . . . . . . . . . . revolutionsperminute
RT . . . . . . . . . . . roomtemperature,reverse
transcription
RT-PCR . reversetranscriptionpolymerase
chainreaction
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . serine
S. Shigella, Staphylococcus, Streptococcus
SDS . . . . . . . . . . . . . sodiumdodecyl sulfate
sec. . . . . . . . . . . . . . . . . . . . . . . . . . . . . second
SLCC SpecialListeriaCultureCollection
ssp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . species

ssDNA . . . . . . . . . . . . singlestrandedDNA
ster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sterile
sv . . . . . . . . . . . . . . . . . . . . . . . . . . . . . serovar
T . . . . . . . . . thymine/thymidine,threonine
Tab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . table
Tc . . . . . . . . . . . . . . . . . . . . . . . . . tetracycline
ts . . . . . . . . . . . . . . . . . temperaturesensitive
U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . units
UV . . . . . . . . . . . . . . . . . . . . . . . . . ultraviolet
vol,v . . . . . . . . . . . . . . . . . . . . . . . . . . volume
W . . . . . . . . . . . . . . . . . . . . . . . . . . . trytophan
WT . . . . . . . . . . . . . . . . . . . . . . . . . . wild type
X . . . . . . . . . . . . . . . . . . . . . . any aminoacid
Y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Yersinia
YT . . . . . . . . . . . . . . . . . . . . . . yeasttryptone
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Mikrobiologie.

Greiffenberg, L., Goebel,W., Kim, K. S.,Daniels,J. D., andKuhn,M. (2000). Interac-
tion of Listeriamonocytogeneswith humanbrainmicrovascularendothelialcells:an
electronmicroscopicstudy. Infect.Immun., 68:3275–3279.

Greiffenberg, L., Goebel,W., Kim, K. S., Weiglein, I., Bubert, A., Engelbrecht,F.,
Stins, M., and Kuhn, M. (1998). Interactionof Listeria monocytogeneswith hu-
manbrainmicrovascularendothelialcells:InlB-dependentinvasion,long-termintra-
cellulargrowth, andspreadfrom macrophagesto endothelialcells. Infect. Immun.,
66:5260–5267.



BIBLIOGRAPHY 169

Greiffenberg, L., Sokolovic, Z., Schnittler, H. J.,Spory, A., Böckmann,R., Goebel,W.,
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